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Abstract

Abstract

Target of this work is the continuous ring-openingplymerization (ROP) of
hexamethylcyclotrisiloxane @ for the production of linear, monofunctional aigand
polydimethylsiloxanes (PDMS) in a range of ten ikdysSi-O units and a narrow molecular
weight distribution. The polymerization is initigtéy tert-butyllithium (t-BuLi) and stopped
by chlorodimethylsilane (CDMS) or chlorotrimethydgie (CTMS). The polymerization is
performed in polar aprotic media using THF as saiEigure 1).
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Figure 1. Ring-opening polymerization (ROP) of hexamethgloyrisiloxane (BR) initiated with
tert-butyllithium (t-BuLi) and stopped with chlorodinigtisilane (CDMS)

In a first step the three individual reactions #iation, propagation and termination — were
separately characterized in batch experimentshfdle reactions are exothermic, the enthalpy
change of reactiomgH) was found to be -206.6 kJ rifolor the initiation, -31.1 kJ mdlfor

the propagation and -98.7 kJ midor the termination reaction.

The Arrhenius parameters of the initiation and pgadion reaction were determined. The
kinetics of the termination reaction could not betained. The initiation reaction obeys
second order kinetics, the frequency facte) énd the activation energy {Ewere found to
be k= 1.39 - 1L mol* s and & = 45.8 kJ mol. The propagation reaction was divided
into two kinetic regions: oligomerization and polgnzation, both obey first order kinetics in
respect to the monomer as shown by the methoditodl inates. The Arrhenius parameters
were found to bede 1.75 - 10s? and & = 54.7 kJ mot for the oligomerization andgk
8.01 - 18s* and & = 53.3 kJ mot for the polymerization reaction.

The polydispersity index (PDI) of the PDMS was fduio be< 1.2 as determined by size
exclusion chromatography (SEC) measurements. Hunthre, the ROP is highly selective
towards the monomer 0n comparison to higher analogsffand side product formation
resulting from backbiting or rearrangement was tbtmbe insignificant.

Furthermore, the influence of matrix ions on theAR@ D; was studied. It could be shown
that the admixture of various metal halogenidesniB@antly decreases the rate of
polymerization.

In a second step, a plug flow reactor (PFR) comgjsbf PTFE tubing was used for
continuous experiments. The PTFE-PFR was coiled tybe to induce radial mixing along
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the reactodue to Dean vorticelFigure 2 shows picture of the simulated reactor which v

used for CFD calculation.

Figure 2. PTFEPFR (CFD simulation) for continuous polymeriza of D;

First the residence time distribution (R1 of the experimental setupas investigated. Tt
Bodenstein number (Ba@eeminglyshowed uncommon behavior as its value decreaséx
increasing flow rat. This effect is caused by the instability of fflux resulting in the
formation of two toroidakddies starting at ZmL min* as shown by CFD simulatiorFrom
these results it is expected that-numberpasses a minimum to increase at higher frate
again.

Continuous ROP of Pwas successfully performed. PDMS with narrow madikacweight

distributions (PDK 1.2) were obtained and a strong dependence of the maleweight to

the flow rate(= residence timewas achievedThe PDMS chain lengthdecreased with
increasing flow rateAt low flow rate the molecular weight also showed dependence o

curvature radius of the coiled PT-PFR.




Kurzfassung

Kurzfassung

Zielvorgabe fir diese Dissertation war die kontamliche Ring-Offnungspolymerisation
(ROP) von Hexamethylcyclotrisiloxan P fur die Produktion von linearen,
monofunktionellen Oligo- und Polydimethylsiloxan@DMS) in einem Bereich von zehn bis
sechzig Si-O Einheiten und niedrigen Molmassenirerigen. Die Polymerisation wird durch
tert-Butyllithium (t-BulLi) initiiert und durch Zugabeon Chlordimethylsilan (CDMS) oder
Chlortrimethylsilan (CTMS) gestoppt. Die Polymetisasreaktion wurde in polaren,
aprotischen Medien durchgefiihrt, das Hauptlosungsimvar THF (Abbildung 1).

\/ \/
o 1\O h\/ c1/\ H r\s \/ 1\
PN

n | | —— — —>— o N

—Si Si—— Initiation Propagation Termination (0] H
/ ~ O/ \ n

Abbildung 1. Ring-Offnungspolymerisation (ROP) von Hexamethglotrisiloxan (D) initiiert durch
tert-Butyllithium (t-BuLi) und gestoppt mit Chlordimejtsilan (CDMS)

Im ersten Schritt wurden die drei Einzelreaktioremitiations-, Kettenfortpflanzungs- und
Kettenabbruchsreaktion — separat in diskontingleen Ansatzen charakterisiert. Alle drei
Reaktionen sind durch Exothermie gekennzeichneg ®eaktionsenthalpie AgH)
ist -206,6 kJ mot fur die Initiationsreaktion, -31,1 kJ mblfir die Kettenfortpflanzungs-
reaktion und -98,7 kJ moffir die Kettenabbruchsreaktion.

Die Arrhenius Parameter fur die Initiations- und tt€afortpflanzungsreaktion wurden
bestimmt. Die Kinetik der Kettenabbruchsreaktionnki® nicht gemessen werden. Die
Initiationsreaktion gehorcht einer Kinetik 2. Oraiguund der Stol3- oder Frequenzfaktqy) (k
und die Aktivierungsenergie fEsind k= 1,39 - 1L mol* s* und E = 45,8 kJ mét. Die
Kettenfortpflanzungsreaktion wurde in zwei Bereicimerteilt: die Oligomerisations- und die
Polymerisationsreaktion, beide gehorchen einer tkiné. Ordnung in Bezug auf das
Monomer. Die wurde durch die Methode der InitiatdRbestatigt. Die Arrhenius Parameter
der Oligomerisation sindok= 1,75 - 10s™ und B = 54,7 kJ mot und die der Polymerisation
ko =8,01 - 10s* und B = 53,3 kJ mot.

Der Polydispersitatsindex (PDI) der hergestelltddMS wurde durch Messungen mittels
Gelpermeationschromatographie (GPC) bestimmt uedediwar 1,2. Die ROP ist durch
hochste Selektivitat beziglich des Monomers ibv Vergleich zu hoheren cyclischen
Oligosiloxanen () gekennzeichnet und die Nebenproduktbildung duabkbiting- oder
Umlagerungsreaktionen ist vernachlassigbar.




Kurzfassung

Zusatzlich wurde der Einfluss von Fremdmetalliorsari die ROP von 3 untersucht. Es
konnte gezeigt werden, dass der Zusatz von uniediidihen Metallhalogeniden eit
drastische Abnahme der Polymerisationchwindigkeit zur Folge hat.

In einem weiteren Schritt wurden kontinuierlichepErmente in einem Rohrreaktor (R
bestehend aus einem PTBEhlauch durchgefuhrt. Der PT-RR wurde auf einem Rol
aufgewickelt um die radiale Durchmischung entlamg &®Reaktors urch Dean Virbel zu
verbessern. Abbildung 2eigi eine Simulation des Reaktors die filCFD Rechnungen

verwendet wurde.

Abbildung 2. PTFERR (CFD Simulation) fir kontinuierliche Polymerigatsexperiment

Zuerst wurde die Verweilzeitverteilung (VZV) des peximentellen Versuchsaufba
untersucht. Die Bodensteinzahl (Bo) zeein scheinbaungewoéhnliches Verhalten, ihr We
sank mit zunehmender Flussrate. Dieser Effekt wird durchtalmBtat der Stromun
verursacht und resultienivie aus CFD Simulationen hervorg, in der Ausbildung von zwse
toroidalen Wirbelrbeginnend bei,0 mL miri*. Aus diesen Ergebnissen folgt auch, dass
Bo-Zahl bei héheen Flussraten wieder anste

Die kontinuierliche ROP von 3 wurde erfolgreich durchgefihrt. PDMS mit eng
Molmassenverteilungen PDI< 1,2) wurden hergestellt und es gab einetarken
Zusammenhang zwischen dem Molekulargewicht und-lussrate. Mit steigender Flusst
sank wie erwartetlie Kettenlange der PDM<Es konnte gezeigt werden, dabei niedrigen
Flussraten der Krimmungsradius des P-RR einen Einfluss auf das Molekulargewicht




Introduction

1. Introduction

Silicones, in particular polydimethylsiloxanes (PBM have high industrial importance due
to their outstanding stability at high temperatutdy irradiation, weathering and their
hydrophobic properties. In general all physicalpgemies show low temperature dependence.
Polysiloxanes consist of silicon atoms which anekdéd via oxygen atoms. Polymeric
methylsilicone structures can be described usirglé¢tters M, D, T and Q as shown in
Figure 3. These letters represent the functionaftyach siloxane unit; e.g. M represents
monofunctional and therefore terminal siloxane syni? difunctional, T trifunctional and Q
tetrafunctional (quaternary) units, respectivel\neTcharacteristic properties of silicones
strongly depend on the quantity of these buildifegks within the material. Silicon rubbers,
resins, oils and fats are common industrial prasluct

| ‘ Oq.s Ogs

Si——03s Ogs Si Oos Oo3s Si Oos Oqs S|i Oos
|

| ‘ ‘ Oqs

M D T Q

Figure 3. General building blocks for poly(methylsiloxanes)

Linear polyorganosiloxanes are mainly produced bg teaction of the corresponding
dichlorodiorganosilanes either with water (hydraysor methanol (methanolysis). The
continuous hydrolysis of dichlorodimethylsilane tbe production of common silicon oil is
shown in Figure 4.

Polydimethyl-
HCl Exhaust Water siloxane

(22 %) separator T
i I
| Phase T o

Neutralization

i 1 |separation
Seﬁttllng vcﬁsels ' HCl
L (32 %)
Cooler
—
Dichloro- Pump
dimethyl-
silane

Figure 4. Continuous hydrolysis of dichlorodimethylsilaneaimirculation apparattis
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Introduction

In this synthesis large amounts of hydrogen chéade produced in a highly exothermic
reaction. In contrary, methanolysis allows the wecy of chlorine as chloromethane. This
compound can be subsequently reacted with silicothe Muller-Rochow Process for the
production of dichlorodimethylsilane. In the hydis and methanolysis cyclic
oligosiloxanes such as hexamethylcyclotrisiloxabg),(octamethylcyclotetrasiloxane {Por
higher analogs (B Ds, ...) are produced as side products. The industrialbst important
monomers are Pand D, their molecular structure is shown in Figure 5.

-
\Si/ o/Sl O\s/—
7 o
—/S \O/Si\— / O_Sl\
D, D,

Figure 5. The industrially most important monomers for poérization: Hexamethylcyclotrisiloxane {Pand
octamethylcyclotetrasiloxane gp

Selective cyclization is obtained by performing tyelrolysis or methanolysis with potassium
hydroxide and other process aids at elevated teahper The base catalyzes cleavage and
formation of the Si-O bond, the low boiling cycbtigomers are continuously removed from
the process by distillatiof?

Ring-opening polymerization (ROP) of cyclic oliglesianes leads to linear polysiloxanes.
This polymerization is promoted by both cationicdaanionic catalysts and initiators.
Common reagents for this process are potassiumokigldr and sulfuric acid. A typical
polymerization is performed at 140°C with a few ppotassium hydroxide. Hydroxyl
terminated chains are produced in the presence abérwand accordingly trimethylsilyl-
terminated chains are obtained when e.g.,Ms added. A general scheme of the anionic
ROP of cyclic oligosiloxanes initiated and catalyty hydroxide ions is shown in Figure 6.

N/ \/

Si—O OH !
Sl\ H
HO (0]

X

Figure 6. General scheme of the anionic ROP of cyclic oligaanes initiated and catalyzed by hydroxide ions




Definition of the Project

2. Definition of the Project

Target of this project is the development of a cwdusly operated reactor system for the
production of linear monofunctional PDMS. Chaingdtrs of about 10 to 60 Si-O units with a
narrow molecular weight distribution are desiregéxbimethylcyclotrisiloxane (§) is used as
the monomertert-butyllithium (t-BuLi) as the initiator for the rgropening polymerization
(ROP) and chlorodimethylsilane (CDMS) as the enppoa reagent. Starting from these
substances PDMS chains which solely contain onminat functional group (Si-H) are
produced (Figure 7).

\/ : \/
AN SN VAVAVAV,
~ ~ o

n _S! S!_ S N . /SI\O +31\H
/ 07N ”

Figure 7. Ring-opening polymerization (ROP) of hexamethgloyrisiloxane (1) initiated with
tert-butyllithium (t-BuLi) and stopped with chlorodinistisilane (CDMS)

Initiation Propagation Termination

In this project the kinetics and the thermodynapraperties were investigated. With this data
a continuously operated reactor in lab-scale wadebed and operated. These results are
essential for further process design and optinonati

10



Literature Overview

3. Literature Overview

Linear monofunctional PDMS have a great indusfiatiential. However, there are only few
processes described in literature for the contisuproduction of these materials on an
industrial scale. Wacker Chemie GmbH patented ags® for the production of low
molecular weight mono- and difunctional organosilogs using methyllithium as initiator in
1988. The synthesis of lithiumsiloxanolates and linpalysiloxanes was already patented in
the United States in 1969 by General Electric Camgha

The ROP of cyclic oligosiloxanes (primarilysand 0) is the method of choice for the

synthesis of monofunctional silicones. This polymation is promoted by both anionic and
cationic initiators and catalysts; however in cotrditerature the anionic route is more
frequently described. One of the first publicatiofcusing on the ROP of cyclic

oligosiloxanes for the production of monofunctioRPdMS with a narrow molecular weight

distribution was reported by Zilliox et alin 1975, followed by an increasing research
interest™®.

3.1.The Initiation Reaction

Common anionic initiators for the production of méumctional PDMS are organolithium
reagents such as methyllithidm-, -sec andtert-butyllithium*® or a corresponding Grignard
reagent’. Initiators which already contain a silicon atone &imethylsilyimethyllithiun**3
(Figure 8 (a)) and hexamethyldisilazyllithidin(Figure 8 (b)). More complex initiator
systems are aluminum-tetraphenylporphorin compf@xgiosphazene bases in combination
with methano!® (Figure 8 (c)) or the superbase hexapyrrolidinediphazenium hydroxide
The uncharged iminooligophosphazene also servas astive promoter when used together
with organolithium reagent§*®

‘ \\ // EtzN\ N +
. Si Si P & P t-B _
S‘lj NN Et,N // \1;11/ Y| MeO
b ii EpN 3
(a) (b) (c)
Figure 8. Initiators for the ROP of cyclosiloxanes: (a) mtethylsilylmethyllithiunt®, (b)

hexamethyldisilazyllithiurt! and (c) a phosphazene base in combination withanef®

11
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With an increased molar ratio of organolithium reatg to one single monomer unit the
number of siloxane units is adjustable as showFignre 9'° Newer results showed thsec
and n-butyllithium form different populations of initiat species prior to propagatfdn
However, when using excesg Bs monomer in polar media only the ring-openirggtien
and subsequent polymerization occur. Hence, chamgths of a multiple of three are
produced in the kinetically controlled regithe

\S_/
1
e [ MY
_/SI\O/ \ Bu (0) 0 OLi
‘ \/ \/ \/ N/ \/ . \/
Buli* Bu” Sl\O/SI\O/ > oL Bu” SI\O/SI\OLl Bu” Sl\OLi

\/ \/ \/

BuLi + Si  — 2 i
Bu/ ~o” oL Bu” OLi

Figure 9. Increased ratio of initiator (BuLi) to monomersjD

Cationic polymerization is carried out with stropgptic or Lewis acid$.Besides sulfuric
acid, mixtures of acylchlorides and antimony pehimagde (RCOCI/SbG) or
perfluoroalkane sulfonic acids such as trifluoramagiesulfonic acid (TfOH) are used as
initiators. The cationic ROP generally suffers gngdiicantly higher side product formation
compared to the anionic polymerization.

3.2.The Propagation Reaction

The ROP strongly depends on the used cyclic oligasne. The reversibility of the polymer
formation is suppressed when using the monomedu®2 to the ring strain of the molecule
(10.5 kJ mof ?%. Hence, the polymerization of;[s primarily controlled by kinetics. At high

conversion the polymer starts to decompose whemethetion is not quenched, equilibrating
with the formation of cyclic oligosiloxanés?*

The ring strain of higher cyclic analogs of typg (@ > 3) is significantly lower compared to
Ds (e.9. D = Ds= 1.0 kd mol %) and the polymerization of these monomers is bégic
controlled by thermodynamiés?* Typical polymer formation of the monomers &nd I) is
shown in Figure 10.

12
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polymeryield
1 guenchingwindow in

| kinetically controlled ROP

JY

100

guenchingwindow in
D3 equilibrium ROP

-

>

time

Figure 10. Characteristic polymer formation (quenching wing) for the anionic ROP of fand D'

The rate of reaction of the anionic ROP of cycligasiloxanes is increased when using polar
aprotic solvents such as THF. The solvent molecskadbilize the transitional state of
polymerization and aggregation of ion pairs is lnieid?® In literature anionic ROPs are
typically performed in pure THE or in mixtures with aromatiéSor (cyclo)alkane.

The ROP of B initiated by strong bases such as organolithiurageats proceeds
automatically. When using weaker initiators (aldshowvater) or monomers other than
cyclotrisiloxanes the conditions of polymerizatioawve to be rather drastic or a catalyst has to
be added. Potassium hydroxide and sulfuric acid iadestrially important catalysts. In
literature the use of N-heterocyclic carbéfies tris(pentafluorophenyl)borafte
biscatecholsiliconatéSor potassiumcarbonate supported on alufiisadescribed. Attempts
using rare earth compounds as catalysts have ratduecessftf.

3.3.The Termination Reaction

Anionic ring-opening polymerization of cyclic oligitoxanes initiated by organolithium

reagents requires an adequate termination readtiogield the desired monofunctional

polymer. Depending on the purpose of the substateappropriate chlorosilane (e.g.
chlorodimethylsilane for subsequent hydrosilylatreactions) is essential. With this strategy
a broad range of functional groups (vinyl, allyhlaride, epoxy, alkoxy, ...) is accessible.
Hydroxy groups (silanols) are generally not dedeas they may suffer from consecutive
condensation reactions.

13
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3.4.Hybrid Materials

Polysiloxanes are interesting building blocks foe fproduction of novel inorganic-organic
hybrid materials such as block-copolymers, grafietpmers or core-shell particles as shown
in Figure 11. Therewith, the properties of orgapimlymers (mechanical stability, low-
specific weight, ...) and polysiloxanes (UV-proteatidiydrophobicity, ...) are combined in
one single material. Several routes for access$iaget substances are reported in literature and
described in this section.

Si//dgf’)optzgﬁlocr:ty’ Block-Copolymers
_ P |:— Core-Shell
Polysiloxane Particles

+ ,
Coupling Graft-Copolymers
Organic Polymer
Mechanical stability,

low specific weight ...

Figure 11. General scheme of inorganic-organic hybrid maleria

The hydrosilylation reaction of monofunctional pailpxanes for the synthesis of
macromolecular initiators for organic polymerizaticeactions is of high interest. With these
macroinitiators block copolymers of type AB or AB@e accessibf&:>*

A different approach is the use of pre-modified licymligosiloxanes for ring-opening
polymerization. These cycles may vary by eithereral substituents or ring atoms.
Differently ~ substituted  cyclotrisiloxanes ~ such  as rimethyltrivinyl-*>  or
pentamethylvinylcyclotrisiloxarid pentamethyf™*”  tert-butyltetramethy®”  or

tetramethylphenylcyclotrisiloxafewere synthesized as shown in Figure 12.

\Sf/ \/~ \
o ) (|) (I)

_Sl —si Si— S /S‘\_H

/\/\ / o7\ /o R

R = tert-butyl, methyl, phenyl

Figure 12. Differently substituted cyclotrisiloxanes for theoduction of hybrid materials

Cyclic compounds containing different ring atoms ahown in Figure 13. These cycles may
be cyclocarbosiloxanes such as 2,2,4,4,6,6,8,8vmttyyl-1,5-dioxa-2,4,6,8-
tetrasilacyclooctarié®® 2,2,4,4-tetramethyl-1,3,5-trioxa-2,4-disilacyabmané’ and 2,2,5,5-
tetramethyl-1-oxa-2,5-disilacyclopentdheor cyclosiloxazanes such as nonamethyl-1,3,5-

14
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trioxa-7-aza-2,4,6,8-tetrasilacyclooctdhe  and heptamethyl-1,3-dioxa-5-aza-2,4,6-
trisilacyclohexan®.

g / \/

\ / O

\ O (0) —Si Si—
\Si\/Si/ \Si/o /\0 \

/ ~ A\

\ /

Si—O
/ \Sl/— /Si\ -

Figure 13. Cyclic siloxanes with different ring atoms foetproduction of hybrid materials

In general, hybrid materials containing polysiloganoieties have a large range of different
applications due to the unique physical and chenpiczperties of these substances. Besides
the usage as foam stabilizers, leveling agents dimt@ release aids and additives for
cosmetics and polishing agehtsiomedical applicatio?5*> modifications of catalysts or

materials with bactericidal propertfésre of great interest.

There is no limit for the variety of capable orgasubstances and polymers for the synthesis
of hybrid materials with polysiloxanes. Block-copmlers with common monomers like
styrend, methacrylate, butadien® or siloxane containing polyesters and polyaniijes
polyetherd” and polycarbonatés* are reported in literature.
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4. Fundamentals

In this section the principles of process desiga @escribed. These are the kinetics and
thermodynamic characteristics of a chemical reactind the basic fluid dynamic properties
of a chemical reactor. Furthermore, the basicobfrper characterization are described.

4.1.Kinetics

The rate of a chemical reaction\) and its temperature dependence are essentiakdotor
design and modeling. The basic equation for cohstalime of reactanf is given with the
differential Equation 1. The change of the conadin of componenA with reaction time is
proportional to a temperature dependent rate aoefii () and to the concentration of all
substancesck, Gs, ...) involved in the reaction to the power of a speatonstant 4, b, ..).
The sum of these constants identifies the overaleroof reaction. The exponents are not
necessarily equal to the stoichiometric coefficgent the chemical reaction or a natural
number.

:%:—k

M " m [Ea [ep 0. (1)

The temperature dependencekgfis described by the Arrhenius Equation 2.

_EA

ko =k, @RT (2)

(T)

Ea is called the activation energy amhg the pre-exponential or frequency factor. These
constants are primarily calculated from the lodpamitof Equation 2 as stated in Equation 3.
1

In(kry) =1In(ky) —=

T RA 3

4.1.1. Method of Initial Rates

The method of initial rates is an appropriate métfar the determination of the order of a
certain reaction. For its calculation, the reactrate of a common reaction is simplified
according to Equation 4, wheog equals the concentration of reactanta&,is the average
value,t the reaction timek the rate constant amcthe order of the reaction.

£ - k1o

4
At Aav “)
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From Equation 5 the ordem)( is calculated or fitted. For its determinationlyorthe
concentration change of reactant Ac{), the reaction timet) and therefore a minimum of
two experiments with two different concentratiom€@mponent A are required.

A
In(— Actj =In(C,, )0 +In(k) (5)

4.2. Thermodynamics

The standard enthalpy change of reactitytHf) is the change of enthalpy which occurs when
one mole of a substance is reacted under standaditions. It equals the sum of the standard
enthalpies of formation4¢H°) of all components i according to their stoichidrive
coefficient ¢) — products have positive and reactants negatoadficients (Hess’s law,
Equation 6).

AH® => v D HY (6)

If AgH® is > 0, the reaction is considered as endotheamitit consumes energy in the form
of heat. IfAgH? is < O the reaction releases heat and is denstedathermic.

ArH° of a fast chemical reaction is adequately deteerhiwith an adiabatic calorimeter by
recording the change of the temperature of theesysluring the reaction at constant pressure
(Equation 7). The heat of reactioQH) and therefore the enthalpy change of reactipi) of

the component i is calculated from the temperasurstart Ts) and end Tg) of the reaction
and with the knowledge of the heat capacity ofsygem Csyy.

Qr =AgH Oy == Cg LT - T) (7)

4.3.Chemical Reactors

There are three basic cases for an ideal reactsingie-phase: a) the batch reactor (BR), b)
the continuously stirred tank reactor (CSTR) anthe)plug flow reactor (PFR). Target of this
work is the development of a continuously fed regac boundary which is not given with a
BR. Furthermore, when considering a continuouslgraged polymerization reaction with
ionic initiation the PFR is the reactor of chdfteHence, in this work only the PFR is
discussed in detail.

17
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4.3.1. Ideal Plug Flow Reactor*

Plug flow conditions are characterized by homoggrafi the reaction medium over the cross
section of the reactor without any mixing in axtfection. Hence, the concentration of a
reactant is a function of the reactor lendth &nd constant for a certain reaction tirtjeas
shown in Figure 14.

Cl\ CI\

C1] C1 ]
Cl C’Z Ll
— —> L,
Ls
L L Ls o | | T—, o .
L, Ly Lg L t

Figure 14. Concentration profiles for an ideal plug flow cea

A differential element of the reactor voluméy) is shown in Figure 15 whefe, represents
the molar flow of reactant A-ao the initial molar flow,ra the rate of reactiork the rate
constant,n the order of the reactiors the concentration of component £, o the initial
concentration of component A ad the conversion of component A (1 =in, 2 = out)eT
differentials of these parameters are appropriatescribed with the prefid.

%dVR%

Fa . R+ dR

Ca i ra=-k-g | Catdg

X, = L XatdX,

Figure 15. Differential balance of a plug flow reactor

For constant volume the mass balance of reactasmggiven with Equation 8.
Fo=Fa+dFE, +(-r,) [V, (8)

The change of the molar flow of component A is action of its conversion as stated in
Equation 9.

dF, = —-F,, [BX, 9)
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The rate of reaction is according to Equation 10.

-r, = k&) (10)
The concentration of reactant A is according todfigum 11.

Ca =Cpo LI~ X)) (11)

Therefore the reactor volume g)Vis calculated as a function of the conversiomeaictant A
according to Equation 12.

Fao ij dX,

Ve =-
Tk, «, @=-X,)"

(12)

Hence, assuming first order kinetics (n = 1) andcaonversion at the reactor inlet {X=0
and X2 = Xa) VR is given with Equation 13.

F "
Vo =—-—220 dX, (13)
kle,, 51-X,
The integrated form of Equation 13 is given witrugtion 14.
F.o, On@- X
V. =—_A0 ( A) (14)

R K,

4.3.2. Non-ideal Plug Flow Reactor?

The ideal isothermal reactor types provide all basjuations for fundamental reactor design.
However, non-ideal reactors generally differ fronede models caused by different issues
such as mixing, mass and/or heat transfer as welhthalpy effects.

The residence time distribution (RTD) is an adeguatthod for characterization of a non-
ideal reactor system. With the knowledge of thergon time of every single molecule a real
conversion rate is easily calculated. In this wibr dispersion model was used. In this model
the RTD results from axial back-mixing effects lmeth/ning an ideal plug flow. These effects
may result from convective mixing in axial directicdue to turbulences and vortices,
inhomogeneous velocity profile along the crossisaobf the reactor or molecular diffusion.
The axial back mixing is characterized by the axiispersion coefficient () a parameter
which has the same dimension as the diffusion et >
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4.4.Dimensional Analysis

In this work the dimensionless numbers, Bodensteimber, Péclet number, Reynolds
number and Dean number, are used for basic charatten of a real reactor system.

4.4.1. Bodenstein and Péclet Number (Bo, R§*°

The Bodenstein numbeB¢) and Péclet numbeP§,,) are used for characterizing the ideality
of hydraulic flow patterns of a reactor, whereepresents the flow velocity, the length of
the reactord the tube diameter aridh, the axial dispersion coefficient. If Bo = 0{D>> u-L;
u-d) the reactor is ideally mixed and correspondth en ideal CSTR and if Bos
(Dax << u-L; u-d) the reactor is equal to an ideal PB&initions are given with Equation 15
to Equation 17.

ul

L
Bo= Ytk 15
D, (15)

. uld
Pe, =— 16
- DaX ( )
Bo=Pé, [JO'T (17)

4.4.2. Reynolds Number (Re§?

The Reynolds numbeR@ represents the ratio of inertial to viscous ferdeor a Newtonian
fluid Re may be defined as shown in Equation 18 wheres the flow velocity,L a
characteristic length (diameter of the tube) aide kinematic viscosity.

Re= ult (18)
U

4.4.3. Dean Number (Dey***

The Dean effect — secondary circulation perpendictd the main flow — occurs for flow
through a curved tube or coil. De-number is defiasghown in Equation 19.

I
De= Req/; (19)
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d is the diameter of the tube or coil abdthe diameter of the curvature according to
Figurel6.

Figure 16. Dimensions] andD for the flow regime in a curved pipe or Coil

The critical Dean numberDg.i) for formation of secondary circulation is given i
Equation 2G°

De,, =54 (20)

4.5.Polymer Characterization

The number average molecular malk)(the mass average molecular masg)(and the
polydispersity index FDI) are used to characterize the mass distributiompafmers.
Definitions are given with Equations 21 to 23, wheris the number of polymers with the
molecular masi;.

_2M

Mn_T (21)
_2M?m,

My =S (22)
_MW

PDI = 23)

n

The PDI has a value 1 and indicates the molecular weight distributddra polymer. When

the polymer approaches uniform chain length, thd Bfbroaches unity. Most common
methods for determination of the polydispersity pblymers are light scattering
measurements, mass spectrometry and size exclsiomatography (SEC).
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5. Results and Discussion

5.1.The ROR of D; and D,

The ROR of B initiated by t-BuLi was performed in THF. CDMS wased for successful
end capping forming fert-butyl-1,1,3,3,5,5,7,7-octamethyltetrasiloxga¢ by elimination of
lithium chloride. The general procedure is showFigure 17.

\/ Y
. - o VAAVIAVIAV/
}/ _/Si\O/Si\_ " -LiCl " X cov v n

(0]

Figure 17. ROR of 03 initiated with t-BuLi and terminated with CDMS

The'H NMR spectrum ofl) is shown in Figure 18 to Figure 20.

'H NMR (300 MHz, 25°C, CDG) 6 / ppm 0.037 (GHg-Si(CH3)»-O, s, 6H); 0.054-0,064
(O-(Si(CH3)»-O),, 2s, 12H); 0.180-0.190 (O-SikG)»-H, d, 6H); 0.873 (GHe-Si, s, 9H);
4.674-4.730 (SH, m, 1H)

0.190
0.180
0.064
0.054

e

0.873

Part B Part A

ppm(t1)

Figure 18. *H NMR spectrum of1): total spectrum
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Figure 19. *H NMR spectrum of1): Part A, methyl groups
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Figure 20. 'H NMR spectrum ofl): Part B, hydride functional group
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The?°Si NMR spectrum ofl) is shown irFigure 21.

295i NMR (300 MHz, 25°C, CDG) & / ppm -24,637 - -22.777 (OS((CHs)2-O)y, 25): -9.526
(Si-H, s); 7.532 (GHq-Si, s)

7.532
9.526
-22.77

24.637

N
?

Y y ! t
N o [
o N o o
=y © = O
\ \ \ \ \
0 -10 -20 -3C

ppm(t1) 10

Figure 21. ?°Si NMR spectrum of1)

All peak intensities in théH NMR spectrum are in great correlation to eacleo#xcept th
hydride function. This effect is due to the overlaipthe background noise and the br
multiplet (septet, 4.67gpm to 4.73 ppm) signal (Figure 20Generally, also th?°Si NMR
spectrum has quantitative integrals, however tert-butyl group (7.532pm) increases ar
the hydride group (-9.526pm) decreases the sigiintensity (Figure 21).

The IR spectrum ofl) is shown irFigure 22.The most characteristic peak in the IR spect

is the strong SH band in the rangbetween 2280 cthand 2080 cm (B), this functiona

group is also found between ¢cm' and 800 crif (B'). The peaks at 12tcmi* (D) and

between 865 cthand 75Ccni™* (D’) are attributed to the Si-GHbf the M and D units. Th

Si-O-Si chain results in a broad and strong band betwé8f cm* and 100 cni* (E) The

multiplet in the rangebetween2960 cni* and 2850 cm is attributed to he C-H valence
stretch of the alkyl groups (A). Furthermore, tert-butyl group (C) is a small, but she

band at 1365 cth®’ The IR spectrum excellently shows the well segedjahydride
functional group peak at 21 cm™; however, this method cannot be used for any dfasise

analysis.
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Figure 22. IR spectrum of1)

5.1.1. Kinetics of the ROR of D,

D3 conversion is calculated by the ratio of reactedrireacted Pmolecules. A characteristic
'H NMR spectra array is shown in Figure 23 wherepheak intensity of Pis diminishing
with increasing time.

| | 1 | |
0.150 0.100 0.050 0.000 -0.050

Figure 23. 'H NMR array of the ROR of Pinitiated by t-BulLi
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Conversion curves of the ROR of hitiated by t-BuLi in a temperature window stagi
from -70°C and ending with -45°C are shown Figude Phe reaction obeys second order
kinetics (x = 2) in respect to sDaccording to the simplification given in Equati@d to
Equation 27. The second order rate constants oRR are shown in Figure 25; however,

the rate constants were generally calculated vighsbftware TableCurve 2D 5.0: Eqn 8102
[Decay2_].

o, _ k" " 24
- D, —“t-BuLi (24)
dt
Cp, = Ci-puLi (25)
X=n+m (26)
CD3 X
P =k (g (27)
dt :
50.0 7
! 0-45.3C
+-50.8°C
' A-55.5C
40.0 1
: X -60.6°C
©-70.0°C
, 300"
|
S
=
=
~, 20.0
a
10.04 O X, Aw 0 X~ e
0.0 : : : .
0.0 2.0 4.0 6.0 8.0 10.0

Time / h

Figure 24. Typical conversion curves of the ROR of iDitiated by t-BuLi and quenched with CDMS in THF
in a temperature range between -70°C and -45°C
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Figure 25. Second order rate constants of the RORghi@iated by t-BuLi

Seven different temperature levels were considéoeddetermination of the temperature
dependence of the rate of reaction. The paramatersummarized in Table 1.

Table 1. Rate constants (TableCurve: Eqn 8102) and ternpegaof the ROR of Pinitiated by t-BulLi

T/°C TH/K? ke /L mol™s? In(k m) / -
-40.8 4.30 - 18 7.14 - 1G -2.64
-45.3 4.39 .18 450 - 10 -3.10
-50.7 4.49 .18 2.50 - 1G -3.69
-50.8 450 - 18 2.53-1CG -3.68
-55.5 459 .18 1.50 - 1G -4.20
-60.6 4.70 - 18 7.65 .10 -4.87
-70.0 492 .18 2.42 .10 -6.02
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The Arrhenius plot of the ROR ofsDnitiated by t-BuLi is shown in Figure 26.

0.0

2.0

y=-5503 - x +21.05
R?=0.999

~ 4.0 1
=
E

6.0 1

-8-0 T T T

0.0041 0.0043 0.0045 0.0047

T/ K1

Figure 26. Arrhenius plot of the ROR of nitiated by t-BulLi

0.0051

The Arrhenius parameters were found tckbe 1.39 - 18L mol™ s* andE, = 45.8 kJ mot*

(Table 2). An error of 5.0 % is estimated accordimtjteraturé®,

Table 2. Arrhenius parameters of the ROR cof ibitiated by t-BulLi

Parameter Value Error
Ea / kJ mol™* 45.8 +2.3
ko/ L mol™s? 1.39 - 18 +6.93- 10

The monomer Pdoes not react forming the corresponding linemosiloxane(2) under the
same reaction conditions as it doeg &en when extending the temperature window taroo
temperature with reaction times of about 2 h (Feg@w). For this reaction more drastic
conditions are need&t The difference of the reactivity is attributedth® ring strain of the
molecule O which is ten times lower than the ring strain lné six membered ring. Hence,

the ROR of cyclic oligosiloxanes is highly seleettowards the monomersD
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Figure 27. ROR of O) initiated with t-BuLi using the same reaction citiwths as with the monomersD

5.1.2. Thermodynamics of the ROR of B

For reactor design the consumed or evolved heegadition is an essential parameter. As it
can be seen in Figure 28 the ROR qfilltiated by t-BuLi is a highly exothermic reaatio
For characterization of the temperature curve stahbalanced analysis was appifed

4.0 -

y=0.000-x+2.376

2.0

0.0 1

-2.0 A

Temperature C

4.0 -

L

y=0.001-x-6.005

-6.0

-8.0

0 100 200 300 400 500 600 700
Time /s

Figure 28. Temperature curve of the ROR of Ditiated by t-BulLi

ArH of the ROR of B initiated by t-BuLi was determined to b206.6 kJ mol* with a
standard deviation of 2.6 % (Table 3).
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Table 3. AgH of the ROR of Rinitiated by t-BulLi

Experiment No. AgH / kJ mol?
#1 -212.0
#2 -201.3
#3 -206.5
Average -206.6
Deviation 5.4

In accordance to the results of the experimentsiébermining the kinetics\rH of the ROR
of Dy initiated by t-BuLi could not be measured.
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5.2.The ROP of b

In this section a general polymer characterizatkimgtic studies and the determination of the
enthalpy change of reaction of linear PDMS of tyBg with 2< n< 25 (Figure 29) are
described. Due to reasons of simplification thenéthylsilyl terminated chains were mainly
used in order to prevent any oxidative side effadigdride function might suffer. Deviations
or any other consequences caused by the change chtorosilane (CDMS vs. CTMS) are
assumed to be insignificant.

\
V. :

N \/ \/ \/ \/

L o~ Mo
. ; | | N N 81\0/81\0/81\0%81\
N T LiCl n
/07N

€)) 2<n<25

Figure 29. ROP of 3 initiated by t-BuLi and stopped by CTMS

5.2.1. General Polymer Characterization

Determination of the monomer conversion was majr@fformed by'H NMR spectroscopy
(300 MHz, 25°C, CDG) using the ratio of reacted € 0.0 ppm) to unreacted molecules D
(6 =0.1 ppm) or equimolar amounts of benzebe 7.3 ppm) as internal standard. This
method was compared to gravimetric (grav) and ¥} fheasurements. The results of these
three analyses were consistent. A typical resugiven in Table 4, whera represents the
number of reacted molecules. PDMS with a molecular weight distribatof PDI< 1.2 are
producible.

Table 4. Comparison of the analytical methods

Dso/ mmol L™ 482.1

D; : t-BuLi / mol mol* 31:1
Temperature / °C -1.0
Reaction time / h 7.0
Navr /- 21.9

Ngray / - 21.9

Nsec/ - 23.6

PDI / - 1.197

Figure 30 shows a MALDI-TOF-MS (Ayof a linear PDMS produced by the anionic ROP of
Ds initiated by t-BuLi and stopped by addition of CEMThe isotope pattern of this spectrum
is given in Chapter 8.1.2. The polydispersity cilted from the signal intensities of the mass
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spectrum equals 1.1, a value which is even lowan tthe molecular weight distribution
gained from SEC measurement. The inter-distancethef peak signals equals in
approximation the molecular weight of; §222.46 g mot). In addition, as described in
Chapter 5.1.1, the ROR of;[s not occurring at the applied reaction condsgiasince the ring

strain of the six membered ring provides the dguviorce for this polymerization. Hence, it is
assumed that backbiting or any other side reactamesnot occurring in the kinetically
controlled regime as already reported in literdture
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Figure 30. MALDI-TOF-MS of a linear PDMS produced from th®©R of D;

The formation of the thermodynamically most stablglic oligosiloxane () due to
backbiting reactions was not observed up to ab®Wh30 95 % conversion according’t&i
NMR spectroscopy (Figure 31: no peak at at 19.4)pgkh higher conversion the polymer
starts to degrade as already elucidated in Figdr@nd D is formed as the main side product.
Furthermore, no consumption of, ih the ROP of B from equimolar mixtures of these two
cyclic oligosiloxanes in THF was detected. Withsl@bservations, the anionic ROP qfiD
polar aprotic media is regarded as a highly selecgiolymerization reaction towards the
monomer I in the kinetically controlled regime. However, tpelymerization reaction
suffers side product formation when no terminatieaction is performed and the degree of
polymerization starts to decrease, ending up inetinglibrium controlled regime. Figure 31
shows a typical’Si-INEPT NMR spectrum of a linear PDMS terminatgthvC TMS.

2%Si NMR (300 MHz, 25°C, CDG) 6 / ppm -22.726 - -21.477 (OSi(CHs)-O)y, m); -8.686
(Ds, s); 7.071 (CBi(CHa)s, S); 9.912 (GHo-Si(CH3)2-0, s); 30.697 (CBI(CHs)s, S)
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Figure 31. **Si-INEPT NMR spectrum of a linear PDMS chain teratéd with CTMS, B, : t-BuLi = 10 : 1,
T = 10.0°C, monomer conversion= 94.5 %

The viscosity and density of linear PDMS were dateed in dependence on the chain
length. The results are given in Table 5. Figures@ws the correlatiGhof the logarithm of
the dynamic viscosityn) and the logarithm of the molecular mass (M) otér PDMS. The
measurements (squares, solid line) show linearrabpee and are in good agreement with
adapted dafareported in literatuf@ (circles, dashed line).

Table 5. Dynamic and kinematic viscosities and densitiegatious PDMS at 20.0°C and 50.0°C

20.0°C 50.0°C
(Da)n | (Si-O) | \Viscosity/  Viscosity/ Density /| Viscosity/  Viscosity/ Density /
mPa s mm? st gmL? mPa s mm? st gmL?

3.3 10.8 8.3034 8.9975 0.9229 4.7477 5.2926 0.8970
7.8 24.4 21.638 22.768 0.9504 12.043 13.021 0.9249
13.0 39.9 36.941 38.493 0.9588 19.675 21.071 0.9331
13.6 41.8 39.132 40.813 0.9597 21.724 23.283 0.9337
21.7 66.0 63.871 66.272 0.9638 35.381 37.712 0.9382

" Viscosities were given for 100°F (37.8°C) and #(98.9°C), the values for 20°C were extrapolatenf
these data points.
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Figure 32. Correlation of the logarithm of the dynamic visitg and the logarithm of the molecular mass of

linear PDMS at 20.0°C

Figure 33 shows the density of the linear PDMS &sation of the number of Si-O units of

the polymer chain at 20.0°C and 50.0°C.
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Figure 33. Density of linear PDMS at T = 20.0°C and T = 3@.0

70.0
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In the investigated molecular weight-range the dgrshows a significant dependence to the
PDMS chain length (number of Si-O units) as represe by the dashed (20.0°C) and dotted
(50.0°C) line. The density approximates 0.964 g'rfir 20.0°C and 0.938 g niLfor 50.0°C

at higher degrees of polymerization. A thetic baanydlividing the plot into two sections was
set (grey solid line) at a degree of polymerizatwd28 (9 equivalents P+ TMS end group).
At this point, the slopes of the two density cungtart to diminish, dividing oligo- from
polymerization. This interpretation is in accordamnath the analysis of the rate constants of
the ROP of @ (Chapter 5.2.2.2).

5.2.2. Kinetics of the Propagation Reaction

The determination of the kinetics of the ROP givias performed with different molar ratios
of D3 to t-BuLi in order to evaluate the dependencenhefkinetics on the chain length of the
growing PDMS chain (Table 6). The ROR of the feguivalent of the monomerzDorms
the “active monomer” B¥ according to Equation 28. The ROR is several mdé¢ magnitude
faster than the ROP.

Np; = Mo, = Nipui (28)

Table 6. Molar ratios of the kinetic study of the ROP of D

t-BuLi D5 Ds*
2 1

4 3

1 7 6
10 9
19 18

5.2.2.1. Method of Initial Rates

The method of initial rates is an appropriate moidel determination of the order of a
chemical reaction. The ROP of Wvas performed with molar ratios ogDt-BuLi =4 : 1 and
10 : 1 at 0°C, 10°C and 20°C and reaction time&.%h and 1.0 h.

Figure 34 shows the ROP o ibr a molar ratio of B: t-BuLi = 10 : 1 with reaction times of
1.0 h at 0.0°C and reaction times of 0.5 h at 1D.&id 20.0°C.
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Figure 34. Method of initial rates for p: t-BuLi=10:1

Figure 35 shows the ROP ot br a molar ratio of B: t-BuLi = 4 : 1 with reaction times of
1.0 h at 0.0°C and reaction times of 0.5 h at ZD.0°
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Figure 35. Method of initial rates for P: t-BuLi=4:1
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The results are summarized in Table 7; the resultirder equals = 1.0 with a standard
deviation of less than 2 %.

Table 7. Method of initial rates of the ROP oD

D3 : t-BuLi/ Temperature / | Reaction Time / Order n/
mol mol™ °C h -

0.0°C 1.0 0.997

10:1 10.0°C 0.5 1.038
20.0°C 0.5 1.013

41 0.0°C 1.0 0.994
20.0°C 0.5 1.010

Average ordern/ - 1.0
Deviation / - 0.017

5.2.2.2. Rate Constants of the ROP of P

The rate constants of the ROP of @ere determined according to the molar ratios of
D3 : t-BuLi given in Table 6. The experiments wererieal out in a temperature window
of -10.0°C to about 35.0°C. The rate constantssamamarized in Table 8 and Table 9,
Figure 36 shows typical first order kinetics of #i@onic ROP of Binitiated by t-BuLi with
Ds: t-BuLi=7:1 at0.0°C, 10.0°C, 20.0°C and 3€@0

6.0
_ ©0.0°C
y=2.1485-x+0.252y = 1.1018 - x +0.219 FOP
020.0C
4.5 4 y=0.4797-x +0.117 030.0°C
R2=0.999
S 30 y=0.2164-x-0.0120
o R2=0.994
o
=}
IS
[
1.5 A
[
<
0.0 ; . . .
0.0 3.0 6.0 9.0 12.0 15.0
Time / h

Figure 36. First order kinetics of the anionic ROP of (D5 : t-BuLi = 7 : 1) at different temperatures
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Table 8. Rate constants of the ROP of (D

Table 9. Rate constants of the ROP of ()

D; : t-BulLi T/°C k/ht D; : t-BulLi T/°C k/ht

-10.0 0.0887 0.0 0.2164
-0.79 0.2378 _ 10.0 0.4797
0.00 0.1824 1:7 20.0 1.1018
10.1 0.4468 30.0 2.1485
14.8 0.7680 0.00 0.1918

1:2 14.9 0.7704 _ 10.0 0.4302
19.9 0.978 1:10 10.0 0.4741
24.8 1.542 30.0 1.9128
29.8 2.190 0.00 0.1779
30.4 2.946 1:19 20.0 0.9080
32.1 3.060 20.0 0.9277
10.0 0.5163

1:4 20.0 1.0796
30.0 2.1047

Figure 37 shows the Arrhenius evaluation of theuaed data. The fit of the whole set shows
a highly accurate correlation according to the ammre of R=0.987 (dashed line, italic
equation). However, this correlation is signifidgntnproved when the data set is split into
two sections. The first section {Dt-BuLi = 2:1, 4:1, 7:1circles, upper solid line)
representing the oligomerization of;as an accuracy of R 0.9905 and the second
(D3 : t-BuLi = 10: 1, 19 : 1squares, lower solid line) representing furtherypwrization has

an accuracy of R= 0.997.

2.0
y =-6596.x+ 22.56 02:1,4:1,7:1
R2= 0.9§7 010:1,19:1
1.0 A A ?\o
2:1,4:1,7:1
0.0 A y=-6584.9-x +22.561
R2=0.9905
=~ 10:1,19:1
< -1.0 A _
= y=-6404.9-x +21.782
- R2=0.997
-2.0 -
-3.0 T : :
0.0031 0.0033 0.0035 0.0037 0.0039
1/T/1/K

Figure 37. Arrhenius plot of the ROP of{initiated by t-BuLi with different ratios of monamto initiator
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In consistency with the interpretation of the dgnsurves (Figure 33) the consumption of the
first to the eighth equivalentsOn the ROP is specified as oligomerization and amther
propagation is defined as polymerization.

The Arrhenius parameters were found tokbpe 1.75 - 18s* andEa = 54.7 kJ mol* for the
oligomerization of B and ko=8.01-10s’ and Ea=53.3kImot* for further
polymerization (Table 10). An error of 5.0 % isiestted according to literatufe

Table 10. Arrhenius parameters of the ROP gfibitiated by t-BuLi

Type Parameter Value Error
-1
D, 1-8 Ea / kJ mol 54.7 +2.7
Oligomerization Ko/ st 1.75 - 16 +8.73 - 16
-1
D; O+ EA / kJ mol 53.3 +2.7
Polymerization Ko/ s* 8.01 - 18 +4.00 - 16

5.2.2.3. The Influence of Matrix lons on the ROP of 3

The influence of various metal salts, especialgmednts of common stainless steel (Fe, Cr
and Ni) on the anionic ROP of;¥Ds : t-BuLi = 19 : 1) at 10°C and 20°C was investaght

In general, the admixture of a metal halogenidalted in a significant decrease of the rate of
reaction.

Figure 38 shows the monomer conversion of the aniB®OP of I3 (crosses, solid line) and
polymerization with addition of Cr(Il) (squares,ttba line) and Cr(lIl) (rhombi, triangles and
circles, dashed lines) chlorides at T = 10°C. Eifie constituent has a significant influence
on the rate of conversion, Cr(lll) decreases polyfioemation and Cr(ll) even quenches
polymerization completely. Cr complexes such asa€a¢) as well as MnS@showed no
influence on the rate of reaction. Admixture ofe@ Fe-, Ni- or Mg-halogenides resulted in
consistency to the Cr-doped experiments in decdeasgmomer consumption.
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Figure 38. Influence of Cr(Il) and Cr(lll) on the anionic B®f D; (D3 : t-BuLi =19 : 1) at 10.0°C

The addition of stainless steel internals (1.4302A) and 1.4571 (V4A)) did not cause
decreased rate of the polymerization. However ragteons of reactive PDMS-compounds
with stainless steel are reported in literattiféand therefore, a negative influence of e.g.

brazed joints in continuously fed reactors cannetcdompletely excluded, as shown by
previous experiments
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5.2.3. Thermodynamics of the ROP of @

The polymerization of Bis a mildly exothermic reaction as shown by theregponding
temperature curve (Figure 39). For determinationgf, a solution of @ in THF was added
to the reaction mixture and therefore correctionhef temperature curve was necessary. The

corrected baseline (dashed line) was used instette dower baseline (lower solid line) for
data calculation.
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Figure 39. Temperature curve of the propagation reactionzof

ArH of the propagation reaction ofsDwas found to be31.1 kJ mol* with a standard
deviation of 24.8 % (Table 11). A value akH = -60.7 kJ mdt is reported in literatufé

The deviation may result from heat losses durirag@ssing because the reaction was not fast
enough for this experimental setup.

Table 11. AgH of the propagation reaction oD

Experiment No. AgH / kJ mol?
#1 -36.5
#2 -25.6
Average -31.1
Deviation 7.7
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5.3.The Termination Reaction

The anionic ROP of Pinitiated by t-BuLi is forming a linear terminatHium silanolate as an
intermediate which is simultaneously end cappeclbyination of lithium chloride when a
chlorosilane is added (Figure 17). In this reactiorother side products are formed and there
are no competing reactions reported in literataraffect kinetic studies. Hence, only the
thermodynamic characterization was performed by nseaf determination ofAgH by
measuring the corresponding temperature curve tdin@nation reaction with CDMS as end
capping reagent is an exothermic reaction as shawfigure 40.AgH of the termination
reaction was found to b68.7 kJ mol* with a standard deviation of 2.1 % (Table 12).
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Figure 40. Typical temperature curve of the termination tigacwith CDMS

Table 12. AgH of the termination reaction with CDMS

Experiment No. AgH / kJ mol™

#1 -98.6
#2 -99.8
#3 -95.3
#4 -99.3
#5 -100.6

Average -98.7

Deviation 2.1

42



Results and Discussion

5.4.Continuously Performed Experiments

As already stated in Chapter 4.3 for a continuooglgrated anionic polymerization reaction
the PFR is the reactor of choice. At first, theioadt calculations of an ideal PFR were
performed. Later on, the continuous production inedr PDMS with narrow molecular
weight distributions is described. Preliminary pubrization reactions were carried out in a
stainless steel PFR (SS-PFR) by C. Pscfdrathis work a PFR consisting of Teflon tubing
(PTFE-PFR) was constructed and operated. The P HHEMas coiled up a central tube to
induce radial mixing along the reactor. The mixgitpct was proven by CFD calculations.

5.4.1. Ideal PFR Calculations

With the determined polymerization kinetics andhwithe parameters given in Table 13 an
ideal, isothermal PFR for the continuous ROP e¢falas calculated. This dataset was chosen
in order to develop the PTFE-PFR experiments desdrin Chapter 5.4.3. Two different
stock solutions (B stock and t-BuLi stock) are assumed which are thixea T-connector
and the polymerization reaction occurrs subsequecttording to Figure 41. The termination
reaction is not considered at this point.

Table 13. Parameters for calculations of the ideal PFR

Type Parameter Value
_ D3/ mmol L* 500.0
Stock Solution ) 1
t-BuLi / mmol L~ 320.0
Molar Flow Ratio D3 : t-BuLi/ - 25
Volumetric Flow Ratio D3 : t-BuLi/ - 16
_ _ D5/ mmol L* 470.6
Reaction Solution ] N
t-BuLi/ mmol L~ 18.8
Temperature T/°C 40.0
Ds Initiation Polymerization
Stock | |
[——=- r————-
r | |
Mixer » Reacto » Downstream processing
t-BuLi
Stock

Figure 41. Flowsheet for calculations of the ideal PFR
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Figure 42 shows the modeled concentration profitpuéres, solid line) and the number of
Si-O units (triangles, dashed line) of the growlPIgMS chains in dependence on the mean
residence time for an ideal PFR. The change fragoeolto polymerization is represented by

the vertical dotted line; a significant influenae the concentration curve is not apparent.
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100 1
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Figure 42. Concentration profile of monomer and PDMS repegtinits (Si-O) for polymerization in the ideal
PFR in dependence on the mean residence time a0FG

The graphical solution of the mean residence tithéo( a monomer conversion of 88 % of a
PFR (area below the dataset) in comparison to aRC@fea of the whole square) is shown in
Figure 43. In this ideal PFR curve the change fadigo- to polymerization is apparent. The
reactor volume needed for the initiation reactisrinsignificant and not considered at this
point.

The calculated ideal residence time of the CSTRn@e than six times larger than the
corresponding ideal PFR residence time. Hence #R B the more economical type of
reactor for this kind of polymerization reaction.
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Figure 43. Graphical solution of the mean residence timef(§ PFR in comparison to a CSTR at T =40°C

5.4.2. SS-PFR Experiment§®

In the continuously fed SS-PFR the first monodispePDMS (PDkK 1.2) were already
successfully synthesized. The experimental setapas/n in Figure 44.

R :
S {

— A
Y-Mixer Y-Splitter SS-PFR Temperature
— Indicator

Sampling

0.

N, Waste

Figure 44. SS-PFR experimental setup for continuous ROPsafiblated by t-BuLi
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The characteristic dimensions of the SS-PFR arengin Table 14, wherk, D,, Vr - mix and
VR + mix represent the length, inner diameter and the seaciume without and with Kenics
mixer units and-y stands for the flow rate.

Table 14. Characteristics of the experimental setup SS-PFR

L/cm 40.0

D, /cm 1.0
VR _mix / mL 31.4
VR +wmix / ML 27.3
Fy/mL min™ 1.0-10.0

Because of laminary flow conditions Kenics mixefsg(ire 45) were used to induce radial
mixing along the PFR. The RTD experiments showedfusing behavior as Bo-number
decreased with increasing flow rate.

Plug Flow Reactor

Figure 45. Kenics static mixer units along a PER

The polymerization reactions were performed at 40Ath a monomer to initiator ratio of

D3: t-BuLi = 25: 1 and 50 : 1. Reproducibility acdntrol of the degree of polymerization
could not be obtained with this experimental setapgeneral, PDMS chains with two to

seven times larger molecular weights in compartsadeal PFR calculations were produced.
The monomer conversion was generally lower thanutatied. Deactivation of the initiator

t-BuLi caused by interaction with the reactor mialevas assumed.
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5.4.3. PTFE-PFR Experiments

To solve the problems of the SS-PFR a PTFE-PFR amastructed and operated. Radial

mixing was performed by coiling the tubing up aei create Dean vortices, secondary
circulations perpendicular to the main flow.

5.4.3.1. The Reactor

Two different PTFE tubes were used. The charatiedanensions of these two tubings are
given in Table 15, wherk, d, d,, s, Vr represent length, inner diameter, outer diametal,
thickness and volume of the reactor @&lthe central tube diameter. The setup PTFE-PFR |
was characterized at three different curvaturesngusbo=2.0cm, R =3.0cm and
Do=4.0cm. The setup PTFE-PFR Il has a three tifager reactor volume than
PTFE-PFR | and was used for comparison. This reaes coiled up B= 3.0 cm.

Table 15. Characteristics of the experimental setups PTFR-Pand |l

Parameter PTFE-PFR | PTFE-PER I
L/m 4.00 5.33
d,/ mm 2.0 3.0
do/ mm 3.0 4.0
s/ mm 0.5 0.5
Do/ cm 2.0,3.0,4.0 3.0
Vg / mL 12.57 37.71

The curvature diametebD] of the fluid flow for calculation of the De-numbes given with
Equation 29.

D=D, +20 (29)

Figure 46 shows a picture of the reactor setup PPFE | coiled up @=3.0cm. The
temperature control unit, applied during continupal/merization experiments, is not shown
on this picture. The direction of the flow is froleft to right hand. For RTD the second
T-connector at the reactor outlet (right hand sida3 not needed.
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Figure 46. Picture of PTFE-PFR I coiled up a central tubsndiiter of [ = 3.0 cm for continuous experiments

The concentration profile and the number of Si-@suof the ideal PFR (Figure 42: squares,
solid line and triangles, dashed line) were modifie respect to the range of the investigated
flow rates in the PTFE-PFR | experiments (Figurg. 4he flow rates Ky) are given in
Table 16. In addition, central tube diametBo), the curvature ratiod®® D), Re- and
De-number Re De) are shown. Re- and De-number were calculateghdioe THF at room
temperature (25°C) because the RTD experimentsren@€FD calculations were performed
under these conditions.

Table 16. Flow rates (F), central tube diameter @), Re- and De-number for PTFE-PFR |

Fy/ Do/ d’5 DO/ Re / De /
mL min™* cm - - -
1.50 31 14
3.00 62 27
5.00 2.0 0309 103 45
7.50 155 68
1.50 31 11
3.00 62 22
5.00 3.0 0.254 103 37
7.50 155 56
1.50 31 10
3.00 62 19
5.00 4.0 0221 103 32
7.50 155 48
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Figure 47. Concentration profile of monomer and PDMS repeatinits (Si-O) for polymerization in ideal
PTFE-PFR | in dependence on the mean residencdrishaling the range of flow rate

5.4.3.2. The Initiation Reaction in the T-Connector

At ambient temperature the highly exothermic iitia reaction occurs instantaneously when
the monomer stock solution and the initiator stedfution are mixed. To prevent any

enthalpy effects (e.g. hot spots) in the mixer, Hugabatic temperature increase for the
initiation reaction is calculated. In this predacti only the solvents THF and Heptane are
considered and the heat transfer to the mixer gratgimer heat loss is neglected. Hence, the
temperature increase is calculated according t@mu 30.

AT — B nt—BuLi [ARH Initiation

(30)

Nrye m:p,THF + nHeptane m:;;ngeptane + Npertane (¢ pPentane

The temperature increase was found to be approgiynal = 2.5 K. From these calculations
it was concluded that any enthalpy effects occgrrin the mixer can be regarded as
insignificant. However, to prevent the formationhaft spots due to non-ideal mixing neither
the reaction solutions @stock and t-BuLi stock) nor the mixer itself anelpeated in the
continuous polymerization reactions. Additionalgny enthalpy effects of the termination
reaction are also neglected, as the enthalpy chahgeaction is even less than half of the
enthalpy change of reaction of the initiation react
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5.4.3.3. RTD of the PTFE-PFR

To investigate the impact of non-idealities on tm®lecular weight distribution RTD
experiments for PTFE-PFR | and Il were performete Experimental setup is shown in
Figure 48; sampling was performed discontinuously.

MeRed
THF
Mixer Reacto-'—l
N00..
THF Sampling

Figure 48. Experimental setup for determination of the RTD

A typical F-curve is shown in Figure 49. The datgsquares) was fitted by a sigmoidal fit
(grey solid line) for consecutive evaluation of B@-number. The dashed grey line indicates
the mean residence time.

1.8

Absorption/ -

'0.2 T T T T T T T T
0 50 100 150 200 250 300 350 400 450
Time /s

Figure 49. F-curve of PTFE-PFR | coiled up a central tubaniter of @ = 2.0 cm and flow rate of/=
5.00 mL min

Figure 50 shows the E-curves for the experimergtips PTFE-PFR | with a central tube
diameter of @=2.0cm at different flow rates (& 1.50 mL mii* grey squares;
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Fv = 3.00 mL mift black circles; F=5.00 mL mift grey triangles; &= 7.50 mL mif'
black rhombi).@ represents the dimensionless hydrodynamic resedéame. The RTD curves
of all experiments are summarized in Chapter 7Rdure 50 representatively shows that the
distribution broadens with increasing flow rate, larexpected hydraulic characteristic for a
PFR. The results of the RTD evaluation of PTFE-PBR summarized in Table 17.

Fy= £-150
-6-3.00
~A-5.00
~-7.50

G Ci,max_]'/ -

o O
o b

3.0

Figure 50. Evaluation of the RTD (E-curve) for PTFE-PFR lled up a central tube diameter o§ B 2.0 cm

Table 17. Results of the RTD experiments of PTFE-PFR lezbilp different central tube diameters D

Do/ cm Fy/ mL min™? Re /- De /- Bo/-
1.50 31 14 161

20 3.00 62 27 98
5.00 103 45 72

7.50 155 68 59

1.50 31 11 147

3.00 62 22 72

3.0 5.00 103 37 55
7.50 155 56 52

10.00 207 74 45

1.50 31 10 145

3.00 62 19 75

4.0 5.00 103 32 50
7.50 155 48 48

10.00 207 65 46
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Figure 51 shows the comparison of the results ef RTD experiments (Bo-number) of
PTFE-PFR | with different diameter of the centrabé I versus De-number which is
proportional to the flow rate (&= 2.0 cm, squares, solid line;xc> 3.0 cm, circles, dotted
line; Do=4.0cm, triangles, dashed line). Bo-number ignifcantly decreased with
increasing flow rate for all three experimentalugst This finding is in accordance with CFD
simulations (Chapter 5.4.3.4). In these calculatiofirst eddies were formed at
Fv = 3.00 mL mift. When De-number obtains Rethe Bo-number reaches a constant value.
Generally, with increasing curvature diameter tleerBmber is decreased and the fluid flow
is less stable.

200 +
Do=—8-2.0cm
-0 3.0 cm
--A-4.0cn
150 -
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0 w ‘ ' ‘
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Figure 51. Bo- versus De-number for PTFE-PFR |: Comparisod @nfluence of different central tube
diameters g

The experimental results of the RTD experiment$dFE-PFR Il coiled up a central tube
diameter of @ = 3.0 cm and different flow rate are summarizediable 18.

Table 18. Results of the RTD experiments of PTFE-PFR Ilezmbup a central tube diameter of B 3.0 cm

Do/ cm Fy/ mL min™? Re /- De/ - Bo/-
1.50 21 9 170

3.00 41 18 117

3.0 5.00 69 30 88
7.50 103 46 71

10.00 138 61 63
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Figure 52 shows the comparison of PTFE-PFR;I=(@.0 mm; squares, solid line) and
PTFE-PFR 1l (g=3.0 mm; circles, dotted line); both coiled ugentral tube diameter of
Do = 3.0 cm. The Bo-numbers of PTFE-PFR | are sigaiftly lower than the corresponding
values of PTFE-PFR Il. Hence, an increase;pivtiich results in a decrease of De- and Re-
number, shows a positive effect on the stabilityhef system.

200 +
~©- PTFE-PFRI
—&— PTFE-PFRII
150 -
\I k Decm =54
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0 ‘ ‘ I ‘
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Figure 52. Bo- versus De-number: Comparison of differentntiters of the reactor (PTFE-PFR I and
PTFE-PFR II) coiled up a central tube diameter g38.0 cm
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5.4.3.4. CFD Simulation of PTFE-PFR |

The experimental results ¢fie RTD investigations were comparedth CFD calculations.
The case scenario for simulatiwas the experimental setup PTFE-RF&®ilec up a central
tube diameter of B= 2.0 cm(Table 15). Ten coils of theeactor were mesheaccording to
Figure 53.

\

Figure 53. Simulated reactor set{PTFE-PFR I) for CFD calculations

The mesh grid consists afpproximately1.2 - 16 cells; partially shown in Figure 54.
Laminary flow conditions (F << 2300) and the physical properties of THF (visce
Newtonian fluid) were used.

Figure 54. Mesh gridof the simulated reactor (PT-PFR I) for CFD simulations
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Figure 55 shows theross section o0PTFE-PFR | for the flow rate df, = 1.50 mL mift,
Fv = 3.00 mL mift, Fy =5.0( mL min? and K = 7.50 mL mift. The flow rate values were
fixed in accordance with polymerization experime

At Fy = 1.50 mL mift the fluid flow generally equals basic laminary flaenditions, witt
the maximum flow velocity (oran-red) in the center of the reactohd flow rate decreases
radially towards the reactor wall (yellow, greeght blue, blue are representing the nive
trend). However, a secondary fl field is induced by centrifugal forces; the inner stre
filaments flowing outwards from the right to thdtlerand side, as represented by vectors.
this reason the maximum velocity is shifted to theside (lefthand side) with increasir
flow rate. At F, = 3.00 mLmin (De =27) two toroidal eddies are form and the flux is
unstable. In this region axial backmixing affedts fluid flow and B~numbe is expected to
decrease.

Figure 55. CFD simulations ofluid flow in the experimental setuPTFE-PFR Icoiled uf a central tube
diameter of @ = 2.0 cmand flow rate o R, = 1.5 mL min*to R, = 7.5 mL min*

The CFD-calculations we extended to higher flow r: (up to F =30.0( mL min') as
shown in Figure 56The maximum flow velocity is shifted closer tcetheactor wall ar,
starting at 10.00 mL mih the velocity profile becomeU-shapedHowever, thisflow range
simulation does not indicate additio eddies or instabilities. Hence, arcrease of the E-
number is expectedlhis assumption wavalidated with a turbulese model (Reynold
stress), whichs strictly spoke not valid for the investigated flow regime.
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Figure 56. CFD simulationsof fluid flow in the experimental setuPTFE-PFR Icoiled uf a central tube
diameter of @ = 2.0 cmand flow rat of R, = 5.0 mL min* to K, = 30.0 mL mift

5.4.3.5. Continuous ROP of [3

The ROP of D3 was performed in two different P-tubings: PTF-PFR 1 and II.
PTFE-PFR was used to investigate the influence of the flate and the cvature on the
PDMS chain lengttand the polydispersity. The termination reactiors warformecin batch
mode The experimental setup PT-PFRII was used for comparison. This reactor has aet
times larger reactor volumand he CTMS stock solution was continuously dispensech&
reaction solution.

5.4.35.1. PTFE-PFRI

Figure 57 shows thexperimental setuPTFE-PFR Ifor the continuos ROP of Q. The
monomer igelivered by an HPL-pump and t-Buli islispensed by a syringe pu. The two
fluxes are mixed in a Temnector at quea-adiabatic conditions (se€hapter5.4.3.2). The
mixed fluxes enter the PTHEFR which is located in a temperataentrollec water bath to
obtain quasisothermal conditior. The ROP of Qwas performed at T 40°C. At the reactor
outlet the reaction solutionwas rapidly cooled down to ¥ -10°C to quench the
polymerization reactiomand to prevent mass loss in the sampling . Afterwards, samples
of the reaction solution were taken and the PDM&rchwere terminated in a CTNhstock

solution in batch mode.
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CTMS-Stock
(Reactor Sample)

%
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Temperature Sampling
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Mixer

L\
Ds-Stock  HPLC-Pump

PTFE-PFR

Temperature Regulator

t-BuLi-Stock Syringe Pump

Figure 57. Flowsheet of the experimental setup PTFE-PFR tHe continuous ROP ofsDnitiated by t-BuLi
and stopped by CTMS

The results of the continuous ROP ¢fiD PTFE-PFR | are summarized in Table 19; Re- and
De-number were determined for flow conditions wtlre THF at room temperature (25°C)
because the RTD experiments and CFD calculations performed under these conditions.

Table 19. Experimental results of the continuous ROP ofDPTFE-PFR |

Do/ d%° D%/ Fy/ Re / De / M,/ PDI /
cm = mL min = - g mol* -
1.50 31 14 2680 1.243
3.00 62 27 1965 1.262
2.0 0.309
5.00 103 45 1520 1.227
7.50 155 68 1215 1.148
1.50 31 11 2825 1.230
3.00 62 22 1980 1.204
3.0 0.254
5.00 103 37 1433 1.181
7.50 155 56 1337 1.146
1.50 31 10 2850 1.179
3.00 62 19 2110 1.237
4.0 0.221
5.00 103 32 1560 1.189
7.50 155 48 1195 1.134

Figure 58 shows the correlation of,ffom SEC measurements in dependence of the adjuste
flow rate for the three different experimental gstwof PTFE-PFR | (B= 2.0 cm: squares,
solid line; Dy = 3.0 cm: circles, dotted line;d3= 4.0 cm: triangles, dashed line). As expected
an exponential decay was observed; the moleculmhivdecreases with increasing flow rate.
At low flow rate, the exponential fits show a higliependence on the experimental setup. At
high flow rate the fits are approximately the same.
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Figure 58. Results of the continuous ROP of ID the experimental setup PTFE-PFR I: MoleculaigheM,
versus flow rate J-at different coiling diameters of the central tulye

Figure 59 shows the correlation of,fMflom SEC measurements in dependence on De-number
of the three different experimental setups of PHHR | (b = 2.0 cm: squares;d>= 3.0 cm:
circles; » = 4.0 cm: triangles). Furthermore, the correspogdiow rate, a linear trend for
each flow velocity (dashed lines) and e 54 (vertical grey dotted line) are mentioned.

In accordance with Figure 58, it can also be s#wat, at low flow rate M depends on the
diameter of the central tube as shown by the trevidsh have a significant slope. The slope
decreases with increasing flow rate. At a flow rater, = 7.5 mL min* (48< De< 68) the
slope is horizontal and therefore, the effect afitckigal force on the molecular weight
becomes negligible. Even at flow rate gf£5.0 mL min* (32< De< 45) the slope is nearly
horizontal which corresponds with the results frtma CFD calculations (Chapter 5.4.3.4)
which indicated toroidal eddy formation at floweatf K, = 3.0 mL min* (De = 27).
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Figure 59. Results of the continuous ROP of ID the experimental setup PTFE-PFR I: MoleculaigheM,
versus De-number at different coiling diameterthefcentral tube Pwith different flow rates

The PDI of the PDMS chains depending on the flote i the three different experimental
setups of PTFE-PFR | is shown in Figure 6@ 2.0 cm: squares, solid linep> 3.0 cm:
circles, dotted line; B= 4.0 cm: triangles, dashed line). Linear fits @sed to show the trend
of the polydispersity which decreases with incregglow rate. At high flow rate the PDMS
chains approach uniform chain lengths.

These results do not correlate with the RTD expenits1 Within the investigated flow range
the Bo-number decreases with increasing flow r@teapter 5.4.3.3). Generally, polymers
show low polydispersity at high Bo-number (insigeaiht or no back-mixing) and vice versa.
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Figure 60. Results of the continuous ROP of I the experimental setup PTFE-PFR I: Moleculaigive
distribution (PDI) versus flow rate (J-at different coiling diameters of the centraleun,

Table 20 shows the theoretical molecular maés) (calculated from the ideal PFR equation
and the molecular mass calculated from the monaroeversion of théH NMR spectra
(Mnmr andXnwr) for the experimental setup PTFE-PFR | coiled wgemtral tube diameter of
Do = 4.0 cm in comparison the molecular mass of tB€ $easurements/g).

Table 20. Results of N, from ideal PFR and Ms from *H NMR spectroscopy for PTFE-PFR | coiled up a
central tube diameter of{>= 4.0 cm in comparison to Mrom SEC

Fy/ Mg, / Xnmr / Mg / M,/
mL min* g mol™ % g mol* g mol*
1.50 2768 40.6 2390 2850
3.00 1827 34.1 2025 2110
5.00 1294 17.7 1112 1560
7.50 1000 7.5 547 1195

A comparison of the theoretical molecular weighoiti ideal PFR equations, squares, solid
line), calculated molecular weight frofH NMR spectroscopy (circles, dotted line) and
measured Mfrom SEC (triangles, dashed line) for a centraliragp diameter of @ = 4.0 cm

is illustrated in Figure 61.
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Figure 61. Comparison of the molecular weights from ideaRPfrom *H NMR and M, from SEC of
PTFE-PFR | coiled up a central tube diameter ED31.0 cm

Both, the theoretical (ideal PFR) and the calcdgdMR) molecular weights underestimate
the effective measured PDMS chain lengths from $t&asurements. The deviation of, M

from the ideal PFR calculation is basically insfgraint and within the experimental error. It
is assumed that the deviation of the NMR data tesubm a mass loss of the internal
standard benzene in the sampling flask. The monaecentration appears to be higher
when the benzene concentration is decreased anefdtes the calculated chain length is
shorter.

5.4.3.5.2. PTFE-PFRII

Figure 62 shows the experimental setup PTFE-PHRBrithe continuous ROP of sDThe
reactor volume of PTFE-PFR Il is three times lartpan PTFE-PFR I; hence, the continuous
polymerization can be performed with higher conwgrs. Additionally, the CTMS stock
solution was continuously mixed to the reactiorugoh in a T-connector at the reactor outlet
at quasi-adiabatic conditions. The dispensing eflonomer and initiator stock solutions was
equal to PTFE-PFR I. The fluid flow was cooled dowafter the termination reaction to
T <-10°C to prevent mass loss in the sampling flask.
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Figure 62. Flowsheet of the continuous ROP c¢fibitiated by t-BuLi and stopped by CTMS: PTFE-PEFR
The concentration profile and the number of Si-@Qsufitom polymerization in the ideal PFR

(Figure 42: squares, solid line and triangles, dddime) were modified to obtain a correlation
for the range of the flow rate in the PTFE-PFRxperiments (Figure 63).
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Figure 63. Concentration profile of monomer and PDMS repeatinits (Si-O) for polymerization in ideal
PTFE-PFR Il in dependence on the mean resideneeitioluding the range of flow rate

The investigated flow rate§\) and the results of the continuous ROP efifDPTFE-PFR I

are given in Table 21. In addition, the centralvatmre diameter[p), the curvature ratio
(d%° D7), Re- and De-numbeRge De) are shown. Re- and De-number were determined for
pure THF at room temperature (25°C) because the BAp2riments and CFD calculations
were performed under these conditions. A compangidin theoretical data (ideal PFR) and
'H NMR data in comparison to Mrom SEC measurements is given in Table 22.
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Table 21. Experimental results of the continuous ROP offDPTFE-PFR I

Do/ d%° D%/ Fy/ Re / De / M,/ PDI /
cm - mL min* - - g mol* -
3.00 41 18 3777 1.157
3.0 0.311
10.00 138 61 1638 1.186

Table 22. My, from ideal PFR and Mg from *H NMR spectroscopy for PTFE-PFR Il oipB 3.0 cm

Fv/ M / Xnvr / Mnwvr / M,/
mL min™ g mol* % g mol* g mol*

3.00 1702 17.8 1119 3777

10.00 3446 53.1 3084 1638

A comparison of the theoretical molecular weighorfi ideal PFR design equation, squares,
solid line), calculated molecular weight fraitd NMR spectroscopy (circles, dotted line) and
measured M from SEC (triangles, dashed line) fop B 3.0 cm is illustrated in Figure 64.
The theoretical molecular weight (ideal PFR) isaccurate accordance to,Mrom SEC
measurements. Again, the NMR data underestimateeperimental chain length (see

PTFE-PFR | in Chapter 5.4.3.5.1). Again, a mass tighe internal standard benzene in the
sampling flask is assumed.
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Figure 64. Comparison of the molecular weights from ideaRPFrom 'H NMR and M, from SEC of
PTFE-PFR Il coiled up a central tube diameter 8.0 cm
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6. Summary

Target of this work was the development of a cardusly operated reactor for the production
of monofunctional oligo- and polysiloxanes from bamethylcyclotrisiloxane (). The
polymerization is initiated byert-butyllithium (t-BuLi) and stopped by chlorodimetbyane
(CDMS) in order to acquire the desired substandee ihdividual reactions — initiation-,
propagation- and termination reaction — were koady and thermodynamically
characterized for adequate scale-up.

The initiation and termination reaction are irrestele and rather exothermic. Latter property
and the general hazardous risks of organolithiuageats are future key issues for operability
and safety management in terms of a pilot plant.

Chain growth is best described by anionic ring-apgmpolymerization (ROP). The ROP is

highly selective towards the monomeg I respect to other cyclic oligosiloxanes. Side
reactions such as backbiting or rearrangementiogactvere found to be insignificant under

the investigated reaction conditions. The propagatiate was divided into two sections,

oligo- and polymerization. However, an overall rate polymerization can be used for

simplified reactor calculations. It was found thatrix ions may negatively influence the ion

pair equilibrium and therefore decrease the rateeattion. Hence, the choice of the reactor
material may crucially influence the reactor’s peniance.

The PFR is the preferential type of reactor foidgrolymerization reactions. Thus, a PFR on
lab scale consisting of PTFE-tubing was designeatjeted and operated with the collected
data from investigation of kinetics and thermodyi@mnThe whole PFR was coiled up a
central tube to induce radial mixing along the teadue to Dean vortices. The effect of
coiling on reactor hydraulics was confirmed by CE&lculations. Within the investigated

flow range the Bo-number seemingly showed uncomimemavior as the value decreased
with increasing flow rate. This effect is mainlyusad by the effect of coiling on the flow

pattern.

With the experimental setup, monofunctional polyelihylsiloxanes (PDMS) with a narrow
molecular weight distribution (P 1.2) were produced. The chain length of these
substances was adjustable by altering the flow aatk therefore the residence time of the
reaction solution. PDMS consisting of 15 to 50 SitQits were produced according to the
specification of the project target.

With the acquired knowledge, a pilot plant for tlentinuous production of monofunctional
PDMS from the monomer J) using organolithium reagents as initiator andresponding
chlorosilanes as termination reagent, can be pthand adequately operated.
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7. Experimental

Herein, the experimental procedures are descriBtcexperiments were carried out under
nitrogen atmosphere either using a drybox or stah8ahlenk technique. All chemicals were
extensively dried prior to use unless otherwisgedtaAdditional supportive information of
the experiments may be found in Chapter 8.1.

7.1.Chemicals

Hexamethylcyclotrisiloxane () was received from ABCR (solid, 95 %) or GE Bayer
Silicones in a liquid mixture (~ 10 %) with otheyctic and linear oligo- and polysiloxanes.
These mixtures were distilled several times foiiffmation. Quality was checked withd and
29Si-INEPT NMR spectroscopy and GC/MS. Pureviias stirred over Cator several hours
at 80°C and distilled from the flask. Octamethyloyetrasiloxane (L) was obtained from the
same liquid siloxane mixture from GE Bayer SilicenBurification of @ was generally equal
to Ds: distillation of Dy was performed under reduced pressure.

tert-Butyllithium (t-BuLi) solution (1.6 M in pentanayas received from Acros Organics and
used as received and stored at -20°C. Concentrataanchecked by titration according to
Gilman®"®® The residual basic content was regularly checketiveas assured to be at least
less than 2 %.

Chlorodimethylsilane (CDMS) and chlorotrimethylsiga(CTMS) were received from ABCR
(95 %). Both chlorosilanes were heated to refluxsiveral hours and distilled twice. Quality
was checked b¥H and®*Si-INEPT NMR spectroscopy.

Tetrahydrofurane (THF) was received from Acros @iga The solvent was either
deoxygenized and dried over molecular sieves irorangercial available apparatus from
Innovative Technology Inc. or distiled from purpleketyl radical solution

(sodium/benzophenone).

Benzene and alkanes were deoxygenized and driedmlecular sieves equal to THF.

Chloroform (CHCY) was received from Fisher Scientific (analyticalagent grade) and
deuterochloroform (CDG) from Aldrich or Deutero GmbH (both 99.8 % D). CH@as pre-
dried over anhydrous CaChnd heated to reflux with,®s for several hours and distilled
from the flask. CDGlwas only dried by refluxing with®s and subsequent distillation.

All metal compounds for matrix ion studies are coencially available substances either as
pure metals or in hydrated form and converted atingrto standard metho§s°

Methyl red and other dyes were used as received Merck.
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7.2.Kinetics and Thermodynamic Characterization

The kinetics and thermodynamic properties of a ¢baihreaction are essential for scale-up
and further process development. The three elemergactions — initiation, propagation and
termination reaction — were separately characterize

7.2.1. Initiation and Termination Reaction

The ROR of @ and D initiated by t-BuLi in THF was kinetically and tthreodynamically
characterized. For the termination reaction ontefecharacterization was performed.

7.2.1.1. Kinetics of the ROR of D; and Dy

The temperature of the reaction mixture was cootisly recorded for each single
experiment. The experiments were performed in gpé&eature window of -70°C to -45°C.
0.10 g B (0.45 mmol, 1 eq) in 8.0 mL THF was cooled to tlesired reaction temperature.
0.28 mL t-BuLi solution (0.45 mmol, 1 eq) was addddwly. The resulting temperature
increase did not exceed more than 2 K; hence,esoill conditions were maintained over the
whole experiment. A mixture of 0.31 mL CDMS in 20 CHCk was prepared. A 4.0 mL
aliquot (CHC4: 49.7 mmol, 111 eq; CDMS: 0.56 mmol, 1.25 eq)ha$ solution was used to
instantly stop the initiation reaction at a desitiete of reaction. This procedure was repeated
many times to get the corresponding conversionecufhe ratio of reacted to unreactegl D
molecules was quantified by NMR spectroscopy. Qualitative analysis was pentedt by
29Si-INEPT NMR spectroscopy.

The same experimental procedure was repeated omibnomer [ instead of [, the
temperature window for these experiments was egtrid 25°C. No conversion could be
detected itH and®*Si NMR spectroscopy.

Table 23 to Table 29 show the concentration prefiethe kinetic experiments of the ROR of
D3 initiated by t-BuLi in THF.
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Table 23. ROR of  at -40.8°C

Table 24. ROR of [y at -45.3°C

-40.8°C D3/
Time/h | mmol L
0 54.29
0.100 22.46
0.167 17.07
0.250 11.26
0.333 9.38
0.417 13.02
0.500 5.98
0.583 6.40
0.667 410
0.833 2.97
1.00 0.00

Table 25. ROR of b at -50.7°C

-45.3°C D3/
Time/h | mmol L?
0 54.29
0.075 31.27
0.167 25.84
0.250 16.73
0.317 15.42
0.333 17.64
0.500 12.29
0.583 6.84
0.583 6.93
0.75 4.58
1.00 4.43
1.00 3.23
1.17 0.00

-50.8°C

-50.7°C D3/
Time/h | mmol L
0 54.29
0.083 38.93
0.167 29.13
0.250 24.29
0.333 22.70
0.500 16.90
0.500 15.24
0.500 17.35
0.667 12.27
0.833 11.52
1.00 7.30
1.33 7.77
1.67 4.80
2.00 5.49
2.50 0.00

Table 26. ROR of [} at
-50.8°C D3/
Time/h | mmol L?

0 54.29
0.033 38.36
0.083 29.46
0.167 24.12
0.250 22.26
0.500 15.11
0.750 11.21
1.00 10.03
1.20 8.40
1.40 6.12
1.50 6.39
1.60 6.14
1.80 517
2.00 3.77
2.20 3.93
2.50 2.94
3.00 2.94
12.0 0.00
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Table 27. ROR of b at -55.5°C

Table 28. ROR of b at -60.6°C

-55.5°C D3/ -60.6°C D3/
Time/h | mmol L Time/h | mmol L?
0 54.29 0 54.29

0.250 32.68 0.500 30.17
0.500 21.49 1.00 21.93
0.750 18.07 1.50 18.25
1.00 13.31 2.00 12.73
1.25 14.19 2.50 12.21
1.50 9.77 3.00 9.58
1.75 9.31 5.00 4.69
2.00 5.83 8.00 3.06
3.00 5.84

Table 29. ROR of [y at -70.0°C

-70.0°C D3/
Time/h | mmol L
0 54.29

1.00 34.77
1.50 29.15
2.00 25.44
2.50 23.51
3.00 24.43
4.00 19.09
6.00 12.22
8.00 10.10

7.2.1.2. Thermodynamics of the ROR of @ and Termination Reaction

All experiments were carried out in a Dewar vessabtler adiabatic conditions. The
temperature of the reaction solution was continlyorecorded. 3.00 g £(13.5 mmol, 1 eq)
was dissolved in 150.0 mL THF. The-DHF mixture was cooled to a certain temperature
between -20°C to -5°C. Afterwards 8.4 mL of t-Buddlution (13.5 mmol, 1 eq) was slowly
added. The solution was stirred for at least 30 assuring the completion of the initiation
reaction. In the end 1.5 mL CDMS (13.5 mmol, 1wy slowly added and the solution was
stirred for another 30 mirtH and **Si-INEPT NMR spectroscopy was used for qualitative
and quantitative analysis.
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7.2.2. Propagation Reaction

In this section all experimental details for theawdcterization of the kinetics and
thermodynamic properties of the propagation reactere described. First, product
characterization and comparison of the analyticathmds were performed. With this data,
kinetics of the propagation reaction in dependemtehe molar ratio of Pto t-BuLi was
investigated.

7.2.2.1. Polymer Characterization and Analytics

A solution consisting of 6.00 g 30(27.0 mmol, 31 eq) and 2.40 mL benzene (27.0 mmol,
31 eq) in 50.0 mL THF was cooled to 0°C. 0.54 nut-i solution (0.86 mmol, 1 eq) was
slowly added. After stirring for 7.0 h at 0°C, 0.42 CTMS (0.94 mmol, 1.1 eq) was added
to stop the ROP and stirred for another 0.5 h. m@a for *H and?°Si NMR spectroscopy
was taken and afterwards all volatiles were vaceuaporated for several hours at 40°C. The
residue, a colorless oily liquid with a white pi@tate, was centrifuged at 5000 rpm for
> 30 min and the clear liquid phase was used fthén analysessH NMR spectroscopy of
the reaction solution, SEC and gravimetric analyseghe product were performed for
calculation of the monomer conversion and comparisiothese methods. The product was
further characterized b+, 2°Si NMR spectroscopy, viscosity, density and MALDDF-MS
measurements.

7.2.2.2. Kinetics of the Propagation Reaction
7.2.2.2.1. Molar Ratioof D3:t-BuLi=2:1

Reaction:The temperature of the reaction mixture was cootiisly recorded for each single
experiment to ensure that isothermal conditionseweaintained throughout the experiment.
The experiments were performed in a temperaturedavinof -10°C to 30°C. 0.20 g D
(0.90 mmol, 2 eq) in 8.0 mL THF was cooled to tlesiced reaction temperature. 0.28 mL
t-BuLi solution (0.45 mmol, 1 eq) was slowly add&ahmpling:A mixture of 0.1 mL CDMS
(85.5 mg, 0.90 mmol) in 20.0 mL CD{Was prepared. A 0.6 mL to 1.0 mL aliquot of this
solution (CDMS: 0.027 mmol to 0.045 mmal,4 eq) was filled in an NMR tube. A cooled
syringe (-20°C) was used to take a <0.1 mL sanyflethe reaction solution (max.
0.006 mmol t-BulLi initiated chains, 1 eq) which wiasmediately quenched in the prepared
NMR tube at desired reaction times. The ratio @fcted to unreacted s;Dmolecules was
quantified by'H NMR spectroscopy. Qualitative analysis was pened by 2°Si-INEPT
NMR spectroscopy.
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Table 30 to Table 39 show the concentration pefithe kinetic experiments of the ROP of
D3 initiated by t-BuLi in THF with a molar ratio of 21.

Table 30. ROP of B3 (2:1) at -10.0°C Table 31. ROP of B3 (2:1) at -0.79°C

-10.0°C D3/ -0.79°C D3/
Time/h | mmol L Time/h | mmol L
0 108.6 0 210.1
0.500 27.8 0.500 59.9
1.00 26.9 1.00 50.9
1.50 26.5 2.00 41.0
2.00 24.9 4.00 25.6
3.00 23.5 6.00 18.0
4.00 21.7 8.00 11.3
5.00 19.8
6.00 18.8
8.00 15.2
10.0 13.0
12.0 10.4
24.0 45

Table 32. ROP of 3 (2:1) at 0.0°C

Table 33. ROP of 3 (2:1) at 10.1°C

0.0°C D3/ 10.1°C D3/
Time/h | mmol L Time/h | mmol L*
0 108.6 0 108.6
0.250 47.4 0.250 35.8
0.500 45.1 0.500 30.3
0.750 43.6 0.750 26.0
1.00 40.9 1.00 24.0
1.50 38.7 1.50 20.3
2.00 31.9 2.00 13.9
3.00 28.6 3.00 10.7
4.00 22.2 4.00 6.3
5.00 17.9
6.00 15.0
7.00 11.5
8.00 6.2
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Table 34. ROP of B3 (2:1) at 14.8°C

Table 35. ROP of B3 (2:1) at 14.9°C

14.8°C D3/
Time/h | mmol L
0 108.6
0.083 37.7
0.167 34.3
0.330 31.8
0.500 28.1
0.750 24.0
1.00 18.4
1.33 15.1
1.67 11.9
2.33 8.4
3.00 5.8

14.9°C D3/
Time/h | mmol L
0 108.6
0.250 32.3
0.500 26.8
0.750 23.6
1.00 20.8
1.50 13.9
2.00 10.2
2.50 6.9

Table 36. ROP of 3 (2:1) at 19.9°C

Table 37. ROP of B (2:1) at 24.8°C

19.9°C D3/
Time/h | mmol L
0 108.6
0.167 38.5
0.333 34.1
0.500 25.5
0.667 20.8
0.833 19.9
1.00 15.7
1.33 13.3
1.67 7.7
2.00 5.9
2.50 3.8
3.00 3.1

24.8°C D3/
Time/h | mmol L
0 108.6
0.033 39.2
0.083 37.1
0.167 31.6
0.250 28.4
0.333 25.8
0.417 21.7
0.500 19.8
0.667 15.3
0.833 11.6
1.00 10.5

Table 38. ROP of 3 (2:1) at 29.8°C

Table 39. ROP of B (2:1) at 30.4°C

29.8°C D3/
Time/h | mmol L
0 108.6
0.033 40.9
0.083 36.1
0.167 29.5
0.250 26.8
0.330 21.1
0.417 20.1
0.500 15.3
0.667 11.3
0.833 8.6
1.00 6.5

30.4°C D3/
Time/h | mmol L
0 108.6
0.033 34.7
0.067 32.4
0.100 30.0
0.133 28.2
0.167 25.8
0.250 18.9
0.333 15.8
0.417 13.0
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7.2.2.2.2. Molar Ratio of D3 : t-BuLi=4:1

Reaction:The temperature of the reaction mixture was cootiisly recorded for each single
experiment to ensure that isothermal conditionseweaintained throughout the experiment.
The experiments were performed in a temperatureavinof 10°C to 30°C. For preparation
of a monomer stock solution 27.05 g @121.6 mmol, 1 eq) and 10.8 mL benzene (9.5 g,
121.6 mmol, 1 eq) was put in a 100 mL volumetrask and filled up with THF. A 2.0 mL
aliquot of the monomer stock solution 341 mg, 2.43 mmol, 4 eq; benzene: 0.216 mL,
0.19 g, 2.43 mmol, 4 eq) was put into a Schlenkkfland diluted with 8.0 mL THF. The
temperature of the reaction solution was adjusidtieé desired reaction temperature. 0.38 mL
t-BuLi solution (0.61 mmol, 1 eq) was slowly add&hmpling: A quench stock solution
containing 0.1 mL CTMS (85.4 mg, 0.79 mmol) in ;0 CDCl; was prepared. A 0.6 mL
aliquot of the quench stock solution (CTMS: 0.09%haoh > 15 eq) was filled in an NMR
tube. A cooled syringe (-20°C) was used to takeGaldnL sample of the reaction solution
(max. 0.006 mmol t-BuLi initiated chains, 1 eq) wliniwas immediately quenched in the
prepared NMR tube at desired reaction times. Theuamof unreacted Pmolecules was
quantified by'H NMR spectroscopy using benzene as the interraidsrd. Qualitative
analysis was performed BYSi-INEPT NMR spectroscopy.

Table 40 to Table 42 show the concentration prefiethe kinetic experiments of the ROP of
D3 initiated by t-BuLi in THF with a molar ratio of 41.

Table 40. ROP of B (4:1) at 10.0°C Table 41. ROP of B (4:1) at 20.0°C

Table 42. ROP of 3 (4:1) at 30.0°C

30.0°C D3/
Time/h | mmol L
0 234.3
0.333 66.5
0.500 40.1
0.667 31.9
1.00 15.5
1.33 8.2
1.67 3.6

10.0°C D3/ 20.0°C D3/
Time/h | mmol L Time/h | mmol L
0 234.3 0 234.3

0.500 120.9 0.333 119.2
1.00 91.1 0.667 68.4
1.50 82.8 1.00 43.5
2.00 62.9 1.50 30.6
2.50 41.4 2.00 14.5
3.00 32.3 2.50 9.7
4.00 19.9 3.00 6.4
6.00 74.5
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7.2.2.2.3. Molar Ratio of D3 : t-BuLi=7:1

Reaction:The temperature of the reaction mixture was cootiisly recorded for each single
experiment to ensure that isothermal conditionseweaintained throughout the experiment.
The experiments were performed in a temperaturdavinof 0°C to 30°C. For preparation of
a monomer stock solution 27.05¢g [{121.6 mmol, 1eq) and 10.8 mL benzene (9.5 g,
121.6 mmol, 1 eq) was put in a 100 mL volumetrask and filled up with THF. A 3.0 mL
aliquot of the monomer stock solution 3812 mg, 3.65 mmol, 7 eq; benzene: 0.324 mL,
0.28 g, 3.65 mmol, 7 eq) was put into a Schlenkkfland diluted with 7.0 mL THF. The
temperature of the reaction solution was adjusidtieé desired reaction temperature. 0.33 mL
t-BuLi solution (0.52 mmol, 1 eq) was slowly add&hmpling: A quench stock solution
containing 0.1 mL CTMS (85.4 mg, 0.79 mmol) in ;0 CDCl; was prepared. A 0.6 mL
aliquot of the quench stock solution (CTMS: 0.094oh > 15 eq) was filled in an NMR
tube. A cooled syringe (-20°C) was used to takeGaldnL sample of the reaction solution
(max. 0.005 mmol t-BuLi initiated chains, 1 eq) wliniwas immediately quenched in the
prepared NMR tube at desired reaction times. Theuamof unreacted Pmolecules was
quantified by'H NMR spectroscopy using benzene as the interrmaidsrd. Qualitative
analysis was performed BYSi-INEPT NMR spectroscopy.

Table 43 to Table 46 show the concentration prefiethe kinetic experiments of the ROP of
D3 initiated by t-BuLi in THF with a molar ratio of 71.

Table 43. ROP of 3 (7:1) at 0.0°C Table 44. ROP of B3 (7:1) at 10.0°C

0.0°C D3/ 10.0°C D3/
Time/h | mmol L Time/h | mmol L
0 353.1 0 353.1
0.500 295.4 0.500 248.7
1.00 280.0 1.00 193.0
2.00 243.4 1.50 148.7
3.00 194.2 2.00 120.4
4.00 151.9 3.00 76.1
6.00 108.3 4.00 47.7
9.00 46.4 6.00 17.0
12.0 26.7 8.00 6.8
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Table 45. ROP of B3 (7:1) at 20.0°C

Table 46. ROP of B3 (7:1) at 30.0°C

20.0°C D3/ 30.0°C D3/
Time/h | mmol L Time/h | mmol L
0 353.1 0 353.1
0.333 208.3 0.167 195.1
0.667 138.9 0.333 132.9
1.00 87.4 0.500 99.4
1.50 51.5 0.667 62.2
2.00 32.3 1.00 29.9
2.50 19.2 1.33 15.6
3.00 9.6 1.67 8.4
4.00 3.6 2.00 3.6

7.2.2.2.4. Molar Ratio of D3 : t-BuLi=10:1

Reaction:The temperature of the reaction mixture was cowotiisly recorded for each single
experiment to ensure that isothermal conditionseweaintained throughout the experiment.
The experiments were performed in a temperatureavinof 0°C to 30°C. For preparation of
a monomer stock solution 27.05¢g [{121.6 mmol, 1 eq) and 10.8 mL benzene (9.5 g,
121.6 mmol, 1 eq) was put in a 100 mL volumetrask and filled up with THF. A 5.0 mL
aliquot of the monomer stock solution s(DL.35 g, 6.08 mmol, 10 eq; benzene: 0.54 mL,
0.48 g, 6.08 mmol, 10 eq) was put into a Schleakkfland diluted with 5.0 mL THF. The
temperature of the reaction solution was adjusidtieé desired reaction temperature. 0.38 mL
t-BuLi solution (0.61 mmol, 1 eq) was slowly add&hmpling: A quench stock solution
containing 0.1 mL CTMS (85.4 mg, 0.79 mmol) in ;0 CDCk was prepared. A 0.6 mL
aliquot of the quench stock solution (CTMS: 0.094aoh > 15 eq) was filled in an NMR
tube. A cooled syringe (-20°C) was used to takeGaldnL sample of the reaction solution
(max. 0.006 mmol t-BuLi initiated chains, 1 eq) wlniwas immediately quenched in the
prepared NMR tube at desired reaction times. Theuamof unreacted Pmolecules was
quantified by'H NMR spectroscopy using benzene as the interrmaidsrd. Qualitative
analysis was performed B3Si-INEPT NMR spectroscopy. Alternatively, the sapnecedure
was repeated using 2.0 mL of the monomer stocktisalDs: 541 mg, 2.43 mmol, 10 eq;
benzene: 0.216 mL, 0.19 g, 2.43 mmol, 10 eq) diluteth 8.0 mL THF and initiated by
0.15 mL t-BuLi solution (0.24 mmol, 1 eq) at 10°C.

Table 47 to Table 50 show the concentration p®fithe kinetic experiments of the ROP of
D3 initiated by t-BuLi in THF with a molar ratio of0L 1.
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Table 47. ROP of 3 (10:1) at 0.0°C

Table 48. ROP of B3 (10:1) at 10.0°C

Table 49. ROP of B3 (10:1) at 10.0°C

0.0°C D3/ 10.0°C D3/
Time/h | mmol L Time/h | mmol L
0 585.7 0 585.7
0.500 371.0 0.500 420.7
1.00 322.9 1.00 340.2
2.00 259.8 1.50 263.7
3.00 229.8 2.00 219.4
4.00 187.7 3.00 132.8
6.00 123.2 4.00 825.2
8.00 79.6 6.00 322.0
10.0 61.6 8.00 120.8

Table 50. ROP of B3 (10:1) at 30.0°C

10.0°C D3/ 30.0°C D3/
Time/h | mmol L Time/h | mmol L
0 239.6 0 585.7

0.500 155.0 0.250 304.2
1.00 132.4 0.500 204.9
1.50 112.3 0.750 107.6
2.00 81.3 1.00 70.4
3.00 55.3 1.50 31.0
4.00 33.5 2.00 10.3
6.00 14.2
8.00 6.7

Experimental

7.2.2.2.5. Molar Ratio of D3 : t-BuLi=19:1

Reaction:The temperature of the reaction mixture was cowotisly recorded for each single
experiment to ensure that isothermal conditionseweaintained throughout the experiment.
The experiments were performed in a temperaturdavinof 0°C to 20°C. For preparation of
a monomer stock solution 27.05¢g [{121.6 mmol, 1 eq) and 10.8 mL benzene (9.5 g,
121.6 mmol, 1 eq) was put in a 100 mL volumetrask and filled up with THF. A 5.0 mL
aliquot of the monomer stock solution z(DL.35 g, 6.08 mmol, 19 eq; benzene: 0.54 mL,
0.48 g, 6.08 mmol, 19 eq) was put into a Schleakkfland diluted with 5.0 mL THF. The
temperature of the reaction solution was adjusidtieé desired reaction temperature. 0.20 mL
t-BuLi solution (0.32 mmol, 1 eq) was slowly add&hmpling: A quench stock solution
containing 0.1 mL CTMS (85.4 mg, 0.79 mmol) in ;0 CDClk was prepared. A 0.6 mL
aliquot of the quench stock solution (CTMS: 0.09%oh > 20 eq) was filled in an NMR
tube. A cooled syringe (-20°C) was used to takeGaldnL sample of the reaction solution
(max. 0.004 mmol t-BuLi initiated chains, 1 eq) wliniwas immediately quenched in the
prepared NMR tube at desired reaction times. Theuamof unreacted Pmolecules was
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quantified by'H NMR spectroscopy using benzene as the interrmaidsrd. Qualitative
analysis was performed BYSi-INEPT NMR spectroscopy.

Table 51 to Table 53 show the concentration prefiiethe kinetic experiments of the ROP of

D3 initiated by t-BuLi in THF with a molar ratio oL 1.

Table 51. ROP of 3 (19:1) at 0.0°C Table 52. ROP of 3 (19:1) at 20.0°C

Table 53. ROP of 3 (19:1) at 20.0°C

20.0°C D3/
Time/h | mmol L
0 596.1
1.50 110.6
2.00 65.5
2.50 51.2
3.00 20.5
4.00 12.3

0.0°C D3/ 20.0°C D3/

Time/h | mmol L Time/h | mmol L

0 596.1 0 596.1

0.500 548.9 0.500 358.4
1.00 518.2 1.00 257.8
2.00 419.9 1.50 141.0
3.00 374.8 2.00 84.6
4.00 305.2 3.00 30.2
6.00 223.3 4.00 14.1
9.00 122.9 5.00 6.0
12.0 71.7

7.2.2.2.6. ROP of Ds: Further Kinetic Characterization

For additional characterization, the polymerizati@action of 3 initiated by t-BuLi was
carried out with addition of the monomer, @nd under the influence of matrix ions.
Furthermore, the ROP was characterized using thlead®f initial rates.

7.2.2.2.6.1. ROP of D; from D3-Ds-Mixtures

Reaction:The temperature of the reaction mixture was cowotisly recorded for each single
experiment to ensure that isothermal conditionseweaintained throughout the experiment.
The two experiments were performed at 10°C and 1BC preparation of a monomer stock
solution 2.00 g B(8.99 mmol, 1 eq) and 2.67 g, [(8.99 mmol, 1 eq) was dissolved in 40 mL
THF. A 12.0 mL aliquot of the monomer stock solatiDs: 0.60 g, 2.70 mmol, 10 eq;4sD
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0.80 g, 2.70 mmol, 10 eq) was put into a Schlemlskil The temperature of the reaction
solution was adjusted to the desired reaction teatpes. 0.17 mL t-BuLi solution
(0.27 mmol, 1 eq) was slowly addeslampling:A quench stock solution containing 0.1 mL
CDMS (85.5mg, 0.90 mmol) in 10.0 mL CDCQWas prepared. A 0.6 mL aliquot of the
qguench stock solution (CDMS: 0.054 mm®I20 eq) was filled in an NMR tube. A cooled
syringe (-20°C) was used to take a < 0.1 mL sanyflethe reaction solution (max.
0.003 mmol t-BulLi initiated chains, 1 eq) which wiasmediately quenched in the prepared
NMR tube at desired reaction times. The ratio @fcted to unreacted s;Dmolecules was
quantified by'H NMR spectroscopy. Qualitative analysis was pented by 2°Si-INEPT
NMR spectroscopy.

7.2.2.2.6.2. ROP of Ds: The Influence of Matrix lons

Reaction:The temperature of the reaction mixture was cowotisly recorded for each single
experiment to ensure that isothermal conditionseweaintained throughout the experiment.
The experiments were generally carried out at 1°Q0°C. For preparation of a monomer
stock solution 10.0 g £X(45.0 mmol, 1 eq) and 4.0 mL benzene (3.5 g, Al, 1 eq) was
put in a 50 mL volumetric flask and filled up wiltHF. A 10.0 mL aliquot of the monomer
stock solution (I 2.00 g, 8.99 mmol, 19 eq; benzene: 0.80 mL, §,79.00 mmol, 19 eq)
was put into a Schlenk flask. The temperature efrémction solution was adjusted to the
desired reaction temperature. 0.29 mL t-BuLi solut{0.47 mmol, 1 eq) was slowly added.
After successful initiation an equimolar amountiahetal compound was immediately added
to the reaction solution by rinsing with small amtsuTHF. The metal compounds used in
this study were: CrGJ] CrChL - 2 THF, Cr(acag) NiSQ,, NICl, - 1.65 THF, FeGl- 1.5 THF,
MgBr,;, MnSQ, and two stainless steel samples (1.4571 and 1)43ainpling for NMR
spectroscopic analysesA quench stock solution containing 0.1 mL CTMS .888g,
0.79 mmol) in 20.0 mL CDGlwas prepared. A 0.6 mL aliquot of the quench stealkition
(CTMS: 0.024 mmol, ~ 5 eq) was filled in an NMR ¢ul? cooled syringe (-20°C) was used
to take a < 0.1 mL sample of the reaction solufrmax. 0.005 mmol t-Buli initiated chains,
1 eq) which was immediately quenched in the prep&l®IR tube at desired reaction times.
The amount of unreacteds;Dmolecules was quantified b{4 NMR spectroscopy using
benzene as the internal standard. Qualitative aisalyas performed b§’Si-INEPT NMR
spectroscopy.Sampling for gravimetric analyse$¥hen metal compounds which inhibit
NMR spectroscopic measurements were used, the ROPwas stopped by adding 0.12 mL
CTMS (0.10 g, 0.94 mmol, 2 eq). All volatiles oktheaction solution were evaporated under
vacuum and gravimetric analysis — equimolar amoahBRDMS and LiCl — was performed.
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Table 54 to Table 58 show the concentration pefithe kinetic experiments of the ROP of
D3 initiated by t-BuLi in THF with a molar ratio of 9L 1 under the influence of
CrCl, - 2 THF and CrGlat 10.0°C.

Table 54. ROP of 3 (19:1) at 10.0°C, no metal salt

10.0°C D3/
Time/h  mmol L
0 875.8

0.500 680.8
1.00 628.5
1.50 491.7
2.00 456.8
3.00 232.8
4.00 194.9
6.00 101.8

Table 55. ROP of 3 + 1.00 eq CrGl- 2 THF

Table 56. ROP of 3 + 1.00 eq CrGl

10.0°C D3/ 10.0°C D3/
Time/h  mmol L* Time/h  mmol L*
0 872.9 0 872.9
0.500 794.3 0.500 835.0
1.00 782.7 1.00 715.7
1.50 803.0 1.50 672.1
2.00 797.2 2.00 619.7
3.00 805.9 3.00 552.8
4.00 797.2 4.00 503.3
6.00 808.8

Table 57. ROP of B + 0.50 eq CrGl

Table 58. ROP of 3 + 0.25 eq CrGl

10.0°C D3/ 10.0°C D3/
Time/h  mmol L Time/h  mmol L
0 875.8 0 875.8
0.500 736.1 0.500 741.9
1.00 645.9 1.00 590.6
1.50 622.6 1.50 445.2
2.00 547.0 2.00 413.2
3.00 421.9 3.00 311.3
4.00 343.3 4.00 212.4
6.00 296.8 6.00 75.6
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7.2.2.2.6.3. ROP of Ds: Method of Initial Rates

Reaction:The temperature of the reaction mixture was cootiisly recorded for each single
experiment to ensure that isothermal conditionsnaaéntained throughout the experiment.
The experiments were performed at 0°C, 10°C or 20f@ a molar ratio of B: t-BuLi of
4:1 or10: 1. For preparation of a the 10 : Inoroer stock solution 11.0 gz[349.4 mmol)
was dissolved in 50 mL THF and for preparation lo¢ 4 :1 monomer stock solution
4.27 g (19.2 mmol) was dissolved in the same amount of.THor variation of the
concentration different aliquots of the 10 : 1 mmeo stock solution between 2.0 mL (0.44 g,
1.98 mmol) and 10.0 mL (2.20 g, 9.89 mmol) or &f th: 1 monomer stock solution between
2.5 mL (0.21 g, 0.96 mmol) and 10.0 mL (0.85 g,431@mnol) was put into a Schlenk flask
and diluted with THF to a resulting end volume 6fAmL. The temperature of the reaction
solution was adjusted to the desired reaction teatypes. For initiation of 10 : 1 experiments
between 0.12 mL (0.20 mmol) and 0.62 mL (0.99 mmai)d for initiation of 4:1
experiments between 0.15 mL (0.24 mmol) and 0.60(thR6 mmol) t-BuLi solution was
slowly added. For both molar ratios a quench stsgkition containing 2.6 mL CDMS
(2.22 g, 23.5mmol) in 30.0mL THF was prepared. Alguot of 2.0 mL (CDMS:
1.57 mmol, > 1.5 eq) of the quench stock solutiaaswadded to the reaction solution after
0.5 h or 1.0 h of reaction time to stop the RORe fdtio of reacted to unreacted iolecules
was quantified byH NMR spectroscopy. Qualitative analysis was penfed by*°Si-INEPT
NMR spectroscopy.

Table 59 to Table 61 show the method of initiaksa{MIR) for 3 : t-BuLi = 10 : 1 for a
reaction time ofg = 1.0 h at a temperature of T = 0°@~0.5h at T = 10°C an@ £ 0.5 h at
T =20°C.

Table 59. MIR 10:1, 1.0 h at 0°C Table 60. MIR 10: 1, 0.5 hat 10°C

Dsgs/ Dse/ Dss/ Dse/
mol L* mol L* mol L* mol L*
0.198 0.160 0.198 0.164
0.297 0.199 0.297 0.230
0.494 0.408 0.297 0.240
0.593 0.491 0.494 0.392
0.989 0.794 0.593 0.467

0.989 0.803

Table 61. MIR 10 : 1, 0.5 h at 20°C

D3'S/ D3'E/
mol L* mol L*
0.198 0.145
0.297 0.202
0.494 0.350
0.593 0.428
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Table 62 and Table 63 show the MIR fog @-BuLi = 4 : 1 for a reaction time ot 1.0 h at
a temperature of T =0°C angd+ 0.5 hat T = 20°C.

Table 62. MIR4:1,1.0 hat0°C Table 63. MIR 4 : 1, 0.5 hat 20°C
Dss/ Dse/ Dss/ Dse/
mol L? mol L! mol L? mol L!
0.096 0.062 0.096 0.055
0.192 0.112 0.192 0.110
0.192 0.130 0.269 0.144
0.269 0.165 0.319 0.182
0.319 0.201 0.384 0.193
0.384 0.250 0.384 0.207

7.2.2.3. Thermodynamics of the ROP of

All experiments were carried out in a Dewar vessabtler adiabatic conditions. The
temperature of the reaction solution was continlyoesorded. For preparation of a monomer
stock solution 25.00 g £(112.4 mmol, 1 eq) and 8.78 g benzene (10.0 mi2.4ldamol,

1 eq) was put in a 50 mL volumetric flask and @llep with THF. A 10.0 mL aliquot of the
monomer stock solution @ 5.00g, 22.48 mmol, 1leq; benzene: 1.76g, 2.00m
22.48 mmol, 1 eq) was put in the Dewar vessel alited with 140.0 mL THF. This solution
was cooled to about 5°C with a copper cooling colhnected to a cryostatic temperature
control unit. 14.0 mL t-BuLi solution (22.4 mmol,et)) was slowly added and the mixture
was stirred for about 1 h. Afterwards, a second bl aliquot of the monomer stock
solution (&3 5.00 g, 22.48 mmol, 1 eq; benzene: 1.76 g, 2.0022.48 mmol, 1 eq) was
added. The reaction solution was stirred for mbent4 h. In the end, 2.9 mL CTMS (2.5 g,
22.8 mmol, 1.02 eq) were added to stop the ROPttamdolution was stirred for 30 mitH
and?°Si-INEPT NMR spectroscopy was used for qualitaéine quantitative analysis.
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7.3.PFR Experiments

The ROP of @ was performed in a PTFE-PFR as described in Ch&pfe3. Herein, the
experimental procedures are described.

7.3.1. Determination of the RTD
The experimental setup is shown in Figure 48.

An approximate amount of 37.5 mg to 42.0 mg of yleted (MeRed) was put in a 250 mL
volumetric flask and filled up with THF. A 100 mLarhilton 1100TLL gastight syringe was
filled with the dye solution and a second syring¢he same type was filled with pure THF.
Before starting the experiment the whole experimes¢tup was purged with these solutions
to create bubble free conditions. The end of pgygwas reached when the reactor was filled
with pure THF and no inhomogeneities were predemtthermore, the charging level of the
syringe containing the dye solution had to be low&n the corresponding level of the
syringe containing pure THF. Then, both syringesrewtaded in the syringe pump
kdScientific KDS200 and the flow rate was adjudiedhalf of its value (two syringes!). The
experiment started when both syringes were dispgnSiampling Several vials were filled
with 5.0 mL THF and the solution leaving the reaet@as continuously collected for a certain
period of time in these vials (sampling interva@?. samples were collected for PTFE-PFR |
and 40 or 48 samples for PTFE-PFR Il. Additionalhen latter experimental setup was
used, an interval which started at the beginninthefRTD experiment was defined where no
sample was taken (waste interval). The flow rated their corresponding intervals are
summarized in Table 64.

Table 64. Sampling intervals and waster intervals for Rpeximents

Flow rate / Sampling interval / Waste interval /
mL min™* s min:s
1.50 45.0 12:00
3.00 23.0 6:00
5.00 15.0 3:00
7.50 8.0 2:30
10.00 5.0 1:45

UV-VIS spectra of the samples were measured andhtitease of the absorption at 487 nm
was determined which resulted in a step responsrirffe). For correction the data set was
fitted with a sigmoidal fit using the analysis sadire Origin 7.5 from OriginLab. This fit was
evaluated for calculation of the Bo-number.
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The evaluations of the RTD experiments for PTFE-PBR Do = 2.0 cm to [3 = 4.0 cm are
shown in Figure 65 to Figure 67 and the evaluabibtihe RTD experiments for PTFE-PFR Il
on Do = 3.0 cm is shown in Figure 68.(E 1.50 mL mif* grey squares; = 3.00 mL mir
black circles; & =5.00 mLmift grey triangles; &=7.50 mL mift black rhombi;

Fv = 10.00 mL miff grey crosses). The distribution broadens withéasing flow rate for all
experimental setups.

Fy= 5150
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Figure 65. Evaluation of the RTD (E-curve) for PTFE-PFR lled up a central tube diameter o§ B 2.0 cm
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G Ci,max_]'/ -

Figure 66. Evaluation of the RTD (E-curve) for PTFE-PFR lled up a central tube diameter 0B 3.0 cm

Fy= 5150

G Ci,max_]'/ -

Figure 67. Evaluation of the RTD (E-curve) for PTFE-PFR lled up a central tube diameter 0B 4.0 cm
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Figure 68. Evaluation of the RTD (E-curve) for PTFE-PFR diled up a central tube diameter o B 3.0 cm

7.3.2. CFD calculations of PTFE-PFR |

The commercially available CFD-codesys 12.1was used for modeling.aminary Flow
conditions were used according to Re regime. 10BBunstructured cubic cells with a side
length of 0.15 mm (cross section) were used forhings The boundary conditions are
velocity inlet pressure outle{O bar overpressudeandno slip conditionat the reactor wall.
For steric discretizatiolPRESTO!was used for calculation of the pressure @ CK for
calculation of the momentum.

7.3.3. Continuous ROP of 3 in PTFE-PFR |

The experimental setup is shown Figure 57. The RBRsists of a PTFE-tubing with
di =2.00 mm, ¢=3.00 mm and L =4.0 m which was coiled up a pipth Do = 2.0 cm,
3.0cm or 4.0cm. The total volumetric flow rate the reactor was adjusted to
Fv = 1.50 mL mif!, 3.00 mL mift, 5.00 mL miit or 7.50 mL miff. Reaction: All
preparation steps of the experimental setup wermpeed in the drybox, afterwards the
setup was locked out of the drybox and the experinvgas carried out under standard
Schlenk technique. For preparation of the monortmkssolution 27.81 g H(125.0 mmol,

1 eq) and 11.1 mL benzene (9.76 g, 125.0 mmol) ivege put in a 250 mL volumetric flask
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and filled up with THF. This procedure was repedtedave at least 400 mL to 500 mL of the
monomer stock solution, which was put in a Schl#agk for the continuous experiments.
This amount was approximately used for each rum. gfeparation of an initiator stock
solution 5.0 mL t-BuLi solution (8.0 mmol) was pata 25 mL volumetric flask and filled up
with heptane. The initiator stock solution was puta 100 mL gastight syringe (Hamilton
1100 TLL) and connected to the experimental sewipen locked out of the drybox the
syringe was placed in the syringe pump. The reagss put into the temperature controlled
water bath. The temperature of it was adjustedOftC4 hence, quasi-isothermal conditions
were maintained throughout the experiment. Thestock solution was connected to the
HPLC pump and the pump was purged with several inth® stock solution prior to the
experiment. The reactor outlet was connected tol&EPtube with an inner diameter of
0.8 mm and a length of approximately 1.0 m. Thisirtg was placed in a methanol 4N
cooling bath which was adjusted to a temperature-a0°C to drastically decrease the rate of
polymerization in the reaction solution leaving tieactor. This tube ended in a 100 mL three
necked flask which was equipped with a magnetickstr. The flask itself was additionally
placed in an ice bath and used for discontinuoogpbag. Downstream, another tube with an
inner diameter of 0.8 mm leaving the flask (= wastas used to adjust the charging level of
the flask to about 6 mL to 10 mL. The flow rates tbé stock solutions were adjusted
according to a molar ratio of sDt-BuLi=25:1, which equals a flow rate ratmf
Fvps : Fvesu = 16 : 1.Sampling:2 to 3 samples were taken; starting when a tatizinre of
approximately 8 times the reactor volume passeoutiit the PTFE-PFR and ending when
one of the stock solutions was nearly depleted. damh sample, a quench stock solution
containing 0.12 mL CTMS (102.5 mg, 0.94 mmol, 19 ag 3.0 mL THF was filled in a
Schlenk flask. A gastight syringe was used to @ke0 mL aliquot of the reaction solution
(0.094 mmol t-BulLi initiated chains, 1 eq) out dfet three necked flask which was
immediately quenched in the CTMS-THF mixture (reactample). An NMR sample from
the reactor sample was taken. The amount of ureedg molecules was quantified B
NMR spectroscopy using benzene as the internaldatdn Qualitative analysis was
performed by?’Si-INEPT NMR spectroscopy. All volatiles of the otar sample were
vacuum evaporated for several hours at 40°C,CIH pentane or diethylether was added to
the residue, a colorless oily liquid with a whitegpitate, and the mixture was centrifuged at
5000 rpm for > 30 min. The clear liquid phase wagasated from the white precipitate and
the solvent was evaporated. The product, a cobdag liquid, was analyzed by SEC.
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7.3.4. Continuous ROP of By in PTFE-PFR I

The experimental setup is shown in Figure 62. Bdlsic the same procedure as for
PTFE-PFR | was used ¢Dt-BuLi=25: 1 and &ps : Fyteui = 16 : 1.). The PFR consists of
a PTFE-tubing with &= 3.00 mm, d=4.00 mm and L = 5.33 m which was coiled up a&pip
with Do =3.0cm. The total volumetric flow rate in theackor was adjusted to
Fv = 3.00 mL mif* or 10.00 mL miif. CTMS was continuously dispensed to the reactions
solution at the reactor outlet to quench the polyragion reaction. For preparation of the
guench-stock solution 5.1 mL CTMS (4.35 g, 40.0 Mmeas put in a 100 mL volumetric
flask and filled up with THF. The quench stock s was put in a 100 mL gastight syringe
(Hamilton 1100 TLL) and connected to the experirakrsetup, when locked out of the
drybox the quench stock and the initiator stockengaced in the same syringe pump. Hence,
both stock solutions were dispensed at the sayand the molar ratio was automatically
adjusted to CTMS : t-BuLi =1.25: 1 (t-BuLi = 38@mol L* and CTMS =400 mmolt).
Sampling:3 samples were taken; starting when a total volomapproximately 6 times the
reactor volume passed through the PTFE-PFR andgmdnen one of the stock solutions
was nearly depleted. A gastight syringe was usethke a 5.0 mL aliquot of the reaction
solution out of the three necked flask which was ipua separate Schlenk flask (reactor
sample).*H NMR, ?°Si-INEPT NMR spectroscopy and work up for SEC measents was
performed according to procedure described in @Gnap8.3.
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8. Appendix

8.1.Additional Experimental Details

In this section auxiliary information of the penfioed experiments is described.

8.1.1. Thermodynamics: Heat Capacity of the System (£sy9

For determination of thermodynamic properties @ itdividual reactions, the heat capacity
of the system (Dewar vessel, magnetic stir ba@ttemperature sensor) was found to be
Cpsys= 59.1 J K' with a standard deviation of 19.3 %. The measungseere performed
using two aliquots of THF at different temperatusesording to literaturé.

Table 65. Determination of Gsys

Experiment No. Cpsys! JK?
#1 47.0
#2 70.3
#3 44.1
#4 46.9
#5 57.7
#6 68.2
#7 79.5
#8 55.9
#9 60.6
#10 60.6

Average 59.1
Deviation 114
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8.1.2. ROP of D3: MALDI-TOF-MS Isotope Pattern

Figure 69 shows the theoretical and experimentalLBMIATOF-MS isotope pattern of
[t-Bu((SiOMey)3)sSiMes+Ag]”.

100~ _ 1571.36 1572.36 1573.36
Theoretical
1574.36
| 1570.36
3 1575.36
1 1569.36
1576.36
1577.36
‘1578.36
I I I ‘ I I m/Z
100 1572.35 1573.33
Experimental

1 1570.35 1574.35
S

1 1569.41
|1563.32 1376.35
| . 1564.98 1568.42 1578.42 1580.35 1581.91

. 91 1584.87
T T T T ] T T T T T T T T T T T T T \/\_\’\J‘{ T T T T m/Z
1562 1564 1566 1568 1570 1572 1574 1576 1578 1580 1582 1584 1586

Figure 69. Theoretical and experimental MALDI-TOF-MS isotgpettern of a CTMS terminated PDMS
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8.1.3. Continuous Experiments: Calibration of the HPLC Punp

The HPLC pump Milton Roy CM 4000 was used for comtiusly operated polymerization
reaction experiments. The flow rate was calibratecbrding to Figure 70.

10.0 1 X

8.0 1

y=1.0475-x-0.0507
R2=0.999

6.0 -

Set Point/ mL mir}

4.0 -

2.0 4

0.0

0.0 2.0 4.0 6.0 8.0 10.0
Actual Value / mL mirt

Figure 70. Calibration of the HPLC pump Milton Roy CM 4000
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8.1.4. RTD: Solubility of Dyes

The solubility of different dyes in THF at room tperature was investigated. Only methyl
red and 4-nitrophenol showed sufficient solubiliurthermore, only methyl red showed
strong absorbance in the VIS region. Hence, theswigs used for all RTD experiments. The
results of this investigation are given in Table 66

Table 66. Solubility of dyes in THF at room temperature

Dye Description
Methyl red soluble, strong VIS absorption (orangd}r
4-Nitrophenol soluble, VIS absorption (slightly ied)
Benzophenone
Phenolphthalein soluble, no VIS absorption

Thymolphthalein

Alizarin
Alizarin S
Bromophenol blue )
slightly soluble
Methyl orange
Methyl violet

Metanil yellow

Indigo carmine

Luminol

insoluble
Methylene blue

Potassium permanganate

The molar absorption coefficient of methyl red inHA was determined to be
£ =26900 L mol* cm™.
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8.2.Analytics
8.2.1. NMR Spectroscopy

All NMR spectra were measured darian Mercury 300All measurements were performed
at 25°C in CD{ and the NMR signals are given ppm in respect to Si(CkJ, unless
otherwise stated. TH&Si spectra were recorded using the Insensitive dilisihancement by
Polarization Transfer (INEPT) method. The frequesaf the nuclei are given in Table 67.

Table 67. NMR spectroscopy: nuclei and their correspondiiaguencies

Nucleus Frequency / MHz
H 300.224
Bc 75.499
295 59.641

8.2.2. UV-VIS Spectroscopy

The UV-Vis spectra were recorded bambda 35 UV/VIS Spectrometieom Perkin Elmer
Instrumentswith the softwardJV WinLab Version 2.85.0&'he spectra were evaluated with
the softwareSpekWin 32 Version 1.70.bhe blank for RTD experiments was pure THF.

8.2.3. IR Spectroscopy

The IR spectra were recorded 883 Infrared Spectrophotometéiom Perkin Elmer The
liquid polymers were put between two KBr pellethieTspectra were evaluated with the
softwareSpekWin 32 Version 1.70.5

8.2.4. SEC

The SEC measurements were performed in degassedvitHfa flow rate of 1.0 mL minh
Solvent degassing was performed VHHRC 3315aand solvent dispensing witt6000Afrom
Merck-Hitachi A pre-column with 5 um (8 mm - 50 mm) and thremlgical columns —
1-160A,1-1dA and 1 - 18A (all 8 mm - 300 mm) — of typBDVfrom Polymer Standards
Service (PSS)were used. Detection was performed with a diffea¢énrefractometer /
viscometer fronViscotek Calibration was performed with polystyrene stadddromPSS
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8.2.5. Viscosity and Density

The dynamic and kinematic viscosity and the densiye simultaneously determined on a
Stabinger ViscometeBVM 3000from Anton Paaraccording to the ASTM standard test
method’?

8.2.6. MALDI-TOF-MS

MALDI-TOF-MS was performed on aMicromass TofSpec 2Hime-of-Flight Mass
Spectrometer. The instrument is equipped with @gén laser (337 nm wavelength, operated
at a frequency of 5 Hz), and a time lag focusing.uUons were generated by irradiation
slightly above the threshold laser power. Posiime spectra were recorded in reflectron
mode applying an accelerating voltage of 20 kV amternally calibrated with a suitable
mixture of poly(ethyleneglycol)s (PEG). The speatfal00 — 150 shots were averaged to
improve the signal-to-noise ratio. Analysis of datas done withVlassLynx-Software V3.5
(Micromass/WatersManchester, UK). Sample solutions were prepasethixing a solution

of dithranol (c=10 gt in THF), a solution of the analyte (c=19 lin THF), and a
solution of CRCOOAg (AgTFA; ¢ =0.1 gL in THF), in a volumetric ratio of 10:1: 1.
0.5 uL of the resulting mixture were deposited be sample plate (stainless steel) and
allowed to dry under air.

8.2.7. GC-MS

The measurements were performed780A GC Systermoupled with 86975 C VL MSD
both from Agilent TechnologiesHe was used as the carrier gas. 1 uL of a solufothe
analyte in THF (c = 1 g'}) was used for analysis.
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8.3.Laboratory Equipment
8.3.1. Cryostatic Temperature Regulator

The cryostatic temperature regulat®UL-80 from LAUDA was used for isothermal
conditions in the batch experiments and kinetiestigations. The device was coupled to a
homemade copper coil for heat transfer. Methanal uged as the heat carrier.

8.3.2. Temperature Regulator

The PTFE-PFR was put inRML 6 Bfrom LAUDA filled with temperature regulated water to
maintain isothermal conditions throughout the amius polymerization experiments.

8.3.3. Temperature Recording

A glass coatedPt-100 from Testo attached to aesto 735-2was used for continuous
temperature recording during the kinetic and thelynamic experiments.

8.3.4. Dispensing

For continuous ROP of Pthe HPLC pumpCM 4000 from Milton Roy was used for
dispensing the monomer stock-solution and the ggripumpkds200 from kdScientific
equipped with one or tw&100 TLL100 mL gastight syringes frotdamilton was used for
dispensing the initiator and/or termination stookusons. The same syringe pump equipped
with two 100 mL gastight syringes of the same t{f/pE00 TLLfrom Hamilton) was used for
RTD experiments.

93



Appendix

8.4.Nomenclature of Abbreviations

Abbreviation Meaning / unit

acac Acetylacetonate

Bo Bodenstein number / -

Bo-number Bodenstein number / -

BR Batch Reactor

c Concentration / mol £

c Heat capacity / J molK™ (Single substance)

C Heat capacity / J K(Overall, System)

CDMS Chlorodimethylsilane

CDMS Concentration of CDMS / mol'L

CFD Computational Fluid Dynamics

CSTR Continuously Stirred Tank Reactor

CTMS Chlorotrimethylsilane

CTMS Concentration of CTMS / morl'L

d Diameter / m (PTFE-PFR)

D Diameter / m (Central tube)

D Dispersion coefficient / frs*

D Di-O-substituted Si (Chemical nomenclature)

D3 Concentration of B/ mol L™*

D3 Hexamethylcyclotrisiloxane

D4 Octamethylcyclotetrasiloxane

Ds Decamethylcyclopentasiloxane

Ds Dodecamethylcyclohexasiloxane

De Dean number / -

De-number Dean number / -

E Energy / J mol

eq Equivalent

F Flowrate /L &

F Flow rate / mol$

GPC Gelpermeationschromatographie

H Enthalpy / J mot

HPLC High Pressure/Performance Liquid Chromatogyaph
INEPT Insensitive Nuclei Enhancement by Polarizafioansfer
IR Infrared

k Rate constant / ff' s*

L Characteristic length / m (Dimensionless number)
L Reactor length / m

m Order of reaction

M Molar / mol L (Concentration)

M Molecular mass / g mdl

M Mono-O-substituted Si (Chemical nomenclature)

MALDI Matrix Assisted Laser Desorption lonization
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MeRed
MIR
MS

n

n

n

NMR
PDI
PDMS
Péx
Pé&,-number
PFR
PTFE

Q
Q

r
R

Re
Re-number
ROP

ROR

RR

RTD

S

SEC

SS

VIS
VZV

o X X

Methyl red
Method of Initial Rates

Mass spectrometry

Molar number / mol

Degree of Polymerization (repeating unit in PD8iain)
Order of reaction

Nuclear Magnetic Resonance
Polydispersity Index
Polydimethylsiloxane(s)

Péclet number / -

Péclet number / -

Plug Flow Reactor
Polytetrafluoroethylene (Teflon)
Heat / J mot

Tetra-O-substituted or quaternary Si (Chemicahaaclature)
Rate of reaction / molts?

Ideal gas constant / 8.314 J thél™
Reynolds number / -

Reynolds number / -
Ring-Opening Polymerization
Ring-Opening Reaction
Rohrreaktor

Residence Time Distribution
Wall thickness / m

Size Exclusion Chromatography
Stainless Steel

Mean residence time / s (RTD)
Time/s

Temperature / °C / K
Tri-O-substituted Si (Chemical nomenclature)
Concentration of t-BuLi / mol t
tert-Butyllithium
Trifluoromethane sulfonic acid
Tetrahydrofurane

Trimethylsilyl

Time Of Flight

Flow velocity / m &

Ultra Violet

Volume /L

Visible
Verweilzeitverteilung

Order of reaction

Conversion /- / %

Chemical shift / ppm
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n Dynamic viscosity / Pa s

0 Dimensionless hydrodynamic residence time / -

v Kinematic viscosity / rhs*

Y Stoichometric coefficient
8.5.Nomenclature of Indices

Indices Meaning

0 Infinitely (Arrhenius)

0 Initial value (Concentration)

0 Standard... (Enthalpies, ...)

1 Condition 1

2 Condition 2

A Activation (Energy)

A Component A (Reactant)

av Average

ax Axial

crit Critical

E End

F Formation

grav Gravimetric

[ Component i

[ Inner (PTFE-PFR)

I Inner (Central tube)

n Number average

NMR Calculated frontH NMR data

0 Outer (PTFE-PFR)

O Outer (Central tube)

p Constant pressure

R Reaction

R Reactor

S Start

SEC Calculated from SEC

Sys System

(M) Temperature dependent

th Theoretical

\% Volumetric

w Weight average

* After successful initiation
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8.6.Figures
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Figure 6. General scheme of the anionic ROP oficytigosiloxanes initiated and catalyzed by hyddexions 9
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tert-butyllithium (t-BuLi) and stopped with chlorodinigtisilane (CDMS) ........ccccccvvviiiieiiiieieennenn. 10
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Figure 24. Typical conversion curves of the ROM®gfnitiated by t-BuLi and quenched with CDMS in THF
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Figure 25. Second order rate constants of the BOR initiated by t-BuLi ............ccooiiiiiiis 27
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Figure 31.?°Si-INEPT NMR spectrum of a linear PDMS chain teratéd with CTMS, Qo : t-BuLi=10: 1,
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Figure 37. Arrhenius plot of the ROP of Ditiated by t-BuLi with different ratios of monanto initiator.... 38
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