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Résumé de These

Intensification de la synthese de polymeéres par ATRP au moyen de
technologies de microréaction

1. Introduction

Contrairement a tout autre composé chimique, lesron@olécules synthétiques ont des
caractéristiques (masse molaire moyenne, distdbutles longueurs de chaine) qui sont
fortement dépendantes des parameétres du procédsyrdbése. L'augmentation de la

viscosité, qui peut atteindre jusqu'a 7 décades fesiIprocédés en masse et en solution
concentrée, s’accompagne d'une diminution des fedasde matiere et de chaleur. Cette
situation conduit généralement a I'élargissementadiistribution des longueurs de chaines,
une masse molaire différente de celle souhait§eeet également entrainer 'emballement
thermique du réacteur. Cependant, un mélange ra@sl@éactifs en entrée de réacteur et en

son sein est souvent conseillé pour résoudre oedgones.

Tant du point de vue du mélange que de I'évacuatemcalories libérées par la réaction, les
micromélangeurs et microréacteurs peuvent étreamtien pour surmonter les limitations
diffusionnelles. En effet, la trés faible dimensicaractéristique (10 a quelgues centaines de
micromeétres) de ces systémes microfluidiques leaféze un avantage certain par rapport a
leurs homologues en verre de laboratoire et learsions industrielles. A cette échelle, il a
été constaté que les microsystemes peuvent amélboresidérablement les transferts de
masse et de chaleur. Comparés a d'autres prodhintsqaes, la synthése de polymeres dans
les systémes microfluidiques est relativement nibeivet peut largement bénéficier des
caractéristiques précitées de ces microsystemesh@pitre 1).

D'un point de vue chimique, les techniques de péhsation radicalaire contrdlée ont été
congues pour accroitre le contréle sur les caiatitgres macromoléculaires (longueur de la
chaine, distribution des masses molaires et aothr® comparativement a la technique
classique de polymérisation radicalaire. Toutefersraison de limites inhérentes a leur mise
en ceuvre, leurs potentiels ne peuvent pas étreségtilpleinement. Elles sont en effet
intrinsequement lentes ce qui diminue leur proditétihoraire et rend leur procédés de
synthese codteux. Parmi ces techniques, la polgatérn radicalaire par transferts d’atomes

(ATRP) est la plus employée. Ainsi la polymérisatipar ATRP de polyméres a base de
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méthacrylate de 2-(diméthylamino)éthyle (DMAEMA)wea de cas d’étude tout au long de
ce travail de thése. L’objectif de cette derniétang d'intensifier la production de
(co)polymeéres linéaires et branchés au moyen dérsgs microfluidiques et des paramétres

de procédés.

2. Effet d'un prémeélange sur la polymérisation en microréacteur hélicoidal

Afin d’étudier l'effet de différents principes deigcromélange sur les caractéristiques de
copolymeéres statistiques, plusieurs types de miétangeurs (a bilaminaion, jonctionen T ; a
jet d'impact, KM Mixer ; a multilamination interdtgle, HPIMM) ont été considérés pour la
copolymérisation par ATRP du DMAEMA et du méthaeatgl de benzyle (BzMA) de

compositions différentes (20 et 40 mol.% BzMA) dams microréacteur hélicoidal (CT,

schéma 1.a) de diametre interne 876 um (FigurB®'apres les résultats obtenus, I'impact du
prémélange est évident puisque, toute chose égaleifpeurs, les copolymeres ont des
propriétés différentes en fonction du type de mmegtangeurs employé. La jonction en T a
conduit a la conversion en monomere la plus faiblers que le micromélageur a

multilamination a donné les conversions les élev@es30% par rapport a un réacteur
discontinu) tout en assurant des masse molairesgidwées et une distribution des longueurs

de chaines plus étroite. Les détails sont expligaés le chapitre 3.

() (b)

Schéma 1Dessin d’'un microréacteur hélicoidal (CT, a) atvaersion de flux (CFl, b)
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Figure 1. Evolution de la masse molaire moyenne en nomisedgolyméres
synthétisés pour différents temps de séjour, miétangeurs et compositions molaire
en BzMA.

3. Accélération de la cinétique ATRP en microréacteur hélicoidal

La cinétigue de synthése du DMAEMA par ATRP a étddiée dans un microréacteur
hélicoidal (CT, diamétre interne de 876 um) a amsperatures différentes. La vitesse de
polymérisation augmente de maniere significativecala température comme le montre la
Figure 2. Les masses molaires du polymere obtesm@streés proches des valeurs théoriques
a 60°C et 75°C, indiquant des caractéristiquesroli@s de la polymérisation. Cependant, la
différence entre la masse molaire théorique etleéebmmence a apparaitre a des
températures de polymérisation supérieures a 8bdprés 30 minutes de temps de séjour.
Cela est notamment refléeté par l'indice de polyroolérité (PDI, un parameétre rendant
compte de la largesse de la distribution des massésres) qui augmente significativement
a hautes températures (> 85°C) pour les tempsjdarssupérieurs a 30 minutes indiquant
ainsi une réaction incontrolée. Cependant, pourndasses molaires proches de 15000 g /
mole, des températures plus élevées se révelentuéwr alternative intéressante car elles
permettent de réduire le temps de polymérisatiofacien significative (15 minutes a 95°C au
lieu de 1 heure a 60°C) et d'ainsi augmenter daetdur 4 la productivité horaire du procédé
de synthese.
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Figure 2. Evolution de la masse molaire moyenne en nomiral{sles pleins) et du PDI
(symboles vides) avec la conversion du monomeére gifférentes températures de
polymérisation.

La pression a laquelle se déroule la polymérisalio®MAEMA en microréacteur hélicoidal
(CT, diametre interne de 876 um) a un effet notabldes propriétés du polymére synthétisé.
En effet, une augmentation de la conversion (+1226le la masse molaire (+ 5000 g / mole)
a été observée avec une augmentation de pressigresiee 100 bars (figure 3). Par ailleurs,
la courbe de variation de la masse molaire moyemneombre en fonction de la conversion
du monomeére suit de prés I'évolution théoriquedndint ainsi que la réaction reste contrblée.
Cette augmentation significative de la conversi@utpétre attribuée en partie a une
augmentation de la constante de vitesse de prapagatvec la pression. De plus,
'augmentation de la densité de la solution a p@geer avec la pression peut étre un autre
facteur de la conversion accrue obtenue en miateéa En outre, on observe une
diminution du PDI avec la pression (figure 3) geupétre expliquée par une diminution du
taux de terminaison sous pressions élevéees. Langoiyation a également été conduite dans
des microréacteurs hélicoidaux de diametres irgedifiérents (576, 876 et 1758). Il a été
observé que des vitesses de propagation plus él@vBautes pressions en conjonction avec
des diffusions moléculaires plus rapides dans desondacteurs de faible dimension induit
une cinétique de réaction plus rapide. Fait ing&et cette étude a également montré que des
pressions modérées permettent d’accélérer la poiyatén de maniere significative dans des
microréacteurs en comparaison des pressions bgayos importantes requises pour des
réacteurs « macrofluidiques » discontinus.
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Figure 3. Effet de la pression sur la masse molaire moyenngombre (symboles pleins) et
le PDI (symboles vide) pour différents diamétresrderoéacteur.

Partant du principe gu'une conformation allongéené' chaine polymére en croissance
permet d’accroitre la réactivité du site réactif epposition a la conformation
thermodynamique en pelote, tout moyen de promouvoi telle déformation devrait
engendrer une augmentation de la vitesse de r@acipnsi que du controle de la
polymérisation. Cela fut démontré expérimentaleneentaisant varier le taux de cisaillement
a la paroi interne de microréacteurs hélicoidauX’eatremise de la longueur des réacteurs et
du temps de séjour. Ainsi, ce taux fut varié eBtBL §" pour un réacteur de 3 m de long / 2
heures de temps de séjour et 547-psur un réacteur de 18 m de long / 5 minutes agpse
de séjour. Il a été observé que quel que soingpsede séjour, plus le taux de cisaillement est
élevé (c.-a-d. plus le réacteur est long), plutalex de conversion du monomeére augmente
(jusqu’a + 10 points de conversion, figure 4). il est de méme pour la masse molaire
moyenne en nombre (+ 2000 g/mol). Cependant cess giminuent lorsque le temps de
séjour augmente ; ainsi passé 1 heure de réaatimmddges chaines en croissance ont atteint
une certaine longueur, les quatre réacteurs, quglte soit leur longueur, ont donné des
conversions et masse molaires quasi similaires. dlbaurs, il est intéressant de noter
gu'aucune différence significative n'a été obsenréee les PDI des échantillons polymérisés

a différents taux de cisaillement.
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Figure 4. Effet de la longueur du microréacteur et du tedgseéjour sur la conversion du
DMAEMA.

Toutes ces observations sont détaillées dans [@tohd.

4. Influence de la géométrie du microréacteur

L’augmentation de la viscosité au cours d’'une pdgesation limite la diffusion des especes
ce qui résulte en un mauvais contrble de la réacéd donc des propriétés des
macromolécules synthétisées. Pour surmonter catatioms et réduire la distribution des
temps de séjour, également responsable d'une plerteontrdle sur les propriétés des
macromolécules, une simple technique d'inversiofidea été considérée et mise en ceuvre
dans nos microréacteurs hélicoidaux en inversdhixea intervalle régulier par le coudage a
90°C des serpentins (CFI, schéma 1.b) . Cette igobrest une alternative beaucoup plus
simple et moins onéreuse par rapport aux réacteangrostructures internes rapportés dans
la littérature. Lors de la polymérisation du DMAEM#ne augmentation marginale (~ 3-5%)
dans la conversion a été observée pour le cas dwondacteur CFl par rapport au
microréacteur hélicoidal (CT). En raison de la pnég de coudes a 90°, les changements de
direction raménent les chaines en croissance abida paroi vers le centre du réacteur et
vice-versa. La comparaison des caractéristiquespdbgneres synthétisés en CT et CFI
(figure 5) montre que la masse molaire moyenneanbne est plus élevée de 2000 g/mole
pour le réacteur a inversion de flux. D’autre pame réduction significative du PDI est

également observée.
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Figure 5. Evolution de la masse molaire moyenne en nomiral{sles pleins) et du PDI
(symboles vides) avec la conversion du monomeére ghifférents microréacteurs tubulaire.

Le bénéfice de la technique d’inversion de flux estore plus marqué lorsqu’on étudie la
synthese d'un polymere branché. Il a ainsi été roBsdors de lincorporation dans le

mélange réactif initial d’un inimere (molécule chlgad’agir comme un monomere et un
amorceur), que la masse molaire obtenu augmentaijue le PDI diminuait tres

significativement (figure 6). Par ailleurs, le taude branchement, déterminé par
chromatographie d’exclusion stérique, était seasileint plus élevé dans le cas de I'emploi du
CFI que pour le CT ou bien le réacteur discontihiceda pour des taux d’inimere allant

jusqu’a 10% en mole.
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Figure 6. Evolution de la masse molaire moyenne en nombral§eies pleins) et du PDI
(symboles vides) avec le temps pour différentstetas.
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Afin d'améliorer la productivité horaire du procédé synthése du PDMAEMA par ATRP
dans un réacteur tubulaire, de plus grands diam#&tternes ont été testés (1753 et 4084 mm)
a temps de passage constants. L’augmentation chétimengendra certes une augmentation
de la quantité horaire de polymere synthétisé siatscompagna d’'une diminution marginale
de la conversion du monomere (figure 7) et surtbube augmentation importante du PDI.
Pour limiter cet effet néfaste, nous avons eu necaula technique d’inversion ; et pour
bénéficier au mieux du mélange interne promu pé#&e dechnique, nous avons également
augmenté la longueur du réacteur. Ainsi ces plgos » CFI ont engendré non seulement un
accroissement du taux de conversion du monomegaréfi7) et de la masse molaire mais
surtout une forte réduction du PDI et cela au ghine augmentation quasi négligeable de la
perte de charge, c’est-a-dire de I'énergie requise.

95
. 75 A A
g 8
= A
‘D 55 A 8 A CT 876 ym
g é OCT 1753 pm
s N o CT 4083 pm
O 35 - A A CFI 876 pm
®CFI1753 pm
A ® CFI1 4083 pm
15 T T T T
0 30 60 90 120
Time (min.)

Figure 7. Evolution de la conversion du monomére en fonatiotemps pour différents types
de réacteurs et diamétres et une longueur de 3m.

Le chapitre 5 explique toutes ces observations Eadétail.

5. Conclusion

La mise en ceuvre de synthéses de (co)polymerda pachnique ATRP dans des systémes
microfluidiques a permis de mettre en évidencesgmects suivants :

- le prémélange est une étape importante lors dmpalymérisation en microréacteurs et
affecte grandement les caractéristiques du copalysgnthétisé. Une mauvaise sélection du
micromélangeur peut conduire a une polymérisatmontrolée. La cinétique de réaction est

plus rapide en microréacteurs que celle observiég alaréacteur discontinu.
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- les parametres du procédé comme la températurla quession peuvent acceélérer de
maniére significative la réaction de polymérisatibime fenétre étroite existe pour laquelle
laugmentation de température présente un effe¢figre. Une augmentation modérée de la
pression (100 bars) engendre un contréle accriaguolymeérisation. L'effet du cisaillement
lors de la polymérisation s'est réveélé étre dépeinda la longueur de chaine. L'augmentation
de la longueur de chaine a tendance a réduirestl'®énéfigue du cisaillement. Ainsi
'augmentation du cisaillement d’'un facteur 6 a pi&ffet sur la conversion du monomere au
bout de 2 heures de temps de polymérisation nedfstl'est plus prononcé pour de faibles
masses molaires (temps de séjour inférieurs arkheu

- une tres nette amélioration du contréle de laympérisation a été observée avec un
changement de la géométrie du microréacteur tuleulgiintroduction d’inversions de flux a
intervalles réguliers le long du microréacteur msapermis de réduire sensiblement le PDI.
La polymérisation en CFl a également montré unenamgation significative de l'efficacité
de branchement qui est un indicateur de I'amélmratie I'architecture branchée. Enfin
'emploi de CFI de plus grand diametres a validgpdasibilité d’augmenter la productivité
horaire au détriment cependant d'une petite pedecdntrble sur les caractéristiques

macromoléculaires, toutefois moins importante caesde cas des CT.

En conclusion, cette thése a démontré que desdkgias simples de microréaction comme
la combinaison de I'emploi de micromélangeur etelehnique d'inversion de flux dans des
microréacteurs tubulaires, permet d’accélérer deriéna significative la synthese par ATRP
de (co)polyméres; a cela s'ajoute la possibilitiaccoitre le contrble de leurs

caractéristiques.
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Abbreviations and notations

TH NMR
ATRP
BIEM
BzMA

CFI
CORSEMP

CRP

CT

CuBr
DCM
DMAEMA
DMF

DP

EBIB
FRP

GPC
HEMA
HMTETA
HPIMM

HPLC

KM

MALS

NMP

PDI
PDMAEMA
PMMA
RAFT

Abbreviations

Proton nuclear magnetic resonance

Atom Transfer Radical Polymerization
2-(2-bromoisobutyryloxy)ethyl methacrylate
Benzyl methacrylate

Coil flow inverter

Continuous online rapid size-exclusion monitoring of

polymerization

Controlled radical polymerization

Coiled tube

Copper (I) bromide

Dichloromethane

2-(Dimethylamino) ethyl methacrylate
Dimethylformamide

Degree of polymerization

Ethyl 2-bromoisobutyrate

Free radical polymerization

Gel Permeation Chromatography
2-hydroxyethyl methacrylate
1,1,4,7,10,10-hexamethyltriethylenetetramine
High Pressure Interdigital Multilamination
Micromixer,

High performance liquid chromatography
Impact jet micromixer

Multi angle light scattering

Nitroxide mediated polymerization
Polydispersity index
Poly(2-(dimethylamino) ethyl methacrylate)
Poly(methyl methacrylate)

Reversible Addition-Fragmentation chain Transfer

polymerization



Abbreviations and notations

RI Refractive index
RTD Residence time distribution
SCVCP Self condensing vinyl copolymerization
SI-ATRP Surface Initiated Atom Transfer Radical
Polymerization
TEA Triethylamine
THF Tetrahydrofuran
Notations
C Polymer concentration (g/L)
c Overlap concentration (g/L)
Katrp Equilibrium constant (-)
Kp Propagation constant (mol/L/s)
K¢ Termination constant (mol/L/s)
L Tubular reactor length (m)
Mn Number-average molecular weight (g/mol)
Mw Weight-average molecular weight (g/mol)
MW maLs Weight-average molecular weight as seen by multi

angle light scattering detector (g/mol)
Mw ri Weight-average molecular weight as seen by refractive

index detector (g/mol)

n Flow index of power-law fluids (-)
Q Volume flow rate (m3/s)

R Tubular reactor radius (m)

1 Polymer solution viscosity (Pa.s)
Mo Solvent viscosity (Pa.s)

Nsp Specific viscosity (-)

m] Intrinsic viscosity (L/g)

VW Shear rate at the wall (1/s)
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Introduction

Nowadays polymers and polymeric materials are usedunconventional applications
beacause of their functional properties (e.g. ebeats, solar cells, biomedical ...) conversely
to conventional applications which rely on bulk pedies (e.g. automotive parts, textile ...).
Such high end applications demand for well congbltharacteristics of macromolecules.
Minor changes in these characteristics can inflaetise final propertie§® Poly(2—
(dimethylamino)ethyl methacrylate) (PDMAEMA) is omé such functional polymers. pH
and thermo responsive nature of PDMAEMA makespteferred candidate for a variety of
demanding applications like drug and non-viral gerbveries among othefs! To extract
maximum benefit of such polymer, high control o macromolecular characteristics is a
prerequisite.

Controlled radical polymerization (CRP) technigaee among the most effective chemical-
based methods to control macromolecular charatitsrisf a polymer; unlike the established
free radical polymerization technique which suffesn termination reactions resulting in a
broad molecular weight distribution. Among all t6&P techniques, Atom Transfer Radical
Polymerization (ATRP) is the most widely used tegbe from an academic and industrial
research point of view? However due to its inherent kinetic scheme, whiothibits an
equilibrium reaction between dormant and propagaspecies, ATRP suffers from low
productivity resulting from a slow kinetics.

On the other hand, any polymerization reaction fiecteed by the process conditions
especially in case of concentrated solutions. Bmssigholymers are known to be process
products. Therefore the process conditions shoalavéll adapted to avoid any detrimental
effect on the chemical control of the macromolecutdaracteristics. New process
considerations referred as microreaction technol@g/emerged during the last decade which
can at the same time intensify polymerization psses while maintaining or improving the
control over polymer characteristics.

In this context, the PhD work aims at intensifylAgRP processes for the production of
DMAEMA-based polymers by relying on microreactioectinology tools (microreactor,

micromixers) and process parameters (reactor gegnteperature, pressure...).

In following chapter, different chemical- and presédased methods to accelerate CRP
reactions will be reviewed. The benefit of micrartgan technology will be also reviewed in

light of polymer synthesis. Compared to other fetd chemical reactions, polymer synthesis
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in microfluidic systems is relatively new and lof benefits can be achieved from
characteristics features of microdevices.

Chapter 3 details materials and methods used dutimg work. Among other, the
polymerization system composition and procedurd®vied during experiments in batch
reactor will be presented. Microreaction setup uldpolymer continuous-flow synthesis
will be illustrated in details along with operatipgrameters. Microreactors with different
dimensions and geometries will be described. Pruaesdfor high pressure and high shear
reaction will be explained. Finally the charactatian section will highlight all the different
methods and techniques used to characterize rsaetod determine macromolecular

characteristics.

Chapter 4 will present the effect of different noigrixing principles on the characteristics of
statistical DMAEMA-based copolymer. Bilaminaion {Jtinction), impact jet (KM Mixer) and
interdigital multilamination (HPIMM) micromixers we considered for the ATRP
copolymerization of 2-(dimethylamino)ethyl methdatg (DMAEMA) with benzyl
methacrylate (BzMA). Polymers of two different comsgiions of BzMA (20 mol.% and 40
mol.% BzMA) were synthesized in coiled tubular (Giicroreactor. In the second section of
this chapter, ATRP polymerization of DMAEMA in CBactors under different operating
conditions (temperature, pressure and shear a@iscussed. It gives a clear idea how such
polymerization reaction can be accelerated. Thidi@e also highlights the effect of CT

reactors diameter.

Chapter 5 addresses the issue of increased vigahsiing polymerization in microreactor
and its detrimental effect on the control of macotenular characteristics as observed in
chapter 4. To overcome such limitations and redes@ence time distribution in tubular
microreactor, a simple flow inversion technique wasasidered which is known as coil flow
inverter (CFI). It is a much simpler and cheapeerahtive compared to patterned reactors
reported in literature. Thus stainless steel maaotors having 90° bends at equal interval
were used for polymerization. In the first sectidhe synthesis of linear and branched
PDMAEMA in different reactors (batch, CT and CFl)illwbe presented and results
thoroughly explained. The second section triestéicgle down the problem of microreactor
low throughput and will present different stratesgie order to increase polymer productivity
without sacrificing the benefits of microreactidtence CT and CFI of larger diameters (1753

and 4084 um) and different lengths (3 and 6 m) weresidered.
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Finally chapter 6 will highlight the overall outcenof this work. Experience and knowledge

gained during this thesis should be quite helptrl future work. Thus suggestions and

recommendations are to be given to proceed further.

This PhD work is part of a larger project named BlRunded by the French Research
Agency (ANRgrant n ° 09-CP2D-DIP?which aim was to intensify a CRP process for the

production of architecture-controlled polymers. domprised an experimental work (this

thesis) as well as a numerical work for the geogneptimization of CFI reactors.
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Preface

Controlled radical polymerizations (CRP) find wideceptance due to their efficient control
over polymerization and macromolecular charactessHowever, slow rate of reaction is a
major challenge for CRP. Acceleration of CRP withtmsing control over polymerization
will be beneficial from industrial perspective. eal methods to achieve faster kinetics of
CRP in batch reactor are reported in literatureer@ew of such strategies to accelerate
different CRP like NMP, RAFT and ATRP are brieflyscussed in the first part of this

chapter.

On the other hand, microreaction technology is loyv nargely considered for process
intensification in fine chemical and pharmaceutgaithesis. In the field of polymer reaction
engineering, microreaction is just a decade old genline fear of increased viscosity and
low throughput are few hurdles which force researshand industries to undermine its
potential. Nevertheless some applications of migidics can be found in the field of

polymer synthesis but quite few concern the ratearoement of CRP. To have a clear
understanding about this budding technique andriact in the field of polymer reaction

engineering a detailed discussion is needed. Tovergfolymerization micro-chemical plants
for the synthesis of polymers and copolymers comgad microdevices are described and
commented in the second part of this chapter. Dwmetheir unique characteristics,

microdevices allow rapid heat removal and mixingisTcontributes to improve the control

over the polymerization by reducing or eliminatingass transfer limitations and hot spot
formation. This chapter also highlights how faskimg and heat management allow obtaining
macromolecules with better controlled charactasst{molecular weights and narrower

molecular weight distributions), compositions anchéectures.

This chapter is partially adapted from the follogianline review:

- C. A Serra, D. Parida, F. Bally, D.K. Garg, Y. Haa, and V. HesselMicro-Chemical
Plants' in «Encyclopedia of Polymer Science and Technoblggyiley-VCH, Weinheim
(Germany)DOI: 10.1002/0471440264.pst612.
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2.1. Aspects of Controlled Radical Polymerization (CRP)

2.1.1 General overview

Simple reaction conditions, faster kinetics andigbio polymerize a wide range of vinyl
monomers makes Free Radical Polymerization (FRRjbast and economical process to
synthesize commodity polymersHowever, unavoidable termination and transfer tieas
due to high reactivity of transient species resultroad molecular weight distribution@oor
control over molecular weight distribution, comgmsi and architecture limits application of

FRP in the field where above mentioned polymer atiaristics are of prime importance.

To overcome limitations of FRP some techniques vaereeloped in last few decades and
known as controlled radical polymerization (CRPRRCallows synthesizing polymer with
controlled characteristics and architecture forhhand applications. Among all the CRP
techniques developed Nitroxide Mediated Polymeisnat(NMP);"® Reversible Addition-
Fragmentation chain Transfer polymerization (RAPT)and Atom Transfer Radical

Polymerization (ATRPY**are most widely used and reported.

1 Reversible deactivation by atom transfer
kact
LR PrX + ML == P*+X-Mt""/L
kdeact
Q&)
Monomer
2) Reversible deactivation by coupling B
2 : 5 g act
e.g. Nitroxide-mediated polymerization P T — P.*+ T*
Co-mediated radical polymerization(53) ke act w
R
Monomer
3) Degenerative transfer
e.g. Atom or group transfer (I, Te, Ge, Sn, Sb, Bi, ...)
Addition Fragmentation K
* t
- Dithicesters (RAFT) Pp* + Pp-X r Po-X + Ppy*
k4
= Unsaturated polymethacrylates Q{J ' Q(_f)
Monomer Monomer

Scheme 2.1General scheme of NMP, RAFT and ATRP.

CRP achieves greater control over reaction by asing the lifetime of a growing chain.
Such philosophy relies on dynamic equilibrium bedwéow concentrations of growing chain
and capped dormant chains which can neither propamar terminaté>*® This dynamic
equilibrium is self regulating and also known asstent radical effect (PRE). The PRE is a

special feature in CRP system in which the propagathain (B*) are capped by a
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deactivating species (X) as shown in scheme 1.€l'hew dormant species are stable and can
be reactivated easily with the help of heat, lightcatalyst. After reactivation, the newly
formed radical can propagate like in normal FRP cé&se of radical-radical termination,
concentration of deactivating species (X) incredasethe system. Detailed mechanisms of

different CRP techniques are extensively discugséie literaturé:*'*?

Controlled characteristics of CRP enable to syntieegradient, block, star copolymers and
polymers with controlled graft densiti€s:® From adaptability and tolerance point of view
CRP systems are superior to conventional FRP. HEreymore tolerant towards different
solvent systent§?® and functionality of monomefé>® These features of CRP draw lot of

attention not only from academia, but also fromustdes.

2.1.2. Special considerations for ATRP

ATRP was devised by two independent groups in risf9 Since then many modifications
and developments have taken place and by the yY&BHRP is emerging as a powerful
technique for the synthesis of polymers with cdifgtbmolecular weight, low polydispersity,
controlled chain end functionality, morphology atwinposition. The ATRP method relies on
the reversible homolytic cleavage of an alkyl haliditiator molecule in the presence of
transition metal salt complexed with a suitable di-tridentate ligand acting together as
catalyst. After cleavage the monomer starts tanberporated in growing chains.

Considering the wide acceptance and its relevamtieetthesis, ATRP is discussed in bffef.
The mechanism involved to control the polymerizati® the atom transfer between growing
chains and catalyst. Like other CRP, dynamic egiim of ATRP is of prime importance to
get a controlled polymer characteristics.

Kact
RX + Cullm —‘kdead R* + Xcu'L,

Contributing Reactions
Kgn

R-X R®* + X*

Ker

cu'L,, cu'lLy, + &

~  Kea -
x. + e\./ X\:)
Kx
cull, + X == xcu'L,,

Scheme 2.2Reactions responsible for equilibrium in ATRP, wh&X represents alkyl
halide and L a ligand.
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Equilibrium in ATRP Katrp IS mainly governed by 4 set of reversible reartishown in
scheme 2.3? These reactions are (i) homolysis of alkyl halmed Kgy), (i) oxidation of
metal complex (indicated && the equilibrium constant for electron transfer)) (eduction
of halogen to halide ion¥K£a, equilibrium constant for electron affinity) and igssociation
of halide ion with metal complexXg).

ATRP allows producing functional polymers quiteiBasfTwo methods are commonly used.
Post functionalization method relies on the modiien of the chain end. Indeed carbon-
halogen chain end present in an active macromaecah form hydroxyl, allyl, azido and
ammonium or phosphonium end groups by nucleopfsilibstitutior’™?’ Preparation of
polymer having amino end groups is also reportediterature. It is achieved by the
substitution of the halogen end groups with aziddswed by the conversion of the azide
groups to phosphoranimine end groups and finaltrdlyzed to form amino grougé&?' The
second method of preparing polymer having differfemnictionalities employs initiator with

functional groups.

2.1.3. Intensification of CRP in batch reactors

Slow reaction rate of CRP, originating from the igquum reaction, is one of the major
challenges on its way towards wide acceptabilitycommercial applications. To extract
maximum benefits of CRP, polymerization rate needse enhanced without sacrificing its
controlled nature. Acceleration can be achievedhanging chemical system and by process

conditions. Such methods to accelerate CRP arasfisd in brief in the following section.

2.1.3.1. Acceleration of NMP

In literature very limited information is availabb& methods to accelerate NMP. One of such
method is by using microwave heating instead ofveational heating®* Li et al.
demonstrated the accelerating effect of microwawend bulk NMP of styrené* A much
higher polymerization rate was observed during mpelgzation of styrene under microwave
as shown in Figure 1. Rate was also found to isereath power of microwave at a particular
polymerization temperature. Under microwave, efdiim reaction was found to establish
rapidly (Figure 2.1). In microwave polymerizatiolyseem, molecules of monomer and
polymer rotate and oscillate rapidly. Microwave aso responsible for polarization and
deformation of molecules, which may be responsiblethe enhanced reactivity of the
system. In another development, Rigoleti al. reported the use of microwave in pulsed
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power mode and dynamic motfeThey observed a significant acceleration in NM iia

pulsed power mode compared to dynamic mode.

1.5 .
fme .";l z“-- -
= _ 2 ’
E 1.0 / i A
E | | },,r Fy
< / / .
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Figure 2.1.Kinetic plots of In([M]0/[M]) vs. reaction time fabulk polymerization of styrene
under microwave (100 and 200 W) and conventionatihg (CH) at 125 °¢°

Accelerator molecules like photo-acid generatorsevadso used to enhance the rate of NMP
reaction. One such example is the use ofefébutylphenyl) diphenylsulfonium triflate
(tBuS) as an accelerator molecule during Nitroxidedidied photo polymerization of
methacrylic acid. This photo-NMP was carried outings azoinitiators and 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) as the mediatbarger accelerator/mediator ratios
resulted in increased polymerization rates bottbitk and solutiori> Molecular weight
distribution was found to decrease with increasecdnelerator/mediator ratio and solvent

content in the system.

2.1.3.2. Acceleration of RAFT

As in case of NMP, polymerization rate of RAFT alswreased significantly under
microwave irradiation as shown in Figure 23! Zhu et al. reported a 5.4 times faster
polymerization rate in microwave assisted RAFT camed to conventional heating and

polydispersity index (PDI) remained within 1.25irtlicates polymerization was accelerated

without sacrificing controlled nature of RAFT.

10
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Figure 2.2.Relative conversion of monomers with time in diéiet heating systens.

Pressure is another parameter which was foundve aaignificant impact on polymerization
kinetics of RAFT polymerizatiof“ Initially high pressure RAFT polymerization waseds
to polymerize methyl ethacrylate which is a monorddficult to polymerize at ambient
pressure because of steric hindrance-ethyl substituent® Another example was reported
by Arita et al. who observed a rapid increase in styrene polymirizaate (by a factor of 3)
going from ambient pressure to 2500 bars as showRigure 2.3 Interestingly reduced
molecular weight distribution was observed in cafskigh pressure polymerization indicating

better control over polymerization.
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Figure 2.3.Effect of pressure on rate of polymerization gfahe at different cumyl

dithiobenzoate (CDB) concentratiofis.
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2.1.2.3 Acceleration of ATRP

Like other two CRP techniques discussed abovee ther also different methods reported to
accelerate ATRP. One such method relies on uskeati@/water (95/5 vol. %) as solvent and
mixed transition metal catalyst (Fe(0)/CuBrl1/0.1). It was found that within few hours (16 h
instead of days) 98 % conversion was reached @C3folymerization temperature. This

method has the advantage of cheaper solvent andicagt reduction of toxic copper from

the polymerization systeffi.

Another way to accelerate ATRP in case of silicaaparticles surface initiated process was
reported by Liuet al** Usually surface initiated ATRP (SI-ATRP) polymexion rate is

much slower than volume polymerization rate dugeometric constraints of high density
polymer chains on the surface. High surface demdithains leads to irreversible termination
and slows down the polymerization rate. To redueenination, Liu et al. used self

polymerized polystyrene chains during SI-ATRP ofreste. They observed acceleration of
SI-ATRP as a faster kinetics was obtained withease in polystyrene content (Figure 2.4).

However, such strategy had no effect on polymadratate during volume polymerization of

styrene.
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= S 0.30- e]
(o] Jo P o g U / 0.2 ‘%
? {0102 @ 5 2
= / g T 0251 = 2
= 0.12- 7 zZ= _* =
¥ : ST 027 # Jo1 8
£ o o= P 10
o {0.05 018y &~
0.08- s 0104 -
/ 005" '
- . | 1T . : , . ,
40 80 120 160 200 240 20 40 60 80 100 120
Time (min) Time (min)

Figure 2.4.SI-ATRP of styrene on silica nano particles usirigfo polystyrene (a) and 1%

polystyrene in polymerization systeth.

Unlike two other CRP techniques (NMP and RAFT) hpghssure route to accelerate ATRP
was more explore®™*’ High pressure enhances propagation (highgr dnd reduces
termination (lower B rates. As a result polymerization rate increasigmificantly and
reduced termination leads to controlled macromdégccharacteristics. This feature of high
pressure polymerization is also helpful to synthediigh and ultra high molecular weight

polymers**° Matyjaszewski and co-workers reported increaseaia of polymerization of

12
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methyl methacrylate under high pressure (up to 2B8fs) in acetonitrile. Equilibrium
constant Katrp) at ambient pressure was 3.8 x°land increases by one order of magnitude
with an increase in the pressure up to 2500 bagsi( 2.5)*° Propagation kinetic constant
(ko) also increased by nearly one order of magnituile pressure. Overall consequence was
an increase in polymerization rate by two ordersnafjnitude from atmospheric pressure to

2500 bars.

L
w

0 500 1000 1500 2000 2500
pl bar

Figure 2.5.Pressure dependence of KATRP for ATRP of MMA af@5°

High pressure polymerization also allows carrying @olymerization at elevated temperature
without increasing terminatiofi. It accelerates the polymerization further withaifecting
the characteristics of ATRP as shown in Figure Btrestingly it was found that very low

level of Cu catalyst (~ 100 ppm) is required inecahigh pressures.

2.0

‘(a) o= 2 kbar
[ 7¢c)

Figure 2.6.Plot of In([MO0]/[M]) vs time for ATRP of n-butyl erylate at different

temperatures under 2000 bars pres8ure.

13
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2.1.4 Summary

Two distinctive strategies can be worked out incbateactors to accelerate CRP, namely
chemical- and process-based methods. The formléeely to be strongly dependent of the
polymerization system like in the above mentionédBRP and thus should be adapted for
each new case. The latter is composed of microwand-pressure-assisted polymerization
processes. However failure to accelerate polymigoizaf non-polar monomers like styrene
is a serious limitation of the microwave meth8¢igh pressure was found to be beneficial in
all CRP techniques from kinetics point of view. Howgr polymerization at such high
pressure (few thousands bars) is always troublesmmderequires specialized equipments.
This makes the process very expensive and unsafeeriieless for these two methods,

controlled nature of the CRP was not altered.

On the other hand, there is a new technique availabich has the ability to accelerate
polymerization rate and improve the control overcroenolecular characteristics. This
technique refers to microreaction technology. Festuabilities and advantages of this new

technique in the field of polymer synthesis areassed in the following section.

2.2 Microreaction technology

Roots of present microdevices dates back to 19T@n\8tephan Terry designed what is now
considered as the first microfluidic devi®eHHowever, this work remained unnoticed till the
concept ofyTAS (miniaturized Total Analysis System) was depeld>* Thus microfluidics
emerged as a new multidisciplinary field aiminglsg precise manipulation of fluids in sub-
millimeter scale devices also referred as microcks/i Since then these microfluidic devices
have evolved with much greater pace in differenihdims. At present they cover a broad
spectrum of applications starting from analytice Iscience, clinical diagnostics and
pharmaceuticals to synthetic chemistry. The desigth use of microreactors, micromixers
and micro heat exchangers, three special classesoobdevices, to carry out and control
chemical reactions at small scale led to the dewednt of a new scientific and technical
discipline named Micro Reaction Technology (MRTJ3 Just recently, microseparators
(extraction, distillation, crystallization) and emzatic microreactors added as new
development line¥'>® Compared to other fields of chemical reactiondymer synthesis in
microfluidic systems is relatively new and can Hérgelot from MRT. Indeed polymerization
reactions have unique features. Unlike any otheentbal compound, synthetic

macromolecules have characteristics (average mlakegeight, chain length distribution)

14
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which are greatly affected by the process parametbich in turn influence their properties
(e.g. mechanical, thermal, and processing). Visgaacrease is considered as one of the
foremost important parametefsThis increase, which can reach up to 7 decadesuirand
highly concentrated solution processes, is followgd respective decrease of the reactants
molecular diffusion coefficients and the reductiminmass and thermal transpotts® As an
overall consequence, the polymerization rate magallp increase. This is the gel or
Trommsdorff effect. This uncontrolled acceleratmnthe polymerization reaction rate leads
to the broadening of the chain lengths distributeord the polydispersity (PDI) increases.
Another frequent problem encountered with polynaion processes is the removal of the
heat released by the reaction. For exothermic petigation reactions, insufficient thermal
transport towards the cooling system (e.g. douditkgt or immerged serpentine) may lead to
thermal runaways. The consequences on polymer piegpare usually twofold. First of all, a
significant broadening of the chain lengths disttibn can be observed. Secondly, beside
non-reproducible results, the number-average claigth may significantly vary (several
orders of magnitude) from the expected value. Mjxgalso an extremely important issue in
homogeneous polymerization processes. Low qualityingy between on one hand, the
monomer phase, and on the other hand, the solvehingtiator phase, will generate large
local concentration gradients, often termed sedi@y Since the propagation reaction is
usually very fast zones of high monomer concemmnatiwill produce high molecular weight
polymers and release a lot of energy. Thus, apuitis formed which can lead to degradation
of the polymer and/or the monomer.

Attribute which gives microdevices an edge overvemtional glass wares or industrial
equipments is their smaller dimension, ranging ffem micrometers to several hundreds of
microns; the first more for functional short-patlereents such as mixing nozzles, the latter
for the subsequent reaction channels. At such ,sdal®as found that microdevices can
significantly improve mass and heat transfér$.By slight expansion of the dimensions, e.g.
in the milli range, and with some compromises afgenance (smart scaling-out), a path to
industrial production of polymers is opened, astaa the lower range of specialties of a few
10-100 t/a. Therefore Micro Reaction Technologycambination with Polymer Reaction
Engineering has unleashed new opportunities topggtmers and copolymers with better

controlled characteristicdS:8°
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2.2.1 Microreactors

2.2.1.1 Different types
A microreactor (or several) constitutes the hefeny micro-chemical plant and its selection
depends on the type of reaction to be performedogredating conditions (e.g. temperature,

pressure). Microreactors can be broadly classifital three different categories as shown in

scheme 2.3.
/ Microreactors\
Singular type l Microstructured
Application Capillary type Application

Liquid — liquid reaction Application — Liquid = liquid reaction
Liquid — gas reaction o _ —Liquid = gas reaction
Gas — gas reaction Liquid — liquid reaction - Gas — gas reaction

L Liquid — gas raaction

- Liquid — solid — gas reaction

Scheme 2.3Different types of microreactors and their arelagpplication.

2.2.1.1.1 Singular type

Singular type microreactors are made typically ldyamced clean-room technologies (Si
microfabrication being most dominant) or with ireseng acceptance by much simplified
PDMS manufacture. They comprise microchannels eddsbahto a flat surface of credit-card
size whose width or depth range typically from fimns of microns up to 500 um (see Figure
2.7). The singular type of microreactors possetseighest surface to volume ratio among
all microreactor types, respectively the smalléstnmels. It can be constructed from different
materials but silicon, glass, poly(dimethyl siloearfPDMS) and poly(methyl methacrylate)
(PMMA) are mainly employed. Silicon and glass arestnpopular as material for
construction because of their inerthess to mostthef reagents and solvents. Their
transparency nature is also an added advantageénwahawvs visual inspection or detection
during reaction. Although both glass and silicoa switable for many applications, silicon is
usually preferred when rapid heat or cool cyclesraguested which is a consequence of its
excellent thermal conductivity. Singular type migactors are normally suitable for low
pressure application due to the limited mechamst@ngths of most interconnects between
cover plant and microstructure plate. Thus, indaistapplications of singular type

microreactors are very limited.
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Figure 2.7.Image of a singular type microreactor.

2.2.1.1.2 Capillary type

Capillary type microreactors are tubes of intediameter less than one millimeter and length
ranging from millimeters to few meters e.g., thasenmonly used for HPLC applications.
Poly(tetrafluoroethylene) (PTFE), poly(ether etketone) (PEEK) and stainless steel are the
most common materials for this type of microreaztatlowing to carry out chemical
reactions under a wide range of pressures frombi@s up to several hundreds. This kind of
microreactors do not have inbuilt mixers as in agafsthe singular type and microstructured
reactors. The idea is that premixing can be dongmowt initiating reaction and rising
(substantially) temperature sets the reactionistagoint. This indeed works out well for
many known homogeneous and heterogeneous liquidiligeactions. Microfluidic reactors
made from tubing are relatively cheap and longtmrdengths can be easily achieved. This
enables chemical reactions to be conducted with deeonds of residence time to several
hours to achieve high conversion; yet in the latise it is obtained at expense of reducing
the flow rate. The throughput of capillary microreas is higher as compared to singular type
microreactors mainly to a higher internal voluméws, flow rates of up to hundreds of
milliliters per hour are commonly employed. Howeveareful selection of the reactor
material should be made depending upon the readwrditions like pressure, oxygen
sensitivity or resistance to solvent etc. For exangolymeric capillaries are not suitable for
high pressure reactions. Depending on the thickoéghe wall of capillary, oxygen can
diffuse through it. It can be detrimental to oxygeensitive reactions like RAFT

polymerizatiorf®

A relatively new concept is the tube-in-tube mieaxtor which has a porous membrane
permeable for gases, but not for liquids. Thusaa gan flow in the outer core and move

through a membrane which is the inner tube intordaetion flow. Dangerous gases such as
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ozone are easily fed into a liquid medium in thiaywNaturally, a (released) gas can be

immediately removed in the same manfier.

2.2.1.1.3 Microstructured

Complex geometries on microscale can be realisethisytype of microreactors through
flexible interconnection and integration of highdpecialised mixers, reactors, and other
process functions along a flow process line. Thggemetries are designed to provide
additional functions (e.g. mixing, separation, gd@op) to the microdevice beside the locus
of a chemical reaction. Thus, these microreactansbe equipped with upstream micromixing
zones of even embedded mixing elements in theiogacticrochannels. Figure 2.8a shows an
example of a microstructured reactor, named cyclonesr, designed for the production of
foams and gas-liquid dispersions in general. It Hasnicrostructured stacks each containing
3 groups of nozzles for supplying reagents. Theagak liquid injection nozzles are 30 pm
and 50 um wide respectively. Inside the reacticaathe gas bubbles form a cyclone-like
pattern within the liquid which deform and coalestasmaller microchannels. This pattern is
very advantageous when efficient contact betweesluay catalyst and a gas phase is
necessary in liquid-gas reactions. The mixer casp gberform liquid-liquid reactions
efficiently.®* Microstructured reactors as shown in Figure 2.8bevdesigned for gas-liquid
reactions and the microstructures were designeatt® like a catalyst retain& Numerous
examples of such microreactors have reported iditdr@ture performing different functions
like catalytic reaction or separatiéh®®® These microstructured reactors are efficient in
handling most kind of reactions. However they asepreferred for polymerization reactions
because of their inability to handle viscous solui Moreover, this type of microreactors is

expensive and may require long fabrication time.

(@)
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256 pressure drop channels
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(b)

Figure 2.8.(a) Glass cyclone mix&} (b) a microstructured reactor (1) bifurcating the
reactant to 64 inlets which pass over a catalydt (& picture showing microreactor packed

with 60 um glass beads, (3) SEM image of the miaaoior®°
2.2.1.2 Special features

2.2.1.2.1 Efficient thermal management

Heating and cooling are important parameters introbimg the course of any reaction.
Uncontrolled heating can lead to multiple reactmmthways and ultimately to either a very
slow or explosive reaction. Batch reactors and osaale reactors often have a very broad
temperature profile which leads to undesired skelgctions. Figure 3 gives an idea how
different side products are formed in a batch wmattecause of its broad temperature
profile®® In case of microreactors (MR), reaction is muchrencontrolled because of its
narrow temperature profile (Figure 2.9). High soef@o volume ratios in the range of 10,000
to 500,000 m* make microreactors an efficient candidate forrtt@rmanagement during
the reaction (Figure 2.18y.Modern microreactors can have a heat transfeficigeft as high
as[25,000 W/MK which is quite large as compared to commonly useat exchangers and
thus allow avoiding any hot spot formation. Therefoicroreactors are suitable for highly
exothermic reactions like the free radical (or ard polymerizations of acrylate-based

monomers or anionic polymerizations.
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Figure 2.9. Typical temperature profile for different reactarsd formation of by products.
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Figure 2.10.Surface to volume ratio of different microdevieesl conventional reactot3.

2.2.1.2.2 Enhanced mixing

Mixing is of prime importance in any kind of fagtaction and is usually achieved by stirring.
Turbulence, convection and diffusion are the thplegsical processes responsible for mixing.
In convection, transportation of materials takescelto different reactor's regions in bulk
guantity and recirculation (e.g. chaotic advectidran flow) can be observed. With increase
in size of reactor, transportation time also insesasignificantly. When rotation of the stirrer
is sufficiently high, at least for low-viscous ftl§ such as the typical organic solvents, the
fluid no longer is in laminar regime, turbulencegenerated leading to the formation of
eddies. Within eddies the mixing is mainly achieu®dmass diffusion. However, before
diffusion can take place, eddies "defragmentatel' kyapunov stretching. The Smaller
eddies, the faster is the mixing. Thus, mixing witan eddy can be achieved within few

seconds depending on the size of the eddy. Howaigdr,viscosity (likely the case for bulk
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and semi diluted polymerization reactors) and designsiderations impose limitation on
turbulent mixing at macroscale. Unlike macroreagtamixing in microreactors is only
governed by diffusion. Typical mixing times achidvare usually in the range of few
milliseconds; even by order of magnitude fasterd@mble. Therefore, microreactors are
suitable for mass-limited reactions which are of@countered in the synthesis of polymers

due to the viscosity increase during the courdbefeaction.

2.2.1.2.3 Residence time control

The average hydrodynamic time, the ratio of reaetdume over flow rate, during which the
solution remains inside a reactor is known as thleammresidence time or space time.
However, due to the presence of possible dead \@lghmnnelling in porous beds or simply
due to the laminar parabolic velocity profile inlingrical tubes, all molecules entering in a
reactor can have broad residence time distributiolike the ideal plug flow reactor. By
proper setting of dimensions and flow, however,earnplug-flow profile can be achieved
with the aid of axial dispersion which can alsodmtively promoted by virtue of internal
convective-flow elements. This can be achieveddygimple structures as given by a zig-zag
channel.Microreactors are usually operated in continudogxf thus their space time can be
adjusted easily by changing the flow rate or trectar length, increasing by decreasing the
former and increasing thatter. Thus, the mean residence times can berdutdavourably
from few seconds to several ten minutes, in rases&ven to milliseconds or hours allowing
running both very fast and reasonably slow reasti@perated in the very fast modehelps

to control reactions involving unstable short-livegctive intermediates. Chemical reactions
that are very difficult or infeasible to carry out macroreactors can be achieved in
microreactors, by transporting the reactive spetieshe desired reaction sites before it
decomposes (Figure 2.1%).Therefore, microreactors are suitable for kinesitdies,
including and most relevant for this chapter livipglymerization technique§onic and
controlled radical polymerizatiopsfor rapid production of (co)polymers with different

molecular weights.
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Figure 2.11.Principle for generation and reaction of unstadblert-lived reactive

intermediates based on residence time controflimamicroreactor’*

2.2.1.2.4 Conformation of macromolecules

Extensional flow field generated in micro dimensidne to laminar flow can make

macromolecules aligned. Yamashita and coworkers bagerved elongated conformation of
DNA strands along the direction of flow within aarofluidic setup as shown by the optical
micrograph in Figure 2.12b compared to a coiledf@mmmation observed during non flowing

condition as shown in Figure 2.1%a.lt is believed that aligned conformation of
macromolecules makes active sites more accessibleehction by reducing the steric
hindrance. However, this feature was not well esgidoeven if a possible application may

involve the synthesis of functional polymers wigndritic structure.

(@)

(b)

Figure 2.12.0Optical micrographs showing coiled DNA strandsest (a), stretched DNA

strands due to flow in microchannels ().
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2.2.1.2.5 Modularity and versatility

This feature concerns the possible arrangementuitipie microreactor units in series or in

parallel by standardized interconnects, placementdimensions. This might be quite helpful
for combinatorial synthesis approach or simplytfooughput increase. Indeed, for the latter
case, it enables to retain the same characteristatsare achieved on a single unit without
need for up scaling, this is known at the numbetipgapproach. Moreover arrangement in
series gives the flexibility of multi-stage opeosis allowing to easily varying the product

qguantity and diversification. Therefore, the modityaand versatility of microreactors can be

advantageously used for the production of libraries copolymers with different

compositions.

2.2.2 Microdevices for polymer synthesis

2.2.2.1 Microreactor setup

The microreactor setup for a given polymerizatieaction resembles more or less the same
constitutional elements. A typical setup showing different components of a polymerization
microreactor is given in Figure 2.13. All these gumments can be grouped into three
categories like primary, secondary and auxiliarymponents. Reservoir, supply pumps,
microreactors are primary components of any seAg.shown in the Figure, different
reservoirs are used to store monomer, solvent aitidtor separately. A minimum of 2
reservoirs is required to feed the microreactoitas advisable not to mix initiator and
monomer in order to avoid unwanted polymerizatiomirdy storage. However, under some
circumstances (e.g. low polymerization rate at raamthilled temperature) initiator can be
mixed with the monomer. Enough care must be ta@eavbid premature reaction before the
microreactor. Concerning the reaction, a main issue optimize the lengths of supply
tubings or microchannels, to suppress dead voluarebsto keep temperature low enough to
guench the polymerization. Before entering the argactor, sub-streams from the different
reservoirs pass usually through a secondary conmparensisting in a micromixer which
ensures an intimate mixing between all reagentscase of poorly mixed situation, the
reaction takes place at substreams’ interface andgenerate large concentration gradients.
This situation can also lead to different reactipathways. To avoid such kind of
inconvenience, micromixers play a vital role whiostakes them an integral part of any
microreactor setup. Small dimensions of microreacatiow placing them inside an oven, oil
or water bath or equipping them with heating csllao attain desired temperature of

polymerization. Components like back pressure @gus, flow controller, pressure gauges
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and temperature probes can also be classified @dary components. Back pressure
regulators are used at the exit of the microreadtorcontrol the pressure during
polymerization and maintain uniform reaction coiwtit They also allow conducting the
reaction above the boiling point of reactants as pmessure inside the reactor can be
maintained above atmospheric pressure. Auxiliampmanents like two-way valves, three-
way valves are quite helpful to change the comjuosibf reactions, remove waste during
cleaning of the microdevice. Sometimes non invasimBne monitoring systems (optic or
spectroscopic methods) can be used to monitorethetion and this kind of equipments falls
in the category of auxiliary components. It is vwomentioning that a microreactor setup is a
modular device. Thus another microreactor can taelad downstream to the first one such
as the inlet stream of the first microreactor ser@g one feed line of the second. This is quite

helpful during synthesis of block copolymers fostamce.

b © g |

a © G i

Figure 2.13.A typical microreaction setup for polymerizatidmsving: Reservoirs (a), HPLC
Pumps (b), Micromixer (c), Pressure sensor (d),nQe¢, Tubular microreactor (f), Back

pressure regulator (g), Three-way valve (h).

One of the earliest and simplest example of polyzagon in microreactors was reported by
Beers and coworker$.Using the inherent small dimensions/volumes amdctbrresponding

ease and fastness of changing experimental paremietemicrodevices they synthesized
polymer libraries. The polymerization was carriad asing only primary components. They
demonstrated the successful polymerization of Zdwypropyl methacrylate (HPMA) by

Atom Transfer Radical Polymerization technique (A)RPolymerization was carried out in
a microchannel-based reactor (500um x 600 um) bawiro inlets and an active mixing
chamber as shown in Figure 2.14a. Mixing chamberséd a small magnetic stir bar for

mixing. As shown in Figure 2.14b, just by varyingher the flow rate or the relative
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concentrations of reactants (stoichiometry), polyrtibraries, with polymers presenting

controlled molecular masses, could be rapidly ggedr
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Figure 2.14.A microchannel-based reactor used for ATRP (al; 8&ces of poly(HPMA)
produced from different flow rates and monomemitidtor concentration ratios (.

Block copolymers of poly(ethylene oxide-2-hydroxypyl methacrylate) (PEO-b-PHPMA)
have also been synthesized by @fual., using the same stratedyA three-input-one-output
chip was used for the mixing area and two otherinpat-one-output microchannels were
connected to increase the reactor length. A madexular PEO initiated the polymerization
and a wide range of well-defined second blocks Heeen obtained by varying the total flow
rate; similar material variations were achievedchgngingpolymerization time or initiator

concentration.

2.2.2.2 Micromixers

Due to their small dimensions, microdevices argaittarized by a small hydraulic diameter
which is defined as four times the cross-sectimddd by the wetted perimeter. Thus friction
along the walls of the device is important and eiscforces become the first and foremost
important parameter of consideration (Figure 2°23)herefore, as the internal dimensions of

microreactor and flow rate decrease the influefo@szosity becomes prominent; Reynolds
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numbers are thus usually quite low and the flowaies laminar or in the transition regime
when the flow velocity is set high (Re can thenaé&w times 100). In the true laminar
regime, the two fluids entering a microdevice flparallel to each other and mixing takes
place at the interface by mass diffusion. If the Rember is higher and even in the
intermediate regime, a so-called intertwining regigets in with strong mutual exchange of
fluid segments via recirculation, i.e. the mixingechanism becomes convective. This is quite
difficult to achieve, however, for viscous flowschkuas polymeric solutions. To speed up the
pure diffusional mixing, the length of diffusion stube as short as possible. This was the
starting point in the design of different types rofcromixers. They can operate either by
multilamination of the fluids streams to be mixedboi lamellae of low thicknesses (few tens
of microns), by splitting and recombining the m#éow or by impacting jet streams at high

velocity on a spot of small dimension (less thaa square millimeter).

Force

Interfacial
force

O”e 100 ym

A
Y. 1mm
<o

1cm 100 ms™!

Figure 2.15.Relation between gravitational, inertial, viscéoices to interfacial forces as a

function of channel size and velocify.

It is usually required that a homogeneous mixtesailting from the mixing of multiple main
streams enters the microreactor, otherwise locakg®f highly concentrated reactants are
generated which might lead to the formation of Bpbts. In polymer synthesis, one can
experience an additional phenomenon: the productadn high molecular weight
macromolecule® A very interesting observation was made by Bayetr @o-workers! they
found severe fouling of a 5 mm static mixer (Fig®el6a) in the continuous-flow
polymerization of acrylates in a tubular reactowdstigation confirmed that, polymers with

extremely high molecular weights in the range of t01F g/mol was the cause of fouling.
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Being very reactive, acrylic monomers react fagt poor mixing of monomer and initiator
solutions leads to uneven propagation of polymé&ama Thus very high molecular weight
compounds are generated which can make them at pomeinsoluble in the mixture or
solvent and unreacted monomer leading to theiripitaton. To avoid such fouling, a
multilamination type micromixer (IMM, Mainz, Germgnwas used prior to the static mixer.
This micromixer laminates both inlet solutions ir86 lamellae of 25 pum thickness. The
generation of such thin lamellae and the subseqgagnd and efficient mixing prevented the
precipitation of the polymer as seen in Figure B.1bhus the polymer synthesized had a

number-average molecular weight of mol.

(@) (b)

Figure 2.16.Fouled static mixer due to precipitation of higbletular weight acrylic

polymer (a), clean static mixer after premixingfué reactant by a micromixer ().

Looking at such examples it becomes clear thatamorers are important components of any
polymerization microreaction set up. Therefor@ppears essential to briefly discuss some of
the most widely used micromixer principles (for matetailed description see also &f.
Many micromixers have been ingeniously designedraitagly to the required application
with the common goal to increase the contact saréaea per volume unit of fluid to improve
mixing as already discussed abd¥€® **These micrometric devices can broadly be claskifie
into two groups as active and passive. Micromixensch need external energy to generate
mixing are known as active micromixers. They rety instance on thermal, electrical or
mechanical energy to mix fluids. On the other hgadmetrical features play a key role for
passive micromixers in order to transform flow eyernto mixing action. The basic
geometries are the Y or T-junction. While beingicééint at high flow velocities due to
convection, mixing is not efficient in the lamindlow regime’®*!% |n such cases,

multilamination, split and recombine or impactn@tromixers are preferred.
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2.2.2.2.1 Multilamination

As the name implies, in multilamination micromixémsoming fluid streams are divided into
multiple lamellae as shown in Figure 2.1%4°°Then the lamellae are alternatively arranged
by means of a specific designed microstructureufi€@@.17a). This process brings down the
mixing time from tenths to few seconds by enhandaiiffusion. If combined with flow
compressing (geometric focussing) millisecond ngxean be achieved. The High Pressure
Interdigital Multilamination Micromixer (HPIMM, IMM Mainz, Germany) is suitable for
operation up to 200 bars and suits therefore welthe needs of some polymerization
reactions (Figure 2.18a). Mixing efficiency dependpon the number and width of
mirochannels present in the laminating element kn@s inlay (Figure 2.18b) which is
housed in the lamination section, and on the fousatio in the so-called slit located in the
top micromixer part and on top of the inlay.

Rectangular interdigital mixer

Flow ———

|

.1.
!
il

Feed section

iii

Mixing flow-through chamber

Triangular interdigital mixer

Feed section

’. Mixing flow-through chamber

() (b)

Figure 2.17.Comparison of multilamination and flow focusing ptéd to multilamination.

Unfocused and focused (a), Focused with large foggatio—SuperFocus micromixer
(b) 105,106
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Focusing
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Figure 2.18.Schematic of the HPIMM (a) and optical micrograyta laminating inlay (b}
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A remarkable improvement for this kind of micromigsevas made possible by systematic
variation and investigation of the so-called flowedising technology (Figure 2.178JThis
technique allows generating lamellae of nearly 1 flnckness by forcing them to flow
through a converging chamber. In this way, thintenellae can be achieved which is
difficult to obtain by simple microstructuring. Gemation of such thin lamellae allows
reducing the mixing time down to few milliseconds, said above. Such modifications not
only enhance the mixing but also increase the tirput up to 8-10 L/h (since the large entry
cross-section of the focussing chamber needs tfeddy a very large number of parallel

lamellae/feeds)?®

2.2.2.2.2 Split and recombine

This kind of micromixers relies on the splitting tfie incoming streams into multiple
substreams and thereafter on their recombindtiofihis operation of spliting and
recombination can be divided into different stegsshown in Figure 2.19. Starting from
splitting of multilayered streams perpendicularthe lamellae orientation into substreams,
followed by the re-alignment of substream lamed#ad finally by the recombination of these
lamellae. It should be kept in mind, however, tihat splitting in Figure 2.19 is ideal and may
be — more or less — different from reality. Everdemlaminar conditions, it is known that
lamellae deform due to shear forces, giving risg, t® convex and concave-shaped lamellae
with varying local thickness (at one cross-sectiangl along the flow axis varying average
thickness. Moreover, for flows at higher Re numltbe insetting recirculation finally will
disrupt the lamellae causing actually finer dispdrsross-sections as given in Figure 2.19,

which means much improved mixing as compared tpk&serial lamination.

Figure 2.20a shows a schematic view of a mixer wgrkn this principle. The overall mixing
efficiency of such mixer compared to that of aigtratube is shown in Figure 2.26%. The
pink color, representing one of the two compondrgsig mixed, progressively tends to
propagate through the whole micromixer cross-sedbo each additional split and recombine
unit demonstrating an efficient and fast mixing. &dlcompared to same length straight tube,
the fluids clearly do not mix as the pink color &ns in the central line of the tube. For such
kind of micromixers, the minimum channel width sually well above the channel width of
multilamination type micromixers, which reduces fiessure loss and increases its resistance
to fouling. Thus these micromixers are quite edintiin handling mixing operations where
precipitation may occur while meeting high throughpequirements.
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Figure 2.19.Schematic of split and recombine princifﬂe.
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Figure 2.20.Schematic view and cross-sectional view of the $#&omixer (a),

comparison between straight channel and channklmiiter (b):°®
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2.2.2.2.3 Impact jet

The working principle of such kind of micromixers based on both providing high kinetic
energy which after jet collision enables turbulemcea much confined mixing chamber
(‘fatomization’). Inlet fluid streams are first dded into several multiple micro jets by using
nozzles; then these jets are allowed to collidtha@tmixing chamber and finally guided to a
microchannel?*% Micromixers developed by Synthese Chemie (Leb&etmany) and KM
mixer (Fujifilm Corporation, Kyoto, Japan) are basm this principle (Figures 2.21 & 2.22).
Besides for mixing leading to a mixed single-phasech as given in homogeneous
polymerisations, these micromixers can be advaptaie used for dispersion making

essential for heterogeneous (emulsion) polymedratand even for particle makiffg.

Figure 2.21.Micromixer developed by Synthesechemie (Lebachiaay)’?

Inlet plate  Mixing plate Outlet plate

Fluid B

Mixing Zone

Figure 2.22.Schematic drawing of the flow inside a KM mixét.

2.2.3 Benefits of microdevices for polymers and copolymers synthesis

Among all polymerization techniques available, polydensation has been rarely
investigated in microreactors. Indeed this type polymerization reaction requires the
removal of a byproduct to shift the equilibrium s high molecular weights. Till date no
phase separation microdevice for viscous fluids basen yet developed successfully.

However, ionic and free or controlled radical pogmmations are devoid of such kind of
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constraint, which makes them suitable candidatesnfororeactors. Some beneficial features

of microreactors compared to macrodevices are sisgrliin the following sections.

2.2.3.1 Polymers with controlled macromolecular characteristics

Free Radical Polymerization (FRP) is a polymeraatiechnique that enables production of
polymers on an industrial scale due to favouralgerating conditions and reaction time.
However, the polydispersity of the final producbiten high because of poor control over the
polymerization course. This is mainly due to ingént temperature control within the whole
volume of batch reactor, leading to undesired potss In order to improve the heat transfer,
microreactors with a surface to volume ratio muaigér than conventional heat exchangers
have been developed. The AIBN (2,2-Azobis(isobutitrde)) initiated FRP of 5 different
monomers was investigated by Iwasakial*'° The micro-chemical plant (Figure 2.23) was
composed of a T-shape micromixer (M1: 800 um l.A.primary microtube for achieving
complete mixing (R1 250 um 1.D., 2 m length), a moiabular reactor immersed in a 100°C
oil bath (R2: 500 um I.D., 9 m length) and a mial® immerged in a water bath at 0°C for
polymerization quenching (R3: 500 um I.D., 1 m kNgThe results were compared with
those obtained in a conventional macroscale batelctor. For butyl acrylate (BA), the
molecular weight distribution was found much nareowhan for the batch reactor as seen in
Figure 2.24. The difference was smaller but stiticeable for benzyl methacrylate (BMA)
and methyl methacrylate (MMA) and almost null fany benzoate (VBz) and styrene (St).
Authors claimed that the observed results are tijreelated to the superior heat transfer
ability of the microtubular reactor. The more exathic the polymerization reaction, the
more effective is the microdevice to control theleealar weight distribution. Similar results
conducted on the polymerization of styrene were alstained by Levesoat al*with a
microtubular reactor of 500 um I.D. and a tubuéaator of 4.2 mm 1.D.

Monomer Polymerization Termination

Section Section
{100 °C) {0°C)

Polymer
Solution

R3

Initiator

Figure 2.23.Micro-chemical plant for the FRP of 5 different nwoners-'°
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Figure 2.24.Molecular weight distribution of poly(butyl acryé& produced in the
microreactor (plain line) and in the macroscalebaéactor (dashed line). Residence time

was 4 min:*°

Since the control of the molecular weight distribat in microtubular reactors was
demonstrated, Ilwasaket al investigated the large-scale production of polyndry
numbering-up microreactots’ AIBN-initiated FRPs of butyl acrylate (BA) and rhet
methacrylate (MMA) were conducted in a Type-1 nunmgeup reactor under various
residence times. Type-1 numbering-up reactor wasposed of 94 microtubular reactors
(510 pm I.D., 600 mm length) in a shell (60 mm J.BO0 mm length). The shell had two
different sections. The first section (500 mm léngtas traversed by hot oil while the second
was in contact with a cooling fluid. The resultsrevéhen compared with those obtained with
the previously single tube microreactor (Figure32.2For MMA, polydispersity indices,
number-average molecular weights and monomer ceiovex were in good agreement for the
two systems. However, for BA, a lower monomer cosio® was obtained with the Type-1
numbering-up reactor within a large range of expental conditions. Conversely to MMA
for which the monomer conversion was less than ZB8cconversion was higher than 65%.
Thus, the viscosity of the reactive medium hasiBgantly increased along the microtubular
reactors. According to the authors, this high vésgomight have induced clogging of some
microtubular reactors. Therefore, the overall vadwvas reduced which implied a decrease in
the residence time. From the use of the Type-1 rumdp-up reactor, it was learnt that flow
uniformity is probably the most important parameteconsider when numbering-up reactors.
lwasakiet al. have then developed a Type-2 numbering-up reaadtbr special attention to
flow uniformity.**? This Type-2 numbering-up reactor consisted of SIsi&78 mm length
each) coupled with tube connectors. In the firgllska single microtube was branched to 8
other microtubes in a low temperature environm&hé next three sections were heated with

hot oil to promote the polymerization reaction. $&aections contained 8 coiled microtubular
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reactors of 1950 mm length with successively irgireginternal diameter: 250, 500 and 1000
pm. Finally, the fifth section allowed merging &limicrotubular reactors into one microtube
at low temperature to quench the polymerizatiorBMdinitiated FRP of BA performed in a
single tube of varied inner diameters (250 um, & féh, + 1000 um) gave similar results to
those obtained with this Type-2 numbering-up reactemonstrating that a good flow
uniformity was achieved in this latter system. Hinas depicted in Figure 2.25, a pilot plant
was constructed based on the Type-2 numbering-agtae This pilot has been operated
continuously for 6 days producing up to 4 kg of PRMMithout any increase in the pressure
or reactor temperature. The quality of the polymas constant over one week of operation as
seen in Figure 2.26. This pilot plant operation destrates that microdevices can be applied

to production of polymers at comparatively largalsc

Mw/Mn

0o 1 2 3 4 5 6 7
opration time (day)

Figure 2.26.Variation of the number-average molecular weigttt polydispersity index of
poly(MMA) against days of operatidn?

Mixing is an ongoing challenge for ionic polymetiba processes since they are
characterized by very fast initiation and propagatirates in batch systems. High
concentration gradients can therefore be genetatedg anionic or cationic polymerizations.

Consequently, the molecular weight distributiorthed resulting polymer is usually large and
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this is more pronounced in the case of high reésteoncentration. To avoid these gradients
and to ensure an improved control of polymerizataretics, micromixing of the reactants

before or during polymerization is advantageous.

In this field, Yoshida and coworkers have studied tarbocationic polymerization of vinyl
ethers in microflow devices® Objective was to develop a controlled/living caton
polymerization that could be run with very high pagation rate. The usual strategy to
control the course of polymerizations is the est@bhent of an equilibrium between active
(growing) and dormant species, this drasticallywslodown the propagation rate as the
concentration of active species is very low. Ondbetrary, Yoshida and coworkéfsused a
highly reactive initiator, preventing propagatioecdleration, but considered it with the
combination of an extremely fast mixing device taimtain the control of macromolecular
characteristics. They successfully prepared vitlyeehomopolymers by a so-called “cation
pool” initiated polymerization described in Figl2e7. An efficient and very rapid mixing of
the solution of N-acyliminium (initiator) with seked vinyl ethers was achieved by a
multilamination-type micromixer (IMM, Mainz, Germgnhaving microchannels of 40 um
width. The polymerization then took place in a 1 rhid. and 10 cm length microtube
reactor, kept at a constant temperature of -78%CthA exit of the reactor, a solution of i-
Pr,NH/CH,Cl, was mixed with the reactive solution thanks topét and recombine-type
micromixer (YM-1, Yamatake Corp, Fujisawa, Japa)duenching the polymerization (see
Figure 2.28). Compared with a batchwise systemymets with a significant narrower size
distribution (PDI lower by 1 to 3 units) were quigatively obtained within 0.5 s showing that
a better control of the molecular weight was acbieMn an additional study, Nagad al.
looked at the influence of the M1 micromixer chaeaistics (Figure 2.27) on the control of
the polymerization, mainly through the PBY.They compared the results obtained with the
IMM micromixer and two Yamatake micromixers of @ifént microchannel sizes (400 or 200
pum). They found that large microchannels led tcheigPDIs which were attributed to the

lower efficiency of mixing when the microchanneldifi was increased.

-Ze CH".!——'CH
Y CO-Me
GOzMe "*SiMey" 3 OR L° QR
gy N SiMe; ————» — e "CHEA(CHQ*CH
1 BusNBF, ~ | fast mixing
-78°C

R = n-Bu (3a), -Bu (3b), t-Bu(3c)

Figure 2.27.Schematic drawing of the cationic polymerizatidrmiéferent vinyl ethers and
N-acyliminium generated from N-methoxycarbonyl-Nettethylsilyimethyl)-butylaminé™*
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CO;Me  N-acyliminium
N ion pool
> 2
B e Y

R1 :

CHy=CH
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| e polymer
M2 !

(monomer)

------------------------------

i-PryNH / CH,Cl, cooling bath

Figure 2.28.Schematic drawing of the continuous micromixeiisted process for the
production of polymer through the cation pool tage; M1&M2: micromixer, R1:

microtube reactor**

The benefit of a micromixer prior to the polymetina has also been demonstrated with
anionic polymerizations. The work of Honda and cokees™® who have studied the anion
ring opening polymerization of N-carboxyanhydricea microtube reactor of 25@m I.D,
showed that the presence of a custom-made PDMStbapbt and recombine-type
micromixer prior to the polymerization (Figure 2)2§reatly decreased the polydispersity
index as shown in Figure 2.30a. Moreover, an irsgaa the initial monomer concentration
led to almost unchanged polydispersity indicesharhicrotube reactor while a sharp increase
was observed in the batchwise system (Figure. 2138&tause of local concentration gradients
of reactants. The importance of efficient micromgihas also been confirmed by repeating
an experiment using a T-shaped micromixer instebdhe split and recombine-type
micromixer: the polydispersity increased from 1t@QA.75. In a further study, a silicon glass-
based split and recombine-type micromixer was dpezt’’and the feed was given through
gear pumps instead of syringe pumps; this togethewed for longer-term operation (more
than 2 months). This new continuous micromixersissdi reactor was tested both for homo

and copolymerizations of different amino acids.

Water bath

..................................................

= | 1 . :
| SELES Reaction part

i Micromixer

Figure 2.29.Schematic drawing of the continuous micromixelisisd reactor for the

production of poly(amino acid}?
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Figure 2.30.Polydispersity index (Mw/Mn) for the polymerizatiof Z-Lys-NCA by the
batch(circle)and the continuous micromixer-assisti@ohgle) process against reaction time
(a) and concentration of the monomer’@).

To better understand the influence of microdimemsio polymerization and macromolecular
characteristics, Serra and coworkers performed rioaiestudie$'®*'° on the free radical
polymerization of styrene with the help of micromig. The two micromixers studied were
considered not only as microdevices for the mixahghe reactants but also as the place for
polymerization. Both microreactors had the samal tadlume. The first micromixer studied
was the SFIMM (IMM, Mainz, Germany), a multilamirat micromixer (Figure 2.31a). This
micromixer uses the principle of interdigital mlathination and geometrical focusing. The
two inlet flows (pure styrene and solvent + inigtwere delaminated into 69 streams of 250
pum thickness and distributed in staggered rowsgadonarc. Then, the fluids were focused in
a delta shaped section and exited from the miciodethrough a 500 pm wide straight
channel, the fluid lamellae had an average thickna&’s4 pum. The second micromixer
considered in this work was a bilamination microemjxsimply consisting in a T-shape inlet

manifold supplied with a tubular reactor of diffeteadii (Figure 2.31b).

a) b)

Inlet
channels

Styrene

e
\"-‘:«\

Solvent +
initiator

Outlet

" Qutlet

Figure 2.31.Multilamination (a) and bilamination (b) micromisg®
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The numerical simulations were performed with tle#phof a multiphysics CFD software
package ffemlab™) The finite elements method allowed solving thieo$eartial differential
equations resulting from the hydrodynamics, theramal mass transfer (convection, diffusion
and chemical reaction). The monomer conversion) (Xumber-average chain length (PP
and polydispersity index (PDI) were analyzed aarection of the chemical species diffusion
coefficient, assuming that a decrease in this mefit will mimic an increase in the medium

Viscosity.

As shown in Figure 2.32, it was found that the en§diffusion coefficients over which the
polydispersity index can be maintained close to tineoretical value of 1.5, for ideal

conditions increases as the tube reactor radiusdses.
5

4.5 \

4 \
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2.5
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Figure 2.32.Variation of the polydispersity index with respézthe diffusion coefficient;

multilamination microreactor@ -), bilamination microreactor with tube radius c20mm (-
119

0-), Imm (4-) and 5mm (@-).
This result can be explained relatively to the abBieclet number which is defined as the ratio
of the characteristic time of diffusion in the ditien perpendicular to the main flow to the
characteristic time of convection in the flow diien, i.e. the mean residence time. As the
perpendicular to flow characteristic length of theactor increases (tube radius or
microchannel width), i.e. for high radial Peclether, the reactive medium cannot be fully
homogenized by the diffusion transport before legvihe system resulting in a high
polydispersity index and a loss in the controlhed polymerization (Figure 2.33). Figure 2.32
shows that the multilamination microreactor extsldehaviour similar to a tubular reactor,

which length and radius would be respectively eqo@.23 m and 0.39 mm. However due to
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its shorter length (15 mm), the multilamination rieactor induces less pressure drop and
thus requires less input energy. Furthermore it lmarcleaned up in case of fouling more
easily as compared to other bilamination microdevidue to its more enlarged dimensions.

10.5

95 ,/ 4
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6.5 / Jf”d
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45 /
35 ’/ i

25 s
M@
15 == T

0.0001 0.001 0.01 0.1 1 10
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Figure 2.33.Comparison of the polydispersity index obtained multilamination
microreactor (filled symbol) and in a tubular readippen symbols) as a function of the radial

Peclet numbet*®

Apart from free radical and ionic polymerizatioriffatent controlled radical polymerizations
were also investigated. Haddleton and coworkBisere among the first to demonstrate that
ATRP could be carried out in a small scale contusdftow reactor, although the dimension
of the tubular reactor (1.6 mm I.D.) classifiesnibre as millireactor. However by varying the
temperature they found that the enthalpy of reac{®6.9 kJ/mol) was quite close to that
usually reported for batch reactors. Hornetcal®? who have studied Reversible Addition-
Fragmentation Chain Transfer (RAFT) polymerizatiora stainless steel microreacor (1 mm
I.D.) observed a significant increase of ~2,000d/manolecular weight compared to batch
reactor while maintaining the same controlled featf RAFT polymerization. Fukuyanet
al.'?! studied polymerization of styrene by Nitroxide Metéid Polymerization (NMP) in a
stainless steel tubular microreactor (1 mm I.Dikelfor RAFT and ATRP they observed an
increase in molecular weight and conversion (48%nmpmared to 39% in batch mode).
Moreover, the PDI was found to be quite lower (1i@Xhe microreactor compared to 1.16 in

the batch reactor, indicating a better control diierpolymerization in continuous-microflow.
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2.2.3.2 Polymers with controlled chemical composition

Chemical reactions are usually achieved by putimgontact several reactants. When the
reaction is sufficiently fast, mixing is of prionterest as it is the key to obtain the desired
distribution of the reactants within the reactivedium. Whether it is to generate composition
gradients in a copolymeric chain or to favour kineelectivity, the fast and efficient mixing
of micromixers make them ideal tools to control ttteemical composition of polymers.
Thanks to micromixers, fluid segments can all hake same chemical composition.
Therefore, if these segments are small enough mamze the diffusion path of the reactants,
the reaction pathway is only governed by kineticd aot masked by transport phenomena.
Micromixers thus affect product selectivity for tbase of competitive parallel or competitive
consecutive reactiorté? The group of Yoshida investigated this enhancenoérthemical
selectivity by use of a micromixer for the catiopiclymerization of diisopropenylbenzenes.
As depicted in Figure 2.34, cationic polymerizatiohdiisopropenylbenzenes can lead to
several reaction pathways. High B-type indane waittent (Figure 2.34) greatly improves
thermal properties of the polymer. To that extéfdshida and coworkers tried to improve
polyindane content through kinetic selectiVityThey performed cationic polymerization of
diisopropenylbenzenes initiated by a Brgnsted ériluoromethane-sulfonic acid, TfOH)
instead of conventional slower acids (such as galfacid) in microflow systems. As can be
seen in Figure 2.35, the micromixer-assisted pscessisted in a 250 um [.D. T-junction
(M), where monomer and initiator solutions were egbafter a pre-heat exchange units (H1
and H2, 1000 um 1.D., 200 cm length), followed byn&rotube tube reactor R (1000 pum
I.D., 215 cm length). The polymer solution was linguenched in methanol saturated with
potassium carbonate. In spite of a slight increagbe PDI, the micromixer-assisted process
led to polymers with a higher B-type indane uninhtemt in comparison to the batchwise
process (from an average of 80 indane % to an gee¥h95%). This result is very promising
as it reflects the selective pathway promoted gy riicroprocess in the overall chemical
scheme of the cationic polymerization of diisopmgbenzenes, leading to higher thermal
resistance of the final poly(indane). The synthediglentritic and hyperbranched polymers
can also benefit from the rapid mixing achievednmcromixers, in terms of reaction
selectivity. The first work was reported by Liu a@Gthang and concerned the production of

dendritic poly(amino amine) by the convergent matt&igure 2.36}%*
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Figure 2.34.Reactions pathways for the cationic polymerizatbdiisopropenyl enzené§®
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Figure 2.35.Schematic drawing of microflow system for CF3SQBHlated polymerization
of diisopropenyl benzenéé®

An interdigital-type micromixer (IMM, Mainz, Germghwas used to mix the reactants and
to promote the reaction for the production of G1l&@nhdrons as well as G1 dendrimer.
Compared to batchwise reactors, the analysis gbtba@uct showed a better conversion of G1

to G2 dendron (disappearance of theNMR peaks marked with *) and no measurable side
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products (distinguished by +) which are known talsevere drawback of conventional batch

processes (see Figure 2.37).
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Figure 2.36.Schematic representation of the multi-steps cayar@rsyntheses of dendrons

and dendrimer&*

*

52 dendron synthesized via flask +
— J'L

| Jl 52 dendron synthesized via micromixer

T T T T T T T
10.0 2.5 .0 as 8.0 TE T.0 PRm

Figure 2.37.Comparison of 1H NMR spectra of G2 dendron synteessin batch reactors

and in micro-flow system&*

Micromixers are not only dedicated to the homogeseuixing of two fluids but can also be
designed in such a way that they will induce a igrratdof mixing between two fluids; in this
ways virtually performing innumerable reactions hwiifferent reactant compositions in
parallel. This elegant method was applied by Bldind coworkers to establish hydrogels
with gradients of immobilized molecules and craegihg densitied® As depicted in Figure
2.38a, the gradient maker, made out of PDMS, ctmsisa network of microchannels where
injected solution streams are repeatedly combimatked and split to yield distinct
compositions in each of the branch channel. Afrerating the composition gradient, the

monomer solution passes along a larger viewing redlanvhere the gradient is made more
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linear before UV-initiated polymerization of thedrggel through the PDMS mould occurs.
The optimization of the inlet flow rate has showattthe best (most linear) gradient at the
outlet has been achieved for an inlet flow rateOd@ pL/min (Figure 2.38c). In these
conditions, a first hydrogel has been synthesizgdntixing poly(ethylene glycol)-4000
diacrylate (PEG4000DA) with a solution of acrylgdy(ethylene glycol) linked with
adhesive ligands (RGDS) for endothelial cells (HWJHAcr-PEG-RGDS). Authors thus
obtained hydrogels presenting a gradient of tethé#&VEC. The mixing of a solution
containing 10 wt.% PEG4000DA (low macromer concaran, high macromer molecular
weight) with a solution containing 50 wt.% of pdiiylene glycol)-1000 diacrylate
(PEG1000DA) (high macromer concentration, low mawpmolecular weight) turned into a
hydrogel presenting a linear gradient of crossHigkacross the large outlet channel (Figure
2.39). These two examples are very promising talyce unique tissue engineering scaffolds

by encapsulating cells and molecules in these gnadiydrogels.

Monomer  Monomer
Solution 1 Solution 2

Mormalized Fluorescence

0 02 04 08 08
Distance Across Channel {mm)

MNormalized Fluorescence

o 02 04 08 08
Distance Across Channel (mm)

outlet [

Figure 2.38.Schematic of the channel network used in the gladymerization microfluidic
process (a) along with fluorescent images of tlaelignt maker and channel gradients at the
inlet and outlet (~20 mm downstream of the inlef)ere rhodamine is incorporated into
monomer solution 1 and the monomer solutions aredtl at a rate of 0.3 pL/min. Gradient
guantification at the inlet (b) and outlet (c) faonomer solution flow rates of 1.0 pL/min
(solid line), 0.3 pL/min (dashed line), and 0.09mln (dotted line):?®
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Figure 2.39.SEM micrographs of cross sections of dried hydiotabricated from 10 wt.%
PEG4000DA (a), 50 wt.% PEG1000DA (b), and a gradii0 wt.% PEG4000DA (left) to
50 wt.% PEG1000DA (right; c); bar ) 100{A.

Microdevices have also been used as tools to absidabrication of statistical-copolymer-
brush composition gradients. Beers and coworkers Haveloped a nice microfluidic process
using confined surface-initiated polymerizatigh. The aim was to transfer the solution
gradient of two monomers (n-butyl methacrylate BM#nd 2-(dimethylamino)ethyl
methacrylate (DMAEMA) onto a surface layered withATRP initiator. The obstacle was to
generate this gradient in a microchannel by mixnegy intimately the two (co)monomer
solutions. To that extent, they have used a miaiditt passive mixer since this device
enabled a transversally mixifg. This micromixer improved the mixing by generating
transverse components of flow that stretched atdedovolumes of fluid over the cross
section of the microchannel leading to chaotic,veation-driven mixing. Experimentally,
each (co)monomer solution was individually pumpethwyringe pumps in the micromixer.
The composition gradient has been generated byncmnisly varying the relative flow rate of
the input solutions. Then, the mixed solution exdethe microchannel (0.5 mm x 15 mm x 68
mm) and was stopped when the channel, containeATrRP initiator layered surface, was
filled (Figure 2.40). The channel was quickly filgless than 2 minutes) to minimize
polymerization during this infusion step and to sider that polymerization only occurred
during the following 40 minutes. It has been demwaed that the continuous relative flow
rate variation and the fast chaotic mixing provi@echicroreactor with regions having various
compositions. This microfluidic device also had #islity to preserve the solution gradient
profile over a long period of time because of vslgw liquid diffusion once the flow was
stopped. Finally, the statistical-copolymer-brushdient has been transferred to the silicon
wafer, forming gradual variable properties acrbesléngth of the substrate, with a very well-

defined composition.
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Figure 2.40.Experimental setup for the formation of solutioadjents inside a

microchannet?*

2.2.3.3 Polymers with controlled architecture

In addition to the unique properties of micromixévsfavour intimate mixing of the initial
reactants, micromixers can also assist continulmug-topolymerization to control the

macromolecular architecture, for instance in otdesynthesize block copolymers.

lonic polymerizations are living type reaction. ithe end of the polymer chains remains
active throughout the whole reaction and does raté fdeactivation by coupling or
disproportionation. This enables the synthesis @if defined block copolymer architectures.
Taking advantage of the modularity of micromixesiated microreactor, block copolymers
can thus be easily synthesized through continuaassftow ionic polymerization. By adding
another micromixer and tube microreactor (Figusld) to their initial set-up, Yoshida and
co-workers have completed their work on the catigmblymerization of vinyl ethers by
making block copolymers from iso-butyl vinyl ethHéBVE), n-butyl vinyl ether (NBVE) and
ethyl vinyl ether (EVE)?® Effective higher molecular weights were obsen/éigire. 2.41b)
along with a slight broadening of the copolymer ecolar weight distribution. The cation
pool techniques, as well as the anionic polymeonathave also been successfully extended

to the synthesis of block copolymétd*#°

The same approach has also been adopted for thieesigof high molecular weight block
copolymers via NMRP in two serial microtube reastdFigure 2.42). A big challenge
actually consists in putting in contact the firgoous homopolymer (M~ 27000 g/mol) and

the second liquid comonomer. Serra and co-workexe hnvestigated the use of different
micromixers (Figure 2.43) to synthesize poly(n-tbuaicrylate-b-styrene) in microtubes

reactors (900 um 1.D.) to improve the control o€ thinal molecular weight distribution
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compared to macroscale batch reactidfisThe first block of poly(n-butyl acrylate),
synthesized in the first microtube reactor, wasedixvith the liquid second (co)monomer
(styrene) inside micromixers having various georast(characteristic length and number of

microchannels).
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Figure 2.41.Schematic drawing of the microdevice used in fbekbcopolymerization of
different vinyl ethers; C: pre-cooling units, M:shaped micromixers, R: tube microreactors
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Figure 2.42.Continuous microtubes setup for block copolymeiaravia NMRP’
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Figure 2.43.Microfluidic devices considered: high pressureidigital multilamination

micromixer (a) and T-junction(B}°

A first study revealed that the use of micromixensibled a significant growth of the second
block, unlike the experiment run in batch react{figure 2.44af°’ In addition, the molecular
weight distribution of the polymer was narrower whthe lamination provided by the
micromixer increased, as can be seen in Figureb2\Wdth a T-junction, the bilamination was
not enough to mix intimately both fluids. On thenttary, multilamination enabled a good
mixing through diffusional transport across thim&llae and maintained narrow molecular

mass distribution even when copolymerization wasathigh temperature.
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Figure 2.44.Evolution of the molecular weight distribution tbie first block and the block

copolymer in batch (a) and in microreactors'{).

By investigating the characteristics of micromix€fable 2.1), authors defined, by Eq. 1, a
form factor F, that depicts the geometry of the romgixer and allows to predict the
polydispersity indexes of block copolymers (Fig2ré5)**° This study on multilamination
micromixers is promising to optimize the efficien@f mixing just by designing the

appropriate micromixer geometry.
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— 1
F= N (W +W) (1)

Where, N is the number of microchannels per idlatd$, W, and W the microchannel and
slit widths respectively.

Table 2.1Characteristics of the micromixers tested in them8§nthesis of poly(n-butyl

acrylate-b-styrene) in microreacttf.

Micromixer HPIMM LH2

Abbreviation ML45ML20 ML50

Number of channels perinll6 15 10
N

Channel width W/pm 45 20 50
Microstructure thickness/ud50 100 300
Slit or aperture width Wum60 60 50

Form factor F/mnt 0.59 0.83 1.0
15 T T T I
Mas
ML20 I |
1.4-——{.__—___{ ML50 - ---i--—-
E 1.3 + -%:._%—__%_‘:j::_:j e b
T"""----Ifll"'“"::'.lr:;-_-
- IR S VU S
| | | |
11 —

0.4 0.8 1.2 1.6 2
Fimm™

Figure 2.45.Polydispersity indexes of final block copolymepdading on the feed flow rate
(Q2) of the second comonomebE Q=6.8 pl min*; -A-, Q=11.8 pl mif*; -0-, Q,=23.9

ul min—l).130

Yoshida and coworkers® also performed parallel ionic polymerization andugling
reactions to get end functionalized polymers amtlblcopolymers having two different
polymer chains on a silicon core. As shown in FeguR.46, the reaction of

dichloromethylsilane on the active polymer chain fgrformed in R2, after
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homopolymerization of monomer 1 in R1. Functioratiian yields of 95% were achieved
during this first step. At the same time, homopdayiration of a second monomer was
carried out in R3. Final coupling, in R4, of theceed active polymer chain with the
chlorosilane having a single polymer chain allova$aming structurally well-defined block

copolymers on a silicone core.

monomer 1/THF
(1.0M)

3 mL/min ¢ =1000 pm
L=50cm
(4.7 s)
» =250 um
®=1000 um
L =200 cm

2 mL/min (12's)

sec-BuLi/hexane

(0.025 M)

Me,SiCl THF 3 mL/min
(0.017 M)

®=1000 um
L=200cm
(6.7 s)

monomer 2/THF

=500
(1.0M) ? o

¢ =1000 um
L =50 or 200 cm
(3.90r16s)

R3

3 mL/min
» =250 um

sec-BuLi/hexane 3 mL/min

(0.10 M)

Figure 2.46.Schematic diagram of the continuous-microflow psxcfor the synthesis of
block copolymers having two different polymer clsaon a silicon core (M1, M2, M3, M4
T-shaped micromixers; R1, R2, R3, R4: microtubetaa)™ '

As stressed out in the above paragraphs, microgle\ace suitable for sequential synthesis
and allow the production of block copolymers witletter controlled macromolecular
characteristics than in macroscale batch reacidiere are also evidences that improved
mixing in microreactor helps in controlling the hitecture of branched polymers. Serra and
coworkers$®' observed a significant increase in the branchifiigiency in microreaction
compared to batch reaction for the synthesis ofy(MiIA) by self-condensing vinyl
copolymerization (SCVCP) adapted to ATRP. The bnarg efficiency, defined as the ratio
of branches really present within the polymer deattiure over the amount of inimer units (2-
(2-bromoisobutyryloxy)-ethyl methacrylate, BIEM)tiaduced in the feeding solution, was
found to be 14 to 47% higher in miroreaction foEBI to MMA molar ratios of 2 and 5%

respectively.

2.2.3.4 New operating windows

An efficient mixing and thermal management canvalline synthesis of polymers under
conditions that were not conceivable in batch pgees. Yoshida and co-workers investigated

ionic polymerizations in continuous-flow microdesgcin order to achieve well-controlled
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polymer synthesis under much more favourable anlbéenperature conditions instead being
cryogenict>1#13213fonic polymerization actually suffers from drasnperature operating
conditions as reaction intermediates are very biestd herefore, polymerization is usually
performed at -78°C, which severely limits indudtriapplications. Controlled/living
polymerization has then been developed as an atteenpolymerization technique in order to
facilitate operating conditions. However, this sty is based on equilibrium between active
and dormant species, which highly decelerates tigmerization rate. Micromixer-assisted
ionic polymerization has thus been suggested agusian that combines feasible operating
temperature and reasonable reaction time. Catmslianerization of vinyl ethers initiated by
CRSGOsH has been achieved at -25°C with high control olygispersity index instead of
usual -78°C just by implementing a 250 pm 1 T-junction in the microflow system.

Controlled anionic polymerization of styrene hasoabeen performed at 0°C and even at

room temperaturg? Very narrow molecular weight distributions g\, = 1.08 at 0°C and

1.10 at 24°C)have been obtained with a residence time of 16isstead of the -78°C
required for conventional batch macroreactorshia paper, authors also looked specifically
at the effect of the T-junction micromixer interndlameter (I.D.) on molecular weight
control. By varying 1.D. from 250 pm up to 800 phey found a lower controllability of the
molecular weight distribution at low flow rates,tyaill superior to that obtained in batch
mode, and no appreciable PDI variations at higlv flates. This result could be explained by
the increase in the diffusion path when the intediameter is increased and by the high
mixing caused by higher flow rates. The same tecyldmas been observed for anionic
polymerization of methyl methacrylate and n-butythacrylate. Microflow polymerizations
from -48°C to 0°C gave lower polydispersity indicéisan conventional macrobatch

polymerizations run at -78°62

Beers and coworkers also evaluated the performahgatterned microchannels on living
anionic polymerization of styrene in cyclohexaneekvated temperature (60°C instead of
usual <40°C) and high monomer concentration (42%dhstead of <20 vol.%6)* After
active mixing of the initiator and the monomer s$wins (Figure 2.47), polymerization
occurred within microchannels (790 um width, 500 depth, 2 m length), presenting four
different designs (Figure 2.48). These specificrothannel designs aimed at enhancing the
micromixing along the length of the channel whenssndiffusion is insufficient to obtain
narrow molecular mass distributions. Straight, ped; obtuse zigzag and acute zigzag

mirochannels (Figure 2.48) have been designed Bxsl ftave been decreased from 1.31 (for
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the first) to 1.18 (for the last). Zigzag microchats act as mixers by inducing convection
recirculation in eddies of the corners. Furtherm@f@icient micromixer along the reaction
enables synthesizing polystyrene at high temperatunile limiting the risk of solvent
ebullition and thus any dangerous rise in press8tact requirement of polymerization
conditions like dryness and impurity tolerance banimproved in microreactors by simply

flushing the reactor before the reactidh.

Initiator, Active
Solvent

Monomer,
Solvent

Polymer
Product

Integrated |
Temperature
Control

Figure 2.47.Schematic drawing of the experimental setup foticoous living

polymerization of styrene in patterned microchasfl

Figure 2.48.Pictures of (a) machined aluminum plate, top dibeback side of microfluidic
device, (c) microreactor sealed with polyimide fil{d) microfluidic reactor with zigzag
pattern and also views of (e) straight channekt{Bight channel with periodic pinches, (g)

channel periodically bent at acute angles andl{ahoel periodically bent at obtuse andf¥s.

Frey and coworkers used a commercial multilamimatigpe micromixer (SIMM-V2, IMM,
Mainz, Germany) for the carbanionic polymerizatiohstyrene:*> Monomer and solvent
(THF or cyclohexane) on one hand, initiator (sediBand solvent on the other hand, were
fed separately to the micromixer. The resultingctiga mixture was then thermally
polymerized in a downstream tubular reactor comgjsin a 1 mm |.D. and 250 cm length
tube for experiments with cyclohexane and a 500 |Dn and 30 cm length tube for

experiments with THF. Upon reaction, the solutiaswontinuously quenched with methanol
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or dimethylcholorosilane to recover the polymer.r F@ polar solvent (THF), the
polymerization was estimated to take place witlamesal seconds which required usually to
carry out this reaction in batch system at low terafure (c.a. -78°C) in order to control the
heat released by the reaction. Due to the effigi@ming achieved in few milliseconds by the
micromixer, polymers with very narrow size disttiioms (PDI as low as 1.09) were obtained
at room temperature (25°C) within 10 seconds. Fonoapolar solvent (cyclohexane),
polymers could not be obtained at room temperasrexpected but full monomer conversion
was observed at 80°C for which low polydispersityymers were obtained within few hours.
Authors claimed that their continuous-flow micropess allowed a rapid synthesis of well
defined polymer giving an interesting alternative@ the time-consuming and laborious
conventional methods involving batch reactors. Witle same approach, Yoshida and
coworkers reported the cabocationic polymerizatmn vinyl ethers at high monomer
concentrations using halogen free solvent in otgeimprove the productivity of their

laboratory scale systeth

The role of thermal management in microreactor-thgedymerization is clearly visible as it
lowers down the reaction time in several studies. iRstance, Liu and Chang reported the
fast synthesis of polyamide dendrons and dendrifiéta this work, an interdigital-type
micromixer (IMM, Mainz, Germany) was used to mixetlheactants and to promote the
reaction for the production of G1&G2 dendrons adl &e for G1 dendrimer. Compared to
batch reactors, authors obtained a tremendoustiedun the reaction time for the synthesis
of G1 dendrimer, from several hours (typically 20down to few seconds or minutes. The
reason is a compression and partial eliminatioa ofultitude of sequential batch processing
steps into a more continuous, kinetically determiirflow processing. This impressive
reduction in reaction time was also observed meoently by Frey and co-workers for the
production of hyperbranched polyglycerol with a tomous micromixer-assisted process
similar to that of Liu and Chang® As emphasized by the two previous examples,
microreactors can significantly intensify the protion of polymers by reducing significantly
the reaction time. Similarly, Seeberger and cowa'Restudied RAFT polymerization of N-
Isopropylacrylamide (NIPAM) in two PTFE microreardoas shown in Figure 2.49. PTFE
tube having an internal diameter of 750 um and 1550 were used for the study.
Polymerization in a 750 pm microreactor gave 88%veesion compared to 40% in batch
reactor with similar PDI. However, with increasedimmeter from 750 um to 1550 um, an
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increase in throughput was achieved but the cororemsas reduced from 88% to 78% with

increase in PDI from 1.15 to 1.31.

NIPAM solution

Constant rate via
Syringe pump \

CTA + AIBN solution

Heated oil bath

PTFE |tubing

Sample +
Quencher

Figure 2.49.Experimental setup for continuous-flow RAFT polyizetion®’

Apart from all these beneficial features, the madty of microdevices allows to control the
temperature of the reaction independently at differsections along the process line to
accommodate reactants kinetics which is not regalilysible in a batch process. This was
demonstrated by Nagakt al during the synthesis of multiblock copolymers ircroreactor
using anionic polymerization (Figure 2.585.Due to strong differences in their respective
reactivity, quantitative anionic polymerization it a few seconds of styrene, tert-butyl
methacrylate (BiMA) and methyl methacrylate(MMA) in THF are usuakpnducted at
different temperatures respectively 0-24°C, 24°@ &8°C. Therefore the synthesis of block
copolymers of poly(styrene-b- BUA-b-MMA) in a single batch reactor becomes quite
tedious but could be easily achieved in continuousroflow process. As depicted in Figure
39, polymerization of styrene block was carried iouthe first microreactor (R1) at 24°C. In
the next stage a capping/trapping reaction withdiphenylethylene was carried out in the
second microreactor (R2) by supplying the requiresljents via a micromixer (M2) place
upstream to R2. Then BWA for a second block was introduced by micromixé8 and
polymerization took place in microreactor R3 at @4Downstream the main stream was
cooled down to -28°C by passing through the miaca® R4 and mixed with MMA by the
micromixer M4. Last block polymerization was thémally performed in the microreactor R5
which was also maintained at -28 °C. Thus triblookolymers of poly(styrene-b- BaA-b-
MMA) were successfully synthesized with low PDI (23) and controlled molecular weights
(8,800 g/mol). Another alkyl methacrylate, namelytyb methacrylate (BuMA), was
successfully tested for the third block and polyizest at -4°C demonstrating the versatility
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of the developed continuous-microflow process lfier production of different poly(styrene-b-
alkyl methacrylate -b- alkyl methacrylate) blockpobymers.

1
M1 Capping reaftion
1

M2-R2 24°C

1
Sgcond Block
1

Third Block

Figure 2.4850.Microreactor setup for the synthesis of triblodpalymers in which
polymerization of different blocks was carried atitlifferent temperatures. Micromixers
consisted in T-junctions of 250 um 1.D. (M1, M3, Mzt 500 um 1.D. (M2) while 1 mm L.D.
stainless steel tubing of 100, 50, 100, 100, 400ecrgth composed microreactors R1, R2,
R3, R4 and R5 respectively’

The use of microdevices also allows new opportesitio produce polymer films with
gradient properties. To that extend &iual. have also developed a microchannel technique to
generate surface-initiated polymerizatfShA microchannel (300 um deep, 8 mm wide, 4.5
cm long) was designed on a silicon waded functionalized with initiator-functionalizedlse
assembled monolayer (Figure 2.51a). The polyméoizagolution was introduced into the
reactor at a controlled flow rate. 2-hydroxyethyétivacrylate (HEMA) has been chosen as
monomer to perform fast ATRP. The conversion of HENecreased with the length of the
channel as the surface exposure to the monomedivessly proportional to the distance from
the outlet of the channel. A polymer gradient hasrdfore been created along the
microchannel and the thickness of the polymer biasteased linearly from the outlet to the
inlet of the channel. It has also been demonstrthetl the slope of the polymer brush
thickness along the channel could be adjusted langihg the flow rate in the channel
(Figure 2.51b) and that multilayered copolymer hasscould be achieved with consecutive
microchannel confined surface-initiated polymeiiat (USIP) steps. Polymerization
reinitiation was immediate and did not require mrsilép patterning of different initiator

segments, which is very interesting for large spateluction.
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Figure 2.51.Microchannel confined surface-initiated polymetiaa (a), thickness profile

along the microchannel (b}’

2.2.4 Online monitoring

Exploratory and high throughput application of mituwidics in the field of chemical reaction
demands for monitoring of ongoing reaction to opgemoperating parameters and reaction
yield or selectivity**° Optimization is always a time consuming and teslitask. It requires
ample amount of data usually obtained by repeatpdranents. Sometimes this process can
introduce experimental errors. Robotic technologies quite effective in this respect but,
they remain complex, expensive and time consumighay rely on batch reaction. In
contrast, online monitoring in microreaction seetosbe simpler. Recent advances in
analytical techniques, especially in the directcdmminiaturization of instruments made the
integration of microreactors with characterizatiequipments possible. Thus considerable
development has taken place in recent years ifiglteof online or inline analytical methods
which includes NMR, IR, Visible and Raman spectopsG pH probes and size exclusion
chromatography (SEC§?**® Some potential applications of these techniquesoftine
monitoring of polymerization microprocesses areassed in the following. For clarity it is
worth mentioning that many of these techniquessétein the developing stage. This part
won't be detailed further as this is not the priynocus of the thesis, however more details

can be found in the chapter published considenirng saspects.

2.2.5 Summary

As evident from the many examples reported abowetirmuous-microflow processes for

polymer synthesis have some tremendous advantagesomparison with macroscale
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processes and, in addition, open new opportunites.top of these, the large surface to
volume ratio allows for a rapid removal of the hegleased by the polymerization. Thus
highly exothermic polymerizations can be carrietliaicontrolled manner resulting in a high
degree of control over molecular weight distribatidoreover the polymer chain length can
be conveniently and fastly adjusted by varying tlosv rates of the reactants. Hence in
combination with the minute sample consumption laigth operational reliability, libraries of
macromolecules can be rapidly generated and wifiramed chance to provide meaningful
information. Microdevices also allow for the rapidxing of reactants, typically within few
milliseconds up to a few tens of milliseconds. Asoasequence specific reaction pathways
can be favoured without the generation of side petsl Finally the modularity of these
continuous-microflow processes combined with livpymerization techniques permits the
synthesis of structurally controlled block and lmf@@d copolymers. Thus microdevices

appear as elements of choice when intensifyingmehzation processes.

2.3 Conclusion

It has been seen that the production of polymetk well controlled characteristics can be
achieved through the use of appropriate polymeomamethods (i.e. controlled radical
polymerization) and microprocesses. Although mieagtion technology has been widely
considered in combination with free radical andegrolymerization methods, few examples
are reported in the literature for controlled radlipolymerization. In the following chapters,
we will continue or group effort to implement CRBnd more precisely ATRP, in
microfluidic processes with the aim to intensife thynthetic route by using micromixers and
a new tubular microeactor geometry (chapter 3)tl@ production of linear (co)polymers
(chapter 4) and branched polymers (chapter 5). Maneeffect of operating parameters and

scale-up considerations will be addressed in chdpamd 5 respectively.
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Preface

To reach the objective certain sub-plans are nacgssd are achieved through experiments
which are based on reproducible conditions and urabke quantities. Complete description
of experiments with fine details is imperative ooty for reproducibility but also from future
direction point of view. Therefore, in this chaptstails of polymerization procedures in
batch and microreactors are described. Charadienzizchniques used to determine polymer
characteristics and reactor parameters are alstaieggd in detail. Initially synthesis of
homopolymer, statistical copolymer and branchedymel in batch reactor is explained.
Then, instrumentation of microreactor setup anctg@uare of polymerization with details of
reagent composition in different reservoirs areegivCharacterization section highlights

different techniques and methods used to charaetezactor and polymers.
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3.1 Materials

3.1.1 Main reagents and chemicals

2-(dimethylamino)ethyl methacrylate (DMAEMA), betzgnethacrylate (BzMA) and 2-

hydroxyethyl methacrylate (HEMA) were purchasedrfr®igma Aldrich, Germany. These
monomers were destabilised by passing through basiceutral alumina column. Copper (1)
bromide (CuBr) (Sigma Aldrich, USA) was purified yashing with glacial acetic acid and
then with methanol repeatedly. Washed CuBr was thiexd overnight under vacuum before
use. 1,1,4,7,10,10-hexamethyltriethylenetetramidiMTETA 97%) (Sigma Aldrich USA)

and isopropanol (Sigma Aldrich, France) were usedeaeived. Ethyl 2-bromoisobutyrate
(EBIB 98%) was purchased from Sigma Aldrich (USAdavas distilled then stored under
argon before use. Triethylamine, dichloromethangclohexane and isopropanol were
purchased from Sigma Aldrich (France). Distillegtttnylamine and dichloromethane were

used as solvent for synthesis purpose. For otles, tisey were used as received.

3.1.2 Synthesis of 2-(2-bromoisobutyryloxy)ethyl methacrylate

2-(2-bromoisobutyryloxy)ethyl methacrylate (BIEM$ known as an inimer. It has the
characteristics of a monomer and an initiator. Brimvas used to synthesize branched
polymer as presence of inimer acts like a branchpomt. It was synthesized from 2-
Hydroxyethyl methacrylate (HEMA) and 2-Bromoisolytybromide as shown in the scheme
1.2 Solution of HEMA (18.6 ml, 0.154 mol), distilledigthylamine (TEA, 100 ml) and
dichloromethane (DCM, 100 ml) was stirred in a tigee neck round bottom flask under
argon kept in an ice bath. 2-bromoisobutyryl broenfd0.89 ml, 0.169 mol) was added drop
wise over a period of 45 min. After addition of &imoisobutyryl bromide was completed,
mixture was stirred for further 30 minute at O “Ihen, the ice bath was removed and the
flask was warm up to room temperature and kepthist temperature for 2 hours under
constant stirring. Then, reaction was terminatedadging 10 ml of water to the flask.
Unreacted HEMA was removed by washing the produtit 200 ml water in a separating
funnel. Washing was repeated 3 times to ensure letenemoval of HEMA. Trace of water
in the collected product was removed by additiorvigfSQ, under constant stirring. Final
purification was carried out by passing the prodhcbugh silica column. Dichloromethane
(80 vol.%) and cyclohexane (20 vol.%) was used @seat composition for effective
separation and collection of desired product. Thayer chromatography was used
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intermittently to ensure purity of BIEM. Finallyxeess solvent was evaporated and recovered

BIEM was stored under argon.

H,C
H,C 0
Br
o) 0]
(0] -
+ o =
Br
o]
OH 07§<
2-Bromoisobutyryl Br
bromide HEMA RIFM

Scheme 3.1Reaction scheme showing synthesis of 2-(2-bronboisoyloxy)ethyl
methacrylate fronu-bromoisobutyryl bromide and 2-hydroxyethyl methydete.

3.2 ATRP in batch reactor

3.2.1 Linear homo polymerization

Linear poly(DMAEMA) for a targeted chain length (PBf 200 was synthesized by Atom
Transfer Radical Polymerization (ATRP) at 75 °Gainound bottom flask. Initially 6.5 ml of
isopropanol along with 0.0228 g of CuBr and 77.@fuHMTETA were poured in the flask.
Then the solution was purged with argon for 15 mmler constant stirring and 5.36 ml of
DMAEMA (degassed prior by argon purging for 15 miwgs added to the flask by syringe.
Argon purging was continued for further 5 minut28.5 pl of initiator was injected into the
flask by using a micro syringe and the flask wamarsed in an oil bath maintained at 75 °C.
At defined interval, 0.5 ml reacting solution wagharawn from the flask for NMR and GPC

analysis. Reagents composition is listed in Takle 3

3.2.2 Linear statistical copolymer synthesis

Linear statistical copolymer was synthesized udliAEMA and BzMA as monomers.
Procedure followed was very similar to the proceddescribed in section 3.2.1 Both
(coomonomers were added simultaneously to the .flaBKferent molar ratios of
DMAEMA/BzMA (80/20, 60/40) were used to synthesg#tatistical copolymer. Temperature
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of polymerization was maintained at 60 °C. Detailsreactants composition are given in
Table 3.2.

3.2.3 Branched PDMAEMA synthesis

Procedure for branched polymer synthesis is verghmaimilar to that of linear copolymer
synthesis. However, inimer replaces BzMA. Inimeisdmth as a monomer and an initiator.
Dual nature of inimer introduces branching poimtsaigrowing polymer chain. 5 and 10%
mol.% of inimer compositions were used to syntresimnched polymers. Details of Reagent
composition is given in Table 3.1. DMF was used aslvent for branched polymer synthesis
as the polymer becomes insoluble after 1 hour bfmperization time when isopropanol was
used as the solvent. Enough quantity of sample wwdsdrawn at given time intervals for
analysis and collection of purified samples foredetination of branching efficiency (see
chapter 5 for definition). Detailed procedure farification of polymer by precipitation is

discussed in coming section.

Table 3.1. Recipe for linear and branched PDMAEMA synthesibatch reactor.

Reagents Linear (Bi_)r?:gr;c)l (Blrgrr:gf;))
CuBr 0.0274 g 0.048 g 0.0507 g
Isopropanol 6.40 ml 6.00 ml 6.50 ml
HMTETA 57.10 pl 100.20 pl 105.70 pl
DMAEMA 6.43 ml 5.36 ml 5.36 ml
BIEM 0 0.39 ml 0.82 ml
EBIB 28.50 pl 50 pl 52.8 ul
DP 200 100 100
Temperature 75 °C 75 °C 75 °C

Note: isopropanol and N, N-Dimethylformamide (DMWgre used as solvent for synthesis of linear and
branched polymer respectively.
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Table 3.2. Recipe for linear Poly(DMAEMA-co-BzMA) synthesis.

BzMA

(mol.%) 20% 40% 60%
CuBr 0.0228 g 0.0228 g 0.0228 g
Isopropanol 6.60 ml 6.80 ml 6.90 ml
HMTETA 47.60ul 47.60ul 47.60ul
DMAEMA 4.28 ml 3.215ml 2.143 ml
BzMa 1.08 ml 2.16 ml 3.23ml
EBIB 23.7ul 23.70ul 23.70pl
DP 200 200 200
Temperature 60 °C 60 °C 60 °C

It is important to mention here that during polymation of 60% BzMA composition,
precipitation of the polymer was observed. Themfdhe study was limited to 20 and 40

mol.% BzMA composition.

3.3 ATRP in microreactor

3.3.1 Microreactor setup and instrumentation

Schematic diagram of microreactor setup used foRRTprocess is shown in Figure 3.1.
Reagents are kept in two different reservoirs toicaand kind of instability during storage.
Moreover cooling arrangements were placed at napgdscations to ensure long-term

stability of reagents.

It is worthy to note that some components are oh@rmportance for a microreactor setup
and can be considered as primary components. Cangomwhich improve the performance
of the setup are grouped under secondary comporfemtsmooth and long-term operation,
additional components are necessary which aredcallgiliary components. Classification of
the different components is given in Scheme 3.2 eowhponents description and their

functions discussed in coming sections.
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Figure 3.1.Schematic representation of a typical microreacsetup used for polymerization
showing reservoirs (a), HPLC pumps (b), HPIMM miuaiger (c), pressure sensor (d), oven

(e), stainless steel microreactor (f) and backguesregulator (Q).

Microreactor setup

Primary components Secondary components Auxiliary components

1. Reservoir 1. Micromixers 1. Pressure sensor

2. Nitrogen supply 2. Back pressure regulator 2. Cooling arrangement
3. Pl_Jmp 3. Online detectors

4. Microreactor

5. Supply tube

Scheme 3.: Classification of different components used innmieaction setup.

3.3.2 Primary components

3.3.2.1 Reservoirs and nitrogen supply

50 ml polypropylene tubes were used as standasiva@ss. Depending on flow rates larger

reservoirs like glass balloons were used. Septura uwsed to seal the reservoir during
experiments. Teflon tubings were used as supplgsuwhich passed through the septum, in
such a way that, the reservoir remains airtigtdida the reservoir, a filter was attached to the
supply tube to prevent tube clogging and damagéhé¢opump due to presence of solid

particles. Parker Balston nitrogen generator (Modé¢2-04, USA) was used to supply

nitrogen at a constant pressure for degassingagergs and to maintain inert atmosphere

during reaction. A minimum of 2 reservoirs are fieggh to feed the microreactor as it is
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advisable not to mix all the component of reactdmtg) before the entrance of microreactor

to avoid unexpected polymerization triggering.

3.3.2.2 Pumps

Pumps are one of the primary components of anyamgaction setup. Gilson 5 SC piston
pumps (Model 307) were used to supply reagentsearticroreactor. Accuracy of flow rate is
prime importance to get a targeted residence timdef@r reproducibility of results. Therefore,
routine verification of pump accuracy was condudtednsure correct flow rate. Enough heat
is generated during working of pumps which may eaysemature reaction before
microreactor. To avoid such unwanted situation, pumeads were cooled by circulating

water.

3.3.3.3 Oven

Accurate and uniform temperature is a prerequisiteny reaction. To address such issue a
Binder FD series oven was used to house the maextoe Access ports (10 mm diameter)
provided on two sides of the oven allows easy ppss#H inlet and outlet microreactor
tubings. Access ports provide enough space to tirmerexternal thermometer for more
precise control of temperature. Silicon stoppenspbad with the instrument were used to
close access ports once tubings were fixed. Itdsvany variation of inside temperature.
Access window on the front of the oven enablesali;wspection.

3.3.2.4 Feed tubes

1/16" teflon tubings were used as inlet tubes famps. For the outlet, 1/16"stainless steel
tubings were preferred as they can withstand higitessure compared to teflon tubings.
Length of supply tubings was optimized to avoid esessary bends and to limit dead
volumes. To avoid unexpected polymerization in $ypybings, inlet tubes were kept in an
ice bath. Optimized tube length also helps to reduoexpected polymerization before

microreactor.

3.3.2.5 Microreactor

It is the prime component of a microreactor seffainless steel tubular microreactors were
used for polymerization because of their high pressnd temperature operability. Stainless
steel tubes were coiled around a steel barrelavh Bliameter to reduce the space requirement
and these microreactors are referred as coiled mibeoreactors (CT). For all experiments
diameter of coil were maintained to 5 cm. Coiletetueactors of different diameters and
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lengths were used for different experiments whicd mentioned in Table 3.3 for easy
reference. As a modification of CT, flow inversiaas introduced in coiled microreactor and
it was called as coil flow inversion microreact@H). Flow inversion was achieved by
introducing 90° bends at equal length interval. dewere made in one direction so as to
make the streamlines rotate 360° or more duringpdssage through the reactor. CFls of
different diameters and lengths investigated aedjaren in Table 3.3. Since number of coils
were maintained in between two consecutive bendal toumber of bends increased
proportionately with reactor length. Characterstaf different microreactors are given in
Table 3.3.

Table 3.3. List of microreactors and their characteristicadum the different studies.

Reactor  Dia. Length  Volume Number

BNty type  @m)  (m) (ml) Image of Bends

/
1 CT 576 3 0.78 '""-“_W_ 0

/

2 CT 876 3 1.81 '""‘—Wm_ 0
/

3 CT 876 6 362 ™ 0

/
4 CT 876 9 5.42 InIEtW 0

/

5 CT 876 18 10.85 '“"‘_Wmm_ 0
/

6 CT 1753 3 724 ™ 0

/
7 CT 4083 3 39.28 '"'*‘_wmm_ 0
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10

11

12

CFlI

CFlI

CFlI

CFlI

CFlI

876

876

1753

1753

4083

1.81

3.62

7.24

14.48

39.28

3.3.3 Secondary components

3.3.3 1 Micromixers

Concerning the reaction, the main issue is to hheére entering the microreactor, sub-
streams from the different reservoirs pass throaighicromixer which ensures an intimate
mixing between all reagents. In case of poorly migguation, the reaction takes place at sub-
streams interface and can generate large condentgriadients. This situation can also lead
to different reaction pathways. To avoid such kaidhconvenience, micromixers play a vital
role which makes them an integral part of any migaotor setup. Therefore micromixers can

be called as secondary components as their preseragsence can significantly affect the
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polymerization. Micromixer was kept inside ice bathh avoid polymerization before
microreactor. Micromixers based on different pnohes were studied and their effect on
polymerization and polymer characteristics are ulised in coming chapters. Micromixers
like T-Junction, High pressure interdigital muliiiaation micromixer (HPIMM) and KM
mixer were selected for investigation (Figure 3:2)Working principle and their

characteristic dimensions are given in Table 3.4.

Table 3.4. Working principles and characteristics of diffearemcromixers.

Type of micromixer HPIMM KM T-Junction

Working principle Multilamination Impact mixing Kinetic energy andnig

diffusion distance

Number of channels 15 5 1

per inlet stream
Variable, typically half of

Channel width 45 pm 100 pm T-junction inner diameter
(800 pm)

" for equal flow rates and fluids viscosities

3.3.3 2 Back pressure regulator (BPR)

BPR is a component present at the exit of the oeas shown in Figure 3.1. S-Series back
pressure regulator was used for the experiment® BPvery helpful to maintain uniform
pressure and thus uniform reaction conditions dupolymerization. Therefore this is an
important component for reproducible results. Hogrebecause of narrow built-in orifice it
is a point of potential clogging. Therefore, thagbucleaning of BPR and routine check of
BPR seal are essential to avoid problem of cloggingng polymerization. It is the most
important component during high pressure polymé&orain microreactor. Desired pressure
inside microreactor can be achieved by closing BR&R knob to required extent. During
atmospheric pressure polymerization BPR made upobdfymeric materials can be used.
However, in case of high pressure polymerizations iadvisable to use metallic BPR with

proper seals to avoid pressure fluctuation anddgalat BPR.
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To microreactor

Monomer
«~ |nitiator
Solvent
CcuBr —
HMTETA o
. T-Junction
To microreactor
Solvent, Monomer,
CuBr, — « Initiator
HMTETA
Focusing
section
l ‘ -‘ ‘
~ HPIMM
Multilamination*@
— =53
1cm
KM Mixer

.
Mixing zone =

Figure 3.2. Different micromixers used for study.

3.3.4 Auxiliary components

Auxiliary components of microreactor setup helprtonitor and control the polymerization.
Components like pressure sensors, online gel pgieoneahromatography falls under this
category. Pressure sensor helps to monitor presisuiregy polymerization and control it with
the help of BPR. A Swagelok pressure sensor eqdippd PTU series UHP transducer (0.1
to 400 bars) was used for this purpose. Feedbatlaato stop mechanism attached with the
pressure sensor help to avoid damage to the pungpsther accessories. Pressure monitoring

during polymerization helps to detect fouling atabging of microreactor at the initial stage.
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3.3.5 General procedure of microreaction

For all the experiments solvent, CuBr and HMTETArevenixed in one reservoir. In the

second reservoir monomer and initiator were mixedadsed and kept in a ice bath. Both
reservoirs were degassed and kept under inert ptreos using nitrogen. To remove any
traces of oxygen inside microreactor, reagents fbmth reservoirs were pumped into the
microreactor at a flow rate of 1 to 1.5 ml per mePurging time depends on the volume of
the reactor as the quantity of reagent purged @&lyd.5 times the volume of the reactor.
Enough care was taken to avoid premature reacedord the microreactor as discussed in
previous sections. During polymerization, pressuas maintained at 1 to 1.5 bars to avoid
any kind drainage due to capillary action or duexpansion of liquid inside microreactor. It

is worth mentioning that a microreactor setup madular device. Thus another microreactor
can be attached downstream to the first one sutheamlet stream of the first microreactor
serves as one feed line of the second. Residaneenas controlled by changing flow rates of

pumps.

Table 3.t. Composition of different reservoirs for DMAEMA-BzMcopolymer

synthesis.
BzMA
(Mol.%) 20% 40%
DP 200 200
Temperature 60 °C 60 °C
( CuBr 0.1364 g 0.1333 g
Reservoir 1 4 Isopropanol 39.66 ml 39.66 ml
L HMTETA 284.5ul 278.1pl
( DMAEMA 31.82 ml 23.84 ml
Reservoir 2 4 BzMa 8 ml 15.98 mi
L EBIB 173.3ul 173.1pl

79



Chapter 3. Materials and methods

Table 3.6 Flow rate of reagents from reservoir 1 (R1) arsgreoir 2 (R2) to get desired

residence time in a 6 meter long coiled tube reauft876 | internal diameter.

BzMA
(mol.9%) —— 20% 40%

Residence Time (min) R1 R2 R1 R2
5 423 340.6 426.9 336.6
15 141.0 113.6 142.3 112.14
30 70.5 56.8 71.2 56.1
60 35.2 28.4 35.6 28.0
120 17.6 14.2 17.8 14.0
240 8.8 7.1 8.9 7.0

All flow rates reported are in pl/min.

Composition of reservoirs and flow rate of pumpsdifferent residence times are mentioned
in Table 3.5 to Table 3.9. Sample was collectethatexit of the microreactor and cooled in
ice after reaching the steady state of the rea8itmady state of the reactor depends on its
length and diameter. Steady state was determinedebyermeation chromatography and
detailed procedure is given in analysis sectiontetA€ompletion of the study, microreactor
was cleaned by flushing with acetone at a flow @td ml/min for 15 min and then with
tetrahydrofuran at a similar flow rate for 15 mih.keeps the reactor reusable and avoid
contamination.

Table 3.7 Reservoir composition for linear and branched PIEWAA synthesis.

Reagents Linear Branched Branched
(5 mol.%) (10mol.%)
CuBr 0.1396 g 0.19769g 0.191¢
Reservoir 1 Isopropanol 39.70 ml 24.60 ml 24.60 ml
HMTETA 291.2ul 41214l 398.0ul
DMAEMA 37.16¢g 17.41 g 16.35 g
Reservoir 2 Inimer 0 1.16 ml 2.30 ml
Initiator 173.4ul 171.1pl 169.6ul

Targeted degree of polymerization of linear PDMAEM200, branched = 100
Temperature of polymerization 75 °C
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Table 3.8 Flow rates for different residence time in a 3en@hicroreactor (876 pum).

Time ) Branched Branched
(min.) Linear (5 mol.%) (10 mol.%)
R1 R2 R1 R2 R1 R2

5 198.6 163.2 200.4 161.4 201 160.8
15 66.1 54.4 66.8 53.8 67.0 53.6
30 33.1 27.2 334 26.9 33.5 26.8
60 16.5 13.6 16.7 13.7 16.7 134
120 8.3 6.8 8.4 6.9 8.4 6.7

All flow rates reported are in pl/min.
R1 and R2 are reservoir 1 and reservoir 2 respegtivel
Note: flow rate was increased proportionately viittrease in reactor length.

Table 3.9 Flow rates for desired residence time in microi@aaf different diameters.

(‘:’:Ir;e) 572 pm (6 meters) 1753 pm (3 meters) 4083 pm (3 ers)
R1 R 2 R1 R 2 R1 R 2
5 169.2 139.2
15 56.4 46.4
30 28.2 23.2 132.4 109
60 141 11.6 66.2 545
120 7.0 5.8 33.1 27.2 179.5 147.8

All flow rates reported are in pl/min.
R1 and R2 are reservoir 1 and reservoir 2 respegtivel

3.3.6 High pressure reaction

Back Pressure Regulator (BPR) is the vital eleneémhicroreactor setup for high pressure
polymerization. It was used to achieve desired qumes inside microreactor by closing or
opening the knob of the regulator. Desired pressgiele the microreactor was achieved by
stepwise pressure increase as shown in Figure s3i8 was difficult to reach the desired
pressure in one single step. In between each Stapcease, the pressure was allowed to
stabilize. It may take 30 min to 2.5 hours to retehdesired pressure depending on residence
time. For longer residence times, longer time wesded to reach the targeted pressure as
viscosity of the reactants evolves during a longggeof time. Once the desired pressure was
reached, polymerization was continued till the dyestate (approx. 2.5 x residence times) of
the reactor was reached. During polymerizationgtessure varied within 2 bars for low

pressures (50 bars) and +2.5 bars for high presguf® bars). Polymerizations were carried
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out at 1 bar, 50 bars, 75 bars and 100 bars. Tdiflsgent microreactor diameters (576 um,
876 um, 1753 um) of 3 meters length each were tsextudy the effect of pressure on
polymerization while keeping the residence timegame for all reactors.
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Figure 3.3.General strategy followed to achieve desired piresism microreactor.

3.3.7 Reaction under high shear rate

Shear rate depends upon flow rate/velocity of tlwd finside microreactor. In order to
increase the shear rate without changing the nesedéme, length of the reactor was changed
proportionately as shown in Figure 3.4. Shear edt¢he wall for a power-law fluid was
calculated by using the formula given in equatioh. For Newtonian fluids (flow index n

being equal to one as emphasized in §4.2.5) equatis considered wherg, is the shear

rate at the wallQ is the flow rate an® is the radius of the microtube reactor. Four déifd
microreactor lengths of 876 pum internal diameterenesed for these experiments. Maximum
length of reactor received from supplier was 6 msgttherefore reactors were connected in
series to get the desired length. For examplegt@E microreactors of 6 meters length were
connected to make a 18 meters length CT microreacto

_4Q 3n+1

/ For power law fluids 3.1
yW ]ﬂg 4n p ( )
Vuw = ;QS For Newtonian fluids (3.2)
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Figure 3.4.Strategy to achieve higher shear ratg X at a given residence time (L is the

length and Q the flow rate).
3.4 Characterizations

3.4.1 Precipitation of polymer

Purification of crude polymer solution is necesspripr to any characterization aiming at
determining some essential polymer characteridties polymer composition in case of
copolymers and branching efficiency for branchetypers. Polymer solutions were cooled
in ice during collection at the exit of the micractor or after withdrawing from batch reactor.
Then the solution was passed through neutral almatumn to remove copper and charged
in a rotary evaporator to concentrate the polyr@eid heptane was used to precipitate this
concentrated solution. Finally, polymer was recederby centrifugation (Eppendorf
Centrifuge 5804, 5000 rpm) and dried overnight urvéeuum at 35 °C.

3.4.2 1H NMR analysis

NMR analysis was carried out to find conversiommiomer during polymerization and final
composition of polymer after polymerization. ProtNiVIR spectra of solution collected at
different interval of polymerization were used tetermine conversion of monomer at the
particular time. Deuterated acetone or chloroforaswsed as solvent for NMR analysis.
Bruker 300 equipped with Topspin software was usedecord and analyse the spectra.

Representative spectra and calculations followedeti@rmine conversion and composition
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are given below. However, in case of specific NMRalgsis, relevant calculations are

described in the respective chapter.

3.4.1.1 Conversion calculation during homopolymerization
Figure 3.5 shows th#tl NMR spectra of DMAEMA polymerizing solution usingppropanol
as the solvent. Conversion of DMAEMA was calculatesing the integration of protons

corresponding to monomer and polymer as per equatir”’

C OIr(D+d)—B

Conversion of DMAEMA = (3.3)
B+c D+d
a
B /A b
Hzc;gt —CH; CH2T
o O O
g O, O,
C ¢ Z
b 2 d< N
/N\ /O />
DMAEMA PDMAEMA
C D+d
B

1 |

PPM

=2}
o
.
w
N
-
(=}

Figure 3.5.Representative proton NMR spectra of DMAEMA polymiag solution

3.4.1.2 Conversion calculation during copolymerization of DMAEMA and BzMA

Figure 3.6 (1) representsl NMR spectra of DMEAMA and BzMA copolymerizing stilon

in isopropanol. Protons used to calculate converare indicated in the spectra and formulas
used are given in equation (3.4) and (3.5).

C or (D+d)-2n1

Conversion of DMAEMA = (3.4)
2b1+C 2ol+d
: F
Conversion of BZMA =——— (3.5)
F+f
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To calculate the composition of synthesized polynfiest the polymerizing solution was
precipitated and dried as described in sectiorl3dd then'H NMR spectra was recorded.
'H NMR spectra in Figure 3.6 (2) shows protons of AEMA-BzMA statistical copolymer
used to calculate polymer composition using equadi6.

F

Composition of BzZMA = (3.6)
C+F

3.4.1.3 Conversion calculation during branched polymerization
Conversion of DMAEMA and BIEM during polymerizatioaf branched polymer was
calculated using eq. (3.7) and (3.8) respecti¥&ly.The representativeH NMR spectra is

shown in Figure 3.7 indicating protons used fornagion calculation.

C OIr(D+d)—B

Conversion of DMAEMA = (3.7)
B+c D+d
Conversion of BIEM =(Z+Z+)_2Y (3.8)
2

85



Chapter 3. Materials and methods

Q.

~

VA

(1]

@Yﬂfkm
I11\z o

/ o

)~

o E
D+d
cC
G+g bl b1 _ (/1
b2 f J 1
3
C D
G
F
J\ 2
75 6 4.5 3 15 0
PPM

Figure 3.6.Representative 1H NMR spectra of DMAEMA and BzM89{20)

copolymerizing solution (1) and purified copolyn{2}.
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Figure 3.7.RepresentativeH NMR spectra of DMAEMA-BIEM polymerizing solution.

3.4.3 Gel permeation chromatography

Gel permeation chromatography (GPC) technique wsed uo determine the molecular
weight and molecular weight distribution of crudadapurified polymer. GPC was an
important tool to determine the steady state of rifieroreactor. Branching efficiency, an
important parameter to determine the architect@ireranched polymer was also determined
by GPC. An online PL-GPC 120 platform (CORSEMPJ equipped with a Shimadzu LC—
10AD pump, a column (PL—gel 5 um MIXED-C, Polymebbratories, 300 mm) and four
online detectors was used for the above menticsEd Series of detectors includes a Knauer
K—2501 UV detector (at 254 nm), a single capillgigcometer (length 20 cm; inner diameter
0.5 mm), a dual angle-light scattering detector (A and a PL—Refractive Index detector.
Tetrahydrofuran (THF) was used as an eluent abwa fate of 1 ml/min at 35 °C). Narrow
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linear poly(methyl methacrylate) (PMMA) standardsres used for calibration of the
apparatus. Determination of steady state and bragafficiency are explained in detail in

following sections.

3.4.3.1 Determination of steady state of continuous polymerization microreactor.

A condition at which the composition of the outpaiuniform with respect to time is known
as steady state. Accurate determination of stetdg s not only essential to collect product
of uniform quality but also to reduce waste. Durpaymerization in a tubular microreactor,
conversion and molecular weight changes along esedength. Therefore, after the required
flow rate was set for a desired residence timdjcseit time was allowed to ensure a uniform
reaction condition for incoming stream. Uniform ¢gan conditions ensure uniform product
characteristics. In case of polymerization in mieextors, polymer characteristics like
number-average molecular weight (Mn) and polydigpesdex (PDI) were chosen as
indicators of steady state and GPC was used tondiete these parameters. Crude polymer
solution was collected at equal interval (typicdlly minutes) and passed through GPC after
required dilution. This procedure was continueldfaitther increase in Mn and change in PDI
was observed. It is worth to mention that, steadyesof reactor changes with change in
length and diameter. Therefore, steady state wisrdimed for each length and diameter of
reactor. Figure 3.8 shows series of overlaid GRCes of polymer collected at different

interval and steady state was determined as théappéng of elution traces started.

— Steady state

Time
s
8
>
‘»
c
()
=
[ T T T T 1
6 6.5 7 7.5 8 8.5

Elution time (minutes)

Figure 3.8.Elution traces showing steady state with time.
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3.4.3.2 Branching efficiency

Branching efficiency of branched polymers was deieed by GPC. Refractive index
detection (RI) and Multiangle light scattering (M8).was used to calculate the branching
efficiency qualitatively. Ratio between the sizeclesion molecular weight (Mw by RI) and
absolute molecular weight (Mwyas) of the polymer determined by by MALS
(Mwr/Mwyars) gives branching efficiency/*® Lower the value of ratio better is the
branching efficiency. However, determination of Mw light scattering detector requires
refractive index (dn/dc) of the polymer. Therefadae/dc of different branched polymers was
determined using THF as the solvent. Solutionsuoifipd polymer of different concentration
were prepared. THF was considered as the solvamtube it is used as the eluent in GPC
analysis. Refractivandex of branched polymer was determined by Abb¢agd 302)
refractometer. Then, refractive index of polymetuson at different concentration was
plotted and gave a straight line. Slope of the gives the dn/dc value of the polymédn/dc
was determined for each inimer feed ratio. dn/ds ofol.% BIEM branched polymer is given

as an example in Figure 3.9.

1.428
5% Branched
1.419 +
c
1.41 -
¢ y=0.0865x + 1.406
R2=0.9941
1.401 T T T T
0 0.05 0.1 0.15 0.2
Concentration (g/cc)
1.418
10% Branched
1.414 A
c
1.41 A
y=0.0828x + 1.4079
R2=0.9939
1.406 T T T T
0 0.025 0.05 0.075 0.1

Concentration (g/cc)

Figure 3.9.dn/dc of 5 and 10 mol.% branched PDMAEMA indicaésdhe slope of the line.
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3.4.4 Rheological behavior of polymerizing solution

3.4.4.1 General procedure

Steady state shear viscosity of polymerizing sotutat different polymerization times was
determined by Anton Paar Physica MCR 301 rheon{&taris, France). Concentric cylinder
geometry with a conical end bob was used for thislys First the polymer solution was

poured into the cup then the bob was lowered dawvmeéasuring position and temperature
was raised till 75 °C. After reaching the set terapge, solution was allowed to stay at the
set temperature for further 2 minutes. It allowstigg uniform temperature throughout the
solution before the beginning of test. Steady ssaear was applied with a range from 0.1 to
200 $* and viscosity of the solution was recorded. Valoel®w the limiting torque value for

the geometry were excluded from the analysis.

3.4.4.2 Intrinsic viscosity and different rheological parameters

Intrinsic viscosities of polymerizing solutions & °C for 4 different residence times were
determined. Viscosities of these 4 polymerizingi8ohs after successive dilutions (down to
25%) were determined as described in general puveetbr rheological measurements.
Solvent used for dilution was prepared by mixingpi®panol and DMAEMA. Composition
of diluting solvent was determined considering ¢baversion of DMAEMA at the particular
polymerization time. Intrinsic viscosities for easblution were determined as described
below in equations 3.9 to 3.11. Whengis the polymer solution viscosity is the solvent

viscosity anchsp is the specific viscosity.

Specific viscosty (7,) =", (3.9)
0
. . . i ”sp
Intrinsic viscosity [”]_IclmoT (3.10)
Overlap concentraibn(C") =% (3.11)

From the above calculations concentration limitthef polymerizing solution was determined

from C/ C or when C x ] reaches 1. It gives indication about the traositbf polymerizing

90



Chapter 3. Materials and methods

solution from dilute to semi dilute regime. Its ilegtion and impact on polymerization is

discussed in chapter 4.

3.4.5 Pressure drop determination

Pressure drop indicates energy consumption in daetor. Pressure drop depends upon
various factors like length of reactor, presenc¢oofts, bends, flow rate, fluid viscosity and
nature of process. In this work, polymerizationsdifferent kind of microreactors were
studied to enhance the polymerization rate andongoverall polymer quality. Therefore it
becomes essential to have a clear idea about tlegyenconsumption in different
microreactors reactors.

ATRP process of DMAEMA was followed during investtgpn of pressure drop. A slight
modification was done to the microreactor setupashim Figure 3.1. An additional pressure
sensor was attached to the microreactor just befmeBPR as shown in Figure 3.10. Both
sensors were connected to a computer to monitor dienge in pressure during
polymerization. Difference between the readingstwb pressure sensorsi{d;) at idle
condition was zero.Then reagents were pumped thrdhg microreactor to achieve a
residence time of 15 min. Pressure of downstreammagsevas maintained within 1 to 1.5 bars
with the help of BPR. Once the steady state washexhthe sensor readings were noted three
times after 15 minutes interval. Then flow ratespoimps were reduced to get 2 hours
residence time and pressure at upstream and d@ansisensors were noted after the steady
state of the reactor was reached. Then pressupevehs calculated by subtracting pressure at
dz> from pressure at;dSimilar experiments were repeated for CT and ©FB meters length

and different diameters.

a

Figure 3.10.Microreaction setup to determine pressure dropwdysolymerization, showing:
reservoirs (a), HPLC Pumps (b), micromixer (c) spree sensors (d1 and d2), oven (e),

tubular microreactor (f), back pressure regulairafd computer (H).
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Preface

From the literature review, it is evident that #has a strong need to accelerate ATRP
processes. To achieve such objective different at@nmand process alternatives were
employed. However the use of microreaction techywlwvas scarcely reported though
microreactors are well admitted by now as efficiembls for the intensification of fine
chemical synthesis.

In tubular microreactors, mixing is solely opergtiny diffusion. Therefore a straightforward
strategy to intensify the reaction is to promote thost intimately mixing of the reactive
solution prior entering to the microreactor. In e€ax polymerization, premixing becomes
crucial as a poor mixing leads to concentrationdigma with subsequent low monomer
conversion and broadening of the molecular weigstridution. Thus the first section of this
chapter addresses this issue. It gives an ideat aheu effect of different micromixer
principles and their impact on final polymer chaeaistics synthesized in a tubular
microreactor.

In the next section, different operating paramebased strategies were investigated to
accelerate ATRP in tubular microreactors. It démgi the polymerization at elevated
temperatures and pressures to increase rate of AERECt of the shear rate through the

reactor length was also investigated.

This chapter is partially adapted from the two daling articles:

(1) D. Parida, C.A. Serra, F. Bally, D.K. Garg and Hoarau, Intensifying the ATRP
synthesis of statistical copolymers by continuousomixing flow techniques, Green. Proc.
Synt., 6 (1) (2012) 525-532.

(2) D. Parida, C.A. Serra, R. Ibarra Gomez, D.K.rgaY. Hoarau, M. Bouquey and R,
Muller, Atom Transfer Radical Polymerization in tonous-microflow: effect of process

parameters, J. Flow Chem., submitted
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4.1. Infensifying the ATRP synthesis of stafistical

copolymers by continuous micromixing flow techniques

Abstract

The impact of micromixers on copolymer’s charastés in a continuous-flow microprocess
was studied. A stainless steel coiled tube was asdtle microreactor. Several micromixers
with different working principles like bilaminatiomultilamination and impact jet, were used
to mix the reactant’s streams before entering #ector. (Co)polymers of 2-dimethyl amino
ethyl methacrylate (DMAEMA) and benzyl methacryl@eMA) were synthesized by the
atom transfer radical polymerization (ATRP) techraggwith two different compositions of
BzMA (20% and 40%). A faster polymerization rates whserved in case of microprocess, as
compared to batch process, highlighting the inhetatensification nature of microfluidic-
assisted processes. Despite equal conversion fer thinee micromixers, a remarkable
difference in molecular weight was observed. Thghést molecular weights with lowest
polydispersity indices (PDIs) were obtained whem iiultilamination micromixer was used,
while the bilamination gave polymers with high P@isd low molecular weights. Diffusion
constraints arising from the increase in viscositgis clearly visible for highest residence
times in the microreactor, resulting in a deviatiohmolecular weight from the theoretical

value.

KEYWORDS

ATRP, continuous-flow, microreactor; micromixer podymer.
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4.1.1 Introduction

Functional polymers have interesting properties famdl numerous applications in different
fields. Linear polymers find applications, like péssants and surfactahtsand complex
counter parts like branched and crosslinked, fiselsue.g., in drug delivery, enzyme support
and biomolecular transpott. Controlled radical polymerization techniques aigely used to
synthesize architecture-controlled polymers. Howgeteeir properties strongly rely on the
control of the polymerization reaction to get tdegke composition and architecture. The
benefits of controlled radical polymerization am@t fully exploited in present conventional
reactors, because of a large mixing time and bteaxberature profile.

In order to maximize the benefits of controlled icatl polymerization, microreaction
technology is considered as an alternative. Efficitneat and mass transfers give
microreaction technology an edge over conventipnatesses, and opened a new dimension
in the field of fine chemical synthesis, pharmagmls and polymer chemistry. Efficient heat
and mass transfers allow controlled handling oftlesionic and endothermic reactions.
However, polymer synthesis in microfluidic deviassstill in its infancy and faces some
challenges, like continuously changing reactiondittons with time and a high viscosity,
which limit the equal flow distribution inside thmicroreactof. This inhomogeneity can
significantly neutralize the benefits of a micrarea. In spite of these challenging conditions,
research is still going on to exploit the benefifs microsystem$?® It is observed that
microsystems have a pronounced impact on polyntesizaprocesses and polymer
characteristic®*? Different polymerization techniques have been méyeinvestigated in
microreactors, including controlled radical polyimations to synthesize polymers starting
from the simplest architecture as linear, to complechitectures such as hyperbranched.

In chemical reactions, mixing of reactants is apontant step and is usually achieved by
diffusion in microreactors. However, fast reactioegjuire fast mixing to operate at their
kinetic limit, instead of being diffusion controlle This led to the development of
micromixers having mixing capabilities ranging framconds to milliseconds. Faster mixing
leads to reduced reaction times, and thereby ctedmamistry, since unwanted side reactions
and terminations are suppressed. A variety of miexers working on different principles are
available'®?! Being an integral part of a microreaction setuqgytcan have a significant
impact on reaction and polymer properties. To tast mf our knowledge, the synthesis of
statistical (co)polymers and the impact of différencromixers on polymerization have not

been reported in the literature, especially polyration reactions considered as “slow”, like
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atom transfer radical polymerization (ATRP), in qmarison with free radical or ionic
polymerization reactions. In an attempt to fill shépace, we investigated the effect of
different micromixers, namely a T-Junction, an idigital multilamination (HPIMM) and an
impact jet (KM) micromixers, on the ATRP synthesisd properties of copolymers. 2-
(dimethylamino) ethyl methacrylate (DMAEMA) and laghmethacrylate (BzMA) were used
in this study. DMAEMA and its (co)polymers are wktown for thermal and pH response

22-25

behavior, while BzMA can undergo hydrogenolysis after polyin&tion to give desired

acidic residué® The functional behavior of these polymers makesntisuitable for different

biomedical applications, like drug / gene transfieprotein transport?®%’

4.1.2 Materials and methods

l. List of materials is given in Chapter 3 section.B.1

Il. Description of setup is provided in Chapter 3 sat8.3.

[ll.  Polymerization in batch reactor is given in Chapdessection 3.2.2 while
reservoir compositions are presented in Table 3.2.

IV.  Continuous-flow reactor detailed procedure is girehapter 3 section 3.3.5
while reservoir compositions and flow rates arespréed Table 3.5 and Table
3.6 respectively.

V. Purification of the samples is detailed in Chagteection 3.4.1.

VI.  Characterization methods includld NMR (Chapter 3 section 3.4.1.2.), GPC
(Chapter 3 section 3.4.2.) and rheological measenésn(Chapter 3 section
3.4.3))

4.1.3 Results and discussion

Statistical copolymers of DMAEMA and BzMA, with 20%nd 40% BzMA composition,

were synthesized in batch and continuous-microfteactors. Polymerization conditions in
microreactors were maintained the same. The flaasraere varied to get the required molar
ratios and residence time. It was observed thatteviea the micromixer employed, the
polymerization rate in the case of the microreadrigher than for the batch reactor (Figure
4.1). Synergy of efficient heat transfer and enkdndiffusion in microscale, even at high
viscosity, can be seen as a remarkable increasenwversion. Indeed the conversion of both
comonomers was higher by 31 to 35 points at aeaseltime of 4 h. One can notice that, for

the longest residence time investigated, theretisiuch difference in the final conversion of
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the comonomers, whatever the micromixer employdis $uggests that the final conversion
is independent of the initial quality of the mixirsg the entrance of the microreactor, but
depends rather on the time available for diffusidowever, the copolymer characteristics
will be quite different, as seen in the followingcsion. A change in composition of BzZMA in
the inlet stream has no significant impact on cosie@ of DMAEMA and BzMA in the
continuous-microflow process. However, in batch yp@rization, an increase in the
conversion of both comonomers is observed, withnarease in the composition of BzZMA
(Figure 4.1). Since the composition of the copolggrfellows the initial composition of the
comonomers in the polymerizing solution (Tabled#&hd 4.S12), indicating reactivity ratios
close to one, the observed increase in conversfothe comonomers might result from
concentration gradients in the batch reactor.
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Figure 4.1.Conversion of monomers (%) with time for DMAEMA) @nd BzMA (b).
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To have a better understanding of the effect of romixers on macromolecular
characteristics, molecular weights were determih@érestingly, it was found that, even at 5
min of residence time, the molecular weights oladiby different micromixers and batch
processes were different, and that they were agdhimga distinctive order (Figure 4.2); batch
process gave the lowest molecular weight while HIR#MM micromixer gave the highest.
Among the micromixers, the lowest molecular weiglgs obtained when T-junction was
used as a micromixer. This may be attributed ta jpabal mixing achieved by bilamination,
which is also highlighted by the highest PDI (Figdr2).
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Figure 4.2.Evolution of molecular weight (Mn) with time.

The effect of initial inhomogeneity becomes morempinent as the polymerization time
increases. The slow increase in molecular weightlm attributed to poor mixing, whereas
better mixing results in a faster increase of maicweight, as in the case of HPIMM. More
insight into polymerization and the behavior ofypoérizing solutions inside a microreactor
can be seen from Figure 4.3.
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Figure 4.3.Comparison of theoretical and experimental mokcweights for 20% BzMA
(a) and 40% BzMA (b) composition.
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Figure 4.4.GPC traces of DMAEMA-BzMA statistical copolymermshesized in the

continuous-microflow reactor at 4 h residence tig(a) and 40 mol.% BzMA (b)

composition.
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It can be observed that for both BzZMA compositigd8% and 40%) and for low overall
comonomer conversion (< 50%), evolution of molecwi@ight for batch and continuous-
microflow reactors follows the predictable thearatli behavior. However after 1 h of
residence time, corresponding to comonomer cororersi50% ( Figure 4.3), the difference
between theoretical and experimental molecular ktegjgvaluated on non purified samples)
starts to increase for both processes. It is &lsdine after which PDIs of copolymers start to
increase (Figure 4.5). It is worth noting that afteresidence time of 1 h, the availability of
monomer diminishes and the viscosity of the solutiwreases significantly, which may lead
to poor growth of macromolecular chains and unwaigemination. Therefore, a deviation in
growth from the theoretical molecular weight towsardower values is observed.
Amplification of inhomogeneity was also clearlyibie in GPC traces. For both compositions
(20% and 40% BzMA), a shoulder starts to appe&@RC traces at a residence time of 2 h for
the continuous-microflow reactor equipped with fhgunction mixer (Figure 4.SI1) and
becomes more pronounced at 4 h residence timethEdKM mixer, a similar shoulder also
appears, but seems to be delayed in comparisornthatii-junction, i.e., at 4 h residence time
(Figure 4.4). This shoulder indicates the preseasfceopolymers with a bimodal molecular
weight distribution, which may arise from polymettion in two different phases; presumably
the copolymer viscous solution and the less visammsonomers phase. However, a smooth
GPC trace for the HPIMM mixer indicates an effitiemomogenization during

polymerization.
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Figure 4.5.Plot for PDI vs. Mn of P(DMAEMA-co-BzMA) statistal copolymers.

PDI is an important characteristic parameter tdowlthe course of the polymerization
reaction, and also gives an indication of the degfecontrol over the process. Initial PDlIs, in
the case of continuous-microflow polymerizationrevalmost the same whatever the BzMA
composition (Figure 4.5). As a general trend, PDlgease with molecular weight (i.e.,
polymerization time) for the 20% BzMA compositicgxcept for the continuous-microflow
reactor equipped with the HPIMM mixer (Figure 4.5Bpr the latter, one can observe a
decrease in the PDI, followed by an increase pafi0D g/mol. Moreover, this micromixer
induces the smallest PDIs, especially at high mdégonveights. An initial higher PDI may
arise from the higher flow rate, which reducesttimee availability for diffusion of molecules.
As a result, the residence time distribution (RT&ects the laminar flow profile and induces
a broadening of the molecular weight distributi@dfith an increase in the residence time (the
microreactor length was kept constant), the timailable for diffusion was increased, and
therefore, better homogenization is expected. Taisbe seen as a decrease in the PDI with
an increase in polymerization time (Figure 4.5)widger, after 1 h of residence time, larger
macromolecular sizes and an increased viscositycedh more pronounced resistance for
diffusion. Indeed, rheological measurements (Figu&i2) showed a 100-fold increase in the
viscosity of the reactive solution between 5 miml dnh residence time. Reduced diffusion
results in an unequal growth of macromolecular rhaleading to an increase in PDIs of
copolymers. Such phenomenon is not very distinthécase of mixers, like T-Junction and
KM. Improper mixing obtained by these last two nigat initial stage results in an uneven
initiation of polymer chain, which remains dominaver mixing inside the microreactor, by

pure mass diffusion.
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4.1.4 Summary

The synthesis of statistical copolymers of DMAEMAdaBzMA was investigated in batch
and continuous-microflow reactors. Process interadibn is a feature of microreaction
technology, which is clearly demonstrated in teohkigher overall conversion of monomers
(+ 35 %), higher molecular weights (+8000 g/molyidower PDIs. The effect of different
micromixer working principles on polymerization wasvestigated and it was found that
polymerization in a microreactor is better contdliwhen a multilamination mixer (HPIMM)
is used to mix reactants streams prior to entetimggreactor. The HPIMM was found to
impart better mixing as compared to an impactldl) or bilamination (T-Junction) mixer. It
was also observed that initial inhomogeneity getapldied with increase in the
polymerization time, which is more pronounced idunction, as seen by the presence of a
shoulder in the GPC traces. For the batch reactdrtlae continuous-flow reactor, whatever
micromixer was used, deviation in molecular weiffoin the theoretical molecular weight
towards the lower side, and an increase in PDI dfte of residence time, indicates that the
viscosity of the reactive medium inside the reasignificantly affected the polymerization.
However, the microreactor equipped with the HPIMIMwaed adhering more closely to ideal
conditions (theoretical values). Thus it was denrasd that even a “slow” reaction like an
ATRP polymerization reaction can be accelerateaifogintly by means of micromixing,
since a given comonomer conversion is obtainegpraximately half the time required for a
batch process, leading to an overall productivityicé as great. Moreover polymer

characteristics can be improved in terms of highelecular weights and lower PDIs.

This section highlights the influence of tubulaied microreactors on reaction rate of ATRP
compared to conventional labscale batch reactorloat pressure (1-1.5 bars) and mild
temperature (60°C). It indicates that a poor premgx can neutralize the benefit of
microscale by affecting the macromolecular charastes negatively while an intimate
mixing (HPIMM) leads to a significant acceleratioof the reaction. Considering the
superiority of microreactors in terms of short ddfon pathways and heat management, some
harsh reaction conditions like high temperaturesl &igh pressures were investigated in the

following section to enhance further the reactiaterof ATRP.
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4.1.5.1 Polymer characteristics

4.1.5 Supporting Information

Table 4.SI 1.Polymer characteristics at 1 hour polymerizatioret

Sample Conversion (%) Mn Mn°® PDI¢ Composition®
DMAEMA 2 BZMAP (Theo.)  (g/mol.)  (Mw/Mn) (BzMA mol. %)
20% 44.75 41 14315 11095 1.62 19.8
Batch
40% 45.2 48 15208 13457 1.55 41.5
HPIM 20% 55.55 61.8 18523 17210 1.50 19.5
M 40% 59.5 64.9 19705 18847 1.54 40.6
KM 20% 60 65.7 19923 15181 1.62 21.2
40% 62 65 20170 16584 1.61 41.0
20% 58.5 64.5 19135 13442 1.7 18.7
™ 40% 58 64.9 19160 15882 1.64 39.5

3D 'Determinecby 'H NMR
¢ dpDeterminecby GPC

Table 4.S1 2.Polymer characteristics at 4 hours polymerizatioe.

Feed

Conversion (%)

Micro BZMA Mn Mn® PDI® Composition®
mixer ~ cOmMposition DMAEMA 2 BzvaP  (Theo) (g/mol) (Mw/Mn)  (BzMA mol. %)
(mol.%)
20 53 53.5 16664 15465 1.65 19.8
Batch
40 57 59 18697 16134 1.59 42.5
HPIM 20 84 85.3 27315 22438 1.64 20.5
M 40 85 87.5 27456 22913 1.58 40.8
KM 20 86 89 28149 20235 1.67 19.0
40 88 89 28744 22348 1.72 40.0
T3 20 86.5 87 28235 17806 1.76 18.5
40 86.5 87 28228 18880 1.75 38.5

3D 'Determinecby 'H NMR
¢ dDeterminecby GPC

104



Chapter 4. Effect of premixing and operating parameters on reaction rate

4.1.5.2 Monitoring of polymerization by GPC

Polymer samples were collected at different polyma¢ion time and analysed by Gel
Permeation Chromatography (GPC). When GPC tracd#fefent polymerization times and
different micromixers are compared, effect of mmning is clearly visible. Negative impact
of poor mixing on polymerization in microreactorabserved in case of T-Junction and KM

mixers where a bimodal distribution in molecularigin is to be seen.

20%

LU

1 hour
30 min.
15 min
S min.

4 hour k N .
.1 | \
2 hour Jk X

HPIMM

Figure 4.S1 1 GPC traces for 20% (a) and 40% (b) BzMA compositt different residence

times and for the three micromixers employed.

4.1.5.3 Rheological characterization

Unpurified samples of polymer solutions obtainednirthe continuous-flow microprocess
equipped with HPIMM after 5 min, 1 hr and 4 hrsideace times were analyzed by
dynamical mechanical analysis in a cone and pltetemeter. It is observed a shear thinning

for all three samples tested as the viscosity @adsing with an increase in the shear rate.
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However, the shear thinning seems to be more praembiwhen the residence time increases,

i.e. when the molecular weight is higher. Thus sheples clearly exhibit a non-newtonian

behaviour. Since among the three micromixers ingattd, HPIMM gave the highest

molecular weights, it is expected that the sheamthg will be less pronounced for the T-

junction and KM mixer.
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—=—60 min

—— 240 min
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Figure 4.S1 2. Viscosity of crude polymer solution under shdses rate.

Note: increase in viscosity with decreasing sheaatds zero (0) is an experimental artefact.
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4.2. Afom Transfer Radical Polymerization in

continuous-microflow: effect of process parameters

Abstract

We report on the synthesis of 2—(dimethylamino)etigghacrylate by Atom Transfer Radical
Polymerization in tubular microreactors. Differerpirocess parameters, temperature,
pressure and shear rate, were considered to acaeddhe reaction. Increase in temperature
induced a faster reaction but controlled natureAdiRP decreased past a threshold value that
can be increased up to 95°C by reducing the residdime. Positive effect of pressure was
observed since significant increases in monomevemon (+12.5%) and molecular weight
(+5,000 g/mol) were obtained. Moreover polydispgrsndex was found to decrease from
1.52 at normal pressure to 1.44 at 100 bars. Beméfpressure was more visible in smaller
reaction space (smaller tube diameter). Finallyaheate has quite an influence on the early
stage of the polymerization and is expressed bynarease in the reaction rate. However

effect was dimed for long residence times.

KEYWORDS

ATRP, microreactors, high pressure polymerization
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4.2.1 Introduction

Demand for narrow molecular weight distributionsrg with controlled architectures (e.g.
block, branched) in free radical polymerizationgygered the development of different
controlled radical polymerization techniques liktroxide mediated polymerization (NMP),
atom transfer radical polymerization (ATRP) andemsible addition fragmentation technique
(RAFT). These techniques of polymerization rely the dynamic equilibrium between
propagating radicals and dormant species therefygasing the life of a growing chain from
seconds to hours and making the reaction sloweausec of intermittent activation and
deactivation processésHowever, fast controlled radial polymerizationse astill highly
desirable not only for throughput concerns but &scenergy consumption and reduction of
equipment size.

Recent findings show potentials of microreactorsday out polymerization in a controlled
way?? High interface and heat exchange surface per w@lunit are the key factors for fast
mixing and efficient heat transfers respectivelje3e features of microreactors, in contrast to
labscale or large scale reactors provide a betiatr@ from the beginning of reaction to
achieve controlled macromolecular characterigtic€fficient heat management and short
diffusion pathways in microreactors unleash thesfimigty to carry out the reaction at new
operating windows. Thus it was found that aniorotymerization can be operated at room or
even moderate temperatures compared to conventi@ngbgenic temperatures in
macroscalé®*® Controlled radical polymerization techniques in roieactors are not new
and were reported by many auth®t$?° However, accelerating these polymerization
processes in microreactor without sacrificing tleantrolled characteristics was surprisingly
less studied. Recent findings suggest controllekicah polymerizations (RAFT and ATRP)
can be accelerated significantly by microreactbiEhese findings rely purely on the primary
characteristic of microreactor (i.e. high surfacevblume ratio). On the other hand, when a
batch polymerization is transferred to a continupe$ymerization in microreactor, some
additional process parameters like pressure, sha@r comes into picture, which can
significantly influence polymerization and polymeharacteristicsln the short history of
polymerization in microreactors, effects of thesgameters on polymerization were never
studied thoroughly. Though, effect of pressure wasdied extensively in macro/batch
reactor§’ and significant acceleration of controlled radipalymerizations was observed.
However, these studies were performed under a higty pressure of 2000-6000 b&rg®

Need of specialised equipments and limited reactmome limits the applicability of such
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high pressure reaction of controlled radical polsimaion other than research and academic
purpose. Following the intuition and to bridge thap, effect of temperature, pressure (range
of 100 bars) and shear rate on ATRP of DMAEMA ircrareactor are reported in this article.
To the best of our knowledge, such studies conegrATRP in microreacctor have never

been reported before.
4.2.2 Materials and methods

l. List of materials is given in Chapter 3 section.B.1

Il. Description of setup is provided in Chapter 3 set8.3.

l. Continuous-flow polymerization detailed proceduee given in Chapter 3
section 3.3.5 while reservoir compositions and fi@ates are presented Table
3.7 and Tables 3.8 & 3.9 respectively.

[ll.  Procedures for high pressure reaction and reactitim high shear rate are
given in Chapter 3 section 3.3.6 and 3.3.7 respalgti

IV.  Characterization methods includel NMR (Chapter 3 section 3.4.1.2) and
GPC (Chapter 3 section 3.4.2).

4.2.3 Results and discussion

4.2.3.1 Effect of temperature on polymerization in microreactor

It is well known that temperature has an accelegagéffect on polymerization. On the other
hand termination rate also increases with temperatesulting polymer with broader
molecular weight distribution. If the diffusion afonomer towards the growing chain can be
facilitated to decrease termination, then significacceleration can be achieved with a
controlled way. Known for diffusion driven mixingpability, microreactors have potentials
for such requirements. Microreactors allow broadection temperature selection as they can
operate at higher temperatures owing to the laumgace to volume ratio which guarantee
nearly isothermal conditions. Considering theséutes, kinetics of ATRP of DMAEMA was
studied in a microreactor at different temperatuRedymerization rate increased significantly
with temperature as shown in Figure 4.6 and Figu&d 6. Molecular weight of polymer
obtained are very close to the theoretical valoes0 °C and 75 °C indicating controlled
characteristics of polymerization. However, diffeze between theoretical and experimental
Mn starts to appear at polymerization temperat&ré@and 95 °C after 30 minute residence

time. More insight about the polymerization wasnsednen PDIs (Figure 4.6) obtained for
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different polymerization temperatures were compar8dnificant increase in PDI was
observed after 30 minutes of residence time, &t pmymerization temperatures (i.e. 85 °C
and 95 °C) indicating uncontrolled reaction. Dontilmg transfer reactions and auto initiation
may be responsible for such uncontrolled behavafuATRP. Considering the controlled
characteristic and faster polymerization, 75 °C alagsen as the polymerization temperature
for further investigations. However, for moleculaeights around 15000 g/mol, higher
temperature seems to be a good alternative adutes the polymerization time significantly
(Figure 4.6 and Figure 4.Sl 6), without sacrificthg controlled nature of ATRP.
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Figure 4.6.Evolution of molecular weight (Mn, filled symbolahd PDI (empty symbols)

with conversion at different temperatures.

4.2.3.2 Effect of pressure

Increase in conversion and molecular weight wa®mesl with increase in pressure from 1
bar to 50 bars at different residence times as showigure 4.7 and 4.8. Mn/Conversion plot
shown in Figure 4.8 indicates a controlled polyretion as the Mn obtained by GPC lies
close to theoretical values. A significant increaseonversion can be attributed partially to
increased propagation rate constant with presSutecreased density of polymerizing
solution with application of pressure can be anottaetor for increased conversion in
microreactor. In literature enough evidences arailavle indicating increased density of
liquid and polymer solution with pressufe®® As the polymerization was carried out in a
continuous-flow microreactor, increased densityarngressure leads to reduced volumetric
flow rate which results in higher residence timbant the set ones. Therefore increased
polymerization rate cannot be only due to one et¢htwo factors solely but rather is due to

the synergistic effect of both. Furthermore unexgedDI reduction was observed as shown
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in Figure 4.8 and table 1 (entry 2 and 9 respelgfivand may be explained by a decrease in
the termination rate under higher pressites.
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Figure 4.7.Conversion of DMAEMA under different polymerizatipressures in a

microreactor of 810 um internal diameter and 3 nsdength.
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Figure 4.8.Effect of pressure on molecular weight (Mn, fillegmbols) and PDI.

In order to have a clear idea about impact of presen polymerization in micro dimension,
polymerization was carried out in microreactors5@6, 876 and 1753um internal diameter.
As shown in Figure 4.9, conversions obtained atal were nearly same for all three
diameters. Interestingly, an increase in conversidthh pressure was observed for all 3
reactors but followed distinct paths. Moreover, latgau at high pressure indicates a non
linear relationship between pressure and conveir@othe studied range). This means that a

significant increase in pressure is required tadase the conversion further. Evolution in
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molecular weight (Mn) with pressure (Figure 4.16)dwed the same trend as conversion.
Higher propagation rates at higher pressures ifjuoection with favourable diffusion of
monomer in smaller diameter microreactor resultea faster kinetics.
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Figure 4.9.Plot showing the effect of pressure on monomewersion for different

microreactor diameters at a polymerization timé abur.

In contrast, under similar conditions, longer diffan times in larger diameter microreactors
reduce conversion while PDI decreases with pressua#l micro reactors. However, higher
PDI was obtained in larger diameter reactors prigbaie to longer diffusion paths as
diameter increases. These observations suggestptiginerization can be significantly

accelerated, + 12.5% increase in conversion withimour with moderate increase in pressure
from 1 bar to 100 bars.
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Figure 4.10.Plot showing effect of pressure on molecular we{tyin, filled symbols) and
PDI (empty symbols) for different microreactor disters and for 1 hour residence time.
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4.2.3.3 Effect of shear rate on polymerization

In a tubular geometry, the inner wall surface ttuwee ratio is inversely proportional to the
inner tube radius. Thus tubular microreactors aegacterized by a much higher wall surface
per volume unit than their macroscale counterp@.s there is a factor of 8 between 1/16”
and 1/2” tubes). Therefore a good portion of thedflflowing in a tubular microreactor
experiences the shear at the wall which may, unhkbkigger tubes, affect significantly the
overall polymer characteristics (molecular weigfDIl). Indeed wall shear inside a
microreactor can not only alter mixing but may alsbange the conformation of
macromolecule’ Elongated conformation of a growing polymer chean make the reacting
site more accessible for reaction than a coiledararation. This condition can enhance the
reaction rate as well as the control over the pelymation. Shear rate was changed by
increasing the length of reactor while keeping tbgidence time constant and was varied
from 3.81 to 547.7 Sfor 3 m length / 2 hours residence time and 18ngth / 5 minutes
residence time respectively (Table 4.1 and suppgpitiformation for detailed calculations).
Increase in conversion was observed (Figure 4.1th) an increase in reactor length (i.e. an
increase in shear rate). However, when the resal¢ince increases, the relative gain in
conversion for the longest reactor length diminssh&heological measurements were
conducted to determine the intrinsic viscosity bé treactive solution for the following
residence times 5 min, 15 min, 30 min and 2 hrs ¢sgporting information for detail). From
the obtained values, the product of concentraiimes intrinsic viscosity was found superior
to 1 for residence times above 5 min. It can beckmled that the polymerization operates in
the dilute regime up to 5 minutes and then in #raidiluted regimé® 3 This last regime is
characterized by an overlapping of the hydrodynaspiceres of individual macromolecules
while in the dilute regime there are no interacsiambetween polymer chains. Therefore the
following explanation can be drawn and is quahtlly summarized in Figure 4.12. This
figure shows the conformation of polymer chains wiige residence time increases (i.e. for
different monomer conversions) and when the lenfthe reactor is increased (i.e. for higher
shear rates).

At the beginning, the polymerization solution conéal a large amount of monomer (low
conversion) and thus polymer chains were quitetstiitg# mean number-average chain length
(DPn) for all 4 reactors was equal to 43 for 5 niherefore shear rate had little effect on the
polymerization kinetics and a marginal increaseanversion (+4 points) was observed at the

lowest residence time (5 min). For 15 min residetiice, molecular weight was increased
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(average DPn = 71) and chains adopted a coilecbooation which under shear tend to be
elongated as reported by numerical studfiéFollowing our aforementioned discussion, it
resulted in an increase in conversion, +10 % ferltdmgest reactor in comparison with the
shortest one. This result is in agreement with finelings of Agarwal et al. during
polymerization of (poly g-phenylene terephthalamidéf).When the residence time was
further increased, the gain in conversion for thegkst reactor decreased and ultimately no
significant effect of shear rate was observed far highest residence time (2 hours) which
complies with similar observations madelmvesonet al® It is worthy to note that since the
flow rate was reduced to accommodate higher reseléimes, the shear rate also reduced
accordingly, thus explaining the observed behavis.shown in Figure 4.13, molecular
weight (Mn) evolution followed the same behaviomasnomer conversion for different shear
rates. However it is worthy to note that no sigrfit difference in PDI was observed between

samples polymerized at different shear rates.
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Table 4.1 Summary of monomer conversion and macromolechiaracteristics obtained at

different polymerization conditions and for diffatemicroreactor dimensions.

Reactor Reactor Temp. Pressure Shear Residence Conv. Mn

Entry length diameter (cc)  (bar) rate’ tme (%) (g/mol) PDI
(meter)  (UmM) (s7 (min.)

1 3 876 60 0.5-1 - 120 64 18860 1.53
2 3 876 75 0.5-1 15.2 30 46 13852 151
3 3 876 75 0.5-1 3.8 120 70 21242 152
4 3 876 85 0.5-1 - 30 56 15549  1.56
5 3 876 85 0.5-1 - 120 76 20610  1.69
6 3 876 95 0.5-1 - 15 52 15410 1.53
7 3 876 95 0.5-1 - 120 80 19685  1.77
8 3 876 75 50 - 60 66 19743  1.46
9 3 876 75 100 - 60 70 21300 1.44
10 3 576 75 0.5-1 - 60 61 16912  1.49
11 3 576 75 100 - 60 735 22348 142
12 3 1753 75 0.5-1 - 60 58 15350 1.58
13 3 1753 75 100 69.80 60 67 19557 1.51
14 6 876 75 0.5-1 30.44 30 465 14260 1.49
15 6 876 75 0.5-1 7.62 120 72 20975 1.0
16 9 876 75 0.5-1 45.66 30 50 14789  1.48
17 9 876 75 0.5-1 11.43 120 72 21700 151
18 18 876 75 0.5-1 91.32 30 52 15030  1.49
19 18 876 75 0.5-1 22.86 120 73 22578  1.50

* at wall

4.2.4 Summary

Continuous—microflow ATRP of 2—(dimethylamino)ethylethacrylate was carried out in
tubular microreactor and variations of temperatysegssure and reactor length were
investigated to accelerate the reaction. Highemparatures increase polymerization rate but
at the same time lead to a broadening of the miaecweight distribution because
termination reactions are also favoured. A tradecari be found considering the desired
molecular weight. For low molecular weights (upl@00 g/mol), temperatures of 95°C was
beneficial to reduce the polymerization time byuarter in comparison with 75°C while still
keeping a low PDI value (1.53 compared to 1.51)weleer, increase in PDI (from 1.51 to

1.76) was observed when molecular weights are abd960 g/mol.
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High pressure (100 bars) in microreactor was fowodaccelerate the polymerization
significantly (+12.5% in monomer conversion compiai@ 1 bar) with and additional benefit
of an improved control of the molecular weight disition (PDI reduced from 1.52 to 1.44).
However pressure affects the polymerization kisetjaite differently upon reactor diameter;
smaller diameters supporting a higher polymerisatate.

Finally effect of shear rate was visible at low ersion and molecular weights due to an
effective elongation of the polymer chains undee whear. However, past the critical
entanglement molecular weight, which depends upo® polymer concentration (i.e.
residence time), shear rate has less effect onntbeaomer conversion. Thus, it was
demonstrated that under given constraints, an ATREroprocess can be significantly
intensified by increasing the temperature and shata but above all by increasing the

pressure.
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4.2.5 Supporting Information

4.2.5.1 Rheological behaviour of polymerizing solution
4.2.5.1.1 Viscosity evolution as a function of sheate (5 min & 2 hours)

Steady state viscosity of polymerizing solution different polymerization time was
determines, It was observed that, solution rembliestonian irrespective of polymerization

time as shown in Figure 4.SI3.
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Figure 4.S1 3. Steady state shear viscosity of DMAEMA polymergsolution
at different residence time.

4.2.5.1.2 Intrinsic viscosity
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Figure 4.SI 5.Plot used to determine intrinsic viscosity of pubrizing DMAEMA at

different polymerization time.

Table 4.S1 3.Detailed calculation to determine concentrationtbnof polymerizing

DMAEMA in isopropanol at different polymerizatiomte.

Residence Dilution Ns/C

time (min.) factor C (g/L) n(Pas) ng(-) (L) [n] (L/g) [Cxn]
100% 77.51 0.00200 1.00 0.0129

5 50% 38.755 0.00145 0.45 0.0116
25% 19.377 0.00122 0.22 0.0114
0% 0.01070 0.8
100% 149.62 0.00380 2.80 0.0187

15 50% 74.81 0.00208 1.08 0.0144
25% 37.4 0.00146 0.46 0.0123
0% 0.01020 1.5
100% 205 0.00760 6.60 0.0322

30 50% 102.5 0.00350 2.50 0.0244
25% 51.25 0.00225 1.25 0.0244
0% 0.0205 4.2
100% 323 0.03300 32.00 0.0991

120 50% 161.5 0.01240 11.40 0.0706
25% 80.75 0.00670 5.70 0.0706
0 0.0563 18.2
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4.2.5.2 Effect temperature, reactor length and diameter on polymerization
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Figure 4.SI 6.Conversion of DMAEMA in 3 m length microreactorcatferent

polymerization temperatures and 1-1.5 bars.
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Table 4.SI 4. Summary of monomer conversion and macromolechiaracteristics

obtained at different polymerization conditions &oddifferent microreactor dimensions.

Reactor Reactor Temp. Pressure Shear Residence Conv. Mn
Entry length diameter  (oc) (bars)  rate Time (%) (g/mol) PDI
(meter)  (um) (sh  (min)
1 3 876 60 1-1.5 7.62 120 64 18860 1.53
2 3 876 75 1-1.5 91.2 5 18 5646 151
3 3 876 75 1-1.5 30.4 15 34 10210 1.48
4 3 876 75 1-1.5 15.2 30 46 13852 1.51
5 3 876 75 1-1.5 3.8 120 70 21242 1.52
6 3 876 85 1-1.5 30.44 30 56 15549 1.56
7 3 876 85 1-1.5 7.62 120 76 20610 1.69
8 3 876 95 1-1.5 60.88 15 52 15410 1.53
9 3 876 95 1-1.5 7.62 120 80 19685 1.77
10 3 876 75 50 15.22 60 66 19743 1.46
11 3 876 75 100 15.22 60 70 21300 1.44
12 3 576 75 0.5-1 15.22 60 61 16912 1.49
13 3 576 75 100 15.22 60 73.5 22348 1.42
14 3 1753 75 0.5-1 15.22 60 58 15350 1.58
15 3 1753 75 100 15.22 60 67 19557 1.51
16 6 876 75 1-1.5 182.64 5 21 6130 1.52
17 6 876 75 1-1.5 60.88 15 36 10897 1.48
18 6 876 75 1-1.5 30.44 30 46.5 14260 1.49
19 6 876 75 1-1.5 7.62 120 72 20975 1.50
20 9 876 75 1-1.5 273.93 5 22 6700 1.48
21 9 876 75 1-1.5 91.32 15 38 10897 1.49
22 9 876 75 1-1.5 45.66 30 50 14789 1.48
23 9 876 75 1-1.5 11.43 120 72 21700 1.51
24 18 876 75 1-1.5 547.9 5 23 8130 1.45
25 18 876 75 1-1.5 182.64 15 43 12240 1.47
26 18 876 75 1-1.5 91.32 30 52 15030 1.49
27 18 876 75 1-1.5 22.86 120 73 22578 1.50
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Preface

In the previous chapter, impact of micromixers apérating parameters on polymerization
rate was evaluated. However in a normal coiled tglaetor there is no provision of mixing
other than by diffusion. Thus the reaction tendbeadiffusion-controlled when the viscosity
increases which is mostly the case for long residdimes even for moderate concentrated
solutions. As a consequence the PDI is generallyeasing and the development of more
compact structure like branched architectures bgvement methods should be highly
impeded.

In the first section of this chapter, additionalxmg arrangements inside the reactor were
introduced in the form of flow inversion as an aife to alleviate this detrimental effect of
viscosity increase. Thus branched polymers werthegized by SCVCP adapted to ATRP in
a colil flow inverter (CFI) microreactor and thelvaracteristics compared to those obtained in
the normal coiled tube (CT) microeactor.

Due to their small dimensions, the throughput ofrorieactors is quite low. Therefore in the
second section of this chapter, their scale-up eeasidered by increasing their diameter up
to 4 mm. Special attention was paid to the tradebetween increase in throughput and

control over macromolecular characteristics.

This chapter is partially adapted from the two daling articles:

(1) D. Parida, C.A. Serra, F. Bally, D.K. Garg, Moarau, M. Bouquey and R, Muller, Coll
flow inversion as a route to control polymerizatiom microreactors, Macromolecules,
submitted.

(2) D. Parida, C.A. Serra, D.K. Garg, Y. Hoarau, Bbuquey and R, Muller, Flow inversion:
an effective means to scale-up controlled radicalymerization in tubular microreactors,

Macromol. React. Eng., submitted
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5. 1. Effect of coil flow inversion on macromolecular

characteristics

Abstract

Linear and branched polymers of 2-(dimethylamirto)eimethacrylate (PDMAEMA) were
synthesised in flow, by atom transfer radical pa@yization (ATRP) and self-condensing
vinyl copolymerization adapted to ATRP respectivielycapillary type stainless steel coiled
tube (CT) microreactors. Colil flow inversion (Chljas introduced to achieve better mixing
and narrower residence time distributions durindymeerization. This strategy was adopted
to improve control over macromolecular charactadst and polymer architecture.

Polydispersity index (PDI), as an overall indicatof control over polymerization, was
significantly lower for CFl in case of linear PDMMA. For branched polymers containing
up to 10 mol. % of inimer, a reduced PDI was albtamed for this microreactor. As for the

branching efficiency, it was found to follow thédwing trend CFI > CT > batch reactor.

KEYWORDS

Intensification, polymerization, process, microteacATRP
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5.1.1 Introduction

Application of microreaction technology in polymsynthesis dates back roughly to one
decadé. However, it has showed enormous potentials toymegolymers with well defined
characteristics. Microdevices derive these potenfram their high surface to volume ratio,
small diffusion pathways and large interfacial arednich give them the ability to overcome
heat transfer and mixing limitations often encouedein their macroscale counterparts. Thus
microreactors and micromixers were found to be el@sof choice when comes the need to
increase the control of macromolecular charactesiét Polymerization reactions carried out
in microreactors showed improved control over dethiure and chemical compositidh.
Their high surface to volume ratio allowed consmigmew operating windows like higher
temperatures, which permitted for instance to catyextremely exothermic reactions (ionic
polymerizations) at much more convenient conditiofison-cryogenicy:*? Slower
polymerization reactions like Nitroxide Mediated lypuerization (NMP), Atom Transfer
Radical Polymerization (ATRP) or reversible additipagmentation chain transfer (RAFT)
were also investigated in microreactors and undegaim conditions found to be significantly
accelerated*°

In spite of all these benefits and since mixingamtinuous-flow microchannel- or capillary-
based microreactors is mainly governed by masasiih, increased viscosity and diminished
monomer concentration at higher conversion cangerigfor (controlled) radical
polymerizations unwanted termination reactions lteguin increased PDIs as discussed in
last chapter. Increasing solvent content is ortb@fpossible strategies to overcome diffusion
limitations as the increase in viscosity could ba&intained low. However, such strategy will
affect the throughput of microreactor negativelyofher strategy suggested in literature was
the use of patterned microreactors to enhance miximside microreactor during
polymerization. However, fabrication of such patest microreactors are not only difficult
but also expensiv¥. Therefore, a simpler and robust alternative néede explored in order
to expand the applicability of microreactors aslwslto improve polymer quality. As a part
of this effort to achieve a better control overypoérization in microreactor when the reactive
medium viscosity is increasing, flow inversion teifue in capillary-based microreactor was
considered in this study and its effect on polyaegron kinetics and polymer characteristics
of both linear and branched polymers investigafdthough the concept of flow inversion is
not new in chemical engineering, it has been omyestigated as heat exchanger in

macroscale devicé$®® Thus, effect of flow inversion has never been expentally
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investigated in micro geometry for homogeneous melyzation reactions, although
numerical studies have emphasized their benefit sivaight tubular reactdf.

5.1.2 Materials and methods

VI.

List of materials is given in Chapter 3 senti1.1.

Description of setup is provided in Chapter 3 sat8.3.

Polymerization in batch reactor is given in ChapBesection 3.2.3 while
reservoir compositions are presented in Table 3.1

Continuous-flow reactor detailed procedure is giweChapter 3 section 3.3.5
while reserevoir compositions and flow rates aespnted Table 3.7 and Table
3.8 respectively.

Purification of the samples is detailed in Chagteection 3.4.1.
Characterization methods include NMR (Chapter 3 section 3.4.1.2), GPC
(Chapter 3 section 3.4.2).

5.1.3 Results and discussions

5.1.3.1 Linear polymer synthesis

Increase in viscosity during polymerization in noi@actor limits the diffusion of reacting

species, resulting in a poor control over polynedran especially at high monomer

conversions. To overcome such limitation and redresidence time distribution inside

microreactor, alternative like flow inversion wamneidered. A marginal increase (~3-5 %) in

monomer conversion was observed in case of CFlamgactor compared to CT (Figure 5.1).
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Figure 5.1.Plot showing the effect of microreactor geomeitnyconversion of DMAEMA.
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Due to presence of 90° bends in microreactor, tiimeof flow changes after given interval,
which brings the growing chains near the wall ® ¢lentre and vice vers&A reactor having
such characteristics will not only improve mixingrishg flow but also will reduce residence
time distribution (RTD) in the reactor. Improvedxinig reduces concentration gradients and
allows polymer chains growing equally throughowt tangth of microreactor. On the other
hand, reduced RTD ensures equal residence timeot#cmies inside the reactor which is a
prerequisite in controlled radical polymerizatidos producing macromolecules with narrow
chain length distributions. Polymers synthesize@ were found to have higher molecular
weights (Mn), up to +2,000 g/mol compared to CTg(ffe 5.2). Gain in Mn was observed at
each residence time (Figure 5.SI 2). Effect of iomed mixing and narrow RTD was evident
from reduced polydisersity index (PDI) as showifrigure 3 and entry 1, 2 of Table 5.1.
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Figure 5.1.Evolution of molecular weight (Mn, filled symbolahd PDI (empty symbols)

with respect to monomer conversion for differentmieactor geometries.

5.1.3.2 Branched polymer synthesis

More clear evidences about mixing and its effecbmanched polymerization were obtained
during polymerization in different reactors, i.at¢h, CT and CFI. Elution traces (Figure 5.3)
of batch branched polymerization with 5 mol. % iemndicates a rapid disappearance of the
peak corresponding to inimer for 1 hr polymerizatione. This suggests major portion of
BIEM (inimer) molecules has reacted, either as aonwer or as an initiator. Frofd NMR
analysis, it was found that 56% (Figure 5.4) of BIEholecules had their double bond reacted
meaning that inimer was incorporated into a gronéhgin as a monomer. Thus, it can be
concluded with the support of NMR spectra (see supyg information) that a significant

proportion of the inimer (44%) has acted like atiator. This explains the appearance of a
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broad peak at low molecular weights region of eltiraces at 1 hr polymerization time
corresponding to the formation of oligomers ingdtby BIEM molecules and having a
double bond at one chain ends. These oligomerdeaonsidered as a macromonomer but
their incorporation in the main branched structwik be impeded by steric hindrance and

slow diffusion coefficient.

=' —> |nimer

DMAEMA

Monomer (DMAEMA)

Elution time (min.)

Figure 5.2. GPC elution traces of branched polymers obtairfited & minutes to 2

hours in a batch reactor.

It is worthy to note that the initial consumpticate of BIEM double bond (as determined by
'H NMR) is higher than that of DMAEMA irrespectivé eactor type (Figure 5.4) and that
for long polymerization times (after 30 min) thate somehow diminishes and become lower
than for DMAEMA. Thus this decrease in rate mayaseribed for the formation of these
macromonomers. In such condition, mixing can aftaetpolymerization and architecture of
the branched polymer. Easy and faster diffusioneimges the probability of macromonomers
to react with a growing branched chain. On the sfppslow diffusion will make oligomers
growing as a separate chain and results in lowerage molecular weight polymers and
higher polydispersity. This argument was suppotigdrigure 5.SI 1 where conversion of
inimer at any time in CFl was higher than the cossvm achieved in batch reactor. As a
result, the molecular weight of branched polymerglsesized in microreactors is higher at a
given polymerization time as shown in Figure 5.5iother consequence is the lower
proportion of macromonomer/oligomers for CT and @3$lIseen in the GPC traces of Figure

5.6a where the peak at low molecular weights igllgasisible. The overall consequence is a
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reduced PDI for these two microreactors (Figure).5l6is worthy to mention that this
observation remains valid for higher BIEM compasiti(i.e. 10 mol.% inimer, Figure 5.6b

and Table 5.1). Note that higher molecular weigitserved in microreactors result also from
higher DMAEMA conversions (Figure 5.4 and Tablel3d.5
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Figure 5.3.Conversions of DMAEMA and BIEM in batch (a), CT) @nd CFI (c) at different

polymerization times.
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Table 5.1.Summary of linear and branched PDMAEMA charactiesssynthesised after 2

hours in different reactors.

Mol.% Reactor Mn Mw g, MW waLs Mw g, Unreacted
BNy BiEM  type  (gimo) PP' (g/imole) (gimole) mw .. C=C (%)*

1 0 CT 21042 154 32404 - - -
2 0 CFl 22574 140 31603 - - -
3 5 Batch 3156 248 8172 9150 0.86 27.4
4 5 CT 3477 235 8170 10770 0.75 23.4
5 5 CFl 3618 220 8140 11770 0.69 20.6
6 10  Batch 1814 28 5124 8836 0.58 18.1
7 10 CT 2100 256 5220 10004 0.52 15.4
8 10 CFl 2218 250 5567 12160 0.46 14.1

"Mw g and Mwy, s are the weight-average molecular weights obtaineebactive index (RI)
or by multi angle light scattering (MALS) detector

“determined byH NMR
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of molecular weight (Mn, filled symbolahd PDI (empty symbols)

with time in different reactors.

is provided by the first-adplot of polymerization (Figure 5.7). At

polymerization (5 min), toatinuous-flow mode (irrespective of the

geometry of the tubular microreactor, CFl or CTrprpotes an efficient initiation though the

concentration of initiating species{ls same for all reactors. Later on (after 5 minjl &or

each reactor, the downward curvature indicates @edse in the propagating species

concentration. However a clear trend is to be sedretween the three reactors; CFl leading

always to the highest conversion index while thdclbareactor exhibits the lowest.
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Furthermore the discrepancy between batch and sual®e reactors is getting higher as the
polymerization time increases. This discrepancyginates from a slower diffusion of
chemical species in batch reactor while a shortlfusibn pathway (small diameter) and
effect of 90° bends for the CFI enhanced diffusidrspecies as discussed in section relative

to linear polymers.
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Figure 5.5.GPC traces of branched polymers synthesized ferdift reactor at 5 mol. % (a)

and 10 mol. % (b) of BIEM composition, after 2 h®@of polymerization time.

Moreover incorporation of inimer into a growing ahanay result in a branching point. One
can define an apparent branching efficiency defaedhe percentage of BIEM incorporated
in the branched structure. Thus this parametemglg calculated from the complement of
the percentage of unreacted BIEM C=C bonds as sgemMMR analysis (Table 5.1).
Unfortunately NMR analysis on purified polymer cahdiscriminate among the incorporated
inimers which has led to a branching point. Raetween Mw as determined by refractive
index detector (Rl) and Mw determined by multi andjght scattering detector (MALS)
(Mw r/Mw waLs) Was used as a qualitative indicator of brancleifiigiency?” and is listed in
Table 1 for investigated conditions. Interestingliiatever the BIEM composition, a better
branched structure was obtained in CFI comparedther two reactors. Considering the
above observations from GPC alttl NMR analysis a simple schematic drawing is pregos
in scheme 3 to explain the main difference betwdenmechanisms of branched polymer

synthesis in batch and continuous-microflow reactor
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Figure 5.6.Overall monomer conversion (DMAEMA+BIEM) with resgt to the
polymerization time for different reactors.
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Scheme 5.3Schematic comparison of branched polymer synthediatch and microreactors

after 2 hours polymerization time.
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5.1.4 Summary

This work aimed at comparing different geometrids capillary-type microreactors to
highlight the effect of mixing on ATRP linear andahched synthesis. Compared to the
standard coiled tube geometry (CT), a simpler adteéve like flow inversion (CFI) was used
for the first time in microreaction to reduce thegss diffusion limitation arising from the
increased viscosity at high conversion. Thus impdomixing condition in CFl was found to
be quite effective to reduce PDI of synthesiseddmPDMAEMA. Diffusion driven mixing
and its impact on branched polymer characterisias clearly visible when polymerization in
the different microreactors were compared. Imprameimn branching efficiency from batch
to CFI microreactor showed more controlled incogbion of branching points in polymer
chain evidencing that flow inversion can be anai¥e tool to improve control over polymer

characteristics.

In this section it was demonstrated that flow iisi@n adapted to tubular microreactors is
quite an effective method to intensify the producof polymers by ATRP. However the low
productivity of microreactors is still an issue bbe addressed. Throughput can be increased
either by parallelizing several microreactors (knows the numbering-up approach) or by
increasing the dimension of the microreactor (iemove towards milliscale geometry). In
the first alternative, the cost of multiple micractors and the multiplexing of their feed lines
may increase the investment cost significantlythim second alternative, negative effect of
viscosity will be amplified as the diffusion patlywavill increase with the size of the reactor.
Considering the demonstrated benefit of flow inegrsat microscale, one may ask if this
benefit still holds for milliscale geometries. Thims the next section, the microreactor
diameter will be increased till 4 mm. Macromolecutdaracteristics like number-average
molecular weight (Mn) and polydispersity index (PB$ well as monomer conversion will be
used as indicators to assess the benefits of stetlegy. Polymerization will be carried out in
both CT and CFI reactors having different interrtadbmeters. Moreover different process

parameters like steady state, pressure drop anoliginput will be studied.
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5.1.5 Supporting Information

5.1.5.1 Conversion of comonomers
Table 5.S1 1.Summary of polymerization conditions.
Time BIEM DMAEMA BIEM
Entry  Reactors (minutes) (%) conv. (%) conv. (%)
1 5 0 18 -
2 15 0 34 --
3 CT 30 0 46 --
4 60 0 56 --
5 120 0 70 --
6 5 0 22 -
7 15 0 39 -
8 CFI 30 0 50 -
9 60 0 62 -
10 120 0 73 --
11 5 5% 22 25
12 Batch 15 5% 38 40.5
13 60 5% 56 57
14 120 5% 67 64
16 5 5% 28 31
17 15 5% 44 47
18 CT 60 5% 62 59.5
19 120 5% 73 70
21 5 5% 29 33
22 15 5% 47 51
23 CFI 60 5% 66 63
24 120 5% 74.5 72
26 Batch 120 10% 71 68
27 CT 120 10% 75 72
28 CFI 120 10% 77 75
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Figure 5.S1 1. Conversion of inimer in different reactors.

5.1.5.2 Evolution of molecular weight (Mn) with time during linear PDMAEMA

synthesis
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Figure 5.S1 2.Evolution of Mn with time for CT and CFI micrordacs.
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5.1.5.3 Determination of unreacted double bonds of inimer

NMR spectra of precipitated polymers provided vhlaanformation about polymerization.
Peaks in 6.2 and 5.6 regions of Figure 5.SI3 wgedghe presence of unreacted double bond
of inimer in precipitated polymer. Presence of loyweoportion of unreacted inimer than
calculated value in batch reactor suggests lossmk fraction of polymer chains, which were
difficult to precipitate due to their low moleculareight. However, in case of microreactors

the observed values were in agreement with cakdihzlues.

«...J/ i w |

6.3 59 55 51 47

5%

:

..............

10 %

.............

Figure 5.S1 3 'H NMR spectra of precipitated PDMAEMA showing thegence of
unreacted double bond of inimer for two differenEBI composition (5% and 10%) and for a

batch reactor at a polymerization time of 2 hrs.
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5.2. Flow inversion. an effective means to scale-up

controlled radical polymerization in tubular microreactors

Abstract

Continuous-flow Atom Transfer Radical Polymerizatioof 2—(dimethylamino)ethyl
methacrylate in tubular microreactors of differetitmeters and geometries was studied.
Scale-up of tubular reactors from micro (876 pum tB)miliscales (1753 and 4083 um IDs)
was investigated. Coil Flow Inverter (CFIl) reactdnaving 3 m and 6 m length (3 and 7
bends respectively) were also considered for thidys Positive effect of flow inversion was
visible in all three types of reactors expressedalnyincrease in molecular weight and
monomer conversion as well as a decrease in thef@®d given residence time. Increase in
diameter of reactor results in an increase in theughput. It is worthy to mention that, from
productivity point of view (PDI of polymer), CFlaetor having 1753 um ID and 6 m (7
bends) was found to increase throughput by ~4 tiomespared to the CFl of 876 um ID
without increasing the PDI significantly. Howevergssure drops were higher (+0.1 bar) in

case of larger diameter tubes.

KEYWORDS

Flow inversion, ATRP, polymer, throughput, scale-up
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5.2.1 Introduction

Since their first use in synthetic chemistry, magwices are praised for their fast mixing and
heat transfer ability over their macroscale cowpdds. Mixing times as low as few
milliseconds and surface to volume ratio in thegenf 10 000 to 50 000%m™ enable them
to handle a wide range of reactions from diffustontrolled to extremely fast and exothermic
reactions:?> However the most important criticism faced by méactors is their low
throughput. The classical way to address suchdtmit is to increase the size of the reactors.
In such approach, benefits of smaller dimensioh lvéladversely affected. Another approach
to solve this problem of low throughput is the ogpicof numbering-up for which several
identical microreactors are placed in parallelncréase the overall throughptftMost of the
attempts reported in the literature are focusetirmnchemicals synthesis. Very few examples
concern the throughput increase of polymerizatioicraneactors. One of such work is
reported by Yoshida and coworkers and aims at impgo the throughput of radical
polymerization in microreactor following this nunmitmg-up approach. They achieved a
throughput of 4 Kg of an acrylate-based polyme6 iday with 8 parallel microreactors. On
the other hand, when a comparatively slower polyzagon reaction, like controlled radical
polymerizations (CRP), is considered the throughpilltgo down significantly because of
the inherent slow kinetidsHowever CRPs (NMP, RAFT, and ATRP) are more in aeth
because of their positive control over macromoleceharacteristics® Considering these
features, CRPs were successfully carried out irrareactors to enhance the reaction rate
without significant loss of control over the polyrization reactiort™ *?Polymerization rate
was improved in microreactors because of fast rgind heat exchange. This suggests that
the combination of efficient controlled polymerimat techniques and microdevices is an
effective strategy. Despite of aforementioned iaseein polymerization rate, polymerization
microreactors still face challenges arising froncré@ased viscosity and low throughput.
Addressing such issues could make microreactorsGRE widely acceptable not only in
laboratory but also in industries.

To overcome mixing limitations due to increaseccossty, flow inversion was introduced in
simple capillary type coiled tube (CT) microreastdgffect of flow inversion on mixing and
residence time distribution was already reportetitémature*?> Considering such advantages
of flow inversion, reactor’'s diameter was increa$®ean micro to milliscale. This approach
was considered to increase the throughput of ammAloansfer Radical Polymerization

microprocess while maintaining an effective contreér macromolecular characteristics.
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5.2.2 Materials and methods

l. List of materials is given in Chapter 3 sectioh. B.

II.  Description of setup is provided in Chapter 3 s8t8.3.

lll.  Polymerization continuous-flow reactor is describe@hapter 3 sections 3.3.5
while composition of reservoirs is given in Tabl& and flow rates in Tables
3.8&3.9.

IV. Purification of the samples is detailed in Chagtesection 3.4.1.

V. Characterization methods includel NMR (Chapter 3 section 3.4.1.2.) and
GPC (Chapter 3 section 3.4.2.).

Microreactors used in this study are summarizetaible 5.1 Stainless steel coiled tube (CT)
and coil flow inverter (CFl) reactors of 3 and 6 tere length were investigated. Three
different diameters of reactor were also considaredboth geometries. CFIl is a tubular
microreactor having same number of coils as in Edwever, 90° bends were introduced at
equal interval in one direction as shown in Table % this study CFls having 3 and 7 bends

and having same number of coils between each benel wged for polymerization.

Table 5.1. List and characteristics of the different micraiteas considered.

Entry Reactor I (um) Length Image Volume
type (m) (ml)

/

1 CT 876 3 mlet—um- 01.81
/

2 CT 876 6 fniet 03.62

3 CT 1753 3 Inle{'—w 7.24
/7
4 CT 1753 6 Inlet 14.48

/
7 CT 4083 3 '“'“W 39.28
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6 CFlI 876 3 1.81
7 CFlI 876 6 3.61
8 CFlI 1753 3 7.24
9 CFlI 1753 6 14.48
10 CFlI 4083 3 39.28

5.2.3 Results and discussion

5.2.3.1 Effect of reactor geometry

Figure 5.8 shows the variation of monomer conversiith respect to time for CT and CFl
reactors of different diameters and 3 m lengths ltvort noting that whatever the reactor
diameter, CFI reactors always exhibit a higher ession than their CT counterparts (+5 % in
average). This can be ascribed to the bends inteatliin the CFI geometry. The direction of
flow changes upon each bend which induces a rotatiche streamlines as stressed out in
Figure 5.9 Thus the growing chains near the wall are broumtuk to the centre of the

reactor and vice versa. As a consequences contentigradients are reduced, mixing is
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enhanced, homogeneity of reactive medium is immowdich results in the observed

conversion increase, higher Mn (Figure 5.SI 4) sigdificantly lower PDI (Figure 5.10).
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Figure 5.7.Conversion of DMAEMA in continuous-flow coiled ta{CT) and coil flow

inverter (CFI) reactors of 3 m length and differdr@meters.
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Figure 5.8.Streamlines along the length of a coil flow ineenteactor (adapted from réj.

5.2.3.2 Effect of reactor diameter

For a given length, any increase in reactor diametieincrease the internal volume. Thus in
order to keep the residence time constant, the fiee has to be increased which in turn
induce a higher throughput. On the other hand,iacrease in reactor diameter will increase
the diffusion distance of chemical species and giag rise to concentration and temperature
gradients along the reactor radius. Figure 5.8 shine effect of such changes expressed as a

decrease in conversion with increasing diametehefreactor from micro to milliscale (i.e.
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from 876 um to 4084 um IDs) for CT reactors. Difiece in conversion is not very
significant between intermediate diameters (876 amd 1753 pum IDs), but considerable
difference (6%) can be seen between largest (4088 gnd smallest (876 um) diameters.
Same trends are observed in Mn decrease (Figurelba®d PDI increase (Figure 5.10). To
overcome the detrimental effect of such changes iammtove the uniformity of reaction

conditions inside larger diameter reactors, flowersion was introduced. Although a mild
improvement in monomer conversion was observed afteoducing flow inversion (see

previous section), Mn and PDI exhibit larger vadas.

Figure 5.10 clearly shows that PDI increase andddarease (Figure 5.Sl 4) with reactor
diameter are severely limited in case of CT reactibis noteworthy that CFI reactor of 1753
pm in diameter produces a lower PDI than its CTnetepart of smaller diameter (876 pm). It
suggests an improved homogenization of reagentsglpolymerization upon flow inversion.

Moreover evolution of Mn with respect to monomenwersion (Figure 5.10) shows that the
controlled nature of the polymerization is fairlyelvmaintained in higher diameters when

flow inversion is considered
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Figure 5.9.Effect of reactor diameter and geometry of a 3actor (CT or CFl) on the
evolution of molecular weight (Mn) and PDI with mamer conversion. Dash line represents

theoretical molecular weight.
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5.2.3.3 Effect of reactor length

Increasing the reactor length is another optiomeoease reactor throughput. Longer reactors
need higher flow rates to accommodate the samaerese time; for a given diameter the flow
rate varies proportionately to the reactor lengtbw inversion is known to be more effective
when it operates at higher Reynolds numbers (ighel flow rates}® Therefore, longer
reactors give the opportunity to study effect @wflrate and number of bends. One has to
recall that number of coils is kept constant inAmsn two bends. Figure 5.11 presents the
variations of monomer conversion with respect toetifor CFl reactors having different
lengths and diameters. From previous section, we lbaserved the superiority of CFI over
CT reactors, therefore length effect for the Istt@re not presented in this section but can be
visualized in Figures 5.S1 5 and 5.Sl 6. As mergtbim Table 5.1, 3 m length CFI reactors
have only 3 bends while 6 m length have 7 bend$e M@t accommodating a 4083 um CFlI
reactor of 6 m length in the oven was quite chaglieg and thus results for this reactor were

not accessible.

It is observed that at any given residence timeepix@ hours, longer reactors give rise to
highest monomer conversions (+4% for 30 min). Cierang that microscale reactor favor
mass diffusion as mentioned in previous sectiomgn@w bends resulting from an increase in
reactor length will not play a significant role. Wever, when reactor diameter increases, the
addition of new bends clearly helps to improve mgxwith a subsequent rate acceleration of
the polymerization reaction. For 2 hours residetoe, there is almost no effect of reactor
length. It is believed that at such residence tilmgh medium viscosity makes the flow
inversion less effective because of the decredReygolds number with viscosity.

Variations of Mn and PDI with respect to monomenwgrsion are presented in Figure 5.12.
PDI clearly decreases with reactor length but iases with reactor diameter. Opposite trend
is to be seen for variation of Mn with respect ¢ésidence time (Figure 5.S1 7). The former
observation emphasizes that higher flow rates amee refficient for flow inversion internal
mixing as aforementioned. The lowest PDI value)(ivds obtained with the reactor having
the lowest diameter as previously stressed out.eVbtution of Mn as a function of monomer
conversion (Figure 5.12) shows that the controfiature of the polymerization is also fairly

well maintained.
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Figure 5.10.Conversion of DMAEMA during polymerization in CF¢actors having

different lengths and internal diameters.
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5.2.3.4 Process parameters

Process parameters like time for steady statespresirop, and throughput of reactors were
determined to compare the effectiveness of reatisies] in Table 5.1. Steady state times of
reactors were found to increase with an increasgiameter and length of the reactors but
seemed to be unaffected by the geometry (CT or (JRlple 5.2). Details of steady state of

reactors can be found in supporting information.

Table 5.2.Summary of polymer characteristics and procesampeters obtained in different

reactors for a residence time of 2 hours.

Entry Reactor Dia. Length Mn pp|  Through-put PD'! SST
type (1m) (m) (g/mol) (g/hr) (bar) (hrs)

1 CT 876 6 21142 1.53 0.54 0.1 2.25

2 CFlI 876 3 22474 1.41 0.28 0.1 2.25

3 CFl 876 6 22874 1.43 0.55 0.1 2.5

4 CT 1753 6 20012 1.57 2.00 0.1 3

5 CFl 1753 3 21080 1.49 1.03 0.2 3

6 CFl 1753 6 21761 1.46 2.13 0.2 35

7 CT 4083 3 19121 1.67 5.37 0.1 3.75

8 CFlI 4083 6 20525 1.59 5.66 0.2 3.75

1

Pressure drop (PD), precision of the pressurenseiiss 0.25%?> Steady state time (SST)

In straight tubes, pressure drop is directly relatethe flow rate required to achieve a given
residence time through the reactor and is an itolic# the raw energy input required by the
pump. From a hydraulic point of view, 90° bends etthpromote flow inversion can be
considered as an additional length of tube whigsidates energy by friction. Thus one may
expect that higher pressure drops will be obseimecase of CFl reactors. As reported in
Table 5.2, at the most an additional 0.1 bar waerded for CFI reactors in comparison to
CT counterparts. Thus the introduction of flow irsien does not seem to induce excessive
energy consumption. This is probably due to thatret low flow rate at which operated the
CFI reactors but still high enough to affect pegily macromolecular characteristics as
stressed out in previous sections.

Figure 5.13 shows the throughput of reactors witter@gnt geometries, diameters and lengths
with respect to the molecular weight (i.e. residenicnes). One can clearly see that the
highest throughput is obtained for the reactor mgvihe largest diameter (4083 pm).
However loss of control over polymerization waseed as discussed before (Figure 5.12).
Conversely CFI reactor with the smallest diametef length promote the highest control on
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polymerization but with the lowest throughput. Whaslymer quality is the priority, such
reactor is a good alternative and by increasindehgth of the reactor, the throughput can be
increased proportionately with no polymer qualihaoges. When the throughput of a 3 m
length reactor having 1753 pm internal diameter wampared with other reactors an
interesting observation can be placed. The througlas significantly increased without
scarificing too much the control over polymerizatisignificantly as observed in 4083 pm
reactor (Figure 5.12). When the length of this teawas increased to 6 m, a further reduction
in PDI was observed (slightly higher than CFIl 068¥m, Figure 5.12).

8
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7 ¢CFl 876 um6 m BCFl 1753um 3 m
XCFI 1753 um 6 m ®CF| 4083um 3 m
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Figure 5.12.Throughput of different tubular reactors with respto molecular weight (Mn).

5.2.4 Summary

Continuous—microflow ATRP of 2—(dimethylamino)ethgiethacrylate (DMAEMA) was
carried out in tubular microreactor of differentogeetries, diameters and lengths. Increase in
diameter results in a marginal decrease in cormerand adversely affect the control over
polymerization as the polydispersity index (PDI)syhthesized PDMAEMA was found to
increase. However higher diameter of reactors Hamafit of higher throughput.

Interestingly improvement in conversion was obseérg introducing 90° bends in the above
coiled tube (CT) reactors at regular interval. SobBervations were consistent for all three
diameters of tubular reactors investigated (87631@nd 4083 pm). Increased number-
average molecular weight (Mn) and reduced PDI med a better mixing in these coil flow
inverter (CFI) reactors during polymerization evan high viscosity encountered during

longer residence times. Increasing the length ef@Fl reactors (i.e. the number of bends)
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was also beneficial in terms of PDI of synthesiggmlymer. However, it was more
pronounced in larger tube diameter (1753 um).

Flow inversion allowed increasing the reactor dismewithout increasing the PDI
significantly. PDI of PDMAEMA synthesised in a 17f8n CFI reactor was found to be less
than the PDI obtained in a normal CT microreactuimg an internal diameter of 876 um. As
a result throughput was increased significantiypaly introduction of 90° bends was found
not to affect significantly the pressure drop. Nlaliional pressure drop was observed in case
of CFI reactor of 876 um in diameter while an esocefs0.1 bar was recorded in CFls of 1753
and 4083 um in diameter compared to their CT copatés.

Thus it was demonstrated that flow inversion isalu&ble technique that enable the scale-up
of controlled radical polymerization tubular miceactor while severely limiting the

detrimental effects observed in the scale-up déddube reactors.

5.2.5 Supporting Information

5.2.5.1 Conversion, Mn and PDI for continuous-flow reactors of differents

diameters and lengths
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Figure 5.SI 4.Evolution of molecular during polymerization irfférent tubular reactors (CT
and CFI) of different diameters and having 3 m tang
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Figure 5.SI 7.Evolution of Mn during polymerization in CFI tubuleeactor of different
diameter and length.

5.2.5.2 Steady state of tubular reactors determined by GPC

5.2.5.2.1. Steady state of 876 um reactor (CT) of €ength
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Figure 5.S1 8.0Overlaid GPC traces indicating steady state of 8m6tubular reactor of 6 m

length at residence time of 1 hr.
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5.2.5.2.2 Steady state of 1753 um reactor (CT) af and 6 m length
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Figure 5.S1 9.0verlaid GPC traces indicating steady state of J@B3ubular reactor of 3 m

length at residence time of 1 hr.
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Figure 5.S1 10.0Overlaid GPC traces indicating steady state of J¥i®3ubular reactor of 6

m length at residence time of 1 hr.
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5.2.5.2.3. Steady state of 4083 um reactor (CT3 of length

Intesnsity (a.u.)

7

Elutiontime (minutes)

Figure 5.SI 11.0Overlaid GPC traces indicating steady state of 4083ubular reactor of 3

5.2.5.3 Summary

m length at residence time of 1 hr.

Table 5.S1 3.Completesummary of polymer characteristics and process peitens after two

hours polymerization in tubular reactors of differgeometries, diameters and lengths.

Entry Reactor Dia. Length Volume Mn DI Output PD SST
no. (um) (M) (ml) (g/mol) (g/hr) (bar) (hr)

1 CT 876 3 0 21142 1.53 0.54 0.1 2.25
2 CT 876 6 0 20975 1.52 0,55 0.1 2.5
3 CFlI 876 3 3 22474 141 0.28 0.1 2.25
4 CFI 876 6 7 22874 1.43 0.55 0.1 2.5
5 CT 1753 3 0 20012 1.57 1.00 0.1 3

6 CT 1753 6 0 20410 1.56 2.09 0.2 35
7 CFI 1753 3 3 21080 1.49 1.03 0.2 3

8 CFlI 1753 6 7 21761 1.46 2.13 0.2 35
9 CT 4083 3 0 19121 1.67 5.37 0.1 3.75
10 CFlI 4083 3 3 20525 1.59 5.66 0.2 3.75

Note: Throughput of polymer reported here for CTresponds to CT of 6 m length except 4083 pm whicheh@ m

length
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Chapter 6. Conclusion and perspectives

Conclusion

Atom Transfer Radical Polymerization (ATRP) finadglieasing wide acceptance due to its
positive control over polymer characteristics. Hoareslow polymerization rate is a concern
from commercial perspective. In this work, effoMs&re made to accelerate the ATRP
synthesis of DMAEMA-based (2-(N,N-dimethylamino)gdthmethacrylate) polymers using
microreaction technologies. Different process cbonds and microreactor geometries were
considered for the intensification of ATRP. Finalégale-up of microreactor was carried out
to increase the throughput. Most important findiofthis work are summarized bellow.

Micromixer is one of the key elements of any mieamtion system. Careful selection of
micromixer is essential to avoid any kind of uncoléd reaction conditions inside
microreactor arising from improper upstream mixaigeagents. Therefore at the early stage
of this work, impact of different micromixing priqdes on polymer characteristics was
studied. HPIMM (interdigital multilamination), KM iripact jet) and T-Junction
(bilamination) micromixers were used to premix tieactive streams prior the coiled tube
(CT) microreactor during the synthesis of P(DMAEMA-BzMA) (20 and 40 mol.%
BzMA). Impact of different premixing conditions wagiite evident as a clear difference
between polymer characteristics was observed. HP e highest conversion (+ 35 points)
and molecular weight (+ 8000 g/mole) as well asltveest PDI. Whereas T-Junction gave
the lowest conversion along with bimodal GPC ehutiaces, indicating a poor control over
polymerization due to improper mixing.

In an attempt to intensify ATRP of DMAEMA in micreactors, elevated temperatures were
investigated. Polymerization rate increased sigaiftly with temperature. However control
over polymerization was reduced for Mn higher tH&®00 g/mol (i.e. for long residence
times). High pressures were used as another ditezria accelerate polymerization. Effect of
pressure was found to have a profound impact octiogarate in microreactor. Increase in
conversion (+15%) and molecular weight (+5000 gjnveds observed with an increase in
pressure from 1.5 to 100 bars. Interestingly, gtigly indicated that moderate pressure can
accelerate polymerization significantly in microrea. To get more knowledge about the
effect of pressure, polymerization was carried outmicroreactors of different internal
diameters. Positive effect of higher pressure wasenpronounced for small tube diameters.
In another strategy of intensification, shear mte increased to make the growing chain end

more accessible for reaction. It was observed #h&ar rate has a noticeable effect on
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polymerization when macromolecular weight is comagigely small and polymerizing

solution in dilute regime. When chain length inseseffect of shear rate is dimed.

To overcome the diffusion limitation encounteredricly polymerization in microreactor
towards longer residence times, coiled flow inve(@FI) reactors were considered in which
90° bends were introduced at equal interval. Dua@ochange in direction of flow, growing
chains near the wall were brought back to the eeamd vice versa. A reactor having such
characteristics can not only improve mixing durftayv but also can reduce residence time
distribution (RTD). When polymer characteristicawthesized in CT and CFI reactors were
compared, higher molecular weights were observe@Hh reactors conversely to its CT
counterparts. Gain of ~2000 g/mol in molecular Wweiglong with a significant reduction in
PDI (from 1.53 down 1.39) was observed. More cle@adence of flow inversion and its
effect were obtained during synthesis of branchelympers (5 and 10 mol.% inimer) in
different microreactors. Formation and accumulatboligomeric units were found to be low
in CFI reactor compared to batch and CT reactoighét branching efficiency and lower PDI
(- 0.3) in CFI reactor indicated a controlled arehske branched structure. Considering the
consumption of inimer, monomer and the generatibrolgomers, a general scheme of
branched polymerization in batch, CT and CFI reastis proposed.

In order to increase the throughput of tubular preactors, tube diameter was increased from
876 um to 1753 um and 4083 um and length from@rno Moreover to counter balance the
detrimental effect of longer diffusion distance lerge diameter tubular reactors, flow
inversion was considered. With an increase in diameontrol over polymerization was
found to decrease both in CT and CFI reactors. Wewe case of CFI the loss of control
was less. Moreover it was observed that any inereatength (i.e. higher number of bends)
seems to compensate the negative effect of inateiameter. Interestingly PDI obtained in a
1753 um CFlI reactor of 6 m length was close taRbé obtained in a 3 m length 876 um CT
microreactor while throughput was increased byctofaclose to 4. However, in case of tube
diameter of 4083 um, diffusion limitations due tmd radial distance was predominant over
mixing achieved by flow inversion as PDI was mucéghler compared to CFIs of smaller

diameters.

The work accomplished during this thesis has gledginonstrated that a “slow” reaction like
ATRP can be readily accelerated if appropriate oneaction technologies are employed.

Thus micromixers and microrerators made the infieasion of continuous-flow ATRP
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processes possible. To some extent, microreactoughput was significantly increased
without any compromise on the control over macrauolar characteristics if flow inversion
technique is implemented.

However the various experiments carried out haisedaunanswered questions that would be

definitely worth to address in the future.

Perspectives

Intensification by combination of high temperaturand pressure

In chapter 4 effect of temperature and pressuree veaxiplained independently. Elevated
temperatures showed faster kinetics. However Idssontrol over polymerization was an
issue for long residence times. On the other hhmgh pressure demonstrated faster kinetics
and improved control. Therefore it will be inteiagtto investigate the possible control of
high pressure along with high temperature for frrintensification of ATRP.

Optimization of CFI geometric parameters

Presence of bends in a CFl reactor may be designedarious permutations and

combinations. With each possibility mixing may vamhich in turn might affect the result of
the polymerization. Examples of such designs irelddferent number of bends at a fixed
length or fixed number of bends at different lengtlrvature and pitch of the coils. Therefore
a specific investigation is necessary to optimize €Fl geometry. Along with experimental
techniques, mathematical modeling and simulatioils be definitely very useful for this

optimization task.

CFI as micromixer

Chapter 4 revealed the importance of premixingtaecefficiency of micromixers to intensify
ATRP. Flow inversion was found an effective techm@qfor internal mixing during
polymerization. Thus given the high price of comamdty available micromixers and the
relative cheap manufacturing cost of CFl, one mayder if a CFl could not act as a pretty

decent micromixer.

Synthesis of more complex architectures
In chapter 5, it was demonstrated that microreactiechnology allowed increasing the
branching efficiency of SCVCP to get in a one petipe branched polymers. There is
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probably some room here for investigations dirediedthe synthesis of more complex
architecture; like core-shell structure resultimgni the two-stage copolymerization of a
branched core with a linear shell for drug delivapplications for instance. Another example
would be the continuous-flow synthesis of dendremeom a convergent strategy for which

micromixing would be probably a key step.
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