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Abstract

Acrylic free radical polymerization at high tempeen@ proceeds via a complex set of
mechanisms, with many rate coefficients poorly kn@md difficult to determine
experimentally. This problem is compounded byl#ige number of monomers used in
industry to produce coatings and other materidlsus, there is a strong incentive to
develop a methodology to estimate rate coefficiatthese systems. This study explores
the application of computational chemistry to estieradical addition rate coefficients for

the copolymerization of acrylates, methacrylates styrene.

The software package Gaussian is used to calduwdatis of reactionrAH,) values for
monomer additions to monomeric and dimeric radjaasg minimum energy structures
identified and characterized for the reactants@oducts. The Evans-Polanyi
relationship is applied to estimate reactivityaatirom the relative differences AH,.

The validity of this methodology is tested throwsgbomparison of calculated monomer
and radical reactivity ratios for acrylate, metlyéate, vinyl acetate, ethene and styrene
systems to available experimental data for copohlragon systems. The methodology is
found to work for some systems while there is cotaponal breakdown in others due to

steric crowding and/or breakdown of the Evans-Bolselationship.
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Chapter 1

Introduction

Automobile coatings have evolved greatly from t880ds, when the polymer binders
were based on oleoresinous material, to currewtigre the coatings have much
improved stability against mechanical and chenmatiaick as well as excellent
appearance. However the industry is still contiralppundergoing changes in technology
due to pressure from raw material prices and irstngdy stringent environmental

demands.

The binder component in many coatings formulatisrescomplex copolymer of styrene,
acrylates and methacrylates, with the monomerstseléo provide a balance of
properties important for application as well as-esd properties. These resins are
produced by free-radical polymerization, well knofenbeing a reliable, cost-effective
method of polymer synthesis preferred among polymamnufacturers because it does not
require expensive monomer and/or solvent purificgtiDue to environmental

regulations (Volatile Organic Content (VOC) con}riiese solventborne resins are
produced with low solvent and high polymer contemd low molecular weight, achieved
with high amounts of initiator and high polymeripattemperatures under semi-batch

starved feed conditiorss.

Even though there are a wide variety of productempes for many different types of
resins in use today, new resins are still beinggaesl with minimal consideration of the

1



process; the main focus is on the properties ofitfa product. The typical synthetic
approach is tailored to ensure that the final resisian average chain length of less than
100 monomeric unitslt is also essential that all chains contain sifit functionality to
take part in cross-linking reactions that are ndeddorm a tough and durable coating. A
rather conservative method of operation and cohis@dopted because there is
insufficient knowledge of the kinetics of the coemwleactions due to the difficulty in
characterizing multimonomer polymer structure dreldbsence of effective on-line
measurement. Most resins are currently produckihttemperatures (> 12C),
promoting the occurrence of side reactions théwiémice polymerization rate and
polymer structure, but are difficult to study experntally. Important mechanisms to
consider include methacrylate depropagatamd acrylate chain branching and scisSion.
These complex reactions have only recently beereaddd in the extant models of
multi-component free radical polymerization. Ligéf* ® ®also showed that these models

are easy to adapt for similar multicomponent polyragion systems.

The general problem is made even more difficulth®ylarge number monomers used in
industrial recipes today. Recent studiene with advanced and improved experimental
techniques, have greatly improved the general wtaeding of free radical
polymerization and indicate that polymerizationdktin coefficients follow generalized
behaviour related to monomer structure. In additgyeat advances in computational
approaches have occurred. This study seeks toafesahethodology to estimate

unknown rate coefficients of acrylic based systems.

2



The software package Gaussian is used to calduwdatis of reactionAH,) values for
monomer additions to monomeric and dimeric radjaasg minimum energy structures
identified and characterized for the reactantsmoducts. The Evans-Polanyi
relationship is applied to estimate reactivityaatirom the relative differences AH,.

The validity of this methodology is tested throwsgbomparison of calculated monomer
and radical reactivity ratios for acrylate, metlyéate, vinyl acetate, ethene and styrene
systems to available experimental data for copofizagon systems. Systems that have
computational challenges are identified and sueseand limitations of the techniques

are outlined.



Chapter 2

Literature Review

Free radical polymerization (FRP) is one of the nmmportant commercial processes for
preparing polymers of different properties. It cgnapplied to almost all vinyl monomers
under mild reaction conditions over a wide tempemtange and, although requiring the
absence of oxygen, is tolerant of water. Multiplenmmers can be easily copolymerized
via FRP, leading to the preparation of an endlasge of copolymers with properties
dependent on the proportion of the incorporatedawmers. This chapter provides a
brief overview of free-radical polymerization kireemechanisms and kinetics, and
computational chemistry. Literature applying congtioinal techniques for the estimation

of rate coefficients is also reviewed, to providereper context for the current project.

2.1 Free Radical Polymerization Kinetics and Mechan  isms

The basic free radical polymerization mechanismsitiation, propagation, termination,
and transfer to monomer and solvent or transfemtagare shown in Scheme 2.1.
Subscriptn is the number of monomeric units in growing polymaglicals P,) and dead
polymer chains,). The initiator () forms two primary radicald*) on decomposition
with an efficiencyf and rate coefficierity. When the primary radical adds to monomer
M, chain initiation occurs and the addition of morenomer units to the radical occurs

rapidly via chain propagation, with rate coeffidigp When two growing chains meet,



termination occurs either by combination or disptignation. (The rate coefficients for
the two reactions ate: for the former andq for the latter.) Chain growth can also be
stopped by transfer reactions, where there carytv®ben abstraction from monomer or
other molecules (solvent ohain-transfer agent, representedin the system to form a
dead polymer chain and a new radical that stadthan chain propagation reaction. (The

rate coefficients for the reactions are giverk}’"andk,™ respectively.)

Initiator Decomposition 0% pI°
Chain Initiation I“+M OfL P,
Chain Propagation P+MUO ., P.

Chain Termination

By Combination P+P Of. D,

By Disproportionation P+P O0%_ D,+D,
Chain Transfer
P+MOTL D +M

n

M*+M O R

D+S
R

To Monomer

P+sOf -

sol

To Solvent or Agent .
S+MO'T -

Scheme 2.Basic free radical homopolymerization mechanism

The set of rate laws that can be written from Sch@m is as follows:

Initiator Decomposition R, =k 2.1
Chain Initiation R =2k [1] 2.2
Chain Propagation R, = k[M][ RJ 2.3
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Chain Termination R..=(k.,+kJ)IPJ*=K P]? 2.4

Chain Transfer R =(K”TM+ k1 D[ Bl 2.5

wherePy represents the concentration of all polymer rddicathe system:

[Ru]=21Fl 2.6
n=1
Whether termination occurs by combination or dippitionation has no effect on the
overall termination rate, and therefore the follegvinomenclature gives an expression of

the two events:

_ s Ky
k=Ko +Kqs J_kﬁkm 2.7

wheredis the fraction of the termination events that edmpdisproportionation.

There are assumptions that are widely acceptedisunally valid in FRP systems, these

being:

* The small radical specié¢’s, M*, andS* are converted to polymeric radicals with
100% efficiency. These do not accumulate in théesygsand are not consumed by
side-reactions, hence, the total rate of polymeiced formation is given byRjit +
Ry) Transfer events both consume and create a paolymaetical species and
therefore the net formation of polymeric radicalBii.

» An equilibrium is achieved instantaneously betweshcal generation and
consumption, such th&,i = Rem. This is often referred to aadical stationarityor
the quasi-steady-state assumpti@@SSA), it leads to the well-known analytical

expression for total radical concentration:
6



[FM:[RMJ =[2fmﬂJ 28
K K

* Monomer is consumed by chain-initiation, transfegrgs or propagation. The former
two processes are negligible compared to the lattes is called théong-chain
hypothesigLCH), and it must be true if high molecular weigpolymer is being
produced. Thus the rate of polymerization (disapgeze of monomer) can be taken
as equal to the rate of propagati®.ERp) with the rate of heat generation

proportional to the reaction.

Under these (generally valid) assumptions, thescdasxpressions for rate of
polymerization Rya), kinetic chain lengthd, the average number of monomer units on a
living chain), and instantaneous degree of polyragion (DR, the average number of

monomer units on a dead polymer chain formed airastant) are:

Ry =k(MIP] =K N (@j 2.9
R K[ M)
= P = 2.10
""Rm*tR K PRI+ KT N+ El B
DR = M| 2.11

(kg +0.5k )[R 1+ K TM + KT $
Termination by combination yields a single polyrmkain such that the chain length of
dead polymer formed (BF) is greater than the chain length of polymer raldi®) in

the system at the same instant and a differensesabetween Eqs 2.10 and 2.11.



With the advent of pulsed laser assisted technjquepagation rate coefficients are

fairly well known for many monomers like styrenegtimacrylates and acrylates.
Termination and transfer coefficients are availdileless precisely known as can be
seen by looking in the Polymer Handbdbkyhere even for the same polymerization
conditions there is a significant scatter in theadar common monomers such as styrene
and methyl methacrylate. Secondary reactions amy mapolymerization parameters are
even less well known and hence the focus of tipene

Table 2.1Arrheniusk, parameters for various monomers determined by PEE:% **

Monomer Ep AV Ap ko at 50 °C &
(kJ/mol)  (cm¥mol) (L/molS) 1 atm (L/mols)

Ethylene 34.3 -27.0 1.88<10° 54

Styrene 325 -12.1 4.27x10° 238

Methyl methacrylate 22.4 -16.7  2.67x10° 648

Butyl methacrylate 22.9 -16.5 3.78x10° 757

Dodecyl methacrylate ~ 21.0 -16.0  2.50x10° 995

Glycidyl methacrylate ~ 22.9 -15.0  6.19%10° 1230

Cyclohexyl 23.0 -16.2 6.29x10° 1204

methacrylate

2-Hydroxypropyl 20.8 n.d. 3.51x10° 1504

methacrylate

Vinyl acetate 20.7 -10.7 1.4710° 6625

Methyl acrylate 17.7 -11.7 1.66x10° 22,900

Butyl acrylate 17.4 n.d. 1.81x10° 27,900

Dodecyl acrylate 17.0 -11.7  1.79%<10° 32,000

Table 2.1 shows a summary of experimekgaiesults as measured by Pulsed Laser
Polymerization (PLP)/Size Exclusion ChromatograffkC) technique. The family
behaviour observed (eg. all methacrylates havesianjar values for activation energies

and values) suggest it may be possible to corredd¢ecoefficients to the structural



characteristics of the propagating radicals andan@nrs. A discussion of how the

kinetics of copolymerization is affected by monoraad radical structure is presented in

Section 2.3.

2.1.1 Secondary Mechanisms

Scheme 2.1 describes the basic mechanisms comnatiradical polymerizations.
However, other reactions are known to occur in p@sizations conducted at higher
reaction temperatures. These side reactions caargemportant and greatly influence
the rate of polymerization and the polymer struet@ome of the reactions that are

relevant to high temperature polymerization aresshm Scheme 2.2, as written for

methyl acrylate (MA).

A S e e

c=0 g:o ?:o + c=0 Cc=0 (|::o c=0 (IZZO
099 TS T A A
| | | |

1) CHy CH, CHy CH, CH, CH, CH, CHy

Intermolecular

H- transfer

c=0 c=0 c=0 c=0 C= Cc=0 c=0 Cc=0
| ] ! + ! ] ] ] ]

6 9 9 D T T

| | | |

CHy CH, CHy CHy CHy CH, CH, CHj3



2)

(IIZO (.::O (I::0 C=0 (IIZO
o] o] o) o o) . . o
(';H3 (|3H3 Ly in (|3H3 midchain B-scission
3 3
radical additio
e
?:O 9:0 920 + (I::O (I::O
o o) o) o} o
I I I I I
CH, CHjy CHs CHgq CH3
* . . . *
'T'CMham B-scissior / He _
(IZZO (I::o (|::O cl;:o + cl;:o CIJ—O
? ¢ ? propagation Q Q ?
3) CHy CHjy CH3 CH, CHgy CHg
c=0 c=0 ¢=0 Intramolecuylar c=0 c¢=o ¢=0
? (,) ? H-transfer ? (,) ?
4) CH, CH, Hi CH, CHy CHy

Scheme 2.High temperature side

reactions in acrylate polyizetion.
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Reactions 1 and 4 in Scheme 2.2 show intermoleanldintramolecular H-atom
transfer, respectively. The radical abstracts dd#adrom the polymer chain in the case
of reaction 1 and in the case of reaction 4 theah@dbstracts a pendant H-atom ondhe
carbon leaving a radical on that carbon. The rat#ain transfer to polymer will depend
on both the reactivity of the radical and the eaitle which the hydrogen atom can be
abstracted from the unit in the polymer chain. thercase of copolymerization
intramolecular chain transfer, the situation is encomplicated; in acrylate/methacrylate
systems, it can be assumed that the methacryldiatas not reactive enough to
backbite and that the acrylate radical can onlyrabshydrogen if the pen-penultimate

unit on the chain is also an acrylate thnit.

Reactions 2 and 3 invol&scission. Scission occurs at fhearbon to yield an alkene
and another radical as products. The radical catirage to react with another monomer
unit, and the alkene product is also reactive.sgmisevents are more important at
elevated temperatures as they are known to haighabhtivation energy. Reaction 3

(depropagation) is important for methacrylatesrmitfor acrylates.

It is evident that good process and product desgnires a thorough knowledge of these

reactions and the relationship between monomedahdiructure and the kinetics.

11



2.1.2 Copolymerization Propagation Kinetics

Copolymerization models are used to predict thealpropagation rate of a free radical
reaction involving multiple monomers, and the cosipon and microstructure of the
resulting copolymer as a function of the feed rafithe comonomers and a small set of
characteristic parameters. To derive such modetspecessary to characterize the rates
of the different types of propagation reactiond thay occur in a given copolymerization
system. In theory, this task might seem imposdBleause countless different types of
propagating radicals (differing in their chain |#mg composition, and microstructure)
are likely to be present in any given copolymer@atAssumptions are made as to the
factors that influence the rate of the propagasiep, thereby reducing the number of
types of reactions to be considered and hence i§yimplthe task of rate
characterization. It has been found that generdie/ copolymer composition and
sequence are well described by the terminal mddelomomer addition, of which the

main assumption is that only the chain-end propagaadicals influence its reactivity.

In the early studies of copolymerization, the terahimodel was developed and widely
used because of its ability to describe copolyneemmosition. In 1944 Mayo and Lewfs
along with Alfrey and Goldfinger’ based on the terminal model, developed the polymer
composition equation and introduced the conceptaiomer reactivity ratios. The

assumptions for this development are:

1 The activity of radicals is independent of chiamgth.
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2 The penultimate unit on the growing radical doed influence the radical

activity.
3 There is no depropagation reaction during thgrpetization reaction.

4 The degree of polymerization is significantly garsuch that initiation and
termination does not influence the polymer compasit This assumption is

known as the long chain hypothesis, LCH.

5 Steady state assumption, also known as quasiysgtate assumption, QSSA:
Radical lifetime is short so that an equilibriunteras instantaneously reached
between radical generation and consumption, sueh tthe transformation of

radical 1 to radical 2 is equal to the rate of sfarmation of radical 2 to radical 1.

Addition of monomeij-to a growing polymeric chain ending in radic&-described by

rate coefficientky, :

Pn‘+|v|jm'ﬁ@ P! 212

n+l

Taking into consideration a monomer mix of two cam@nts M and M and the four
different reactions that can take place at thetiemchain end terminating in either

monomer (M*) with their reaction rate constakts

13



. k .
M, +M, 0 M MM
. K, .
M, +M, 0 (L MM,
* k2 *
M +M, 0 (%L MM,

M,+M, 0O lﬁ?zﬂ MM’
and with reactivity ratios defined as
ri=k, /k, andra=k, /k

P21

the copolymer equation is given as:

d[M,] _ [M](r[M]+[M])
ICARCACAEACE) &b

or

rl‘I:ZI.2 + f1f2

5 5 2.14
rfo+2f.f,+r.f,

inst _
F™ =

with the concentration of the components giverguase brackets (equation 2.13),
being the mole fraction of monomiete.g.,f1 = {{M /(M 1] + [M2])}) and F1"*'the mole
fraction of repeat unit 1 in the polymer at thattant (equation 2.14). This Mayo-Lewis
equation can be used to estimgt@andr, by measuring polymer composition as a
function of monomer composition. Knowledge of thest#os allows the prediction and
control of the polymer composition by manipulatecgmposition of the monomer

mixture.
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The copolymer-averaged propagation rate coeffident/ed by the terminal model is

expressed by the equation:

rf2+2f f,+rf?

Kp.copo = 2.15
PR K |+ 15 oK 5]

where

Roor = ool [ M1 +[ Mo]) ([ M ]+ M)

Obviously, the polymer composition is only a funatiof reactivity ratios while the
average propagation rate coefficient is a funatiball four individual propagation

coefficients.

Although generally providing a good descriptiorcopolymer composition, the terminal
model does not adequately represent polymerizagien without introduction of
physically unrealistic cross-termination reactiates:° However, Fukuda et &.show
that these rate deviations result from the faibfrthe terminal model to explain the
propagation kinetics, not from the application dfiusion controlled termination
reactions. A model that gives a good descriptiothefinfluence of the penultimate
monomer unit in the growing chain on the kinetitmonomer addition has been
developed’ ** ¥In this model, the radical reactivity is also affed by the identity of
the unit next to the terminal radical. Accordinglyppagation in a two-monomer system

is represented by eight addition reactions.
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) k .
P+ MO ML PX 2.16

The rate coefficient is given pr.,-k for the reaction of radicd®,’ with monomeiMj .

The reactivity ratios are defined by the followieaguations:
1= kplll/ kpnz
2= kplzz/ kp121

21— kpzn/ kpz12

r22= kpzzz / kp221
Sl - kpzn % - kp122
P11 P222

The parameters; ands,, called radical reactivity ratios, reflect theesff of the
penultimate unit on the addition rate of monondevalue of greater than unity fer
means that a comonomer ujit: the penultimate position facilitates the adufitof
monomertto radicali compared to the homopolymerization case. Basdtisn
penultimate unit model, Fukuda et"ateduced the ratio of the consumption aféwd
M2 thereby giving the instantaneous polymer compmsisis:

_ nf?+ff,
ruf 2 +2f,f,+r,f 2

2.17

1

The average propagation rate coefficient in copelyeation penultimate model is:
_nfi+2ff rf?
p.copo — —
kll k22
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where,r: andr, , k, andk,, are functions of the feed compositiirand defined as:

r_ — er(f1r11+f 2) r_ — r12(f2r22+ fl)
' f1r21+ f2 ? f2r12+ fl
Ez k111(r11f1+ fz) k_= k222(r22f2+ f1)

Yo, fo(f,/s) 2t +(f./s,)

As previously mentioned, the terminal model is tdp@f representing polymer
composition but not reaction rate, leading to teeadopment of the so-called “implicit
penultimate unit effect” (IPUE) model. In the IPUiAth the terminal and penultimate
units of the polymer radical are assumed to affedical reactivity, as represented by the
radical reactivity ratios. The magnitude of the ydgmate unit effect, however, is
independent of the identity of the reacting monoaret thus does not affect the
selectivity of the radical, solely determined bg terminal unit such that; =r,; and

ri2 = rpe. It has been shown that most copolymerizationesystare best represented by
the implicit penultimate modéf: ** Copolymer composition is still represented by the

terminal model (Equation 2.4), bkicopois a function of all six IPUE parameters.

Previous researchéfs'® ** *have demonstrated that copolymerization kinetics a
reactivity ratios could be generalized accordintatuily—like behaviour for
acrylate/methacrylate systems as well as ethykmglate and ethylene/methacrylate
systems. Table 2.2 shows how variation of the egtarp substituents affect the

reactivity of methacrylates with styrene.
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Table 2.2 Monomer reactivity ratios of different monomeescting with Styrene(2).

System r ra

MMA/St™ 0.42 - 0.46 0.43-0.47
BMA/St’ 0.30-0.6 0.50-0.9
GMA/St? 0.56 —0.78 0.40 — 0.44
HEMA/St?2 0.49-05 0.4

When MMA reacts with styreng ~r, and an alternating polymer is produced as both
values are less than unity. A styrene radical témdsact with itself more than it does
with a methacrylate monomer due to steric effeantd, because of the electron donating
tendencies that renders the monomer less eleclimpfhie only difference between the
MMA and the BMA molecule is the change in the estde group on the molecule
(COOR) from methyl (Ch) to butyl (GHg). Although these side groups are somewhat
further away from the reactive site, they haveraéacy to influence the reactivity of the
monomer or radical to some extent and hence wéhsadifferent monomer reactivity

ratios for the two monomers.

Some variations to these general trends are fodrehviunctional acrylates or
methacrylates are used, such as glycidyl (methlgteryGMA) or 2-hydroxyethyl
(meth)acrylate (HEMA). Polar groups affect relatreactivity more compared to alkyl
methacrylates. HEMA is electrophilic, with additarelectron withdrawal due to the
presence of oxygen in the hydroxyl part of the roole that is attached to the ester
group. The electron withdrawal, dominated by thévcayl in the ester part of the

molecule, is enhanced. The same effect is seeBNbk, because of the withdrawal
18



tendencies of the oxygen in the cyclic part ofti@ecule although this might not be as
pronounced due to the electron cloud in the ring. hot obvious which electron effect is

dominating in the case of GMA.

Sanchez-chaves et &in their study of the copolymerization of HEMA astyrene (St),
found that the solvent effects had an influencéghermonomer reactivity ratios. Thus, the
reactivity ratio of styrene was found to be appneadely two times higher in DMF than

in bulk, whereas the reactivity ratio of HEMA remed practically unchanged. However,
both monomer reactivity ratios hardly changed Ing¢oe. This behavior apparently
indicates that when the solvent has a low poldtdluene), the reactivities of the two
radicals are not affected, whereas a solvent witigla polarity (DMF) does not
significantly affect the reactivity of the PHEMAdigal, but greatly affects the reactivity
of the PSt radical. Therefore, the comonomer rat@ilable for a growing polymer
radical may show a solvent effect in polar systedtgdies of composition, overall rate of
copolymerization, and rate of conversion for eadmamer throughout the whole range
of conversion confirmed the validity of the appamonomer reactivity ratios found in
DMF for the HEMA-St system. As such, since solveffiects play a role in influencing
the kinetics, experimental results for polar systenight not be comparable with
computational results (done for isolated moleciegas phase). However solvent effects
are not important for most mononffesystems and theirvalues can be compared with

computational values.
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Penultimate effects olkg,copa have been observed for methacrylate/acrylate,
acrylate/styrene and methacrylate /styrene systésmsviewed by Fukuda et'8land
Beuerman and Buback.Recently, Li et af.carried out experiments for SYBMA co-
polymer, over a temperature range of 50 - “A50At this temperature range there is little
depropagation to complicate the system. Using PE@/Biethodkp copa the copolymer-
averaged propagation kinetic rate coefficient wassnred. It was shown that
penultimate propagation kinetics have a strongceffe the measurdg cope The data
obtained for the composition akgl.opa are well represented by the penultimate model.
The obtained temperature independent radical kefyctatios show an adequate fit of the
strong penultimate effect at elevated temperattines, suggesting a strong entropic
contribution to the penultimate chain growth kinstiThere is also work in progress in
Hutchinson’s group, where the penultimate unitaffere being examined for SttGMA

system, with similar effects observed.

2.2 Exploration of Chemistry with electronic Struct ure methods

Rate coefficients are generally represented usiag\trhenius equation:

k = ApekE/RT) 2.19
wherek is the reaction rate coefficiem,is the frequency pre-exponential factésthe
activation energyRR universal gas constant aidhe temperature of the reaction.
Thermodynamic properties are important parametethey are the chief input to

adsorption coefficients, equilibrium constants &imgbtic estimation techniques.
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Quantum mechanical calculations using ab initiohoé$ are used to estimate

thermodynamipropertie§® #°

(enthalpy, entropy, free energy etc) which areluee
relate molecular structure to reactivity using kmawlationships. The quantum
mechanical calculations utilize the geometry anekgy of the reactants and products as
well as the transition state in some cases. Ferstiuidy the transition state will not be
considered. Traditionally the reactivities of morevrand radicals have been studied by
means of copolymerization data. The computationalies on small radicals can lead to
the development of estimation techniques for rd@ind monomer reactivities using
thermodynamic data, capturing the differences énréiative energies between reactants
and products. For many free radical reactionshtis been found that a linear
relationship exists between the activation enéiggnd the enthalpy of reactiaiH, for
a family of reaction&’ This is called the Evans Polanyi Relationship dbed by the
following equation.

aE adH + Ep 2.20
wherea is the reaction transfer coefficient alggis termed the intrinsic barrier to
reaction. The Evans Polanyi relationship describeffect of enthalpic effects on the
activation energy and this can be used to calculateomer reactivity ratios assuming
that the frequency factdt for a reaction family is constant for differenaogants in the
same family. This assumption is due to the fadtttieareaction coordinates are similar
thus making no change in the entropy of the traorsitate and reactants of the different
reactants. The monomer reactivity ratio therefaedmes a function of only the change

in enthalpy.
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2.2.1 Computational Chemistry Methods

Exploring chemistry with electronic structure metea@an improve understanding of
systems that are difficult to study in the laboratexperimentally. The two broad areas
of computational chemistry that are devoted tostingcture of molecules and their
reactivity are molecular mechanics and electromriccture theory®! These compute the
energy of particular structures, and predict properelated by performing geometry
optimizations to locate the lowest energy molecstarcture and computing the

vibrational frequencies of molecules resulting froveratomic motion.

Molecular mechanics use the laws of classical gsyi predict the structures and
properties of molecules and the calculations ddneat the electrons in a molecular
system but are based upthe interactions among the nuclei. The inclusiothef

electronic effects is through parameterizatioroicé fields. The advantage of this
approximation is that it makes the computationgpeasive and useful for very large
systems containing many atoms. However, chemicddlpms where electronic effects
are prevalent cannot be treated because of thectaxlthe electrons, and good results of
each force field are limited to a class of molesutg which the force field is

parameterized.
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Electronic structure methods use quantum mechémi¢keir computations. The basis is
that the energy and other related properties obkecnle may be obtained by solving the
Schrédinger equation.

HY =EY 221
where, H is the Hamiltonian operator (correspondmntie total energy of the systerg),
is the numerical value of the energy (an eigenyalredW is the wave function (an
eigenfunctionwhich depends on the coordinates of all the padiahd the spin
coordinates in the system. The Schrodinger equaiamumerical eigenvalue problem
for which multiple solutions can be found, eachrahterized by certain wave function
and corresponding enerdyThe solutions of the Schrédinger equation are dalie
stationary states and the state with the lowesggns called the ground state. Stationary
states with higher energies correspond teettated states. This is not particularly
important for our purposes in this research, a®taary radical addition and transfer

reactions involve reactions between moleculesair tiround state.

There are two major classes of electronic struanethods and these are semi-empirical
methods and ab initio methods. Semi-empirical nethese parameters derived from
experimental data to simplify the computation, wtiiie ab initio methods use no
experimental data but base thesmputations solely on the laws of quantum meclsanic
and on a small number of physical constants sutheaspeed of light, the mass and
charges of electrons and Planck’s constant. Fdr dlasses there are tradeoffs between

computational costs and accuracy. Semi-empiridattations give reasonably accurate
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gualitative descriptions of molecular systems andngjtative predictions of energy and
structures for systems where good parameter sests €key are computationally
inexpensive. Austin Model 1 (AM1) is one such metitiat will be utilised in our
research.For some very large molecules, semi-empiricaludations are the only
practical quantum mechanical methods that can pkeap In some cases they are used
as a first step to obtain a starting structureafeubsequent Hartree- Fock (HF) or Density
Functional Theory (DFT) optimization, and in somstances qualitative information
about a molecule and energy trends arising frorstgubnt effects can be obtained.

Ab initio computations give high quality predictions for &daange of systems with no
limitation to class. However, the cost is high@mputationally. Among the procedures
for obtaining solutions to the Schrédinger equatiotheab initio computations the
molecular orbital (MO) theory stands out as thisasily implemented in computational
procedures and therefore forms the basis of thentapf theoretical studies. In practice
the molecular orbitals are expressed as linear gwatibns of basis functions. The actual
form of the basis functions is based on the forratofmic orbitals obtained analytically
for the hydrogen atom and hence they can be defiredp, d, f.... type orbitals
according to their angular momentum properfféhe Pople- Gaussian basis §&tse
frequently used for their simplicity to solve theh®dinger equation and they give fairly
reasonable results. These include the minimal Isassslike STO-3G and the slightly
better split valence basis sets like 3-21G and®-3though these sets do a good job of
solving the equation, they can not take into actang distortion from atomic symmetry

and hence greater flexibility of the electron moeatnin the orbitals, is facilitated by
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adding polarization functions, i.e. more orbitalgte basis sets. For example 6-31G
becomes 6-31G(d), which can also be denoted a$38-Zenerally the approximate
Schrédinger equation solution improves when grdiggibility is given to the electron
movement: the bigger the size of the basis sahttve accurate the solution but the
higher the cost of the computation. However stul@as been done to lower
computational costs and yet get reliable theoreticsults. Gomez-Balderas etain

their study for calculating the rate of methyl @iaddition to carbon—carbon double and
triple bonds found out that the geometry optim@atind frequency calculations of
reactants, products and transition structures gtetle same results at low and high
computational levels. In general the geometriesfeegliency factors are relatively
insensitive to the level of theory. However, therieas and enthalpies are sensitive to the
level of theory and could only be accurately estegdaat high levels. More studies by
Johnson et af* and DiLabio et af> **show that AM1 seems to be as reasonably accurate
as Becke 3 parameters and the Lee Yang Parr furatslo *®(B3LYP) in geometry
optimization of molecules. Recent efforts descrilaédr in this chapter, suggest that the
computational approach provides a valuable toaltestigate the kinetics of
polymerization systems for which experimental datanot available, and that different
levels of theory can be applied in the approachaut jeopardising the results but
reducing computational costs. A similar approacidigpted in this work using Gaussian

032
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Given the availability of improved computer res@g@b initio molecular orbital
methods are the most accurate of all the possiggeaches to computing thermo
chemical data and will be used in this project. €33an was developed with the objective
of making it possible to

1) be applicable to any molecular system in a rmnpicated manner,

2) be computationally efficient so that it couldwielely applied,

3) reproduce experimental data to an acceptableeded accuracy and

4) give similar accuracy for species whose datetsavailable.

Quantum mechanics can be used to provide estirafitke enthalpy, entropy and heat
capacity for many different types of molecules. Sfpzlly, the output of a typical
guantum chemistry simulation will contain the optiin geometry of the molecule and
the ground- state electronic energy. These dathearsed to calculate the normal
vibrational modes of the molecule which, when cambiwith statistical mechanics,
yield the zero point energy (and thus the enthalpgat capacity, and entropy of the
molecule. Thus the heat capacities and entropebealirectly obtained from quantum
chemical simulations. Knowledge of vibrational fueqcies plays a very important role
in determining the thermal contributions to entlyalHin(T) and entropy, &(T).*
Small frequencies contribute more to the thermaltgbutions to enthalpy and
entropy than larger frequencies do. The use ofrsgédctors allows vibrational
frequencies and thermochemical information of usafguracy to be obtained from
procedures of only modest computational ¢6$P. In their work, Scott and Raddfh
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determined optimum frequency scale factors suitfavléhe prediction of vibrational
fundamentals, low frequency vibrations, zero-pwgihtational energies and thermal

contributions to enthalpy and entropy from harmaorilizational frequencies.

Assessment by Curtiss et'afor computation of enthalpies of formation showiest the
four objectives were achieved with the smallestaye absolute deviation using B3LYP,
one of the basic density functional theory (DFT }moes that was investigated. There are
of course some more accurate composite methodsahdie used but these are very
expensive in terms of time and for the purposeteetloping a model the basic methods
will suffice. It is not straightforward to obtainraliable theoretical description of radical
additiori” and therefore it is important to assess whichlleftheoretical method is
convenient to use. This can be seen from the assesslone by Fischer and RadSrf*

for the addition of a methyl radical (GHo ethylene Ck=CH, using different levels of
theory to develop approximate solution to the Sdimger equation. As summarized in
Table 2.3, there is an inverse relationship betwkertheory and accuracy. As the level
of theory increases the deviation of the resutimfexperimental values decreases.

Table 2.3Effect of level of theory on calculated &dAH, for the addition of a methyl
radical to ethylenélhe basis sets are 6-31G{d).

Level & (kJ/mol) AH; OK (kJ/mol)
AMI 7.1 -157.5
UHF 394 -107.7
UMP2 60.1 -123.6
UMP4 53.7 -116.9
UB-LYP 13.2 -107.1
UB3LYP 14.6 -119.8
Expt 21.3 -113.1
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The computational methods used for this study galethe factors discussed above are
the density functional theory methods (B3LYP/6-3d)3Becke's Three Parameter
Hybrid Functional Using the LYP Correlation Funciad), B3P86/6-311G(2d,2p)
(Becke's Three Parameter Hybrid Functional withdBer86) and B971/6-311G(2d,2p)).
There is no advantage to AM1 over B3LYP for optiatians except speed and cost.
While B3LYP gives better geometries than AM1 in geh, AM1 is reasonably accurate
for most systems such that B3LYP//AM1 (B3LYP enecgjculation following AM1
geometry optimization) results are essentiallystame as B3SLYP/B3LYP (B3LYP
energy calculation following a B3LYP geometry optiation) for bond dissociation

4-36

energies (BDES):

2.2.2 Calculation of Thermodynamic Quantities

The heats of formation are not a direct outputarhputational chemistry. The reason for
this is that the enthalpies of elememtg}.oxygen, in their standard state cannot be
computed via quantum mechanics. Two common appesaekist for calculating the
heat of formation for molecules from the outpugioantum simulations, both of which
use some empirical data.

A good review of the first method — calculating tseaf formation via atomization
energies —is given by CurtiélsThe first step is to calculate the enthalpieofrfation
at 0 K @ H:°, described in equation 2.23) of the species waain the reaction by

subtracting the atomization energy of the mole€iBo(M), described in equation 2.22)
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from theexperimental enthalpies of formation for the isetbtoms. (Curtis’s values are
shown in Table 2.4.) The second step is to caleula enthalpies of formation of the
species at 298.15 Ky H:°(M, 298.15K), described in equation 2.24. Enthalpy
corrections of the atomic elements are used toewtire atomic heats of formation at 0
K to those at 298.15 K, and are given for the el@se their standard states in Table
2.4. Correction for molecules is made via vibragioinequencies calculated with
guantum chemistry extracted from the Gaussian tbelemistry output. An example of

the procedure will be described in Chapter 3.

>.Do (M) =3(EO) (atoms)~ (EO+ ZPEmoleculeQ 2.22
AHPM, OK) = 3 XA He® atome) (OK) - ¥Do (M) 2.23
AHE(M, 298.15K) =4 H(M, OK) + H°(M, 298.15K)- H°(M, 0K)) 224

Larger deviations between calculated and experiahéetats of formation are found for
morecomplex molecules such as aromatics and highlytiutesi hydrocarbon® The
method of calculatindH; values using isodesmic reactions offers morebidieesults

for a much broader range of molecules, and iseds@er to understand than the method

of atomization energies.
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Table 2.4 Experimental Enthalpies of formation, in kcal/miol isolated atoms from
table provided by Curt?$

Atoms AH¢ (OK) H%® - H°
H 51.63 +0.001 1.01
Li 37.69 +0.200 1.10
Be 76.48 +1.200 0.46
B 136.20 + 0.200 0.29
C 169.98 + 0.100 0.25
N 112.53 + 0.020 1.04
o) 58.99 + 0.020 1.04
F 18.47 + 0.070 1.05
Na 25.69 +0.170 1.54
Mg 34.87 +0.200 1.19
Al 78.23 +1.000 1.08
Si 106.60 +1.900 0.76
P 75.42 +0.200 1.28
S 65.66 + 0.060 1.05
Cl 28.59 +0.001 1.10

2.2.3 Isodesmic Reactions

An isodesmic reaction is one in which all bond t/pee preserved between reactants and
products. For example, if among the reactants therdour single and two double bonds,
the same numbers and types of bonds must exist@maotants. A special type of
isodesmic reaction is known as a homodesmoticicgadh the case of a homodesmotic
reaction, the reaction conserves not only the ligpels present but also the electronic
configuration of the atoms, e.g. the number Sfcgrbon atoms must be preserved.
Isodesmic reactions are used to gain an estimdteedfeat of formation of a compound.
They must be written so that experimentally obsgiweats of formation are available for
all reactants and products except the compouncterfast, i.e., there is only one

unknown heat of formation in the isodesmic reactiban estimate of the heat of

reaction were available, then it would be a sinmpégter to estimate the heat of formation
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of the unknown compound. Performing quantum chelnsiglgulations on all molecules

in the isodesmic reactions allows for calculatingeatimate of the heat of reaction.
Combining the quantum-chemical heat of reactioi wie experimentally measured
heats of formation for all but one species in #wElesmic reaction allows estimation of
the heat of formation of the unknown species. Ussingesmic reactions is advantageous
because the conservation of bonds in the reacterthe effect of cancellation of errors,
further increasing accuracy. The fact that thiitégue includes experimental data,
allows for different estimates of the heat of fotima to be obtained from different
isodesmic reactions. A common approach is to hitee isodesmic reactions and take
the average of the heat of formation obtained. Grgeen, an example of this procedure

will be presented in Chapter 3.

2.2.4 Benson Group Additivity

While Gaussian is a reliable method for computinthalpies of reactions, there are other
theoretical methods that can be used. One suchitpehis the Group Additivity (GA)
method. In this method, the bond energy (whicheésdnergy required to break a
chemical bond and separate the fragments to iafthgétance in the gas phase at 0 K)
approach is used. Bond energies cannot be usedctdate the enthalpy of formation but
can be used to estimate the enthalpy of reactisimpa@accounted for any additional
energy effects such as ring strain. The Befisapproach that deals with partial bond
contributions to the gas phase enthalpy of fornme&in298.15 K has been used

successfully. It has also been demonstrated tisaafiproach can be used to accurately
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predict unknown values of enthalpies of formationdpecies for which experimental
data are not availabfé This is a natural extension of the bond energy@agh where
the effect on the stability and thermodynamic proes of the bond are addressed,
thereby improving the estimation of the enthalpyezfction. The improvement comes as
a result of accounting for:

» the effects of the bonded environment around aggrou

* ring strain effects

* isomeric effects

* non-bonded interactions
In this method a molecule is broken down into smbbcsural units or groups. Each group
has a constant amount that it contributes to artbdynamic property of the molecule. In
standard notation, a central polyvalent atom tedidirst followed by a dash, followed by
all the moieties bonded to that center. An exaroptbe notation for the molecule like

methyl acrylate is shown in Figure 2.1.

Molecule Groups Contributia %<
(kcal/mol)
R C-(O)(H} 8.1
N G-(H)» 6.26
S G-(CO)(H) 5.0
™~ CO-(®)(0) -32.00
0-(CO)(C) 431

Figure2.1: A worked example of Benson’s group additivityhodt
(Source of group contributions: Khan and Broadbglt
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The heat of formation of the molecule is the surthefgroup contributions. In this case
AH?%** of MA molecule would be —72.0 kcal/mol comparedHe experimental value of
-78.59 (NIST Chemistry Web book). Some detailshefmomenclature are given in Table
2.5. This method may require correction for molesuiaving rings, isomers, repulsions

or non bonded interactions.

Table 2.5 Notations used for the group contribution concept

Notation Valence Description
C 4 Tetravalent carbon (alkanes)
G 2 Double-bonded carbon (alkenes)
G 1 Benzene-type carbon (aromatic)
G 3 Aromatic carbon at ring junction (polyarorgj

2.3 Application of Computational approach to polyme rization

The feasibility of computational approach in estimaof kinetic rate coefficients is
demonstrated by Broadbelt efaivhere a hierarchical approach was used to estitnate
rate coefficients required to describe hydrocanmmolysis and polystyrene degradation.
Where no literature data was available, rate coefits were estimated using the Evans-
Polanyi relationship and enforcing thermodynamicsistency. Necessary
thermochemical parameters including the heatsaaftien, if not available from
databases, were calculated using computationalishgnin addition, the set of kinetic
mechanisms and species needed to describe theeopgymer degradation system
were generated with the help of automated toolsr 4800 reactions and 93 species were
considered in the final model which accurately espnted the rates and yields of low

molecular weight species formed through pyroly$igalystyrene. The reactions
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considered in their work, radical addition, radiedombination, inter and intramolecular
H- abstraction anfl-scission are those of importance in high tempeedtee radical

polymerization.

Fischer and Radofhprovide a comprehensive summary of rate constanthe addition
of unsaturated molecules to small carbon-centreéaés that include both experimental
data and results calculated using computationahedigy. In their review, they examine
the rate constants for the addition of carbon-eehtadicals to alkenes and other
unsaturated molecules, and the factors controthiegh. These mainly involve the
interplay of enthalpic, polar and steric effettd? Fischer and Radom found that the
main factor that creates enormous variation irréte constants of the reactions is the
structure of the radical. The Evans -Polanyi releghip provides a limiting case that
must be corrected for various polar effects. Inrteeeidy of factors controlling the
addition of carbon-centred radicals to alkenesgy tteene up with the conclusion that
even though enthalpy effects are always presesy,rttay be obscured by the presence of
other effects and that polar effects can decrdwesbdrrier that is indicated by the
enthalpy effecf> Comparingert-butyl, 2-hydroxy-2-propyl and hydroxymethyl radica
additions to methyl radical additions to alkengs, ¢lectron rich monomers react more
slowly and the electron deficient alkenes readefadue to the strong nucleophilic polar
effect of the radical. The radicals that carry dboayl or a cyano substituent react faster
with alkenes if the species is primary, howevéhd& species is tertiary they are slower
but the reactivity pattern is similar. Steric effeof repulsion decreageand
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simultaneously incread®& and hence the rate constants are decreased.dasbevhere
the attacking molecule is reacting with an alkeatiaal with different substituents, the
substituent molecules on the attacked carbon hith@ereaction much more than the

substituent molecules at the remote carbon.

Of most interest to this effort is the study in wfhFischer and Raddfrlooked at the
reaction between GHC*(C4sHyCOO)H (EEst*) and CHC*(C4HsCOO)(CH;) (PESst*)
with methyl acrylate (MA) and methyl methacrylakéMA) and how the activity of the
secondary and tertiary radicals affect the ratdficoents for monomer addition. The
monomer reactivity ratios calculated using thesutes for small molecules show good
agreement with the literature values that are albglfor long chain radical

polymerization.

Me Me
\(!3* Me\é*
(Ij:O (I3:O
0 o
C,Ho Me
PEst* MMA*
Me
Me
\?H* \CH*
¢=0 ¢=0
0 o
C,4Ho Me
EEst* MA*

Figure 2.2 Structural comparison of EEst and PEst with MA &MA monomeric
radicals, where Me stands for methyl group
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The EEst and PEst radicals are very similar incétme to the monomeric MA and MMA
radicals, respectively (Figure 2.2), the differebeéng that for MA and MMA the
(CHsCOO) is attached to the radical while for EEst &t (GHoCOO) is attached to
the radical. Comparison of the kinetics measuredhie EEst /PEst system with FRP
gives us an idea of how good a model the small coddesystem is for FRP. The results
indicate that steric effects (having a long chatymeric fragment attached to the
radical) on the radical do not affect the mononeeactivity to a considerable extent. The
experimental finding suggests that, if computatideehniques can be applied to
accurately estimate relative reactivities for smadlecule radical reactions, the results

will also carry over to FRP. This will be discusdedher in Chapter 4.

Coote et af°® support and complement the application of abdriimputations to radical
systems. In their work with gamma substitutionpmipyl radical reaction to ethylene to
determine stability and reactivity in free radipalymerization, they employ varioa®
initio molecular orbital calculations. It is shown thas penultimate model, an obvious
refinement of the terminal model, is required tedict the effects of radical substituents

in copolymerization systems.

Coote and Davig studied the importance of the penultimate unieifbn radical
stability and reactivity in free radical polymetisa. It was found that, although the
penultimate unit can exert a significant effecttlo@ stability of the propagating radical,

only a small fraction of this effect appears targaver to the reaction barrier.
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Furthermore, it appears that when penultimateeffects on radical stability are large
enough to affect the reaction barrier, polar intBoms are also likely to be significant.
This is probably because the radical substituesgs@ated with large penultimate unit
effects on radical stability are strong electronats or acceptors. Phenyl substituted
radicals are less subject to polar effects ancfbe the reaction barrier is diminished
while in the case of MA/IMMA system the hydrocarbostsaight or conjugated, are
subject to polar effects and hence the reactiondsas increased. In further studies
Coote and Davi€ calculate results that indicate that the readtiamier is also dependent
on the conformations of the reacting radical amdttansition structure. They conclude
that there are three important implications of éhesssults for free radical polymerization
kinetics. The first suggestion is that the deperdeaf the penultimate unit effect upon
the conformation of the transition structure isuefced by the direct interactions
involving the substituents at the penultimate posiand substituents on the monomer.
From this point the second suggestion coming frioendependency of the penultimate
unit effect on the transition structure conformatis that the overall reaction barrier will
then depend on the frequency factors for the iddiai pathways. Finally since the
relative barriers for the different reaction patwidepend on the penultimate unit, it
follows that the tacticity of the resulting polymeill depend on the nature of the
penultimate unit. They conclude that the penultematit effect in copolymerization is
likely to be a general phenomenon. In their reeesrk, Coote et al® have shown the
penultimate effects for the ATRP Activation stepng propylene, methyl acrylate, and

f47

methyl methacrylate monomers. Their successfuliegmn of** ab initio molecular
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orbital calculations to FRP will be extended in wgrk to acrylate/methacrylate systems.
(It is also important to note that the feasibibtythe Evans-Polanyi relationship is
emphasized as the approach requires that the assnmmade for the family group
values be valid for the homo propagation and gpospagation reaction$?)*® **~%n

this study we are considering both the penultirnateeffects as well as the terminal

model in developing the methodology.

Heuts et af?tried to evaluate the best set of parameters framdelling the Arrhenius
parameters for the propagation reaction of ethylerieee radical polymerization. They
give a list of recommended basis sets for eachdftdpe calculation. In general they
found that the frequency factor is much less simedit the level of theory than the

energy barrier.

Moscatelli et al®’in their study have shown the capability of conagional approach to
evaluate kinetic constant for high temperature p@sization of styrene. They
investigate the relative contribution of the reaws like backbiting, chain transfer to
polymer, 3— scission and termination by disproportionatioraddition reactions to the
polymerization process. The average polymer modgaukight is determined by the ratio
of the rate of propagation to that of terminatida.get the rate-determining step of the
termination it is necessary to investigate the twseof the degradation reactiods

initio calculations were performed for the investigatidithough small portions of the
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molecule are directly involved in the reaction, thallenge arises from the large number
of atoms that have to be considered in each caionlaAn approach using

Quantum Mechanics /Molecular Mechanics (QM/MM) wiaed. That way the different
part of the same molecule could be described ferdliit levels of theory: °*The atoms
that are directly involved in the reaction wereatesl with a high level of theory and the
rest of the molecule treated with a much lower lef¢heory using molecular mechanics
or a semi-empirical approach. The part of the mdéetreated with the lower level of
theory plays essentially a steric role in the whsdenario. In their work Moscatelli et al.
used B3LYP for the atoms in the reaction region Rathmetric Model number 3
(PM3)> for the molecule further away from the region.&hdifferent stereochemical
molecular models of styrene were used for the biinkireactions because the stereo-
chemistry has a significant impact on the polynegron kinetics, and for the
propagation-scission and termination reaction only one modss wsed because these
involve the formation or rupture of a single bondaiwell defined zone which involves a
few atoms that are close by. The most importargtigrconstants involved in the process
were calculated using classic and variational ttimsstate theory on a Potential Energy
Scan (PES) determined with a QM/MM approach. A tlgyment from this work is a

new 7:3 backbiting reaction as well as considenatibthe reversibility of all backbiting
reactions. When the evaluated kinetic constante weed in a polymerization model, the

results were in good agreement with the experiment.
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2.4 Summary

From the evaluation of all systems and method®vestl, we have established that there
is adequate experimental data to compare our sesith. As not all rate coefficients can
easily be evaluated experimentally, there is a nee@velop a computational approach.
Gaussian utilises an entire range of electronicsire methods, and is an ideal
computational tool to use for model chemistries uBifsing the Evans - Polanyi
relationship, reactivity ratios will be estimatext methacrylates, acrylates and styrene
and compared to the experimental values. To exaiinthe methodology is useful, we

will explore as to whether it is consistent withselbved structure reactivity trends.
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Chapter 3
Methodology

Design of a polymerization process is best initlatea bench level and preferably
involves design and scale up engineers from theebuthe kinetics of a reaction play a
very important role in such process and produdgdesonsiderations. However, the
complexity of the reactions and large number oft&ats involved in typical industrial
processes can obscure the reaction kinetics ofiugrgrtant pathways that must be
understood to better design products and optimiziegoroduction process.
Computational chemistry simulates structures aadtrens numerically based in part or
in full on the fundamental laws of physics and clstm. Some methods can be used not
only to model stable molecules but also short-livedtable intermediates and transition
states that cannot be observed physically in theréory. Although these techniques
have limitations, they may provide results withirmproved accuracy compared to
current experimental knowledge. This chapter ergléhe methodology developed to

estimate rate coefficients computationally.

3.1 Geometry, starting structure and optimization

The minimum energies of all reactant and produet&s must be estimated to calculate
the heats of reaction required for the applicatibthe Evans-Polanyi relationship to
estimate kinetic coefficients. Such calculationgenbeen performed using the Gaussian
software on the basis of structures drawn in thiecudar editor of the Gaussian package

called Gaussview. For simple structures such as BIAYIMA* radicals (small
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molecules), this procedure is found to be satiefgcHowever, any results obtained in
this way for larger species are more difficult hesmof the presence of multiple local
minima in molecular structures such as dimericaadi and the difficult optimization
procedure of Gaussian may not succeed on its’8%#A common problem with some
cases that may prove difficult is that the forcastants estimated by the optimization
procedure differ substantially from the actual ealuln this study, we are dealing with
radicals and as such the geometry optimizatioralrguess for the second derivative
matrix, derived from a simple valence force fietdpoor. Therefore means of generating
the force constants are employed, and can be c@mignused because in this project
only the reactants and the products are consid®ealing with the transition state
(intermediate structures) in the reaction is marmplicated and the force constants

may have to be calculated at every optimizatiovery expensive procedure.

The lowest energy conformation needs to be idedtgo as to minimize steric
interaction between different parts of the molechlience, techniqgues must be developed
so that the energy minimization algorithm won't'gatight’ in any of the local minima
that result from an arbitrarily drawn structure.dapproaches will be discussed and
used to demonstrate how the minimum structure eaachieved for difficult cases, with

resulting energetics compared to available experiaielata.

The first procedure, which utilizes UnrestricteddeFields (UFF), is reliable but time

consuming. The starting conformation for the caltioh is found by using a mechanics
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Unrestricted Force Field (UFF) run in Gaussian. \Mhele sequence of tasks is as
follows:

» drawing the initial structure as a saturated mdé€this is done using Gauss
View, a software package to draw and display maééegyeometry, and that
automatically generate a Z-Matrix representingréiative position of the atoms
in the molecule, input for the energy minimum siatian.)

» using the mechanics Unrestricted Force Field (UR&Jlule in Gaussian to find
the conformation with the lowest energy for theusated structure

* using Hartree Fock with a low basis set UHF/3-21&find the energy minimum

* removing the hydrogen atom and resubmitting thegoind the minimum
energy for the radical structure.

* Doing the optimization and frequency calculatiothAB3LYP/6-31G(d) with this

structure.

The second procedure, which is long but straigiod compared to the UFF method, is
the Potential Energy Scan (PES). To find the glolmaimum, a relaxed potential energy
scan is performed on all the backbone dihedralesngl the molecule using AM1
geometry optimizationAb initio single point calculations are then done on thamum
geometries obtained by the scans, using a higliel heethod such as B3LYP/6-31G(d).
The geometry with the minimum energy from theseuwdations is then picked as the
starting geometry for the final optimization ancggy calculation for the molecule. An

example is given for MMA-MA radical (see Figure BQverall energetics are calculated
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by combining AM1 geometry optimization and frequgialculations with a higher level
single point energy calculation using B3LYP/6-31G@8P86/6-311G(2d,2p), or
B971/6-311G(2d,2p)” *® *®These methods are high level DFT methods and beee

seen to be very accurate but are very expensigei to do geometry optimizations.

MMA-MA " radical
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3
E -0.262 ~ VA
>
—*%—\5
£ -0.264 -
> —e—\6
g
L -0.266 - ——V/
3 A 8
-0.268 - A
w7 N\ L ) e \E‘>i\’ v
-0.27 ] V10
. vil
Dihedral Angle (deg.)

Figure 3.1 Result of a potential energy scan of the backinedral angles for MMA.-
MA radical, v - vi;are dihedral angles of the radical structure picdrabove.
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3.2 Thermochemistry Calculation
Theab initio calculations yield the thermochemistry data regpiio calculate the heats

of formation of the reactants and products and theseats of reaction for the chemical
reaction. It is very important to use structurasvibich the first derivatives are zero
which is to say that structures at their minima drebe are identified using the following
criteria:

1E»=0 =E,=360

2.E y=0(or E y=360) has the minimum energy.

The heat of reaction is then calculated using lieerhochemistry data according to:

AH°(298.15K)= > (E,+Hyem)= . (Eat Hierm) 3.1

products reatan ts
whereEg is the electronic energy of the molecule &hdmis the thermal and zero point
correction to enthalpy. The valueldemis calculated using statistical mechanics based
on the partition functiorg, using standard formula&The partition function is defined
as:
E

q= Zj:exp{— kB_JTJ 3.2
and alternatively can be written as the produsanifous partition functions:

0= Orans ¥ Grot * Aip * ey 3.3
whereqgwans IS the translational partition functiog: is the rotational partition function,
Quib IS the vibrational partition function, armg, is the electronic partition function which

is equal to one for species in their ground state.
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For the vibrational energy levels that are needezhlculateyir, the harmonic oscillator
(HO) model is a good approximation for high freqties, while for low frequencies
(<200 cm'), a hindered rotor (HR) model represents thesesmatbre accurately, since
these low frequencies are essentially rotation motke partition function for the low

frequency modes are treated as internal rotatiodsgquation 3.3 becomes:
q = qtrans X qrot X qvib X qint,rot 34

The partition function of an internal rotation is:
1 £
ot = —— ) eXg ——— 3.5
qmt,rot Uim 2 F{ kBTJ
in whichcint is the symmetry number of the rotation top arare the energy levels of the

internal rotation which can be solved based oneadimensional Schrodinger equatin.

Calculation of heats of formation and heats of tieamecessitate transforming the
energies to the appropriate units and applying sooneection factors. The procedures

will be illustrated for the simple reaction:

CoHg + Ho 2 CH,

based upon calculations done at UB3LYP/6-31g(®lle¥theory. The example will
demonstrate how the results from a Gaussian freqyuealculation are used to
generate various thermochemical data (for exariplandHinem), Which is used to
calculate heat of reaction. The units are in Hasdfparticle and they are converted to

kilocalories per mole after calculation using tlmneersion factor 1 Hartree =
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627.5026kcal/mol. Thermochemical data that is used formuposes appears as

follows for CH: from Gaussian:

Zero-point correction= 0. 045214
(Hartree/Particle)

Thermal correction to Energy= 0. 048078

Thermal correction to Enthal py= 0. 049022

Thermal correction to G bbs Free Energy= 0. 027890
Sum of el ectronic and zero-poi nt Energi es= -40. 473175
Sum of el ectronic and thernmal Energies= -40.470311
Sum of el ectronic and thermal Enthal pi es= - 40. 469367
Sum of el ectronic and thermal Free Energies= - 40. 490499

The following nomenclature is introduced:

€0 = Sum of electronic and zero-point Energies

Eel = Sum of electronic and zero-point Energies - Zaymt correction
ZPE = Zero-point correction

Htherm = Thermal correction to Enthalpy

TCE — ZPE = this gives the enthalpy correctiontlfie molecule
Similar output is generated for ethane and hydrdggehshown).

The usual way to calculate enthalpies of reactsoimdm heats of formation of
reactants and products summed according to th@olhsbmetric coefficients.u(is

+ve for products and —ve for reactants.)

AH,*(298.15K)= Z |Vi|AHfi_ Z |V|AHfi

products reatan ts
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With the Gaussian output, a short cut can be wssgehtion 3.1, as this provides the sum
of electronic and thermal enthalpies. The diffeeen€the sums of these values for the
reactants and the products is calculated and thésghe enthalpy of reaction. This
treatment is valid because the number of atomsol @lement is the same on both

sides of the reaction; therefore all that is needgde molecular data.

For the example above, the heat of reaction carabrilated as follows:

AH°(298.15K) = > (Ey+Hypem)= O, (Eat Hypem) 3.6

products readan ts
= ((-40.46941.10905) — (2*(-79.750759)))*627.5026
= 0.02592*627.5026
= 16.27867 kcal/mol
= 68.11 kJ/mol
The heat of reaction can also be obtained by ¢astulating the heat of formation of
the species involved in the reaction. This is alpnocess but is straightforward, as

outlined by Curtis¥ (see Chapter 2, Section 2.2.2).

For MA/MMA hindered internal rotations are a contérone is dealing with the
transition state. For dealing with the reactants products the effects cancel out so
the correction for the hindered rotors is negligilBoth the frequency-scaling factor
and the internal rotation can be specified in thyut file so that Gaussian

automatically gives as output the information tisatequired to do the necessary
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corrections. Where Gaussian does not encountehiggred rotations in the

molecule, the output specifies.

3.2.1 Isodesmic Reaction Method

The example below calculates heats of reactioprioduction of the dimeric radical MA-
MA* using the isodesmic reaction method. The readitaking part in the calculation
and the molecules involved are labelled with siediers and capital letters respectively.
This method is described in Section 2.2.3. Comigitie quantum-chemical heat of
reaction with the experimentally measured heaéattion for one of the reactions in the
scheme allows estimation of the heat of reactionhfe formation of the species that has
an unknown heat of formation. Using isodesmic lieastis advantageous because the
conservation of bonds in the two reactions is siménd thus will be subject to similar
calculational error. The difference between thewated and experimental heats of
reaction for the isodesmic reaction can be usedcasrection factor for the calculated

heat of reaction for the reaction of interest.

MA + MA*  ——>» MA-MA*
(A (B) (©)
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Isodesmic Reactions

a)
H HoH H
LT T —
- — >
H TH H H |O H
+ + + MA*
Methyl radical Ethane Methyl formate Methane
(D) (B) (F) (©) (B)
b)

Methyl radical Methyl Acrylate CHs-MA*
(D) (A) (H)
c)
K,C;/O H
— jL
H H
H
+ Eq a) (LHS) + MA-MA*
Methyl Acrylate Methane
(A) (D, E, F) (G) (©)
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IDR (expt) = 26.64 kcal/mol

H ,--'"'O o —0
| —
I:*

H” ™H /—C*

+

Methyl radical Methyl Acrylate CHs-MA*

AHixn (@) [B3LYP] = Hg + Hb — (Hd + He +Hf)
[EXPT] =AHg +AHb — @AHd +AHe +AHf)
AHb = Hg + Hb AHg — (Hd + He +Hf) + AHd +AHe +AHf)

AHpn (b) [B3LYP] = Hd + Ha — Hh
[EXPT] =AHd +AHa —AHh
AHa = Hd + Ha AHd - Hh +AHh

AHin () [B3LYP] = Hc + Hg — (Hd + He +Hf + Ha)
[EXPT] =AHc +AHg — @Hd +AHe +AHf + AHa)
AHc = Hc + Hg AHg — (Hd + He +Hf + Ha) +AHd + AHe +AHf +AHa)

AHp, =AHc — (AHa + AHDb)
= Hc + Hg AHg — (Hd + He +Hf + Ha) +AHd + AHe +AHf +AHa) — [Hd + Ha
- AHd - Hh wh\\Hg Hb -AHg —Nq- He - Hf 4AHd +AHe +AHf]

= Hc M\dgl-AHg -i-} - Ha +AHg \\+ AHa — Hd - Ha +AHd + Hh
I%AH

- AHh - Hg - Ho *AHg I8

= (Hc - Ha —Hb) #Hh —Ha —Hd) (AHh- AHa -AHd)
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AHixn [B3LYP] +AH i, (IDR) [B3LYP] - AHixn (IDR)[EXPT]
-16.9 +-28.41 --26.64

-18.67 kcal/mol

-78.10 kJ/mol

Therefore the heat of reaction for monomer ( MAJiidn to monomeric radical MA*
is —78.10 kJ/mol. Although no experimental valuavailable, this value is identical to
the experimental value of 78 kJ/mol for MA monoraddition to polymeric MA

radicals®?

3.2.2 Verification of computational technique.

Upon developing the computational approach it iseseary to assess if the approach is
adequate for the study. There is credible experiatelata that can be used to compare
the computational results generated using the rdsttescribed. There are also some
previous computational results that can be useetidy if the tools are being used
correctly. Fischer and Raddthprovide calculational results for addition of atmg
radical to ethylene using three different levelshafory, Hartree Fock (HF/6-31g(d)),
Moller-Plesset (MP2/6-31g(d)) and a density funtélomethod (DFT) B3LYP/6-31g(d).
The internal rotation effects are not taken intosideration. The comparison
summarized in Table 3.1 indicates that the calmnatin this work match the published

data within 1 kJ/mol.
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Table 3.1 Reproducibility of Gaussian values for Ethylenéidion to a methyl radical

Level AH;, at 0 K (kJ/mol) Existing Results
(kd/mol)
UB3LYP/631g(d)  -119.1 1198
UHF/6-31g(d) -106.9 1077
UMP2/6-31g(d) 1217 1122.0

Fischer and Radofhalso reporf\H; for the addition of MA to a methyl radical of
-123.7 kJ/mol using UB3LYP/6-31g(d), which agreedlwo my calculated value of

-123.3 kJ/mol.

A second check on methodologies is to calculateldat of formation using various
procedures, including group additivity based onlishled group value¥ (Section 2.2.4),
Curtiss atomization energy methddSection 2.2.2), and isodesmic reaction method

(Section 3.2.1).

Table 3.2 containAH; from Group Additivity, Gaussian output (Curtissm@iization
method) and the average from three isodesmic oeectl he values calculated
computationally are within 1.26 kJ/mol of the vafoand in the NIST webook database,
while the group additivity value deviates by 25J3Inkol. This indicates that
computational techniques should provide increasedracy over GA methods. Further

work examining the applicability of group additiinethods is shown in Appendix A.
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Table 3.2Estimated heats of formation for MA using differemethods.

Molecule Method Calculated value  NIST value Exptal.
(kd/mol) (kd/mol)
Methyl acrylate Group Additivity -303.17 -328.81
Curtiss -327.39
Isodesmic rxn -327.64

3.3 Monomer Reactivity Ratio Calculation
After having calculated the heats of reaction, nmepreactivity ratios;; andr,as well

asriy, iz, 22, 21 and the penultimate unit effegtands, can be calculated.

From the Evans Polanyi relationshify,= a4H; + Eo and the Arrhenius equation
k = Aexp(-E4RT),

=KAexd —(Eo +aAH,)/RT} 3.7
Taking into consideration the assumptions that the same for a particular radical and
Eois constant for a family groupandscan be easily calculated. Scheme 3.1

summarizes the requiréxH values for monomer adding to monomeric radical.
k
A*+ A —H—= AA*  AHn
klZ
A*+B ——= A-B*  AH1»

* Kaa *
B*+B —— B-B AH2

* ka1 *
B*+ A BA AHz,

Scheme 3.IMonomer addition to a monomeric radical for a ctypoerization reaction.

Assuming Evans-Polanyi, the monomer reactivityosatire calculated according to:
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_ _ Aexp ['(E) A H,, )/R-I] )
r= kpu/kplz B Ae)(p [ -(E) 1A le )/R-I] ’

= exp[—a(M)} 3.8

RT

H,,,-0H
Zr:kpzz/kpn = expli_a%)} 3.9

For the penultimate model it is necessary to cansiwbnomer addition to dimeric

radical as summarized in Scheme 3.2.

A-A* + AL A A AH1
A-A* + B—12 — A AR SH
AB*+ AL o ABA* SHix
A-B*+ B2 - App+ LHiz
B-B* + B—22 = B.B-B* LHa
B-B* + A2 - Bp.A* AHa221
B-A*+ B— 22 — B AR LHo1
B-A* + A2 - B A A LHons

Scheme 3. Monomer addition to dimeric radical for copolyneation.

— — Hr _AHr
=k, [k, = exp[—a(Aﬂé—Tm } 3.10
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1= kp121/ kp122

p[ o (A r121 r122 :| 311
28 = kpzzz/ kp221 pl: a (A r222 r221 i| 3.12
A= kpzu/ kpuz = p[ a (A r211 r212 :| 3.13

Radical reactivity ratios are calculated as:

13k, [k, = exp[ cr(A 2l ”11} 3.14

23k, [k, = exp[ cr(A 228 rzzz} 3.15

Some structures of the molecules and radicals fase¢lde calculations done in this work

are shown in Figure 3.2. The rest of the structusesl for the calculations are presented

in Appendix B.
H H& HJ\H /
H ; 3 * )’H *i-— A
<y < e hs
» — "  — Py M )



MA monomer MA radical MA-MA dimeric rachl

w / A X
H‘( p:4 HoM
H j i
)_ H H ~ Y ?( »
HQA AL "W X R S—
~ Y h'S H H 4 H
H o=
4
Ay
MA-MMA dimeric radical MMA-MA dimeric radical

Figure 3.2Monomer and radical structures used for the caltotaof the reactivity
ratios for the terminal model in the MA/MMA copo8tiaation system
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Chapter 4

Results

4.0 Monomer addition to monomeric radicals

Given a particular starting geometry, the combimedhod of conventional optimization
followed by relaxed dihedral scans was successffihding lower energy structures,
even for relatively small molecules such as methgthacrylate monomer. As shown in
Figure 4.1, the conformation of methyl methacryfaben the combined method is only
subtly different from that derived from the convenal method, but the energy of the
conformation obtained from the combined optimizattacheme is 6.36 kJ/mol lower;
with the energy difference caused by the rotaticih® methyl group on the vinyl group;
In the conventional optimization conformation (Fgl.a), the dihedral of atoms 1-4-6-7
is 300.2, while in the combined optimization conformatidiig. 4.1b), the dihedral of

atoms 1-4-6-7 is 121°F The combined approach was used for all resulsrieg below.

a. Conventional optimization b. Combined optimization

Figure 4.1 Conformations of MMA from different optimizatiornemes.
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As this study seeks to develop a methodology ionest reactivity ratios for acrylic
based systems, MA and MMA were chosen as a stgrting for the investigation. As
well as being well-studied systems, the radicalelsamilar structure to the EEst and
PEst radicals (Figure 2.2) used by Fischer and Raddheir experimental investigation
of radical chemistry® ** Their experimental results, discussed more fulgrlan this
chapter, show that the relative reactivity of moeosrto small radicals is very similar to
that observed for long chain radicals during polsimaion. These experimental
findings™ *°suggest that, if computational techniques carppéied to accurately
estimate relative reactivities for small molecwddical reactions, the results will also

carry over to FRP.

In this chapter this assertion will be systemalycakplored. In Section 4.1 reactivity
ratios for common monomers (e.g. ethylene, vinglaie, styrene, acrylates,
methacrylates) are calculated using the Evans-Riolarn- P) relationship, based on
heats of reaction values estimated computationsityg different methods. Comparison
with known experimental values indicate that, wiaideurate for some systems, the
methodology has shortcomings for other common syst&arious hypotheses for this
mismatch are explored before further examining astafpnally the effect of

temperature (Section 4.2) and substituents (Sedt®non reactivity.
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4.1 Reactivity Ratios

Table 4.1 summarizes tiAd, estimates calculated for monomer addition to magraen
radicals, calculated using density functional tyg®+T) methods. Also tabulated are
the reactivity ratios, calculated from the diffecennAH, (homopropagation — cross-
propagation) values according to Equations 3.23aBdThe last column of the table
contains experimental values for the polymer systemith the ranges based upon
compiled datad” As well as MA and MMA, the corresponding butylerst BA and BMA
were also studied. Methyl ethacrylate (MEA) waseatith order to examine the effect of
the size of the alkyl group attached to the radigtllylene and vinyl acetate are also
included in this first set of results; styrene v considered later in this section. Three
different computational techniques were used toutateAH, values. The criteria used to
choose these methods are their cost effectiveneagpltational speed) while giving

satisfactory results, as is discussed in Chapter 2.

The methods are single point calculations after AJdbmetry optimization, using
B3LYP/6-31G(d)*® *°B3P86/6-311G(2d,2p) **and B971/6-311G(2d,2p).*° The
larger basis sets facilitate flexibility of the el®mn movement in the orbitals. Generally,
the approximate Schrodinger equation solution impsavhen greater flexibility is given
to the electron movement: the bigger the size @bilsis set the more accurate the
solution but the higher the cost of the computatidrese methods are done in a "spin
unrestricted" manner by default; while there isral amount of spin contamination in

less conjugated molecules it has an insignificéfeteon the total energy.
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Table 4.1 Calculated-AH; (kJ/mol) and reactivity ratios (in brackets) foomomer
addition to monomeric radicals compared to litatalues for polymer systenfs.

12

Reaction Method 1 Method 2 Method 3  Experiment
I MA* + MA 72.4 84.6 79.6 78-84
MA* + MMA 79.8 (0.49) 938 (0.41) 89.8 (0.37) (0.20-0.50)
MMA* + MMA  50.0 65.0 60.8 53-58
MMA* + MA 52.0 (0.83) 653 (0.97) 60.2 (1.06) (2.0-2.5)
Il BA* + BA 66.9 79.3 74.4
BA* + BMA 753 (0.44) 888 (0.40) 849 (0.39 (0.20-0.50)
BMA* + BMA  50.3 64.9 60.8
BMA* + BA 52.2 (0.84) 654 (0.94) 60.2 (1.06) (2.0-2.5)
i MA*+ MA 72.4 84.6 79.6
MA* + BA 715 (1.09) 84.1 (1.04) 793 (1.04)
BA* + BA 66.9 79.3 74.4
BA* + MA 68.1 (0.89) 79.6 (0.97) 747 (0.97)
v  MMA*+ MMA 50.0 65.0 60.8
MMA*+ BMA 499 (0.99) 648 (1.02) 60.6 (1.02) (1.00)
BMA* + BMA  50.3 64.9 60.8
BMA*+ MMA 504 (1.01) 65.1 (0.99) 61.0 (0.99) (1.00)
Y MA* + MA 72.4 84.6 79.6
MA* + MEA 78.6 (0.55) 913 (0.52) 86.3 (0.53)
MEA* + MEA 345 50.5 46.2 31
MEA* + MA 444 (0.38) 59.3 (0.42) 549 (0.42)
VI MMA*+ MMA 50.0 50.5 60.8
MMA*+ MEA  43.7 (1.85) 60.9 (2.10) 53.9 (1.96)
MEA* + MEA  50.0 65.0 46.2
MEA* + MMA  43.7 (0.40) 57.1 (0.37 54.8 (0.43)
Vil MA* + MA 72.4 84.6 79.6
MA* + VAc 52.7 (6.76) 648 (6.77) 60.1 (6.62) (6.30-7.30)
VAc* + VAc 82.4 91.2 86.8 88
VAc* + MA 106.1 (0.10) 115.6(0.10) 111.1 (0.10) (0.03 —0.04)
Vil MMA*+ MMA  50.0 65.0 60.8
MMA*+ VAc 265 (9.76) 394 (119) 342 (13.19 (22-30)
VAc* + VAc 82.4 91.2 86.8
VAc* + MMA 98.3 (0.22) 109.9(0.16) 105.9 (0.16) (0.03-0.07)
IX  Eth*+ Eth 87.8 94.3 88.8 102
Eth* + VAc 98,5 (0.36) 106.3(0.31) 102.3 (0.29) (0.13-0.88)
VAc* + VAc 82.4 91.2 86.8
VAc* + Eth 76.1 (1.8 849 (1.85) 78.7 (2.19 (0.72-3.74)

&Methods AM1 opt with single point calculation Byethod 1 B3LYP/6-31G(d);

Method 2 B3P86/6-311G(2d,2p); Method 3 B971163(2d,2p).

® MA = methyl acrylate; MMA= methyl methacrylate; BAbutyl acrylate; BMA= butyl methacrylate;
MEA= methyl ethacrylate; VAc= vinyl acetate; Ethth@ene. The added * indicates the corresponding

monomeric radical species.
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It has been shown that the effect of the hindeotal (HR) model oS can be
significant, particularly at high temperaturesut thatAH; is relatively insensitive to
which model is usedThe results in Table 4.1 confirm this conclusias the method
used has little impact on the reactivity ratiosisTib consistent with the work of Van
Speybroeck et &.who observed that calculated values of activatioergy for ethylene
propagation, which can be related to enthalpic ghanwere insensitive to choice of
harmonic oscillator (HO) or HR models.

Table 4.2 The effect of radical chain length on computedH, (kJ/mol) values for
homopropagation of methyl acrylate (MA). (Expt @k 78-84 kJ/mol)

Reaction Product Chain  -AH,
Length Method 1
MA* + MA 2 72.40
MA-MA* + MA 3 72.26
MA-MA-MA* + MA 4 72.53

AM1 opt with single ppicalculation by: Method 1 B3LYP/6-31G(d)

Although theAH, values calculated using the different computatianathods show
small differences, most are within the acceptalbmutational error o#10 kJ/mot®
compared with homopolymerizatioAH,) experimental values, summarized in the last
column of Table 4.1% Further calculations for MA addition to MA radisadf increasing
length indicate that the enthalpy of reaction i¢ aostrong function of radical chain
length (Table 4.2). These encouraging results stggat addition to monomeric radicals
provides a reasonable model for polymeric systemd,thus computations may provide

an efficient means to estimate relative additiolegai.e., reactivity ratios. Fischer and
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Radom reach the same conclusion from their expatahenvestigations of monomer

addition to small radicafé: %

It is important to note that computing relative ddiic rate coefficients does not require a
high level of theoryy **much of the systematic error introduced througmmatational
assumptions cancels out when calculating mononaetixaty ratios. Figure 4.2 plots the
Mayo-Lewis relatiof* between polymer and monomer composition for the ANAc
system (Table 4.1, System IX) based upon reactiatips calculated in this study as well
as from literature. While there is some variatioidH, values with method, the variation
in reactivity ratios is much smaller. Figure 4.2lizates little difference between the
predicted composition curves usimgvalues estimated by the various computational
methods, although the larger basis sets combindd the B3P86 and B971 methods
provide slightly more accurate values; the reman@opolymer composition results
discussed in this chapter are calculated usingtivigicratio values computed using
Method 3 (B971/6-311G(2d,2p)). The MMA/VAc computealues are not as extreme as
stated in the literatureryua=25, rvac =0.05), but capture the tendency of producing

methacrylate-rich copolymer.
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Figure 4.2 Relationship between MMA(1)/VAc(2) copolymer)Bnd monomer

(f)) composition, calculated from computed reactivétiios summarized in Table
1 (System IX), and from literature values=@5; r,=0.05).

Figure 4.3 plots copolymer composition for some omoar pairings that exhibit good
agreement between computational results and literaReactivity ratios are close to
unity for the situation where the monomers diffalyan the alkyl ester group (e.g.;
MMA/BMA and MA/BA, Systems Illl and IV in Table 4.1 hanging the alkyl ester
group from methyl to butyl also has no effect om tlalculated reactivity ratios for
acrylate/methacrylate copolymerization (compare MMA and BMA/BA, Systems |
and Il). This result is contrasted to the changamated as monomer changes from
acrylate (MA or BA) to methacrylate (MMA or BMA) tethacrylate (methyl ethacrylate,

MEA); the homopropagation reaction becomes lesghexmic, and reactivity ratios also
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deviate substantially from unity. Unfortunately, Iiterature values could be found for
copolymerization of MEA with acrylates or methaetgs. In general, many of the results
obtained by computation are consistent with obgkstricture-reactivity trends for most
of the pairs examined, as also seen in the goakagnt with literature results for
Eth/VAc and MA/VAc in Figure 4.3. There is a widenge for the values for the

Eth/VAc systeni? and the values used to plot the relationship bewire copolymer

and monomer composition wemg, = 0.3 andyac = 2.0

— - - — Eth(1)/VAC

- - O - -Eth/VAc - Lit.

MMA(L)/BMA
=X ==MMA/BMA - Lit.
— — — MA(L)VAC

— <— - MA/VAC - Lit.

Figure 4.3 Relationship between copolymeg{Fand monomer {f composition,
calculated from computed reactivity ratios summedim Table 1 (Systems 1V,
VII, IX), and from literature values.
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Table 4.3Calculated-AH, (kJ/mol) and monomer reactivity ratios for styrégé
copolymerized with methyl acrylate (MA) and methy¢thacrylate (MMA), compared to
literature values for polymer systems. B3LYP opreal.

Reaction -AH; r -AH,  r (expt)
Method 1 (expt)

MA* + MA 7831 043 7884 0.15-0.3

MA* + S 87.02

S*+ S 60.34 202 73 0.7-0.8

S* + MA 53.04

MMA* + MMA 53.84 047 53-58 0.40.6

MMA* + S 61.63

S*+S 60.34 1.74 0.4-0.6

S*+ MMA 54.61

B3LYP opt with single point calculation by: Meth8d

Exceptions to the good agreement found betweenriexpet and literature values are
the MMA/MA (System | in Table 4.1), MA/S and MMAJ&airings (in Table 4.3), with
copolymer vs. monomer composition plotted in Figi#e Although the calculated value
for rua is close to the experimental value of 0.4, thewated value foryma (~1)

differs substantially from the literature value2dd — 2.5. The addition of MMA to
MMA* is less exothermic than MMA addition to MA*sas expected from the donating
effect of the CH group that makes MMA* less electrophilic than MAtis also
expected that electron rich MMA should add morelilggmore exothermic reaction) to
an electrophilic radical than MA. However, whilestiwvas found for addition to MA*
(computedya value of 0.4 is in good agreement with literatutie¢ calculations did not
show this difference for addition to MMA®*. Insteatlis calculated that the heats of
reaction are almost identical, resulting in a re@gtratio of close to unity instead of the
experimental value of-2.5. Identical results were obtained for BMA/BA. td@lso that

the experimental and calculated value for MA vefgliddA addition to the EEst* radical
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are close to the experimental valuesrfar from polymerization studies (Table 4.4); thus
it is not expected that the mismatch faia can be attributed to chain length effects.
This deviation from experimental observation mageafrom a problem in application of
DFT methods for total resolution of energy assedatith molecules that have steric
crowding, such as MMA?! 3¢ Steric crowding refers to the unfavourable spatia
arrangement of atoms in a molecule due to spagttion. Molecular or radical

reactivity is influenced to an extent by this phem@mon. Once there is steric crowding
around the spin centre of a radical or molecule réactivity is greatly reduced. Addition
of a free radical becomes sluggish. Since DFT do¢sclude dispersion effects, it tends
to overestimate steric repulsions and would thissatidize the radical relative to the
monomer. Due to the steric strain on the moleculadical, the total energy computed
can be significantly altered. Dispersion effectstiwe only forces of interaction in non-
polar molecules, and arise from a temporary dipalecing a complementary dipole in
an adjacent molecule. These dipoles are alwaysrghibut are induced in phase and
give a net attraction. They depend on the polaliipabf the molecule. Although the
discrepancy is sufficient to cause a significantia®on in calculated copolymer

composition (Figure 4.4), the calculategia value is within a factor of-2 of literature.
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MMA(1)/MA
-- o - -MMA/MA - Lit.
— — — MMA(L)/S

— o - MMA/S - Lit.
—--— MA(L)/S
—%— MA/S - Lit.

Figure 4.4 Relationship between copolymep{Fand monomer {f composition
calculated from computed reactivity ratios for MM (Table 4.1, System 1)
and styrene with MMA and MA (Table 4.3). Curves aompared to those
calculated using r values from literature.

Most of the radicals under study are electrophdlitg the effects discussed for MMA and
MA monomer and radical activity apply. Styrene, lewer, is an electron donor
substituted radical (nucleophilic) that reacts glyievith electron deficient

monomers>* thus, it is expected that MMA (or MA) should addma quickly (reaction
more exothermic) to S* than electron-rich styréiile this is observed experimentally
(r<1),” ** the computational results summarized in Tablee#t8bit the reverse trend,
with r>1. The second reactivity ratios computed for thmes pairings are close to
experimental values: adding the electron rich Saonwer to either MA* or MMA* is

more exothermic than the corresponding homopohadditions. The mismatch in
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styrene reactivity ratios leads to significant @ans in the copolymer composition

predictions, as shown in Figure 4.4.

Chain length effects can be ruled out as a possigéanation for the deviation of results
from experimental data based upon the good agreteshenmputation with literature
values for some systems, as can be observed ineMg2. Investigating effects for
addition of MA to MA radicals of increasing chaemigth (Table 4.2) supports the
conclusion that chain length is not an importastigsin the investigation. A review of
Fischer and Radom’s wofR (Table 4.4) shows agreement between small molecule
values measured experimentally and the correspgditymerizatiorr values, also
indicating that small radicals are representativh® polymeric radical. In order to
determine the minimum sized chemical system thatearepresentative of a
propagating radical of a polymer, one should find/laat length of the polymer chain the
heat of reaction converges to that of the experialgrolymeric value. Amoung systems
that have been studied before, for ethy!nenvergence of the rate coefficient occurs at
the hexyl radical stage (ie. after addition of thied monomer; n = 3). For the
acrylonitrile® and vinyl chloridé® studies the radical that could reliably mimic the
polymerization system appeared to be n = 1.5 amdalte coefficients calculated
produced absolute values that agree within a fadttré with literature values. This
gives a good reason to justify why the values fwork can be taken as reasonable for
n =1, and more so we are just interested in x&atiot absolute rate coefficients. Chain

length effects will be discussed further in Chapter
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It should also be noted that possible solvent &fface not accounted for in the
computational calculations done for gas-phase imectMost polymerization processes
are carried out in the solution phase. From presimamputational studigst has been
shown that for homopropagation reactions the soleffacts are very insignificant,
probably because the transition state of the stutiielecules comes early and the
solvation energy is expected to be similar to tfdhe reactants. Solvent effects may be
significant to some cross-propagation reactiongrelthere are electrostatic solute-
solvent interactions. These can be parameterizédantery sophisticated treatment. In
this work, the transition state is not taken intmsideration while estimating relative
rates. This should not be a major source of eaonbnpolar molecules, as most

experimental studies find that reactivity ratiosrdx vary with solvent choicg.

As discussed earlier in this chapter, another lweak to achieving results that agree
with experimental values could be attributed todbmputational calculational errors
related to chemistry of the molecules. In the mesent studie¥, an assessment of the
accuracy of the calculations has been made. Théanasmon errors could be attributed
to the accuracy of the electronic structure catauia and the model used. From their
work Coote et al® found out that the low cost DFT methods such ds¥#3have errors

of over 20 kJ/mol in reaction enthalpies and thexsers are variable depending on the
molecular structure. However, from our work it wbgkeem that the errors in the reaction

enthalpies are not as pronounced because of the liasis sets employed. The presence
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of these non-systematic errors has also been deratetsfor the case of radical addition
to C=0 double bonds and also bond dissociationgegeim simple closed-shell
systemg’ This becomes a concern if the results calculasinguDFT are used to study
substituent effects and absolute values. For tbrikwhe HO approximation with the
partition functions based on the thermodynamicsoideal gas is used as the model.
This model seems to be yielding reasonable reultsystems such as MA/VAc,
Eth/VAc and MMA/MBA but for systems like MA/St therare problems associated with
steric crowding and the assumption tAas the same when applying the E — P
relationship. The HO model is inadequate for bidanoles such as styrene where the
radical is highly delocalized. The model has a ésng to overestimate or underestimate
the entropy antHnem values compared with the HR model. However, otttk shows
that for small molecules like those involved in #ddition of MMA monomeric radical

to monomer, the absolute values of entropylding are not very sensitive to the model

used, with the deviations well within 10%.

Despite the good agreement for some systems invtbris, a shortfall could arise from
the assumption that the pre-exponential fadt@ constant for a family of reactions
when applying the Evans-Polanyi (E—P) relationskigs seems to be not valid for some
systems, especially where polar effects are predamt® °* as has been noted in studies
where polar effects, in addition to the usual elpthaffects, dramatically enhance the
reactivity of aminoalkyl radicals toward an acrgaonomef?® In an extensive

review?® experimental and theoretical work on the majotdes controlling the addition
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of carbon-centred radicals to alkenes was usetbtdhe activation energy versus the
reaction enthalpy. From the experimental datadhe of the reaction enthalpy was
empirically evaluated as an upper limiting factine contribution of the polar effects
was then taken into account by turning to a mudigtlive factor of the activation energy
taken from the experimental data. This contributbpolar effects is not considered in
this work and as such, for some systems where #féses are prevalent, the

relationship betweeB,; andAH is less valid (Figure 4.5).

Table 4.4Calculated & (kJ/mol) and reactivity ratios (in brackets) foonomer
addition to PEst* and EEst* compared to literatvaikies from Fischer and Radom’s
work®,

Reaction A E K (L/mol-s) (-4H) rlit Eest
(kJ/mol)  @20C (kJ/mol) (kJ/mol)

PEst* + MMA 3.16*10 224 3710 87 309

PEst*+ MA  3.16*10 253 1150 85 (3.23)  (2.24)

EEst* + MA  7.9%10° 21.1 1.5*10° 80

EEst* + MMA  7.9*10 17.9 6.0*10" 82 (0.25) (0.27) 313

PEst* + MMA 3.16*100 224 3710 87

PEst* + St 3.16*10 215 5500 118 (0.67) (0.60) 324

EEst* + MA  7.9%10° 21.1 1.5*10° 80

EEst* + St 7.9*10° 167 9.3*10" 113 (0.16) (0.20) 320

Table 4.4 shows an analysis of Fischer and R&laesults in their study of addition of
monomers MA, MMA and St to PEst and EEst radicHe experimentally measured
rate constantk] of the reactions were combined with estimateduency factors to
calculate the activation energid§ @nd the monomer reactivity ratiag.(The heats of
reaction were deduced from the reaction enthalpyh addition of the methyl radical to
each alkene and the differences between the reaatithalpies for the addition of methyl

and for the PEst and EEst radicals. When compd#niegalculated reactivity ratios of the
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small molecules with that of the polymeric reacsidiom literaturer(:), we learn that
the small molecule radical kinetics can reasonsdyyesent the long chain radical

kinetics in polymerization.

Eesithe estimated activation energy in the last colafthe Table 4.4 was calculated
using the Evans- Polanyi relationship from the ¢igna

E.=adH + Eg 4.1
wherea is the reaction transfer coefficient alBgis termed the intrinsic barrier to
reaction. It is determined from this analysis tvhtle some estimatedvalues agree well
with literature, E — P relationship does a poorablestimating activation energies. This

is where the polar effects have to be taken intsicteration.

A structure reactivity trend can be seen fromhbats of reaction. The heats of reaction
show that the electrophilic radicals readily reaith MMA and styrene monomers
compared to MA monomer, because of the;€ldctron donating effect for the former
and an electron donation from the electron cloodhfthe ring for the latter. Having
established this with the results of this work #mat of Fischer it can be mentioned that
the assumptions made when applying the E — Poakdtip can be a factor responsible
for the deviation of computational results in twsrk. Further investigations on the
effects of steric crowding and dispersion effegtl-T methods should be carried out to
further elucidate the problems of deviation. Indasion, two main factors cause the

difference between experimental and calculatedirafycratios; steric crowding
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(methacrylates), and the breakdown of the E —&iogiship for systems containing

styrene.

4.2 Reactivity ratios — Temperature Dependency

From the literature review&d?it has been seen that rate coefficients for some
copolymerization systems are temperature depen@entputational workdone on the
addition of MMA monomer to the MMA radical has #iiated that there is indeed some
temperature dependency on the entropy and entbélpplecules. However,
calculations show thdtH for a particular reaction does not change sigaifily with
temperature and that the differencé\H between two reactions will be even smaller.
When looking at relative parameters such as ragctatios, the difference in the total
energy of the system does reflect the changeHodlue to temperature differences. More
so the level of theory used to calculbfig.m (AM1) compared to the level of theory used
to calculate the total energy of the molecule (B67311G(2d,2p) is low such that the

correction to enthalpy becomes very negligible.

Using different levels of theory for the purposésaculatingr values has shown to be a
less expensive way to do the investigations contjpuialy, as shown by recent
studies® ~** **However for the purposes of showing temperatupedeency it can be
concluded that this approach is not adequate. Mereecent studies by Coote efaf’
have illustrated that low cost DFT methods areapgiropriate for studying absolute

values for radical addition reactions. Calculatihgm using the highest level of theory,
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that is used to calculate the total energy, woiltelyy show some temperature

dependency but this would be significantly moreesmgive computationally.

4.3 Heats of Reaction — Structure reactivity trends

Acrylate radical

H2C\
CH, HC CH,

where R = CH(methyl); Ho—ch, (hydroxy ethyl) \0/ (Glycidyl)
R = GHg(butyl)

Figure 4.5 Structures of acrylate radicals used to study ie&ateactivities
computationally

Radical polymerization processes occur through nsamultaneous reactions that may
be complex. It has been shown in many studiesdaativity is closely related to
monomer structure. Computational quantum chemirsisybecome a powerful tool to
study directly individual reactions within complprocesses and to extract useful
information such as geometries and trends thattheebility to predict reaction
kinetics. In this section, the reactivity of théfetent acrylates and methacrylates is

examined usindH;, with the aim of understanding the effect of thagsmt size, the
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polarity and the nature (linear versus cyclic)ltd pendant group on their reactivity. The

acrylate radical structure considered in this sactire shown in Figure 4.5.

Recent investigation on monomer structure andehetivity relationship of acrylates by
Decker et af® highlighted electronic effects as a potential dbntor to high reactivity.
In this study we look at how electronic effectstfwlrawal and donation) affect reactivity

and heats of reaction.

Table 4.5Calculated-AH, (kJ/mol) for different monomer addition to differte
monomeric radicals with varying pendant groups.

Reaction -AH,
I MA* + MA 724
MA* + MMA 78.6
MA* + MEA 79.8
MMA* + MA 52.0
MEA* + MA 44 .4
Il MA* + MA 724
MA* + HEA 72.1
MA* + BA 715
MA* + GA 70.7
HEA* + MA 76.3
BA* + MA 68.1
GA* + MA 65.4

AM1 opt witingle point calculation by B3LYP/6-31G(d)

Table 4.5 shows how changing the structure of tfierdnt reacting monomers and
radical affect the heats of reaction. In group i ibbserved that when the same radical
reacts with monomers having different pendant gsqupcreasing with size) on the
reactive C, there is some impact on the calculafed, values which increase as the

pendant group increases in size from H ts @HCHs. CH; and GHs have an electron
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donating effect to the electron deficient carbod trus renders the molecule more
reactive with the electrophilic MA radical. Therefdan comparison to reaction with MA
monomer, the MA radical will react more readily ivthe monomers MMA and MEA, so
that the corresponding reactivity ratios are lass twnity. On the other hand the trend is
reversed when observing the radicals. Changingeheant group that is on the radical C
from H to CH; to GHs, in addition to steric effects, makes the radies$ electrophilic

due to the donation of electrons, and thus-ihld, becomes smaller in magnitude as the
size increases. The larger the pendant group rdeeg this effect and hence the less
exothermic the reaction. Consequently the rad&attivity trend can be summarized as
MA>MMA>MEA. These results are consistent with otlstudies of structure and

reactivity relationships of acrylat&s % ®’

In group Il of Table 4.5, the pendant group thaittached to the ester is varied in size
and nature. There is a small effect-gkH, when the change is made on the monomer
but it is not as pronounced as the effect seen wheohange is made on the radical. The
observation thatAH, valuesfor the same radical reacting with different moneosrere
similar is most likely due to the separation betvtee pendant group on the ester and

the reactive site of the monomer.

Changing the pendant group on the radical hagyard&ffect on theAH, values. The
hydroxyl in HEA has a tendency to withdraw electench that the radical reacts more

readily with the MA compared to the other acrylegdicals in the group. The methyl,
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and butyl groups in MA and BA have electron dorgtand steric effects and these
render the radical less electrophilic, such i, decreases in magnitude and the
reaction is less exothermic. Although the oxygethanglycidyl ring has withdrawal
tendencies, the electrons in the ring are likelgealominating in their donating nature
such that the radical becomes less electrophiin the MA and BA radicals. Hence we
observe a heat of reaction less negative than foaltd BA radical reactions with MA.
The radical reactivity can then be summarized a8 HEA>BA>GA. Although not
examined for the methacrylates due to steric crogéiffects discussed earlier, similar

trends are expected.

The computational study of the structure- reactitrénds in this work sheds some light
on how the size and nature of the pendant grougpiseoradical carbon enhance the
reactivity of the radicals toward acrylate mononaer effect also studied by Laleve’e et
al>® ®Uunfortunately there is no available experimentthdo compare these predicted
trends. However it is interesting to look at avaldgaexperimental data for systems similar
to the ones discussed above.

Table 4.6Experimental reactivity ratio data for differempolymerization systems
showing the effect of change in pendant gradps.

Reaction System ry ra

I BA/ HEMA 0.1 4.8
BA/ MMA 03-05 18-3.0
BA/ GMA 0.1 2.16

Il MMA/HEMA 0.19-0.82 15
MMA/GMA 0.69 - 0.8 1.05
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Despite the experimental uncertainty, the monomactivity ratios summarized in Table
4.6 for BA with various methacrylates provide soev&lence that the reacting monomer
structure has little effect on the reactivity ratidhe monomer reactivity ratio of the
different monomers with the BA radical speciesasieen 0.1 and 0.5 for all the
reactions, implying that that the cross-propagatada is roughly identical regardless of
what the pendant group on the reacting monom&his concurs with the observations
from computation results: the pendant group i®fasugh removed from the reactive site
of the monomer such that it has little or no eff@tthe reactivity of to the acrylate
radical. However, when the pendant group is chéwgethe methacrylate radical, there
is a significant change in the reactivity with BAnomer. The homopropagation of the
various methacrylate radicals is always faster tharcross-propagation reaction, but
electronic effects affect the radical and thusréiative addition of BAThe GMA and
HEMA radicals, because of the oxygen electron wiladl effect from the ring and from
the hydroxyl part of the molecules respectivelywsthigher monomer reactivity ratios,
with HEMA having a higher value than GMA. The satrend is observed for group Il of
the table. The monomer reactivity ratio of theel#nt monomers with the BA radical
species is about the same while the reaction diffexent radical species with MMA
has different monomer reactivity ratios, with HEMAowing a higher value that GMA
as expected. This can be explained by the differegnitudes of electron withdrawal
effects by the oxygens on the different radicacggse This experimental result is in

agreement with the trends calculated computatip@aat summarized in Table 4.5.
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Further experimental investigations need to be domm®nfirm that radical reactivity is

more affected by change in structure than monomer.
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Chapter 5

Results

5.0 Monomer addition to dimeric radicals

The methodology of this thesis was to validatectputational techniques against well
known experimental values such as reactivity ratiosn to apply the techniques to
estimate kinetic coefficients for mechanisms tmatdafficult to study experimentally,
such as monomer addition to midchain radicals amdipimate chain growth kinetics.
Chapter 4 shows that there are still limitationghi® application of computational
chemistry to radical reactions. Nonetheless, samalations have been done to examine

more complex reactions, as summarized in this enapt

Although it has been generally recognized that¢hnminal model fails to describe the
copolymerization rate, it is still useful for moahg many systems as a starting point. The
attractions of the terminal model are its simpjyi@nd its ability to represent polymer
composition. For most copolymerization systems piblgmer composition can be well
described by the terminal model, but Kag.povalues must be evaluated according to the
penultimate model. In this work, somealues and values are determined using
calculatedhH;, values in conjunction with the E—P relationshipeTeactivity ratio

results are compared to existing literature vallibss is done so as to also evaluate if

this methodology developed will distinguish perubie unit effects.

81



A very important factor to note for this studyhe tsignificant time and effort required to
perform geometry optimizations in order to getghabal minimum structure of the
molecules, before any calculations are done. Ifieation of the minimum energy
conformations for the species involves a poterti@rgy scan (relaxed) of the backbone
dihedral angles of the molecule. The number ofiihedral angles grows exponentially
with the size of the system, and for larger molesud full search can rapidly become
impossible. As the size grows, the system beconues somplex. For instance with a
trimeric methyl methacrylate species, 25 dihednal@s are considered. In the systems
studied, it has to be noted that the possibilitgro¢himeric effects cannot be ruled out
and an extra effort has to be applied to screenilplesconformations thoroughly. It
would take approximately three weeks to a monttotoe up with just the minimum
energy conformation of one molecule. The dihedrahs for each molecule are done
using (B3LYP/6-31G(d), as AM1 is unable to hanaigé molecules. Single point
calculations are performed on the minimum geonetl#ained from the scans using

B3LYP/6-31G(d) in order to get the global minimutrusture.

5.1 Reactivity Ratios — Penultimate Model

Table 5.1 summarizes tldH, estimates calculated for monomer addition to dicner
radicals, calculated using density functional tyd®+T) methods. Also tabulated are
the reactivity ratios, calculated from the diffecennAH, (homopropagation — cross-

propagation) values as described in Chapter 3i@itbrk. The last column of the table
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contains experimental values for the polymer systemith the ranges based upon

compiled datd?

Penultimate unit effects are examined for thre¢esys; MA/MMA, MMA/MEA and
MA/St. Of the three, MA/MEA has no experimentalalsa compare with, while for the
other two systems calculated monomer reactivity nalues deviate from the known
experimental values. The potential reasons andulaak on how the problem may be
solved are discussed at length in Chapter 4 aadifathe future work suggestions.

Despite these deviations, some trends can be &dréom the data obtained.

Ther values calculated for the MMA/MEA system (Systdnm[Table 5.1) indicate there
is no explicit penultimate unit effect for this $3%1. This system was examined to further
check the cancellation effect of the steric crowdaffects on the MMA and MEA
observed in the terminal model. Although the resssiétem reasonable, there is no
experimental data to compare with. The monomettingcratio for each radical species
is the same; e.g., Dimeric MMA* species in IIA a8l have the sameand dimeric
MEA* species in IIC and IID also have the samBeferring back to Table 4.1, it can be
observed that values for the monomeric MMA* and MEA* species approximately
the same, although it has to be noted that thengrtion of the minimum structure is
done at a different level of theory. This agreenferther supports the conclusion that
chain length has negligible effect on the monoreactivity ratios. The results are

consistent with the implicit penultimate model,ttisa; ~ r11= r12. It is not conclusive
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that there is a cancellation of steric negativecf in MMA/MEA, but this could be a
case for further investigation. Coote et°atite that although there might be a slight
difference betweern and the correspondimgnultimate model monomer reactivity

ratios, it is very insignificant for acrylonitrilend vinyl chloride system.

However there are differences in theandrj values for MA/MMA and MA/St, as would
be expected for an explicit penultimate unit efféctr example, for MA versus MMA
addition to a MA monomeric radical, the reactivig§io was calculated to be 0.37 in
chapter 4 (see Table 4.1). The relative monomeitikety ratios are calculated to be 0.63
for addition to an MMA-MA dimeric radical and 0.38r addition to MA-MA radical.

The effect of these differences are small when éxagna plot of polymer vs. monomer
composition curves calculated using the computatiomalues, as shown in Figure 5.1.
This result is in agreement with Coote and D&Vigho argue that an explicit
penultimate unit effect should exist, but may be sabtle to be observed experimentally
from polymer composition data. Both curves cal@datising the computational values
differ from literature; as discussed in Chaptethds can be attributed to steric crowding

for the MMA component of the dimeric radical.
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Figure 5.1Relationship between copolymep{fFand monomer {f composition
calculated from computed reactivity ratios for MAVM (Table 4.1, System | and Table
5.1, system 1A). Curves are compared to thoselleddd using values {=0.4 and p
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Figure 5.2 Relationship between copolymep{Fand monomer {f composition
calculated from computed reactivity ratios for MA(Bable 4.2, System | and Table 5.1,
system II1A). Curves are compared to those catedlasing r values {r=0.25 and
r,=0.87; 1=MA) from literature.
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The MA/St system composition plots show a diffengattern from the MA/MMA
system. Because the calculated monomer reactatitys of the St —MA radical varies
substantially from the experimental values, comjpanal results for the terminal model
and penultimate model values give curves that dierent. Surprisingly, the polymer
composition curve calculated using the penultinmadelel with computational values
agrees reasonably well with experimental data ssmred by the “term lit.” curve. The

agreement is likely coincidental, due to the issuigls St discussed in chapter 4.
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Figure 5.3Relationship between rate of copolymerizatigiidlL/mol-s) and monomer
(f1) composition, calculated from computed radicalataty ratios for MA/MMA
systems compared to literature ratios for the pemalte and terminal models
(r1=r1:=r12=0.4; ro=r =1 ,1=2.0; 5=0.5; =2.0; ky1 =22900; k, = 648; 1=MA; 2 =
MMA)
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Table 5.1Calculated-AH; (kJ/mol) and reactivity ratios @éndsin brackets) for
monomer addition to dimeric radicals comparedterditure values for polymer systems.

Reaction Method 1A Experiment **
1A MA-MA* + MA 73.4 (0.20 — 0.50)

MA-MA* +MMA 843 (0.35)
B MMA-MA* + MA 64.0

MMA-MA* +MMA 68.8 (0.63) (0.20 — 0.50)
C MMA-MMA* + MMA  42.0

MMA-MMA* +MA 40.1 (1.20) (2.0 — 2.50)
D MA-MMA* + MMA 46.4

MA-MMA* +MA 47.0 (0.93) (2.0 — 2.50)
E MA-MA* + MA 73.4

MMA-MA* +MA 64.0 (0.40) (0.50)*
F MMA-MMA* + MMA  42.0

MA-MMA* +MMA 46.4 (1.52)* (2.0)*

IA MEAMEA*+ MEA  26.8
MEA-MEA* +MMA  31.8 (0.62)
B MMA-MEA* + MEA  29.8
MMA-MEA* +MMA  35.0 (0.61)
C MMA-MMA* + MMA _ 42.0
MMA-MMA* +MEA  38.0 (1.36)
D MEA-MMA* + MMA  35.3
MEA-MMA* +MEA  31.8 (1.39)
E MEA-MEA* + MEA  26.8
MMA-MEA* +MEA  29.8 (0.75)

F MMA-MMA* + MMA  42.0

MEA-MMA* +MMA  35.3 (1.92)*
A MA-MA* + MA 73.4

MA-MA* +St 88.6 (0.23) (0.14 - 0.3)
B St -MA* + MA 785

St- MA* + St 80.57 (0.82) (0.14 —0.3)
C St-St* + St 62.9

St-St* + MA 60.6 (1.26) (0.65 — 0.87)
D MA-St* + St 61.0

MA-St* + MA 59.9 (1.11) (0.65 — 0.87)
E MA-MA* + MA 73.4

St-MA* + MA 78.5 (1.64)* (0.9)*
F St-St* + St 62.9

MA-St* + St 61.0 (0.83) (0.11)*

Method 1A - B3LYP/631G(d) opt freq@298.15 K *désmthes value

While differences are found mvalues, the calculated radical reactivity ratiogalues)
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for the MA/MMA system are in agreement with the estmental values. A plot of the
(Kp,copg Versud for the penultimate model using the calculae@lues is plotted in
Figure 5.3, with monomer reactivity ratios and h@wlgmerizatiork, values taken from
literature. The curve agrees very well with theezkpentally measurek},copovalues,
which are represented by the “literature penultghatirve; the “literature terminal”
curve on the plot represents the predictions wiegnuftimate effects are not accounted
for when calculatind,copo The computational techniques combined with thariSy
Polanyi relationship is able to predict the chamgedical reactivity caused by the
penultimate unit in the MA/MMA chain, even thoudtalils in predicting radical

selectivity ¢ values).

Comp. Pen
= = = Lit. Pen.
— =X — Lit. term.

Figure 5.4 Relationship between rate of copolymerizatigndil/mol-s) and monomer
(fsp composition, calculated from computed reactivaios for MA/St system compared
to literature ratios for the penultimate modelardminal model (1=r 11= r 15=0.25;

r2=r 2= r21=0.8; $=0.9; $=0.11; ky; =22900; k> = 238; 1=MA; 2 = St)
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The same conclusion, however, cannot be drawm&®MA/St system. As shown in
Figure 5.4, the calculateslvalues result in a curve that more closely folldnsst

predicted by the terminal model, and fails to repra the experimental data reflected by
the “literature penultimate” curve. This result maise from the breakdown of the E-P

relationship for systems with styrene, discussedhapter 4.

While the impact of penultimate effects may notaja/be in agreement with
experiment, it is evident that this methodologysidestinguish penultimate unit effects.
The trend seen in th&H, results support the proposition of Fukuda €t ghat the
penultimate unit can affect the stability of themagating radical. As seen on Table 5.1
IE, as soon as the penultimate unit changes from&MAMA the AH; changes from —
73.4 kJ/ mol to — 64 kJ/mol, as expected. The r@attecomes less exothermic as the
methyl group on the penultimate unit helps to s$tebihe radical by electron donation.
Reaction IF exhibits the same trend. As soon apé¢heltimate unit changes from MMA
to MA the AH, changes from —42 kJ/mol to —46.4 kJ/mol. Accorbirtige reaction
becomes more exothermic showing that the radigabige reactive compared to when

the stabilizing methyl group was available.

Thesvalues obtained in the calculations are closbécekperimental values for
MA/MMA, but the monomer reactivity ratios deviat&his is very encouraging for some

systems but still leaves a question as to whelieeE+-P relationship can be used in all
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cases. Importantly, a factor to consider is theaiske absolutd values to see if the E —
P relationship will hold for non-polar systems. RIVIA, chain length effects might be a
problem as the longer the chain the more steriwdiry there is and the worse the heat
of reaction prediction is. This is evident when tbsults of heat of reaction on adding
monomer to the monomeric species (-50.0kJ/mol)asemegative than when adding
monomer to the dimeric radical (-42.0 kJ/mol). Heat of polymerization of MMA is -
53 to - 58 kJ/mol” However when looking at the chemistry of the molecthe electron
donation effect of the CHgroups on the backbone chain implies that the Mistdical
becomes less electrophilic, with increasing changth, hence the less negative heat of
reaction. We know that DFT methods have a tendemoyderestimate dispersion effects
in molecules that have steric crowding, and a wagccount for these is required to

study these trends with greater accuracy.

It has been suggested that radical substituentsiteéatrong electron donors or acceptors
are associated with strong polar interactions, @afg when the substituents appear on
the monomer. Therefore, since it is known that poleeractions undermine the E — P
relationship’ it could be a possibility that for MA/St, the pétimate unit effects are

likely to be explicit not implicit and assumptiomsade for family groug values do not
apply. In particular, an explicit penultimate ueftect occurs when both the terminal and
penultimate units of the growing radical affect thdical selectivity. With the presence

of the delocalized electrons of the styrene riagjaal stabilization effects are significant

on the propagating radical and it appears thaasisemptions of the radical stabilization
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modef”® (rir» = 515) are not satisfied for this system. Thus the eipiather than the
implicit penultimate model may provide a betterighs to the copolymerization kinetics
of this system. As seen on the results obtainedléTal Il A- F) and the plot produced,
rir; # s1S. In their work using ab initio calculations to dyueffects of substitution on the
addition of 1 — Y, 3-X-disubstituted propyl radisgdX = H, F or CN; Y = F or CN) to
ethylene, Coote et &f.found that the penultimate unit effects were eipliecause the
stabilization model did not hold. Studies on thpalgmerization of acrylonitrile (AN)
with styrene (S have been done taking into account the expligiufienate unit effect
and it is found thah is different for the different reactions in the deband thus this
would disqualify the E — P relationship for thisssm. However to disqualify E — P
relationship for MA/St system, the A values for thiferent reactions in the model

would have to be determined.

The heats of reaction values show a consistene\atlehain length three for styrene
which is less than the polymeric radical by 10 lal/(DFT acceptable difference), and
this could mean that the styrene radical is repitasi@e of the polymeric radical.
However, with the advent of powerful techniquesilevk, is frequently considered
independent of radical chain length, some studaee lshown that the propagation
constant is a function of degree of polymerizafib/’ This dependence is restricted to
the first propagation steps until the chain lerrgtiches the value of three or four
monomer units. This is consistent with the worlMafscatellP® where the chain length

effects in the polymerization of acrylonitrile amvestigated. Indeed the propagation rate

91



changes with the growing chain to length 7. He&teaction, however, for the AN
remain constant as the chain grows. What this cod@dn is that tha for the first
propagation steps would not be constant and thatdaadfect the assumption that we
make for E — P relationship for some systems instuaties. This observation by
Moscatellf® could also be the reason why the terminal modedtsadequate for some
copolymerization systems. The issue comes intecefi#ere steric effects affect the
energetics of the system like for MMA as the chgriows. Moscatelli et & find that in
their studies of AN/St system the computationatigdicted reactivity ratio results are
affected by chain length, another potential problenthe MA/St system. Other than the
breakdowns mentioned, the HO model is known tabdequate for big molecules such
as styrene where the radical is highly delocalibedefore this could be contributing in a

way to the deviation.

In conclusion, penultimate unit effects exist ommalecular level and they should be
investigatedn order to explain deviations from the predicti@ishe terminal model.

It has been assumed that the penultimate unittefieenost comonomer systems are
solely enthalpic but considering the results iis #tudy, these effects may also contain a
steric contribution. This steric penultimate urffeet can arise if certain internal motions
in the energy resolution are hindered by the sulestts in the penultimate unit. If there is
a large difference in size between the two comomsntiee penultimate unit effect is
likely to be large and it can even be so large ithatobserved in the monomer reactivity

ratios and give rise to an explicit penultimatet @ffect. The work in this study also

92



suggests that systems in which the two comononaars similar sizes (e.g., MA/MMA
and MMA/MEA) are not likely to display an expligenultimate unit effect, but that this
is the case in systems where the two monomerseayadifferent in size sterically (e.g.,
MA/St). In the latter systems the E — P relatiopstoes not hold and this could be the

ultimate cause of the deviation in the results riggbfor the system.

5.2 Reactivity Ratios — Midchain Reactions
Scheme 5.1 describes the midchain reactions thvat been studied in this work in which

n = 3. The corresponding endchain reactions alge ha= 3.
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Scheme 5.IMA midchain radicals reacting with different monamef varying
structure.
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In theabovereactions, we are comparing reaction of the monenueetertiary carbon
radical versus secondary carbon radical. One wexpect a reactivity ratio that is
similar to the one obtained with the terminal ratliaf the corresponding system.
Unfortunately results obtained are contra thermadyio as will be explored later in the
section.

Table 5.3Calculated-AH, (kJ/mol) and reactivity ratios for monomer additio ~MA
midchain radical and ~MA endchain radical (~MA regnts a trimeric species)

Reaction AH; mid AH; end midchain endchain
(kd/mol) (kJ/mol)
~MA + MA -26.88 -72.89
~MA + MMA -15.00 -80.25 WMA/MMA I'MA/MMA
3.16 0.49
~MA + VAc -13.97 -53.10 WAVAC IMANAC
3.48 6.81

The heats of reaction for monomer addition to théctmain radicals are less exothermic
than that of the endchain radicals, showing thett tthe midchain radical is more stable
than the endchain radical (Table 5.3). It is edsiethe secondary carbon chain-end
radical to react with the monomer than it is for tertiary midchain radical. The heat of
reaction for adding MMA and VAc to the radical alenost the same but significantly
less in magnitude than addition of MA to the midolecrylate radical. Monomer
reactivity for the endchain radical follows the gatrend as in the terminal models

examined in this work and lie within the rangeltd known experimental values.

For the stabilized tertiary midchain radical, whigdis much smalledH; values, we see a

difference in the calculatedvalues for addition to MMA compared to MA. Noteattihe
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structure of the midchain radical and that of thdalhain MMA radical are similar, as
both are tertiary radicals. One might expect theg béreaction when reacting with the
same species to be similar, but in this case theesare significantly differentH; for
MMA addition to MMA radical is calculated to be —=BXJ/mol while addition of MMA
to a MA midchain radical is only =15 kJ/mol (B3LYa231G(d) optimized). These
unexpected values could be a result of the linoitetin DFT where steric crowding is an
issue. It would be interesting to find what thectezn barriers, frequency factors and the
activation energies are, for the different radisalguestion. There could be contra
thermodynamic elements in the results similar tattas been observed by Gomez-

Balderas et &f° on the addition of methyl radical to ethene arnyee.
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Chapter 6

Conclusions and Future Work

6.0 Conclusions

It is clear that computational calculations forefradical polymerization kinetics are
becoming a viable alternative to experiment inanses where model-free experimental
determination of rate coefficients is difficultionpossible. In this work, a cost effective
computational way of estimating reactivity ratiasltbeen developed. Results that are
comparable to available experimental data are wédaior some systems. For systems
for which experimental data to compare with is Iagkthe results provide preliminary

values that may be used as a starting point fatiaomodelling.

The primary interest in chemical studies is oftenaerned with trends rather than
absolute quantities; this study has shown thatlétweloped computational method can
provide structure reactivity trends by examining #stimated heats of reaction. It has
been established that as the pendant side graapiesi, the heat of reaction changes
according to the nature of the group (electropluticucleophilic). The most remarkable
trend that has been noted for the systems studidggkiterminal model, is that
substitution of pendant side groups in cross pohyagon reactions affect the radical
reactivity more than the monomer reactivity. Thénd has been confirmed with existing

monomer reactivity ratio experimental data.
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Chain length effects have been seen not to bevebdick for most of the systems studied.
Heats of reactions for most systems have beendxsés be the same or lie within the
range of the polymeric radical for the monomeriical. As4H; is the parameter that is
used for the reactivity ratio calculation, it isiséble to assume that the monomeric
radical can adequately represent the polymericehddr these calculations using this

methodology.

Penultimate unit effects can be discriminated usimgymethodology. Heats of reaction
show the effects of varying the size and natuth@fpenultimate unit. The identity of the
penultimate unit has little effect on radical sélety (r1 = ri1~= rip) for MA/IMMA

system and MA/MEA system and these comply withitiyglicit penultimate unit effect
model. For MA/St system, the methodology has breaks because of the difference in
size and nature (electrophilic and nucleophilichha monomers involved, thus making
the one of the assumptions made & the same for the different cross propagation
reactions of the system not valid. Polar effecthencross propagation steps of reactions

undermine the validity of the E — P relation.

For some systems where polar effects are not dgaroffor example MA/MMA system),
a deviation is observed in the results due to tiecscrowding within the molecules and
the limitations of DFT methods for molecules thavé steric crowding. For this system
the E — P relationship does not break down, théatlen is attributed to DFT since it
does not include dispersion effects and tends évestimate steric repulsions. For

97



midchain radicals, the same problem leads to ureegeaesult of the monomer reactivity
ratio and the calculated heat of reaction. Theaetiens should be studied further using

transition state theory.

The computational methodology developed in thiskwsicost effective and has
identified trends that can serve as a basis drérgg point for further investigations. It
has been applied to improve our general understgrafithe reaction mechanisms
involved in radical polymerization systems, andhe to show the subtle explicit
penultimate unit effects that cannot be observgeementally. This methodology
assumes that the E — P relationship, correlatitigedion energies to heats of reaction, is
valid. Thus, while the computational techniques paovide some insight to kinetic
trends for these complex systems, it must be usdoaution and a good understanding
of computational methods. As this important fietchtnues to develop, improved
computational methodology will help in product fartation and optimizing
manufacturing processes, and will serve as a asigture studies for other

polymerization systems.
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6.1 Future Work

In relation to the computational bottleneck of DT limitations of energy resolution, a
suggestion to split the molecule into different paments and add up the energy has
come up in discussions. Moscatelli et’dhave used such a method successfully for their
studies, and on this could be applied to the MA/MBA&Stem. Another interesting study
would be to look at the effect of electron donatyngups in the energy resolution for
these calculations. Studying the chain length &fea4H, for MMA radical would give

an insight as to what causes the contra thermodygasults for this molecule. As
suggested by Moscatéfliit is recommended to study one or two systems &itended
chain lengths so as to see whether that makegeaath€e in the calculated reactivity

ratios and improves comparison with experimenthles

As far as the E — P relation breakdown for soméesys, calculation of tha values for
the monomer systems that do not have moleculedathat the same family group
would be useful. This can be done by optimizingttaasition state of the monomer
addition reaction and applying the transition sthéory to estimate absolute rate
coefficients. Thes@ values would then be used in the calculation efrttonomer
reactivity ratios to see if that would addressdbeiation from the experimental
monomer reactivity values. Such an approach wolsld @rovide a means to further
examine the penultimate unit effects for the défarsystems, and compare to known

experimental trends.
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A novel structure reactivity trend in heats of t&@t was observed in this study, where
radical reactivity is influenced more than the mmeo reactivity by the nature of the
pendant side group. A similar trend is seen inlakie experimental results for monomer
reactivity ratios. This is not conclusive as reattiratios are relative values of the
homopropagation and crosspropagation reactionsomolusively declare this a valid
trend, only crosspropagation experimental valugh®tifferent monomers and radicals
would have to be studied, for example for the cppelrization of MA with HEMA and

GMA.
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Appendix A

Application of computational approach to FRP —
Group Additivity

A.1 Styrene/ a- Methyl Styrene

The computational studies on small radicals can ledhe development of estimation
techniques for radical and monomer reactivitieagihermodynamic data by capturing
the differences in the relative energies betweantamts and products. Group Additivity
(GA) capabilities are explored in this section gs€Benson group additivity values
together with the values that were developed byaBbelt et af>successfully, for radical
groups. The styrene ()4 methyl styrene (AMS) system has been studied thighhelp
of Broadbelt et al.

Table Al: Calculation of heats of formation and heats att®n using Group Additivity

for STAMS system.
Group AH; 298 K Molecule AH; 298 K
Contr.
Co-(H) 3.3 Styrene 35.3
Cu-(C) 5.51 S* 39.6
Cu-(C¥) 5.51 S-S* 52.63
Cu-(Cy) 5.69 AMS 27.01
Ca(Co)(H) 6.78 AMS* 32.41
Ca(Ca)(H) 6.78 AMS-AMS* 36.83
Ca-(H)2 6.26 S-AMS* 43.24
C-(C*)(H)s3 -10.2 AMS-S* 46.2
C*(Cp(C)H) 24.7 S-S-S* 68.74
C*-(C)2(Cy) 25.5 S-S-AMS* 59.35
C-(C)(C*(H). -4.95 S*-AMS-S* 63.12
C-(C)(H) -10.2 AMS-S-S* 63.12
C-(Ch(Cy) 2.81 AMS-AMS-AMS* 48.14
C-(G)(C)(H) -0.98 AMS-AMS-S* 57.53
C-(Cy)(H)s -4.76 S-AMS-AMS* 53.73
C+(Co)(C) 8.88 AMS-S-AMS* 53.73
Ca(Cp)(C) 8.64
C-(Cl(H)2 -4.93

108



43. 7135 described in

The enthalpy of reaction is estimated using graigitavity (GA),
section 2.3.2. Table A1 summarizes the group valegsired to analyze the system, and

the estimated heats of formation.

From the Evans Polanyi relationshify,= aAH; + E; and the Arrhenius equation
k = Aexp(-E4/RT),

k Aexd —(Eo +aAH,)/RT} Al
Taking into consideration the assumptions that the same for a particular radical and
Eois constant for a family groupandscan be easily calculated. Scheme Al
summarizes the requirékH values for monomer adding to monomeric radical.
Assuming Evans-Polanyi, the monomer reactivityosatire calculated according to:

Aexp -(b +aA Hi1)/RT.
= k /k =
Pul "Rz Aexp -(Bb +aA Hi2)/RT.

pr[_a (AHru-AHn//R T)} A2
2=k, [k, = exp[—a (AHrzz-AHr%QT )} A3
* kll * _
S*+S — S-S AH11=-19.13

k
S* + AMS 12 S-AMS* AH1,=-20.19

k
AMS* + AMS —2 AS-AMS*  AHp=-17.22

k
AMS* + S 2 AMS-S* AHoq = -16.14

Scheme AIMonomer addition to a monomeric radical for Stygeanda-methyl styrene
copolymerization.4H values are in kcal/mol)
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For the penultimate model it is necessary to cansitonomer addition to dimeric

radical as summarized in Scheme A2. Radical raactatios are calculated as:

15k, [k, = exp[—a @Hra-AHr _T )} A4
25k, [k, = exp[—a @HrzcAHr RT)} A5
S-S*+ s o gg.g AHyz = -19.13
S-S* + AMS—2 = 5.5 AMSH AH112=-20.19
S-AMS* + S—XL - 5 AMS-S* AHp = -16.14
S-AMS* + AMS—32 =~ S AMS-AMS* AHipp=-17.2
AMS-AMS* + S —ZL = AMS-AMS-S* AHp = -16.14
AMS-AMS* + AMS —22 = AMS-AMS-AMS* AHopo=-17.2
AMS-S*+S —&L - AMS.S-S* AHz11 = -19.13
AMS-S* + AMS —#2 = AMS-S-AMS* AHz= -20.19

Scheme A2Mlonomer addition to dimeric radical for styrenedasrmethyl styrene
copolymerization. (aldH values are in kcal/mol)

Calculated values are compared to experimentakgdluTable A2a is setto 0.24

based on the findings by Broadbelt et’and Fischer and Radoth.
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Table A2: Monomer reactivity ratios and radical reactiwslues for S/AMS, calculated
at 323K

Calculated values Expt valu®s

r 0.67 0.117 0.3
ra 1.49 0.974 1.1
S1 1 1

S 1 1

Rukulj et al’?

®Polymer Handbod®

Calculating monomer reactivity ratios using thertieyal model shows that no matter
what assumptions are applied the calculated redifilés from experimental. From
Broadbelt’s group values, the monomer reactivitiosaare:r; = 0.67 and, = 1.49

while the literature values are= 0.117 and, = 0.974%andr; ~ 0.3 and, ~ 1.1%*
Although some studies have shown that the ratetaonfor the addition of polymeric
radical to a monomer does not only depend on tineit@l structure of the radical but
also to some extent on its penultimate unif’this effect is not observed experimentally
for SIAMS copolymerization> "*Calculation ofs; ands; from the thermodynamic data
obtained using GA method in conjunction with theks- Polanyi relationship, gives the

same result.

Despite that the GA calculations do not compard wigh the experimental values, some
useful trends and information can be extracted filoeresults. The calculated results do
not indicate any penultimate effects. Monomer riedgtratios of the terminal model of
this system are the same as the corresponding negrrearctivity ratios in the
penultimate model. The difference betwety;; and4H-1; is the introduction of the

CHsgroup to the styrene in the penultimate positione @ould expect the second
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reaction to be more exothermic as the introduabithe CH gives more stability to the
radical due to the “+1 effect” (donating effect)ia<alculated via GA4AH211 and4H321
give an illustration of the secondary and tertiagtical stability effects respectively.
From the enthalpy data obtained from GA, it cambted that the tertiary radical is more

stable than the secondary radical, as is consgtiéimthermodynamics.

The question at this point is where the inadequdi@ey this method is coming from,
group additivity or Evans-Polanyi theory and theuemsptions applied? From the results
on Table A2, it appears that Group Additivity foodel compounds does not adequately
capture heats of reaction. This then leads todhnelasion that the model compounds fail
to capture the polymer character. Estimation fatef reaction using Gaussian for the
homopolymerization of styrene yield good resulttfue heat of reaction for the dimeric
species whereas for timemethyl styrene dimeric species the estimationdaé to spin

contaminatior’?

A.2 Methyl Acrylate/ Methyl Methacrylate

From reviewing the work on styren@/methyl styrene one wonders how the methyl
acrylate(MA)/methyl methacrylate(MMA) system wouédte when GA is used in
conjunction with the models. The radical structurethe St/AMS system and MA/MMA

system are similar; however the groups that makihege structures have different
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chemical characteristics. Comparison of the strestérom the two systems is shown in

figure Al.

H,C
HLC 2% H,C HZC\
’ \/\CH. \CI:H 3 \/\CH* \CH

|
CeHs  CgHs 4 CsHe VS. COOMe  CooMme + COOMe
CH H,C CHs CH CH
HsC 3 . | H,C O 8
\‘/\CH (F \|/3/\(I:H* C‘I
CeHs  CgHs 4 CsHs VS. COOMe  coome + COOMe

Figure A1 Comparison of St/AMS system with MA/MMA systenticeec

The differences in the structures can cause soffegatices in the radical reactivities of
the two systems. Certainly looking at the phenyhponent and the acrylate (carbonyl)
component as well as the situation of the methgigs attached to the chain backbone,
different effects are expected. These effects ercthral centres considering the electron
densities and the magnetic spins would presumadaiyan important role in making the
MA/MMA system less difficult to work with than tH&/AMS system when it comes to
computing enthalpies. The phenyl group diminisiesdoulomb attraction by
delocalising charge over the radical and therefoa&ing the radical less subject to polar
effects. It is known that polar effects have ae@fbn the energy barrier of a reaction.

The energy of the system plays an important rosomputational models, so this has to
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be kept in mind given the fact that MA/MMA systesnéss conjugated than S/AMS
system. With this in mind an evaluation of the MAVM system using Group additivity

was done. The results are shown in scheme A3

k
MA-MA* + MA —¢ MA-MA-MA* AHq11=-20.81
k
MA-MA* + MMA —2—= MA-MA-MMA* AH1,=-24.35
k
MA-MMA* + MA —2 = MA-MMA-MA* AH1, = -16.85
k
MA-MMA* + MMA ——2 MA-MMA-MMA¥* AH1 = -20.39
k
MMA-MMA* + MA —22—= MMA-MMA-MA* AHz01 = -16.85

k
MMA-MMA* + MMA —22—~= MMA-MMA-MMA* AHop = -20.39

k
MMA-MA* + MA —2—= MMA-MA-MA* AH,1 = -20.81
k
MMA-MA* + MMA 2lz MMA-MA-MMA* AHz10= -24.35

Scheme A3Monomer addition to dimeric radical for methyl gtate andmethyl
methacrylate copolymerization. (adH values are in kcal/mol)

Table A4: Monomer reactivity ratios and penultimate unfeef for MA/MMA,
calculated at 298.15 K

Calculated values Expt valugs

ry 0.24 02-05
r 421 20-25
St 1.0 0.5
S 1.0 2.0

Polymer HandbookK:

114



The monomer reactivity ratiq value is the same as the experimental value aisdnot
close to the experimental value. There is probalilyeakdown in the method as
indicated for the St/AMS system. The method dodgstinguish penultimate unit

effects that are observed experimentally.

Since it has been identified that the GA model coumals fail to capture the polymer
charactef? and that estimating heats of reaction using Ganssimputational methods
seems to give reasonable results for small radicéécules? it wasour aim then to try

to generate valuable kinetic data using quanturmated methods.
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Appendix B
Molecular Structures Used in this Work

H,C
Me
(l:X \)|<C*
T c=0
7 o
|
R
Acrylate Monomer Acrylate Radical
CY *
Me __CH; |
¢=0 C=0
|
? 0
R’ I
R
Dimeric Acrylate Radical species
Cz CY *
/l ~_ /l ~ /XC
Me __CH, |__TcH; |
C=0 C=0 (I::O
O O
I [ O
R R |
R

Trimeric Acrylate Radical species
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where; XorYorZ=Hor CH;or C;Hs
R’ or R = CH3 (methyl) or C,Hs (ethyl) or C4Hy (butyl) or

H,C
SN
HC

0
(glycidyl)

Vinyl Acetate Monomer

H,C=—=CH,

Ethylene Monomer

CH, or

./

CH,

(hydroxy ethyl)

Vinyl Acetate Radical

HC——C*H,

Ethylene Radical
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