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Abstract

Functional watesoluble polymers find applicatisnn a vaiety of fields including wastevater
treatment, pharmaceuticals, cosmetarsig deliveryand hygieneDespite the increased demand
for these products, understanding of their synthesis byréigieal aqueouphase polymerization
has lagged behind that of polymers produced in organic solvents. In this doctoral work,-the free
radical batch and semibatch aque@imse polymerization oN-vinylpyrrolidone (NVP), N-
vinylformamide (NVF),N-vinylimidazole (NVI) and quaternized vinylimidazole (QVI), as well
as NVP polymerized im-butanol, has been studied. Kinetic models are develtpeescribe
monomer conversion and polymer molecular weight (MW) behaviour of these sy3Jteens.
expressions developed from independent pulsser studies forpropagation (k;) and
termimation () rate coefficients, including their variation with monamnmencentration and
conversion, are shown to provide an excellent description of aqupbase NVP
polymerization. Blymerization of NVP in butanol and MVF in water are wellepresentethy
the base NVP model, witldifferences in polymerization rate ammblymer MWs simply
accounted for by the differences kp for the systems, indicating thtte k: behaviourmust be
guite similar The NVI/QVI study demonstrates the importance of adedendent degradative
addition reaction to monomer for NVI, with polynmation behaviour identical to that of QVI

for pH 1, an effect captured in the model develojpedescribéhe system.

The aqueougphasecopdymerization of NVP and NVF waalso studied, andeactivity ratios
were determined to be weclose to unity. Tis information was combined with thg and k
expressions usetb describeNVP ard NVF homopolymerizationswith no other additional

parameters require model the copolymerization rate, copolymer composition and copolymer



MW. This result demonstratéisat the improved homopolymerization knowledge of these water

soluble monomers can be easily extended to understand their behaviour in copolymerization.
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Chapter 1. Introduction

Freeradical polymerization (FRP) is an importaimdustrial process used to convert vinyl
monomers to polymer products used widelginariety of fields The advantageof FRPlies in

its higher tolerance of impurities and undemanding reaction conditions compared to ionic or
coordination polymerization, allowing for very high molecular weight polymer to be produced
obviaing the necessity for rigorous purification of monomansl solvents to remove any traces

of impurities. In addition tahe production of important commercial homopolymers such as
poly(ethylene), poly(styrene), poly(vinyl chloride), étchis technique can also be used for the
copolymerization of multiple mmomers resulting in the formation of polymers with properties

dependent on the proportion of the mononfers.

An important class of freedical polymers are watsoluble polymers, usually produced via

FRP of wateisoluble monomers in aqueous solutione3é polymers are used in a range of
applications, such as pharmaceuticals, hygiene, waste water treatment etc. Industrially important
classes of water soluble monomers include carboxylic acids (acrylic, methacrylic acids etc.) and
N-vinylamides (acrylamideN-vinylpyrrolidone etc.).As will be discussed in Chapter 2, the
kinetics of freeradical polymerization of water soluble monomers deviates from expected
behaviour due to the influence of monomer concentratiok,0Although the earlier works by
Gromov>® Senogles and Thomasand others haveshown thatsolvent medium plays an
important role in polymerization kinetics, behaviour and influence of the individual rate
coefficients k, andk; could not be ascertained. This made a comprehensive study kinekie

modeling of the individual monomers, let alone their copolymerization, almost impossible.



Despite the poorly understood polymerization kinetics, functional veatleble polymers have
widespread applications in a variety of growing markets. Td¢wmapanies such as BASF would
like to better understand these systems in ordeintprove control over their existing
polymerization processes ataldevelop new process and product alternatives. The advent and
application ofspecialized kineticechniquesallow for the determination of the individual rate
coefficientsk, andk;, and provide the opportunity tmproveunderstanding of these industrially
important aqueous systems. This wqkrt of a collaborative effort with the research groups of
Dr. Bubak (University of Géttingen, Germany) and Dr. Lacik (Polymer Instiaftthe Slovak
Academy of SciencedBratislava, Slovakia) in cooperation with BAS#escribes a systematic
experimentaktudy combined withkinetic modeling of batch and semibatch poéyimation of
water soluble monomers in aqueous and organic solvents. The kinetic models built using Predici
make use ofiewly determined, andk; expressions obtained Ispecializedexperiments from

the groups of Dr. Buback and Dr. Lacik. The ability ofpeessions from independeptised

laser polymerization (PLP$tudies to represent continuously initiated systems validates their

functional form as well as demonstrates the generality of these expressions.

The esearch work conducted in thisadoral wak has been presented in four malrapters

as outlined below

U Chapter 3 - Kinetics and Modeling of Batch and Semibatch Aqueou®haseN-Vinyl
Pyrrolidone Free Radical Polymerization This chapter which also includes some
experimentalvork froma previousMSc graduate studefis an updated version of the paper
published in Macromolecular Reaction Engineering, 2@{8), 499509 A complete model

to represent the behaviour of this systendeveloped and validated using experiments that



focus onthe influence of initial monomer and initiator concentrations on conversion and
polymer molecular weightin order togain a better understanding of tpelymerization

behaviourunder industrially-relevant conditions.

Chapter 4 - Polymerization Kinetics of Water-Soluble N-Vinyl Monomers in Aqueous
and Organic Solution This chapteran updated version of the manuscript published in
Macromolecular Symposia, 201302, 216223, discusses thexperimental study oNVP in
organic (butaol) solvent and that of aimilar water solublemonomer,N-vinyl formamide
(NVF) in water The kinetic model used to represent the behaviour NVP in {@bapter 3)
was extended to these systems by making according changes in tHeEELBerived
propagation rate expressiorEhe successf this treatmentiemonstras that a generalised
understanding of watesoluble monomer can be obtained once thelbehaviour has been

understood.

Chapter 5 - AqueousPhase FreeRadical Polymerization of N-vinylimidazole (NVI) and
Quaternized vinylimidazole (QVI). While chapters 3 and 4 instegate the kinetic
behaviour of systems with a pridkg knowledge obtained through PISEC studies, this
chapter investigatethe behaviour of industrially importamonomers for which n&LP-
SEC derivedk, expresions have been determined\-vinylimidazole (NVI) and its
quaternized form @@nethytl-vinylimidazolium methyl sulphate, QVI)Although these
monomers have been used in a number of copolymerization studresliteraturethere is
no completestudy tha has investigated both the rate and molecular weight behavide of

homopolymers. Asimple kinetic models developedor the aqueouphase polymerization



of NVI and QVI bycomparing their batch polymerization behaviour to the well understood

NVP and N/F systems.

U Chapter 6- AqueousPhase Free Radical Copolymerization ofN-vinyl pyrrolidone
(NVP) and N-vinyl formamide (NVF). As copolymerization aims at developing polymers
with tailor made properties derived from the constituent monomers, controlleg th
composition is of utmost importance. An understanding of the variation in relative reactivity
ratiosandreaction rateshereby gives us the flexibility to control tlwepolymer properties
(composition and MW) and ratey varying the relativdractions & the comonomes and
initiator in the feed This chapter tests the application d¢iie improvedknowledgeof the
homopolynerizationbehaviourof NVP and NVF to ther aqueougphasecopolymerization
andthe influenceof initial monomer and NVP mol&action (fyvp) in the feed on both rate
and polymer molecular weight. A terminal modeff copolymerization, combined witthe
PLP-SEC derivedk, andk: expressions used in the homopolymerizationisgid shown to

well representhe experimental data
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Chapter 2. Background Information & Literature Review

2.1 FreeRadical Homopolymerization of water soluble monomers

Functional polymers such as poly(acrylamides), poélihyl amides), poly(acrylic acid) and

their cqolymers find widespread applications in pharmaceuticalgste water treatmeft,
consumer products, paper manufacturing and cosniefinese polymers are mostly produced

by freeradical aqueouphase polymerization. Basic free radical homopolymerization
mechanisms such as initiation, propagation, termination and transfer are shown in Table 2.1. The
growing polymer radicals and dead chains are denoté&tlamdD respectively, with subscript n
denoting the number of monomer units in the chains. The it decomposes into two
radicals with a initiator efficiencyf, which usually ranges between 0.8.9* Chain initiation

and subsequent propagation occurs by the addition of a first monomer unit to the initiator radical
followed by successive and rdpaddition of monomer units to the growing chain. Termination

by coupling of two radicals can result in the formation of either one dead chain (combikgtion,

or two dead chains (disproportionatidg). Growing radicals can also abstract a H atom from
monomer i), solvent or chain transfer agel®) tesulting in the formation of a dead chain as

well as a new radical that can participate in initiation of new chains.

The polymerization rate is controlled to a great extent by the propagation rateieoeKc as
seen by examining the rate equation for an isothermalréidieal batch polymerization with

negligible volume contraction

o 05
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assuming radical stationarity.



Substituting
M] =M1 f ) (2.2)

where[M] o is the initial monomer concentration axglis the fractional conversion of monomer

at any instant, eq (2.1) becomes

° 05
ahE o) @3)
According to eqn. (2.3), conversion profiles should have the same initial slope for
polymerizationgarried out at identical [I], independent of [iMprovided there is no variation in
rate coefficients with initial conditions. This is the case for the polymerization of methyl
methacrylate (MMA) and other common monomers in organic solvetsvever, h aqueous
phase polymerization of water soluble monomers, such as methacrylic acid (MANhand
pyrrolidone (NVP) the rate of monomer conversion is significantly influenced by the initial

monomer concentration, with an increased slope seen for ewgds run with lower [M} as

will be discussed later.



Table 21. Basic mechanisms in free radical homopolymeriz4tion

Initiator Decomposition | 1/2'@’5- 2f Il
Chain Initiation 1T+m 1}§11/2 P
Chain Propagation P,+M 1}59/2- P

Chain Termination

By Combination P, +PR, 7 Dit v
By Disproportionation P, +P, 1)2(“1/2— D, Dy

Chain Transfer

mon ﬂ
P, +M %% D, M
To Monomer
mon

MT+M h151 B

sol
P, +S YD, +9
To Solvent
sol

ST+ M iR

The understanding of these aquephase processes has lagged behind that ofrdickeal
polymerization in organic solvents due to the influence of water on the polymerization kinetics.
Some of the earlier stigh included those of Shoaf and Poehlein on the influence of degree of
neutralisation on rate of polymerization of MARAyhile the study of Cutié et al. examined the
polymerization behaviour of acrylic acidGu et al. studied the polymerization bEvinyl

formamide in bulk and dilute systefissromov and cavorkers have extensively studied the



kinetics of polymerization and copolymerization of acrylamide and its derivatives in-water
solvent mixture$'? as well as the hydrophobic interactions arising ia #gueous solutions
containing their polymer¥. Acrylamide derivatives exhibit faster rates in aqueous phase
compared to organic phase polymerization (DMSO and formamide) and also at higher water
concentrations in mixed solvertfsGromov explained his aervation through monomsblvent
interactions, which disrupt monomeronomer (dimer) interactions; the participation of the
single molecules is favoured over dimé&tsie also discussed the formation of active radicals, as

in the case of acrylamide in vest where water donates a proton resulting in the localisation of
the unpaired electrons on nitrogen to form active radicals with higher reattiving the
formation of donotacceptor complexes between polymer radicals and solvents that have high
donor capabilities such as DMSO, which reduces radical reactivity causing a subsequent
decrease in polymerization rdfe However, these explanations could not be extended to
behaviour in mixed solvents, as a small addition of organic solvent does not sigfyifican
influence the extent of dimerization or formation of active acrylamide radicals. Therefore, the
behaviour in mixed solvents was explained by the polymer coil density which increases with
increase in organic solvent concentration, impacting the actggsid polymer radicals to
monomers and resulting in a decreaskpiﬁ) In another study, Chapiro claimed that in addition

to dimers, some monomers also existed as plurimolecular aggregates and that the ability of
solvents to associate or dissociatestheggregates influenced both homopolymerization and
copolymerization kinetic§ A study on NVP by Senogles and Thomas showed solvent polarity
to have a significant influence on the polymerization of NVP and also observed NVP to exhibit
faster rate in ageous phase compared to btfliRate increased with an increase in concentration

of water up to about 25% by volume, followed by a decrease in rate with further increase in



water concentration. This behaviour was explained by the formation of reactivdegemp
between NVP and water, reaching a maximum at 75% by volume NVP, after which monomer

dilution led to decreased rate.

The varied, and sometimes contradicting, explanatiffesed in the earlier studiesout these
kinetic peculiaritiesverepredomirantly due to the neavailability of independent values of rate
coefficients. This situation is starting to change with the advent and applicaticeliatfle
techniques such as PISEC (Pulsed Laser PolymerizatiorSize Exclusion Chromatography)
and SPPLP (Single Pulsé Pulsed Laser Polymerizatiol) The PLRSEC method allows for
determination ok, by laser initiated polymerization followed by SEC analysis of the resulting
polymer and the SPLP technique allows for determinationlgfk; by trackingthe subsequent

conversion of monomer by near infrared spectroscopy after initiation by a single laser pulse.

MAA is similar to the industrially important acrylic acid with fewer complications (i.e. no
backbiting), making it an ideal choice for kineticudies. The first PLP study on MAA
conducted by Beuermann and-workers focused on the influence of the monoudierer
equilibrium on k, of MAA.'® FTIR spectroscopy was used to determine the extent of
dimerisation in different solvents and at varying monormencentrations in methanol. The
influence of monomer concentration in methanol was reported to be within experimental
uncertainties and was neglected. Interestingly, the variatidg was minor compared to the
differences in the monomelimer equilibrum observed in the different solvents studied. It was
therefore concluded that the variation in overall rates in different solvents cannot be solely
attributed to the extent of dimerisation. Kuchta et al. investigated the influence of temperature

and monorer concentration on propagation kinetics of MAA in water, DMSO and methanol.

10



The significantly lower activation energy in water and the higher frequency factor in DMSO
were attributed to the extent of dimerization and monoimesolvent complex formation,
respectively. As for the influence of monomer concentration, dilution of the reacting system with
water, from bulk conditions (~12 mol/L) down to about 8 mol/L, resulted in negligible changes
in k,. Beyond this point there was a significant increask,ias monomer concentration was
decreased. As the influence of monomer concentration was deemed negligible in a previous
study in methano!® this behaviar could not be explained by just the change in extent of
dimerisation, making it clear that there weother considerations that required further

investigation in this area.

Following this, Beuermenn et al. investigatbé influence of both monomer concentration and

the degreeofimi zati on (U) on MAA propagation kinetic
of temperaturé®?° Both monomer concentration and degree of ionisation were observed to
influencek,, as shown in Figure 2.1. PLP experiments conducted in the temperaturefaty

to 80 °C showed, to decrease by almost one order of magnitude as the monomer concentration
was changed from very dilute (1 wt% MAA) to bulk systEithis enormous change kg could

not be explained by any of the existing explanations in tefrdgverisation, difference in bulk

and local monomer concentrations or specific association of MAA to poly(MAA). Kinetic
explanation based on the decreaskEjk,) with increase in MAA content was also ruled out, as

the Arrhenius fit to thé, data abové wt% MAA demonstratedt,(k,) to be almost constant in

this concentration rangel’his dependence, a behaviour uniquely observed in water soluble
systems, has been attributed to the interaction between the transition structure (TS) for
propagation and theugrounding environmenwhich hinders the conformational mobility tife

TS in the presence of increased monomer concentration, thereby affecting its free Yotation.

11



The resistance to free rotation decreases with reduced monomer concentration, thgsacaus
increase irk, with increasing dilution (or increasing conversion in a batch reactofollow-up
study” was conducted to investigate the influence of conversiork,oby simulating high
conversion levels by adding poly(MAA) in addition to lowédés of conversion achieved via the
PLP technique. The study also investigated the influence of replacing a portion of MAA with
isobutyric acid (the saturated analogue of MAA) which was considered to be polymer of chain
length unity, keeping the overall rb@xylic acid group content at 20 wt% in both cases.
Isobutyric acid was observed to have the same influence as MAA while the addition of
poly(MAA) did not influence thek, value, demonstrating that the polymer coils were incapable
of penetrating the intraoil environment while the acids were capable of penetrating the
environment thereblgindering the conformational mobility of tA& for propagation. This study
made it clear thak, will increase with conversion of monomer to polymer in a batch

polymeriat i on. Degree of i oni za kiasmonondlgoncenrationa s i m

The influence of U was more pr o(whu ofcabodt5at | 0\

wt% and became weaker at highé},, . The same was also true of the influence of monomer

concentration ol of partially and fully ionized MAA. The influence of MAA content was most
pronounced-iani Def@l) (and gradually decreased wi
increase irk, a t U=1 (fully ioni z®%hpinfluence ofdodttormonomérn Fi g
concentration and degree of ionization is explained in terms of decredgk,)iicaused bya

deaease inthe conformational mobilityof the TSfrom intermolecular interacti® with the

surrounding environmenia hydrogen bonds or ionic interactiofis.
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fractions of MAA in water ¢2,,, ), at 50 °C*°

Other aqueouphase PLP studies include those on-iumized and ionized AA by Lacik et

al. Similar to MAA, thek, of nonionized AA also showed a decreasing trend with increasing
monomer concentration beyond 3 wt%. However kifghowed an increasing trend in the initial
range of up to 3 wt% AA. This strange behaviour was explained by considering the two regions
(Caa < 3 Wt% andcaa > 3 wt%) individually. The regioncga < 3 wt%), wherek, was observed

to decrease with decreaseAA concentration was explained by the specific association of AA

to poly(acrylic acid) and macroradicals, which becomes negligible at concentrations beyond 5
wt%. The decrease i, with increasing AA concentration beyond 3 wt% was explained by the
decreas in solvent quality with increasing AA concentration, enhancing the-segaental
interactions between monomers and decreasjn@he influence of carboxylic acid groups on
solvent quality was confirmed by replacing portions of AA with propionic acd aso by the
addition of NaCl to aqueous solutions of AA. These studies showed that propionic acid
influencedk, to a similar extent as AA, and the salt had no influencé&,otonization of AA
caused itk, to decrease by almost one order of magnitigle &8 he degr ee of I oni

increased from O to 1 with a steep increase with further addition of NaOH to fully ionizéd AA.
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A PLP-SEC study on NVP showed thék, of NVP to behave in a similar manner to MAA, with
respect to concentration in watddere again, the addition of -dthyl2-pyrrolidone (NEP)
(saturated analogue of NVP) had a similar effeckpas did NVP, while replacing NVP by
poly(NVP) enhanced thk, values significantly confirming the increase kpwith increasing
monomer conversio (or increasing dilution), as shown in Figure 2.2. These results confirmed
the observations made for methacrylic acid. Most recently aSH® study on the freedical
propagation kinetics dN-vinyl formamide (NVF) was conducted in aquequmease by Stdcet

al?® The study was conducted at varying initial monomer concentrations ranging from 3wt% to
bulk over a temperature range of 60 °C. Similar to NVP and MAA, thk, of NVF showed an
increase with decreasing monomer concentration, which was ag@utat to the hydrogen
bonding between the transition structure for propagation and water which reduces the hindrance
to internal mobility of the transition structure thereby reducing the activation energy barrier and
thereby increasing,.”> A comparism of thek, behaviar for NVP, MAA and NVF is shown in
Figure 2.3 Although, the three monomers exhibit a decreask, imith increasing monomer
concentration, the magnitude of variationkgfwith monomer concentration is different for the
three monomesr despite the similarity of their bullg values. NVP, MAA and NVF exhibited a
20-fold, 8-fold and 6fold increaserespectivelyas the monomer concentration was change from
bulk to very dilute monomer concentraticiglso, the difference between the Mand NVF

ko, values were only significant in the lower monomer concentration range of up to 20 wt%, with
the values becoming very similar at higher concentrations. These differenceg&jofthe/P in
comparison to that of NVF and MAA were explained imrg of the structures of the monomers
which in turn influences their ability to hydrogen bond among themselves and with water. NVP,

being a cyclic amide, has the tendency to strongly hydrbged with water, while, both MAA

14



and NVF have the tendency todmggen bond both among themselves as well as with water. As

a result the intermolecular hydrogen bonding between the monomer units compete with the
hydrogen bonding between the TS structure for propagation and water in the case of NVF and
MAA, which leadsto a decrease in the extent of interaction between the TS structure for
propagation and water in these monomers. This explains the much higher magnitude of variation
in NVP over NVF and MAA as well as the similarity in tkg profiles of NVF and MAA™

These studies make it clear that the ability of watgluble monomer to undergo dipole and
hydrogen bonding interactions with themselves and the surrounding solvent environment has a

significant influence on their propagation behavio
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Figure 2.2. The influence oN-vinyl pyrrolidone concentrationyp) in aqueous solution on its
propagation rate coefficienkd ratio tok, max thek, value estimated at infinite dilution for each
temperaturé’
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rate coefficientK,), at 25 °C?°

Termination rate coefficient, k;

In addition to thesek, studies, SHPLP coupled with nedR has been used to study the
terminaton kinetics of noronized MAA in aqueous solutioftOnce the noridealities ink, due

to the presence of solvent effects were accounted for, the variationmith conversion for
MAA was similar to that found for methacrylates in organic solvents$, thitk; being controlled

by segmental diffusionSD) at low conversion levels of up to about 20%, followed by
translational diffusioTD) and reaction diffusiofRD) at high conversion levels, as shown in
Figure 2.4%° Buback et af’ have modeled the hetics of chemically initiated batch
polymerization of nononized MAA at 50 °C in aqueous phase using a conversion depdgdent
and a functional form in terms of segmental, translational and reaction diffusion teris for
More recently, Schrooten et.Zlhave applied the SPLP technique to the study of NVP
termination kinetics in aqueous solution, over an initial NVP weight fraction range of 20 wt% to
bulk at 40 °C and 2000 bar. The conversion dependence of the chain length akeraged

varying NVP veight fractions is shown in Figure Z5The termination behavip for NVP at
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high monomer weight fractions was explained in terms of segmental diffusion control in the
initial stages up to a conversion of ~12%, followed by translational diffusion resuiti a
decrease in k> by almost an order of magnitude followed by reaction diffusion control at very
high viscosities that were achieved only in systems of very high monomer concentrations. So, the

k: behaviarr at the higher monomer concentrations wiasmby egn. 2.7

1

<k, >-—él o gCg—D(l XK, (2.4)
& "o U
ekSD ™ U

where ksp is the rate coefficient of segmental diffusida, is the ratecoefficient of translational

diffusion at zero conversiory, is relative bulk viscosityCgp is the reaction diffusion constant
andx, is the monomer conversioRowever, at lower monomer concentrations of up to 40 wt%,
the termination rate coefficientof NVP was observed to be predominantly segmentally
controlled, as is demonstrated by the relatively flatter profiles at 20 and 40 wt% in Figtite 2.5.
Similar to MAA, a clear dependence of thkeon initial weight fraction of NVP was also
observed® So, at low monomer concentrations, tkefor NVP was described by just segmental
diffusion (SD), as a function of initial NVP weight fraction as shown in our publications on the

kinetic modeling of NVP?

17



—&— 30 wt.%
—0— 60 wt.%

log(<k>/ (L-mol'l-s'l)}

MORGMEF CONVersion
Figure 2.4. Conversion dependence of the chi@ngh averaged termination rate coefficient,
<k> for MAA polymerization at 50 °C , 2000 bar, and initial monomer concentration of 30 and

60 Wt% MAA 2°

8.0
.y
_l_\
e b 20 wi-%
3 40 wit.-%
=i o 50 wt.-%
5— 70 wt.-%
~_-_/ B 80 wt.-%
A bulk
g
W
-, 5
%[J -
— 5.0 T

0.0 02 0.4 0.6 0.8
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Other important water solubl®l-vinyl monomers includeN-vinylimidazole (NVI) and its
qguaternized form (QVI)N-vinylimidazole finds appliation asreactive diluent for UV coatings,

UV inks, UV adhesives and general coatings. It is also used as a monomer for water soluble
specialty polymers and copolyméPsHowever, there areery few studies that address the
polymerization kinetics of NVI rd almost none on its quaternized form. Some of the earlier
studies on NVI include that Bamford and Schofiefd on the freeradical polymerization ol-
vinylimidazole in ethanolN-N-dimethyformamide (DMF), water and in bulk conditions. The

rate in etlanol was observed to reach zemder dependence in monomer at moderately high
monomer concentrations. This unusual behaviour was explained by a degradative reaction
between the propagating radicals and monomer, which occurs as a result of the ad¢higon of
propagating radical to the second position of the monomer resulting in the formation of a

resonance stabilized radical, as shown in Scheme 2.1.

Hy=CH cHz—CH CH,=CH
. - M
v < } X } ”’>< >
H =

Scheme 2.1Degradative addition of the propagation radlcal to tHpe&ition of NVI resulting in
the fomation of a resonance stabilized radit‘al.

This was verified by studying the polymerization efm2thyt1-vinylimidazole, wherein higher
polymerization rates were observed due to the prevention of the degradative addition in this
monomer as the -gosition of the monomer is blocked by a bulky methyl group. The
polymerization of NVI in bulk was heterogeneous with a steady increase in rate, which was
attributed to the radical occlusion by the precipitated polymer, while the polymerization curves

in DMF weresimilar to that in ethanol, except with higher rates. The polymerization in water
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showed strong NVI water interactions, with a maximum in rate observed at a monomer
concentration of 8.5 mol/L, where water and monomer were present in approximately equal
corcentrations. This complexation between NVI and water was also verified by a maximum in
the viscosity of the NWwater mixture at this monomer concentration. A significant pH
influence was also observed in water, with rates assuming a plateau profilepid tegion of

~8-6, followed by an increase up to a pH of 3.5, below which the pH assumes plateau profile.
This study by Bamford was the first to give a reasonable explanation for unusual kinetic
behaviour of NVI. Following this, there were a few otherdsts on NVI that supported
Bamfordds proposition of degradative ad-dition
initiated polymerization of NVI by Joshi et &f.,where a lorder dependence of rate on
monomer at low monomer concentrations wafedd by a plateau or even a decrease at higher
monomer concentration of <ALmol/L. They attributed this behawoto be a consequence of the
degradative chain addition proposed by Bamford. Soon after, Dambatt¥ stualied the free

radical polymerizabn of NVI in ethanol, methanol and DMF using benzoyl peroxide and
azoisobutyronitrile initiators; they found NVI to exhibit a rate dependence of 1 and 0 orders with
respect to monomer at low and high monomer concentrations, respectively. Here again, the
behaviour was attributed to Bamforddés degrada
Bamfordds mechanism of degradative addition
unusual kinetic behaviour of NVI. This changed when Chabstudied the plymerization of

NVI in water, methanol, benzene, carbon tetrachloride {C&d bulk and observed all the
systems studied to exhibit atéoceleration behaviour, which was attributed to the molecular
association between NVI and the solvents in caseeohtimogeneous systems. The molecular

associations with water and methanol were verified by viscosity and refractive index
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measurements. A plot of the rate with monomer concentration showed linear relationship at low
monomer concentrations and a drop tazer negative (in water and C{lat higher monomer
concentrations. Although this zeooder monomer dependence at high monomer concentrations
was i n agr eeme rttfindings,t Chapi® adisdgread dwitrs the occurrence of
degradative addition to thenonomer claiming degradative addition would result in the
accumulation of unreactive radicals eventually decreasing the reaction rate, instead of the
observed autacceleration. He instead proposed that the participation of the internal double
bonds wouldead to NVI behaving like a Hunctional monomer to form crogimked polymer in

all the cases, even though crdis&ked gel was observed only at high monomer concentrations
and in norsolvents to polymer. All these results led Chapiro to propose tratesfaolymer,
wherein the propagating chains interact with the internal double bond of the accumulated
polymer, as shown in Scheme 2.2. Although this proposition of chain transfer to polymer
explains the gelling observed in some of the cases, it failsplaiexhe low reaction order with
respect to monomer. A more recent study by Arosio Eta.the precipitative copolymerization

of NVP and NVI in butyl acetate accepted Ch
pol ymer . They us edo &planphe tabdingy sn then Bigh hmelecular meight
region of the molecular weight distribution (MWD), which they think is an indication of the
presence of a large number of high molecular weight chains, most likely the result of chain
transfer to accumulat polymer. It may be that both of these explanations by Bafhfan
Chapird* play a role in the unusual kinetic behaviour, with both degradative addition to
monomer as well as transfer to polymer being important mechanisms in the free radical

polymerization of NVI.
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Scheme 2.2Transfer to polymer in NVI polymerization, proposed by Chapiro.

2.2 FreeRadical Copolymerization of water soluble monomers

The basic mechanisms in typical free radical copolymerization according to the terminal model
are shown in Table 2.2. The subscripts i and j denote monomer Nypand M;, and the
subscripts n and m denote the number of monomer units in the chains, with terminal monomer

units o radicalP, indicated by superscript i or j.
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Table 2.2.Basic nechanisms in free radical copolymerization according to the terminal fnodel

Initiator Decomposition | 1/2|ny2_ 2f | )l
Chain Initiation 1T+ M j 1}2<'i/2_ Plj
Chain Propagation Pri] + |\/|j 1}259}/21/2%J+1

Chain Termination

By Combination Pni + ij 1)2“{% %Dy 1y
By Disproportionation Pni + ij 1)2«% A Dn +Drr

Chain Transfer

.mon

. t H .
To Monomer I:)nl + I\/Ij 1)2<£2 V22D, 'H:.?LJ

sol

To Solvent Pni +S 1, D, +g

sol

sTem Yl p

Several models such as the termimaddel, penultimate model and a few higher order models
have been developed over the past years in order to explain the copolymerizationubetiavio
monomers. The applicability of a model to a system depends on the validity of the assumptions
of the modefor that particular systerif. The terminal model, being the simplest model, has been
widely used to describe the behawi@f a number of copolymerization systems. The copolymer

composition based on the terminal model, is given by Mayo Lewis equatiar2(éjjn

23



i rf2+f,f
Fpl?.St: 21 1 1'2 5 (25)
nf+2f,f, +f5

where,f; andf, are the mole fractions d¥l; and M, in the monomemixture. The reactivity
ratios,r; andr,, the ratio of the rate at which a monomer readith itself relative to the rate at

which it reacts with the ecmonomer, are given by

_ kpy _ kpy,
=_Hlgndr, =22 2.6
n kP p) kP (2.6)

where,kp; represents the addition of monomer j to radical i. The propagation rate coefficient for

copolymerizationks*® based on the terminal model, is given by

cop — nfl+2f,f, +£3 (2.7)
(rf1/kpey) +(raf 2/ kp 2

However, several studies over the past years have questioned the applicability of the terminal
model to a number of systems where the terminal model gives a good represeritdtion o
copolymer compositiotbut failsto capture the propagation behavi@f the copolymerization
systent® This led to the introduction of the implicit penultimate model wherein the composition
behaviar is represented by the terminal model and the maii@n is described by a non
terminal model equation. It has been argued that the implicit penultimate model is not correct
theoretically, and that a full explicit model should be uSedonetheless, as most experimental
copolymer composition data are Wedpresented by the terminal model, the implicit penultimate
model is used to provide a representation of copolymer composition and rate for a wide range of
systems. I n addition, mo s t Aconventional 06 mot
chang in copolymerization behawo with solvent choice. The full penultimate model is more
often used to describe the copolymerization of systems involving polar monomers such as

acrylonitirile, maleic anhydride, vinyl chloride etc., whav@a | resa and/orrgas | rass.”
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Although, the terminal model fails to describe the behavwid some systems, it is to be noted
that the model is simple and suitable for cases where bethooomers have very similar

reactivity ratios>’

Copolymerization ofwater soluble monomers has gained very little attention compared to the
specialized techniques that have been employed to study their homopolymerization kinetics.
Some of the earlier studies that have explored solvent effects on copolymerization imatuade t
Navolokina et af’ on the copolymerization of methacrylic acid (MAA) and methyl methacrylate
(MMA) in different solvents such as dioxamater mixture, dimethyl sulfoxide (DMSO), acetic
acid and toluene. The reactivity ratios of MAA;)(and MMA (2) were estimated to be
r1=0.46+0.07 and,=0.77+£0.2 in dioxanavater, r;=0.23+0.03 and,=0.78+0.14 in DMSO,
r1=0.78+0.05 and,=0.08+0.06 in acetic acid amg=0.6+0.02 and,=0.13+0.05 in toluene. The
variation of the instantaneous copolymer compositah conversion in the different solvents at
varying initial molar ratios oMAA and MMA in the monomer mixture shown in Figure 2.8’

The authors attempted to explain the changes in reactivity ratios in terms of the specific
associations of MAA withthe different solvents, but, the paper lacks clarity and fails to

successfully explain the contradicting results.
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Figure 2.6. Instantaneous composition for the MAMMA copolymer as a function of
conversion in the different solvents at varying MAA:MM#olar ratios of (1) 70:30 in dioxane

water (2) 50:50 in dioxaneater (3) 30:70 in dioxareater (4) 50:50 in DMSO (5) 50:50 in
acetic acid (6) 57:43 in toluene. The symbols and lines represent experimental and predicted
profiles using the reactivity ras respectively. The broken line indicates the deviation of
experimental data from curve 5 obtained by calculation on the assumption tratr, are
unchanged’

Stahf® conducted a similar study on the copolymerization of MMA and AA in solvents wit
varying polarity and ability to form hydrogen bonds. Stahl has shown the incorporation of AA
into the copolymer to be favored in npolar, norhydrogen bonding solvents like toluene and
benzene, while a lower AA incorporation was found in solventsisigpentyl acetate and ethyl
acetate which are ngoolar but H bonding solvents, with the lowest incorporation observed in t
butyl alcohol, a polar Hbonding solvent. However, as most cases studied by Stahl resulted in
heterogeneous mixtures, the accuraeg applicability of these results is questionable. Endo et
al® have studied the copolymerization of NVP and MAA in methylene chloride and DMF
mixtures and have shown both the rate and copolymer composition to be influenced by solvent
polarity. However, aimilar study by Chapiro et al. on the copolymerization of NVP with AA
and MAA® resulted in contradictory results, as the formation of strong intermolecular
complexes betwen the carboxylic acids and NM#ias shown to have a negligible influence on

copolymer composition. This study also demonstrated negligible solvent effects and a higher

reactivity of MAA with respect to NVPcompared to AA. Cabaness et*ahave shown the
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reactivity ratios of AA and acrylamide to decrease and increase, respectivélyineveasing

pH. Chapiro showed the incorporation of acrylamide to be lower in solvents that had a tendency
to associate with the monomer in the copolymerization of acrylamide and acryldnitrile.
Chatterje& established that in the copolymerization ofyéamide and NVP in glycerelater
mixtures, a higher concentration of glycerol favored incorporation of acrylamide. He also
demonstrated that the increase in the reactivity of acrylamide was much higher thasreheede

in the reactivity of NVRwith increasing glycerol concentration, making it clear that the favorable

incorporation of acrylamide was governed by other factors as well.

Interpretation of copolymerization systems cannot be made solely from the homopolymerization
kinetics of the respective anomers as the composition of the resulting copolymer is governed
by binary reactivity ratiosThe reactivity ratios in turn can be influenced to a great extent by the
reaction medium. The understanding of solvent effects on copolymerization kinetidsrthere
plays an important role in the kinetic understanding of the copolymerization behaviour of
monomers. Some of the commonly known factors that influence the copolymerization behaviour
of a system are discussed in the review by Bakmevollik et al.* as summarized below:

Solvent polarityi This becomes important in cases when chamesfer stabilisation of the
transition structure is possible via polar interactions. In such cases, depending on the polarity of
the reacting species, the extent to whinh solvent polarity can affect the polar interactions and
their subsequent effects on propagation can vary. The complexity of this effect is therefore to a
great extent influenced by whether the solvent polarity remains obnstavaries with the
monomer mixture composition In cases where the monomers have very similar dielectric
constants such as in the bulk copolymerization of styrene and methyl methacrylate, the polarity

of the reaction medium will be independent of the monamgture compositionandas a result
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the reactivity ratios tend to be the same irrespective of the monamméire composition
However, in cases such as the bulk copolymerization of styrene and acrylonitrile, which have
very different dielectric constants the polarity of thectimdm medium and as a result the
reactivity ratios of the cononomers tend to vary as a function of the monometture

composition

Radicali Solvent complex The solvent in some cases may interact with the radicals forming
radicatsolvent complexes, kich are usually more stable than their fradical counterparts.

This is a reasonable assumption considering that it is most likely this stabilisation that drives the
complexation in the first place. As a result, it is expected that these stabilizealgadimost

cases do not participate in subsequent propagation or do so at a much lower rate. However, in
cases where the complexing agent is one of thenmoomers, the complexed radical may
propagate at a much faster rate if propagation via the contptagécal turns out to be the more

energetically favoured option.

Monomersolvent complek The solvent can also interact with one of the monomers resulting in

the formation of monomesolvent complex which will in turn propagate at an altered rate in
comparison to the monomer itself. The speed of propagation of this complex will again vary
depending on whether or not the complexation provides an energetaallyred pathway for
propagation. Thus, the subsequent propagation of this complex will vaendleg on whether

the complexing agent is the added solvent or themanomer. In the event that the complexing

agent is the added solvent, the complexed monomer may propagate at an altered rate or may not
participate in subsequent propagation therebyctffg the free monomer concentration.

Similarly, when the complexing agent is the-ra@ n 0 me r and the for med
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participate in subsequent propagation, the overall free monomer concentration is affected.
However, when the formed goonomer compm@x can participate in subsequent propagation,
there are two different possibilities. The complex can either propagate as a single entity in which
case both monomers are incorporated into the copolymer or the complex can dissociate during
the propagation ep resulting in the incorporation of just one of the monomers. Either way, the
propagation of a formed emonomer complex is competitive to the propagation of the free

monomer.

Bootstrap effeci Monomer partitioning resulting in differences between thé tand local
monomer concentrations is commonly referred to as bootstrap effect. A number of different
factors can contribute to bootstrap effect. The formed radmakent or monomesolvent
complexes may not participate in subsequent propagation yheftdeting the monomer and
radical concentrations resulting in bootstrap effect. Preferential sorption of one of-the co
monomers to the growing or dead polymer in a bulk system may also result in bootstrap effect.
This is mainly the case when one of tleenconomers is a poor solvent for the formed polymer.
Additionally, bootstrap effect can also arise as a result of preferential solvation of the active
chain end over the entire polymer chain by one of thmonomers. In all the cases, the result is

a difference between the bulk and localized monomer concentrations which in turn affects the

propagation step accordingly.

Solvent effects generally tend to be more pronounced on hydrogen bonding monomers as is the
case with most water soluble monometstherefore becomes important to better understand
these underlying solvent effects in order to understand the copolymerization kinetics of water

soluble systems.
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The relatively fewer number of studies, compared to homopolymerization and the difficulties
asso@ted with these watesoluble monomers have made it difficult for authors to come up with
consistent explanations for the unusual copolymerization kinetics of water soluble monomers.
Moreover, no one has looked simultaneously at composition and ratantonexthese effects. It

is therefore of interest to explore both the rate and composition bahawio the
copolymerization of watesoluble monomers especially in light of the improved understanding

of the homopolymerization behaviour of these monomers.

2.3 Size Exclusion Chromatography

Size exclusion chromatography (SEC) is widely used for the analysis of polymer molecular
weight. The principle of SEC is the separation of molecules based on differences in their
molecular hydrodynamic volume by passing gample dissolved in a suitable solvent through
columns filled with porous packing material. Subsequently, an eluent (usually the solvent used to
dissolve the sample) is passed through the columns and the molecules elute out in the descending
order of thér size** Although SEC has been widely used for quite some time now, aqueous SEC

of synthetic watesoluble polymers is a relatively less explored field. Only after the invention of
high efficiency, highspeed silica and crodimked synthetic hydrophiligel packed columns by

Toyo Soda Co. in 1980 was aqueous SEC of wsaikible synthetic polymers made a

possibility**

SEC calibrationi As the data from SEC is relative to a standard and not absolute, the technique
calls for calibration with polymer staards or the use of an online light scatteringaer** The
SEC system can be calibrated by a few different methods. A relatively simple approach is the use

of a series of narrow (PDI < 1.1) molecular mass distribution (MMD) calibrants and plotting
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thar elution volume or time against their molar masses. Alternately, a broad MMD calibrant can
be used and this works best when the calibrant has been well charaéfdrpeadtver, in either

of these approaches, the limited availability of polymer typek wnatrrow or broad MMD is a
limiting factor. The alternate and most widely used approach is the universal calibration. Here,
the objective is to relate the elution behaviof polymers of differing composition to their
hydrodynamic volume. This method as®s that the Mark Houwink parameters of the polymer

and calibrant can be related by eqn. 2.8
log[#7] sM  =log[ 4 M (2.8)

However, the applicability of the wrersal calibration calls for a number of assumptions as well

as appropriate testing on the Matflouwink parameters uséd.

SEC detectors SEC detectors can be classified into two main categdriesncentration
sensitive detectors and molar mass simsitetectord® The concentration sensitive detectors are
further classified into detectors that are sensitive to the bulk property of the 1plasle such as
refractive index (RI), viscosity efé.These are usually considered universal as all polymers
change the refractive index and viscosity of the solvent they are dissolved in although these
changes may be small. The other class of concentration sensitive detectors is those that are
sensitive to solverdpecific property such as ultraviolet and inécirAlthough these usually

have much better sensitivity and better sigoahoise ratio, these detectors can only be used
with polymers that absorb radiation at wavelengths specific to the operable range of the
detectors’ The molar mass sensitive detarst give the molar mass of each fraction of a polymer
peak and as their response depends on both concentration and molar mass of the fraction, they
have to be combined with a concentration sensitive det®&mme of the commonly available

molar mass seitive detectors include light scattering, which give the absolute MMD directly

31



and differential viscometers, which give the intrinsic viscosity distribution from which the MMD
can be determined using the universal calibratidme remainder of this séeh will only focus
on RI and light scattering detectors as this combination of detectors was used in the detection of

molecular weight for this doctoral work.

Refractiveindex (RI) detectorsThese are one of the most commonly used SEC detectors. They
work on the principle that the addition of a solute to a solvent will modify its refractive index.
They constantly measure the difference in the refractive index of the pure mobile phase and that
of the eluent leaving the column, relating this differencegh® concentration of the solute

(polymer)?’

Light Scattering detectofS. These detectors measure the excess intensity of the scattered laser
light passing through the measuring cell containing the sample, at one or multiple angles
different from zeroThi s excess I nRledn)siitsy rad¢l aatnegd et od,t h e
molecular masd\y,) of the polymer by eqn. 2.9
Ke_ 1 o
R@) M, P(g

where,A; is the second virial coefficient, ¢ is the concentration of the polyRed ) descr i b

Ac (2.9)

the scattered | i ghtt & amoptgal toastant dhech i @ duection ef an d
Avagadr ods number, wavelengt h, rrefrctiva amdex v e i n
increment d/dc. As a result, the MMD is quite sensitive to the RI incremefdadand it is

therefore important to avoid any error in the measurement of these values. Additionally, the

dn/dc value can vary with molar mass within the MNiDcase of oligomers and copolymers,

32



where the composition varies within the MMD. In this case, a second concentration detector that

detects the copolymer composition is requitd.

Problems associated with the Aqueous SEC of water soluble polyrAéitsough the principle
of SEC is the separation of samples at various elution times depending on their size or
hydrodynamic volume, interactions between the samples and the mobile (eluent) or solid
(packing) phase, which are especially predominant in aquees &n influence their time of

elution®®

The determination of correct molecular weight data of ionic as well asonansynthetic and
biopolymers from aqueous SEC can be hindered bysiren exclusion effects such as ion
exchange, ion exclusionon inclusion, intramolecular electrostatic interaction and adsorption,
which can influence the elution time of the polyrfieton exchange, ion exclusion and ion
inclusion effects arise as a result of intermolecular interactions between the polymer and the
column packing. The residual anionic silanol or carboxyl groups on the surfaces of silica or
polymer based packing material can act as cationic exchange sites with cationic polyelectrolytes
(ion exchange), and repel anionic polyelectrolytes hindering fih@m entering the pores (ion
exclusion). When a polyelectrolyte is passed through the column, in order to achieve
electroneutrality between the pores and the interstitial volume, additional polymer may be forced
into the packing resulting in ion inclusiomhe fixed charges on the polyelectrolytes can lead to
repulsion between the neighboring ionic sites causing the polymer chains to expand resulting in
intramolecular electrostatic interactions. lon exchange, hydrogen bonding and hydrophobic

interaction ca lead to the adsorption of the polymer to the packing.
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The rest of the discussion will be restricted to problems associated wHiomorand cationic

watersoluble polymers that comprise the polymers in this doctoral work.

Non-ionic polymers® The use of pure distilled water as the eluent is usually suitable for some
nonionic polymers such as polyethylene glyébHowever, it may result in some minor peaks
near the void volume or abnormalities in the chromatograms when used with samples wit
charged constituents which can react with the negative charges on the packing material. Salt
solution in a concentration of just 0.1 M is usually sufficient to hinder adsorption and ion
exclusion for most noionic polymers. However, in the case of certaonionic polymers such

as poly(vinylpyrrolidone) (PVP) in salt solution, a slightly sharp leading edge may be observed
indicating a slight adsorption, which is most likely due to the hydrophobic interactions between
PVP and the packing materfdIThisis usually prevented by using a mixture of salt solution and
organic solvent for neionic hydrophobic polymers. Due to the high molecular mass associated
with some watesoluble polymers, viscous fingering which arises as a result of injection of high

concentration samples is another common contern.

Cationic polymer4® Cationic polymers exhibit a strong tendency to be adsorbed on the packing
by ionic interactions. These interactions tend to be quite strong and require quite a high salt
concentratiorof ~1 M in the case of hydrophilic cationic polymers. While, a salt concentration
of 1 M or even an organic solvent such as acetonitrile in the concentration of 20% is ineffective
in the case hydrophobic cationic polymers, calling for the addition of O&céfic acid and

0.3 M sodium sulphat® However, polyamines cannot be analyzed using aqueous acetic acid
and sodium sulphate mixture due to the insolubility of the high molecular mass samples in the

presence of sodium sulphate. Alternately, otlatsscan be used with acetic acid solution. The
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salt type is chosen carefully keeping in mind any possible interference of the salt peak with
especially the low molecular mass components of the sample and the concentration is adjusted to

completely hindeany adsorption.

In addition to these problems, the reproducibility of results as well as conflicting results from
different laboratories is quite common considering that the SEC results are quite sensitive to
changes in columns as well as calibratiomd#ads®® Although research workers have come up
with solutions to overcome some of these commonly known problem, it is quite clear from the
above discussion that the problems and solution can be specific for each podykiageluent

system. As a resuleach system should be considered individually.
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Chapter 3. Kinetics and Modeling of Batch and Semibatch
AgqueousPhase  N-Vinylpyrrolidone Free Radical
Polymerization

This chapter § an updated version of the paper published in Macromolecular Reaction
Engineering201Q 4(8), 499509

3.1 Abstract

Aqueousphase fregadical batch and semibatch polymerizationsNefinyl pyrrolidone have

been carried out at temperatures of 70 and @5wfth varying initial monomer and initiator
concentrations.The rate of conversion was observed to increase as the initial monomer
concentration was lowered, a result explained by the dependence of the propagation rate
coefficient, k,, on monomer concemttion. A kinetic model with termination and conversion
dependenk, rate coefficients taken from independent studies provides a good representation of
the conversion profiles. A reasonable representation of polymer molecular weight averages and
the complet molecular weight distribution was obtained by assuming that the rate coefficient for
transfer to monomer also varies as a function of monomer concentration and that a small amount

of chain transfer to polymer occurs.

3.2Introduction

Poly(N-vinylamideg are a class of water soluble polymers finding applications in science and
medical practicé. This class comprises of a number of polymers with differing solution
properties depending on their side group substituents, making it an interesting choamaigath
structureaqueous solution physicochemical property stutli@®ly(vinylpyrrolidone) (PVP),
developed in the 1930s by Reppe et al., possesses a unique combination chemical,
physicochemical and biological properties. As a result, PVP exhibitddiiming and adhesive

properties, complexing ability and relative inertness towards a number of salts and acids making
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it the most commerciallimportant polymer in this classPVP and its copolymers find
applications in a variety of fields such as mediciplearmaceuticals, cosmetics, food, textiles
etc! These polymers are mostly produced by Hr@dical aqueouphase polymerization. As
discussed in Chapter 2, the kinetics of {fradical polymerization of water soluble monomers
deviates from the expectdmehaviour due to the influence of monomer concentratiork,on
Although the earlier works by GroméV,Senogles and Thomésnd others have indicated that
solvent medium plays an important role in polymerization kinetics, behaviour and influence of
the ndividual rate coefficientss, andk; could not be ascertained. This made a comprehensive
study on the kinetic modeling of the individual monomers, let alone their copolymerization,

almost impossible.

As discussed in Chapter 2, the advent and applicatidechniques such as PISEC and SP

PLP-NIR which allow for the determination of the individual rate coefficieigtsind k; has

changed this situation considerably, providing the opportunity to develop a better understanding
of these industrially impoaint aqueous system&.PLP-SEC study of methacrylic acid (MAA)

by Kuchta et af. showed that the propagation rate coefficidpt,for MAA is higher in water

than in organic solvents and thatincreases with decreasing MAA concentration in aqueous
solution. Further PLPSEC studies of MAA examined both the influence of monomer
concentration and t he degree of i oni®Zati on
demonstrating that the valuelgfdecreases by an order of magnitude moving from dilutelto bu
systems fornom oni zed MAA, and as U is increased froc
However, the influence of MAA concentration knwas found to become less significant with

increasing degree of ionization. PASEC studies on aqueous solutiomstaining MAA and

poly(MAA) mixtures were performed to simulate conversion in a batch polymerization and
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demonstrated that, also increases with an increase in conversion as the ratio of unreacted

monomer to water decreasés.

Other PLRSEC studies on neionized? and ionized* acrylic acid and acrylamid&have also

found an increasing, value with decreasing monomer concentration in aqueous solltae.
recently Stach and emorkers® have studied the propagation kinetics of NVP. As for the other
monomers, an influence of monomer concentration on the propagation rate coefficient was
observed. This dependence, a behaviour whygabserved in water soluble systems, has been
attributed to the interaction between the transition structure (TS) for propagation and the
surrounding environmenthich hinders the conformation mobility of tA& in the presence of
increased monomer comtteation, thereby affecting its free rotatioff. The resistance to free
rotation decreases with reduced monomer concentration, thus causing an incrieasethin
increasing dilution (or increasing conversion in a batch reaction), as shown for NVRiie Fig

3.1. The variation was captured as a function of temperature, initial wieagkibn of NVP in
water (W.,.), temperature and fractionalonversion of monomer to polymek, by the

expressiong®

i:o 36 40 64ex§e 9204y (0 %) 8 031w, 0( 1 *9 (3.1
kp'max | | (? 1- V\}?\‘VF’ ®P 9 1 WC)NVP XDO
NI & 212 18
Ko/ (LGOI SO) 2557 10% expy TR (3.2)
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Figure 3.1. The influence oN-vinyl pyrrolidone concentrationgp) in agueous solution on its

propagation rate coefficienkd ratioed tok, max thek, value estimated at infinite dilutmofor

each temperaturg.

In addition to thesek, studies, SFPLP coupled with nedR has been used to study the
termination kinetics of noionized MAA in aqueous solutior.Once the notidealities ink, due

to the presence of solvent effects wereoaoted for, the variation df; with conversion for
MAA was similar to that found for methacrylates in organic solvents. Most recently, Schrooten
et al*® have applied the SPLP technique to the study of NVP termination kinetics in aqueous
solution, withNVP initial fraction varied between 20 wt% and bulk at 40 °C and 2000 bar. The
variation of k; with conversion was found to be smaller than that of MAA, with systems
containing 20 and 40 wt% NVP showing a negligible changke over the conversion range
studied (up to 60%). However, thevalue in this predominantly segmentatigntrolled regime

was found to vary with the initial weight fraction of NV&a trend captured by the expression

k?/(L@nol* s®) 487 10°exp wl,- /0.20 5.47% f (3.3)
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R‘IT
at 40 °C and 2000 bar, assuming the termination ratef%# = 2k [R")?. A multiplicative

correction factor of 3.07 for polymerization at atmospheric pressure cealdwgated usinghe

measured activation volume of 14.6%mol' *.*8

Thek, andk; coefficients for MAA determined from these specialized techniques were shown to
provide a good description of continuousijtiated agqueouphase polymerization of MAA,
including polymer molecular weight (MW) averages and molecular weight distribution
(MWD).'® Despite the large number of studies carried out on NVP, a complete model to
represent the behaviour of this system has not been developed to date. The incregiestg int
expressed by companies like BASF to better understand the NVP system in order to gain better
control over their existing polymerization processes and develop new process and product
alternatives has motivated us to study and develop a similar kmetiel for polymerization

rate and polymer MWs produced by continuotisitiated aqueouphase fregadical
polymerization of NVP. This study will focus on the influence of initial monomer and initiator
concentrations on conversion and molecular weighabeur of the system. It will be shown

that the rate coefficients measured by PLP techniques provide a good representation of batch and
semibatch experiments conducted over a range of initial monomer and initiator concentrations at
two different temperates. This will not only helps us gain a better understanding of the
behaviour of this monomer in an industriadiynilar setup, but also help understand the role of
solvent medium and initiator concentrations in controlling the rate and molecular weight

properties of the final polymer.
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3.3Experimental

N-vinyl pyrrolidone (>99%, Aldrich contains 100 ppm sodium hyotide as inhibitoy and the

t her mal | -azobis(R-mdthylpropidhanfidinedlinydrochloride (V5 O , F 198%) a , o
were used as received. The initiator solution was prepared using deionized water, and the
polymerizations were carried out isothermally using deionizeterwas solventn a 1 L
automated (MT Autochem) stirred reactor under nitrogen blanket. Conversion was tracked using
online IR measurements and offline gravimetry analysis. For those runs for which IR
measurement was not available, the gravimetry resudte wonfirmed using NMR analysis.
Semibatch reactions were carried out in the same reactor setup as the batch reactions, with an
automated feed system used to control monomer addition to the reactor at a specified mass flow

rate.

3.4 Characterization

ReatlR. A ReactlR 4000 (MT Autochem) was used to track the extent of monomer conversion
online by integrating the area under the peak representing the vinyl doubleappedringat

~965- 1000cm’*, and converting to monomer concentraticing a calibration established via
off-line studies. This online measurement yields an estimate of conversion every 2 min, which
was checked using ofine gravimetry of selected samples dried in an air stream followed by hot

air oven for 72 h to removedlresidual monomer and water from the polymer sample.

NMR analysis.Proton NMR analysis was also performed on selected samples to measure
conversion, using deuterated water as solvent. NMR spectra for the monomer and polymer are
shown in Figures 3.3 (eégnd (b) with peak assignments labelled according to Figure 3.2. The

peaks 1, 2, 3 from hydrogen atoms attached to the carbon atoms in the ring appear between 2.1
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and 3.5 ppm, while that for the hydrogen atoms attached to the double bond appear at 4.6 and
~6.9 ppm, respectively. Once polymerized, the peaks for the hydrogen atoms attached to C4 and
C5 (along the polymer backbone) are found at 1.5 and 3.6 ppm respectively. The level of
conversion is determined by comparing the area of the peak representidguthie bond
(monomer) to that of the peaks representing the hydrogen atoms attached to the carbon atoms in
the ring. The accuracy of the technique was determined to be +2%, by preparing samples of
known levels of conversion by mixing quantities of monoraed polymer. The agreement
between gravimetry and NMR results for 12.5 vol% NVP polymerized at 85 °C with initiator

concentrations of 0.01 and 0.04 wt% is shown in Figure 3.4.

ncC
Sa_‘_h_ 4_
50
8] 8]

a s b

—_ -

2
’ |

Ipp:miug';ure 3.3 NMR spectra for (a)N-vinyl W"Syrrolidone monomer and (b) poN{vinyl
pyrrolidone)
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Figure 3.4 Comparison of conversion results obtaifiein NMR and gravimetry for the batch

polymerization of NVP at 85 °C with initial NVP concentration of 12.5 vol% and initiator
concentrations of 0.01f and 0. 0 4%0. Thg ppermand/filled symbols represent the
gravimetry and proton NMR results spectively.

SEC analysisThe Molecular weight analysis was carried out by-gizelusion chromatography
(SEC) at the Polymer Institute of the Slovak Academy of Sciences, Bratislava using a Polymer

Standards Services (PSS, Mainz, Germany) column setupetlyl acetamide (DMAC)

containing 0.1% LiBr was used as the eluent. The PSS setup consists of an 8 x 50mm PSS

GRAM 10em guard column and three 8 x 300mm P

100, 1000 and 3000 A placed in a column heater set to a temmeeod 45 °C. The MW data

was obtained using RI (with respect to PS calibration) and -amdfie light scattering (MALLS)
detectors. A discrepancy was observed between the results from the RI -AhALED
detectors. Our cavorkers in Bratislava who analgd our SEC samples have noticed this
disagreement between the PDI addg values from the two detectors for poly(AA) as well as
poly(NVP) samples. This discrepancy is not very surprising considering that the precision of
calibration decreases in the orddr direct>universal>absolute>>effective. Unfortunately, the

universal calibration is generally not applicable for aqueous ®Ei€ewise, there are problems
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associated with the RMALLS as well. As the MW in RMALLS is determined by fitting the
calibratin curve at the peak of the MWD (highest concentration of macromolecules) and
extrapolated over the entire MWD range, tMig, values from this system are most likely
accurate, but, the fit over the lower range of the MWD becomes questionableaaresak the

PDI valuesmay not be accurate. So, it was decided to use the PDI from RI and correct the RI
MW averagesNl,, andM,) by the correction factor arrived at by a ratio of the My,
maLLs/Myw, riin order to match th#ly, values from RIMAL LS. The correction factor in this case
was determined to be 1.710.09, which differs from the factor of 1.53 reported in ref. 16, a
discrepancy that we are unable to explaitomparison of the MALLS and corrected Rl data at
6.25, 12.5 and 20 vol% NVP afdd2 wt% V50 at 85 °C is shown in Figures 3.5 (a), (b) and (c)
respectively. It is to be noted that the MALLS MWDs at all the three monomer concentration is
narrower than the Rl data, which may be a result of the poor fitting of the calibration curve ove
the entire MWD range, as discussed above and the corrected RI data will therefore be used in the
rest of the Chapter. A complete comparison of the MALLS and corrected RI MWDs for all the

experiments is presented in Appendix A.1
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Figure 3.5 Comparison of MALLS and corrected RI data at (a) 6.25 (b) 12.5 and (c) 20 vol%
NVP and 0.02 wt% %50 at 85 °C. '
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3.5Model Development

The kinetic model takes into consideéoa the basic fregadical polymerization mechanisms of
initiation, propagation, transfer and termination shown in Table 3.1, with rate coefficients
summarized in Table 3.2.-50 initiator decomposes by a first order reaction with alifalfof

96 min at70 °C and 16 min at 85 °€ A typical azo initiator efficiency of 0.7 was assum&he
expression fok, (eq 3.1 and 3.2) was developed from PLP studies of NVP kinetics in aqueous
solution, and was implemented without modification. Khexpression (eqn3.3), developed

from SRPLP measurements at 40 °C and 2000 bar, was able to provide a reasonable
representation of NVP polymerizations at 70 and 85 °C after correcting for the known effect of
pressure, suggesting that the activation energy for termmadtie observed for many other
systems, is small. Note that this representation is not valid for systems with higher NVP contents,

for which a decrease kdue to translational diffusion limitations must be considéfed.

Table 31. Mechanisms describinthe freeradical polymerization oiN-vinyl pyrrolidone

Initiator Decomposition | Yo% 2f 17
Chain Initiation 1"+M 5% P
Chain Propagation P"+M 5% P
Chain Termination
By Combination PT+P "1 D
By Disproportionation PT+P T4 D 4D,
Chain Transfer
To Monomer P"+M 157:%D R
To Polymer P"+D_ 8% %D, .’

- 1"+ X 15vs%dead products
Inhibition

P"+ X vs%isdead product
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Table 32. Values and expressions for the kinetic rate coefficients and physical parameters used in the model cplaagedee
radical polymerization olN-vinyl pyrrolidone

Mechanism Rate Expression 70 °C 85 °C Ref
Initiator 9
decomposition  k,(s') =9.17 310* ex 8- 1.49 *10 1.22x16* 7.52x10% 21
c (T/K)

Propagation kP =0.36 0. 64exse 9. ZQVEVP ((D >$) 8 O'Slmvp( 1 49] 16

kp,max Q - NVP ®p 9 1 V\'PNVP Xpo

.. . a . 1 .97x1 1
kp,max/(LCDnol'l sO) 257 108 ex B 2.12¢ 16 5.38x1d  6.97x1d 16
e (T/K)

Termination K /(L@ol'* s&) 1.5 16%exp wh,- /020 1.68 1 18

atP =1 bar

mon 4.8x10* 6x10* This work

Transfer to -
monomer kp

kpov *6x10'>  *6x10">  This work
Transfer to -
polymer kp
Density of rae/(gONL?) £0592 77772 1@T( */ C) 4.6649 TOTQ /A 1002 0989 16
Densiy of Fuao/(QONLY)  ©.9999 23109 18T( / C) 5.44807 forcy /4 0972 0959 16

ater

* May be higher at higher NVP concentrations. See text.
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Transfer also plays an important role in controlling the molecular weight of thenpolyn

addition to transfer to monomer, the experimental MW data presented later indicates that some
transfer to polymer occurs in the system. Table 3.2 summarizes the estimates for these rate
coefficients, discussed along with the inhibition reactionfurther detail in the following
section. The set of mechanisms was implemented in the Predigram, which combines the
kinetics with specified component inlet and outlet flows to form detailed species balances for the
reactor system, theretsllowing smulation of the complete polymer MWD as well as MW

average$?

3.6 Results and Discussion
The rate equation for an isothermal fradical batch polymerization with negligible volume

contraction is given by

_dMT [m]afkd['] (3.4)
dt o o
Substituting
[M] =[M] . ;) (3.5)

where [M} is the initial monomer concentration arglis the fractional conversion of monomer

at any instant, eq (3.4) becomes

According to eq (3.6), conversion profiles should havestirae initial slope for polymerizations
carried out at identical [I], independent of [iMprovided there is no variation in rate coefficients
with initial conditions. For MAA, the rate of monomer conversion was significantly influenced

by the initial monomar concentration, with an increased slope seen for experiments run with
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lower [M]o. This influence was well explained by the variation kp with monomer
concentratiort? For NVP the situation is more complex, as it has been found thakgd#mnd
k'8 increase as monomer concentration decreases. Thus, the net effect on rate of conversion is

expected to be smaller.

In order to test the predictive capabilities of the model, batch experiments were run at two
different temperatures of 70 and 85 °C. Thechalata at 70 °C was collected by a previous
graduate student, Lina Taft.Reproducibility of results was checked by repeating the
experiment at 20 vol% NVP and 0.02 wt%5@ at 85 °C and excellent agreement between the
conversion profiles was observed si®own in Figure 3.6, except for one outlier at ~2100 s.
Conversion profiles measured over a range of initial monomer and initiator concentrations are
shown in Figures 3.7 (70 °C) and 3.8 (85 °C). At 85 °C (Figure 3.8(a)), the initial rate is slightly
higher with 6.25 vol% NVP compared to higher monomer levels, but the difference is not large.
At 70 °C (Figure 3.7(a)), the increase in conversion rate with decreasing NVP content is more
evident, although complicated by an observable inhibition period nkedy kexplained by the

low rate of initiation at the lower temperature coupled with the effect of residual oxygen in the
system. In the model, this is accounted for by introducing inhibition reactions, as shown in Table
3.1. The corresponding rate coeffitids set to 1x1DLAnol *& 1, with the amount of inhibitor

set for each simulation to match the delay in initial polymerization observed experimentally.
Despite these difficulties, it is clear from Figures 3.7 and 3.8 thakgtlead k. expressions
detemined from independent pulsed laser investigations provide a good representation of the
experimental conversion profiles over a range of initial monomer concentrations, initiator

concentrations and temperatures.
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Figure 3.6. Reproducibility of conversion dataeasured by gravimetfgr batch polymerization
of N-vinyl pyrrolidone with 20 vol% NVP and 0.02 wt%30 in aqueous solution at 85 °C. The
open symbols represent the repeat experiment.
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3.7 Molecular Weight Modeling

With a reasonable representation of reaction rate obtained, attention is now turned to the
molecular weights of the polymer. The first simulations were choig without considering any

chain transfer mechanisms, such that polymer molecular weight is controlled entirely by relative
rates of chain growth and termination. It can be seen from Figure 3.9 that the shapes of the
MWD curves obtained experimentallpgthose predicted by the model are similar, but there is

an offset, with the model over predicting values by a factor of 1.7 to 2.2. Therefore, it is clear
that some chain transfer processes are occurring in the system, and transfer to monomer was

added ¢ the model. As done in the previous stiidgf MAA polymerization, the ratio

ktTO“/ k, was fixed to a constant value such thgf" varies with monomer concentration in the

same fashion ds,. As shown in Figure 3.1@ value ofktT"“/lg) of 1.8® 10* allowed the model

to match the final numbaverage ¥,) and weighaverage N¥l,) molecular weight values
measured at 70 °C for the system at full conversion, but not the significardsecraM,, that
occurred over the course of reactidndecrease it at intermediate and high conversions due to
translational diffusion limitations would lead to an increabkd However, the decrease kn
required would be quite substantial, and waaddelerate the rate of monomer conversion, which
is currently weldescribed by the model. Furthermore, as previously discussed, tREFSP
study found thak; remained constant over the entire conversion range studied, up t&° 60%.
Thus, it can be concled that additional mechanisms must be considered. This finding differs
from our previous study of MAA batch polymerizatibhfor which consideration of chain

transfer to monomer was sufficient to achieve a good representation of MW trends. For the NVP

sydem, it was decided to increase the valuéqﬁT‘/lga t04.8® 10* (at 70 °C) in order to fit the
MW averages obtained at low conversion (see Figure 3.10), and consideh&ndranching
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as the mechanism responsible floe increasing MW with conversion. The inclusion of LCB in

the mechanistic scheme is justified further in the subsequent paragraph.

12

0.01 0.02

08645 50 55 60 65 70
logM

Figure 3.9 Polymer molecular weight distributions measured experimentally (solid lines) and

simulated without consideration of chdnmansfer events (dotted lines) for aquepbtsse

polymerization conducted at 70 °C with initial levels of 6.25 vol% NVP and 0.01 and 0.02 wt%

V-50 initiator. Distributions are for final polymer samples, obtainetD&®6 conversion.
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Figure 3.1Q Molecular weight averagesM(, M,) versus monomer conversion for batch
experiments conducted with 6.25 vol% NVP and 0.02 wt%0Vat 70 °C. The lines represent
the simulation and the squarasd circles represent the experimental resultdvigrand My,

respectively. The simulation was carried out usih@"”/lgjzl.s 310* (solid lines) and
" /k, =4.8 310* (dotted lines).

As the polymerization proceeds towards higher caiwarlevels, especially at higher initial
monomer content, the values of the PDI avg show an increase whil®l, remains fairly
constant, suggesting that intermolecular chain transfer to polymer occurs in the system.
(Intramolecular chain transfer to pater, a mechanism common to acrylatesnot believed to

occur with NVP!® does not lead to an increaseNiiy with conversion.) Moreover, PVP has been
used as a stabilizer in several dispersion polymerization stidf@sjhere the polymer radical
graftsonto the PVP stabilizer by the abstraction of the labile hydrogen in the polymer backbone.
A scheme from a literature reference showing thabistraction from the PVP chain creating a
radical site is shown in Scheme £ This serves as evidence for thessibility of Habstraction

from the PVP polymer backbone. Moreover, evidence for chain transfer to polymer in the free
radical polymerization of a similar watsoluble monomer, NVA has been shown through®

NMR analysis by our cavorkers.Thereforeto capture the upswing observed in evolution of the
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molecular weight averages with conversion, transfer to polymer reaction was added to the

mechanistic set in the model. Two possible cases were analyzed (a) assuming the rate coefficient

ol

pol
for transfer to pltymer, ki, to be a constant value and (b) assuming that the %&o IS

p
constant such that transfer to polymer also varies with monomer concentrakjatoas (and as
assumed for transfer to monomer). A guarnison of the experimental and model predictions for

batch polymerizations conducted at 85 °C with 12.5 and 20 vol% NVP is shown in Figure 3.11.
(at 85 °C, a slightly higher value dar[r“"”/lgO =6 310 *‘was used to match the MW averages at low
convasions, compared to the value of 4.8%0sed at 70 °C.) As there is little difference in the

MW profiles calculated according to case (&f°(constant at 4.5 Aol ‘A ') and case (b)

(kP / k, constant a©3® 10 ®), the rest of the simulation results presented are calculated assuming

case (b). Discrimination between these two cases would be extremely difficult, if not impossible,
from analysis of batch polymerization data; a computational stuyprovide some insight to

the question.

Addition of a small amount of transfer to polymer causesMheprofile to increase at higher

conversion without affectiniyl, predictions. The experimental data with 12.5 vol% NVP (Figure

3.11(a)) are better fit \th a lower ratio oﬂgf"'/lgj of 63 10°, while those obtained with 20 vol%

NVP (Figure 3.11(b)) require a ratio @ 10° to match the upswing iM, at conversions >
80%. However, the full MWDs calcated by the model do not match the shift in p&&k
observed experimentally with 20 vol% NVP (Figure 3.12(b)). This unexplained shift is not seen

for experiments with lower NVP levels (Figure 3.12(a)). It is difficult to understand what
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mechanism other thalong chain branching may cause a shift in the MWD with conversion at

higher NVP levels but not for the experiments with lower NVP content.

T ST

Scheme 3.1H-abstraction from the PVP chain creating a radical’3ite
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Figure 3.11 Polymer moleculaweight averagesMw, My) plotted as a function of conversion
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carried out using consta(™™/k =6 30 * and LCB values of (i) /k =6 310°(-----) (ii)
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’“""/IﬁD =6 310 “for all simulations.

r

Despite the difficulty in matching MW profiles with conversion for all cases, the changes in final

polymer MW with initiator level, monomer level and temperature are represented rdégsonab
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well assuming that a small amount of chain transfer to polymer occurs, using the coefficients in
Table 3.2. A comparison of final (100% conversion) experimental and simulated MWD profiles
at varying initial monomer and initiator concentrations at 8%f€ shown in the Figures 3.13

and 3.14 respectively. The MW averages for keghversion batch polymerizations at varying
initial conditions is shown in Table 3.3. As expected, the experimental data show a shift to
higher MW with an increase in initial NV&oncentration as well as with a decrease in initiator

concentration and the overall trends are captured well by the model at both the temperatures
studied. To fit the data, an increaseki']‘?”/ k, ratios with temperature is required,isg€ommon
for freeradical polymerizations. However, a temperatimgependent value okfr""/lg) was

used; any temperature dependence of the chain transfer to polymer is small compared to

experimental uncertainty.
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Figure 3.13 Comparison of (a) experimental and (b) model data for the influence of monomer

concentrations of 6.28 ¢ ), 12.5(-----) and 20 (AAAAAAA) vol % on
distributions (MWDs).
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Table 33. Comparison of simulated and experimentalultss for highconversion batch
polymerization of NVP with V50 initiator. Model coefficients as shown in Table 3.2.

initial conditions
T M, (kg@ol %) M,, (kg@nol %)
NVP V-50
(<)
(vol%) (Wt%) experiment model experiment model
0.01 170 135 393 393
85 12.5 0.02 159 108 373 359
0.04 95 84 245 281
6.25 91 76 216 246
85 12.5 0.02 159 108 373 359
20 180 128* 510 516*
6.25 183 103 433 416
70 0.02
12.5 150 145 590 594
12.5 187 120 527 490
70 0.04
25 269 159* 715 831*

* Calculated wih kP /k, =9 310°
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3.8 Semibatch Operation

Polymerizations are often conducted in industry using stafiead semibatch operation instead

of batch for heat removal and safety considerations. Thus, the instantaneous conversion of
monomeito-polymer remains high throughout the feeding period as the weight fraction of
polymer in the system continuously increases. Monomer profiles are very different than in batch,
providing an opportunity to test the suitability of thke (eq 3.1 and 3.2) ané; (eq 3.3)
expressions for NVP over different combinations of conversion and weight fraction polymer in
solution than can be achieved in batch. The equations need to be modified slightly, as the

definition of wP  (initial weight fractionof monomer) becomes meaningless in semibatch, as

usually the reaction is started with no initial monomer charge. The modified expressions for

weight fraction monomer on a polymieee basis {; ), weight fraction of total NVP

(mononer+polymer) in solution, and fractional conversiog) (are shown in Table 3.4lhe
differences between the two modes (batch and semibatch) of operatidlusirated by the
simulations shown in Figure 3.15, comparing monomer concentration (Figure)B.abth
conversion profiles (Figure 3.15(b)) for NVP polymerized at 70 °C with 0.04 wB® bMased on

total charge to the system. For the batch polymerization, the 20 vol% NVP charge is present at
the beginning of the polymerization, while for the semibaiofulation, the monomer is fed at a
constant rate over a period of 2 h; the kink in the conversion profile indicates the end of the
dosing period in the semibatch. For the batch simulakipincreases from 21000 to a final value

of 54000LAnol *A'* at 100% conversion, as calculated from eq 3.1 and 3.2. In semibgish,
relatively constant, between 47000 and 54Q@ol ‘A *, due to the smaller change in free

monomer concentration that occurs for this mode of operation.
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Table 34. Comparison of expressions used in batch and semibatch systggisndicates the
total mass irthe system

Batch Semibatch

t a(t

Fractional conversion X, (1) = mp%'( ) X,(t) = Mo ()

mﬂon rT‘|mon(t) + rrl)ol( I)
Weight fraction monomer wi (t) = \Nr?mn(l_ Xp(t)) Wi (t) = Mon(?)
(on polymer-free basis) thon 1- W?n Onxp(t) (motal(t) - n])ol( 1))
Weight fraction (monomer + WO rqool *+ Myon
polymer) in system mon My

Figure 3.15 also includes experimental conversion data for a semibatch NVP polymerization
conducted with0.04 wt% W50 at 70 °C at #otal amount of NVP of 20 vol%. It can be seen that

the model captures the overall trend reasonably well. In order to test the predictive capabilities of
the model, experiments were conducted at both 70 and 85 °C and at varying monomer feed
times. The reproducibility of results was verified by repeatingettpeeriment at 20 vol% NVP

fed over a period of 30 minutes at 85 °C thrice. A comparison of the three sets of experimental
data, along with the model predictions is shown in Figure 3.16. It is seen that there is a good
agreement between two sets of experital data with the third set giving slightly higher
conversion values which matches the model data best. However, as the NMR data from one of
the experiments also agrees best with the experiments giving lower (than model) conversion
values, it is most ligly that the model is ovaredicting by a small factor. In order to check for
possible discrepancies in the model, the experiment at 20 vol% NVP and 0.04 -5@% V
concentration at 70 °C was conducted at a shorter dosing period of 30 minutes. A congbarison
the experimental and model conversion data at the two different feed times is shown in Figure
3.17. At the relatively lower feeding period of 30 minutes, the monomer concentration in the

system will increase at a much faster rate (compared to a dagiongd pf 120 minutes), reaching
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its maximum at the end of the dosing period beyond which it proceeds like a batch experiment.
Thus, thek, change in the system with be more pronounced than with the longer dosing period.
This behaviour seems to be captusgell by the model at the shorter dosing period of 30
minutes with it slightly undepredicting the conversion values at the 120 minute dosing period.
As the model over (Figure 3.16) and under (Figure 3.17) predicts in the different experiments, it
becomedifficult to relate these discrepancies to any specific mechanism in the model. It may
most likely just be due to differences in the dosing pattern of the labmax reactor (where the
monomer is dosed in shots with periodic intervals in between) and Préditiich assumes a
continuous feed over the entire dosing period). However, the ability of the model to fit to these
overall trends reasonably well is another strong indication thatkghand k. expressions
developed from PLP studies capture the true kirtethaviour of the system over a broad range

of experimental conditioné\s was observed for batch experiments run at higher NVP levels, the
best fit for the MW averages was obtained by using the higher rat®# &> for k{r""/lg)

(Figure 3.18), with the model providing a reasonable representation of the large increase in MW

averages found experimentally at 85 °C.
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Figure 3.16 Reproducibility of conversion data for semibatch polymeonradf 20 vol% NVP
fed over a period of 30 minutes and 0.02 wt%®/in aqueous solution at 85 °C. The symbols
and line represent the experimental and model results respectivelgirtles represent data
measured by IR, the squares and triangles reprelsém measured by gravimetry and tpen
symbols represemiata measured by NMR

1.0+ e - % -® -+

0.8+ -7

0.64
<% ’

044 .

0.2

0.0

0 2000 4000 6000 8000 10000 12000

t/s
Figure 3.17 Comparison of experimental and model results for the influence of monomer feed
ti mes @fd) &0 120 yd;----) minutes ontie semibatch conversion dataeasured by
gravimetry,at 20 vol% NVP and 0.04 wt%-90 at 70 °C.
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Figure 3.18 Polymer moleculaweight averagesMw, My) plotted as a function of conversion

for semibatch polymerization of 20 6 NVP at 85 °C and 0.02 wt% -50 initiator, with
monomer fed over a period of 30 minutes. The lines represent the simulation predictions, and
squares and circles are the experimental resultd/foand M,, respectively. The simulations

were carried out isg kP /k, =9 30°and k/k =6 310*.

3.9Conclusiors

The batch and semibatch fresdical polymerization oN-vinyl pyrrolidone in agueous solution

has been investigated at 70 and 85 °C over a range of monomer and initiatotratinoenThe
conversion profiles over all conditions and modes of operation are well represented by a model
that uses, without any adjustment, expressions that capture the effect of conversion and monomer
levels onk, and k; rate coefficients. As these mnessions were developed based upon

independent PLP studies, this agreement validates their accuracy and functional form.

The evolution of polymer MW averages and MWDs was also studied. Reasonable levels of chain
transfer to monomer and a small amountcbéin transfer to polymer was introduced to the

model in order to match the general experimental trends. It is not clear whether the rate
coefficients for these transfer reactions should be kept at a constant ratio relative to the changing

k, values (as ssumed in the model), or should remain constant with conversion. The trends in
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MW averages with conversion could be reasonably represented by introducing intermolecular
chain transfer to polymer; however, it was necessary to adjust the rate coefficéehigtoer

value for polymerizations conducted with higher NVP levels. Furthermore, the exact
mechanisms responsible for the shift in MWDs with conversion observed at higher NVP levels
have not been identified. The general MW trends are captured by the fmodeth semibatch

and batch modes of operation.
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Chapter 4. Polymerization Kinetics of Water-Soluble N-
Vinyl Monomers in Aqueous and Organic Solution

This chapter is an updated version of the manuscript pebligh Macromolecular Symposia,

2011, 302 216223

4.1 Abstract

Freeradical batch polymerizations (FRP) Mfvinyl pyrrolidone (NVP) in organicntbutanol)
solution andN-vinyl formamide (NVF) in aqueous solution have been studied. The conversion
and moleular weight behaviar of these systems have been compared to that of agpbase
polymerization of NVP (Chapter 3). The differences found in rate of monomer conversion with
monomer and solvent choice correlates well with the differences in valuespobfizgation rate
coefficients kp) and their variation with monomer concentration measured in independent
pulsedlaser polymerization studies, a result demonstrating that a generalized understanding of

watersoluble vinyl monomers can be obtained once tgalifferences have been accounted for.

Due to the scatter in the MW data for NVP in butanol and the discrepancies between the results
obtained from RI and MALLS detectors, fitting of the transfer coefficients to match the MW
behaviour of this systemvas not undertaken, and the experimental MW data for this system was
compared to the model predictions using the same transfer coefficients as in the agueous NVP
model, with the inclusion of the additional transfer to butanol. Howvere, a reasonable
represatation of the NVF MW data was obtained by simply accountindifdifferences in the

agueous NVP model.

4.2 Introduction

Poly(N-vinyl amides) are a class of water soluble polymers finding applications in science and
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medical practicé. Poly(vinylpyrrolidone) (PVP) is one of the most commercidityportant
polymer in this class. PVP and its copolymers find applications in a variety of fields such as
medicine, pharmaceuticals, cosmetics, food, textile$ @ther important poly-vinyl amides)

include polyvinylformamide) (PVF) and its copolymers. Due to its low toxicity, PVF and its
copolymers find applications in waste water treatment, adhesives, packaging, personal care
products, dispersing agents, textiles and corrosion inhilfifioks discussed in Gipter 2,
despite their importance in commercial applications, the understanding of these systems has
lagged behind mainly due to the deviation of their polymerization kinetics from the expected
behaviar resulting from the influence of solvent medium oe folymerization kinetics. A
literature review on some of the earlier studies on solvent effects by G &ramov et al>®
Chapiro? Senogles at df can be found in Chapter 2 and will not be repeated here. Although,
these studies made it clear ttheatersoluble monomers exhibitnusual reaction kinetics, the

lack of data on the individual rate coefficients in these studies made it difficult to get an
improved kinetic understanding of these systems. This situation has changed considerably after
the advent and application ofpecialized techniques such as FRIEPC (Pulsed Laser
PolymerizatiorSize Exclusion Chromatography) and-BEP-NIR (Single PulséPulsed Laser
PolymerizatioaNear Infrared), whichenablethe determination of individual propagaticgky)

and terminationl) rate coefficientsThe groups of Buback and Lacik have jointly conducted
extensive PLFSEC studiemn MAA™** and AA™® More recent studies include the RBEC

study of NVP’ and NVF®and SPPLP study of the termination kiries of NVP® A complete

review of all these PLP studies can also be found in Chapter 2. We have modeled the kinetic
behaviar of aqueougphase free radical polymerization of NVP using these-BEE derived,

and k; coefficients (Chapter 3). Thgoal of his chapter is to model the kinetic behaviof
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organicphase (butanol) polymerization of NVP and aqueohsse polymerization of NVF
using PLRSEC derivedk, coefficients as well as explain the kinetic differences arising from

solvent and monomer choicsing the understanding gained from the fAECK, studies.

4.3 0rganic-Phase Free Radical Polymerization of Ninyl pyrroldione (NVP)

4.3.1Experimental

N-vinyl pyrrolidone (>99%, Aldrich contains 100 ppm sodium hydroxide as inhibjtor
butanol (99%, SigmaAldrich) and the thermal initiator 2,2izobis(2methyl butyronitrile)
(Vazo67, DuPont) were used as received. Polymerizations were carried out isothermally ina 1 L
automated (MT Autochem) stirred reactor under nitrogen blanket and convemsotrasked

using gravimetry. Reproducibility of results was checked by repeating the experiment at 12.5
vol% NVP and 0.11 wt% \b0 at 85 °C and the results are shown in Figure 4.1. There is a very
small initial inhibition period in the repeat experimentiethis responsible for the slight offset
between the profiles in the initial period, but, good agreement is observed within 600 s into the

experiment.

SEC Analysis Molecular weight (MW) analysis was carried out by xelusion
chromatography (SEC) #élte Polymer Institute of the Slovak Academy of Sciences using PSS
GRAM column seup which consists of three Ifim columns of 100, 1000 and 3000 A pore
sizes. The measurements were carried out at a temperature of 45 °C uisng an injection volume of
100nL and a flow rate of 0.8 mL-min. The MW data was obtained using the RI (with respect

to PS calibration) and MALLS detectors. The data from Rl were shifted by a correction factor of
1.53 based upon the measure of absolute MWs by light scattering of thesa@mgpared in this

work. A comparison of the MALLS and corrected RI data for the experiment at 12.5 vol% NVP

75



and 0.11 wt% V50 at 85 °C is shown in Figure 4.2. The discrepancies observed between the RI
and MALLS MW data were even more significant than wlserved in the aqueous NVP study
(Chapter 3). The data from MALLS showed a significant shift with conversion with some very
narrow or broad distribution in some cases. Furthermore, even the covkcfetvalues did

not match the MALLS results in someases. These discrepancies have been discussed
elaborately in the results and discussion section. A more complete comparison of MALLS and

RI data for all the experiments is shown in Appendix A.2.
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Figure 4.1.Comparison of convsion dataas measured by gravimetfgy repeat batch solution
polymerizations of 12.5 vol% NVP and 0.11 wt% V&in butanol at 85 °C.
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Figure 4.2. Comparison of a) corrected RI and b) MALLS data for the evolution tyfmper
MWDs with conversion for 12.5 vol% NVP and 0.11 wt% V&b in butanol at 85 °C.
Conversion levels as indicated in the legend.

4.3.2Model Development

As discussed in Chapter 3, the kinetic model for-feskcal NVP polymerization, built using
Pradici®, includes the mechanisms of initiation, propagation, transfer and termination. The rate
coefficients and model parameters for aquguusse NVP polymerization are detailed in
Chapter 3, WitH<p17 and k° expressions developed from PLP studies. Bbth aqueous and
organic models for NVP use identical rate expressions, with the only differences arising from the
k, expressions (fit to PLISEC experimental datdy,the introduction of chain transfer @
butanol (for organic phase polymerization), ahd initiator decomposition expressions, as two
different initiators (W50°* in aqueous phase and Va@@? in organic phase) were used due to
the insolubility of 50 in n-butanol.A typical azo initiato efficiency of 0.7 was assumdar

both initiators.
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Table 4.1Values and expressions for the kinetic rate coefficients and physical parameters used in the model-phasganic
free-radical polymerization di-vinyl pyrrolidone

Mechanism Rate Expression Values @ Ref
85 °C
Initiator ] a- 1.55 310 )
decomposition kd(S 1) =1.38 3165 GXW 224X104 22
¢
Initiator. (kd[ |]O)Vazo_67: (kd[ 1 0) v
calculation*
ok 4 1504, (6 )

Propagation =0.02 +0.98expe -

kp,max ge 1- V\PNVP ®p

) _ a 1.61x1d 20
kp,max/(L @nol* s@) 142 10°exgg 243 10
e (T/K)

Termination ~ k /(L@nol™* s®) 1.5 16%xp wi,- /0.2p 1.68 1 19

atP =1 bar

sol 1.5x10*  this work

Transfer to k_r
solvent P
Density of Fewenay/ (QONL?)  ©.82473 0.000733( /¢ 0.762 20
Butanol
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4.3.3Results and Discussion

Conversion dataThe influence of monomer concentration lgrnis more pronounceth water
than inn-butanol as can be seen from Figure 4.3, which summarizes an extensh&EELP
study of NVP in aqueod§and organit® solution. The variation of NVPk, in n-butanolas a

function of initial weightfraction of NVP in solution @.,,), temperature, and fractional

conversion of monomer to polymeg) is captured by Equations 4.1 and 4.2.

% _o002 +O.98ex% 1'53'(“::; ((D)ﬂ”) § (4.1
kp,max ¢ NVP Qj =
L a4 24313 6
Kyma/( @ MOISG) 142 1(53ex?W 5 4.2)

The thermal initiators W60 and Vaze57 decompose by a firstrder reaction vth half-lives of
16 mirf* and 54 mif® at 85 °C, respectively. This difference in the decomposition rates was
compensated for by adjusting the moles of initiator added, in order to achieve equal initial radical

generation rate the two solvents, assungirequivalent initiator efficiencies:

(kd [l(])Vazo-67 = ( kd [Il)) V-50 (4
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Figure 4.3. The influence oiN-vinyl pyrrolidone concentratiorwgyp) on the propagation rate
coefficient k) for polymerization in aqueouy )’ and butanol &°)solution as measured by
PLP-SEC experiments at 40 °C.
At the lower NVP concentrations used in batch polymerizationgs(< 20%), it is expected that
the significantly lowerk, values inn-butanol should result in a conversiorteraignificantly
lower than that in agueous solution, assuming #as similar in the two systems. This
difference was indeed found experimentally, as seen from the comparison of monomer
conversion profiles in Figure 4.4 (a), obtained from batch polipagons at 85 °C with 12.5
vol% NVP and the same initial radical generation ratesolution. (MW averages, shown as
Figure 4.4 (b) will be discussed later.) Previous work showed that agpkass NVP batch and
semibatch polymerizations conducted over range of initial monomer and initiator
concentrations at 70 and 85 °C are wefresented by the FRP model parameters summarized in
Chapter 3. A similar set of experimentsniibutanol has been completed at 85 °C. The influence
of initial monomer and initor concentrations on conversion profiles is shown in Figure 4.5 (a)
and (b) respectively. As expected, the polymerization rate increases with increase in initiator

concentration and this is captured very well by the model (Figure 4.5 (b)) The effddtPof
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concentration on polymerization rate (Figure 4.5 (a)) was found to be negligileuitanol, in
agreement with the PLBEC results shown in Figure 4.3. Moreover, the model developed to
describe aqueoyshase NVP polymerization also provides a gooscdption of the conversion
profiles measured in-butanol over a range of monomer and initiator concentrations, once the
difference ink, behaviar is accounted for. The slight mismatch between model predictions and
experimental results in Figure 4.5 miaigicate a small difference in NVR behaviar for the

two solvents. From these results it can be concluded thak, teepressions determined from
independent pulsed laser investigations capture the differences observed for the experimental

conversion pofiles of NVP in aqueous and organic solution.
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Molecular weight behaviourAs discussed in Chapter 3isdrepancies between the MW data
from RI and RIMALLS detectors are not very unusual for these watduble systems.
Although this discrepancy was observed in the PDI values of the NVP samples polymerized in

aqueous solution (Chapter 3), a reasonablecaggat between the MALLS and correctedNiR)
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values was obtained. However, in this study on the NVP polymerization in butanol, a significant
disagreement between the MALLS and the correctedlRValues was observed in some cases,

as shown in Figure 4.6. €hsignificant scatter in Figure 4.6 indicates that the correction factor
(1.53) may not be suitable for some experiments. This is more clearly observed from Figures 4.7
4.10 which compare the evolution of MW averages from MALLS and corrected RI with
convesion, for batch experiments at varying initial monomer and initiator concentrations. These
Figures show a significant disagreement between the MALLS and the corrected RI MW
averages. Furthermore, the scatter in the data is high, making it difficult testamdethe overall
trends in some cases. Despite these uncertainties, it was attempted to model the MWirbehavio

of this system by comparing and contrasting their belat@mthe NVP aqueous system.

The significantly lowerk, values for polymerizationni organiccompared to aqueous solution
also affects polymer MW, as was shown in Figure 4.4 (b); MW averages of polymer produced in
n-butanol are significantly lower than that polymer produced in water. Most of the difference in

the data can be explained by differences irk, values; however, a small amount of chain

transfer ton-butanol (kfr"'/lg) =1.5 310" at 85 °C) was added to the model to better match the

experimental data, with the transfer to monomer and transfer to polymer ratios sevatuése
determined from the aquecepbase study of NVP polymerization (Chapter 3). A comparison of

the model and experimental MW averages at 12.5 vol% NVP and 0.11 wt%6Vaaod 20

vol% NVP and 0.027 wt% Vaz67 is shown in Figures 4.11 (a) and (b) respely. The MW
averages show a decrease with increasing conversion in the case of the lower monomer
concentration of 12.5 vol%, as is usually the case with polymerization involving chain transfer to
solvent. However, at higher monomer concentration ot@®@b, there is a dip in the averages

followed by an increase. This behawican be explained by the chain transfer to solvent being
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predominant in the initial stages which is responsible for the initial dip, but, as polymerization
proceeds and the polymeoncentration in the system increases, transfer to polymer may become
more significant at the higher conversion levels which cause the upswing in the MW values. The
shift in molecular weight with conversion is also clearly observed in the MWDs showgureFi

4.12. It is to be noted that transfer to polymer' / k =6 310° used at the low monomer

concentrations in the agueous NVP model was used at all monomer concentrations in the butanol

model as increasing it tg™ / kp =9 310° did not have any significant effect in this case, as

shown by the dotted line in Figure 4.11 (b). The model is observed to predict higher MW values
andfails to capture the earlier time behamiaat the higher monomer concentration (Figure 4.11
(b)). Howevey an attempt to lower the transfer to monomer and solvent to match the initial MW

values and significantly increase t"’@”ﬂ) to match the subsequent upswing at the higher

monomer concentration was unsuccessful. The transfer coefficie®uld need to be varied for

each experiment, which is not suitable for a predictive model. Furthermore, due to the
uncertainties in the correction factor and the significant scatter in the data from both MALLS and
RI, fitting the transfer coefficient® match the experimental MW data in this system did not
seem very promising. It was therefore decided not to pursue the MW modeling for this system
further and merely compare the experimental data to the model predictions obtained by using the

same mononreand polymer transfer coefficients as was used in the agueous NVP study.
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Figure 4.11. Polymer moleculamass averages plotted as a function of conversion for batch
experiments conduetl in n-butanol at 85 °C with (a) 12.5 vol% NVP and 0.11 wt% \f&Zo
and (b) 20 vol% NVP and 0.027 wt% Va@@. The lines represent the simulation results and the
closed and open symbols represent the experimental resulté,fand M,, respectively. The

simulations were carried out withy™"/k =6 310*, kP”/k =6 30°( bbb) ,
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