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Abstract

Reversible addition fragmentation chain transfer (RAFT) polymerization is a versa-

tile technique to synthesize polymers with narrow polydispersity and high chain-end

functionality. To enable a switch from RAFT to other polymerization protocols such

as ring-opening polymerization (ROP), it is desirable to modify the thiocarbonyl thio

moiety to generate a chemical anchor for polymer conjugation and chain extension.

The transformation of RAFT polymers was achieved via a novel end-group con-

version of thiocarbonyl thio end-capped polymers yielding hydroxyl functional poly-

mers. The end-group switch from RAFT to hydroxyl functional polymers involving

THF/AIBN at 60 ℃ at ambient conditions was successfully demonstrated for a variety

of polymer backbones and RAFT agents.

The procedure of the quantitative end-group conversion was subsequently employed

to generate narrowly dispersed sulfur-free poly(styrene)-block-poly(ε-caprolactone),

poly(acrylate)-block-poly(ε-caprolactone) as well as poly(methacrylate)-block-poly(ε-

caprolactone) copolymers, demonstrating that the RAFT process can serve as a

methodology for the generation of sulfur-free block copolymers. The ring opening

polymerization of ε-caprolactone (ε-CL) was carried out either under organo-catalysis

or metal catalysis. The same procedure involving a mechanistic switch from RAFT

polymerization to ROP was applied to synthesize linear ABA poly(ε-caprolactone)-

block-poly(styrene)-block-poly(ε-caprolactone) and star-shaped pS-b-pCL copolymers.

Further, the synthesis of multi-block copolymers poly(styrene)-block-poly(tetra-

hydrofuran) was enabled via the end-group switch forming dihydroxyl terminated

poly(styrene), which subsequently reacted with a diisocyanate terminated polyte-

trahydrofuran based prepolymer to form multi-block copolymer structures.

The obtained complex polymers were thoroughly analyzed via a variety of state-

of-the-art characterization techniques including hyphenated methods such as liquid

chromatography under critical conditions coupled to size exclusion chromatography

(LCCC-SEC), liquid-chromatography coupled to mass spectrometry (LC/MALDI-

MS) as well as SEC coupled to infrared spectroscopy (SEC/FT-IR) to evidence the

(multi-) block (star) copolymer structures and the efficiency of the synthetic processes.
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1
Introduction

1.1. Motivation

The reversible addition-fragmentation chain transfer (RAFT) process [1] is among the

most versatile techniques to prepare polymers with pre-determined molecular weight

and narrow polydispersity for a wide range of monomer systems, including those

difficult to polymerize in a controlled fashion via alternative protocols (such as vinyl

acetate-type monomers). While the RAFT process can be highly efficient – including

for construction of complex macromolecular architectures – it is still hampered by

the fact that many applications need to employ sulfur-free polymer materials, as the

presence of sulfur in the polymeric material can lead to unpleasant odors or to a

discoloration of the material. In the worst case, the thiocarbonyl thio end-group

can be the starting point of degradation processes within the polymer. Over the

past years, several end-group modification techniques for RAFT made polymers have

been proposed, [2] yet only few remove the sulfur completely from the polymer (the

most popular method is aminolysis to the corresponding thiol) and those that do

require either high reaction temperatures (i.e., exceeding 100 ℃) and do not progress

to complete conversions or necessitate the use of large amounts of radical initiator

to decouple the RAFT agent from the polymers (with the inevitable consequence

that significant amounts of bimolecular coupling products are formed). Thus, no

cost effective and efficient methodologies exist that can transform large quantities of

thiocarbonyl thio functional polymers into sulfur-free materials that carry a benign

1



1. Introduction

yet universally applicable chemical anchor (such as a hydroxyl function). Such a

function can be employed for subsequent reactions, including as a initiator for block

copolymer formation.

Block copolymers are among the most important polymeric entities in polymer sci-

ence. There exists a great variety of synthetic approaches to generate well-defined

(i.e., featuring narrow polydispersity and a high degree of functionalization), block

copolymers via polymerization processes such as anionic polymerization, ring opening

metathesis polymerization (ROMP) as well as living/controlled free radical polymer-

ization (often in a sequential synthetic approach, i.e., chain extension). While anionic

polymerization constitutes in many regards the ‘gold standard’ in block copolymer

formation, it requires demanding reaction conditions. Controlled radical polymeriza-

tion, on the other hand, can be employed to generate block copolymers in a more

facile fashion, albeit with a certain loss of definition when compared to anionic poly-

merization.

A particularly important aspect of block copolymer formation is the transition

from one polymerization methodology to another to combine polymer strands with

very different properties. A transition which is of particular interest is from non-

degradable vinylic polymers to macromolecules that feature a degradable backbone

structure. Such partially degradable well-defined copolymers attract increasing inter-

est due to their applications in biomedical and pharmacological areas as base materials

for scaffolds, meshes or sutures as well as base materials for tissue engineering (wound

patches) or as degradable surgical implants in procedures such as inguinal hernia re-

pair. The preparation of such copolymers with degradable and non-degradable strands

should be achievable in a facile manner if the resulting polymers are to be employed in

biomedicinal contexts. More importantly, the preparation procedures for such poly-

mers should be as free as possible of any harmful species such as transition metal

catalysts and be as pure as possible. The requirements with regard to the polymer

purity are highly stringent as approval for their use has to be obtained for a defined

application for the respective controlling bodies (e.g., the federal food and drug admin-

istration in the USA). Over the past decade living/controlled radical polymerization

methods have been combined with ring opening polymerization (ROP) techniques [3]

via a sequential method for the preparation of linear block copolymers [4,5] or miktoarm

star copolymers, [6,7] using heterofunctional initiators, as well as graft copolymers. [8–12]

In these approaches atom transfer radical polymerization (ATRP) as well as the re-

versible addition fragmentation chain transfer (RAFT) process has been employed,

typically using an appropriately (i.e., -OH) functionalized (multifunctional) initiator

or mediating agent. The above approaches suffer the disadvantage that either tran-

sition metals have to be employed during the polymerization process (in the case of

ATRP), that ATRP is not able to mediate the polymerization of all monomers (e.g.,

2



1.1. Motivation

acrylic acid or vinyl acetate) or that specific RAFT agents carrying a primary or

secondary -OH functionality (either in Z- or R- position) have to be synthesized. Dis-

advantages of current methodologies include the fact that the RAFT prepared block

copolymers contain dithioester end-groups.

Thus – as pointed out above – it would be very desirable to have a process at

hand, which allows for a simple transformation from a polymer prepared via the

RAFT process (i.e., featuring a thiocarbonyl thio end cap or mid chain function), to

a polymer that has no thio components at all and instead features a hydroxyl function

directly attached to the polymer backbone.

Polyurethanes find – due to their flexible construction options – a wide variety

of applications such as foams, tissue engineering, coatings, and adhesives. [13,14] Lin-

ear polyurethanes are commonly synthesized via polyaddition reactions of a diol and

diisocyanate prepolymers. [15] Due to the rigidity and H-bonding of the urethane link-

ages the polyurethane chains precipitate in many solvents and become insoluble with

increasing chain length. Thus, macromolecular diols are often inserted in the polyad-

dition process to obtain a higher chain mobility due to less intermolecular H-bonding

resulting in a better solubility of the polymer chains. [16] Typical diols employed for

polyurethane synthesis are polyether and polyester polyols, which are synthesized by

anionic ring-opening polymerization of ethylene oxide, propylene oxide or by cationic

ring-opening polymerization of tetrahydrofuran. Polymerization of vinyl monomers

result in general not in hydroxy end-functional polymers. Consequently, the diol

precursors are usually limited to polymers synthesized of cyclic monomers. The in-

sertion of vinyl monomers in polyurethane structures resulted often in minor defined

materials. However, improvement in mechanical properties and water resistance of

polyurethane ionomers containing vinylic polymer strands have been identified. An

alternative investigated method to generate more defined materials is starting from

the polyurethane synthesis with subsequent attachment of the vinylic polymers, in-

volving a high number synthetic steps. Using the RAFT process with subsequent

end-group transformation for the formation of dihydroxyl terminated vinylic poly-

mers would enable the generation of tailor-made polyurethanes with completely new

material properties.

Inspection of the literature indicates that the most commonly employed approaches

towards the characterization of block copolymers and higher architectures are via con-

ventional SEC based on a linear calibration of the first block, via NMR, and – if ap-

propriate – via mass spectrometry. [17–19] Via SEC, the average molar masses and the

polydispersity are determined but no composition (chemical) information may be ob-

tained when classical RI detection is employed. NMR spectroscopy yields information

on the chemical composition and functional groups, however, topological information

of the generated macromolecules is difficult to ascertain. And mass spectrometry on

3



1. Introduction

its own is problematic for samples with broad or multiple distributions and high molar

masses.

Liquid chromatography at critical conditions (LCCC) enables the separation of

block copolymer samples by their chemical heterogeneity in the absence of size exclu-

sion effects of one block segment. Combining LCCC and SEC in a two dimensional

chromatography set-up provides information about the chemical composition and the

molecular masses of the synthesized sample, respectively. Alternatively, for obtaining

informations about chemical composition and molar masses of complex structures,

chromatographic systems can be combined to chemical detectors such as mass spec-

trometry (LC-MS) or infrared spectroscopy (LC/FT-IR). Such advanced hyphenated

techniques are the todays best facilities for obtaining reliable and most detailed in-

formations of block copolymers as well as complex structures. Consequently, these

methods will be applied for the characterization of the synthesized block structures

in the current thesis.

1.2. Thesis Overview

The present thesis investigations address the exploitation of a simple and fast reaction

sequence that can turn narrow polydispersity polymers prepared via the RAFT pro-

cess into sulfur-free hydroxyl terminal polymers, which can subsequently be employed

for the generation of di-, tri- (star) block copolymers via ring opening polymerization

(ROP) as well as multi-block structures via polyurethane synthesis. The transforma-

tion processes of the thiocarbonyl thio polymers into OH terminal moieties as well as

the chemical and molecular weight constitution of the generated block copolymeric

material will be - among other characterization techniques - assessed via size-exclusion

chromatography coupled to electrospray ionization mass spectrometry (SEC/ESI-MS)

as well as liquid chromatography at critical conditions coupled to SEC (LCCC-SEC).

Specifically, the investigations entail (see also Scheme 1.1):

1. The full establishment (including the conversion of larger quantities) of the re-

cently introduced technique to convert RAFT polymers into sulfur-free hydroxyl

functional polymers for a range of thiocarbonyl thio end caps as well as polymer

backbones;

2. The use of the prepared hydroxyl functional polymers as initiators in the ROP

(catalysed by both inorganic as well as organic initiators) for the preparation of

block copolymers with degradable as well as non-degradable strands. The aim is

to examine all OH terminated polymers towards their suitability to act as ROP

macroinitiators, including those polymers that will feature tertiary alcohol chain

ends.

4



1.2. Thesis Overview

3. The synthesis of RAFT difunctional and star polymers via the R-approach and

subsequent end-group switch with subsequent chain extension via ROP to gen-

erate ABA (star-shaped) block copolymers.

4. Employing the dihydroxyl functional polymers as a synthetic scaffold for the

preparation of multi-block polyurethanes via the reaction with isocyanate based

prepolymers.

5. The detailed characterization of the prepared OH capped polymers and the

derived block copolymers via hyphenated characterization techniques to arrive

at a complete image of both the chemical and molecular weight homogeneity of

the polymers.

The significance of the proposed investigations lies in the fact that for the first

time a procedure is presented with which polymers prepared via a controlled radical

polymerization technique (i.e., RAFT) can be transformed under very mild conditions

and in rapid reaction times into a pure OH end-functional polymer. The lack of simple

conversion techniques of RAFT polymers into macromolecules that are free of sulfur

– yet feature a useful synthetic handle – has long limited the large scale application

of the RAFT process. To demonstrate the versatility of the OH capped polymers,

the hydroxy functional polymers are employed in various approaches to prepare block

copolymers.

5



1. Introduction

Synthesis of RAFT Polymers and their End-group Conversion

S Z

S

OH

AB Block Copolymers ABA (Star) Block Coplymers Multi-block

Polyurethane-based

Block Copolymers

Characterization with Advanced Hyphenated Techniques:

2D LCCC-SEC, 2D LCCC-GELC-SEC, LC-MALDI-MS, SEC/ESI-MS, SEC/FT-IR

Scheme 1.1 Thesis overview showing the individual aims of the investigations.
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2
Theory and Background

In Chapter 1, an overview and the theoretical background of the employed techniques

for the synthesis and the characterization used in this thesis are provided. The poly-

merization techniques applied for the synthesis of homopolymers as well as block-,

star-, and multi-block-copolymers are described including controlled radical poly-

merization (CRP), ring-opening polymerization (ROP) as well as the polyaddition

process operative during polyurethane synthesis. Furthermore, end-group modifica-

tion methods of polymers obtained by the reversible addition-fragmentation chain

transfer (RAFT) polymerization process, one version of CRP, are explained, since the

main synthetic routes are based on a specific method to modify the terminal groups of

RAFT polymers, as explained in the introduction. The theoretical chapter is conclud-

ing with the main analytical method utilized in the thesis, i.e., liquid chromatography

(LC) of polymers. An overview of this analytical method as well as associated coupled

techniques will be presented.

2.1. Controlled Radical Polymerization

Today, approximately half of the commercially available man-made polymeric materi-

als are synthesized via free radical polymerization (FRP). [20] As a consequence, FRP

has been one of the most applied polymerization processes in industry for the last 80

years and is highly significant. Thus, before discussing controlled radical polymeriza-

tion, a short overview on FRP is provided.

7



2. Theory and Background

The mechanism of FRP can be divided into four relevant reactions involving free

radicals.

1. Initiation: Generation of radicals from a non-radical starting molecule.

2. Propagation: Addition of the radical to an alkene.

3. Atom transfer and atom abstraction reactions (termination by disproportiona-

tion and chain transfer reactions).

4. Recombination of two radicals (termination process).

Due to its radical mechanism the polymerization process tolerates many other func-

tionalities such as carboxylic acids or hydroxyl functions. Thus, a large variety of vinyl

monomers can be polymerized under mild conditions. However, the FRP bears some

disadvantages resulting from bimolecular termination and chain transfer processes.

The degree of polymerization, the polydispersities, and the end-functionality of a

chain are typically very poorly controlled. [21]

With the discovery of ionic polymerization a higher control over the polymerization

process was possible. A polymerization process such as anionic polymerization in

which ideally no termination or chain transfer occurs, was defined by Szwarc as a ‘liv-

ing’ polymerization. [22] Drawbacks of the ionic polymerization are the limiting variety

of monomers applicable for the polymerization, since many functional groups affect

and inhibit the polymerization process. Further, especially anionic polymerization is

very intolerant to impurities and proceeds only under the stringest conditions.

In radical polymerization, termination processes always occur due to coupling of

two radicals. However, there are ways to minimize the termination reaction and to

‘control’ the polymerization in terms of polydispersity, degree of polymerization, and

end-functionality.

XPn (+ Y) Pn
* +   X-(Y)

kact

kdeact

+ M
kp

Scheme 2.1 General concept of controlled radical polymerization.

The key feature of CRP is reversible termination or reversible degenerative chain

transfer. In Scheme 2.1, a very general concept of CRP is depicted. The radical

species is reversibly trapped by a controlling agent forming the dormant species. The

dormant species, however, can be re-activated by a catalyst or even spontaneously, i.e.,

thermally. The exchange between active and dormant species enables a simultaneous

chain growth with suppression of radical termination reactions. [20]

8



2.1. Controlled Radical Polymerization

The different types of CRP – including the Nitroxide-Mediated Radical Polymer-

ization (NMP), [23] the Atom Transfer Radical Polymerization (ATRP), [24,25] and the

Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization [26,27] –

are described in more detail in the following sections.

2.1.1. Nitroxide-Mediated Polymerization (NMP)

For controlling the polymerization via the NMP process, stable nitroxide radicals are

introduced into the polymerization. [23] In Scheme 2.2 the mechanism exemplified on

the nitroxide radical 2,2,6,6 - tetramethyl piperidin-N-oxyl (TEMPO), which is the

most investigated nitroxide for NMP, is illustrated. The persistent nitroxide radical is

utilized to reversibly terminate the propagating chains by forming an alkoxyamine. [28]

In this way, the radical concentration is limited and the termination reaction via

recombination of two radicals can be suppressed to a certain extent. Due to the very

stable alkoxyamine species the NMP process is conducted in bulk and at elevated

temperatures, which allows to adjust the equilibrium of the dormant and active radical

species. [29]

kdeact

NO

R1

kact

NOR1   +

kp

+ Y

R1

YY

n

k'deact

k'act

NO R1

YY

n

O
N+

Termination

Scheme 2.2 Nitroxide-mediated polymerization with TEMPO.

For the nitroxide TEMPO depicted in Scheme 2.2 a conventional radical initiator

such as 2,2’-azobis(isobutyronitrile) (AIBN) or benzoyl peroxide (PBO) is required.

For more advanced NMP, low molecular alkoxyamines are utilized as initiators, which

decompose at elevated temperatures to form the starting radicals for the chain growth

and the stable nitroxide radical that can reversibly terminate the propagating species.

More details as well as latest research themes concerning the NMP process are pro-

vided in the following reviews. [23,30–33]
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2. Theory and Background

2.1.2. Atom Transfer Radical Polymerization (ATRP)

The ATRP is based on the same process as NMP: a reversible termination reaction.

The equilibrium of dormant and active species is generated by employing a reversible

redox system. [24,25] Via a single electron transfer of the solubilized metal complex and

the halide abstraction of an organic compound the initial radical is formed, which

can propagate to form a polymer chain. The radical polymer chain can be deacti-

vated by reacting with the oxidized metal complex in the solution to regenerate the

transition metal complex. Due to this redox system an equilibrium between dormant

(deactivated) species and active (radical) polymer chain is established. [34] Effectively,

the radical concentration is minimized and thus also termination via radical coupling

is reduced, giving the polymerization a ‘living’ character. [35,36] The most common

system is the Cu(I)Br / Cu(II)Br2. The basic mechanism of ATRP is presented in

Scheme 2.3.

CuBr(L)   + BrR CuBr2(L)   + R
kact.

kdeact.

kp Y+

R

YY
n

k'act.

k'deact.

CuBr(L)   + R

YY
n

Br
+   CuBr2(L)

Termination

Scheme 2.3 Atom transfer radical polymerization employing the redox-system
CuBr/CuBr2.

Compared to NMP a higher variety of monomers can be applied to this polymeriza-

tion process. In addition, milder conditions such as lower temperatures are tolerated.

Disadvantages are the required purification steps to remove the metal catalysts. In

addition, it should be considered that only polymers with conversion up to 40 % bear

high enough end-functionality. To improve the ATRP process for specific applications

and monomers, modifications of the original ATRP have been investigated. Modifi-

cations include ‘reverse’ ATRP, [37] activator generated by electron transfer (AGET)

ATRP, [38–40] activator regenerated by electron transfer (ARGET) ATRP [41,42] as well

as initiators for continuous activator regeneration (ICAR) ATRP. [43] For more insides

into the ATRP process and its modifications, the reader is referred to the reviews

from Matyjaszewki and coworkers. [35,36,43,44]
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2.1. Controlled Radical Polymerization

2.1.3. Reversible Addition-Fragmentation Chain Transfer (RAFT)

Polymerization

The RAFT process operates on a fundamentally different principle than the ATRP

and NMP processes, mentioned above. The radical concentration is not reduced as in

ATRP or NMP, in fact is almost equal to FRP. The control over the polymerization

is provided by degenerative reversible chain transfer. In Scheme 2.4, the mechanism

of the RAFT polymerization is provided.
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•

Pn
• +

Z

S S R

Z

SS RPn

Z

SSPn
+ R•

M

R•
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Pm
•
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Pm
• +

Z

S S Pn

Z

SS PnPm

Z

SSPm
+ Pn

•

M M

Termination

Pn
•

+ Pm
•

Pn+m

M

M
M

M

kadd

k-add

kaddP

k-addP

kβ

k-β

kaddP

k-addP

kt

Scheme 2.4 Basic reaction mechanism of reversible addition-fragmentation chain trans-
fer polymerization.

Conventional initiators are utilized to start the reaction. The initial propagating

radical adds to the sulfur center of the chain transfer agent (RAFT agent) to generate

an intermediate radical. The intermediate species can undergo β-scission to release

the R-group of the RAFT agent, which is subsequently the propagating species adding

monomer units. With the main equilibrium in the RAFT process eventually a sym-

metrical equilibrium between propagating radical and dormant species is established.

A macroRAFT agent reacts with a propagating radical chain to form the radical inter-

mediate, which possesses two polymer chains. For the intermediate two possibilities

exist to fragment – the back reaction and the reaction to form a new macroRAFT

agent. In total, only an exchange of the dormant and the active chains takes place,

which provides a chain length equilibrium. [1,26,27]
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2. Theory and Background

The main part of the RAFT agent is the thiocarbonyl thio moiety. Common

RAFT agents used are dithioesters and trithiocarbonates. Xanthates are applica-

ble for monomers with low reactivity (i.e., with high radical reactivity) and follow

the same mechanism. It should be mentioned here that due to the invention his-

tory the polymerization process with xanthates is termed Macromolecular Design by

Interchange of Xanthates (MADIX). [45]

The groups attached to the thiocarbonyl thio moiety – the R- (which is connected

directly to the sulfur atom) and the Z-group – fundamentally influence the polymeriza-

tion process. The choice of the R- and the Z-groups depends highly on the reactivity

of the monomer. The R-group acts as a leaving group in the pre-equilibrium and

should favor the fragmentation reaction. The Z-group influences the stability of the

intermediate. The Z-moiety should be chosen carefully in a way that the formation of

the intermediate is favored, without creating a persistent species. [46] Typically, a 10

fold access of the RAFT agent compared to the initiator in the reaction provides the

incorporation of the R-group to a very high extent and thus generates polymers with

high end-functionality.

As mentioned above, the radical concentration is not suppressed by the presence

of the RAFT agents. Thus, in theory the polymerization rate is not affected by

the RAFT process. [47] However, rate retardation can be observed, in particular when

dithiobenzoates are utilized as RAFT agents. Explanations for this phenomena in-

clude radical coupling of the intermediate radical and the propagating radical chain

end or a delayed/slow fragmentation of the intermediate in the main equilibrium

step. [48,49]

2.2. End-group Modification of RAFT Polymers

The polymer obtained at the conclusion of the RAFT polymerization bears the R-

group at one chain end and the thiocarbonyl thio moiety with the Z-group at the

other chain end. Visually, the presence of the thiocarbonyl thio moiety imparts color

onto the polymer. Additionally, the polymer can release odor after some time due

to abstraction of volatile sulfur-containing molecules. Thus, in some cases, especially

in optoelectronic and biomedical applications, it is desirable that the end-group is

removed. [50–54] In other circumstances, it is expedient to transform the thiocarbonyl

thio group to generate new functionalities at the polymer chain end. This is the case

when the RAFT polymers are employed to construct more complex structures, e.g.,

block and star polymers as well as functional nanoparticles. [55–57] An overview over

different processes for RAFT end-group transformation is provided in Scheme 2.5.

Via thermolysis and radical-induced reactions complete desulfuration of the polymer

12



2.2. End-group Modification of RAFT Polymers

material is achieved. The reaction with nucleophiles typically generates polymers with

thiol end-groups, which can subsequently be applied in ‘click’-type reactions such as

thiol-ene reactions and reactions with isocyanates. [58,59] For other applications RAFT

polymers can be introduced into ATRP and NMP processes, in many cases after

modification of the thiocarbonyl thiol moiety. Despite the variety of transformations

depicted in Scheme 2.5, only a selection of transformation options will be presented in

the following subsections. The transformation of the RAFT end-group with oxygen in

THF to form peroxides will be described in more detail in Chapter 4. More information

provide the review from Harvison et al. as well as O’Reilly and coworkers. [60,61]
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Scheme 2.5 Established modification reactions of a RAFT polymer bearing a thiocar-
bonyl thio moiety.

2.2.1. Thermolysis

The thiocarbonyl thio end-group can be removed completely via thermal decompo-

sition. [62–66] The advantage of the thermolysis is that no chemicals are employed for

the treatment. Due to the high temperatures the polymer itself, however, needs to

be sufficiently stable. Commonly, the obtained polymer bears an unsaturated end-

group, resulting from the homolytic scission of the C-S bond and subsequent dispro-

portionation or elimination. [2] The mechanism, the final product and the required

temperature highly depends on the type of polymer and the Z-group attached to the

thiocarbonyl thio moiety. For clarification, some examples are provided here. The

thermal decomposition of poly(butyl acrylate) with a trithiocarbonate end-group re-

quires temperatures of around 180 ℃ and absence of air leading to a macromonomer

with an exo-methylene double bond. The double bond is generated via homolysis
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2. Theory and Background

of the C-S bond, followed by a backbiting reaction and a subsequent β-scission (see

Scheme 2.6). [67,68] 65-90% vinyl end-group functionality can be achieved via such a

thermal end-group elimination. [63]
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Scheme 2.6 Thermolysis of poly(butyl acrylate) bearing a butyl trithiocarbonate end-
group.

The thermal decomposition of poly(styrene) bearing a cumyl dithiobenzoate RAFT

group starts above 120 ℃ yielding dithiobenzoic acid and α-methyl styrene. [69] In

the temperature range between 210 − 250 ℃, the butyl trithiocarbonate end-group is

removed from RAFT end capped polystyrene. The process of the cleavage is proposed

to be a concerted Chugaev elimination (Scheme 2.7). [70,71]

S

SS
C4H9

R

PhPh
n R

PhPh
n

H

+ SS

SH

C4H9

∆

Scheme 2.7 Thermolysis of poly(styrene) bearing a butyl trithiocarbonate end-group.

Poly(methyl methacrylate) is found to be thermally unstable and tends to degrade

at elevated temperatures. However, thermal decomposition of poly(methyl meth-

acrylate) possessing dithiobenzoate end-groups leads to less weight loss than thermol-

ysis of polymers with no RAFT end-group. [66] Here again, a concerted Chugeav elim-

ination is responsible for the end-group removal. [72,73] Additionally, it was observed

that thiocarbonyl thio capped poly(methyl methacrylate) is less stable in the presence

of impurities such as residual initiator and metal contamination in the sample. [66]

Generally speaking, the order of the thermal stability concerning the Z-group was

observed to be: dithiobenzoate > trithiocarbonates > xanthates. [74] Additionally, it

was found that the thermal stability is significantly improved by an aromatic Z-group

compared to the linear alkane chains. Further, it should be noted that thermolysis can

be conducted in presence of copper powder. Due to the catalytic effect of the metal,

the temperature required for the thermal decomposition can be significantly decreased,

i.e., from 210 to 165 ℃ for the elimination of the end-group on a poly(styrene)
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2.2. End-group Modification of RAFT Polymers

chain. [64]

2.2.2. Reactions with Nucleophiles

The thiocarbonyl thio end-group can react with nucleophiles such as hydroxides,

amines, and thiols to form polymers with a thiol end-group. [75–77] The transformation

of dithioesters to thiols via hydrolysis has been carried out under acidic and basic

conditions, [78,79] yet it was found that the rate coefficient for hydrolysis increases with

increasing pH. [80] Thus, common strong bases such as sodium hydroxide are employed

for the hydrolysis. [81–83] Due to many side reactions ranging from the formation of

disulfide bridges to base-catalyzed elimination and cyclization the end-group fidelity

is rather low. [82] An alternative approach to obtain thiol end-capped polymers is the

aminolysis with primary or secondary amines, employed as nucleophiles. [62,72,73,75,84]

The reaction is depicted in Scheme 2.8.
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Scheme 2.8 Aminolysis of a dithioester end-group.

The main side reaction occurring during the aminolysis process is the coupling of

thiols to generate disulfides, when traces of oxygen are present in the reaction flask.

The formation of disulfides can be observed in the SEC elugrams, showing bimodal

distributions or a shoulder at higher molar masses due to chain-chain coupling. [85]

Alternatively, the coupling reaction can be utilized as a tool for the formation of

linear multi-block copolymers, provided that the aminolysis was applied on poly-

mers synthesized via difunctional chain transfer agents. [9] In most cases, however, the

disulfide-bridge is not desirable and conditions can be identified where the coupling

is avoided. Reducing agents such as sodium bisulfide, zinc/acetic acid, and tris(2-

carboxyethyl)phosphine are found to prevent the oxidation of thiols. [73,78,86] Ionic

reducing agents, e.g., boro hydrides, minimize the oxidation of thiols as well. [87] It

should also be mentioned that very little disulfide formation is obtained employing

hydrazines as nucleophiles. This approach can even be carried out under ambient

air. [88] The obtained thiol end capped polymers can be employed for the stabilization

of gold nanoparticles or for biopolymer conjugates, [77,87,89,90] and can undergo further

post-modification reactions. These reaction include thiol-ene reactions, reactions with

α-bromoesters, isocyanates, and 2,2’-dithiodipyperidines and can be summarized un-

der the term thiol-click reactions. [56,58,59,91,92] The reactions are applied for instance

to generate biopolymer conjugates by disulfide exchange and to form cyclic poly-

15



2. Theory and Background

mers. [85,91] Polymer-polymer conjugation was obtained via radical thiol-ene process,

which is, however, not considered as a click-reaction. [93]

2.2.3. Radical-induced End-group Modification

Two processes are combined under the term radical-induced end-group removal –

the radical-induced reduction and the radical-addition-fragmentation coupling. Via

radical-induced reduction a complete removal of the thiocarbonyl thio end-group can

be obtained. Free radicals react with the C=S double bond to generate a radical

intermediate. The intermediate can subsequently fragment back or – alternatively –

release the radical polymer chain, which terminates in the presence of a trapping agent.

For this synthetic route a high excess of free radicals is required. If hydrogen donors

are added, the thiocarbonyl thio end-group is replaced by a hydrogen atom. Tri-n-

butylstannane or hypophosphite salts can by applied to obtain hydrogen terminated

polymers. [62,63,94,95]

The same initial process can be applied to obtain a radical induced ester exchange.

In the presence of an excess of radical initiator the RAFT polymer is heated up to

60−90 ℃. The generated macroradical recombines with one of the free radicals present

in the solution. Thus, depending on the nature of the free radical, a new functionality

can be introduced into the polymer chain (see Scheme 2.9). Furthermore, with this

process the RAFT agent can be recovered. [96] However, when the polymer bears a

butyltrithiocarbonate end-group or a dithiobenzoate, incomplete transformation have

been observed. [64,97] Consequently, the radical-addition-fragmentation coupling pro-

cess can not be applied to all types of RAFT polymers.
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Scheme 2.9 Radical induced addition-fragmentation coupling.

2.2.4. End-group Modification via Oxidation and Irradiation

End-group modification of thiocarbonyl thio end-capped polymers also occurs when

oxidizing agents such as ozone, hydrogen peroxide and peracids are present in the so-

lution. [98–100] Hydroperoxides such as t-butylhydroperoxide are applied to transform

the dithioester to obtain a sulfine end-group. The success of the process was previ-

ously studied on small molecules. [47,100,101] A transformation of the end-group of the

poly(N -vinylpyrrolidone) was conducted with hydrogen peroxide at 60 ℃ to yield hy-

droxyl terminated polymer. A proposed mechanism consists of thermal generation of

hydroxyl radicals with subsequent addition-fragmentation-coupling. However, ther-
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2.2. End-group Modification of RAFT Polymers

mal homolysis of hydrogen peroxides requires high temperatures. [99] An alternative

method to transform the end-group via oxidation is the employment of ozone. Ozone

reacts with xanthates to form thiolcarbonate end-group and sulfuric acid as a side

product. A possible mechanism is depicted in Scheme 2.10. [98]
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Scheme 2.10 Reaction with ozone forming a thiolcarbonate.

Applying UV light to RAFT polymers in solution leads in some cases to removal of

the thiocarbonyl thio group. [102] The success of this reaction depends on the structure

of the RAFT end-group. As reported in the study of Quinn et al. [103] dithioben-

zoates are among the most sensitive to UV irradiation. The cumyl dithiobenzoate

and the 2-cyanopro-2-yl(4-flouro)dithiobenzoate decompose at the UV light of their

characteristic absorption wavelength. [103–105] On the other hand, trithiocarbonates are

relatively stable under UV irradiation. [104]

2.2.5. Concluding Remarks

As described in the last sections, most of the modification techniques have some

drawback concerning the yield of the reaction or the reaction conditions. Transforming

the thiocarbonyl thio end-group to an hydroxyl function is an elegant method to

provide a new functionality which enables further reactions. This new modification

method will be introduced in Chapter 4.
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2. Theory and Background

2.3. Ring-Opening Polymerization (ROP)

2.3.1. General Aspects

In industry commodity polymers such as poly(styrene) or poly(methyl methacrylates)

are synthesized by free radical polymerization on very large scales. Ring-opening

polymerization (ROP) of cyclic monomers, in contrast, finds application for more

specific and typically biomedical high performance materials. The production of those

materials is in general of much smaller volumes. [106]

A large variety of cyclic monomers, e.g., lactams, lactones, cyclic ethers, and silox-

anes can be polymerized via the ring-opening process. Prominent examples of ring-

opening polymerization in industry are the generation of Nylon 6 synthesized from

ε-caprolactam (see Scheme 2.11) and poly(ethylene oxide) (PEG) produced via ROP

of ethylene oxide. [21]
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ROP

ε-caprolactam Nylon 6

n

Scheme 2.11 Polymerization of ε-caprolactam, a prominent example for ring-opening
polymerization.

The ability of cyclic monomers to form macromolecules by sequential ring-opening

depends both on thermodynamic as well as kinetic aspects. The most important fac-

tors are the relative stabilities of the cyclic monomer and the linear polymer structure.

For example, the Gibb’s free energy of the conversion of cycloalkanes is negative for

almost all ring sizes except for the 6-membered ring and thus, thermodynamically,

the polymerization is favored in most cases. [107,108] The thermodynamic feasibility is

associated with bond angle strain, eclipsed conformational strain, and transannular

strain of the cyclic monomers depending on the ring size. Since the entropy ∆S is neg-

ative for the polymerization process, higher temperatures lead to less negative values

of the free energy. Although almost all cycloalkanes are thermodynamically able to

undergo ring-opening polymerization, the polymerization process was only successful

in very few cases such as for cyclopropane derivatives. [21] Consequently, not only the

thermodynamic factors are crucial, but also the kinetics play a major role.

For polymerization a bond which the initiator can attack is required in the monomer

structure. This is achieved by incorporation of heteroatoms in the ring. Such monomers

are more facile to be electrophilically or nucleophilically attacked by an initiator and

can subsequently propagate to form a polymer chain.

The ring-opening polymerization belongs to the chain-growth polymerization mech-
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2.3. Ring-Opening Polymerization (ROP)

anism which includes initiation, propagation, and termination reactions. The specific

mechanism of ring-opening polymerization highly depends on the initiator/catalyst

system. The processes mostly employed are based on ionic, coordination, covalent,

methathetic, radical, and enzymatic polymerization mechanisms. [109–113] Many ring-

opening processes can be regarded as polymerization techniques featuring living char-

acteristics since in most cases the number-average molar mass increases linearly with

monomer conversion. However, the comparison of anionic polymerization of vinyl

monomers with anionic polymerization of cyclic ethers, shows that the propagation

rate of the ROP is much slower and is more similar to a step-growth polymerization.

The main reason for that is the equilibrium between polymerization and depolymer-

ization, which plays a greater role in ROP than in chain polymerization of vinyl

monomers. [21]

In the following sections selected ring-opening polymerization processes for the for-

mation of polylactones and polylactides are described.

2.3.2. Metal-catalyzed Ring-Opening Polymerization

Metal complexes are very frequently employed as catalysts for ring-opening polymer-

ization. Tin(II)bis(2-ethylhexanoate) (Sn(Oct)2) is the most prominent representa-

tive. This catalyst is soluble in many solvents, easy to handle, and high molar masses

can be obtained in short times by polymerization of lactones and lactides. [114–118] Be-

side tin, aluminum alkoxides, and zinc complexes can be applied. In Scheme 2.12

different catalysts are depicted. With aluminum alkoxides and zinc complexes as cat-

alysts much longer reaction times are required to obtain polymer structures compared

to the catalysis with Sn(Oct)2. However, zinc-based catalysts are preferred for some

applications due to their non-toxicity. [119–121]
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Scheme 2.12 Main metal catalysts utilized for ROP of lactones and lactides.

The mechanism of metal-catalyzed ring-opening polymerization includes three steps:

coordination, insertion, and ring-opening of the cyclic monomer. [122–124] An example

for the ROP of a lactide catalyzed via a metal complex is given in Scheme 2.13. To

terminate the reaction, the polymerization can be quenched by hydrolysis, releasing

the metal complex from the chain end.

Polymers, synthesized via metal-catalyzed ring-opening polymerization are observed

to possess broader mass distributions with increasing conversion (up to PDI s ∼ 2).
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Scheme 2.13 Coordination-insertion mechanism of a lactide employing metal catalysts.

This problem results from the susceptibility of the system to undergo side reactions.

Especially when Sn(Oct)2 is employed, transesterification reactions can occur. The

two possible transesterifications, i.e., intermolecular and intramolecular, are depicted

in Scheme 2.14. The intramolecular backbiting leads to monomer recovery and macro-

cycles, whereas the intermolecular reaction yields chain redistributions, resulting in

higher PDI s of the obtained polymeric material. [125–127]
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Scheme 2.14 Main side reactions occurring in the ROP process via metal-catalysis.

For some biomedical applications metals and metal complexes are preferably ex-

cluded. [128] Consequently, organo-catalysis is addressed with growing interest.

2.3.3. Organo-catalyzed Ring-Opening Polymerization

Organo-catalyzed ring-opening polymerization mainly includes enzymatic ROP, ROP

with N -heterocyclic carbenes, pyridine- as well as amidine- and guanidine-based ring-

opening polymerization. A very short overview is provided below for each metal-free

catalytic system.

Enzyme-catalyzed Ring-Opening Polymerization

Enzyme catalysis for ring-opening polymerization was first developed by Knani and

Kobayashi in 1993. [129–131] In nature the lipases, a subgroup of the hydrolases, are

involved in the hydrolysis of fatty acid esters. After extraction from living organisms,

the lipases can be employed in synthetic processes such as the ring-opening polymer-
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2.3. Ring-Opening Polymerization (ROP)

ization of cyclic esters. With enzyme catalysis high regio- and stereo-selectivity is

provided and the reaction can be carried out under mild conditions. A commercially

available enzyme is Novozym 435. This enzyme can be employed for variable cyclic es-

ters except for lactides. [132–134] The process involves a monomer-activated mechanism

depicted in Scheme 2.15.
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Scheme 2.15 Proposed mechanism for the ring-opening polymerization with lipase
acting as catalyst.

The first step of the mechanism is a nucleophilic attack of a hydroxyl group attached

to the lipase onto the ester group of the cyclic monomer. The so obtained acyl-enzyme

intermediate releases the alkoxy group to form the enzyme-activated monomer (EAM).

Via a nucleophilic attack of a hydroxy end functional species, the open chain is released

and the enzyme is regenerated. Iterations of the cycle process finally form polymeric

structures. [106,135,136]

Organo-catalysis by Pyridines and N-Heterocyclic Carbenes

Nucleophilic catalysts such as pyridines and N -heterocyclic carbenes have been ob-

served to promote ring-opening polymerization of cyclic esters. [106] The first successful

pyridine-catalyzed living ring-opening polymerization was achieved by Hedrick and

coworkers in 2001. [137] Employing 4-(dimethylamino)pyridine (DMAP) in combina-

tion with 4-pyrrolodinopyridine (PPY) at 35 ℃, narrowly dispersed polylactide was

obtained after 20 h. The mechanism is assumed to proceed by monomer-activation

via nucleophilic attack by DMAP on the cyclic monomer. [138,139] Further, it was ob-

served that no increase in the polydispersity occurs with increasing molar masses,

which implies that side reactions such as transesterification are minimized during the

polymerization process.

N -heterocyclic carbenes have also been found to act as powerful catalysts for ring-
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opening polymerization. In 2002, the first example was reported by Hedrick and

coworkers. [140] 1,3-Bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes) was employed

to promote the polymerization of lactides and lactones. Achieving polymers with

high end-functionality and narrow polydispersity in a very short time (within 10

min), showed the high catalytic activity of the carbene. [141] For the ROP of lac-

tides a monomer-activated mechanism via nucleophilic attack of the carbene was pro-

posed. [142] In the absence of protic initiators, however, a zwitterionic mechanism is

assumed. [143] For more detailed information, the reader is advised to refer to the review

of Hedrick. [144]

Amidine- and Guanidine-based Ring-Opening Polymerization

Strong basic species, so-called ‘superbases’, are known as transesterification catalyst

for small molecules. [145] In 2006, Waymouth and Hedrick employed the basic cat-

alyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) for ring-opening polymerization suc-

cessfully for the first time. [146] Further investigated active basic catalysts are 1,8-

diazabicycloundec-7-ene (DBU) and N -methyl TBD (MTBD) (see Scheme 2.16). [147,148]

N
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N
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N N

N

TBD MTBD DBU

Scheme 2.16 Structures of the catalysts 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), N -
methyl TBD (MTBD), and 1,8-diazabicycloundec-7-ene (DBU).

The basic catalysts, especially TBD, enable ultra-fast ring-opening polymerization

with controlled character. It was reported that complete polymerization of lactide was

realized in 1 min at ambient temperature. [146] Only after significantly longer reaction

times (5 h), broadening of the mass distribution due to transesterification reactions

was observed, which can be prevented by quenching the solution with benzoic acid

after a reasonable time. It is proposed that the ring-opening proceeds via a bifunc-

tional mechanism. Corey and Grogan showed in a small molecule study that TBD

can function as a bifunctional catalyst. [149] The mechanism for the polymerization

process is presented in Scheme 2.17. In the first stage the imine of TBD attacks

the cyclic monomer. Secondly, after the ring-opening and proton transfer the alcohol

moiety of the initiator is activated by the adjacent nitrogen and can attack the open

chain. [150,151]

MTBD and DBU are also very strong bases. [152] However, they only possess one

catalytic site. Ring-opening polymerization with these catalysts is assumed to proceed

via a pseudo-anionic mechanism. For the ROP of ε-caprolactone and δ-valerolactone

with MTBD and DBU additional co-catalysts such as thiourea are required. [148]
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Scheme 2.17 Dual activation of the cyclic monomer and the alcohol by TBD.

2.4. Polyurethanes

2.4.1. General Aspects

Polyurethanes were first reported by Bayer in 1947 within a diisocyanate polyaddition

procedure. He published results obtained 10 years before in 1937 on the polyaddition

of 1,6-diisocyanatohexane and 1,4-butanediol. [153] Since then polyurethanes have been

established as industrial products, mainly in the form of elastomers and polyurethane

foams. Presently, polyurethanes belong to the top five of the most industrially pro-

duced synthetic polymers.

Nowadays most commercially available polyurethanes are still based on the step-

growth polymerization of diisocyanates and multi-functional polyols. The use of diol

results in linear polyurethanes and with polyols at higher functionality cross-linked

networks are obtained. The polyaddition process is depicted in Scheme 2.18. The

polyurethane formation proceeds via a nucleophilic attack of the hydroxyl function

onto the carbon atom of the isocyanate group and is in general promoted by basic or

organo-metallic catalysts.
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Scheme 2.18 Synthesis of polyurethanes via polyaddition of diisocyanates and diols.

Due to the step-growth mechanism, the two components should be employed utmost

exact stochiometrically for the synthesis of high-molar-mass materials. A prevalent

and more facile method to obtain polymers with high molar masses via the polyaddi-

tion process is the so-called prepolymer synthesis method, in which one of the compo-

nents – generally the diisocyanate – is added in excess to the reaction. The resulting

macromolecules with isocyanate end-groups are subsequently extended using small

molecules possessing two hydroxy moieties, e.g., 1,4-butanediol or diethylene glycol,

for the final polymer formation.

Typically, isocyanates employed in the polyurethane synthesis are aliphatic iso-

cyanates such as 1,6-diisocyanatohexane or isocyanates possessing an aromatic center,
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e.g., 4,4’-methylene bis(phenyl isocyanate) (MDI) and toluene 2,4-diisocyanate (TDI).

The industrial process for the generation of such isocyanates is the phosgenation of

amines. [154] Due to the extreme toxicity of phosgene, extensive research was applied

towards alternative methods. Possible synthetic strategies are two step processes

in which carbamates are first formed by an oxidative or a reductive carbonylation.

In the second step thermal decomposition of the obtained carbamates generates the

isocyanates. [155–157]

Established polyols utilized for the polyurethane synthesis are polyether and poly-

ester polyols. Polyethers are synthesized by anionic ring-opening polymerization of

ethylene oxide, propylene oxide or by cationic ring-opening polymerization of tetrahy-

drofuran. Polyesters can also be obtained by ring-opening polymerization, for instance

by ROP of ε-caprolactone with a dual hydroxy-functionalized initiator. Alternatively,

polycondensation of dicarboxylic acids and dihydroxy functional molecules also results

in polyester polyols such as polyadipates.

The polyaddition of diisocyanates and polyols is promoted by specific catalysts.

Preferred systems are tertiary amines and organo-metallic complexes. The most

frequently used metal-free catalyst is 1,4-diazabicyclo-[2.2.2]-octane (DABCO). The

most widely employed metal catalyst is dibutyltin dilaurate (DBTDL) (Scheme 2.19).

N

N
Sn OO

CH2(CH2)9CH3

H3C(H2C)9H2C
O

O

DABCO DBTDL

Scheme 2.19 Main catalysts employed for polyurethane synthesis.

Beside the liquid tin catalyst, iron, zirconium, and cobalt complexes can also be

applied as catalysts depending on the applications. In industrial processes amine

and tin catalysts are often employed synergistically to significantly accelerate the

process. [158–160]

It should be noted that several side reactions can occur during the polymerization

process. The reaction with water impurities results in the formation of urea groups

(see Scheme 2.20). Therefore the polymerization is conventionally carried out under

nitrogen atmosphere and exclusively dry solvents are utilized. However, especially for

the formation of polyurethane foams, the reaction with water is indispensable due to

the release of carbon dioxide, which causes the foam structure.

Other potential side reactions are dimerisation and trimerisation of the isocyanate

moiety. The dimerisation is enhanced at temperatures above 43 ℃, but dimers can
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Scheme 2.20 Formation of urea bonds resulting from water traces.

be cleaved again elevating the temperature to at least 175 ℃. By visual inspection,

namely a yellow discoloration, the side reaction can be identified. The trimerisa-

tion of the isocyanates are promoted under alkaline conditions. The formation of

six-membered rings is irreversible and stable up to 200 ℃ before it decomposes at

temperatures above 200 ℃. Further allophanate linkages are observed, resulting from

the reaction of isocyanates with the urethane moiety. Thus, cross-linkages are gener-

ated, which can be desirable in the production of elastomeric materials. The reaction

is favored under alkaline conditions at elevated temperatures. All the mentioned side

reactions are collated in Scheme 2.21. [161,162]
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Scheme 2.21 Side reactions occurring during the polyurethane synthesis.

2.4.2. Alternative Synthetic Pathways and Recent Developments in

Polyurethane Chemistry Associated with Environmental Aspects

Due to the environmental hazards of the isocyanate synthesis and the intolerance of the

polyurethane reaction to water impurities, extensive investigations on isocyanate-free

procedures have been carried out in the recent years. The non-isocyanate polyurethane
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(NIPU) can be obtained by cationic ring-opening polymerization. Seven-membered

rings with urethane moieties can undergo polymerization with initiators such as tri-

fluoromethylsulfonate. [163,164] An alternative synthetic route to provide NIPU is the

reaction of diamines and bischloroformates. During the condensation reaction HCl

is released. [165,166] A more investigated pathway is the formation of urethane linkages

via a reaction of cyclocarbonates with diamines (see Scheme 2.22). [167–172]
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Scheme 2.22 Isocyanate free procedure to obtain urethane linkages.

Compared to conventionally synthesized polyurethanes, NIPU shows higher chem-

ical resistance, lower permeability, and improved thermal stability and water absorp-

tion. Typical applications for NIPU are foams, coatings, and sealants. [173,174]

Environmental aspects also include the biodegradability of the synthesized material.

For linear polyurethanes a great variety of natural products can be employed facilitat-

ing the recycling processes. Examples of natural products include castor oil, starch,

cellulose as well as natural rubber. [175–177] For more details the reader is encouraged

to refer to the numerous reviews and books on this topic. [178–182].

2.4.3. Polyurethanes in Combination with Radical Polymerization and

their Applications

Polyurethanes are generally known to possess good water resistance and resistance

to other atmospheric conditions as well as to oils and diluted acids. Furthermore,

if no aromatic systems are present, they are resistant against photo-oxidative aging.

As described in the previous section, the trend of polyurethane synthesis moves to

biodegradable raw material. Of major interest today are waterborne polyurethanes or

so-called polyurethane ionomers. [183,184] However, the increased amount of hydrophilic

groups can be detrimental to the performances, especially the resistance to water. For

that reason, polyurethanes are often combined with polymers synthesized via radical

polymerization of vinyl monomers. For instance, the combination with poly(vinyl

acetate) or styrene to form interpenetrating networks or grafted block copolymers

highly improved the resistance to water as well as the adhesion to metallic and

ceramic substrates. [185,186] Copolymers of polyurethane ionomers and polyacrylates

find application in environmentally friendly laquers. [16] Conventional polyurethane-

co-poly(acrylate) copolymers have been investigated for applications such as contact

lenses and dental materials. [187,188] Further methods to combine polyurethanes and

vinyl-based polymers to multi-block copolymers can be found in Chapter 7.
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2.5. Liquid Chromatography of Polymers

The first use of a chromatographic setup was reported by Tswett in 1903-1906. [189,190]

In this publication the separation of colored plant pigments by chromatography was

investigated. Tswett termed the separation by retardation of the substances ‘chro-

matographic method’ derived from the greek words ‘chromos’ = color and ‘graphe’ =

to write.

Today a large variety of separation methods exist. Widely used chromatographic

techniques include thin layer chromatography, gas chromatography, flash chromatog-

raphy, high performance liquid chromatography as well as size-exclusion chromatog-

raphy. [191,192]

In general, the separation is conducted by a mobile phase and a stationary phase.

The mobile phase, including the material which is to be separated, is transported

over the stationary phase. During the movement of the mobile phase through the

stationary phase the separation of the material into its components occurs.

Polymeric materials often show heterogeneity in more than one of the following as-

pects: chemical composition, molar masses, configuration and topology. As such dif-

ferent chromatographic techniques are applied concerning the different aspects. [193,194]

Mostly relevant for macromolecules and polymer structures is liquid chromatogra-

phy, including size-exclusion chromatography and liquid adsorption chromatography.

2.5.1. General Aspects of Liquid Chromatography

The liquid chromatographic technique is carried out with a liquid mobile phase and

conventionally a solid stationary phase. Liquid chromatography can be separated into

ion-exchange, adsorption, liquid-partition and size-exclusion chromatography. Thus,

the retention in liquid chromatography can be caused by enthalpic and entropic in-

teraction as well as adsorption or partition of the sample with the stationary phase.

In the chromatographic process the retention volume VR can be expressed by

VR = VM + KLCVS (2.1)

where VM is the volume of the mobile phase, VS is the equivalent liquid volume for the

stationary phase and KLC is a parameter which expresses the thermodynamic balance

of the sample between the phases for a specific mobile phase and column packing.

The equilibrium constant is related to the change in the Gibb’s free energy ∆G0.

For the retention, both the change in entropy ∆S and in enthalpy ∆H contribute

to the separation process. Consequently, the retention factor for conventional liquid
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chromatography is given as

k’ =
VR − VM

VM

= KLC
VS

VM

= exp

(

−
∆G0

LC

RT

)

VS

VM

(2.2)

ln k’ =
−∆H0

LC

RT
+

∆S0
LC

R
+ ln φ, ln φ =

VS

VM

(2.3)

with the temperature T and the gas constant R. [195]

Due to the influence of entropic and enthalpic affects, polymer samples are separated

according to their chemical composition and their molar masses. For a more facile

assignment of the signals, however, it is preferred to mainly exclude one of the effects.

2.5.2. Size-Exclusion Chromatography (SEC)

In 1959 it was firstly reported that macromolecules can be separated by their size. [196]

In the publication the researchers from Sweden applied polydextran gels for the frac-

tionation of water-soluble biomolecules. Synthetic polymers were firstly analyzed via

a setup consisting of a stationary phase of cross-linked polystyrene gel in organic sol-

vents. [197] The term gel permeation chromatography (GPC) is derived from this kind

of setup employing particles of lightly cross-linked organic-polymer networks for the

separation. Today more rigid porous particles are utilized as column packing ma-

terial for time-saving reasons. The lightly cross-linked networks were not stable to

high pressures and fast flow rates, which elongated the separation experiments signif-

icantly. Further SEC is applied routinely today not to separate completely different

structures, but to obtain the average molar masses and the molar mass distribution

of synthetic polymers. [198]

With SEC the polymer chains are separated via a partition equilibrium of the

polymer chains between the solvent phase at the interstitial space and the solvent in

the pores of the packing material. During the process the polymer chains permanently

diffuse in and out of the pores. As such the concentration gradient between the

interstitial and the space in the pores is the driving force of the fractionation process.

Small polymer chains penetrate more into the pores of the column packing material

than large molecules. Consequently, large polymers elute faster from the column than

small chains.

The retention volume VR for a sample in SEC can be expressed by the adduct of

the volume in the interstitial space VI and the internal pore volume VP.

VR = VI + KSECVP (2.4)

The ratio of the average sample concentration inside and outside the pores of the
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column packing material is expressed by the distribution coefficient KSEC. In SEC,

the enthalpic interaction between the polymer chains and the column packing material

is minimized by employing an inert column packing and carefully choosing the mobile

phase. Thus, under ideal conditions the enthalpic term of the Gibb’s free energy can

be neglected.

KSEC = exp

(

−
∆G0

SEC

RT

)

∼= exp

(

∆S0
SEC

R

)

(2.5)

For a correct interpretation of a SEC experiment the ‘local polydispersity’ should be

taken into account. Axial dispersion during the chromatographic process causes band

broadening. Further, local dispersity can be observed in the analysis of complex poly-

mer structures, for instance when the same retention volume is obtained for branched

and star polymers although they vary in size. [195] In this context it should be noted

that the SEC separation depends on the molecular size in solution and not on the

exact molar masses. A more accurate definition for size-exclusion chromatography is

that SEC separates according to the hydrodynamic volume of a polymer chain rather

than its actual chain length. [195,198]

Beside the separation setup including the column packing material, an SEC system

requires devices which can detect the eluting solvent containing the polymer sample.

Detectors utilized for SEC include physical and chemical detectors. Chemical detec-

tors involve detection via mass spectrometry, Fourier transform infrared spectroscopy,

and nuclear magnetic resonance spectroscopy and involve in general cost-intensive

setups. Physical detectors include concentration detectors such as the differential

refractometers and UV/Vis detectors as well as light-scattering detectors and visco-

metric detection. A conventional SEC setup is typically equipped with a differential

refractometer and a UV/Vis detector.

Calibration

The conventional SEC is a relative method which makes calibration of the setup

essential for the determination of the desired values such as the average molar masses

and the molar mass distribution of a polymeric sample. For a calibration a series

of polymer standards such as polystyrene and poly(methyl methacrylate) with low

polydisperity and known molar masses are measured with the specific setup. The

calibration curve is subsequently established via a polynomial fit of the obtained

elution time versus log M relation. The calibration can then be applied for analyzing

the same or very similar polymer structures. However, when polymers with other

structures are analyzed the obtained molar masses and molar mass distribution are

no longer exact values.
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With the Mark Houwink Kuhn Sakurada calibration, i.e., the universal calibration,

the standard calibration can be extended. An empirical relationship of the intrinsic

viscosity [η] with the molar mass of a polymer can be expressed by the Mark-Houwink

equation.

[η] = KMα (2.6)

K and α are constants specific for a polymer type, solvent and temperature. For

conventional SEC, to which no viscometer is attached, the molar masses of a polymer

structure can be calculated via the equation:

K1M
1+α1

1 = K2M
1+α2

2 (2.7)

provided that the Mark-Houwink constants of the polymer are established values. [199,200]

This method can also be applied on the complete values of the calibration curve

and the method is then denoted as the universal calibration procedure. The Mark-

Houwink parameters of the polymer, which should be analyzed, are employed on the

standard calibration giving a new calibration curve. Based on this calibration curve

the molar masses and the polydispersity of the specific polymer can be identified. [201]

For more complex polymer structures, such as comb, block or multi-block structures

with varying block ratios as well as polymers built up from new monomers the Mark-

Houwink parameters are typically unavailable. If accurate values for these structures

are required, setups with further detectors are utilized.

SEC with Triple Detection

An SEC system equipped with differential refractometry, differential viscometry and

right-angle light scattering detectors is known by the term SEC3. [202,203] With this

system the molar mass of unknown polymer structures is obtained. To understand

how these detectors work in synergism, a short outline of the methods of each detector

is provided. The differential refractometer is a concentration-sensitive detector. A

typical refractometer operates in the deflection mode. The light beam passes through

the flow cell – possessing a sample and a reference side – is reflected by a mirror and

again passing the flow cell, before being detected by a photosensor. The photosensor

detects a signal, when the sample and the reference side have different refractive

indices. The concentration of a polymer sample in the eluent correlates with the

refractive indices of the solution n, of the polymer sample np and the pure solvent n0

in the following form.

c ∝
n − n0

np − n0

(2.8)

30



2.5. Liquid Chromatography of Polymers

The signal intensity does not only depend on the solvent concentration, but also

depends on the nature and the chemical composition of the analyzed polymer sample.

The dependency is described by the refractive index increment δn/δc.

The differential viscometric detector measures the differential pressure ∆P, resulting

from two flow systems, one with pure solvent and one with the solution containing

the polymer sample. The viscosity can be determined based on the proportionality

to the differential pressure given by the Hagen-Poiseuille equation

∆P =
8LηQ

πr4
(2.9)

with L, r and Q being the length, the radius and the volumetric flow rate of the tube,

respectively.

A more important quantity is the intrinsic viscosity [η], which is the degree for the

hydrodynamic effective volume of the polymer sample in infinite dilution.

[η] = lim
c→∞

(

ηsp

c

)

; ηsp =
η

η0

− 1 (2.10)

For a first approximation, the Solomon and Situa equation can be employed:

[η] =

√

2[ηsp − ln ηrel]

c
(2.11)

The intrinsic viscosity [η] is then applied for instance for the determination of the

Mark-Houwink parameters, see Section 2.5.2.

In a light-scattering setup the excess Rayleigh ratio at a specific angle R(θ) is mea-

sured, by detecting the amount of light scattered by the solution containing the poly-

mer sample and comparing the amount with the pure solvent.

R(θ) =
Iθr

2

I0

(2.12)

Iθ represents the corrected scattered intensity, I0 the incident emitted light by the

light source and r is the distance of the flow cell to the detector. The correlation

between the excess Rayleigh ratio and the weight-average molar mass Mw is given by

the Rayleigh-Gans-Debye approximation

K∗c

R(θ)
=

1
P(θ)

( 1
Mw

+ 2A2c + 3A3c
2 + ...

)

(2.13)

with

K∗ =
4π2n2

0(δn/δc)2

λ4
0NA

(2.14)
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in which n0 represents the refractive index of the pure eluent, c the polymer con-

centration, λ0 the wavelength of the incident light beam, P(θ) a form factor, which

describes the intramolecular interference, and the δn/δc the specific refractive index

increment. Consequently, the absolute Mw for each elution volume can be determined

by equation (1.13) due to the direct proportionality of the Rayleigh ratio with the

product of the molar mass and the concentration of the solution. [204]

Analyzing a polymer with a setup of the three detectors in a sequence features

the possibility to obtain the Mark-Houwink parameters and the absolute average

molar masses of an unknown or complex polymer sample. However, not only the

size of complex polymer structures is of interest. In many cases also the chemical

composition is a matter of investigations.

2.5.3. Liquid Chromatography at Critical Conditions (LCCC)

Beside size-exclusion chromatography, further chromatography techniques for the sep-

aration of polymer structures are established. Figure 2.1 visualizes the differentiation

of the three modes of chromatography, which can be applied for the separation of

polymeric materials. [205,206]

LAC

Liquid Adsorption 

Chromatography

SEC

Size-Exclusion 

Chromatography

lo
g
 (

M
)

elution volume / mL

LCCC

Liquid Chromatography

under Critical

Conditions

Figure 2.1. Different modes utilized in the separation of polymer structures.

The elution volume is plotted in dependency of the molar mass for the different

modes. In the SEC mode, as already mentioned above, polymer samples with high
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molar masses elute first, while small molecules elute later. In the adsorption mode the

polymer samples elute in the opposite order – first samples containing small molecules

elute and with higher elution volume the polymer samples with high molar masses

elute. In the critical condition mode, the polymer samples of the same structure, yet

with different molar masses, elute at the same elution volume. With liquid chromatog-

raphy under critical conditions, a polymer sample can be separated according to its

chemical heterogeneity, e.g., the composition and end-functionality of the polymer

chains, independent of the size of the polymer structures.

This special method – liquid chromatography at critical conditions (LCCC) or al-

ternatively named LC at the exclusion adsorption point – was established by Belenky

et al., [207] who investigated narrow dispersed polystyrenes of different molar masses

with thin layer chromatography. Later Pasch and colleagues published a detailed de-

scription of the theory as well as the experimental approaches of the critical conditions

mode. [208]

Critical conditions for a polymer are established when the entropic and the enthalpic

contribution to the retention volume compensate (see equation in 2.3). Consequently,

the critical behavior of a polymer depends on a variety of conditions – the mobile

phase composition, the temperature, and the stationary phase. [209] Commonly, the

critical conditions of a polymer are adjusted by varying the composition of a mixture

of two solvents, a good and a poor solvent for the specific polymer sample. Further,

the eluent strength has to be adjusted to the column packing material. [191] Alterna-

tively to varying the solvent composition, LCCC can also be adjusted by alternating

the temperature. [210] It should be noted that the LCCC method is a very sensitive

method. Small variation in solvent composition or temperature can readily change

the elution pattern. The LCCC method has been applied for the separation of numer-

ous complex polymer samples. Examples include block and graft polymers, polymer

blends, functional polymers, linear and cyclic polymers. [211–213]

A typical separation process with LCCC is explained on block copolymers. For

the separation of a block copolymer containing block A and block B, the critical

conditions of polymer A are established. While polymer A elutes at the critical

point and thus becomes ‘chromatographically invisible’, polymer B elutes either in

the SEC modus or in the adsorption modus, depending on the conditions. Secondly,

the critical conditions are evaluated for the polymer B and thus the retention only

depends on the block length of polymer A. Consequently, homopolymer residues can

be detected. Furthermore, the chain length of the block, which elutes not under CC,

can be evaluated. The method can subsequently be applied as the first dimension in

two-dimensional chromatography (2D LC). With this setup, the fractions of the first

dimension can further be separated with the second dimension, which is commonly a

SEC device. More information to 2D-LC is provided in the Section 2.5.5.
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2.5.4. Gradient Elution Liquid Chromatography (GELC)

Gradient elution liquid chromatography on macromolecules was first reported by Po-

rath, who separated proteins by zone precipitation. [214] Synthetic polymers were in-

vestigated later with the same system by Ingagaki and Belenky. [215,216] Commonly, the

separation procedure starts with the injection of the sample into a setup, for which

the conditions are established in the way that adsorption of the sample onto the sta-

tionary phase is highly favored. Subsequently, the solvent composition is changed to

increase the solvent content, which promotes the elution of the sample. The sample

finally elutes after desorption from the stationary phase. Consequently, the sample

is separated dependent on its affinity towards the column packing material. In early

reports this setup is also termed precipitation-dissolution process. It should be noted

that no complete sample recovery was observed for some GELC systems, which implies

that part of the sample was adsorbed on the stationary phase. [217]

2.5.5. LCCC/GELC Coupled to SEC

Combining LC systems such as LCCC and GELC with SEC to two dimensional chro-

matography yields information about the chemical composition in the first dimension

and additionally the molar masses of the separated compounds in the second dimen-

sion. The complete setup is shown in Figure 2.2.

LCCC

mobile phase

LCCC

pump

SEC

mobile phase

SEC

pump

LCCC

detector

SEC

detector: ELSD

LCCC

columns

columns

SEC

injection valve

transfer valve

Figure 2.2. Setup of two dimensional chromatography with LCCC in the first dimen-
sion and SEC in the second dimension.

In early stages the system was used in off-line mode. The fractions were collected

with a fraction collector or by hand and subsequently injected in the second dimen-

sion. This revealed to be very time-consuming. A fully automated system was devel-
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oped by Kilz. [218,219] The two dimensions are connected via a switching/transfer valve,

equipped with two injection valves. The polymer sample is injected into the LCCC

system, passing through the columns and a detector. Slices of the eluent from the

LCCC system are subsequently transferred via the switching valve into the SEC sys-

tem, where they pass through the SEC columns and are detected. The flow rate has

to be adjusted properly to ensure a complete transfer of the analyte into the second

dimension. For obtaining high resolution, very low flow rates in the first dimension

and very fast flowrates in the second dimension are commonly selected.

As a final detector no detector that is sensitive to solvent variation should be cho-

sen. An evaporative light-scattering detector (ELSD) is favored for such a setup. The

detector only detects analytes which are less volatile than the solvent. In the detec-

tor an aerosol is formed by nebulizing the eluting solvent from the chromatographic

setup. In a heated drift tube the solvent is evaporated and the analyte is subsequently

detected in an optical cell via light-scattering. Due to the evaporation of the solvent,

the detector can handle gradient elution chromatography as well as 2D LC.

A wide variety of examples exists, in which this 2D LC system was successfully

applied. [193,205,218,220–225] In Chapter 5 and 6 more examples are provided.

2.5.6. Liquid Chromatography Coupled to Chemical Detectors

Variable chemical detectors can be coupled to liquid chromatography systems. The

detection of chemical compositions via spectroscopic and spectrometric techniques

will be discussed below.

Liquid Chromatography Coupled to Mass Spectrometry

Mass detectors for macromolecules include matrix-assisted laser desorption/ionization

time-of-flight (MALDI-ToF), electrospray ionization (ESI) and inductively coupled

plasma (ICP) mass spectrometry. ICP is preferably used for the detection of environ-

mental and biological molecules, whereas MALDI-ToF and ESI-MS are employed for

the characterization of synthetic polymers. These two methods – MALDI-ToF-MS

and ESI-MS – allow the analysis of the large molecules via ionization with no or only

little fragmentation occurring.

LC/ESI-MS

Electrospray ionization mass spectrometry (ESI-MS) was established by Dole as well

as Fenn and coworkers. [226–230] An ESI mass spectrometer basically consists of an ion

source, a mass analyzer such as a quadrupole-ion trap or a time-of-flight analyzer and

a detector.
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2. Theory and Background

In the ion-source setup a potential between the electrospray capillary tip, at which

the eluent emerges, and the counterelectrode is established. When an electric field

is applied, charges in the eluent are drawn to the counterelectrode. At the onset

potential, which highly depends on the solvent and the radius of the capillary as well

as the distance between the tip and the counterelectrode, charged droplets leave the

capillary tip in the direction of the counterelectrode. The solvent in the droplet is

evaporated, enhanced by a coaxial flow of nitrogen or a heated transfer capillary, gen-

erating smaller droplets. When the repulsive Coulomb forces in the droplet exceed the

surface tension, the droplet splits into even smaller droplets. This process is repeated

until minute charged droplets are formed, which contain only several molecules in the

solvent enclosure. Eventually gas-phase ions are generated from the small charged

droplets. For this mechanism two models are proposed, the charged residue model

(CRM) and the ion evaporation model (IEM). [226,231,232] The CRM model is based on

the assumption that the charge of the analyte-ion originates from the droplet surface,

whereas the IEM model predicts a process in which ion emission from the droplets

occurs. However, for large molecules such as macromolecules the analyte-ions are

assumed to be generated according to CRM. [233]

The generated ions are transferred through a small opening in the counter electrode

into the mass analyzer. The mass analyzer filters the ions according to their size and

charging envelope, the m/z values. The choice of the mass analyzer depends on the

resolution and accuracy required. Existing systems include quadrupole mass filters,

quadrupole ion traps, time-of-flight mass analyzers as well as orbitrap and Fourier

transform ion cyclotron resonance analyzers. For example, in a time-of-flight analyzer

the ions are accelerated in an electric field and detected according to the time they

require to pass a certain distance. A quadrupole mass filter consists of four rod-like

electrodes, on which different voltages are applied and overlaid by a radio frequency

field. Depending on the applied voltage the ions follow stable or unstable trajectories.

The ions on stable trajectories eventually reach the detector. Further information to

mass analyzers can be found for example in reference [234].

With ESI-MS not only single charged, yet also multiple charged ions occur in the

final spectrum, depending on the nature of the analyte. Since the single charged and

the multiple charged distributions are superimposed upon each other, a quite complex

spectrum maybe obtained. Coupling ESI-MS to SEC separates the charged envelopes

and facilitates the assignment of the peaks.

First attempts to couple liquid chromatography to ESI-MS was reported in 1993 and

1995 by Prokai and Simonsick, respectively. [235,236] They coupled an SEC setup to ESI-

MS to analyze oligomers and acrylic macromonomers. Other liquid chromatography

modes coupled to ESI-MS were investigated Nielen and Buijtenhuis. [237,238] For the

setup, the solvent and the flow rate must be adjusted to the mass spectrometer. Thus,
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2.5. Liquid Chromatography of Polymers

in general, a eluent splitter is introduced, highly reducing the flow rate for the ESI-MS

instrument. Further a source of alkali metal ions, which enhance the ionization, can

be provided with post-column addition. Size-exclusion chromatography coupled to

ESI-MS is often utilized for the end-group determination of a synthesized polymer.

By a combination of SEC with ESI-MS as well as refractive index detection, accu-

rate molar mass distributions (MMD’s) can be obtained when employing a specific

method invented by Gründling et al. For processing the data from the two detec-

tors, a computational algorithm based on the maximum entropy principle is utilized,

yielding in accurate MMD’s, corrected for chromatographic band broadening. The

procedure can be applied to various polymers without the necessity of an external

calibration. [239,240]

An example of liquid chromatography coupled to ESI-MS was recently reported by

Falkenhagen. [241] In here, ultra performance liquid chromatography was coupled to an

ESI-ToF instrument to characterize poly(ethylene oxide) (pEO) and poly(propylene

oxides). In Figure 2.3, the determination of the critical conditions of pEO via mass

detection is displayed. The advantage is that only one polymer sample is required for

determining the critical conditions and no polymer standards are needed.
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Figure 2.3. SEC (left), LCCC (center), and LAC (right) mode of one poly(ethylene ox-
ide) sample. Adapted with permission from Falkenhagen, J. and Weidner, S. Analytical
Chemistry. [241] Copyright (2009) American Chemical Society.

Examples for SEC coupled to ESI-MS can be found in the Chapters 4 and 6.

LC/MALDI-ToF

Only a few years after the invention of the laser, first experiments on the generation

of ions via laser radiation were performed. The spectra of organic molecules were

recorded with a ToF mass analyzer. [242,243] The principle of matrix-assisted laser des-

orption/ionization (MALDI) was later reported in 1984 by Karas et al. [244,245] While

Karas investigated biopolymers such as proteins, Tanaka was first reporting synthetic

polymer mass spectra. [246] The core principle of MALDI is the employment of a ma-

trix surrounding the polymer sample, consisting of small molecules, which can readily

absorb at the energy of the laser. In a MALDI setup, the matrix, which is utilized
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in high excess compared to the analyte, transfers the energy from the laser to the

analyte in a controlled manner. Subsequently, the analyte is desorbed and ionized

into the gas phase. It is assumed that the ionization of the analyte takes place due to

collisions with charge carriers and the excited matrix molecules. Basically the matrix

has the following functions: Enhancing the desorption of the non-volatile analyte from

the surface and thus increasing the ion yield as well as preventing the polymer from

decomposing due to too high energy absorption and inhibiting cluster formation of

the analyte. Thus, the matrix selection highly depends on the polymer sample which

is analyzed. Many structures have been investigated as potential matrices for MALDI

and have been collected for instance in a review written by Nielen. [247]

Typically MALDI is conducted in combination with a ToF mass analyzer. They are

preferably used in this combination due to the possibility of recording all ions from

one ionization event and offering a higher sensitivity and greater mass range than

scanning technologies. [248]

With MALDI-ToF multiple charging is commonly not registered in the obtained

spectra, which facilitates the ion-assignment. The analysis of broad polymer struc-

tures or structures with many different end-group functionalities, however, lacks in

resolution of the individual signals. Further, the weight-average molar mass of poly-

mers with high polydispersity, determined with MALDI often differs from the SEC

results.

The analysis of polymer samples with high PDI s benefits from coupling size-exclusion

chromatography to MALDI-ToF. The fractionation results in ‘eluent slices’ containing

polymer fractions of low polydispersity, which enhances the resolution of the MALDI

spectra, giving Mw values in good agreement to the SEC measurements. [249,250] Coupling

other liquid chromatography techniques such as LCCC to MALDI-ToF, is offering the

possibility to identify polymers with different end-functionalities and separate and de-

tect polymer blends.

LC coupled to MALDI-ToF proceeds usually in a continuous off-line mode. The

eluent is sprayed onto a moving target, which is subsequently introduced into the

MALDI-ToF instrument. Initially, the target was precoated with the appropriate

matrix. [252] With the new setup depicted in Figure 2.4, the matrix solution can be

added simultaneously. [251] With the electrospray deposition (ESD) interface the eluent

is sprayed onto the target from the capillary to which a high voltage is applied. Heated

gas which enters through a series of holes enhances the evaporation of the solvent.

Adding a T-piece to the eluent line enables the continuous addition of matrix solution

employing a microsyringe pump.

Liquid chromatography coupled to MALDI-ToF is applied for identifying polymer

structures in the Chapter 6.
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Figure 2.4. Setup of the electrospray deposition interface used for continuous transfer
of the chromatographic samples onto the MALDI target. Adapted from Weidner, S. M.
and Falkenhagen, J. Analytical Chemistry. [251]

Liquid Chromatography Coupled to Fourier Transform Infrared Spectroscopy

Liquid chromatography coupled to Fourier transform infrared spectroscopy (LC/FT-

IR) can be performed in an on-line and an off-line approach. In the off-line mode, the

solvent deriving from the LC is removed before analyzing the sample in the FT-IR

instrument; in the on-line modus, the eluent of the LC is directed through a FT-IR

flow-cell.

In the off-line approach the eluent of the LC system is sprayed on an interface and

the solvent is evaporated instantaneously. The evaporation is carried out with a heated

nebulizer in combination with a nebulizer gas. Thus, only the analyte is deposited on

the target plate. The interface or target is usually a infrared-transparent substrate

such as ZnSe, Ge or CaF2. Subsequently, the circle plate – serving as target – is

positioned in an FT-IR device for detection. [253] Advantages of the off-line setup are

the possibility to increase the scanning time to obtain a better signal-to-noise ratio

as well as the absence of absorbing bands from the eluent, which can interfere with

the signals of the analyte. Thus, for qualitative analysis the off-line mode appears

to be very attractive, quantitative analysis of individual components in the analyte,

however, can be rather challenging. During the depositing process of the analyte to

the plate, crystallization or oxidation of the analyte can occur. [254,255]

The detection mode of FT-IR coupled on-line to LC can be via reflection, trans-

mission or attenuated total reflection. [256–258] Problems concerning the on-line setup

up to now are the background absorption of the eluent utilized in the LC system and
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the low sensitivity due to the high eluent to analyte ratio. Preferable eluents, which

exhibit low IR-absorbance, are chosen for the setup. Highly chlorinated solvents show

only low amount of absorbing bands. [259–261] Another approach is the employment

of expensive deuterated solvents. [262] These solvent limitations can be circumvented

with the aid of specialized mathematical solvent suppression techniques. This coupled

measuring technique is being currently developed, basic ideas and first results have

been reported by Beskers et al. [263]
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3
Materials and Characterization Techniques

3.1. Materials

3.1.1. Chemicals Used in Chapter 4

Styrene (99% extra pure, stabilized, Acros Organics) was freed from inhibitor by

percolating through a column of basic alumina prior to use. Isobornyl acrylate was

purified by vacuum destillation. 2,2’-Azobis(isobutyronitrile) (98%, Sigma Aldrich)

was recrystallized twice from ethanol prior to use. 2[(Dodecylsulfanyl) carbonothioyl]-

sulfanyl propanoic acid (DoPAT, Orica Pty Ltd., Melbourne, Australia), propanediol

(Sigma Aldrich), ethylene glycol (Sigma Aldich), 4-dimethylamino pyridine (DMAP,

ABCR), N,N’-dicyclohexylcarbodiimid (DCC, Alfa Aesar), 2,2’-azobis(2,4-dimethyl-

valeronitrile) (V65, Wako), 2,2’-azobis(4-methoxy-2.4-dimethyl valeronitrile) (V70,

Wako), tetrahydrofuran (multisolvent, 250 ppm BHT, Scharlau), tetrahydrofuran

(inhibitor-free, Bernd Kraft), triphenylphosphine (PPh3, Merck), dimethyl sulfide

(Merck), triethylamine (min. 99% Sigma Aldrich) and methanol (chromasolv, Sigma

Aldrich) were used as received.

3.1.2. Chemicals Used in Chapter 5

Styrene (99% extra pure, stabilized, Acros Organics), methyl methacrylate (99%,

Sigma Aldrich), methyl acrylate (99%, Acros Organics), and isobornyl acrylate (tech-
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nical grade, Sigma Aldrich) were freed from inhibitor by percolating through a column

of basic alumina prior to use. The RAFT agents dibenzyl trithiocarbonate (DBTC)

and 2-(2-cyanopropyl) dithiobenzoate (CPDB) were synthesized according to litera-

ture procedures and their structures were confirmed by 1H-NMR spectroscopy. [264–266]

2,2’-Azobis(isobutyronitrile) (98%, Sigma Aldrich) was recrystallized twice from ethanol

prior to use. ε-Caprolactone was distilled from CaH2 and kept over molecular sieve.

1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, Sigma Aldrich), toluene (extra dry, water

< 30 ppm, Acros Organics), t-butanol (Merck), triphenylphosphine (PPh3, Merck),

acetic acid glacial (rotipuran, 100% p.a., Roth) benzoic acid (99,5%, Sigma Aldrich),

hydrochloric acid (37%, Roth), trans,trans-2,4-hexadien-ol (99%, stabilized, Acros

Organics), trifluoroaceticacid (HPLC grade, Fisher Scientific), sodium iodide (puriss.

p.a., Fluka), tetrahydrofuran (multisolvent, 250 ppm BHT, Scharlau), tetrahydro-

furan (inhibitor-free, Bernd Kraft) and methanol (chromasolv, Sigma Aldrich) were

used as received. Further, D,L-lactide (LA, Purac, stored under argon at 4 ℃), 4,4-

dimethylaminopyridine (DMAP, 99%, Acros Organics), styrylmercaptan (1-phenylethyl

mercaptan 98%, Alfa Aesar), styrene (Reagent Plus, >99%, Aldrich) and ethylene-

diamine (99% GC, Aldrich), tetrahydrofuran (THF, Fisher) and N,N’- Dimethyl-

formamide (DMF, Fisher Scientific, 99,9%) were used as received without further

purification.

3.1.3. Chemicals Used in Chapter 6

Styrene (99% extra pure, stabilized, Acros Organics) was purified by percolating

through a column of basic alumina prior to use. The 4-arm (non rate-retardant)

RAFT agent 1,2,4,5-tetrakis(phenylthioacetylthiomethyl)benzene (see Scheme 6.2 and

Scheme 6.3) was synthesized according to a literature procedure with its purity be-

ing confirmed by 1H-NMR spectroscopy. [267] 2,2’-Azobis(isobutyronitrile) (98%, Sigma

Aldrich) was recrystallized twice from ethanol prior to use. ε-Caprolactone was dis-

tilled from CaH2 and kept over molecular sieves. 1,5,7-triazabicyclo[4.4.0]dec-5-ene

(TBD, Sigma Aldrich), toluene (extra dry, water < 30 ppm, Acros Organics), triph-

enylphosphine (PPh3, Merck), glacial acetic acid (Rotipuran, 100% p.a., Roth), ben-

zoic acid (99,5%, Sigma Aldrich), hydrochloric acid (37%, Roth), sodium iodide

(puriss. p.a., Fluka), tetrahydrofuran (multisolvent, 250 ppm BHT, Scharlau), car-

bondisulfide (Aldrich), benzylchloride (Alfa Aesar), α,α’-dibromo-p-xylene (Aldrich),

2-butanol (Fluka) and methanol (chromasolv, Sigma Aldrich) were used as received.
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3.1.4. Chemicals Used in Chapter 7

Styrene (99% extra pure, stabilized, Acros Organics) was purified by percolating

through a column of basic alumina. 2,2’-Azobis(isobutyronitrile) (98%, Sigma Aldrich)

was recrystallized twice from ethanol prior to use. Triphenylphosphine (PPh3, Merck),

tetrahydrofuran (multisolvent, 250 ppm BHT, Scharlau), tetrahydrofuran (inhibitor-

free, Bernd Kraft), 2,2,4-trimethylhexane-1,6-diisocyanate (TMDI, Evonik) , poly(te-

trahydrofuran) (Mn ∼ 1000 g mol−1, Sigma Aldrich), 2[(dodecylsulfanyl) carbonothio-

yl]-sulfanyl propanoic acid (DoPAT, Orica Pty Ltd., Melbourne, Australia), di-n-

butyltin-dilaurate (DBTDL, Alfa Aesar), 4-dimethylamino pyridine (DMAP, ABCR),

N,N’-dicyclohexylcarbodiimid (DCC, Alfa Aesar), 1,3-propanediol (Sigma Aldrich)

and N,N’-dimethylacetamide (DMAc, Acros Organics) were used as received.

3.2. Size-Exclusion Chromatography

For the determination of molar mass distributions (MMD) an SEC system (Polymer

Laboratories PL-GPC 50 Plus) comprising an auto injector, a guard column (PLgel

Mixed C, 50×7.5 mm) followed by three linear columns (PLgel Mixed C, 300×7.5 mm,

5 µm bead-size) and a differential refractive index detector was employed. THF was

used with a flow rate of 1 mL min−1, the column temperature was set to 30 ◦C.

The SEC system was calibrated using narrow polystyrene standards ranging from

160 to 6 · 106 g mol−1 (Polymer Standard Service GmbH, Mainz). The resulting

molar mass distributions were reassessed by universal calibration using Mark-Houwink

parameters for pCL (K = 13.95 × 105 dL g−1 and α = 0.786) [268], piBoA (K =

5.00 · 10−5 dL g−1, α = 0.745), [269] pMA (K = 19.5 · 105 dL g−1 and α = 0.66), [270]

pBA (K = 12.2 · 10−5 dL g−1, α = 0.70), [271] pMMA (K = 7.56 · 10−5 dL g−1,

α = 0.731) [272] and for pS (K = 14.1 · 105 dL g−1 and α = 0.70). [273] For (star) block

copolymers pS-b-pCl and the multi-block copolymer pS-b-pTHF the Mark-Houwink

parameters for polystyrene were used. For the other block copolymers always the

Mark-Houwink parameters of the first block were employed.

3.2.1. Size-Exclusion Chromatography with Triple Detection

The triple-detection chromatographic setup used for the determination of the exact

weight-average molar mass of the multi-block copolymers consisted of a modular sys-

tem (Polymer Standard Service, PSS, Mainz/Agilent 1200 series) incorporating an

ETA2010 viscometer (WGE Dr. Bures) and a multi-angle light-scattering unit (PSS

SLD7000/BI-MwA, Brookhaven Instruments). Sample separation is achieved via two

linear columns provided by PSS (SDVLux-1000 Å and 105 Å, 5 µm) with THF as
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the eluent at 35 ◦C with a flow rate of 1 mL min−1. The exact Mw is determined

measuring light scattering at an angle of 90° and utilizing the method ‘factor times

concentration’ for data analysis. The factor for the concentration detector was deter-

mined by measuring a narrow dispersed polystyrene standard of 120 000 g mol−1 of a

known concentration.

3.2.2. Size-Exclusion Chromatography Coupled to a Fraction Collector

For fractionation of the samples an SEC system equipped with a high speed col-

umn (SDV, linear M) was connected to a fraction collector (Super Fraction Collector

CHF122SC, Advantec, Japan). The concentration of the samples was 10 g L−1. At

a flow rate of 1 mL min−1 fractions were collected every 20 s. Fractionation was

repeated 10 times. The fractions from 6.65 - 9.95 mL were combined and dried for

further analysis.

3.3. Liquid Chromatography at Critical Conditions Coupled to

Size-Exclusion Chromatography

Liquid Chromatography at Critical Conditions (LCCC) and Concomitant

Gradient Liquid Elution Chromatography (GELC): The measurements were

carried out on a Hewlett Packard (HP1090) HPLC system using a diode array UV

detector and an evaporative light scattering detector (ELSD) (SEDEX 45, ERC). The

flow rate was 0.5 mL min−1; 25 µL of close to 2 wt-% polymer solutions were injected.

For the critical conditions of polystyrene a reversed phase system was employed:

YMC-ODSA column (250 × 3 mm inner diameter), 300 Å pore size, 5 µm average

particle size. The eluent was a mixture of tetrahydrofuran and water. The critical

solvent compositions contain 88.4 % (v/v) THF for poly(styrene). Premixing of the

mobile phase by weight is necessary for a constant and exact composition. 0.1 vol-%

acetic acid was added to the system. For the measurements at the critical conditions

of poly(ε-caprolactone) an alternative reversed phase system was employed: PLRP-S

column (250 × 4.6 mm), 100 Å pore size, 5 µm average particle size. The starting

eluent composition contained 30 % (v/v) of THF and 70 % (v/v) of Methanol. The

gradient ended in a 80/20 % (v/v) mixture of THF and MeOH. The samples were

dissolved in 40 % THF / 60% MeOH. The critical conditions of pMA were conducted

on a Discovery Cyano-column (250 × 4.6 mm, 300 Å pore size, 5 µm average particle

size). The solvent composition consisted of 62 % (v/v) THF and 38 % (v/v) n-Hexane.

Alternatively, in case of the analysis of pS-b-pLA, the LCCC experiments were

performed on a Varian PL-GPC 120 apparatus, which was composed of an Agilent
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1100 series pump, a degasser and a RI detector. The injection loop, the columns, and

the RI detector were in the same thermostated oven. In the pS case, the following

columns were used: Macherey and Nagel 250 mm × 4.6 mm Nucleodur C18 Gravity,

pore diameter 110 Å, particle size 3 µm and Macherey and Nagel 250 mm × 4.6

mm Nucleodur C18 Gravity (reverse phase), pore diameter 110 Å, particle size 5 µm.

The eluent was dimethylformamide, filtered over a 0.2 µm Nylon Alltech membrane.

The samples were dissolved in dimethylformamide (DMF) at 0.25 wt% before being

filtered through a 0.2 µm Nylon Macherey and Nagel filter. The flow rate was fixed

at 0.8 mL min−1 and the oven temperature was 80 ℃. In the pLA case, the following

columns were used: VWR 250 × 4.6 mm Nucleosil, pore diameter 300 Å, particle size

7 µm and Macherey and Nagel 250 × 4.6 mm Nucleosil, pore diameter 100 Å, particle

size 7 µm. The eluent was a mixture of acetone (62.7 wt%) and n-hexane (37.3

wt%) both filtered through a 0.2 µm PTFE Alltech membrane. The pLA critical

conditions have here been determined experimentally by testing different ratios of

acetone/hexane. The samples were dissolved in the same acetone / n-hexane mixture

as the eluent at 0.25 wt% before being filtered through a 0.2 µm PTFE Macherey and

Nagel filter. The flow rate was fixed at 0.7 mL min−1 and the oven temperature was

40 ℃.

Size-Exclusion Chromatography (SEC): The SEC experiments were performed

on a Hewlett Packard (HP1050) HPLC modular system, including a Mistral column

oven (SunChrom). For detection an evaporative light scattering detector (ELDS)

(SEDEX 45, ERC) and additionally a variable wavelength UV-detector (λ = 230 nm)

were employed. The flow rate was 3.0 mL min−1. One high speed column, a SDV-

gel column (PSS GmbH Mainz), 5 µm average particle size (20 mm × 50 mm) and

tetrahydrofuran as mobile phase were used. 100 µL of a 1 wt-% polymer solution

were injected. Calibration was performed using poly(styrene) standards (ranging

from 760 to 1 106 g mol−1). Detection proceeds via the ELSD.

Two-dimensional Chromatography (LCCC-(GELC)-SEC): The crossover of

LCCC fractions to SEC was performed by two combined electrical Rheodyne six-port

switching transfer valves. While the first valve is filled with the eluent of the first

dimension, the content of the second valve is analyzed in the second chromatographic

system (SEC). The measurements were evaluated by using the PSS WinGPC (Unity)

and PSS 2D Software. The LCCC dimension in 2D mode was operated with a flow

rate of 0.02 mL min−1.
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3.4. Mass Spectrometry

3.4.1. Size-Exclusion Chromatography Coupled to Electrospray Ionization

Mass Spectrometry

Spectra were recorded on an LXQ mass spectrometer (ThermoFisher Scientific, San

Jose, CA, USA) equipped with an atmospheric pressure ionization source operat-

ing in the nebulizer assisted electrospray mode. The instrument was calibrated in

the m/z range 195-1822 using a standard containing caffeine, Met-Arg-Phe-Ala ac-

etate (MRFA) and a mixture of fluorinated phosphazenes (Ultramark 1621) (all from

Aldrich). A constant spray voltage of 4.5 kV and a dimensionless sweep gas flow

rate of 2 and a dimensionless sheath gas flow-rate of 12 were applied. The capil-

lary voltage, the tube lens offset voltage and the capillary temperature were set to

60V, 110V and 275 ◦C respectively. The LXQ was coupled to a Series 1200 HPLC-

system (Agilent, Santa Clara, CA, USA) consisting of a solvent degasser (G1322A),

a binary pump (G1312A), a high-performance autosampler (G1367B), followed by a

thermostat-controlled column compartment (G1316A). Separation was performed on

two mixed bed size-exclusion chromatography columns (Polymer Laboratories, Meso-

pore 250 × 4.6 mm, particle dia. 3 µm) with pre-column (Mesopore 50 × 4.6 mm)

operating at 30 ◦C. THF at a flow rate of 0.30 mL min−1 was used as eluent. The

mass spectrometer was coupled to the column in parallel to a RI-detector (G1362A

with SS420x A/D) in a setup described previously. [240] 0.27 mL min−1 of the eluent

were directed through the RI detector and 30 µL min−1 infused into the electrospray

source after post-column addition of a 100 µL solution of sodium iodide in methanol

at 20 µL min−1 by a micro-flow HPLC syringe pump (Teledyne ISCO, Model 100DM).

20 µL of a polymer solution with a concentration of approximately 3 mg mL−1 were

injected onto the HPLC system. Measurements can also be conducted via direct in-

fusion ESI-MS. However, preseparation via SEC provides an improved ionization due

to the absence of low molar mass impurities and the slice by slice ionization of the

investigated polymers.

3.4.2. Matrix-Assisted Laser Desorption/Ionization-Time of Flight Mass

Spectrometry

An Autoflex III MALDI-TOF mass spectrometer (Bruker Daltonic, Germany) was

employed. The system was equipped with a Smartbeam™laser working at 356 nm

with a frequency of 200 Hz. 2000 laser shots were accumulated for one spectrum. 2-[(2

E)-3-(4-tert-Butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) or dithra-

nole (THAC) (10 mg mL−1 in THF) were used as matrix. Depending on the polymer
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structure, 2 µL of a silver trifluoroacetate (AgTFAc) solution (c = 2 mg mL−1)

for the ionization of poly(styrene)s or a potassium trifluoroacetate (KTFAc) solution

(c = 5 mg mL−1) for poly(ε-caprolactone)s and copolymers were added to the ma-

trix solution. For the sample preparation, a volume of 20 µL of polymer solution was

mixed with 50 µL of matrix solution; subsequently, 1 µL was deposited on the MALDI

target employing an Eppendorf pipette.

Coupling of LC with MALDI-ToF MS: The electrospray deposition interface

consists of a Teflon x-y table, which was adapted to the size of conventional 384

MALDI target plates. A small contact was connected to enable contact of the target

plate with the ground potential. The spray capillary (stainless steel, 0.1 mm inner

diameter) was fixed in a Teflon block. The distance between the target plate and the

capillary could be varied from 0.5 to 3 cm. High voltage (3-5 kV) was generated by

a DC power supply (FuG Elektronik GmbH, Rosenheim, Germany) and applied to

the capillary. Additionally, heated gas could be applied through a series of concen-

trically holes around the capillary to enable a better evaporation of solvents. The

deposition flow could be varied from 5 to 30 µL min−1 by means of an adjustable

flow splitter (ASI-QuickSplit, Analytic Scientific Instruments, Richmond, CA). The

matrix solution (5-10 µL min−1) was added via a T-piece to the eluent line using a

micro syringe pump (Harvard Apparatus, Holliston, MA). The schematic setup can

be found in Figure 2.4.

3.5. Fourier Transform Infrared Spectroscopy

Infrared spectra were obtained from a Bruker Vertex 80 FT-IR/NIR spectrometer

possessing a standard DTGS detector and a KBr beam splitter, a sample holder, as

well as an attenuated total reflection (ATR) unit. The parameters employed for the

collection of each spectrum were a resolution of 4 cm−1, 128 background scans, and

64 sample scans.

3.6. Size-Exclusion Chromatography coupled to Fourier

Transform Infrared Spectroscopy

For the detection of the SEC elugrams via online IR spectroscopy a modular system

(Polymer Standard Service, PSS, Mainz/Agilent 1200 series) was coupled to a Vertex

70 FT-IR spectrometer (Bruker Optics, Ettlingen). A SDV semi-preparative column

linear M (PSS) was utilized for the separation of the samples. A concentration of 10−

15 g L−1 was prepared for the injected volume (100 µL) of the samples. The sample

cell of the IR spectrometer was a self-designed flow-cell, based on a six reflexions
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3. Materials and Characterization Techniques

ATR unit (Gateway, Specac, Cranston, RI, USA). The eluent was THF, the flow rate

1 mL min−1. IR spectra were taken every 5 seconds and 50 scans were co-added.

Further mathematical solvent suppression and data treatment were performed with

an in-house written MATLAB routine. [263]

Calibration of the SEC/FT-IR

For the calibration of the SEC/FT-IR setup, blends of pS (Mn = 3280 g mol−1) and

pTHF (Mn = 990 g mol−1) with a known concentration were injected to the SEC

system. The measured integral intensities and the injected mass can be found in

Table 3.1. The signals intensities at 1493 cm−1 and 1110 cm−1 for pS and pTHF,

respectively, were used for the integration.

Table 3.1. Collation of data for the calibration of the online SEC/FT-IR measure-
ments. The integrals of the intensities at 1493 cm−1 for the calibration of pS and
1110 cm−1 for the calibration of pTHF were utilized.

Polymer Integral of Intensity Injected mass

/ a.u. / mg

pS 0.01215254 1.8820

pS 0.00568553 1.0374

pS 10.00405891 0.5187

pTHF 0.05845686 2.1320

pTHF 0.02855431 1.1439

pTHF 0.01786355 0.5719
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Figure 3.1. Calibration of SEC/FT-IR. Three concentrations of each homopolymer
were used to obtain three signal intensities. Linear regression is applied to the values
to obtain the slope.

Via the linear regression the value of the slope is obtained, which can subsequently

be applied to the signals intensities of the multi-block copolymers to obtain the exact

block fractions (see Chapter 7).
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3.7. Nuclear Magnetic Resonance Spectroscopy

3.7. Nuclear Magnetic Resonance Spectroscopy

1H-NMR spectroscopy was carried out on a Bruker AM 400 MHz as well as a Bruker

AM 250 MHz spectrometer. All samples were dissolved in CDCl3.
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4
Switching from RAFT to Hydroxyl-terminal

Polymers

4.1. Introduction

As described in the background section addressing end-group modifications of RAFT

polymers, the thiocarbonyl thio end-group derived from the RAFT process is in some

cases undesirable due to various causes (see Chapter 2.2). Consequently, the devel-

opment of efficient transformations of the thiocarbonyl thio end-group is a matter

of priority. One method, which was established in our laboratories, involves the

transformation of the thiocarbonyl thio end-capped polymer into a peroxide termi-

nal polymer, which can subsequently be reduced to a hydroxyl functional polymer.

The degradation of dithiobenzoate capped poly(methyl methacrylate) in peroxide-

containing tetrahydrofuran (THF) was observed based on a sample discoloration and

analyzed via SEC/ESI-MS. [274] The main product of the transformation was not the

oxidized species of the thiocarbonyl thio group, namely the formation of thioesters

or sulfines, yet a hydroperoxide functional polymer. The modification can be per-

formed in a one-pot procedure under ambient conditions in THF with addition of

2,2’-azobis(isobutyronitrile) (AIBN). Subsequently, the hydroperoxide functionality

at the polymer chain end is reduced with triphenylphosphine to a hydroxyl function.

Scheme 4.1 depicts the general synthetic strategy on the example of RAFT based

poly(acrylate)s.
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4. Switching from RAFT to Hydroxyl-terminal Polymers
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Scheme 4.1 Overall reaction scheme for the switch of a thiocarbonyl thio end-group
of RAFT into hydroxyl terminal polymers.

The advantage of the modification is the generation of a versatile functional end-

group in a facile fashion, which can be employed for further reactions including poly-

merizations.

In the following section the mechanism of the thiocarbonyl thio to OH transforma-

tion will be discussed.

4.1.1. Mechanism of the OH End-group Switch of Polymers Containing a

Dithiobenzoate End-group

A radical oxidation cycle, including an intermediate chain transfer step, is proposed

as a possible mechanism. Based on SEC/ESI-MS studies during the modification

of dithiobenzoate terminal poly(acrylate)s, this mechanistic suggestion emerged. In

Scheme 4.2 the pathway for the transformation is depicted.
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Scheme 4.2 Proposed mechanism of the transformation of dithiobenzoate terminal
into hydroxyl end-capped polymers.
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4.1. Introduction

A tetrahydrofuranyl radical cleaves the dithiobenzoate group of the polymer, form-

ing a polymerradical P•

n and the tetrahydrofuranyl dithioester (I). Molecular oxygen

present in the solution adds to the macroradical P•

n in the subsequent step (II). By

radical chain transfer to a tetrahydrofuran molecule the hydroperoxide terminated

polymer is generated (III). The tetrahydrofuranyl dithioester is oxidized during the

process after some time to a sulfine or a thioester in the THF solution. These molecules

have been identified after the transformation in the solution by SEC/ESI-MS detec-

tion. [275]

The ability of a RAFT end-group to be transformed via the above mechanism

is dependent on the stability of the formed macroradical P•

n. The stability of the

macroradical depends on the monomer class utilized in the polymerization process.

Thus, macroradicals consisting of the monomer units styrene, acrylate or methacrylate

may undergo this mechanism, while polymer radicals of highly active monomers are

less likely to be formed via the transformation procedure, [276] as they represent poor

leaving groups.

The various species which can be present in the reaction mixture of a modification

reaction are shown in Scheme 4.3. Beside the structures formed via the mechanism of

the transformation to hydroperoxide terminal polymers, oxidation or cyclization can

also occur. To visualize the modification, one example of SEC/ESI-MS spectra, ob-

tained before and after the end-group conversion of poly(methyl acrylate), is depicted

in Figure 4.1.
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Scheme 4.3 Possible structures formed during the transformation reaction of thiocar-
bonyl thio end-capped poly(acrylate)s.

Before the transformation, only the starting material (in addition to some unavoid-

able termination products), the RAFT polymer ZR, is observed via SEC/ESI-MS

(refer to the spectrum in Figure 4.1 at the top). After 60 min, the transformation to

the peroxide terminal polymers has proceeded (see spectrum in the center). Beside

the peroxide end-capped polymer PROOH, polymer with the oxidized thiocarbonyl
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4. Switching from RAFT to Hydroxyl-terminal Polymers

Figure 4.1. Electrospray ionization mass spectra of the end-group transformation
of poly(methyl acrylate) carrying a dithiobenzoate end-group into hydroxyl functional
pMA in the charge state z = 1. The reagents AIBN/THF and PPh3 were added
sequentially at t = 0 and 60 min. Full conversion was reached after 70 min.

thio group Z′′

R is also observed in minor amounts as well as small traces of polymer,

where the hydroperoxide group has already been reduced to the hydroxyl end func-

tionality PROH. Adding the triphenylphosphine to the reaction mixture results in

the complete conversion of the hydroperoxide to the hydroxyl moiety (refer to the

spectrum at the bottom of Figure 4.1). Only very small amounts of polymer bearing

other functional end-groups can be identified.

4.1.2. Mechanism of the OH End-group Switch of Symmetrical

Trithiocarbonate Functional Polymers

The mechanism associated with the transformation of RAFT polymers bearing a

trithiocarbonate moiety is similar to the mechanism introduced in the precedent sec-

tion. The poly(acrylate)s with a symmetrical trithiocarbonate moiety are synthesized

via a RAFT polymerization with dibenzyltrithiocarbonate (DBTC) as the chain trans-

fer agent. The polymer chains are formed on both sides of the trithiocarbonate group.

Thus, the trithiocarbonate moiety is positioned in the middle of the polymer structure.

In Scheme 4.4 the pathway, which symmetrical trithiocarbonate groups follow dur-
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Scheme 4.4 Proposed mechanism for the transformation of RAFT polymers containing
a trithiocarbonate moiety.

ing the transformation process in THF, is depicted. Initially the polymer chain is

cleaved from the trithiocarbonate group by a tetrahydrofuranyl radical, forming the

polymer radical P•

n and a tetrahydrofuranyltrithio functional polymer ZTHF,R (I).The

macroradical P•

n follows the oxidation cycle in an identical fashion as described in the

previous mechanism of dithiobenzoate end-capped polymers (II/III). ZTHF,R, how-

ever, reacts again with a tetrahydrofuranyl radical generating another macroradical

P•

m and a ditetrahydrofuranyltrithiocarbonate (IV). The macroradicals again react

with oxygen to the hydroperoxide end-capped poly(acrylate)s (V/VI) and the dite-

trahydrofuranyltrithiocarbonate is oxidized in the reaction mixture. The structures

associated with the mechanism depicted in Scheme 4.4 are presented in Scheme 4.5.

The mechanism is underpinned by the measurement of SEC and SEC/ESI-MS of the

solution. SEC traces were detected after specific time intervals during the end-group

modification and can be found in the publication of Dietrich et al. [276] A shift to

higher retention volume is observed after 30 min. The Mn after the transformation

compared to the Mn before the modification of the poly(acrylate)s is almost halved,

caused by the trithiocarbonate group which is positioned in the middle of the polymer

chain. Cleaving the group, two polymer chains with halve of the Mn are generated.

Consequently, the obtained SEC traces further substantiate the proposed mechanism.
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Scheme 4.5 Possible structures formed during the transformation reaction of
poly(acrylate)s containing a symmetrical trithiocarbonate moiety.

Furthermore, SEC/ESI-MS experiments were conducted to follow the transforma-

tion reaction. The spectrum before the transformation shows only features the RAFT

polymer. After 5 min reaction time, the signals of the hydroperoxide terminated

poly(acrylate) PROOH as well as the tetrahydrofuranyltrithio functional polymer

ZTHF,R are observed. Within 45 min the ZTHF,R is completely converted to PROOH.

After adding the triphenylphosphine, the signal of PROOH shifts to the m/z ratios

of the hydroxyl terminated polymer. To prove the formation of the tetrahydrofu-

ranyltrithio functional polymer, ZTHF,R, collision induced dissociation electrospray

ionization mass spectra (CID-ESI-MS) were additionally recorded. They verify the

proposed intermediate structure. [276]

In the current chapter a selection of further end-group conversion reactions of RAFT

polymers are presented in the Results and Discussion section to extend the library

of polymers capable of undergoing the transition containing thiocarbonyl thio end-

groups. More over, the transformation reactions were realized in some cases on a

preparative scale in a reaction flask, and not only on an analytical scale. Further

transformation reactions can be found in the subsequent chapters. A table collating

all the transformation reactions performed so far will be presented at the end of the

chapter.
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4.2. Synthetic Procedures

Figure 4.2. Tracing the RAFT to OH transformation via SEC/ESI-MS spectra of
poly(methyl acrylate) containing a symmetrical trithiocarbonate moiety.

4.2. Synthetic Procedures

The specifications of the materials used in this synthesis section are provided in Chap-

ter 3.

Synthesis of the RAFT Agent Ethane-1,3-diyl

bis(2-(((dodecylthio)carbonothioyl)thio)propanoate), 2-arm DoPAT

The RAFT agent was synthesized via a Steglich esterification of the acid group of

2[(dodecylsulfanyl) carbonothioyl]sulfanyl propanoic acid (DoPAT). 2 g of DoPAT

(5.7 mmol), 0.176 g of ethyleneglycol (2.85 mmol) and 0.14 g of DMAP (1.1 mmol)

were dissolved in 10 mL of dry dichloromethane and cooled with ice. A solution of

N,N’-dicyclohexylcarbodiimide (1.18 g, 5.70 mmol) in dry dichloromethane (2 mL)

was slowly added, the cooling bath was removed, and the mixture was stirred overnight

at ambient temperature. The white precipitate was filtered off and the solution was ex-

tracted with 0.5 N hydrochloric acid (2 × 50 mL) and washed with saturated NaHCO3
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4. Switching from RAFT to Hydroxyl-terminal Polymers

solution (50 mL). The organic solution was dried over MgSO4 and concentrated under

reduced pressure. The crude product was purified via column chromatography on sil-

ica gel with hexane/ethyl acetate (10 : 1, v/v, Rf : 0.5) as the eluent and dried under

high vacuum to yield the RAFT agent (1.4 g, 67 %) as a yellow solid. 1H-NMR (250

MHz, CDCl3) δ / ppm: 0.81 (t, 6H, −CH3), 1.10-1.22 (m, 36H, −CH2), 1.58 (d, 6H,

−CH3), 1.59-1.74 (m, 4H, −CH2), 1.78-1.90 (m, 4H, −CH2), 3.43 (t, 4H, −CH2S),

4.28 (t, 4H, −OCH2), 4.85 (q, 2H, −CH).

For propane-1,3-diyl bis(2-(((dodecylthio)carbonothioyl)thio)propanoate) the same

synthetic procedure is used. Instead of ethyleneglycol, 1,3-propanediol is employed.

Both synthesis result in a 2-arm RAFT agent. The first is employed in the polymer-

ization of iBoA in the RAFT process, the latter in the polymerization of styrene.

Synthesis of the RAFT Agent 3-Hydroxypropyl 2-(((dodecylthio)carbonothioyl)thio)

propanoate, DoPAT-OH

6.33g of DoPAT (18.1 mmol), 5.66 g of propanediol (74.4 mmol) and 0.45 g of DMAP

(3.7 mmol) were dissolved in 40 mL of dry dichloromethane and cooled with ice. A

solution of N,N’-dicyclohexylcarbodiimide (5.70 g, 27.6 mmol) in dry dichloromethane

(10 mL) was slowly added, the cooling bath was removed and the mixture was stirred

overnight at ambient temperature. The white precipitate was filtered off and the

solution was extracted with 0.5 N hydrochloric acid (2 × 50 mL) and washed with

saturated NaHCO3 solution (50 mL). The organic solution was dried over MgSO4 and

concentrated under reduced pressure. The crude product was purified via column

chromatography on silica gel with hexane/ethyl acetate (10 : 1, v/v, Rf : 0.2) as the

eluent and dried under high vacuum to yield the RAFT agent (3.39 g, 46 %) as a

yellow solid. 1H-NMR (400 MHz, CDCl3) δ / ppm: 0.81 (t, 3H, −CH3), 1.09-1.26

(m, 18H, −CH2), 1.58 (d, 3H, −CH3), 1.60-1.68 (m, 2H, −CH2), 1.79-1.87 (m, 2H,

−CH2), 3.29 (t, 2H, −CH2S), 3.63 (t, 2H, −OCH2), 4.18-1.30 (m, 2H, −CH2O−),

4.48 (q, 1H, −CH).

Polymerizations of Isobornyl Acrylate and Styrene Using DoPAT and DoPAT Derivatives

A solution of RAFT agent and 2,2’-azobis(iso-butyronitrile) in monomer (50 mL) was

degassed by purging with nitrogen for 20 min. The solution was heated to 60 ℃

for a pre-set period of time, after which the reaction was stopped by cooling in liq-

uid nitrogen. The residual monomer was removed under vacuum and the polymers

precipitated in cold methanol. The concentrations utilized in the synthesis and the

number molar mass average are collated in Table 4.1.
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4.2. Synthetic Procedures

Table 4.1. Reaction conditions for the polymerization of isobornyl acrylate (iBoA)
and styrene (Sty) with DoPAT and its derivatives. c0

RAFT and c0
AIBN are the initial

concentrations of the RAFT agent and AIBN, respectively.

Monomer RAFT agent c0
RAFT c0

AIBN time Mn PDI

/ mmol L-1 / mmol L-1 / min / g mol-1

iBoA DoPAT 41.78 1.52 52 4 100 1.2

iBoA 2-arm DoPAT 12.29 3.19 40 7 500 1.1

iBoA DoPAT-OH 23.71 3.04 10 5 900 1.2

Sty DoPAT 52.00 3.67 990 4 300 1.1

Sty 2-arm DoPAT 24.86 3.16 300 1 500 1.1

Sty 2-arm DoPAT 24.86 3.26 840 6 900 1.1

Analytical (Small Scale) End-group Conversion

A solution of 2,2’-azobis(isobutyronitrile) (30 mmol L−1) in 2 mL of THF was heated

to 60 ℃ in the presence of ambient air. The RAFT-polymer (5 − 10 mmol L−1 based

on Mn) was added to the solution into the vial. After discoloration of the solution

indicated full conversion or after max. 45 min, respectively, the temperature was

reduced to 40 ℃ and 3 eq. triphenylphosphine were added.

Preparative (Large Scale) End-group Conversion

A solution of 2,2’-azobis(isobutyronitrile) (50 mmol L−1) in THF was heated to 60 ℃

for 60 min under ambient air. A solution of 500 mg RAFT-polymer in the pre-treated

THF (10 mmol L−1 based on Mn) was prepared in a 100 mL round flask under ambient

atmosphere. The flask was heated to 60 ℃ under vigorous stirring. After 40 min,

the temperature was reduced to 40 ℃ and 3 equiv. triphenylphosphine were added.

After 10 min the solvent was evaporated and the polymer was precipitated in cold

methanol.

Long-term End-group Conversion

A solution of 2,2’-azobis(isobutyronitrile) (30 mmol L−1) in 2 mL of THF was heated

to 60 ℃ in the presence of ambient air. The RAFT polymer (5 − 10 mmol L−1 based

on Mn) was added to the solution in the vial. After certain time intervals, samples

were taken from the solution. The reaction was stopped after 170 min.

End-group Conversion with V65 and V70

The reaction was conducted similar to the analytical end-group conversion. In-

stead of AIBN, the azo-initiators 2,2’-azobis(2,4-dimethyl valeronitrile) (V65) and
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4. Switching from RAFT to Hydroxyl-terminal Polymers

2,2’-azobis(4-methoxy-2,4-dimethyl valeronitrile) (V70) were employed. The reaction

was conducted at 40 ℃ and ambient temperature, respectively. After 30 min reaction

time, 3 equiv. of triphenylphosphine were added and the solution was allowed to react

for another 10 min.

End-group Conversion using Alternative Reducing Agents

The modification reaction proceeded in analytical scale. Instead of PPh3, 3 equiv. of

dimethyl sulfide (Me2S) or triethylamine (NEt3) were added to the reaction mixture.

The solution was allowed to react for 30 min at 50 ℃.

End-group Conversion with UV Irradiation

A solution of 2,2’-azobis(isobutyronitrile) (30 mmol L−1) and 0.77 g of RAFT-polymer

in 50 mL of THF was positioned in a custom built photo reactor. The flasks were

irradiated by a compact low-pressure fluorescent lamp (Arimed B6, Cosmedico GmbH,

Stuttgart, Germany) emitting at 320 nm (±30 nm) at a distance of 40-50 mm. The

solution was allowed to react for 1 hour. 3 equiv. of triphenylphosphine were added

and the reaction was stirred for 30 min. The solvent was evaporated and the polymer

was precipitated in cold methanol.

Cleavage of the formed Ether End functionality

A solution of MeOH, 0.1 mL of HCl and the RAFT polymer, dissolved in THF, was

stirred for 120 min at ambient temperature. The solvent was evaporated and the

polymer was precipitated in cold methanol.

4.3. Results and Discussion

In here, the investigation of a selection of end-group conversion reactions are pre-

sented. The transformations described in the introduction are generally performed

for very low amounts of material (20 mg of polymer). If the transformation is utilized

to obtain a polymer, which can subsequently be introduced to further reactions as

described in the subsequent chapters, higher amounts of material are required. Thus,

the reactions are additionally performed in a large scale and compared with the results

obtained via small scale modifications.

Beside the conventional established transformation, slight modifications of the re-

actions have been investigated including the use of alternative azo-initiators, change

in temperature, other solvents and the employment of other reducing agents. Further-

more, the transformation of polymers bearing two thiocarbonyl thio end-groups will
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be presented. The modification reactions described in the present chapter are based

on polymers, which are synthesized with the RAFT agents depicted in Scheme 4.6.

The RAFT agents employed for the synthesis of poly(styrene) (pS) and poly(isobornyl

acrylate) (piBoA) are the 2[(dodecylsulfanyl) carbonothioyl]-sulfanyl propanoic acid

(DoPAT) and derivatives of DoPAT (2-arm DoPAT, DoPAT-OH). The modifications

of DoPAT were achieved via a Steglich esterification with 1,3-propanediol or ethylene-

glycol, respectively, employing N,N’-dicyclohexylcarbodiimide (DCC) as a coupling

agent. The reason for preparing the modifications of DoPAT will be explained later

in the section.
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Scheme 4.6 DoPAT and modified DoPAT employed in the polymerization process of
isobornyl acrylate and styrene.

Transformations based on piBOA

piBoA synthesized with the RAFT agent DoPAT

Firstly, the modification reactions of piBoA, possessing one thiocarbonyl thio end-

group on the chain end, are described. The polymer was synthesized employing

DoPAT as a RAFT agent, resulting in a poly(isobornyl acrylate) bearing a dode-

cyl trithiocarbonate end-group with an Mn of 4100 g mol−1 and a PDI of 1.2. The

transformation reaction was conducted on a small as well as on a large scale and

the resulting intermediates and products were detected after preset time intervals via

SEC/ESI-MS. The left side of Figure 4.3 depicts SEC/ESI-MS spectra obtained dur-

ing the transformation on an analytical scale. The theoretical and the measured m/z

ratios of the observed species during the process are depicted in Table 4.2. Before the

transformation only the m/z signal from the RAFT polymer ZR is visible. Already

after 9 min more than 50% of the trithiocarbonate terminated polymer is transformed

into polymer bearing a hydroperoxide (PROOH) or a hydroxyl (PROH) function-

ality at the chain end. H-terminated polymer PRH is also present in the reaction

mixture. Further, a signal, which can be assigned to an epoxide terminated piBoA

VR+O, is detected. It is possible that an elimination via a side reaction occurs to

form the vinyl terminated polymer, which can subsequently be oxidized to an epox-
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4. Switching from RAFT to Hydroxyl-terminal Polymers

ide. After 36 min the transformation to the hydroperoxide end functional polymer

is completed. The signal from the epoxide functionalized polymer has almost fully

disappeared, leading to the assumption that the epoxide was oxidized to the hydroper-

oxide functionality. Adding PPh3 to the reaction mixture results in the reduction of

the hydroperoxide functionality to the hydroxyl terminated polymer. The final prod-

uct consists of hydroxyl functionalized polymer and a small amount of H-terminated

material. On the right side of Figure 4.3 the SEC/ESI-MS spectra obtained during

and after the transformation reaction on the preparative scale are depicted. After

40 min, the RAFT polymer is converted into hydroperoxide terminated polymer.

Adding PPh3 reduces the hydroperoxide to a hydroxyl functionality. Here, comparing

the spectra after 40 min and the spectra after adding the PPh3, a slightly higher

amount of H-terminated material is found after the reduction process. Furthermore,

the reduction is not completed after 10 min. A small signal from the hydroperoxide

terminated polymer remains in the sample.

Comparing the results obtained on the analytical scale with the ones obtained on the

preparative scale, only small differences are observed. The undesired H-terminated

polymer is present in both reactions, however, after the reduction process on the

preparative scale, more H-terminated polymer was observed.
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Figure 4.3. Electrospray ionization mass spectra at specific time intervals during the
transformation of poly(isobornyl acrylate) bearing one trithiocarbonate group on the
chain end. The transformation was conducted in small scale (left) and preparative scale
(right).

In the articles which were published concerning the end-group conversion, the mod-

ification reaction was always performed until discoloration of the solution was ob-

served. [276] Referring to the mechanism of the transformation reaction in Scheme 4.2,

discoloration takes not place when the thiocarbonyl thio end-group is cleaved from the

polymer, but results from the oxidation of the tetrafuranyl thiocarbonyl thio molecule,

which takes place as a side reaction after the formation of the tetrafuranyl thiocar-

bonyl thio molecule. Consequently, the completion of the reaction is not necessarily
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4.3. Results and Discussion

Table 4.2. Theoretical and measured m/z ratios of the main species in the transfor-
mation process of dodecyl trithiocarbonate terminated piBoA.

[M + Na]+

Structure m/ztheo m/zexp ∆ m/z

ZR 1622.03 1622.00 0.03

PROOH 1586.07 1586.16 0.09

PROH 1570.07 1570.00 0.07

VR+O 1568.05 1568.08 0.03

PRH 1554.07 1554.08 0.01

? - 1655.91 -

indicated by a discoloration. Especially reaction solutions on the preparative scale

were observed to keep their color over days. However, in some cases, the reaction

was found to be complete, although the solution stayed colored. Further, in other

cases, when the reaction proceeded until discoloration, side products were found in

the reaction mixture.

Long-term studies have been carried out to define after which reaction time side re-

actions affecting the reactive hydroperoxide functionalized polymer start to occur. In

Figure 4.4 SEC/ESI-MS spectra during the transformation reaction, evolving longer

reaction times, are depicted. After 45 min the main signal can be assigned to the

hydroperoxide functional polymer. In addition to the PROOH, small signals corre-

sponding to hydroxyl and H-terminated polymer are present. After 65 min, the signal

from the H-terminated polymer chain increased whereas the signal corresponding to

the PROOH strongly decreased. Additionally, a new signal at m/z = 1655.91 is ob-

served, which cannot be assigned to any possible structure. The unknown structure

is stable over the next 105 min. After a total of 170 min, the signal from the hy-

droperoxide terminated polymer has almost completely disappeared, thus suggesting

that the reaction time should not exceed more than 45 min, independent of whether

discoloration is observed. If the reaction time is extended, undesired side reaction can

occur.

In Figure 4.3, depicting the SEC/ESI-MS spectra of the conventional transforma-

tion (end-group conversion employing AIBN/THF at 60 ℃ and PPh3 as reducing

agent), H-terminated polymer as a minor side product was observed. The occurrence

of PRH is even in small amounts undesired due to the fact that it is dead polymer

bearing no functionality, which cannot subsequently be employed in other reactions.

To minimize this side reaction, slight modifications of the transformation process

were investigated. One strategy to obtain less side products is reducing the tempera-

ture. Since AIBN is less reactive at lower temperatures, alternative azo-initiators were
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Figure 4.4. Electrospray ionization mass spectra at specific time intervals during the
transformation of poly(isobornyl acrylate) bearing one trithiocarbonate group on the
chain end. The long term study of the transformation was conducted on a small scale.
On the left hand side the associated structures are depicted.

employed. 2,2’-Azobis(2,4-dimethyl- valeronitrile) (V65) and 2,2’-azobis(4-methoxy-

2.4-dimethyl valeronitrile) (V70) with a 10 hour half-life decomposition temperature

of 51 ℃ and 30 ℃ (in toluene), respectively, can operate sufficiently at lower temper-

atures compared to AIBN. The SEC/ESI-MS spectra depicted in Figure 4.5 are taken

after specific time intervals from the end-group conversions conducted at 40 ℃ and

ambient temperature, respectively. The transformation reaction with the azo-initiator

V65 and the subsequent reduction is completed after 51 min (see Figure 4.5 on the

left hand side). The main signal corresponds to the hydroxyl terminated polymer.

No signals are observed which can be assigned to the H-terminated material, yet a

minor signal corresponding to the oxidized RAFT polymer (ZR”) is visible. As soon

as the RAFT agent is oxidized, it cannot react in the radical oxidation process to

form the hydroperoxide terminated polymer and is thus also undesired dead polymer.

The SEC/ESI-MS spectra obtained from the transformation process at ambient tem-

perature employing V70 are depicted on the right hand side of Figure 4.5. After 10

min the signal corresponding to the RAFT polymer has disappeared and the main

signal is assigned to the hydroperoxide terminated polymer. Side products include

H-terminated polymer and the oxidized species of the RAFT polymer. Reducing the

reaction with PPh3 for 10 min results not in complete conversion from the PROOH

to the PROH. This circumstance can be explained by the fact that also the reduction

reaction was conducted at ambient temperature leading to a slower reduction process.

As an overall result for the transformation with V65 and V70, it can be stated that
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Figure 4.5. Electrospray ionization mass spectra at specific time intervals during the
transformation of poly(isobornyl acrylate) bearing one trithiocarbonate group on the
chain end. The transformation was conducted on a small scale and instead of AIBN, the
azo-initiators V65 (40 ℃) and V70 (ambient temperature) were employed, respectively.

the end-group conversion can also be conducted at lower temperatures. This can be

advantageous when thermally unstable groups are present in the polymer structure.

However, minor side reactions occur to the same extend as in the reaction employing

AIBN leading to no major improvement of the end-group conversion.

As observed in Figure 4.3 an increase in H-terminated polymer during the subse-

quent reduction with PPh3 can occur in some cases. Beside PPh3, further reducing

agents were tested. The reduction with Mg/MeOH and with Zn/HOAc was found to

be inefficient. Additionally, triethylamine and dimethyl sulfide were investigated. The

SEC/ESI-MS spectra obtained during the end-group conversion and the subsequent

reduction with NEt3 and Me2S, respectively, are presented in Figure 4.6. The reduc-

ing agents were allowed to operate for 30 min. The left mass spectra in Figure 4.6

show the effect of the reduction with triethylamine. The signals after the reduction

can be assigned to hydroxyl and the epoxide terminated polymer. Consequently, the

reaction is not selective, however, the material is completely functionalized and can

be employed in subsequent reactions. The reduction with dimethyl sulfide is depicted

at the right hand side in Figure 4.6. After 30 min the polymer is completely trans-

formed into hydroxyl terminated material, evidencing that Me2S is an efficient and

selective reducing agent for the transformation of hydroperoxide into hydroxyl termi-

nated polymer. Thus, dimethyl sulfide can also be employed as reducing agent for the

end-group conversion of RAFT polymers.

Additional experiments were conducted to investigate the selectivity and the effi-

ciency of the end-group conversion under similar reaction conditions. Trioxane and

dioxane were tested in the radical oxidation cycle as chemical substitutes for THF.

The employment of these chemicals results not in the desired hydroperoxide terminal

polymer.
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Figure 4.6. Electrospray ionization mass spectra at specific time intervals during the
transformation of poly(isobornyl acrylate) bearing one trithiocarbonate group on the
chain end. The transformation was conducted on small scale and instead of PPh3, the
reducing agents Me2S and NEt3 were employed, respectively.

It was further investigated if bubbling oxygen through the reaction mixture using

an oxygen gas bottle would abbreviate the reaction time. However, no significant

change in reaction time was observed.

piBoA synthesized with the difunctional RAFT agent 2-arm DoPAT

In the next step the end-group conversion was carried out on RAFT polymers

possessing two trithiocarbonate moieties on the chain ends. In many cases, espe-

cially for the formation of more complex polymer structures, it is mandatory to have

reactive functionalities on both chain ends. The RAFT agent 2-arm DoPAT (see

Scheme 4.6 for the structure) was employed in the polymerization of iBoA to obtain

a polymer structure onto which trithiocarbonate moieties are attached on both chain

ends (Mn = 7500 g mol−1, PDI = 1.1). The end-group conversion was performed in

the first instance on the analytical and on the preparative scale. The corresponding

SEC/ESI-MS mass spectra are depicted in Figure 4.7 and the theoretical as well as

the experimental m/z ratios are listed in Table 4.3. Due to the molar mass of the

polymer, signals with m/z ratios with z = 2 are obtained. The mass spectra dur-

ing the transformation on the analytical scale are presented on the left hand side in

Figure 4.7. After 10 min the signal corresponding to the RAFT polymer has almost

disappeared. The signals can be assigned to polymer on which one trithiocarbonate

group is converted to a hydroperoxide moiety, ZROOH, to the dihydroperoxide termi-

nated polymer PR(OOH)2 and to the dihydroxyl end-functional polymer PR(OH)2.

After 37 min, after the monofunctionalized polymer ZROOH has disappeared, PPh3

was added to the reaction mixture to the reduce the dihydroperoxide end-functional

polymer. In the mass spectrum of the final product the main signals correspond to
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the dihydroxyl functional polymer. Two side products of only slightly less intensity

are observed, the PROOH/OH and the PROH/H. The end-group conversion on

the preparative scale (see mass spectra in the right figure) exhibits similar results.

The signal corresponding to PROOH/OH in the mass spectrum of the final prod-

uct, however is much less intense, when compared with the product of the analytical

scale end-group conversion. However, an additional signal of minor intensity, which

can be assigned to the fully H-terminated polymer PR(H)2, indicates the presence of

dead polymer in the final product.

0 min

 + PPh
3
, 47min

10 min

20 min

37 min

1760 1780 1800 1820 1840 1860

Z
R
OOH

m/z

P
R
(OOH)

2

P
R
(OH)

2

R
R
OH/H

Z
R
Z

P
R
(H)

2

0 min

P
R
(OOH)

2

P
R
(OH)

2

R
R
OH/H

Z
R
Z

P
R
OH/OOH

1760 1780 1800 1820 1840 1860

 

25 min

+PPh
3
, 55 min

m/z

Figure 4.7. Double charged electrospray ionization mass spectra at specific time
intervals during the transformation of poly(isobornyl acrylate) bearing trithiocarbonate
groups on both chain ends. The transformation was conducted on the analytical (left)
as well as on the preparative scale (right).

Table 4.3. Theoretical and measured m/z ratios (with z = 2) of the main species in
the transformation process of piBoA possessing trithiocarbonate end functionalities on
both chain ends.

[M + Na]+

Structure m/ztheo m/zexp ∆ m/z

ZRZ 1843.18 1843.25 0.07

ZROOH 1825.21 1825.25 0.04

PR(OOH)2 1807.22 1807.16 0.06

PROOH/OH 1799.22 1799.25 0.03

PR(OH)2 1791.22 1791.17 0.05

PROH/H 1783.22 1783.25 0.03

PR(H)2 1775.23 1775.33 0.10

The end-group conversion of RAFT polymer possessing two trithiocarbonate moi-

eties can thus be regarded as successful before adding the reducing agent. After

reaction with the reducing agent, H-terminated PR(H)2 or partially H-terminated

polymer PROH/H is present. Experiments to improve the selectivity of the reduc-
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4. Switching from RAFT to Hydroxyl-terminal Polymers

tion using other reducing agents – as performed for the monofunctional polymer –

have been conducted. These experiments, however, did not lead to a lower amount

of H-terminated polymer. An explanation for the high amount of dead chains, when

compared with the monofunctional polymer, could not be derived from the obtained

data. It is assumed that the polymer chain ends interact in the way that the hy-

droperoxide functionality is cleaved.

piBoA synthesized with the RAFT agent DoPAT-OH

The third polymerization of piBoA was performed with the RAFT agent DoPAT-

OH (for the structure see Scheme 4.6). On the one hand, it is feasible when one

chain end is already equipped with a appropriate functionality. On the other hand,

it should be investigated, if increased H-termination during the end-group conversion

of the difunctional polymer is influenced by interactions of the functional chain ends.

On the left hand side in Figure 4.8 the mass spectra, obtained after preset time

intervals during the end-group conversion on the preparative scale, are presented. For

the theoretical and experimental m/z ratios, the reader is referred to Table 4.4. The
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Figure 4.8. Electrospray ionization mass spectra with z = 2 at specific time intervals
during the transformation of poly(isobornyl acrylate) bearing the DoPAT-OH on the
chain ends. The transformation was conducted on a large scale under conventional
conditions (left) and at ambient temperature under UV radiation (right figure).

transformation to the hydroperoxide functional polymer is completed after 45 min.

Upon reduction of PROOH, the main product is hydroxyl terminated polymer. H-

terminated polymer is present in the reaction mixture as well and an additional signal

in the mass spectrum, which is assigned to polymer possessing a tetrahydrofuranyl

ether moiety on the chain end PROTHF, is observed. To decrease the amount

of non-functional polymer chains, the experiments with different azo-initiators and

other reducing agents, mentioned above, were performed, leading to no improvement

of the resulting product selectivity. Thus, a new method was assessed, using UV

irradiation for the end-group transformation. The reaction was conducted at ambient

68



4.3. Results and Discussion

temperature on the preparative scale and a UV lamp emitting irradiation of 320 nm

was employed. The mass spectra of the transformation reaction are depicted on the

right hand side of Figure 4.8. After 60 min complete conversion to the hydroperoxide

functional polymer is observed. The reduction with PPh3 for 30 min yields three

signals in one repeat unit in the mass spectrum. The main signal is assigned to the

hydroxyl functional polymer. Signals associated with PROTHF with a relatively

high intensity and PRH with a low intensity are visible as well. Comparing only

the signals from the dead polymer chains, PRH, the transformation of the RAFT

polymer with UV irradiation led to less amount of undesired side products.

Table 4.4. Theoretical and measured m/z ratios (with z = 2) of the main species in
the transformation process on the preparative scale of piBoA possessing the modified
DoPAT-OH on the chain ends.

[M + Na]+

Structure m/ztheo m/zexp ∆ m/z

ZR 1892.27 1892.33 0.06

PROOH 1874.29 1874.32 0.03

PROH 1866.29 1866.16 0.07

PRH 1858.30 1858.25 0.05

PROTHF 1901.32 1901.25 0.07
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Figure 4.9. Electrospray ionization mass spectra before and after the ether cleavage.
The spectrum at the top show the product mixture obtained via the end-group conver-
sion. The lower spectrum is obtained after cleaving the tetrahydrofuranyl ether under
acidic conditions.

The tetrahydrofuranyl ether moiety at the polymer chain end can be cleaved under
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4. Switching from RAFT to Hydroxyl-terminal Polymers

acidic conditions. In Figure 4.9 the mass spectra before and after the cleavage are

depicted.

The signal of PROTHF has completely disappeared after 120 min reaction time.

The H-terminated polymer did not significantly increase during the process. Thus, the

tetrahydrofuranyl ether functional polymer is fully converted into hydroxyl terminated

polymer.

In conclusion, the transformation with UV irradiation leads to less dead polymer

than the thermal conversion at 60 ℃, however, an additional step for the cleavage of

the ether formation is required to obtain the desired product.

Transformations based on pS

Beside isobornyl acrylate, styrene was polymerized with DoPAT, the modified DoPAT

possessing a hydroxyl function and the 2-arm DoPAT (see Scheme 4.6). The obtained

polymers were converted by the standard procedure for large scales for end-group

modification and characterized after precipitation in methanol with MALDI-ToF MS

and SEC. The synthesis and the characterization of the poly(styrene) with DoPAT-OH

and its transformation will be described in Chapter 7.

pS synthesized with the RAFT agent DoPAT

Firstly, styrene was polymerized with the RAFT agent DoPAT. The resulting poly-

mer was analyzed via SEC (Mn = 4300 g mol−1, PDI = 1.1). Due to the acidic end-

group and the molar mass, the polymer cannot be analyzed with standard SEC/ESI-

MS conditions and in MALDI-ToF-MS measurements the trithiocarbonate end-group

would decompose resulting in a mass distribution where the trithiocarbonate func-

tionality is cleaved. However, the characterization of the polymer after transformation

proofs that the RAFT polymerization process was successful.

The transformation of poly(styrene) equipped with one dodecyl trithiocarbonate

end-group from the DoPAT RAFT agent proceeds in the conventional conversion

process. After modification the polymer is precipitated and dried. The MALDI-TOF

mass spectrum of the sample is depicted in Figure 4.10. The inset in the figure

displays the comparison of one repeat unit of the obtained spectra with a simulated

isotopic pattern of the expected structure PROH. The isotopic pattern was simulated

with a resolution of 0.3 Dalton. The isotopic structure cannot be observed in the

experimentally obtained spectrum due to its low resolution. However, the values for

the m/z ratios correspond very well with the expected data. Since no further signals

are observed in the spectra, the reaction is considered as successful, i.e., no side

reactions occurred and full conversion was achieved.
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Figure 4.10. MALDI ToF mass spectrum of the transformed poly(styrene) bearing
end-groups from DoPAT RAFT agent. The inset depicts the comparison of the measured
spectrum to a simulated isotopic pattern of PROH (resolution: 0.3 Da).

pS synthesized with the RAFT agent 2-arm DoPAT

The difunctional RAFT agent (2-arm DoPAT) was also employed for the polymer-

ization of styrene yielding a pS with for instance Mn = 6900 g mol−1, PDI = 1.1

or Mn = 1500 g mol−1, PDI = 1.1. The SEC/ESI-MS spectrum of pS with the low

molar mass is presented in Figure 4.11.

The end-group conversion of the two trithiocarbonate moieties was conducted un-

der the same conditions as mentioned above, by simply halving the concentration of

the polymer to adapt the procedure to two trithiocarbonate moieties. The MALDI-

ToF mass spectrum of the obtained polymer is given in Figure 4.12. In the inset a

zoom-in into three repeating units is depicted. The main product can be assigned to

the dihydroxyl terminated polymer PR(OH)2. However, additional signals of minor

intensity are observed. The MALDI mass spectrum exhibits signals that fit to the

dihydroperoxide terminated polymer PR(OOH)2 as well as signals which can be as-

signed to the H-terminated polymer PR(H)2. Repeating and varying the synthesis

was not improving the resulting MALDI-ToF mass spectrum. The side reactions to

H-terminal polymers possibly occur due to the circumstance that two end-groups on

the same polymer chain are involved in the modification process. The two end-groups

probably interact in a specific way leading to partially H-terminated polymers. Since

the so-terminated polymers can not be involved in further reaction steps, they are
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Figure 4.11. Electrospray ionization mass spectrum of poly(styrene) bearing trithio-
carbonate groups on both chain ends. The inset shows the simulated isotopic pattern
in comparison with the experimental data. The experimental values m/zexp (1075.41)
correspond perfectly to the simulated m/ztheo value (1075.49).

undesired side products. As similar results are obtained with the piBoA with the 2-

arm RAFT agent, it is clear that the reason for the increased content of side products

results from the circumstance that two trithiocarbonate moieties on the same polymer

chain are involved in the end-group conversion.
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Figure 4.12. MALDI ToF mass spectrum of the transformed poly(styrene) bearing
trithiocarbonate groups on both chain ends.

4.4. Conclusions

In the majority of cases, the thiocarbonyl thio to OH transformation is successful. The

end-group conversion of polymer equipped with one thiocarbonyl thio moiety results

in less side reactions than the transformation of polymer featuring two thiocarbonyl

thio groups. Furthermore, the transformation reaction of one trithiocarbonyl group

seems to proceed more selectively and leads to less side products on poly(styrene)

than on poly(isobornyl acrylate). Emphasis should be set on the fact that the reac-

tion should not neccessarily proceed until the color has disappeared and not exceed

45 min reaction time, as side reactions are likely to occur at elongated reaction times.

It should be additionally noted that the end-group transformation can also be slightly

modified, employing other azo-initiators and/or reducing agents. The conversion ap-

plying UV irradiation instead of heat is also a successful way to obtain hydroxyl

terminated polymers.

Not all transformation reactions could be discussed here in this chapter. However, a

collation of all data obtained so far from the modification of different polymer/RAFT

agent systems is given in Table 4.5.
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Table 4.5. Collation of all transformation reactions on different polymer/RAFT agent
systems reported in the literature so far as well as in the present thesis.

Monomer RAFT agent analytical scale preparative scalea presented inb

pMA CPDBc X – Dietrich et al.
[276]

pMA CPDAd X – Dietrich et al.

pMA DBTCe X X Dietrich et al.

pMMA CPDB X X Gründling et al.
[275]

pMMA CPDA X X Gründling et al.
[274]

pBA CPDB X – Dietrich et al.

pBA CPDA X – Dietrich et al.

pBA DBTC X – Dietrich et al.

ptBA DBTC X – Dietrich et al.

piBoA CPDB X X Dietrich et al.

piBoA DBTC X X Dietrich et al.

piBoA BPDFf X X Gründling et al.

piBoA DoPAT X X this work

piBoA 2-arm DoPAT X X this work

piBoA DoPAT-OH X X this work

pS CPDA X X Gründling et al.

pS DBTC X X this work

pS 2-arm starg X X this work

pS 4-arm starh X X this work

pS DoPAT X X this work

pS 2-arm DoPAT X X this work

pS DoPAT-OH X X this work

pNiPAAM DoPAT X X PhD thesis of Nicolas Zydziak

a Transformations on the preparative scale were all firstly conducted during this work (partly
not discussed in the thesis) except for the polymer/RAFT systems pMA/DBTC and pNi-
PAAM/DoPAT.

b References for transformations on the analytical scale.
c Cyanoisopropyl dithiobenzoate.
d Cumylphenyl dithiobenzoate.
e Dibenzyl trithiocarbonate.
f Benzyl-2-dithiopicolate.
g 1,4-Dis(phenylthioacetylthiomethyl)benzene.
h 1,2,4,5-Tetrakis(phenylthioacetylthiomethyl)benzene.
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5
Block Copolymers Generated via a Switch

from RAFT Polymerization to ROP

5.1. Introduction to Block Copolymers

The provision of efficient avenues for block copolymer synthesis is one of the most

important contemporary research themes, as such structures find wide applications

in the generation of self-organizing systems, polymer based therapeutics and opto-

electronics. [277,278] For the generation of block copolymers two pathways are feasible:

the formation by sequential addition of two types of monomers or the coupling of two

polymer chains, which possess the appropriate end functionalities. If the block copoly-

mer formation is performed via sequential addition, the macromonomer obtained via

the polymerization of the first monomer initiates the polymerization of the second

monomer, which involves basic considerations concerning the order of the monomer

types. For the coupling of two polymer types, high end-functionality of the poly-

mer strands and accurate stoichiometry in the coupling reactions are fundamentally.

In both cases the synthesis of well-defined block copolymers requires polymerization

techniques with living or/and controlled character.

Anionic living polymerization has been employed in the past decades for block

copolymer formation. More recent examples can be retrieved from the references

provided here. [279–282] Due to the intolerance to many functionalities, however, the

process can be applied only to specific monomer structures and block copolymer
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compositions.

The generation of block copolymers has been greatly simplified and its variability

has significantly enlarged via the introduction of reversible activation/deactivation

radical polymerization protocols such as nitroxide-mediated polymerization (NMP), [283]

atom transfer radical polymerization (ATRP) [284,285] as well as the reversible addition-

fragmentation chain transfer (RAFT) process. [286–290] Basic information about the in-

dividual processes are described in Chapter 2.1. One recently published example of

the synthesis via sequential CRP is the formation of double hydrophilic pentablock

copolymers, which show both, pH and thermo-response. [291] Further, Pang et al. used

sequential ATRP to generate amphiphilic multi-arm poly(acrylic acid)-b-poly(styrene)

block copolymers. Sequential RAFT polymerization was employed by Chen and

coworkers to synthesize water-soluble stimuli responsive block copolymers. [292]

A particular interesting area due to specific applications such as drug delivery is

the switching from one polymerization technique to another during the synthetic

process. [293,294] This provides the possibility to use different types of monomers, for

instance vinyl and cyclic monomers. Importantly, the generation of block copolymers

with degradable and non-degradable strands requires the preparation of one block via

a living/controlled radical polymerization process, while the second block is generated

via ring-opening polymerization (ROP). [4,5,295]

For the synthesis of block copolymers via a combination of RAFT and ROP tech-

niques, several synthetic methods have been reported. One of the most frequently em-

ployed method is based on a dual initiator, i.e., a RAFT agent bearing a hydroxyl func-

tion in either the Z- or R-position, which is capable to initiate the ROP of a lactide. [1]

For example, Alexander and co-workers [296] employed 2-(benzylsulfanylthiocarbonylsul-

fanyl)ethanol (BSTSE) as RAFT agent and tin(II) 2-ethylhexanoate (Sn(Oct)2) as

ROP catalyst to synthesize poly(lactic acid-co-glycolid acid)-co-poly(ethyleneglycol

methacrylate) (pLGA-co-pEGMA) block copolymers. Furthermore, Hedrick and col-

leagues [146] synthesized several hydroxyl-functionalized macroinitiators (pMMA-OH,

pDMAEMA-OH, p(MMA-co-HEMA)-OH, pMMA-b-pS-OH and p2VP-OH employing

4-cyano-4-((thiobenzoyl)sulfanyl)-pentan-1-ol as RAFT agent and subsequently used

them to initiate the ROP of lactides with a thiourea-amine catalyst system. In ad-

dition, Pan and co-workers [4] synthesized pLA-b-pNIPAM-b-pLA triblock copolymers

by using a symmetrical RAFT agent with two terminal hydroxyl groups. Alternative

strategies, yet not including a dual initiator, have been developed as well. Li et al. [297]

introduced the RAFT agent after the ROP of the lactide to produce star-block am-

phiphilic copolymers via attaching 3-benzylsulfanylthiocarbonylthiocarbonylsulfanyl-

propionic acid (BSPA) to the hydroxyl terminated macro-star molecule. Transforming

the hydroxyl function of the polymer synthesized via ROP has also been successfully

investigated by several other research groups. Studies via such an approach to block
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copolymer formation can be found by researchers including Zhang et al., Mishra et al.,

Bian et al. as well as Riess and coworkers. [17,298–300] Starting from a RAFT polymer,

Perrier and colleagues [301] synthesized star-shaped copolymers by initiating a bifunc-

tional thiourea organocatalyzed ROP of lactide from the hydroxyl function of the

monomer (hydroxyethyl acrylate) previously polymerized by RAFT. Barner-Kowollik

and colleagues [302] combined simultaneous RAFT and ROP with Sn(Oct)2 as cat-

alyst to produce poly(2-hydroxyethyl methacrylate)-g-poly(ε-caprolactone) grafted

copolymers. An alternative approach to block copolymer formation is via orthogonal

modular ligation (‘click’ chemistry). [303–305] For such an approach two homopolymers

synthesized via RAFT and ROP are equipped with specific end functionalities, which

react via for instance [2+3] or [2+4] cycloadditions to connect the homopolymers,

forming a block copolymer. [299,306–308]

In the following sections, novel avenues to block copolymer formation via a switch

from RAFT polymerization to ROP are presented. The switch is generated either

by the transformation reaction of the thiocarbonyl thio to hydroxyl functionalities,

which was discussed in the previous chapter or by aminolysis of the RAFT end-

group to obtain thiol terminated polymers, which subsequently can be employed as

an initiator in the ROP process.
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5.2. Poly(styrene)-block-poly(ε-caprolactone)

5.2.1. Introduction to pS-b-pCL Block Copolymers

The approaches mentioned above yield the desired block copolymer, however, the

generated material contains the chemical functionality of the controlling agent, e.g., a

thiocarbonyl thio moiety of the employed RAFT agent. Thus, employing the RAFT

process, it is difficult to generate sulfur-free block copolymers. To address this short-

coming, the method described in the previous chapter for quantitatively switching

RAFT prepared polymers into hydroxyl terminal macromolecules that contain no

sulfur and merely consist of the backbone monomer repeat units with a terminal

OH function can be introduced. [275,276] In this case, narrowly dispersed poly(styrene)

(pS) were prepared via the RAFT process (employing the RAFT agent dibenzyl-

trithiocarbonate (DBTC)). Subsequently the thiocarbonyl thio groups were replaced

by hydroxyl groups and the gained pS-OH was employed as macroinitiator in the ROP

of ε-caprolactone (ε-CL), producing variable molar mass, sulfur-free narrow polydis-

persity pS-b-pCL block copolymers. PS was chosen as the radically prepared polymer

due to its considerable polarity difference to pCL, which allows for a more facile chro-

matographic separation in two dimensional liquid chromatography than if for instance

poly(methyl acrylate) or poly(methyl methacrylate) would have been employed as the

first block. In addition, the ω-hydroxlation produces shelf-stable polymers without the

possibility of intramolecular transesterification reactions occurring. The ROP process

in the current study was organo-catalyzed (with 1,5,7-triazabicyclo[4.4.0]dec-5-ene

(TBD)). [148] The entire reaction sequence is depicted in Scheme 5.1.

2. PPh3
R

OH
n or m

R
S

m
R

S

S
n

O

O

O
H
pR

n or m

1 2 3

R = benzyl

1. AIBN, THF, air ε-CL, TBD
2 x

Scheme 5.1 Reaction sequence depicting the generation of poly(styrene)-block-poly(ε-
caprolactone) copolymers 3 from a narrowly dispersed RAFT precursor 1, which is
quantitatively transformed into a hydroxyl-terminal ROP initiator 2.

Each step of the synthetic process is carefully monitored via (multi-dimensional)

chromatographic techniques to prove the efficacy of the transformations. Inspection

of the literature indicates that the most commonly employed approach towards the

characterization of block copolymers prepared via living polymerization/ROP is via

conventional SEC based on a linear calibration of the first block. [18,19,309] However,

via conventional SEC techniques – at best – only the (absolute) molar mass of the re-
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spective block copolymer can be determined. In addition, conventional SEC typically

provides only limited information on the chemical composition of a polymer sam-

ple, if not interfaced with chemically sensitive detectors such as NMR [310,311] or mass

spectrometry. [312–314] An alternative technique that can provide chemical information

when hyphenated with SEC is liquid chromatography at critical conditions (LCCC),

which enables the separation of block copolymer samples by their chemical hetero-

geneity in the absence of size-exclusion effects of one block segment. The method is

described in Chapter 2.5.3. Thus, this powerful tool can be used for instance to sep-

arate the block copolymer from homopolymer residues. Combining LCCC and SEC

in a two dimensional chromatography set-up provides information about the chemical

composition and the molar masses of the synthesized sample, respectively. To name

but a few examples, Matyjaszweski and colleagues employed the LCCC technique

to characterize linear and star shaped block copolymers synthesized via ARTP poly-

merization [315]. Variable length block copolymers of poly(methyl methacrylate)-block-

poly(tert-butyl methacrylate) formed via living anionic polymerization were analyzed

via two dimensional chromatography by Falkenhagen and Müller. [205] Further Pasch

and colleagues employed LCCC-SEC to study block copolymers that were synthesized

by coupling two homopolymers. [208] For key references on LCCC-SEC coupling as well

as its application and development, the reader is referred to Chapter 2.5.5. The char-

acterization of the poly(styrene)-block-poly(ε-caprolactone) polymers prepared in the

current chapter is also carried out via LCCC-SEC (besides several other characteri-

zation techniques) to establish their structure as exactly as possible. Thus, the key

aim of this chapter is to evidence that the ω-functionality switch of RAFT prepared

polymers to a hydroxyl-terminal function can be efficiently employed for a switch in

polymerization mechanism enabling the generation of well-defined block-copolymers.

5.2.2. Synthesis

The materials and the characterization methods used in this chapter can be found in

Chapter 3.

Preparation of the RAFT Polymer pS 1

A solution of dibenzyltrithiocarbonate (DBTC) (10.27 mmol L−1) and 2,2’-azobis(iso-

butyronitrile) (4.36 mmol L−1) in styrene (50 mL) was degassed by purging with nitro-

gen for 15 min. The solution was heated to 60 ℃ for 540 min, after which the reaction

was stopped by cooling in liquid nitrogen. The residual monomer was removed under

vacuum and the polymers precipitated in cold methanol. The number-average molar

mass was determined via SEC after precipitation (Mn = 10500 g mol−1, PDI = 1.3).
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5. Block Copolymers Generated via a Switch from RAFT Polymerization to ROP

End-group Switching (Synthesis of Species 2) [276]

A solution of 2,2’-azobis(isobutyronitrile) (10 mmol L−1) in THF was heated to 60 ℃

for 120 min under ambient air. 500 mg RAFT-polymer (10 mmol L−1 based on its Mn)

were dissolved in the pre-treated THF in ambient atmosphere. The filled flask was

heated to 60 ℃ under vigorous stirring. After a discoloration of the solution indicated

full conversion, the temperature was reduced to 40 ℃ and 3 equiv. triphenylphosphine

were added. After 60 min the polymer was precipitated in cold methanol. The average

molar mass was determined by SEC after precipitation (Mn = 6500 g mol−1, PDI =

1.2). A MALDI-TOF mass spectrum of 2 can be found in Figure 5.2.

Ring-Opening Polymerization (Synthesis of Species 3)

The ring-opening polymerization was performed in an inert gas atmosphere (argon)

inside a glove box to rigorously exclude water from the reaction system. ε-CL was

added to a solution of TBD and pS-OH in toluene. The solution was stirred for 5 h

and subsequently quenched by addition of benzoic acid. The polymer was precipitated

in cold methanol. The concentrations of the reacting agents and the resulting molar

masses of the block copolymers are collated in Table 5.1.

Table 5.1. Reaction conditions and number-average molar masses, Mn, of the ring-
opening polymerizations to generate poly(styrene)-block-(ε-caprolactone) polymers.
c0

pS−OH and c0
TBD are the initial concentrations of the macroinitiator and the organo-

catalyst, respectively.

c0
pS-OH c0

TBD Mn PDI

/ mmol L–1 / mmol L–1 / g mol–1

10.3 2.6 26000 1.3

8.8 2.2 37000 1.1

7.6 1.9 44000 1.1

6.8 1.7 45000 1.1

Hydrolysis of pS-b-pCL 4

The block copolymer (0.1 g) was dissolved in tetrahydrofuran and hydrochloric acid

(c = 0.002 mol L−1) was added. The solution was stirred for 74 h at ambient temper-

ature. The solvent was removed and the polymer was precipitated in cold methanol.

The resulting molar masses of the hydrolyzed polymer are summarized in Table 5.4.
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Ring-Opening Polymerization with 2-Butanol as the ROP Initiator

The ring-opening polymerization was performed in an inert gas atmosphere (argon)

inside a glovebox to rigorously exclude water from the reaction system. ε-CL (0.226

g, 2.0 mmol) was added to a solution of TBD (1.4 mg, 10 µmol) and 2-butanol (2.3

mg, 40 µmol) in toluene. The solution was stirred for 5 h and subsequently quenched

via the addition of benzoic acid. The polymer was precipitated in cold hexane :

diethyl ether (1:1) mixture. The average molar mass was determined by SEC after

precipitation (Mn = 8400 g mol−1, PDI = 1.4). To obtain the lower molar mass of

Mn = 5500 g mol−1, the amount of initiator and catalyst was doubled.

Synthesis of pS for the Subsequent Orthogonal Conjugation Block Copolymer Formation

(Synthesis of Species 5)

A solution of pyridine-2-yldithioformate (BPDF) (0.397 g, 1.62 mmol) and AIBN

(0.043 g, 0.27 mmol) in styrene (80 mL, 0.7 mol) was degassed by purging with

nitrogen for 30 min. The solution was heated to 60 ℃ for 660 min, after which

the reaction was stopped by cooling in liquid nitrogen. The residual monomer was

removed under vacuum and the polymers precipitated in cold methanol. The number-

average molar mass was determined via SEC after precipitation (Mn = 3600 g mol−1,

PDI = 1.1).

Synthesis of pCL for the Subsequent Orthogonal Conjugation Block Copolymer

Formation (Synthesis of Species 6)

The ring-opening polymerization was performed in an inert gas atmosphere (argon)

inside a glovebox to rigorously exclude water from the reaction system. ε-CL (226

mg, 2.0 mmol) was added to a solution of TBD (1.4 mg, 10 µmol) and trans,trans-

2,4-hexadien-1-ol (8 mg, 40 µmol) in toluene. The solution was stirred for 5 h and

subsequently quenched by addition of benzoic acid. The polymer was precipitated

in cold methanol. The number-average molar mass was determined via SEC after

precipitation (Mn = 4100 g mol−1, PDI = 1.3).

Synthesis of the pS-b-pCL Block Copolymer (Synthesis of Species 7)

Hetero Diels-Alder cycloaddition between pyridine-2-yldithioformate terminated pS

and hexadienoyl terminated poly(ε-caprolactone):

A solution of pS (Mn = 3600 g mol−1, 17 µmol), pCL (Mn = 4100 g mol−1,

17 µmol) and 1.1 eq TFA (2 µL, 19 µmol) in chloroform was kept at 50 ℃ for 2

hours. The polymer was isolated by removing the solvent in vacuo. GPC (THF):

Mn = 7000 g mol−1, PDI = 1.3.
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5. Block Copolymers Generated via a Switch from RAFT Polymerization to ROP

Preparation of the RAFT Polymer pS 8

A solution of dibenzyltrithiocarbonate (DBTC) (10.27 mmol L−1) and 2,2’-azobis(iso-

butyronitrile) (4.36 mmol L−1) in styrene (50 mL) was degassed by purging with

nitrogen for 15 min. The solution was heated to 60 ℃ for 660 min, after which

the reaction was stopped by cooling in liquid nitrogen. The residual monomer was

removed under vacuum and the polymers precipitated in cold methanol. The number-

average molar mass was determined via SEC after precipitation (Mn = 13000 g mol−1,

PDI = 1.3).

End-group Switching (Synthesis of Species 9)

A solution of 2,2’-azobis(isobutyronitrile) (10 mmol L−1) in THF was heated to 60 ℃

for 120 min under ambient air. 500 mg RAFT-polymer (10 mmol L−1 based on

its Mn) were dissolved in the pre-treated THF in ambient atmosphere. The filled

flask was heated to 60 ℃ under vigorous stirring. After a discoloration of the so-

lution indicated full conversion, the temperature was reduced to 40 ℃ and 3 equiv.

triphenylphosphine were added. After 60 min the polymer was precipitated in cold

methanol. The number-average molar mass was determined by SEC after precipita-

tion (Mn = 9100 g mol−1, PDI = 1.3).

Ring-Opening Polymerization (Synthesis of Species 10)

The ring-opening polymerization was performed in an inert gas atmosphere (argon)

inside a glove box. ε-CL was added to a solution of TBD (c0
TBD = 5 mmol L−1) and

pS-OH (Mn = 9100 g mol−1, PDI = 1.3; c0
pS-OH = 20 mmol L−1) in toluene. The

solution was stirred for 5 h and subsequently quenched by addition of benzoic acid.

The polymer was precipitated in cold methanol. The number-average molar mass was

determined by SEC after precipitation (Mn = 12000 g mol−1, PDI = 1.2).

5.2.3. Results and Discussion

The initial step in the generation of sulfur free poly(styrene)-block-poly(ε-caprolactone)

polymers is the quantitative conversion of the thiocarbonyl thio end-groups into ter-

minal hydroxyl functionalities (see Scheme 5.1). The reaction sequence employed for

this purpose - alongside its exact mechanism - has been previously described in detail

and exemplified on a series of RAFT made polymers with a wide variety of monomers

and initial RAFT agents (see Chapter 4). [276] The importance of the above efficient

functionality switching lies in the fact that a polymer synthesized via RAFT polymer-

ization can be quantitatively transformed into a sulfur free polymer with a well-defined
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5.2. Poly(styrene)-block-poly(ε-caprolactone)

hydroxyl end-group. Moreover, the converted (former thiocarbonyl thio capped) poly-

mer can be employed as ROP macroinitiator due to its OH end-group functionality.

In the present case poly(styrene), synthesized via RAFT polymerization employing a

symmetrical trithiocarbonate as mediating agent, was used for the modification. Since

the trithiocarbonate group is located (when considering an average over all chains) in

the middle of the polymer, the resulting OH-terminal macromolecules will be divided

into two polymer segments during the modification.

In Figure 5.1, the SEC traces of the trithiocarbonate functional and the switched

polymers are depicted. Inspection of the figure indicates a clear shift in molar mass.
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Figure 5.1. SEC traces of poly(styrene) with a trithiocarbonate moiety in the middle
of the chain (pS-RAFT 1) and the same poly(styrene) after the end-group switching
(pS-OH 2).

Although the molar mass is not exactly halved (decreasing from 10500 to 6500 g mol−1),

the end-group conversion has functioned as desired as the inspection of the MALDI-

TOF spectra (see Figure 5.2) attests. No starting thiocarbonyl thio compound can

be discerned and the agreement between the experimentally observed and the theo-

retically expected molar masses is excellent.

As can be seen in Scheme 5.1, the resulting poly(styrene) pS-OH 2 possesses a sec-

ondary alcohol function. In the following, the alcohol functionality was employed as

a macroinitiator to commence the ring-opening polymerization. ε-Caprolactone was

selected as the monomer for the subsequent ring-opening polymerization under con-

ditions of organo-catalysis employing 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD). The

choice of ε-caprolactone as the monomer for the block formation is based on its rel-

atively high hydrolytic stability compared for instance to lactides, [316] thus avoiding
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2000 3000 4000 5000 6000 7000 8000

 pS-OH 2 (M
n
 = 6500 g mol

-1
, PDI = 1.2)

  

 

m/z

4370 4380 4390 4400

 pS-OH 2

 Simulation

m/z

Figure 5.2. MALDI-TOF-MS of pS-OH 2 (PR,40OH; [M+Ag]+ : m/ztheo = 4381 · 46 ;
m/zexp = 4380 · 68 ; ∆ m/z = 0.78). The inset depicts a zoom into a single repeat unit
and the associated simulated isotopic pattern. Note that due to the higher masses, the
isotopic resolution is limited.

polymer degradation problems during storage and the chromatographic analytical

procedures. To ensure that secondary alcohols can indeed efficiently commence ring-

opening polymerizations, a series of trial reactions employing 2-butanol as the ROP

initiator were performed, indicating an efficiently operating ROP. The corresponding

SEC elugrams and the SEC/ESI-MS spectrum of the pCL’s initiated with 2-butanol

are depicted in Figure 5.3. In Table 5.2 the theoretical and measured m/z ratios of

the main species obtained via ESI-MS are collated.
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Figure 5.3. a) SEC of poly(ε-caprolactone) initiated by the secondary alcohol 2-
butanol. b) Zoom of the electrospray ionization mass spectrum of pCL P with 2-butanol
as the ROP initiator.
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Table 5.2. Theoretical and measured m/z ratios of the main species of the pCL
initiated with 2-butanol.

[M + Na]+

Structure m/ztheo m/zexp ∆ m/z

P 781.67 781.52 0.15

P2+ 801.50 801.58 0.08

P2+ 858.53 858.67 0.14
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Figure 5.4. SEC traces of the block copolymers (pS-b-pCL, 3a-d) synthesized via
chain extension employing pS-OH 2 as a macroinitiator and ε-CL as a monomer. The
individual molar masses and polydispersities of the block copolymers are provided within
each sub-figure.

In Figure 5.4, the SEC traces of the block copolymers 3 based on the macroinitiator

pS-OH 2 (Mn = 6500 g mol−1) are depicted. To obtain block copolymers with

varying molar masses (i.e., a varying length of the poly(ε-caprolactone) block), the

ratio between macroinitiator and monomer was systematically varied. The reactants

concentrations’ data associated with the synthesized block polymers are collated in

Table 5.1, whereas the individual number-average molar masses for each generated

block copolymer, alongside its polydispersity, have been collated in Table 5.3. The

obtained block copolymers vary in number-average molar mass between 26000 and
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45000 g mol−1 (relative to poly(styrene) standards). As expected, a significant shift

in molar mass from the OH-terminal poly(styrene) macroinitiator to the various block

copolymers can be observed. Visual inspection of the obtained block copolymer weight

distributions suggests that – at least in Figure 5.4 – no significant amount of the

initiator pS-OH 2 seems to remain in the final block copolymers. Taking Figure 5.4c

as an example, it can be clearly observed that only minimal overlap between the molar

mass distribution of the macroinitiator and the generated block copolymer exists.

Table 5.3. Collation of the number-average molar mass, Mn, and the peak molar
mass, Mp, as well as the PDI of the precursor polymers 1 and 2, as well as of the ROP
generated block copolymers 3a-d.

Sample Polymer Mn Mp PDI

/ g mol–1 / g mol–1

1 pS-RAFT 10500 15500 1.3

2 pS-OH 6500 7800 1.2

3a pS-b-pCL 26000 35000 1.3

3b pS-b-pCL 37000 40000 1.1

3c pS-b-pCL 44000 49000 1.1

3d pS-b-pCL 45000 49000 1.2

While Figure 5.4 provides evidence for the formation of the desired poly(styrene)-

block-poly(ε-caprolactone) polymers, further analysis is required to substantiate their

structure. Thus, to further underpin the existence of the block copolymers, it seems a

logical next step to remove the poly(ε-caprolactone) block under acid catalyzed con-

ditions (see Scheme 5.2). [317] If a block copolymer was formed, only the poly(styrene)

60°C, THF

O

O

O
H
p

HCl

R
OH
nR n

3 4

Scheme 5.2 Acid catalysed hydrolysis of the poly(ε-caprolactone) block 3, reforming
the original poly(styrene) block 4.

block 4 should remain. Figure 5.5 depicts the SEC traces of the initial macroinitiator

2, the block copolymer 3 and the re-generated macroinitiator after being hydrolyzed

4. Inspection of Figure 5.5 reveals a clear shift between block copolymer 3 and the

hydrolyzed polymer 4. Importantly, the reformed macroinitiator 4 features nearly the

same molar mass distributions and molar mass as the initial macroinitiator 2. The

slight deviations in the molar mass distribution between 2 and 4 lie within the accu-

racy of an SEC experiment and/or – considerably less likely – that one (or at most

two) CL units closest to the poly(styrene) block were not completely hydrolyzed. The
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hydrolysis results of samples 3a to 3d are collated in Table 5.4.
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Figure 5.5. SEC traces of the initial macroinitiator poly(styrene) 2, the block copoly-
mer 3a-d, and the polymer after being hydrolyzed 4a-d.

Table 5.4. Collation of the results (number-average molar mass, Mn, and polydis-
persity, PDI) from the hydrolysis experiments subjecting 3a to 3d to the procedure
depicted in Scheme 5.2.

sample Mblock
n Mhydro

n PDIhydro

/ g mol–1 / g mol–1

4a 26000 7500 1.3

4b 37000 6400 1.2

4c 44000 7800 1.2

4d 45000 7300 1.2

It is gratifying to note that the above hydrolysis reaction sequence seems to support

the block copolymer hypothesis. However, a confirmation on a molecular level is never-

theless required. Consequently, the (quantitative) removal of the poly(ε-caprolactone)

block is additionally evidenced via 1H-NMR spectroscopy. Figure 5.6 depicts the pro-

ton resonance spectra of block copolymer 3a (Mn = 26000 g mol−1) as well as of the

polymeric material 4a after the hydrolysis reaction sequence (Mn = 7500 g mol−1).

The 1H-NMR spectrum of the block copolymer 3a is depicted by the solid line, whereas

the dashed line represents the 1H-NMR spectrum of the hydrolyzed polymer 4a. Ev-
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5. Block Copolymers Generated via a Switch from RAFT Polymerization to ROP

ery resonance is labeled with a character signifying the chemical shift of the differ-

ent protons of the individual polymers: a, b and c represent the resonances of the

poly(styrene) block, while d-h are associated with the poly(ε-caprolactone) block (the

detailed assignments are provided within the figure). Comparing the two spectra it

can clearly be observed that the resonances resulting from the poly(ε-caprolactone)

block are only observed in the spectrum of the block copolymer 3 and are completely

absent in the spectrum of the hydrolyzed polymer 4; in the spectrum of the hydrolyzed

polymer only the characteristic resonances of poly(styrene) remain. The NMR spec-

tra of the block copolymers allow for the calculation of the length of each individual

block via a comparison of the proton resonance h’ with the resonances of protons as-

sociated with pS and pCL, respectively. For 3a, integration via the above procedure

Figure 5.6. 1H-NMR spectra in CDCl3 of the block copolymer 3a (26000 g mol−1)
and the poly(styrene) block 4a (7500 g mol−1) after the acid-catalyzed hydrolysis on
the example of sample 3a (see Table 5.4).The shift at 2.1 ppm is due to acetone residue.

yields a pS block length of 6500 g mol−1, while the corresponding length for pCL reads

15500 g mol−1, giving a total block copolymer molar mass of 22000 g mol−1. It should

be noted that the NMR determined block length of 2 is in excellent agreement with

its SEC determined length (MSEC
n = 6500 g mol−1). In addition, the block copolymer

mass of 3a determined via NMR is in equally good agreement with that determined

via SEC (MSEC
n = 26000 g mol−1), considering that the molar mass of 3a is reported

relative to poly(styrene) equivalents. For the highest molar mass block copolymer 3d,

the situation is equally satisfying: M2,NMR
n = 7100 g mol−1 vs M2,SEC

n = 6500 g mol−1,

MpCL, NMR
n = 33000 g mol−1, M3d,NMR

n = 40100 g mol−1 vs M3d,SEC
n = 45000 g mol−1.

Note that the block length of 2 is determined via the (overall) pCL end-group h’ in
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5.2. Poly(styrene)-block-poly(ε-caprolactone)

good agreement with its SEC value. Such a situation can only occur if a true block

copolymer has formed. Thus, the block copolymer nature of 3 has been established

with high certainty.

In the above section, it was the aim to evidence that the transformation sequence

depicted in Scheme 5.1 is truly operational and that indeed the block copolymer 3 is

generated. In the following, a more thorough chromatographic analysis of 3 will be

presented – employing LCCC coupled to SEC – to assess in detail if residues of 2 are

found in 3. In the first dimension (LCCC) the polymer is separated (ideally) only with

respect to the block length of one block whereas the other block behaves ‘critical’ (i.e.,

under CC of pS without size-exclusion effects), elutes independently from its molar

mass and may be termed ‘invisible’. Thus a distinction between remaining traces of 2

in 3 should be achievable. To record a complete LCCC-SEC image of a polymer, liquid

chromatography at critical conditions is typically performed in the first dimension.

Therefore, knowledge of the critical conditions of both or at least one homopolymer

constituting the block copolymer, i.e., poly(styrene) and/or poly(ε-caprolactone), are

required. At the critical point of adsorption, polymers with identical monomer units,

the same structure and the same end-group yet with different molar masses elute at

the same time. To achieve critical conditions, a binary solvent mixture was employed.

In Figure 5.7, the elugrams of variable molar mass pS-OH’s at their critical conditions

are depicted. As the solubility of 3 under the critical conditions of pS is excellent, the

corresponding solubility under CC of pCL is poor and the ensuing chromatographic

analysis is thus complex. It is for this reason that in the current contribution the

critical conditions of pS are employed. Inspection of Figure 5.7 clearly indicates that

the elution times for each polymer are invariant to the molar mass; critical conditions

have thus been established. The critical conditions for the poly(styrene)s 2 were

established on a silica based reversed phase column (RP18) with an eluent mixture

of THF (88.4 % (v/v)) and water (11.6 % (v/v)). The applied solvent combination

THF/H2O is beside THF/ACN a common solvent mixture for LCCC of poly(styrene)

and was used (amongst others) by Philipsen et al. [318] as well as Beaudoin et al. [319]

Subsequently, the established critical conditions of pS were employed to subject

the block copolymers 3 to LCCC-SEC. Figure 5.8 depicts the elugrams of the block

copolymers (identical to those shown in Figure 5.4) under critical conditions of the

homopolymer pS. At the critical conditions (CC) of poly(styrene), the block copoly-

mers elute in the SEC mode (i.e., retention time/volume inversely proportional to

their individual hydrodynamic volume). Thus, copolymers with a higher fraction of

poly(ε-caprolactone) elute at lower elution volumes than with a lower fraction; this

notion can be confirmed via inspection of Figure 5.8, where the highest pCL contain-

ing polymers elute at the lowest retention time (3d), whereas the polymers with the

lowest fraction of pCL elute at the highest retention times (3a and 7), see below for
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Figure 5.7. Critical conditions of variable pS-OH 2. To obtain critical conditions a
RP18 column with a solvent mixture of THF : H2O = 88.4 : 11.6 % (v/v) with addition
of 0.1 vol-% acetic acid was employed.

a discussion on the nature of polymer 7.

Further inspection of Figure 5.8 indicates that the elugrams of the copolymers under

the CC of pS possess a slight shoulder (tailing) in the region of the poly(styrene) elu-

tion time. Such an observation may be indicative of a small amount of pS homopoly-

mer within the copolymer samples. Indeed, the potential amount of homopolymer

pS within the sample is best visible in the 26000 g mol−1 material (3a, dashed line

in Figure 5.8). To underpin the analytical efforts, it would be desirable to have a

poly(styrene)-block-poly(ε-caprolactone) polymer, where the reaction sequence leaves

no other outcome as the formation of the block structure. Such a situation can be

achieved when the block copolymer is prepared via a modular reaction pathway, which

has been recently described in the literature based on a combination of RAFT and

hetero Diels-Alder chemistry (RAFT-HDA), [55] and was consequently employed to

prepare a model pS-b-pCL polymer 7 for the present study. The characterization of

the block copolymer 7 (Mn = 7000 g mol−1, PDI = 1.3) via one-dimensional SEC can

be found in Figure 5.9 and a schematic representation of the RAFT-HDA synthetic

pathway is depicted in Scheme 5.3.

The LCCC elugram of the modularly constructed block copolymer 7 is shown in

Figure 5.8 alongside the block copolymers 3a-d prepared via sequential design. As

block copolymer 7 only contains a pCL block length of 4100 g mol−1, it is in elution

volume close to the homopolymer pS. The reason for constructing 7 with smaller in-

dividual block lengths is to ensure that the modular ligation reaction proceeds to high
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Figure 5.8. LCCC elugrams of pS-b-pCL block copolymers 3a-d and 7 at the critical
conditions of pS-OH 2 (THF:H2O = 88.4 : 11.6 % (v/v) with addition of 0.1 vol-%
acetic acid).
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Figure 5.9. SEC trace of the block copolymer pS-b-pCL synthesized via modular
hetero Diels-Alder chemistry, compared with the SEC traces of the starting material pS
and pCL.
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Scheme 5.3 Orthogonal modular construction of pS-b-pCL 7 copolymer via hetero
Diels-Alder chemistry from a diene functional pCL 6 and a thiocarbonyl thio functional
pS 5 precursor.

conversions and is not hampered by chain length effects. In order to obtain an ini-

tial image of a LCCC-SEC chromatogram of poly(styrene)-block-poly(ε-caprolactone)

copolymers, a 2D chromatographic analysis of 7 was carried out, which is depicted

in Figure 5.10. In such 2D plots, the x-axes depict the SEC trace, the y-axes the

LCCC trace and the z-axes the intensity of the ELS detector signal. One broad spot

can be observed, which features a diagonal shape due to the SEC mode, in which

the block copolymer elutes due to the presence of pCL. Initially, the higher molar

masses elute, whereas at higher retention times the lower molar masses of the block

copolymer elute. Inspection of the 2D image thus indicates that the block copolymer

7 has formed in high yields, yet that also a small amount of homopolymer pS (eluting

at LCCC elution volumes of close to 1.6 mL) may be present in the sample. A quan-

tification of these amounts of pS is challenging due to the similar elution volumes of

2 and 7 in the LCCC dimension.
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Figure 5.10. 2D LCCC-SEC analysis of the block copolymer pS-b-pCL 7 (Mn =
7000 g mol−1, PDI = 1.3) synthesized via a hetero Diels-Alder cycloaddition (see
Scheme 5.3 for the representation of the synthetic pathway) at the critical conditions of
pS (THF (88.4 % (v/v)) and H2O (11.6 % (v/v))).
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Two dimensional chromatography was subsequently performed on the block copoly-

mers synthesized via RAFT/ROP 3. The LCCC-SEC plot of two of the block copoly-

mer samples (3a and b) is shown in Figure 5.11. The LCCC of the two dimensional

chromatography was performed at the critical conditions of poly(styrene) 2. Inspec-

tion of Figure 5.11 – depicting the 2D plots – clearly indicates that no or only little

residual amount of 2 is visible and that the 2D chromatograms compare favorably

with that of 7 (see Figure 5.10). Such an observation implies that the percentage of

remaining 2 in Figure 5.11b (copolymer 3b) – which was speculated upon during the

discussion of Figure 5.8 above – within the block copolymer material 3 is likely lower

than 5% (see the scaling of the color coded legend in Figure 5.11). In the case of

copolymer 3a (Figure 5.11a), some residual 2 (elution volume close to 1.6 mL) can be

discerned in agreement with the observations in Figure 5.8. The amount of residual

2 in 3a is estimated to be in slight excess of 5% (around 7 to 8%). It can further be

observed that the spots are not round circles but diagonal shapes, mainly caused by

the fact that the block copolymer elutes in SEC mode due to the present pCL as also

discussed above for Figure 5.10.

Finally, it would be instructive to assess how a LCCC-SEC chromatogram appears,

when the synthetic sequence was not as successful as in the above cases. The associ-

ated synthesis of the synthesized block copolymer with conventional SEC can be found

in the Synthesis section (species 9 (pS-OH, Mn = 9100 g mol−1, and poly(styrene)-

block-poly(ε-caprolactone) 10, Mn = 12000 g mol−1). For this purpose, an example

of a block copolymer sample is analyzed and discussed below, where 9 and poly(ε-

caprolactone) initiated by for instance residues of water, is present. In Figure 5.12,

the LCCC elugram (a) at critical conditions of poly(styrene) and a 2D plot (b) of the

block copolymer 10 are depicted. The LCCC elugram displays a multi-modal struc-

ture with three clearly discernible species’ contributions. Such a result implies that

the sample is not homogeneous, but rather contains three types of polymer structures.

The shoulder towards higher retention time is observed to overlap with the signal of

the poly(styrene) 9 that was employed as the macroinitiator. The occurrence of 9

in 10 indicates that the starting material was not completely consumed during the

reaction. As such, proof of remaining 9 was obtained by performing a two dimen-

sional chromatographic analysis (see Figure 5.12). Three (well) separated spots can

be observed: Spot (I) is assigned to the block copolymer since it features the typical

diagonal shape observed for 3 (see Figure 5.10 and Figure 5.11) due to the fact that

the block copolymer elutes in the SEC mode. The macroinitiator poly(styrene) is

allocated to spot (III), since it emerges exactly at the critical point of pS-OH. A third

spot (II) appears, which is most probably associated with poly(ε-caprolactone) that

was initiated by water residues present in the reaction mixture.

Variable reasons for the incomplete conversion of the chain extension reaction in this
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Figure 5.11. 2D plots of the block copolymers pS-b-pCL a) 3a (pS-b-pCL, Mn =
26000 g mol−1, PDI = 1.3) and b) 3b (pS-b-pCL, Mn = 37000 g mol−1, PDI =
1.1) under critical conditions of poly(styrene) (THF (88.4 % (v/v)) and H2O (11.6 %
(v/v))). The dotted line represents the peak maximum of the poly(styrene)-OH under
critical conditions.
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Figure 5.12. a) HPLC elugram and b) 2D plot of a block copolymer 10 with homopoly-
mer residue under critical conditions of poly(styrene) (THF (88.4 % (v/v)) and H2O
(11.6 % (v/v))). The dotted line represents the peak maximum of the poly(styrene)-OH
under critical conditions.

special case can be envisioned. The residual pCL species was most likely generated via

traces of water present in the reaction mixture. Residues of non-chain extended 9 were

most probably caused by a higher fraction of poly(styrene) chains that did not carry

the appropriate OH terminus. Two conclusions can be drawn from the data depicted

in Figure 5.12: Firstly, it is paramount to carefully assess each copolymer prepared

via (any) chain extension process by LCCC-SEC techniques to ensure their structural

homogeneity. Secondly, the data instills confidence into the successful preparation of

reasonably well-defined poly(styrene)-block-poly(ε-caprolactone)s 3 discussed above,

evidencing the functionality switch driven preparation of sulfur free block copolymers

via RAFT technology as a highly efficient technique. Investigations, presented in the

next chapter, will not only focus on the preparation of more complex macromolecular
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architectures via the presented synthetic technique, but also entail the rather complex

chromatographic analysis under the critical conditions of pCL (see Chapter 6).

5.2.4. Conclusions

The method of switching well-defined thiocarbonyl thio capped (RAFT) polymers

into hydroxyl terminated species was employed to generate narrowly dispersed sulfur-

free poly(styrene)-block-poly(ε-caprolactone) polymers by chain extension using ring-

opening polymerization. The obtained block copolymers were carefully analyzed via

SEC, NMR as well as LCCC-SEC to assess the block copolymer structure and the

efficiency of the synthetic process. The current section demonstrated that the RAFT

process can serve as a methodology for the generation of sulfur-free pS-b-pCL block

copolymers via an efficient end-group switch.
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5.3. Poly(acrylate)-block-poly(ε-caprolactone) and

Poly(methacrylate)-block-poly(ε-caprolactone)

5.3.1. Introduction to pA-b-pCL and pMMA-b-pCL Block Copolymers

Beside poly(styrene), poly(acrylate)s and a poly(methacrylate) have been investi-

gated as well for the formation of block copolymers to a certain extend. Poly(methyl

acrylate) (pMA), poly(isobornyl acrylate) (piBoA), and poly(methyl methacrylate)

(pMMA) were polymerized via the RAFT process and transformed into hydroxyl func-

tional polymers, which are subsequently applied as macroinitiators for ring-opening

polymerization.

5.3.2. Synthesis

The materials used for the synthesis are provided in the Chapter 3.

Polymerization of Methyl Acrylate with DBTC

Solutions of dibenzyltrithiocarbonate (DBTC) (cDBTC = 29.52 mmol L−1) and 2,2’-

azobis(isobutyronitrile) (cAIBN = 3.65 mmol L−1) in methyl acrylate (10 mL) were

degassed by purging with nitrogen for 15 min. The solutions were heated to 60 ℃ for

40 and 35 min, respectively. The reaction was then stopped by cooling in liquid nitro-

gen. The residual monomer was removed under vacuum and the polymer precipitated

in cold methanol. Average molar masses were determined by SEC after precipitation

(Mn = 3100 g mol−1, PDI = 1.2 and Mn = 3400 g mol−1, PDI = 1.1, respectively).

Polymerization of Isobornyl Acrylate with DoPAT Derivatives

The synthesis of the RAFT agents 2-arm DoPAT and DoPAT-OH and the polymer-

ization of isobornyl acrylate can be found in Chapter 4.

Polymerization of Methyl Methacrylate with CPDB

A solution of 2-(2-cyanopropyl) dithiobenzoate (CPDB) (cCPDB = 45.48 mmol L−1)

and 2,2’-azobis(isobutyronitrile) (cAIBN = 9.60 mmol L−1) in methyl methacrylate

(50 mL) was degassed by purging with nitrogen for 15 min. The solutions were

heated to 60 °C for 120 min. Subsequently, the reaction was stopped by cooling in

liquid nitrogen. The residual monomer was removed under vacuum and the polymer

precipitated in cold methanol. Average molar masses were determined by SEC after

precipitation (Mn = 3000 g mol−1, PDI = 1.2).
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Poly(methacrylate)-block-poly(ε-caprolactone)

Analytical (Small Scale) End-group Conversion

A solution of 2,2’-azobis(isobutyronitrile) (30 mmol L−1) in 2 mL of BHT-free THF

was heated to 60 ℃ in the presence of ambient air. The RAFT-polymer (5 −

10 mmol L−1 based on Mn) was added to the solution in the vial. After a dis-

coloration of the solution indicated full conversion, the temperature was reduced to

40 ℃ and 3 eq. triphenylphosphine were added. The reader is cautioned that - al-

though triphenylphosphine acts as a quenching agent - formation of small amounts

of potentially explosive THF-peroxides during the reaction is possible and liquid sol-

vent waste should be tested and treated accordingly. The analytical scale end-group

conversion is applied, when testing a new polymer/RAFT-agent combination on its

efficiency towards the conversion process.

Large Scale End-group Conversion

A solution of 2,2’-azobis(isobutyronitrile) (50 mmol L−1) in BHT-free THF was heated

to 60 ℃ for 60 min under ambient air. A solution of 500 mg RAFT-polymer in the pre-

treated THF (10 mmol L−1 based on Mn) was prepared in a 100 mL round flask under

ambient atmosphere. The flask was heated to 60 ℃ under vigorous stirring. After

40 min, the temperature was reduced to 40 ℃ and 3 equiv. triphenylphosphine were

added. After 10 min the solvent was evaporated and the polymer was precipitated in

cold methanol. The large scale conversion is applied, when the obtained polymer is

employed to further reactions such as chain extension with ε-CL.

Ring-Opening Polymerization with Sn(Oct)2 for the Generation of pMA-b-pCL

The ring-opening polymerization was performed in an inert gas atmosphere to rig-

orously exclude water from the reaction system. ε-CL was added to a solution of

Sn(Oct)2 and the poly(methyl acrylate) macro-initiator in ∼1 mL of toluene. The

solution was stirred at 100 ℃ for 2.5 h. The reaction was stopped by cooling in liq-

uid nitrogen. The polymer precipitated in cold hexane : diethylether = 1 : 1. The

amount of the reacting reagents and the resulting average molar masses of the block

copolymer samples are collated in Table 5.5.

Table 5.5. Reaction conditions and number-average molar masses, Mn, of the ring-
opening polymerizations to generate poly(methyl acrylate)-block-poly(ε-caprolactone)
polymers.

Structure nε-CL nSn(Oct)
2

npA Mn PDI

/ mmol / µmol / µmol / g mol-1

pMA-b-pCL 0.66 14.8 9.66 9 100 1.2

pMA-b-pCL 3.51 16.8 13.71 17 400 1.3
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Ring-Opening Polymerization with TBD (Synthesis of Block Copolymers)

The ring-opening polymerization was performed in an inert gas atmosphere (argon)

inside a glove box to rigorously exclude water from the reaction system. ε-CL was

added to a solution of TBD and the poly(acrylate)/poly(methacrylate) macro-initiator

in 2 mL of toluene. The solution was stirred for 5 h and subsequently quenched by

addition of benzoic acid. The amount of the reacting reagents and the resulting

average molar masses of the block copolymer samples are collated in Table 5.6.

Table 5.6. Reaction conditions and number average molar masses, Mn, of the ring-
opening polymerizations to generate poly(acrylate)-block-poly(ε-caprolactone) as well
as poly(methacrylate)-block-poly(ε-caprolactone) polymers.

Structure nε-CL nTBD npA/pMMA time Mn PDI

/ mmol / µmol / µmol / h / g mol-1

pMA-b-pCL 2.01 7.21 30.3 5 4 200 1.5

pMA-b-pCL 2.01 10.7 10.3 5 6 600 1.6

piBoA-b-pCL 1.00 43.10 1.66 5 17 000 1.4

piBoA-b-pCL 2.63 86.20 6.66 14 49 000 1.5

pMMA-b-pCL 1.98 10.1 9.80 5 3 100 1.4

pMMA-b-pCL 2.29 10.1 15.4 26 30 300 1.3

Ring-Opening Polymerization with tert-Butanol as Initiator

The ring-opening polymerization was performed in an inert gas atmosphere (argon)

inside a glove box to rigorously exclude water from the reaction system. ε-CL (1.14

mg, 1 mmol) was added to a solution of TBD (5 µmol) and tert-butanol (0.4 mmol

/ 0.8 mmol / 1.2 mmol) in 2 mL of toluene. The solution was stirred for 5 h and

subsequently quenched by addition of benzoic acid. The polymer precipitated in cold

hexane : diethylether = 1 : 1. The resulting average molar masses of the obtained

pCls are: 6400 g mol−1, 4200 g mol−1, and 3000 g mol−1, respectively, depending on

the employed amount of initiator (tert-butanol).

5.3.3. Results and Discussion

pMA-b-pCL Block Copolymers

The synthesis of the first block was achieved by polymerization of methyl acrylate

with DBTC as chain transfer agent. Subsequently, the trithiocarbonate moiety was

transformed to generate hydroxyl terminated polymer chains. The transformation

reaction for this specific polymer/CTA combination has been described previously in

the Introduction section of Chapter 4. The procedure for the polymerization and the
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end-group conversion is provided in the Synthesis section. After the transformation,

the hydroxyl terminated poly(methyl acrylate) is introduced as an initiator for the

ring-opening polymerization. The exact synthetic pathway is depicted in Scheme 5.4.

The ring-opening polymerization was carried out under Sn(Oct)2 catalysis as well as

under organo-catalysis involving 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD).

2. PPh3
R
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n/m

R
S

m
R
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O

O

O
H
pR n/m

RAFT pMA pMA-OH pMA-b-pCL

R = benzyl

1. AIBN, THF, air ε-CL
2 x

O O O OO O O O

Scheme 5.4 Synthetic strategy for the synthesis of pMA-b-pCL diblock copolymers.

Figure 5.13 shows the SEC elugrams of the chain extension of a RAFT-prepared

poly(methyl acrylate) after its quantitative conversion into a hydroxyl terminal poly-

mer and its subsequent use as a macroinitiator in the ROP of ε-caprolactone. Sn(Oct)2

is used as a catalyst. Inspection of Figure 5.13 clearly demonstrates that the chain

extension appears to have properly functioned, as the molar mass increases and a clear

shift in the molar mass distribution is observed. In addition, the system reacts in the

expected fashion to a variation of the initiator concentration, i.e., when the initiator

concentration is decreased, the final molar mass increases (Mn = 9100 g mol−1 versus

17400 g mol−1).

Additionally, the chain extension with ε-CL was conducted under organo-catalysis.

While the reaction with Sn(Oct)2 proceeds at 100 ℃, the employment of TBD as a

catalyst allows the reaction to proceed at ambient temperature. Figure 5.14 depicts

the SEC elugrams of the block copolymers pMA-b-pCL generated with TBD as cat-

alyst in comparison with the starting material pMA-OH. The molar masses of the

block copolymer clearly are increased compared to the homopolymer pMA-OH. Here

again it is observed that with decreasing amount of initiator the molar masses of the

block copolymer increases (Mn = 4200 g mol−1 versus 6600 g mol−1). It should be

noted that the elugrams of the block copolymers overlap to a certain extend with the

one of the macroinitiator pMA-OH. Thus, no exact statement can be made whether

all chains of the macroinitiator started the ring-opening polymerization. Possible side

reactions include transesterification, which can not only occur on the pCL chains but

also on the poly(methyl acrylate) block, leading to side chains at the pMA polymer.

Beside SEC, the pMA-b-pCL block copolymers were characterized via 1H-NMR.

One spectrum of block copolymer with a Mn of 17400 g mol−1 is displayed in Fig-

ure 5.15. The resonances are assigned to the polymer chains of pMA and pCL. The

intensity of the pCL signals are much more intense than the resonance intensity of

pMA. This circumstance is in-line with the SEC measurements. When the block
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Figure 5.13. SEC traces of block copolymers pMA-b-pCL synthesized via chain exten-
sion employing pMA-OH as a macroinitiator and ε-CL as a monomer using Sn(Oct)2

as a catalyst. The individual molar masses and dispersities of the block copolymers are
provided within the figure.
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Figure 5.14. SEC traces of block copolymers pMA-b-pCL synthesized via chain ex-
tension employing pMA-OH as a macroinitiator and ε-CL as a monomer using TBD as
a catalyst. The individual molar masses and dispersities of the block copolymers are
provided within the figure.
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copolymer possesses a Mn of 17400 g mol−1 and the macroinitiator pMMA has a

molar mass of 3500 g mol−1, the pCL part possesses a molar mass of 13900 g mol−1.

The amount of pCL in the block copolymer sample is thus higher than the pMMA

content. Integrating the resonances in the NMR spectrum, however, results in an

even higher ratio between pCL and pMA. (7.62 : 1). The difference in the values

obtained via NMR and SEC could possibly be associated with the inaccuracy of SEC

analysis. Due to the block structure, no exact calibration curve can be applied on the

SEC traces. Another reason are the transesterification reactions as side reactions or

initiation with water residues, which both result in homopolymer pCL. However, it is

hardly possible to distinguish homopolymer pCL and the pCL block fraction in the

copolymer with 1H-NMR spectroscopy.
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Figure 5.15. 1H-NMR of the block copolymer pMA-b-pCL (Mn = 17400 g mol−1)
synthesized via chain extension employing pMA-OH as a macroinitiator and ε-CL as a
monomer.

However, the further investigation with more advanced techniques such as liquid

chromatography under critical conditions to obtain more details about the block

copolymer sample – especially the content of remaining homopolymer – revealed to

be very complex due to the high similarity in polarity and chemical composition of

pCL and pMA. For instance, the critical conditions of pMA were established on a

Discovery Cyano-column with a solvent composition of 62 % (v/v) THF and 38 %

(v/v) n-hexane (see Figure 5.16). However, almost no shift between the retention

volume of pMA homopolymers and pMA-b-pCL block copolymers could be observed

at the critical conditions of pMA. Consequently, the structure was not analyzed to
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5. Block Copolymers Generated via a Switch from RAFT Polymerization to ROP

such a detailed extent as described for pS-b-pCL in the previous chapter.
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Figure 5.16. a) LCCC elugrams of pMA homopolymers for the setup of the critical
conditions of pMA and b) LCCC elugrams of the synthesized block copolymers pMA-
b-pCL. The LCCC was conducted employing a Discovery Cyano-column and using a
solvent composition of 62 % and 38 % (v/v) n-hexane.

piBoA-b-pCL Block Copolymers

Block copolymer formation has also been investigated utilizing RAFT derived hy-

droxyl functionalized poly(isobornyl acrylate) as starting material. For this purpose

isobornyl acrylate was polymerized in the presence of the RAFT agent 2-arm DoPAT

and DoPAT-OH (for structures see Scheme 4.6). The polymer was subsequently con-

verted via the transformation reaction in THF, leading to polymer chains with OH

functionalities on both chain ends. The procedure especially for this polymer/CTA

combination has been described in detail in Chapter 4. In the following the chain

extension is presented (see Scheme 5.5).
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Scheme 5.5 Synthetic strategy for the synthesis of piBoA-b-pCL block copolymers
starting from a) DoPAT-OH and b) 2-arm DoPAT RAFT polymers.

The chain extension with ε-CL was conducted under organo-catalysis employing
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TBD. Figure 5.17 depicts the SEC traces of the obtained block copolymers. Fig-

ure 5.17a displays additionally the elugram of the macroinitiator piBoA, which pos-

sesses one hydroxyl function at each end of the polymer chain. Since the chain ex-

tension can proceed on each end of the piBoA chain, an ABA block structure can be

generated. The elugram of the obtained block copolymer is clearly shifted to higher

molar masses when compared to the elugram of the starting material. Consequently,

the chain extension was likely successful. A closer survey reveals that the elugram

of the block copolymer exhibits a shoulder to higher molar masses. Additionally, the

polydispersity index for the chain extended sample has increased. A possible expla-

nation is the co-existance of a diblock structure beside an ABA triblock copolymer

structure. The chain extension was additionally conducted on the transformed piBoA

derived from the polymerization with the 2-arm DoPAT chain transfer agent. The

transformation described in Chapter 4 did not result in a polymer bearing only the

two hydroxy functionalities at the chain end, but also a minor content of H-terminated

and small amounts of hydroperoxide terminated polymer structures. Still, as it is de-

picted in Figure 5.17b, the chain extension proceeded, leading to polymer structures

with high molar masses. For the ROP, the reaction time was elongated to 14 h since

after 5 h the SEC traces showed exclusively starting material. After 14 h, however,

a clear shift in the SEC elugrams of starting material to the block copolymer is ob-

served. Almost no overlap of the SEC elugram of the generated block structure with

the elugram of the piBoA macroinitiator is observed. The obtained SEC elugram

possesses a shoulder to lower molar masses, which can be explained by the same hy-

pothesis given for the elugram block structure in Figure 5.17a. Additionally, due to

the elongated reaction time, transesterification reactions are likely to occur.
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Figure 5.17. SEC elugrams of the synthesized block copolymers generated via chain
extension of the hydroxyl terminated piBoA macroinitiators, which were obtained via
the polymerization with a) DoPAT-OH and b) 2-arm DopAT.

For further analysis 1H-NMR was carried out. The spectrum of one of the block

copolymers piBoA-b-pCL with an Mn of 17000 g mol−1 is depicted in Figure 5.18.
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5. Block Copolymers Generated via a Switch from RAFT Polymerization to ROP

The signals can be assigned to the polymeric structures piBoA and pCL. Assuming

that the Mn of the piBoA block is 6500 g mol−1, as obtained from the SEC data,

the molar mass of the pCL block is calculated by integrating and comparing the

resonances c associated with piBoA and i associated with pCL. A block length for

pCL of 6000 g mol−1 is obtained, which departs from the data obtained from the SEC

(MpCL
n = Mblock

n − MpiBOA
n = 10500 g mol−1). However, due to the block structure

the SEC data should be treated with care, since no Mark Houwink parameters are

available for the block copolymers piBoA-b-pCL. Thus, the calibration curve was

adjusted with the parameters of piBoA, leading to slightly inaccurate molar masses

of the block copolymer. The 1H-NMR-spectrum of the block copolymer with an MSEC
n
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Figure 5.18. 1H-NMR of the block copolymer piBoA-b-pCL (Mn = 17000 g mol−1)
synthesized via chain extension employing OH-piBoA-OH as a macroinitiator and ε-CL
as a monomer using TBD as a catalyst.

of 49000 g mol−1 shows results with the same trends. The block pCL calculated via the

same procedure explained above, possesses an MpCL,NMR
n of 41800 g mol−1 resulting

from NMR data and MpCL,SEC
n of 43600 g mol−1 calculated from the SEC data. Thus,

the values obtained from the SEC data are in both cases higher than the results

obtained from the NMR spectra. As mentioned above, the molas masses obtained via

SEC measurements of block copolymer structures should be treated with care. The

data obtained from NMR are of higher accuracy. For more detailed analysis with

hyphenated techniques of ABA block copolymer structures in general, the reader is

referred to Chapter 6.
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pMMA-b-pCL Block Copolymers

Beside the poly(acrylate)s pMA and piBoA, pMMA was selected for chain extension

with ε-CL. The synthesis strategy for the block copolymer formation pMMA-b-pCL

is depicted in Scheme 5.6. Methyl methacrylate was polymerized in the presence of

cyanoisopropyl dithiobenzoate (CPDB) as a RAFT agent. The final polymer was

characterized via SEC and SEC/ESI-MS.
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Scheme 5.6 Synthetic strategy for the synthesis of pMMA-b-pCL diblock copolymers.

The transformation of the dithiobenzoate endcapped pMMA to hydroxyl functional

polymer was previously investigated by Gründling et al. [275] on a small scale at 60 ℃.

In Figure 5.19, SEC/ESI-MS spectra of the transformation after specific time intervals

are depicted. The corresponding structures can be found in Chapter 4. After 10 min

half of the dithiobenzoate terminated pMMA is transformed into hydroperoxide end

capped polymer. After 20 min the reaction is completed and triphenylphosphine is

added. Finally an ESI-MS spectrum is obtained, in which almost exclusively hydroxyl

terminated pMMA is present.

Repeating the transformation reaction especially on a larger scale – moving from

mg to g – often results in a polymer sample with non-uniform end-functionality. A

commonly observed side reaction is the formation of a lactone ring at the end of the

chain. In Figure 5.20, a spectrum often observed of the converted pMMA is presented

and compared with the initial spectrum of the RAFT polymer. In Figure 5.20a the

signal observed correspond to the thiocarbonyl thio containing polymer. In the spec-

trum in Figure 5.20b the signals of the material after the transformation proceeded

are visible. The signals at m/z = 708.33 and 807.33 can be assigned to the hydroxyl

terminated pMMA PROH. The signal at m/z = 776.41 correspond to the polymer

possessing a lactone ring at the chain end PRLactone. Beside the lactone forma-

tion also minor amounts of H-terminated polymer can be found in the sample. The

corresponding theoretical values compared with the experimental data are given in

Table 5.7.

Referring to Scheme 5.6 it can be noticed that the terminal functionality attached

to the pMMA polymer is a tertiary end-group due to the additional methyl group

within the monomer unit. Thus, before synthesizing the block copolymer, ROP pre-

experiments were conducted with a small molecule initiator possessing a tertiary hy-

droxyl function. tert-Butanol was employed to initiate ε-CL in the ROP process. The
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5. Block Copolymers Generated via a Switch from RAFT Polymerization to ROP

Figure 5.19. SEC/ESI MS recorded at variable reaction times, in the charge states z=1
(left) and z=4 (right). The reagents AIBN/THF and PPh3 were added sequentially at
t=0 and 20 min to the THF solution containing the dithiobenzoate terminated pMMA.
Full conversion was reached after 30 min. Adapted with permission from Gründling,
T., Dietrich, C. and Barner-Kowollik, C. Australian Journal of Chemistry, Copyright
(2009) CSIRO PUBLISHING. [275]
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Figure 5.20. a) Electrospray ionization mass spectrum of one repeat unit of the
dithiobenzoate end functional pMMA. b) A typical ESI-MS spectrum obtained after
the transformation of dithiobenzoate capped pMMA.
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Table 5.7. Theoretical and measured m/z ratios of the main species observed before
and after the transformation of dithiobenzoate capped pMMA.

[M + Na]+

Structure m/ztheo m/zexp ∆ m/z

ZR 744.28 744.33 0.05

PROH 708.35 708.33 0.02

PRLactone 776.38 776.41 0.03

PROH 808.35 808.33 0.02

SEC elugramms of the obtained polymers are depicted in Figure 5.21a. Decreasing

the initiator concentration leads to an increase in molar mass of the polymer. Fur-

ther SEC/ESI-MS measurements were conducted on the pCL with the lowest molar

masses. A zoom into one repeating unit with signals at charge states z = 1 is de-

picted in Figure 5.21b. The signals are assigned to pCL with 9 and 10 monomer units,

possessing a tert-butoxy moiety at the end of the chain (see Table 5.8). One addi-

tional small signal can be observed at m/z = 1223.41, which could not be assigned

to any possible polymer structure. However, beside this signal no further impurities

are observed. Consequently, the ring-opening polymerization with a tertiary hydroxyl

function is successfully realized and can further be applied for the formation of block

copolymers.
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Figure 5.21. a) SEC traces of several pCL homopolymers initiated with a tertiary
hydroxyl function and catalyzed with TBD. b) One repeat unit of pCL polymer recorded
via SEC/ESI-MS.

The chain extension of pMMA-OH was conducted under organo-catalysis via ring-

opening polymerization of ε-CL. The final polymer sample was measured with SEC

and compared to the initial material. In Figure 5.22, the SEC elugrams of the RAFT

pMMA, the hydroxyl terminated pMMA and the block copolymer sample pMMA-

b-pCL after 5 h and after 26 h reaction time together with the determined molar
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Table 5.8. Theoretical and measured m/z ratios of the main species of the pCL
initiated with tert-butanol.

[M + Na]+

Structure m/ztheo m/zexp ∆ m/z

P (n = 9) 1123.67 1123.67 0

P (n = 10) 1237.74 1237.75 0.01

masses are depicted. After 5 h the sample exhibits only a slight shift to higher molar

masses. After 26 h, however, a clear shift to lower retention volume is observed. No

overlap of the chromatogram of the macroinitiator and the one of the block copolymer

can be identified. Furthermore, no significant shoulder or signal is observed in the

molar mass range of the starting material. In general, the ROP employing TBD as

a catalyst is completed after 5 h. The longer reaction time is associated with the

application of a tertiary hydroxyl function as an initiator. The tertiary alcohol is less

reactive than the secondary hydroxyl function applied in the synthesis of the other

block copolymers presented earlier.
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Figure 5.22. SEC traces of block copolymers pMMA-b-pCL synthesized via chain
extension employing pMMA-OH as a macroinitiator and ε-CL as a monomer using TBD
as a catalyst. The individual molar masses and dispersities of the block copolymers are
provided within the figure.

The chain extension was investigated via 1H-NMR. The spectrum of the block

copolymer pMMA-b-pCL (Mn = 30300 g mol−1) is depicted in Figure 5.23. The

resonances can be assigned to the polymers pMMA and pCL. However, due to the

difference in chain length, the resonance intensities of pMMA are much lower than
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the signals of pCL. Integrating and comparing the signal of pCL i with one of the

resonances of pMMA d leads to a ratio of ε-CL: MA = 13.8 : 1. Calculating the

molar mass of the pCl by subtracting the molar mass of pMMA obtained via SEC

from the Mn of the block copolymer sample results in a molar mass of 28000 g mol−1.

Thus, the ratio between ε-CL and MMA is 10.6 : 1 calculated via SEC. The difference

between the SEC and the NMR data result probably due to the long reaction time,

in which side reactions occurred resulting in additional homopolymer pCL. Further,

as mentioned above, the SEC data obtained via conventional SEC are inaccurate and

should be treated with care. Two dimensional chromatography and other hyphenated
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Figure 5.23. 1H-NMR of the block copolymer pMMA-b-pCL (Mn = 30300 g mol−1)
synthesized via chain extension employing pMMA-OH as a macroinitiator and ε-CL as
a monomer using TBD as a catalyst.

techniques were not conducted in the case for the block copolymer sample pMMA-b-

pCL due to the high experimental effort.

5.3.4. Conclusions

The ring-opening polymerization of ε-CL with hydroxyl terminated poly(acrylate) as

well as poly(methacrylate) as macroinitiators – generated from RAFT polymers –

can be identified as a successful strategy to synthesize pA-b-pCL and pMMA-b-pCL

block copolymers. The SEC traces of the block copolymers are always shifted to

higher molar masses, when compared with the macroinitiator. Due to the nature of

poly(acrylate)s and poly(methacrylate)s transesterification reactions can occur dur-

ing the ROP process resulting in the observed broader polydispersity index. Beside

SEC, NMR spectroscopy was utilized to clearly identify that pCL was formed during
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5. Block Copolymers Generated via a Switch from RAFT Polymerization to ROP

the chain extension. The obtained ratios and molar masses of the block fractions

via NMR vary slightly from the ones resulting from SEC measurements. Reasons

for the variation are of analytical nature, since no Mark Houwink parameters of the

block copolymers exist for an accurate calibration curve for SEC, or the circumstance

that homopolymer structures which can occur due to side reactions, cannot be distin-

guished from block copolymer structures in NMR spectra. Attempts to characterize

pA-b-pCL’s with LCCC resulted in no further detailed information. With LCCC of

pMA no significant separation between block copolymer and homopolymer pMA was

observed. Thus, in-depth characterization via two dimensional chromatography has

not been carried out for the pA-b-pCL block copolymers.

110



5.4. Poly(styrene)-block-poly(lactide)

5.4. Poly(styrene)-block-poly(lactide)1

5.4.1. Introduction to pS-b-pLA Block Copolymers

Poly(lactide) (pLA) is a biodegradable and biocompatible, thermoplastic aliphatic

polyester derived from renewable resources. Due to these remarkable features, poly(lac-

tide) is one of the most studied polymers for biomedical applications (e.g., drug

delivery devices or tissue engineering applications) but also as an alternative for

petroleum based materials. [125,320–323] However, depending on the targeted applica-

tions, poly(lactide)s homopolymer can be rather brittle and are – on their own –

ill-equipped to serve as processable materials. [324,325] To improve their mechanical

properties, strategies have focused on the synthesis of pLA-based block copolymers.

Among the various potential architectures (e.g., block star, grafted or copolymers),

diblock copolymers have been particularly intensively studied. More specifically, di-

block copolymers with a degradable block of pLA synthesized via ring-opening poly-

merization (ROP) and a second block prepared via living/controlled radical polymer-

ization (CRP) methods are an attractive option. The main CRP techniques, namely

NMP, [23] ATRP [34,326], and the RAFT [26,286,287,327] processes allow the preparation of

well-defined polymers in terms of both molar mass and architecture in a convenient

manner. Among these methods, the RAFT process is probably the most versatile due

to the large range of (functional) monomers that can be polymerized. [290]

This section details the efforts in preparing diblock copolymers based on pLA and

a synthetic polymer (pS), where the two blocks are linked by a covalent sulfur bond.

The key idea is to transform the dithioester/trithiocarbonate end-group into a thiol

function by aminolysis and to subsequently use it as the initiator of the ROP of lactide.

Thus, the efforts to employ RAFT polymers for subsequent ROP concentrate on both

a P-SH (described herein) and a P-OH initiation system (described above). The use of

a thiol function as initiator of ROP has not received detailed attention in the literature.

Interestingly, the octadecylmercaptan has been briefly studied for the ROP of lactide

with a thiourea organocatalyst. [146] These authors obtained 80% conversion in 20 h

with a Mn value of 7800 g mol−1 and a PDI value of 1.06. More recently, Robin

and colleagues [328] employed a thiol-terminated macroinitiator obtained via RAFT

polymerization to initiate the ROP of N -carboxyanhydride (NCA) for the generation

of diblock copolymers based on peptides. It is worth noting that NCAs are usually

initiated by an amino-terminated polymer chain, different to the case of lactides.

1 The analysis described in this section was carried out to a large extend at the UMR 6264 Lab-
oratoire Chimie Provence, Université de Provence, in France by the collaboration partner C.
Lefay.
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pLAs have thus never been synthesized by a ROP process initiated by a thiol-ended

polymer chain derived from a terminal trithiocarbonate.

In the current chapter, a model study employing styrylmercaptan as initiator for

the ROP of lactides to prove the ability of thiols to ring open the lactide in the

presence of 4,4-dimethylaminopyridine as organocatalyst is initially conducted before

the synthesis of several pS-b-pLA copolymers with various pS/pLA length ratios is

presented. The entire synthetic strategy is depicted in Scheme 5.7. To characterize

the prepared block copolymers, advanced characterization methods, such as liquid

chromatography at critical conditions, have been employed to evaluate the purity of

the diblock copolymers and to assess the proportion of residual homopolymers (pLA

and/or pS).

Scheme 5.7 Synthetic strategy employed in the present contribution for the synthesis
of pS-b-pLA diblock copolymers.

5.4.2. Synthesis

Polymerization of Styrene via the RAFT Process with the DBTC as Control Agent

The polymerizations were performed in bulk for 1 h at 80 ◦C under argon, with a molar

ratio DBTC/AIBN of 10 : 1 as reported before (see Chapter 5). [329] The poly(styrene)-

DBTC was recovered by precipitation in cold methanol and subsequently dried under

vacuum.

Aminolysis of the Trithiocarbonate Capped Poly(styrene)s

A solution of pS-RAFT (2 · 10−2 mol L−1) was prepared in THF and degassed via

percolating the solution with argon for 10 min. After the addition of 15 mol equivalents

112



5.4. Poly(styrene)-block-poly(lactide)

of ethylenediamine, the solution was storred under argon and in the dark for one night.

PS-SH was recovered by precipitation in cold methanol and subsequently dried under

vacuum.

Ring-Opening Polymerization (ROP) of D,L-LA Initiated by Styrylmercaptan (SM)

In a typical recipe with the styrylmercaptan as initiator targeting a DPn (pLA) of 122,

the initiator (1.7 · 10−4 mol) in solution (5 mL) of toluene was degassed separately

from the DMAP (0.08 g, 4 mol equivalents relative to the initiator) and LA (3 g,

0.02 mol) which were dried under vacuum at 40 ◦C. After 1 h of degassing by argon

percolation, the initiator solution was added via a canula to the monomer. After 24 h

of polymerization time, the pLA was isolated by precipitation in cold methanol and

dried under vacuum.

Ring-Opening Polymerization (ROP) of D,L-LA Initiated via a Macromercaptan Based

on Poly(styrene) (pS-SH)

The polymerizations were carried out in freshly distilled toluene at 100 ◦C under argon

and the ROP of LA was performed according to the following method. In the case

of an initial pS-SH of 1900 g mol−1 and targeting a DPn (pLA) of 120, pS-SH (0.2 g,

1 · 10−4 mol), DMAP (0.103 g, 8 mol equivalents relative to pS-SH), and LA (1.85 g,

[LA]0/[pS−SH]0 = 120 ) were dried at 40 ◦C under vacuum for 1 h. 2 mL of toluene

were subsequently added under argon and the temperature was increased to 100 ◦C.

In the case of the same initial pS-SH (1900 g mol−1) and targeting a DPn (pLA) of

200, the synthesis method was similar yet employing 0.122 g of pS-SH (6 · 10−5 mol),

0.063 g of DMAP (5 · 10−4 mol), 1.85 g of LA ([LA]0/[pS−SH]0 = 200 ) and 2 mL of

toluene. After 24 h or 48 h polymerization under argon and stirring, depending on the

targeted DPn(pLA), respectively 120 or 200, the pS-b-pLA diblock copolymers were

recovered by precipitation in cold methanol. The reaction time was increased from

24 h to 48 h as the reaction rate is generally reduced when increasing the targeted

DPn from 120 to 200. The copolymers were subsequently dried under vacuum and

analyzed as described below. A collation of the SEC analysis results of the pS-b-pLA

copolymers can be found in Table 5.9.

Ring-Opening polymerization (ROP) of D,L-LA Initiated by Methanol or Water

The polymerizations were carried out in freshly distilled toluene at 100 ◦C under argon.

In the case of employing methanol or water as initiators (liquid initiators), the ROP

of LA was performed according to the following method. Targeting a DPn (pLA)

of 122, DMAP (0.103 g, 8 mol equivalents relative to initiators), and LA (1.85 g,

[LA]0/[I]0 = 122) were dried at 40 ◦C under vacuum for 1 h. 2 mL of toluene with
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methanol (0.005 g, 1 · 10−4 mol) or water (0.003 g, 1 · 10−4 mol) were subsequently

added under argon and the temperature was increased to 100 ◦C. After 24 h of

polymerization time under argon and stirring, the pLA polymers were recovered by

precipitation in cold methanol. The polymers were subsequently dried under vacuum

and analyzed as described below. The Mn (SEC) in pS equivalents and PDI values of

pLA initiated by methanol and water, respectively, read 17700 g mol−1 (PDI = 1.46)

and 27200 g mol−1 (PDI = 1.39).

5.4.3. Results and Discussion

Before exploring the block copolymer formation initiated by macromercaptans derived

from RAFT made polymers, we investigated if thiol functionalized molecules are ca-

pable of efficiently initiating the ROP of lactides. Styrylmercaptan (SM) was chosen

to mimic the behaviour of a thiol end capped poly(styrene) chain and further used

to establish the proper experimental conditions for an efficient ROP of lactide. The

ROPs of LA have been performed in distilled toluene at 100 ◦C for 24 h, targeting a

degree of polymerization of 120. In the present section, the number average degree

of polymerization always relates to the number of lactide units (M = 144 g mol−1)

within a polymer structure.

When analyzing the results of the styrylmercaptan initiated ROP of LA, a relatively

monomodal molar mass distribution was obtained when using 4 mol equivalents of

DMAP relative to the styrylmercaptan. The high conversion of 96 % obtained in 24 h

(determined via 1H NMR, see experimental section) provided an Mn of 15500 g mol−1

(PDI = 1.25 (RI trace)) determined via SEC (relative to pS equivalents). On the

basis of the result from this above model study, the synthesis of a pS-b-pLA diblock

copolymer, i.e., on the basis of a macromercaptan, was addressed in a subsequent

step.

After demonstrating the ability of styrylmercaptan to inititate the ROP of LA,

several pS-b-pLA diblock copolymers with various pS/pLA length ratios were synthe-

sized. For this purpose, three poly(styrene)s with variable molar mass were prepared

by RAFT polymerization employing DBTC as control agent. After aminolysis (see

Scheme 5.7 and Figure 5.24), the obtained poly(styrene)s (here termed pS 1900, pS

3600 and pS 6100) presented a Mn of 1900, 3600 and 6100 g mol−1, respectively, and

PDI values between 1.14 and 1.23. Due to the symmetric nature of the RAFT agent,

the thiocarbonyl thio moiety is in a mid-chain position. Thus, after aminolysis, the

molar mass of the resulting thiol-terminal entities should be approximately half of

that of the RAFT material. Figure 5.24 clearly indicates the net shift toward lower

molar masses of the RI/SEC trace after aminolysis attesting the effective reduction

of the RAFT agent and the formation of pS-SH chains (see Table 5.9 for the number-
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average molar masses of the thiocarbonyl thio polymers as well as the resulting thiol

terminal entities). It is worth noticing that concerning the smaller pS, the Mn values

before and after aminolysis are quite similar because the samples are very close to

the lower pS standard used for the calibration curve (Mn = 1180 g mol−1) and an

increased error in molar mass cannot be excluded.

Figure 5.24. Typical RI/SEC traces of the variable molar mass RAFT precursor
poly(styrene) chains before (bold line) and after (dotted line) aminolysis into the thi-
olmercaptan macroinitiators pS-SH 3600 (Mn = 3600 g mol−1) and pS-SH 6100 (Mn =
6100 g mol−1).

As already reported in the literature, macrothiol compounds are very sensitive to

oxygen and temperature and may be readily oxidized to disulfur compounds. [9,62] In

the present case, the presence of such subsequent side reactions implies that generated

pS-SH must be immediately employed after aminolysis. If stored for a few days before

use – even at 5 ◦C and under argon – the SEC analysis revealed bimodal molar mass

distributions, caused by chain coupling via the formation of S-S bonds. For each of

the three pS-SH, two lengths of pLA were targeted, i.e., a DPn of 120 or 200. The Mn,

PDI and LA conversion values obtained for the six block copolymers are summarized

in Table 5.9. Inspection of Table 5.9 clearly indicates that an efficient chain extension

took place in all cases. To illustrate that the systems respond effectively to a change

in the poly(lactide) block lengths, the parameter Γ is introduced. It gives the ratio of

the expected block length increase ratio and the found block length increase ratio (for

a mathematical formula refer to the bottom of Table 5.9). Ideally, Γ should be unity,
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as in this case the expected increase in length of the poly(lactide) block conforms with

the experimentally found increase in its length. It is pleasing to note that all values for

Γ are – independent of the length of the initial poly(styrene) thiol – reasonably close

to one, between 1.05 and 1.35, with no dependence on the number-average molar mass

of the macromercaptane. Such a result is especially acceptable if one notes that the

provided number-average molar masses are based on a poly(styrene) SEC calibration.

It can thus be concluded that indeed block copolymers are generated via macrothiol

initiation, however, a more through analysis is required and will be presented below.

Table 5.9. Mn, PDI, block length increase ratio and LA conversion values relating to
the synthesis of pS-b-pLA diblock copolymers based on pS-SH precursors derived from
trithiocarbonate capped macromolecules.

Sample Mn (pS RAFT)a Mn (pS-SH)b DPn (pLA)c Mn PDI Γ d Conv.e

/ g mol–1 / g mol–1 targeted / g mol–1 (LA)

blank – none – 17,000 1.62 – 0.94

(pS-b-pLA)1 2100 1900 120 15,000 1.60 0.98

(pS-b-pLA)2 2100 1900 200 24,900 1.20 0.95 0.95

(pS-b-pLA)3 5300 3600 120 16,100 1.46 0.98

(pS-b-pLA)4 5300 3600 200 19,000 1.38 1.35 0.96

(pS-b-pLA)5 9500 6100 120 13,300 1.43 0.95

(pS-b-pLA)6 9500 6100 200 16,800 1.46 1.12 0.96

a Mn by RI/SEC are given in pS equivalents.
b Same as a.
c Targeted DPn at 100 % conversion.
d Γ = ((Mn(pS-b-pLA(120)) − Mn(pS-SH))/(Mn(pS-textitb-pLA(200)) − Mn(pS-SH))/(120/200).

Note that Γ should (in the ideal case) be unity.
e Conversion of lactide measured by 1H NMR.

The aim of the current chapter is first to initiate pLA chains from a thiol termi-

nal polymeric macroinitiator and secondly to prove the formation of these diblock

copolymers. One of the major difficulties when synthesizing diblock copolymers is to

be certain to produce the desired block copolymer structure and not two homopoly-

mers. In the current study, the results of conventional SEC equipped with refractive

index (RI) and UV detection as well as liquid chromatography under critical condi-

tions at pS and pLA critical conditions were employed to assess the presence of diblock

copolymer chain. These techniques can be used to estimate the proportion of diblock

versus potentially remaining homopolymers chains. Specifically, LCCC is based on

the controlled coupling of entropic and enthalpic retention mechanisms. Under crit-

ical conditions, the entropic and enthalpic effects compensate and macromolecules

with different molar masses elute at the same elution time/volume. In the present

chapter, LCCC under variable solvent conditions is employed, i.e., as a single eluent
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system (used in-here for LCCC at pS CC) and in mixed solvents (used in-here for

the LCCC at pLA CC). Recently the former technique was successfully employed to

determine the end functionality of pS chains [330] as well as to separate pS from pS-

b-pMMA chains, [331] the single eluent LCCC method is nevertheless less developed

than the mixed solvents one. It is indeed usually difficult to find a single solvent,

which at a temperature below its boiling point, will play the role of both adsorli and

desorli for a given (co)polymer. Yet, contrary to the mixed solvent method whose

mobile phase composition evolves with the preferential evaporation of one of the mix-

ture component, the single eluent technique allows for a better reproducibility of the

results. [332]

The first assessment of the structure of the generated polymeric material is carried

out via conventional SEC equipped with RI and UV detectors. Figure 5.25 indicates

that irrespective of the copolymer composition (refer to Table 5.9 for the employed

notation), the RI and UV (λ =254 nm) detector SEC traces overlap to a high degree,

providing a strong indication that almost all the pLA chains were initiated by the

pS-SH macroinititator. (Note that a certain degree of disparity between RI and UV

Figure 5.25. RI (bold line) and UV ( λ = 254 nm) (dotted line) SEC traces of several
poly(styrene)-block-poly(lactide) copolymers and their corresponding pS macroinitiator
(see Table 5.9 for the number-average molar masses of the analyzed polymers).

trace is to be expected - even in relatively narrow polydispersity samples - due to the

disparity in Mw and Mn (see above for a more detailed discussion)). In addition, the

LCCC analysis at poly(styrene) critical conditions proves that almost all the pS-SH

macroinitiators chains have been consumed and transformed into a new polymeric

entitiy (most probably the desired pS-b-pLA chains) (see Figure 5.26), indicated by

a clear shift of the polymer peak to lower retention volume compared to the pS-

SH peak. The presence of some pS homopolymer chains observed at close to 450 s

retention time can be explained either by pS-SH chains that did not initiate the

ROP of LA (i.e., not 100 % initiation efficiency) or - more likely - by dead (i.e.,

not thiocarbonyl thio group terminal) pS chains produced during the RAFT process.
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It is worth noting that the single eluent method, even though relatively facile to

apply in the current case, does not allow for the separation of the various pS-b-pLA

diblock copolymers according to their (pLA) block length as all the copolymers elute

at the same time (and identical to the pLA homopolymer). The difference to the pLA

homopolymer trace (black elugram, see Figure 5.25) is the broadening of the block

copolymer traces to higher elution volumes - a phenomenon that has been previously

observed in poly(styrene)-b-poly(ε-caprolactone) copolymers. According to Chang

and colleagues, [333] the elution mode is influenced by the solvent strength for the

’visible’ block and can vary from the exclusion to the interaction mode. The very low

shift of the copolymer traces with their pLA length are thus probably originating from

the solvent strength. Nevertheless, as already mentioned, the aim of this chapter is

above all to prove the presence of diblock copolymers.

Figure 5.26. LC at CC of pS (single solvent method employing DMF) of an initial
pS-SH (Mn = 3600 g mol−1), a model pLA (Mn = 13300 g mol−1) and several pS-b-pLA
diblock copolymers (see Table 5.9).

While the analysis under critical conditions of pS give an indication that a transfor-

mation has taken place, an analysis via LC at CC of pLA (see Figure 5.27) confirms

the conclusion obtained via dual detector SEC and LC at CC of pS, namely the

synthesis of pS-b-pLA diblock copolymer chains (peaks around 600 s retention time

in blue, red and purple, corresponding to the block copolymer pS-b-pLA 1, 3 and 5

and shifting to lower retention times with decreasing amounts of pLA present in the

block copolymer). As one may expect, pLA homopolymer chains are formed in very

low amounts (small peaks close to 700 s retention time) due to impurities present in

the media (reagents, solvents) that initiate the LA ROP in parallel to pS-SH. The
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formation of free pLA homopolymer chains is indeed very difficult to avoid, as a test

performed without any initiator (Table 5.9, blank) proved that after 24 h at 100 ◦C in

toluene and in the presence of 1 · 10−3 mol of DMAP and 1.4 · 10−2 mol of LA, pLA

chains of 17000 g mol−1 (pS equivalents) were formed for an LA conversion of 94 %.

Nevertheless, it is important to note here that the amount of free pLA homopolymer

chains is relatively low compared to free pS homopolymer chains.

Figure 5.27. LC at CC of pLA of an initial pS-SH (3600 g mol−1), various pLA initi-
ated by water (HO-pLA-OH), methanol (MeO-pLA-OH) or by impurities of DMAP
(blank) and several pS-b-pLA diblock copolymers (see Table 5.9) with increasing
amounts of pS going from (pS-b-pLA)1 to 5. Note that with decreasing amounts of
pLA in the block copolymer, the block copolymer peak shifts to lower retention times,
attesting the variation in the block length ratio. The critical solvent mixture was acetone
(62.7 wt%) and n-hexane (37.3 wt%).

In addition, it is worth noting that LCCC at pLA critical conditions allows for the

separation of pLA inititated by methanol and water. As inspection of Figure 5.27

reveals, it seems that the major impurity of DMAP initiating the ROP of LA is water

as the peaks corresponding of the blank experiment (without additional initiator) and

the experiment with water as initiator overlap (peaks at close to 700 seconds retention

time). The main issue when working with DMAP to avoid parasite initiation is thus

to very carefully dry the catalyst before use. As observed in Figure 5.27 in the case of

(pS-b-pLA)3, HO-pLA-OH, MeO-pLA-OH, and the blank experiment, an additional

peak is observed after 800 s retention time. As already observed by Macko et al. [332]

and Srbek et al. [334] when using mixed mobile phases, these additional peaks are most

likely due to a preferential solvation of dissolved macromolecules or a preferentional
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adsorption of mobile phase components on the column surface. These peaks that are

known to appear/disappear and move on the chromatograms and are thus inherent to

the chromatographic system, coming from specific interactions between the stationary

and mobile phases. Consequently, they were not taken into account when analyzing

the pS-b-pLA and the pLA (co)polymer samples.

In conclusion, dual SEC, LCCC at both pS and pLA critical conditions provide

substantial evidence for the presence of pS-b-pLA diblock copolymers chains. Nev-

ertheless, it seems that the presence of residual free pS and/or pLA homopolymer

chains are intrinsic to the polymerization system as pS homopolymer chains are cer-

tainly caused by thiocarbonyl thio non-functional material formed during the RAFT

process and pLA homopolymer chains may eventuate from parasite initiation from

media impurities. Even though the proportion of residual homoplymer chains can-

not be quantified, the LCCC analysis and the comparison of the peak areas of homo

and copolymer chains clearly indicate that homopolymer chains are in a net smaller

quantity than diblock copolymer chains.

5.4.4. Conclusions

The preparation of block copolymers featuring a degradable poly(lactide) and a non-

degradable poly(styrene) strand is possible via the use of macrothiols prepared from

thiocarbonyl thio capped precursors prepared via the RAFT process, employing the

thiol termini as macroinitiators in a ring-opening polymerization. The analyses of

the polymeric material via multiple detector SEC and liquid chromatography under

critical conditions evidences the formation of the desired block copolymer structures

alongside residual macrothiol and homopoly(lactide) in minor quantities. The cur-

rent section has demonstrated that it is indeed possible to employ RAFT derived

macrothiols as initiating species in the organo-catalzyed ROP of lactides, thus pro-

viding an alternative platform for the generation of block copolymers with degradable

and non-degradable strands.
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6
In-Depth LCCC-(GELC)-SEC

Characterization of ABA (star) Block

Copolymers

6.1. Introduction Including a Theoretical Background to Star

RAFT Polymers

In Chapter 4, a facile method to alter the end-group functionality of RAFT generated

polymers to obtain hydroxyl terminal macromolecules was reported. The method

was applied to variable polymers and a variety of macroRAFT agents. [274–276] The

advantage of the above strategy is the generation of sulfur-free narrowly dispersed

polymers that are equipped with a versatile synthetic handle. In the preceding Chap-

ter 5, it was successfully demonstrated that the OH functional polymer can subse-

quently be employed as a macro-initiator for ROP. For the synthetic approach of the

current chapter, the above-named end-group conversion is applied to obtain more

complex and demanding polymer architectures such as ABA block copolymers and

star block copolymers. Such an approach is possible by employing multi-functional

RAFT agents for the preparation of ω-functional entities which can be transformed

into multi-functional terminal alcohols.

For the formation of star polymers via the RAFT process two approaches can gen-
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Scheme 6.1 The core first technique for the synthesis of RAFT star polymers is sub-
divided in the Z- and the R-group approach. The possible termination reactions for the
R- and the Z-group approach are included in the scheme.

erally be applied, i.e., the Z- and the R-group approach (see Scheme 6.1). For the

Z-group approach the thiocarbonyl thio groups are connected to the core via the Z-

group, while in the R-group approach the thio entity is connected to the core via the

R-group. By virtue of the RAFT process the propagating radicals are located either in

the solution around the star core on the growing polymer chains (Z-group approach)

or the radical is located at the core itself during the polymerization (R-approach). In

Scheme 6.1, the possible termination reactions of the Z- and R-group approach are

additionally depicted. When utilizing the R-group approach, three possible termina-

tion reactions can occur due to the RAFT process, i.e., star-star coupling, star-chain

coupling and the coupling of two propagating chains. Since no radical is located at

the core during the polymerization utilizing the Z-approach, no star coupling occurs.
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A higher control over the polymerization is obtained via the Z-group approach since

less termination reactions take place.

Consequently, the Z-group approach is preferred to the R-approach in many cases.

However, with the Z-approach the thiocarbonyl thio groups of the synthesized star

polymers are directly attached to the core and not on the chain end. [335] Transforming

the thiocarbonyl thio groups into hydroxyl functions of star polymers synthesized via

the Z-approach would lead to a destruction of the star (and to linear chains) and not

to the desired star macro-initiators. Utilizing the R-approach for the star polymeriza-

tion, the final product possesses thiocarbonyl end-groups at the chain end. Thus, the

R-approach is utilized for the RAFT polymerization in the current study. By trans-

formation of the dithioester groups, multifunctional polymers with OH groups at the

chain end are obtained. The ω-hydroxylated star polymers were subsequently em-

ployed as macro-initiators for the ring-opening polymerization of ε-caprolactone cat-

alyzed by (1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)) (see also Scheme 5.1 in Chapter

5).

The resulting copolymers are characterized via spectroscopic, spectrometric and

chromatographic methods. In general, block copolymers and higher architectures are

analyzed via SEC, 1H-NMR and – if appropriate – with mass spectrometry. [17–19]

Via SEC, the average molar masses and the polydispersity are determined but no

composition (chemical) information may be obtained when classical RI detection is

employed. NMR spectroscopy yields information on the chemical composition and

functional groups, however, topological information of the generated macromolecules

is difficult to ascertain. Mass spectrometry is problematic for samples with broad or

multiple distributions and high molar masses.

Thus, it is aimed here at employing hyphenated chromatographic techniques to

elucidate the polymer structure, specifically aiming at identifying conditions under

which poly(ε-caprolactone) (pCL) can be separated from true (star) block copolymer

structures. A powerful method - liquid chromatography under critical conditions

(LCCC) - features the ability to separate homopolymers from block copolymers. For

a detailed description of chromatographic method the reader is referred to Chapter

2.5.3.

In the previous Chapter 5, the critical conditions of poly(styrene) (pS) have been

applied on a LC system to separate poly(styrene) homopolymer from the AB block

copolymers of the type poly(styrene)-b-poly(ε-caprolactone). The previously reported

method will also be used in the current chapter to investigate ABA (star) block

copolymers.

Additionally, a new method is introduced to separate (potential) residual poly(ε-

caprolactone) (pCL) homopolymer from the generated block copolymer structures.

The liquid adsorption chromatography is performed under critical conditions of poly(ε-
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6. In-Depth LCCC-(GELC)-SEC Characterization of ABA (star) Block Copolymers

caprolactone). However, under the critical conditions of pCL the interactions between

the stationary phase and the ABA (star) block copolymers are strong and thus the

retention is too high, leading to permanent adsorption of the polymers on the col-

umn. [336] Thus, the CC of pCL are combined with a solvent gradient, leading to a

LCCC-gradient elution liquid chromatography (GELC) system. Via such an approach

the separation of pCL homopolymer, block copolymers, and even the separation of

pS homopolymer is feasible, as will be described below.

It is alternatively possible to hyphenate HPLC with further characterization sys-

tems such as ESI mass spectrometry. [241] In the current study fractions eluting off

an HPLC system are collected and characterized with IR spectroscopy. Additional

structural information is provided by MALDI-TOF mass spectrometry. For this pur-

pose, a newly designed electrospray deposition interface was used to fractionate and

deposit samples onto MALDI targets. In summary, in the current chapter the ex-

tensive characterization of ABA (star) sulfur-free block copolymers synthesized via

the RAFT/ROP technique (refer to Chapter 5), utilizing advanced multidimensional

characterization techniques is reported (see Scheme 6.2).
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Scheme 6.2 Synthetic concept to obtain ABA (star) block copolymers via RAFT/ROP
and a summary of the utilized characterization techniques. Note that the depicted four
armed star block copolymer represents the target structure only (for details see text).

6.2. Synthesis

Synthesis of 1,4-Dis(phenylthioacetylthiomethyl)benzene (2-armed RAFT Agent) 2

To a Grignard solution of 1.94 g magnesium metal (0.08 mol) in 10 mL of diethylether,

9.21 mL benzylchloride (0.07 mol) in 30 mL diethylether were added slowly under a

nitrogen gas stream. After refluxing the solution for 1 h, the reaction mixture was

cooled with ice. The subsequent addition of 4.82 mL carbondisulfide (0.05 mol) in 20

mL diethylether was performed at 0 ℃ and the reaction mixture was stirred for an

additional hour. The mixture was poured into ice-cold water, the aqueous phase was

washed two times with diethylether and acidified with HCl. The compound was ex-
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tracted with diethylether and the solvent was removed under reduced pressure. 1.00 g

potassium hydroxide was dissolved in 1 mL of water and mixed with the obtained com-

pound. After drying the mixture under reduced pressure, it was dissolved in 20 mL

of dry tetrahydrofuran and 2.15 g of α,α’-dibromo-p-xylene were added. The reaction

mixture was refluxed for 1 h. Subsequently, water was added and the product was ex-

tracted twice with toluene. The product 1,4-dis(phenylthioacetylthiomethyl)benzene

was obtained after evaporating the solvent and recrystallization from ethanol / chlo-

roform (1/1). 1H−NMR (250 MHz, CDCl3): δ / ppm = 4.25 (s, 4H, CH2−S), 4.3 (s,

4H, CH2−CS), 7.15 (s, 4H, Ar-H), 7.15-7.30 (m, 10H, Ar-H).

2- and 4-armed Thiocarbonyl Thio Terminal Poly(styrene)s 3, 4

A solution of RAFT agent (1, 2) and 2,2’-azobis(isobutyronitrile) in 100 mL styrene

was freed from oxygen by purging with nitrogen for 20 min. The solution was heated

to 60 ℃ for 180 min. The reaction was stopped by cooling with liquid nitrogen and the

polymer was precipitated in cold methanol. The average molar mass and the polydis-

persity were determined via SEC and the corresponding ESI mass spectra combined

with the corresponding isotopic pattern simulation can be found in Figure 6.1). The

amount of the reagents and the resulting average molar masses of the poly(styrene)

samples are collated in Table 6.1.

Table 6.1. Reaction conditions of the polymerization with 2-armed linear and 4-
armed star RAFT agents 1 and 2. c0

RAFT and c0
AIBN are the initial concentrations of

the RAFT agent and AIBN, respectively. The molecular structures associated with the
listed compounds can be found in Scheme 6.3.

Structure RAFT agent c0
RAFT c0

AIBN Mn PDI

/ mmol L-1 / mmol L-1 / g mol-1

3 1 (2-armed) 10.4 0.06 3 400 1.3

4 2 (4-armed) 5.3 0.15 4 200 1.1

End-group Switching (Synthesis of Species 5, 6)

A solution of 2,2’-azobis(isobutyronitrile) (50 mmol L−1) in THF was heated to 60 ℃

for 120 min under ambient air. 500 mg RAFT-polymer (3, 4) (10 g mmol−1 based

on its Mn) were dissolved in the pre-treated THF/AIBN solution. The solution was

heated subsequently to 60 ℃ under vigorous stirring. After 40 min, the temperature

was reduced to 40 ℃ and 3 equiv. triphenylphosphine are added. After 20 min the

solution was concentrated under reduced pressure with subsequent precipitation of

the polymer in cold methanol. The resulting average molar masses and the PDI s are

collated in Table 6.2. The SEC traces and a typical MALDI-TOF spectrum of 5 can
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be found in Figure 6.2.

Table 6.2. Number-average molar mass, Mn, and polydispersity indices, PDI s, of the
poly(styrene) samples after transformation of the end-group. The molecular structures
associated with the listed compounds can be found in Scheme 6.3.

Structure RAFT polymer Mn PDI

/ g mol-1

5 3 (2-armed) 3 900 1.2

6 4 (4-armed) 4 400 1.1

Ring-Opening Polymerization (Synthesis of Species 7,8)

The ring-opening polymerization was performed in an inert gas atmosphere (argon)

inside a glove box to rigorously exclude water from the reaction system. ε-CL was

added to a solution of TBD and the poly(styrene) macro-initiator in 2 mL of toluene.

The solution was stirred for 5 h and subsequently quenched by addition of benzoic acid.

The polymer was precipitated in cold methanol. The concentrations of the reacting

agents and the resulting average molar masses of the block copolymer samples are

collated in Table 6.3.

Table 6.3. Reaction conditions and number-average molar mass, Mn, of the ring-
opening polymerizations to generate ABA (star) poly(styrene)-block-(ε-caprolactone)
polymers. The molecular structures associated with the listed compounds can be found
in Scheme 6.3.

Structure nε-CL nTBD npS Mn PDI

/ mmol / µmol / µmol / g mol-1

7a 1.05 5.75 7.7 12 500 1.5

7b 2.63 5.75 12.8 33 000 1.3

7c 1.40 3.59 6.10 32 000 1.2

8 2.63 7.10 11.4 36 000 1.4

Ring-Opening Polymerization (PCL homopolymer for Determination of CC of pCL)

The ring-opening polymerization was performed in an inert gas atmosphere (argon)

inside a glove box to rigorously exclude water from the reaction system. ε-CL was

added to a solution of TBD and 2-butanol in 2 mL of toluene. The solution was stirred

for 5 h and subsequently quenched via the addition of benzoic acid. The polymer was

precipitated in a cold mixture of hexane : diethyl ether (1:1). The average molar mass

was determined by SEC after precipitation. The amount of the reacting agent and the

resulting molar mass of the poly(ε-caprolactone) samples are collated in Table 6.4.
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Table 6.4. Reaction conditions and number-average molar mass, Mn, of the ring-
opening polymerizations to generate poly(ε-caprolactone) homopolymer for the identi-
fication of critical conditions.

nε-CL nTBD n2-butanol Mn PDI

/ mmol / µmol / µmol / g mol-1

2.00 30.0 120 2 900 1.4

2.00 15.0 60 6 100 1.1

4.00 5.00 20 25 000 1.2

6.3. Results and Discussion

In the current chapter – as detailed in the introduction – the mechanistic switch

from RAFT to ROP via a modification of the thiocarbonyl thio group to an OH end

functionality is applied for the generation of ABA linear and star block copolymers

(i.e, by using 2-arm and 4-arm thiocarbonyl thio precursors) followed and intertwined

with their in depth characterization (see Scheme 6.2).
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Scheme 6.3 Overview of the target structures prepared in the current contribution. a)
shows the linear and b) star structures.

In the initial step, styrene is polymerized utilizing the RAFT agents illustrated in

Scheme 6.3. The thiocarbonyl thio groups are attached to the core via the R-group

of the chain transfer molecule and the Z-group is located at the periphery, which is

necessary for the subsequent end-group modification. The challenge of the reaction is

to obtain polymer with a low PDI and high end-group fidelity, which can be hampered
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6.3. Results and Discussion

by the side reactions occurring in an R-group approach polymerization, i.e., star-star

and chain-star coupling. However, side reactions can be reduced by minimizing the

radical supply to the system, thus decreasing biradical termination and linear chain

contamination. [1,267,335] For the characterization, SEC traces and ESI mass spectra

of the linear and 4-arm star RAFT polymers were recorded (refer to Table 6.1 and

to Figure 6.1). The obtained ESI mass spectra were compared with the simulated

isotopic patterns confirming the end-group functionality and the purity of the RAFT

polymers.
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Figure 6.1. SEC/ESI-MS of RAFT polymers of styrene with a 2-arm (a) and a 4-arm
(b) RAFT agent (non-rate retardant, R-approach) and the according simulations with 9
and 12 repeat units respectively. The spectra were measured via SEC/ESI-MS and only
the range of single charged species is displayed in the figures. The counter ion in the
main distribution is sodium. In the left hand spectra, a second less intense distribution
with potassium as counter ion can be identified.

In the following step, the dithioester end-groups are converted to OH functionalities

as shown in Scheme 6.2. Depending on the macroRAFT agent used, poly(styrene)s

with two or more hydroxyl end-groups are obtained. For the details of the em-

ployed transformation mechanism the reader is referred to Chapter 4 and the ref-

erences [274–276]. The end-group conversion from the thiocarbonyl thio end-groups to

hydroxyl groups can by assessed via MALDI mass spectra and SEC traces of the con-

verted polymers. A typical MALDI-TOF mass spectrum of a dihydroxyl functional

RAFT polymer is shown in Figure 6.2b, alongside a comparison of the theoretical and

experimental isotopic pattern distributions. The four-armed star converted RAFT

polymer was unfortunately unable to be imaged with reliable ionization via MALDI-

TOF spectrometry. Thus, the number of obtained OH groups can only be indirectly

accessed via the ROP process and the subsequent analysis (see below).

The OH converted poly(styrene) materials were employed as macro-initiators for the

ROP of ε-caprolactone utilizing 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD). Depending

on the initial poly(styrene) either linear ABA or star-shaped block copolymers are

obtained. The reaction conditions are collated in Table 6.3. The SEC traces of
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Figure 6.2. a) SEC traces of poly(styrene) possessing two OH end-group functions
in comparison with the initial RAFT polymer and b) MALDI-TOF mass spectrum of
OH-pS-OH and the corresponding isotopic pattern simulation (inset).

obtained block copolymers are depicted in Figure 6.3 and the associated average

molar mass and polydispersity indices (PDIs) are given in Table 6.5.

Table 6.5. Collation of the number-average molar mass, Mn, and the PDI of the pre-
cursor polymers 5 and 6, as well as of the ROP generated ABA (star) block copolymers
7a,b and 8.

Structure Polymer Mn PDI

/ g mol−1

5 OH-pS-OH 3 900 1.2

6 star pS-OH 4 400 1.1

7a pCL-b-pS-b-pCL 12 500 1.5

7a pCL-b-pS-b-pCL 33 000 1.3

8 star pS-b-pCL 36 000 1.4

Inspection of Figure 6.3a demonstrates that the linear ABA block copolymers 7a

and 7b exhibit different molar masses, which is achieved by varying the monomer

to macro-initiator ratio. Halving the macro-initiator concentrations of 7a leads to a

doubling of the number-average molar mass. To confirm the obtained results, the pro-

cedure leading to 7b has been repeated (sample 7c) and the corresponding data are

depicted in Figure A.1 in the Appendix. The shift of the chromatograms towards

lower retention volume of the ABA block copolymers compared with the macro-

initiator hints at a successful chain extension. The chromatogram of 7b does not

reveal any low molar mass material, whereas the SEC chromatogram of 7a exhibits

a tailing in the lower molar mass range as well as a small shoulder. This may be

due to incomplete chain extension of the macro-initiator pS or other side reactions

such as initiation of ε-caprolactone with water residues or transesterification during

the polymerization, which is typically observed at high catalyst content or at high
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conversion. [146,148] Clearly, further very detailed investigations are warranted and are

provided below. Figure 6.3b displays the chromatogram of the chain extended star

OH poly(styrene) to the possible star block copolymer 8. Again, visual inspection

suggests that nearly no hydroxyl star poly(styrene) initiator remained in the sample.
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Figure 6.3. SEC traces of linear ABA block copolymers 7a and b and the star block
copolymer 8 synthesized via chain extension with ε-CL employing OH-pS-OH 5 and
star pS-OH 6 respectively as macro-initiators. The associated average molar masses
and the values of the polydispersity are depicted in the graphs.

After determining the molar masses of the ABA (star) block copolymers, a thorough

investigation of the polymer structure is carried out. SEC traces can only provide

limited evidence that a chain extension has occurred. For example, the SEC analysis

does not indicate which number of OH groups attached to the poly(styrene) have

initiated the ring-opening polymerization. With SEC, a block copolymer, an ABA

block copolymer and a 4-arm star block copolymer are not distinguishable.

For the further characterization effort, 1H-NMR spectra were subsequently col-

lected. Figure 6.4 depicts the 1H-NMR spectrum of the ABA block copolymer 7b. The

signals of the NMR spectrum correspond to the expected 1H shifts of poly(styrene) and

poly(ε-caprolactone). The signals a-c in Figure 6.4 can be assigned to the backbone of

poly(styrene), the peaks d-h are associated with the backbone of poly(ε-caprolactone).

The end-group of the polymer,−CH2OH, is labeled with h’. Assuming that an ABA

block copolymer is synthesized and thus two of the −CH2OH end-group h’ exist –

one on each side of the polymer chain – the molar masses of each block are calculated

by integration of the significant signals (c for pS, h for pCL, h’ as end-group). For

the polymer 7b a poly(styrene) block of 3900 g mol-1 is deduced and the two poly(ε-

caprolactone) blocks together possess an Mn of 22000 g mol-1. Alternatively, one may

assume that only one end-group of the poly(styrene) initiated during the ring-opening

polymerization resulting in a simple AB block copolymer. Hence, the block copolymer

would feature only one −CH2OH end-group h’. Integrating the significant peaks un-

der the ‘AB block copolymer’ assumption, a poly(styrene) block with a molar mass of
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1900 g mol-1 and a poly(ε-caprolactone) block of 11000 g mol-1 is obtained. These re-

sults can consequently be compared with the results of the SEC traces (see Figure 6.3

and Table 6.4), where the poly(styrene) block exhibits a average molar mass of 3900 g

mol-1 and the chain extended system an average molar mass of 33000 g mol-1 (with pS

calibration). The molar mass of the poly(styrene) block under the hypothetical AB

diblock copolymer assumption reads Mn
pS-block = 1900 g mol-1 (calculated via NMR

signal integration) and does not correspond to the SEC analysis (Mn
SEC,pS = 3900 g

mol-1); In contrast, the calculated molar mass of the poly(styrene) block for the de-

duced targeted ABA block copolymer (Mn
NMR,pS = 3900 g mol-1) matches perfectly

with the SEC analysis. Based on the above calculations, the NMR analysis unam-

biguously supports an ABA block copolymer structure of polymer 7b. Concerning

the two poly(ε-caprolactone) blocks, it is very likely that the true molar mass is more

realistically reflected by the integration of the NMR signals (Mn
NMR,pCL = 22000 g

mol-1) than by the Mn values derived from the SEC traces, since the obtained data

of the SEC are calibrated with linear poly(styrene) standards.

The 1H-NMR spectra and the associated molar masses of the ABA (star) block

copolymers 7a and 8 are provided in Figure A.2 and Figure A.5 in the Appendix.

The derivation of the number average of the molar mass via the integration of the sig-

nals in the NMR spectrum of sample 8 is of particular interest. Here, the integration

procedure of the poly(styrene) backbone signal was based on the SEC deduced molar

mass of the poly(styrene) macro-initiator and subsequently the end-group functional-

ity −CH2OH was evaluated via the integration of the signal h’. The calculations reveal

that not all four poly(styrene) chains were extended by ring-opening polymerization,

yet the average value is close to 2.6 pCL end-groups, which signifies that approxi-

mately 65% of the pS-OH end-groups were activated as macroinitiators for the chain

extension. As a possible reason the steric hindrance of the bulky star macroinitiator

can be suggested. Additionally, the potential four -OH functions of the poly(styrene)

macroinitiator are secondary alcohol termini. As soon as one chain is initiated by

ring-opening of ε-CL, a primary-OH end function is formed. The primary-OH func-

tion of the pCL is more reactive to reinitiate the ROP compared to the secondary-OH

end-group of the poly(styrene) macroinitiator. In addition, it may be possible that

not all hydroperoxyl groups have been reduced to hydroxyl moieties. Due to simplic-

ity, sample 8 will still be termed star block copolymer in further performed analysis.

The NMR spectral analysis of sample 7a reveals via an identical calculation that

the average value of pCL end-groups is 2.1 (7b: 2.0). The only possible cause for the

higher amount of end-groups in the formed ABA block copolymer than were present in

the macroinitiator is the presence of a small additional poly(ε-caprolactone), formed

during the polymerization process (see below for a detailed discussion).

For block copolymer analysis, 1H-NMR spectroscopy and SEC analysis are not suf-
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Figure 6.4. 1H-NMR-spectrum of the pCL-b-pS-b-pCL block copolymer 7b. The
signals a-c correspond to the poly(styrene) block, the signals d-h to the poly(ε-
caprolactone) block. The two end-groups are labeled with h’. The integration of the
NMR signals, compared with the SEC analysis, supports the formation of an ABA block
copolymer structure (for details see text).

ficient for obtaining information about their exact chemical composition and topology.

In addition, evidence regarding the possible existence of homopolymer content in the

samples remains circumstantial. Thus, a more in-depth analysis has been performed

to obtain additional detailed and accurate information about the ABA (star) block

copolymers. Two-dimensional chromatography (2D) is a reliable method to identify

the occurrence of side reactions. To obtain a full 2D LAC-SEC analysis, a range of

pre-analysis experiments have to be performed. Most importantly, the critical con-

ditions of both block copolymer constituents have to be either known or separately

established. The critical conditions for poly(styrene) are known from the previous

Chapter 5 and are thus applied first. A 88.4 % (v/v) THF and 11.6 % (v/v) H2O elu-

ent mixture was employed on a reversed phase system (YMC-ODSA column). Firstly,

the macroinitiator poly(styrene) samples with two (5) and more (6) end-groups re-

spectively were measured under the critical conditions of poly(styrene) and compared

with other poly(styrene) samples (i.e., pS standard, pS RAFT 3 and pS-OH). The

corresponding elugrams are displayed jointly with the elugrams of a poly(styrene)

standard, the initial RAFT polymer 3 and a poly(styrene) with only one hydroxyl

function (pS-OH) at the chain end in Figure 6.5. The pS RAFT polymer 3 contains

two dithioacetate end-groups. For the synthesis of pS with one OH group the reader
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Figure 6.5. Elugrams of poly(styrene)s with different end-groups under critical condi-
tions of poly(styrene) (reversed phase column, 88.4 % THF). Depending on the amount
of hydrophobic end-groups, the elugram is shifted towards higher retention times.

is referred to the previous Chapter 5. The pS standard sample was purchased from

PSS Standard Service and synthesized by anionic polymerization. The end-groups of

the pS standard are consequently tbutyl on one side and H on the other end. Thus,

it represents a polymer with hydrophobic end-groups. All polymer samples possess

average molar masses in the range between 3000-9000 g mol-1. Under critical condi-

tions of pS, pS samples with different molar masses elute at the same time, yet the

elution time depends exclusively on the end-group functionality. On a reversed sta-

tionary phase the samples elute according to their hydrophobicity. The retention time

increases with the amount of hydrophobic functions in the sample. The elugrams in

Figure 6.5 reveal that on such a reversed system the pS samples with the hydrophobic

end-groups elute later than the poly(styrene)s with hydrophilic end functionalities.

Furthermore, it can clearly be observed that the polymer with the most hydrophilic

end-groups (star pS-OH 6, i.e., the macro-initiator for the formation of star block

copolymers) elutes earlier than the poly(styrene)s with two (OH-pS-OH) 5 or one

OH-groups, respectively.

In the next step, the critical conditions of poly(styrene) were applied to ABA (star)

block copolymers. Figure 6.6 depicts the elugrams of the samples compared with

the poly(styrene) macro-initiator carrying two hydroxyl end-groups. Inspection of

the ABA (star) block copolymers reveal that the star block copolymer 8 with an Mn
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of 36000 g mol-1 elutes first while the ABA block copolymer 7a with Mn = 12500

g mol−1 elutes last, which indicates that the different block copolymers elute under

these conditions on a reversed phase system in the SEC mode. Further inspection of

Figure 6.6 reveals that all elugrams exhibit a slight tailing. It is very likely that the

tailing, which can be observed in all elugrams, is due to column interactions. Nev-

ertheless, the tailing could also occur, for example, due to unreacted macro-initiator

poly(styrene) homopolymer in the samples, since it is obvious that the tailing of the

star 8 and triblock 7 copolymers overlaps with the elugram of the poly(styrene) ho-

mopolymer.
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Figure 6.6. LCCC elugrams of ABA (star) block copolymers under critical conditions
of poly(styrene) (88.4 % THF, 11.6 % H2O). The elugrams reveal that the ABA (star)
block copolymers elute in the SEC mode depending on the size of the pCL blocks in
each sample.

Consequently, a method detecting the quantity of potentially remaining homopoly-

mer poly(styrene) within the samples is required. For that reason two dimensional

LCCC-SEC measurements of the samples 7 and 8 under critical conditions of pS were

recorded. The corresponding LCCC-SEC chromatogram in combination with one di-

mensional elugrams of LCCC and SEC of the sample 7b is presented in Figure 6.7.

On the x-axis the recorded SEC elution volume and on the y-axis the LCCC elu-

tions volume is indicated. The evaporative light scattering detector (ELSD) intensity

in percentage (z-axis) is expressed by different colors. The ABA block copolymer

appears diagonal in the 2D plot due to the fact that the sample elutes in the SEC

modus. The dotted line in the chromatogram represents the LAC elution volume of

the poly(styrene) macro-initiator under critical conditions of poly(styrene). Within
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Figure 6.7. 2D LCCC-SEC plot of the pCL-b-pS-b-pCL block copolymer 7a. The
LCCC and the SEC traces are attached to the y-axis and the x-axis, respectively. The
z-axis is given by the color scheme in percentage.

the detection limits of 2D LCCC-SEC chromatography, no residual macro-initiator

(poly(styrene) homopolymer) is observed. The same conclusion can be drawn from

the inspection of the LCCC-SEC chromatograms of 7a and 8, depicted in Figure A.3

and Figure A.4 in the Appendix.

As described above, the samples are chain extended via ring-opening polymeriza-

tion. It is commonly known that side reactions can lead to pCL homopolymers in

the block copolymer sample. [336] Taking this into account, it is indispensable – beside

the identification of residual macro-initiator poly(styrene) – to investigate the (poten-

tial) content of poly(ε-caprolactone) homopolymer in the ABA (star) block copolymer

samples. An expedient method to separate pCL homopolymer from the ABA (star)

block copolymers is the identification of the critical conditions of poly(ε-caprolactone)

on an HPLC system. Critical conditions of pCL for the separation of block copoly-

mers have been applied before. [336,337] However, these conditions were utilized for

the block copolymers poly(n-butyl acrylate)-n-poly(ε-caprolactone) and poly(ethylene

glycol)-b-poly(ε-caprolactone), respectively, in which the connected block is still less

hydrophobic than the poly(styrene) block. Consequently, the required separation ef-

ficiency for poly(styrene)-b-poly(ε-caprolactone) block copolymers is not given. For

the establishment of the CC of pCL, the elugrams of poly(ε–caprolactone) homopoly-

mers with different molar masses were recorded (see Table 6.4). Employing a reversed

phase column (PLRP-S column) the solvent mixture of THF and MeOH was varied
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until the poly(ε-caprolactone) samples elute at the same retention time. The corre-

sponding elugrams are depicted in Figure 6.8. A solvent composition of 30 % (v/v)
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Figure 6.8. Elugrams of poly(ε-caprolactone) samples with different average molar
masses. The measurement was conducted under critical conditions of pCL. Therefore a
PLRP-S column with an eluent 30/70 % (v/v) THF/MeOH was employed.

THF and 70 % (v/v) MeOH was finally identified, where the retention times of the

variable Mn poly(ε-caprolactone) samples are identical (5.97 min), which indicates

the appropriate critical solvent composition is found.

Interestingly – under these conditions – the ABA (star) block copolymers are com-

pletely adsorbed onto the column. For a preferably complete recovery of the samples,

the critical conditions of poly(ε-caprolactone) were combined with a solvent gradi-

ent (LCCC × GELC), to ensure that the block copolymers are desorbed completely.

To obtain information regarding the effectiveness of the separation, poly(styrene) ho-

mopolymer was measured via a LCCC-GELC system. In Figure 6.9 the elugrams of

pCL homopolymer (dotted line, Mn = 6100 g mol-1, PDI = 1.1) and pS homopoly-

mer (dashed line, Mn = 8650 g mol−1, PDI = 1.03) are displayed. On the left y-axis

the % (v/v) of THF is indicated. The full line represents the THF content of the

solvent mixture at a specific retention time. The measurement commences with a

solvent mixture of 30 % THF and 70 % MeOH (CC of pCL) and concludes with 80

% of THF and 20 % of MeOH. The peak retention time of the pCL homopolymer is

according to the critical point of pCL at around 6.0 min, whereas the poly(styrene)

homopolymer elutes after the solvent gradient at 17.5 min. Via such an approach the

two homopolymers pCL and pS are completely separated.

The new hybrid LCCC × GELC method for separating poly(ε-caprolactone) and

poly(styrene) was subsequently applied to the ABA (star) block copolymers. Due to
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Figure 6.9. Slight gradient near critical conditions of poly(ε-caprolactone) combined
with a gradient as a tool to separate pCL from pS homopolymers.

the CC of pCL the possible existence of the pCL homopolymer in the block copoly-

mer can now be detected and a complete desorption of the sample from the column

is provided by the subsequent solvent gradient. Initially, the elugram of the ABA

block copolymer 7a analyzed with the new CC-gradient system is discussed (pre-

sented in Figure 6.10), as that the elugram differs slightly from the samples 7b and

8, i.e., 7b and 8 represent the pure block copolymer structure. Two main signals

can be observed. At the elution time of 6.00 min the first signal is visible. It corre-

sponds to the time at which the pCL homopolymer elutes under critical conditions of

poly(ε-caprolactone). The second signal has its peak maximum at 14.7 min retention

time. Clearly – compared to Figure 6.9 – the first signal corresponds to the pCL

homopolymer in the sample and the second signal corresponds to the block copoly-

mer. Additionally, the pCL signal at 6 min retention time shows a shoulder at higher

retention times. This implies that two different structures elute between 5.5 and 8

min retention time. Since the HPLC is performed on a reversed phase system, it

is very likely that the first part of the signal possesses more hydrophilic end-groups

than the subsequent shoulder. In the range of around 17.5 min retention time, at

which poly(styrene) homopolymer elutes, no signal is observed. This observation cor-

responds well with the 2D plot measured under critical conditions of poly(styrene)

(see Figure 6.7) and confirms that the macro-initiator poly(styrene) is completely

consumed.
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Figure 6.10. Gradient elution liquid chromatogram of the ABA block copolymer 7a,
conducted under critical conditions of pCL combined with a gradient.

In principle, a separation of a block copolymer AB from the homopolymer B may

not be expected in a gradient system when block B is the adsorbing unit. However,

since the average molar mass of the macro-initiator pS is fixed at 3900 g mol-1 and thus

no smaller average molar masses of poly(styrene) were expected, the LCCC × GELC

system can also be applied for imaging potential residual poly(styrene) homopolymers,

as the differences of masses between homo- and copolymer are sufficiently high. The

GELC conditions were optimized concerning sample solvent, injection volume, column

temperature and polymer sample concentration, so that a ‘breakthrough’ effect [338]

of copolymer respectively homopolymer poly(styrene) can be excluded, as evidenced

by FT-IR and MALDI-TOF-MS measurements (see below). In addition, a GELC

chromatogram of an pS-b-pCL diblock copolymer is depicted in Figure 6.11. For the

synthesis and the characterization of the diblock copolymer the reader is referred to

Chapter 5. This specific AB block copolymer possesses a small amount of macro-

initiator poly(styrene) beside the block copolymer structure. In the chromatogram in

Figure 6.11 a small shoulder is found at 17.5 min retention time beside the intense

signal of the block copolymer at 15.2 min retention time. Thus, the chromatogram of

the AB block copolymer is an excellent example to prove that poly(styrene) can be

separated block copolymer via the LCCC-GELC system.

One possible option to identify the peaks in Figure 6.10 is to collect fractions of the

sample at specific time intervals and to analyze these fractions via IR spectroscopy.
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Figure 6.11. GELC chromatogram of an AB block copolymer pS-b-pCL (Mn = 37000 g
mol−1, PDI = 1.1) in which macro-initiator pS residues are visible at 17.5 min retention
time (shoulder) beside a small amount of homopolymer pCL (6 min retention time) and
a high amount of block copolymer (15.2 min retention time). The synthesis and a
detailed characterization of the AB block copolymer can be found in the Chapter 5.

Figure 6.12a displays the elugram of the ABA block copolymer 7a including the

division of the elugram in 4 fractions. Fraction 1 was collected between 5.5 and 5.8

min retention time, fraction 2 between 7.5 and 8.5 min, fraction 3 ranging from 11 to

12 min and the fraction 4 between 14.2 and 15 min. The fractions were selected in

such a way that an overlap of two eluted structures is avoided. In Figure 6.12b, the IR

spectrum of each fraction is displayed in the range of 500 to 3500 cm-1. In all fractions

the strong C=O stretching signal at 1724 cm-1 appears due to the pCL backbone ester

groups. The IR spectra of fraction 3 and 4 additionally feature a signal at 700 cm-1.

This signal corresponds to the C-H stretching vibration of aromatic structures and

thus signifies the presence of poly(styrene). The presence of both signals in fraction

3 and 4 – one corresponding to the backbone pCL and one corresponding to the

repeat unit of poly(styrene) – proves the existence of block copolymer in sample 7a.

The signal strength of the C−HAr stretching is more pronounced in fraction 4; in

fraction 3 the signal is rather weak, implying that the block copolymer part with

longer pCL block length elutes at lower retentions times whereas the block copolymer

with shorter pCL block length elutes at higher retention times. No signal at 700 cm-1

is visible in fraction 1 and 2. Consequently, both fraction contain exclusively poly(ε-

caprolactone). At first glance both fractions (1 and 2) exhibit the same IR spectrum.
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6.3. Results and Discussion

A closer survey, however, reveals that in fraction 1 an additional signal at 1558 cm-1

appears which cannot be observed in fraction 2. Most likely the signal at 1558 cm-1

corresponds to a carboxylate stretching vibration. A possible explanation is that the

material in fraction 1 possesses carboxylate end-groups, yet fraction 2 does not.
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Figure 6.12. a) Fractionation of the sample 7a according to the GELC-run for IR
spectroscopic measurements; in b) the IR spectra of each fraction are presented. In the
IR spectra of fraction 1 and 2 only the signals associated with the stretching vibration
of poly(ε-caprolactone) can be identified, whereas in the spectra of fraction 3 and 4 the
characteristic peaks for the stretching from the aromatic ring of poly(styrene) occurs in
variable intensities.

The IR spectra of the fractions confirm that different functional groups (i.e., car-

bonyl, carboxylate and aromatic moieties) are present in the different fractions. How-

ever, IR spectroscopy cannot identify the exact structure of the polymer, eluting at

a specific retention time. For an unambiguous identification of the possible minor

components of sample 7a, the GELC system was coupled to MALDI-TOF mass spec-

trometry by means of an electrospray deposition device. A series of MALDI mass

spectra recorded at retention times between 5.5 and 8.0 min (see chromatogram, Fig-

ure 6.10) is displayed in Figure 6.13. The peak-to-peak difference (i.e., mass of repeat

unit) of all distributions was m/z 114, which corresponds to pCL. In Figure 6.13a, a

distribution can be identified that is attributed to linear pCL structures. Mass dis-

tributions that are characteristic for pCL possessing OH/carboxyl end-groups were

found, which are formed by water residue initiated ε-CL (see Table 6.6). As shown in

Figure 6.14 the measured isotope distribution of a linear pCL matches well with the

simulated isotopic pattern (in addition see Table 6.6).

A minor distribution is found in the spectra, which corresponds to masses where the

catalyst TBD is still attached to the linear chains. Figure 6.13b displays an additional

series of peaks shifted by -18 Da from the previous peaks of the main distribution,

which can be identified with minor intensity. These peaks correspond to macrocycles

(see also overlay of theoretical and measured isotope pattern given in Figure 6.15).
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Figure 6.13. Series of MALDI-TOF mass spectra of sample 7a recorded between 5.5
and 8.0 min of the GELC chromatogram (see Figure 6.10).

Table 6.6. Theoretical and measured m/z ratios of one peak in each distribution given
in the Figure 6.14 and Figure 6.15.

[M + Na]+

Structure m/ztheo m/zexp ∆ m/z

Linear pCL 2338.34 2338.06 0.28

Macrocycles 1407.78 1407.92 0.14

The formation of cyclic structures can occur by backbiting of the hydroxyl end-group

to an ester group within the chain during the synthetic process. [336] In Figure 6.13c

these new series can be exclusively found. Its molar mass distribution increases from

Figure 6.13b to d, i.e., with increasing retention times. This correlates well with the

assumed adsorption mode where small molecules elute first, whereas higher masses

are longer retained on the column.

As shown in the chromatogram of sample 7a (see Figure 6.10) a second intensive

peak between 10-17 min retention time is observed. The MALDI-TOF mass spectra

recorded in this range are depicted in Figure 6.16a. Only relatively noisy spectra with

rather low resolution could be obtained, due to comparatively high average molar

masses of the copolymers and the block copolymer structure itself. The repeat unit
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Figure 6.14. MALDI-TOF mass spectrum after approximately 6 min of the GELC run
(Figure 6.13a) included in the series of spectra recorded by coupling an HPLC system
to MALDI-TOF mass spectrometry. The inset shows the simulated isotopic pattern of
water initiated linear homopolymer pCL in comparison with the MALDI measurement.
The m/z ratios are given in Table 6.6.

of poly(styrene) is m/z 104, whereas pCL features a repeat unit of m/z 114. As a

consequence, mass peaks with distances of m/z 10 were found, as shown in detail in

Figure 6.16b. Figure 6.16b also reveals a successive shift of -10 Da of the measured

peak distributions with increasing retention time (shown by the red lines). Such a

shift can be readily explained by molecules having one of the ε-caprolactone units

replaced by a styrene unit. Combined with the IR spectroscopy results of fractions 3

and 4 (see Figure 6.12), the MALDI data confirm our previous assumption that the

amount of pCL units in the ABA block copolymer decreases with increasing retention

time.

Finally, the 2D GELC-SEC analysis under critical conditions of pCL in combination

with a gradient was performed. Figure 6.17 displays the obtained 2D plot. Due to

the studies performed with IR spectroscopy and MALDI-TOF mass spectrometry, the

spots in the 2D GELC-SEC plot can now be clearly identified. The narrow spot with

the high intensity is associated with linear pCL homopolymer in the sample, the light

and slight diagonal spot is identified as macrocyclic pCL in the sample. The broad

and most intense spot is the ABA block copolymer. More importantly, the 2D plot

reveals the molar masses of each spot. Following the SEC elution volume, the block

copolymer possesses the highest and the macrocycles the lowest molar mass.
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Figure 6.15. MALDI mass spectrum of the GELC coupled to online spray MALDI
plate after approximately 7 min. The inset shows a comparison of the simulated and
experimental isotopic pattern proving that the sample contains macrocycles. The m/z
ratios are given in Table 6.6.
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Figure 6.16. MALDI-TOF spectra of fractions 1, 3, 5, 7 and 9 of sample 7a in the
range of 10 - 17 min of the GELC elugram; a) shows the complete detected distribution,
whereas b) is a zoom-in of the spectra in the range of m/z = 3500-4500.
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Figure 6.17. 2D LCCC-GELC-SEC chromatogram of the pCL-b-pS-b-pCL block
copolymer 7a. The GELC is conducted under CC of pCL combined with a solvent
gradient. The chromatogram reveals the different molar masses of minor component
linear and macrocyclic poly(ε-caprolactone).

As previously indicated, the chromatogram of the ABA block copolymer 7b and

the star block copolymer 8 under CC of pCL combined with the solvent gradient is

discussed separately from sample 7a. Employing the new CC-gradient system, the

elugrams of the ABA (star) block copolymers 7b (dotted line) and 8 (dashed line)

are recorded (see Figure 6.18). The maximum of the elugram is located at 14.0 min

retention time for sample 8 and 14.2 min retention time for sample 7b. Both elugrams

possess only a slight increase of the baseline at and after the critical point of pCL,

implying that the samples contain only a very small amount of pCL homopolymer.

A reason for the high content of pCL homopolymer in the sample 7a compared to

the samples 7b and 8 is most likely associated with a higher ratio of catalyst in the

reaction solution compared with the macro-initiator content (see Table 6.3). Similar

to sample 7a - in the range around 17.5 min retention time at which poly(styrene)

homopolymer elutes - no signals are observed in either one of the elugrams. Thus,

sample 7b and 8 are relatively pure block copolymer structures.

Subsequently, the 2D GELC-SEC analyses of the ABA (star) block copolymers were

performed. Figure 6.19 shows the 2D GELC-SEC plot of the star block copolymer 8.
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Figure 6.18. ABA block copolymer 7b and star block copolymer 8 under the con-
ditions presented in Figure 6.8. Clearly, the macro-initiator poly(styrene)-OH is com-
pletely consumed, in agreement with the chromatograms measured under CC of pS.
Only a very low amount of pCL homopolymer can be identified analyzing the sample
via the LCCC-GELC system starting from the critical conditions of pCL (30/70 % (v/v)
THF/MeOH) and continuing with a solvent gradient.

The 2D plot of 7b is presented in Figure A.6 in the Appendix. The LCCC-GELC

was carried out under critical conditions of pCL (30/70 % (v/v) THF/MeOH) com-

bined with the subsequent solvent gradient up to 80/20 % (v/v) THF/MeOH. The

GELC and the SEC which correspond to the 2D plot are plotted along the vertical

and horizontal axis. Two spots are visible in the LCCC-SEC chromatogram. The spot

that elutes on the GELC at 3 mL retention volume corresponds to the critical point of

pCL. Thus, this spot can be assigned to linear pCL homopolymer. In the 2D plots of

the samples 7b and 8 no macrocyclic pCL can be observed. The second spot at higher

retention volume of the GELC run corresponds to the block copolymer in the sample.

Following the SEC retention volume, the first spot of the sample elutes later than

the second spot. Thus, the pCL homopolymer possesses a lower molar mass than the

star block copolymer. The content of the pCL homopolymer in the sample 8 cannot

be evaluated with full quantitative certainty, however a semi-quantitative statement

can be made from the height and the broadness of the spot. According to the z-axis,

which is illustrated by a color scheme, the intensity of the pCL homopolymer spot is
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Figure 6.19. 2D LCCC-GELC-SEC chromatogram of the pS-b-pCL star block copoly-
mer 8. A very small amount of pCL homopolymer is detected.

in the range of 10% height. The spot of the block copolymer reaches 100 % and is in

comparison to the first spot quite broad.

Thus, ABA (star) block copolymers with only very low amounts of impurities are

synthesized via the newly introduced switch from RAFT to ROP. It is tempting

to quantify the chromatographic data for all obtained polymers and to estimate the

purities of the generated structures. The quantitative data are based on an integration

of the ELSD signals and should be treated with some care as the correlation between

ELSD signals of polymers of different structures is not necessarily strictly linear. For

example, the quantitative evaluation of 7b (by deconvoluting the individual ELSD

signals) indicates that it contains 94 % of block copolymer, 0.5% of linear pCL, 5.5 %

of macrocycles pCL and no homopolymer pS. Thus, it can be clearly seen that the in-

depth characterization approach detailed in the current study is excellently applicable

towards the characterization of pS-b-pCL block copolymers in general.

6.4. Conclusions

In the present chapter the procedure of switching from RAFT to ROP was successfully

employed to synthesize ABA (star) block copolymers. For this purpose the end-
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groups of 2-arm linear and 4-arm star R-approach RAFT polymers were modified

and subsequently utilized as macro-initiators for ring-opening polymerization under

organo-catalysis. The focus of the present study was on the characterization of the

obtained materials by various analytical techniques, including two dimensional liquid

chromatography. The separation of pCL homopolymer from the ABA (star) block

copolymers was a particular focus and accomplished by the introduction of a new

hybrid LCCC-GELC method – a system which combines the critical conditions of

pCL with a solvent gradient – allowing for the first time the separation of pCL from

pS. Thus, a new synthetic approach to ABA (star) block copolymer and – most

importantly – a viable and powerful method for their complete characterization was

demonstrated.
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7
Multi-block Polyurethanes via RAFT

End-group Switching

7.1. Introduction

As described in Chapter 5, block copolymer formation can be performed either via

a reaction of two polymer chains with specific end-functionalities (modular ligation)

or via chain extension at their end functionality. [306–308] For the formation of multi-

block copolymers the same requirements hold as for diblock copolymers, however,

the polymer chains should not only possess one, but two end functionalities. There

exists a variety of multi-block copolymer synthetic strategies. A powerful approach

proceeds via sequential anionic polymerization. [339,340] An alternative route is via con-

trolled/living radical polymerization such as ATRP and RAFT. [341,342] Modular lig-

ation concepts can be applied as an alternative method to synthesize well defined

multi-block copolymers. [343,344] Examples of combining different polymerization tech-

niques to form multi-block copolymers can also be found in the literature. For exam-

ple, Mahanthappa and coworkers synthesized multi-block copolymers via a combina-

tion of ring-opening metathesis polymerization (ROMP) and NMP. [345] The sequential

method of ring-opening polymerization and polycondensation also leads to multi-block

copolymer formation as well. [346]

Polyurethanes (pU) find – due to their flexible construction options – a wide va-

riety of applications such as tissue engineering, coatings and adhesives. [13,14] Linear
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7. Multi-block Polyurethanes via RAFT End-group Switching

polyurethanes are commonly synthesized via polyaddition reactions of a diol and

a diisocyanate. [15] Due to the rigidity and H-bonding of the urethane linkages the

polyurethane chains precipitate in many solvents and become insoluble with increas-

ing chain length. Thus, macromolecular diols are often inserted in the polyaddition

process to obtain a higher chain mobility and thus solubility of the polymer chains. [16]

The combination of polyurethane chemistry and multi-block copolymer structures

can result in new material properties and applications. Yin et al. reported that

an improvement of the material properties, including mechanical properties and wa-

ter resistance, is obtained by the insertion of vinyl polymers into the polyurethane

structure. [185] Potential shape memory materials were generated via a pU-multi-block

synthesis by Lendlein and coworkers. [347] A synthetic strategy of RAFT, ROP and

polyurethane chemistry was realized by Webster and coworkers for coating films. [348]

In Chapter 4 the procedure to modify the thiocarbonyl thio end-group of RAFT

polymers into a hydroxyl moiety was presented, [275,276] can open the unique possibility

to employ RAFT-made polymers as building blocks – provided they feature two hy-

droxyl functionalities – for the construction of polyurethanes as macromonomers. In

previous chapters the thiocarbonyl thio to hydroxyl-function switch was employed for

the preparation of block copolymers structures prepared via RAFT and ring-opening

polymerization. In Scheme 7.1 the general synthetic strategy followed in the current

chapter is depicted.

SZ

S

OH

NCO NCO

HO OH O H
N

O

NH

O

O
O

O

HN

RAFT polymer

Prepolymer

Multi-block copolymer

n

Scheme 7.1 Schematic overview of the mechanistic switch from RAFT polymeriza-
tion via end-group modification into dihydroxyl terminated polymers which enables a
polyaddition to isocyanate-based prepolymers for the formation of multi-block copoly-
mers.

The molar mass and the structure of linear polyurethanes and multi-block copoly-

mers are conventionally characterized via NMR, FT-IR and SEC, presuming the ma-

terial is soluble in suitable solvents. [349,350] The determination of the molar masses of

multi-block copolymers featuring building blocks which vary highly in their chemical

composition, is inaccurate with conventional SEC due to the absence of accurate cali-

bration methods. For obtaining more exact molar mass values of the copolymers, size

exclusion chromatography coupled to triple detection can be applied. [351] With triple

detection – a sequence of differential refractive index detector, differential viscometer

and especially multi-angle light scattering detector – the absolute Mw of homopoly-

mers can be determined .
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7.2. Synthesis

A very elegant way to obtain information of the chemical structure of a sam-

ple as a function of its molar mass is size-exclusion chromatography coupled online

to electrospray ionization mass spectrometry (ESI-MS) and nuclear magnetic reso-

nance detectors. [352,353] However, ESI-MS is limited to relatively small macromolecules

(m/z ≤ 2000) while nuclear magnetic resonance detectors are cost-intensive and the

SEC coupling is – due to solvent issues – not straight forward. On the other hand

SEC coupled to Fourier transform infrared spectroscopy in general proceeds off-line as

described in Chapter 6. The eluent of the SEC system is sprayed on an interface and

the solvent is evaporated. Subsequently, the germanium circle plate – serving as target

– is positioned in an FT-IR device for detection. [253] Off-line SEC/FT-IR assembly

requires a high sample mass or long scanning times to obtain spectra with a good

resolution, which results in elongation of the analysis time. Furthermore, quantifica-

tion of individual components can be challenging due to crystallization or oxidation of

the analyte during the deposition process. [254] Existing on-flow systems are for several

reasons restricted to high temperature SEC for polyolefines in trichlorobenzene [259]

or by the use of deuterated water as eluent in protein analysis. [262] They are not

transferable to conventional SEC solvents and conditions used for general polymer

characterization. In here, a new SEC/FT-IR coupling method is utilized for the de-

tection of the multi-block copolymers circumventing the above mentioned problems

with the aid of specialized mathematical solvent suppression techniques. This coupled

measuring technique is being currently developed; basic ideas and first results have

been reported by Beskers et al. [263] In the current chapter the synthesis of multi-block

RAFT based copolymers via urethane linkages and the subsequent characterization

with state-of-the-art hyphenated methods are demonstrated.

7.2. Synthesis

The materials used in this section are collated in Chapter 3.

The synthesis of the RAFT agent 3-Hydroxypropyl-2-(((dodecylthio)carbonothioyl)-

thio) propanoate 1), see Scheme 7.2 can be found in the synthetic section of Chapter

4.

Preparation of the Thiocarbonyl Thio Terminal Polystyrene 2

A solution of RAFT agent 1 (0.89 g, 37.1 mmol L−1) and 2,2’-azobis(isobutyronitrile)

(40 mg, 2.4 mmol L−1) in 100 mL styrene was freed from oxygen by purging with

nitrogen for 20 min. The solution was heated to 60 ℃ for 240 min. The reaction

was stopped by cooling with liquid nitrogen and the polymer was precipitated in cold

methanol. The average molar mass and the polydispersity was determined via SEC,
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7. Multi-block Polyurethanes via RAFT End-group Switching

calibrated with pS standards.(Mn = 3900 g mol−1, PDI = 1.2).

End-Group Switching (Synthesis of Species 3)

A solution of 2,2’-azobis(isobutyronitrile) (50 mmol L−1) and the RAFT-polymer (2)

(1.5 mmol L−1 based on its Mn) in THF was heated to 60 ℃ under vigorous stirring.

After 40 min, the temperature was reduced to 40 ℃ and 3 equiv. triphenylphosphine

were added. After 20 min the solution was concentrated under reduced pressure

with subsequent precipitation of the polymer in cold methanol. The molar mass was

determined with SEC, calibrated with pS standards (Mn = 3700 g mol−1, PDI = 1.1).

The MALDI-TOF spectrum of 3 can be found in Figure 7.5.

Table 7.1. Assignment of the theoretical and measured m/z ratios of OH-pS-OH with
24 repeat units (see the Figure 7.1).

[M + Na]+

Structure m/ztheo m/zexp ∆ m/z

OH-pS-OH 2648.41 2648.66 0.25

Synthesis of the Prepolymer (Synthesis of Species 4, similar to [354])

0.28 g of pTHF (∼ 1000 g mol−1), dissolved in dry DMAc, were added to a solution

of 0.089 g TMDI (0.4 mmol) and 0.02 g of DBTDL (0.03 mmol) in DMAc at 80 ℃

under a nitrogen atmosphere. The mixture was stirred for 3 h. The prepolymer was

dried for 5 h under reduced pressure at 100 ℃. The SEC traces of pTHF and the

prepolymer can be found in Figure 7.2. However, due to the inaccuracy of the SEC

results, for the molar masses of the prepolymer a value of close to 2500 g mol−1 is

assumed, given by the addition of 3 isocyanate molecules and 2 pTHF chains.

Synthesis of the Multi-Block Copolymers Poly(styrene)-b-Poly(tetrahydrofuran)

(Synthesis of Species 5-9)

The obtained prepolymer (pp) 4, dissolved in 1 mL DMAc, was heated to 80 ℃

under a nitrogen atmosphere. A solution of dihydroxy-terminated polystyrene 3 in

DMAc (1.5 mL) was added together with 0.02 g of di-n-butyltindilaurate (0.03 mmol).

The mixture was stirred for 48 h. The solution was cooled to stop the reaction and

precipitated in methanol. The amount of pS was varied according to the required

equivalents (see Table 7.2).
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7.3. Results and Discussion

Table 7.2. Reaction conditions for the polyaddition as well as number aver-
age molar masses, Mn, and polydispersity indices (PDI s) of the poly(styrene)-b-
poly(tetrahydrofuran) multi-block polyurethanes.

Structure Equivalents m(pp) m(pS) Mn PDI

prepolymer:pS / g / g / g mol–1

5 1:1.5 0.14 0.31 10 300 2.1

6 1:1 0.28 0.41 14 000 2.5

7 1.5:1 0.08 0.08 23 000 2.9

8 2:1 0.12 0.08 30 500 3.0

9 2:1 0.12 0.08 27 800 2.6

7.3. Results and Discussion

In the previous chapters the synthesis and the advanced characterization of pS-b-pCL

di-, tri- (and star) block copolymers based on a mechanistic switch from RAFT to

ROP via a modification of the thiocarbonyl thio group to an OH end functionality

was presented. In here, the modification of the thiocarbonyl thio moiety to an OH

group is carried out to connect poly(styrene) chains to a diisocyanate terminated

prepolymer, thus to afford multi-block copolymers consisting of poly(styrene) and

poly(tetrahydrofuran) units via urethane linkages. To obtain multi-block copolymers,

difunctional building blocks are required. For this purpose, the RAFT agent 2[(dode-

cylsulfanyl) carbonothioyl]sulfanyl propanoic acid (DoPAT) was esterified in the first

step with 1,3-propanediol (see Scheme 7.1, 1) via a Steglich esterification employing

N,N’-dicyclohexylcarbodiimide (DCC) as a coupling agent. After the polymerization

of styrene 2 via the RAFT process in the presence of the new RAFT agent, the

thiocarbonyl thio moiety was modified to form the dihydroxy-terminated polymer 3.

The multi-block copolymers 5-9 are subsequently obtained by a polyaddition of

the diisocyanate end-group containing prepolymer 4, which was synthesized from

poly(tetrahydrofuran) and 2,2,4-trimethylhexane-1,6-diisocyanate and the dihydroxy

terminated polystyrene.

The diol end-functionalized polystyrene was characterized via SEC and MALDI-

TOF MS. In Figure 7.1, the MALDI-TOF mass spectrum of the polystyrene with

the two hydroxyl end moieties 3 is depicted. The inset shows the simulated isotopic

pattern of OH-pS-OH in comparison ro the measured data, which match perfectly. No

starting material and no additional distributions were detected. The MALDI mass

spectrum confirms that no other end-groups are attached to the polymer chain and a

quantitative conversion of the reaction is obtained.

The formation of multi-block copolymers via urethane linkages requires – beside the
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Scheme 7.2 Reaction sequence and conditions for the synthesis of the multi-block
copolymers poly(styrene)-b-poly(tetrahydrofuran).

dihydroxy terminated polymer – a second polymer type featuring two isocyanate end-

groups. Due to solubility issues, poly(tetrahydrofuran) was chosen as a soft segment

within the multi-block copolymer. The exact molar mass (Mn = 990 g mol−1) of

pTHF was determined by adding trichloro acetyl isocyanate to the NMR tube and

subsequently integrating and comparing the signals of the converted end-group with

the signals of the polymer backbone. The pTHF was equipped with isocyanate end-

groups via a prepolymer synthesis. A pTHF to diisocyanate ratio of 2 to 3 was chosen

to obtain a doubling in molar mass. [354] The prepolymer was analyzed via SEC and the

isocyanate content was determined via titration. The SEC trace of the prepolymer,

confirming the increase in molar mass, is presented in Figure 7.2 and is compared

with the SEC elugram of the initial pTHF.

In the last synthetic step the prepolymer and the diol terminated polystyrene were

combined with the catalyst, i.e., di-n-butyltindilaurate (DBTDL) and dissolved in

DMAc. In this addition process, high molar masses can only be obtained, if exact
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Figure 7.1. MALDI TOF mass spectrum of the dihydroxy-terminated poly(styrene)
obtained via modification of the RAFT end-group. The inset depicts the comparison
of the measured spectra with the simulated isotopic pattern (Gaussian profile with 0.5
Dalton resolution of [M + Ag]+).
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Figure 7.2. SEC traces of the prepolymer and the initial poly(tetrahydrofuran). A
clear shift is visible; according to the SEC data obtained with pS calibration, a doubling
in molar mass is observed during the prepolymer synthesis.
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7. Multi-block Polyurethanes via RAFT End-group Switching

stoichiometry of the components is provided. By employing macromolecules in the

polyaddition process accurate stoichiometry is hampered due to the nature of macro-

molecules possessing a certain dispersity. Consequently, the equivalents of the prepoly-

mer NCO-pTHF-NCO compared to the OH-pS-OH were varied to gain multi-block

copolymers with high molar masses and with only minor amounts of residual starting

material. The multi-block copolymers were formed at a temperature of 80 ℃. After

the synthesis, the pS-b-pTHF copolymers 5-8 were precipitated in cold methanol,

dried and characterized in first instance via conventional SEC (pS calibration). The

ratios and the molar masses obtained in this way are depicted in Table 7.2. The SEC

trace of the multi-block copolymer pS-b-pTHF 5-8 in comparison with the elugrams

of the starting material poly(styrene) is presented in Figure 7.3. In the elugrams a
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Figure 7.3. SEC traces of the multi-block copolymer samples 5-8 generated via ure-
thane linkages. In addition, the SEC elugram of the initial homopolymer poly(styrene)
is depicted. All molar mass data given in the plot are based on a linear poly(styrene)
calibration.

clear shift of the starting material to the generated multi-block copolymer is observed.

The polydispersity of the obtained polymers are relatively high (between 2 and 3),as

expected for the polyaddition process. It should be noted that the pTHF prepolymer

already possesses a relatively high PDI of 1.4 (see Figure 7.2). Also, a small fraction

in the SEC traces at lower molar masses is visible, which indicates that a low amount

of starting material did not react, increasing the overall PDI. At this stage, it was

very likely to suppose that the small amount of low molar mass material is polystyrene

homopolymer, based on the fact that the multi-block copolymer was precipitated in
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7.3. Results and Discussion

methanol, in which pTHF with a low molar mass does not precipitate well(vide in-

fra). Due to the broad mass distribution of the prepolymer and an unavoidable SEC

error in the pS molar mass determination, the complete disappearance of the starting

material pS in the SEC traces of the copolymer was not achieved. It is noted that

less starting material is left when increasing the pTHF : pS ratio. It is expected that

a slightly higher and optimal pTHF to pS ratio would eventually afford a copolymer

without any residual pS left. Nevertheless, as a high molar mass copolymer contain-

ing only a small portion of residual pS could be obtained with 2 equivalents of pTHF

relative to pS (sample 8, Table 7.2), the molar ratio of pTHF to pS was not further

increased.

Via liquid chromatography under critical conditions, starting materials such as ho-

mopolymer residues in the multi-block copolymer samples can be identified. The criti-

cal conditions for polystyrene can be found in Chapter 3 (YMC-ODSA column, 88.4 %

THF / 11.6 % H2O (v/v)). Under the same conditions, the block copolymer samples

have been analyzed. Figure 7.4 depicts the elugrams of the multi-block copolymers

compared with an elugram of the ps homopolymer. The multi-block copolymers elute

in the SEC modus. In addition it is observed that the detected signal of the block

copolymers are very broad. One explanation for this circumstance is the alternating

structure of the multi-block copolymers and the broad polydispersity of the polymer

samples. Furthermore, the block copolymers display signals at the elution volume, at

which the pure pS homopolymer elutes. Consequently residues of pS homopolymer

are present in the copolymer samples.

In addition, Figure 7.5 displays the elugram of the multi-block copolymer sample

6 measured not only with the ELSD detector, yet also with UV detection with two

different wavelengths at 254 nm and 230 nm. Polystyrene can absorb UV light read-

ily and shows strong signals, whereas pTHF absorbs almost no UV light in THF.

Furthermore, the molar absorptivity of polystyrene is higher in the region of shorter

wavelengths. This circumstance was exploited to clearly identify the homopolymer

pS in the LCCC setup. The elugrams in Figure 7.5 show that the small peak, which

is visible by ELSD detection, is much more pronounced with UV detection with a

wavelength at 254 nm and even more prominent at a wavelength detection of 230

nm. This verifies the assumption made from the SEC traces that pS homopolymer

residues are present in the multi-block copolymer samples.

Conventional SEC is sufficient to obtain a first indication whether the multi-block

copolymer synthesis was successful. However, it cannot determine the exact molar

masses of the multi-block copolymers. Due to the very significant difference in polymer

structure of poly(tetrahydrofuran) and poly(styrene), the molar masses determined

via conventional SEC – which is calibrated via poly(styrene) standards – are beset

with a substantial error.
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Figure 7.4. Elugrams of the multi-block copolymer samples 5-8 compared with
polystyrene precursor at the critical conditions of polystyrene (YMC-ODSA column,
88.4 % THF / 11.6 % H2O (v/v)).

One way to determine accurate weight-average molar masses of a polymer structure

is by measuring the samples on a SEC system equipped with triple detection. The de-

tection system combines viscosimetry, light-scattering and refractive index detectors.

Taking advantage of the fact that the excess Rayleigh ratio is directly proportional

to the product of the concentration and the weight-average molar mass Mw, the mo-

lar mass can be determined directly by the combination of a concentration sensitive

detector and the light scattering detector. [198]

For an accurate detection of the molar masses of the multi-block copolymers it

is required that no homopolymer is present in the sample. One possibility would

be to perform dialysis with an appropriate membrane. Yet, in here fractionation of

the samples via a SEC system coupled to a fraction collector was employed. The

conditions at which the separation was carried out can be found in Chapter 3.

After drying the fractionated samples, SEC with triple detection was performed.

In Figure 7.6 the elugrams of the multi-block copolymer samples, obtained via SEC

with triple detection, are presented. The molar masses and the PDI ’s, which are ob-

tained by a light-scattering detector, are included in the graphs. The elugrams reveal

that the fractionation was successful as no shoulder or additional signal is detected
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Figure 7.5. Elugrams of the multi-block copolymer sample 6 and the polystyrene
precursor at the critical conditions of polystyrene (YMC-ODSA column, 88.4 % THF /
11.6 % H2O (v/v)). The detection with UV at 254 nm and 230 nm is applied to reveal
the polystyrene homopolymer content.

in the lower molar mass regions. Depending on the conditions used for the block

copolymer synthesis, Mw varies between 26300 and 85700 gmol–1. Because of the

fractionation process, the polydispersity indices decrease to values lower than two. If

the dn/dc value of homopolymers or polymers with homogeneous composition would

be determined before, the triple detection should allow to obtain accurate weight-

average molar mass. [355] For multi-block copolymers, however, the dn/dc varies with

the composition of the two blocks in the polymer. Thus, the dn/dc values are un-

employable for multi-block copolymer samples with varying individual block content.

Alternatively, the method ‘factor multiplied with concentration’ can be applied for

weight-average molar mass determination as described in Chapter 3 giving the values

shown in Figure 7.6.

One very important issue for potential future use is the accurate reproducibility

of the polymerization process. Consequently, the synthesis accompanied with the

characterization steps of the multi-block copolymer sample 8 was repeated, affording

sample 9. The SEC elugram, obtained via triple detection of the samples 8 and

9, are compared in Figure 7.7. The determined weight-average molar mass and the

dispersities are again included within the figure. Although the molar mass of sample

9 (Mw = 82400 g mol−1) does not match absolute exactly with the one of sample 8
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Figure 7.6. Molar mass determination of the multi-block copolymers 5-8 after frac-
tionation via SEC equipped with triple detection. Due to the fractionation, the PDI
is smaller than the values expected for a polyaddition process. From 18 mL elution
volume onwards, the data are no longer considered due to the higher error.

(Mw = 85700 g mol−1), the slight deviation is still in an acceptable reproducibility

range.

While absolute SEC measurements provide the molar masses of the samples, no

information about the chemical composition is obtained. Due to the precipitation

after the multi-block copolymer synthesis and the fractionation of the samples, it

is very likely that the composition departs from the initial applied ratio between

poly(styrene) and poly(tetrahydrofuran) in the synthesis. Therefore 1H-NMR spectra

of the samples 5-8 were recorded with a 400 MHz spectrometer in CDCl3. The NMR

spectrum of sample 7 is depicted in Figure 7.8. Further NMR spectra of samples 5,

6 and 8 can be found in Figure A.7 in the Appendix. All signals are assigned to

the multi-block copolymer structure, which is included within Figure 7.8. Additional

signals – not belonging to the copolymer – can be assigned to the stabilizer used in

commercial THF, i.e., butylhydroxytoluene (BHT). After the fractionation, the multi-

block copolymer samples were enriched with BHT due to the utilized eluent THF in

the SEC system. Determination of the block ratio of pS and pTHF requires integration

of the corresponding polymer backbone signals and the subsequent calculation of the

ratio percentage. For poly(styrene), the signal associated with −C6H5, m (5H), and
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Figure 7.7. Multi-block copolymer synthesis was tested with regard to reproducibility
by repeating the synthesis for sample 9 under the identical conditions as for sample 8.
The elugrams in the figure - obtained via SEC coupled to triple detection - depict that
the weight-average molar mass of the reproduced sample 9 is in good agreement with
the one of sample 8.

for poly(tetrahydrofuran) the −OCH2 signal, a (4H), were chosen for the integration.

At the chemical shift of the pS backbone signal m, the aromatic protons of BHT

are detected as well. Thus – initially – the BHT signal part had to be eliminated

from calculations, before deducing the pS : pTHF ratio. The calculated ratios of each

multi-block copolymer 5-8 are collated in Table 7.3 and compared to the theoretical

values. The theoretical fractions in percentage of pTHF and pS are calculated from

the initially employed equivalents (which are based on the pS and the prepolymer

chains) and referred to the repeating units of styrene and THF within the polymer.

Although the values determined via NMR differ from the theoretical values due to the

fractionation process, it can be observed that an increasing amount of pTHF during

the synthesis results also in higher pTHF content in the copolymer structure. In

ideal cases, due to the polyaddition process, the ratio of prepolymer to polystyrene

diol should not deviate from an equimolar ratio because of the alternating polymer

structure. However, in the polymerization process of polyurethanes it is commonly

known that the highly reactive isocyanate groups of the prepolymer can undergo

side reactions, e.g., they undergo dimerization or – if traces of water are present in

the reaction flask – two isocyanate groups can form an urea bond, liberating carbon

dioxide. [161] In case of sample 5, in which a lower pTHF content than 50% is calculated
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Figure 7.8. 1H-NMR spectrum of the multi-block copolymer pS-b-pTHF 7 after frac-
tionation. Due to the fact that the SEC eluent used for the fractionation contained
BHT, the inhibitor is visible in the NMR spectrum. However, the BHT content can be
quantified and the integral of the signal m can be corrected.

via NMR, it is certain that the copolymer structure possesses polystyrene on both

chain termini.

Table 7.3. Collation of the results concerning the fractions in molar percentage of
the individual blocks in the multi-block copolymer samples obtained via NMR (fraction
NMR). The results are compared to the initially employed content based on the repeat-
ing units of the homopolymers pS and pTHF in the reaction flask (fraction theoretical).

Sample pS fraction pTHF fraction pS fraction pTHF fraction

theoretical theoretical NMR NMR

5 74 % 26 % 60.6 % 39.4 %

6 65 % 35 % 46.9 % 53.1 %

7 56 % 44 % 47.8 % 52.2 %

8 48 % 52 % 34.1 % 65.9 %

In addition to NMR spectroscopy, FT-IR ATR measurements of the multi-block

copolymers were conducted to confirm the molecular structure of the block copoly-

mers. Figure 7.9 depicts the infrared absorbance of the multi-block copolymer molecule

8 after fractionation. The very similar IR spectra of the samples 5, 6 and 7 are shown

in Figure A.8 in the Appendix. The signal at 1724 cm−1 is associated with the ure-
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thane moiety linking the pTHF and pS blocks. The IR absorbance at 1110 cm−1

correlates with the −CO− stretching vibration of the pTHF backbone while the sig-

nals at 1493 cm−1 as well as at 700 cm−1 and 749 cm−1 are associated with the

pS polymer structure. Again – as described in the context of the NMR spectra –

BHT is included in the samples, which explains for example the strong absorbance at

700 cm−1 due to the overlapping of absorbance intensity resulting from pS and BHT.

4000 3500 3000 2500 2000 1500 1000

wavenumber / cm
-1

 pS-b-pTHF 8

urethane

pS

pTHF

pS

Figure 7.9. FT-IR spectrum of the multi-block copolymer 8, after fractionation,
determined via ATR. The significant bands and signals derived from the vibrations of
the urethane linkage, the pTHF and the pS backbone are labeled in the figure.

Even more details of the multi-block copolymer structure can be obtained by SEC

on-line coupled to infrared spectroscopy. With this system, 12 complete infrared

spectra (each 50 scans) per minute are collected with a resolution of 4 cm−1. Because

of the low concentrations in SEC the IR spectra mainly show solvent signals and

only small changes during the elution results from polymer signals. To suppress the

constant solvent signals a second order polynomial is fitted for every wavenumber to

reference data taken before and after the chromatogram, in a region where the RI

detector displayed that no polymer was present, to determine exclusively the solvent

signals and the drift. This second order polynomial is then subtracted from the

time evolution at this wavenumber. After this baseline correction and smoothing

a 2D spectral chromatogram is obtained, from which each chromatogram for each

component can be extracted. For a more detailed description of the SEC/FT-IR

setup, the reader is referred to reference. [263]
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7. Multi-block Polyurethanes via RAFT End-group Switching

In Figure 7.10, the SEC elugrams of the multi-block copolymers 5-8 detected via

the absorbance intensity at the specimen wave numbers 1493 cm−1 (aromatic ring of

pS) and 1110 cm−1 (CO in pTHF), respectively, are illustrated. The wavenumbers

were chosen after measuring pTHF and pS homopolymers with the online SEC/FT-IR

system. pTHF does not show any absorbance at 1493 cm−1, where the signal of the

phenyl ring of the pS polymer is detected, whereas pS does not show any absorbance

at 1110 cm−1, at which pTHF shows strong absorbance due to the CO ether stretching

vibration in its polymer backbone (see Figure A.9). Thus, an ideal situation for the

individual integration of each signal is given. The elugrams in Figure 7.10 show

the signal intensities derived from the pS and the pTHF content, respectively, as a

function of the elution volume, from which molar mass can be derived. The elugrams

are overlapping very well, which signifies that at all molar masses, poly(styrene) and

poly(tetrahydrofuran), are incorporated and thus blend of two homopolymers was

produced.
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Figure 7.10. Elugrams of the multi-block copolymer samples 5-8 measured via
SEC/FT-IR. Two wavenumbers are depicted at 1493 cm−1 and 1110 cm−1, which cor-
respond to the vibration of the aromatic ring in poly(styrene) and the CO stretching of
the poly(tetrahydrofuran), respectively.

Determining the content of one block in the multi-block copolymer structure at a

certain molar mass, however, requires a calibration of the signal intensities. For this

purpose polymer blend solutions with known concentrations were injected into the
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SEC/FT-IR system and the signal intensity was detected. All information about the

calibration of the SEC/FT-IR system can be found in the Chapter 3 (see Figure 3.1).

By plotting the signal intensity against the amount of absorbing units and a subse-

quent linear regression the slope was calculated. The value of the slope was applied

to the absorbing intensities of the SEC-IR elugrams. In Figure 7.11, the SEC-IR

elugrams of the multi-block copolymers 5 and 8 after application of the calibration

correction are depicted. These elugrams correlate with the amounts of pS and pTHF
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Figure 7.11. a) and b) Calibrated online SEC/FT-IR measurements of the multi-block
copolymer samples 5 and 8. Figure 7.11 c) and d) show the block poly(styrene) and
the block poly(tetrahydrofuran) fractions, respectively, in the multi-block copolymer as
a function of the elution volume of the SEC system and thus on the molar masses of
the multi-block copolymer samples.

present in the sample. In the lower half of Figure 7.11 the ratio of the pS and the

pTHF content in the multi-block copolymer sample is illustrated as a function of the

elution volume. Ratios are only calculated for values larger than > 5 % of the peak

maximum in the chromatogram, because noise dominates the regions beyond. It can

be observed that the two samples exhibit differences in their copolymer structure.

The pS content of sample 5 is increasing from 30 % to 70 % with increasing elution

time, whereas the pS content of sample 8 is not changing during the elution process.

Thus, the multi-block copolymer sample 5 possesses a gradient in its constitution,

whereas the relative composition in sample 8 is independent of the molar mass. The
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7. Multi-block Polyurethanes via RAFT End-group Switching

elugrams and ratios as a function of the elution volume for sample 6 and 7 are given

in Figure A.10 in the Appendix. Both samples, 6 and 7, show only a very slight

increase in the pS content as a function of the elution volume. From the initial SEC

elugrams it is known that sample 5 has a rather low molar mass, compared to sample

8. Furthermore, the pS content in sample 5 was chosen much higher than the pS

content in sample 8 in the synthetic process. Consequently, the chain ends of sample

5 are very likely pS terminated. For an ABA triblock copolymer the ratio of pS to

the prepolymer is 2:1, it shifts to a 3:2 ratio for an ABABA pentablock copolymer.

Following the reasoning, the ratio becomes closer to 1:1 at higher molar masses. As

a result, the pS content in sample 5 increases with increasing elution volume.

By integrating the calibrated elugrams, the overall amount of pS and pTHF present

in the multi-block copolymer sample can be calculated. Ideally, if the sensitivity

of this newly developed SEC/FT-IR method is sufficiently high, the values should

be in-line with the ratios obtained via NMR. In Table 7.4 a summary of the data

obtained via the different analytical methods is provided. Figure 7.12 visualizes the

same data in a graph. The amount of pTHF (in mol-percent) obtained via NMR

integration and SEC/FT-IR measurements, is directly compared. The pTHF content

calculated on the basis of the NMR spectra correlates very well with one obtained via

integration of the calibrated SEC/FT-IR elugram. The molar masses obtained with

conventional SEC and with triple detection differ as a result of the different detection

method and of the fractionation process that was performed before the data of the

SEC with triple detection were measured. However, the fractionation process was

necessary to obtain absolute molar masses of the pure multi-block copolymers. The

data obtained with the conventional SEC are clearly not that accurate for the multi-

block copolymer size due to residues of pS homopolymer producing peak broadening or

shoulders in the elugram. Moreover, in conventional SEC the data are obtained with

pS calibration, which results in very imprecise values for the multi-block copolymers.

A possible explanation for the observed increase in average molar mass of the multi-

block copolymers with increasing amounts of pTHF, is the formation of a urea bond

additionally to the urethane bond, which occurs in the presence of water residues

with two isocyanate groups. Via such an additional reaction, more pTHF can be

incorporated into the multi-block copolymer and thus, also the molar masses increase.
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Figure 7.12. Correlation between pTHF mole fraction in percentage in the feed mix-
ture and the pTHF content in the resulting multi-block copolymers 5-8 obtained via
two analytical methods, i.e., online SEC-IR and NMR. In addition, the obtained weight-
average molar masses as a function of the initial pTHF fraction are depicted.

Table 7.4. Collated data of the molecular specifications of the synthesized multi-block
copolymers.

Sample Equivalents Mw (LS) Mw (RI) pTHF fraction pTHF fraction pTHF fraction

prepolymer:pS / g mol–1 / g mol–1 theoretical NMR FT-IR

5 1:1.5 35 200 22 000 26 % 39.4 % 41 %

6 1:1 26 300 35 000 35 % 53.1 % 54.1 %

7 1.5:1 73 100 68 000 44 % 52.2 % 49.2 %

8 2:1 85 700 92 500 52 % 65.9 % 61.2 %

7.4. Conclusions

In the current chapter the procedure of switching the RAFT end-group of a polymer

chain to a hydroxyl function was successfully employed to synthesize diol terminated

poly(styrene). The macro-diol was subsequently reacted with a diisocyanate end-

functional poly(tetrahydrofuran) to obtain high molar mass multi-block polyurethanes.

The multi-block copolymer structure and its size were determined by a variety of
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7. Multi-block Polyurethanes via RAFT End-group Switching

analytical methods such as SEC with triple detection, NMR and SEC coupled on-

line to FT-IR. It was demonstrated that the NMR and SEC/FT-IR measurement

show highly comparable results for the quantification of the exact composition of

each polymer structure, evidencing the power and the sensitivity of the newly in-

troduced on-line SEC/FT-IR coupling technique for elucidating polymer structures.

The current contribution has thus evidenced that high molar mass polyurethanes

(Mn = 46800 g mol−1, Mw = 85700 g mol−1) based on polymer chains made by RAFT

can be accessed in a reproducible fashion. The presented general synthetic approach

can be readily applied to other ω-functional hydroxyl polymers that are accessible via

the RAFT processes and the thiocarbonyl thio to hydroxyl switch protocol.
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Concluding Remarks and Outlook

8.1. Concluding Remarks

In the current thesis, the full establishment of the novel switching technique from

RAFT to sulfur-free hydroxyl functional polymers for a range of thiocarbonyl thio

end caps as well as polymer backbones was demonstrated. Subsequently employing

the OH terminal macromolecules, the generation of di-, tri-, and star block copolymers

via ROP as well as the generation of multi-block polyurethanes and their in-depth

characterization with hyphenated techniques was achieved.

A variety of monomers were polymerized in the presence of a selection of chain

transfer agents via the RAFT process. The end-group conversion reactions were

carried out for the synthesized RAFT polymers, employing AIBN and THF at 60 ℃

at ambient conditions and were tracked by SEC/ESI-MS (Chapter 4) and MALDI-

MS, respectively. Additionally, modifications have been investigated to expand the

variability of the end-group conversion process, including the use of alternative azo-

initiators and other reducing agents as well as the substitution of thermal energy with

UV irradiation.

Subsequently, hydroxyl terminal polystyrenes were utilized as macroinitiators for

the ring-opening polymerization of ε-CL (Chapter 5) employing TBD as catalyst.

The obtained block copolymers pS-b-pCL (with 26000 ≤ Mn/g mol−1 < 45000) were

characterized in detail via liquid chromatography at the critical conditions of pS and

two dimensional chromatography (LCCC-SEC) to confirm the purity of the products
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and to evidence that the RAFT process serves as a methodology for the generation of

sulfur-free block copolymers via an efficient end-group switch. Furthermore, pA-b-pCL

and pMMA-b-pCL block copolymers were synthesized via chain extension of hydroxyl

functional poly(acrylate)s as well as poly(methacrylate)s with ε-CL under metal- and

organo-catalysis. Poly(methyl acrylate), poly(isobornyl acrylate), and poly(methyl

methacrylate) were used as the acrylic block parts. Via chain extension of poly(methyl

methacrylate) the tertiary OH functionality was also successfully employed as initiator

for the ring-opening polymerization of ε-CL.

An alternative approach for the generation of block copolymers starting from RAFT

polymers – which were hydrolyzed to form thiol end-capped polymers – was investi-

gated. In a collaboration with Dr. Catherine Lefay (Université de Provence, Lyon) it

was successfully demonstrated that the thiol terminated polymers can be employed as

macroinitiators for the polymerization of pLA. The obtained pS-b-pLA block copoly-

mers were characterized via multiple detector SEC and liquid chromatography under

critical conditions substantiating the block copolymer formation alongside with ho-

mopolymer residues in small quantities.

The block copolymer formation strategy – switching from RAFT to ROP via gener-

ation of hydroxyl terminal polymers– was expanded for the generation of ABA (star)

block copolymers, involving the end-group conversion of polystyrene synthesized via a

2-arm linear and 4-arm star R-approach (Chapter 6) generating polymers with more

than one OH end-functionality. For the characterization liquid chromatography at

the critical conditions of pCL were combined with a solvent gradient – LCCC with

concomitant GELC – enabling for the first time the separation of the pCL-b-pS-b-

pCL block copolymers from pCL as well as from pS homopolymers. The structures

separated via the new hybrid technique LCCC-GELC were determined by coupling

off-line FT-IR and MALDI-MS to the chromatographic system.

In the final chapter of the thesis it was demonstrated that high molar mass multi-

block polyurethanes (17800 g mol−1
≤ Mn ≤ 46800 g mol−1) can be generated based

on the procedure of switching RAFT end capped polymers to hydroxyl functional

polymers (Chapter 7). The multi-block copolymers were formed by the reaction of a

diisocyanate terminal prepolymer with the macro-diol which was synthesized via the

end-group conversion of thiocarbonyl thio terminal polymers. Via characterization

with a variety of analytical techniques – including SEC with triple detection, LCCC,

NMR, and SEC coupled on-line to FT-IR – the molar masses and the composition

of the block copolymers were identified. By comparing the quantification results

with NMR spectroscopy, the sensitivity of the new on-line SEC/FT-IR technique was

demonstrated. The generated multi-block polyurethanes exhibit high molar masses

(Mn = 46800 g mol−1, Mw = 85700 g mol−1) when the content of the prepolymer is

high in the feed mixture.

170



8.2. Outlook

Thus – in summary – the thiocarbonyl thio to hydroxyl switch protocol was demon-

strated to be applicable to a wide range of polymer backbones as well as a diverse

RAFT agents. Switching from RAFT to hydroxyl functional polymers served as a

versatile base for the subsequent formation of sulfur-free complex polymer architec-

tures. The combination of advanced hyphenated techniques with the newly developed

analytical methods proved to be efficient in providing a very detailed characterization

of the synthesized block copolymer structures.

8.2. Outlook

The end-group conversion of RAFT polymers to hydroxyl functional materials and

their subsequent employment for block copolymer formation has been extensively in-

vestigated within the current thesis. However, based on the end-group switch it would

be very interesting to exploit further synthetic approaches. For instance, it should be

feasible to utilize the end-group switch for the synthesis of polymers bearing specific

end-functionalities, since the so introduced OH moiety on the polymer chain end is

a versatile chemical anchor. The OH functionality could be modified to a variety of

end-functionalities including precursors for light-triggered pericyclic reaction chem-

istry. The new end-functionalities could be attached to a core-molecule via simply

triggering the reaction with UV light. With this new approach it would be possi-

ble to generate well-defined star polymer structures, including variation in number

and length of the arms. Liquid chromatography at critical conditions would be the

ideal analytical method for characterization the complex polymer architectures. Even

of higher interest – due to their well-defined structure and the specific end-groups

attached to the arms – the star polymers with different numbers of arms could be

employed as model compounds for the LCCC.

An alternative approach to continue the current thesis in the future would be

the investigation of the physical properties of the various syntesized block copoly-

mers for potential applications. Promising structures are for instance the multi-block

polyurethanes pS-b-pTHF. Due to the different transition temperatures of the con-

nected polymer types they could be investigated for the application as shape-memory

materials. The material could be improved by modifying the polymer backbones –

for example by substituting poly(styrene) with different poly(acrylate)s – to alter the

transition temperatures.

In conclusion, future work can address new synthetic fields, starting from the end-

group switch, as well as engaging application areas of the complex block structures

by investigation of their physical properties.
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Figure A.1. SEC trace of the chain extension of 5 to the ABA block copolymer 7c as
a repetition of 7b.
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Figure A.2. 1H-NMR spectrum of the star block copolymer 8 (Mn
GPC = 36000 g

mol−1, PDI = 1.4). The integration of the pS backbone is based on the SEC chro-
matogram of the macro-initiator 6 (Mn

GPC = 4400 g mol−1) and subsequently the
end-group functionality is evaluated via the integration of the signal h’. The calculation
revealed that only 65 % of the pS OH endgroups were activated as macroinitiators for
the chain extension.
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Figure A.3. 2D LCCC-SEC plot of 2D LCCC-SEC chromatogram of 7b. The LCCC
run was conducted under critical conditions of pS (88.4/11.6 % (v/v) THF/Water on a
reversed phase system). The exact conditions can be found in Chapter 3.
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Figure A.4. 2D LCCC-SEC chromatogram of the star block copolymer 8. For the
generation of the plot, critical conditions of poly(styrene) were applied on an HPLC
system.
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Figure A.5. 1H-NMR spectrum of the ABA type block copolymer 7a (Mn
GPC =

12500 g mol-1, PDI = 1.5). Similar to the procedure employed for the data evaluation
in Figure A.2, the integration of the pS is based on the SEC traces of the macro-
initiator 5 (Mn

GPC = 3900 g mol-1) and the value of the pCL end-groups is obtained
by subsequent integration of the signal h’. According to the calculation the value is 2.1
and thus higher than the end-group functionality of the macro-initiator (2.0), which can
only be explained by additional small amounts homopolymer pCl in the sample formed
during the polymerization process.
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Figure A.6. 2D LCCC-GELC-SEC chromatogram of 7b. On the HPLC system the
critical conditions of pCL were combined with a solvent gradient (LCCC-GELC) to sep-
arate potential homopolymer pCl and pS from block copolymer. The exact conditions
can be found in Chapter 3.
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Figure A.7. 1H-NMR spectra with assigned resonances of the multi-block copolymers
pS-b-pTHF 5 (Figure a)), 6 (Figure b)) and 8 (Figure c)). By integrating the backbone
signals of pS and pTHF the fraction of each block in the block copolymer structure is
obtained, which can be found in Table 7.2.
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Figure A.8. FT-IR ATR spectra of the multi-block copolymer samples pS-b-pTHF.
Figure a) shows sample 5, b) sample 6 and c) sample 7.
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Figure A.9. Elugrams of pTHF homopolymer, which does not show any absorbance
at 1493 cm−1, where the signal of the phenyl ring of the pS polymer is detected, and
pS homopolymer standards, which do not show any absorbance at 1110 cm−1, at which
pTHF shows strong absorbance due to the -CO ether stretching vibration in its polymer
backbone.
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Figure A.10. a) and b) SEC/FT-IR elugrams after calibration of the multi-block
copolymer samples 6 and 7. Figure A.10 c) and d) show the block fraction of pS and
pTHF in the block copolymer samples 6 and 6 dependent on the elution volume.
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List of Abbreviations

AIBN 2,2’-azobis(2-methylpropionitrile)

ARGET activators regenerated by electron transfer

ATR-IR attenuated total reflection - infrared

ATRP atom transfer radical polymerization

BPDF benzyl pyridin-2-yldithioformate

CID collision induced dissociation

CRP controlled radical polymerization

CTA chain transfer agent

CBDB cyanoisopropyl dithiobenzoate

DBTC dibenzyl trithiocarbonate

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene

DCC dicyclohexylcarbodiimide

DMF dimethylformamide

DMAc dimethylacetamide

DMAP 4-(dimethylamino)pyridine

DPn degree of polymerization

e.g., exempli gratia

ELSD evaporative light scattering detector

equiv. equivalents

ESI-MS electrospray ionization mass spectrometry

et al. et alii / et aliae

FRP free radical polymerization

FT-IR Fourier transform infrared

GELC gradient elution liquid chromatography

GPC gel permeation chromatography

HPLC high performance liquid chromatography

iBoA isobornyl acrylate

i.e., id est

k’ retention factor

ka rate coefficient of activation
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List of Abbreviations

kadd rate coefficient of addition

kβ rate coefficient of fragmentation

kd rate coefficient of dissociation

kda rate coefficient of deactivation

k i rate coefficient of initiation

kp rate coefficient of propagation

kt rate coefficient of termination

λ wavelength

LC liquid chromatography

LCCC liquid chromatography at critical conditions

LC-MS Liquid Chromatography - Mass Spectrometry

MALDI matrix-assisted laser desorption/ionization

M n number-average molar mass

M w weight-average molar mass

MS mass spectrometry

MMD molar mass distribution

NIPAM N -isopropylacrylamide

NMP nitroxide mediated polymerization

NMR nuclear magnetic resonance

∆P differential pressure

pBA poly(butyl acrylate)

pCL poly(ε-caprolactone)

PDI polydispersity index

pEO poly(ethylene oxide)

piBoA poly(isobornyl acrylate)

pLA poly(lactic acid)

pMA poly(methyl acrylate)

pMMA poly(methyl methacrylate)

PNIPAM poly(N -isopropylacrylamide)

pS poly(styrene)

pU polyurethane

RAFT reversible addition fragmentation chain transfer

RI refractive index

ROP ring-opening polymerization

SEC size-exclusion chromatography

TBD 1,4,7-triazabicyclodecene

THF tetrahydrofuran

ToF time-of-flight

UV ultra-violet
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UV/Vis ultra-violet/visible

V I volume in the interstitial space

V M volume of the mobile phase

V P volume in the internal pore volume

V R retention volume

V S volume of stationary phase
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