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ABSTRACT 

Complex Macromolecular Architectures by Living Cationic Polymerization 

Reem D. Alghamdi 

Poly (vinyl ether)-based graft polymers have been synthesized by the combination 

of living cationic polymerization of vinyl ethers with other living or controlled/ 

living polymerization techniques (anionic and ATRP). The process involves the 

synthesis of well-defined homopolymers (PnBVE) and co/terpolymers [PnBVE-b-

PCEVE-b-PSiDEGVE (ABC type) and PSiDEGVE-b-PnBVE-b-PSiDEGVE (CAC type)] by 

sequential living cationic polymerization of n-butyl vinyl ether (nBVE), 2-

chloroethyl vinyl ether (CEVE) and tert-butyldimethylsilyl ethylene glycol vinyl 

ether (SiDEGVE), using mono-functional {[n-butoxyethyl acetate (nBEA)], [1-(2-

chloroethoxy) ethyl acetate (CEEA)], [1-(2-(2-(t-butyldimethylsilyloxy)ethoxy) 

ethoxy) ethyl acetate (SiDEGEA)]} or di-functional [1,4-cyclohexanedimethanol 

di(1-ethyl acetate) (cHMDEA), (VEMOA)] initiators. The living cationic 

polymerizations of those monomers were conducted in hexane at -20 0C using 

Et3Al2Cl3 (catalyst) in the presence of 1 M AcOEt base.[1] The PCEVE segments of the 

synthesized block terpolymers were then used to react with living macroanions (PS-

DPE-Li; poly styrene diphenyl ethylene lithium) to afford graft polymers. The 

quantitative desilylation of PSiDEGVE segments by n-Bu4N+F- in THF at 0 °C led to 

graft co- and terpolymers in which the polyalcohol is the outer block. These co-

/terpolymers were subsequently subjected to “grafting-from” reactions by atom 

transfer radical polymerization (ATRP) of styrene to afford more complex 
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macromolecular architectures. The base assisted living cationic polymerization of 

vinyl ethers were also used to synthesize well-defined α-hydroxyl polyvinylether 

(PnBVE-OH). The resulting polymers were then modified into an ATRP macro-

initiator for the synthesis of well-defined block copolymers (PnBVE-b-PS). 

Bifunctional PnBVE with terminal malonate groups was also synthesized and used 

as a precursor for more complex architectures such as H-shaped block copolymer by 

“grafting-from” or “grafting-onto” methodologies, which yielding in well-defined 

PVEs segments with control Mn(GPC) = [VE]/[initiator] and narrow MWDs. 

 

Scheme A. Complex macromolecular architectures by combination of living cationic polymerization with other 

polymerization techniques. 
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CHAPTER 1: INTRODUCTION  

1.1 Background of the study  

The discovery of living anionic polymerization by Szwarc in 1956 [2], opened the 

way to the synthesis of model polymers (low molecular, structural and 

compositional homogeneity) with different macromolecular architectures 

(multiblocks, star blocks, miktoarms star, H-shaped, etc.)[3] (Scheme 1), having a 

rich variety of morphological microstructures (lamella, gyroid, hexagonal-packed 

cylinders, etc.) (Scheme 2). [4] Thanks to the different morphological 

microstructures block copolymers found many conventional (thermoplastic 

elastomers) and high-tech applications (nanolithography, drug delivery, etc.).[5] 

 
Scheme 1.  Different macromolecular architectures synthesized by anionic polymerization. 



14 
 

 

Scheme 2. Variety of copolymer morphology microstructures [6] 

 The molecular design of well-defined polymers with well-defined structures, 

selected molecular compositions, and predetermined properties is becoming an 

increasingly important route to high-performance polymeric materials.[7] This 

ground-breaking discovery inspired many researchers to develop controlled/living 

routes for a plethora of monomers via cationic[8] , radical[9] or coordination[10] 

process. 

In this thesis vinyl ethers monomers, that can only be polymerized by cationic 

polymerization [8],have been used to synthesize for the first time well-defined 

terpolymers, consisting of a block with inactive alkyl group [n-butyl vinyl 

ether(nBVE)], and two other block with functional groups [2-chloroethyl vinyl ether 

(CEVE) and tert-butyldimethylsilyl ethylene glycol vinyl ether (SiDEGVE)] by 
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sequential “base-assisted living cationic polymerization” (Scheme 3) [1], [11-13] using 

either monofunctional or bifunctional initiators. 

 
Scheme 3. Mechanism of base-assisted living cationic polymerization of vinyl ether (VE) monomers catalyzed by 
Lewis acid (MtXp) in the presence of additive (T). 

 

These terpolymers were subsequently subjected to “grafting-from” and “grafting-

onto” reactions for an attempted to synthesize of more complex macromolecular 

architectures such graft and combs. The base assisted living cationic polymerization 

of vinyl ethers were also used to synthesize well-defined α-hydroxylated 

polyvinylether (PVE-OH). The resulting polymer was then modified into an ATRP 

macro-initiator for the synthesis of well-defined block copolymers (PVE-b-PS). The 

molecular weight of those polymers was also investigated. 

1.2 Living cationic polymerization and base assisted living cationic 

polymerization 

1.2.1 History of living cationic polymerization 

There is an outstanding and long history concerning cationic living polymers that 

date back to the early 18th century [1], [14-16] Over the years, many cationic 
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polymerizations have been carried out; in which different types of monomers (i.e. 

olefins containing electron-donating substituents [isobutylene (2-methylpropene), 

styrenic , 1,3-butadiene, vinyl ethers][17] or heterocyclic monomers (lactones, 

lactams, cyclic ethers, oxazoline,  cyclic amines etc) [18] have been used with various 

types of initiators. 

During the middle of the last century, the scientists did encounter difficulties 

connected to the unstability and high reactivity of reacting species as a result of 

uncontrolled side reactions. Some of these prominent challenges were anion 

splitting (irreversible chain-end termination), isomerization of the growing center 

(reduce reactivity) and elimination reactions. Despite these challenges, major 

breakthroughs, were achieved. In the case of vinyl ether monomers, with the 

findings in Higashimura and Sawamoto’s study in 1984, it has been proven that 

hydrogen iodide/iodine (HI/I2) initiating system can be resulted in living 

polymerization. [19-21] 

In the late 1980’s living initiating systems has undergone many developments and 

settled at the end at the binary living initiating systems, i.e., a combination of a 

protonic acid (HB) and a weak Lewis acid (MtXp).[22-27] Typical examples of HB/MtXp 

systems include hydrogen halide[20,22]  and acetic acid[22,23] in conjunction with zinc 

halide,[20,22,24] zinc acetate,[23] and tin(IV) bromide[22].  

Following the kinetic studies carried at the beginning of the 20th century, more and 

more polymerization papers have been published covering different aspects of 

cationic polymerization. 
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1.2.2 Base assisted living cationic polymerization 

In an attempt to expand further the scope of living cationic polymerization of VE, 

strong Lewis acids (e.g., Mt = Fe, Ga, Sn, In, Zn, Al, Ti, Hf, Zr, Bi, Si, Ge, Sb)[28], were 

associated with a suitable nucleophilic oxygen-base Lewis base additives (T) (e.g. 

esters, ethers, ethyl acetate, 1,4-dioxane, etc.)[29, 30] capable to form dormant 

oxonium-like ions (T2)[31] in equilibrium with living propagating oxacarbenium ions 

(A1) and cationogen non-propagating species (T1) (Scheme 3). 

  A strong Lewis acid itself induces conventional cationic polymerization. The 

combinations of Lewis basic esters with EtAlCl2 and the adduct of vinyl ether 

monomers with acetic acid (initiators) permitted living cationic polymerization of 

vinyl ethers yielding in well-defined polymers with low polydispersity index (PDI). 

The interaction between Lewis acids and Lewis base for successful living 

polymerization is very important in achieving a suitable equilibrium between the 

dormant and active species (Scheme 3). Thus, a combination of a Lewis acid and a 

base is critical for achieving living conditions, and hard-soft/acid-base (HSAB) 

principle is well applicable for the choice of Lewis acids and bases. [8], [32], [33]  

This system, called as a base-assisted living polymerization system was successfully 

utlized to polymerize in a living/controlled manner VE monomers with various 

pendant groups, such as esters[34], alcohols (via benzyl,[35] cyclic acetal,[36,37] 

silyloxy,[36,38,39] and acetoxy,[37,40,41] moiety), amine (via phthalimide moiety),[42] 

polyoxyethylenes,[35,38,39,43,46] chlorine,[45] azide,[47] carboxylic amide,[48] 

azobenzene,[49,50] imidazolium and pyridinium,[51] dihydrofuran,[52] 
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carbohydrate,[53,54] cellobiose heptadecanoate residue,[55] urethane,[56] 

oligooxetylene carbonate,[57]  fluorine,[40,41,58] cycloalkyl,[49,60] a mesogenic 

substituent,[61,62] and a liquid crystalline mesogenic structure [63,64]. Well-defined 

stimuli-responsive homo-[34-64]  and copolymers with comb/graft,[38-43] 

random,[36,38,48,49,58,62,63,64],gradient,[38,39,50] block, [37,38,41,42,45,47,54,55,58,62,63] structures 

were produced, including thermally-,[36,42-44,51,53,64] pH-, [34,42] photo-,[49] 

mesomorphic,[53-55,61,62] selective solvent-[40,41,50,58] and pressure-[35] responsive 

polymeric materials. 

1.3 Macromolecular engineering by living cationic polymerization of VE 

monomers 

The block copolymers have received large attention, since the different 

homopolymer properties are maintained in the block copolymer, and this allows 

easy modification of the polymer characteristics. Block copolymers are most readily 

prepared by the sequential addition of monomers to initiating systems polymerizing 

under living conditions. However, this approach is of limited importance since the 

monomers involved must all be reactive and capable to polymerize under the same 

conditions. 

Following the development of the base assisted living cationic homopolymerization 

of vinyl ethers monomers, many well-defined block copolymers and terpolymers 

having two different functional groups have also been synthesized by sequential 

living cationic polymerization of alkyl [37,40,41,57,68,69] or 2-chloroethyl [45,47] VE with 

oxyethylene VE [37,40,41,45,69,76-79] or with VE carrying either hydrophilic functions 
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such as hydroxyl,[47,68-71,74-78] carboxy,[47,72,79] and amino,[47,73] groups in protected 

forms or hydrophobic functions such as azido[47] group.  

For examples, PIBVE-b-poly(2-chloro ethyl VE), [69] poly(2-vinyloxyethyl 

cinnamate)-b-PIBVE, [70] liquid crystalline poly(butoxyphenyl 4-((6-

vinylhexyl)oxy)benzoate)-b-PIBVE, [71] poly(1,2:5,6-di-O-isopropylidene-D-glucose)-

b-PIBVE, [72] poly(3,4,6-tri-O-acetyl-2-deoxy-2-phtalamido--D-glucose)-b-PIBVE [73] 

were prepared based on this method using (1-isobutoxyethyl chloride)/AlEtCl2 

initiating system [70,71], cationogen/ZnI2 [69,72], HB/AlEtCl2 initiating system. [73]  

Sequential block copolymerization of various polar monomers with alkyl VE [74-77] or 

oxyethylene VE [41,44,45,73,80-83] were successfully employed to synthesize diblock 

copolymers having hydrophilic segments including hydroxyl, [73-75,81-82] carboxy, 

[76,83] and amino [77] pendant groups.  

Block copolymer of isobutyl VE (IBVE) with benzyl VE (BzVE) [78] or tert-butyl VE 

(tBVE) [79] have been successfully synthesized in toluene at 0°C using (1-

isobutoxyethyl acetate)/EtAlCl2 initiating system. Hydrolysis of those copolymers 

yielded poly (vinyl alcohol)-b-poly (IBVE). [78,79] Similarly, poly(IBVE)-b-poly(2-

hydroxyethyl VE) was obtained from poly(IBVE)-b-poly(acetoxy VE) and 

poly(IBVE)-b-poly(trialkylsilyl VE) after the acetoxy [74] and the trialkylsiloly [75] 

protective group were removed either by hydrolysis [74] or desilylation [75]. 

Sequential living polymerization of isobutylvinyl ether (IBVE) and acetoxy VE 

(AcOVE) in toluene at 40°C with the bifunctional initiator/EtAICl2 initiating system 

in the presence of 1,4-dioxane and subsequent hydrolysis of the pendant ester 

groups led to ABA-type amphiphilic triblock copolymers where the hydrophilic 
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poly(2-hydroxyethyl vinyl ether) segment could be either center or outer blocks. [84] 

Stimuli responsive ABC-type triblock terpolymers having poly(trialkylsilyl VE) as 

middle segment was synthesized by sequential living  polymerization of 2-(2-

ethoxy)ethoxyethyl VE (EOEOVE), trialkylsilyl VE (tSiVE) and 2-ethoxyethyl VE 

(EOVE) in toluene at 0°C using IBEA/AlEt1.5Cl1.5 initiating system in the presence of 

AcOEt. Hydrolysis of the middle segment yielded a PEOVE-b-poly (2-hydroxyethyl 

vinyl ether)-b-PEOEOVE. [85] 

Pendent azide groups in Poly(AzOVE)-b-poly(CEVE) can easily converted into 

various functional groups, such as -NH2, COOH and OH groups, via mild and selective 

reactions, such as the Staudinger reduction and copper-catalyzed azide-alkyne 1,3-

cycloaddition (CuAAC; a ‘‘click’’ reaction). Here, Poly (AzOVE)-b-poly (CEVE) were 

synthesized by sequential living cationic polymerization of 2-azidoethyl vinyl ether 

(AzVE) and CEVE using SnCl4/VE-HCl adduct initiating system. [51] Poly(2-

aminoethyl VE)-b-poly(IBVE) was obtained by hydrazinolysis of poly(IBVE)-b-

poly(ImVE) obtained  by sequential polymerization of IBVE and 2-(viny1oxy)ethyl 

phthalimide (ImVE) using HI/I2 initiating system in DCM at -15°C. [77] 

 

The development of such multiblock terpolymers caring three different 

functionalities will be a real breakthrough in terms kinetics and mechanistic 

understanding of the base assisted living cationic polymerization and in terms of 

macromolecular engineering with the possibility of preparation of new grafted 

polymers via “grafting-from” and “grafting-onto” methodologies.  
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1.4 Other controlled/living and living polymerization techniques 

Diblock copolymers can be synthesized also by using variety type of living or 

controlled/living techniques, such as ionic (anionic and cationic), atom transfer free 

radical polymerization (ATRP), reversible addition fragmentation chain transfer 

(RAFT), ring-opening polymerization (ROP). 

Interesting improvements in controlled/living polymerization and effective 

coupling chemistry have opened new horizons for the synthesis of polymeric 

materials with a several macromolecules architectures. 

  

The brief basics of some of these polymerizations (ATRP, ROP and anionic) that may 

be used in combination with cationic polymerization are given below. 

 

1.4.1 Atom transfer radical polymerization (ATRP)  

“ATRP has been completely investigated since it was developed in 1995. It was 

evolved from redox catalyzed telomerization reactions as well as from atom transfer 

radical addition (ATRA). ATRA is a modification of the Kharasch addition reaction, 

in which a transition metal catalyst acts as a carrier of the halogen atom in a 

reversible redox process”. [88] 

ATRP has evidenced to be a great method for synthesizing different polymers with 

narrow polydispersity index (PDI). However, termination reactions are still 
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occurring but it is only reduced to the minimum level in ATRP and the reaction is 

therefore named controlled/living and not living polymerization. 

ATRP systems (ICAR, ARGET, SARA, e, Reverse, SR&NI, AGET) are consisted of 

monomer, initiator, metal transition catalyst and an appropriate ligand. Different 

vinyl monomers have been polymerized successfully via ATRP. Most common 

monomers studied are styrene, acrylate, methacrylate and their derivatives, another 

monomers such as acrylonitrile, (meth) acrylamide and other vinyl compounds with 

substituents that can stabilize a propagating radical have also used successfully as 

well. In ATRP the initiator is commonly an alkyl halide (RX). The initiation rate has 

to be higher than the propagating rate (Ri > Rp) (Scheme 4), in order to grow all 

chains simultaneously. If initiation was not completed at the beginning of the 

polymerization this would give a higher molecular weights than the targeted ones as 

well as higher polydispersity (PDI). Another main element is that the initiator does 

not show receptivity to the side reactions. Thus tertiary alkyl halides are better 

initiators than secondary alkyl halide and primary ones. 

A variety of transition metal catalysts of transition metals have been used for ATRP. 

Copper (Cu) is the most extensively used one regarding its versatility in ATRP and 

approximately low price. Nevertheless, other metals have also used successfully for 

different monomers. The following requirements are neededd for effective catalysts: 

a) Availability of one-electron redox system. 

b) Affinity for halogen and low tendency for other atoms such as hydrogen or 

the free radicals. 
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c) “The coordination sphere around the metal should be able to increase by one 

upon oxidation in order to selectively accommodate a new ligand”. [88]  

Controlled radical polymerization depends on two major thing, the preservation of a 

low and steady concentration of the free radicals, and the creation of a fast and 

dynamic equilibrium between the active and inactive species. The active species is 

created by abstracting the halogen in the alkyl halide by the metal complex in a 

reversible redox process. The bond in the alkyl halide (C-Cl) is splitted homolytically 

to form a carbon radical. In order to keep a low concentration of propagating center 

(radicals) in this process, the activation rate must be lower than the deactivation 

rate (Rdeactivation > Ractivation) (Scheme 4). Then, the equilibrium between active and 

dormant species will be shifted significantly towards the dormant species. If 

deactivation is very slow or absent, atom transfer radical polymerization (ATRP) 

becomes non-controlled. 

 
Scheme 4. Mechanism of transition metal complex-mediated ATRP. [86] 

1.4.2 Cationic ring-opening polymerization (ROP) 
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ROP has confirmed to be an important synthetic path to interesting polymers with 

specific and controllable properties, as well as to synthetic variants of naturally 

forming polymers (e.g., chitin) or to improve biodegradable polymers for medicinal 

and pharmaceutical applications. 

In living cationic ring-opening polymerization (CROP) the monomer is a heterocycle 

such as an epoxide, THF, an oxazolines or aziridine such as t-butylaziridine. [89] The 

propagating species is an oxonium ion. The livingness of this polymerization is 

harder to obtain according to the high possibility of the termination due to 

nucleophilic attack of a heteroatom in the growing polymer chain. This 

intramolecular termination, known as backbiting, led to the cyclic oligomers 

formation. A strong electrophiles such as triflic acid or triflic anhydride are used to 

initiate ROP. A lot of industrially important polymers are synthesized via ROP, e.g., 

olycyclooctene, polynorbornene, polyethylene oxide, polysiloxane and 

polyphosphazene. Nowadays, polyglycolides and polylactides are valuable in area of 

packaging according to their natural degradable and bio-compatible properties. 

1.4.3 Anionic polymerization 

The benefit of living anionic polymerization is that it allows for the control of 

molecular weight, structure and composition. In order to polymerize vinyl 

monomers, the substituents on the double bonds have to stabilize the anionic center 

either by delocalization or negative inductive effect. The monomers which can be 

polymerized by anionic polymerization are styrene, dienes, methacrylate, vinyl 

pyridines, aldehydes, epoxides, episulphides etc. If controlled conditions and low 
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temperatures were applied, then polar monomers can polymerize via anionic 

polymerization. Anyway, higher temperatures are killed the polymerization 

regarding to unstability of carbanionic at the chain ends due to side reactions of 

polar substituents with both initiators and propagating chain centers. The polar 

monomers which can be used in living anionic polymerization include acrylonitrile, 

cyanoacrylate, vinyl ketone, acrolein, vinyl sulfone, vinyl sulfoxide etc. Initiators that 

are used in anionic polymerization must be similar to the monomer in reactivity. 

“The PKa values for the conjugate acids of the carbanions formed from monomers 

can be used to deduce the reactivity of the monomer. The least reactive monomers 

have the largest PKa values for their corresponding conjugate acid and thus, require 

the most reactive initiator”. [90]  

Two major initiation routes involve electron transfer (sodium naphthalene) and 

strong anions (amide, alkoxide, hydroxide, cyanide, phosphines, amines, and alkyl 

metals). 

 

1.5 Objectives of the work 

• To advance polymer chemistry. 

• To optimize the difficulties faced using living cationic polymerization techniques. 

• To produce various type of well-controlled polyvinyl ether-based complex 

macromolecular architectures by living cationic polymerization or combination 

with other living or controlled/living polymerization. 
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1.6 Study questions 

• Livigness of the functionalized vinyl ether cationic polymerization? 

• Properties of the synthesized polymeric materials?   

 

1.7 Research limitations 

This section provides the current research limitations which have already 

overpassed as will be shown later: 

• The long time needed by living cationic polymerization to reach high conversion 

in some vinyl ether monomers, which limits the synthesis of well-defined 

polymers with complex macromolecular architecture.  

 

• “The difficulty in making block co-/ter- and quarterpolymers carrying different 

pendant groups emerges from that the livingness and kinetics are greatly 

dependent on a convenient association between Lewis acid and the added base 

which varies with the nature of the solvent and the pendant group”. [80]   
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CHAPTER 2: EXPERIMENTAL 

2.1 Materials 

“n-Hexane (n-Hex) (99%, Fisher Scientific) was rendered olefin free by refluxing 

over concentrated sulfuric acid for 48 h. n-Hex as well as n-butyl vinyl ether (n-BVE) 

(99%, Sigma Aldrich), toluene (99%, Fisher Scientific) and dichloromethane (DCM) 

(99%, Fisher Scientific) were washed with an aqueous alkali solution (KOH, 10% 

w/w) and then with water until neutral, pre-dried over MgSO4 overnight, and 

distilled twice over calcium hydride just before use. n-Hex and toluene were further 

dried by distillation over sec-BuLi using diphenylethylene as the indicator. 2-

Chloroethyl vinyl ether CEVE (99%, TCI) was washed with aqueous alkali solution 

(KOH, 10% w/w) and then with water, pre-dried over Na2SO4, and distilled twice 

over calcium hydride before use. 2,6-Di-tert-butyl pyridine (DtBP) (Sigma Aldrich, 

99%) was vacuum-distilled twice over calcium at 90 °C to remove any traces of 

monosubstituted pyridine, and used as a 0.08 or 0.16 M solution in dried n-Hex. 

Ethylaluminum sesquichloride (Et3Al2Cl3) (97%, Sigma Aldrich) and diethyl 

aluminum chloride (Et2AlCl) (97%, Sigma Aldrich) were used without further 

purification as a 0.8 M solution in dried n-Hex. Ethyl acetate (AcOEt) (99%, Sigma 

Aldrich) was distilled twice over calcium hydride. Diethylene glycol monovinyl ether 

(DEGVE) (99%, TCI), tetrahydrofuran (THF) (99%, Sigma Aldrich), N,N-

dimethylformamide anhydrous (DMF) (99.8%, Sigma Aldrich), acetic acid (AcOH) 

(99%, Sigma Aldrich), tert-butyl chlorodimethylsilane (98%, Acros Organics), tetra-

n-butylammonium fluoride (99%, Acros Organics), imidazole (99%, Acros Organics) 

were used as received without any further purification”. [1] 
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Styrene (99%, Acros Organics) was passed through Alumina (Al2O3) column in 

order to remove inhibitors just before use. 2-methyl-2-bromopropionyl bromide 

(98%, Acros Organics), ethyl-α-bromoisobutyrate (98%, Sigma Aldrich), diethyl 

malonate (99%, Sigma Aldrich), copper (I) bromide (Cu(I)Br) (Sigma Aldrich) and 

1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) (97%, Sigma 

Aldrich)were used as received without any further purification. 

 

2.2 Initiators 

“The synthesis of CH3CH(O(CH2)3CH3)OCOCH3 (1-butoxyethyl acetate, 

nBEA),ClCH2CH2OCH(CH3)OCOCH3 [1-(2-chloroethoxy)ethyl acetate, CEEA], 

(CH3)3C(CH3)2SiO(CH2CH2O)2CH(CH3)OCOCH3 [1-(2-(2-(tert 

butyldimethylsilyloxy)ethoxy)ethoxy)ethyl acetate, SiDEGEA] and p-

C6H10(CH2OCH(CH3)OCOCH3)2 [1,4-cyclohexane-1,4-diyl bis(2-methoxyethyl 

acetate), cHDMEA] were based on the reported synthesis of 1-isobutoxyethyl 

acetate”. [87] 

 
2.2.1 Synthesis of the nBVE-acetic acid adduct (nBEA) 

 

O O

O
O

CH3COOH

mBEA

60 oC, 3h

nBVE  
Scheme 5. Synthesis of nBVE-acetic acid adduct (nBEA). 



29 
 
 

nBEA was synthesized by reacting nBVE (0.075 mol; 9.7ml; 7.51g, bp = 94°C) with a 

default AcOH (0.050 mol; 2.86 ml; 3 g, bp =117-118 °C) at 60 °C for 3 h. The product 

was distilled twice over calcium hydride under reduced pressure at 60 °C to give 

75% yield of nBEA (purity >99%). [1] 

 

2.2.2 Synthesis of the SiDEGVE-acetic acid adduct (SiDEGEA) 

 

O
O

O
O

CH3COOH

SiDEGEA

60 oC, 8h

SiDEGVE

O

O
Si

O

O
Si

 
Scheme 6. Synthesis of SiDEGVE-acetic acid adduct (SiDEGEA). 

 

This was prepared by reacting SiDEGVE (32.76 mmol; 8 ml; 8.06 g, d = 1.01 g/mL) 

with excess AcOH (52.4 mmol; 3 ml; 3.148 g) at 60 °C for 8 h. The crude product was 

washed with water many times, then dried over MgSO4, and distilled twice over 

calcium hydride under reduced pressure at 60 °C to give 93% yield of SiDEGEA (d = 

1.01 g/ml), with purity >99%. [1] 

 

 



30 
 
 

2.2.3 Synthesis of the CEVE-acetic acid adduct (CEEA) 

 

O
CH3COOH

CEEA

60 oC, 8h

CEVE

Cl

O

Cl

O
O

 
Scheme 7. Synthesis of CEVE-acetic acid adduct (CEEA). 

 

CEVE (55.9 mmol; 5.7 ml; 5.95 g; 1.048 g/mL; bp = 109 oC) was reacted with a 

default AcOH (34.93 mmol; 2 ml; 2.098 g; 1.049 g/mL; bp =117-118 °C) at 60 °C in 8 

h. The crude was distilled twice over calcium hydride under reduced pressure at 60 

°C to give a colorless oil with 100% yield of CEEA, with purity>99%. [1] 

 

2.2.4 Synthesis of the VOEM-acetic acid adduct (VEMOA) 

 

O

COOEt
EtOOC

O

O
O

COOEt
EtOOC

CH3COOH

Initiator

60C, 12h

Monomer
VOEM

[AcOH]0/[VEOM]0
 = 2

VEMOA  
Scheme 8. Synthesis of VOEM-acetic acid adduct (VEMOA). 

 

The synthesis of [CH3CH(O(CH2)2(CHCOOCH2CH3)2)OCOCH3] VEMOA was achieved 

by reacting (2-(Vinyloxy)ethyl)malonate VOEM (18.26 mmol; 4 ml; 3.82 g; 1.048 

g/mL; 231 g/mol; bp = 130 oC) with excess of AcOH (36.53 mmol; 2.09 ml; 2.19 g; 
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1.049 g/mL; 60.05 g/mol) at 60 °C for 8 h. The crude material was purified by 

fractional distillation twice over calcium hydride under reduced pressure in order to 

separate any residues of VOEM (Figure 1), 95% isolated yield of VEMOA with purity 

>99% was obtained. The 400 MHz 1H and 13C spectra are shown in Figures 2 and 3. 

 

 
Figure 1. 1H NMR spectra of VOEM and VEMOA after fractional distillation. 
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Figure 2. 1H NMR spectrum of VOEM-acetic acid adduct VEMOA after fractional distillation. 

 

 
Figure 3. 13C NMR spectrum of VOEM-acetic acid adduct VEMOA after fractional distillation. 
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2.2.5 Synthesis of cHDMEA  

 

O
O

O

excess of CH3COOH

60 oC, 3h
O

O

O

Crystallizing at r.t.

O O

cHMDVE cHDMEA  
Scheme 9. Synthesis of cHMDVE-acetic acid adduct (cHDMEA). 

 

cHDMEA was prepared by reacting cHDMVE (0.03mol; 6.4 ml; 5.9 g; bp = 94 °C) with 

excess AcOH (0.096 mol; 5.5 ml; 5.76 g) at 60 °C for 3 h At room temperature. 

The product (cHMDEA) was then filtered and recrystallized twice in diethyl ether at 

-20 °C as white powder (88% yield; purity >99%) and stored at -20 °C to prevent 

decomposition at room temperature. [1] 

 

2.3 Monomers 

 

n-Butyl vinyl ether (nBVE) and 2-Chloroethyl vinyl ether (CEVE) are commercially 

available. The synthesis of the other monomers are given below. 
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2.3.1 Synthesis of 2-(tert-butyldimethylsilyloxy) diethylene glycol vinyl ether 

(SiDEGVE) 

 

tBDMS-Cl(aq)

SiDEGVE

Cl

Si
N,N dimethylformamide

dropwise to
imidazole

0 oC, under N2

stirring at r.t. for 6h

O

O

HO

O

O

O

Si

DEGVE

 
Scheme 10. Synthesis of 2-(tert-butyldimethylsilyloxy) diethyl glycol vinyl ether SiDEGVE. 

 

The synthesis of 2-(tert-butyldimethylsilyloxy) diethylene glycol vinyl ether 

(SiDEGVE) was based on the reported synthesis of 2-(tert-butyldimethylsilyloxy) 

ethylene glycol vinyl ether. “A solution of tert-butyldimethylchlorosilane (0.17 mol; 

25 g) in N,N dimethylformamide (DMF; 50 mL) was added dropwise to a mixture of 

diethylene glycol vinyl ether (DEGVE) (0.21 mol; 28.7 mL), imidazole (0.37mol; 25 

g), and DMF (50 mL) at 0°C under nitrogen”. [12] The product was stirred for 6 h at 

room temperature then washed with water. The crude product was distilled over 

calcium hydride twice under reduced pressure. Yield: 80%. Purity = 99%. [1] 
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2.3.2 Synthesis of (2-(Vinyloxy) ethyl) malonate (VOEM) 

 

O

O
OO

O
Na

Cl

O

COOEt
EtOOC

CEVE

O

EtOOC
+

O

COOEt
EtOOC

i) DMF, 80C, 12h, [malonate]/[CEVE] = 1/2

ii) Fractionation distillation

VEOM by-product  
Scheme 11. Synthesis of (2-(vinyloxy) ethyl) malonate VOEM. 

 

(2-(Vinyloxy) ethyl) malonate (VOEM) was synthesized by adding a solution of 

diethyl malonate (54.9 ml (57.92g), 0.362 mol, d = 1.055 g/ml) in N,N-

dimethylformamide (DMF; 200 ml) dropwise into a mixture of pre-dried sodium 

hydride (0.362 mol; 9.05 g) dissolved in N,N-dimethylformamide (DMF; 67 ml)  at 0 

oC under argon, molar ratio (malonate/CEVE : 1/2), followed by adding sodium 

malonate solution to 2-chloroethyl vinyl ether (CEVE; 67 ml) at 80 oC under argon 

with continuous stirring for 8.5 h, 400 ml of diethyl ether was added to the yellow 

heterogeneous mixture after it cooled down then washed with water many times in 

order to extract the salt, dried over MgSO4 and distilled diethyl ether. The crude 

monomer was fractionated by distillation twice over calcium hydride under reduced 

pressure (Figure 4 and 5). The 400 MHz 1H and 13C spectra are shown in Figures 6 

and 7, respectively. 
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Figure 4. 1H NMR spectra of crude product before and after fractional distillation. 

 

 
Figure 5. 13C NMR spectra of VOEM and the separated by-product after fractional distillation. 
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Figure 6. 1H NMR spectrum of the pure VOEM after fractional distillation. 

 

 
Figure 7. 13C NMR spectrum of the pure VOEM after fractional distillation. 



38 
 
 

2.4 General procedures for the homopolymerization of vinyl ethers using 

mono and difunctional initiators (nBEA, CEEA, SiDEGEA and VEMOA) 

 

The polymerization has taken place under dry argon in a baked 50 ml glass tube 

equipped with a septum. The reactor was heated under vacuum with a heat gun, 

cooled down and transferred into a gloves box (M Braun model Lab Master sp) 

(Figure 32). In a typical polymerization experiment, e.g. in n- Hex, the reagents were 

added in the following order: 

VE monomers (x ml, 0.16 – 3.08 mol/L), AcOEt (2.0 ml, 1 mol/L), DtBP (1 ml, 0.0004 

mol/L), n-Hex [17-(x+y+z)] ml, initiator (y ml, 0.008 mol/L), then polymerization 

was initiated by adding (z = 0.2 ml, 0.01 mol/L) of Al2Et3Cl3. With 

[Al2Et3Cl3]0/[initiator]0 = 1, when a monofunctional (nBEA, SiDEGVA and CEEA) 

initiators and difunctional (VEMOA) initiator were used respectively. The total 

volume of the solution was 20 ml. The glass tube reactor was then transferred 

outside the gloves box to carry out the polymerization in a cryobath set at −20 °C. 

After a given time, the polymerization was terminated with ammoniacal methanol 

(0.3% v/v). The quenched mixtures were repeatedly washed with water to remove 

the catalyst residues, then were dried over MgSO4 and evaporated to dryness under 

reduced pressure. The final polymers were vacuum dried overnight. [1] 
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2.4.1 Homopolymerization of nBVE using the nBEA initiator 

The following homopolymerizations of nBVE were performed in order to find the 

appropriate conditions for further homo/copolymerizations. 

 

OC4H9

O

O

+

OC4H9

X

OC4H9 OC4H9

n
Et3Al2Cl3
n-Hexane
DtBP
t = 48h

nBVEnBEA PBVE

n

 
Scheme 12. Model homopolymerization of nBVE initiated by the nBEA/Al2Et3Cl3 in n-hexane at −20°C. 
 

Table.1 Living cationic polymerization of nBVE, initiated by nBEA/Al2Et3Cl3 in n-hexane at −20 °C. 

series [nBVE] M [BEA] mM a𝒙𝟒𝟒𝟒𝒏𝒏𝒏𝒏 % 

bMnth
 

g/mol 

cMnGPC
 

g/mol 
PDI 

HB386 0.4 8 100 6,010 6,450 1.08 
HB382 0.76 8 100 9,640 8,900 1.06 
HB384 1.15 8 100 14,460 14,800 1.07 
HB380 0.76 4 100 19,250 23,200 1.07 
HB381 1.15 4 100 28,900 29,800 1.07 
HB383 1.93 4 100 48,200 46,500 1.09 
HB385 3.08 4 100 77,130 81,700 1.09 

a The fraction of the VE monomer converted into polymer was measured by gravimetry of the product. 
b Mnth= ([nBVE]0/[nBEA]0) X ( 𝑥𝑡𝑡𝑡𝑡

𝑛𝑛𝑛𝑛  ) X (100.16 g/mol), where DP was calculated from 1H NMR. 
c The number average molecular weight (Mn(GPC)) and molecular weight distribution (Mw/Mn) were 
determined by GPC in THF against PS standards (same calibration curve). 
 

PnBVE were synthesized as described in section 2.4, in n-Hex at −20 °C, with 

[Al2Et3Cl3]0/[nBEA]0 = 1-3, [nBEA]0 = 4 mM and 8 mM (1 and 2 ml, 0.04 and 0.08 M 

in n-Hex), using 0.1 and 0.2 ml (0.01 M and 0.1 M in n-Hexane) of Al2Et3Cl3, [DtBP]0 

= 0.4 mM, [AcOEt]0 = 1M. The total volume of the solution was 20 ml, the 

polymerization was terminated after 48h with 0.5 ml of ammoniacal methanol 

(0.3% (v/v) NH3+ methanol). Gel permeation chromatography (GPC) in THF was 
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used against PS standards to determine the molecular characteristics of the polymer 

obtained (Figure 33).  The results will be discussed in section 3.1.1. The 400 MHz 1H 

and 13C NMR spectra are shown in Figures 8 and 9, respectively.  

 

 
Figure 8. 1H NMR for PnBVE initiated with nBEA in CDCl3, (CDCl3, δ): 3.5 (m, 2 H, -CH2CH(OCH2-)-), 3 
(m, 1 H,-CH2CH(O-)-), 1.79 (m, 1 H, -CHHCH(O-)-), 1.5 (m, 1 H,-CHHCH(O-)-), 1.47 (m, 2 H, 
CH3CH2CH2-), 1.33 (m, 2 H, CH3CH2-), 0.87 (d, 3 H, CH3CH2-) [1] 
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Figure 9. 13C NMR for PnBVE initiated with nBEA in CDCl3, (CDCl3, δ): 73.9 (-CH2CH (O-)-), 68.4-69.1 
(-CH2CH (OCH2-)-), 41.5-39.5 9 (-CH2CH (O-)-), 32.6 (CH3CH2CH2-), 19.7 (CH3CH2CH2-), 14.21 
(CH3CH2CH2-). [1] 
 

2.4.2 Homopolymerization of nBVE using CEEA initiator 

 

+
OC4H9

O X

OC4H9

n

Et3Al2Cl3
n-Hexane
DtBP
t = 48hnBVECEEA

n
Cl

O O O
Cl

 
Scheme 13. Homopolymerization of nBVE initiated by the CEEA/Al2Et3Cl3 in n-hexane at −20 °C. 
 

Table.2 Living cationic polymerization of nBVE, initiated by CEEA/Al2Et3Cl3 in n-hexane at −20 °C. 

series [nBVE] M [CEEA] mM a𝒙𝟒𝟒𝟒𝒏𝒏𝒏𝒏 % 

bMnth
 

g/mol 

cMnGPC
 

g/mol 
PDI 

HB500 0.4 8 100 5,008 7,240 1.17 
a The fraction of the VE monomer converted into polymer was measured by gravimetry of the product. 
b Mnth= ([nBVE]0/[CEEA]0) X ( 𝑥𝑡𝑡𝑡𝑡

𝑛𝑛𝑛𝑛  ) X (100.16 g/mol), where DP was calculated from 1H NMR. 
c The number average molecular weight (Mn(GPC)) and molecular weight distribution (Mw/Mn) were 
determined by GPC in THF against PS standards (same calibration curve). 
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The α-chlorinated PnBVE was  synthesized, as described in section 2.4, in n-Hex at 

−20 °C, with [Al2Et3Cl3]0/[CEEA]0 = 1, [CEEA]0 = 8 mM, using 0.2 ml (0.1 M in n-

Hexane) of Al2Et3Cl3, [DtBP]0 = 0.4 mM, [AcOEt]0 = 1M. The total volume of the 

solution was 20 ml, the polymerization was terminated after 48h with ammoniacal 

methanol (0.3% (v/v) NH3+ methanol). Molecular characterization (Figure 35) of 

the polymer will be discussed examined in section 3.1.1. The 400 MHz 1H and 13C 

NMR spectra are shown in Figures 10 and 11, respectively. 

 

 
Figure 10. 1H NMR spectrum of PnBVE initiated by CEEA. 
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Figure 11. 13C NMR spectrum of PnBVE initiated by CEEA. 
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2.4.3 Homopolymerization of nBVE using SiDEGEA initiator (monofunctional 

chain-end, a precursor for ROP and ATRP) 

 

+
OC4H9

X

OC4H9

n

nO O O
O

O
Si

O
O

O
Et3Al2Cl3

n-Hexane
DtBP
time=42h

Si

SiDEGEA nBVE

Scheme 14. Homopolymerization of nBVE initiated by the SiDEGEA/Al2Et3Cl3 in n-hexane at −20 °C. 
 

Table.3 Living cationic polymerization of nBVE, initiated by SiDEGEA/Al2Et3Cl3 in n-hexane at -20 °C. 

series [nBVE] M [SiDEGEA] mM a𝒙𝟒𝟒𝟒𝒏𝒏𝒏𝒏 % 

bMnth
 

g/mol 

cMnGPC
 

g/mol 
PDI 

HB800 0.4 8 100 5000 7,070 1.07 
HB801 0.4 8 100 5000 6,740 1.08 
HB802 0.8 8 100 10000 12,500 1.08 
HB803 0.8 8 100 10000 12,040 1.08 

a The fraction of the VE monomer converted into polymer was measured by gravimetry of the product. 
b Mnth= ([nBVE]0/[SiDEGEA]0) X ( 𝑥𝑡𝑡𝑡𝑡

𝑛𝑛𝑛𝑛  ) X (100.16 g/mol), where DP was calculated from 1H NMR. 
c The number average molecular weight (Mn(GPC)) and molecular weight distribution (Mw/Mn) were 
determined by GPC in THF against PS standards (same calibration curve). 
 

The α-hydroxylated PnBVE precursor was synthesized as described in section 2.4, in 

n-Hex at −20 °C for 50 and 100 targeted degree of polymerization (DP), with 

[nBVE]0 = 0.4 and 0.8 M, [SiDEGEA]0 = 8 mM, [DtBP]0 = 0.4 mM, [Al2Et3Cl3]0 = 0.01 M 

(0.2 and 0.4 ml, 0.1 M in n-Hexane), [AcOEt]0 = 1 M. The total volume of the solution 

was 20 and 40 ml, the polymerization was terminated after 48h with ammoniacal 

methanol (0.3% (v/v) NH3+ methanol). GPC’s traces (Figure 36) and data will be 

discussed in section 3.1.1. The 400 MHz 1H and 13C NMR spectra are shown in 

Figures 12 and 13 respectively.  
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Figure 12. 1H NMR spectrum of PnBVE initiated by SiDEGEA. 
 

 
Figure 13. 13C NMR spectrum of PnBVE initiated by SiDEGEA. 
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2.4.4 Homopolymerization of nBVE using VEMOA initiator (difunctional chain-

end, a precursor for miktoarms stars) 

 

+
OC4H9
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Scheme 15. Homopolymerization of nBVE initiated by the VEMOA/Al2Et3Cl3 in n-hexane at −20 °C. 

 

Table.4 Living cationic polymerization of nBVE, initiated by VEMOA/Al2Et3Cl3 in n-hexane at −20 °C. 

series [nBVE] M [VEMOA] mM a𝒙𝟒𝟒𝟒𝒏𝒏𝒏𝒏 % 

bMnth
 

g/mol 

cMnGPC
 

g/mol 
PDI 

HB600 0.385 5 100 7,800 7,700 1.09 
HB601 0.77 5 98.7 15,600 15,200 1.11 
HB602 1.155 5 98.7 23,400 25,800 1.15 
HB603 1.544 5 86 31,200 32,200 1.12 
HB610 1.932 5 100 39,000 41,500 1.12 

a The fraction of the VE monomer converted into polymer was measured by gravimetry of the product. 
b Mnth= ([nBVE]0/[VEMOA]0) X ( 𝑥𝑡𝑡𝑡𝑡

𝑛𝑛𝑛𝑛  ) X (100.16 g/mol), where DP was calculated from 1H NMR. 
c The number average molecular weight (Mn(GPC)) and molecular weight distribution (Mw/Mn) were 
determined by GPC in THF against PS standards (same calibration curve). 
 

PnBVEs with terminal malonate group were synthesized as described in section 2.4, 

in n-Hex at −20 °C, with [Al2Et3Cl3]0/[VEMOA]0 = 1, [VEMOA]0 = 5 mM, using 0.1 M 

(1M in n-Hexane) of Al2Et3Cl3, [DtBP]0 = 0.4 mM, [AcOEt]0 = 1M. The total volume of 

the solution was 20 ml, the polymerization was terminated after 48h with 

ammoniacal methanol (0.3% (v/v) NH3+ methanol). GPC’s traces (figure 38) and 

data will be discussed in section 3.1.1. The 400 MHz 1H and 13C NMR spectra are 

shown in Figures 14 and 15 respectively. 
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Figure 14. 1H NMR spectrum of PnBVE initiated by VEMOA. 
 

 
Figure 15. 13C NMR spectrum of PnBVE initiated by VEMOA. 
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2.4.5 Homopolymerization of nBVE using nBEA initiator (chain-end 

functionalization, a precursor for miktoarm polymers) 
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Scheme 16. Model homopolymerization of nBVE initiated by the nBEA/Al2Et3Cl3 in n-hexane at −20 °C, end-
capped with sodium malonate. 
 

Table.5 Living cationic polymerization of nBVE, initiated by nBEA/Al2Et3Cl3 in n-hexane at −20 °C 

and was end-capped with sodium malonate. 

Series [nBVE] M 
[BEA] 
mM 

[NaMal]/[nBEA] a𝒙𝟒𝟒𝟒𝒏𝒏𝒏𝒏 % 

bMnth
 

g/mol 

cMnGPC
 

g/mol 
PDI 

HB400 0.35 8 40 100 4,400 4,000 1.12 
HB401 0.35 8 60 100 4,400 4,100 1.1 

a The fraction of the VE monomer converted into polymer was measured by gravimetry of the product. 
b Mnth= ([nBVE]0/[nBEA]0) X ( 𝑥𝑡𝑡𝑡𝑡

𝑛𝑛𝑛𝑛  ) X (100.16 g/mol), where DP was calculated from 1H NMR. 
c The number average molecular weight (Mn(GPC)) and molecular weight distribution (Mw/Mn) were 
determined by GPC in THF against PS standards (same calibration curve). 
 

PnBVEs with terminal malonate group were synthesized as described in section 2.4, 

in n-Hex at −20 °C, with [Al2Et3Cl3]0/[nBEA]0 = 1, [nBEA]0 = 8 mM (2 ml, 0.08 M in n-

Hex), using 0.2 ml (0.01 M, 0.1 M in n-Hexane) of Al2Et3Cl3, [DtBP]0 = 0.4 mM. The 

total volume of the solution was 20 ml, the polymerization was quenched after 42 h 

with sodium malonate solution hence, [Na+Malonate-]/[nBEA]0 = 40 and 60 

equivalent respectively. The results of molecular characterization of these polymers 

using GPC are examined in section 3.1.1 (Figure 40). The 400 MHz 1H NMR spectra 

are shown in Figure 16. 
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- Preparation of Sodium malonate solution for termination (end-capping): 

 

COOEt

COOEt

Na

COOEt

COOEt

H2

 
Scheme 17. Synthesis of sodium malonate solution. 
 

A solution of diethyl malonate (0.019 mol, 3 ml, 3.165 g, d = 1.055 g/ml) diluted in 

dry tetrahydrofuran (THF; 40 ml) was added dropwise to pre-dried sodium hydride 

(0.019 mol, 0.5 g) in tetrahydrofuran (THF; 15 ml)  at 0 oC under a flow of argon. 

 

 
Figure 16. 1H NMR spectra of PnBVE quenched by sodium malonate (40eq and 60eq) comparing to 
PnBVE quenched with methanol. 
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2.5 General procedures for the synthesis of block co- and ter-polymers by 

sequential monomers addition using the Schlenk technique at −20 °C in n-Hex. 

 

“The polymerization was carried out under dry argon atmosphere in a 50 ml 

Schlenk reactor equipped with a Rotaflo valve (Figure 17) and ampules containing 

monomers for sequential additions and an empty ampule used to remove a sample 

of the living polymer for molecular characterization. The reactor was heated under 

vacuum with a heat gun, cooled down and transferred into a gloves box (Figure 32). 

In a typical polymerization experiment, e.g. in n-Hex, the reagents were added in the 

main reactor in the following order”: 

n-Hex [17 + (x-y-z)] ml, AcOEt (2 ml, 1 M), DtBP (1 ml, 0.004 and 0.008 M in n-Hex), 

monomer (x ml), initiator (y ml, 0.04 or 0.08 M in n-Hex). Then for triblock 

terpolymer (p ml) of CEVE in n-Hex (50% v/v in n-Hex) containing (0.05p ml) of 

DtBP (0.008 M in n-Hex) were introduced in ampoule A, and (q ml) of SiDEGVE in n-

Hex (50% v/v in hexane) containing (0.05p ml) of DtBP (0.008 M in n-Hex) were 

introduced in ampoule B. For diblock copolymer (g+x ml) of (VEMOA+nBVE) in n-

Hex (50% v/v in n-Hex) containing (0.05p ml) of DtBP (0.008 M in n-Hex) were 

introduced in ampoule A. The Schlenk reactor was then transferred outside the 

gloves box in a cryobath set at -20 oC. The polymerization was initiated by adding 

either (z = 0.1y or 0.2y ml) of Al2Et3Cl3 (0.8 M in n-Hex) whether nBEA or cHDMEA 

initiator were used as nonfunctional or difunctional initiator, respectively. The 

initial concentrations were as follows: [nBVE]0 = 2 - 0.76 M, [initiator]0 = 4 - 9 mM, 

[Et3Al2Cl3]0 = 4 - 9 mM, [AcOEt]0 = 1 M and [DtBP]0 = 0.8 mM. After 48h, the CEVE or 
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(VEMOA+nBVE) solution contained in ampoule A was added into the main reactor 

through the bridge at -20 oC by opening the rotaflo (A). After 120 h, an aliquot was 

taken from ampoule C to check at = 100% the 𝑥 molecular dimension of the (PnBVE-

b-PCEVE) or after 48 h for (PnBVE-b-P(nBVE-co-VEMOA)) diblock, prior to 𝐶𝐸𝑉𝐸 

120ℎ the addition at -20 oC by opening the rotaflo (B) of the SiDEGVE solution 

contained in ampoule B. After a given time, the polymerization was quenched with 

ammoniacal methanol (3% v/v). The quenched reaction mixtures were sequentially 

washed with diluted hydrochloric acid and with water to remove the catalyst 

residues. The n-Hex sample containing the polymer, i.e., PnBVE-b-PCEVE-b-

PSiDEGVE and PnBVE-b-P(nBVE-co-VEMOA) were then dried over MgSO4, 

evaporated to dryness under reduced pressure, and vacuum dried overnight to give 

the product polymers. The conversion of the monomer was measured by gravimetry 

of the product. [1] 

 

   
Figure 17. Schlenk reactor for the synthesis of poly (vinyl ether)-based block copolymers by 
sequential monomer addition of vinyl ether monomers. 
 

 

Reactor

Ampoules
for sequential 
monomer addition
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2.5.1 Synthesis of PnBVE100-b-P(nBVE80-co-VOEM20)100 in n-Hex at −20 °C. 
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O
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OC4H9 OC4H9

nEt3Al2Cl3
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Scheme 18. Comopolymerization of nBVE with VOEM initiated by nBEA/Al2Et3Cl3 in n-hexane at −20 °C. 
 

Table.6 PnBVE-b-P(nBVE0.8-co-VOEM0.2) obtained by sequential cationic polymerization of nBVE and 

VOEM initiated by nBEA/Al2Et3Cl3 in n-hexane at −20 °C. 

series polymer 
[nBVE] 

M 
[VOEM] 

M 
fnBVE 

% 
a𝒙𝟒𝟒𝟒𝒏𝒏𝒏𝒏 % 

bMnth 
g/mol 

cMnGPC 
g/mol 

PDI 
FnBVE 

% 
HB606 1st block 0.772 0 100 100 9,680 10,100 1.07 100 
HB611 2nd block 0.508 0.127 80 100 19,500 21,300 1.13 90 
a The fraction of the VE monomer converted into polymer was measured by gravimetry of the product. 
b Mnth= {([nBVE]0/[nBEA]0) X ( 𝑥𝑡𝑡𝑡𝑡

𝑛𝑛𝑛𝑛  ) X (100.16 g/mol)} + {[([nBVE]0/[precursor]0 X 0.8) + 
([VOEM]0/[precursor]0 X 0.2 )] X (𝑥𝑡𝑡𝑡𝑡

𝑛𝑛𝑛𝑛+𝑛𝑛𝑉𝑉) X (100.16 g/mol)}, where DP was calculated from 1H NMR. 
c The number average molecular weight (Mn(GPC)) and molecular weight distribution (Mw/Mn) were 
determined by GPC in THF against PS standards (same calibration curve). 
 

PnBVE-b-P(nBVE-co-VOEM) was synthesized according to description in section 2.5, 

in n-Hex at −20 °C, for targeted degree of polymerization (DP) of [97, 100 and 

[nBVE]0 = 0.772, 0.508 M] for 1st and 2nd block respectively, [VOEM]0 = 0.127 , 

[nBEA]0 = 8 mM, [DtBP]0 = 0.4 mM, [Al2Et3Cl3]0 = (1 M in n-Hexane), [AcOEt]0 = 1 M. 

The total volume of the solution was 20 ml. The two co-monomers for 2nd block 

were added after 48h, time needed to convert nBVE quantitatively to 1st block 

(PnBVE segment). After 120 h, the copolymerization of nBVE with VOEM was 

quenched with an ammoniacal methanol solution (0.3% (v/v) NH3+ methanol). The 

molar ratio of copolymer in 2nd block was calculated from 400 MHz 1H NMR 
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spectrum (Figure 18). Molecular characterization of the obtained block copolymer 

(Figure 41) will be discussed in section 3.1.2.  

 

 
Figure 18. 1H NMR spectrum of PnBVE100-b-P(nBVE80-co-VOEM20)100 initiated by nBEA. 
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2.5.2 Synthesis of P(nBVE0.8-co-VOEM0.2)50-b-PnBVE100-b-P(nBVE0.8-co-

VOEM0.2)50 
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Scheme 19. Comopolymerization of nBVE with VOEM initiated by cHMDEA/Al2Et3Cl3 in n-hexane at −20 °C. 
 

 

Table.7 P(nBVE0.8-co-VOEM0.2)-b-PnBVE100-b-P(nBVE0.8-co-VOEM0.2) obtained via sequential 

monomer addition using (cHDMEA)/Al2Et3Cl3 in n-hexane at −20 °C.  

series polymer 
[nBVE] 

M 
[VOEM] 

M 
fnBVE 

% 
a𝒙𝟒𝟒𝟒𝒏𝒏𝒏𝒏 % 

bMnth 
g/mol 

cMnGPC 
g/mol 

PDI 
FnBVE 

% 
HB612 1st block 0.772 0 100 100 9,680 10,200 1.09 100 
HB613 2nd block 0.508 0.127 22 100 19,500 15,200 1.4 80 
a The fraction of the VE monomer converted into polymer was measured by gravimetry of the product. 
b Mnth= {([nBVE]0/[cHDMEA]0) X ( 𝑥𝑡𝑡𝑡𝑡

𝑛𝑛𝑛𝑛  ) X (100.16 g/mol)} + {[([nBVE]0/[precursor]0 X 0.8) + 
([VOEM]0/[precursor]0 X 0.2 )] X (𝑥𝑡𝑡𝑡𝑡

𝑛𝑛𝑛𝑛+𝑛𝑛𝑉𝑉) X (100.16 g/mol)}, where DP was calculated from 1H NMR. 
c The number average molecular weight (Mn(GPC)) and molecular weight distribution (Mw/Mn) were 
determined by GPC in THF against PS standards (same calibration curve). 

 

P(nBVE0.8-co-VOEM0.2)-b-PnBVE100-b-P(nBVE0.8-co-VOEM0.2) was synthesized as 

described in section 2.5, The polymer obtained in n-Hex at −20 °C for targeted 

degree of polymerization (DP) of 97 and 100 with [nBVE]0 = 0.772 and 0.508 M for 

1st and 2nd block respectively, [VOEM]0 = 0.127 , [nBEA]0 = 8 mM, [DtBP]0 = 0.4 mM, 

[Al2Et3Cl3]0 = (1 M in n-Hexane), [AcOEt]0 = 1 M. The total volume of the solution 

was 20 ml, after 48h of 1st block polymerization the co-monomers (nBVE+VOEM) 

for 2nd block was added. After 120 h, copolymerization was terminated using 

ammoniacal methanol solution (0.3% (v/v) NH3+ methanol. Molecular 
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characterization by GPC of the obtained triblock copolymer (Figure 42) will be 

discussed in section 3.1.2.  

 

2.5.3 Synthesis of PnBVE200-b-PCEVE216-b-PSiDEGVE192 in n-Hex at −20 °C. 

 

O

Cl

O
i) ii)

C4H9

iii)

O

O

(t=48h) (t=120h)

(t=420h)

nBVE CEVE

SiDEGVE

O

n
CH2 CH

O

CH2 CH

O

Cl

p

C4H9

CH2 CH OCH3

O q

O

C4H9

Et3Al2Cl3
 
/ AcOEt / DtBP/ n-Hexane / -20oC

O

OAc

PnBVE-b-PCEVE-b-PSiDEGVE

R
VEA x

O

Si

O
Si

 
Scheme 20. Comopolymerization of nBVE with CEVE and SiDEGVE initiated by nBEA/Al2Et3Cl3 in n-hexane at 
−20 °C. 
 

The synthesis of PnBVE200-b-PCEVE216-b-PSiDEGVE192 was based on description in 

section 2.5 and the reported synthesis of triblock terpolymer. [1]  

 

2.5.4 Synthesis of PSiDEGVE100-b-PnBVE550-b-PSiDEGVE100 in n-Hex at −20 °C. 
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Scheme 21. Comopolymerization of nBVE with SiDEGVE initiated by cHMDEA/Al2Et3Cl3 in n-hexane at −20 °C. 
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The synthesis of PSiDEGVE100-b-PnBVE550-b-PSiDEGVE100 was based on description 

in section 2.5 and the reported synthesis of triblock copolymer. [1] 

 

2.6 Synthesis of graft triblock tetrapolymer [PnBVE200-b-(P(CEVE0.2-co-(CEVE-

g-PS13)0.8)216-b-PSiDEGVE192] by combination of living cationic polymerization 

and living anionic polymerization. 

2.6.1 Anionic polymerization of styrene (grafting segments) 
 

sec-BuLi
cHex, r.t.

10 eq

Li
10

Li
10

cHex, r.t.

1.1 eq

time = 12h  
Scheme 22. Synthesis of PS-Li+ via living anionic polymerization. 
 

The living polystyryl anion (PS-Li+) used to graft PS on PCEVE segment was 

synthesized via living anionic polymerization technique as follow:  

10 equivalent of styrene (0.173 mol, 20 ml, 18.08 g) has been dried by distillation 

over calcium hydride CaH2 at low temperature 27 oC, then it was added under dry 

argon to a solution of initiator in solvent [sec-BuLi (0.0173 mol, 0.012 ml, 1.4 

mol/L) in (200 ml) dry cyclohexane, the latter was distilled twice over CaH2 using 

styrene and n-BuLi as indicator of dryness], the reaction was occurred at room 

temperature for 12 hour then it was quenched permanently by adding  1.1 

equivalent of diphenylethylene in cylohexane (0.019 mol, 3.36 ml) at room 

temperature, which give a deep orang solution (Figure 19). 

 



57 
 

       
Figure 19. Living anionic polymerization of styrene in cyclohexane. 
 

2.6.2 Solvent preparation for “grafting-onto” reaction 

Around 200 ml of tetrahydrofuran (THF) was well-dried twice in order to use it as 

solvent in grafting polystyryl lithium (PS-Li+) into PCEVE segments. 

Firstly it was dried over CaH2 overnight then distilled at 38 OC under vacuum, then it 

was treated by sodium (Na(s)) using benzophenone as indicator with continuous 

stirring for 9 hours (Figure 20), and then distilled under vacuum for further uses.  

 

 

Figure 20. Well-dried THF after 9 hour of distillation over sodium Na and using benzophenone for 
detecting. 
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2.6.3 Combination of living cationic polymerization with living anionic 

polymerization 
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Scheme 23. “Grafting-onto” methodology used in synthesis of triblock tetrapolymer. 
 

1.2 equivalent of PS-Li+ (3 ml) has been added to a solution of (0.053 g) PnBVE200-b-

PCEVE216-b-PSiDEGVE192 in (3 ml) of tetrahydrofuran THF, the reaction was let to 

proceed at room temperature for 3 days at least (Figure 21). 

 

      
Figure 21. “Grafting-onto” methodology represented in grafting PS-Li+ in the middle segment of 
PnBVE200-b-PCEVE216-b-PSiEDGVE192. 
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Table.8 [PnBVE200-b-(PCEVE0.2-co-P(CEVE-g-PS13)0.8)216-b-PSiDEGVE192] obtained by grafting PS-Li+ 

onto (PnBVE200-b-PCEVE216-b-PSiDEGVE192). 

series Polymer 
Type of 

polymerization 
T OC 

Time 
(h) 

a𝒙𝟒𝟒𝟒𝒏𝒏𝒏𝒏 
% 

bMnth
 

g/mol 

cMnGPC
 

g/mol 
PDI 

HB371 PS-Li+ Anionic r.t. 12 h 100 1040 1,040 1.08 
HB360 1st block Cationic -20 OC 48 h 100 20,000 20,100 1.04 
HB361 2nd block Cationic -20 OC 120 h 100 41,200 43,000 1.14 
HB370 3rd block Cationic -20 OC 240 h 100 90,500 90,600 1.16 

HB372 
Grafting 

onto 
Anionic and 

Cationic 
r.t. 

3 
days 

100 270,570 300,000 1.18 

a The fraction of the VE monomer converted into polymer was measured by gravimetry of the product. 
b Mnth= ([monomer]0/[initiator]0) X ( 𝑥𝑡𝑡𝑡𝑡

𝑛𝑛  ) X (Mwt(MU) g/mol), where DP was calculated from 1H NMR. 
c The number average molecular weight (Mn(GPC)) and molecular weight distribution (Mw/Mn) were 
determined by GPC in THF against PS standards (same calibration curve). 
 

 Results and GPC traces obtained for the synthesized [PnBVE200-b-(PCEVE0.2-co-

P(CEVE-g-PS13)0.8)216-b-PSiEDGVE192] will be discussed  in section 3.3.2 (figure 53). 

 

2.7 General procedure for the synthesis of diblock copolymers and graft 

terpolymers by combination of cationic polymerization and ATRP 

Before running ATRP, in order to get polymers with –OH contents [a precursor of 

“grafting-from” reaction, e.g: α-hydroxy PnBVE (PnBVE-OH), polymer with multi-

hydroxy pendants (PDEGVE100-b-PnBVE550-b-PDEGVE100)] quantitative desilylation 

of polymers with –OSi contents (e.g: PnBVE-OSi, PSiDEGVE100-b-PnBVE550-b-

PSiDEGVE100) has to be done firstly, using n-Bu4N+F- (1, 3 and 20 equivalents 

respectively) at 0 oC in THF overnight under dry Argon. The reaction mixtures were 

evaporated to dryness under reduced pressure then consecutively washed with 

water to remove the salts. The n-Hex mixture containing the polymer was then 
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dried over MgSO4, evaporated to dryness under reduced pressure, and vacuum 

dried overnight, 1H and 13C NMR should be used to confirm quantitative desilylation. 

 

The functionalization of polymers with –OH contents (precursor of “grafting-from” 

reaction) led to produce macro-initiator of ATRP, which were as follow: 

A solution of polymers with –OH contents in CH2Cl2 have to be degassed under dry 

argon, then should be reacted with 1.2 - 20 equivalents of Et3N and 2-methyl-2-

bromopropionyl bromide at 0 oC overnight, the latter may be added drop by drop 

and the molar ratio of (triethylamine : 2-methyl-2-bromopropionyl bromide = 1:1). 

The macro-initiator solution was evaporated to dryness then washed with water 

and methanol to remove any residues of salt or reactants. The solution of polymer in 

n-Hex was then dried over MgSO4, evaporated to dryness under reduced pressure, 

and vacuum dried overnight to detect quantitative functionalization later using 1H 

and 13C NMR. 

 

At last, ATRP was carried out under dry Argon in a baked and degassed 25 or 50 ml 

glass flask and tube equipped with a septum. The macro-initiators were dissolved in 

styrene (in bulk case) otherwise, in solution hence (monomer : solvent = 1:1 or 0.66 

: 0.33) respectively, (x ml) of monomer (styrene) and (y ml) of ligand (HMTETA) 

were mixed with macro-initiator and degassed under vacuum, when the mixture 

reached room temperature it was moved to other flask containing (z mg) of catalyst 

(Cu(I)Br) under dry argon, then it was set at 45 °C with continuous stirring for 15 

minutes to form complex. The ATRP was activated by raising up the temperature to 
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120 oC for targeted time, termination of ATRP is achieved by cooling reaction 

mixture down, exposing it to air and adding few drops of THF. 

The polymerization solution was filtrated to discard catalyst residues; that followed 

by dropwise precipitation in methanol and drying block copolymer or graft 

terpolymers under vacuum. 

 

2.7.1 Blank tests of styrene via ATRP 

2.7.1.1 Blank tests of styrene via ATRP in bulk 

 

O

Br
O +

CuBr / HMTETA

O
O

Br
n

T = 120oC
n

Ethyl-alpha-
bromoisobutyrate

Styrene Polystyrene bromide

(Monomer)(Initiator)  
Scheme 24. Standard ATRP of styrene in bulk. 
 

Table.9 PS obtained via (ATRP) of styrene in bulk. 

series 
[Sty]o 
Mol/L 

[I]o 
Mol/L 

Time 
(min) 

Yield % 
aMnth

 

g/mol 

bMnGPC
 

g/mol 
PDI 

HB700 8.47 0.0847 35 24 2,400 2,600 1.08 
HB701 8.47 0.0847 70 51 5,300 4,960 1.08 
HB702 8.47 0.0423 74 38 7,600 7,900 1.08 
HB703 8.47 0.0423 88 43 8,500 8,960 1.09 

a Mnth= ([Sty]0/[I]0) X Conv. X (104.15 g/mol), where DP was calculated from 1H NMR. 
b The number average molecular weight (Mn(GPC)) and molecular weight distribution (Mw/Mn) were 
determined by GPC in THF against PS standards. 
 

These blank tests were carried out in bulk (no solvent) for a targeted DP of 100 and 

200, plotting kinetic graph of these data will be useful in determine required time 

for further polymerizations, ATRP of styrene in bulk was carried out as following : 
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(0.3 mmol, 0.08 ml, 0.068 g, 0.0847 mol/L) of HMTETA was added to (0.29 mmol, 

8.47 M, 3.4 ml, 3.08 g) of styrene in small glass flask then, ethyl-α-bromoisobutyrate 

(0.29 mmol, 0.0847 M, 0.044 ml, 0.057 g, for DP100) and (0.15 mmol, 0.0423 M, 

0.022 ml, 0.03 g, for DP200) were added to the mixture, the contents in glass flasks 

were degased many times under vacuum and flow of Argon to avoid side reaction 

with O2 during polymerization. The mixtures were transferred to other degassed 

glass tubes equipped with a septum contained (62.7 mg) of (Cu(I)Br) under dry 

Argon, then glass tubes of reaction were moved to oil bath which was set at 45 OC 

for 15 min, to form metal complex with continuous stirring then moved to another 

oil bath which was set at 120 OC, the reactions were let to proceed for 35, 70, 74 and 

88 min. The total volume of all solutions was 3.51 ml, termination was carried out 

by exposing reaction flasks to the air and adding few drops of THF. The 

polymerization mixtures were filtrated using filtration paper to discard catalyst 

residues then, were precipitated in methanol drop by drop and were dried under 

vacuum, GPC data for polymers will be examined in section 3.2 (Figure 43). 

 

2.7.1.2 Blank tests of styrene via ATRP in Toluene 

 

Toluene
O

Br
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CuBr / HMTETA

O
O
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n
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n

Ethyl-alpha-
bromoisobutyrate

Styrene Polystyrene bromide

(Monomer)(Initiator)  
Scheme 25. Standard ATRP of styrene in toluene. 
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Table.10 PS obtained via (ATRP) of styrene in toluene. 

series 
[Sty]o 
Mol/L 

[I]o 
Mol/L 

Time 
(min) 

Yield % 

aMnth
 

g/mol 

bMnGPC
 

g/mol 
PDI 

HB704 4.235 0.0211 40 10.5 2,070 2,200 1.09 
HB705 4.235 0.0211 186 48 9,500 9,300 1.15 

a Mnth= ([Sty]0/[I]0) X Conv. X (104.15 g/mol), where DP was calculated from 1H NMR. 
b The number average molecular weight (Mn(GPC)) and molecular weight distribution (Mw/Mn) were 
determined by GPC in THF against PS standards. 
 

These blank tests were carried out in (2.12 ml) of toluene were (styrene : toluene = 

1:1) for DP of 200, plotting kinetic graph of these data will be used for further 

polymerizations, ATRP of styrene in solution was carried as follows : 

(0.0287 ml, 0.0211 M) of HMTETA was added to (2.44 ml, 4.235 M) of styrene in two 

small glass flasks then, (0.01554 ml, 0.0211 M) of ethyl-α-bromoisobutyrate was 

added to the both solution, the contents in glass flasks were degassed under dry 

Argon, the solutions was moved to other degased glass tubes equipped with a 

septum which are contained (21.76 mg) of (Cu(I)Br) under flash of Argon, tubes 

were moved to oil bath settled on 45 OC to form metal complex with continuous 

stirring, after 15 min the glass tubes was moved to another oil bath which was set at 

120 OC then, ATRP was let to proceed for 40 and 186 min. The total volume of both 

solutions was 5 ml, termination was carried out by exposing reaction flasks to the 

air and adding few drops of THF. The polymerization mixtures were filtrated using 

filtration paper to discard catalyst residues then, were precipitated in methanol 

drop by drop and dried under vacuum. GPC’s traces are shown in section 3.2 (Figure 

45). 
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2.7.2 Synthesis of PnBVEx-b-PSx by combination of cationic polymerization of 

end-functionalized homopolymer (PnBVE-OSi) with ATRP of styrene 

 

2.7.2.1 Desilylation of the end-functional chain (-OSi) 

 

X

OC4H9

n
O

O
HOX

OC4H9

n
O

O
O

Si
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-
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alpha-siloxy PnBVE alpha-hydroxy PnBVE

 
Scheme 26. Desilylation of chains-end (TBDMS group) of PnBVE-OSi. 
 

Table.11 α-hydroxy PnBVE obtained by desilylation of PnBVE-OSi. 

series [nBVE] M [I] mM a𝒙𝟒𝟒𝟒𝒏𝒏𝒏𝒏 % 

bMnth
 

g/mol 

cMnGPC
 

g/mol 
PDI 

HB800 0.4 8 100 5,000 6,260 1.1 
HB801 0.4 8 100 5,000 7,560 1.09 
HB802 0.8 8 100 10,000 13,090 1.09 
HB803 0.8 8 100 10,000 12,410 1.08 

a The fraction of the VE monomer converted into polymer was measured by gravimetry of the product. 
b Mnth= ([nBVE]0/[SiDEGEA]0) X ( 𝑥𝑡𝑡𝑡𝑡

𝑛𝑛𝑛𝑛  ) X (100.16 g/mol), where DP was calculated from 1H NMR. 
c The average number molecular weight (Mn(GPC)) and molecular weight distribution (Mw/Mn) were 
determined by GPC in THF against PS standards. 
 

The desilylation of the PnBVE with (TBDMS) group at the end of chains was carried 

out using (1 M in THF, 20 equivalents with respect to TBDMS group) of n-Bu4N+F−, 

that was added to degased solution of polymer in THF at 0 °C overnight. The 

reaction was stopped by adding few drops of methanol or water, then the organic 

solvent was discarded in order to purify the polymer via dissolved it in n-Hexane 

then, washed it with water and large excess of methanol. The GPC graphs for 

polymers will be covered in section 3.2 (Figure 47). 



65 
 
The quantitative desilylation was proven by the disappearance of the 400 MHz 1H 

NMR signals at 0.06 ppm (6H, –Si(CH3)2–) and 0.89 ppm (9H, –Si(CH3)2–C(CH3)3), as 

well as, 400 MHz 13C NMR signals at −5.29 ppm (2C, –Si(CH3)2–), 18.34 ppm (C, –

Si(CH3)2–C(CH3)3) and 25.90 ppm (3C, –Si(CH3)2–C(CH3)3) that are shown in Figure 

22 and 23, respectively. 

 
Figure 22. 1H NMR spectra of PnBVE before and after desilylation of TBDMS group. 
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Figure 23. 13C NMR spectra of PnBVE before and after desilylation of TBDMS group. 
 

2.7.2.2 Synthesis of PnBVE-based ATRP macroinitiator (functionalization of 

the end-group) 

 

X
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n
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Scheme 27. Functionalization of chains-end of PnBVE-OH. 
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Table.12 PnBVE-based ATRP macroinitiator obtained by functionalization of α-hydroxy PnBVE. 

series [nBVE] M [I] mM a𝒙𝟒𝟒𝟒𝒏𝒏𝒏𝒏 % 

bMnth
 

g/mol 

cMnGPC
 

g/mol 
PDI 

HB800 0.4 8 100 5000 6,530 1.09 
HB802 0.8 8 100 10000 13,560 1.1 
HB803 0.8 8 100 10000 12,480 1.16 

a The fraction of the VE monomer converted into polymer was measured by gravimetry of the product. 
b Mnth= ([nBVE]0/[SiDEGEA]0) X ( 𝑥𝑡𝑡𝑡𝑡

𝑛𝑛𝑛𝑛  ) X (100.16 g/mol), where DP was calculated from 1H NMR. 
c The average number molecular weight (Mn(GPC)) and molecular weight distribution (Mw/Mn) were 
determined by GPC in THF against PS standards. 
 

 Functionalization reaction of α-hydroxy-poly-n-butylvinylether was carried out by 

dissolving (PnBVE-OH) in CH2Cl2, then 15-20 equivalents of Et3N was added to the 

polymer solutions, that followed by addition of 15-20 equivalents of 2-methyl-2-

bromopropionyl bromide [((CH2)2(Br))CCOBr] drop by drop, hence the molar ratio 

of  (triethylamine : 2-methyl-2-bromopropionyl bromide = 1:1). The 

functionalization reactions were under flow of Argon and stirred continuously at 0 

OC, after 24 h the macro-initiator solutions were evaporated to dryness then 

dissolved in n-Hexane and extracted with water then, washed with methanol to 

remove reactants residues. The solution of polymer in n-Hexane was then dried 

over MgSO4, evaporated to dryness under reduced pressure, and dried in vacuum 

line overnight in order to prove functionalization occurrence using 400 MHz 1H and 

13C NMR (Figure 24 and 25). 
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Figure 24. 1H NMR spectrum of PnBVE after quantitative functionalization. 
 

 
Figure 25. 13C NMR spectra of PnBVE before and after quantitative functionalization. 
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2.7.2.3 Synthesis of PnBVE50-b-PS200, PnBVE100-b-PS200 by combination of 

cationic polymerization with ATRP 
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Scheme 28. ATRP of styrene using PnBVE-Br (end-functionalized macroinitiator). 
 

Table.13 PnBVE-b-PS obtained via ATRP of styrene using PnBVE-Br as macroinitiator. 

series 
[Sty] 

M 
[macro Initiator] 

mM 
aConv. % Time (min) 

bMnth
 

g/mol 

cMnGPC
 

g/mol 
PDI 

HB800 4.34 21.7 35 120 14,362 15,200 1.23 
HB802 4.34 21.7 50 198 22,915 26,290 1.3 
HB803 4.34 21.7 25 82 17,249 16,950 1.2 

a conversion of block copolymer [(wt. of PnBVE-b-PS) - (wt. of PnBVE)/(wt. of Sty)]. 
b Mnth= {([nBVE]0/[SiDEGEA]0) X ( 𝑥𝑡𝑡𝑡𝑡

𝑛𝑛𝑛𝑛  ) X (100.16 g/mol)} + {([Sty]0/[macroinitiator]0) X (conv.) X (104.15 
g/mol)}, where DP was calculated from 1H NMR. 
c The average number molecular weight (Mn(GPC)) and molecular weight distribution (Mw/Mn) were 
determined by GPC in THF against PS standards. 
 

ATRP of styrene using macroinitiator for targeted DP of 200 was carried out as 

follows: 

(0.042 ml, 0.0217 M) of HMTETA was added to (0.0309 mol, 3.56 ml, 4.34 M) of 

styrene in small glass flasks then, (0.155 mmol, 1.55 g, 21.7 mM ) of PnBVE-based 

ATRP macroinitiator were dissolved in (3.14 ml) of toluene then, they were added 

to the mixtures, where (styrene : toluene = 1:1), the contents in glass flasks were 

degased many times under dry Argon, the solutions were transferred to other 

degassed glass tubes equipped with a septum contained (31.8 mg) of [Cu(I)Br] 

under flow of Argon, the reaction tubes were settled in oil bath set at 45 OC for 15 
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min with continuous stirring, ATRP was started by moving glass tubes to other oil 

bath set at 120 OC, the polymerization let to proceed for 120, 198 and 82 min, 

aiming to obtain 35%, 50% and 25% conversion of polymers respectively. The total 

volume of the solutions was 7.1 ml. 

ATRP was quenched by exposing flasks to the air and adding few drops of THF. The 

products were filtrated using filtration paper to discard catalyst residues, that 

followed by precipitation in methanol drop by drop then, drying under vacuum, 

GPC’s traces for these experiments will be discussed in section 3.2 (Figure 48 and 

49). And 400 MHz 1H and 13C NMR are shown in Figure 26 and 27. 

 

 
Figure 26. 1H NMR spectrum of PnBVE-b-PS. 
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Figure 27. 13c NMR spectrum of PnBVE-b-PS. 
 

2.7.3 Synthesis of ((PDEGVE1-x-g-PSx)100-b-PnBVE550-b-(PDEGVE1-x-g-PSx)100)  

by combination of cationic polymerization of (PSiDEGVE)100-b-PnBVE550-b-

(PSiDEGVE)100 and ATRP 

2.7.3.1 Desilylation of PSiDEGVE blocks  
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Scheme 29. Desilylation of PSiDEGVE blocks. 
 

PSiDEGVE segments in the (PSiDEGVE100-b-PnBVE550-b-PSiDEGVE100) triblock 

copolymers was undergone totally and partially desilylation to produce 

(PDEGVE100-b-PnBVE550-b-PDEGVE100) and [P(SiDEGVE80-co-DEGVE20)100]-b-
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PnBVE550-b-[P(SiDEGVE80-co-DEGVE20)100] respectively, and that were carried out 

by adding (1 M in THF, 1-3 equivalents) of n-Bu4N+F− (with respect to the TBDMS 

group) to a solutions of polymers dissolved in THF at 0 °C overnight. The reactions 

were stopped by adding few drops of methanol or water, then the organic solvents 

were discarded in order to purify the polymers by dissolve them in n-Hexane and 

washed them with water. Quantitative and partial desilylation was proven using 

400 MHz 1H NMR spectra is shown in Figure 28. 

 
Figure 28. 1H NMR spectra of pure PSiDEGVE100-PnBVE550-b-PSiDEGVE100 and after partial and 
quantitative desilylation. 
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2.7.3.2 Synthesis of PDEGVE-based ATRP multi-macroinitiator 
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Scheme 30. Functionalization of –OH pendants in PDEGVE segments. 
 

Partially functionalization of (PDEGVE100-b-PnBVE550-b-PDEGVE100) and 

quantitative functionalization of [P(SiDEGVE80-co-DEGVE20)100]-b-PnBVE550-b-

[P(SiDEGVE80-co-DEGVE20)100] were carried out by dissolving both polymers in THF, 

then 1.2 equivalent of Et3N was added to solutions then, 1.2 equivalent of 2-methyl-

2-bromopropionyl bromide [(((CH2)2(Br))C)COBr] was added drop by drop under 

flow of Argon, hence (polymer : Et3N : 2-methyl-2-bromopropionyl bromide = 1: 1.2 

: 1.2) respectively. The solutions were stirred continuously at 0 OC, after 24 h the 

multi-macroinitiator solutions were evaporated to dryness then dissolved in n-Hex 

and extracted with water. The solutions of polymers in n-Hex was then dried over 

MgSO4 then, evaporated to dryness under reduced pressure, and dried in vacuum 

line overnight. 

Functionalization occurrence was proven via 400 MHz 1H NMR (Figure 28 and 29). 

GPC graphs will be covered in section 3.3.1 (Figure 50 and 52). 
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2.7.3.3 Synthesis of ((PDEGVE1-x-g-PSx)100-b-PnBVE550-b-(PDEGVE1-x-g-PSx)100) 

by combination of cationic polymerization and ATRP 
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Scheme 31. Grafting from method of styrene via ATRP using P(BrDEGVE)-b-PnBVE-b-P(BrDEGVE) as 
macroinitiator. 
 

Table.14 P(SiDEGVE80-co-(DEGVE-g-(PS)10)20)100-b-PnBVE550-b-P(SiDEGVE80-co-(DEGVE-g-

(PS)10)20)100 obtained by ATRP of styrene using multimacroinitiator.  

series DP 
[Sty]o 

M 
[I]o 
M 

[ macro 
Initiator]o mM 

Time 
(min) 

Mnth
 

g/mol 
MnGPC

 

g/mol PDI 

HB720 100 8.47 0.085 1.07 10 - - Cross-linked 
HB721 200 8.47 0.043 0.5 8 - - Cross-linked 
HB722 500 8.47 0.017 2.8x10-7 1080 144,162 119,000 1.7 
 

ATRP of styrene using both multi-macroinitiators [P(DEGVE60-co-BrDEGVE40)100-b-

PnBVE550-b-P(DEGVE60-co-BrDEGVE40)] and [P(SiDEGVE80-co-BrDEGVE20)100-b-

PnBVE550-b-P(SiDEGVE80-co-BrDEGVE20)], was carried out for targeted DP of 100, 

200 and 500 as follows: 

(0.1264 g and 0.0397 g) of multi-macroinitiators was partially dissolved in a 

mixture of styrene (0.28 ml and 1.3 ml) and HMTETA (0.066 ml and 0.006 ml) in 

small glass flasks, the contents in glass flask was degased many times under dry 

Argon, the mixtures were transferred to other degased glass tubes equipped with a 

septum contained (50.1 mg and 23 mg) of [Cu(I)Br] under dry of Argon, the glass 
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tubes were settled in oil bath set at 45 OC with continuous stirring, after 15 the 

reaction tubes were moved to another oil bath set at 120 OC, ATRP was let to 

proceed for 10, 16 and 1080 min, aiming to obtain 10% conversion of the polymers. 

ATRP was quenched by exposing flasks to the air and adding few drops of THF. The 

polymerization mixtures were filtrated using filtration paper to discard catalyst 

residues then, precipitated in methanol drop by drop and dried under vacuum, the 

400 MHz 1H NMR is shown in Figure 29. Further characterization via GPC will be 

discussed in section 3.3.1 (Figure 51 and 52) 

 

 
Figure 29. 1H NMR spectra of P(PSiDEGVE80-co-(DEGVE-g-(PS)10)20)100-b-PnBVE550-b- P(PSiDEGVE80-
co-(DEGVE-g-(PS)10)20)100. 
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2.8 Measurement and Instruments 

2.8.1 Gel permeation chromatography (GPC) 

 
Figure 30. Gel permeation chromatography (GPC) instrument. 
 

“The polymer solution was dissolved in THF to a concentration of 2 (mg/mL). The 

solution was then filtered through a 0.45 μm PTFE syringe filter (Fisher Scientific). 

The molecular weight and molecular weight distribution were determined by using 

a Viscotek Gel Permeation Chromatography (GPC) equipped with a model 

pump/autosampler/degasser Viscotek GPC max module; a temperature controlled 

TDA 305 (RI, MALS, Viscometer) online with a Viscotek UV-PDA detector, and two 

GPC Waters columns connected in the following series: Styragel HR 4 and Styragel 

HR 2 (molecular weight range: 1000 to 600 000 g/mol). THF (Sigma Aldrich) was 

used as an eluent at a flowing rate of 1.0 ml/min at 40 °C. Data acquisition was 

performed with Viscotek OmniGPC 4.6 software. The instruments were calibrated 

by using narrow molecular weight polystyrene standards in the range of 162 to 

600,000 (g/mol)”. [1] 
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2.8.2 Nuclear magnetic resonance 400 MHz. 

   
Figure 31. The 400 MHz NMR spectra machine. 
 

1H and 13C NMR spectra for this research were recorded on a Bruker spectrometer 

(400 MHz) with CDCl3 as the solvent. 1H NMR spectra of solutions in CDCl3 were 

calibrated to the solvent signal (δH) at 7.24 ppm.  

 

2.8.3 Gloves box (M Braun model Lab Master sp). 

  
Figure 32. Gloves box for moisture sensitive reaction. 
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CHAPTER 3: RESULTS AND DISCUSSIONS 

3.1 Living cationic polymerization of vinyl ether monomers 

3.1.1 Homopolymerization of nBVE monomer using different initiators 

Primarily, the homopolymerization of nBVE was carried out as a model reaction by 

using a stock solution of nBEA/[Et3Al2Cl3] (initiation system) in hexane at -20 OC, in 

the presence of proton trap DtBP/ additive AcOEt and quenched with ammoniacal 

methanol. Apparently from GPC’s traces (Figure 33) and results of polymerization 

(Table 1) PnBVE with no tailing, narrow MWD (PDI = 1.06 - 1.09) and (well-control 

and well-defined) was obtained. Also linearly increasing of Mn(GPC) vs. Conversion 

can be observed (the first-order kinetic plot) (Figure 34). 

It is noted that Mn(GPC) close to Mn(th) values demonstrating that stationary 

concentration of the living cation species (A1) (Scheme 3) had been reached at early 

stage during the polymerization and it had stayed constant without any notable 

irreversible chain-end (CE) termination. [1] 
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Figure 33. GPC traces of PnBVE obtained by living cationic polymerization in hexane at -20 OC 
initiated by nBEA. 
 

 

 
Figure 34. Dependence Mn(GPC) and PDI vs. [nBVE]/[nBEA] for the polymerization of nBVE in hexane 
at -20 OC. 

In the case of homopolymerization of nBVE using CEEA/Et3Al2Cl3 in n-Hex at -20 OC 

under the same conditions of additive, proton trap and terminator, there was also 

agreement between Mn(th) and Mn(GPC). The slightly high PDI = 1.17 (Table 2) 

probably is due to a protonic initiation from moisture during the polymerization as 

shown in Figure 35 (tail in the low molecular weight area). 
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Figure 35. GPC traces of PnBVE obtained by living cationic polymerization in hexane at -20 OC 
initiated by CEEA. 
 

Similarly, the homopolymerization of nBVE using different initiation systems 

SiDEGEA/[Et3Al2Cl3] and VEMOA/[Et3Al2Cl3] in hexane at -20 OC  for different DP in 

the presence of proton trap DtBP, additive AcOEt and quenched with ammoniacal 

methanol, led to symmetrical peaks with no tailing in GPC’s traces (Figure 36 and 

38). Shown data in Table 3 and 4, proved that all polymers possess narrow MWD 

(1.07 - 1.12, good control over PDI). In addition, the agreement of Mn(GPC) and Mn(th) 

is obvious in (Figure 37 and 39). 
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Figure 36. GPC traces of PnBVE obtained by living cationic polymerization in hexane at -20 OC 
initiated by SiDEGEA. 

 

 

Figure 37. Dependence Mn(GPC) and PDI vs. [nBVE]/[SiDEGEA] for the polymerization of nBVE in 
hexane at -20 OC. 
 



82 
 

 
Figure 38. GPC traces of PnBVE obtained by living cationic polymerization in hexane at -20 OC 
initiated by VEMOA. 
 

  

Figure 39. Dependence Mn(GPC) and PDI vs. [nBVE]/[VEMOA] for the polymerization of nBVE in 
hexane at -20 OC. 
 

Another series of homopolymerization of nBVE (Table 5) was carried out under 

identical conditions of nBEA/[Et3Al2Cl3] as an initiation system (series in Table 1) in 

hexane at -20 OC, in presence of proton trap DtBP and additive AcOEt), the only 
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difference was in using different terminator (functionalized one) or what it is called 

end-capping of polymer chains with sodium diethyl malonate. 

In spite of the agreement between Mn(GPC) and Mn(th) (Table 5), the GPC’s traces 

(Figure 40) illustrate a slightly broad MWD (PDI = 1.1 - 1.12) for PnBVE with no 

tailing, regarding to this broadness and 1H NMR spectra (Figure 16) it is reasonable 

to say that, living chains of PnBVE were not quenched efficiently by sodium diethyl 

malonate but only a few percentage of these chains were terminated using both 

40eq and 60eq of malonate. 

This strongly indicate the occurrence of other termination reactions, either by 

elimination or by attacking other possible positions besides the propagating center 

of living PnBVE chains, as shown in the proposed mechanism (Scheme 32).  

 

Figure 40. GPC traces of PnBVE obtained by living cationic polymerization in hexane at -20 OC 
initiated by nBEA and terminated with sodium malonate. 
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Scheme 32. Proposed mechanism of the termination reaction of PnBVE with sodium malonate while using 
AcOEt as additive. 
 

In order to minimize other possible positions thus optimize termination step, 

another nucleophilic additive (1, 4 dioxane) is considered to be used for further 

polymerization instead of ethyl acetate (AcOEt), in while the stability of 6-member 

ring and absence of ring strain in 1,4 dioxane during reversible termination (Scheme 

3), will allow attacking the exact position of living PnBVE chains using sodium 

diethyl malonate (Scheme 33). 

 
Scheme 33. Proposed mechanism of the termination reaction of PnBVE with sodium malonate while using 1, 4-
dioxane as additive. 
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3.1.2 Copolymerization of vinyl ether monomers to produce diblock and 

triblock copolymers 

The block copolymers were synthesized at −20 °C in n-Hex using Schlenk technique 

with nBEA/Et3Al2Cl3 and cHDMEA/Et3Al2Cl3 (initiation systems). The molecular 

weight and composition of the synthesized diblock and triblock copolymers are 

recorded in Tables 6 and 7. 

The GPC trace of PnBVE97-b-P(nBVE80-co-VOEM20)100 (AB type) (Figure 41) is 

shifted to higher molecular weights after adding the 2nd block and virtually no trace 

related to the unreacted precursor (living PnBVE chains) have been found. The 

composition of copolymer FnBVE/FVOEM was calculated according to 1H NMR 

spectrum (Figure 18). The recorded data in Tables 6 shows that the obtained block 

copolymer has Mn(GPC) close to the calculated Mn(th). 

 

Figure 41. GPC traces of PnBVE-b-P(nBVE-co-VOEM) obtained by sequential living cationic 
polymerization in hexane at -20 OC initiated by nBEA. 
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The examination of the GPC traces (Figure 42) shows that P(nBVE80-co-VOEM20)50-

b-PnBVE100-b-P(nBVE80-co-VOEM20)50 (ABA type) is contaminated by either the 

presence of unreacted PnBVE or P(nBVE-co-VOEM) due to protonic initiation from 

moisture during addition of the second block. 

 

Figure 42. GPC traces of P(nBVE-co-VOEM)-b-PnBVE-b-P(nBVE-co-VOEM) obtained by sequential 
living cationic polymerization in hexane at -20 OC initiated by nBEA. 
 

3. 2 Combination of Cationic polymerization with ATRP to synthesize diblock 

Copolymers 

A series of blank ATRP of styrene (8.47 M) was run for different conversion 

corresponding to DP 100 and 200 (Table 9 and 10) in bulk and in solution (toluene) 

aiming to determine the required time and optimum conditions for the synthesis 

graft terpolymers or block copolymers. 
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The GPC traces of PS prepared in bulk disclose about polymers possesses narrow 

PDI (1.08) and good control over Mn as indicated from the agreement of Mn(th) and 

Mn(GPC) (Table 9) and from the linearly increase of Mn(GPC) and PDI vs. Conversion 

(Figure 44). In addition, plotting the first-order kinetic graph of (Ln (Mo/Mt) vs. 

time) can be used as a guide to estimate the desired conversion that could be 

obtained at specific time using following equation 1: 

𝐿𝐿 �
𝑀𝑜

𝑀𝑡
� = 𝐿𝐿 �

1
1 − 𝑐𝑐𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝐿

� = 𝑐𝑠𝑐𝑠𝑐 𝑐𝑜 𝑡ℎ𝑐 𝑠𝑐𝐿𝑐𝑙𝑐 𝑐𝑐𝑙𝑠𝑙𝑡𝑐𝑐𝐿 × 𝑡𝑐𝑡𝑐    (𝐞𝐞.𝟏) 

 

Figure 43. GPC traces of standard PS in bulk. 
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Figure 44. Dependence Mn(GPC) and PDI vs. Conversion%  and the first order kinetic plot represented 
dependence of Ln([MO]/[Mt]) vs. time (min) for the standard polymerization of PS in bulk. 
 

Another series of polymerization of styrene (4.23 M) was carried out in toluene 

(solvent : monomer = 1:1) and for DP 200 at various periods of time 40 and 186 min 

(10.5% and 50% conversion of PS). 

Similarly the Mn(GPC) is close to Mn(th) as shown in Table 10 and increasing linearly 

with conversion (Figure 46).  

At high yield of ATRP, a short hump was found in GPC traces (Figure 45) (green 

traces) which is believed that is due to termination reactions which occurred at high 

stage of conversion one of these is the coupling reactions between polymer chains. 

Like before, plotting first-order kinetic graph (Ln (M0/Mt) vs. time) can be used to 

estimate the desired conversion that could be obtained at specific time, for further 

polymerization in solution using eq.1. 
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Figure 45. GPC traces of standard PS in toluene. 
 

                       
Figure 46. Dependence Mn(GPC) and PDI vs. Conversion% and the first order kinetic plot represented 
dependence of Ln([MO]/[Mt]) vs. time (min) for the standard polymerization of PS in toluene. 
 

The narrow MWD and PDI of PnBVE that are initiated by SiDEGEA/Et3Al2Cl3 (Table 

3), were maintained similar range and properties after desilylation processes and 

functionalization (Table 10 and 11), in GPC traces (Figure 47) a negligible shift 

toward low molecular weight side are shown after desilylation, that may appear due 
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to the aggregation of polymer chains via hydrogen bonding, but this is not an issue 

whereas these peaks regained their original places after functionalization. 

Anyway the quantitative desilylation and quantitative functionalization was 

confirmed by 1H NMR and 13C NMR spectra (Figure 22-25) 

 

Figure 47. GPC traces of PnBVE obtained by living cationic polymerization in hexane at -20 OC 
initiated by SiDEGEA after desilylation and functionalization. 
 

All end-functionalized polymers (Table 12) have undergone ATRP in toluene (Table 

13) under conditions similar to the blank ATRP of styrene in toluene, these 

functionalizes polymers were used as macroinitiator with styrene for DP 200 aiming 

to get 50% conversion of polystyrene, the required time for ATRP was calculated 

from eq.1, depending on first-order kinetic plot (Figure 46). 
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GPC traces of diblock copolymer after ATRP (Figure 48) show significant shifts for 

both peaks toward the highest molecular weight direction, which prove the 

formation of (PnBVE50-b-PS200) and (PnBVE100-b-PS200). 

Purple traces of (PnBVE50-b-PS200) shows the contamination with a precursor (non-

functionalized PnBVE50). As well as shoulders have appeared in both diblock 

copolymer (purple and brown traces), which are pointing to presence of mixtures of 

diblock and triblock copolymers [(PnBVE-b-PS) + (PnBVE-b-PS-b-PnBVE)] due to 

reach high conversion which resulted in a lot of termination reactions represented 

in the coupling reactions between polymers chains.  

Figure 48. GPC traces of PnBVE-b-PS obtained by combination of living cationic polymerization and 
ATRP. 
 

In order to fix the coupling chains problem, a new ATRP of PnBVE100 with styrene 

was carried in toluene, for DP 200 (Table 13, HB 803), but this time, a lower 
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conversion (only 25% yield) was reached by calculating the required time from 

eq.1. 

Regarding to GPC traces (Figure 49) the well-defined diblock copolymer (PnBVE100-

b-PS200) was achieved with narrow MWD (PDI = 1.2), good control over Mn and 

without tailing. 

 

Figure 49. GPC traces of PnBVE-b-PS obtained by combination of living cationic polymerization and 
ATRP. 
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3.3 Synthesis of graft terpolymer 

3.3.1 Combination of living cationic polymerization with ATRP to synthesize 

graft triblock ter-polymer P(DEGVE-co-(DEGVE-g-PS))-b-PnBVE-b-P(DEGVE-

co-(DEGVE-g-PS))  

All attempts to achieve well-defined triblock terpolymer [P(DEGVE-g-PS)-b-PnBVE-

b-P(DEGVE-g-PS)] in bulk was failed. 

Starting from totally desilylated PSiDEGVE100-b-PnBVE550-b-PSiDEGVE100 (Figure 

28) a broad peak was formed in GPC’s traces and it remained the same even after 

functionalization (Figure 50, green traces). 

The reason is believed to be the aggregation of PDEGVE segments via interaction 

between the multiple hydroxyl pendants (H-bond) thus preventing polymer chains 

from swelling in the solvent (THF) and since the functionalization was not 

quantitative (only 40% of –OH was functionalized) the same broad peak still exist 

which resulted in a large Mn and broad MWD (Figure 50). 

Anyway ATRP of styrene using this multi-macroinitiator was carried out in bulk for 

DP 100 and 200 (Table 14), under identical conditions of blank tests of styrene in 

bulk (Table 9).  
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As the aggregation between polymer chains most likely will result in coupling of 

radicals chains during ATRP thus auto-terminations, so a very low conversions 

should be reached in order to minimize this risk. 

The required time to reach these conversions was calculated based on the first-

order kinetic plot of PS in bulk (Figure 46) using e.q.1, and it was found to be 10 

min for targeted DP 100 and 8 min for targeted DP 200 to obtain 10% and 5% yield, 

respectively. 

 
Figure 50. GPC traces of PSiDEGVE100-b-PnBVE550-b-PSiDEGVE100 before and after functionalization. 
 

Carrying out ATRP for such yield was thought to work but contrast of that cross-

linked polymers was obtained for both cases DP 100 and 200 (Figure 51), which 

prove that coupling between polystyrene chains still occur even at low conversion 

in bulk, thus resulted in hyperbranched then cross-linked polymers. 
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The termination is enhanced by insolubility of polymers in styrene besides the 

polymer chains aggregation, thus growing polystyrene chains on the surface of the 

polymer, which give the chance for polymerization to behave as in high conversion 

state.  

 

Figure 51. Cross-linked polymer produced from ATRP of PSiDEGVE100-b-PnBVE550-b-PSiDEGVE100 in 
bulk. 
 

In order to eliminate the previous problem two major modifications were applied: 

- Foremost, partially desilylation (reducing hydroxyl pendants), where f(-OH) =30% 

then quantitative functionalization, see 1H NMR (Figure 28). 

- Diluting ATRP system by carrying it out in solution (toluene) at low yield. 

 

According to both modifications above, another ATRP was carried out for DP 500 

and 2% conversion of polymer (Table 14, HB 722). A graft triblock terpolymer 

P(SiDEGVE0.8-co-( DEGVE-g-PS10)0.2)100-b-PnBVE550-b-P(DEGVE0.8-co-(DEGVE-g-

PS)0.2)100 was achieved with broad MWD (PDI 1.7) and divergent values of Mn(GPC) 

and Mn(th).  
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That confirmed that multiple hydroxyl pendant is responsible for side reactions and 

broadness in MWD, this reason induced us to synthesized new polymers with 

unique hydroxyl group at the end-chain as mentioned before in section 3.2 or with 

low contents of DEGVE segments for further work. 

 
Figure 52. GPC traces of PSiDEGVE100-b-PnBVE550-b-PSiDEGVE100 through desilylation, 
functionalization and “grafting-from” reaction. 
 

3.3.2 Combination of living cationic polymerization with living anionic 

polymerization to synthesize graft triblock tetra-polymer 

A graft triblock tetra polymer [PnBVE200-b-P(CEVE0.2-co-(CEVE-g-PS13)0.8)216-b-

PSiDEGVE192] was successfully synthesized, with GPC traces (Figure 53) shows a 

vivid shift to higher molecular weights with no tailing, narrow MWD (PDI= 1.18). 
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The lower initiation efficiency due to increasing dimensions of living propagating 

chains, resulted in PDI increasing after each addition of segments. 

 
Figure 53. GPC traces of PnBVE200-b-P(CEVE0.2-co-(CEVE-g-PS13)0.8)216-b-PSiDEGVE192 obtained via 
combination of anionic polymerization of PS with cationic polymerization of PnBVE-b-PCEVE-b-
PSiDEGVE. 
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CHAPTER 4: CONCLUSION 

The base-assisted living cationic homopolymerizations and copolymerization of 

nBVE by using different initiation system (nBEA/Al2Et3Cl3, SiDEGEA/Al2Et3Cl3 and 

VEMOA/Al2Et3Cl3) that include initiators with structures equivalent to dormant 

species which allowed fast initiation[1], were achieved in hexane at −20 °C in the 

presence of 1 M of AcOEt and 4 mM of DtBP. That resulted in a series of well-defined 

homopolymers and block co- and terpolymers with good control over Mn(GPC) and 

PDI, i.e. homo PnBVEn (with monofunctional end or difunctional end as a precursor 

for further block copolymer or miktoarm or any other complex structure), PnBVEn-

b-P(nBVE-co-VOEM)p and P(nBVE-co-VOEM)p-b-PnBVEn-b-P(nBVE-co-VOEM)p (as a 

precursor for H-shape or multi-grafted or comb structures), PSiDEGVEq-b-PnBVEn-

b-PSiDEGVEq and PnBVEn-b-PCEVEp-b-PDEGVEq (multifunctional precursor could be 

subjected to “grafting-from” and/or “grafting-onto” reactions as shown in this 

manuscript). 

The quantitative desilylation of the PSiDEGVE (using Bu4N+F− in THF at 0 °C and was 

confirmed by NMR) led to –OH functionalized polymers which after transformation 

to ATRP initiators were used to produce complex macromolecular architectures: 

[P(DEGVE-g-PS)q-b-PnBVEn-b-P(DEGVE-g-PS)q] and [PnBVEn-b-PSq]. 

It has been proven in this study that ATRP system can be efficient at low yield of 

polymers that contain -OH groups (< 50% for monofunctional and < 10% for 
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multifunctional polymers) and in dilute concentrations (solvent/monomer = 1/1) to 

prevent the risk of auto-termination. 

Graft triblock quarterpolymer PnBVE200-b-P(CEVE0.2-co-(CEVE-g-PS13)0.8)216-b-

PSiDEGVE192 with predictable Mn(GPC) and narrow PDI were successfully achieved 

via “grafting-onto” methodology. 

Further desilylation of PSiDEGVE segment will give chance for making even more 

complex structures via “grafting-from” methodology.  
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ABBREVIATIONS 

nBVE: n-Butyl vinyl ether 

nBEA: 1-Butoxyethyl acetate 

cHDMEA: [1,4-cyclohexane-1,4-diyl bis(2-methoxyethyl acetate)] 

PnBVE: Poly (n-butyl vinyl ether) 

VOEM: [2-(vinyloxy) ethyl malonate] 

PVEOM: Poly (2-(Vinyloxy) ethyl) malonate 

FnBVE: Molar fraction of nBVE 

FVOEM: Molar fraction of VOEM 

CEVE: 2-Chloro ethyl vinyl ether 

CEEA: [1-(2-chloroethoxy) ethyl acetate] 

PCEVE: Poly (2-chloro ethyl vinyl ether) 

SiDEGVE: Silyl diethyl glycol monovinyl ether 

SiDEGEA: [1-(2-(2-(tert-butyldimethylsilyloxy) ethoxy) ethoxy) ethyl acetate]  

PSiDEGVE: Poly (silyl diethyl glycol monovinyl ether) 

DEGVE: Diethyl glycol monovinyl ether 

PDEGVE: Poly (diethyl glycol monovinyl ether) 
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BrDEGVE: Bromo-diethyl glycol vinyl ether 

PBrDEGVE: Poly (Bromo-diethyl glycol vinyl ether) 

PS: Poly styrene 

PS-Li+: poly styryl lithium 

PS-Li+-DPE: poly styryl lithium - di phenyl ethylene 

Cat.(Al2Et3Cl3) or EASC: Ethylaluminium sesquichloride  

AcOEt: Ethyl acetate  

DtBP: 2, 6 -Di-tert-Butyl pyridine 

n-Hex: n-Hexane 

THF: Tetrahydrofuran 

DCM or CH2Cl2: Di-Chloro methane 

DMF: N,N-dimethyl formamide 

AcOH: Acetic acid  

CDCl3: Deuterated Chloroform  

CaH2: Calcium Hydride  

NaH: Sodium Hydride  

MgSO4: Magnesium Sulfate 
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sec-BuLi: sec-Butyl Lithium 

TBDMS: Tert-Butyl dimethyl silyl  

Bu4N+F− or TBAF: Tetra-n-Butyl ammonium fluoride 

TEA or Et3N: Tri-Ethyl amine 

HMTETA: 1,1,4,7,10,10 -Hexamethyltriethylenetetramine 

KOH: Potassium hydroxide 

AcOVE: Acetoxy vinyl ether 

IBVE: iso-Butylene vinyl ether 

ATRP: Atom Transfer Radical Polymerization 

ICAR: Initiators for Continuous Activator Regeneration 

ARGET: Activators Regenerated by Electron Transfer 

AGET: Activators Generated by Electron Transfer 

ROP: ring opening polymerization 

GPC: Gel Permeation Chromatography 

1H NMR: Hydrogen Nuclear Magnetic Resonance 

13C NMR: Carbon Nuclear Magnetic Resonance 

Mn(th): Theoretical number average molecular weight 
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Mn(GPC): Number average molecular weight from GPC  

DP: Degree of polymerization 

PDI: Polydispersity Index  

MWD: molecular weight distribution 
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