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ABSTRACT
Ring-opening metathesis polymerization (ROMP) of endo-dicyclopentadidene
(DCPD) with second generation Grubbs catalyst is carried out under nanoscale constraint.
Differential scanning calorimetry is used to study the polymerization reaction both in the
bulk and in the nanopores of controlled pore glass as a function of the heating rate. In
110 nm-diameter pores, DCPD undergoes incomplete polymerization followed by the
reverse Diels-Alder reaction to form cyclopentadiene. Decreasing the heating rate shifts
both exotherm and endotherm reactions towards lower temperatures but does not avert
the side reaction. In the bulk unconfined case, only the reverse Diels-Alder reaction
occurs in the absence of a catalyst. Under nanoconfinement, the ROMP reaction is
slower in nanopores compared to bulk, whereas the reverse Diels-Alder reaction is faster
in nanopores compared to the bulk.
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CHAPTER 1
INTRODUCTION
Nanoconfinement affects the reaction kinetics and properties of materials [1]. The
seminal work of Jackson and McKenna proved that nanoconfinement of materials
influences the thermal properties, such as glass transition temperature (T g) and melting
temperature (Tm) [2,3]. The effect of confinement on these properties depends on various
factors, including the material, measuring technique, and the confinement system. Most
of the studies on polymerization under confinement have been on free radical [4-13] and
step polymerizations [14-17] with various kinds of confinement systems. However, the
confinement effects on ring-opening metathesis polymerization (ROMP) have not been
previously studied, despite the importance of the ROMP reaction for producing
controllable molecular weight polymers [18-20]. The aim of the present work is to
investigate the effect of nanoconfinement on the reaction kinetics in the ring-opening
metathesis polymerization of dicyclopentadiene.
This thesis consists of four chapters. The current chapter is Chapter 1 which is a brief
introduction to the thesis. In Chapter 2, the general background of the reactions involved,
i.e., ROMP and reverse Diels-Alder reactions, are presented along with a brief
description of differential scanning calorimetry which is used to study the reaction. In
addition, information on the effect of diffusion on bulk kinetics and influence of
nanoconfinement on reactivity on various polymerizations is discussed. Chapter 3 is a
journal publication with introduction, methodology, results and discussions sections. The
chapter details the experimental results of ROMP of dicyclopentadiene in the bulk and in
1
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controlled pore glass having 110 nm diameter pores. The results show that under
nanoconfinement the monomer undergoes the reverse Diels-Alder reaction, which is not
observed in the bulk polymerization. The reasons for the occurrence of this reaction are
analyzed along with the kinetic models for both these reactions in bulk and under
nanoconfinement. Chapter 3 will be submitted for publication in the near future. Finally,
in Chapter 4, the conclusions of this work are given along with the recommendations for
future work.
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CHAPTER 2
BACKGROUND
2.1 Ring-Opening Metathesis Polymerization (ROMP)
Ring-opening metathesis polymerization (ROMP) is an important chemical process
which resulted in invention of many useful organic products in polymer industry [1].Yves
Chauvin, Robert H. Grubbs and Richard R. Schrock shared the Nobel Prize in chemistry
in 2005 for their work on olefin metathesis. Olefin metathesis is an organic process where
the carbon-carbon double bond is broken and reassembled without changing the total
number of bonds [2-5]. This invention enhanced the flexibility and scope of chemical
transformations and laid the foundation for ring-closing ring-opening metathesis (ROM),
ring-closing metathesis (RCM), acyclic diene metathesis (ADMET), cross metathesis
(CM), and ring-opening metathesis polymerization (ROMP) [14]. ROMP is a chain
growth polymerization process of cyclic olefins [1,5], as shown in Figure 2.1a. The
mechanism for the ROMP reaction proposed by Grubbs [5] consists of three basic steps
shown in Figure 2.1b and based on Chauvin’s model [4]. According to this mechanism,
in the initiation stage, the cyclic olefin is reacted with a metal carbene species and forms
a metallocyclobutane intermediate and opens the ring. Thus, the opened ring in turn
interacts with monomer and forms a double bonded polymer chain attached to the metal.
The intermediate continues to form a new alkylidene that reacts with the double bond of
the new olefin and the reaction continues until the equilibrium or full conversion is
attained depending on the monomer.
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Living ROMP is a particular type of ROMP which can occur without chain transfer or
termination [5]. In this case, all the chains grow at the same rate producing low
polydispersity index (PDI) < 1.1. As the molecular weight of the polymer is proportional
to the monomer conversion, control on molecular weight is achieved. Additional
advantage of living ROMP is the ability to produce various types of well-defined
copolymers. Specialized catalysts are required for living polymerization to facilitate
continuous polymerization without termination.
The prime requirement for ROMP catalyst is that it should be able to react with
various functional olefins. In general, the transition metals have this ability. Based on this
requirement, many single species catalysts were evolved in due course of time using
titanium, tantalum, tungsten, molybdenum, rhenium and ruthenium [5,6]. Initially
titanium and tantalum were in use. Though these catalysts are able to produce low
polydispersity, their instability and high Lewis acidic nature cause high oxidation states
and made these catalysts obsolete. Later, tungsten and molybdenum based catalysts,
known as Schrock catalysts, started gaining importance. However, their high reactivity
for the metathesis restricted their usage to synthesize polymers with good control of
molecular weight and polydispersity. Moreover, these catalysts are extremely sensitive
towards air and water and highly Lewis acidic.
In the next phase, ruthenium-based catalysts gained prominence by virtue of their
high stability, high tolerance towards polar functionality, and minimal side reactions. The
polymers prepared using ruthenium complexes have many functionalities suitable for a
wide variety of applications. During the polymerization of olefins with ruthenium-based
7
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complexes, the complexes get attached to the end of the polymer chain. Polymers
produced using ruthenium systems have good control on both functionality and molecular
weight. Initiators like ruthenium quinoline and quinoxaline are used as catalysts in
thermally initiated polymerizations that require inactivity at room temperature and fast
curing at high temperatures [7]. Ruthenium catalysts can be easily made as a high active
catalytic reagent by adding phosphine and diazo compounds [8]. The ability to control
reaction at low temperatures and achieve higher activity levels makes ruthenium catalysts
very efficient in yielding high molecular weight polymers.
The driving force for ROMP is the release of strain energy associated with cyclic
olefins through ring opening [9]. As ROMP is a thermodynamic process, the equilibrium
between the monomer and the polymer units is very important to carry out the reaction
towards the desired products. Highly ring-strained monomers, such as norbornene and
dicyclopentadiene, proceed essentially to completion whereas low strain systems, i.e.
monomers with more than eight-membered rings, the equilibrium monomer concentration
can be related to the thermodynamic parameters by equation 1[10]

where

is the equilibrium monomer concentration,

polymerization,

is the change of enthalpy of

is standard entropy change accompanying the polymerization when

the monomer concentration is 1M. Increasing the strain energy increases the polymer
yield. However, Reif et al. showed that during the polymerization of cyclooctene,
polymers can only be generated if the critical concentration of monomer reaches much
8
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higher than the equilibrium monomer concentration

[12]. If the monomer

concentration is less than the critical concentration, then only cyclic and linear oligomers
are formed. Above the critical concentration the cyclic species concentration remains
constant and the excess monomer forms linear polymers. The equilibrium constant
consists of both an enthalpic term and an entropic term and is given by [11]

where
and

is the mean-squared end to end distance of a random flight chain of i units
is Avogadro’s number. Since

with increasing ring size as

for random flight chains,

decreases

. Grubbs et al. presented a novel method to form cyclic

polymers from low molecular weight monomers, in which both ends of growing polymer
chain are attached to the metal complex. The process eliminates the formation of linear
intermediates and low concentrations resulting in the formation of pure cyclic polymers
of tunable molecular weights [13].
Ring-opening metathesis polymerization is generally very fast at room temperature.
Researchers have tried to study the kinetics of this polymerization by conducting
experiments on various monomers. Register et al. modeled the molecular weight during
the polymerization reaction of cyclopentene using various catalysts like tungsten,
molybdenum and more recently ruthenium. The kinetics of the system was considered
first order [14,15].

9
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where

is the first order rate constant,

,

and

are the monomer, equilibrium

monomer and initiator concentrations. Similarly, isothermal reaction of cyclooctadiene
and cyclooctene performed by Grubbs [16] and Alonso-Villanueva [17] respectively
found that first order model describes the evolution of monomer conversion during the
polymerization. However, White et al. conducted some dynamic experiments on the
ROMP reaction of dicyclopentadiene and tested various kinetics models [18]. The second
order kinetic model was found to fit better than the first order:

In eqn. 2.4,

is the second order rate constant and x is the monomer conversion.

2.2 Reverse Diels-Alder Reaction
The reverse Diels-Alder reaction is the back reaction of the Diels-Alder reaction
which is named after Otto Diels and Kurt Alder who received the Nobel Prize in 1950 in
Chemistry. In the Diels-Alder reaction, a dienophile double bond is added to a congujated
diene to form an adduct, unsaturated six-membered ring [19-21]. One pi bond and two
sigma bonds are formed during the reaction as shown in the Figure 2.2a. If the DielsAlder adduct is heated at a much higher temperature than the temperature at which it
forms in a Diels-Alder reaction, it breaks down to give the diene and dienophile. This
reaction is called reverse Diels-Alder reaction [20]. In our work, we deal with
dicyclopentadiene which forms cyclopentadiene when heated around 150-170 C through
reverse Diels-Alder reaction [23].
10
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There have been extensive studies of the Diels-Alder reaction [22-26], but the reverse
Diels-Alder reaction has only been reviewed by few researchers [23,24]. In the DielsAlder reaction there are no ionic or radical intermediates. Both Diels-Alder reaction and
reverse Diels-Alder reaction are stereospecific. The reaction is pericyclic, that is, the
reaction takes place in a single step without intermediates and involves the cyclic
redistribution of bonding electrons.
The Diels-Alder reaction is generally considered to be a second order reaction [2326], whereas reverse Diels-Alder reaction is a first order reaction [23-24]. However,
Opfermann et al. reported that the Diels-Alder reaction can be better described using a
second order autocatalysis reaction model [23].

2.3 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) is the study of heat flow in a material as a
function of temperature or time. Two types of DSCs are available: one is a heat flux
instrument and the other is power-compensated [27]. In the heat flux DSC, the sample
and the reference pans are heated simultaneously by contact with a heating plate and the
difference in the temperatures is measured. In the case of power-compensated DSC, the
difference in electrical power required to maintain the sample and reference sides at the
same temperature is measured. Out of these two, the heat flux DSC is most widely used,
and it is also used in this thesis work described.
In particular, the thesis work was performed with a Mettler Toledo 823e, which has
ceramic sensors connected to gold-gold/palladium thermocouple. The sample and the
11

Texas Tech University, Maitri Vaddey, May 2012

reference pans, made of aluminum, are sealed and placed in a measuring cell. A typical
DSC instrument is shown in Figure 2.3a and measuring cell holding the samples is shown
in Figure 2.3b. In order to minimize the oxidization of the samples, nitrogen gas is
continuously purged into the system. When the sample is heated, heat flow is monitored
as a function of temperature and is then analyzed to infer the characteristic properties of
the material, such as the glass transition temperature (Tg), melting temperature (Tm),
crystallization temperature, and reaction exotherm or endotherm for reactive samples.
A schematic diagram of a typical DSC curve is shown in the Figure 2.4. The peaks in
the DSC curves are related to the changes in the enthalpy of the sample. An endothermic
peak may represent melting whereas exothermic peaks may be present for crystallization
and for exothermic reactions, such as ROMP reaction. An important feature of the
schematic curve is the glass transition temperature (Tg) which is measured from the step
change in heat capacity. It is the temperature at which an amorphous material is
transformed from a rubber state to a glass-like state.
Reactions can be carried out both isothermally or dynamically in DSC experiments.
In isothermal studies, the sample is kept at a given temperature and heat flow is measured
as a function of time. Isothermal scans have some advantages over the dynamic scans
[27]. In particular, isothermal scans are easier to analyze with respect to reaction kinetics
since temperature is constant. Decomposition and side reactions can be more easily
avoided during isothermal measurements because experiments can often be carried out at
temperatures where these reactions are insignificant [27]. However, the main
disadvantage for this method is that they may take considerable time. In addition, if the
12
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reaction is slow, drift in the DSC baseline can compromise the data analysis of the
isothermal heat flow. For fast reactions, there are also problems associated with heating
the sample to the reaction temperature without conversion occurring and the assignment
of time zero.
In dynamic studies of reactions, heat flow is measured during a temperature ramp.
The main advantage of dynamic scans is that the measuring time is relatively fast, given
typical heating rates from 2 to 40 K/min. However, it is more difficult to interpret and
model the data since rate constants change with temperature. More critical can be
changes in reaction mechanisms with temperature and the influence of side and
decompositions reactions. Nevertheless, the majority of kinetic studies are performed
using dynamic scans and these are used to study ROMP of dicyclopentadiene in this
work.

2.4 Kinetic Analysis Versus Isoconversion Analysis
Models of the reaction kinetics that quantitatively describe the conversion and
temperature dependence of the reactivity are important because they facilitate process
optimization, as well as providing insight to reaction mechanisms. The reaction progress
is characterized by the extent of reaction or degree of conversion x:

where

and

are number of initial and final moles of the material. From calorimetry,

conversion is obtained from the fraction of heat evolved at time t:
13
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where ∆Ht is the heat evolved from the time zero until the time t and ∆Hrxn is the total
heat evolved at the completion of the reaction.
In kinetic analysis, the rate is expressed in terms of rate constant and a reaction model
[27]

where

is the rate of reaction, f(x) is the reaction model, and k(T) is the

temperature-dependent rate constant. In dynamic scans where the data is obtained as a
function of temperature at a constant rate ( =
replaced by the term

= constant), the term

will be

. Thus, the above becomes

The temperature dependence of the rate constant

is often described by Arrhenius

equation

where R is the universal gas constant, A is the pre-exponential factor and

is the

activation energy. When modeling data, the function f(x) is usually taken to be of the
form

where n and m are constants and b is either a constant or is an Arrhenius function of
temperature.

14
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The isoconversional model-free approach assumes that both pre-exponential factor
and activation energy are a function of conversion (x). These parameters can be
calculated from the isothermal or dynamic scans by observing the time or temperature,
respectively, required to reach a given conversion as a function of temperature (for
isothermal scans) or as a function of heating rates (for dynamic scans). The activation
energy can be determined using an approach developed by Flynn and Wall for dynamic
scans [28] in which the rate equation is integrated, resulting in the equation below:

where β is the heating rate, T is the temperature required to reach a specific conversion.
At a given conversion, a plot of

versus

, with T in Kelvin, over all heating rates

results in a straight line with a slope proportional to

as shown in the Figure 2.5.

2.5 Effect of Diffusion on Bulk Reaction Kinetics
The effect of diffusion on various types of polymerizations has been well studied. As
monomer is converted to polymer, the bulk viscosity of the reaction mixture increases
and the reaction may become diffusion controlled before complete conversion [31]. In
free radical polymerization, diffusion effects are found in termination (gel effect),
propagation (glass effect) and initiation (cage effect) steps [35,36]. According to
Rabinowitch [30], the time for the reaction
the diffusion step

depends on time for the reaction for

and the time for the reaction in the absence of diffusion

15
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At the start of a reaction which is occurring in the liquid state, the reaction is dominated
by the intrinsic chemical reaction. However, as the polymer forms, molecular mobility
decreases, and at some point, the overall reaction may become diffusion-controlled. For
the thermosetting epoxy-amine reactions, for example, diffusion control becomes more
prominent when the curing temperature approaches the glass transition temperature of the
mixture, and the reaction stops when the material is vitrified [31]. The effective overall
rate constant

is given by

where the reaction rate constant in the absence of diffusion

is calculated from the

Arrhenius equation:

The temperature dependence of diffusion rate constant,

, on the other hand, has been

given by the William-Landel-Ferry (WLF) temperature dependence [32-34]

where

is the diffusion rate constant at

diffusion is governed by segmental mobility.
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2.6 Nanoconfinement and Reactivity
The properties of small organic molecules and polymers, like glass transition
temperature and melting temperature, change when they are confined to nanoscale
volumes [37,38]. Huck suggested that nanoscale confinement can also change molecular
conformation and reactivity [39]. Recently, the effect of nano-confinement on reaction
kinetics has been studied. Experiments from our laboratory on the trimerization of
monocyanate and dicyanate esters confined in controlled pore glass (CPG) showed that
the reactivity is accelerated with decreasing pore size [40-43]. The acceleration of curing
kinetics was attributed to an increase in the collision frequency due to the confinement.
For free radical polymerization of methyl methacrylate, the molecular weight increases
[44-52], polydispersity index decreases [44-49], and the reaction accelerates under
nanoconfinement [52,53]. The results are explained by a decrease in diffusivity of free
radical chains with pore size which, in turn, decreases the rate of termination and results
in earlier autoacceleration and increased molecular weight.
Nanoconfined polymerizations have been studied under various confinement systems,
including silica nanoporous glass [40-43], aluminum nanoparticles [54], zeolites [44],
and polymer ultrathin films [55-58]. In some cases confinement systems can act as a
catalyst and, hence, promote reaction rates. For example, studies on polymerization of
dicyanate ester and of methyl methacrylate in the hydrophobic and hydrophilic pores of
controlled pores glasses reported that the reactions were much faster in hydrophilic pores
due to the catalytic effect of hydroxyl groups [41,53].
Nanoconfinement may also change reactivity through changes in the rate of the
diffusion of the molecules. Researchers studying chains confined in polymer ultrathin
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films report that the decrease in the diffusion coefficient depends on polymer/substrate
interaction energy and the conformation of chains [55-58]. Several experimental
techniques have been used to study the mobility of polymers in thin films, including
neutron reflectometry, secondary ion mass spectroscopy, and fluorescence techniques.
Molecular dynamics simulations carried out on liquid confined in cylindrical pores also
indicate that upon nanoconfinement, chain diffusivity is reduced in the perpendicular
direction to the pore wall [59]. Monte Carlo studies indicate that the diffusion coefficient
decreases with pore size [60,61], scaling with nanopore diameter and the molecular
weight of diffusing species:

where Dconf is the diffusion coefficient of a nanoconfined chain, N is the number of bonds
in the chain, D is the nanopore diameter, and the exponent ν is the Flory exponent. For a
theta solvent, ν = 0.5, and the diffusion scales with diameter to the 2.0 power, whereas for
a good solvent, ν = 0.6 and diffusion scales with D to the 1.3 power.
As already mentioned, changes in the diffusivity of the free radical chains explains
the effects of nanoconfinement on the free radical polymerization. This effect was not the
case for the trimerization reaction previously studied in our lab. The trimerization
reaction was accelerated under nanoconfinement despite any changes in diffusivity, and it
is suggested that this accelerated reaction was due to the relatively slow reaction such that
trxn >> tdiff even under nanoconfinement. On the other hand, due to the high rate of the
ROMP reaction investigated in this thesis work, it is expected that even small changes in
monomer diffusivity may be important and may lead to a slowing down of the reaction.
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(a)

(b)

Figure 2.1: (a) ROMP reaction of a cyclic olefin (b) Mechanism for the ROMP reaction
[5]
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(a)

+

(b)

Figure 2.2: (a) Diels-Alder reaction [20] (b) Reverse Diels-Alder reaction
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(a)

(b)

Figure 2.3: (a) Schematic of Differential Scanning Calorimeter (b) Sensors holding the
sample and reference pans [62]
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Figure 2.4: Typical DSC curve showing the Tg and exothermic reaction peak
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Figure 2.5: Logarithmic heating rate plotted as a function of inverse temperature at
different conversions [29]

32

Texas Tech University, Maitri Vaddey, May 2012

CHAPTER 3
NANOCONFINEMENT EFFECTS ON RING-OPENING METATHESIS
POLYMERIZATION
3.1 Introduction
Nanoscale confinement affects the properties of materials, including the glass
transition temperature, melting temperature, and reaction kinetics [1]. For the step
polymerization of bisphenol M dicyanate ester, the reaction is enhanced by a factor of
twenty in 11 nm-diameter hydrophobic nanopores [2,3]. The reactivity also increases in
the case of monofunctional cyanate ester [4,5] and for a phenolic resin [6]. In free radical
polymerization, molecular weight increases [7-16], polydispersity index decreases [711,15], and reaction kinetics are accelerated with nanoconfinement [15,16]. While many
studies show an increase in the reaction kinetics under nanoconfinement there are some
experiments that show a decrease or no change with nanoscale constraint. Recently, work
on electrospun nanofibers shows a decrease in reaction rate under confinement due to
steric restrictions [18]. In living polymerization of sulfur confined to sol gel derived
glasses, the liquid sulfur undergoes a stronger monomer-polymer phase transition when it
is heated above its melting temperature as compared to bulk resulting in a reduced yield
of the polymer formed [20]. In order to explain the experimental results, molecular
simulations have been carried out. Molecular dynamics simulations carried out on a
crosslink epoxy system in nanopore confinement found that the reactivity is slower near
the wall but is similar near the pore center and the overall rate of curing under
confinement did not change quantitatively compared to bulk [17]. Malvaldi and
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coworkers demonstrated using Monte Carlo simulations that the reaction kinetics of
stepwise homopolymerization under confinement can be accelerated due to an increased
local concentration of functional groups associated with layering at the wall or can be
reduced due to slower diffusion [19]. Either of these aspects can be dominant depending
on intramolecular interactions in a particular system. Although the effect of
nanoconfinement on various types of polymerizations has been previously studied, its
effects on ring-opening metathesis polymerization (ROMP) have never been examined.
ROMP is a synthetic tool for producing linear polymers of wide range of
functionality with narrow distribution and controlled molecular weight [21-23]. The
driving force behind ROMP is the release of strain energy that accompanies the ring
opening. The reaction can be initiated by transition metal/alkylidene complexes and more
recently by ruthenium-based catalysts which have high tolerance for functional groups
and air and moisture stability [21-25]. ROMP reaction kinetics, studied by Grubbs for the
reaction of cyclooctadiene under isothermal conditions are considered to follow first
order kinetics [22]. Similarly isothermal studies on cyclooctene [27,28] and cyclopentene
[26] were found to be first order. However, Kessler and White tested various kinetic
models for the polymerization of dicyclopentadiene using dynamic scans and found that
second order kinetic model fits best for most of the cases for higher reaction rates [24].
In this work we investigate the effect of nanoconfinement on the ROMP reaction of
dicyclopentadiene to form polydicyclopentadiene, which is a highly crosslinked polymer
with high toughness that can be used as a self healing material in composite applications
[30-32]. In self-healing applications and in nanocomposites, the reaction may occur under
nanoconfinement, and hence, an understanding of the effect of confinement on ROMP is
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important. Figure 3.1 shows the controlled polymerization of dicyclopentadiene with
Grubbs catalyst to form its polymer. In addition to its ability to polymerize,
dicyclopentadiene can undergo a reverse Diels-Alder reaction when it is heated around
150-170 C [33] in the absence of catalyst to produce cyclopentadiene as shown in Figure
3.2. This equilibrium reaction is endothermic and shifts to the left at low temperatures. At
room temperature, cyclopentadiene slowly dimerizes back to dicyclopentadiene and the
kinetics of the back reaction has been well studied by many research groups [33-39].
Cyclopentadiene dimerization is found to be a second order reaction or second order
autocatalytic [33] with an activation energy ranging from 62 to 71 kJ/mol [33-39],
whereas the reverse Diels-Alder reaction of dicyclopentadiene to cyclopentadiene is
reported to be a first order reaction with an activation energy of 142 kJ/mol [33,34].
The effect of nanoconfinement on the reaction kinetics of the ROMP reaction of
endo-dicyclopentadiene (DCPD) with second generation Grubbs catalyst is carried out in
the nanopores of controlled pore glass (CPG). In addition because we find that
nanoconfined catalyzed DCPD undergoes incomplete polymerization followed by the
reverse Diels-Alder reaction, we also study the bulk and nanoconfined reverse DielsAlder reaction of DCPD in the absence of polymerization catalyst.

3.2 Experimental Methodology
3.2.1 Materials. Endo-dicyclopentadiene stabilized with 100-200 ppm p-tertbutylcatechol was purchased from Acros Organics. The molecular weight of endo-DCPD
monomer is 132.20 g/mol. Benzylidene-bis(tricyclohexylphosphine)dichlororuthenium
(Grubbs 2nd generation catalyst) of molecular weight 848.97 g/mol was purchased from
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Sigma-Aldrich. Endo-DCPD was distilled to remove the impurities before starting the
experiments. Two sets of samples were prepared, one in which 0.665 mg/mL catalyst is
added to the endo-DCPD for polymerization to form crosslinked polydicyclopentadiene
and the other in which no catalyst is added to investigate the kinetics of the reverse DielsAlder reaction to form cyclopentadiene.
The nanoconfinement medium used is borosilicate controlled pore glass (CPG) with
110 nm pores purchased from Millipore. The controlled pore glasses have a mesh size of
120/200 and the bulk density of particles is ~ 300 g/l. The CPG used has a specific pore
volume of 1.37 cc/g and a specific area of 27.4 m2/mL. The CPG bought from the
manufacturer contains hydroxyl groups, which are removed by silanization. The CPG is
cleaned with 69.7 % nitric acid at ~100 ºC for 10 h, rinsed with reverse osmosis water
three times and vacuum dried at 285 ºC for 24 h. This dried CPG is derivatized with
hexamethyldisilazane to convert the hydroxyl groups to trimethylsilyl groups following
the procedure of Jackson and McKenna [40]. The silanization procedure has negligible
effect on pore diameter [41]. The silanized CPGs are stored in desiccant before use.
The characterization of the silanized CPG was performed by Fourier transform
infrared spectroscopy (FTIR). Figure 3.3(a) shows FTIR scans for the native CPG sample
and two samples after silanization. All scans for CPG were prepared in mineral oil and
the FTIR scan of the mineral oil is also shown. All samples absorb radiation in the range
from 2800-3100 cm-1 and from 1300-1500 cm-1, attributed to the CH stretching and
bending modes, respectively. The ratio of the bending to stretching peaks is similar for
the mineral oil and native CPG indicating that the CH absorption peaks for the native
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CPG sample is due to the background oil. However, in the silanized CPG sample, a
significant increase in the bending modes at 1300-1500 cm-1 is observed and is attributed
to the derivatization of the SiOH groups to Si(CH3 )3. The differences between native and
silanized CPG can be more easily seen in the Figure 3.3(b), where the oil background is
subtracted. The scans show an increase in Si(CH3)3 as expected after the silanization
procedure.

3.2.2 DSC Measurement. The polymerization reaction of endo-DCPD was studied
using a catalyst concentration of 0.665 mg/mL. Grubbs catalyst was measured in a clean
vial under nitrogen atmosphere. For bulk polymerization samples, endo-DCPD was
added to the vial depending on the concentration required. The vials were mixed for 15
seconds until homogeneous solution was obtained. The solution was then poured into
liquid nitrogen to form solidified droplets, which are put into DSC pans [24,29-30]. The
pans were quickly sealed under nitrogen atmosphere and loaded into the DSC at 25 ºC.
For nanoconfined samples, the solidified droplets are put into DSC pans containing
controlled pore glass. DCPD is imbibed into the pores via capillary forces in a matter of
seconds at room temperature due to the low viscosity of the monomer [2]. The controlled
pore glasses are underfilled with fullness ranging from 68% to 92% based on the weight
of the monomer added, the weight of CPG, and the specific pore volume of the CPG.
There is no sign of polymer formation outside of the CPG pores based on inspection of
selected samples after completion of DSC experiments. Scanning electron microscopy
(SEM) was also performed before and after imbibement/polymerization. The results,
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shown in Figure 3.4, clearly show no evidence of polymeric material on the surface of the
CPG particles.
For investigations of the bulk reverse Diels-Alder reaction, DCPD monomer is added
directly to the DSC pans without addition of catalyst. For the reverse Diels-Alder reaction
in CPG nanopores, the monomer is added directly to controlled pore glass in the DSC
pans without adding the catalyst.
A Mettler-Toledo DSC 823e with Julabo FT100 cooling system with nitrogen purge
gas was used to perform dynamic temperature scans at heating rates 2, 5, 10, 20 and 40
K/min. After loading the DSC samples at room temperature, the DSC temperature is
immediately cooled down to -30 C. After the measurements, made from -30 ºC to 220
ºC, the samples were reweighed to document any weight loss. For the bulk
polymerization reaction the weight loss is less than 5%. For the nanoconfined
polymerization reaction and for reverse Diels-Alder reaction, both in bulk and nanopores,
the weight loss is shown in Tables 3.1 and 3.2. Modeling indicates that the weight loss
occurs after the completion of the reaction exotherms/endotherms, and this will be
discussed later in the chapter. A second scan was performed for all samples at 10 K/min.
For the samples containing catalyst, a T g was observed and these values are tabulated in
Table 3.1 for bulk and nanoconfined cases.
The temperature of the DSC was calibrated at 10 K/min on heating with indium and
CE-3. The DSC temperature was maintained at an accuracy of ± 0.1 ºC. The heat flow of
the DSC was calibrated with indium.
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3.3 Results
Representative DSC heating scans for the bulk polymerization reaction of endoDCPD are shown in Figure 3.5 as a function of heating rate. The heat flow is normalized
by multiplying by

where βref is the reference heating rate of 10 K/min and β is

the actual heating rate. As expected, the reaction exotherm shifts towards higher
temperature with increasing heating rate. Several runs are made at each heating rate.
Although the shape of the peak changes with heating rate, the area of the exotherm does
not change within the error of the measurements. Table 3.1 compares the average heat of
reaction in this work, 324 ± 40 J/g, which is similar to the heat of reaction (342 ± 7 J/g)
obtained in the literature for DCPD from a different manufacturer [25].
The heat flow curves shown in Figure 3.5 are integrated to obtain conversion as a
function of temperature assuming full conversion is reached at the end of reaction:

where HF is the heat flow.
Representative curves of conversion versus temperature for the bulk ROMP reaction
at various heating rates are shown in Figure 3.6. The ROMP reaction for the bulk DCPD
can be well described using a second order reaction kinetics with diffusion:
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where the overall reaction rate k1 is taken to be the reciprocal of the reaction time scale
which is simply the sum of the time scale for the reaction without diffusion and the time
scale for the diffusion. The Rabinowitch equation [42] is, thus, written:

The reaction rate constant without diffusion,

, is assumed to have an Arrhenius

temperature dependence, whereas the rate constant for the diffusion step can be described
in terms of the modified William-Landel-Ferry (WLF) expression [43] :

where A1 and AD are the pre-exponential factor for the reaction and diffusion
respectively, E is the activation energy, C1 and C2 are the WLF coefficients, T is the
temperature and Tg is the glass transition temperature which is obtained from Fox
equation:

where

and

are the glass transition temperatures of the monomer and the polymer

where

is estimated from the melting point of dicyclopentadiene.

The fit of equations 3.2-3.6 are shown by the solid lines in Figure 3.5. The fitting
parameters are given in Table 3.5. The activation energy calculated from the model is 143
kJ/mol.
The activation energy can also be calculated using a model free isoconversion
analysis from Flynn and Wall [44]:
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The logarithmic heating rate is plotted as a function of the inverse of the temperature at
which a given conversion is reached, as shown in Figure 3.7, and the slope of the straight
line is proportional to the activation energy. For clarity, the figure shows only three
conversions. Figure 3.8 shows the dependence of activation energy on conversion. At
lower conversions the activation energy is constant but it increases with higher
conversion and the average activation energy is 93 ± 12 kJ/mol. The advantage of the
isoconversion analysis is that no assumptions concerning the reaction are needed.
However, the isoconversion analysis yields a lower activation energy than that obtained
from the second order model.
The activation energies reported in the literature [24,25,29] using first and second
generation Grubbs catalyst are compared in Table 3.3. Although the activation energy
obtained in our work is higher than activation energies obtained using first generation
Grubbs catalyst [24,29], it is similar to the activation energy obtained by Maudlin and
Kessler using the same second generation catalyst [25]. Interestingly, heats of reaction
are also lower using the second generation catalyst compared to values observed when
the first generation is used.
The heating scans for the polymerization of bulk and nanoconfined samples at 10
K/min are compared in Figure 3.9(a). Under nanoconfinement, the exothermic
polymerization is delayed and is followed by an endothermic peak attributed to the
reverse Diels-Alder reaction which leads to incomplete polymerization. The onset
temperature of the nanoconfinement samples for polymerization reaction is higher than
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the bulk samples indicating that the reaction is slower in pores which may be a result of a
decrease in diffusivity in the pores. Decreasing the heating rate shifts both the exotherm
and endotherm reactions towards lower temperatures but does not avert the side reaction.
In order to further investigate and explain the effects of nanoconfinement on the
reactivity of DCPD, we examined its reactivity in the bulk and under nanoconfinement in
the absence of polymerization catalyst. Figure 3.9(b) shows dynamic temperature scans at
10 K/min for bulk and nanoconfined samples in the absence of catalyst. Both samples
undergo the endothermic reverse Diels-Alder reaction but the reaction is clearly
accelerated in the confined samples.
Dynamic heating scans for the reverse Diels-Alder reaction are shown in Figure
3.10(a) for the bulk reaction and in Figure 3.10(b) for the nanoconfined samples as a
function of heating rate. Again the ordinate is normalized by multiplying by

. The

heat of reaction does not depend on the heating rate within the error of the measurements,
but it is higher for the nanoconfined samples than the bulk. The average heat of reaction
for the nanoconfined samples is 437 ± 57 J/g and for the bulk, it is 353 ± 19 J/g.
The heat flow curves shown in Figures 3.9a and 3.9b are integrated to calculate
conversion using equation 3.1, and the results are plotted as a function of temperature in
Figure 3.11(a) for bulk reaction and in Figure 3.11(b) for nanoconfined samples. A first
order plus a first order autocatalytic reaction kinetic model is used to describe the reverse
Diels-Alder reaction for both bulk and nanoconfined reactions, taking into account that
the reverse Diels-Alder and forward Diels-Alder reactions have a temperature dependent
equilibrium:
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where k2 is the reaction rate of reverse Diels-Alder reaction, K is the equilibrium constant
which is related to the equilibrium conversion

, and A2 and A3 are the pre-factors for

the rate and equilibrium constants, respectively, E 2 is the activation energy for the reverse
Diels-Alder reaction, and ∆H2 is the temperature dependent heat of reaction:

where ∆Cp is the change in the heat capacity and To is the reference temperature
The fit of equations 3.8-3.11 are shown by the solid lines in Figures 3.11 (a) and (b).
The fitting parameters are given in Table 3.6. The activation energies calculated using the
model are 136 kJ/mol and 90 kJ/mol for the first order autocatalytic term of the bulk and
nanoconfinement, respectively. At low conversion the first order term dominates and the
activation energy for it is that for k2b (=E2+Eb) which is 77 and 32 for bulk and
nanoconfinement, respectively.
The isoconversion analysis is also applied to the reverse Diels-Alder data for bulk and
nanopores. At conversion of 0.2, as shown in Figure 3.12, both bulk and nanoconfined
samples have statistically similar activation energies as determined using the student ttest. Figure 3.13 shows the comparison of the activation energies as a function of
conversion for both and nanoconfined reactions. At higher conversions, the nanoconfined
samples have lower activation energy than the bulk. The average for bulk is 66.5 ± 9.2
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kJ/mol and nanopores is 45.1 ± 6.1 kJ/mol which are in between the activation energies
for the first order and first order autocatalytic terms in equation 3.8. The values are closer
to those of the first order autocatalytic term since that term dominates the rate at low
conversions and, hence, dictates the relative placement of the concentration versus time
curves at various temperatures.
As already discussed and shown in Figure 3.9(a), under nanoconfinement the samples
undergo polymerization and reverse Diels-Alder reaction. To model this complexity, both
ROMP and reverse Diels-Alder reaction models are combined to fit the heat flow curves
for the nanoconfined polymerization:

where the subscripts 1 and 2 represent ROMP and reverse Diels-Alder reaction
respectively. Thus, x1, x2 and

are the amounts of polymer, cyclopentadiene

and dicyclopentadiene formed. The overall DCPD conversion is given as

.

The heat flow is calculated as

where ∆H1 and ∆H2 are the heats of reactions for the polymerization and reverse DielsAlder reaction, respectively. The combined model was applied to the bulk polymerization
using the bulk parameters for polymerization and the bulk parameters for the reverse
Diels-Alder reaction. The conversion of reverse Diels-Alder side reaction, x2, is found to
be approximately 1% in the bulk case, as expected. Figure 3.14 shows the calculated heat
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flow for the bulk ROMP and reverse Diels-Alder reactions at 2 K/min heating- the heat
flow is the same as when only ROMP is assumed to occur. Thus, the combined model
predicts that the reverse Diels-Alder reaction does not occur to a great extent in the bulk
case because the polymerization is faster than the reverse Diels-Alder reaction and all
DCPD is converted to polymer. The absence of cyclopentadiene product in the bulk
ROMP reactions is corroborated by measuring the weight loss of the polymer after
exposure to vacuum at 100 C for 3 days. Since cyclopentadiene has a boiling point of
41 C, weight loss will be observed if it is present. However, the weight loss in the sample
was observed to be 1.2 % consistent with the model predictions and indicating that the
reverse Diels-Alder reaction is insignificant in the case of bulk DCPD polymerization.
The combined model is fit to the nanoconfined ROMP plus reverse Diels-Alder
reaction data and the results are shown in Figure 3.15 for a 2 K/min heating rate. In this
combined model the parameters for the nanoconfined reverse Diels-Alder reaction were
assumed to be those that fit the data shown in Figure 3.10b. The only adjustable
parameters were k1 and E1 for the ROMP. Although the combined model qualitatively
describes the experimental observations of an exotherm, simple additivity fails to
quantitatively reproduce the DSC observations.

3.4 Discussion
Under nanoconfinement, endo-DCPD polymerization is slower compared to bulk as
shown in Figure 3.9(a). Previous works from our laboratory show an increasing reactivity
under nanoconfinement. The reason for the increasing reactivity was hypothesized to be
that confinement increases the frequency of collisions which enhances reactivity; an
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alternate explanation is that layering of the monomer increases the local concentration of
reactive sites. It is well known that the time scale for reaction equals the time scale of
reaction without diffusion and the time scale of diffusion:

The ROMP reaction is very fast at room temperature and if the time scale for diffusion of
monomer increases, even slightly, it may slow down the reaction.
On the other hand, in free radical polymerization of PMMA, the diffusion coefficient
was found to decrease with decreasing confinement size and increasing molecular weight
[45,46]:

where Dconf is the diffusivity coefficient under nanoconfinement, D is the pore diameter
and N is the number of bonds in the chain. For PMMA polymerization, the dominant
effect is the decrease in chain diffusion, resulting in decreased termination and enhanced
reactivity. Here, in our work, monomer diffusion is also expected to decrease, although
not to the extent observed for large chains but as a result of the very fast ROMP reaction,
reactivity decreases under nanoconfinement.
The bulk reverse Diels-Alder reaction is carried out in the absence of catalyst.
Although extensive study has been done for the dimerization of cyclopentadiene, not
much data is available in case of cracking of dicyclopentadiene except from the work by
Turnbull [34]. Table 3.4 shows the comparison of the activation energy and heat of
reaction values from the literature for the Diels-Alder reaction to our work. In some
work, the dimerization has been carried out in the presence of solvents, which decreases
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the rate of dimerization [37]. However, the activation energies in polar solvents are same
as that in the non-polar and gas phases [38]. Most of the work on the Diels-Alder reaction
was performed at room temperature with the exception of Flammersheim, who performed
dynamic temperature scans. On the other hand, the reverse Diels-Alder reaction studied
in this work occurs from 60 to 200 ºC using dynamic temperature scans; the discrepancy
between our results and those in the literature is attributed to the difference in reaction
temperatures.
For the reverse Diels-Alder reaction, the reaction in nanopores is faster than in the
bulk. The reaction is first order autocatalytic and does not involve diffusion of a species
to a site and changes in diffusion cannot affect it. However, it can be affected by solution
polarizability which influences electron levels and affects reactivity. This may lead to
decrease in activation energy in nanopores as shown in Figure 3.13. In the case of
nanoconfined MMA polymerization in native CPG, increased reactivity and decreased
activation energy were observed and attributed to the catalytic effect of the hydroxyl
group [15]. In that work, rate and activation energy did not change in silanized pores,
unlike in our work, where the reaction is faster and activation energy is reduced in
hydrophobic nanopores. However, it is postulated that the enhancement for the reverse
Diels-Alder reaction observed, may be due to changes in polarizability induced by the
CPG.
As previously mentioned, weight loss of 15-30% is observed after the reaction of all
the samples for nanoconfined polymerization and for both bulk and nanoconfined reverse
Diels-Alder reaction. This weight loss is attributed to cyclopentadiene which boils at 41
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ºC. The weight loss can be modeled assuming vapor-liquid equilibrium of the
cyclopentadiene and dicyclopentadiene:

where yc and xc are vapor-phase and liquid phase mole fraction of cyclopentadiene
Assuming that only cyclopentadiene and the nitrogen originally in the sealed pan are in
the vapor phase, the pressure is given by:

where

is the initial pressure of one bar. The Antoine parameters B and C for

cyclopentene are used coupled with the boiling point of cyclopentadiene to obtain the A
parameter. Using a mass balance relating the mole fraction

to conversion

and the

amount of cyclopentadiene in the vapor phase, the weight loss is predicted to be 12% at
the end of the heating scans at 220 ºC, approximately half of the weight losses measured.
Small changes in the Antoine parameters, however, can affect the weight loss prediction
and values near 20% are obtained with reasonable parameters. The weight loss increases
non-linearly with temperature and occurs primarily at higher temperature. We find that
weight loss does not effect the conversion versus temperature curves and only minimally
affects the shape of the heat flow curves. Hence the influence of weight loss is not
included in the kinetic model.
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Table 3.1: Initial and final weights for the ROMP in bulk and nanoconfined samples
β

Bulk samples

Nanoconfined samples

(K/min)
Initial

Final

%

∆H

wt.

wt.

change

(J/g)

2

4.85

4.78

1.44

330.58

2

5.08

4.79

5.71

5

6.72

6.55

5

18.26

10

Initial

Final

%

∆H

wt.

wt.

change

(J/g)

138.67

1.64

1.37

16.46

189.42

163.35

368.47

135.67

3.9

3.25

18.71

116.23

166.72

2.53

350.01

132.65

4.36

2.48

23.16

95.88

165.7

18.03

1.26

370.80

141.37

3.1

2.61

9.67

89.96

160.72

14.4

14.01

2.71

368.32

144.37

3.5

3.06

12.57

73.81

166.95

10

6.04

5.91

2.15

293.54

139.98

3.37

2.74

18.69

95.07

135.83

20

12.02

11.98

0.33

322.33

138.98

3.88

3.16

17.78

82.18

165.12

20

6.45

6.21

3.72

247.10

142.56

2.93

2.39

15.01

84.49

164.25

40

9.0

8.78

2.44

314.87

148.5

3.5

3.02

13.71

49.12

161.42

40

5.45

5.29

2.94

276.72

139.6

2.6

2.07

22.31

65.67

160.01

2.5±1

324±40

142±6

16.8±4

94±38

164±3

Average

Tg
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Table 3.2: Initial and final weights for the reverse Diels-Alder reaction in bulk and
nanoconfined samples
β

Bulk Samples

Nanoconfined Samples

(K/min)
Initial

Final

%

∆H

Initial

Final

%

∆H

wt.

wt.

change

(J/g)

wt.

wt.

change

(J/g)

2

9.75

7.63

21.79

354.09

3.45

2.59

24.91

335.42

2

10.68

8.02

24.91

354.35

5.21

4.19

19.58

513.46

5

8.81

7.41

15.89

390.43

2.34

1.96

16.23

515.57

5

9.5

7.74

18.53

361.09

2.58

2.28

11.63

424.83

10

15.81

13.18

16.64

367.73

1.64

1.19

27.43

413.77

10

8.77

6.44

26.57

369.66

5.02

4.14

17.53

490.79

20

7.28

5.87

19.37

322.57

2.98

2.52

15.44

446.59

20

11.79

10.31

12.55

339.52

4.52

3.69

18.36

440.95

40

11.15

9.56

14.26

330.04

3.11

2.61

24.44

375.76

40

9.57

8.06

15.78

347.25

3.46

2.50

25.43

418.17

18.6 ±4.6

353 ± 19

19.3±4.8

438 ± 58

Average
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Table 3.3: Activation energies and heat of reactions for bulk ROMP reaction of DCPD

Catalyst

Heat of reaction

Ea

generation

(J/g)

(kJ/mol)

1st

459.66 ± 15.1

Analysis method

Model 2nd order

75.69

Reference

Kessler and
White [24]

1st

2nd

393.9

342.3 ± 7.2

58.0

94.1

Model nth order

Liu, Lee and

autocatalysis

Kessler [29]

Isoconversion

Maudlin and
Kessler [25]

2nd

300 ± 12

93 ±12

Isoconversion

143

Model 2nd order
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Table 3.4: Activation energies and heat of reactions for bulk Diels-Alder reaction

Ea kJ/mol

-∆H J/g

Ea kJ/mol

Order

Order

(D-A)

(D-A)

(rev D-A)

D-A

rev D-A

Turnbull [34]

68.4

584.9 ± 19

142.2

2nd order

1st order

Flammersheim [33]

69.01 ± 0.2,

596 ± 15

142.0 ± 5.5,

2nd order

1st order

142.3 ± 7.6

autocatalysis

69.15 ± 0.3
62

2nd order

Krupka [36]

71.2

2nd order

Raistrick [39]

71.2

2nd order

Kaufmann
(in solvent)[38]

Our Work

353 ± 19

136

1st order
autocatalytic

66.5 ± 9.2
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Table 3.5: Fitting parameters for the bulk polymerization reaction at T ref = 323 K

ko (s-1)

483.3

Ea (kJ/mol)

143

C1

3.94

C2

121

AD (s-1)

1.43

Tgo (K)

213.2

Tg∞ (K)

418.2
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Table 3.6: Fitting parameters for reverse Diels-Alder reaction

Bulk

Nanopores

k2 (s-1)

1.35*10-5

5.78*10-4

Ea (kJ/mol)

136

90

∆H (kJ/g)

0.6

0.6

∆Cp (J/g)

-0.7

-0.7

bo

0.987

0.106

Eb (kJ/mol)

57.8

57.6
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Figure 3.1: ROMP reaction of DCPD.

Figure 3.2: Reverse Diels-Alder reaction of DCPD.
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Figure 3.3(a): FTIR scans for oil, native CPG, and two silanized CPG samples in oil.
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Figure 3.3(b): FTIR scans for native CPG and two silanized CPG samples after
subtracting oil absorbance using peak at 2850 cm-1 for subtraction.
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Figure 3.4: SEM images of silazined CPG (left) and silanized CPG with polymer (right).
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Figure 3.5: Heat flow versus temperature at different heating rates for bulk
polymerization.
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Figure 3.6: Conversion versus temperature for bulk polymerization at different heating
rates. The symbols represent the data and the lines represent the second order kinetic
model fit.
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Figure 3.7: Logarithmic heating rate versus T required to reach a given conversion for
the bulk polymerization. The slope is related to the activation energy.
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Figure 3.8: Activation energy plotted as a function of conversion for bulk
polymerization.
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Figure 3.9(a): Heat flow versus temperature comparing bulk (green) and nanoconfined
(red) reaction of DCPD at 10 K/min with 0.07 % catalyst.
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Figure 3.9(b): Heat flow versus temperature comparing bulk (green) and nanoconfined
(red) reaction at 10 K/min without catalyst.
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Figure 3.10(a): Heat flow versus temperature at different heating rates for the bulk
reverse Diels-Alder reaction in the absence of catalyst.
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Figure 3.10(b): Heat flow versus temperature at different heating rates for the
nanoconfined reverse Diels-Alder reaction in the absence of catalyst.
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Figure 3.11(a): Conversion versus temperature at various heating rates for the bulk
reverse Diels-Alder reaction. The symbols represent the data and the lines represent the
first order autocatalytic reaction model.
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Figure 3.11(b): Conversion versus temperature at various heating rates for nanoconfined
reverse Diels-Alder reaction. The symbols represent the data and the lines represent the
first order autocatalytic reaction kinetic model.
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Figure 3.12: Isoconversion analysis statistically comparing the activation energies for
bulk (green) and nanofined (red) reverse Diels-Alder reaction at a conversion of 0.2.
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Figure 3.13: Activation energies for bulk (green) and nanoconfined (red) reverse DielsAlder reactions as a function of conversion.
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Figure 3.14: Comparison of the heat flow curve for bulk polymerization at 2 K/min with
(black solid line) and without considering the reverse Diels-Alder reaction (red dashed
line).
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Figure 3.15: Heat flow versus temperature for the nanoconfined polymerization at 2
K/min. The symbols represent the data and the lines represent the fit of the combined
model.
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CHAPTER 4
CONCLUSION AND FUTURE WORK
In this thesis work, on ring-opening metathesis polymerization of dicyclopentadiene
in the bulk unconfined case and under nanoscale constraint are investigated using
dynamic DSC heating scans. In the case of bulk polymerization, the reaction goes to
completion. The data are modeled using second order kinetic model with diffusion effects
taken into consideration to fit the data at higher conversions. Activation energies for bulk
polymerization are calculated using both the second order kinetic model and a model-free
isoconversional analysis, and the results, thus obtained are compared. It is observed that
the activation energy calculated from the model is slightly higher than the average
activation energy calculated using the isoconversion analysis.
In addition to studying the ROMP reaction, the reverse Diels-Alder reaction of
dicyclopentadiene to form cyclopentadiene is examined. This reaction is studied by
heating dicyclopentadiene in the absence of the Grubbs catalyst. The reverse Diels-Alder
reaction is much faster in nanopores compared to bulk, especially at lower heating rates.
The heat of reaction for the nanopores samples is also higher than that of the bulk
samples. The conversion versus time data are fit to first order and first order autocatalytic
models. The activation energies for both terms are lower for the nanoconfined samples,
and the rate constants are higher. On the other hand, from the isoconversional analysis the
activation energies are statistically similar for bulk and nanoconfined reactions at low
conversions. However, at higher conversions, the nanoconfined samples have lower
activation energy than the bulk, consistent with the kinetic analysis.
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Under nanoconfinement, the polymerization of dicyclopentadiene is slower than bulk
and is followed by reverse Diels-Alder reaction where the unreacted monomer forms
cyclopentadiene instead of polydicyclopentadiene. The heat flow data for the
polymerization under nanoconfinement is modeled using a combination of both second
order reaction kinetics for the exothermic polymerization reaction and first order
autocatalytic reaction kinetics for the endothermic reverse Diels-Alder reaction. The
model does not adequately describe the experimental results indicating that the system is
more complicated than the simple competition between these two reactions.
The present work is carried on a ROMP monomer, dicyclopentadiene, that undergoes
reverse Diels-Alder reaction to form cyclopentadiene when heated above 150 C. In
general, ROMP is a very fast reaction, and when DCPD reacts with Grubbs catalyst, it
forms the polymer in a short time. Therefore, in bulk polymerization, DCPD is
completely reacted before the temperature reaches 150 C. Under nanoconfinement,
DCPD is not able to polymerize completely due to steric restrictions, and at around 150
C, there is some unreacted monomer which is able to form cyclopentadiene.
In future, the polymerization can be extended to other cyclic monomers such as
norbornene which does not undergo the reverse Diels-Alder side reactions, and thus may
enable us to better understand the effects of nanoconfinement on ROMP. In the current
work, we performed dynamic scans for heating rates ranging from 2 K/min to 40 K/min
but changing the heating rate could not avert the side reaction; rather, changes in the
heating rate only shift the side reaction to a lower or higher temperature. It is suggested
that performing isothermal experiments would be useful because they may allow
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polymerization in the absence of the side reaction. Performing isothermal experiments
would also allow characterization of the polymer properties such as Tg, after
nanoconfined polymerization to determine whether nanoconfinement has an influence on
more than reaction kinetics for this system. The confinement system used in this work
was controlled pore glass (CPG) which was silanized to remove hydroxyl groups to
eliminate any catalytic effect. It would also be interesting to change the confinement
system to examine the effects of surface chemistry. Hence, further work should focus on
using norbornene and/or isothermal studies to avoid the side reaction, and to examine the
influence of nanoconfined polymerization on the resulting properties, as well as focusing
on changing the confinement surface chemistry.
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