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ABSTRACT

Kinetic Modeling of Acrylate Polymerization at High Tempéure

Xinrui Yu

The automobile coating industry is undergoing reformatiomen by environmental regulations
that demand low content of volatile organic compounds. ifi@thl solvent-borne acrylic resins
consisting of high molecular weight polymers that are posglat low temperatures<(80 °C)
need high levels of organic solvent (70%) to be processedatings. Alternatively, novel resin
compositions consist of acrylic oligomers with multipl@sslinkable functional groups that can
undergo reactions on the metal surface. Polymerizationght temperaturesX 120 °C) is an
economical approach to produce such pre-polymers. Howbigdrer reaction temperatures can
result in secondary reactions that affect oligomeric quaiven the potential complexity of resin
recipes and the diversity of the reactions that can occundyolymerization at high tempera-
tures, it is desirable to have a method that can predict theackeristics of the final product. In
particular, methods for predicting rate coefficients fopalymerization and side reactions such as
intramolecular hydrogen transfer and scission would bealze since these quantities are difficult
to access experimentally.

In this researchab initio calculations and transition state theory were employedréalipt
kinetic parameters of reactions relevant to acrylate pelymation. A methodology was devel-
oped that was able to handle the complexity of the large systequired to mimic polymeric
systems accurately, which includes optimization of strreg with many conformational degrees
of freedom, selection of an accurate yet efficient level ebtty, and treatment of low frequencies.
The methodology was successfully applied to determine theggation kinetic parameters of the

homopolymerization of methyl methacrylate and methyl kdey The methodology was also ex-
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tended to the copolymerization of methyl methacrylate amdhyl acrylate and four secondary
reactions in methyl acrylate polymerization. Kinetic Mer@arlo (KMC) was employed to pre-
dict the molecular weight distribution (MWD), average nmltar weight (/,,, M,,) and average

degree of branching with the predicted kinetic paramet@rsiethyl acrylate polymerization. To
our knowledge, this methodology is the first demonstratiathe prediction of kinetic parameters

for acrylate polymerization from first principles.
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Chapter 1

Introduction

1.1 Research Motivation

Solvent-borne acrylate resins have been used in the auttenoatating industry since the 1950s
for their excellent outdoor application properties. Ttantial acrylate resins consist of high molec-
ular weight polymers, which need a high content of volatilgamic solvent (VOC) (70%) to be
processed as coatings (Grady et al. (2002); Reisch (19B8¢)coating mechanism is to evaporate
the organic solvent so that a firm coating layer can be fornrethe metal surface. EPA regula-
tions require that the VOC should be no more than 30% by the3@H0 in order to decrease the
pollution caused by the coating process (Adamsons et é8))9Driven by environmental regu-
lations, novel low molecular weight resins with crosslinkafunctional groups (hydroxyl, epoxy,
etc.) have been unfurled as the new generation of resinngsafAdamsons et al. (1998); Grady
et al. (2002); Peck et al. (2002)). The required VOC can beedsed to 30% since the resins are
mainly composed of low molecular weight oligomers. Aftee ttoating process, these crosslink-
able oligomers can undergo crosslinking reactions on nsetdhces with an added curing agent,

such as melamine, to form a firm coating layer.
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Acrylate resins are mainly produced via free radical polsipaion. The reactions involved are
shown in Figure 1.1. The reaction system starts with the mi@osition of initiators, which will
generate primary radicals. These radicals can continy@alsl to an unsaturated carbon atom in
monomers to form long chain propagating radicals. Ternondity combination or disproportion-
ation can occur between radicals so that dead polymers caorrbed. The propagation reaction
is the main approach to produce long chain polymers from mmans. Besides propagation, poly-
meric radicals can abstract a hydrogen atom from anoth&iespesuch as monomer, solvent, or
polymer, to form a dead polymer and another radical whiclaiked intermolecular transfer. The
propagating radical can also abstract a hydrogen fronf itseindergo an intramolecular transfer
reaction. If the abstracted hydrogen is from the backbone lohg chain species, a mid-chain
radical can be formed. The mid-chain radical can also urtdergpagation, and depending on the
position of the mid-chain radical, long chain or short cHaianches (LCB or SCB) can be formed.
At elevated temperatures, mid-chain radicals can alsorgngescission reactions to break into a
smaller radical and an unsaturated polymer.

Transfer, scission and mid-chain propagation are calledrs®ary reactions. The overall effect
of these secondary reactions is to restrict radicals froopggating and decrease the molecular
weight. Oligomers can be produced by prompting secondastisns via different approaches.
For example, the addition of a chain transfer agent (CTA)taampropagating radicals into stable
species, which is a method that is frequently used to contodécular weight. In the production
of acrylate resins, addition of a CTA is not a feasible apphot control the molecular weight
since it will increase the cost and introduce impuritiesia toating resins so the transparency and
weatherability of the coatings will be affected. For exae@ulfur-based chain transfer agents
such as thiols will decrease the durability of coating layeobalt-based chain transfer agents will
give the coating resins a reddish color (Grady et al. (2002))

Increasing the reaction temperature is an alternative wagyrdduce low molecular weight

oligomers. At elevated temperatures, transfer and scigsiactions become significant (Ahmad



NN\
m
COOR
k COOR
COOR,
+ 4—6 ktr,intra

19

P

Kd
/Rz R
H.C=C, + |« = Pe+ nHec=C
COOR; COOR;
kde l Kp
ktr,inter
R.
Hy / 2
—cC .
,C C
COOR;
COOR / R
Ho
COOR b M
T/C Cannn
ktc I(td R
COOR
R R Hz V.V V.¥e! E ! AN
YWV C—C—C—C vv\ Hs ',+ ?—C
M h R FoOR

Figure 1.1: Free radical reactions in an acrylate polynagion system, including initiationk(),
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et al. (1998); McCord et al. (1997); Plessis et al. (200@yeduires more accurate process control
in order to produce the desired polymer products. For aydalymerization, the optimal high
temperature range is between XZDand 180°C (Grady et al. (2002)). Producing low molecular
weight oligomers using high reaction temperatures canedserthe process cost while minimiz-
ing the impurities in the reaction system. However, highgerature makes the reaction system
more complex and the process control more difficult. In otdguredict the polymer properties,
a quantitative description of the polymerization systermportant. Accurate modeling of the
polymerization system requires both precise kinetic patars for all the reactions involved and
a feasible mathematical algorithm to model the complextr@asystem. However, since all these
reactions are coupled, measuring kinetic parameters dividual reactions is very difficult. With
the advent of some advanced experimental approachess@raeasurement of kinetic parameters
becomes practical. Nevertheless, experimental appreastiiehave restrictions. For example,
pulsed laser polymerization in combination with GPC (PLEE$ can only measure propagation
rate constantsk() for limited types of acrylate monomers. PLP-SEC cannotsusathe rate co-
efficients of cross-propagation reactions in copolyméiorasystems. For secondary reactions,
such as transfer and scission, there are no direct expaahmapasurements available. It is thus
critical to have a methodology which can provide accuratetic parameters yet not be restricted
to certain reaction types.

Because polymerization involves a large number of speitissinfeasible to track the proper-
ties of polymers by means of solving ordinary differentiquiations (ODES) as done traditionally
for small reaction systems. The most frequently used madkiead treatment is the method of
moments that lumps variables into manageable subsets. &ttedof moments can only track
average polymer properties, such as average moleculahtxaid average number of branches per
chain. More detailed information, such as the moleculaghedistribution, cannot be obtained
easily. Although algorithms that have been developed ticenich as the discrete Galerkin finite

element method, have afforded some improvements, theytilileased on a continuous model.
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Thus, it is valuable to have an alternative mathematicadrélyn to model the polymerization
process. Kinetic Monte Carlo (KMC) is a recent developmarthe modeling of polymerization

processes that is easy to implement and can provide mordedetasults.

1.2 Outline of Research

In this research, we have developed a computational apptoazalculate the kinetic parameters
and thermodynamic properties of the reactions involvecciyglate polymerization. The compu-
tational methodology is based on quantum chemistry anditran state theory. The general idea
has been used with increasing frequency to determine kipatameters, thermodynamic proper-
ties and structure-property correlations for small moles\lrikura (1998), Hehre et al. (1986),
Pilar (1990)). The computational methodology is not regtd to any one reaction type and can
provide details of reactions which cannot be probed expantally. The main challenge in ap-
plying computational methodology based on quantum cheynistachieving a balance between
computational expense and accuracy. Although higherdenfeheory offer more accurate results,
it is impractical to apply high-level quantum chemical eddtions to all reactions.

Although quantum chemical studies have mostly been appdischall molecule reactions, re-
cent work has extended their application to polymerizatgattions. For example, quantum chem-
istry has been used to investigate propagation of ethyleng, chloride and acrylonitrile (Heuts
and Gilbert (1995), Izgorodina and Coote (2006), Van Caeital. (2006)). These researchers used
similar approaches. For example, relatively low-level moels were used for geometry optimiza-
tion and several high-level methods were used to calcliatadtivation energy. For ethylene prop-
agation, Gilbert et al. used HF/3-21G for geometry optimraand QCISD(T)/6-311G(d,p) to
determine the activation energy (Heuts and Gilbert (199B)another study on ethylene propaga-
tion, Van Cauter et al. used density functional theory (BBL&-31G(d)) for geometry optimization

and energy evaluation (Van Cauter et al. (2006)). For anrtite and vinyl chloride, 1zgorodina
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and Coote used B3LYP/6-31G(d) for geometry optimizatiod aarious DFT methods (BLYP,
B3LYP, MPWB195, BB1K and MPWB1K) and an ONIOM-based meth@8(MP2)-RAD for
core, ROMP2/6-311+G(3df,2p) for substituents) were usezhiculate activation energies. In the
calculation of frequency factors, they all went beyond tiggdrrotor, harmonic oscillator (HO)
approximation and treated low frequency modes as inteptations. In their internal rotation
model, the partition functions were all based on energyl$ewbtained by solving a Schrodinger
equation. However, their approaches were also differeabine respects. For example, the long
chain was modelled as a heavy atom by Gilbert and coworkeste that all of these methodolo-
gies were applied to small monomers, and there are addiigsees that need to be addressed in
order to apply a computational approach to acrylate andyhatinylate polymerization reactions.
Nevertheless, the body of previous work provides guidaboeiathe different choices that must
be made when quantitatively accurate values of rate caaffigiin polymerization are sought. In
order to apply a computational methodology to quantify Eteyand methyl acrylate polymeriza-
tion reactions, there are three problems that need to bedobeometry optimization, quantum
chemistry method/basis set selection and low frequeneyrtrent.

Multiple conformations exist for reactants and product®ived in polymerizatoin because of
the large number of degrees of freedom. Conventional opétian algorithms typically locate
stable conformations based on the change in the energyegtagihich means they can only be
used to locate the local minimum corresponding to the initf@ut. In order to overcome the energy
barriers between multiple minima to locate the global munim which corresponds to the most
stable conformation, the combination of conventional mtation and relaxed potential energy
scans for individual rotors defined by all single bonds wa$opmed. Although such a combined
method cannot guarantee that the conformation is the gioimainum since it neglects interactions
between rotations, lower conformations than those locas&uy conventional optimization were

indeed found using this approach.
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Application of the highest levels of theory is restrictedotdly small systems with a limited
number of electrons. To overcome these limitations, deraiictional theory (DFT) has been
used. DFT has shown to provide a compromise between accaracgomputational expense in
various studies of radical reactions (Coote and Davis (};9%#h Cauter et al. (2006); Wong and
Radom (1998)). In the work described in this thesis, the B3lfMnctional and 6-31G(d) basis
set were used for geometry optimization and potential gnscgns. However, it was found that
the deviation between the calculated and the experimeataés of the activation energy was 17
kJ-mol~! for methyl methacrylate propagation, which turns into adaof 500 at 50°C. Increas-
ing the size of the basis set did not improve the agreemeft tivé experimental data. It was
concluded that although B3LYP yielded good results for ofh@ymerization systems such as
ethylene, it is not suitable for acrylate and methyl ace/latherefore, two new hybrid DFT meth-
ods (MPWB1K/6-31G(d,p) and BB1K/6-31G(d,p)) were useddfrulate the activation energy.
It was found that MPWB1K/6-31G(d,p) yielded activation egyedata which were closest to the
experimental data for both methyl methacrylate and mettiyllate propagation.

In the calculation of rate constants and thermodynamiceqatags, all the motions other than
translation and external rotation are traditionally méetbhs harmonic oscillators, which has been
shown to be a poor assumption for low frequencies which armlynaomposed of rotational
motions (Coote (2005); Coote and Davis (1999); Heuts ande®il(1995); Huang et al. (1998);
Izgorodina and Coote (2006)). For large systems such aswgestudied here, there are many low
frequencies that are better treated as hindered rotationthis research, the rotational motions
were modelled using a one-dimensional internal rotor modibe energy levels were calculated
by solving a one-dimensional Schrodinger equation basethirulated rotational potential func-
tions. The rotational low frequencies were taken out of taifoon functions which are based on
the harmonic oscillator model and replaced by those calediaith the internal rotor model. Re-

sults for methyl methacrylate and methyl acrylate propagathow that treating low frequencies
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using a one-dimensional internal rotor model makes theutatied results more consistent with
experimental values.

Once the computational methodology was developed, kipatiameters and thermodynamic
properties for the following reactions were calculatedmlepolymerization propagation of methyl
methacrylate and methyl acrylate, copolymerization rteastof methyl methacrylate-methyl acry-
late, and depropagation, 1,5-hydrogen transfescission, and mid-chain propagation of methyl
acrylate.

The homopolymerization propagation reactions of methylhaerylate and methyl acrylate
were chosen as the first research objective because thalalilof accurate experimental ki-
netic parameters measured using PLP-SEC allowed validafiour methodology. The size of
the propagating radicals was systematically increaseavistigate the dependence of the kinetic
parameters on radical chain length. The addition of mon@mmneéimeric and trimeric radicals to
monomer was studied as shown in Figure 1.2. Rate coeffiomris calculated from 298.15 K to
800 K. Kinetic parameterd and F, were regressed from a plot ofdrversus 1/T. Multiple DFT
methods were compared to identify a suitable method/basmation for obtaining quantita-
tively accurate results. Potential energy scans were peéo for all the rotors defined by single
bonds (and the bond defining the transition state for trems#ttate structures). The calculated ki-
netic parameters were compared with those measured frorSEIR The chain length, quantum
chemistry calculation method/basis set and low frequeregtinent that best reflected the macro-
scopic reaction properties were selected. A solvation in@&M) was also used to evaluate the
difference between results calculated in the gas phasehasd tn the bulk, and it was found that
the solvation model only had a slight influence on the catedl&inetic parameters.

Methyl methacrylate-methyl acrylate copolymerizatioaations were also studied. Twenty
eight reactions with all possible combinations of methykimaerylate and methyl acrylate units
for radical chain length increasing from one to three wevestigated as shown in Figure 1.3 (A:

methyl methacrylate, B: methyl acrylate). Frequency fexcfd) and activation energieg/() were
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Figure 1.2: Methyl methacrylate and methyl acrylate additeactions were studied as a function
of chain length. ADn is used to denote the different calcolet performed, where is the number
of monomeric units in the radical reactant. For methyl metylate, R is a CH group, and for
methyl acrylate, R is a hydrogen atom.
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calculated over a temperature range of 298.15 K to 800 K fesalreactions. Heat of reactions
(A H,)were also calculated. The monomer reactivity ratigs, (12, 721, 722 for penultimate model
andry, r, for terminal model) and radical reactivity ratios @nds,) were compared with those fit-
ted based on experimental measurements aC2ahd 1000 bar. The calculated rate constants and
ratios were used to predict the composition and overalloabstants at different compositions and
compared with experimental data. Furthermore, the quamctiemical calculations allowed the
reactivity of methyl methacrylate and methyl acrylate teekplained using frontier orbital theory.
It was found that the activation energy correlated with thergy gap between the singly occu-
pied molecular orbital (SOMO) of the radical and the higleestupied molecular orbital (HOMO)
of the monomer. In addition, the ability of the classic Ev&wdanyi relationship to capture the
activation energy as a function of heat of reaction was asses

Four secondary reactions for methyl acrylate polymermratidepropagation, 1,5-hydrogen
transfer, mid-chain radical propagation andcission, were studied. It was found that local min-
ima must be accessed first to effect the 1,5-hydrogen tnaresfe these conformations, which are
obtained through facile rotations, were assumed to be itilequm with the global minimum. The
chain length dependence of the calculated value of the ceficdent for 1,5-hydrogen transfer
was also investigated. Tunneling coefficients, which arpartant for hydrogen transfer reac-
tions, were calculated using four approximations inclgdsmall curvature tunneling (SCT), zero
curvature tunneling (ZCT), Eckart and Wigner. Mid-chaidical propagation and two possible
(3-scission paths were also investigated.

Using all of the calculated values of the rate coefficientdymerization of methyl acrylate
was simulated using kinetic Monte Carlo (KMC). Initiatiggrppagation, termination, depropaga-
tion, 1,5-hydrogen transfer, mid-chain radical propagatinds-scission of methyl acrylate were
included. The average molecular weight,(, M,,), the full molecular weight distribution (MWD)

and the degree of branching were tracked.
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Figure 1.3: Methyl methacrylate and methyl acrylate copwyization reactions, A: methyl
methacrylate, B: methyl acrylate.
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Chapter 2

Background

Acrylate resins have been used in the automobile coatingsingl since the 1950s for their trans-
parency and weatherability. The general formula of an ateyinonomer is shown in Figure 2.1.
Acrylate resins have undergone a transition in terms of thesired structures and the mechanism
by which coating is carried out. Initially, the resin protlkiaere mainly composed of high molec-
ular weight polymers (molecular weight 100,000). The polymerization was carried out at low
temperature<{ 80°C). High levels of organic solvent (70%) are needed to be ts&dep the so-
lution viscosity low enough for the coating process. Thetiogdayer was formed by evaporating
the organic solvent. In order to reduce the pollution causedrganic solvents, North American
regulations on volatile organic content (VOC) of coatinggquires the VOC to be no more than
30% by the year 2010. Thus, the development of a new genem@tti@sins has been driven by en-
vironmental regulations. In the application of new acwlegsins, polymerization happens in two
steps: the production of polymer resins and the formatiah@fcoating layer. Acrylate resins are
mainly composed of low molecular weight oligome#s10,000). Crosslinkable functional groups,
such as hydroxyl and epoxy groups, are introduced to thenperyhains. The oligomeric resins
need low solvent contentk(30%) to decrease the viscosity. After the coating process, an

added multi-functional curing agent, such as melaminepligpmer chains can undergo conden-
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sation polymerization reactions to form a firm polymer cogiayer on metal surfaces (Adamsons
et al. (1998); Grady et al. (2002)). Such polymers which rteedpolymerization steps are called
prepolymers.

The production of oligomeric acrylate resins is mainly viaef radical polymerization, as
shown in Figure 1.1. The molecular weight of polymers can trarolled by means of termi-
nation and transfer. Termination reactions offer few hasdbr control since the reaction rate is
high and typically diffusion controlled. Transfer reactsare frequently used in several ways to
control the molecular weight; for example, increasing tbatent of initiator, addition of chain
transfer agents and increasing the reaction temperaflfevat transfer reactions (Odian (2004)).
However, increasing the initiator content and using chiangfer agents will increase the product
cost, and the use of chain transfer agents will introducaunitips into the resins which will affect
the coating quality (Grady et al. (2002)). The most econamiay to control molecular weight
is to polymerize at elevated temperature 20°C), which prompts secondary reactions such as
transfer and scission. This method also has drawbackstiiit thareases the energy consumption
and the promotion of secondary reactions makes the prodattat more difficult, which requires
more elaborate process design and safety controls. Neles#) polymerization at high tempera-
ture is the most attractive approach to produce low moleeutgght polymers. The practical high
temperature range for acrylate polymerization is 120°X8(Grady et al. (2002)).

Polymerization at high temperature results in a more coxmglaction system, and thus quality
control is more difficult. Modeling can thus play a crucialeroln order to model the polymer-
ization system properly to predict the polymer propertsesh as average molecular weight, (,
M,,), molecular weight distribution and compositions of copoérs, understanding the reaction
mechanism and specification of accurate kinetic paramatersritical. However, coupling of the
polymerization reactions makes the measurement of ratstaots for individual reactions very
difficult. The measurement of accurate values of propagatte coefficients was not achieved

until the advent of advanced experimental technologiesh s1$ pulsed laser polymerization in
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Figure 2.1: Acrylate monomer general formula.

combination with size exclusion chromatography (PLP-SECP-SEC provides accurate kinetic
parameters and has been recommended by IUPAC as the standasdrement for free radical
propagation rate constants. PLP-SEC requires that traredietions are negligible on the time
scale of the pulse interval, which makes it feasible onlyaftmited number of acrylate monomers.
Although the existence of secondary reactions, such asfenaand mid-chain radical propagation,
has been verified with electron spin resonance (ESR) anéautlagnetic resonance (NMR), mea-
suring accurate rate constants for these reactions expetatly is still infeasible. Determination
of kinetic parameters for polymerization reactions haobeza bottleneck for the advancement of
polymerization modeling research. In this research, quarghemistry and transition state theory
have been used to determine kinetic parameters for hommeoiyation of methyl methacrylate
and methyl acrylate, propagation rate constants for metiethacrylate-methyl acrylate copoly-
merization, and depropagation, intramolecular trangtegission and mid-chain radical propaga-
tion for methyl acrylate.

The following sections will introduce the relevant backgnd knowledge for this research,
including the mechanism of free radical polymerizatiorp@ygmerization, experimental measure-
ments, mathematical models for free radical polymerizatmquantum chemistry and transition

state theory and microscopic factors that influence theatain energy.
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2.1 Free Radical Polymerization

Free radical polymerization is one of the most importantcpsses to produce high molecular
weight polymers. It can be used for almost all vinyl-basedhoroers to produce both homopoly-
mers and copolymers. In free radical polymerization, thairtistarts with the primary radicals
generated from the initiator and grows rapidly by contirglpweacting with monomers to form
high molecular weight polymers at low monomer conversion.

Initiation

The primary radicals are generated by thermal or photodatemoieavage of covalent bonds. The
most commonly used initiators include azo and peroxy comgsusuch as 2,2-azobisisobutyroni-

trile (AIBN) and benzoyl peroxide (BPO). The initiation eas shown in Equation 2.1:

rq = 2 fka[l2] (2.1)

in which f is the decomposition efficiency which is normally in the rargd 0.4-0.9. Initiation

is typically a first-order reaction. Activation energies tbe thermal homolysis of peroxide and
azo initiators are in the range of 100-150rkd|~! and representative initiation rate coefficierits (
(s71)) at normal polymerization conditions are in the range of®10 10~* (Meyer and Keurentjes
(2005)). Initiation is the only reaction in which initiatparticipates so the measurement of the
reaction rate constant is relatively easy. The concenfratf initiator can be monitored with
equipment such as infrared spectroscopy. AIBN and BPO ceondgose under both thermal and
photo irradiation conditions. Some special initiators ethare only sensitive to photo irradiation
at a specific wave length need to be used in PLP-SEC expesma&mnth as 2,2-dimethoxy-2-
phenylacetophenone (DMPA).

Propagation

The primary radical generated from initiation adds to umsded monomer to form a propagating

radical, which can continuously add to monomers so that tran radicals can be formed, as
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Figure 2.2: Acrylate propagation.

shown in Figure 2.2. Propagation is a second order reaciahthe rate is expressed as in Equation

2.2.

R, = kp[P'HM] (2.2)

The measurement of accurate propagation kinetic parasneter’, ) is feasible with the advent
of PLP-SEC. It is also known that the propagation rate caefficis pressure-dependent with a
negative activation volumeXV'#). Pressure increases cause an increase it thvalues. The
relationship between the rate coefficient and pressurepieessed in Equation 2.3.
dink,  AV#

Tk (2.3)

Kinetic parameters for acrylate and methacrylate monomerdisted in Table 2.1. It can be
seen that all methacrylate monomers have similar activaiergies (21.0- 23.4 kJmol~!) and
frequency factors (2.67 8.89x10° L-mol~!-s71). Acrylate monomers also have similar activa-
tion energies (17.6- 17.7 kdmol~!) and frequency factors (1.66 1.81x107 L-mol~!-s™!). The
activation volumes for methacrylate monomers vary from016-16.7 cn¥-mol~!, and the acti-
vation volumes for acrylate monomers center around -11*%moi~!. Comparison of activation
energies shows that the substituent ondhearbon has much more influence than that on the ester
group; for example, for the same ester substituent, theanstlate has an activation energy that

is 4 kImol~! higher than the corresponding acrylate.
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Table 2.1: Kinetic parameters for acrylate monomers deterdhby PLP-SEC (Brandrup et al.
(1999); Meyer and Keurentjes (2005)).

Monomer E, AV# A

(kImol™Y) (cm*-mol~!) (L-mol~t.s71)

Methyl methacrylate 22.4 -16.7 2.6710°

Ethyl methacrylate 23.4 4.6710°

Butyl methacrylate 22.9 -16.5 3.%80°

Dodecyl methacrylate 21.0 -16.0 2:600°

2-Hydroxyethyl methacrylate 21.9 8.890°

Methyl acrylate 17.7 -11.7 1.66107

Butyl acrylate 17.4 1.84107

Dodecyl acrylate 17.0 -11.7 1.7907

The influence of solvents on the propagation rate coeffisibat been examined through ex-
tensive studies, and it is concluded that there is littlaigriice of solvent on propagation rate coef-
ficients. Thus, propagation is often treated as chemicalhtrolled up to high conversion values
(80%) in typical polymerization modeling (Brandrup et d1999)). However, there are not exact
cut-off conversion values for the transition from chemioahtrol to diffusion control for different
polymeric structures and operating conditions.

The addition reaction of a radical to a monomer is a revezgibaction. Depropagation be-
comes significant at elevated temperatures. The temperattwhich the propagation and deprop-
agation rates are equal is called the ceiling temperaturéor a given monomer concentration,

[M], T, is calculated as in Equation 2.4:

AH,
= 2.4
AS, + Rin[M] (24)

T

The typical heat of polymerizatiolhH, for acrylate monomers is in the range of -50-80
kJmol~' (Meyer and Keurentjes (2005))AS, is hard to measure, but a representative value
is -120 Jmol~'-K~!. The ceiling temperature for methyl methacrylateH,=-56 kJmol~!) at
a concentration of 1 mdl~! is 194°C. The ceiling temperature for methyl acrylatk if,=-80

kJ-mol~1!) at a concentration of 1 mal—! is 394°C.
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Figure 2.3: Acrylate intermolecular transfer reaction.

Figure 2.4: Acrylate intramolecular transfer reaction.

Transfer

The propagating radical can abstract a hydrogen or halogen ftom any another species, in-
cluding monomer, solvent, long chain radicals or dead pelgto transfer the radical center. The
transfer constant({;,), which is the ratio of the transfer rate constant and theagation rate
constantky, /k,), is used to indicate the relative extent of transfer reasti

Transfer occurring between radicals and other speciedleddatermolecular transfer which
is shown in Figure 2.3. The transfer products are dead palyand a new radical. Transfer
reactions can also happen within polymeric radicals whictailled intramolecular transfer. The
most common intramolecular transfer in acrylate polynaion is 1,5-hydrogen transfer, which
is shown in Figure 2.4.

The mid-chain radical produced by transfer to the middle @olymer chain can undergo
propagation with monomers, which is called mid-chain rabropagation. The first addition
step, which is the transition from a tertiary carbon radica secondary carbon radical, has a lower
propagation rate coefficient than that for the end-chaircedsl In this research, the first addition

reaction of mid-chain radical propagation is thus treatguhsately. The secondary radical that is
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generated is treated the same as an end-chain radical. degem the position of the radical,
mid-chain propagation yields short-chain branching (S@Bpng-chain branching (LCB).

The activation energies for transfer reactions, | are usually higher than the activation en-
ergies ¢,) for propagation; for example, the typicat){** — E,) is in the range of 10- 40
kJ-mol~! (Meyer and Keurentjes (2005)). Thus, transfer reactiondessuppressed by decreasing
the reaction temperature. PLP-SEC is usually carried dotxatemperatures, thereby eliminating
interference from transfer reactions. Transfer react@arsbe used to control molecular weight.
For example, a small amount of chain transfer agent (CTA)e&aadded to control the molecular
weight of polymers.

Scission

Besides mid-chain propagation, mid-chain radicals fortmgdhtra- or intermolecular transfer to
polymer can underg@—scission as shown in Figure 2.6 to yield short chain radiaats unsat-
urated dead polymer. Besides lowering polymer moleculaghitgs-scission can also produce
unsaturated long chaing-scission is more strongly activated by temperature thandgen trans-
fer so it becomes important only at high temperatures. Famgye,5-scission for butyl acrylate
becomes significant when temperature is higher than°CA(Chiefari et al. (1999); Grady et al.
(2002)). Kinetic coefficients for scission reactions cafydre determined based on modeling in
concert with the measurement of quaternary carbons anduwaszd terminal groups by NMR.
Termination

Termination between two radicals can proceed by combinatialisproportionation. The termina-
tion form directly influences the polymer molecular weightigolydispersity index (PDI). Termi-
nation by combination results in a narrower PDI. If all temation reactions involve combination
of two radicals, the PDI equals 1.5; if all termination réaws are in the form of disproportion-

ation, the PDI equals 2.0. The ratio of the disproportimratiate to the total termination rate is
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Table 2.2: Kinetic parameters for acrylate terminatiorctieas (Brandrup et al. (1999)).

Monomer E, A k, at 50°C, 1 atm
(kImol=!) (L-mol~t.s7!)  (L-mol~t.s™!)

Methyl methacrylate 4.1 43108 9.4x107
Butyl methacrylate 4.1 86107 1.9x107
Dodecyl methacrylate 4.1 2807 6.2x10°
Methyl acrylate 6.7 6.810° 5.1x10%
Butyl acrylate 4.0 5.£108 1.2x108
Dodecyl acrylate 1.7 24107 1.1x107

expressed in Equation 2.5:
Kt

6 pr—
kg + ke

(2.5)

For methacrylate monomeisis within the range of 0.5- 0.8; for acrylate monomers,is within
the range of 0.05- 0.2 (Moad and Solomon (1995)).

The single-pulse-pulsed laser polymerization (SP-PLR)eaused to measure termination rate
coefficients ;). SP-PLP measurement is used in combination with infraretkar-infrared spec-
troscopic measurements of monomer conversion induced mgkedaser pulse. Kinetic param-
eters for acrylate and methacrylate termination reactéwashown in Table 2.2. The termination
rate constant is usually higher thao” L-mol~!-s~! and is often treated as diffusion controlled.
Thus, termination is not only influenced by the reaction ¢omass, but also by the viscosity of the
reaction system. Diffusion control depends on both chdfiuglon and segment diffusion. The
dependence of; on system viscosity is very complex, especially for systemkiding branching
reactions. The rate constant can decrease by several efd®a@gnitude with monomer conver-

sion. In kinetic modeling, only at very low conversion vad{g0%) k; can be treated as a constant.
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Figure 2.6:5-scission of acrylate mid-chain radical.

2.2 Copolymerization

Copolymerization is one of the most commonly used appraatthproduce polymers which com-
bine the application properties from their parent polym&wverse application properties can be
achieved in the form of copolymers. For example, the adkesina cohesive properties of acrylate
coating resins can be balanced by controlling the propastod monomers in the recipe (Meyer and
Keurentjes (2005)). Different monomers in the reactiortesyshave different reactivities, which
makes the chain growth dependent on both the monomer argtagiecies. The propagation rate
determines both the conversion rate of monomers and cotigposf polymer products.

In order to model the polymerization process and predicptiogluct properties, accurate Kki-
netic parameters for these reactions are critical. Thea@stant depends on the reactive units
in both the radical and the monomer. However, PLP-SEC cay lmlused to measure the over-
all propagation rate constant,(.,,,). No experimental measurements are available for the rate
constants of all the reactions between various radicalgrasmbmers.

Extracting quantitative information about copolymeriaatkinetics is largely based on mod-
eling. Modeling is used to investigate two basic aspect®pblymerization: the overall rate con-

stant &, ..p0) and polymer compositiornf() at different monomer compositiong)( Depending on
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Figure 2.7: Terminal model (TM) and penultimate effect (Bdtodel of binary copolymerization.

the active units of the propagating radicals, copolyméinnahas been modelled according to the
terminal unit model (TM), in which the radicals are dividedad two types based on the terminal
unit, and the penultimate unit model (PUE), in which radicale divided into four types based on
both the terminal and penultimate units. Four additiontieas are included in the terminal model

as shown in Figure 2.7. Two reactivity ratios are defined asvatbelow:

_kn koo

e g— Ty = —
k12 k21

With these two ratios and the homopolymerization rate @nist§,; and k), the overall rate

1

constantk, ..,,) at different monomer compositiong)(is expressed in Equation 2.6.

orifi2fifo+raf3
K capo = (r1fi/kin) + (r2fa/kas) (26)

The instantaneous component fraction in the polymer prioaludifferent monomer compositions

can be calculated via the Mayo-Lewis equation as shown iratu?2.7:

_ rff + fife
rft+2f1fo+rofs

F (2.7)
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Fukuda et al. found that in some cases, the reactivity réittesl from#k, ..., and composition
do not match, which was attributed to the neglect of effettis@penultimate units on the reactivity
of the propagating radicals (Fukuda et al. (1985)). The jtiemate unit effect (PUE) model, which
includes the influence of both the terminal and the penutgmaits on the radical chains, was thus
proposed. The relevant reactions and rate coefficientsaserto eight, which are shown in Figure

2.7. Four monomer reactivity ratios;() and two radical reactivity ratios{) are defined:

k k k k
TS Ry T2 T kg TR g0 TS o

The overall propagation rate constant..,, and polymer composition/{) are expressed as in

Equations 2.8 and 2.9, respectively.

FifE 4+ 2f1f2 + Tofs

kp copo = ———— — 2.8
PR (P fi k) + (Pafa)kas) (28)
L+ fufe
F, = 2.9
' FLfE 4 2f1fa + Tof3 (9)
The average reactivity ratios and rate constants are defirteguation 2.10.

i rafi+fi & rifi + fi

Ti = 71— ki = Kyi—p (2.10)
Trifi+ £ riifi + fi/si

The PUE model including six ratios(, r12, 722, 721, S1 andsy) is called the explicit penul-
timate unit effect (EPUE) model. A simplified PUE model witbuf ratios ¢, r, s; ands,)
is called the implicit penultimate effect (IPUE) model. ImetIPUE model, it is assumed that
ri1 & o1 & rpandryg = 15 & ro (Buback and Miller (2007); Fukuda et al. (1985)). In most
cases, the IPUE model yields satisfactory results for duhrdte constant and composition (Coote
and Davis (1999); Hutchinson et al. (1997); Madruga and &®tez-Garcia (1996)), and the EPUE
model does not provide significantly better results tharBtéE model.

Buback et al. measured the rate coefficiets.{,,) for methyl methacrylate (MMA)-methyl
acrylate (MA), dodecyl methacrylate (DMA)-MA, MMA-dodekgcrylate (DA) and DMA-DA
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bulk copolymerization via PLP-SEC at ambient temperatume H000 bar. The monomer con-
version was monitored via NIR spectroscopy in the 6606300 cnt! range. Both the TM and
PUE models were used to fit the reactivity ratios. For MMA-Mdpolymerization, the following

results were provided (Buback and Muller (2007)):
(A) TM based oty A — f]\/[MA data:TMN[A=3.03,T]\/[A=O.20
(B) TM based ork,, .,,, measurementsi;4=1.95,r,,4=0.21

(C) IPUE fit: TM]VIA:2-4O1TMA 20-1815M]\/IA :1.46,SMA 20-381kp,MMA =702 L'mOI_l'S_l,
kp a4 =18,088 Lmol~t-s™!

Although the TM and PUE models have been widely used in thadysbfi copolymerization,
these two models are both based on the ratios of rate cosstadtthe derivations are based on
the steady state assumption. Neither of them can be usedeiordee the kinetic parameterg'(
and A) for an individual reaction. In PLP-SEC measurements, rs@axy reactions like transfer
need to be suppressed, so PLP-SEC experiments can onlyrlezlcart at low temperatures. To

measure the required parameters over a wide temperatge iamfeasible.

2.3 Experimental Measurements for Kinetic Parameters

Direct measurement of kinetic parameters for free radioblrperization reactions is very limited.

The most frequently used experimental approach to measapagation rate constants is pulsed
laser polymerization in combination with size exclusivearhatography (PLP-SEC). Under the
irradiation of a pulsed laser, photoinitiators decompasgéenerate radicals, which can undergo
propagation. Most of the propagating radicals are terrathatith the newly generated radicals at
the successive irradiation. The probability for a propemgatadical to survive decreases with the

irradiation time. Thus, the chain length of the polymer proed is discretized. The majority of
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dw(log, M)/dlog, M
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Figure 2.8: Experimental MWD (solid line) of p-acetoxystge produced at 40C, 1 atm using a
pulse repetition rate of 20 Hz. The first derivative of the MWyiven as the dashed line. The

inflection points {4, L, and L3) correspond to the polymer chains growing within one, twd an
three pulse intervals.

polymers are derived from those radicals that existed fertone interval between laser pulses.
The polymer chain length can be measured with SEC, and the Ergth is determined by the

peaks of the first derivative of the distribution curve, asveh in Figure 2.8. The propagation

rate coefficient£,) can be determined using Equation 2.11. PLP-SEC is caruedtovery low

conversions of monomek(5%) so[)M| can be treated as a constant.

In order to eliminate thermal initiation, photoinitiatoshich are only sensitive to irradiation,
such as 2,2-dimethoxy-2-phenylacetophenone (DMPA), sed UPLP-SEC requires that the chain
termination only be controlled by pulses, so for those systén which transfer reactions are
significant, PLP-SEC cannot be used. In order to suppressférareactions, PLP-SEC is usually
carried out at low temperature. For example, PLP-SEC fohphetcrylate can only be carried out

lower than 30°C. Another approach is to increase the laser frequency sahthgulse interval is
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shorter than the time scale for transfer reactions. If eeitf these two approaches eliminates the
influence of transfer reactions, PLP-SEC cannot be usecaudedhe measurement is reliatdlg,
measured by PLP-SEC is used as a benchmark to verify otheodw@bgies.

In copolymerization systems, PLP-SEC can also be used. thalpverall propagation rate
coefficients £, ..,0) can be measured. By tracking the monomer concentrationgesausing
measurements which are sensitive to a specific functiomalpyor carbon structure, such as in-
frared (IR), near infrared (NIR) and NMR, the compositionthe polymer productq) at different
monomer compositions § can be obtained. The monomer reactivity ratios and radezadtivity
ratios can be fitted based on the Mayo-Lewis plot and oveatdl constants.

Because quaternary carbons can be generated via trandfemidrchain radical propagation,
13C NMR is frequently used to monitor branching based on thenasce at 47.6- 48.6 ppm
arising from the quaternary carbon of the branch point (Ath@teal. (1998)). The concentration
of branch points can be determined, which can be used in ec@tibn with models to estimate
transfer rate constants.

Small fragments produced by-scission reactions can be captured by mass spectroscopy so
that scission reaction paths can be investigated. Hutchies al. studied’-scission of n-butyl
acrylate by monitoring the intramolecular transfer prddusing electrospray ionization-Fourier
transform mass spectrometry (ESI-FTMS) (Grady et al. (200&ck et al. (2002)).

In general, NMR, ESI/FTMS and other measurements such ascBSRalidate the existence
of secondary reactions and provide quantitative data fatetiog analysis. However, none of these

measurements can be used to determine kinetic paramederseimdently.

2.4 Mathematical Modeling of Polymerization Processes

Mathematical modeling can be used to help to understandalyenerization process and predict

the polymer properties at different operating conditiomsich can be used to optimize the poly-
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merization process. Because of the complexity of the poliraton system, it is challenging to
develop detailed models of the polymerization process. ditwiess, the sophistication of math-
ematical models is increasing, and they are becoming matarare important in the study of
polymerization. Because of the large number of chain lengtid functionalities that are relevant
in polymerization modeling, it is infeasible to develop &gip continuum models. The method
of moments, discrete Galerkin finite element models andtkidonte Carlo (KMC) offer at-
tractive and manageable alternatives. In this researcdetikiMonte Carlo was used to model
homopolymerization of methyl acrylate, which includedtiation, propagation, intramolecular
transfer, mid-chain radical propagation amescission reactions. The average molecular weight
(M, M,), molecular weight distribution and average number of bines per chain were tracked.
Method of Moments

The method of moments decreases the dimensionality of aemaifiical model of polymerization
by reducing the number of equations through definition ofghecipal moments of the various
distributions. The moments can be related to measurablditjga. For example, the zeroth mo-
ment of dead polymer is the total concentration of polym#rs;first moment of dead polymer is
the concentration of monomer units in all dead polymers ¢Dotet al. (1996)). Thé-th order

moments are expressed as follows:
pe =Y _n*D, (2.12)
n=1

whereD,, is the concentration of dead polymer of chain length n. Thalmer average molecular

weight and weight average molecular weight are calculasddlbws:

M, =1 (2.13)
Ho

M, =1 (2.14)
M1

The equations for the moments are derived from the populétédance equations of radicals

and dead polymer. For a system including initiation, pr@iag, termination (combination and
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disproportionation) and transfer to polymer, the radi¢al) @nd dead polymetri§,,) balance equa-

tions are written as (Meyer and Keurentjes (2005)):

dp, o ol p N
— = 2fkald(n = 1) + kM (P 1 — kP'nD, Z P, — k'P, ;]Dj
— (ke + Kia) Z PP,
j=1
dD,

= _ktdep + kthPPn ;= kD, ZP + P, Z]D

Jj=1 j=1 j=1
The rates of change of the zeroth, first and second momentseafadicals are derived as

follows:

d P
B kgl — (ke + ko) ()2

dt

du” 0

dt = 2fkal + kpyMpg — (kea + kre)u 1t + K (g 13 — iy 7))

d 0

% = 2fkal + kM (g + 2p1) = (kea + kae)g g + ki (g 3 — pig 7))

The rates of change of the zeroth, first and second momenéadffblymer are derived as follows:

d

DO — ha(i)? + kool

L = (kg + kue) i uf + K (uf il — pi 1)

2 — (g + k)b ud + ke (D) + K (uh P — pl )

The third moment;:?, can be represented by a truncated series of Laguerre polsitso(Hulburt

and Katz (1964)).

[y = D—MD(%?#? — (11)?)
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The major limitation of the method of moments is that it caydre used to track average
guantities. More detailed information such as moleculaigivedistribution cannot be provided,
unless a form of the distribution, such as the Schultz or \&esdistribution, is assumed (Kruse
et al. (2003)).

Kinetic Monte Carlo

Kinetic Monte Carlo is the stochastic simulation of a reattystem based on the probability for
a reaction to happen (Gillespie (1977)). This method haa hised in polymerization research to
a limited extent and has primarily been used to predictik@diranch contents rather than actual
kinetics (Al-Harthi et al. (2006); Tobita (1996, 2006)).

In KMC modeling, a control volumel() which contains a manageable number of reactant
particles is used as the calculation basis. The number t€lesrin the control volume is calculated
as Equation 2.15:

X = [M]N,V (2.15)

whereN 4 is Avogadro’s number and/] is the concentration. Larger control volumes mean longer
computational times while providing more accurate reséitsthe control volume is increased, an
asymptotic limitis reached, and thus, it is imperative thatminimum control volume at which the
calculated values are converged be identified. Rate casstahich are based on the continuum
variable of concentration, need to be converted to be bas¢ldeochange of particle number. For
example, for initiation, propagation and termination red@stants, the corresponding KMC rate

constants are shown in Equations 2.16, 2.17 and 2.18.

EEXMC =k, (2.16)

kg M = iy (2.17)
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2k
KMC t

2.1
i N4V (2.18)

The probability for a reactionto happen at a given time is calculated as the ratio of theofate

reaction; to the total reaction rate.
R
Pi= SR,

In KMC, at each time, only one reaction is selected to procé&ée choice of the reaction is based

(2.19)

on a random number which falls into a region set by the reagirobability of reactionn:

m—1 m
Zpi <7 <Zpi (2.20)
=1 =1

Once the reaction is complete, the time interval for thetieado proceed is determined using

another random number,, in the interval of [0,1]. The time interval is calculated as:

1 1
SR, In(

The advantage of KMC is that each species is constructedcaiplThus, the complex struc-

T =

) (2.21)

T2

ture of polymer chains, such as multiple degrees of bragglizn be represented seamlessly. The

full molecular weight distribution can be tracked withoalyassumptions about its form.

2.5 Quantum Chemistry and Transition State Theory

Quantum chemistry has become a powerful tool for the studgradtics to discover the reaction
mechanism and predict kinetic parameters as a substituexp@rimental approaches. Quantum
chemistry can provide details about reactions which arfecdit if not impossible to isolate using
experimental approaches. In quantum chemistry, the erevgys are determined by solving the
Schrodinger equation based on the atomic coordinates.SEheddinger equation/ ¥ = EU,

is a numerical eigenvalue problem for which multiple salo& can be found, in whicK is the
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Hamiltonian operatorF is the electronic energy anl is the wave function, which depends on
the coordinates of all the atoms in the system (Leach (20@Hhformation optimization is done
by probing the energy surface as a function of the atomicdinates until the lowest energy
conformation is obtained. Typically, gradient-based athms are used to search for low energy
geometries. Once the optimized conformation is obtairtezlgtectronic energy, frequencies and
thermodynamics properties can be obtained. Commercialvaid is widely available to carry
out these calculations. In this studyaussian 03 on a 64-bit Linux cluster was used for all the
guantum chemistry calculations (Frisch et al. (2004); Geumsinc. (1990)).

Transition state theory characterizes a reaction as pdotgeia a transition state structure
between the reactants and the products, which is charaeteais a maximum along the reaction
coordinate and a minimum in all other dimensions and thusgsses one imaginary frequency
(McQuarrie and Simon (1999)). The imaginary frequency esponds to the motion along the
reaction coordinate. Two classes are provided in Gaus&dorQocating transition state QSTN
and conventional optimization. Once a transition statecstire is identified, it needs to be further
verified with intrinsic reaction coordinate (IRC) follongnhwhich starts from the transition state
and probes the conformations along thatard” and “reverse” directions. Although IRC follow-
ing can automatically search conformations in both dicexgj it was found in this research that
including the ‘phase” keyword and specifying the bond length or angle which iases during
the transition is helpful. In this research, IRC followingsvused not only for the verification of
transition states but also for the energy topologies reguior semi-classical calculations of tun-
neling coefficientsK). The default step size in Gaussian 03 is 0.1 HfBohr, and six points are
mapped in each direction. By default, the reaction cootdican be mapped 0.6 aftiBohr in
each direction. In the tunneling coefficient calculatidrisirequired to reach 1.0 arlfé-Bohr in
both directions. Thus, the step size was adjusted BZ(Stepsize=N)”, where a step size of 10
corresponds to 0.1 arid-Bohr. It was found that for large reaction systems, smapi stees (for

example stepsize=2) were necessary to converge the IRC calculations.
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Transition state theory also provides the method to catietiee reaction rate constant as shown

in Equation 2.22 (Pfaendtner et al. (2006)):

kgT

i
() @ amymr (2.22)

k(T) = k(T) O O
in which x(T) is the tunneling factor, which is important for reactiongdiving light atoms such
as hydrogen transfer. The tunneling effect for propagatations can be neglecteds@’) was
approximated as onék is Boltzmann’s constantl (3806 x 10723 Jmol~!- K—1), h is Planck’s
constant §.6261 x 1073* J.s), m is the number of reactants, which is two for propagation and
one for unimolecular reactions, such as intramoleculardnyeh transfer;® is the standard state
concentration (meL~1!) to which the quantum chemical calculations are refere,nggd where
Pis 1 atm, and\ E, is the difference betweeh, of the transition state and the reactants, which
is defined as the summation of the electronic enefgy and the zero-point vibrational energy
(ZPVE):

Ey=E.+ ZPVE (2.23)

ZPVE is the contribution to the energy from vibration at O Kda$ined in Equation 2.24 (McQuar-
rie and Simon (1999)):

1
ZPVE = > hy, (2.24)

in which N is the number of atoms, angrepresents the frequencies. For transition stat&'s;- 7
frequencies are included in the ZPVE.

All the necessary energy levels and partition functions gu&tion 2.22 are calculated using
guantum chemistry. However, the exact solution to the @&lihger equation is only feasible for
very simple species such as the hydrogen atom. Approach&ste the Schrodinger equation
approximately are classified into two categoried initio and semi-empirical methods (Leach

(2001)). ab initio means “from the beginning”, which uses the full HartreedfBoothaan-Hall
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equations, without ignoring any of the integrals in the Hemnian. Semi-empirical methods sim-
plify the calculations using empirical parameters and rgrgpsome of the Hamiltonian terms.
Semi-empirical methods, such as CNDO, INDO, AM1 and PM3)ese computational demand-
ing. However, their performance is heavily dependent orafi@ications. Even the best perform-
ing semi-empirical methods such as PM3 and AML failed in desg radical reactions (Wong

and Radom (1995)). Therefore, in this research, semi-érapimethods were only used in the
potential energy scans for comparison wathinitio methods.

A referenceab initio method is Hartree-Fock (HF), in which the wave functid) {s expressed
as a linear combination of molecular orbitals, and theseemér orbitals are expanded linearly
in terms of atomic orbitals with fixed coefficients (Leach @2)). The solution is carried out via
a self-consistent field (SCF) approach, in which the coeffits for the molecular orbital com-
binations are optimized until the minimum electronic eyaggobtained. Hartree-Fock does not
consider the detailed interactions between the electrons. different ways of introducing elec-
tron correlations have been used: configuration interactial perturbation theory. Configuration
interaction methods include CIS, CID, CCSD and QCISD whidfedin the manner in which the
configuration interaction is taken into account. Pertudpatheory includes Mgller-Plesset theory
at second order (MP2) and higher order theories (MP3, MPL£onfiguration interaction meth-
ods have been used to quantify radical reactions. Howeeegpation theory performs poorly
for radical reactions (Wong and Radom (1995, 1998)).

The functions used to describe molecular orbitals are ¢ddiesis functions. A basis set is a
set of such functions used to create the molecular orbitdls.most common minimal basis set is
STO-nG, where the integerrepresents the number of Gaussian primitive functions cisimg a
single basis function (Leach (2001)). In these basis detssame number of Gaussian primitives
comprise core and valence orbitals. The more Gaussiantprfunctions used, the more accurate
results that can be obtained at the expense of higher cotigmahtime. Pople and coworkers

developed the concept of “split-valence” basis sets, irctviihe valence orbitals are composed of



50

two or more basis functions. For example, 3-21G denoteg thrienitive Gaussian functions with
the valence orbitals consisting of two parts: the first pptamposed of a linear combination of
two primitive Gaussian functions and the other part is coseploof a linear combination of one
primitive Gaussian function. Split-valence triple bastssare also used such as 6-311G. Diffuse
functions can be added to the basis set in order to descrébltiy-range behavior, such as 6-
31G(d) (Leach (2001)).

Density functional theory (DFT) is an alternative way toveolhe Schrodinger equation. DFT
solves for the properties such as total electronic energgdan the total electron density of the
system instead of the wave function. DFT has been used sfulig# the study of many-electron
systems which are too complicated to treat with conventiab@nitio methods. DFT solutions are
mostly based on the Kohn-Sham equations. Like the Hartoe&-€quations, approximations need
to be used to solve the Kohn-Sham equations. Hybrid DFT nasthia which part of the energy
is calculated using Hartree-Fock, have shown great impneve over conventional Hartree-Fock
methods since DFT naturally includes electron correlatiity P and B3LYP are the most widely
used hybrid DFT methods which have shown similar or everebp#rformance than high leva
initio methods (Becke (1998)). Unrestricted B3LYP/6-31G(d) esduis this research for geometry
optimization, potential energy scans and frequency calmris.

A new generation of hybrid DFT methods has been developedharee accuracy, such as
MPW1K, MPWB1K, BB1K and M05 and MO6-L (Lynch et al. (2000); &b et al. (2004, 2006);
Zhao and Truhlar (2004)). The hybrid Fock-Kohn-Sham omeratwritten as follows:

F=F" 4 (X/100)FFE 4 (1 — (X/100)](F5F + FECE) 4 poer (2.25)

whereF! is the Hartree-Fock operatoy, is the percentage of Hartree-Fock excharg; is the
Dirac-Slater local density functional for exchang&;“” is the gradient-corrected of the exchange
functional andE'““" is the total correlation functional including both localdagradient-corrected

parts of the kinetic energy density. In MPW1B95 and MPWB1Klafmo and Barone’s mPW
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exchange functionals are used #6¥“* and the Becke95 functional is used 6" (Zhao et al.
(2004); Zhao and Truhlar (2004)). The paramekXeiis optimized to minimize the root-mean-
square error compared with experimental data. In the MPWBIgel, X was optimized based
on the activation energy of nine elementary reactions (Zuae Truhlar (2004)). X is set to
44% for the MPWB1K modelGaussian 03 does not support the direct calculation of MPWB1K.
Instead, it needs to be carried out based on the availableoaewith the adjustment of the overlay
parameter (IOp). The overlay parameter |IOp(3/76) neede tepecified with the optimized HF
and DFT coefficients. The keyword required in Gaussian 03atoycoout MPWB1K/6-31G(d,p)
calculations is “MPWB95/6-31G(d,p) 10p(3/76=0690003'qZhao and Truhlar (2004)).

2.6 Tunneling Effects

Tunneling effects are important when small atoms are ireain the reactions, for example, hy-
drogen transfer. The tunneling effect is expressed as agenye-dependent tunneling coefficient
x(T') in the calculation of the rate constant as shown in Equatia®.2Tunneling effects account
for the situation when the reaction can happen for some satats even though the reaction sys-
tem does not have enough energy to overcome the reactiaerbag., it is as if the small atoms
go through the barrier instead of overcoming it (Masel (90BEnaud and Sibi (2001)). Thus, the
actual reaction rate constant is higher than predicted.

Detailed approaches and algorithms for calculating thestrassion coefficient have been put
forth. Different approximations have been developed,uditlg classical and semi-classical ap-
proximations. The most widely used classical approxinmaisothe Wigner tunneling correction

which is given as Equation 2.26 (Wigner (1932)):

1 ihvt

K(T)=1- ﬂ(ij—T)Q

(2.26)
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in which v* is the imaginary frequency in the transition state whichreéspnts the motion along
the reaction coordinate. The Wigner approximation is feadly used; however, it is known to
underestimate the tunneling effect since it only accoumtshfe contributions near the barrier top
(Gonzalez-Lafont et al. (1991); Truong et al. (1999)). Selassical approximations calculate
the tunneling coefficient in terms of the probability for awsdunction to go through the energy
barrier, which is called the path integral formulation. @@rsemi-classical approximations were
used in this research, including the small curvature tung€5CT), the zero curvature tunneling
(ZCT) and the Eckart models.

In the SCT method, the tunneling coefficient is approxima®the ratio of the thermally av-
eraged multidimensional semiclassical transmissiongisitity (P(£)) to the thermally averaged
classical transmission probability for scattering by tiffeaive potential as shown in Equation

2.27 (Gonzalez-Lafont et al. (1991); Truong et al. (1999)):

S P(E)e FITdR

K(T) = s -
Jpey e P/HETdE

(2.27)

whereE*(T) represents the total energy(zp + > ., ' 3hv) at the bottleneck. The probability

(P(E)) is calculated as Equation 2.28.

1

0(F) is the imaginary action integral along the tunneling patbvahas Equation 2.29:
oI s2 G
o(E) == V 2es ()| E — VE(s)|ds (2.29)
sl

wheres; ands, represent the reaction turning point gng; is the reduced mass.
The Eckart approximation assumes the effective reduced,méssch accounts for the reaction
path curvature, is constant. The tunneling is thus assumptbteed along the minimum energy

path (MEP) and the reaction path curvature is neglected. pbbential width is obtained from



53

fitting the potential for the MEP going from the reactantstigh the transition state to the prod-
ucts. In this research, CSEO softwavemn.cseo.net) was used for the calculation of tunneling

coefficients.

2.7 Factors Influencing the Activation Energy

The major factors that influence the reaction activatiorrggnénclude: (1) steric effects of the
substituent in the radical and the monomer, (2) reactionadpy and (3) polar effects (Fischer and
Radom (2001)). Steric effects account for the decreaset®fc@nstants caused by the repulsion
between radicals and monomers caused by substituentseXplans, for example, the addition
to methyl acrylate happening predominantly at the unsutietl carbon atom. Polar effects ac-
count for the electron donating effect of substituents,clwldan be explained in terms of frontier
orbital theory. For example, radical addition reactiores thie interaction of the singly occupied
molecular orbital (SOMO) of the radical and the highest @oed molecular orbital (HOMO) of
the monomer or the interaction of the SOMO of the radical whthlowest unoccupied molecular
orbital (LUMO) of the monomer depending on the energy gapvbeh the SOMO-HOMO and
the LUMO-SOMO as shown in Figure 2.9. Reactions proceedrdaugto the lower energy gap
procedure: if the energy gap between the LUMO and the SOMOwel, interaction of these
two orbitals includes the partial electron transfer from tadical to the monomer, which is nucle-
ophilic for the radical; on the other hand, if the energy gapmeen the SOMO and the HOMO is
lower, interaction of these two orbitals includes the phriectron transfer from the monomer to
the radical, which is electrophilic for the radical (Lozagtaal. (1999)). The most frequently used
approach to account for enthalpic effects is to correlatigaton energy {,) and heat of reaction

(AH,) linearly, which is known as the Evans-Polanyi equationgihas Equation 2.30:

E, = Ey + aAH, (2.30)
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LUMO

(@) (b)

Figure 2.9: Interactions between the SOMO of the radicdi thie (a) HOMO or (b) LUMO of the
monomer.

in which E, and« are constant for the same reaction family. Radical addigactions are all
exothermic reactions; higher exothermicity is related toveer activation energy and an earlier
transition state. For radical addition to alkenes, a gémarmber fora of 0.25 was proposed,
which means about one quarter of the variatioAiH, is translated to the transition state structure
(Fischer and Radom (2001)). The strict application of tharisvPolanyi relationship requires that
the other factors are minor.

Besides steric, polar and enthalpic effects, other fagjok®rning radical addition reactions
have also been suggested. For example, the state cometiiéigram (SCD) includes the triplet
excitation state and ionization energy (Gomez-Balderas. ¢2003)). SCD can predict the influ-
ence of various energy parameters on the activation eneffgiie more complex models which
include triplet excitation energy, ionization energy, @ouab attraction parametet’j and inter-
action strength parametey)(have also been used (Gomez-Balderas et al. (2003)). Inrédsem

research, the molecules (methyl methacrylate and metiylicde) have similar structures and re-
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action mechanisms (for example, all the addition reactiordergo electrophilic addition); it will

be shown that the reaction enthalpy is the dominating faotdetermining the activation energy.
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Chapter 3

The One-dimensional Internal Rotor Model

3.1 Introduction

Computational chemistry is under continuous developmedttes been used widely in various
fields of chemical research. The accuracy has been corltinomgdroved with the development of
new computational methods and levels of theory. Howevergtlare still advances that need to
be made to extract the most accurate results from quantumicalecalculations, particularly for
reaction systems involving large molecules. For exampt#ions within a molecule are expressed
in terms of frequencies, which encompasses stretchinglibgmand torsional motions. Tradition-
ally, all of these motions are modeled using a harmonic lasoil (HO) model, which captures
pure stretching motions. However, for the other motionsadéscription may not be appropri-
ate. Because the energy levels calculated based on the H@l mredused in the calculation of
partition functions and related calculations, such as #te constant and thermodynamic prop-
erties, a HO treatment may result in deviations betweerutaked and experimental properties,
particularly if the number of torsional motions is large.eBwhough this issue is well known, the
HO model is still widely used. Recently, significant attenthas begun to focus on more accurate

treatment of vibrational motions. As early as the 1940gya#itive models were developed which
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can better model torsional motions and yield more accuratte @itzer and Gwinn (1942)), but ac-
tivity in this field has dramatically heightened in recenaigge(Ayala and Schlegel (1998); Chuang
and Truhlar (2000); Heuts and Gilbert (1995); Izgorodind @oote (2006); Pitzer (1946); Spey-
broeck et al. (2002, 2001, 2005); Vansteenkiste et al. (OThis research has provided general
guidelines for implementing a quantitatively accuratatingent of internal rotation; however, all
treatments that are suggested still require substantiabaiaeffort for two main reasons. First,
these treatments were designed to solve a specific probleéch wiight not be generally translated
to other research. For example, in the study of some simpleaular structures, such as ethane,
the rotational profile can be fitted using a single cosine tiong however, this is not suitable for
molecular structures which have more complex rotationafiless (McClurg et al. (1997)). The
second reason is that no commercial software is availabpetimrm such treatments. Although
the algorithm developed by Schlegel et al. (Ayala and S&hlgP98)) has been incorporated into
Gaussian 03, its performance is quantitatively poor. The following seas introduce the detailed
methodology we developed and implemented in which low feegies characterizing torsional
motions were treated using a one-dimensional internat notiie calculation of rate constants and

thermodynamic properties.

3.2 Partition Functions

The calculation of rate constants and thermodynamic ptiggeare all based on the partition func-
tion. The partition function is calculated based on the giesrof various forms. The traditional
classification includes four different types of energidsctonic energy, and energies from trans-
lational, rotational and vibrational motions. The energyi¢ written as the summation of these
four energies:

€ = E¢ + Etrans T Erot T Ewib (31)
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and the partition function is expressed as the product gbéngtion functions of these four energy

forms as shown in Equation 3.2 (McQuarrie and Simon (1999)).

Q = QcQtransQrotQuin (32)

The electronic partition function is written as Equatio8:3.
Qe = woe™0/RET 4 e /keT | pemea/baT 4. (3.3)

wherew, is the degeneracy of theth energy level and, is then-th energy level. For the molecule
at the ground state, only the ground state energy is corsldard the higher levels of energy are

much greater thahzT', which simplifies the electronic partition function to:

Qe = wo (3.4)

The translational partition function is based on the assiomghat there are no interactions be-

tween particles, which is written as Equation 3.5:

Qtrans = (7)3/2‘/ (35)

The reference volumE can be calculated based on the ideal gaslaw k57'/ P, so the transla-

tional partition function is written as:

27ka‘BT 3/2 kBT

Qtrans - ( 12 ) I2

(3.6)

The rotational partition functio®,..; is dependent on the molecular structure. For linear moésgul

Q.o is a function of temperature, moment of inertia and symmetmnber, which is shown in

Equation 3.7:
1 T
rot,linear — — \ ~ 3.7
Q t,l Ur(@r) ( )
where0,. is defined as follows:
h2

0, = S72lky (3.8)
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I is the moment of inertia, which is defined as the summatiomefproduct of the mass of an
atom and the square of its distance to the rotation ceiter:> " md>. For nonlinear molecules,
Q,.: 1S written as Equation 3.9:

1/2 73/2
Qrot,nonlinear = ( 1/2 )
Or (@r,x@r,y@nz)

(3.9)

0,., ©,, ando, . are defined similarly to Equation 3.8 with the moment of iiwedefined with
respect to the distance to they andz axes.

The motions other than the three mentioned above are cikbsidi vibrational modes, which
are the fnternal” motions of the atoms including stretching, bending anditoral forms. For a
molecule havingV atoms,3N — 6 frequencies are calculated based on the combinations £ the
different motions. For a transition state, the motion altimg reaction coordinate is labelled as
an imaginary frequency which is ignored in the calculatibh@ zero-point vibrational energy.
The vibrational frequencies are calculated based on thratiimal temperature, which for thieh

vibrational frequencyy;, is defined as follows:

. hl/i

O, "

(3.10)

The energy contributions from the vibrational motions angidally calculated by treating the
modes using the harmonic oscillator (HO) model. The vibradl partition function is calculated

as the product of the partition functions of all the vibraabmodes using Equation 3.11.:

_ell,i/ZT

(&

i

The total partition function®) is the product of these four partition functions as in Eaqura8.12:

Q = QcQtransQrotQuin (312)
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Thermodynamic properties (entropy, enthalpy, internatgy and heat capacity) can be calcu-

lated based on the partition function. The entropy vakjeg calculated using Equation 3.13:

S =R+ RInQ + RT(aénTQ)V (3.13)
Internal energy is calculated using Equation 3.14:
dlnQ)
_ 2
U=RT <—8T v (3.14)
Enthalpy is calculated using Equation 3.15:
l
H=U+RT = RT2(88"TQ)V+RT (3.15)
The heat capacity({y ) is calculated using Equation 3.16:
ou
Cy = (B—T)N’V (3.16)

The calculation of thermodynamic properties using thelrigtor, harmonic oscillator approxima-
tion has been implemented into quantum chemistry softwach asGaussian 03 (Frisch et al.
(2004)). Although partition functions have been used widekthe determination of rate constants
and thermodynamic properties, they are typically caledatsing the default treatment based on
the harmonic oscillator model. However, many low frequemndes are better described as rota-
tions than as vibrations. These rotational modes shoul@parated from the harmonic oscillator
description and treated using a more appropriate modeldorithe them. Although the deviation
caused by modeling the rotational modes using a harmoniikadscmodel has been realized since
the 1940s (Kilpatrick and Pitzer (1949); Pitzer (1946)z&itand Gwinn (1942)), accurate treat-
ment of rotational modes has not been implemented in comatepgantum chemistry software.
With increasing molecular size, the deviation caused latitng rotational modes using a harmonic
oscillator model becomes significant, so development ofpgmapriate approach to model the in-
ternal rotations and thereby enhance the accuracy of thei&iparameters and thermodynamic

properties calculated was one of the most important chgdéigthat this research met.
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3.3 Internal Rotor Model

Depending on the degree of coupling of various rotatioresiriternal rotor model can be classified
into two types. If all the rotations (including all internatations and external rotation) are con-
sidered as a whole, it is called a multi-dimensional rotodeiolf individual rotations are treated
separately, and the overall rotational partition funci®nalculated as the product of the partition
functions of all the rotors, the method is called an uncodipt¢ation model or a one-dimensional
internal rotor model.

In a multi-dimensional model, the overall rotational kicetnergy is written as Equation 3.17

(Van Cauter et al. (2006)):

Wo

1 Wi
T = 5(0007001,"' ,wn)A (3.17)

W,

in which A is defined as in Equation 3.18:
I A01 A02
AT I Ay e

A - or A1 SM2 (3.18)

Afy A, L

wheren is the number of internal rotations in the molecule; are the instantaneous angular
velocities of the external and internal rotations.is the inertia tensor, which is defined as in

Equation 3.19:

(3.19)
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and/;; is defined as follows:

Lo = Y mi(y}+2)
I, = imi(x?—i-zf)
L = Ym )
.
I, = ]zx:_zi:mixizi

Iyz = Izy = - Zmlyzzz

I; in Equation 3.18 represents the moment of inertia ofittierotation top. The total rotational

partition function is written as Equation 3.20.

27 27

1 1 2 o1 on
Qrot = _W(_ﬂ)(3+n)/287r2/ dey - - / déy, X \/detA(gbl, . ,¢n)6_ﬁv(¢1""’¢")
o n 0

B 0
(3.20)

The advantage of a multi-dimensional rotor model is thah@udes the interactions between
various rotations. However, multi-dimensional treatm&ujuires simultaneous potential energy
scans from 0 to 360for all the rotors, which is very computationally expensivr example,
methyl methacrylate dimeric radical has nine internal itdVith a scan interval of 30a multi-
dimensional treatment would requirg’ scan points. Obviously, a multi-dimensional rotor model
is not tractable for a reaction system with as many degrers@dom as methyl methacrylate and
methyl acrylate.

In the one-dimensional rotor model, the interactions betwearious rotors are neglected. The

rotational energy levels caused by each rotation are atxiseparately, and the partition function
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for each rotation is calculated based on these energiesovidrall partition function is calculated
as the product of all these partition functions. Becausentimaber of scan points is greatly de-
creased compared with a multi-dimensional model, the omedasional treatment is frequently
used. The one-dimensional model has shown good perfornveimere compared with the results
based on higher dimensional treatments (Speybroeck &0411f).

There are several methods to implement the one-dimengiotmalmodel. The partition func-
tion for a single rotor can be calculated explicitly with teeergy levels which are obtained by
solving a one-dimensional Schrodinger equation contgdligased on the reduced moment of iner-
tia (1) and potential energy scaif (9)) for this rotor. The rotation can also be classified into¢hre
types according to the height of the rotation barrier. If ¢éinergy barrier is very highs(> kgT),
the full rotation cannot be achieved, and the rotor can ostyllate near the equilibrium position.
In this case, the rotor can be modelled using a harmoniclasmilmodel. If the energy barrier
is very low (< kgT), the full rotation can be achieved at a constant angulascitgl and thus
the rotor can be treated as a free rotor. If the rotation &aheight is of intermediate height, the
full rotation can still be achieved, but the angular velpd#t not constant, and such a rotation is
called a hindered rotation. The hindered rotor partitiamction should asymptote to the harmonic
oscillator partition function at low temperatures and rhdtee free rotor partition function at high
temperatures (Chuang and Truhlar (2000)). The partitiostions based on a harmonic oscillator
and a free rotor are easy to calculate, so the hindered rattitipn function can be expressed
in terms of asymptotes which approach the harmonic osmiljgartition function at the low tem-
perature limit while approaching the free rotor partitiamétion at the high temperature limit.
McClurg et al. put forth one approach for specifying the leiredl rotor partition function in which
they constructed an interpolation function in terms of attenrder Bessel function() (McClurg
et al. (1997)). An asymptotic factoy) for specifying the partition function valu@;,. ... which

converges to that for a free rotor at high temperature antdaofor a harmonic oscillator at low
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temperature is shown in Equation 3.21.

Qi = frm - QuC (3.21)

Truhlar (1991) also used such an interpolating facfQrt¢ address the hindered rotor partition
function. The interpolating factor is expressed in term$gberbolic functions. Both of these
two methods are applicable to rotations in which the pot¢etiergy can be expressed in the form
shown in Equation 3.22:

1
Vin = Vo + §Wm(1 — cosnb) (3.22)

whereVj is the energy at a torsion anglé) equaling zero, andll/,,, is the height of the rotation
energy barrier. Such potential energy profiles can only led ér symmetric tops such as methyl
groups; for asymmetric tops such as methoxy groups and Rydgooups, these two methods
cannot be used.

Another approach to calculate the one-dimensional pamtftinction is based on the definition
of the partition function shown in Equation 3.23 for theth rotation (Heuts and Gilbert (1995);
Pitzer (1946); Speybroeck et al. (2001)).

1 €;
Qint,rot,m - a Z exp(— ]CBT

2

) (3.23)

whereo,, is the symmetry number. The rotational energy levelsdre calculated by solving the
one-dimensional Schrodinger equation as shown in Equati24.

h? d?

wherer: is Planck’s constant divided B, ¥ is the wave functionq is the torsional anglé/ (6)

is the potential energy as a function of torsional angle &nslthe reduced moment of inertia. The
one-dimensional internal rotor treatment of rotationade®is computationally economical, and
it has been shown to have quantitative accuracy in previessarch (Speybroeck et al. (2005)).
However, codes for treating rotational modes are not avialaThus, we developed software to

calculate the necessary variables and partition funcioagyeneralized way.
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3.4 Reduced Moment of Inertia

The reduced moment of inertid.J in Equation 3.24 is required for the solution of the Sclmger
equation. All of the coordinates of the atoms in the moleahieuld be referenced to the center
of mass of the molecule. The center of mass of a multi-atoneoubé is calculated as shown in

Equations 3.25, 3.26 and 3.27 (McQuarrie and Simon (1999)).

g = Zzim (3.25)
mZ .
Yo = Lém_y (3.26)
B doimg-z
=S (3.27)

There are different approaches to calculate the reducedemioofi inertia. Pitzer and Gwinn
defined the reduced moment of inertia for a symmetric top es/shn Equation 3.28 (Pitzer and

Gwinn (1942)).
cos’a cos’B  cos®y
Lttt )

I is the moment of inertia of the rotation top, which is the suation of the products of the mass

Lo=1—1 (3.28)

of each atom and the square of its distance to the rotatienesshown in Equation 3.29.

1= my-d (3.29)

«, # and~ are the angles between the axis of the top and and the threzgali axes of the whole
molecule. The principal axes are defined as the eigenveotdise inertia tensor as shown in
Equation 3.19. The cosines of the angles between the rotatis (J_%)) and the principal axes?f)

are calculated as the ratio of the dot product of the rotati@s and principal axes and the product

of the two modes of the rotation axes and principal axes assioEquation 3.30.

cosl) = ————— (3.30)
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For asymmetric tops, Pitzer defined a method to calculaté, and I, (Pitzer (1946)). For each
top, the rotation axis is defined as thaxis; thex axis is perpendicular to theaxis and passes
through the center of gravity of the rotation top; thaxis is the cross product of theaxis and the

x axis. The following four variables are defined:

The cosines between the axesy, z) of the m-th top and the axes of the whole molecule(3)

are defined as follows:

(Xlx (x2x Qa

m m m
ly 2y 3y
o) o o) (3-31)

1z 2z 3z

QO Ay Oy

For a one-dimensional rotor, the reduced moment inertialmutated as shown in Equation 3.32.

I=A, — Z{O‘%]\Zm>2 n (ﬂ%)z} (3.32)

in whichi equals 1,2 or 3 and’  is defined as shown in Equation 3.33.

o ; ; i1,y i+l itly i1
B = Ay, — By, —alCr + Um(a), ~Yrir —ag TV ) (3.33)

1 is taken as a cyclic shift of the axes, i.e;#E 1,7 —1 =3 andifi = 3,7+ 1 = 1. The reduced

moment of inertia for symmetric and asymmetric tops define®itzer has been used in several
literature accounts (Speybroeck et al. (2001); Van Cautat. €2006)). However, we found that
such a definition for asymmetric tops resulted in negatigkiced moments of inertia for some

rotations which have high mass rotors, such as the backlodaon of a trimeric radical.
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Another method to calculate the reduced moment of inertededined by East and coworkers
(East and Radom (1997)) (™™ was introduced based on different rotation axes and diftere
levels of approximation of the coupling between external atiner internal rotors: defines three
different possible rotation axes:nf= 1, the rotation axis is the single bondyif= 2, the rotation
axis is defined as parallel to the single bond but passingithrthe center of mass of the rotation
top; if n = 3, the rotation axis passes through the centers of gravithetdtation top and the
remaining part of the molecule. indicates the level of reduction. #f = 1, the moment of inertia
is not reduced; ifn = 2, the reduced moment of inertia due to the coupling with dveralecular

rotation is calculated as Equation 3.34.

1 1 1

o = rn (3.34)
L R

in which I, and I are the moment of inertia of the left and right sides, which arbitrarily
labeled. Sincd?" includes the coupling of both the rotation and the remaimdéne molecule,

it is independent of the selection of the rotation top. Highkelers of reduction (i.em; = 3,4)
are similar to the reduced moment of inertia for symmetrit asymmetric tops defined by Pitzer
(Pitzer (1946); Pitzer and Gwinn (1942)). In this reseatich,method for?* was used, in which
the rotation axis is parallel to the single bond and passirugh the center of mass of the rotation

top and the coupling of the rotation and the rest of moleautaken into consideration.

3.5 Potential Energy Scan for a Single Rotor

Potential energy scans are required for two purposes: gepoyimization and obtaining the po-
tential energy functiov’ (). Rigid potential energy scans, although computationalbnemical,

overestimate the rotation barrier. In addition, the synmynetimber inferred from a rigid potential
energy scan is not true to the definition of symmetry numbeckvis the number of identical

conformations through a whole rotation. Therefore, momamatationally expensive relaxed po-



68

tential energy scans were used instead. The teghaxed” means that geometry optimization of
the remaining atoms was performed at each scan poinGalissian 03, such relaxed optimiza-
tions were performed withdpt(modredundant)” as a keyword and definition of the dihedral being
scanned, the scan step and the number of scan points. Foplkexahe dihedral defined as the
methoxy group of methyl methacrylate monomer shown as D3guarE 3.1 is composed of atoms
4,5, 11 and 12 with the rotation axis consisting of atoms 5Hhdrhe dihedral and scan interval
are defined as “4 5 11 12 S 12 30.0” at the bottom of the Gaus8iampit file which means the
dihedral is scanned in intervals of 30f0r a total of 12 different scan points.

The potential energy profile is then expressed as a funcfidheotorsional angled). Since
methyl methacrylate and methyl acrylate have both symmaitril asymmetric tops, the expression
needs to be able to describe both of these types. In thisrobsélae potential energy was expressed

using a full Fourier expansion as shown in Equation 3.35.

V(0) = zn:[ai(l — cosifl) + b;sinib) (3.35)

i=1
With finer scans, more precise potential energy profiles easbitained, but the computational cost
increases. Potential energy scans were the most time camgtask in this research. For example,
the tetrameric methyl methacrylate radical has 23 rotdrall bf these rotors are scanned at an
interval of 10, a total of 805 constrained optimizations will be performédvas found that the
scans with an interval of 3Qorovided almost identical profiles when compared with tHossed
on an interval of 10, as shown in Figure 3.2. Therefore, an interval of @@&s used for all the

potential energy scans.

The coefficients); andb; can be obtained from the discrete electronic energy valdé®)]. The

Fourier expansion in Equation 3.35 can be written as theymtonf matrices as shown in Equation
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Figure 3.1: Potential energy scans were carried out forabedihedral axes of methyl methacry-
late monomer: D1 (C4,C6), D2 (C4,C5), D3 (C5,011) and D4 (G12).
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Figure 3.2: Potential energy scans for all the dihedralddffor methyl methacrylate monomer
in Figure 3.1: (a) D1, (b) D2, (c) D3 and (d) D4 at intervals 6f Icircles, solid line) and 30
(squares, dashed line) using unrestricted B3LYP/6-31G(d)
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3.36.
| 1 — cosb, sinfy -+ 1 — cosnby sinnfy ] [ €1 ]
1 — cosby sinfy  --+ 1 — cosnby sinnfs ay €9
1 — cosbs sinf;  --+ 1 — cosnbs sinnfs b €3
= e (3.36)
1—cosby,_o sinb, o -+ 1—cosnby,_o sinnb, o an, Em—2
1—cosby,_1 sinby,_1 -+ 1—cosnbp,_1 sinnb, 4 by, Em—1
1 — cosb,, sinby, --- 1—cosnb, sinnf,y, | o | Em |

The dimensions of the three matrices, denoted asand £/ from left to right, arem x 2n, 2n x 1
andm x 1, wheren is the number of coefficient pairs andis the number of energy points in the
potential energy scan. The coefficient matrixan be determined by solving an overdetermined

function as shown in Equation 3.37.

r=(ATA)TATE (3.37)
In order to keep the matrix overdetermined, the number officaant pairs must be lower than
the number of energy points. In this research, three cogfigairs were used to fit the potential
energy profile which consists of 12 energy points. For exaniple potential energy scan points
and the fitted curves for the four rotors in methyl methadeyfaonomer are shown in Figure 3.3.
It is obvious that three coefficient pairs; (b;, i = 1, 2, 3) are sufficient to describe the profiles for
both symmetric and asymmetric tops.

Since the conformation at each scan point needs to be optilrtize potential energy scan is the
most time consuming task. In order to probe the influence ahtjum chemistry method and basis
set on the potential energy scan, thedeinitio methods (unrestricted B3LYP/6-31G(d), HF/6-
31G(d) and HF/3-21G) and two semi-empirical methods (AMd BM3) were used to carry out
potential energy scans, and the results were comparecttRbtnergy scans of methyl methacry-

late monomer based on these five methods are shown in FigureF8r symmetric tops, these
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Figure 3.3: Potential energy scans for all the dihedralddffor methyl methacrylate monomer
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increments using unrestricted B3LYP/6-31G(d) are showpoass, and the Fourier fits are shown
as lines.



73

methods afford similar potential energy shapes, but thadvdneights are different by as much
as 30 kdmol~!. For asymmetric tops as shown in Figure 3.4 (c), B3LYP/6-@)&@nd HF/6-
31G(d) have similar shapes and barrier heights, but the ttihee methods are different in both
shape and barrier height. These results show that smabes bets and semi-empirical methods
are not a viable option for investigating methyl methade/faolymerization. Therefore, all of the
internal rotor partition functions in this research wer&gkated based on potential energy scans
with unrestricted B3LYP/6-31G(d). It is also interestimgrote that the barrier height is not only
determined by the type of rotating group, but it also depemdihe environment where the group
is located. For example, the barrier height of the;@rbup defined as D4 in Figure 3.1 is about 3
kJ-mol~! lower than that defined as D1. It is attractive to have a “gah&arrier height for a type
of group because of the prevalence of repeating groups ymmization chemistry, so that the
treatment of internal rotations can be greatly simplifiedwidver, analysis of each of the rotating
tops in the monomer, radicals and transition states showadttis not quantitatively accurate for
methyl methacrylate and methyl acrylate polymerizatioagsign a single barrier height for a type

of rotating top since the rotation is inevitably influencedits surrounding groups.

3.6 Obtaining the Energy Levels

The energy levels of then-th rotor are obtained by solving the one-dimensional &dimger
equation as shown in Equation 3.24. The Fourier Grid Hamidgto (FGH) method developed
by Marston and Balint-Kurti (Balint-Kurti et al. (1992)) acommon approach to solve the time-
independent Schrodinger equation by discretizing the ianfan operator over the rotation range
into a sparse matrix. The energy levels (eigenvalues) aegrdmed by diagonalizing the matrix.
The detailed algorithm is described by Marston and cowarkBalint-Kurti et al. (1992)). Our
programcalck was developed to solve the Schrodinger equation using@tedtgorithm, in which

the Hamiltonian operator was discretized as a 200000 matrix. For comparison, the Hamilto-
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nian operator was discretized as a 58000 matrix. Comparison of partition functions calculated
for methyl methacrylate monomer showed that 1000 points gasults that were consistent with
finer grids containing 5000 points; the maximum deviatiors s than 1.2%, and the deviation
decreased with increasing temperature, as shown in Tahld Berefore, the coarse mesh size was

used, and the Hamiltonian operator was represented usi@@@1000 matrix.

3.7 Correctionto Qxo

The energy levels:() obtained from the one-dimensional Schrodinger equatiere used in Equa-
tion 3.23 to calculate the partition function for theth rotation. The next issue to address was
how to correct the partition functions based on the harmosatllator model. That is, it was nec-
essary to determine which frequencies’ contributions khba removed and replaced BY,.; ,o:.

For very simple molecules, identification of internal raias is easy. For example, the lowest fre-
guency (314 cm?') in ethane mainly consists of the rotation about the cardmion single bond.
Correction can thus be performed by simply substitutingHliae partition function based on the
lowest frequency with the one calculated based on the ameftsional internal rotor model. How-
ever, identification of such one-to-one correspondencesrbes difficult with increasing molecu-
lar size. A given rotational motion disperses into more thia@ frequency as the molecule becomes
more complicated. Van Cauter et al. used a method to caécthatfrequency corresponding to
the “pure’ rotation and identified the frequency that most closelyegponded to a given rotation
so that the partition function can be cleanly substituteah(Zauter et al. (2006)). However, this
method could not be used for larger molecules since the ledx “pure’ frequency based on
the rotation was not necessarily close to a frequency ffiedtby the HO analysis. Another ap-
proach is bulk” replacement. In some reports, 200 thwas used as the upper limit to define low
frequencies by some researchers (Heuts and Gilbert (199B)e 300 cnt! was used in other

examples (Izgorodina and Coote (2006)). The frequenciesrithan the cutoff value were taken
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out of Q),;, and replaced b¥),,.. ..., which was calculated as the product of the partition fuonsti
for each rotor.

In the present approach, we did not apply an arbitrary uppend to define what was classified
as a low frequency, and we used a method for calculadpng,.. that was general for rotations of
any symmetry. The number of low frequencies that were rechoxaes set as the number of rotors,
which included rotations about bonds and the bond defining the transition state. Although th
bond defining the transition state is not a real bond, it iaté@ as a hindered rotor since the
lowest positive frequency in the transition state mainlysists of torsional motion about this
bond. Rather than simply removing the contribution of héowest frequencies fro®.,;;, where
N is the number of rotors, the low frequencies were examineahd&e sure they consisted of
rotational components. Interestingly, all vibrational troos that were removed for all species
had frequencies less than 200 ©m For the reactants (monomer and radical) and the radical
product, the lowestV frequencies all had rotational components. However, #esttion states
were different since some low frequencies are essentifgnading motion involving the monomer
and the radical. For example, as shown in Figure 3.5, freques2 (45.3 cntt) in the methyl
methacrylate AD1 transition state involves the bendingiomodf the monomer and the radical.
Frequencies that did not consist of torsional motions wertetnreated as hindered rotations and
thus remained as part of the harmonic oscillator portio@gf. For those frequencies removed

from Q..;, their contributions to ZPVE were also removed.

3.8 Automatic Treatment of 1-D Internal Rotation

The algorithm described above has been implemented in dwese to facilitate the treatment
of hindered rotations (Pfaendtner et al. (2007)). The redunoment of inertia is calculated, the
potential energy profile is fit, the one-dimensional Scmddr equation is solved, and the partition

functions are corrected. The process is summarized in &g
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Figure 3.5: The transition state for the AD1 reaction of ngkthethacrylate and characteristic mo-
tions of two of its frequencies:-1 (20.3 cnt!) is the lowest positive frequency, and it corresponds
to the torsional motion about the bond defining the transisitate..-2 (45.3 cnt!) is the second
lowest frequency, and it has no torsional component.

Calck andcalctherm were developed for the calculation of kinetic parameterstasrmody-
namic properties, respectivelyCalck requires input files for the reactants, transition state and
products. Rate constants for a series of temperatures défitiee array “@T” are calculated, and
the frequency factor and activation energy are determinau fegression of Ik versus 1/T. In

calck, the following options can be specified:

e nr: number of reactants

np: number of products

rpd: Forward reaction path degeneracy

rpd_r: Reverse reaction path degeneracy

FEo: Forward reaction zero-point energy corrected electrengrgy difference

FEo,: Reverse reaction zero-point energy corrected electiemecgy difference

zpe: Scale factor for frequencies for zero-point vibrationa¢ryy (default factor is 0.9806)
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Figure 3.6: Flowsheet showing the process of one-dimeakito@atment of hindered rotations.
The process begins with an optimized structure or tramsgiate, and the outputs are the corrected
partition functions for subsequent calculation of kin@@rameters and thermodynamic properties.
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e (sf: Scale factor for frequencies for partition function
e irf: Flag to treat torsional modes using one-dimensionaltgantfunctions

Calctherm is designed to calculate the thermodynamic propertiesidiicy entropy ), en-
thalpy (H) and heat capacity{,) with low frequencies treated using the one-dimensiortalial
rotor model for a single molecule. The required input fildsifac coordinates, definition of rotors,
output files fromGaussian 03 and potential energy scan files) are identical to those reduor

calck. The following options are provided kgl ck:
e gsf: Frequency scale factor for partition function

ssf: Scale factor for the calculation &f;, (default factor is 1.0015)

hsf: Scale factor for the calculation éf,;;, (default factor is 1.0015)

irf: Flag to treat torsional modes using one-dimensionalpantfunctions

Solvent: The total energy is based on PCM calculation frGaussian 03

3.9 Future Work

In this research, low frequencies were treated using a anergsional internal rotor model. As will
be shown in subsequent chapters, treating low frequensjotal motions as hindered rotations
influences both frequency factors and activation energigh, a more dramatic impact on the
frequency factor. The general result is that the calculatddes are in better agreement with
experimental values than the results based on a harmoni@tmsdreatment.

While substantial advances were made to make the one-diomahanternal rotor model ap-
plicable to more complex molecules in a general way, somegssemain targets for future work.

The influence of the reduction degree in calculating the cedumoment of inertia on the energy
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levels and partition functions was not discussed. In thetswi of the energy levels, the reduced
moment of inertia was treated as a constant. The change oétlueed moment of inertia as a
function of the rotation angle was not considered. Furtloeenthe current substitution methodol-
ogy involves ‘bulk” replacement, which is based on the assumption that disygtise rotational
motion of a rotor among various frequencies and a pure ootdtave the same resulting partition
function. It was found that with increasing molecular siaghly mixed motions make the iden-
tification of torsional motions more difficult, which is onétbe reasons this substitution method
may not be applicable for larger systems. Schlegel et akldped an identification method based
on the displacement of atoms in terms of an identificatiorrim@byala and Schlegel (1998)), but
this method has not been widely used. Efforts should betage advance the development of a
more quantitative identification treatment. Finally, tlo@ipling of various internal rotors with each
other and with external rotation was neglected in the treatrbecause of the high computational
expense. A simplified treatment which is less computatlgrdgmanding but can incorporate

coupling among various rotations needs to be developed.
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Chapter 4

Homopolymerization Propagation of

Methyl Methacrylate and Methyl Acrylate

4.1 Introduction

In free radical polymerization, propagation is the reactio increase chain length, as illustrated
in Figure 4.1 for methyl methacrylate and methyl acrylatathvihe advent of pulsed laser poly-
merization in combination with size exclusion chromat@ira(PLP-SEC), direct measurement
of propagation rate constants,) is feasible (Beuermann et al. (1997, 2000, 1996); Bubaeik. et
(1998)). However, measurement/of for polymerization reactions is confounded when transfer
or other reactions are significant between laser pulseseflBeann et al. (1996); Buback et al.
(1998)). For cross-propagation in copolymerization, FBEC needs to be used in combination
with modeling to determine reactivity ratios (Buback et(2D01); Hutchinson et al. (1998)).

It is thus valuable to have alternative methods for spenifyiate coefficients of the elemen-
tary steps composing polymerization. In particular, the aflsquantum chemistry to calculate rate
coefficients in free radical polymerization systems isipafarly attractive (Fischer and Radom

(2001)). Computational chemistry can be applied to anytr@atype, and extracting quantitative
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values of rate coefficients does not rely on assuming a maél as the terminal or penultimate
models commonly used in copolymerization. With the develept of computational quantum
chemistry, obtaining accurate kinetic parameters via apedational approach is feasible, espe-
cially for reactions of small molecules (Hehre et al. (1986kura (1998); Pilar (1990)). Recently,
this approach has been extended to the determination afngoiyation reactions. However, these
studies have focused on small monomers such as ethylewyéchiloride and acrylonitrile (Heuts
and Gilbert (1995); Huang et al. (1998); Izgorodina and €q@006); Van Cauter et al. (2006)).
Nevertheless, this body of work provides guidance aboutifierent choices that must be made
when quantitatively accurate values of rate coefficientgdlymerization are sought. Heuts and
Gilbert and Van Cauter et al. both studied radical additieactions of ethlyene using quantum
chemical calculations (Heuts and Gilbert (1995); Van Caettal. (2006)). Heuts and Gilbert used
a relatively low level method, HF/3-21G, to optimize georiest based on the conclusion that ge-
ometry is not sensitive to the method and basis set. A highl leethod, QCISD(T)/6-311G(d,p)
was used to calculate the activation energy (Heuts and &i(t895)), and an artificial heavy
atom was used on the chain end to simulate the presence off @ham. Van Cauter et al. used
B3LYP/6-31G(d) for both geometry optimization and calt¢igia of the energies. The influence of
chain length was studied by increasing the radical chaigtleto 15 (Van Cauter et al. (2006)).
Both sets of researchers went beyond the rigid-rotor, harerascillator (HO) approximation and
treated low frequency modes as internal rotations. VaneéCaand coworkers analyzed the dif-
ference between the results obtained when one-dimensaodatwo-dimensional hindered rotor
models were used and found that these two treatments ofdyatifslightly. 1zgorodina and Coote
studied the homopolymerization of acrylonitrile and viogloride (Izgorodina and Coote (2006)).
Geometry optimization was performed using B3LYP/6-31Gé&hd the influence of the calcula-
tion method on the activation energy fbf was probed for various methods, including density

functional theory (B-LYP, B3LYP, MPWB1B95, BB1K, MPWB1KROMP2 with a basis set of
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Figure 4.1: Methyl methacrylate and methyl acrylate pra@piag reactions.

6-311+G(3df,3p), and the hybrid ONIOM method. Polymeridicals only as large as three units

long were studied, and low frequencies were treated usimgadonensional internal rotor model.

In the present work, we extended this general approach toledtk, for larger monomers,
methyl methacrylate and methyl acrylate. Because of the gizhe reaction systems, density
functional theory (DFT) was used for all calculations, whitas been shown to provide a compro-
mise between computational time and accuracy in previagesareh (Coote (2005); Fischer and
Radom (2001); Izgorodina and Coote (2006); Van Cauter ¢2@06); Wong and Radom (1998)).
Geometry optimization, location of transition states anteptial energy scans for treatment of
internal rotations were all based on unrestricted B3LYPI&(d). B3LYP with three different
basis sets (6-31G(d), 6-31G(d,p) and 6-311G(d,p)), MPWB1XL.G(d,p) and B1B95/6-31G(d,p)
were used to calculate the electronic enerfy)( The results from the harmonic oscillator model
and internal rotation treatment were contrasted. Activagnergies and frequency factors were
regressed from laversus 1/T over a temperature range of 298.15 to 800 K, anchibelated data

were benchmarked against the experimental data of Bubaak, atho measured, for methyl
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methacrylate between <IC and 90°C using PLP-SEC as reported in Equation 4.1 (Beuermann
et al. (1997)):

—22.4 (/CJ'77L()171)

ky™MA (Lmol™"s7!) =267 x 10% A (4.1)

andk, for methyl acrylate between -I€ and 32°C as reported in Equation 4.2 (Buback et al.
(1998)):

—17.7 (kJ-mol— 1)

ka' (Lomol™s7') = 1.66 x 107e— #T (4.2)

The goal of this work was to develop a computational methagipto study acrylate polymeriza-
tion reactions that is quantitatively accurate yet comgpartally affordable. Given the validation
of the present results against experimental data, the melbgy can then be extended with con-
fidence to other reactions in acrylate systems, includinmlyonerization and side reactions such

as transfer and scission.

4.2 Method and Computational Details

Propagation of methyl methacrylate and methyl acrylatestiadied using the addition of monomeric,
dimeric and trimeric radicals to monomer as shown in Figule Gaussian 03 was used for all

of the calculations (Frisch et al. (2004)). All the reactaanhd products were first optimized us-
ing unrestricted B3LYP/6-31G(d) via conventional gradibased optimization (Foresman (2002);
Schlegel (1982)). However, the optimized geometry is ddpehon the initial structure provided
as input, particularly for large species with many degrddseedom. Although a Boltzmann dis-
tribution of low energy conformers will exist during reamwti, we sought to find the lowest energy
conformations for the reactants and the products. In ooleveércome the barriers betwedncal”
minimum conformations and locatgltbal” minimum conformations, potential energy scans were
performed for each single bond in the optimal structure tified by conventional optimization.

Unrestricted B3LYP/6-31G(d) was also used for all potdrgtans. If lower energy conformers



86

R R R R
/ / kq
ch_Co + H,C=C HsC—C—CHy,—Ce
o) >=o 0
6]
o) o) o
\ \ \ O\
CHgs CHj CHs CHs
n=1 AD1
R R R R R
/ / / ko / / /
HsC—C—CHy—Ce 4 H,C=C ———  H3C—C—CH,—~C—CH,—Ce
0o >o >0 =0 =0 o
e} (o) (@] (0] (e}
\ \ \ \ \ \
CHs CH3 CH3 CH3 CHg3 CHj3
n=2 AD2
R R R R R R R R
/ / / k3 / /
H3C_C_CH2—C_CH2_C. + H,C=C — H3C_C_CH2_C_CH2_’C_CH2_C.
o} o] o) O>=O 0 0 o) o}
\ \ O\ \ O\ \ \ o\
CHj CH3 CHj3 CHs CHjs CHj CH3 CHj
n=3 AD3

Figure 4.2: Methyl methacrylate and methyl acrylate additeactions were studied as a function
of chain length. ADn is used to denote the different calcolet performed, where is the number
of monomeric units in the radical reactant. For methyl metylate, R is a CH group, and for
methyl acrylate, R is a hydrogen atom.

were identified, a new set of potential energy scans waseckorit until no conformations of lower
energy were obtained. Although one-dimensional torsisnahs do not guarantee that the global
minimum will be located, much of the variation in confornuets is derived from torsional motions
around single bonds, and our approach did indeed oftenifdennformations that were lower in

energy than the one obtained by conventional optimization.
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To locate transition state structures, the QST3 method wed, which requires the optimized
reactants, product and an estimate of the transition sRdag et al. (1996)). Because all the
addition reactions follow the same basic reaction path,addition of the radical center to the un-
saturated C=C bond of the monomer, the estimated transitada was constructed by elongating
the carbon-carbon single bond in the position to the radical center of the addition product to
a bond length of 2.2. Transition states were identified as saddle points on therpial energy
surface, possessing one imaginary frequency. Once pessinisition state structures were iden-
tified, they were verified using intrinsic reaction coorde@RC) following with a step size of 0.1
amu->-Bohr. Unrestricted B3LYP/6-31G(d) was used for both th&®8&nd the IRC calculations.
Frequencies were also calculated using unrestricted BA-8PG(d), and the zero-point vibra-
tional energy (ZPVE) was calculated using a scale factor@@6 (Scott and Radom (1996)). A
scale factor of 1.0002 was used in the calculation of partitinctions based on the recommended
scale factors foA H,;;, andAS,,;, reported by Scott and Radom (1996).

With the optimized structures in hand, the electronic epefg, was obtained from single
point calculations using unrestricted B3LYP with thredeatiént basis sets (6-31G(d), 6-31G(d,p)
and 6-311G(d,p)), MPWB1K/6-31G(d,p), which was optimizaginst barrier heights based on
nine elementary reactions by Zhao and Truhlar (2004) anddB#B31G(d,p) (Becke (1996)) for
both methyl methacrylate and methyl acrylate. In additmthe gas phase values calculated, their
application to condensed phase chemistry was evaluated aspolarizable continuum model
(PCM), in which the solvent was treated as a polarizableiconim, and the solute was placed
in a cavity within the solvent (Cances et al. (1997)). Diglecconstants of methyl methacrylate
(¢) equal to 6.32 and methyl acrylate) equal to 7.03 were used to simulate the bulk reaction
environment (Speight (2004)). Reaction rate constantprigpagation were then calculated using

Equation 4.3 at a series of temperatures from 298.15 to 80@ded on transition state theory
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(Pfaendtner and Broadbelt (2007a)):

kgT

i
- (Co)l—m Q —AFEy/RT (43)

k(T) = k(T) me
wherer (7)) is the tunneling factor z is Boltzmann’s constant (3806 x 10723 Jmol~!-K~1), his
Planck’s constan(6261 x 10~3* J.s),m is the number of reactants, which is two for propagation,
c° is the standard state concentration (rhol) to which the quantum chemical calculations are
referenced%, whereP is 1 atm, and\ £}, is the difference betweeh, of the transition state and
the reactants, which is defined as the summation of the efectenergy {7.) and the zero-point
vibrational energy (ZPVE):

E,=E,+ ZPVE (4.4)

ZPVE is the contribution to the energy from vibration at O Kdaéined in Equation 4.5 (McQuatrrie

and Simon (1999)):

1
ZPVE = > hy, (4.5)

in which N is the number of atoms, angrepresents the frequencies. For transition stat&'s;- 7
frequencies are included in the ZPVE. The tunneling fact¢f'{) was assumed to be one for the
radical addition reactions studied here. Tunneling effeebuld be important in related radical
reactions, such as atom transfer reactions (Coote (20@&n&tner et al. (2006)), and would
need to be calculated explicitly such as we have done in etbek studying intramolecular and
intermolecular hydrogen transfer of peroxy radicals (Rfdeer and Broadbelt (2007b); Pfaendtner
et al. (2006)).

A critical part of obtaining accurate values ©ofT") is specifying the values ad*, @Q,,.., and
Qr.q In Equation 4.3, which are the partition functions for thenition state, the monomer and
the radical. The partition function is conventionally cmiesed to include contributions from four

different modes: electroni@).), translation ¢,,), rotation (),.) and vibration .;;) as shown in
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Equation 4.6:
Q = QthrQerib (46)

For species in their ground statg, = 1, and@),, and@, are defined in standard textbooks (Mc-
Quarrie and Simon (1999)).:, is the vibrational partition function based on the conttidwis
from the individual frequencies, which are often calcullatesing the harmonic oscillator (HO)
approximation. However, this is known to be inaccurate fane motions characterized by low
frequencies, which are often better treated as hinderatioos. If there are many torsional mo-
tions with low frequencies, their contributions can be @udtrge, and the difference between the
partition function values can be significant. To accountliese hindered rotations,,;; is treated

using an internal rotor model as shown in Equation 4.7:

Q = QthrQeribQint,rot (47)

where Q..o 1S the contribution to the partition function of the low vétional modes that are
better treated as internal rotations. There is no well aeckegutoff value to definelbw” frequen-
cies. In the literature, 200 cm was used as the upper limit to define low frequencies by some
researchers (Heuts and Gilbert (1995)), while 300 tmas used in other examples (Izgorodina
and Coote (2006)). The frequencies lower than the cutotfesalere taken out @.,;, and replaced
by Qint.rot,» Which was calculated as the product of the partition fuomiof each rotor. For sim-
ple rotors whose potential can be expressed in the form oattmu4.8 (wherdV is the rotation
barrier heighty is the symmetry number of rotation, afids the torsional angle), McClurg et al.
provided an asymptotic factor for specifying the partitfanction valueQ);,. ... which converges
to that for a free rotor at high temperature and to a harmasuilator at low temperature (McClurg
et al. (1997)).

V(0) = g(l — cosnb) (4.8)
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However, this method is restricted to symmetric rotors anddanot be used in methyl methacry-
late or methyl acrylate propagation reactions.

In the present approach, we did not apply an arbitrary uppend to define what was classified
as a low frequency, and we used a method for calculadpng,.. that was general for rotations of
any symmetry. The number of low frequencies that were rechoxaes set as the number of rotors,
which included rotations about bonds and the bond defining the transition state. Although th
bond defining the transition state is not a real bond, it isté@ as a hindered rotor since the low-
est positive frequency in the transition state mainly csissdf torsional motion about this bond.
Rather than simply removing the contribution of tNelowest frequencies fror®,;;,, whereN is
the number of rotors, the low frequencies were examined teraare they consisted of rotational
components. Interestingly, all vibrational motions tha&rasremoved for all species had frequen-
cies less than 200 cm. For the reactants (monomer and radical) and the radicalugtp the
lowest NV frequencies all had rotational components. However, tngsttion states were different
since some low frequencies are essentially a bending mottving the monomer and radical.
For example, as shown in Figure 4.3, frequene¥ (45.3 cntt) in the methyl methacrylate AD1
transition state involves the bending motion of the monoamet the radical. Frequencies that did
not consist of torsional motions were not treated as hirtier&tions and thus remained as part of
the harmonic oscillator portion @,;,. For those frequencies removed fr@py;,, their contribu-
tions to ZPVE were also removed. The partition function eftirth internal rotor was calculated
using Equation 4.9:

€

1
Qint,rot,m = a ; 633']9(— ]CBT> (49)

whereo,, is the symmetry number of the internal rotation andre the energy levels of the internal

rotation, which were calculated by solving a one-dimerai@chrodinger equation:

h?  d?
—2Iredﬁ‘ll + V(e)‘ll = E‘I’ (410)
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whereh is Planck’s constant divided 3, ¥ is the wave functiond is the torsional angle, and
I,.q is the reduced moment of inertia, which was defined’asin accord with the systematic
classification of moments of inertia by East et al. (East aadd® (1997))V (6) was determined
from relaxed potential energy scans calculated using tmotesi B3LYP/6-31G(d) in intervals of
30°; thus, a total 12 optimized conformations fromtd 360" were obtained for each rotor.(9)
was expanded using a full Fourier series as in Equation 4.11:

n

V(9) = Z[ai(l — cosifl) + b;sinif)] (4.11)
i=1
wherea; andb; are the coefficients of the expansion. Equation 4.11 can btewin its matrix

product form, and the coefficients andb; were determined by solving an overdetermined ma-
trix. In order to ensure this matrix was overdetermined,rttmber of coefficients was less than
the number of energy points during the rotation. For a scterval of 30°, n was set equal to
three. This was demonstrated to be a sufficient number oficieeits to ensure acceptable fits
for all potential energy scans. For example, potentialggnecans for the four rotors in methyl
methacrylate monomer outlined in Figure 4.4 are shown infé@.5. The potential energy scans
are shown as points, and the fitted curves using Equationadeldhown as the lines. The four ro-
tors shown in Figure 4.4 include both symmetric rotors (ermgthyl group) and asymmetric rotors

(e.g., methoxy group).
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Figure 4.3: The transition state for the AD1 reaction of ngkthethacrylate shown in Figure
4.2 and characteristic motions of two of its frequenciesl (20.3 cnt!) is the lowest positive
frequency, and it corresponds to the torsional motion abblmibond defining the transition state.
v-2 (45.3 cnt) is the second lowest frequency, and it has no torsional cowmt.
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Figure 4.4: Potential energy scans were carried out forabedihedral axes of methyl methacry-
late monomer: D1 (C4,C6), D2 (C4,C5), D3 (C5,011) and D4 (©C12).

The one-dimensional Schrodinger equation (Equation)Avi8 solved using the Fourier Grid
Hamiltonian (FGH) method, in which the Hamiltonian operat@s discretized over the torsional
angle range, and the energy levelqeigenvalues), were calculated by diagonalizing the Hamil
nian matrix (Balint-Kurti et al. (1992)). In this resear¢he Hamiltonian operator was discretized
using 1000 points. Comparison of partition functions cltad for methyl methacrylate monomer
showed that 1000 points gave results that were consistéimfiwer grids containing 5000 points;
the maximum deviation was less than 1.2%, and the deviagoredsed with increasing temper-
ature, as shown in Table 4.2. The calculation of the reducech@mt of inertia, solution of the
Fourier coefficients and Schrodinger equation, and calan of the partition functions was car-

ried out with “calck” developed in our group (Pfaendtner et al. (2007)).
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Figure 4.5: Potential energy scans for all the dihedralddffor methyl methacrylate monomer
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4.3 Results and Discussion

4.3.1 Geometry Optimization

All the reactants and products in the reactions shown inreigu2 were optimized convention-
ally using Gaussian 03 and the opt” keyword. Relaxed potential energy scans were carried
out for each single bond and the bond defining the transitiate dor TS structures using the
“opt(modredundant)” keyword. These one-dimensional scans were used to c&du(d) in Equa-
tion 4.10 but also to identify lower energy conformationattbonventional geometry optimization
did not locate. As an example of this, Figure 4.6 shows theggnarofile for the scan of a CH
group of methyl methacrylate monomer (D4 in Figure 4.4), mch the initial point A (torsional
angle equals 0) corresponds to the conformation obtairiad aenventional optimization (confor-
mation A in Figure 4.6). From this plot, we can see that everfe of the simplest structures in
this research, methyl methacrylate monomer, a lower ergrggture (conformation B in Figure
4.6) was identified from the one-dimensional potential gnscan, which was about 1.8-kdol*
lower in electronic energy. Thus, the conformation with lineest energy from the scan (confor-
mation B in Figure 4.6) was used as input for further optiriara For all structures, this process

was repeated until no conformations of lower energy weratitied.



97

Q
3.5 Q
—~ 3.0 : . .
— Vai Q
] g N
£ 251 oo O AN @
> /) @
=X 504 )
s A A .
A
o 1.54 o
o
= 1.0 Q,
© @)
£ Q
S0l Me MV »—&
0 30 60 90 120 150 180 210 240 270 300 330 360 AN Q\
Torsional angle O O \\C}Q
B ‘ /
Cj

Figure 4.6: Energy profile for the rotation of a methyl grodipn@thyl methacrylate monomer (D4
in Figure 4.4) based on a conformation optimized using unoésd B3LYP/6-31G(d) and conven-
tional optimization. Note that the structure identified the combination of the potential energy
scan and conventional optimization (conformation B) isdothan that identified via conventional
optimization (conformation A).



98

The bond length of the bond defining the transition stateceteéis the relative progress along
the reaction coordinate. The transition states of the ADADA reactions for methyl methacrylate
obtained from unrestricted B3LYP/6-31G(d) are shown inuFég4.7. The bond lengths of the
bond defining the methyl methacrylate transition statesi®i AAD2 and AD3 are 2.268, 2.242
A and 2.235A, respectively, which are different by less than 0A4The bond lengths of the
bond defining the methyl acrylate transition states of ADD24and AD3 are 2.3024, 2.299A
and 2.2964, respectively, which are different by less than 0AIThe dihedral angles formed by
the methyl methacrylate transition state bon&G,- - - C3-C, as shown in Figure 4.7 are 168,5
174.9 and 177.0for AD1, AD2 and AD3, respectively, and the correspondirftediral angles for
methyl acrylate are 17223179.3 and 174.0 for AD1, AD2 and AD3, respectively. These four
carbon atoms are nearly in the same plane, which corresporttise stable conformation of the

product.

4.3.2 Calculation Method and Basis Set Comparison

One of the most challenging aspects of using quantum chemastudy large molecules is to
find a suitable method and basis set. This is especially itapbwhen activation energies are
of interest since the reaction energy barrier is sensitiié calculation method. Although high
level methods such as QCISD(T)/6-311G(d,p) and CBS-RAL2 heen used in previous research
related to radical addition reactions (Fischer and Radap01}), they have been applied to rel-
atively small reactions and are too expensive for reactystesns that involve a large number of
atoms like methyl methacrylate and methyl acrylate propagaSince the geometry is not highly
sensitive to the method/basis set, unrestricted B3LYRB(8) was used for geometry optimiza-
tion, location of transition states and potential ener@nsc However, the activation energy based
on FE, calculated with unrestricted B3LYP/6-31G(d) was too higimpared to experimental re-

sults as summarized in Table 4.2 and Table 4.3. For AD3 of yhatbthacrylate, the unrestricted
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Figure 4.7: Transition state structures for the (a) AD1,ABR and (c) AD3 reactions of methyl
methacrylate located using unrestricted B3LYP/6-31G(d).
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Table 4.2: Electronic energyrl), zero point-corrected energy) of reaction and activation
energy §,) for both the harmonic oscillator (HO) and hindered rotoR{Hnodels as a function
of chain length (AD1, AD2 and AD3 in Figure 4.2) for methyl matrylate propagation.

AD1 UB3LYP UB3LYP UB3LYP MPWBIK  B1B95
6-31G(d) 6-31G(d,p) 6-311G(d,p) 6-31G(d,p) 6-31G(d,p)

AE, 235 23.4 27.7 12.2 23.4
AE, 284 28.3 32.6 17.1 28.3
EHE 389 38.8 43.1 27.7 38.8
EHO 352 35.1 39.4 24.0 35.1

AD2 UB3LYP UB3LYP  UB3LYP MPWBIK  B1B95
6-31G(d) 6-31G(d,p) 6-311G(d,p) 6-31G(d,p) 6-31G(d,p)

AFE, 28.5 28.6 34.0 12.2 26.4
AFE, 33.0 33.1 38.5 16.7 30.9
EHR 44.3 44.5 49.9 28.0 42.3
EHO 40.3 40.4 45.8 23.9 38.2

AD3 UB3LYP UB3LYP  UB3LYP MPWB1K  B1B95
6-31G(d) 6-31G(d,p) 6-311G(d,p) 6-31G(d,p) 6-31G(d,p)

AE, 32.1 32.1 37.8 15.2 28.4
AFE, 36.2 36.2 41.9 19.3 32.5
EIR 39.6 39.6 45.3 22.7 35.9
EHO 43.6 43.6 49.3 26.8 40.0

[1] Units: kImol—!

[2] Methyl methacrylate propagatidfi, obtained from PLP-SEC: 22.4 kdol~!

[3] ZPVE values were calculated using UB3LYP/6-31G(d) wéthscale factor of 0.9806. ZPVE(AD1)=4.9

kJmol~!, ZPVE(AD2)=4.5 kdmol~!, ZPVE(AD3)=4.1 kdmol~*.
B3LYP/6-31G(d) activation energy is about 17rkdl~! higher than that from PLP-SEC. For AD3
of methyl acrylate, the unrestricted B3LYP/6-31G(d) aatiion energy is about 10 kidol~! higher
than the experimental value. For unrestricted B3LYP, labgesis sets did not improve the agree-
ment with the experimental results: for methyl methace/ldD3, the activation energies calcu-
lated with unrestricted B3LYP/6-31G(d,p) and B3LYP/6-&Ld,p) are about 17 kdol~! and 23
kJ-mol~! higher, respectively, than the experimental result; fothyleacrylate AD3, the activa-

tion energies calculated with unrestricted B3LYP/6-31,8)dnd B3LYP/6-311G(d,p) are about

10 kJmol~! and 14 kdmol~! higher, respectively, than the experimental result.
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Table 4.3: Electronic energyrl), zero point-corrected energy) of reaction and activation
energy §,) for both the harmonic oscillator (HO) and hindered rotoR{Hnodels as a function

of chain length (AD1, AD2 and AD3 in Figure 4.2) for methyl glate propagation.

AD1 UB3LYP UB3LYP  UB3LYP MPWBIK  B1B95
6-31G(d) 6-31G(d,p) 6-311G(d,p) 6-31G(d,p) 6-31G(d,p)
AE. 183 18.6 22.3 13.9 16.0
AE, 227 23.0 26.7 18.3 20.4
EHRE 311 31.4 35.1 26.4 28.8
EHO 302 30.5 34.2 25.5 27.9
AD2 UB3LYP UB3LYP  UB3LYP MPWBIK B1B95
6-31G(d) 6-31G(d,p) 6-311G(d,p) 6-31G(d,p) 6-31G(d,p)
AE. 168 17.1 21.2 10.9 14.6
AE, 203 20.6 24.7 14.4 18.1
EHE 289 29.2 33.3 22.8 26.7
EHO 285 28.8 32.9 22.4 26.3
AD3 UB3LYP UB3LYP  UB3LYP MPWB1K B1B95
6-31G(d) 6-31G(d,p) 6-311G(d,p) 6-31G(d,p) 6-31G(d,p)
AE., 212 21.6 25.3 15.3 19.2
AE, 244 24.8 28.5 18.5 22.4
EHE 275 27.9 31.6 21.5 25.5
EHO 329 33.3 37.0 26.9 30.9

[1] Units: kImol—!
[2] Methyl acrylate propagatiof,, obtained from PLP-SEC: 17.7 kdol~*

[3] ZPVE values were calculated using UB3LYP/6-31G(d) wéthscale factor of 0.9806. ZPVE(AD1)=4.4

kJmol~!, ZPVE(AD2)=3.5 kdmol~!, ZPVE(AD3)=3.2 kimol~'.
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The use of two other DFT methods, MPWB1K/6-31G(d,p) and B3/B8B1G(d,p), to perform
single pointE, calculations for methyl methacrylate was also exploredhasva in Table 4.2.
MPWB1K was specified in the keyword line Baussian 03 by using “MPWB95” with the user-
defined statement 6p(3/76=0560004400)". As shown in Table 4.2, the change iretaetronic
energy of reaction with level of theory is very striking, whiin turn translates into dramatic differ-
ences in the activation energies. Thé, values calculated using MPWB1K/6-31G(d,p) were the
lowest, which were on average 15#bl~! lower than those calculated using B3LYP/6-31G(d)
for methyl methacrylate. The activation energy obtainadg8PWB1K/6-31G(d,p) of 22.7 kJ
mol~! for methyl methacrylate AD3 is the closest to the experirakhf for methyl methacrylate
propagation, which is 22.4 kJ mdl.

MPWB1K/6-31G(d,P) and B1B95/6-31G(d,p) were also usedatoutate kinetic parameters
for methyl acrylate addition reactions. The results arevshio Table 4.3. The results in Table 4.3
have very similar tendencies as those reported for methgtiawceylate in Table 4.2. For a given
ADn reaction, the activation energies basedincalculated with unrestricted B3LYP/6-31G(d)
are higher than those based on MPWB1K/6-31G(d,p) and BHE356(d,p). However, the dif-
ferences are smaller compared with the correspondingioeador methyl methacrylate. For ex-
ample, for the methyl acrylate AD3 reaction, the differebheéwveen unrestricted B3LYP/6-31G(d)
and MPWB1K/6-31G(d,p) is about 6 kdol~!, while for the methyl methacrylate AD3 reaction,
the difference is about 17 kdol~!. The activation energy based on MPWB1K/6-31G(d,p) for the
methyl acrylate AD3 reaction with low frequencies treatsthg the internal rotation model (21.5
kJ-mol~1) is the closest to th&, value measured using PLP-SEC, which is 17kl !, as was
the case for methyl methacrylate.

Although calculations involving additional acrylate realis are warranted before generaliza-
tion is possible, we conclude that MPWB1K/6-31G(d,p) is &raative method for obtaining re-

sults for acrylate polymerization with quantitative acozy.
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4.3.3 Low Frequency Treatment

In order to carry out the one-dimensional hindered rotatieatment, the sensitivity of the potential
energy profiles to the step size and the level of theory walweegh Step sizes of 2@&nd 30 were
both used for the methyl methacrylate AD1 reaction. Consparof the data and their Fourier fits
is provided in Figure 4.8. It is clear that the Fourier fits mgarly identical, and thus the properties
calculated based on these scans would be the same. The agtdetween the fits based on step
sizes of 10 and 30 was similar for both the monomeric radical and the transistate. Therefore,
the more coarse step size of"30as used for all subsequent calculations.

Threeab initio methods (unrestricted B3LYP/6-31G(d), HF/6-31G(d) and3HELG) and two
semi-empirical methods (AM1 and PM3) were used to carry at¢mial energy scans, and the
results were compared. Potential energy scans of methylaostiate monomer based on these
five methods are shown in Figure 4.9. For symmetric topsgethesthods afford similar potential
energy shapes, but the barrier heights are different by a$iras 30 kJ mol'. For asymmetric
tops as shown in Figure 4.9 (c), B3LYP/6-31G(d) and HF/6@)@ave similar shapes and barrier
heights, but the other three methods are different in bofipstand barrier height. These results
show that smaller basis sets and semi-empirical methodsodra viable option for investigating
methyl methacrylate polymerization. Therefore, all of tfkernal rotor partition functions in this
research were calculated based on potential energy scdnanvestricted B3LYP/6-31G(d). Itis
also interesting to note that the barrier height is not oeltetmined by the type of rotating group,
but it also depends on the environment where the group isddc&or example, the barrier height
of the CH; group defined as D4 in Figure 4.4 is about 3nkdl~! lower than that defined as D1.
It is attractive to have a “general” barrier height for a tygegroup because of the prevalence of
repeating groups in polymerization chemistry, so that thattent of internal rotations can be
greatly simplified. However, analysis of each of the ro@tiops in the monomer, radicals and

transition states showed that it is not quantitatively aatifor methyl methacrylate and methyl
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Figure 4.8: Potential energy scans for all the dihedralddffor methyl methacrylate monomer
in Figure 4.4: (a) D1, (b) D2, (c) D3 and (d) D4 at intervals 6f Icircles, solid line) and 30
(squares, dashed line) using unrestricted B3LYP/6-31.G(d)
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acrylate polymerization to assign a single barrier heighaftype of rotating top since the rotation

is inevitably influenced by its surrounding groups.
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Figure 4.9: Comparison of potential energy scans for thedtidd angles of methyl methacrylate
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4.3.4 Kinetics

Based on geometries optimized using unrestricted B3LY3/6{d), frequencies calculated using
B3LYP/6-31G(d) and electronic energies calculated usifyWB1K/6-31G(d,p), rate coefficients
were calculated based on Equation 4.3 from 298.15 K to 800r Kdth methyl methacrylate and
methyl acrylate from AD1 to AD3. Kinetic parameter$,and E,, were then regressed from a
plot of Ink versus 1/T as shown in Figures 4.10 and 4.11 for methyl metlzie and methyl
acrylate, respectively. The impact of the one-dimensibinadered rotor treatment was explored
by comparing thed and E, values for both the harmonic oscillator and hindered rotathodels.
The rate coefficients were based on the lowest energy coefsror the reactants, although a range
of rate coefficients would actually be expected based onarsion of reactants of many possible
low energy conformations. The frequency factors and attimaenergies for methyl methacrylate
propagation are summarized in Table 4.4, and those for hatiylate propagation are compiled
in Table 4.5. It is clear from these results that treating fe@quencies using the one-dimensional
internal rotation model has an effect on both the activagioergy and the frequency factor values.
For methyl methacrylate, the difference bf, between the harmonic oscillator model and the
internal rotation model for each reaction is about 4rid~!, which translates into a factor of
four in k, at 50°C. The frequency factors based on the one-dimensionahateotation model
are higher than those based on the harmonic oscillator nfodéloth methyl methacrylate and
methyl acrylate: the ratio ofi?#/A#© varies from 2.8 to 10.5 for methyl methacrylate, and for
methyl acrylate, the ratio varies from 1.9 to 7.4. The atibraenergies calculated based on the
one-dimensional internal rotation model are not uniforhibyher or lower than those based on the
harmonic oscillator model: for methyl methacrylate, thffedence varies from -4.1 kdol~* to
4.1 kdmol~!, while for methyl acrylate, the difference varies from -&EXmol~! to 0.9 kmol~.
The best agreement between the calculated results andgberagntal values for both monomers

is for AD3 using the one-dimensional internal rotation mofta methyl methacrylatef, differs
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Figure 4.10: Plot of Ik versus 1/T for methyl methacrylate propagation over a teatpee range
of 298.15 K to 800 K. Thed and E, values regressed from this plot are listed in Table 4.4.

by only 0.3 kdmol~! and the frequency factor ratioi('#473 /APLF) is 0.6; for methyl acrylate,
E, differs by 3.8 kdmol~! and the frequency factor ratio is 3.6. Overall, theresults from the
hindered rotor model are in better agreement with the exparial data than the results from the

harmonic oscillator model, as shown in Figures 4.10 and.4.11
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Figure 4.11: Plot of Ik versus 1/T for methyl acrylate propagation over a tempegatange of
298.15 K to 800 K. Thed and £, values regressed from this plot are listed in Table 4.5.
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Table 4.4: Frequency factorsi( L-mol~!-s7!), activation energiesH,: kJ-mol~') and rate con-
stants §,: L-mol~'-s™!) at 50°C for methyl methacrylate propagation calculated as a fonct
of chain length (AD1-AD3 in Figure 4.2) using geometriesiopted with unrestricted B3LYP/6-
31G(d) and single poink, calculations using MPWB1K/6-31G(d,pA and £, were regressed
based ork, values from 298.15 K to 800 K. Plots offrversus 1/T are shown in Figure 4.10.

HR Model HO Model
A E, k, A E, k, AHRJAHO  pHE _ pHO
AD1 3.72x105 27.7 1.2410% | 4.68x10° 24.0 6.1%10" 7.9 3.7
AD?2 7.41x10° 28.0 2.21x10% | 7.08<10° 23.9 9.70<10! 10.5 4.1
AD3 1.55x10% 22.7 3.3%10% | 5.50x10° 26.8 2.56<10! 2.8 -4.1
A Ea kp AHR,AD3/APLP EHR,AD3 _ EPLP
PLP-SEC| 2.67x10° 22.4 6.3%10? 0.6 0.3
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Table 4.5: Frequency factorsi( L-mol~!-s7!), activation energiesH,: kJ-mol~') and rate con-
stants ,: L-mol~!-s7!) at 50°C for methyl acrylate propagation calculated as a functiazhain
length (AD1-AD3 in Figure 4.2) using geometries optimizethwinrestricted B3LYP/6-31G(d)
and single point, calculations using MPWB1K/6-31G(d,p)A and E, were regressed based on
k, values from 298.15 K to 800 K. Plots of&rversus 1/T are shown in Figure 4.11.

HR Model HO Model
A E, k, A E, k, AHRJAHO  pHE _ pHO
AD1 7.24x107 26.4 3.9%103 | 9.77x10° 25.5 7.3810? 7.4 0.9
AD2 6.31x107 22.8 1.30x10* | 1.70x107 22.4 4.0%103 3.7 0.4
AD3 6.03x107 21.5 2.0%10* | 3.16x107 26.9 1.4%103 1.9 -5.4
A Ea kp AHR,AD3/APLP EHR,AD3 _ EPLP
PLP-SEC| 1.66x107 17.7 2.2%10% 3.6 3.8
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Because computational time and resources prohibited goiobain lengths longer than four
in the radical product, it is not possible to assess whetieptedicted AE, andk, values have
reached an asymptotic value. However, the excellent agreewith the experimental data and the
diminishing impact of units far from the reactive centergesf that it is reasonable to use addition
of a trimeric radical to monomer to predict rate coefficidotgpropagation of methyl methacrylate

and methyl acrylate.

4.3.5 Solvation Model Results

The experimental data were determined from bulk polym&amawhile the predicted results were
based on calculations in vacuum. It has been shown in previEasearch that kinetic parameters
for free radical polymerization are not sensitive to thespree of solvent (Heuts and Gilbert
(1995)), so it is reasonable that our calculated result® weexcellent agreement with experi-
ment. However, to probe this further, a polarizable contmumodel (PCM) was used to study
the influence of solvent on the conformation of the transittate and the kinetic parameters.
“SCRF(PCM,Read)” with “ EPS=6.32” were used as keywords in Gaussian 03 to conduct this
analysis for methyl methacrylate, anBPS=7.03" was used as a keyword for methyl acrylate.
Comparison of the results with those from vacuum calcuteti@veals that the conformations of
the reactants and the transition state are not affectedgytoFor methyl methacrylate AD3 TS,
the bond lengths (including the bond defining the transisiate) differed by less than 0.081and
the angles differed by less than 0.5 he difference in thé’, value for methyl methacrylate AD3
was 1.9 kdnol~!. For methyl acrylate AD3 TS, the bond lengths (including loed defining
the transition state) differed by less than 0.08)1and the angles differed by less than©0.3he

difference in the AD3~, value was 1.0 kdnol~!.



113

4.4 Conclusion

A computational methodology based on quantum chemistryti@mgition state theory has been
used to calculate kinetics parameters for methyl methamyhnd methyl acrylate propagation
reactions. A combination of conventional geometry optatizn and relaxed potential scans for
each single bond and the bond defining the transition staseus@d in order to locate “global”

minimum conformations. Three density functional theontmoes with different basis sets were
evaluated for calculating activation energies of methythraerylate addition reactions, and the
results showed that MPWB1K/6-31G(d,p) provided valuebilge the closest to and in very good
agreement with experimental data. This choice of methodas$ set was also verified for methyl
acrylate. The addition reactions of monomeric, dimeric a&nderic radicals to monomer were

analyzed for both methyl methacrylate and methyl acrylatel the results showed that addition
of a trimeric radical to monomer offered results that were itiost consistent with experimental
data. Calculations employing a solvation model revealed ttie solvent effect was not marked
for either methyl methacrylate or methyl acrylate propamgnateactions. Two different treatments
were used in the calculation of the contribution of low fregaies to the kinetic parameters. The
results based on the one-dimensional internal rotationefraxe closer to experimental data than

those based on the harmonic oscillator model.
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Chapter 5

Copolymerization of Methyl Methacrylate

and Methyl Acrylate

5.1 Introduction

Copolymerization is one of the most commonly used appraatthproduce polymers which com-
bine or synergize properties of two or more different papatymers. For example, the adhesive
and cohesive properties of acrylate coating resins can la@dxd by controlling the proportions
of monomers in the recipe (Meyer and Keurentjes (2005)). Kihetics of copolymerization can
be quite complicated. There are four different possible woations of monomers and radical
ends, and often the reactivity is influenced by penultimatieidher removed units on the propa-
gating radical, further diversifying the number of kingtiarameters that are necessary to capture
the composition of the copolymer product. There are no exysttal methods capable of directly
measuring individuat, values for different combinations of monomers and radicéle advent
of pulsed laser polymerization in combination with sizelegon chromatography (PLP-SEC) has
enabled the determination of the overall propagation reéfficient ¢, ..,,) for copolymerization

systems as well aB, values for homopolymerization (Beuermann and Buback (20B@back
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et al. (2001); Coote and Davis (1999); Coote et al. (1997&lbichinson et al. (1997); Kululj and
Davis (1998)). Reactivity ratios relating individui] values for homopolymerization and cross
propagation can then be determined based on fitting in theexbaf a copolymerization model.
One such model, the terminal model (TM), classifies the pyapag radicals based only on the
terminal unit. As depicted in Figure 5.1, four reaction redestantsi 1, k1o, ko1, k22) are required
to represent all the addition reactions for a binary cop@smation system described according to
the terminal model. Two reactivity ratios, andr,, are defined as; = k11 /k12 andry = koo / ko1,
and thus quantify the relative rate of propagation of a @digth its own monomer compared to
propagation with the other monomer. Fukuda et al. derivece#tpression in Equation 5.1 for the
overall propagation rate constan, (,,,) as a function of the homopolymerization rate constants
of monomer 1 and monomer 24(, k), reactivity ratios {; andry) and monomer fractionsf{(
and f,) based on the terminal model (Fukuda et al. (1985)). Thus, i, values are measured at

various monomer fractions, the reactivity ratios can beagged from Equation 5.1:

o onfi+2fifatrafi
Fipcoro = (rifi/ka) + (rofa/kaz) (1)

The reactivity ratios can also be regressed from the cortippsn the copolymer product as a

function of monomer fractions as shown in Equation 5.2:

_ riff+ fife
rfE+2f1fa+rafd

o) (5.2)

wherefF is the fraction of monomer 1 in the copolymer product. Tyflcd; values are measured
using spectroscopic methods that are sensitive to the iganta specific functional group or
structure, such as NMR and near infrared. However, theivéigatatios determined using these
two methods do not match in some cases. This mismatch hasakteibnted by Fukuda et al. to
the neglect of the influence of penultimate units inherenth@assumptions of the TM (Fukuda

et al. (1985)).



116

™
k11
VWV A+ A ——— > vWwW A=A
k12
vwvWw Ae+B —— vwWwnr A-B:-
ko1
vV B+A ————> vvWnB-A-
koo
sV N\B:+B ————» vwnB-B-
PUE
k111 k112
WVA-A+ A — e WA ACA-AT VA=A + B — e s ACA-Be
k Kk
SN A-Br + A — e VAAAB-Ar VW A-B: + B — > v\~ A-B-B-
k k
PWNB-A+ + A — e WNB-A-Ar VWWB-A: + B — 22~ W B-A-B-
k k
SNB-B: + A — > WAAB-B-A* VWWNB-B: + B ——» \WAB-B-B-

Figure 5.1: Terminal model (TM) and penultimate effect (Rditodel of binary copolymerization.
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To solve this inconsistency, the penultimate effect (PUBHel was developed (Fukuda et al.
(1985)). In the PUE model, the reactivity of a radical is degent on both the terminal and
penultimate units. As illustrated in Figure 5.1, eight teactrate constants,;, .4, j = 1,2) are
required to cover all the addition reactions for a binaryalgmerization system. Four reactivity

ratios (;;) and two radical reactivity ratios) are introduced as follows:

_k _ k129 _ kooo _ ko _ ko _ k129
TS Ry 12T kg T2 T g T2 = o S1= 0 )

The overall propagation rate coefficiert, (,,,) is then expressed based on the homopolymeriza-

tion rate constants and reactivity ratios as in Equation 5.3

_ Lt +2f1fa+Tof (5.3)

k Ccopo — 7 _ 7
P (Fufi/ ki) + (Tof2/ k)
where the average reactivity ratios @nd7,) and rate coefficients:(;) are defined as in Equation

5.4.

rifi + f;
Ty = Tji i = Kiji——F———— 5.4
! riifi + fj rifi + fi/si 54)

The composition of each monomer in the copolym) (s then written based on the average

_ '_Tiifi‘i‘fj

ol

reactivity ratios defined in Equation 5.4 as in Equation 5.5.

o LR+ fifa
! F1fE+ 2f1fe + Taf3

The PUE model including six ratios(, 712, 721, 722, $1 @andss,) is called the explicit penultimate

(5.5)

effect (EPUE) model. If it is assumed that the reactivityagf different penultimate units are
close, i.e.j11 = ro; = 11 andryy = r15 = 19, the implicit penultimate effect (IPUE) model is ob-
tained, which uses four ratios;( , s; ands,) to describe the overall propagation rate coefficient
and copolymer composition.

While both the TM and PUE models have been widely used to stogplymerization and
guantify the governing parameters, neither of these twdaus can be used to determine the ki-

netic parametersH, and A) for the individual reactions directly. In addition, deténation of the
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kinetic parameters indirectly by assuming a model can béocoed by other reactions taking
place at the reaction conditions necessary to extract mgani~E, and A values. For example,
in PLP-SEC, secondary reactions like transfer reactioesl ne be suppressed, so the PLP-SEC
experiments are carried out at low temperatures (Beuerraaah (1996); Buback et al. (1998)).
Thus, it may not be possible to measure the parameters oégttever a wide temperature range.
Therefore, it is attractive to have a methodology to deteendll of the kinetic parameters gov-
erning copolymerization directly in the absence of any cetimg reactions. The ability to predict
kinetic parameters would enable modeling of copolymeioraprocesses and offer guidance for
the development of novel monomers.

In previous research, we developed a methodology basedaoriuqu chemistry and transition
state theory to calculate kinetic parameters for the honyoperization of methyl methacrylate
and methyl acrylate (Yu et al. (2008)). We demonstrated thatalues in excellent agreement
with experiment could be calculated basedatminitio calculations. In the present work, the
same methodology was used to calculate the kinetic parasifetehe copolymerization of methyl
methacrylate and methyl acrylate. Terminal model and genate model kinetic parameters were
obtained by varying the radical reactants, and the resudte wompared to experimental data.

In addition, the ability to calculate individual rate pareters for self- and cross-propagation
reactions explicitly allowed the applicability of diffexedescriptions of radical reactivity to be
tested for acrylates. A number of researchers have inastigthe ability of simple structure-
reactivity relationships to capture reactivity trendsadical reactions (Fischer and Radom (2001);
Pfaendtner et al. (2006); Wong et al. (1994)). In particulae Evans-Polanyi relationship, in
which the activation energyr,) and heat of reaction/,) are linearly correlated as shown in
Equation 5.6, has been tested.

E, = Ey + aAH, (5.6)
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The coefficientst, anda are constant for reactions in the same family. The Evanariyotela-
tionship is an empirical description which only includes thfluence of enthalpic factors on the
activation energy. It has been shown that there are addlitfantors influencing the activation en-
ergy such as polar and steric effects (Fischer and Radoni Y06 order to investigate the factors
that influence the activation energy fully, a more detailedlgsis, such as that provided by a state
correlation diagram (SCD) (Pross (1995); Shaik and Cahéi#d0)), is warranted. Nevertheless,
the Evans-Polanyi relationship is still widely used to restie activation energies because of its
simplicity and its ability to capture a large portion of theriation of £, values with structure. The
detailed calculations performed here offer the opporjutattest the Evans-Polanyi relationship
and its utility in estimating reactivity ratios based onrelpic differences alone.

Additional analysis of the various rate parameters gowgrtine copolymerization of methyl
acrylate and methyl methacrylate was carried out basedooidr orbital theory. Addition reac-
tions involve an interaction between the singly occupiedecwar orbital (SOMO) of the radical
with the highest occupied molecular orbital (HOMO) or thevést unoccupied molecular orbital
(LUMO) of the monomer as shown in Figure 5.2 (Lozano et al9@)% The decisive factor in
determining which interaction occurs is the energy gap @S8BMO-HOMO compared to that for
the SOMO-LUMO.: if the radical has a lower energy SOMO, thergngap of the SOMO-HOMO
is smaller than the SOMO-LUMO gap, the interaction of the S®ith the HOMO determines
the reactivity, and the reaction is electrophilic for thdical; on the other hand, if the energy gap
of the SOMO-LUMO is smaller, the reactivity is determinedtbg SOMO-LUMO interaction and

the reaction is nucleophilic for the radical.
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LUMO

(@) (b)

Figure 5.2: Interaction of frontier orbitals in radical atitsh reactions involving the singly oc-
cupied molecular orbital (SOMO) of the radical and the hgjleecupied and lowest unoccupied
molecular orbitals (HOMO and LUMO, respectively) of the noamer. (a) the interaction of SOMO
with HOMO (b) the interaction of SOMO with LUMO.
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5.2 Computational Methodology

Twenty eight addition reactions of monomeric, dimeric arihéric radicals to monomers in all
possible different combinations were studied for methylhraerylate-methyl acrylate copolymer-
ization as shown in Figure 5.3, in which “A” stands for metiyéthacrylate and “B” denotes
methyl acrylate. Based on the number of units in the radibalreactions are divided into three
groups: AD1, AD2 and AD3, where ADn denotes an addition ieadhvolving a radical reactant
of lengthn.

The ADL1 set includes four reactions, which are used to sitadke terminal model only. The
AD2 set includes eight reactions, which are used to simidatk the penultimate model and the
terminal model, if the reactivity ratios are calculatedresaverage values of those for radicals with
the same end unit, but different penultimate units. To engotbe influence of the penpenultimate
unit, an additional methyl methacrylate or methyl acrylaté was added to the eight AD2 radicals
to construct sixteen AD3 reactions, from which the TM and Ph#fameters were calculated
based on average ratios. For all reactions, the kinetioypetexs §,, A and E,) were calculated
individually. The heats of reactiong\({,) for these reactions were also calculated. The Evans-
Polanyi equation (Fischer and Radom (2001)), which emgdlsicorrelates the activation energy

and heat of reaction, was also investigated.
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AD1: y )
A-+A —2 =~ A-A- A-+B —2 - A_B-
k k
B-+A —= = B-A. B-+B —2 - B-B-
AD2: . .
A-A + A — o A-A-A. A-A+ + B —=2» A-A-B-
k k
A-B: + A —2+ A-B-A- A-B- + B —2~ A-B-B-
k k
B-A- + A —» B-A-A. B-A: + B —=2~ B-A-B-
k
B-B- + A —2» B-B-A- B-B- + B —2>»~ B-B-B-
AD3:

A-A-A- s A AL A A_ALA. ACA-A- 4 B A2 A_A_A_B.
A-A-B- + A k—> A-A-B-A- A-A-B-+ B
AB-A- 4 A AL A g A AL AB-A-4 B A2 A g a g
A-B-Bes APZL_ A B B A. AB-B-+ B

k
B-A-A-+ A TBUL A A_AA. B-A-A. 4 B BL2 A A_AB.

B

BA-B. + A —B12L A-A-B-A. B-A-B-+ B —2,. A_A-B-B-
B-B-A-+ A 221, A_B_A-A. B-B-A-+ B kg 212 A-B-A-B
B-B-B- + A k8221 A_B_B-A. B-B-B.+ B -B22_ A_B_B_p.

Figure 5.3: Addition reactions of monomeric, dimeric anmngric radicals to monomers in
methyl methacrylate-methyl acrylate copolymerizatiof} stands for methyl methacrylate and

“B” stands for methyl acrylate; ADn is used to denote an additeaction involving a radical
reactant of length n.
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All electronic energy calculations and vibrational freqaes were calculated usingaus-
sian 03 (Frisch et al. (2004)). All the reactant and product confations were optimized using
unrestricted B3LYP/6-31G(d) first via conventional optzadion. However, the conventional op-
timization method employed is based on the gradient in gn@ng can only locate local minima
(Foresman (2002)), and thus the optimized geometry is themsd the input structure. Therefore,
a combination of conventional optimization and relaxedeptill energy scans for all the single
bond dihedrals was used. This method is based on the fadtiffeaent conformations are mainly
due to variations in the rotation about single bonds. Smadifi one-dimensional relaxed poten-
tial energy scans were carried out with the keywareredundant” with 30° as the scan interval.
If a lower energy structure was detected, it was optimizea/entionally, and the process was
repeated until no conformations of lower energy were okthiThe detailed method and compar-
ison of different levels of theory and scan intervals forfpaning the one-dimensional scans have
been discussed previously (Pfaendtner et al. (2007); Yu €&2G08)).

Transition state structures were identified using the QSé&®od, which requires the reactants,
product and an estimated transition state (TS) conformaisanput (Gaussian Inc. (1990)). Based
on our experience with homopolymerization, the estimat®a¢dnformations were constructed by
elongating the product carbon-carbon bond to2.3ransition states were confirmed to have one
imaginary frequency, which corresponded to the motiongtbe reaction coordinate, and intrinsic
reaction coordinate (IRC) following with a step size of Omé&>-Bohr was used to verify that the
correct reactants and product were obtained.

Because of the size of the species studied here, it is dritideave a quantum chemical calcu-
lation method/basis set which is accurate yet computatioatiordable. Various hybrid density
functional theory (DFT) methods and basis sets were cordgareur previous research for the
homopolymerization of methyl methacrylate and methyl ktey(Yu et al. (2008)). It was found
that the modified Perdew-Wang and Becke functional (MPWBAk) the basis set of 6-31G(d,p)

provided activation energies arig values which are in very good agreement with experimen-
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tal data. Therefore, MPWB1K/6-31G(d,p) was also used toutale the electronic energy for
the copolymerization reactions. The zero-point vibragicenergy (ZPVE) was calculated using
UB3LYP/6-31G(d) with a scale factor of 0.9806 (Scott and &ad1996)). A scale factor of
1.0002 was used in the calculation of partition functionsdobon the recommended scale factors
for AH,;, andAS,;, reported by Scott and Radom (1996).

The reaction rate constant at a specific temperature wadatdd using Equation 5.7 (Pfaendt-

ner et al. (2006)):
kgT

i
- (Co)l—m Q e—AEO/RT (57)

Qmon Qrad

in which x(T') is the tunneling factor, which deviates from a value of oneréactions involv-

k(T) = w(T)

ing motion of light atoms such as hydrogen transfer, but easdi equal to one for propagation
reactions of acrylatesk is Boltzmann’s constantl (3806 x 10~2* Jmol~!. K1), h is Planck’s
constant §.6261 x 1073* J.s), m is the number of reactants, which is two for propagaticris

the standard state concentration (rhol') to which the quantum chemical calculations are refer-
enced,R—PT, whereP is 1 atm, andA L, is the difference betweef, of the transition state and
the reactants, which is defined as the summation of the efectenergy {.) and the zero-point
vibrational energy (ZPVE):

Ey=FE.,+ ZPVE (5.8)

The ZPVE is the contribution to the energy from vibration aK@s defined in Equation 5.9
(McQuarrie and Simon (1999)):

1
ZPVE = > hy, (5.9)

in which N is the number of atoms, angrepresents the frequencies. For transition stat&'s;- 7
frequencies are included in the ZPVE. The final quantity im&opn 5.7 is the partition function

(Q), which is conventionally written as the product of diffetenodes as shown in Equation 5.10
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(McQuarrie and Simon (1999)).
Q= QcQuQrQuin (510)

where(). is the electronic partition function, which is one for th@gnd state(),, accounts for
the translational motion an@, is for the species’ rotational motion as a whole. The renngni
motions are vibrational and captured @y;;,, which is typically calculated using a harmonic oscil-
lator model. However, the harmonic oscillator model is motacurate description of all of these
motions, especially those associated with low frequeneigsch are mainly composed of rota-
tional motions. The importance of treating low frequenciesg a more suitable model has been
realized and applied in recent research (Heuts and Gilb@85); Huang et al. (1998); Izgorodina
and Coote (2006); Pfaendtner et al. (2006); Speybroeck €2@01); Sumathi et al. (2001); Van
Cauter et al. (2006)). In our methodology, we separatecktloes frequencies from the harmonic
oscillator partition function and treated them using a dimensional internal rotor model. Thus,

the partition function written in Equation 5.10 is revisediguation 5.11.

Q = QthrQeribQint,rot (511)

whereQ);.. .. IS the contribution from those vibrations better treatethgesnal rotations. To obtain
Qintrot» all the single bonds were treated as rotation axes. Fositiam states, the bond defining
the transition state was also treated as a rotation axie sirveas found that the lowest positive
frequency mainly consists of the torsional motion aboutiibed defining the transition state. As
an example, the nine internal rotors in the transition stateaddition of methyl methacrylate

monomeric radical to monomer is shown in Figure 5.4.
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Figure 5.4: Internal rotations about all eight single boad the bond defining the transition state
for the transition state of the methyl methacrylate AD1 (fFey5.3) reaction were considered.
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The patrtition function for then-th rotation was calculated based on the definition of thé-par

tion function as shown in Equation 5.12:

1 €;
, = — E " 12
ant,rot,m o i 6xp( ) (5 )

in which o,,, is the symmetry number of the-th internal rotor and; are the energy levels calcu-

lated by solving the one-dimensional Schrodinger equatfown in Equation 5.13:

nod?
“5p g VO = v (5.13)

whereh is Planck’s constant divided &y, ¥ is the wave function anéis the rotation anglel,..q
is the reduced moment of inertiﬁfﬁ’, defined by East et al. (East and Radom (199%)))) is the
potential energy expressed as a function of torsional amgiech is in the form of a full Fourier

expansion as shown in Equation 5.14.

V(0) = zn:[ai(l — cosifl) + b;sinib) (5.14)

i=1

Equation 5.14 can be expressed in the form of a matrix pro@dmnct the coefficients; andb; are
then determined by solving an overdetermined function.ak heen verified that energy scans
with 12 sampling points and = 3 in Equation 5.14 are sufficient to capture both symmetric and
asymmetric energy profiles (Yu et al. (2008)). The one-disi@mmal Schrodinger equation was
solved with the Fourier Grid Hamiltonian (FGH) method, iniefhthe Hamiltonian operator was
expressed in the form of a matrix and the energy levels weterdéned by diagonalizing the
matrix (Balint-Kurti et al. (1992)). In the construction tife Hamiltonian operator matrix, the
rotation range from 0 to 360 degrees was discretized usif g€id points, which was verified to
have partition functions in agreement with those from finét gizes (Pfaendtner et al. (2007); Yu
et al. (2008)).

The activation energyH,) and frequency factor4) were determined from the regression of

Ink,(7T") versus 1/T over the temperature range of 296.15 to 800 K in Bidfvals, according to
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Equation 5.15.
E,
RT

Ink,(T) = InA — (5.15)

Monomer reactivity and radical reactivity ratios were cddted based ok, values, and the
k,.copo aNd F; values were calculated using the expressions presentee &rothe TM and PUE
models. The calculated ratids, ..,,, and F; values were compared to experimental data regressed
or measured at 23C and 1000 bar by Buback and Miller (2007). In order to be thmmpare
the calculated values to those of Buback and coworkers & tbaf the results from the quantum
chemistry calculations, which are at ambient pressureeadjusted using the activation volume

(AV*) as shown in Equation 5.16 (Odian (2004)).

dink AVH
dp” =7 (5.16)
The activation volume&V'#) for methyl methacrylate is-16.7 cm®-mol~! and for methyl acrylate
is —11.7 cm?-mol~! (Beuermann et al. (1994); Buback et al. (1998)). No actwatiolume value
for a methyl methacrylate and methyl acrylate copolymeiozesystem is reported, so the average
value of the two monomers of 14.2 cm®-mol~! was used. The ratios of the rate coefficients
between ambient pressure and 1000 bar at various tempesdtased on these activation volumes
are listed in Table 5.1. At 23C, the ratios are 2.0 for methyl methacrylate, 1.6 for me#icyylate
and 1.8 for the mixture of methyl methacrylate and methyylate. Note that our assumption
of an average value for the copolymer system based on the tmmmeric components and the

relatively close values oA V* for methyl methacrylate and methyl acrylate will lead toat@aty

ratios that are nearly independent of pressure.
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Table 5.1: Ratios of propagation rate coefficients at 100Gdm¢hose at ambient pressure calcu-
lated using Equation 5.16 over the temperature range o0fi8986.76.15 K. Activation volume for
methyl methacrylate: -16.7 chmol~!; activation volume for methyl acrylate: -11.7 émol~!;
activation volume for a methyl methacrylate and methyl Eteycopolymer system is calculated
as the average of the two monomers: -14.2-onol!.

Temperature (K) "0t (MMA) - Zzloober (MMA/MA) - 22200 bor (VA

atm kp.1atm “kplatm
296.15 2.0 1.8 1.6
326.15 1.9 1.7 15
356.15 1.8 1.6 15
386.15 1.7 1.6 14
416.15 1.6 15 14
446.15 1.6 15 14

476.15 1.5 1.4 1.3
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The following reactivity ratios and rate coefficients for tind methacrylate-methyl acrylate
copolymerization at 23C and 1000 bar provided by Buback et al. were used for congaris

(Buback and Muller (2007)).

e Reactivity ratios based on TM fitted from composition plot

r1 = 3.03,r, =0.20

e Reactivity ratios based on TM fitted frofy .,,, measured using PLP-SEC

r=1.95 7 =0.21

e Monomer reactivity and radical reactivity ratios based BWE model fitted fromk, .o,
measured using PLP-SEC
r1 = 240,70 = 0.18, 57 = 1.46, 5o = 0.38

e Homopolymerization propagation rate coefficients of methgthacrylate and methyl acry-
late at 23°C and 1000 bar

kpava = 702 L-mol~t-s7t, k, 34 = 18,088 L-mol~t.s71

5.3 Results and Discussion

5.3.1 Geometries and Transition States

Interesting features related to the reactivity of the défe radical and monomer combinations
were apparent from the geometries of the transition st&msexample, the conformations of the
transition states for the four AD1 reactions are shown iufégh.5. Comparison of all of the tran-
sition states shows that for the same radical, the bondhetgfining the transition state formed
by the radical and methyl acrylate is about 0&horter than that in the transition state struc-

ture formed with methyl methacrylate, which reveals that tfansition states involving methyl
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methacrylate monomer are located earlier along the reactiordinate. The bond lengths defin-
ing the transition state of addition of radicals to methykinaerylate vary from 2.238 t0 2.313
A, while those for addition to methyl acrylate vary from 2222 to 2.302A. An earlier transition
state translates into a lower activation energy and higdaation exothermicity, which is consistent

with the calculated activation energies and heats of reacéported below.
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() (b)

(© (d)

Figure 5.5: Structures and bond lengths of transition sfatehe four methyl methacrylate-methyl
acrylate AD1 copolymerization reactions summarized irufégh.3. (a) Methyl methacrylate rad-
ical - methyl methacrylate monomer (b) Methyl methacryladical - methyl acrylate monomer
(c) Methyl acrylate radical - methyl methacrylate mononwrNlethyl acrylate radical - methyl
acrylate monomer.
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5.3.2 Kinetics

The activation energies and frequency factors of the foactiens involving the addition of a
monomeric radical to monomer (AD1) are listed in Table 5tZah be seen that for both methyl
methacrylate and methyl acrylate monomeric radicals, thieadion energies for the addition to
methyl methacrylate monomer are lower than the correspgnaines for the addition to methyl
acrylate monomer. The difference for methyl methacrylatéaal is about 7 kanol~*, while that
for methyl acrylate radical is about 4 -kdol=!. This is consistent with simple radical stability
arguments and indicates that the activation energy differe are dominated by enthaplic effects.
Addition to methyl methacrylate monomer involves the fotimaof a more stable tertiary radical,
compared to the formation of a secondary radical in the casethyl acrylate monomer. Thus, ad-
dition to methyl methacrylate monomer is enthalpicallyfereed. This preference also manifests
itself in the reaction exothermicity: methyl methacryleddical reacting with methyl methacrylate
monomer is 1.3 kdnol~! more exothermic than addition to methyl acrylate monoméijenfor
methyl acrylate radical, reaction with methyl methacmylit 6.3 kdmol~! more exothermic than
addition to methyl acrylate. However, addition to the leatkp methyl acrylate is entropically
preferred. For the same radical, reaction with methyl ateyimonomer has a higher frequency
factor such thatd,, /A2 = 0.28 and Ay /A5, = 0.24. The calculated homopolymerization rate
constants£;; = 9.53 x 10' L-mol~!-s7!, kyy = 2.57 x 10% L-mol~!.s7!) are 13% and 14%
of the measured homopolymerization rate constants of rhaththacrylate and methyl acrylate
(kprrvra = 7.02 x 10 L-mol~'-s7%, k, ;74 = 1.81 x 10* L-mol~'-s71), respectively. These re-
sults at higher pressure are consistent with our previagidteeat atmospheric pressure, where we
recommended using trimeric radicals at a minimum to achieselts that were in excellent quan-
titative agreement with experiment (Yu et al. (2008)). Nibedess, the AD1 results still capture

the reactivity trends observed in the experimental values.
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Table 5.2: Activation energiedy,), frequency factors4), heats of reactionH,) and rate con-
stants g, at 23°C, 1000 bar) for the methyl methacrylate-methyl acrylatelADM) reactions;
geometry optimization and frequency calculations werégpered using UB3LYP/6-31G(d), elec-
tronic energies were calculated using MPWB1K/6-31G(dgmd low frequencies were treated
using a one-dimensional internal rotor model; A: methyl maetylate, B: methyl acrylate; rate
coefficients were first calculated at ambient pressure apdtad to 1000 bar using the factors
listed in Table 5.1.4,: L-mol~'-s™!, E,: kI mol~!, A: L-mol~*-s™!, AH,: kJmol™?)

Reactions E, A AH,(23°C) k,(23°C, 1000 bar)
A+ A—AA- ky 277 3.7X10° -50.1 9.5% 10"
A-+B—AB- ki3 34.6 1.3%107 -48.8 1.85¢ 10!
B-+A—BA- ky 225 1.74107 -76.5 3.3%10?

B-+ B—BB- ky 26.4 7.24107 -70.2 2.5%103
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Table 5.3: Calculated TM reactivity ratios( ) for methyl methacrylate-methyl acrylate
copolymerization based on the four AD1 reactions in FiguBe dver the temperature range of
296.15-476.15 K and at 1000 bar; kinetic parameters are listed ineTal2, and the pressure
adjustment ratios are listed in Table 5.1.

T(K) ™ T2
296.15 5.14 0.77
326.15 3.94 0.90
356.15 3.15 1.02
386.15 2.61 1.14
416.15 2.23 1.25
446.15 1.94 1.36
476.15 1.72 1.46

It is next interesting to evaluate the reactivity ratiosdiceed from the AD1 reactions, i.e.,
the terminal model. These are tabulated in Table 5.3 as difunaf temperature. Buback et al.
determined reactivity ratios based on the terminal mod2B&C and 1000 bar from two different
types of experimental data: (1) polymer composition (M&wvis plot): r1=3.03,7,=0.20 (2) the
overall propagation rate consta)..,, measured using PLP-SE€; = 1.95, r, = 0.21. The
ratios determined based on the calculated kinetic parasmatéhe same conditions are= 5.14
andr, = 0.77. While these quantities have the same trend, kg.is higher tharnk,;; andk,, is
lower thank,;, they are not in perfect quantitative agreement. This isisb@nt with our previous

assertion that monomeric radials are simply too small touzagolymeric reactions quantitatively.
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Table 5.4: Activation energies,), frequency factors4), heats of reaction H,) and rate con-
stants g, at 23°C, 1000 bar) for the methyl methacrylate-methyl acrylate2XPUE) reactions;
geometry optimization and frequency calculations werégpered using UB3LYP/6-31G(d), elec-
tronic energies were calculated using MPWB1K/6-31G(dgp)] low frequencies were treated
using a one-dimensional internal rotor model; A: methyl maetylate, B: methyl acrylate; rate
coefficients were first calculated at ambient pressure apgitd to 1000 bar using the factors
listed in Table 5.1.4,: L-mol~'-s™!, E,: kI mol~!, A: L-mol~*-s™!, AH,: kJmol™1)

Reactions E, A AH,(23°C) k,(23°C, 1000 bar)
AA. + A—AAA- k1 28.0 7.4%10° -41.2 1.68<10?
AA.- 4+ B—AAB- ki 311 4.6810° -37.1 2.7%10!
AB-+ A—ABA- ki5; 19.0 8.9%k10° -75.2 7.00103
AB- + B—ABB- ks 22.0 1.35107 -68.0 3.1%103
BA- + A—BAA- ko 26.8 4.4%10° -47.5 1.5210?
BA- + B—BAB- koo 29.8 7.76<10° -42.8 7.65¢10*
BB- + A—BBA- kg 21.7 2.1%107 -78.4 5.80«103
BB:- + B—BBB- kyy 22.8 6.3k107 -70.8 9.65¢10°3

The results for the dimeric radical addition reactions (AR2 tabulated in Table 5.4. The
activation energiesH,) and frequency factors (A) of the eight AD2 reactions in Feg6.3 are
listed. The reactivities of methyl methacrylate and metuylylate have the same tendencies as
were observed for the AD1 results, i.e., reaction of radigath methyl methacrylate monomer is
enthalpically favored as reflected by lower activation gieer (0.9— 3.1 kmol~! lower) and more
exothermic heats of reaction (4-17.6 kJmol~! more exothermic). The ratios of the frequency
factors areA; 1 /A2 = 1.58, Aja1/A122 = 0.66, As11/As12 = 0.58 and Agyy /Asee = 0.35. In
general, addition to methyl acrylate is slightly favoredrepically. The calculated propagation rate
constants of methyl methacrylate8 x 102 L-mol-s~t) and methyl acrylate)(65 x 10 L-mol-s™!)
at 23°C and 1000 bar are closer to the measured data (;4 = 7.02x 10> L-mol~*-s™, k, yy4 =
1.81 x 10* L-mol~—!-s~1) than those obtained using the AD1 model. However, they arasiclose

as those obtained in our earlier work for the addition of &iim radicals.
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Reactivity ratios characterizing the terminal model waakeglated based on the AD2 reactions
as listed in Table 5.5. Two differemt and two different-, values were calculated from the eight
reactions, where a given value had the same penultimate unit for the radicals. Itearcthat
the calculated; values based on different penultimate units are not cardisFor example, the
two r, values calculated based on th&- and BB- radicals are opposite at 28: k19 /k121 < 1
while k995 /keo; > 1. The twor; values are both greater than one, but the values are not close
(k111/k112 = 6.17, ka11/ka12 = 1.99). Thus, there are two possibilities: terminal model kiogti
are not a good description of this copolymerization systerfiroeric radicals are not sufficient to
capture the correct penultimate unit effects. To exploeddlter possibility, monomer and radical
reactivity ratios for the EPUE model were also calculateskldeon these AD2 reactions as listed
in Table 5.6 over a range of temperatures and at 1000 bar. eAéxperimental conditions (23
°C, 1000 bar), the calculated monomer reactivity ratios & 6.17, oy = 1.99, 190 = 1.67,
r12 = 0.46) and radical reactivity ratioss{ = 0.91, s = 0.33) have noticeable deviation from
those determined from PLP-SEC measurements using the IPeIm; = 2.40, r, = 0.18,
s1=1.46,5,=0.38. This reinforces our earlier contention based on lpwtymnerization studies that
using addition of dimeric radicals is not sufficient to pdeactivity measurements in polymeric

systems.
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Table 5.5: Calculated TM reactivity ratios( ) for methyl methacrylate-methyl acrylate
copolymerization based on the eight AD2 reactions in FiguBover the temperature range of
296.15-476.15 K and at 1000 bar; kinetic parameters are listed ieTald, and the pressure
adjustment ratios are listed in Table 5.1.

™ T2
T(K) k111/7€112 k211//€212 k?122//€121 k?222//€221
296.15 6.17 1.99 0.46 1.67
326.15 5.80 1.77 0.51 1.75
356.15 5.50 1.61 0.56 1.83
386.15| 5.26 1.49 0.60 1.89
416.15 5.07 1.39 0.64 1.95
446.15 4.91 1.31 0.68 2.00
476.15 4.77 1.24 0.72 2.05
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Table 5.6: Calculated EPUE monomer reactivity ratios,(r21, 722, 712) and radical reactivity

ratios (s;, s2) for methyl methacrylate-methyl acrylate copolymeriaatbased on the eight AD2
reactions in Figure 5.3 over the temperature range of 296176.15 K and at 1000 bar; kinetic
parameters are listed in Table 5.4, and the pressure adgjostatios are listed in Table 5.1.

11 21 22 12 S1 52

T(K) k111/7€112 k211/7€212 k222/7€221 k122/7<7121 kzn//ﬁn k122//€222

296.15 6.17 1.99 1.67 0.46 0.91 0.33
326.15 5.80 1.77 1.75 0.51 0.82 0.32
356.15 5.50 1.61 1.83 0.56 0.75 0.31
386.15 5.26 1.49 1.89 0.60 0.70 0.30
416.15 5.07 1.39 1.95 0.64 0.66 0.29
446.15 4.91 1.31 2.00 0.68 0.63 0.29

476.15 4.77 1.24 2.05 0.72 0.60 0.28
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Therefore, we further extended the chain length of the edslistudied and investigated the
reaction of trimeric radicals (AD3 in Figure 5.3). Two difémt groups of radicals were stud-
ied: radicals with methyl methacrylate (A) as the penpemaite unit (A-AD3) and radicals with
methyl acrylate (B) as the penpenultimate unit (B-AD3).sTmovided both a more realistic mimic
of polymeric reactions while also allowing the investigatiof penpenultimate unit effects. The
activation energies and frequency factors of the eight A3AEactions and the eight B-AD3 reac-
tions are listed in Table 5.7. The methyl methacrylate magromistill enthalpically preferred as
reflected in the lower activation energies (2:63.4 kJmol~! lower) and more exothermic heats
of reaction (5.7- 9.4 kJmol~! more exothermic). The ratios of the frequency factors wHes
the penpenultimate unit a% =0.72, ﬁji” 0.64, ﬁj 2= = 0.77 and 32 AA 2L — ().76, which
indicates that the addition to methyl acrylate is entrdpidavored. The calculated propagation
rate coefficient for methyl methacrylate is 3:00? L-mol~!-s™! and 1.6%10° L-mol~!.s~! for
methyl acrylate. The A-AD3 rate coefficient for methyl mathdate is close to the experimen-
tal value (7.0 10? L-mol~!.s7!) while the A-AD3 rate coefficient for methyl acrylate is albou
one order of magnitude lower than the experimental methylate homopolymerization rate co-
efficient (1.84<10* L-mol~!.s71). Note that the A-AD3 reaction for methyl acrylate is notlyru
homopolymerization, since the penpenultimate unit is ylettethacrylate. The disagreement of
the calculated value and the experimental value indicatigdnpenultimate unit effects are impor-
tant here. For the eight AD3 reactions with methyl acryla¢h@ penpenultimate unit (B-AD3) in
Figure 5.3, it can be seen that methyl methacrylate is stii@pically preferred as reflected in the
lower activation energies (2.9 6.1 kJmol~! lower) and more exothermic heats of reaction (4.2
— 14.8 kJmol~! more exothermic). Methyl acrylate is still entropicallyeferred as reflected in
the higher frequency factors. The ratios of the frequenciofa are: > AB = (.87, AB 2= (.81,
% = 0.72 and 42 221 — (.21. The calculated propagation rate coefﬂuent for methyylad:e
(1.56x10* L-mol~!.s71) at 23°C and 1000 bar is in very good agreement with the experimental

data ¢, 4 = 1.81 x 10* L-mol~t-s7!). The better agreement of the rate coefficient for methyl
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Table 5.7: Activation energies,), frequency factors4), heats of reaction H,) and rate con-
stants g, at 23°C, 1000 bar) for the methyl methacrylate-methyl acrylate3ABactions where
either methyl methacrylate (A) or methyl acrylate (B) is fienpenultimate unit; geometry op-
timization and frequency calculations were performed gi$B3LYP/6-31G(d), electronic ener-
gies were calculated using MPWB1K/6-31G(d,p), and low dierties were treated using a one-
dimensional internal rotor model; rate coefficients werst fialculated at ambient pressure and
adjusted to 1000 bar using the ratios listed in Table 5&,: L-mol~'-s™!, F,: kImol™!, A :
L-mol~t-s™, AH,: kJmol~1)

Reactions E, A AH,(23°C) £,(23°C, 1000 bar)
AAA -+ A—AAAA- kainn 227 1.5% 10° -52.3 3.0X 107
BAA-+ A—BAAA- kpinn 225 1.8%10° -48.5 3.85¢10?
AAA .+ B—AAAB- kjs112 255 214 10¢ -45.7 1.21x10?
BAA-+ B—BAAB- kg2 254 2.10<10° -44.3 1.24<10?
AAB- + A—AABA- ki1 20.1 5.7510° -65.1 2.90<103
BAB- + A—BABA- kpia 17.4 3.4% 108 -64.2 5.2%103
AAB.- + B—AABB- kji122 235 8.9k 109 -57.5 1.10<103
BAB- + B—BABB- kpi2 203 4.2k 106 -54.0 2.00<10°
ABA-+ A—ABAA- kao 219 2.8%10° -50.7 6.88¢10?
BBA:- + A—BBAA- kpon 227 2.5%k10° -53.6 4.43¢10?
ABA-+ B—ABAB- kag2 25.3 3.6%10° -45.0 2.24<10?
BBA-+ B—BBAB- kpoia 26.4 34Kk 10° -50.3 1.36<10?
ABB-+ A—ABBA- kas 185 4.6& 109 -80.3 4.5%103
BBB- + A—BBBA- kg 154 1.26¢10° -87.4 4.31x10%
ABB- + B—ABBB- kps» 21.3 6.1%10° -70.9 1.6%103
BBB- + B—BBBB- kpa» 215 6.0%107 -72.6 1.56<10*

acrylate homopolymerization for the B-AD3 reaction supgpdhe assertion above that the pen-
penultimate unit still has an influence on the absolute ra&dficient values for methyl acrylate,
while the influence of the penpenultimate unit for methyl inaetrylate is less pronounced (i.e.,

k4111 andkp 11, are similar and in good agreement with the experimentalejalu
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The calculated TM ratios based on the AD3 reactions arallistéable 5.8. The, values were
calculated for reactions that had the same penpenultimdtpenultimate units; thus four values
and fourry values were calculated based on the sixteen reactions.alhdated ratios for different
penpenultimate and penultimate units are extremely ctamgisat 23°C, the fourr; values are:
2.50, 3.08, 3.11 and 3.25; the fayrvalues are: 0.38, 0.38, 0.38 and 0.36. The AD3 reactions also
allow monomer and radical reactivity ratios for the expllRIUE model to be calculated as listed in
Table 5.9 over a range of temperatures and at 1000 bar. Naitthtdr;; values in Table 5.9 are the
same as the; values reported in Table 5.8 but are repeated in Table 5/®twitir more specific
r;; designation that characterizes the EPUE model. The refsoitsthe trimeric radical addition
reactions capture the experimental PUE reactivity ratesg well. For the A-AD3 reactions, at 23
°C and 1000 bar, the calculated monomer reactivity ratigs € 2.50, ro; = 3.08, ros = 0.38,
r12 = 0.38) and radical reactivity ratios(=2.27,s,=0.65) are in quite good agreement with those
fitted based on experiment at 2@ and 1000 barr; = 2.40, r, = 0.18, $1=1.46,5,=0.38. The
ratios calculated using the B-AD3 reactions also have ilnat are consistent with experiment:

ri1 = 3.11, 791 = 3.25, r99 = 0.36, 112 = 0.38, s1=1.46 and5220.38.
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Table 5.8: Calculated TM reactivity ratios, ( ;) for methyl methacrylate-methyl acrylate copoly-
merization based on the sixteen AD3 reactions in Figure Y& the temperature range of
296.15-476.15 K and at 1000 bar; kinetic parameters are listed ineTaly, and the pressure
adjustment ratios are listed in Table 5.1.

r1 (A-AD3) r1 (B-AD3)
TK) | kagi/kane kagi/kagze | kpan/keiiz  kpoii/kpoie
296.15 2.50 3.08 3.11 3.25
326.15 2.37 2.71 2.77 2.83
356.15 2.27 2.44 2.51 2.52
386.15 2.19 2.23 2.31 2.29
416.15 2.13 2.07 2.15 2.11
446.15 2.07 1.94 2.03 1.96
476.15 2.02 1.83 1.92 1.84

ry (A-AD3) ry (B-AD3)
T(K) | kajoe/kanor  kagea/kapor | kpasa/kpion  kpos/kpan
296.15 0.38 0.38 0.38 0.36
326.15 0.43 0.42 0.42 0.46
356.15 0.48 0.46 0.46 0.56
386.15 0.53 0.50 0.50 0.66
416.15 0.57 0.54 0.53 0.76
446.15 0.61 0.57 0.56 0.86
476.15 0.64 0.60 0.59 0.96
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Table 5.9: Calculated EPUE monomer reactivity ratios,(r21, 722, r12) and radical reactivity
ratios (sq, so) for methyl methacrylate-methyl acrylate copolymeriaatbased on the sixteen AD3
reactions in Figure 5.3 over the temperature range of 296176.15 K and at 1000 bar; kinetic
parameters are listed in Table 5.7, and the pressure adgjostatios are listed in Table 5.1.

11

21

T'22

T12

S1

52

T(K) kA,111//€A,112 /fA,211//€A,212 kA,222/7€A,221 /fA,122//€A,121 kA,211/7€A,111 kA,122//€A,222
296.15 2.50 3.08 0.38 0.38 2.27 0.65
326.15 2.37 2.71 0.42 0.43 2.09 0.70
356.15 2.27 2.44 0.46 0.48 1.95 0.74
386.15 2.19 2.23 0.50 0.53 1.84 0.78
416.15 2.13 2.07 0.54 0.57 1.75 0.82
446.15 2.07 1.94 0.57 0.61 1.68 0.85
476.15 2.02 1.83 0.60 0.64 1.62 0.88
11 21 22 T12 S1 S2
T(K) kB,lll/kB,lw /fB,211/7€B,212 /fB,222/7€B,221 /fB,122//€B,121 /fB,211//€B,111 /fB,122//€B,222
296.15 3.11 3.25 0.36 0.38 1.15 0.13
326.15 2.77 2.83 0.46 0.42 1.17 0.12
356.15 251 2.52 0.56 0.46 1.18 0.12
386.15 2.31 2.29 0.66 0.50 1.20 0.11
416.15 2.15 2.11 0.76 0.53 1.21 0.11
446.15 2.03 1.96 0.86 0.56 1.22 0.10
476.15 1.92 1.84 0.96 0.59 1.23 0.10
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Overall analysis of the calculated rate coefficients andtinaty ratios based on AD1, AD2,
A-AD3 and B-AD3 reactions is consistent with the recommeiaaiaput forth previously in our
homopolymerization study (Yu et al. (2008)). AD1 and ADZ2 wap the general features of the
copolymerization reactions, i.e., methyl methacrylatenorer is always favored enthalpically as
reflected by the lower activation energies and more exotiedraats of reaction, and methyl acry-
late is entropically favored as evidenced by the highenfeegy factors. However, the monomeric
and dimeric radicals are not sufficient to capture the alisefiues of the rate coefficients and the
reactivity ratios. Our results promote the use of at leasihinits for the propagating radical since
effects of the long chain need to be captured and the perpaatg unit may also have an influence
on the rate coefficients. For methyl methacrylate and metbrlate, we have shown that the in-
fluence of the penpenultimate unit on the activation enesgynall, and the EPUE reactivity ratios
are affected negligibly. It is also verified that the imgdgénultimate model is an accurate descrip-
tion of methyl methacrylate-methyl acrylate copolymetima based on the absolute values of the

individual kinetic parameters, as shown by the ratios ind&W: k4 111/ka112 = kao11/kazi2 &

k‘B,lll/k‘B,llz ~ kB,211/k‘B,212 andkA,222/k‘A,221 ~ kA,122/k‘A,121 ~ kB,222/kB,221 ~ kB,122/kB,121-

5.3.3 Prediction of Composition and Overall Rate Coefficien

The next step was to use the calculated values of all the itV rate coefficients to predict
additional quantities for the different models that areekpentally measured: the composition
in the copolymer as a function of the composition of the moeoin the feed and the overall
rate coefficient for copolymerizatio, ..,,. Using the results from the trimeric radicals in which
penpenultimate effects were incorporated and averagadifferent values listed in Table 5.8, the

two TM reactivity ratios at 23C and 1000 bar were obtained:

r1 =299 1y =0.38
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Based on averaging the monomer reactivity and radicalivégatatios for the two different pen-
penultimate units reported in Table 5.9, the six EPUE re#ygtiatios at 23°C and 1000 bar were

obtained.

11 = 2.81 91 = 3.17 To9 = 0.37 19 = 0.38
s1 =171 s, =0.39
Furthermore, the implicit penultimate unit effect modeletvity ratios (; andr;) were calculated

based on further averaging as= (r1; + 721)/2 andry = (ria + r92) /2:

T = 2.99 To = 0.38 S1 = 1.71 S9 = 0.39

Thus, there are three different sets of reactivity rati@s tan be used to predict the composition
and the overall rate coefficient. In the predictionkgf..,,, propagation rate coefficients calcu-
lated based oA AA - +A (ka111 = 3.02 x 10 L-mol~'-s7*) andBBB - +B (kg 220 = 1.56 x 10*
L-mol~!.s 1) were used for methyl methacrylate and methyl acrylate hpmiymnerization, respec-
tively.

Using these values, Mayo-Lewis plotsBf; ;4 versusf, 4 for methyl methacrylate-methyl
acrylate copolymerization at 2 and 1000 bar based on the EPUE model (Equations 5.4 and
5.5), IPUE model (Equation 5.5) and TM (Equation 5.2) wenestnucted and are shown in Figure
5.6. The predicted composition curves are in very good ageee with the experimental data.
These three curves for the TM, IPUE and EPUE models almostap/eindicating that in the
prediction of copolymer composition, the simplified TM afUE models are good surrogates for
the more detailed EPUE model. Note that the TM and IPUE magiesthe exact same values
because’; of the IPUE model equals of the TM based on the averaging done here and Equation
5.2 and Equation 5.5 thus afford equivalent results. Thepasitions based on the EPUE model

are within 1% of those based on the IPUE model or the TM.
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Figure 5.6: Mayo-Lewis plot for methyl methacrylate (MMA)ethyl acrylate copolymerization
at 23°C and 1000 bar: experimental data (triangles) (Buback antlei(2007)), terminal model
(dashed liney; andr, are the average values of the data listed in Table/5.8: 2.99, r, = 0.38),
explicit penultimate effect model (dotted ling; are average values of the data listed in Table 5.9:
ri1 = 2.81,15;=3.17,r1,=0.38,r9; = 0.37), implicit penultimate effect model (dashed-dotted line,
r; values are the average of the EPkJEvalues:r; = 2.99, r, = 0.38).
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With the activation energies and frequency factors forfahe individual reactions in hand, itis
interesting to calculate the temperature dependence aftin@mer reactivity and radical reactivity
ratios of the EPUE model over the range of 296.15 to 596.15 K080 bar. These values are
calculated based on the activation energies and frequantyr§ from the A-AD3 reactions and are
plotted in Figure 5.7. As expected, the values are all agriog a value of 1.0 at high temperature,
but this plot nicely illustrates the rate at which this higimperature asymptote is reached. It is
more interesting to see what impact these changes have oofh/mer composition as a function
of temperature. The predicted compositions at tempemuff296.15 K, 373.15 K and 423.15 K
are shown in Figure 5.8. With increasing temperature, tineasuare approaching the line of parity,
which means the preference of the radicals to react with yhetlethacrylate is becoming less
significant. This example illustrates hal initio calculations can be used to predict the topology

of copolymers.
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Figure 5.7: Change in the monomer reactivity and radicaitigdy ratios characterizing the EPUE
model with temperature over the range of 296.15 K to 596.161080 bar. The activation energies
and frequency factors are from the A-AD3 reactions as ligtélhble 5.7.
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Figure 5.8: Mayo-Lewis plots for methyl methacrylate (MMAethyl acrylate copolymerization
at three temperatures, 296.15 K (solid line), 373.15 K (dddime) and 423.15 K (dashed-dotted
line)) and 1000 bar based on the EPUE model. The activatiergess and frequency factors are
from the A-AD3 reactions in Table 5.7.
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The predicted values of the overall rate constakys,f,) as a function of the monomer fraction
calculated with the TM, IPUE and EPUE models are shown inf@&ul. The results are generally
in agreement with the experimental values. The deviatiobeisause the calculated value for
k, of methyl methacrylate homopolymerization is about a facfotwo too low, which is most
pronounced as the mixture becomes more rich in methyl metlaée. The calculated value féy,
of methyl acrylate is in better quantitative agreement withexperimental value, which results in
the predicted:, ..,, matching very well at low methyl methacrylate fractions.eTgredicted rate
coefficients using the EPUE are very close to those predictied) the IPUE model, as can be seen
from the plot. However, these results are distinctly déferfrom the values calculated using the
TM in the intermediatey; ) 4 region, which are lower than the those based on the two perait
models. Thus, while the penultimate models are not diffesiesd by the composition values, the

effect of the penultimate unit does manifest itself to a $imatl measurable extent i), ...
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Figure 5.9: Propagation rate constah (,,) for methyl methacrylate (MMA)-methyl acrylate
copolymerization at 23C and 1000 bar: PLP-SEC data (circles) (Buback and MulleoT2),
explicit penultimate effect model prediction (dashed Jjnmplicit penultimate effect model pre-
diction (dotted line) and terminal model prediction (sdifte); &, r/174 andk, ,s 4 Were calculated
usingAAA - +A (3.02<10? L-mol~!-s ') and BBB - +B (1.56x10* L-mol~!-s71), respectively;
the reactivity ratios for TM r; = 2.99, ro = 0.38; the monomer reactivity and radical reactivity
ratios for EPUE r; = 2.81, o = 3.17, 99 = 0.37, 115 = 0.38, s; = 1.71 ands, = 0.39; the
monomer reactivity and radical reactivity ratios for IPUE := 2.99, r, = 0.38, s; = 1.71 and

So = 0.39.
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5.3.4 Reactivity Analysis using Frontier Orbital Theory

Analysis of the energy gaps between the SOMO of the radidghitlae HOMO or the LUMO of
the monomer for all twenty eight reactions studied revettatl the gap between the SOMO and
the HOMO is always lower than that between the SOMO and the OJMhich indicates that
all these reactions are electrophilic. The SOMO-HOMO enegaps are tabulated in Table 5.10.
It is clear that the methyl group on thecarbon in methyl methacrylate monomer increases the
electron density on the double bond so that the energy gagebatthe SOMO for a given radical
and the HOMO is lower than that for methyl acrylate monomer.

There are also interesting groupings that emerge when tiCEBOMO energy values are
analyzed. As shown in Figure 5.10, the twenty eight pointheyainto three groups labelled as
G1, G2 and G3. For points in the same group, the reactionsaaé the same terminal unit and
monomer: G1 includes all the reactions of the radicals widthyl acrylate as the terminal unit
and methyl methacrylate as the monomer (¥8); G2 includes all the Homopolymerization”
reactions in which the radical terminal unit is the same asnlonomer (X-A+A, X-B-+B); G3
encompasses all of the reactions of the type B\ It is clear that all the reactions with the same
terminal unit and monomer have very similar SOMO-HOMO gagsgealing that the penultimate
or penpenultimate unit has little impact on this energy ®alit is also interesting that there is
a rough correlation between E(SOMO-HOMO) and activatioargy; as E(SOMO-HOMO) in-
creases, the activation energy increases. Clearly, thetiineture of the points within one group
would not be captured by a single linear correlation betwBgiand E(SOMO-HOMO). For ex-
ample, although methyl methacrylate and methyl acrylatadpmlymerization both have similar
E(SOMO-HOMO) values and comprise G2, théir values are clearly different. However, the
general trend is still a useful diagnostic aid. This suggésat by simply performing quantum
chemistry calculations on stable structures, a generahatd of £/, could be obtained without

having to perform more challenging transition state sessch
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Table 5.10: The energy gaps between the SOMO energies chdieal and the HOMO energies

of the monomer and activation energids, ) for all twenty eight addition reactions studied. The
group number corresponds to the circled clusters in Figui@, A\: methyl methacrylate, B: methyl

acrylate. (energy: kol!)

Radical Monomer E(SOMO-HOMO) FE, Group

A A 138.68 2770 G2

A. B 187.96 3460 G3

B- A 87.40 2250 G1

B- B 136.68 2641 G2
AA.- A 136.26 28.00 G2
AA.- B 185.55 31.10 G3
BA. A 138.70 26.75 G2
BA. B 187.99 2980 G3
AB- A 82.49 19.02 G1
AB- B 131.78 2198 G2
BB- A 78.48 21.70 G1
BB- B 127.77 2280 G2
AAA - A 133.14 2270 G2
AAA - B 182.43 2550 G3
BAA.- A 132.12 2249 G2
BAA.- B 181.41 2544 G3
AAB- A 86.14 2011 G1
AAB- B 135.42 2354 G2
BAB- A 83.10 1743 G1
BAB- B 132.38 20.27 G2
ABA.- A 127.56 2190 G2
ABA.- B 176.84 2529 G3
BBA- A 135.48 2266 G2
BBA- B 184.76 26.38 G3
ABB- A 95.03 1852 G1
ABB- B 144.32 21.34 G2
BBB- A 81.10 1542 G1
BBB- B 130.39 2150 G2




155

G3
35 e
G2 °
30 o
— ..
S G1 # o
E 254 o®
) -
4 { ]
5 ) b .r °
- .
w® 204 o "o
[ ] °
[ ]
154 .
v ) v ) v ) v ) v ) v ) v 1
60 80 100 120 140 160 180 200

E(SOMO)-E(HOMO) (kJ mol™)

Figure 5.10: Activation energy as a function of the energy lopetween the SOMO energy level of
the radical and the HOMO energy level of the monomer (Tall@)5.0rbital energy levels were

calculated using MPWB1K/6-31G(d,p).
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5.3.5 Correlation BetweenE, and AH,

Finally, the relationship between the activation enerfjy)(and the heat of reaction\(,) as
defined by the Evans-Polanyi relationship was also invatgjbased on the sixteen AD3 reactions

as shown in the plot in Figure 5.11. A linear relationshipgparent:
E, =33.0+ 0.185AH, (5.17)

with a relatively high regression coefficienR{ equals 0.77). It is interesting to compare this
correlation to others reported in the literature for rabacidition to alkenes. A limiting correlation
betweenE, and AH, for radical addition to alkene was proposed by Fischer amdbRaas an

upper bound and is shown as Equation 5.18 (Fischer and Raz{ad )):
E, =50.0 4+ 0.220AH, (5.18)

The correlation is also plotted as the dashed line in Figurg.5The limiting correlation represents
the activation energy that would be observed for a given besataction if only enthalpic effects
were at play, i.e., polar and steric effects can be negleciée relationship regressed based on
the sixteen AD3 reactions clearly falls below this upperrmiithe £, value is about 17 kihol~!
lower than the upper limit, and the slope is less pronoun@éds is consistent with the ideas put
forth by Fischer and Radom, in which polar effects result myaegative deviations from the
upper bound, and the electrophilic polar effects specifi¢ahd to a slope that is smaller than that

given by the enthalpy effect alone.
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Figure 5.11: Activation energyFH,) as a function of heat of reaction\{{,) for the sixteen AD3
reactions summarized in Table 5.7; the linear relationémfid line) regressed is&, = 33.0 +
0.185AH,, R? = 0.77; the dashed line is the upper limiting correlation betwégrand A H,. for
radical addition to alkenes presented by Fischer and Radofiy.
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5.4 Conclusion

Methyl methacrylate and methyl acrylate copolymerizatieactions were studied using addition
of monomeric, dimeric and trimeric radicals to monomersigsjuantum chemistry and transition
state theory. The use of radicals of different lengths addywenultimate and penpenultimate ef-
fects to be explored and different models of copolymerara{iTM, EPUE and IPUE) to be tested.
Unrestricted B3LYP/6-31G(d) was used for geometry optation and potential energy scans, and
the electronic energies were calculated using MPWB1K/6{81p). Low frequencies were treated
using a one-dimensional internal rotor model in the catouteof partition functions for rate con-
stants and thermodynamic properties. It was found thatiaddieactions involving monomeric or
dimeric radicals offered results that were qualitativeipsistent with experimental data, but quan-
titatively accurate monomer and radical reactivity ratosl rate coefficients were not obtained.
However, rate coefficients and monomer and radical re@gtiagtios for the TM and PUE models
which were in good agreement with those fitted from experialegtata were obtained when the
radical chain length was three. Although the penpenulemetit had a negligible influence on
the activation energy values, its entropic influence wagctdtl in the frequency factor and thus
the rate coefficient. The predicted copolymer compositgingithe TM, IPUE and EPUE models
are very close while the predicted overall rate coeffici¢hts,,,) based on the EPUE and IPUE
models had measurable differences from that based on th& hidreactivity was analyzed based
on frontier orbital theory. All reactions studied involvéfte interaction between the SOMO of
the radical and the HOMO of the monomer, indicating eledtiopaddition, and a general cor-
relation between the activation energy and the SOMO/HOM&g@ngap was observed. Finally,
the relationship between the activation energy and thdicgaenthalpy based on the sixteen AD3

reactions was examined, and the Evans-Polanyi relatipwgdis shown to be obeyed.
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Chapter 6

Depropagation, 1,5-Hydrogen Transfer,
(-scission and Mid-chain Radical
Propagation in Methyl Acrylate

Polymerization

6.1 Introduction

Conventional acrylate resins in the automobile coating&ty are undergoing a revolution in their
formulation and the mechanism by which they are createdsdbbanges are driven by environ-
mental regulations that demand lower amounts of volati@oic compounds (VOCs) (Adamsons
et al. (1998); Grady et al. (2002)). Traditional resins anenposed of high molecular weight

polymers which are produced at low temperature30 °C). In order to decrease the viscosity dur-
ing the coating process, a high content of organic solvebfia)7/needs to be used; the polymeric
coating layer is formed upon evaporation of the organicesalv New generation acrylate resins

require low solvent content since they are mainly compogddvw molecular weight polymers
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with crosslinkable functional groups such as hydroxyl apoxgy. With an added curing agent, the
coated resins can undergo crosslinking reactions to formlyeric coating on metal surfaces
(Adamsons et al. (1998)). High-temperature polymerizecan economical way to produce such
low molecular weight polymers. High polymerization temggeres ¢ 120°C and often< 180°C)
prompt secondary reactions, such as depropagation amtnioliecular transfer reactions of poly-
meric radicals (Hakim et al. (2000)). The mid-chain radidafrmed via transfer reactions can react
with monomers to form branched chains or reactAscission to form smaller radical chains and
unsaturated polymers.

The ability to predict the topology and molecular weight ofypners synthesized at elevated
temperatures as a function of reaction conditions would thel valuable to guide the design of
acrylate resins. However, modeling a polymerization sysé high temperature requires that
accurate kinetic parameters are available for all of the@ated secondary reactions. Because
all the reactions are coupled, it is difficult to measure #te coefficients for individual reactions
experimentally. The advent of PLP-SEC makes it possible@asure accurate propagation rate
coefficients for monomers which satisfy the requirement segondary reactions are negligible
on the time scale of the laser interval (Beuermann et al. {12000, 1996); Buback et al. (2001,
1998); Coote et al. (1997a); Hutchinson et al. (1997)). Qievidence of secondary reactions
can be obtained from measurements such as electron spimareso (ESR), nuclear magnetic
resonance (NMR) and electron spray ionization-Fouriesiam mass spectrometry (ESI-FTMS)
(Ahmad et al. (1998); McCord et al. (1997); Plessis et al02®000); Willemse et al. (2005)).
However, accurate determination of the rate coefficientségondary reactions is still infeasible,
and any quantitative assessment of their contributioniregjuegression in the context of a model.

An alternative to experimental measurements is to prediet coefficients using theoretical
approaches. While radical reactions have been studiedsxéty using quantum chemistry in
different research fields ( Coote (2005); Fischer and Radt9/@); Pfaendtner et al. (2006)), the

successful application of guantum chemistry and transgtate theory for polymeric reactions has
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emerged more recently and has focused primarily on projmagatactions (Bebe et al. (2006); Fis-
cher and Radom (2001); Heuts and Gilbert (1995); Huang €1298); Van Cauter et al. (2006)).

In previous research, we developed and applied a compuo#hinoethodology to determine prop-
agation kinetic parameters for methyl methacrylate andyheicrylate homopolymerization, and

the methodology was verified by comparing the calculated tavalues measured with PLP-SEC
(Yu et al. (2008)). The methodology was then applied to copekization of methyl methacrylate

and methyl acrylate to predict absolute values of rate coeffis for all self- and cross-reactions,
calculate reactivity ratios, and explore penultimate amagenultimate effects.

In the present study, we used the computational approackttondine rate coefficients for
four different secondary reactions in methyl acrylate pwdyization: depropagation, 1,5-hydrogen
transfer,3-scission and mid-chain propagation. Various short-cha@imics were used to capture
the nature of the polymeric chain for the different reac$ioA balance was sought between cap-
turing the environment around the reactive site(s) raadily and reasonable computational times.
Depropagation was studied using a tetrameric methyl aeryéalical as the reactant. This is pre-
cisely the reverse of the propagation reaction that we stugreviously, in which addition of
trimeric radicals to monomer was shown to give rate coefiisi¢hat were in very good agreement
with experimental measurements. In order to study the infleef the backbone units which are
not involved in the formation of the six-membered ring in thensition state structure for 1,5-
hydrogen transfer, both a trimeric radical and a pentamadizal were studied. A trimeric mid-
chain radical was used in the calculation of rate coeffisiéat mid-chain propagation. Finally,
a hexameric radical was used to investigate the kineticnpaters for the two different possible
(3-scission routes of mid-chain radicals. A summary of théedént reactions studied is provided

in Figure 6.1.
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Figure 6.1: Depropagation, 1,5-hydrogen transfer, migittpropagation and-scission in methyl
acrylate polymerization. For depropagation, a tetranradecal was used as the reactant. For 1,5-
hydrogen transfer, both a trimeric and a pentameric radveaé studied. Mid-chain propagation
was explored using a trimeric radical. Twescission pathways for decomposition of a hexameric
radical were examined.
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6.2 Computational Methodology

Gaussian 03 was used for all of the calculations including geometry mtation, potential en-
ergy scans, energy evaluations and thermodynamic calmugafFrisch et al. (2004)). All the
reactants and products were first optimized using unréstriB3LYP/6-31G(d) via conventional
gradient-based optimization (Foresman (2002); Schld@8Z)). However, the optimized geome-
try is dependent on the initial structure provided as inpatticularly for large species with many
degrees of freedom. Although a Boltzmann distribution of émergy conformers will exist during
reaction, we sought to find the lowest energy conformationghfe reactants and the products. In
order to overcome the barriers betweéocal” minimum conformations and locateglobal” min-
imum conformations, potential energy scans were perforfoedach single bond in the optimal
structure identified by conventional optimization. Unrieséd B3LYP/6-31G(d) was also used
for all potential energy scans. If lower energy conformeesenidentified, a new set of potential
energy scans was carried out until no conformations of lcevergy were obtained. Although
one-dimensional torsional scans do not guarantee thatobalgninimum will be located, much
of the variation in conformations is derived from torsionabtions around single bonds, and our
approach did indeed often identify conformations that weweer in energy than the one obtained
by conventional optimization.

To locate transition state structures, the QST3 method wed, which requires the optimized
reactant(s), product(s) and an estimate of the transitiate ¢Peng et al. (1996)). An estimate
for the transition state of depropagation, which has theesaansition state as the propagation
reaction, was constructed by elongating the carbon-casbagle bond in the5—position to the
radical center of the addition product to a bond length of®2.3he same estimated bond length
was also used to generate initial guesses for the transtetes of mid-chain propagation and
(-scission. The estimated transition state for the 1,5-tyein transfer reaction was constructed

by scanning the energy as the length of the bond between #itmeated hydrogen atom and the
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carbon atom in the fifth position was elongated. Transitiates were identified as saddle points
on the potential energy surface, possessing one imagireqyéncy. Once possible transition state
structures were identified, they were verified using intdmeaction coordinate (IRC) following.
Unrestricted B3LYP/6-31G(d) was used for both the QST3 &edRC calculations. Frequencies
were also calculated using unrestricted B3LYP/6-31G(d)l e zero-point vibrational energy
(ZPVE) was calculated using a scale factor of 0.9806 (ScmttRadom (1996)). A scale factor of
1.0002 was used in the calculation of partition functionsdobon the recommended scale factors
for AH,;, andAS,;, reported by Scott and Radom (1996).

With the optimized structures in hand, the electronic epefg, was obtained from single
point calculations using MPWB1K/6-31G(d,p), which wasiopted against barrier heights based
on nine elementary reactions by Zhao and Truhlar (2004). ctRearate constants were then
calculated using Equation 6.1 at a series of temperaturas208.15 to 800 K based on transition

state theory (Pfaendtner and Broadbelt (2007a)):

kT

i
- (c")l‘miQ e~ AFo/RT (6.1)

H(T) = (1) Qreactant(s)

wherex(T) is the tunneling factork is Boltzmann’s constant (3806 x 1072% Jmol~1-K~1), h

is Planck’s constant(6261 x 10734 J-s),m is the number of reactants, which is two for mid-chain
propagation and one for depropagatiohscission and 1,5-hydrogen transfeft,is the standard
state concentration (m&l~!) to which the quantum chemical calculations are refere,n%d
whereP is 1 atm, and\ E is the difference betweeh, of the transition state and the reactant(s),
which is defined as the summation of the electronic enefgy &nd the zero-point vibrational

energy (ZPVE):
E,=FE.+ZPVE (6.2)

ZPVE is the contribution to the energy from vibration at O Kdaéined in Equation 6.3 (McQuarrie

and Simon (1999)):
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1
ZPVE::§§:hm (6.3)

in which V is the number of atoms, andrepresents the frequencies. For transition stat¥s;- 7
frequencies are included in the ZPVE. The tunneling coeffic{x (7)) accounts for quantum ef-
fects in the motion along the reaction path (Coote (2005hickvis important for reactions with
a narrow reaction barrier and involving light atoms, sucthgdrogen transfer (Coote (2005);
Pfaendtner and Broadbelt (2007b); Pfaendtner et al. (300®) most widely used classical ap-
proximation for tunneling is the Wigner approximation whhiis given as Equation 6.4 (Wigner

(1932)):
1 ihvt

K(T) =1~ ﬂ<k;B—T>2

(6.4)

in which v* is the imaginary frequency in the transition state whichreéspnts the motion along
the reaction coordinate. The Wigner approximation is fesdly used, but it is known to under-
estimate tunneling effects since it only accounts for thetrdoutions near the top of the barrier
(Truong et al. (1999)). Semi-classical approximationsuale the tunneling coefficient in terms
of the probability for a wave function to go through the erydogrrier, which is called the path in-
tegral formulation. Three semi-classical approximatimese used and compared in this research
including the small curvature tunneling (SCT), the zerovature tunneling (ZCT) and the Eckart
approximations. The:(7') values for these approximations were evaluated using tfieare
CSEO (Wwv.Ccseo.net).

A critical part of obtaining accurate valuesidfl') is specifying the values @p* andQ; cactant(s)
in Equation 6.1, which are the partition functions for thensition state and the reactant(s). The
partition function is conventionally considered to inatucbntributions from four different modes:

electronic (.), translation ¢,.), rotation (?,.) and vibration (),;;) as shown in Equation 6.5:

Q = QeQurQrQuip (6.5)
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For species in their ground statg, = 1, and@,, and@, are defined in standard textbooks (Mc-
Quarrie and Simon (1999)).:, is the vibrational partition function based on the conttidwis
from the individual frequencies, which are often calcullatesing the harmonic oscillator (HO)
approximation. However, this is known to be inaccurate fone motions characterized by low
frequencies, which are often better treated as hinderatioos. If there are many torsional mo-
tions with low frequencies, their contributions can be @udtrge, and the difference between the
partition function values can be significant. To accountli@se hindered rotations,;; is treated

using an internal rotor model as shown in Equation 6.6:

Q= QthrQeribQint,mt (66)

where Q..o IS the contribution to the partition function of the low vétional modes that are
better treated as internal rotations. In the present approge did not apply an arbitrary upper
bound to define what was classified as a low frequency, and @& aisnethod for calculating
Qintrot that was general for rotations of any symmetry. The numbéwffrequencies that were
removed was set as the number of rotors, which includedisosgtiboutr bonds and the bond
defining the transition state. Although the bond definingtthasition state is not a real bond, it is
treated as a hindered rotor since the lowest positive freguie the transition state mainly consists
of torsional motion about this bond. Rather than simply reimgpthe contribution of theV lowest
frequencies fron(),;;,, where N is the number of rotors, the low frequencies were examined to
make sure they consisted of rotational components. Iriteghg all vibrational motions that were
removed for all these reactions had frequencies less thamr20'. For those motions which do
not have torsional components, they remain in the partftiootion and are treated conventionally
using the harmonic oscillator model. For the 1,5-hydrogandfer reactions, the transition states
involve a six-membered ring composed of four single bondsvivere not treated as rotations.

The partition function of then-th internal rotor was calculated using Equation 6.7:
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€

1
Qint,rot,m - a ZZ: Gl'p(— k’BT) (67)

whereo,, is the symmetry number of the internal rotation andre the energy levels of the internal

rotation, which were calculated by solving a one-dimerai@chrodinger equation:

nod?
“5r g VO = v (6.8)

whereh is Planck’s constant divided B, ¥ is the wave functiond is the torsional angle, and
I,.q is the reduced moment of inertia, which was defined“asin accord with the systematic
classification of moments of inertia by East and Radom (1997)) was determined from relaxed
potential energy scans calculated using unrestricted B36¥31G(d) in intervals of 30; thus, a
total 12 optimized conformations fromi @ 360 were obtained for each rotdr.(#) was expanded
using a full Fourier series as in Equation 6.9:

n

V(0) = Z[ai(l — cosifl) + b;sinib) (6.9)
i=1
wherea; andb; are the coefficients of the expansion. Equation 6.9 can biewrin its matrix

product form, and the coefficients andb; were determined by solving an overdetermined matrix.
It has been shown in previous research that for a scan imteh&0°, n = 3 in Equation 6.9
performs well in fitting the potential energy scans for bogmmetric and asymmetric tops (Yu
et al. (2008)).

The one-dimensional Schrodinger equation (Equation\wa®) solved using the Fourier Grid
Hamiltonian (FGH) method, in which the Hamiltonian operat@s discretized over the torsional
angle range, and the energy levelqeigenvalues), were calculated by diagonalizing the Hamil
nian matrix (Balint-Kurti et al. (1992)). In this resear¢he Hamiltonian operator was discretized
using 1000 points, which has been shown to be accurate ceohpéth finer grids containing 5000

points (Yu et al. (2008)). The calculation of the reduced rantiof inertia, solution of the Fourier
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Figure 6.2: The transition state structure for the deprapag of methyl acrylate tetrameric radical
located using B3LYP/6-31G(d). The bond defining the tramsistate is 2.296\.

coefficients and Schrodinger equation, and calculatiaefpartition functions were carried out

with “calck” developed in our group (Pfaendtner et al. (2007)).

6.3 Results and Discussion

6.3.1 Depropagation

The structure of the transition state for depropagation wt@meric radical is shown in Figure
6.2. The bond defining the transition state is 2.29Gind the carbon-carbon double bond in the

monomer has elongated to a value of 1.§6©ompared to its equilibrium value of 1.3%36
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Values reported experimentally for rate coefficients anmte#c parameters of depropagation
are scarce and can vary widely. For example, the depropegkinetic parameters for butyl
methacrylate (BMA) determined by Hutchinson et al. wereortgal as: £, = 75.6 kJ-mol~!
and A = 1.31 x 10*? s7! (Hutchinson et al. (1998)); in contrast, the depropagakioetic pa-
rameters for BMA provided by Buback et al. wetg; = 147.4 kJmol~! andA = 6.78 x 10*°
s~! (Buback et al. (1999)). It is thus difficult to perform an ale comparison of the calculated
values to experimental data, but these ranges do provide basis for assessing our calculated
results. When the depropagation rate coefficients oveethpérature range of 298.15-800 K were
calculated for methyl acrylate and the frequency factoraitvation energy were fitted fromAin

versus 1/T, the values obtained were:

E, =119.0kJmol™* A =09.12x 10¥s7!

which sit squarely in the ranges defined by the experimeatalfdr the analogous monomer BMA.
The ceiling temperaturel}) is the temperature at which the depropagation rate eghals t
propagation rate, i.e., the reaction is at equilibrium @@, = 0. The ceiling temperature is

dependent on the monomer concentratidii]j as expressed in Equation 6.10.

 AH,
~ AS, + Rin[M]

The experimental heat of reaction for methyl acrylate pgapan (AH,) is approximately -80

T, (6.10)

kJmol~!. The estimated ceiling temperature in the case when the menconcentration is 11.1
mol-L~! andAS, is assumed to be a typical value o120 Jmol~*-K~! (Meyer and Keurentjes
(2005)) is 527°C. The calculated thermodynamic propertiedd., AS, andAG,) over the tem-
perature range of 298.15-800 K are listed in Table 6.1. Thmutzied heat of reaction at 12Q for
propagation is around -70 kdol~!, and the calculated value ¢&£S, is around -160-dnol~!-K~1.
Using these values, the calculated ceiling temperatun@isna 227 C, which is much lower than

the value estimated using a representafive value. Given the good agreement we have obtained
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Table 6.1: The heat of reactiol\{{,.), entropy changeX.sS,), Gibbs free energy chang&(,)
and ceiling temperature based on these values and a mononmeantration of 11.1 M. The de-
propagation of methyl acrylate tetrameric radical is shawhigure 6.1. (units: temperatureC,
AH,: kJmol~!, AS,: Jmol~1-K~!, AG,: kIJmol!)

T AH, AS. AG, T,
298.15 -72.6 -165.9 -23.1 224.5
300 -72.6 -165.8 -22.8 224.5
350 -71.7 -163.2 -14.6 227.6
400 -70.8 -160.7 -6.5 230.1
450 -69.8 -1584 15 231.2
500 -68.7 -156.2 9.4 231.3
550 -67.6 -154.1 17.1 231.0
600 -66.5 -152.0 24.8 230.7
700 -64.1 -148.4 39.8 226.1
800 -61.7 -145.2 545 219.7

between calculated and experimental values of frequeratgrig which encapsulate entropic ef-

fects, for different reactions, it is reasonable to expleat bur calculated value @S, is sound.
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6.3.2 1,5-Hydrogen Transfer

The 1,5-hydrogen transfer reaction is one of the most sggmfiintramolecular transfer reactions
for acrylate radicals. The transfer to the fifth position iefprred over other positions because
a six-membered ring without significant ring strain is fodrie the transition state, as shown in
Figure 6.1 (Pfaendtner et al. (2006)). The formation of icyithnsition states that are free of ring
strain is also applicable to mid-chain radicals. For exanph apparent 1,3-hydrogen transfer
from a chain end is thought to occur via two successive hyalrdgansfer reactions involving
1,7-hydrogen transfer of an end-chain radical, followedly5-hydrogen transfer of a mid-chain
radical (Levine and Broadbelt (2008); Moscatelli et al.q&)). The two-step process proceeds at
a significantly faster rate than the strained 1,3-hydrogamster of an end-chain radical.

The transition states of the 1,5-hydrogen transfer reaaifoa methyl acrylate trimeric end-
chain radical and a methyl acrylate pentameric end-chalicahare shown in Figure 6.3. The
bond length of the carbon-hydrogen bond at the fifth carban3g1A for the trimeric radical
and 1.3504 for the pentameric radical. Thus, the transition statdightly earlier for the trimeric
radical, and the IRC calculations shown in Figure 6.4 retrelthe peak for the pentameric radical
is narrower, indicating that the tunneling effect for thenfaeneric radical is more pronounced.
This effect is captured by the simple Wigner correlationtfomeling: v = —1494.29 cm~! for
the trimeric radical an¢ = —1612.27 cm™! for the pentameric radical, and thus the value @f)

will be higher for the pentameric radical (Equation 6.4).
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Figure 6.3: Transition state structures for 1,5-hydrogandfer of trimeric (top) and pentameric
(bottom) radicals of methyl acrylate located using UB3L&BALG(d). The lengths of the bonds
defining the transition states are shown. Carbon atomsddlveth a “1” are the radical center in
the reactants, and carbon atoms labeled with a “5” are thmoatom in the reactants from which

the hydrogen atom is being abstracted.
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Figure 6.4: Intrinsic reaction coordinate (IRC) calcuwas for the 1,5-hydrogen transfer of
trimeric and pentameric radicals of methyl acrylate usii88UYP/6-31G(d). A step size of 0.05
amu/2.Bohr was used, and both the forward (positive direction) mveirse (negative direction)
reactions proceed to 1.0 aftiBohr.
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Intrinsic reaction coordinate following of both of the tston state structures led to reactants
that were local minima rather than the “global” minima idéetl by our optimization approach.
The formation of the six-membered ring in the transitiotestructure required the transformation
of the extended conformation of the global minimum (A in Fig6.5) to the local minimum (B
in Figure 6.5) via rotation. Based on the potential energ@nscit was revealed that the barrier
to rotation is much smaller than the barrier for the reactemto calculate the overall transfer
rate coefficient for the reaction from the global minimumreggyestructure, it was assumed that the
global minimum (A) and the local minimum (B) are in equililomh as quantified by Equation 6.11.

[B] _ _scuc=n)

K, T)=+5=¢

a (6.11)

krs7(T) was then calculated using Equation 6.1 based on the locaimain (B), and the overall
rate coefficientk,,, is the product of the calculated rate coefficient and thélibgum constant as

shown in Equation 6.12.

ki (T) = Keo(T) * kpsr(T) (6.12)
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To obtainkrs7(T), it was necessary to calculate the tunneling coefficiefi,). The tunneling
coefficient was calculated using four approaches: the stamsical Eckart, SCT and ZCT approx-
imations and the empirical Wigner correction. The cal@datoefficients for both the trimeric
radical and the pentameric radical are summarized in Tal2le Bhe tunneling coefficients for
the pentameric radical are higher than those for the tromradical, which is consistent with the
narrower potential peak shown in Figure 6.4. SCT is the mostputationally rigorous method
for calculating the tunneling coefficient and is thus used atandard for comparison. For both
trimeric and pentameric radicals, the Wigner and ZCT tungetoefficients are lower than the
SCT values for temperatures less than 500 K, while the E¢iarteling coefficients are higher
than those from the SCT approximation at all temperaturbe.cbefficients decrease quickly with
increasing temperature, but the calculated kinetic pararmare clearly influenced by the tunnel-
ing coefficients since there is a broad range @f) values over the temperature range over which

the kinetic parameters are regressed.
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Table 6.2: Tunneling coefficients) calculated using the Eckart, ZCT, SCT and Wigner approx-
imations over the temperature range of 298-800 K for 1,5«yen transfer of a trimeric or a
pentameric radical.

Trimeric Radical Pentameric Radical

T(K) | Eckart ZCT SCT Wigner | Eckart ZCT SCT Wigner
298 | 1657 241 461 3.17| 3238 489 1210 3.53
300 | 15.89 238 453 3.14| 30.63 4.79 11.74 3.49
323 | 10.12 210 3.73 2.85| 16.97 3.86 8.38 3.15
350 6.88 187 3.10 257| 1028 3.16 6.12 2.83
400 427 159 239 221 558 240 3.99 2.40
450 3.17 143 1.99 195| 384 199 2097 2.11
500 259 131 174 177| 3.00 173 240 1.90
550 2.24 1.24 157 1.64| 252 1.57 2.05 1.74
600 202 118 145 154| 222 145 182 1.62
650 1.86 1.14 1.36 146 | 2.01 1.37 1.66 1.53
700 1.74 111 1.29 1.39| 186 1.30 1.54 1.46
750 1.65 109 124 134 175 126 1.45 1.40
800 158 1.07 120 130| 166 122 1.38 1.35
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Two different DFT methods (UB3LYP/6-31G(d) and MPWB1K/6&3(d,p)) were used to cal-
culate the electronic energy difference between the reteatad the transition state. In previous
research, it was found that the energy difference calalilaseng these two methods for addition
reactions of methyl methacrylate and methyl acrylate walssg) (Yu et al. (2008)); the difference
in AE, was as high as 17 kiol~!. However, it was found that intramolecular hydrogen transf
was less sensitive to the choice of the DFT method; the eleictenergy differenceXFE.) cal-
culated using MPWB1K/6-31G(d,p) was lower than that caitad using UB3LYP/6-31G(d), but
the difference for the trimeric radical was only 0.5rkdl~! and for the pentameric radical was
2.6 kJmol~!. For the results presented below, the electronic enerti@éned using MPWB1K/6-
31G(d,p) were employed.

The kinetic parameters regressed frorh lrersus 1/T over the temperature range of 298-800
K for the different approximations for the tunneling coeffiats are shown in Table 6.3. It is
obvious that the calculated rate constants for the trintadecal using the Eckart coefficients are
out of line with the other methods, which are in generally dj@agreement. For the pentameric
radical, the SCT results are squarely in the middle of theltedased on the other tunneling
approximations. Comparison of the regressed kinetic patars based on the two different sizes
of the reactant radicals reveals that they are relativaedgesl indicating that the extra two units
in the pentameric radical do not have a significant influerrcéhe calculated kinetic parameters
and that the trimeric radical is a sufficient model of intrdecolar hydrogen transfer reactions of

methyl acrylate polymeric radicals.
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Table 6.3: Activation energies and frequency factors i&ggrd with various tunneling coefficients
over the temperature range of 298-800 K for 1,5-hydrogemste {;,.) of a trimeric radical and
a pentameric radicak;, is calculated based on the kinetic parameters determiriad B&P-SEC
(Buback et al. (1998)): A=1.6610" L-mol~!.s7!, B, = 17.7 kJmol~.

Trimeric Eckart SCT ZCT Wigner
E, (kJmol™1) 39.8 43.6 45.7 45.4
A(s™h) 7.98<10° 1.20x10° 1.49x10° 1.79x10°
k- (50°C) 295.2 107.5 60.8 82.8
ki /k, (50°C)  0.013 0.005 0.003 0.004
Pentameric Eckart SCT ZCT Wigner
E, (kJmol™Y) 38.7 41.7 44.7 46.4
A(s™) 6.58x10° 9.53x10® 1.38x10° 2.11x10°
k- (50°C) 361.8 175.0 81.2 66.8

ki /k, (50°C)  0.016 0.008 0.004 0.003
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Finally, it is valuable to compare the calculated valuesrai@xperimental measurements. No
accurate experimental measurements of the kinetic paesasnett 1,5-hydrogen transfer of methyl
acrylate are available. However, there is data for a simi@nomer, butyl acrylate, for which the
1,5-hydrogen transfer rate coefficient of 682 svas estimated by Nikitin and Hutchinson (2005).
Using their value of the propagation rate coefficignt, at 50°C of 2.83x10* L-mol~!-s7!, the
ratio of k. /k, for butyl acrylate at 50C is 0.024. For methyl acrylate, our calculated results
reveal that the transfer rate coefficient is 175.0 lsased on the pentameric radical for the most
rigorous tunneling approximation, SCT, which is within atfa of four of the value for butyl acry-
late. The calculated ratid:{./k,) of methyl acrylate (0.008) is within a factor of three of tio&
butyl acrylate (0.024) at 50C. A more recent report of PLP-ESR measurements of butylatery
by Willemse et al. shows that the difference of the activatmergies between 1,5-hydrogen
transfer and propagation is 18:8.7 kJmol~! (Willemse et al. (2005)), which translates into
E, =36.5+:3.9 kdmol~! for the 1,5-hydrogen transfer reaction. The activationgpnealculated
in this researchi, = 41.7 kJmol~!) for the analogous monomer, methyl acrylate, is close ® thi

range.

6.3.3 Mid-chain Radical Propagation

Mid-chain radical propagation involves the transition aédiary radical to a secondary radical as
shown in Figure 6.1. The structure of the transition stateutated for this reaction is shown in
Figure 6.6. The length of the bond defining the transitioresg12.31A, which is slightly longer
than the length of the bond defining the transition state enatidition of an end-chain trimeric

methyl acrylate radical to methyl acrylate monomer (2&29
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Figure 6.6: The structure of the transition state for thetamldof methyl acrylate monomer to a
trimeric methyl acrylate mid-chain radical located using3LYP/6-31G(d).
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The kinetic parameters were regressed based/ghversus 1/T over the temperature range of

298-800 K. The frequency factor and activation energy olgihiare:

E,=298kIJmol™! A =1.10 x 10° L-mol~!.s!

The activation energy is about 12-&bl~! higher than the value for methyl acrylate propagation
(17.7 kImol~!) determined by PLP-SEC, while the frequency factor is alooetorder of magni-
tude lower than that for the propagation reaction (66 L-mol~!). The values are reasonably
similar to the averagd and FE, values calculated for the addition of methyl acrylate moapto

a methyl methacrylate end-chain radical, which also ingslthe transition from a tertiary radi-
cal to a secondary radicak{ = 25.5 kJmol=!, A = 2.14 x 10° L-mol~!.s7!), indicating that
the enthalpic and entropic effects manifested in the kirngdrameters are related to the degree of
substitution at the carbon atoms involved in the reaction.

The ratio of the rate coefficient for mid-chain radical prgathon to that for end-chain radical
propagationf;’/k,) is shown as a function of temperature in Figure 6.7. Becaudechain rad-
ical propagation has a higher activation energy, it is meresgive to increasing temperature, but
propagation of an end-chain radical is still significantigtier over the temperature range shown.

The ratio varies from 0.001 to 0.011 as the temperature asefrom 300 K to 800 K.
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Figure 6.7: The ratio of)" /k, over the temperature range of 298-800 K. The kinetic pararaédr
k, were measured with PLP-SE@: = 1.66 x 107 L-mol~t-s™!, £, = 17.7 kI mol~'; the kinetic
parameters for mid-chain radical propagatibfi, were calculatedA = 1.10 x 10° L-mol~'-s™%,
E, =29.8 kJmol~!.



184

6.3.4 [3-scission

The mid-chain radical formed by 1,5-hydrogen transfer dao anderggs-scission. A hexameric
mid-chain radical with the radical at the fifth carbon wasdus® study3-scission as shown in
Figure 6.1. Two paths for bond cleavage are possible: stisggtween the third and fourth carbon
atoms to form a radical with three carbons on the backbonedmalg chain unsaturated polymer,
shown as path 1 in Figure 6.1; the bond between the sixth andetventh carbon atoms can also
break to form a trimeric unsaturated dead species and a loaig cadical, shown as path 2 in
Figure 6.1.

The transition states for these two paths are shown in Fig@eThe transition state of path
2 occurs slightly earlier as reflected in the shorter bondtleicharacterizing the transition state.

The frequency factors and activation energies for thesedactions are:

Path1l: E, =125.5kJmol™! A =9.55x 10" s™!

Path2: E, =123.3kJmol~! A =347 x 103 s™!
Path 1 is slightly favored at the temperatures of interesjuasitified by the ratio of the rate coef-
ficients of path 1 and path 2 summarized in Figure 6.9 overdhgperature range of 298 800
K. This indicates that the formation of low molecular weiginbducts derived from the trimeric

radical will be more abundant than the unsaturated pentantkits progeny.
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Figure 6.8: The structures of the transition statess#acission of a hexameric mid-chain radical
for the two different paths defined in Figure 6.1.
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Figure 6.9: The ratio ofs(path 1) ks(path 2) over the temperature range of 300-800 K with path
1 and path 2 defined as in Figure 6.1.
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Figure 6.10: The ratio ofz/k;" over the temperature range of 298-800 K.

f-scission and mid-chain propagation are competitive i@ast The ratio of;;/£," is plotted
in Figure 6.10 as a function of temperature, whegeis the sum of thek; values for the two
different paths-scission is negligible compared to mid-chain propagatidhe low temperature
regime, but due to its higher activation energy, it increas@idly with increasing temperature and

the ratio exceeds one at temperatures greater than 630 Kafib®f the reaction rates is:

Ry kslPu] kg
Ry kp[Pa]M] ky[M] (6.13)

where|P,,] is the total concentration of mid-chain radicals amf is the monomer concentration.
If the bulk concentration is used f@#/] (11.1 L'mol™'), at 230°C, the two reaction rates become
equal. Even for the elevated temperatures proposed fortbigperature processing of acrylates,
the temperature is typically lower than 180. Thus,3-scission will not be significant compared

to mid-chain propagation.
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6.4 Conclusion

Four secondary reactions (depropagation, 1,5-hydrogersfeer, mid-chain radical propagation
and 3-scission) were studied using quantum chemistry and tiansstate theory based on short
chain mimics of methyl acrylate polymeric species. Georegtwere optimized using a com-
bination of a conventional gradient-based algorithm ardxesl potential energy scans using
UB3LYP/6-31G(d). MPWB1K/6-31G(d,p) was used to calculdie electronic energy values for
all reactions. Low frequencies were modeled using a onesdgmonal hindered rotation model.
The A and E, values for depropagation were in the range of disparaterempatal values for an
analogous monomer, butyl methacrylate, and are the firstf selues reported for methyl acrylate
to our knowledge. Both a trimeric radical and a pentamerdiced were used to investigate 1,5-
hydrogen transfer of methyl acrylate, and it was found thatunits on the backbone not involved
in the formation of the six-membered ring in the transititetes had a negligible influence. Four
different approximations (SCT, Eckart, ZCT and Wigner) evased to calculate the tunneling co-
efficients. The predicted rate coefficients based on the rmigmsibus SCT approximation were in
reasonably good agreement with experimental data for yi¢Belgen transfer of a related monomer,
butyl acrylate, and are the first values reported for metbggllate. Mid-chain radical propagation
was studied using a trimeric mid-chain radical, and it wasshthat the rate constant is a factor of
100 to 1000 lower than that for end-chain radical propagatieer the temperature range studied.
Two possible scission paths for the mid-chain radical wardisd based on a hexameric radical,
and it was found that the path to form the smaller radical &edidnger unsaturated polymer is
slightly favored. Comparison df; andk," shows that mid-chain radical propagation is preferred

within the typical temperature range for high temperatwigmerization of acrylates.
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Chapter 7

Kinetic Modeling of Polymerization using

Kinetic Monte Carlo

7.1 Introduction

In this chapter, kinetic Monte Carlo (KMC) was used to motiel homopolymerization of methyl
acrylate at various temperatures in a batch reactor. Thénamézm of homopolymerization of
methyl acrylate includes seven reactions: initiationpagation, 1,5-hydrogen transfer, mid-chain
radical propagation, termination, depropagation grgtission. The kinetic parameters calculated
in the previous chapters were used in the KMC model. Gillgsgilgorithm for dynamic Monte
Carlo simulation was followed (Gillespie (1977)). The réac system started with a control
volume containing a certain number of monomers and initsatand a reaction at a specific time
was chosen according to its reaction probability. The pelychain structure was represented
using a C++ class including polymer chain length and numbsihart chain branches as attributes.
The data structurevector” was used to store different radicals and polymer. Monoroerersion
rate, average molecular weighit/(,, M,,), PDI and average number of branches per polymer chain

were tracked. The full molecular weight distribution wasaeled at specified time points.
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7.2 Elementary Reactions in Methyl Acrylate Homopolymer-
ization

The following reactions and kinetic parameters in methyykate polymerization were included in

the KMC model.P, is used to denote a polymeric radical of length n, ahdis used to denote a

dead species of length &, denotes a mid-chain radical, an* denotes a dead polymer formed
from a mid-chain radical.

Initiation:

I, X4 9. (7.1)

AIBN was used as the initiator. The initial concentratipf)o, was set as 0.0011 mal. Kinetic
parameters for decomposition of the initiator from theratare were used (Peck and Hutchinson

(2004)):
A=6.78x10% 57!, F,=147.2 kdmol~.

Propagation:
The bulk concentration of methyl acrylate, 11.1 rhol', was used as the initial concentration
of monomer [M]y).

P, + M -2 P,y (7.2)
A=6.03x10" L-mol~t.s!, £,=21.5 kdmol~!

1,5-Hydrogen Transfer:

kt'r‘

p, Lo, pm (7.3)

A=9.53x10% s7!, £,=41.7 kdmol~!

Mid-chain Radical Propagation:

km
P+ M~ Py (7.4)
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A=1.10x10° L-mol~!'-s!, £,=29.8 kdmol~!

Depropagation:
Poiy 22 Pt M (7.5)
A=9.12x10" s7!, £,=119.0 kdmol~!
[-scission 1.

P D, (7.6)
A=9.55x10" 57!, [,=125.5 kdmol~!

The structure of the radical generated frohscission via path 1 is shown in Figure 6.1, which
actually has one fewer “-CH’ group than a dimeric methyl acrylate radical. Nevertks|esuch a
simplification does not affect the results dramaticallycsithe mass of a “-CH” group is negli-

gible compared to the weight of the polymer chains produaed3-scission is an event with low

probability.
[3-scission 2:
pr 2 p D, (7.7)
A=3.47x10" s7!, £,=123.3 kdmol~!
Termination:

Two radicals can undergo termination through combinatimhdisproportionation.

kte ktd

P+ Py 2 Dyvre Po+ Py 2% Dy + Dy (7.8)

The mode of termination does not influence the reaction ratebly influences the molecular
weight distribution. Kinetic parameters measured withF3f® were used to specify the rate coef-

ficient for the total rate of termination (Meyer and Keurest{2005)).

A=6.00x10° L-mol~*.s!, £,=6.69 kdmol~!
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k:. andk;q were then calculated using the following equations:

ktq

ke = kie + hea 6= —t
t t td ktd+ktc

(7.9)

For acrylatesy is within the range of 0.05- 0.2 (Meyer and Keurentjes (2005)). The average
value of 0.13 was used. Termination can also happen betweendtchain radical and a mid-
chain radical. It was assumed that only termination by cowmiiton occurs between these two

radicals. Termination between two mid-chain radicals wadueled based on steric arguments.

P™+ P, £ prm

n-+m

(7.10)

7.3 Selection of Control Volume Size

The first step after specifying the mechanism was to detexthia effective control volume which
still captures the relative concentrations of the speci@gvieing computationally affordable. For
different reaction systems, the optimum sample volume tierdened through comparison of re-
sults obtained from various volumes. If the control volureg¢do small, there is an insufficient
number of species with low concentrations, and the restdteat accurate. Thus, the control vol-
ume is gradually increased until asymptotic results araiobt. In this research, three different
sizes of the control volume were examined for methyl aceyfailymerization at 70C at a reac-
tion time of 400 s as shown in Figure 7.1. The molecular wedisiributions based on the two
smallest sample volumes (0.£50~'% L and 0.15<10~!2 L) are not adequate to obtain a consistent
molecular weight distribution. Therefore, the largest pnvolume studied, 0.2510~!! L, was

used for all subsequent simulations.
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Figure 7.1: Predicted molecular weight distribution of hygtacrylate polymerization at 70C
using three different sample volumes at a reaction time 6fs10
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7.4 KMC Modeling Results

Bulk polymerization of methyl acrylate at various temparas was modeled using 0.0011 nhoi

of AIBN as initiator. The conversion as a function of time oétinyl acrylate at 70, 90 and 110
°C is plotted in Figure 7.2. The conversion increases rapidtil increasing temperature. The
number average molecular weighit/{) and weight average molecular weighit/() at 90°C are
plotted as a function of conversion in Figure 7.3. The nunalverage molecular weight values as
a function of monomer conversion at three different temfoees are shown in Figure 7.4. Increas-
ing temperature results in a decrease of the molecular Wweigdpich is caused by the promotion of
secondary reactions. The branching level is defined as BquatL1.

Number of branches « 100% (7.11)

Branching% = : .
970 Polymerized monomer units

The branching levels at 60, 70, 90 and Y@M are plotted in Figure 7.5. The branching level is
relatively stable as a function of conversion at a specifiction temperature, but there is a clear
increase as temperature increases. For example, froi@ & 110°C, the branching percentage
increases from 0.11 to 0.27. The branching level is an inidic@f the relative rates of propagation
and transfer. At 60C, branching occurs about once for every 1000 units polyzedriPlessis et
al. used*C NMR to measure the branching level in butyl acrylate bullyp@rization; at 60°C,
the branching percentage was about 0.47 (Plessis et aB)YR®hich is within a factor of five of
the branching level predicted in this model. The predictetiecular weight distributions at 9@
and 110°C are shown in Figure 7.6. The temperature increase causge#k of the molecular

weight distribution to shift to the left to lower values.
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Figure 7.2: Conversion as a function of time for bulk homgpmtrization of methyl acrylate at 70

°C (solid line), 90°C (dashed line) and 111 (dashed-dotted line). 0.0011 miot! of AIBN as
initiator was used.
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7.5 Conclusion

Kinetic Monte Carlo (KMC) was used to model the polymeriaatof methyl acrylate at various
reaction temperatures. It was shown that KMC has the capgatoiicapture detailed characteristics
of polymers, including average molecular weight, molecwaight distribution and branching

level.
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Chapter 8

Conclusion and Recommendations

This chapter provides overall conclusions about the rebearesented in the previous chapters

and also make recommendations for future work.

8.1 Conclusion

A computational methodology based on quantum chemistryti@mgition state theory has been
developed to calculate kinetic parameters for polymeopateactions. The homopolymerization
of methyl methacrylate and methyl acrylate was studied dinst the accurate kinetic parameters
measured with PLP-SEC were used to verify the methodolobg. developed methodology was
also extended to copolymerization and secondary reactidresresults presented in previous chap-
ters show that the computational methodology can providetld parameters for polymerization
reactions which are in good agreement with experimentakoreanents.
In the development of the methodology based on methyl metlzde and methyl acrylate

propagation reactions, a combination of conventional gggnmoptimization and relaxed potential
scans for each single bond and the bond defining the tramstate was used to locate global

minimum conformations. Three density functional theortmoes with different basis sets were
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evaluated for calculating activation energies of methythraerylate addition reactions, and the
results showed that MPWB1K/6-31G(d,p) provided values Were the closest to and in very

good agreement with experimental data. This choice of nue#imal basis set was also verified for
methyl acrylate propagation. The addition reactions of americ, dimeric and trimeric radicals to

monomer were analyzed for both methyl methacrylate andyhathylate, and the results showed
that addition of a trimeric radical to monomer offered réstiat were the most consistent with
experimental data. Calculations employing a solvation ehoelvealed that the solvent effect was
not marked for either methyl methacrylate or methyl acey/faopagation reactions. Two different
treatments were used in the calculation of the contributidow frequencies to the kinetic param-

eters. The results based on the one-dimensional intertaia model are closer to experimental
data than those based on the harmonic oscillator model.

Methyl methacrylate and methyl acrylate copolymerizatieactions were also studied using
addition of monomeric, dimeric and trimeric radicals to rprers using quantum chemistry and
transition state theory. The use of radicals of differengté allowed penultimate and penpenul-
timate effects to be explored and different models of cop@sization (TM, EPUE and IPUE) to
be tested. Unrestricted B3LYP/6-31G(d) was used for gegnogtimization and potential energy
scans, and the electronic energies were calculated usinyBAK/6-31G(d,p). Low frequencies
were treated using a one-dimensional internal rotor madtle calculation of partition functions
for rate constants and thermodynamic properties. It wasddbat addition reactions involving
monomeric or dimeric radicals offered results that werditptevely consistent with experimental
data, but quantitatively accurate monomer and radicatikéigcratios and rate coefficients were
not obtained. However, rate coefficients and monomer aridaiackactivity ratios for the TM and
PUE models which were in good agreement with those fitted rperimental data were obtained
when the radical chain length was three. Although the peulierate unit had a negligible influ-
ence on the activation energy values, its entropic influevasereflected in the frequency factor and

thus the rate coefficient. The copolymer compositions ptediusing the TM, IPUE and EPUE
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models were very close, while the overall rate coefficiépt,,) predicted based on the EPUE and
IPUE models was measurably different from that based on MeThe reactivity was analyzed
based on frontier orbital theory. All reactions studieddired the interaction between the SOMO
of the radical and the HOMO of the monomer, indicating elgatilic addition, and a general cor-
relation between the activation energy and the SOMO/HOM&g@ngap was observed. Finally,
the relationship between the activation energy and theicgaenthalpy for sixteen AD3 reactions
was examined, and it was shown that the Evans-Polanyisaktiip was obeyed.

Four secondary reactions (depropagation, 1,5-hydrogavsfier, mid-chain radical propaga-
tion and3-scission) were studied using quantum chemistry and tiansstate theory based on
short chain mimics of methyl acrylate polymeric species.oi@etries were optimized using a
combination of a conventional gradient-based algorithih r@axed potential energy scans using
UB3LYP/6-31G(d). MPWB1K/6-31G(d,p) was used to calculdie electronic energy values for
all reactions. Low frequencies were modeled using a onesdgmonal hindered rotation model.
The A and E, values for depropagation were in the range of disparaterempatal values for an
analogous monomer, butyl methacrylate, and are the firsf satues reported for methyl acrylate.
Both a trimeric radical and a pentameric radical were useaviestigate 1,5-hydrogen transfer of
methyl acrylate, and it was found that the units on the backbwot involved in the formation of
the six-membered ring in the transition state had a nedégitfluence. Four different approx-
imations (SCT, Eckart, ZCT and Wigner) were used to caleutlaé tunneling coefficients. The
predicted rate coefficients based on the most rigorous S@anation were in reasonably good
agreement with experimental data for 1,5-hydrogen trardfa related monomer, butyl acrylate,
and are the first values reported for methyl acrylate. Midhthadical propagation was studied
using a trimeric mid-chain radial, and it was shown that e iconstant is a factor of 100 to
1000 lower than that for end-chain radical propagation thertemperature range studied. Two
possible scission paths for the mid-chain radical wereistlidased on a hexameric radical, and it

was found that the path to form the smaller radical and thgdonnsaturated polymer is slightly
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favored. Comparison df; andk," shows that propagation of mid-chain radicals is prefernezt o
(3-scission within the typical temperature range for highpgenature polymerization of acrylates.

Kinetic Monte Carlo (KMC) was used to model the polymeriaatof methyl acrylate at var-
ious reaction temperatures. It was shown that KMC has thalikiy to capture detailed char-
acteristics of polymers, including average molecular Wweignolecular weight distribution and
branching level. To our knowledge, this model is the first dastration of the prediction of com-

plex polymerization kinetics from first principles.

8.2 Recommendations

The present research has focused heavily on methodologyogerent and extensive application
of the methodology to model homopolymerization and cop@sipation of acrylates. The work
performed to date suggests some natural directions forduasearch.

In optimizing the structures for all reactants, a combinedirad was used to locate the global
minimum. Although this method did overcome energy barraard locate lower energy confor-
mations, more detailed analysis of the interactions ofm@iging groups needs to be addressed in
future work. The low frequencies which are mainly composktbisional motions were treated
using a one-dimensional internal rotor model. The intépastbetween rotors were not incorpo-
rated. More elaborate multi-dimensional schemes foritrgdtindered rotations may improve the
accuracy of the predicted rate coefficients even furtherulk bubstitution strategy for replacing
vibrational frequencies with hindered rotations was erygtbhere. This was a simple approach
that allowed the large molecules studied to be handledyedddwever, more sophisticated sub-
stitution strategies could be warranted and further im@rihve quantitative prediction of kinetic
parameters.

Much effort was devoted to identifying a level of theory tipabvided quantitatively accurate

values of kinetic parameters as verified by comparison agaate coefficients for propagation.
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This level of theory was then used to probe secondary reectibis possible, however, that there
are other quantum chemical methods that would provide exg@thaccuracy, especially for sec-
ondary reactions. The scarcity of accurate kinetic pararador individual secondary reactions
makes direct comparison infeasible. However, KMC modebtigws the effectiveness of the
predictions from quantum chemistry to be verified againgeexnental data. Thus, it is recom-
mended that an experimental campaign be undertaken torexpiethyl acrylate polymerization
as a function of temperature to compare predictions fronmtbodeling effort further.

Finally, the methodology was developed based on the poiygatern of methyl methacrylate
and methyl acrylate. It would be interesting to probe itddmy for other acrylate monomers.
This would allow the overall research goal of determininggkic parameters for monomers which

cannot be measured experimentally to be realized more fully
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