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GENERAL INTRODUCTION 
 
Background 
1. Organic Chemistry in Polymer Chemistry: the Essence of Design and Synthesis 

     Organic chemistry is deeply related to polymer chemistry: organic reactions and catalysis are 

the “essence” to design and synthesize organic polymers and macromolecules.  In general, 

synthetic organic polymers [e.g., poly(methyl methacrylate), polyester], as well as natural 

biopolymers, consist of monomer units that are consecutively connected through covalent bonds.  

The characteristics of polymers thus depend on the primary structure (e.g., molecular weight, 

terminal, stereoregularity, repeat-unit sequence), monomer units and functional groups, and 

three-dimensional architectures (e.g., random coil, branched, cyclic, globular, and rod-like).  These 

factors are programmed into polymers as information to express the inherent properties and 

functions.  Thus, a goal in synthetic polymer chemistry is directed toward the precision control of 

primary and three-dimensional structures via selective and site-specific functionalization. 

     In polymer synthesis, organic reactions assume important roles in “molecular design”, 

“polymerization”, and “functionalization”: (1) design and functionalization of monomers, initiators, 

and terminators; (2) polymerization of monomers into polymers; (3) post-functionalization of 

polymers (Figure 1). 

 

 
Figure 1. Organic reactions for polymer synthesis. 
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     Various precision polymerization systems including living and/or stereospecific 

polymerizations have recently been developed, to allow fine control of the primary structure of 

polymers: e.g., molecular weight, composition, terminal structure, and stereoregularity.1-4 Herein, 

the prerequisite is selective and efficient organic reactions to connect monomers into high 

molecular weight polymers.  In chain polymerization, for instance, monomers repeatedly react 

with a growing active species over several hundred or thousand times virtually without failure.  

Monomers, initiators, and terminators turn to be structural elements of polymers.  The molecular 

design thus affects the physical properties of resulting polymers.  

     Post-functionalization of polymers is useful in both laboratory scale and industrial production 

to convert polymeric precursors into desired functional polymers.5-7  This is particularly effective 

to introduce functional groups that potentially interfere polymerization and often deactivate the 

growing species.  In another aspect, post-functionalization is intriguing as a modular synthetic 

approach to various functional polymers from an identical precursor.  Since polymer pendants are 

sterically hindered by the neighboring monomer units and condensed environments, the 

modification of polymers are generally less efficient than that of the corresponding monomers.  

Thus, harsh reactions and conditions have been often employed for efficient conversion but in turn 

led to less site-selective transformation.  To overcome these issues, efficient post-functionalization 

systems have been developed, via selective organic reactions such as click reactions (azide-alkyne, 

thiol-ene, etc.)8-10 or with selectively convertible units like activated esters (pentafluoro phenyl units 

and alcohols, N-hydroxysuccinimide esters and amines, etc.).11 

     Though precision polymerization and post-functionalization systems have been developed, 

monomer-sequence control and site-selective functionalization of polymers are still difficult and 

remaining issues in polymer chemistry.  For these, synergetic combination of selective organic 

reactions with precision polymerizations would open a new avenue. 

 

2. Tandem Catalysis of Precision Polymerizations and Organic Reactions 
     Tandem catalysis is one-pot synthetic methodology where two or several different reactions 

are sequentially or concurrently conducted in single vessels (Figure 2).12,13 Such a tandem system 

directly gives final products from starting materials through multiple catalysis, more efficiently and 

conveniently than a convensional multistep synthesis involving isolation and purification of the 

intermediates.  Thus, the tandem catalysis combined with precision polymerization and selective 

organic reactions would be promising as an efficient and versatile approach to functional polymers 

with precision primary structure. 
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Figure 2. Sequential or concurrent tandem catalysis. 

 

     Tandem catalysis and tandem reactions include some variants.  In sequential tandem 

catalysis, for example, multiple reactions “sequentially” take place, typically via the direct addition 

of chemical reagents for next reactions into the reaction mixtures.14  One-pot cascade or domino 

reactions, which automatically induce multistep reactions, are also developed as efficient synthetic 

systems in organic synthesis.  In concurrent tandem catalysis, several different reactions proceed 

“simultaneously” in single vessels to directly give final products.15  Importantly, the concurrent 

system requires high compatibility of the active species and intermediates of the different catalytic 

cycles; if one catalysis deactivates another, concurrent tandem catalysis is impossible. 

     Various tandem catalytic systems have been developed for organic reactions, polymerization, 

and polymer synthesis.16  In tandem polymerizations coupled with organic reactions, living and/or 

controlled polymerization is often utilized to regulate primary structure (e.g., uniform chain length 

and terminal structure), while selective organic reactions like hydrogenation, nucleophilic attack, 

click reaction and transesterification are employed as site-selective functionalization techniques of 

polymers.17  By sequentially or concurrently conducting these different catalyses in one-pot, 

tandem polymerization affords modular design and high throughput synthesis of functional 

polymers with multiple-controlled primary structures (Figure 3).  This is more efficient than 

multistep procedures combining precision polymerization and post-functionalization. 

(1) Sequential Tandem Polymerization with Functionalization 
    The sequential tandem polymerization is useful for the one-pot synthesis of block, star, or 

end-functionalized (co)polymers.  Living polymerizations are often used as precision 

polymerization systems.  In living anionic polymerization, for instance, a pair of monomers [e.g. 

n-butyl acrylate and methyl methacrylate] with highly different reactivity undergo domino-type 

block copolymerization to give block copolymers.18 Star polymers can also be obtained by a 

sequential tandem polymerization of monomers for arms, followed by the crosslinking of the arms 

with a divinyl monomer.19  The sequential catalysis of different polymerizations with a single 

initiator (e.g. ROMP and ATRP) is also effective to produce block copolymers that cannot be 

obtained by a sequential polymerization of a single mechanism.20 
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Figure 3.  Tandem catalysis of precision polymerization and selective organic reactions for 

well-controlled functional polymers. 
 

    Terminal-selective hydrogenation of a chlorine-capped poly(methyl methacrylate) (PMMA-Cl) 

into a hydrogen capped version (PMMA-H) is achieved via the sequential tandem catalysis of 

ruthenium [RuCl2(PPh3)3]-catalyzed LRP of MMA with a chloride initiator and the in-situ 
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RAFT (reversible addition-fragmentation chain-transfer) polymerization and Curtius rearrangement 

for poly(methyl acrylate), polystyrene and poly(acryl amide) with alkyne group at their terminals.22  

An iterative process of different catalytic systems is also effective to create novel chiral polymers: 

Meijer et al. reported the synthesis of enantio-pure chiral polyesters via the iterative tandem 

catalysis of lipase-catalyzed ring-opening polymerization (ROP) and Ru-catalyzed racemization of 

the polymer terminals.23 
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(2) Concurrent Tandem Polymerization with Functionalization 

     Concurrent tandem polymerization with organic reactions is employed for the synthesis of 

unique block copolymers.  For example, a concurrent tandem catalysis of LRP of MMA and 

ring-opening metathesis polymerization (ROMP) of cyclooctadiene (COD) was achieved with a 

designed ruthenium catalyst, to give unique block copolymers comprising PMMA and PCOD 

segments.24 A ruthenium complex further catalyzes hydrogenation of the internal olefin of the block 

copolymers. 

     Concurrent tandem catalysis is further effective for the in-situ functionalization and 

transformation of monomers via organic reactions.  Cu-catalyzed LRP (ATRP) of propargyl 

methacrylate is compatible with Cu-mediated click reaction of the alkyne units and azide 

compounds.25  The simultaneous catalysis of the two reactions successfully provides various 

pendant-functionalized polymers.  In author’s group, concurrent tandem catalysis of LRP and 

in-situ transesterification of methacrylates with alcohols was developed as a versatile synthetic 

strategy of methacrylate-based gradient copolymers.26  This system affords the catalytic control of 

gradient sequence by tuning the kinetic balance of polymerization for chain growth and 

monomer-selective transesterification for gradient composition.  The details are described later. 

 
3. Transesterification in Polymer Chemistry 
     Transesterification is an efficient and simple reaction to produce ester compounds 

(R1COOR3) with other ester compounds (R1COOR2) and alcohols (R3OH).  The diversity of final 

products is one of the most attractive features of transesterification; i.e., various esters and alcohols 

can be utilized and combined to virtually allow the design and synthesis of unlimited kinds of ester 

compounds.  Thus, transesterification has been actually employed as a synthetic tool for not only 

ester compounds but also ester-based polymers in laboratory and industry.  Transesterification 

plays an important role in polymer chemistry (Figure 4). 

     For example, derivatives of methacrylates and acrylates are industrially produced by 

transesterification with alcohols.  Transesterification also functions as a key reaction in 

step-growth polymerization or ring-opening polymerization for polyesters.  Poly(ethylene 

terephthalate) (PET) is manufactured via the transesterification of dimethyl terephthalate with 

ethylene glycol.  Needless to say, it is used as materials for bottles and indispensable in daily life.  

Other common and commercial polymers including polycarbonate, polylactide and 

polycaprolactone are also similarly obtained via transesterification. 
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Figure 4. Transesterification in polymer chemistry. 

 

     Transesterification is catalyzed by strong acids (e.g., sulfuric acid), strong or organic bases 

(e.g., DMAP), Lewis acids and metal alkoxides (e.g., Zn, Al, Ti, La, Yb, La) and enzyme (e.g., 

lipase).27-32  Various Lewis acids and metal alkoxides are developed for efficient and selective 

transesterification with alcohols under mild conditions.  Because transesterification is an 

equilibrium reaction, the removal of volatile alcohols generating from starting esters is critical to 

promote the reaction.  The reactivity of esters and/or alcohols are highly dependent on the steric 

hindrance and electronic factors.33  In metal-mediated transesterification, the activity depends on 

alcohols and decreases in this order: primary > secondary > tertiary alcohols (e.g., tert-butanol).  

Transesterification is compatible with the other chemical reactions such as living radical 

polymerization.  Due to high selectivity and compatibility, transesterification is applicable to 

tandem catalysis and polymerization to create functional polymeric materials.26,34,35 
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such as rubber, resin, plastics, fibers and films.  Advantages of radical polymerization are wide 

applicability of diverse monomers, high yield synthesis, and tolerance to polar functional groups 

and solvents (e.g., water and alcohols).  In 1990s, the concept of dormant/active equilibrium is 

introduced into radical polymerization to accomplish living radical polymerization (LRP).36,37  
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Various LRP systems via different mechanisms have been developed so far: nitroxide-mediated 

polymerization (NMP), metal-catalyzed LRP (atom transfer radical polymerization: ATRP), 

reversible addition-fragmentation chain-transfer (RAFT) polymerization, tellurium-mediated radical 

polymerization (TERP), and organometallic mediated radical polymerization (OMRP).38-41 

 

 
Figure 5. Ru-catalyzed living radical polymerization for functional polymers. 
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(amines, aminoalcohols, and metal alkoxides) are also important to achieve high controllability; for 

example, aluminum or titanium alkoxides [Ti(Oi-Pr)4, Al(Oi-Pr)3] are typically effective for 

methacrylates.45  A series of LRP systems now affords the precision control of molecular weight, 

terminal structure, monomer sequence distribution, and branched structures.  In particular, gradient, 

sequence-controlled, telechelic, and pinpoint-functionalized polymers are intriguing as well-defined 

functional polymers with unique properties. 
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(1) Gradient Copolymers 

     Gradient copolymers are one class of sequence-regulated copolymers where monomer 

sequence distribution continuously changes from α-end to ω-end along a chain (Figure 6).  Owing 
to the unique sequence distribution, gradient copolymers often show solid and solution properties 

distinct from corresponding random or block counterparts: e.g., phase segregation behavior, 

thermal/rheological properties, compatibility, contact angle, micellization, and lower critical 

solution temperature.46-50 A/B gradient copolymers have unlimited possibilities of gradient 

sequence: e.g., gradual and linear composition change from A to B; sudden composition change 

from A to B at the middle point between two A/B-blocky segments; A/B gradient from α-end to the 

middle point and A/B random to ω-end (Figure 6).  Given these features, functional gradient 

copolymers are expected to show novel physical properties and functions that cannot be achieved 

with random and block counterparts. 

 
Figure 6. Synthetic strategies and features of gradient copolymers. 
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(Figure 7).26  Here, a methacrylate comonomer (B: R2MA) is directly produced via the 

transesterification of a starting methacrylate (A: R1MA) with alcohols (R2OH) during LRP; i.e., 

monomer composition in polymerization solutions changes concurrently with copolymerization of 

the resulting two monomers.  Thus, the instantaneous composition of monomers in polymerization 

solutions is reflected to the instantaneous gradient sequence of resulting copolymers.  The 

transesterification of monomers is efficiently catalyzed by metal alkoxides [Ti(Oi-Pr)4, Al(Oi-Pr)3] 

that are originally employed as cocatalysts for Ru-catalyzed LRP of methacrylates.  Thus, the 

transesterification does not interfere with Ru-catalyzed LRP.  The gradient sequence can be 

catalytically controlled by tuning the kinetic balance of polymerization and transesterification.  By 

applying various methacrylates and alcohols, the tandem catalytic polymerization would make it 

possible to design and synthesize functional gradient copolymers for intriguing properties and 

functions. 

 
Figure 7. Concurrent tandem catalysis of transesterification and living radical polymerization. 
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Figure 8. Synthetic routes for Terminal Functionalization. 

 

(3) Pinpoint-Functionalized and Sequence-Controlled Polymers 

     Monomer-sequence control of synthetic polymers is one of the most challenging issues in 

polymer chemistry, while the technique is essential in order to create polymeric materials with 
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sequence-controlled polymers. 
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Objectives in This Study 
     Given these backgrounds, the author aimed to create novel efficient approaches to 

well-controlled functional polymers via metal-catalyzed living radical polymerization (LRP) 

coupled with metal alkoxide-mediated transesterification.  Owing to high versatility and 

functionality tolerance, metal-catalyzed LRP is applicable to various methacrylates and alcohols as 

monomers and solvents, respectively.  Importantly, metal alkoxides [Ti(Oi-Pr)4, Al(Oi-Pr)3] not 

only serve as cocatalysts for the LRP but also work as catalysts for transesterification.  Radical 

active species of polymers generating from LRP should never interfere the active intermediates 

formed in transesterification; thereby, metal alkoxide-mediated transesterification can be 

compatible with LRP.  Transesterification further exhibits highly selective reactivity to ester 

compounds, dependent on the steric hindrance and electronic factors around the carbonyl groups. 

 

 
Figure 10. Tandem catalysis of transesterification and LRP for gradient sequence control and 

site-selective functionalization. 
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1. Development of novel synthetic systems with site-selective transesterification and LRP 

2. Precision synthesis of functional polymers with well-defined primary structure: functional 

gradient, telechelic, pinpoint-functionalized, and sequence-controlled (co)polymers 

3. Evaluation of the physical properties of their functional polymers 

 

  For this, this doctoral thesis consists of the two parts: 

1. Concurrent Monomer-Selective Transesterification with LRP 

for Functional Gradient Copolymers 
2. Terminal and Acrylate-Selective Transesterification with LRP 

for Telechelic, Pinpoint-Functionalized, and Sequence-Controlled Polymers 

 

1. Concurrent Monomer-Selective Transesterification with LRP 
for Functional Gradient Copolymers 

     The first part in this thesis is to synthesize functional gradient and sequence-regulated 

copolymers via tandem catalysis where transesterification of monomers simultaneously proceeds 

during LRP. 

     For this, various methacrylates (methyl methacrylate: MMA, 2-ethylhexyl methacrylate: 

EHMA, 1H,1H,2H,2H-perfluorooctyl methacrylate: 13FOMA) and alcohols [e.g., 1-dodecanol; 

hydrophobic, poly(ethylene glycol) methyl ether: PEG-OH; hydrophilic and thermoresponsive, 

fluoroalcohols, and a 1,3,5-tricarboxamide (BTA)-bearing alcohol; hydrogen bonding] were 

employed as starting monomers and solvents, respectively.  Ti(Oi-Pr)4 efficiently catalyzed 

concurrent transesterification of the methacrylates with the alcohols (ROH) to in-situ form second 

functional monomers.  Molecular sieves 4A (MS 4A) efficiently promotes the transesterification 

of MMA into corresponding methacrylates (RMA) up to high yield by suppressing the reverse 

reaction via the removal of methanol generating therefrom.  The diverse combination of 

methacrylates and alcohols allowed to produce various functional gradient copolymers: hard/soft 

MMA/dodecyl methacrylate (DMA) gradient, amphiphilic MMA/poly(ethylene glycol) methyl 

ether methacrylate (PEGMA) gradient, fluorinated and/or fluorous gradient, and hydrogen-bonding 

EHMA/BTA-functionalized methacrylate (BTAMA) gradient (Scheme 1).  The gradient sequence 

was catalytically controlled by the Ti catalyst concentration and/or the amount of MS 4A. 

     Gradient sequence distribution of monomers with opposite and/or distinct nature is expected 

to provide novel and intriguing functions.  The physical properties of functional gradient 

copolymers obtained herein were thus evaluated by differential scanning calorimetry (DSC), 

dynamic light scattering (DLS), ultraviolet visible absorption spectroscopy (UV-vis).  A series of 

gradient copolymers actually showed solid and solution properties distinct from corresponding 
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random or block copolymers.  The effects of sequence distribution (gradient, random, block) on 

their properties were discussed in detail. 

 

 
Scheme 1. Concurrent Tandem Catalysis of LRP and Monomer-Selective Transesterification for 

Functional Gradient Copolymers 

 

2. Terminal and Acrylate-Selective Transesterification with LRP 

  for Telechelic, Pinpoint-Functionalized, and Sequence-Controlled Polymers 

     The second part of this thesis is directed to the site-selective functionalization of polymers via 

terminal or acrylate-selective transesterification for telechelic, pinpoint-functionalized, and 
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joint-functionalized block copolymers, into which single monomer units were periodically or 

site-specifically introduced.  In contrast, Ti-mediated transesterification of bromine-capped 

PMMAs (PMMA-Br) with alcohols led to halogen free telechelic polymers (Scheme 2b). 
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Scheme 2. Terminal or Acrylate-Selective Transesterification for Telechelic and 

Pinpoint-Functionalized Polymers 
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the less steric hindrance, the methyl acrylate (MA) units were selectively transesterified into 

corresponding acrylate counterparts (R’A) to give RMA/R’A random copolymers.  Importantly, 

MA, a common monomer, can serve as a selective transformation segment for efficient 

post-functionalization via transesterification without using activated esters. 
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Outline of This Study 
 

This thesis consists of two parts including 8 chapters: 

    Part I (Chapters 1 – 5) deals with the synthesis and characterization of functional gradient 

copolymers via concurrent tandem catalysis of LRP and transesterification.  The polymer design is 

focused on the precision and on-demand control of the gradient sequence by tuning the kinetic 

balance of the two reactions and gradient functionalization with various methacrylates and alcohols 

(e.g., hydrophobic, hydrophilic, fluorous, and hydrogen-bonding).  Solid and solution properties of 

gradient copolymers were also evaluated by differential scanning calorimetry (DSC), dynamic light 

scattering (DLS), and UV-vis and circular dichroism (CD) spectroscopy, compared with random 

and block counterparts. 

    Part II (Chapters 6 – 8) is related to the development of selective post-functionalization 

systems of poly(methacrylate)s and the related copolymers with transesterification.  

Chlorine-capped or end-cyclized telechelic poly(methyl methacrylate)s were synthesized by 

terminal-selective transesterification.  The polymers were characterized by 1H nuclear magnetic 

resonance (NMR) spectroscopy and matrix-assisted laser desorption ionization time-of-flight mass 

spectrometry (MALDI-TOF-MS).  Iterative catalysis of LRP and the terminal-selective 

transesterification of chlorine-capped telechelic poly(methyl methacrylate)s afforded 

pinpoint-functionalized or periodically sequence-controlled polymers.  Transesterification was 

further applied to the selective functionalization of methyl acrylate units in methacrylate/methyl 

acrylate random copolymers. 

    In part I, Chapter 1 focuses on the synthesis of MMA/DMA gradient copolymers via 

concurrent tandem catalysis of ruthenium-catalyzed LRP and in situ transesterification of MMA 

with 1-dodecanol and titanium isopropoxide [Ti(Oi-Pr)4] (Scheme 3).  Perfect synchronization of 

LRP and transesterification was achieved via the optimization of the Ti catalyst concentration and 

the use of molecular sieves 4A (MS 4A).  In particular, MS 4A effectively removed methanol 

generating from the transesterification of MMA to increase the content of DMA in monomers 

without disturbing LRP.  As a result, well-controlled MMA/DMA gradient copolymers were 

obtained where DMA composition gradually and linearly increased from the initiating terminal 

(α-end) to the growing Cl terminal (ω-end) along a chain.  Analyzed by differential scanning 
calorimetry (DSC), the gradient copolymer showed extremely broad glass transition temperature 

(Tg) spreading from -50 oC to 100 oC.  This feature is specific to the gradient copolymer and 

clearly different from random or block counterparts indicating Tg at 6 oC or two Tg’s at -52 oC and 

116 oC, respectively. 
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Scheme 3.  MMA/DMA Gradient Copolymers via Concurrent Tandem Catalysis of LRP and 

In-Situ Transesterification of MMA with 1-Dodecanol 

 

    Chapter 2 deals with the synthesis of amphiphilic gradient copolymers whose sequence 

distribution gradually changes from hydrophobic MMA alone to hydrophilic and thermosensitive 

poly(ethylene glycol) methyl ether methacrylate (PEGMA) (Scheme 4).  Gradient sequence was 

catalytically controlled by adjusting the rate of transesterification with Ti(Oi-Pr)4 (catalyst) and MS 

4A.  Various PEGs with different oxyethylene unit number [CH3(OCH2CH2)nOH: n = 1 ~ 11.8] 

were employed to control the hydrophilicity of amphiphilic gradient copolymers.  Confirmed by 

DLS, MMA/PEGMA [n = 7.2 (average)] gradient copolymers induced self-assembly to form 

nanoaggregates in water and methanol; the size and aggregation properties are different from those 

random and block counterparts.  Furthermore, MMA/PEGMA copolymers also showed lower 

critical solution temperature (LCST)-type phase separation in water and upper critical solution 

temperature (UCST) in alcohols (iPrOH, methanol).  The thermoresponsive properties depended 

on the PEG length and/or sequence distribution. 

 

 
Scheme 4. Synthesis of Amphiphilic Gradient Copolymers via Concurrent Tandem Catalysis of 
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    Chapter 3 presents the synthesis and self-assembly of chiral 1,3,5-tricarboxamide 

(BTA)-functionalized copolymers with gradient, bidirectional gradient, and random sequence 

distributions.  The sequence control was efficiently achieved by the tandem catalysis of LRP and 

in-situ transesterification of 2-ethylexyl methacrylate (EHMA) in the presence of a BTA alcohol 

(BTA-OH) and Ti(Oi-Pr)4 (Scheme 5).  By tuning the Ti concentration and the timing of the Ti 

addition, synchronized tandem catalysis took place to afford EHMA/BTA-functionalized 

methacrylate (BTAMA) gradient copolymers.  The folding/self-assembly properties of the BTA 

sequence-controlled copolymers were examined in 1,2-dichloroethane (DCE), methylcyclohexane 

(MCH), and the mixture by temperature-dependent CD spectroscopy and DLS.  Typically, the 

gradient copolymer induced intermolecular self-assembly in MCH to form nanoaggregates that are 

larger than the random counterpart. 

 

 
Scheme 5. Synthesis of Hydrogen-Bonding Gradient Copolymers via Concurrent Tandem Catalysis 

of LRP and Transesterification with BTA-OH for Self-Folding/Self-Assembly in Organic Media 
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methacrylates (RFMA: 5FPMA, 9FHMA, and 7FBMA).  Thus, tandem polymerization of MMA 
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copolymers (Scheme 6).  The key is to use MS 4A to promote transesterification by removing 

methanol generating therefrom. 
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Scheme 6. Synthesis of Fluorinated Gradient Copolymers via Concurrent Tandem Catalysis of LRP 

and Transesterification with Fluoroalcohols. 

 

     Chapter 5 focuses on the synthesis and physical properties of fluorous, perfluorinated 

gradient copolymers via tandem LRP of 1H,1H,2H,2H-perfluorooctyl methacrylate (13FOMA) 

with hydrophobic or hydrophilic alcohols (e.g., 1-dodecanol, PEG-OH) and a Ti(Oi-Pr)4 catalyst.  

Owing to the electron-withdrawing perfluorinated segment and less nucleophilic properties of 
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into various methacrylates during tandem LRP.  As a result, this system provided various 

13FOMA-based fluorous gradient copolymers with dodecyl methacrylate (DMA; soft and 

hydrophobic), octadecyl methacrylate (ODMA; crystalline), and PEGMA (hydrophilic, 

thermosensitive) (Scheme 7).  Solution and physical properties (micellization, surface tension, 

phase separation, glass transition temperature, and contact angle) of 13FOMA/DMA gradient 

copolymer was evaluated, compared with the random or block counterparts. 

    
Scheme 7. Synthesis of Fluorous Gradient Copolymers via Concurrent Tandem Catalysis of LRP 

and Transesterification with a Perfluoroalkyl Methacrylate. 
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    In Part II, Chapter 6 concerns terminal-selective transesterification of chlorine-capped 

poly(methyl methacrylate)s (Et-PMMA-Cl) with various alcohols (ROH) and Ti(Oi-Pr)4 as a novel 

approach to chlorine-capped telechelic polymers (R-PMMA-RMA-Cl) (Scheme 8a).  Highly 

selective transesterification of the both terminal esters was attributed to the less steric hindrance of 

the carbonyl groups and/or the activation by the electron-withdrawing Cl terminal.  A wide variety 

of functional groups such as alkene, naphthalene and amine were successfully introduced into the 

polymer terminals.  Joint-functionalized block and pinpoint- functionalized (co)polymers were 

also efficiently synthesized via the iterative tandem catalysis of LRP and terminal-selective 

transesterification with a chlorine-capped telechelic PMMA as macroinitiator (Scheme 8b,c). 

 
Scheme 8. Synthesis of (a) Telechelic, (b) Pinpoint-Functionalized, and (c) Joint-Functionalized 

Block (Co)polymers via Terminal-Selective Transesterification of Chlorine-Capped Poly(methyl 

methacrylate)s. 
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    Chapter 7 deals with a versatile strategy to synthesize halogen-free ω-end-cyclized telechelic 

polymers via terminal-selective transesterification and ω-end cyclization of bromine-capped 
poly(methyl methacrylate)s (PMMA-Br) with various alcohols (ROH) and Ti(Oi-Pr)4 (Scheme 9).  

Mechanism of the cyclization was examined by model experiments with a bromine-capped MMA 

dimer [H-(MMA)2-Br].  The telechelic polymers were also directly obtained from the sequential 

tandem catalysis of iron-catalyzed LRP of MMA with a bromide initiator, followed by the 

transesterification and cyclization of the resulting PMMA-Br with alcohols. 

 

 

Scheme 9. Synthesis of ω-End-Cyclized Telechelic Polymers via One-Pot Terminal-Selective 

Transesterification and ω-End Cyclization of PMMA-Br with Alcohols. 
 

    Chapter 8 focuses on acrylate-selective transesterification of methacrylate (R1MA)/methyl 

acrylate (MA) random copolymers with alcohols (R2OH) and Ti(Oi-Pr)4 for R1MA/R2A copolymers 

(Scheme 10).  This method allows efficient post-functionalization of the polymers using MA units 

as selectively transforming monomers.  Various methacrylates and alcohols were applied to 

produce functional random copolymers. 

 

 

 
Scheme 10. Post-Functionalization of Methacrylate/Acrylate Random Copolymers with Alcohols 

via Acrylate-Selective Transesterification 
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     In conclusion, the author achieved the precision synthesis of functional gradient, telechelic, 

and related sequence-controlled copolymers via selective-transesterification coupled with LRP.  In 

Part I, functional gradient copolymers were efficiently prepared by concurrent tandem catalysis of 

LRP and monomer-selective transesterification.  In Part II, telechelic and pinpoint-functionalized 

polymers were successfully obtained from post-functionalization of chlorine or bromine-capped 

PMMAs or methacrylate/acrylate random copolymers via terminal or acrylate-selective 

transesterification.  The key is incomparable selectivity of transesterification for site-specific 

functionalization.  Transesterification with LRP created new avenues to produce unprecedented 

functional polymers with well-controlled primary structure and functional sequences. The synthetic 

systems developed in this thesis are thereby beyond traditional methodologies by simple 

combination of polymerization and organic reactions. 
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Chapter 1 

 
 
Hard/Soft MMA/DMA Gradient Copolymers: 
Gradient Sequence Control via Tandem Transesterification 
and Extremely Broad Glass Transition Temperature 
 

 

Abstract 

     Gradient copolymers with differential sequences linearly changing from methyl methacrylate 

(MMA) to dodecyl methacrylate (DMA) were efficiently synthesized by a concurrent tandem 

catalysis in the ruthenium-catalyzed living radical (co)polymerization coupled with the in situ 

transesterification of MMA with 1-dodecanol assisted by titanium isopropoxide [Ti(Oi-Pr)4].  The 

key is to perfectly synchronize the two reactions throughout the tandem catalysis by using 

molecular sieves (MS), which facilitates the MMA transesterification into DMA by removing the 

resulting methanol.  The MMA/DMA gradient copolymers had an extremely broad glass transition 

temperature range [i.e., hardly detectable by differential scanning calorimetry (DSC)], in sharp 

contrast to the random and the block counterparts of similar compositions. 
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Introduction 

     Gradient copolymers are a class of sequence-regulated copolymers where the differential 

comonomer composition along the backbone gradually and continuously changes from one terminal 

to the other.1-16 Owing to this particular sequence distribution, gradient copolymers often exhibit 

intriguing physical properties in solid state and/or in solution and thus differ from the corresponding 

random and block copolymers.1,2,6-15 Typically, A-B gradient copolymers often exhibit broad grass 

transition temperature (Tg) for monomer pairs whose homopolymers have very different Tg.2,10-12  

The breadth of the Tg range is dependent on not only comonomer combination but also their 

sequence distribution and the degree of polymerization (DP). Such polymeric materials with broad 
Tg range would be quite effective for vibration or acoustic damping.17,18  

     In general, gradient copolymers have been obtained in living polymerization by the following 

two methods: the “spontaneous” gradient formation from two monomers with different 

reactivity;4,7,8 and the “forced” gradient formation via a continuous feed of a second monomer into a 

living polymerization system of another (first) monomer.3,5,6,9-14  In radical polymerization, in 

particular, the two methodologies are often combined19-26 by taking the advantage of facile 

cross-propagation, but this approach involves drawbacks such as limited monomer combinations 

and cumbersome procedures, sometimes spoiling the versatility of radical polymerization where a 

wide variety of monomers is applicable. 

     As a new, efficient, and versatile strategy for gradient copolymers, the author has recently 

developed the concurrent tandem catalysis that combines the ruthenium-catalyzed living radical 

polymerization with the in-situ transformation of an initially fed methacrylate (R1MA) into another 

(R2MA) via transesterification with an alcohol (R2OH) and a metal alkoxide [Al(Oi-Pr)3, Ti(Oi-Pr)4, 

etc.] (Scheme 1).15,16  In this system, these metal alkoxides, originally employed as polymerization 

cocatalysts (additives),27,28 concurrently catalyze the transesterification29 from R1MA into R2MA.  

The instantaneous comonomer composition thereby continuously changes from R1MA alone to an 

R2MA rich mixture.  The seamless change of the monomer composition is directly reflected onto 

the instantaneous monomer-unit composition (gradient sequence distribution), because 

methacrylates usually have similar reactivity independent of the pendent ester alkyl group, and 

because the transesterification takes place specifically for monomers and not for polymers. 

     Owing to the diversity of alcohols and methacrylates along with the catalytic control of 

monomer sequence, the tandem catalysis can potentially provide tailor-made gradient copolymers 

with wide comonomer combinations, as well as interesting sequences, from such common reagents 

as alcohols for polymeric functional materials. 

     Herein, the author focuses on the design of gradient copolymers via a perfectly synchronized 
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tandem catalysis of living radical polymerization and the Ti(Oi-Pr)4-catalyzed in-situ 

transesterification of MMA into dodecyl methacrylate (DMA) with 1-dodecanol (Scheme 1).  The 

synchronized system is of vital importance in achieving a linearly shifting sequence distribution 

from MMA into DMA along the backbone.  Given a large difference in Tg between PMMA and 

PDMA (+116 oC and –52 oC, respectively), MMA/DMA gradient copolymers are expected to have 

quite broad Tg range.2  In fact, it was found that, in sharp contrast to random and block 

counterparts of the same composition, MMA/DMA gradient copolymers with a linear sequence 

change have an extremely broad transition breadth (∆Tg), showing virtually no detectable DSC 

transition signals. 

 

 
Scheme 1. MMA/DMA Gradient Copolymers via Synchronized Tandem Catalysis of Living Radical 

Polymerization and Transesterification 

 
 
Experimental Section 

Materials 
    Methyl methacrylate (MMA: TCI; purity >99.8%) and tetralin (1,2,3,4-tetrahydronaphthalene: 

Kishida Chemical; purity >98%; an internal standard for 1H NMR analysis) were dried overnight 

over calcium chloride and distilled from calcium hydride under reduced pressure before use.  

Dodecyl methacrylate (DMA: Wako, purity >95%) was purified by an inhibitor removal column 

(Aldrich) and was degassed by triple vacuum-argon purge cycles before use.  1-Dodecanol (TCI, 

purity >99%), Ti(Oi-Pr)4 (Aldrich, purity >97%), and n-Bu3N (TCI, purity >98%) was degassed by 

triple vacuum-argon purge cycles before use.  Ethyl 2-chloro-2-phenylacetate (ECPA: Aldrich; 

purity >97%) was distilled under reduced pressure before use.  Ru(Ind)Cl(PPh3)2 (Aldrich) were 

used as received and handled in a glove box under moisture- and oxygen-free argon (H2O <1 ppm; 

O2 <1 ppm).  Toluene (solvent) was purified before use; pashing it through a purification column 

(Glass Contour Solvent Systems: SG Water USA).  Molecular sieves (MS) 4A and 3A (Wako) 

were baked with heat gun under reduced pressure before use. 
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Characterization 

     The molecular weight distribution (MWD) curves, Mn, and Mw/Mn ratio of the polymers were 

measured by SEC in CHCl3 at 40 oC (flow rate: 1 mL/min) on three linear-type polystyrene gel 

columns (Shodex K-805L: exclusion limit = 4 × 106; particle size = 10 mm; pore size = 5000 Å; 0.8 

cm i.d. × 30 cm) that were connected to a Jasco PU-980 precision pump, a Jasco RI-1530 refractive 
index detector, and a Jasco UV-980 UV/vis detector set at 250 nm.  The columns were calibrated 

against 10 standard poly(MMA) samples (Polymer Laboratories; Mn = 1000–1200000; Mw/Mn = 

1.06–1.22).  1H NMR spectra were recorded in CDCl3 and CD2Cl2 on a JEOL JNM-ECA500 

spectrometer operating at 500.16 MHz.  Differential scanning calorimetry (DSC) was performed 

for polymer samples (ca. 4 mg weighed into an aluminum pan) under a dry nitrogen flow on a DSC 

Q200 calorimeter (TA Instruments) equipped with a RCS 90 electric freezing machine.  The 

heating and cooling rates were performed at 10 oC/min and -10 oC/min, respectively, between -80 
oC and 150 oC.  Polymer samples for DSC analysis were fractionated by preparative SEC [column: 

Shodex K-5002; particle size = 15 mm; 5.0 cm i.d. × 30 cm; exclusion limit = 5 × 103 g/mol; flow 
rate = 10 mL/min]. 

 

Transesterification 
     The reaction was carried out by the syringe technique under dry argon in baked glass tubes 

equipped with a three-way stopcock.  A procedure for Ti(Oi-Pr)4-catalyzed transesterification of 

MMA in toluene/1-dodecanol (1/1, v/v) with MS 4A was given: Into a glass tube, MS 4A (1.0 g) 

was charged in a glass tube.  Then, toluene (1.02 mL), tetralin (0.08 mL), a toluene solution of 

Ti(Oi-Pr)4 (500 mM, 0.12 mL, Ti(Oi-Pr)4 = 0.06 mmol), MMA (0.642 mL, 6 mmol), and 

1-dodecanol (1.14 mL) were added at room temperature under dry argon.  The total volume of the 

reaction mixture was thus 3.0 mL.  The glass tube was immediately placed in an oil bath kept at 

80 °C.  At predetermined intervals, a small portion of the mixture was sampled with a syringe 

under dry argon and cooled to –78 °C to terminate the reaction.  Then, the conversion was 

determined by 1H NMR with tetralin as an internal standard in CDCl3 at r.t.. 

 

Polymerization 
     The synthesis of MMA/DMA copolymers (gradient, random, block) was carried out by 

syringe technique under argon in baked glass tubes equipped with a three-way stopcock. 

  MMA/DMA gradient copolymer (DP = 400: entry 12 in Table 1 main text).  A typical 

procedure for a gradient copolymer with MS 4A was given: MS 4A (1.0 g) was first placed and 

dried in a 30 mL glass tube under reduced pressure with heat gun.  Into the tube, Ru(Ind)Cl(PPh3)2 

(0.0025 mmol, 1.94 mg) was then charged, and toluene (1.85 mL), 1-dodecanol (1.89 mL), tetralin 
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(0.10 mL), a toluene solution of Ti(Oi-Pr)4 (500 mM, 0.05 mL, Ti(Oi-Pr)4 = 0.025 mmol), MMA 

(10 mmol, 1.07 mL), and ECPA (656 mM, 0.038 mL, ECPA = 0.025 mmol) were added 

sequentially in that order at 25 oC under argon.  The total volume of the reaction mixture was thus 

5.0 mL.  The glass tube was placed in an oil bath kept at 80 oC.  At predetermined intervals, the 

mixture was sampled with a syringe under dry argon and cooled to –78 °C to terminate the reaction.  

The total monomer conversion, DMA content in monomer, and cumulative DMA content in 

polymer (Fcum,DMA) were directly determined by 1H NMR measurements of the terminated reaction 

solution in CDCl3 at r.t. with tetralin as an internal standard.  Instantaneous DMA content in 

polymer (Finst,DMA) was estimated according to the following equation: Finst,DMA = [Conv.total, i x 

Fcum,DMA, i - Conv.total, i-1 x Fcum,DMA, i-1]/[Conv.total, i - Conv.total, i-1], where Conv.total is the total 

conversion of both monomers.  The quenched reaction solutions were evaporated to dryness to 

give the crude product.  The product was fractionated by preparative SEC for DSC analysis.  

SEC (CHCl3, PMMA std.): Mn = 68,500 g/mol; Mw/Mn = 1.38.  1H NMR [500 MHz, CD2Cl2, 25 
oC, δ = 5.33 CH2Cl2] δ 7.30–7.15 (aromatic), 4.04–3.82 (-COOCH2CH2-), 3.69–3.47 (-COOCH3), 

2.10–1.71 (-CH2C(CH3)-), 1.71–1.57 (-COOCH2CH2-), 1.57–1.14 (-CH2(CH2)9CH3), 1.25–0.68 

(-CH2CH3, -CH2C(CH3)-).  Mn (NMR, α) = 76600; DPMMA/DPDMA = 191/225; Fcum,DMA = 54%. 

  MMA/DMA (200/200) random copolymer.  In a 30 mL glass tube, Ru(Ind)Cl(PPh3)2 (0.0025 

mmol, 1.94 mg) was placed.  Then, toluene (2.78 mL), tetralin (0.10 mL), a toluene solution of 

Ti(Oi-Pr)4 (500 mM, 0.10 mL, Ti(Oi-Pr)4 = 0.050 mmol), MMA (5.0 mmol, 0.53 mL), DMA (5.0 

mmol, 1.46 mL), and ECPA (656 mM, 0.038 mL, ECPA = 0.025 mmol) were added sequentially in 

that order into the tube at 25 oC under argon (The total volume: 5.0 mL).  The glass tube was 

placed in an oil bath kept at 80 oC.  After 95 h, the solution was cooled to –78 °C to terminate the 

reaction.  The conversion of MMA and DMA was determined as 94% and 94%, respectively, by 
1H NMR in CDCl3 at r.t. with tetralin as an internal standard.  The quenched solution was 

evaporated to dryness to give the crude product.  The product was further fractionated by 

preparative SEC for DSC analysis.  SEC (CHCl3, PMMA std.): Mn = 56,800 g/mol; Mw/Mn = 1.19.  
1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CH2Cl2] δ 7.30–7.15 (aromatic), 4.03–3.85 

(-COOCH2CH2-), 3.66–3.50 (-COOCH3), 2.08–1.71 (-CH2C(CH3)-), 1.71–1.54 (-COOCH2CH2-), 

1.52–1.18 (-CH2(CH2)9CH3), 1.26–0.71 (-CH2CH3, -CH2C(CH3)-).  Mn (NMR, α) = 70300: 
DPMMA/DPDMA = 192/200; Fcum,DMA = 51%. 
 

  MMA/DMA (200/200) block copolymer.  In a 30 mL glass tube, Ru(Ind)Cl(PPh3)2 (0.0025 

mmol, 1.94 mg) was placed.  Then, toluene (2.78 mL), tetralin (0.10 mL), a toluene solution of 

Ti(Oi-Pr)4 (500 mM, 0.10 mL, Ti(Oi-Pr)4 = 0.050 mmol), MMA (5.0 mmol, 0.53 mL), and ECPA 

(656 mM, 0.038 mL, ECPA = 0.025 mmol) were added sequentially in that order into the tube at 25 
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oC under argon (The total volume: 3.54 mL).  The glass tube was placed in an oil bath kept at 80 
oC.  After 137 h, the polymerization reached 87% conversion (determined by 1H NMR) to give 

PMMA-Cl (Mn = 25200 g/mol; Mw/Mn = 1.20, by SEC in CHCl3 with PMMA std.).  Into the 

polymerization mixture, DMA (5.0 mmol, 1.46 mL) was directly added under argon.  After 90 h, 

the reaction solution was cooled to –78 °C to terminate the reaction (93% conversion: determined 

by 1H NMR).  The quenched reaction solution was evaporated to dryness and the resulting crude 

product was fractionated by preparative SEC for DSC analysis.  SEC (CHCl3, PMMA std.): Mn = 

64,400 g/mol; Mw/Mn = 1.36.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CH2Cl2]: δ 7.30–7.15 

(aromatic), 4.00–3.87 (-COOCH2CH2-), 3.64–3.53 (-COOCH3), 2.07–1.71 (-CH2C(CH3)-), 1.71–

1.58 (-COOCH2CH2-), 1.58–1.16 (-CH2(CH2)9CH3), 1.27–0.75 (-CH2CH3, -CH2C(CH3)-).  Mn 

(NMR, α) = 72900: DPMMA/DPDMA = 205/205; Fcum,DMA = 50%. 
 

 

Results and Discussion 
1. MMA/DMA Gradient Copolymers via Tandem Catalysis 
     For MMA/DMA gradient copolymers, concurrent tandem polymerization of MMA (2.0 M) 

was examined with Ru(Ind)Cl(PPh3)2, Ti(Oi-Pr)4, and ethyl 2-chloro-2-phenylacetate (ECPA) in 

toluene/1-dodecanol (1/1 v/v, [1-dodecanol]0 = 1.7 M) at 80 oC (Figures 1 and 2, and Table 1).  

Polymerization efficiently proceeded in high yield to give a well-controlled polymer with narrow 

molecular weight distribution (a typical result with Ti of 20 mM: total conversion = 95 %; 25 h; Mn 

= 15000 and Mw/Mn = 1.25 by size-exclusion chromatography (SEC) in CHCl3; Figure 1e, Table 1, 
entry 7). 

     In situ transesterification and the gradient sequence in polymer were analyzed by proton 

nuclear magnetic resonance (1H NMR) spectroscopy.  The DMA content in the polymerization 

solution gradually increased (Figure 1a: blue symbols).  The cumulative and the instantaneous 

DMA content in polymer (Fcum,DMA and Finst,DMA, respectively) increased with the normalized chain 

length, while virtually identical to total conversion (Figure 1c), where the normalized chain length 

is defined as DPt/DPfinal for living copolymers; DPt = [MMA]0 x (total conversion/100)/[ECPA]0; 

DPfinal = [MMA]0 x (total final conversion/100)/[ECPA]0;. Thus, a gradient copolymer from MMA 

to DMA was obtained. 

     It turned out, however, that the instantaneous composition (Finst,DMA) does not change linearly 

along the polymer backbone; i.e., Finst,DMA increases sharply at the beginning of the reaction [or at 

the vicinity of the initiating terminal (α-end)] but more moderately as the reaction was retarded at 
about 60 % conversion.  This sequence-distribution shift along the backbone directly reflects 

time-dependent changes in the instantaneous comonomer composition in the reaction mixture.  
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Namely, the in situ transesterification of MMA into DMA was faster than the copolymerization of 

the monomers during the early phases (total conversion below 40 %), but sharply slowed down and 

almost stopped beyond conversion over 50 % (Figure 1a: black versus blue plots). 

 
Table 1. MMA/DMA Gradient Copolymers Obtained from Concurrent Tandem Living Radical 

Polymerizationa 

Entry DP [Ti(Oi-Pr)4]0 

(mM) 

[1-dodecanol]0 

(M) 

MS MS 

(g/ml) 

Time 

(h) 

Conv.b 

(%) 

Mn
c Mw/Mn

c Fcum.DMA
d Finst.DMA

d 

1 100 5.0 1.72 4A 0.33 19 92 19000 1.36 50 77 

2 100 10 1.72 4A 0.33 25 95 17700 1.45 61 80 

3 100 20 1.72 4A 0.33 14 95 17900 1.42 68 85 

4 100 40 1.72 4A 0.33 22 98 23100 1.37 72 82 

5 100 5.0 1.72 - - 22 90 14500 1.27 7 13 

6 100 10 1.72 - - 25 95 14300 1.26 35 44 

7 100 20 1.72 - - 25 95 15000 1.25 45 59 

8 100 40 1.72  - 34 94 18700 1.22 48 53 

9 100 20 1.0 4A 0.33 33 89 18200 1.28 51 59 

10 100 10 1.72 4A 0.17 24 93 16900 1.30 45 66 

11 100 10 1.72 3A 0.33 22 90 18500 1.38 56 77 

12 400 5.0 1.72 4A 0.33 19 91 68500 1.38 54 80 

13 400 20 1.72 - 0.33 24 93 84800 1.38 41 52 
a[MMA]0/[ECPA]0/[Ru(Ind)Cl(PPh3)2]0/[Ti(Oi-Pr)4]0 = 2000/20/2.0 (entries 1-11) or 0.5 (entries 12,13)/5.0 - 20 mM 
with or without MS 4A (or 3A) in toluene/1-dodecanol at 80 oC. b Total monomer conversion: determined by 1H NMR 
with an internal standard. c Determined by SEC in CHCl3 with a PMMA standard calibration. d Cumulative DMA 
content (Fcum,DMA) and instantaneous DMA content (Finst,DMA) in products. 

 

 

     Though the final Fcum,DMA and the initial Finst,DMA indeed increased with increasing 

concentration of Ti(Oi-Pr)4 (from 5.0 mM to 40 mM; Table 1, entries 5-8), the retardation of 

Finst,DMA beyond the middle reaction stage was inevitable (Figure 2b), indicating that the increased 

Ti(Oi-Pr)4 concentration could accelerate the transesterification just in the early phases of 

polymerization alone.  This is because, under these conditions, the transesterification is reversible 

and soon reaches equilibrium well before the MMA-DMA copolymerization has been completed. 
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Figure 1. Effects of MS 4A on concurrent tandem living radical polymerization for MMA/DMA gradient 

copolymers: (a, b) total monomer conversion and DMA content in monomer; (c, d) cumulative (Fcum,DMA) 

and instantaneous (Finst,DMA) DMA content  in products; SEC of the products; [MMA]0/[ECPA]0/ 

[Ru(Ind)Cl(PPh3)2]0/[Ti(Oi-Pr)4]0 = 2000/20/2.0/5.0 (b, d, f) or 20 (a, c, e) mM (b, d, f) with or (a, c, e) 

without MS 4A (0.33 mg/mL) in toluene/1-dodecanol (1/1 v/v, [1-dodecanol]0 = 1.7 M) at 80 oC.  In-set 

picture in (b): tandem polymerization with MS 4A. 

 

 

2. Effects of Molecular Sieves on Polymer Composition in Tandem Catalysis 

     To enhance DMA formation, or to shift the MMA-DMA transformation equilibrium far to the 

latter monomer, the author employed molecular sieves (MS 4A or 3A) that would remove the 

resulting methanol by absorption during the transesterification.30,31  In fact, separate experiments 

showed that MS 4A efficiently accelerated the transesterification of MMA into DMA (Figure 3).  

Thus, for example, the concurrent tandem polymerization starting from MMA with 

Ru(Ind)Cl(PPh3)2, Ti(Oi-Pr)4, and 1-dodecanol was examined in the presence of MS 4A (nominal 

concentration 0.33 g/mL) (see the in-set picture in Figure 1 b); note that herein the alkoxide 

concentration was kept rather low (5 mM) relative to the standard conditions (20 mM; see above). 
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Figure 2.  Effects of reaction conditions on MMA/DMA gradient copolymers (DP = 100). (a) Ti(Oi-Pr)4 (0, 

5, 10, 20, 40 mM), 1-dodecanol (1720 mM) with MS 4A (0.33 mg/mL). (b) Ti(Oi-Pr)4 (0, 5, 10, 20, 40 mM), 

1-dodecanol (1.7 M) without MS 4A. (c) Ti(Oi-Pr)4 (20 mM), 1-dodecanol (1.7, 1.0 mM) with MS 4A (0.33 

mg/mL). (d) Ti(Oi-Pr)4 (10 mM), 1-dodecanol (1.7 M) with MS 4A (0.33, 0.17 mg/mL) or MS 3A (0.33 

mg/mL). 

 

 
Figure 3.  Ti(Oi-Pr)4-mediated transesterification of MMA into DMA with (filled circle) or without (open 

circle) MS 4A in 1-dodecanol: [MMA]0/[Ti(Oi-Pr)4]0 = 2000/20 mM, [MS 4A]0 = 0.33 g/mL in 

toluene/1-dodecanol (1/1 v/v, [1-dodecanol]0 = 1720 mM) at 80 oC.  The final conversion at 42 h was the 

followings: 80% (with MS 4A); 65% (without MS 4A). 
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     The use of MS 4A at a low Ti(Oi-Pr)4 concentration perfectly synchronized polymerization 

and transesterification throughout the tandem catalysis (Figure 1b), to produce a well-controlled 

gradient copolymer with sequence distribution linearly changing from MMA to DMA (Figure 1d, f 

and Table 1, entry 1; total conversion = 92 %; 19 h; Mn = 19000; Mw/Mn = 1.36; Fcum,DMA = 50%; 

Finst,DMA = 77%).  Without the methanol-absorbent, in contrast, in-situ transesterification hardly 

proceeded with such a low Ti(Oi-Pr)4 concentration (Figure 2b, Table 1 entry 5).  Another finding 

with the use of molecular sieves was that gradient copolymers rich in DMA content from the 

initiating terminal (Fcum,DMA = ~70 %; Finst,DMA = ~85%) can be obtained by increasing Ti(Oi-Pr)4 

concentration from 10 to 40 mM, where 82 % of 1-dodecanol was incorporated into DMA  (Figure 
2a; Table 1, entries 2-4). 

 

3. Sequence Distribution Control by Changing Polymerization Condition 

     The gradient sequence can also be controlled by the amount of MS 4A or 3A.  For example, 

decreasing MS 4A from 0.33 g/mL to 0.17 g/mL reduced Finst,DMA (Figure 2d, Table 1 entries 

10,11).  These results demonstrate that molecular sieves efficiently and selectively entrap 
methanol in the presence of various chemical reagents in this tandem catalysis. 

     The gradient monomer sequence could be also controlled by decreasing the amount of 

1-dodecanol from 1.72 M to 1 M (Figure 2c; Table 1, entry 9; with MS 4A).  In this case, the in 

situ transesterification into DMA hardly proceeded beyond the middle stages of the tandem 

catalysis; thus Finst,DMA remained unchanged with normalized chain length above 0.5, where 

1-dodecanol was converted into DMA almost completely (~91%).  The product was therefore a 

virtual block copolymer consisting of a gradient-sequence segment from the α-end to the middle 

point and a random-sequence segment from the middle to the ω-end (Figure 2c). 

 

4. Thermal Property of MMA/DMA Gradient Copolymer 

     To investigate effects of gradient sequence distribution on copolymers’ thermal properties, 

MMA/DMA gradient copolymers were analyzed by DSC, in comparison to the random and the 

block counterparts (Figure 4).  For this, the author prepared two samples of MMA/DMA 

copolymers with total DP of 400:  One sample had a sequence distribution linearly changing from 

MMA to DMA over the backbone from the α-end to the ω-end, obtained from the perfectly 
synchronized catalysis with MS 4A as discussed above (Gradient 1: Mn = 68500; Mw/Mn = 1.38; 

Fcum,DMA = 54%; Finst,DMA = 80%; Table 1, entry 12).  The second sample had a retarded DMA 

distribution obtained without MS 4A, where the DMA content in the segment closer to the ω-end is 
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smaller than in the first sample and richer near the α-end (Gradient 2: Mn = 84800; Mw/Mn = 1.38; 
Fcum,DMA = 41%; Finst,DMA = 52%; Table 1, entry 13). 

     As seen in the heat flow charts (heating rate 10 oC/min, Figure 4c, black lines), Gradient 1 
did not show a clear Tg, whereas Gradient 2 seemed to have a broad Tg range.  In contrast, the 

corresponding random copolymer (Random: Mn = 56800; Mw/Mn = 1.19; Fcum,DMA = 51%) had one 

Tg at 6 oC, and the block counterpart (Block: Mn = 64400; Mw/Mn = 1.36; Fcum,DMA = 50%) showed 

two Tg’s at -52 oC for DMA and 116 oC for MMA (Figure 4b), both identical to those for their 
homopolymers. 

 

 

Figure 4.  (a) Sequence distribution of MMA/DMA copolymers employed for DSC measurements (DP = 

400, Block, Random, Gradient 1: entry 12, Gradient 2: entry 13). DSC heating curves and the first 

derivatives of DSC heating curves with temperature for (b) Block and Random and (c) Gradient 1 and 

Gradient 2. 

 

 

     The difference in thermal properties was more visible in the first derivatives of heating curves 

(the blue lines in Figures 4b and 4c).  Gradient 2 clearly showed a signal originating from glass 

transition, and the width (∆Tg = ~65 oC) was larger than that for Random (∆Tg = ~40 oC).  

Gradient 1 in turn hardly showed glass transition.  However, the Tg range for Gradient 1 

apparently spread over 170 degrees, due to the difference in Tg between MMA (116 oC) and DMA 

(-52 oC) homopolymers.  Therefore, “perfect” or “synchronized” gradient MMA/DMA 

copolymers afforded unique polymeric materials with an extremely broad Tg range resulting from a 

sequence distribution linearly changing along the backbone from α- to ω-ends. 
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Conclusion 

     The author has successfully achieved sequence control of MMA/DMA gradient copolymers 

via concurrent tandem catalysis of the ruthenium-catalyzed living radical polymerization and the 

in-situ transesterification of MMA with Ti(Oi-Pr)4 and 1-dodecanol.  Importantly, the combination 

of molecular sieves and a small amount of Ti(Oi-Pr)4 induced perfectly synchronized catalysis, to 

give MMA/DMA gradient copolymers with the sequence distribution linearly changing from MMA 

to DMA along the backbone.  These gradient copolymers turned out to have an extremely large 

breadth of Tg and thus would be potentially attractive as vibration or acoustic damping materials. 
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Chapter 2 

 
 
Amphiphilic PEG-Functionalized Gradient Copolymers: 
From Modular Synthesis to Sequence-Dependent 
Self-Assembly and Thermoresponsive Properties 
 

 

Abstract 

  Amphiphilic gradient copolymers with poly(ethylene glycol) pendants were synthesized via 

tandem catalysis of ruthenium-catalyzed living radical polymerization (LRP) and titanium 

alkoxide-mediated transesterification.  The gradient sequence can be catalytically controlled by 

tuning the kinetic balance of the two reactions.  The tandem catalysis is one of the most efficient 

and versatile systems to produce amphiphilic gradient and sequence-controlled copolymers.  

Typically, methyl methacrylate (MMA) was polymerized as a starting monomer with a ruthenium 

catalyst and a chloride initiator in the presence of Ti(Oi-Pr)4 and molecular sieves (MS 4A) in 

poly(ethylene glycol) methyl ether (PEG-OH) as a solvent at 80 oC.  Hydrophobic MMA was 

concurrently transesterified into hydrophilic PEG methacrylate (PEGMA) during LRP to give 

MMA/PEGMA gradient copolymers.  The gradient sequence is directly determined by the 

instantaneous monomer composition changing from MMA alone to PEGMA-rich mixture in 

solution.  Synchronized catalysis of LRP and transesterification thus affords gradient copolymers 

whose composition linearly changes from an initiating terminal to growing counterpart.  

Additionally, amphiphilic MMA/PEGMA gradient copolymers showed self-assembly, 

thermoresponsive, and thermal properties specific to the gradient sequence, distinct from 

amphiphilic random or block counterparts. 
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Introduction 

  Sequence of monomers and functional groups in polymers takes an important role to determine 

physical properties of functional polymeric materials.  Gradient copolymers1 are one class of 

sequence-controlled copolymers, where monomer composition continuously and gradually changes 

from an initiating terminal (α-end) to a growing counterpart (ω-end) along a polymer chain.  
Given such peculiar sequence distribution, gradient copolymers often show solid and solution 

properties distinct from corresponding random or block counterparts: e.g., phase segregation 

behavior,2 thermal/rheological properties,3-5 compatibility,6 contact angle,7 micellization,8-11 and 

lower critical solution temperature.9,12 In particular, amphiphilic gradient copolymers consisting of 

hydrophobic and hydrophilic (and/or thermosensitive) monomers have continuous change of 

hydrophobic or hydrophilic properties, i.e., local solvent affinity, along a chain, in contrast to 

amphiphilic segregated block or statistically distributed random copolymers.  Thus, amphiphilic 

gradient sequence-controlled copolymers are expected to exhibit self-assembly behavior and 

thermoresponsive properties that are specific to the functional monomer sequences.9-11,13-17  

  For such functional gradient copolymers, the author has developed concurrent tandem catalysis 

of ruthenium-catalyzed living radical polymerization (LRP) and metal alkoxide [e.g., Al(Oi-Pr)3, 

Ti(Oi-Pr)4]-catalyzed transesterification with methacrylates as monomers and alcohols as 

solvents.18,19  This is a novel versatile system to synthesize gradient sequence-controlled 

copolymers, different from the conventional counterparts: 1) living copolymerization of two 

monomers with different reactivity (e.g., copolymerization of methacrylate and acrylate); 2) living 

copolymerization via continuous addition of a second monomer.1,3,8,9   Compared with these, 

tandem system described above allows not only efficient and catalytic control of gradient monomer 

sequence but also easy process just using a single reaction vessel without monomer feed set-up 

(normally required in the latter method).  More importantly, diverse alcohols and common 

methacrylates are applicable; this feature affords unlimited design of methacrylate-based gradient 

copolymers of different monomer combination and sequence for desired physical properties and 

functions. 

  The key in the tandem catalysis is in-situ generation of second monomers (R2MA) via 

transesterification of an initially fed methacrylate (R1MA) with alcohols (R2OH, solvent) during 

LRP.  Monomer composition in solution gradually changes from R1MA to R2MA-rich mixture; 

the instantaneous monomer composition in solution is directly reflected to the instantaneous 

composition of generating gradient copolymers.  Perfectly synchronized catalysis of LRP (chain 

growth) and transesterification (monomer transformation; gradient composition) results in 

R1MA/R2MA gradient copolymers whose composition linearly changes from R1MA (at α-end) to 

R2MA (at ω-end).  Importantly, transesterification takes place selectively for monomer esters 
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(R1MA), while it does not occur for the copolymers [poly(R1MA/R2MA)] owing to steric hindrance 

around the pendant carbonyl groups.  The formation of gradient copolymers requires such 

monomer selective transesterification.  The author have already produced several gradient 

copolymers with unique properties.  Typically, synchronized tandem catalysis with methyl 

methacrylate (MMA) and 1-dodecanol gave MMA/dodecyl methacrylate (DMA) gradient 

copolymers with very broad glass transition temperature range (Tg range: ~150 oC).19 These 

polymers are expected to be useful for vibration or acoustic damping materials.20,21  Owing to high 

functionality tolerance of LRP,22,23 hydrophilic alcohols such as poly(ethylene glycol) methyl ether 

(PEG-OH) can be also employed in tandem catalysis.18a  Thus, the combination of MMA and 

various PEG-OH (different oxyethylene unit number) would allow the diverse design and synthesis 

of amphiphilic gradient and sequence-controlled copolymers, revealing association and 

thermoresponsive properties dependent on the monomer sequence. 

  Given these features, in this chapter, the author deal with the precision synthesis of amphiphilic 

PEG-functionalized gradient copolymers via tandem catalysis of ruthenium-catalyzed LRP and 

titanium alkoxide-mediated transesterification with MMA and PEG-OH [(CH3(OCH2CH2)nOH; n = 

1, 2, 4, 7.2 (average); Mn = 350, 11.8 (average); Mn = 550 (Scheme 1).  Discussion is especially 

focused on the catalytic control of gradient sequence and sequence-dependent solution/solid 

properties.  Importantly, MMA/PEGMA gradient copolymers have unique amphiphilic sequence: 

hydrophilic PEG pendant density gradually increased from the α-end to ω-end in a chain. 

  The author first investigated the control of kinetic balance between transesterification of MMA 

into PEGMA and LRP of the two monomers by tuning the concentration of Ti(Oi-Pr)4 with or 

without molecular sieves (MS) 4A.  As a result, the author successfully produced various 

MMA/PEGMA gradient copolymers with different composition and sequence distribution.  

Perfectly synchronized catalysis of LRP and transesterification gave MMA/PEGMA gradient 

copolymers with linear composition change.  PEG-OH derivatives with different oxyethylene 

number (n) were effective to control the hydrophilicity of gradient copolymers (Scheme 1a).  A 

bifunctional initiator affords a MMA/PEGMA bidirectional gradient copolymer (Scheme 1b); the 

middle segment is more hydrophobic and hydrophilicity increased from the middle to both 

terminals.  Sequential tandem catalysis of quantitative Ti-mediated transesterification, followed by 

ruthenium-catalyzed LRP, in turn allows the synthesis of MMA/PEGMA random or block 

copolymers (Scheme 1c). 

     Then, association properties of MMA/PEGMA gradient and related copolymers were 

evaluated in methanol or aqueous solutions by dynamic light scattering (DLS), focused on the 

effects of monomer sequence (random, random-gradient, gradient, block, bidirectional gradient).  

A series of MMA/PEGMA copolymers showed thermoresponsive solubility in aqueous media and 
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alcohols (2-propanol, methanol).  The cloud points depended on composition and monomer 

sequence.  The gradient copolymers further had broad glass transition temperature, where Tg was 

dependent on pendant oxyethylene units. 

 

 
Scheme 1. Synthesis of MMA/PEGMA Amphiphilic (a) Gradient, (b) Bidirectional Gradient, (c) Random, 

and Block Copolymers via Tandem Catalysis of Living Radical Polymerization and Transesterification. 

 

Experimental Section 
Materials.  Methyl methacrylate (MMA: TCI; purity >99.8%) and tetralin 

(1,2,3,4-tetrahydronaphthalene: Kishida Chemical; purity >98%; an internal standard for 1H NMR 

analysis) were dried overnight with calcium chloride and distilled from calcium hydride under 

reduced pressure before use.  Polyethylene glycol methyl ether (PEG-OH) (Aldrich, Mn = 350, 

550), 2-methoxyethanol (MEG-OH) (Wako, purity >99%), 2-(2-methoxyethoxy)ethanol (DEG-OH) 

(Wako, purity >98%), tetra(ethylene glycol) monomethyl ether (TEG-OH) (TCI, purity >98%), 

Ti(Oi-Pr)4 (Aldrich, purity >97%), and n-Bu3N (TCI, purity >98%) were degassed by triple 

vacuum-argon purge cycles before use.  Ethyl 2-chloro-2-phenylacetate (ECPA: Aldrich; purity 

>97%) and 2,2-dichloroacetophenone (DCAP: TCI; purity >96%) were distilled under reduced 

pressure before use.  Ru(Ind)Cl(PPh3)2 (Aldrich) was used as received and handled in a glove box 

under moisture- and oxygen-free argon (H2O <1 ppm; O2 <1 ppm).  Toluene (solvent) was 
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purified by pashing it through a purification column (Glass Contour Solvent Systems: SG Water 

USA).  Molecular sieves (MS) 4A (Wako) were baked with heat gun under reduced pressure 

before use. 

 

Characterization.  Molecular weight distribution (MWD) curves, Mn, and Mw/Mn ratio of 

polymers were measured by SEC in DMF containing 10 mM LiBr at 40 oC (flow rate: 1 mL/min) 

on three linear-type polystyrene gel columns (Shodex KF-805L: exclusion limit = 4 × 106; particle 

size = 10 mm; pore size = 5000 Å; 0.8 cm i.d. × 30 cm) that were connected to a Jasco PU-2080 
precision pump, a Jasco RI-2031 refractive index detector, and a Jasco UV-2075 UV/vis detector 

set at 270 nm.  The columns were calibrated against 10 standard poly(MMA) samples (Polymer 

Laboratories; Mn = 1000–1200000; Mw/Mn = 1.06–1.22).  To remove unreacted monomers, 

PEG-OH, and catalyst residues, polymer samples for the evaluation of solution/solid properties 

were purified by preparative SEC [TOSOH TSKgel α-3000: particle size = 13 mm; 5.5 cm i.d. × 30 

cm; exclusion limit = 9 × 104 g/mol; flow rate = 15 mL/min] connected to a Jasco PU-2086 
precision pump, a Jasco RI-2013 refractive index detector, and a Jasco UV-2075 ultraviolet detector.  
1H NMR spectra were recorded in CDCl3 and CD2Cl2 on a JEOL JNM-ECA500 spectrometer 

operating at 500.16 MHz.  Dynamic light scattering (DLS) was measured on Otsuka Photal 

ELSZ-0 equipped with a semiconductor laser (wavelength: 658 nm) at 25 oC: [Polymer] = 10 

mg/mL in methanol or acetone/H2O (1/9, v/v).  The measuring angle was 165° and the data was 

analyzed by CONTIN fitting method.  Turbidity measurements of polymer solutions were 

conducted with Shimadzu UV-1800 in methanol, H2O, and 2-propanol at 25 oC (optical path length 

= 1.0 cm).  Differential scanning calorimetry (DSC) was performed for samples (ca. 5 mg weighed 

into an aluminum pan) under dry nitrogen flow on a DSC Q200 calorimeter (TA Instruments) 

equipped with a RCS 90 electric freezing machine.  The polymer samples were heated to 150 oC at 

the rate of 10 oC/min and held at the temperature for 10 min to erase thermal history.  Then, the 

samples were cooled to -80 oC at the rate of -10 oC/min and held at the temperature for 10 min, and 

again heated to 150 oC at the rate of 10 oC/min.  The second heating runs were used for the thermal 

analysis of polymers in Figure 9 in result and discussion. 

 

Polymerization.  The synthesis of MMA/PEGMA copolymers was carried out by syringe 

technique under argon in baked glass tubes equipped with a three-way stopcock. 

  MMA/PEGMA gradient copolymer (entry 7 in Table 1).  A typical procedure for a gradient 

copolymer with MS 4A was given: MS 4A (1.0 g) was first placed and dried in a 30 mL glass tube 

under reduced pressure with heat gun.  Into the tube, Ru(Ind)Cl(PPh3)2 (0.003 mmol, 2.33 mg) 

was charged, and toluene (1.15 mL), PEG-OH (Mn = 350) (1.32 mL), tetralin (0.04 mL), a 500 mM 
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toluene solution of Ti(Oi-Pr)4 (0.12 mL, Ti(Oi-Pr)4 = 0.06 mmol), MMA (3 mmol, 0.32 mL), and a 

274 mM toluene solution of ECPA (0.05 mL, ECPA = 0.015 mmol) were added sequentially in that 

order at 25 oC under argon (the total volume of the reaction mixture: 3.0 mL).  The glass tube was 

then placed in an oil bath kept at 80 oC.  At predetermined intervals, the mixture was sampled with 

a syringe under argon, and the sampled solutions were cooled to –78 °C to terminate the reaction.  

The total monomer conversion, PEGMA content in monomer, and cumulative PEGMA content in 

polymer (Fcum,PEGMA) were directly determined by 1H NMR measurements of the terminated 

reaction solution in CDCl3 at 25 oC with tetralin as an internal standard.  Instantaneous PEGMA 

content in polymer (Finst,PEGMA) was estimated according to the following equation: Finst,PEGMA = 

[Conv.total, i x Fcum,PEGMA, i - Conv.total, i-1 x Fcum,PEGMA, i-1]/[Conv.total, i - Conv.total, i-1], where Conv.total 

is the total conversion of both monomers.  The quenched solutions were evaporated to dryness to 

give the crude product.  To remove unreacted monomers, solvents, and catalyst residue, the 

product was purified by preparative SEC before characterization (1H NMR, physical properties).  

SEC (DMF, PMMA std.): Mn = 51,700 g/mol; Mw/Mn = 1.46.  1H NMR [500 MHz, CD2Cl2, 25 oC, 

δ = 5.33 CDHCl2] δ 7.30–7.15 (aromatic), 4.18–3.98 (-COOCH2CH2O-), 3.75–3.62 

(-COOCH2CH2O-), 3.62–3.38 (-OCH2CH2O-), 3.38–3.27 (-OCH3), 2.08−1.68 (-CH2C(CH3)-), 

1.25–0.68 (-CH2C(CH3)-).  Mn (NMR, α) = 51400; DPMMA/DPPEGMA = 102/98; Fcum,PEGMA = 49%. 
  MMA/PEGMA bidirectional gradient copolymer (entry 14 in Table 1).  SEC (DMF, PMMA 

std.): Mn = 41,700 g/mol; Mw/Mn = 1.36.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CDHCl2] δ 

7.63–7.41 (aromatic), 4.20–3.96 (-COOCH2CH2O-), 3.75–3.62 (-COOCH2CH2O-), 3.62–3.38 

(-OCH2CH2O-), 3.38–3.27 (-OCH3), 2.08−1.68 (-CH2C(CH3)-), 1.25–0.68 (-CH2C(CH3)-).  Mn 

(NMR, α) = 52100; DPMMA/DPPEGMA = 84/104; Fcum,PEGMA = 54%. 

  MMA/PEGMA gradient random copolymer (entry 12 in Table 1).  SEC (DMF, PMMA 

std.): Mn = 40,400 g/mol; Mw/Mn = 1.35.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CDHCl2] δ 

7.30–7.15 (aromatic), 4.87–4.77 (-COOCH(CH3)2), 4.18–3.98 (-COOCH2CH2O-), 3.75–3.62 

(-COOCH2CH2O-), 3.62–3.38 (-OCH2CH2O-), 3.38–3.27 (-OCH3), 2.08−1.67 (-CH2C(CH3)-), 

1.26–0.68 (-CH2C(CH3)-).  Mn (NMR, α) = 37000; DPMMA/DPPEGMA/DPiPrMA = 92/63/10; 
Fcum,PEGMA = 38%.  

  MMA/DEGMA (PEGMA: n = 2) gradient copolymer (entry 3 in Table 1).  SEC (DMF, 

PMMA std.): Mn = 33,200 g/mol; Mw/Mn = 1.44.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 

CDHCl2] δ 7.30–7.15 (aromatic), 4.17–3.98 (-COOCH2CH2O-), 3.72–3.61 (-COOCH2CH2O-), 

3.61–3.45 (-OCH2CH2O-), 3.38–3.28 (-OCH3), 2.08−1.70 (-CH2C(CH3)-), 1.27–0.68 

(-CH2C(CH3)-).  Mn (NMR, α) = 29800; DPMMA/DPDEGMA = 119/94; Fcum,DEGMA = 44%. 
  MMA/TEGMA (PEGMA: n = 4) gradient copolymer (entry 5 in Table 1).  SEC (DMF, 

PMMA std.): Mn = 25,600 g/mol; Mw/Mn = 1.39.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 
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CDHCl2] δ 7.31–7.15 (aromatic), 4.90–4.75 (-COOCH(CH3)2), 4.18–3.98 (-COOCH2CH2O-), 

3.75–3.62 (-COOCH2CH2O-), 3.62–3.38 (-OCH2CH2O-), 3.38–3.27 (-OCH3), 2.08−1.68 

(-CH2C(CH3)-), 1.25–0.68 (-CH2C(CH3)-).  Mn (NMR, α) = 24000; DPMMA/DPTEGMA/DPiPrMA = 
84/56/1; Fcum,TEGMA = 39%. 

  MMA/PEGMA random copolymer.  MS 4A (1.0 g) was first placed and dried in a 30 mL 

glass tube under reduced pressure with heat gun.  In a 30 mL glass tube, Ru(Ind)Cl(PPh3)2 (0.003 

mmol, 2.33 mg) was charged, and toluene (2.006 mL), PEG-OH (Mn = 350) (1.5 mmol, 0.49 mL), 

tetralin (0.04 mL), a 500 mM toluene solution of Ti(Oi-Pr)4 (0.12 mL, Ti(Oi-Pr)4 = 0.06 mmol) and 

MMA (3 mmol, 0.32 mL) were added sequentially in that order at 25 oC under argon (the total 

volume: 2.976 mL).  The glass tube was placed in an oil bath kept at 80 oC.  After 23 h, the 

solutions were cooled to –78 °C to terminate transesterification (yield: MMA/PEGMA/iPrMA = 

45%/49%/6%, by 1H NMR in CDCl3 at r.t. with tetralin as an internal standard).  Into the solution, 

a toluene solution of ECPA (622 mM, 0.024 mL, ECPA = 0.015 mmol) was then added at 25 oC 

under argon (the total volume: 3.0 mL).  The glass tube was placed in an oil bath kept at 80 oC.  

After 66 h, the mixture was cooled to –78 °C to terminate the copolymerization (conv. 

MMA/PEGMA = 90%/90%).  The quenched solution was evaporated to dryness to give the crude 

product.  To remove unreacted monomers, solvents, and catalyst residue, the product was purified 

by preparative SEC.  SEC (DMF, PMMA std.): Mn = 95400 g/mol; Mw/Mn = 1.51.  1H NMR [500 

MHz, CD2Cl2, 25 oC, δ = 5.33 CDHCl2] δ 7.30–7.15 (aromatic), 4.90–4.75 (-COOCH(CH3)2), 

4.15–3.99 (-COOCH2CH2O-), 3.75–3.62 (-COOCH2CH2O-), 3.62–3.38 (-OCH2CH2O-), 3.36–3.28 

(-OCH3), 2.08−1.68 (-CH2C(CH3)-), 1.25–0.68 (-CH2C(CH3)-).  Mn (NMR, α) = 59100: 
DPMMA/DPPEGMA/DPiPrMA = 108/106/16; Fcum,PEGMA = 46%. 

  MMA/PEGMA block copolymer.  Into a 30 mL glass tube (A), Ru(Ind)Cl(PPh3)2 (0.003 

mmol, 2.33 mg) was then charged, and toluene (0.955 mL), tetralin (0.04 mL), MMA (3 mmol, 0.32 

mL), a 400 mM toluene solution of n-Bu3N (0.075 mL, n-Bu3N = 0.03 mmol), and a 274 mM 

toluene solution of ECPA (0.11 mL, ECPA = 0.03 mmol) were added sequentially in that order at 

25 oC under argon (the total volume: 1.5 mL).  The glass tube was placed in an oil bath kept at 80 
oC.  After 123 h, the polymerization reached 95% conversion (determined by 1H NMR) to give 

PMMA-Cl (Mn = 13,500 g/mol; Mw/Mn = 1.09, by SEC in DMF with PMMA std.). 

   Into another 30 mL glass tube (B), MS 4A (1.0 g) was first placed and dried under reduced 

pressure with heat gun.  Into the tube, toluene (4.06 mL), tetralin (0.08 mL), PEG-OH (Mn = 350) 

(3 mmol, 0.98 mL), MMA (6 mmol, 0.32 mL), and a 500 mM toluene solution of Ti(Oi-Pr)4 (0.24 

mL, Ti(Oi-Pr)4 = 0.12 mmol) were added sequentially in that order at 25 oC under argon (the total 

volume: 6.0 mL).  After 35h, MMA was transesterified into PEGMA and iPrMA (yield: 

MMA/PEGMA/iPrMA = 45%/49%/6%, determined by 1H NMR).  Then, the solution was 
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evaporated to remove volatile MMA and iPrMA.  Into the tube including non-volatile PEGMA, 

toluene (3.2 mL) was added to make a toluene solution of PEGMA (PEGMA = 2.9 mmol, total 

volume: 4.5 mL). 

   Into the tube (A), the toluene solution of PEGMA (4.5 mL, PEGMA = 2.9 mmol) was added 

under argon.  The mixture was placed at 80 oC.  After 30 h, the solution was cooled to –78 °C to 

terminate the reaction (conv. 93%, determined by 1H NMR).  The quenched solution was 

evaporated to dryness.  To remove unreacted monomers, solvents, and catalyst residue, the 

resulting crude was purified by preparative SEC.  SEC (DMF, PMMA std.): Mn = 46,800 g/mol; 

Mw/Mn = 1.34.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CDHCl2] δ 7.30–7.15 (aromatic), 

4.15–4.00 (-COOCH2CH2O-), 3.73–3.62 (-COOCH2CH2O-), 3.62–3.39 (-OCH2CH2O-), 3.37–3.28 

(-OCH3), 2.07−1.68 (-CH2C(CH3)-), 1.25–0.68 (-CH2C(CH3)-).  Mn (NMR, α) = 43900: 
DPMMA/DPPEGMA = 99/81; Fcum,PEGMA = 45%. 

 

 
Results and Discussion 
1. Amphiphilic MMA/PEGMA Gradient Copolymers via Synchronized Tandem Catalysis 

     The author investigated the synthesis of amphiphilic gradient copolymers via synchronized 

tandem catalysis of ruthenium-catalyzed living radical polymerization (LRP) and in-situ 

transesterification of hydrophobic methyl methacrylate (MMA) with hydrophilic poly(ethylene 

glycol) methyl ether [PEG-OH: (CH3(OCH2CH2)nOH; n = 7.2 (average); Mn = 350) (Scheme 1).  

Ti(Oi-Pr)4 was employed as a catalyst for transesterification because of its high activity and 

compatibility (as co-catalyst) in ruthenium-catalyzed LRP.24  The author further utilized molecular 

sieves 4A (MS 4A) to remove methanol generating from in-situ transesterification of MMA; this 

technique is effective to induce transesterification up to high conversion.19  Ideally, hydrophobic 

MMA is transformed into hydrophilic PEGMA during LRP, where monomer composition in 

solution gradually changes from MMA alone to PEGMA-rich mixture.  Transesterification 

synchronized with LRP is thus important to produce MMA/EGMA gradient copolymers.  In order 

to control the kinetic balance of LRP and transesterification, the author examined various 

concentration of Ti(Oi-Pr)4 (10, 20, 30, and 40 mM) coupled with MS 4A (Table 1, entries 6-9).  

As a result, 20 mM of Ti(Oi-Pr)4 with MS 4A allowed perfect synchronization of LRP and 

transesterification (entry 7). 

     MMA (2 M) was polymerized with a Ru(Ind)Cl(PPh3)2 catalyst and a chloride initiator (ethyl 

2-chloro-2-phenylacetate: ECPA) in the presence of Ti(Oi-Pr)4 (20 mM) and MS 4A (0.33 g/mL) in 

a toluene/PEG-OH (Mn = 350, 1.4 M) (1/1, v/v) mixed solvent at 80 oC (Table 1, entry 7, Figure 1).  

The total monomer conversion and PEGMA content in monomer (100 x [PEGMA]t/[MMA + 
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PEGMA]t) were analyzed by 1H NMR measurements of polymerization mixtures that were sampled 

at predetermined periods.  PEGMA content in monomer was determined from the area ratio of the 

methylene protons of PEGMA adjacent to ester (4.3 ppm) to all olefin protons of MMA and in-situ 

generating PEGMA (5.6, 6.1 ppm).  As shown in Figure 1a (dash line), MMA was efficiently 

transesterified into PEGMA during polymerization: PEGMA content in monomer increased from 

0% to almost 100%.  The transesterification of MMA into PEGMA was perfectly synchronized 

with the consumption of both MMA and generating PEGMA for polymerization (total conversion: 

solid line).  PEGMA content in monomer thus proportionally increased with total conversion 

(Figure 1b).  Copolymerization of the two monomers smoothly reached to 94% in 35 h to give 

well-controlled polymers with relatively narrow molecular weight distribution (Mn = 51700, Mw/Mn 

= 1.46, Figure 1d), confirmed by size exclusion chromatography (SEC).  The SEC curves of 

products clearly shifted to high molecular weight with increasing conversion, demonstrating that 

Ti-mediated transesterification of MMA with PEG-OH does not interfere with controllability of 

LRP. 
 
Table 1. Synthesis of MMA/PEGMA Gradient Copolymers via Concurrent Tandem Living Radical 

Polymerizationa 
Entry PEG-OH 

(n) 
MS 

(g/mL) 
[Ti(Oi-Pr)4] 

(mM) 
Time 
(h) 

Convb 

(%) 
Mn

c 

(GPC) 
Mw/Mn

c Mn
d 

(NMR) 
Fcum, PEGMA

e 
(%) 

1 1 0.33 20 38 95 28000 1.58 - 38 

2 1 0.33 30 21 92 29700 1.45 - 49 

3 2 0.33 20 38 96 33200 1.44 29800 44 

4 4 0.33 20 27 92 34600 1.49 - 30 

5 4 0.33 40 23 96 25600 1.39 24000 39 

6 7.2 0.33 10 48 94 42400 1.36 - 16 

7 7.2 0.33 20 35 94 51700 1.46 51400 49 

8 7.2 0.33 30 24 90 64900 1.42 - 59 

9 7.2 0.33 40 24 92 68000 1.44 - 63 

10 7.2 - 40 21 89 35600 1.35 - 36 

11 7.2 - 60 23 96 34500 1.38 - 38 

12 7.2 - 80 23 88 40400 1.35 37000 38 

13 11.8 0.33 40 11 79 60100 1.51 - 45 

14 7.2 0.33 20 23 89 41700 1.36 52100 54 
a[MMA]/[ECPA (entries 1-13) or DCAP (entry 14)]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4] = 1000/5/1/10-80 mM with or 
without MS 4A in toluene/PEG-OH [CH3(OCH2CH2)nOH: n = 1, 2, 4, 7.2, and 11.8] (1/1, v/v) at 80 oC.  bTotal 
monomer conversion determined by 1H NMR with an internal standard (tetralin).  cDetermined by SEC in DMF with a 
PMMA standard calibration.  dNumber average molecular weight determined by 1H NMR.  eCumulative PEGMA 
content (Fcum,PEGMA) determined by 1H NMR. 
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     Cumulative PEGMA content in polymers (Fcum,PEGMA) was analyzed by 1H NMR 

measurements of polymerization mixtures that were sampled at predetermined periods.  Fcum,PEGMA 

against total monomer conversion was first determined with methylene protons of polymerized 

PEGMA adjacent to the ester units (4.2 – 4.0 ppm).  Fcum,PEGMA values were then plotted as a 

function of normalized chain length (Figure 1c, blue).  The normalized chain length is defined as 

DPt/DPfinal for living copolymers: DPt = [MMA]0 × (total conversion/100)/[ECPA]0; DPfinal = 

[MMA]0 × (total final conversion/100)/[ECPA]0.  Both Fcum,PEGMA and the instantaneous PEGMA 

content (Finst.PEGMA) calculated therefrom1,18,19 linearly increased with normalized chain length 

(Figures 1c).  Finst.PEGMA is consistent with PEGMA content in monomer against monomer 

conversion (Figures 1c and 1b).  This indicates that the gradient copolymer composition is directly 

determined by the instantaneous monomer composition in polymerization solution, which further 

indicates that MMA and PEGMA have close monomer reactivity in living radical copolymerization. 

 

 

Figure 1. Synthesis of MMA/PEGMA gradient copolymers via concurrent tandem catalysis: 

[MMA]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4] = 1000/5/1/20 mM in toluene/PEG-OH (Mn = 350) (1/1, 

v/v) with MS 4A (0.33 g/mL) at 80 oC. (a) total monomer conversion and PEGMA content in monomer. (b) 

PEGMA content in monomer as a function of total conversion. (c) cumulative (Fcum,PEGMA) and instantaneous 

(Finst,PEGMA) PEGMA content in products. (d) SEC curves of products. 
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     After purification by preparative SEC (for removal of monomer, alcohol and catalyst residue), 

the gradient copolymer was analyzed by 1H NMR spectroscopy (Figure 2).  The polymer consisted 

of MMA, PEGMA (Fcum,PEGMA = 49%), and a tiny amount of i-PrMA (< 1 %) that arose from the 

transesterification of MMA with isopropanol from Ti(Oi-Pr)4.  The number average molecular 

weight [Mn(NMR)] was determined to be 51400, from the area ratio of methylene protons of PEG 

pendants (d: 4.2 – 4.0 ppm), methylene and methyl protons of all pendants (e, c, f, g: 3.7 – 3.3 ppm), 

and the aromatic protons of the ECPA initiating terminal (i: 7.3 – 7.1 ppm, α-end). 

 
Figure 2. 1H NMR spectrum of a MMA/PEGMA gradient copolymer (entry 7, Table 1) in CD2Cl2 at 25 oC. 

 
2. Catalytic Control of Gradient Sequence 
     As described above, the combination of 20 mM Ti(Oi-Pr)4 with MS 4A induced perfectly 

synchronized transesterification with LRP to give a MMA/PEGMA gradient copolymer with linear 

composition change (entry 7).  In contrast, the tandem catalysis of slower or faster 

transesterification than LRP is also effective to modulate gradient sequence of copolymers.  Thus, 

The author analyzed PEGMA content in monomer (transesterification) and gradient sequence of 

copolymers (Finst,PEGMA) obtained from the other conditions: 10, 30, and 40 mM Ti with MS 4A 

(entries 6, 8, 9, Figure 3a-c).  In all cases, well-controlled polymers were obtained (Table 1, Figure 

S1).  Ti(Oi-Pr)4 of 10 mM (low Ti concentration) induced slower transesterification than LRP 

(Figure 3a) to give a MMA/PEGMA gradient copolymer whose PEGMA composition (Finst,PEGMA) 

more gently increased than that with Ti of 20 mM (Figure 3c).  In contrast, higher Ti(Oi-Pr)4 

concentration systems (30 or 40 mM) accelerated transesterification against LRP (Figures 3b) to 
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produce MMA/PEGMA gradient copolymers with high PEGMA content even around the initiating 

terminal (Figure 3c).  The cumulative PEGMA contents in final gradient copolymers increased 

with Ti(Oi-Pr)4 concentration from 10 to 40 mM (Fcum,PEGMA = 16, 49, 59, and 63 %).  Importantly, 

the Ti concentration mainly affects the kinetics and yield of transesterification and is almost 

independent of kinetics and controllability of LRP.  Thus, adjusting Ti(Oi-Pr)4 concentration 

allows conveniently control of the gradient sequence of MMA/PEGMA copolymers. 

 

 
Figure 3. Effects of Ti(Oi-Pr)4 catalyst concentration and molecular sieves (MS 4A) on the gradient 

sequence of copolymers obtained from concurrent tandem LRP with in-situ transesterification: 

[MMA]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4] = 1000/5/1/10 - 80 mM in toluene/PEG-OH (Mn = 350) 

(1/1, v/v) with or without MS 4A (0.33 g/mL) at 80 oC. Total monomer conversion and PEGMA content in 

monomer as a function of time: (a) 10 mM or (b) 40 mM Ti with MS 4A; (d) 40 mM or (e) 80 mM Ti 

without MS 4A. Instantaneous PEGMA composition in copolymers obtained (c) with or (f) without MS 4A 

as a function of normalized chain length. 

 

     In contrast, Ti-catalyzed transesterification of MMA into PEGMA in the absence of MS 4A 

was always saturated at around 50% PEGMA content in monomer after the middle stage of 

polymerization even using high Ti concentration (40 - 80 mM) (Figures 3d,e, Table 1 entries 10-12).  

The cumulative PEGMA content (Fcum,PEGMA) in final products was almost constant (36 – 38%) 

independent of Ti concentration.  The constant PEGMA content is owing to the equilibrium of 

transesterification; in this stage, generating MeOH from MMA is almost the same amount of 
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remaining PEG-OH because of no use of MS 4A.  Typically with 80 mM Ti, Finst,PEGMA (PEGMA 

composition in polymer) smoothly increased to approximately 50% until the middle point of the 

polymer chain and then virtually kept constant at 50% until Cl terminal (Figure 3f).  Interestingly, 

this means the one-pot formation of a block copolymer consisting of a MMA/PEGMA gradient 

segment (from the α-end to the middle) and random counterpart (from the middle to the ω-end).  
Thus, this tandem catalysis is versatile to design MMA/PEGMA amphiphilic gradient copolymers 

with different gradient sequence and composition. 

 

3. Amphiphilicity Control with PEG-OH 

     Amphiphilic properties of MMA/PEGMA gradient copolymers can be controlled not only by 

the composition but also with hydrophilic PEG length (oxyethylene number: n).  Thus, various 

PEG-OH derivatives [CH3(OCH2CH2)nOH: n = 1, 2, 4, and 11.8 (average; Mn = 550)] were used as 

co-solvent in ruthenium-catalyzed tandem polymerization of MMA with Ti(Oi-Pr)4 (20-40 mM) 

and MS 4A in toluene/PEG-OH (1/1, v/v) (Table 1, entries 1-5, 13, Figures 4).  In all PEG-OH [n 

= 1, 2, 4, and 11.8 (average)], transesterification of MMA into corresponding PEGMA was 

synchronized with LRP to give well-controlled MMA/PEGMA gradient copolymers (Figure 4).  

Here, Ti(Oi-Pr)4 concentration was optimized because the kinetics of LRP and transesterification 

were dependent on PEG-OH species. 

     Using Ti(Oi-Pr)4 of 20 mM, 2-(2-methoxyethoxy) ethanol (PEG-OH: n = 2) induced 

transesterification perfectly synchronized with LRP (Figure 4b) as well as PEG-OH (n = 7.2) to 

produce a MMA/PEGMA (n = 2) gradient copolymer with linear composition change (Figure 4e).  

In contrast, transesterification of MMA with 2-methoxyethanol (PEG-OH: n = 1) or tetraethylene 

glycol monomethyl ether (PEG-OH: n = 4) is slightly slower than LRP (Figure 4a, c), resulting in 

corresponding gradient copolymers with smaller Finst,PEGMA than those obtained from PEG-OH (n = 

2, 7.2) (Figure 4e).  We estimated half-life period of MMA (T1/2: reaction time for 50% yield of 

PEGMA) in in-situ transesterification of MMA with PEG-OH (n = 1, 2, 4, and 7.2).  The initial 

volume of PEG-OH was constant in mixed solvents (toluene/PEG-OH = 1/1, v/v), while the molar 

concentration is different [n = 1 (5.6 M), 2 (3.7 M), 4 (2.3 M), 7.2 (1.4 M)].  The half-life period 

of MMA depended on the oxyethylene number (n) and increased in this order: T1/2 (n) = 8.3 h (7.2) 

< 9.7 h (2) < 12 h (4) < 13 h (1).  Full synchronization of transesterification and LRP with 

PEG-OH (n = 1, 4) was achieved with increased Ti concentration (30 or 40 mM) (Table 1 entries 2 

and 5).  A longer PEG-OH [n = 11.8 (average)] required high concentration Ti (40 mM) for 

synchronized transesterification because LRP was faster than that with other PEG-OH derivatives 

(Table 1 entry 13, Figure 4d).  Independent of PEG chain length (n), Finst,PEGMA well corresponds 

to PEGMA content in monomers that is estimated from time-conversion plots (Figure 4).  Thus, 
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the gradient sequence distribution of copolymers is determined by PEGMA content in monomer 

that seamlessly changes during tandem catalytic polymerization. 

 

     
Figure 4. Synthesis of MMA/PEGMA gradient copolymers via concurrent tandem catalysis with various 

PEG-OH [CH3(OCH2CH2)nOH: n = 1, 2, 4, 11.8 (Mn = 550)]: [MMA]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/ 

[Ti(Oi-Pr)4] = 1000/5/1/20 (n = 1, 2, 4) or 40 (n = 11.8) mM in toluene/PEG-OH (1/1, v/v) with MS 4A 

(0.33 g/mL) at 80 oC.  (a)-(d) total monomer conversion and PEGMA content in monomer as a function of 

time: (a) n = 1 (b) 2 (c) 4 (d) 11.8.  (e) Instantaneous PEGMA composition in copolymers obtained with 

each alcohol. 

 

 

4. Amphiphilic Bidirectional Gradient Copolymers 

     Amphiphilic bidirectional gradient copolymers were designed by tandem LRP of MMA with 

a bifunctional chloride initiator (2,2-dichloroacetophenone: DCAP) and PEG-OH (n = 7.2) (Figures 

5).  The copolymers have unique gradient sequence: hydrophilic PEGMA content gradually 

increased from the middle point of the polymer chain to both Cl (growing) terminals.  Thus, the 

central part is more hydrophobic, while the both terminal segments are more hydrophilic.  For this, 

MMA was polymerized with Ru(Ind)Cl(PPh3)2 and DCAP in the presence of Ti(Oi-Pr)4 (20 mM) in 

toluene/PEG-OH (n = 7.2, Mn = 350) with MS 4A at 80 oC.  Transesterification was fully 

synchronized with LRP of MMA and in-situ generating PEGMA to provide a well-controlled 

MMA/PEGMA bidirectional gradient copolymer in high yield (Total conversion = 89%, Mn = 

41700, Mn/Mw = 1.36, Fcum,PEGMA = 54%, Table 1, entry14). 
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Figure 5. Synthesis of a MMA/PEGMA bidirectional gradient copolymer via concurrent tandem catalysis 

with 2,2-dichloroacetophenone (DCAP): [MMA]/[DCAP]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4] = 1000/5/1/20 

mM in toluene/PEG-OH (Mn = 350) (1/1, v/v) with MS 4A (0.33 g/mL) at 80 oC. 

 

6. Amphiphilic Random or Block Copolymers via Sequential Tandem Catalysis 

     Tandem catalysis of transesterification and LRP is effective to synthesize wide range of 

sequence-controlled copolymers including not only gradient but also random and block monomer 

sequence.18 Thus, synthesis of amphiphilic random or block copolymers was examined by 

sequential tandem catalysis of quantitative transesterification of MMA with PEG-OH and LRP of 

the generating monomers (Scheme 2, experimental section). 

     For this, transesterification of MMA with PEG-OH (n = 7.2) was conducted in the presence 

of Ti(Oi-Pr)4 (20 mM), MS 4A (0.33 g/mL), and Ru(Ind)Cl(PPh3)2 (a catalyst for subsequent LRP) 

at 80 oC.  The molar ratio of MMA and PEG-OH was set as 2/1 ([MMA]0/[PEG-OH]0).  MMA 

was transformed into PEGMA to give a mixture of MMA/PEGMA/iPrMA (45%/49%/6%, 

determined by 1H NMR).  It should be noted that the fed PEG-OH was quantitatively consumed to 

form PEGMA.  The formation of a small amount of iPrMA is due to transesterification of MMA 

with isopropanol from the Ti catalyst.  Into the monomer mixture, a chloride initiator (ECPA) was 

directly added to start random copolymerization (Scheme 2b), giving a MMA/PEGMA random 

copolymer (R1: Mn = 95400, Mw/Mn = 1.51, Mn (NMR) = 59100, DPMMA/DPPEGMA/DPiPrMA = 

108/106/16, Fcum,PEGMA = 46%), while the random copolymer partially included iPrMA units. 
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     For block copolymerization, a monomer mixture of MMA/PEGMA/iPrMA obtained from 

with quantitative transesterification was evaporated to remove volatile MMA and iPrMA (Scheme 

2a).  The resulting PEGMA was directly utilized as a monomer for block copolymerization with a 

chlorine-capped poly(methyl methacrylate) (PMMA-Cl: Mn = 13500, Mw/Mn = 1.09) to produce a 

well-controlled MMA/PEGMA block copolymer (B1: Mn = 46800, Mw/Mn = 1.34, Mn (NMR) = 

43900, DPMMA/DPPEGMA = 99/81, Fcum,PEGMA = 45%, Scheme 2c). 

 

 
Scheme 2. Synthesis of Amphiphilic (b) Random or (c) Block Copolymers via Sequential Tandem Catalysis 

of (a) Quantitative Transesterification and LRP. 

 

 
Figure 6. PEGMA sequence distribution of MMA/PEGMA random, gradient random, gradient, block, and 

bifunctional gradient copolymers. 
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7. Self-Assembly of Amphiphilic Copolymers 

     Various amphiphilic copolymers with different monomer sequence were successfully 

obtained from tandem catalysis of LRP and transesterification.  Figure 6 summarized the sequence 

distribution of PEGMA (Finst,PEGMA) against normalized chain length for the following copolymers: 

gradient (entry 7 Table 1), gradient-random (entry 12, Table 1), bidirectional gradient (entry 14, 

Table 1), random (R1), and block (B1).  The five samples have almost constant DP (~200) and 

PEGMA composition (Fcum,PEGMA = ~50).  The monomer sequence would affect self-assembly 

(micellization) and thermoresponsive properties in solution and thermal properties in bulk. 

 

      

Figure 7. DLS intensity size distribution of MMA/PEGMA copolymers (random, gradient random, gradient, 

block, and bidirectional) in (a) methanol or (b) acetone/H2O (1/9, v/v)  (c) MMA/TEGMA gradient 

copolymers (Table 1, entry 5) in methanol or acetone/H2O (1/9, v/v) at 25 oC: [Polymer] = 10 mg/mL. 

 

     The author evaluated the self-assembly behavior of the five amphiphilic copolymers in 

methanol or acetone/H2O (1/9, v/v) mixture (Figure 7).  The solutions were analyzed by dynamic 

light scattering (DLS).  Methanol is a good solvent for poly(PEGMA) segment but a poor solvent 

for poly(MMA) counterpart.  In order to investigate the effects of sequence distribution on 

self-assembly in organic media, methanol was utilized at first.  All of the copolymers are easily 

soluble in methanol (10 mg/mL) at 25 oC.  As shown in Figure 7a, random, gradient-random, 

gradient, and bidirectional gradient copolymers, mainly or only, had small size distribution of 
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hydrodynamic radius (Rh) below 10 nm (the volume fraction: random >99%; gradient-random 99%; 

gradient 96%, Table 2) though the three samples showed bimodal light scattering intensity size 

distribution.  This suggests that these four samples should be unimolecularly solubilized in 

methanol or form self-folding unimer micelles or small nanoaggregates via the self-assembly of 

MMA-rich segments.17  In contrast, the MMA/PEGMA block copolymer formed large micelles 

(Rh = 150 nm) via the aggregation of the PMMA homo-segment.  These results indicate that, in 

methanol, MMA/PEGMA gradient sequence copolymers (gradient, gradient-random, and 

bidirectional gradient) have properties similar to a corresponding random counterpart.11 A more 

hydrophobic MMA/PEGMA (n = 4) gradient copolymer with a shorter hydrophilic pendants clearly 

include large size aggregates (Rh = 146 nm, volume fraction: 37%, Table 2, Figure 7c), compared 

with MMA/PEGMA (n = 7.2) counterpart. 

 
Table 2. Solution Properties of Amphiphilic Copolymers 

entry sequence 
(sample code) 

PEG 
(n) 

Rh in MeOHa 

(nm) 
Rh in H2Oa 

(nm) 
Cp in H2Ob 

(oC) 
Cp in iPrOHb 

(oC) 
Cp in MeOHb 

(oC) 

1 
random 

(R1) 
7.2 9.0 (>99%) 9.2 (92%), 129 (8%) 58 33 n.d. 

2 
gradient random 

(entry 12, Table 1) 
7.2 5.4 (99%) 5.2 (76%), 87 (24%) 52 35 n.d. 

3 
gradient 

(entry 7, Table 1) 
7.2 7.9 (96%) 12 (24%), 87 (76%) 65 37 n.d. 

4 
block 
(B1) 

7.2 150 - insoluble 40 n.d. 

5 
bidirectional gradient 

(entry 14, Table 1) 
7.2 8.8 7.6 (89%), 123 (11%) 66 30 n.d. 

6 
gradient 

(entry 5, Table 1) 
4 

4.1 (63 %), 
146 (37 %) 

27 43 41 14 

7 
gradient 

(entry 3, Table 1) 
2 - - insoluble 50 23 

aHydrodynamic radius (Rh) of the samples determined by dynamic light scattering in methanol or H2O [acetone/H2O 
(1/9, v/v)] at 25 oC: [polymer] = 10 mg/mL.  Values in parentheses mean the volume fraction of the portion.  bCloud 
point (Cp) of the aqueous, 2-propanol, and methanol solutions of the samples: [polymer] = 10 mg/mL.  Cp: defined as 
the temperature at which the transmittance of the solution becomes 90%.  n.d.: the samples of PEGMA (n = 7.2) do 
not show Cp at 0 oC. 

 

     Owing to hydrophilic PEG pendants, MMA/PEGMA random, gradient, gradient-random, and 

bidirectional gradient copolymers are fully soluble in water.  However, the block counterpart was 

not soluble in water due to long hydrophobic PMMA segment.  Thus, self-assembly of the soluble 

four samples was investigated in aqueous media at 25 oC.  Here, water was slowly added into the 

acetone solution of the polymers (100 mg/mL) to make homogeneous aqueous solutions (10 

mg/mL) in acetone/water (1/9, v/v).  Analyzed by DLS, all of the solutions exhibited bimodal light 

scattering intensity size distributions of small Rh (5 ~12 nm) and large Rh (~100 nm).  The large 
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size portion increased as volume fraction in this order: random (8%) < bidirectional gradient (11%) 

< gradient-random (24%) < gradient (76%).  The high content of large aggregates in the gradient 

copolymer would be attributed to the fact that the locally accumulated hydrophobic MMA segment 

effectively induces intermolecular self-assembly of the polymer chains.  In contrast, random or 

bidirectional gradient counterparts preferentially self-fold or self-assemble into unimer micelles or 

small nanoaggregates even in water.  Similar tendency was already reported on self-assembly of 

PEGMA/alkyl methacrylate random copolymers in water.17  These results suggest that the delicate 

sequence control of hydrophobic and hydrophilic monomers such as gradient sequence also allows 

to modulate the self-assembling properties of amphiphilic copolymers. 

 

8. Thermoresponsive Properties 
     PEG-based polymers often show lower critical solution temperature (LCST)-type phase 

separation in water11,17,25-27 and upper critical solution temperature (UCST)-type phase separation in 

2-propanol.28,29  To investigate the effects of monomer sequence on phase separation in water, the 

author conducted the temperature-dependent turbidity measurements of the aqueous solutions of 

MMA/PEGMA random, random-gradient, gradient, and bidirectional gradient copolymers at the 

temperature range between 40 and 80 oC ([polymer] = 10 mg/mL, heating/cooling speed = 1 oC/min, 

λ = 670nm).  The cloud point (Cp) was defined as the temperature at which the transmittance of 
the solution becomes 90%.  All of the copolymers sharply induced LCST-type phase separation in 

water upon heating.  Cp of gradient copolymers (gradient: 65 oC, bidirectional gradient: 66 oC) is 

higher than that of random counterpart (random: 58 oC) (Figure 8a, Table 2).  Such higher cloud 

point is probably because gradient copolymers stably form unimer or multichain micelles in water 

that are effectively covered by condensed PEG pendants.  The preforming micellization of our 

gradient copolymers may be also attributed to the relatively sharp phase separation, distinct from 

some thermoresponsive gradient copolymers with gradual phase separation.9  A random-gradient 

copolymer showed lower Cp (52 oC) than a random counterpart (Figure 8e).  This is probably due 

to the relatively low content of PEGMA in copolymer (Fcum = 42 mol%) compared with the others. 

     In 2-propanol, all MMA/PEGMA random, gradient, bidirectional gradient, and block 

copolymers are fully soluble over 50 oC ([polymer] = 10 mg/mL).  By cooling the solutions, they 

showed UCST-type phase separation in 2-propanol (Figures 8b).  Dependent on the monomer 

sequence, Cp decreased in this order (Table 2): block (40 oC) > gradient (37 oC) > random-gradient 

(35 oC) > random (33 oC) > bidirectional gradient (30 oC).  This order suggests that Cp decreases 

with increasing the unimolecular solubility.  Namely, the bidirectional gradient copolymer would 

unimolecularly dissolve to effectively cover the central MMA rich segment by both PEGMA rich 

segments. 
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Figure 8. Turbidity measurements of the aqueous solutions of (a)(e) MMA/PEGMA (n = 7.2) random, 

gradient random, gradient, and bidirectional copolymers (upon heating with 1 oC/min from 40 to 80 oC) and 

(c) a MMA/PEGMA (n = 4) gradient copolymer (upon heating with 1 oC/min from 30 to 90 oC): [polymer] = 

10 mg/mL.  Turbidity measurements of the 2-propanol solutions of (b) MMA/PEGMA (n = 7.2) random, 

gradient, bidirectional, and block copolymers (by cooling with 1 oC/min from 50 to 10 oC) and (d) 

MMA/PEGMA gradient copolymers with different PEG pendant length (n = 2, 4, 7.2, by cooling with 1 
oC/min from 60 to 20 oC): [Polymer] = 10 mg/mL.  (f) Turbidity measurements of the methanol solutions of 

MMA/PEGMA gradient copolymers with different PEG pendant length (n = 2, 4, by cooling with 1 oC/min 

from 30 to 0 oC): [Polymer] = 10 mg/mL. 

 

     Cp of MMA/PEGMA gradient copolymers in water or 2-propanol is also dependent on the 

pendant PEG length (oxyethylene number: n = 2, 4, 7.2).  Cp in water decreased with PEG length 

(Figure 8c, n = 4: Cp = 43 oC), while that in 2-propanol increased with decreasing PEG length 

(Figure 8d, n = 4: Cp = 41 oC, n = 2: 50 oC).  Similarly, short PEG pendant gradient copolymers 

showed UCST-type phase separation in methanol (n = 4: Cp = 14 oC, n = 2: Cp = 23 oC, Figure 8f) 
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but a long PEG gradient copolymer (n = 7.2) was transparent even at 0 oC.  These results support 

that longer PEG chains enhance the solubility of the copolymers in both water and 2-propanol. 

 

9. Thermal Properties 

     Glass transition temperature (Tg) of MMA/PEGMA gradient copolymers with different PEG 

pendant length (n = 2, 4, 7.2) was analyzed by differential scanning calorimetry (DSC, temperature 

range: -80~150 oC, heating rate: 10 oC/min) (Figure 9).  All the samples clearly exhibited 

endothermic peaks at different temperature.  Tg decreased with increasing PEG pendant length (n) 

(n = 7.2: Tg = -56 oC, n = 4: Tg = -37 oC, n = 2: Tg = 26 oC) (Figure 9a).  From the first derivatives 

of the heat flow signals (Figure 9b), the two samples (n = 4, 2) had broad Tg range between high Tg 

of PMMA and low Tg of corresponding poly(PEGMA) (e.g., n = 2: Tg = -30 oC - 50 oC).  Such 

broad Tg range is characteristic of gradient copolymers.3,19  Thus, thermal properties of 

MMA/PEGMA gradient copolymers in solid state are also controlled by the PEG pendant length. 

 

 

Figure 9.  DSC measurements of MMA/PEGMA (n) gradient copolymers (n = 7.2, 4, 2): (a) heat flow and 

(b) first derivative heat flow (lower); heating = 10 oC/min. 

 

 

Conclusion 
     Amphiphilic MMA/PEGMA gradient and sequence-controlled copolymers were successfully 

synthesized via tandem catalysis of Ru-catalyzed LRP and Ti-mediated transesterification.  Here, 

the author utilized MMA as a starting monomer, Ti(Oi-Pr)4 as a catalyst for transesterification, and 

PEG-OH as a co-solvent in Ru-catalyzed LRP systems.  Hydrophobic MMA is smoothly 

transesterified into hydrophilic PEGMA during LRP, resulting in the formation of MMA/PEGMA 

gradient copolymers.  The gradient sequence is attributed to the monomer composition change in 

solution, meaning that the monomer sequence can be effectively controlled by the kinetic balance of 

two reactions.  A bifunctional initiator directly afforded amphiphilic bidirectional gradient 

copolymers.  In contrast, sequential tandem catalysis of transesterification of MMA with PEG-OH 
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into PEGMA, followed by LRP of the monomers, provided amphiphilic random or block 

copolymers.  This tandem catalysis is thus one of the most versatile systems to produce 

amphiphilic copolymers with designed monomer sequence.  Amphiphilic gradient copolymers had 

solution (self-assembly, thermoresponsive) and solid (thermal) properties distinct from 

corresponding random or block counterparts.  This importantly suggests that gradient monomer 

sequence is promising to control the physical and amphiphilic properties of polymers.  Thus, 

tandem catalytic system in this chapter and amphiphilic gradient sequence-controlled copolymers 

would open new vistas in the design and functions of amphiphilic polymeric materials. 

 

 

References 
(1) Matyjaszewski, K.; Ziegler, M. J.; Arehart, S. V.; Greszta, D.; Pakula, T. J. Phys. Org. Chem. 

2000, 13, 775−786. 

(2) Mok, M. M.; Ellison, C. J.; Torkelson, J. M. Macromolecules 2011, 44, 6220-6226. 

(3) Kim, J.; Mok, M. M.; Sandoval, R. W.; Woo, D. J.; Torkelson, J. M. Macromolecules 2006, 

39, 6152-6160. 

(4) Zhang, J.; Li, J.; Huang, L.; Liu, Z. Polym. Chem. 2013, 4, 4639-4647. 

(5) Karaky, K.; Péré, E.; Pouchan, C.; Desbriéres, J.; Dérail, C.; Billon, L. Soft Matter. 2006, 2, 

770-778. 

(6) Kim, J.; Gray, M. K.; Zhou, H.; Nguyen, S. T.; Torkelson J. M. Macromolecules 2005, 38, 

1037-1040. 

(7) Karaky, K.; Billon, L.; Pouchan, C.; Desbriéres, J. Macromolecules 2007, 40, 458-464. 

(8) Wong, C. L. H.; Kim, J.; Roth, C. B.; Torkelson, J. M. Macromolecules 2007, 40, 5631-5633. 

(9) Seno, K.; Tsujimoto, I.; Kanaoka, S.; Aoshima, S. J. Polym. Sci. Part A: Polym. Chem. 2008, 

46, 6444–6454. 

(10) Lee, S. B.; Russell, A. J.; Matyjaszewski, K. Biomacromolecules 2003, 4, 1386-1393. 

(11) Matsumoto, K.; Terashima, T.; Sugita, T.; Takenaka, M.; Sawamoto, M. Macromolecules 

2016, 49, 7917-7927. 

(12) Park, J-S.; Kataoka, K. Macromolecules 2006, 39, 6622-6630. 

(13) Liu, R. C. W.; Pallier, A.; Brestaz, M.; Pantoustier, N.; Tribet, C. Macromolecules 2007, 40, 

4276−4286. 

(14) Steinhauer, W.; Hoogenboom, R.; Keul, H.; Moeller, M. Macromolecules 2013, 46, 

1447−1460. 

(15) Borisova, O.; Billon, L.; Zaremski, M.; Grassl, B.; Bakaeva, Z.; Lapp, A.; Stepanek, P.; 

Borisov, O. Soft Matter 2011, 7, 10824-10833. 



Chapter 2 

 63 

(16) Li, L.; Raghupathi, K.; Song, C.; Prasad, P.; Thayumanavan, S. Chem. Commun. 2014, 50, 

13417-13432. 

(17) (a) Terashima, T.; Sugita, T.; Fukae, K.; Sawamoto, M. Macromolecules 2014, 47, 589−600. 

(b) Hirai, Y.; Terashima, T.; Takenaka, M.; Sawamoto, M. Macromolecules 2016, 49, 

5084-5091. 

(18) (a) Nakatani, K.; Terashima, T.; Sawamoto, M. J. Am. Chem. Soc. 2009, 131, 13600−13601.  

(b) Nakatani, K.; Ogura, Y.; Koda, Y.; Terashima, T.; Sawamoto, M. J. Am. Chem. Soc. 2012, 

134, 4373−4383. 

(19) Ogura, Y.; Terashima, T.; Sawamoto, M. ACS Macro Lett. 2013, 2, 985−989. 

(20) Agari, Y.; Shimada, M.; Ueda, A.; Nagai, S. Macromol. Chem. Phys. 1996, 197, 2017−2033. 

(21) Qin, C. L.; Zhao, D. Y.; Bai, X. D.; Zhang, X. G.; Zhang, B.; Jin, Z.; Niu, H. J. J. Mater. 
Chem. Phys. 2006, 97, 517−524. 

(22) Ouchi, M.; Terashima, T.; Sawamoto, M. Chem. Rev. 2009, 109, 4963−5050. 

(23) Matyjaszewski, K.; Tsarevsky, N. V. J. Am. Chem. Soc. 2014, 136, 6513-6533. 

(24) (a) Ando, T.; Kato, M.; Kamigaito, M.; Sawamoto, M. Macromolecules 1996, 29, 1070−1072.  

(b) Ando, T.; Kamigaito, M.; Sawamoto, M. Macromolecules 2000, 33, 6732−6737. 

(25) Neugebauer, D. Polym. Int. 2007, 56, 1469-1498. 

(26) Lutz, J.-F. J. Polym. Sci. Part A: Polym. Chem. 2008, 46, 3459-3470. 

(27) Han, S.; Hagiwara, M.; Ishizone, T. Macromolecules 2003, 36, 8312−8319. 

(28) Terashima, T.; Ouchi, M.; Ando, T.; Kamigaito, M.; Sawamoto, M. Macromolecules 2007, 40, 

3581-3588.  

(29) Zhu, M.; Liu, W.; Xiao, J.; Ling, Y.; Tang, H. J. Polym. Sci. Part A: Polym. Chem. 2016, 54, 

3444-3453. 

 



MMA/PEGMA Gradient Copolymers 

 64 



 

 65 

Chapter 3 

 
 
Hydrogen-Bonding Gradient Copolymers: 
Effects of Supramolecular Unit Sequence 
on Single-Chain Folding and Self-Assembly 
 

 

Abstract 

     Chiral 1,3,5-tricarboxamide (BTA)-functionalized copolymers with gradient, bidirectional 

gradient, and random sequence distributions were synthesized via tandem living radical 

polymerization (LRP) with in-situ monomer transesterification to investigate the effects of the BTA 

sequence on self-folding/aggregation properties in organic media.  Here, 2-ethylhexyl 

methacrylate (EHMA) as a starting monomer was polymerized with a ruthenium catalytic system in 

the presence of a chiral BTA-bearing alcohol (BTA-OH) and Ti(Oi-Pr)4.  By tuning the 

concentration and time of addition of the Ti catalyst, the transesterification rate of EHMA into a 

chiral BTA-functionalized methacrylate (BTAMA) was synchronized with LRP to produce 

EHMA/BTAMA gradient or bidirectional gradient copolymers.  In contrast, faster 

transesterification than LRP gave the corresponding random copolymer. Circular dichroism 

spectroscopy and dynamic light scattering performed on solutions of all BTA-functionalized 

copolymers indicated that the chiral BTA pendants helically self-assemble via hydrogen-bonding 

interaction in 1,2-dichloroethane, methylcyclohexane (MCH), and their mixtures to form 

single-chain or multi-chain polymeric nanoparticles. The temperature-dependent self-assembly 

behavior of the BTA pendants was virtually independent of the sequence distribution, whereas the 

size of the resultant nanoparticles depended on the sequence as follows: random < gradient < 

bidirectional gradient in MCH. 

 



EHMA/BTAMA Gradient Copolymers 

 66 

Introduction 

     The marriage of precision polymerization and supramolecular self-assembly creates new 

avenues to obtain functional polymeric materials with well-defined three-dimensional architectures. 

Single-chain polymeric nanoparticles (SCPNs) and related unimolecular micelles and 

nanoaggregates1-35 are attracting increasing attention as these compartmentalized polymers show 

promise in mimicking functions of natural biopolymers such as proteins and enzymes.16-18,23 SCPNs 

are often constructed by the self-folding of functional and/or amphiphilic “random” copolymers via 

physical interaction. Hereby, they dynamically and reversibly form globular structures that are 

responsive to stimuli or environmental changes.10-29 The intramolecular folding process is triggered 

by the site-specific self-assembly of the functional pendants via non-covalent interactions (e.g. 

hydrogen-bond, coordination, host-guest)10-24 and/or autonomous self-assembly of the amphiphilic 

main chains or pendants in water or specific solvents.15-18,25-29 Thus, selective formation of desired 

SCPNs requires the precision control of the primary structure (e.g., molecular weight: chain length, 

composition, monomer sequence) by living polymerization,15,16,25-29 in addition to the design of the 

functional pendants. 

     Among them, chiral benzene-1,3,5-tricarboxamide (BTA)-functionalized random copolymers 

are promising scaffolds to self-fold or self-assemble into SCPNs in organic or aqueous media.11-18 

Similar to “free” BTA derivatives,36-43 the chiral BTA pendants induce helical self-assembly via 

strong three-fold hydrogen bonding interaction. Resultant SCPNs contain helical secondary 

structures within their globular tertiary structure; this feature has encouraged the author to design 

enzyme-like polymer catalysts with well-defined nanospaces.16-18 To understand the internal 

structure of BTA-based SCPNs, the BTA helical stacking process in chain folding was investigated 

by temperature-dependent circular dichroism (CD) spectroscopy.11-18 The elongation temperature of 

the pendant BTA units is dependent on the local concentration along a chain, i.e., BTA composition, 

while it is independent of the total concentration of the BTA in solutions.11-16 This is characteristic 

of the intramolecular self-assembly of the BTA units within a single macromolecule. The BTA 

pendants do not undergo cooperative self-assembly, in contrast to “free” (non polymer-supported) 

BTA derivatives. Such non-cooperative self-assembly is attributed to the formation of segregated 

and multiple helical stacks of the pendant BTAs within SCPNs, as inferred from 

“Sergeant-and-Soldiers” experiments with BTA-functionalized random block copolymers.13 

However, to date the folding and self-assembly processes have always been studied using BTA 

pendants “randomly” distributed along the polymer chain. The question remains if the 

BTA-sequence distribution along a polymer chain has an effect on the degree of BTA self-assembly 

and polymer chain folding/aggregation. 
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     In previous chapter, the author introduced the concept of gradient copolymerization using the 

tandem catalysis of ruthenium-catalyzed living radical polymerization (LRP)44,45 and metal 

alkoxide-mediated transesterification of methacrylates with alcohols.46-49 This system is effective to 

design various gradient copolymers because the gradient sequence and composition can be 

catalytically controlled by tuning the synchronization efficiency of LRP and in-situ 

transesterification of monomers. Thus, the controllability of sequence distribution is better than the 

conventional two methods: 1) living polymerization of two monomers with different reactivity and 

2) living polymerization via continuous addition of a second monomer.50-53 Additionally, diverse 

primary and secondary alcohols and common methacrylates can be utilized to functionalize gradient 

copolymers, where unlimited functionalization is possible in one-pot for gradient copolymers. 

 

 
Scheme 1. Self-folding and self-assembly of BTA-functionalized copolymers with different sequence 

distribution. 

 

     In this chapter, the author concerns the precision synthesis of BTA-functionalized 

copolymers which differ in monomer sequence distributions, namely gradient, bidirectional 

gradient, and randomly distributed, and investigate the consequences of the BTA sequence on 

self-folding/aggregation properties in organic media (Scheme 1). BTA-functionalized gradient 

copolymers are of particular interest because the local concentration of BTA pendants gradually 

increases from one terminal to another along a polymer chain. Such a biased sequence distribution 

of BTA units may lead to polymer chain folding and/or BTA self-assembly that differs from its 

random counterpart. A series of BTA sequence-controlled copolymers was prepared by this tandem 

polymerization system (Scheme 2). 
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     2-Ethylhexyl methacrylate (EHMA) as a starting monomer was polymerized with a 

ruthenium catalytic system [Ru(Ind)Cl(PPh3)2/n-Bu3N] and a chloride initiator in the presence of a 

chiral BTA-functionalized alcohol (BTA-OH), and Ti(Oi-Pr)4. The selection of EHMA is due to the 

high solubility of resulting copolymers in organic media such as 1,2-dichroloethane (DCE) or 

methyl cyclohexane (MCH). EHMA was concurrently transesterified with BTA-OH and the Ti 

catalyst into a chiral BTA-functionalized methacrylate (BTAMA) during LRP by modulating 

concentration and additional timing of the Ti catalyst. As a result, a synchronized transesterification 

with polymerization occurred to give a EHMA/BTAMA gradient copolymer whose BTA 

composition gradually increased from the initiating terminal to the growing counterpart. 

Synchronized tandem catalysis using a bifunctional initiator further led to a EHMA/BTAMA 

bidirectional gradient copolymer, where BTA composition gradually increased from the center of 

the chain to both terminals. In contrast, faster transesterification than LRP provided a 

EHMA/BTAMA random copolymer. The self-folding and self-assembly properties of 

EHMA/BTAMA gradient, bidirectional gradient, and random copolymers were further evaluated by 

temperature-dependent CD measurement and dynamic light scattering (DLS). 

 

 

 
Scheme 2. EHMA/BTAMA gradient, random, and bidirectional gradient copolymers via concurrent tandem 

catalysis of ruthenium-catalyzed living radical polymerization and in-situ monomer transesterification. 
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Experimental Section 

  Materials.  2-Ethylhexyl methacrylate (EHMA: TCI, purity >99%) were purified with inhibitor 

remover (Aldrich) and purged by argon before use.  BTA-OH was prepared according to the 

following literature.16 Tetralin (1,2,3,4-tetrahydronaphthalene: TCI; purity >97%; an internal 

standard for 1H NMR analysis) were dried overnight with calcium chloride and distilled from 

calcium hydride under reduced pressure before use.  Ti(Oi-Pr)4 (Aldrich, purity >97%), 

2,2-dichloroacetophenone (DCAP: TCI; purity >96%), and n-Bu3N (TCI, purity >98%) were 

degassed by triple vacuum-argon purge cycles before use.  Ethyl 2-chloro-2-phenylacetate (ECPA: 

Aldrich; purity >97%) was distilled under reduced pressure before use.  Ru(Ind)Cl(PPh3)2 

(Aldrich) were used as received and handled in a glove box under moisture- and oxygen-free argon 

(H2O <1 ppm; O2 <1 ppm).  Toluene (solvent) was purified before use by pashing it through a 

purification column (Glass Contour Solvent Systems: SG Water USA).  1,4-Dioxane (Wako; 

purity >99.5%) was dehydrated with molecular sieves (4A) and degassed before use.  

1,2-dichroloethane (DCE: TCI; purity >99.5%) and methylcyclohexane (MCH: TCI; purity >99%) 

were used as received. 

 

  Characterization.  The molecular weight distribution (MWD) curves, Mn, and Mw/Mn ratio of 

the polymers were measured by SEC in THF as an eluent at 40 oC on three polystyrene-gel columns 

(Shodex LF-404: exclusion limit = 2 × 106 g/mol; particle size = 6 µm; pore size = 3000 Å; 0.46 cm 

i.d. × 25 cm; flow rate, 0.3 mL/min) connected to a DU-H2000 pump, a RI-74S refractive index 

detector, and a UV-41 ultraviolet detector (all from Shodex; Shodex GPC-104).  The columns 

were calibrated against 13 standard poly(MMA) samples (Polymer Laboratories; Mn = 

620−1200000; Mw/Mn = 1.06−1.22).  1H NMR spectra were recorded in CDCl3 and CD2Cl2 on a 

JEOL JNM-ECA500 spectrometer operating at 500.16 MHz.  Dynamic light scattering (DLS) was 

measured on Otsuka Photal ELSZ-0 equipped with a semiconductor laser (wavelength: 658 nm) at 

25 oC ([Polymer] = 1 mg/mL in DCE, MCH, DCE/MCH mixture).  The measuring angle was 165° 

and the data was analyzed by CONTIN fitting method.  Circular dichroism (CD) measurement of 

polymers was performed on a Jasco J-1500 spectrometer in DCE, MCH and DCE/MCH mixtures 

(optical path length = 0.5 cm, sensitivity: standard, response: 1.0 s, band width: 1.0 nm, data pitch: 

0.1 nm, scanning speed: 20 nm/min).  Temperature-dependent CD measurements were performed 

at the temperature range between 0 °C and 80 °C with a Jasco PFD-425S/15 Peltier temperature 

controller (cooling rate: 1K/min, data pitch: 0.1 °C, l = 223 nm).  To remove residue of catalysts 

and BTA-OH, polymer samples for analysis were fractionated by preparative SEC in THF and 

CHCl3 [column (THF): Shodex K-2003; particle size = 6 µm; 2.0 cm i.d. × 30 cm; exclusion limit = 

7 × 104 g/mol; flow rate = 3 mL/min], column (CHCl3): Shodex K-5002; particle size = 15 µm; 5.0 



EHMA/BTAMA Gradient Copolymers 

 70 

cm i.d. × 30 cm; exclusion limit = 5 × 103 g/mol; flow rate = 10 mL/min].  Sample solutions for 

DLS and CD measurements were prepared according to the following: the polymers and 

corresponding organic solvents were charged into 6 mL or 11 mL vials, and the mixtures were 

sonicated for 5 hours at room temperature with BRANSONIC 510 (BRANSON) to give 

homogenous solutions of polymers.  The resultant solutions were immediately used for DLS and 

CD measurements. 

  Polymerization.  The synthesis of EHMA/BTAMA copolymers were carried out by syringe 

technique under argon in baked glass tubes equipped with a three-way stopcock. 
EHMA/BTAMA gradient copolymer (P1).  Into glass tube, Ru(Ind)Cl(PPh3)2 (0.0024 mmol, 

1.86 mg) and BTA-OH (0.144 mmol, 0.1 g) were charged, and 1,4-dioxane (0.51 mL), tetralin (0.04 

mL), EHMA (1.2 mmol, 0.27 mL), and a 40 mM 1,4-dioxane solution of ECPA (0.15 mL, ECPA = 

0.0060 mmol) were added sequentially in that order at 25 oC under argon (total volume: 1.0 mL).  

The glass tube was placed in an oil bath kept at 80 oC.  After 4h, a 50 mM 1,4-dioxane solution of 

Ti(Oi-Pr)4 (0.20 mL, Ti(Oi-Pr)4 = 0.01 mmol) was directly added into the polymerization solution 

under argon (total volume: 1.2 mL).  At predetermined intervals, the mixture was sampled with a 

syringe under argon.  The sampled solutions were cooled to –78 °C to terminate the reaction.  

The total monomer conversion and BTAMA content in monomer were determined by 1H NMR 

measurement of the terminated reaction solution in CDCl3 at r.t. with tetralin as an internal standard.  

The quenched reaction solutions were evaporated to dryness to give the crude product.  The 

product was purified by preparative SEC.  SEC (THF, PMMA std.): Mn = 45000 g/mol; Mw/Mn = 

1.34.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CH2Cl2] δ 8.3 (BTA: aromatic), 7.3–7.1 

(ECPA: aromatic), 4.9–4.7 (-COOCH(CH3)2), 4.1–3.5 (-COOCH2CH(CH2CH3)-, -COOCH2CH2-), 

3.5–3.0 (-CH2CH2NHCO-), 2.1−1.7 (-CH2C(CH3)-), 1.7−1.2 (-CH2(CH2)10CH2-, 

-CH2CH(CH2CH3)CH2CH2CH2CH3), 1.20–0.65 (-CH2C(CH3)-).  Mn (NMR, α) = 52700; 
DPMMA/DPBTAMA/DPiPrMA = 202/17/1; Cumulative BTAMA content in polymer (Fcum,BTAMA) = 

7.5%. 

 

EHMA/BTAMA bidirectional gradient copolymer (P4).  SEC (THF, PMMA std.): Mn = 43700 

g/mol; Mw/Mn = 1.35.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CH2Cl2] δ 8.3 (BTA: 

aromatic), 7.7–7.4 (DCAP: aromatic), 4.9–4.7 (-COOCH(CH3)2), 4.1–3.5 (-COOCH2CH(CH2CH3)-, 

-COOCH2CH2-), 3.6–3.0 (-CH2CH2NHCO-), 2.1−1.7 (-CH2C(CH3)-), 1.7−1.2 (-CH2(CH2)10CH2-, 

-CH2CH(CH2CH3)CH2CH2CH2CH3), 1.2–0.6 (-CH2C(CH3)-).  Mn (NMR, α) = 49400; 
DPMMA/DPBTAMA/DPiPrMA = 189/16/1; Fcum,BTAMA = 7.7%. 

EHMA/BTAMA random copolymer (P3).  SEC (THF, PMMA std.): Mn = 36200 g/mol; Mw/Mn 

= 1.43.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CH2Cl2] δ 8.3 (BTA: aromatic), 7.3–7.1 
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(ECPA: aromatic), 4.9–4.7 (-COOCH(CH3)2), 4.1–3.5 (-COOCH2CH(CH2CH3)-, -COOCH2CH2-), 

3.6–3.0 (-CH2CH2NHCO-), 2.1−1.7 (-CH2C(CH3)-), 1.7−1.2 (-CH2(CH2)10CH2-, 

-CH2CH(CH2CH3)CH2CH2CH2CH3), 1.2–0.5 (-CH2C(CH3)-).  Mn (NMR, α) = 47600; 
DPMMA/DPBTAMA/DPiPrMA = 168/18/8; Fcum,BTAMA = 9.3%. 

 

 

Results and Discussion 

1. Synthesis of EHMA/BTAMA Gradient and Random Copolymers by Tandem LRP 
     To begin with, the transesterification of EHMA (1000 mM) was investigated with Ti(Oi-Pr)4 

(20 mM) and N-(6-hydroxyhexyl)benzamide (250 mM) as a model alcohol of BTA-OH in 

1,4-dioxane at 80 oC (Scheme 3). 1,4-Dioxane was employed to efficiently solubilize the 

amide-bearing alcohol.  EHMA was efficiently transesterified into a corresponding methacrylate. 

The conversion of EHMA reached 10 % in 17 h, giving 100 mM of the product (confirmed by 1H 

NMR). This indicates that Ti-mediated transesterification is compatible with EHMA and 

amide-functionalized alcohols and products.54,55 

 

Scheme 3.  Transesterification of EHMA with N-(6-hydroxyhexyl)benzamide in 1,4-dioxane. 

 

     Given the model study, the author examined the synthesis of EHMA/BTAMA gradient and 

random copolymers via concurrent tandem catalysis of LRP and in-situ transesterification. The 

target BTAMA content was set at around 10 mol% because 10 mol% BTAMA-functionalized 

random copolymers have been often utilized to investigate self-folding properties in aqueous and 

organic media.11-18 The formation of gradient copolymers requires kinetic synchronization of LRP 

and transesterification.46-49 We thus carried out tandem polymerization of EHMA with BTA-OH by 

changing the concentration of Ti(Oi-Pr)4 catalyst between 8 and 20 mM, and by changing the time 

of catalyst addition (immediately, after 2 h or after 4 h) (Figure 1, Table 1). 
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     EHMA was polymerized with Ru(Ind)Cl(PPh3)2 catalyst and a chloride initiator (ECPA) in 

the presence of n-Bu3N co-catalyst (for LRP), Ti(Oi-Pr)4 catalyst (for transesterification), and 

BTA-OH as alcohol in 1,4-dioxane at 80 oC (Figure 1c). Aiming at the formation of about 10 mol% 

BTAMA, the author used a relatively small amount of BTA-OH (120 mM) with EHMA (1000 mM). 

The in-situ generation of BTAMA was monitored by 1H NMR measurement of the polymerization 

solutions that were sampled at predetermined periods. The conversion of total monomers (all 

methacrylate bonds: EHMA and generating BTAMA) and the BTAMA content in the monomer 

[BTAMA/(EHMA+BTAMA)] are plotted as a function of reaction time (Figure 1c). 
 

Table 1. Synthesis of MMA/BTAMA Copolymers via Concurrent Tandem Living Radical Polymerizationa 
Code [Ti(Oi-Pr)4] 

(mM) 
Time 
(h) 

Convb 

(%) 
Mn

c 

(GPC) 
Mw/Mn

c Mn
d 

(NMR) 
EHMA/BTAMA/i-PrMAe 

(%) 

P1 8 23 74 45000 1.34 52700 92.1/7.5/0.4 

P2 15 24 80 36800 1.52 48800 88.6/8.8/2.6 

P3 20 23 76 36200 1.43 47600 86.6/9.3/4.1 

P4 8 28 83 43700 1.35 49400 91.8/7.7/0.5 
a[EHMA]/[ECPA (P1-P3) or DCAP (P4)]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4]/[n-Bu3N]/[BTA-OH] = 1000/5/1/8, 15, and 
20/20/120 mM in 1,4-dioxane at 80 oC.  Ti(Oi-Pr)4 catalyst was pre-loaded before polymerization (P3) or added to the 
polymerization solutions after 2 h (P2) or 4 h (P1, P4).  bTotal monomer conversion determined by 1H NMR using an 
internal standard (tetralin).  cDetermined by SEC in THF with PMMA standard calibration.  dNumber-average 
molecular weight determined by 1H NMR.  eCopolymer composition (mol %) determined by 1H NMR. 

 

     To synchronize in-situ transesterification with LRP for gradient copolymers, the author added 

Ti(Oi-Pr)4 into polymerization solutions after starting LRP of EHMA. The Ti catalyst concentration 

was set as 8 or 15 mM (Figure 1a,b). A delay in the addition of Ti(Oi-Pr)4 allows skipping the 

induction period of LRP. In fact, synchronized transesterification with LRP was successfully 

achieved by adding 8 mM Ti catalyst at 4 h after starting LRP (Figure 1a). The BTAMA content in 

the monomer linearly increased with increasing monomer conversion (Figure 1d). The 

synchronized catalysis efficiently produced well-controlled EHMA/BTAMA gradient copolymers 

with narrow molecular weight distribution (P1: Mn = 45000, Mw/Mn = 1.34). Instantaneous 

BTAMA content in polymer (Finst,BTAMA) was estimated with BTAMA composition in monomer 

(Figure 1d), assuming that EHMA and BTAMA have similar reactivities in the copolymerization. 

Finst,BTAMA gradually increased from 0% to 16% along the polymer chain (Figure 1e).  Delayed 

addition of 15 mM Ti catalyst at 2 h also gave a EHMA/BTAMA gradient copolymer (P2), whereas 

Finst,BTAMA quickly increased from 0 to 10 % after addition of Ti and then slowly increased to 16% 

(Figure 1e). This is because the fast transesterification takes place even if the addition of the Ti 

catalyst is delayed. 
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     Isolated EHMA/BTAMA gradient copolymers, P1 and the intermediate (conv. = 39%), were 

further analyzed by 1H NMR (Figure 2). Both samples exhibited methylene protons adjacent to 

BTA amide group (c: 3.6 – 3.0 ppm), aromatic protons of BTA units (d: 8.3 ppm), and methylene 

protons adjacent to ester pendants (a, b: 4.1 – 3.6 ppm), in addition to aromatic protons of the 

initiator fragment (e: 7.3 – 7.1 ppm), methylene and methyl protons of methacrylate backbone and 

BTAMA alkyl pendants. Cumulative BTAMA content in polymer (Fcum. BTAMA) was estimated from 

the area ratio of peak c and peak a+b [c/3(a + b)]. Fcum,BTAMA of P1 and the intermediate was 

determined to be 7.5 % and 4%, respectively. Fcum,BTAMA actually increased with conversion, i.e., 

chain length, in sharp contrast to that of P3. This result supports that P1 is a gradient copolymer 

whose BTAMA composition gradually increased from the initiating terminal to growing 

counterpart. 

 

 

 

Figure 1. Synthesis of EHMA/BTAMA copolymers (P1 – P3) via concurrent tandem catalysis of LRP and 

in-situ transesterification: [EHMA]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4]/[n-Bu3N]/[BTA-OH] = 

1000/5/2/8 (P1), 15 (P2), and 20 (P3)/20/120 mM in 1,4-dioxane at 80 oC. (a-c) Total monomer conversion 

and BTAMA content in monomer; (a, b) 1,4-dioxane solutions of Ti(Oi-Pr)4 catalyst were added to 

polymerization solutions at (a) 4 h or (b) 2 h under argon. (d) BTAMA content in monomer as a function of 

total conversion. (e) Instantaneous BTAMA composition in copolymers as a function of normalized chain 

length. (f) SEC curves of products obtained with 8 or 20 mM Ti. 
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     The author further conducted the tandem polymerization with Ti(Oi-Pr)4 of 20 mM without 

the delayed addition of the Ti catalyst; all reagents including the Ti catalyst were charged before the 

reaction. EHMA was immediately transesterified into BTAMA much faster than copolymerization 

of EHMA and the generating BTAMA. The content of BTAMA in monomer already saturated at 

10% during the induction period of LRP (Figure 1c,d). As a result, this condition provided a 

EHMA/BTAMA random copolymer (P3: Mn = 36200, Mw/Mn = 1.43, by size exclusion 

chromatography (SEC), Figure 1f); Finst,BTAMA was virtually constant along a chain (Figure 1e).  

As estimated by 1H NMR measurement of isolated P3 and the intermediate, the cumulative BTA 

content in the copolymers was almost constant (Fcum,BTAMA = 8 – 9 mol%), and independent of the 

chain length. 

 

 
Figure 2. 1H NMR spectra of EHMA/BTAMA copolymers in CD2Cl2 at 25 oC: (b) P1 (74% conversion, 23 

h); (a) the intermediate at 39% conversion (11 h). 

 
2. Synthesis of Bidirectional EHMA/BTAMA Gradient Copolymers 

     Performing the tandem catalysis with a bifunctional initiator, dichloroacetophenone (DCAP), 

instead of monofunctional ECPA is an effective way to obtain bidirectional gradient copolymers, in 

which the monomer composition gradually changes from the central part of the polymer chains to 

both terminals.49 The synthesis of a EHMA/BTAMA bidirectional gradient copolymer was thus 

examined by tandem living radical polymerization of EHMA with DCAP and BTA-OH in 
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1,4-dioxane at 80 oC (Figure 3). The author applied the same conditions and Ti(Oi-Pr)4 addition 

technique as those optimized for P1: Ti(Oi-Pr)4 (8 mM) was added into LRP solution of EHMA 4 h 

after starting the polymerization. Synchronized tandem catalysis of transesterification and LRP 

again took place, and the BTAMA content in the monomer linearly increased with the total 

monomer conversion (Figure 3a).  SEC indicated that a well-controlled EHMA/BTAMA 

bifunctional gradient copolymer was obtained (P4: Mn = 43700, Mw/Mn = 1.35, Figures 3bc).  

These results demonstrate that this tandem catalysis of LRP and transesterification efficiently 

affords the sequence control of hydrogen-bonding BTAMA units in copolymers by tuning Ti 

catalyst concentration, additional timing of Ti catalyst, and initiators. 

 

 
Figure 3. Synthesis of a EHMA/BTAMA bifunctional gradient copolymer (P4) via concurrent tandem 

catalysis: [EHMA]/[DCAP]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4]/[n-Bu3N]/[BTA-OH] = 1000/5/2/8/20/120 mM 

in 1,4-dioxane at 80 oC. (a) Total monomer conversion and BTAMA content in monomer; a 1,4-dioxane 

solution of Ti(Oi-Pr)4 was added to the polymerization solution at 4 h under argon. (b) Instantaneous 

BTAMA composition of P4 or P1 as a function of normalized chain length. (c) SEC curves of the products. 

 

3. Self-Assembly and Self-Folding of EHMA/BTAMA Sequence-Controlled Copolymers 

     BTAMA-based copolymers often intramolecularly fold or intermolecularly self-assemble to 

form single-chain polymeric nanoparticles or multi-chain aggregates, respectively, via the helical 

self-assembly of the chiral BTA pendants by hydrogen-bonding interaction in halogenated or 

hydrocarbon solvents.11-14 It was previously shown that the local BTA content (BTA composition) 

in the polymers strongly affects the BTA self-assembly and chain-folding/aggregation 

properties.11-18 In contrast, the effects of the sequence distribution of the BTA units along a polymer 

chain on the properties have not yet been explored. The author thus evaluated 

self-folding/aggregation properties of P1 – P4 by using circular dichroism (CD) spectroscopy and 

dynamic light scattering (DLS) in 1,2-dichloroethane (DCE), methylcyclohexane (MCH), and its 

mixtures. Importantly, the four polymer samples consist of different monomer sequence distribution 
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(gradient, random, and bidirectional gradient) but have almost identical BTAMA content 

(Fcum,BTAMA = ~10%) and degree of polymerization. Here, helical self-assembly behavior of the 

chiral BTA pendants was evaluated by CD spectroscopy, while the size of the resulting single-chain 

or multi-chain polymeric nanoparticles was determined by DLS. 

3-1. BTA Self-assembly. P1 – P4 were analyzed by CD spectroscopy in DCE or MCH at 25 oC 

([BTA] = 50 mM). Prior to analysis, the polymers were homogeneously solubilized in their solvents 

by sonication for 5 hours at room temperature. As typically shown in Figure 4a (sample: P1), all of 

the samples clearly showed negative Cotton effect originating from helical self-assembly of the 

chiral BTA pendants (λmax = 223 nm) in both DCE and MCH. In all cases, the CD intensity in MCH 
was larger than that in DCE, indicating that MCH enhanced the self-assembly of the pendant BTA 

more than DCE. 

 

Figure 4. (a) CD spectra of P1 in 1,2-dichloroethane (blue) or methylcyclohexane (black) at 25 oC: (λ = 

200-400 nm, [BTA] = 50 µM, l = 0.5 cm).  (b) Temperature-dependent CD cooling curves of P1 in 

1,2-dichloroethane (DCE), methylcyclohexane (MCH), and mixed solvents (DCE/MCH = 100/0, 75/25, 

50/50, 25/75, 0/100, v/v) at a cooling rate of 60 K h-1 on probed at λ = 223 nm: ([BTA] = 50 µM, l = 0.5 cm). 

 

     To investigate the effects of solvents and temperature on self-assembly of the BTA pendants, 

temperature-dependent CD measurements of P1 were conducted in DCE, MCH, and DCE/MCH 

mixed solvents (75/25, 50/50, 25/75, v/v) by cooling from 80 oC to 0 oC (Figure 4b). In DCE, the 

solution was CD silent at 80 oC but the CD effect gradually appeared starting from around 60 oC by 

cooling and finally reached a value of -24 mdeg at 0 oC. Similarly, P1 showed a gradual increase of 

negative Cotton effect by cooling in DCE/MCH mixtures and MCH alone. The intensity increased 

with increasing MCH content in the temperature range between 0 and 80 oC. Interestingly, P1 still 

exhibited large negative Cotton effect (-22 mdeg) at 80 oC in MCH, indicating that P1 can 

effectively maintain self-assembly of the BTA pendants even at such a high temperature. The molar 

ellipticity (∆e) for P1 in DCE, DCE/MCH (75/25, v/v), and MCH at 20 oC was -22, -22, and -32 L 
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mol-1cm-1, respectively. These values are relatively close to those for ABA or ABC random triblock 

copolymers functionalized with BTA in the B segment and other hydrogen-bonding units in the A 

segment in similar organic media (∆e = - 23 - -30 L mol-1cm-1).12,14 

 

 
Figure 5. Temperature-dependent CD cooling curves of EHMA/BTAMA copolymers (P1-P4) in organic 

solvents ([BTA] = 50 µM, l = 0.5 cm) at a cooling rate of 60 K h-1 on probed at λ = 223 nm.  (a) P1, P2, P3, 

and P4 in DCE/MCH (75/25, v/v).  (b, c) P1, P3, and P4 in (b) MCH or (c) DCE. 

 

     The author further conducted temperature-dependent CD measurement of P2, P3, and P4 in 

DCE, MCH, and a DCE/MCH mixture (75/25, v/v) to clarify the effects of BTA-sequence 

distribution on self-assembly of the BTA pendants. P1 (linear gradient), P3 (random), and P4 

(bidirectional gradient) showed similar shapes of the CD cooling curves and CD intensity in DCE 

(Figure 5c). The molar ellipticity (∆e) for P1, P3, and P4 in DCE at 20 oC was -22, -21, and -19 L 

mol-1cm-1, respectively.  The elongation temperature of the BTA pendants into helical 

self-assembly was about 60 oC, and was independent of the BTA sequence distribution. A similar 

trend in CD intensity was also observed in MCH or DCE/MCH (75/25) mixture; the intensity in 

MCH was largest (Figure 5a,b). These results importantly suggest that the total BTA unit number 

capable of helical self-assembly is in fact independent of the random or gradient sequence of 10 

mol% BTAMA. In gradient copolymers (P1 and P4), a BTAMA-rich segment in polymer chain can 

efficiently induce helical self-assembly of the pendants, while a BTAMA-poor segment in turn can 

hardly contribute the self-assembly. Additionally, P1 and P4 have the instantaneous BTAMA 

content (Finst,BTAMA) of 16 and 19%, respectively, at the most. They further consist of relatively long 

polymer chain of 200 DP.  As a result, P1 and P4 of such a BTA-gradient distribution would have 

almost identical efficiency of BTA-pendant self-assembly to P3 of homogeneous (random) 

counterpart. The self-assembly of BTA pendants for gradient copolymers (P1 and P4) did not 

undergo a cooperative process, similar to that for a random counterpart (P3) and several 

BTA-functionalized random copolymers as already reported.11-18 In DCE/MCH mixture (75/25, 
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v/v), P2 maintained negative Cotton effects at higher temperature than P3 (Figure 5a). This is 

because the local BTA concentration in P2 is higher than that in P3.11-16 The negative Cotton effect 

of P2 at 0 oC was, however, almost identical to that of P1, P3, and P4 (Figure 5a). Thus, in 

relatively long polymer chains of 200 DP comprising 10 mol% BTA units, the sequence distribution, 

random or gradient, does not significantly affect the self-assembly behavior of the BTA pendants. 

 

3-2. Aggregation Properties. EHMA/BTAMA gradient, random, and bidirectional gradient 

copolymers (P1, P3, and P4) were further analyzed by DLS in DCE, MCH, and a DCE/MCH 

(75/25, v/v) mixed solvent at 25 oC (Figure 6, Table 2). In DCE, P1 and P3 showed bimodal size 

distributions comprising particles with a small size (Rh = ~10 nm) and with a larger size (Rh = ~100 

nm) (Figure 6a). The former originate from SCPNs or nanoaggregates comprising a small number 

of polymers, while the latter are attributed to multi-chain aggregates. The small size portion of P1 

(Rh = ~10 nm) increased upon heating to 60 oC. This demonstrates that aggregated polymer chains 

are dynamically isolated into single polymer chains by disruption of hydrogen-bonding 

self-assembly of BTA-pendants upon heating. This is consistent with the lack of a Cotton effect of 

P1 in DCE at 60 oC (Figure 5c). In a DCE/MCH (75/25, v/v) mixed solvent, P1 showed a bimodal 

size distribution, and the volume fraction of the small size portion (Rh = 6.2 nm: 40 %) was larger 

than that in DCE alone (Table 2). In contrast to the results in DCE, P1, P3, and P4 showed a single, 

monomodal size distribution (Rh = 26 – 55 nm) in MCH at 25 oC, indicating the presence of 

multi-chain aggregates (Figure 6b). P1 and P4 with gradient sequence (P1: Rh = 40 nm, P4: Rh = 55 

nm) formed nanoaggregates larger than those of the corresponding random copolymer (P3: Rh = 26 

nm).  This is probably because locally concentrated BTA pendants of P1 and P4 promote 

intermolecular self-assembly of the polymer chains to provide relatively large aggregates. Therefore, 

the sequence distribution of BTA units mainly affects the aggregation behavior of the polymer 

chains and the total size of resulting aggregates. 

 
Table 2. Hydrodynamic Radius of EHMA/BTAMA Copolymersa 

entry polymer solvent Rh 
(nm) 

1 P1 DCE 13 (25%), 111 (75%) 

2 P1 DCE/MCH (75/25, v/v) 6.2 (40%), 128 (60%) 

3 P1 MCH 40 

4 P3 DCE 7.4 (9%), 97 (91%) 

5 P3 MCH 26 

6 P4 MCH 55 
aDetermined by DLS in DCE, MCH, and a DCE/MCH (75/25, v/v) mixed solvent at 25 oC: [polymer] = 1 mg/mL. 
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Figure 6. DLS intensity size distribution of EHMA/BTAMA copolymers (P1, P3, and P4) in (a) DCE or (b) 

MCH at 25 oC: [Polymer] = 1 mg/mL. 

 
Conclusion 
     Sequence-controlled copolymers with hydrogen-bonding chiral BTA pendants were 

successfully synthesized by tandem catalysis of Ru-catalyzed LRP and Ti-mediated 

transesterification with BTA-OH. Transesterification using Ti(Oi-Pr)4 was compatible with an 

amide-functionalized alcohol to afford the catalytic control of introducing a hydrogen-bonding 

monomer sequence in copolymers. Ti-mediated transesterification of EHMA with BTA-OH was 

efficiently synchronized with LRP of EHMA and a generating BTAMA by tuning the concentration 

and addition time of the Ti catalyst, giving a well-controlled EHMA/BTAMA gradient copolymer.  

Additionally, synchronized tandem catalysis with a bifunctional initiator provided an 

EHMA/BTAMA bidirectional gradient copolymer, while transesterification faster than LRP 

resulted in a EHMA/BTAMA random copolymer. A series of BTA sequence-controlled copolymers 

efficiently formed single-chain polymeric nanoparticles or multi-chain aggregates via the helical 

self-assembly of the chiral BTA pendants in DCE, MCH, and their mixtures. In all cases, the 

self-assembly of BTA pendants was enhanced in MCH and maintained up to high temperatures (80 
oC). Importantly, the total size and/or size distribution of single-chain or multi-chain nanoparticles 

was dependent on BTAMA sequence distribution, although temperature-dependent self-assembly 

behavior of the chiral BTA pendants was independent of the sequence. Typically, BTAMA gradient 

or bidirectional gradient copolymers formed nanoaggregates larger than the corresponding random 

copolymer in MCH, indicating that gradient sequence of BTA pendants would efficiently promote 

the intermolecular self-assembly of polymer chains. Apparently, a high local concentration of BTAs 

leads to intermolecular aggregation, a phenomenon observed before with polymers with too many 

BTAs in the main chain. Thus, the author revealed that gradient incorporation of hydrogen-bonding 

self-assembly units along chains is also one option to control the structure and size of 

nanoaggregates in organic media. 
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Chapter 4 

 
 
Fluorinated Gradient Copolymers:  
Tandem Transesterification with Fluoroalcohols 
 

 

Abstract 
     Fluorinated gradient copolymers were successfully synthesized by tandem catalysis of 

ruthenium-catalyzed living radical polymerization (LRP) and titanium alkoxide-mediated 

transesterification of methyl methacrylate (MMA) with less nucleophilic fluoroalcohols (RFOH).  

For this, various metal catalysts with or without molecular sieves 4A (MS 4A) were investigated for 

efficient transesterification of MMA using fluroalcohols into fluorinated methacrylates (RFMA).  

As a result, Ti(Oi-Pr)4 (2 – 8 mol%) with MS 4A was effective for transesterification of MMA into 

RFMA.  The yield of RFMA increased with increasing the alkyl spacer length between the 

hydroxyl group and the fluorinated alkyl segment in fluoroalcohols: propyl 

(4,4,4,5,5-pentafluoro-1-pentanol: 5FPOH) > ethyl (1H,1H,2H,2H-nonafluoro-1-hexanol: 9FHOH) 

> methyl (1H,1H-heptafluoro-1-butanol).  Given that, tandem polymerization of MMA was 

conducted with a ruthenium catalyst, a chloride initiator, and Ti(Oi-Pr)4 in toluene/fluoroalcohol 

mixture (1/1, v/v) at 80 oC.  Typically, in the presence of 4 mol% Ti and MS 4A, 

transesterification of MMA with 5FPOH or 9FHOH was synchronized with LRP to produce 

well-controlled MMA/5FPMA or MMA/9FHMA gradient copolymers in high yield. 
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Introduction 

     Fluorination of polymers is a promising strategy to create functional polymeric materials with 

characteristic properties distinct from non-fluorinated polymers.1-10  Perfluorinated polymers are 

“so called” fluorous, immiscible with organic and aqueous solvents and compounds, to show 

water/oil repellency.10-15  In contrast, fluorinated copolymers containing hydrophobic or 

hydrophilic monomer units are soluble and/or dispersed in organic or aqueous media, while they 

effectively induce specific self-assembly and modulate physical properties owing to the partially 

fluorinated segments.16-20  The properties and functions of fluorinated copolymers certainly 

depend on the sequence distribution of fluorinated units along a chain.  Among 

sequence-controlled copolymers, gradient copolymers have unique monomer sequence; the 

instantaneous composition of two monomers gradually changes from one terminal to another.21,22  

Thus, functional gradient copolymers show physical properties (e.g., phase separation, glass 

transition temperature) distinct form corresponding random or block counterparts.23-25  In this 

context, fluorinated gradient copolymers would be intriguing as a new class of functional materials, 

where the distribution, i.e., local concentration, of fluorinated units gradually changes along a chain.  

Although several functional gradient copolymers have been already synthesized, the efficient 

synthetic systems of fluorinated gradient copolymers are hardly developed yet.15 

     As a versatile system for functional gradient copolymers, the author has developed concurrent 

tandem catalysis combined with metal alkoxide [Al(Oi-Pr)3, Ti(Oi-Pr)4]-mediated 

transesterification and ruthenium-catalyzed living radical polymerization (LRP).26,24d Here, 

methacrylate (R1MA) as a starting monomer is transesterified with alcohol (R2OH) into different 

methacrylate (R2MA) during LRP of both monomers.  Importantly, adjusting concentration of the 

transesterification catalyst enables to control generation of R2MA and comonomer ratio 

(R1MA/R2MA), resulting in control of monomer sequence and composition in obtained 

R1MA/R2MA gradient copolymers.  Full synchronization of LRP and transesterification leads to 

gradient sequence where instantaneous R2MA composition linearly increases along polymer chain 

from the initiating terminal to growing counterpart.  Importantly, a wide variety of alcohols such 

as 1-dodecanol (hydrophobic), poly(ethylene glycol) methyl ether (PEG-OH: hydrophilic), 

iso-propanol (sec-alcohol) are applicable to this system to efficiently functionalize gradient and 

relating sequence-controlled copolymers. 

     In this chapter, the author works on the synthesis of fluorinated gradient copolymers via 

tandem catalysis of LRP and transesterification of methyl methacrylate (MMA) with fluoroalcohols 

(RFOH) (Scheme 1).  In general, efficiency of transesterification depends on the steric hindrance 

and/or electronical factors of ester compounds and alcohols.27 Less nucleophilic alcohols such as 

fluoroalcohols are recognized to be not so suitable for transesterification because the reverse 
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reaction between the product and a liberated alcohol is more favored.  Owing to 

electron-withdrawing fluorinated segments, fluoroalcohols actually are more acidic (lower pH) and 

less nucleophilic than non-fluorinated alcohols (e.g., methanol: pH = 15.5, trifluoroethanol: pH = 

12.4).28-30  Therefore, fluoroalcohols have been hardly utilized for transesterification, whereas the 

reaction would be potentially effective to produce fluorinated compounds and polymers. 

     Considering such backgrounds, the author first investigated various metal alkoxides and 

Lewis Acid as catalyst for transesterification of MMA with fluoroalcohols (RFOH) into fluorinated 

methacrylates (RFMA): Al(Oi-Pr)3, Ti(Oi-Pr)4, Sc(OTf)3, Y(OTf)3, ZrCl4, and Yb(OTf)3.31  In 

order to examine the effects of nucleophilicity and pH on transesterification, several fluoroalcohols 

of different fluorine number and/or the alkyl spacer length between hydroxyl group and 

perfluorinated alkyl segments are employed: 4,4,5,5,5-pentafluoro-1-pentanol (5FPOH), 

1H,1H,2H,2H-nonafluoro-1-hexanol (9FHOH), 1H,1H-heptafluoro-1-butanol (7FBOH), and 

trifluoroethanol (TFEOH).  Among various catalysts, Ti(Oi-Pr)4 (2 – 8 mol%) coupled with 

molecular sieves 4A (MS 4A) was found to effectively promote transesterification of MMA with all 

of the fluoroalcohols.  The yield of RFMA increased with increasing the alkyl spacer length 

between the hydroxyl group and the fluorinated alkyl segment in fluoroalcohols: propyl (5FPOH) > 

ethyl (9FHOH) > methyl (7FBOH, TFEOH). 

 

 
Scheme 1. Synthesis of Fluorinated Gradient Copolymers via Tandem Catalysis of Living Radical 

Polymerization and Transesterification of MMA with Fluoroalcohols. 
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the concentration of Ti catalyst and fluoroalcohols, and reaction temperature were systematically 

varied.  As a result, in the presence of 4 mol% Ti and MS 4A, transesterification of MMA with 

5FPOH or 9FHOH was fully synchronized with LRP at 80 oC to produce well-controlled 

MMA/5FPMA or MMA/9FHMA gradient copolymers with linear gradient sequence distribution.  

To my best knowledge, this is the first example to use transesterification with fluoroalcohols as 

efficient and practical synthetic strategy of fluorinated gradient sequence-controlled copolymers 

with various sequence distribution.  This work importantly provided a novel fluorination technique 

of ester compounds and polymers by transesterification with fluoroalcohols. 

 
 

Experimental Section 
Materials.  Methyl methacrylate (MMA: TCI; purity >99.8%) and tetralin 

(1,2,3,4-tetrahydronaphthalene: Kishida Chemical; purity >98%; an internal standard for 1H NMR 

analysis) were dried overnight with calcium chloride and distilled from calcium hydride under 

reduced pressure before use.  Methacryloyl chloride (TCI, purity >80.0%) and triethylamine (TCI, 

purity >99.0%) were purified by distillation before use.  4,4,4,5,5-Pentafluoro-1-pentanol 

(5FPOH) (TCI, purity >93%), 1H,1H-heptafluoro-1-butanol (7FBOH) (TCI, purity >95%), 

1H,1H,2H,2H-nonafluoro-1-hexanol (9FHOH) (TCI, purity >97%), 2,2,2-trifluoroethanol 

(TFEOH) (TCI, purity >99%), and Ti(Oi-Pr)4 (Aldrich, purity >97%) were degassed by triple 

vacuum-argon purge cycles before use.  Ethyl 2-chloro-2-phenylacetate (ECPA: Aldrich; purity 

>97%) was distilled under reduced pressure before use.  Ru(Ind)Cl(PPh3)2 (Aldrich), Al(Oi-Pr)3 

(Aldrich, purity >98%), zirconium (IV) chloride (ZrCl4: Aldrich, purity >98%), scandium(III) 

trifluoromethanesulfonate (Sc(SO3CF3)3: Aldrich, purity >99%), ytterbium (III) 

trifluoromethanesulfonate (Yb(SO3CF3)3: Aldrich, purity >99.99%) and yttrium (III) 

trifluoromethanesulfonate (Y(SO3CF3)3: Aldrich, purity >99.99%) were used as received and 

handled in a glove box under moisture- and oxygen-free argon (H2O <1 ppm; O2 <1 ppm).  

Toluene was purified by pashing it through a purification column (Glass Contour Solvent Systems: 

SG Water USA).  Dry THF (Wako, dehydrated), dry diethyl ether (Wako, dehydrated), hexane 

(Wako, purity >96%) and ethyl acetate (Wako, purity >99.5%) were used as received.  Molecular 

sieves 4A (Wako) were baked with heat gun under reduced pressure before use. 

 

Characterization.  Molecular weight distribution (MWD) curves, Mn, and Mw/Mn ratio of the 

polymers were measured by SEC in CHCl3 at 40 oC (flow rate: 1 mL/min) on three linear-type 

polystyrene gel columns (Shodex K-805L: exclusion limit = 4 × 106; particle size = 10 mm; pore 

size = 5000 Å; 0.8 cm i.d. × 30 cm) that were connected to a Jasco PU-980 precision pump, a Jasco 
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RI-1530 refractive index detector, and a Jasco UV-980 UV/vis detector set at 250 nm.  The 

columns were calibrated against 10 standard poly(MMA) samples (Polymer Laboratories; Mn = 

1000–1200000; Mw/Mn = 1.06–1.22).  To remove unreacted monomers and catalyst and 

fluoroalcohol residues, polymer samples were purified by preparative SEC before characterization 

[column: Shodex K-5002; particle size = 15 mm; 5.0 cm i.d. × 30 cm; exclusion limit = 5 × 103 
g/mol; flow rate = 10 mL/min].  1H and 19F NMR spectra were recorded in CDCl3 or CD2Cl2 at 25 
oC on a JEOL JNM-ECA500 spectrometer operating at 500.16 (1H) or 470.62 (19F) MHz.  

Differential scanning calorimetry (DSC) measurement of polymers (ca. 5 mg weighed into an 

aluminum pan) was performed under dry nitrogen flow on a DSC Q200 calorimeter (TA 

Instruments) equipped with a RCS 90 electric freezing machine.  The polymer samples were 

heated to 150 oC at the rate of 10 oC/min and held at the temperature for 10 min to erase thermal 

history.  Then, the samples were cooled to -80 oC at the rate of -10 oC/min and held at the 

temperature for 10 min, and again heated to 150 oC at the rate of 10 oC/min.  The second heating 

runs were used for the thermal analysis of polymers. 

 

Synthesis of 5FPMA.  In 200 mL round-bottomed flask filled with argon, methacryloyl chloride 

(77.3 mmol, 7.48 mL) was added to a solution of 5FPOH (51.5 mmol, 6.8 mL) and triethylamine 

(77.0 mmol, 10.7 mL) in dry THF (36.7 mL) at 0 oC.  The reaction mixture was stirred at 25 oC for 

27 h.  The THF solvent was removed in vacuo.  Into the condensed mixture, distilled water (50 

mL) and diethyl ether (50 mL) were added.  The aqueous phase was separated and extracted by 

diethyl ether (25 mL), and the ether extracts were combined with the organic layer.  The combined 

organic phase was washed with water three times, ammonia-water, and brine, and was dried over 

anhydrous Na2SO4 overnight.  After the ether was removed in vacuo, the crude product was 

purified by silica gel column chromatography with hexane/ethyl acetate (15/1, v/v) to give 5FHMA 

as a liquid (4.1g, 32% yield).  1H NMR [500 MHz, CDCl3, 25 oC, δ = 0 TMS]: δ = 6.1, 5.6 

(CH2=C(CH3)COO-, 1H, s), 4.2 (-COOCH2CH2-, 2H, t, J = 6.5 Hz), 2.2-2.1 (-CH2CH2CF2-, 2H, m), 

2.0-1.9 (-CH2CH2CH2-, 2H, quin), 1.9 (CH2=C(CH3)COO-, 3H, s).  19F NMR [470 MHz, CDCl3, 

25 oC, δ = -76.5 ppm (CF3COOH in CDCl3)]: δ -86.4 – -86.6 (-CF3), -119.1 – -119.4 (-CH2CF2CF3).  
13C NMR [125 MHz, CDCl3, 25 oC, δ = 77.0 ppm (CDCl3)]: δ = 167.1 (C=O), 136.0 (CH2=CCH3), 

125.3 (CH2=CCH3), 119.1 (CF3, qt, 1JCF =283.8, 2JCF =36.3 Hz), 115.5 (CF2, tq 1JCF =250.0, 2JCF 

=38.8 Hz), 63.0 (OCH2CH2), 27.6 (CH2CF2, t, 2JCF =22.5 Hz), 20.1 (CH3), 18.2 (CH2CH2CH2). 

 

Transesterification of MMA with Fluoroalcohols.  A typical procedure for transesterification of 

MMA with 5FPOH (2.9 M) and Ti(Oi-Pr)4 (40 mM) was given: Into a 30 mL glass tube, toluene 

(0.30 mL), 5FPOH (2.9 mmol, 0.38 mL), tetralin (0.03 mL), a 500 mM toluene solution of 
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Ti(Oi-Pr)4 (0.08 mL, Ti(Oi-Pr)4 = 0.04 mmol), and MMA (2 mmol, 0.21 mL) were added 

sequentially in that order at 25 oC under argon (the total volume: 1.0 mL).  The glass tube was then 

placed in an oil bath kept at 80 oC.  At predetermined intervals, the mixture was sampled with a 

syringe under argon, and the sampled solutions were cooled to –78 °C to terminate the reaction.  

Conversion of MMA into 5FPMA was determined by 1H NMR measurement of the solution in 

CDCl3 at 25 oC with tetralin as an internal standard (48 h, conv. 8%). 
 

Polymerization.  The synthesis of fluorinated gradient copolymers was carried out by syringe 

technique under argon in baked glass tubes equipped with a three-way stopcock. 

  MMA/5FPMA gradient copolymer (entry 9).  MS 4A (1.0 g) was first placed and dried in a 

30 mL glass tube under reduced pressure with heat gun.  Into the tube, Ru(Ind)Cl(PPh3)2 (0.006 

mmol, 4.66 mg) was charged, and toluene (0.55 mL), 5FPOH (1.14 mL), tetralin (0.08 mL), a 500 

mM toluene solution of Ti(Oi-Pr)4 (0.48 mL, Ti(Oi-Pr)4 = 0.24 mmol), MMA (6 mmol, 0.64 mL), 

and a 550 mM toluene solution of ECPA (0.11 mL, ECPA = 0.06 mmol) were added sequentially in 

that order at 25 oC under argon (the total volume: 3.0 mL).  The glass tube was then placed in an 

oil bath kept at 80 oC.  At predetermined intervals, the mixture was sampled with a syringe under 

argon, and the sampled solutions were cooled to –78 °C to terminate the reaction.  The total 

monomer conversion, 5FHMA content in monomer, and cumulative 5FPMA content in polymer 

(Fcum,5FPMA) were directly determined by 1H NMR measurement of the terminated reaction solutions 

in CDCl3 at 25 oC with tetralin as an internal standard.  Instantaneous 5FPMA content in polymer 

(Finst,5FPMA) was estimated according to the following equation: Finst,5FPMA = [Conv.total, i x Fcum,5FPMA, 

i - Conv.total, i-1 x Fcum,5FPMA, i-1]/[Conv.total, i - Conv.total, i-1], where Conv.total is the total conversion of 

both monomers.  The quenched solutions were evaporated to dryness to give the crude product.  

To remove unreacted monomers, solvents, and catalyst residue, the product was purified by 

preparative SEC before characterization (1H NMR, thermal properties).  SEC (CHCl3, PMMA 

std.): Mn = 32500, Mw/Mn = 1.17.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CDHCl2] δ 7.3–

7.1 (aromatic), 4.9–4.7 (-COOCH(CH3)2), 4.2–3.9 (-COOCH2CH2-), 3.7–3.40 (-OCH3), 2.3−2.1 

(-CH2CH2CF2-), 2.1−1.4 (-CH2CH2CH2-, -CH2C(CH3)-), 1.3−0.7 (-COOCH(CH3)2, -CH2C(CH3)-).  

Mn (NMR, α) = 25600; DPMMA/DP5FPMA/DPi-PrMA = 47/81/6; Fcum,5FPMA = 61%.  19F NMR [470 
MHz, CD2Cl2, 25 oC, δ = -76.5 ppm (CF3COOH in CDCl3)]: δ -86.8 – -87.3 (-CF3), -119.3 – -120.1 

(-CH2CF2CF3). 

  MMA/9FHMA gradient copolymer (entry 10).  SEC (CHCl3, PMMA std.): Mn = 19600 

g/mol; Mw/Mn = 1.27.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CDHCl2] δ 7.3–7.1 (aromatic), 

4.9–4.7 (-COOCH(CH3)2), 4.4–4.1 (-COOCH2CH2-), 3.7–3.4 (-OCH3), 2.6−2.4 (-CH2CH2CF2-), 

2.1−1.4 (-CH2C(CH3)-), 1.30–0.6 (-COOCH(CH3)2, -CH2C(CH3)-).  Mn (NMR, α) = 17300; 
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DPMMA/DP9FHMA/DPi-PrMA = 65/45/3; Fcum,9FHMA = 40%.  19F NMR [470 MHz, CD2Cl2, 25 oC, δ = 

-76.5 ppm (CF3COOH in CDCl3)]: δ -81.8 – -83.1 (-CF3), -114.0 – -115.7 (-CH2CF2CF2-), -125.2 – 

-126.4 (-CF2CF2CF2-), -126.8 – -127.7 (-CF2CF2CF3). 

  MMA/7FBMA gradient copolymer (entry 11).  SEC (CHCl3, PMMA std.): Mn = 12400 

g/mol; Mw/Mn = 1.43.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CDHCl2] δ 7.3–7.1 (aromatic), 

4.9–4.7 (-COOCH(CH3)2), 4.6–4.3 (-COOCH2CF2-), 3.7–3.4 (-OCH3), 2.2−1.4 (-CH2C(CH3)-), 

1.3–0.6 (-COOCH(CH3)2, -CH2C(CH3)-).  Mn (NMR, α) = 16400; DPMMA/DP7FBMA/DPi-PrMA = 

66/27/18; Fcum,7FBMA = 25%.  19F NMR [470 MHz, CD2Cl2, 25 oC, δ = -76.5 ppm (CF3COOH in 

CDCl3)]: δ -81.9 – -82.6 (-CF3), -120.8 – -121.6 (-CH2CF2CF2-), -128.2 – -128.8 (-CF2CF2CF3). 

 

 
Results and Discussion 
1. Transesterification of MMA with Fluoroalcohols 

     We investigated transesterification of MMA with fluoroalcohols (RFOH) and various metal 

catalysts into fluorinated alkyl methacrylates (RFMA) at 80 oC as model reaction for tandem 

polymerization (Scheme 2).  To produce RFMA with different pendant units, the author employed 

four kinds of fluoroalcohols, CF3CF2CH2CH2CH2OH (5FPOH), CF3CF2CF2CF2CH2CH2OH 

(9FHOH), CF3CF2CF2CH2OH (7FBOH), and CF3CH2OH (TFEOH) with different fluorine atom 

number and alkyl spacer length [RF-(CH2)n-OH].  Here, the author testified six kinds of catalysts 

including Al(Oi-Pr)3, Ti(Oi-Pr)4, Sc(OTf)3, Y(OTf)3, ZrCl4, and Yb(OTf)3 that were used as 

transesterification catalysts for tandem polymerization or well known as active catalysts for 

transesterification and the related reactions.31,32  In the model reactions, MMA concentration and 

volume of alcohols (RFOH) were kept constant as 2000 mM and 50 vol% [toluene/RFOH (1/1, v/v)], 

respectively, while the catalyst concentration was varied ([catalyst] = 40, 80, and 160 mM: 2, 4, and 

8 mol%) without or with molecular sieves 4A (MS 4A: 0.33 g/mL).  Conversion of MMA into a 

corresponding RFMA in 48 h was determined by 1H NMR.  The results are depicted in Table 1. 

     First, using 40 mM of Al(Oi-Pr)3, Ti(Oi-Pr)4, Sc(OTf)3, Y(OTf)3, ZrCl4, and Yb(OTf)3, the 

author examined transesterification of MMA (2000 mM) with 5FPOH of a relatively long alkyl 

spacer [-(CH2)3-] between hydroxyl group (OH) and fluorinated alkyl segment (-CF2CF3).  

Sc(OTf)3 efficiently induced transesterification of MMA into a corresponding 5FPMA (conversion 

34%), while the other catalysts gave lower yield of the product (0 - 15%).  Generally, 5 – 40 mM 

(0.25 – 2 mol%) of Ti(Oi-Pr)4 was enough as catalyst to effectively induce transesterification of 

MMA with alkyl alcohols and poly(ethylene glycol)s in our tandem catalysis: e.g, MMA (2000 

mM) was efficiently transformed with dodecanol and 20 mM Ti into dodecyl methacrylate (65%, 

42 h).24d  The low yield of 5FPMA with 40 mM Ti is due to the less nucleophilic character of 
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5FPOH by the electron-withdrawing fluorinated alkyl segment.  To promote the transesterification, 

the author increased Ti concentration from 40 mM to 80 mM and also used molecular sieves 4A 

(MS 4A) to remove a generating methanol therefrom.  As a result, the yield of 5FPMA reached to 

58% (without MS 4A) or 78% (with MS 4A), importantly indicating that the removal of methanol 

efficiently suppresses the reverse reaction that produces MMA via transesterification of 5FPMA 

with the methanol. 

 

Scheme 2. Transesterification of MMA with fluoroalcohols (RFOH) into fluorinated methacrylates (RFMA). 

 

     The author further utilized Al(Oi-Pr)3, Ti(Oi-Pr)4, ZrCl4, and Sc(OTf)3 for transesterification 

of MMA with 9FHOH, 7FBOH, and TFEOH.  9FHOH, 7FBOH, and TFEOH are much less 

nucleophilic than 5FPOH owing to the larger number of fluorine atoms and/or shorter alkyl spacers.  

In the case of 40 mM catalysts, ZrCl4, and Sc(OTf)3 were effective for transesterification of MMA 

with 9FHOH.  Relatively high concentration of Ti (80 or 160 mM; 4 or 8 mol%) with MS 4A was 

more effective for transesterification of MMA with TFEOH, 9FHOH and 7FBOH.  The yield of 

products (RFMA) increased with increasing alkyl spacer length of RFOH: 5FPOH > 9FHOH > 

TFEOH > 7FBOH.  This tendency is consistent with the nucleophilicity of RFOH.  These results 

suggest that ZrCl4, Sc(OTf)3, and Ti(Oi-Pr)4 are effective as catalysts for tandem polymerization of 

MMA with a series of fluoroalcohols (5FPOH, 9FHOH, 7FBOH, and TFEOH). 

     To accomplish gradient sequence control by this tandem catalysis, selective 

transesterification of monomers even in the presence of polymers is essential.26  Thus, the author 

also tested the transesterification of a chlorine-capped poly(methyl methacrylate) (PMMA-Cl: Mn = 

12000, Mw/Mn = 1.14) with 5FPOH (2.9 M) and Ti(Oi-Pr)4 (160 mM) at 80 oC for 50 h.  Owing to 

the steric hindrance around pendant carbonyl group,26b the polymer pendant methyl esters were not 

transesterified under this condition at all.  Thus, Ti-catalyzed transesterification of MMA with 

fluroalcohols can be potentially applicable to tandem catalysis for fluorinated gradient copolymers. 
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Table 1. Transesterification of MMA with Fluoroalcohola 
RFOH Alkyl Spacer catalyst catalyst 

(mM) 
conv.b 

(%) 

5FPOH 3 Al(Oi-Pr)3 40 9 

5FPOH 3 Ti(Oi-Pr)4 40 8 

5FPOH 3 Ti(Oi-Pr)4 80 58 

5FPOH 3 Ti(Oi-Pr)4 + MS 4Ac 80 78 

5FPOH 3 ZrCl4 40 15 

5FPOH 3 Sc(OTf)3 40 34 

5FPOH 3 Y(OTf)3 40 0 

5FPOH 3 Tb(OTf)3 40 0 

9FHOH 2 Al(Oi-Pr)3 40 0 

9FHOH 2 Ti(Oi-Pr)4 40 0 

9FHOH 2 Ti(Oi-Pr)4 80 41 

9FHOH 2 Ti(Oi-Pr)4+ MS 4Ac 80 66 

9FHOH 2 ZrCl4 40 35 

9FHOH 2 Sc(OTf)3 40 33 

7FBOH 1 Ti(Oi-Pr)4 40 0 

7FBOH 1 Ti(Oi-Pr)4 80 12 

7FBOH 1 Ti(Oi-Pr)4+ MS 4Ac 80 34 

7FBOH 1 Ti(Oi-Pr)4+ MS 4Ac 160 43 

7FBOH 1 ZrCl4 40 0 

7FBOH 1 Sc(OTf)3 40 0 

TFEOH 1 Ti(Oi-Pr)4 80 14 

TFEOH 1 Ti(Oi-Pr)4+ MS 4Ac 80 48 
a[MMA]/[catalyst] = 2000/40, 80, and 160 mM in toluene/RFOH (1/1, v/v) at 80 oC for 48 h.  RFOH: 
CF3CF2CH2CH2CH2OH (5FPOH: 2.9 M), CF3CF2CF2CF2CH2CH2OH (9FHOH: 2.3 M), CF3CF2CF2CH2OH (7FBOH: 
3 M), and CF3CH2OH (TFEOH: 5.3 M)].  bDetermined by 1H NMR with an internal standard (tetralin).  cWith 
molecular sieves 4A (MS 4A): [MS 4A] = 0.33 g/mL. 

 

2. Synthesis of MMA/5FPMA Gradient Copolymers via Concurrent Tandem Catalysis 

     MMA was efficiently transesterified with 5FPOH and Ti(Oi-Pr)4 even in the absence of MS 

4A by tuning the catalyst concentration as described above.  Focusing on the compatibility with 

ruthenium-catalyzed polymerization, the author first employed 5FPOH as an alcohol and Ti(Oi-Pr)4 

as catalyst for concurrent tandem catalysis of living radical polymerization and transesterification of 

MMA to synthesize MMA/5FPMA gradient copolymers.  For this, MMA was polymerized with 

Ru(Ind)Cl(PPh3)2, a chloride initiator (ethyl 2-chloro-2-phenylacetate: ECPA), and Ti(Oi-Pr)4 in 
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toluene/5FPOH mixed solvents.  Concentration of Ti(Oi-Pr)4 (40, 80, and 160 mM) or 5FPOH 

(1.5, 2.9, and 4.0 M), and reaction temperature (40, 60, and 80 oC) were systematically varied 

without MS 4A (Table 2, entries 1-7).  The author especially focused on the kinetic balance of 

living radical polymerization for chain growth and in-situ transformation of MMA for monomer 

composition change, because the synchronization of the two reactions is required for the formation 

of gradient copolymers. 

 
Table 2. Synthesis of MMA/RFMA Gradient Copolymers via Concurrent Tandem Living Radical 

Polymerization of MMA with Fluoroalcohols (RFOH)a 
entry RFOH [RFOH] 

(M) 
[Ti(Oi-Pr)4] 

(mM) 
temperature 

(oC) 
time 
(h) 

convc 

(%) 
Mn

d 

(GPC) 
Mw/Mn

d Fcum, RFMA
e 

(%) 

1 5FPOH 2.9 40 80 50 74 12800 1.26 18 

2 5FPOH 2.9 80 80 26 88 14700 1.15 39 

3 5FPOH 2.9 160 80 26 88 18600 1.15 43 

4 5FPOH 1.5 80 80 32 90 14000 1.12 31 

5 5FPOH 4.0 80 80 32 93 16100 1.18 35 

6 5FPOH 2.9 80 40 97 16 3900 1.27 10 

7 5FPOH 2.9 80 60 49 78 18800 1.17 19 

8 TFEOH 5.3 80 80 21 86 18500 1.51 15 

9b 5FPOH 2.9 80 80 20 95 32500 1.17 61 

10b 9FHOH 2.3 80 80 20 96 25000 1.27 40 

11b 7FBOH 3.1 160 80 26 83 12400 1.43 25 
a[MMA]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4] = 2000/20/2/40, 80, and 160 mM in toluene/RFOH (5FPOH, TFEOH, 
9FHOH, and 7FBOH) (3/7, 1/1, 3/1, v/v) at 40, 60, and 80 oC.  bEntries 9-11: polymerization with MS 4A (0.33 g/mL).  
cTotal monomer conversion determined by 1H NMR with an internal standard (tetralin).  dDetermined by SEC in 
CHCl3 with a PMMA standard calibration.  eCumulative RFMA content (Fcum,RFMA) determined by 1H NMR (RFMA: 
5FPMA, TFEMA, 9FHMA, and 7FBMA). 

 

     First, effects of Ti(Oi-Pr)4 concentration (40, 80, and 160 mM) on the rate of polymerization 

and transesterification were examined with 2.9 M 5FPOH (toluene/5FPOH = 1/1, v/v) at 80 oC 

(Table 2, entries 1-3).  Total conversion of both monomers (MMA, 5FPMA generating from 

in-situ transesterification) and 5FPMA content in total monomer [5FPMA/(MMA+5FPMA)] were 

analyzed by 1H NMR measurement of the polymerization solutions that are sampled at 

predetermined periods (Figure 1a-c).  In all cases, transesterification of MMA into 5FPMA 

proceeded during polymerization.  80 mM Ti catalyst effectively synchronized transesterification 

with polymerization to give 50 % 5FPMA in monomer.  160 mM Ti, higher concentration of Ti, 

quickly led to about 50 % 5FPMA in monomer even at the initial stage of polymerization to reach 
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the equilibrium.  40 mM Ti, lower concentration, just gave about 25% 5FPMA in monomer.  

Confirmed by size exclusion chromatography in chloroform, all of the copolymers are well 

controlled with narrow molecular weight distribution (Conv. >74%, Mn = 12800 – 18600, Mw/Mn = 

1.1 – 1.3, Table 2 entries 1-3). 
 

 

Figure 1. Tandem polymerization of MMA with 5FPOH (a-e) or TFEOH (f) by varying Ti(Oi-Pr)4 

concentration and temperature: [MMA]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4] = 2000/20/2/40-160 mM in 

toluene/5FPOH or TFE (1/1, v/v) at 40-80 oC ([5FPOH] = 2.9 M, [TFEOH] = 5.3 M) (a-e) Total conversion 

and 5FPMA content in monomer: [Ti(Oi-Pr)4]/temperature = (a) 40 mM/80 oC, (b) 80 mM/80 oC, (c) 160 

mM/80 oC, (d) 80 mM/40 oC, and (e) 80 mM/60 oC.  (f) Total conversion and TFEMA content in monomer: 

[Ti(Oi-Pr)4]/temperature = 80 mM/80 oC. 

 

     The author further investigated the effects of 5FPOH concentration (1.5 or 4.0 M) at 80 oC or 

temperature (40 or 60 oC) with 5FPOH (2.9 M); Ti(Oi-Pr)4 concentration was kept as 80 mM (Table 

2, entries 2, 4-7).  With 80 mM Ti at 80 oC, MMA was efficiently transesterified into 5FPMA with 

J

J

J

J

J

JJ
J

J

J

0

50

100

0

50

100

0 14 28

C
on

ve
rs

io
n,

 %

5F
P

M
A 

C
on

te
nt

 in
 M

on
om

er
, %

Time, h

J
J

J

J
J

J

JJJ
J

J

J
0

50

100

0

50

100

0 26 52

C
on

ve
rs

io
n,

 %

5F
P

M
A 

C
on

te
nt

 in
 M

on
om

er
, %

Time, h

J

J

J

J

J

JJJ
J

J

0

50

100

0

50

100

0 14 28

C
on

ve
rs

io
n,

 %

5F
P

M
A 

C
on

te
nt

 in
 M

on
om

er
, %

Time, h

40 mM/80 oC
Ti/Temp:

MMA

grad

O
O

R
Cl

O
O

l m

R-Cl Ru(Ind)Cl(PPh3)2

O
O

5FPMA

Ti(Oi-Pr)4

O

O Cl CF3CF2CH2CH2CH2OH

CF2CF3

CF2CF3

(a) (b) (c)

J

J

J

J

JJJ

J

0

50

100

0

50

100

0 25 50

C
on

ve
rs

io
n,

 %

5F
P

M
A 

C
on

te
nt

 in
 M

on
om

er
, %

Time, h

J
J

J
J

J

0

50

100

0

50

100

0 50 100

C
on

ve
rs

io
n,

 %

5F
P

M
A 

C
on

te
nt

 in
 M

on
om

er
, %

Time, h

(d) (e)

J

J

J

J

JJ
J

J

0

50

100

0

50

100

0 11 22

C
on

ve
rs

io
n,

 %

T
FE

M
A

 C
on

ta
nt

 in
 M

on
om

er
, %

Time, h

TFEOH

(f)

(a-e)

O
O

80 mM/80 oC 160 mM/80 oC

80 mM/40 oC 80 mM/60 oC 80 mM/80 oC

5FPOH

5FPOH



Fluorinated Gradient Copolymers 

 94 

5FPOH in the concentration range from 1.5 M to 4.0 M to give 50 % 5FPMA in monomer; i.e. the 

alcohol concentration was virtually independent of the transesterification.  Well-controlled 

products were obtained in high yield (Conv. ~90%, Mw/Mn = 1.1-1.2).  In contrast, both 

transesterification and polymerization did not so efficiently proceed at low temperature (40 or 60 
oC) even with 80 mM Ti(Oi-Pr)4 (Figure 1d,e).  The 5FPMA content in monomer and 

polymerization rate decreased with decreasing temperature. 

     The author also applied the typical condition of 80 mM Ti(Oi-Pr)4 in toluene/RFOH (1/1, v/v) 

at 80 oC to tandem polymerization of MMA with a trifluoroethanol (TFEOH).  The TFEMA 

content in monomer was less than 5FPMA content in monomer (Figure 1b,f).  This importantly 

indicates that in-situ transesterification is dependent on the nucleophilicity and/or pH of alcohols; 

i.e., TFEOH is less nucleophilic than 5FPOH to lead to lower yield of TFEMA (Table 1). 

     To analyze sequence distribution of 5FPMA units along a polymer chain, cumulative 5FPMA 

content in polymer (Fcum,5FPMA) was further determined by 1H NMR measurement of polymerization 

mixtures that were sampled at predetermined periods.  Figure 2 shows the sequence distribution of 

copolymers obtained by varying Ti concentration (40, 80, and 160 mM) in 5FPOH (2.9 M) at 80 oC 

or temperature (40 or 60 oC) with 80 mM Ti in 5FPOH (2.9 M) or 5FPOH (1.5, 4.0 M) with 80 mM 

Ti at 80 oC.  Fcum,5FPMA against total monomer conversion was first estimated with the area ratio of 

the methylene protons of polymerized 5FPMA adjacent to the ester groups (4.1-3.9 ppm) and the 

methoxy protons of polymerized MMA (3.6-3.5 ppm).  Fcum, 5FPMA values were then plotted as a 

function of normalized chain length (Figure 2a,b,c).  The normalized chain length is defined as 

DPt/DPfinal for living copolymers; DPt = [MMA]0 × (total conversion/100)/[ECPA]0; DPfinal = 

[MMA]0 × (total final conversion/100)/[ECPA]0.  Both Fcum,5FPMA and the instantaneous 5FPMA 

content (Finst.5FPMA) calculated therefrom (see supporting information)26 linearly increased with 

normalized chain length (Figure 2d,e,f), indicating that the composition of 5FPMA incorporated in 

copolymers gradually increases along a polymer chain to give MMA/5FPMA gradient copolymers. 

     Fcum,5FPMA and the detail Finst.5FPMA profiles were dependent on the reaction conditions.  

Fcum,5FPMA increased with increasing Ti concentration from 40 mM to 160 mM (Fcum,5FPMA = 18, 39, 

and 43%, Table 2 entries 1-3) or temperature [Fcum,5FPMA = 10% (40 oC), 19% (60 oC), and 39% (80 
oC), Table 2 entries 2,6,7], while Fcum,5FPMA was almost constant even by changing 5FPOH 

concentration (Table 2 entries 2,4,5).  Finst.5FPMA smoothly increased along a chain with 80 mM Ti 

at 80 oC, whereas Finst.5FPMA in turn steeply increased around α-end terminal (normalized chain 

length <0.2) with 160 mM Ti.  Therefore, gradient sequence distribution of 5FPMA in copolymer 

was successfully controlled by adjusting system conditions (Ti concentration and temperature) in 

tandem polymerization. 
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Figure 2. Gradient sequence distribution [a,b: cumulative 5FPMA content (Fcum,5FPMA); c,d: instantaneous 

5FPMA content (Finst,5FPMA)] of MMA/5FPMA gradient copolymers via concurrent tandem catalysis: 

[MMA]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4] = 2000/20/2/40-160 mM in toluene/5FPOH (1.5-4.0 M) at 

40-80 oC.  (a, c) [Ti(Oi-Pr)4] = 40, 80, and 160 mM at 80 oC.  (b, d) [Ti(Oi-Pr)4] = 80 mM at 40, 60, and 

80 oC.  (c, f) [5FPOH]: 1.5, 2.9 and 4.0 M. 

 

3. Synthesis and Sequence Control of Fluorinated Gradient Copolymers 
     To synthesize fluorinated gradient copolymers with various fluoroalcohols (5FPOH, 9FHOH, 

and 7FBOH), the author attempted to utilize Ti(Oi-Pr)4 with MS 4A or the other metal catalysts 

[ZrCl4 and Sc(OTf)3].  Though Ti(Oi-Pr)4 was effective to synthesize MMA/5FPMA gradient 

copolymers, the instantaneous composition of 5FPMA in copolymer was retarded at about 65% 

even by tuning the system conditions (e.g., Ti concentration).  This is due to the equilibrium of 

transesterification.  So far, the author have already revealed that the removal of methanol with MS 

4A is effective to promote in-situ transesterification of MMA with alcohols (ROH) into RMA.24d 

     The author thus employed MS 4A (0.33 g/mL) for the tandem polymerization of MMA with 

5FPOH and Ti(Oi-Pr)4 at 80 oC (Table 2, entry 9).  The concentration of Ti and 5FPOH were 

identical to that of entry 2 without MS 4A.  As shown in Figure 3a, transesterification of MMA 

into 5FPMA was fully synchronized with polymerization of MMA and the generating 5FPMA.  

As a result, the cumulative and instantaneous composition of 5FPMA almost linearly increased with 

normalized chain length (Figure 3d), giving well-controlled MMA/5FPMA gradient copolymers 

with narrow molecular weight distribution in high yield (conv. = 95%, Mn = 32500, Mw/Mn = 1.17, 

Figure 3g).  It should be noted that Finst.5FPMA increased up to about 80% at ω-terminal (Figure 3d, 
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bold line) and was higher than that without MS4A (Figure 3d, dash line).  This result revealed that 

molecular sieves (MS 4A) were effective to control sequence distribution of fluorinated gradient 

copolymers. 
 

 
Figure 3. Synthesis of MMA/RFMA gradient copolymers via concurrent tandem polymerization of MMA 

with RFOH (5FPOH, 9FHOH, and 7FBOH) in the presence of molecular sieves (MS 4A): 

[MMA]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4] = 2000/20/2/80 (5FPOH, 9FHOH) or 160 (7FBOH) mM in 

toluene/RFOH (1/1, v/v) with MS 4A (0.33 g/mL) at 80 oC.  (a, b, c) total monomer conversion and RFMA 

content in monomer.  (d, e, f) cumulative (Fcum, RMA) RMA content and instantaneous (Finst, RMA) RMA 

content in products.  SEC curves of (g) MMA/5FPMA, (h) MMA/9FHMA, and (i) MMA/7FBMA gradient 

copolymers. 
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the methyl and methylene protons of methacrylate backbones (g: 2.1−1.4 ppm, f: 1.3−0.7 ppm) 

(Figure 4a).  The polymer further exhibited small amount of methine and methyl protons (4.8 ppm, 

1.3 ppm) of isopropyl groups.  This means that small amount of isopropyl methacrylate (~4 mol%) 

is also formed via in-situ transesterification of MMA with 5FPOH and Ti(Oi-Pr)4 to be incorporated 

into MMA/5FPMA gradient copolymers.  From the area ratio of the corresponding pendant 

protons to the initiator aromatic protons, the degree of polymerization (DPMMA/DP5FPMA/DPi-PrMA), 

number-average molecular weight, and cumulative 5FPMA content were determined: 

DPMMA/DP5FPMA/DPi-PrMA = 47/81/6; Mn (NMR, α) = 25600; Fcum,5FPMA = 61%.  Additionally, the 
gradient copolymer showed fluorine signals originating from the 5FPMA pendants (Figure 4d). 

 

    
Figure 4. (a-c) 1H and (d-f) 19F NMR spectra of (a)(d) MMA/5FPMA, (b)(e) MMA/9FHMA, and (c)(f) 

MMA/7FBMA gradient copolymers in CD2Cl2 at 25 oC. 

 

     Ti(Oi-Pr)4 with MS 4A was further applied to tandem polymerization of MMA with 9FHOH 

and 7FBOH.  Similar to that with 5FPOH, transesterification of MMA with 9FHOH was 

efficiently synchronized with polymerization using 80 mM Ti catalyst to give a well-controlled 

MMA/9FHMA gradient copolymer (DPMMA/DP9FHMA/DPi-PrMA = 65/45/3; Mn (NMR, α) = 17300; 
Fcum,9FHMA = 40%, Figure 3b,h,4b,e).  The 9FHMA composition linearly increased with 

normalized chain length (Figure 3e).  In contrast, transesterification of MMA with 7FBOH into 

7FBMA was not so fully synchronized with polymerization even using 160 mM Ti and MS 4A 

(Figure 3c).  7FBMA and isopropyl methacrylate (i-PrMA) were simultaneously and gradually 

formed, both of which were however retarded at about 30 %.  As a result, this system produced a 

unique MMA/7FBMA/i-PrMA gradient copolymer (DPMMA/DP7FBMA/DPi-PrMA = 66/27/18; Mn 
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(NMR, α) = 16400, Fcum,7FBMA = 25%), where the composition of both 7FBMA and i-PrMA 

gradually increased along with a chain (Figure 3f,i,4c,f).  Confirmed by 1H NMR, the 

stereoregularity of the MMA/RFMA gradient copolymers was close to that of conventional PMMAs 

similarly obtained without fluoroalcohols: mm/mr/rr (RFMA) = 3.7/41.9/54.4 (5FPMA), 4.4/36/59.6 

(9FHMA), and 5.7/37.8/56.5 (7FBMA). 

     Focused on the high activity for transesterification (Table 1), ZrCl4 or Sc(OTf)3 (without MS 

4A) were also used as catalysts for tandem polymerization of MMA with 9FHOH at 80 oC.  

Polymerization of MMA was attempted with Ru(Ind)Cl(PPh3)2, ECPA, and 9FHOH in the presence 

of ZrCl4 or Sc(OTf)3.  In both catalysts, MMA was transesterified into 9FHMA up to about 30 % 

yield, whereas polymerization did not proceed.  This is probably because ZrCl4 or Sc(OTf)3 

deactivate the ruthenium catalyst.  These results indicate that the combination of Ti(Oi-Pr)4 and 

fluoroalcohols with MS 4A is effective to synthesize fluorinated methacrylate gradient copolymers.  

 

Figure 5. DSC measurements of 5FPMA homopolymer (P5FPMA), MMA/5FPMA copolymers (random, 

gradient) and MMA/9FHMA gradient copolymer: plot of (a) heat flow and (b) the first derivative of heat 

flow with temperature as function of temperature; heating = 1 oC/min. 

 

4. Thermal Properties of Fluorinated Gradient Copolymers 
     Thermal properties of fluorinated gradient copolymers were evaluated by differential 

scanning calorimetry (DSC) (Figure 5).  A MMA/5FPMA gradient copolymer (entry 9 Table 2: 

Mn = 32500, Mw/Mn = 1.17, Fcum,5FPMA = 61%) had glass transition temperature (Tg) at 49 oC.  The 

Tg was between Tg of MMA homopolymer (~ 100 oC) and that of 5FPMA homopolymer (~17 oC, 
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corresponding MMA/5FPMA random copolymer (Mn = 31600, Mw/Mn = 1.08, Fcum,5FPMA = 57%, Tg 

= 59 oC) that was prepared by living radical random copolymerization of MMA and 5FPMA.  

However, the Tg response of the gradient copolymer was much milder than that of the random 

counterpart, as also confirmed by the derivative of heat flow.  Similarly, a MMA/9FHMA gradient 

copolymer (entry 10 Table 2: Mn = 25000, Mw/Mn = 1.27, Fcum,9FHMA = 40%) had Tg at 50 oC with 

broad temperature range (~60 oC).  Such mild Tg response and/or broad Tg range are properties 

characteristic of gradient copolymers.24 

 
 
Conclusion 

   Fluorinated gradient copolymers were efficiently synthesized by tandem catalysis of LRP and 

in-situ transesterification of MMA with fluoroalcohols.  Although transesterifcation with less 

nucleophilic alcohols such as fluoroalcohols are not so favored generally, the author successfully 

achieved transesterification of MMA with fluoroalcohols (RFOH) into fluorinated methacrylates 

(RFMA) by using Ti(Oi-Pr)4 (4-8 mol%).  The yield of RFMA was effectively enhanced by using 

molecular sieves 4A (MS 4A), where MS 4A effectively removed a generating methanol to 

suppress the reverse reaction.  Various fluoroalcohols were applicable to the transesterification and 

tandem catalysis: 4,4,4,5,5-pentafluoro-1-pentanol (5FPOH), 1H,1H,2H,2H-nonafluoro-1-hexanol 

(9FHOH), 1H,1H-heptafluoro-1-butanol (7FBOH), and trifluoroethanol (TFEOH).  Tandem 

polymerization of MMA with Ti(Oi-Pr)4 and their fluoroalcohols efficiently proceeded to provide 

well-controlled fluorinated gradient copolymers with different sequence distribution and pendant 

functionality.  Thus, this work opened new vistas to design fluorinated gradient and relating 

sequence-controlled copolymers by using transesterification with fluoroalcohols. 
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Chapter 5 

 
 
Fluorous, Perfluorinated Gradient Copolymers: 
Tandem Transesterification with a Perfluoroalkyl 
Methacrylate and Physical Properties 
 

 

Abstract 

     Fluorous, perfluorinated gradient copolymers were synthesized via tandem catalysis of 

ruthenium-catalyzed living radical polymerization (LRP) and titanium alkoxide-mediated 

transesterification with a perfluoroalkyl methacrylate and various alcohols.   This is one of the 

most efficient and versatile systems to produce fluorous gradient and their related 

sequence-controlled copolymers.  Typically, 1H,1H,2H,2H-perfluorooctyl methacrylate 

(13FOMA) was polymerized as a starting monomer with a ruthenium catalyst and a chloride 

initiator in the presence of Ti(Oi-Pr)4 in alcohols (ROH) at 80 oC.  Owing to the 

electron-withdrawing perfluorinated alkyl unit, 13FOMA was efficiently transesterified into 

functional methacylates (RMA) during the copolymerization of 13FOMA and the resulting RMA.  

The synchronized catalysis of the copolymerization and the transesterification afforded 

13FOMA/RMA gradient copolymers whose composition linearly changed from the initiating to 

growing terminal.  A wide variety of alcohols [long alkyl alcohols: hydrophobic, poly(ethylene 

glycol) methyl ether: hydrophilic] was applied to this tandem catalysis, resulting in 

fluorous/hydrophobic or fluorous/hydrophilic gradient copolymers.  Solid and solution properties 

of a fluorous/hydrophobic 13FOMA/dodecyl methacrylate (DMA) gradient copolymer were 

investigated, compared with the random or block counterparts.  Typically, the gradient copolymer 

showed a broad range of glass transition temperature and microphase separation distinct from the 

block counterpart. 
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Introduction 

     Fluorinated polymers were widely used to fabricate products like film, rubber and coating 

materials.1-4  Introduction of fluorinated groups into polymers has been attempted for creating 

novel function, focused on the distinguished nature of fluorinated segments.5-10  In fact, various 

characters including low wettability,11 thermostability,12 strong fluorophilic nature, and 

immiscibility with both hydrophobic and hydrophilic compounds have been applied to micellization, 

aggregation in solution,13 microphase separation,14, 15 smetic phase,16 and surfactants.17 

     Despite huge number of researches concerning the synthesis and physical properties of 

fluorous polymers have been reported so far, few researches have been focused on the sequence 

distribution of perfluorinated groups in copolymers.  Interaction between fluorinated moieties is 

considered as one of the most important factors for expression of unique properties.  Their 

interaction might be affected by density of fluorinated moieties that can be controlled by 

distribution of fluorinated part.  For example, unimolecular micelles are formed in water via 

self-folding of random copolymers of fluorous 1H,1H,2H,2H-perfluorooctyl methacrylate and 

hydrophilic poly(ethylene glycol) methacrylate (PEGMA) where each segment is uniformly 

distributed, while large multichain aggregates are dominant for block copolymers in water.18-20  

Furthermore, star polymers bearing densely fluorinated microgel cores realized selective 

recognition of fluorous compounds.21, 22 

     In previous chapters, the author has developed novel tandem catalysis of living radical 

polymerization (LRP) and transesterification to produce methacrylate based gradient 

copolymers.23-25  In this system, desired properties can be expressed by using suitable agent 

(monomers, alcohols).  In fact, the author succeeded in synthesizing gradient copolymers with 

unique properties by combining two distinct segments like soft and hard, hydrophobic and 

hydrophilic in chapter 1 and chapter 2, respectively.25  Owing to continuous variation from one 

nature to another opposite nature along chain, these functional gradient copolymers showed 

remarkable properties in solid and solution states such as extremely broad glass transition 

temperature and characteristic aggregation state.  On the other hand, in chapter 4, gradient 

copolymers containing perfluoroalkyl chain were synthesized via tandem catalysis where methyl 

methacrylate (MMA) was transesterified with fluorinated alcohols into perfluoroalkyl methacrylates 

during polymerization.  However, transesterification with fluoroalcohols was difficult due to their 

high acidity and low nucleophilic nature, resulting in the limitation of available methacrylates with 

short perfluoroalkyl chain (CnF2n+1: n < 5). 

     Thus, the authors were focused on a perfluorinated methacrylate 

(1H,1H,2H,2H-Perfluorooctyl methacrylate: 13FOMA) as a starting monomer for fluorous gradient 

copolymers via tandem transesterification; the monomer is expected to be transesterified with 
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alcohols (ROH) into other methacrylates (RMA) owing to the less nucleophilic nature of a 

generating perfluoroalcohol.  In fact, Tao and coworkers report that 2,2,2-trifluoroethyl 

methacrylate is smoothly transesterified into other methacrylates even with enzyme catalyst whose 

catalytic activity is weaker than that of metal alkoxide catalyst.26,27  Zhang et al. also synthesized 

hydrophilic/fluorous gradient copolymers to evaluate its superior oil-fouling resistant properties 

derived from gradient distribution.28 However, versatile synthetic systems of fluorous gradient 

copolymers with tunable gradient sequence and functional groups are not developed yet; the 

methodology allows to design various fluorous gradient copolymers and lead to the discovery of 

novel and exquisite characters and functions. 

     In this chapter, 1H,1H,2H,2H-Perfluorooctyl methacrylate (13FOMA) was used as a 

monomer in tandem catalysis because it contains multiple fluorine groups enough to express 

fluorous nature.  First, concurrent tandem catalysis of LRP and transesterification of 13FOMA 

with ethanol was examined with Ti(Oi-Pr)4 as a catalyst, compared with other methacrylates.  

After confirming optimal conditions for synchronization of LRP and transesterification, 13FOMA 

was polymerized with various alcohols (ROH) to synthesize gradient copolymers of 13FOMA and 

RMA (in-situ generating from transesterification of 13FOMA with ROH) (Scheme 1).  Solid and 

solution properties (thermo property, phase separation, contact angle and surface tension) of various 

fluorous gradient copolymers were evaluated, particularly focused on the effects of 13FOMA 

sequence distribution.  Typically, 13FOMA/dodecyl methacrylate (DMA) gradient copolymers 

showed broad glass transition temperature and phase separation different from corresponding 

random or block counterparts. 

 

 
Scheme 1. Synthesis of Fluorous, Perfluorinated Gradient Copolymers via Tandem Catalysis of Living 

Radical Polymerization and Transesterification of 13FOMA with Various Alcohols 
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Experimental Section 

Materials.  Methyl methacrylate (MMA: TCI; purity >99.8%) and tetralin 

(1,2,3,4-tetrahydronaphthalene: Kishida Chemical; purity >98%; an internal standard for 1H NMR 

analysis) were dried overnight with calcium chloride and distilled from calcium hydride under 

reduced pressure before use.  Poly(ethylene glycol) methyl ether methacrylate [PEGMA; 

CH2=CMeCO2(CH2CH2O)nMe: Mn = 475; n = 9 on average] (Aldrich), dodecyl methacrylate 

(DMA) (TCI, purity >97%) and 1H,1H,2H,2H-Perfluorooctyl methacrylate (13FOMA: Wako, 

purity >95%) was purified by column chromatography charged with inhibitor remover (Aldrich) 

and purged by argon before use.  Polyethylene glycol methyl ether (PEG-OH) (Aldrich, Mn = 350), 

triethylene glycol monoethyl ether (TEG-OH) (Wako, purity >99%), Ti(Oi-Pr)4 (Aldrich, purity 

>90%), and n-Bu3N (TCI, purity >98%) were degassed by triple vacuum-argon purge cycles before 

use.  Dodecyl alcohol (TCI, purity >99%) and octadecyl alcohol (TCI, purity >98%) were used as 

received.  Ethyl 2-chloro-2-phenylacetate (ECPA: Aldrich; purity >97%) was distilled under 

reduced pressure before use.  Ru(Ind)Cl(PPh3)2 (Aldrich) was used as received and handled in a 

glove box under moisture- and oxygen-free argon (H2O <1 ppm; O2 <1 ppm).  Toluene (solvent) 

was purified by pashing it through a purification column (Glass Contour Solvent Systems: SG 

Water USA). 

 

Characterization.  Molecular weight distribution (MWD) curves, Mn, and Mw/Mn ratio of 

polymers were measured by SEC in CHCl3 or DMF containing 10 mM LiBr (for polymers 

containing poly(ethylene) glycol) at 40 oC (flow rate: 1 mL/min) on three linear-type polystyrene 

gel columns (CHCl3: Shodex K-805L: exclusion limit = 4 × 106; particle size = 10 mm; pore size = 

5000 Å; 0.8 cm i.d. × 30 cm, DMF: Shodex KF-805L: exclusion limit = 4 × 106; particle size = 10 

mm; pore size = 5000 Å; 0.8 cm i.d. × 30 cm) that were connected to detectors (CHCl3: a Jasco 
PU-980 precision pump, a Jasco RI-1530 refractive index detector, and a Jasco UV-980 UV/vis 

detector set at 250 nm, DMF: a Jasco PU-2080 precision pump, a Jasco RI-2031 refractive index 

detector, and a Jasco UV-2075 UV/vis detector set at 270 nm).  The columns were calibrated 

against 10 standard poly(MMA) samples (Polymer Laboratories; Mn = 1000–1200000; Mw/Mn = 

1.06–1.22).  To remove unreacted monomers, alcohols, and catalyst residues, polymer samples for 

the evaluation of solution/solid properties were fractionated by preparative SEC [TOSOH TSKgel 

α-3000: particle size = 13 mm; 5.5 cm i.d. × 30 cm; exclusion limit = 9 × 104 g/mol; flow rate = 15 

mL/min] connected to a Jasco PU-2086 precision pump, a Jasco RI-2013 refractive index detector, 

and a Jasco UV-2075 ultraviolet detector.  1H NMR spectra were recorded in CDCl3 and CD2Cl2 

on a JEOL JNM-ECA500 spectrometer operating at 500.16 MHz.  Differential scanning 

calorimetry (DSC) was performed for samples (ca. 5 mg weighed into an aluminum pan) under dry 
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nitrogen flow on a DSC Q200 calorimeter (TA Instruments) equipped with a RCS 90 electric 

freezing machine.  The polymer samples were heated to 150 oC at the rate of 10 oC/min and held at 

the temperature for 10 min to erase thermal history.  Then, the samples were cooled to -80 oC at 

the rate of -10 oC/min and held at the temperature for 10 min, and again heated to 150 oC at the rate 

of 10 oC/min.  The second heating runs were used for the thermal analysis of polymers in Figure 6 

in results and discussion. 

 

Polymerization.  The synthesis of 13FOMA/DMA copolymers (random, gradient, block) was 

carried out by syringe technique under argon in baked glass tubes equipped with a three-way 

stopcock. 

  13FOMA/DMA gradient copolymer (Table 2).  A typical procedure for a gradient copolymer 

was given: Ru(Ind)Cl(PPh3)2 (0.015 mmol, 11.6 mg) was charged into the 30mL glass tube.  

Toluene (4.51 mL), dodecyl alcohol (23.4 mmol, 5.24 mL), tetralin (0.20 mL), a 500 mM toluene 

solution of Ti(Oi-Pr)4 (0.45 mL, Ti(Oi-Pr)4 = 0.23 mmol), 13FOMA (15 mmol, 4.33 mL), and a 

274 mM toluene solution of ECPA (0.27 mL, ECPA = 0.075 mmol) were added sequentially in that 

order at 25 oC under argon (the total volume of the reaction mixture: 15 mL).  The glass tube was 

then placed in an oil bath kept at 80 oC.  At predetermined intervals, the mixture was sampled with 

a syringe under argon, and the sampled solutions were cooled to –78 °C to terminate the reaction.  

The total monomer conversion, DMA content in monomer, and cumulative DMA content in 

polymer (Fcum,DMA) were directly determined by 1H NMR measurements of the terminated reaction 

solution in CDCl3 at 25 oC with tetralin as an internal standard.  Instantaneous DMA content in 

polymer (Finst,DMA) was estimated according to the following equation: Finst,DMA = [Conv.total, i x 

Fcum,DMA, i - Conv.total, i-1 x Fcum,DMA, i-1]/[Conv.total, i - Conv.total, i-1], where Conv.total is the total 

conversion of both monomers.  The quenched solutions were evaporated to dryness to give the 

crude product.  To remove unreacted monomers, solvents, and catalyst residue, the product was 

purified by preparative SEC before characterization (1H NMR, thermal and solution properties).  

SEC (CHCl3, PMMA std.): Mn = 31000 g/mol; Mw/Mn = 1.33.  1H NMR [500 MHz, CD2Cl2, 25 oC, 

δ = 5.33 CDHCl2] δ 7.30–7.15 (aromatic), 4.40–4.07 (-COOCH2CH2CF2-), 4.02–3.75 

(-COOCH2CH2-), 2.60–2.32 (-COOCH2CH2CF2-), 2.15–1.67 (-CH2C(CH3)-), 1.67−1.52 

(-COOCH2CH2CH2-), 1.43–0.60 (-CH2CH2(CH2)9CH3, -CH2C(CH3)-).  Mn (NMR, α) = 58700; 
DP13FOMA/DPDMA = 76/101; Fcum,DMA = 57%.  19F NMR [470 MHz, CD2Cl2, 25 oC, δ = -76.5 ppm 

(CF3COOH in CDCl3)]: δ -81.9 – -83.3 (-CF3), -114.4 – -115.7 (-CH2CF2-), -122.8 – -123.8 

(-CH2CF2CF2CF2-), -123.9 – -124.6 (-CF2CF2CF3), -124.6 – -125.6 (-CH2CF2CF2-), -127.1 – -128.3 

(-CF2CF3). 
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  13FOMA/PEGMA gradient copolymer (Table 1, Entry 9).  SEC (CHCl3, PMMA std.): Mn = 

51800 g/mol; Mw/Mn = 1.19.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CDHCl2] δ 7.3–7.1 

(aromatic), 4.4–4.1 (-COOCH2CH2CF2-), 4.1–4.0 (-COOCH2CH2O-), 3.7–3.6 (-COOCH2CH2O-), 

3.6-3.5 (-OCH2CH2O-), 3.5–3.4 (-OCH2CH2OCH3), 3.4–3.3 (-OCH3), 2.6-2.3 (-COOCH2CH2CF2-), 

2.1−1.6 (-CH2C(CH3)-), 1.3–0.8 (-CH2C(CH3)-).  Mn (NMR, α) = 69600; DP13FOMA/DPPEGMA = 
60/104; Fcum,PEGMA = 64%.  19F NMR [470 MHz, CD2Cl2, 25 oC, δ = -76.5 ppm (CF3COOH in 

CDCl3)]: δ -81.7 – -82.7 (-CF3), -114.3 – -115.4 (-CH2CF2-), -122.7 – -123.5 (-CH2CF2CF2CF2-), 

-123.7 – -124.5 (-CF2CF2CF3), -124.5 – -125.3 (-CH2CF2CF2-), -127.1 – -127.9 (-CF2CF3). 

 

  13FOMA/DMA random copolymer.  In a 30 mL glass tube, Ru(Ind)Cl(PPh3)2 (0.015 mmol, 

11.6 mg) was placed.  Then, toluene (9.41 mL), tetralin (0.20 mL), a 400 mM toluene solution of 

n-Bu3N (0.75 mL, n-Bu3N = 0.30 mmol), DMA (8.25 mmol, 2.42 mL), 13FOMA (6.75 mmol, 1.95 

mL), and a 274 mM toluene solution of ECPA (0.27 mL, ECPA = 0.075 mmol) were added 

sequentially in that order into the tube at 25 oC under argon (The total volume: 15 mL).  The glass 

tube was placed in an oil bath kept at 80 oC.  After 72 h, the solution was cooled to –78 °C to 

terminate the reaction.  The conversion of 13FOMA and DMA was determined as 94% and 91%, 

respectively, by 1H NMR in CDCl3 at r.t. with tetralin as an internal standard.  The quenched 

solution was evaporated to dryness to give the crude product.  The product was further 

fractionated by preparative SEC for analysis.  SEC (CHCl3, PMMA std.): Mn = 31,200 g/mol; 

Mw/Mn = 1.16.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CH2Cl2] δ 7.30–7.15 (aromatic), 

4.41–4.08 (-COOCH2CH2CF2-), 4.03–3.73 (-COOCH2CH2-), 2.62–2.30 (-COOCH2CH2CF2-), 

2.13–1.68 (-CH2C(CH3)-), 1.68−1.48 (-COOCH2CH2CH2-), 1.48–0.61 (-CH2CH2(CH2)9CH3, 

-CH2C(CH3)-).  Mn (NMR, α) = 57700; DP13FOMA/DPDMA = 80/90; Fcum,DMA = 53%.  19F NMR 
[470 MHz, CD2Cl2, 25 oC, δ = -76.5 ppm (CF3COOH in CDCl3)]: δ -81.7 – -82.7 (-CF3), -114.3 – 

-115.4 (-CH2CF2-), -122.7 – -123.5 (-CH2CF2CF2CF2-), -123.7 – -124.5 (-CF2CF2CF3), -124.5 – 

-125.3 (-CH2CF2CF2-), -127.1 – -127.9 (-CF2CF3). 

 

  13FOMA/DMA block copolymer.  In a 30 mL glass tube, Ru(Ind)Cl(PPh3)2 (0.0025 mmol, 

1.94 mg) was placed.  Then, toluene (4.23 mL), tetralin (0.20 mL), a 400 mM toluene solution of 

n-Bu3N (0.38 mL, n-Bu3N = 0.15 mmol), DMA (8.25 mmol, 2.42 mL), and a 274 mM toluene 

solution of ECPA (0.27 mL, ECPA = 0.075 mmol) were added sequentially in that order into the 

tube at 25 oC under argon (The total volume: 7.5 mL).  The glass tube was placed in an oil bath 

kept at 80 oC.  After 75 h, the polymerization reached 84% conversion (determined by 1H NMR) 

to give PDMA-Cl (Mn = 17600 g/mol; Mw/Mn = 1.21, by SEC in CHCl3 with PMMA std.).  Into 

the polymerization mixture, toluene (5.55 mL) and 13FOMA (6.75 mmol, 1.95 mL) were directly 
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added under argon.  After 74 h, the reaction solution was cooled to –78 °C to terminate the 

reaction (91% (13FOMA), 89% (DMA) conversion: determined by 1H NMR).  The quenched 

reaction solution was evaporated to dryness and the resulting crude product was fractionated by 

preparative SEC for analysis.  SEC (CHCl3, PMMA std.): Mn = 33,900 g/mol; Mw/Mn = 1.31.  1H 

NMR [500 MHz, CD2Cl2, 25 oC, δ = 5.33 CH2Cl2]: δ 7.32–7.16 (aromatic), 4.62–3.63 

(-COOCH2CH2CF2-), 4.02–3.75 (-COOCH2CH2-), 2.70–2.18 (-COOCH2CH2CF2-), 2.17–1.69 

(-CH2C(CH3)-), 1.68−1.49 (-COOCH2CH2CH2-), 1.49–0.58 (-CH2CH2(CH2)9CH3, -CH2C(CH3)-).  

Mn (NMR, α) = 56400: DP13FOMA/DPDMA = 73/97; Fcum,DMA = 57%.  19F NMR [470 MHz, CD2Cl2, 
25 oC, δ = -76.5 ppm (CF3COOH in CDCl3)]: δ -82.1 – -83.8 (-CF3), -114.3 – -116.5 (-CH2CF2-), 

-123.0 – -124.1 (-CH2CF2CF2CF2-), -124.2 – -125.0 (-CF2CF2CF3), -125.0 – -125.9 (-CH2CF2CF2-), 

-127.4 – -128.9 (-CF2CF3). 

 
 

Results and Discussion 
1. Tandem Catalysis of LRP and Transesterification with 13FOMA as a Starting Monomer 
     In order to synthesize fluorous, perfluorinated gradient copolymers in tandem catalysis of 

LRP and transesterification, the author attempted to use a perfluoroalkyl methacrylate, 13FOMA, as 

a fluorinated source instead of fluoroalcohols (CnF2n+1OH) reported in Chapter 4.  The author first 

evaluated the potential of 13FOMA as a starting monomer in tandem LRP with transesterification, 

compared with other methacrylates [RMA: methyl methacrylate (MMA), dodecyl methacrylate 

(DMA), poly(ethylene glycol) methyl ether methacrylate (PEGMA)].  All four methacrylates 

(MMA, DMA, 13FOMA: 2M, PEGMA: 1M) were polymerized respectively with a 

Ru(Ind)Cl(PPh3)2 catalyst and a chloride initiator (ethyl 2-chloro-2-phenylacetate: ECPA) in the 

presence of Ti(Oi-Pr)4 (20 mM) in a toluene/ethanol (EtOH) (1/1, v/v) mixture at 80 oC (Table 1, 

entry 1-4, Figure 1).  The ratio of ethyl methacrylate (EMA) in monomer [EMA/(RMA+EMA)] 

and the total conversion (olefin consumption) of RMA and EMA by copolymerization were 

estimated with the 1H NMR measurements of the reaction solutions sampled at predetermined time 

(Figure 1a-d). 

     The three RMA monomers except for PEGMA were smoothly copolymerized with EMA, 

accompanied by in-situ generation of EMA from the transesterification of RMA with EtOH (Figure 

1a-c).  Similar to MMA, 13FOMA was transesterified into EMA quickly although the EtOH 

amount was smaller than that for MMA.  As a result, transesterification of 13FOMA to EMA was 

fully synchronized with copolymerization of 13FOMA and the resulting EMA.  In contrast, 

PEGMA was not transformed into EMA at all to result in homopolymerization of PEGMA (Figure 

1d). 
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Table 1. Synthesis of Gradient Copolymers via Concurrent Tandem Living Radical Polymerizationa 
Entry Monomer Alcohol [Alcohol] 

(M) 
Time 
(h) 

Convb 

(%) 
Mn

c 

(GPC) 
Mw/Mn

c Fcum, RMA
d 

(%) 

1 MMA EtOH 6.5 42 90 9900 1.37 68 

2 DMA EtOH 3.3 29 96 17800 1.26 39 

3 13FOMA EtOH 3.4 22 97 16700 1.23 64 

4 PEGMA EtOH 4.4 9.0 98 75900 2.10 0 

5 TFEMA EtOH 5.9 18 37 7200 1.24 71 

6 13FOMA DOH 1.5 20 95 28200 1.17 55 

7 13FOMA ODOH 1.5 25 90 27000 1.56 53 

8 13FOMA TEGOH 1.2 24 90 5800 1.11 36 

9 13FOMA PEGOH 1.1 49 77 51800 1.19 47 
a[Monomer (MMA, DMA, 13FOMA, PEGMA, TFEMA)]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4] = 1000 (entry 4, 9) 
or 2000/10 (entry 4, 9) or 20/2/20 mM in toluene/ROH [ROH: EtOH (CH3CH2OH), DOH (CH3(CH2)11OH), ODOH 
(CH3(CH2)17OH), TEGOH (CH3CH2(OCH2CH2)3OH), PEG-OH (CH3(OCH2CH2)nOH; n = 7.2 (average); Mn = 350)] 
(1/1, v/v) at 80 oC.  bTotal monomer conversion determined by 1H NMR with an internal standard (tetralin).  
cDetermined by SEC in CHCl3 with a PMMA standard calibration.  dCumulative RMA content (Fcum,RMA) of 
copolymers determined by 1H NMR. 

 

     Cumulative EMA content in polymers (Fcum,EMA) was further directly estimated from 1H 

NMR measurements of the polymerization solutions that were sampled at predetermined periods.  

Fcum,EMA against total monomer conversion was first determined with methylene protons of 

polymerized EMA adjacent to the ester units (4.1 – 3.9 ppm).  To express variation of Fcum,EMA 

along polymer chain, Fcum,EMA values were then plotted as a function of normalized chain length.  

The normalized chain length is defined as DPt/DPfinal for living copolymers; DPt = [RMA]0 × (total 

conversion/100)/[ECPA]0; DPfinal = [RMA]0 × (total final conversion/100)/[ECPA]0.  

Instantaneous EMA content (Finst.EMA) of the 13FOMA/EMA copolymer calculated therefrom23 

increased with normalized chain length (Figure 1f), as well as that of MMA/EMA or DMA/EMA 

copolymers.  Analyzed by SEC, 13FOMA/EMA copolymers was well controlled (Mn = 16700, 

Mw/Mn = 1.23), similar to MMA/EMA (Mn = 9900, Mw/Mn = 1.37) and DMA/EMA (Mn = 17800, 

Mw/Mn = 1.26) copolymers (Figure 2a-c).  Broad molecular weight distribution of poly(PEGMA) 

(Mn = 75900, Mw/Mn = 2.10) (Figure 2d) is attributed to higher concentration of PEGMA (1000 

mM) than that is generally employed for PEGMA polymerization ([PEGMA]: 500 mM).  These 

results support that 13FOMA is effective as a fluorinated source and starting monomer to 

synthesize fluorous gradient copolymers via tandem catalysis with alcohols. 
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Figure 1. Concurrent tandem living radical polymerization of various methacrylates (RMA: MMA, DMA, 

13FOMA, PEGMA, TFEMA) with Ti(Oi-Pr)4 and ethanol: [RMA]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4] 

= 1000 (PEGMA) or 2000/10 (PEGMA) or 20/2/20 mM in toluene/EtOH (1/1, v/v) at 80 oC.  (a-e) total 

monomer conversion and EMA (ethyl methacrylate) content in monomer.  (f) instantaneous (Finst,EMA) EMA 

content in products as a function of normalized chain length. 

 

 

   
Figure 2. SEC curves of (a) MMA/EMA, (b) DMA/EMA, and (c) 13FOMA/EMA gradient copolymers and 

(d) a PEGMA homopolymer. 
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     To guarantee gradient sequence, transesterification should be selective for 13FOMA 

(monomer) and not occur for the resulting polymers.  Thus, the transesterification of a 

13FOMA/MMA random copolymer (13FOMA/MMA = 20/40), prepared via ruthenium catalyzed 

living radical copolymerization (Mn = 20400, Mw/Mn = 1.25) of 13FOMA and MMA, was examined 

with Ti(Oi-Pr)4 (160 mM) and ethanol.  No structure change was confirmed by 1H NMR, 

indicating that the perfluoroalkyl ester pendants built in the copolymer were not transesterified. 

     To investigate the effects of the fluorine number and alkyl spacer in fluorinated methacrylates 

on transesterification, 2,2,2-trifluoroethyl methacrylate (TFEMA) bearing a methylene spacer was 

applied to tandem polymerization under the same conditions as the former experiments (Table 1, 

entry 5).  TFEMA was transesterified with EtOH much faster than 13FOMA (Figure 1c,e), 

although TFEMA has less number of fluorine atoms than 13FOMA.  The high reactivity of 

TFEMA is attributed to more acidic and less nucleophilic character of trifluoroethanol that is 

generating from TFEMA.  Thus, 13FOMA bearing an ethylene spacer between methacrylate and a 

perfluorinated alklyl group is one of the best fluorinated monomers to design fluorous gradient 

copolymers. 

 

2. Synthesis of Fluorous Gradient Copolymers with Various Functionalities 

     Various alcohols were combined with 13FOMA in tandem catalysis to synthesize fluorous 

gradient copolymers whose sequence distribution gradually changes from perfluorinated units to 

other functional groups with different properties.  Here, the authors used long alkyl alcohols 

(1-dodecanol: DOH, 1-octadecyl alcohol: ODOH) and hydrophilic alcohols (triethylene glycol 

monoethyl ether: TEGOH, poly(ethylene glycol) methyl ether: PEG-OH [CH3(OCH2CH2)nOH; n = 

7.2 (average); Mn = 350]) (Table 1, entry 6-9).  Polymerization was conducted under catalytic 

systems and conditions similar to those applied to 13FOMA/EMA copolymers.  Keeping target 

degree of polymerization as 100, 13FOMA concentration was adjusted as follows: 2000 mM for 

DOH, ODOH, and TEGOH; 1000 mM for PEGPH.  As a result, transesterification concurrently 

took place with polymerization in all cases (Figure 3), while the kinetic balances of the two 

catalysis was dependent on the alcohols.  Polymerization with ODOH was slower than that in 

DOH probably because of the high viscosity of polymerization solutions with ODOH (Figure 3a,b).  

PEG-OH induced transesterification faster than polymerization because the polymerization turned 

slower than that with the other alcohols owing to the low concentration of a originally fed 13FOMA 

(i.e., total monomer concentration: 1000 mM) (Figure 3e).  Higher transesterification yield of 

13FOMA with PEG-OH than that with TEGOH is attributed to excess amount of PEG-OH against 

13FOMA (Figure 3d,e). 
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     Confirmed by SEC, molecular weight of all of the copolymers was well controlled.  

Fcum,RMA and Finst,RMA (RMA: DMA, ODMA, TEGMA, PEGMA) were also determined by 1H 

NMR and plotted as a function of normalized chain length (Figure 3c,f).  In all cases, both 

Fcum,RMA and Finst,RMA gradually increased with normalized chain length.  In the case of PEG-OH, 

Fcum,RMA and Finst,RMA linearly increased up to the latter stage of polymerization although 

transesterification of 13FOMA into PEGMA almost turned to be equilibrium state at around 50% 

monomer conversion.  This result suggests that the 13FOMA has slightly higher reactivity than 

PEGMA in copolymerization of the two monomers.  As a result, rather fortunately, this system 

produced a 13FOMA/PEGMA gradient copolymer whose hydrophilic PEGMA composition 

(Fcum,PEGMA, Finst,PEGMA) linearly increased from α-end to ω-end. 

 

 

 

Figure 3. Synthesis of 13FOMA/RMA [RMA: DMA, ODMA, TEGMA, and PEGMA (Mn = 350)] gradient 

copolymers via concurrent tandem catalysis with 13FOMA and various alcohols: [MMA]/[ECPA]/ 

[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4] = 1000 (PEGOH) or 2000/10 (PEGOH) or 20/2/20 mM in toluene/ROH 

(ROH: DOH, ODOH, TEGOH, PEGOH) (1/1, v/v) at 80 oC.  (a)(b)(d)(e) total monomer conversion and 

RMA content in monomer.  (c) Fcum,RMA of products as a function of normalized chain length.  (f) Finst,RMA 

of products as a function of normalized chain length. 
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     Fluorous/hydrophobic 13FOMA/DMA random, gradient, and block copolymers with about 

200 of degree of polymerization were prepared to investigate sequence-dependent physical 

properties (Table 3).  The random and block copolymers were synthesized via living radical 

copolymerization of 13FOMA and DMA, while the gradient copolymer was synthesized via tandem 

catalysis based on in-situ transesterification of 13FOMA with DOH.  The sequence distribution of 

three copolymers was depicted in Figure 4a.  To reveal the effect of the sequence distribution, the 

composition (Fcum,DMA = 53 - 57) and molecular weight (target DP = 200, Mn = 29700~38600) of 

the copolymers were adjusted to be similar (Figure 4). 

 

 
Figure 4. (a) Finst,RMA of products as a function of normalized chain length  (b) SEC curves of 

13FOMA/DMA random, gradient, and block copolymers. 

 

3. Physical Properties of 13FOMA/DMA Copolymers: Effects of Sequence Distribution 

  Thermal Properties. Thermal properties of 13FOMA/DMA random, gradient, and block 

copolymers (Figure 4) were examined by DSC (Figure 5a).  The block copolymer clearly showed 

two peaks originating from Tg of poly(DMA) (-46 oC) and poly(13FOMA) (18.3 oC) segments, 

while the random copolymer exhibited a single Tg at -4.2 oC between the two Tg’s observed in the 

block copolymer.  The gradient copolymer in turn showed a broad Tg signal at around -11 oC, 

where the temperature was close to that of the random counterpart.  To see the difference of their 

heat flow curves clearly, first derivative of the heat flow curves as a function of temperature was 

evaluated for the three copolymers (Figure 5b).  This definitely indicates the broad Tg range of the 

gradient copolymer spreading from -35 to 25 oC, compared with the random counterpart.  This 

0

50

100

0 0.5 1
Normalized Chain Length

F i
ns

t. 
D

M
A,

 % Gradient

Random

Block

Mn
Mw/Mn

29700
1.25

MW(PMMA)
106 105 104 103

31000
1.33

38600
1.15

Gradient

Random

Block

13FOMA/DMA
43/57

13FOMA/DMA
43/57

13FOMA/DMA
47/53

O
O

R
Cl

O
O

m n

Random
Grad
Block

(CF2)5CF3

11
13FOMA/DMA Copolymers

(a)

(b)



Chapter 5 

 115 

result corresponds to an unique phenomenon for glass transition temperature that is revealed in 

Chapter 1 and relating previous researches.  13FOMA/DMA copolymers were also examined with 

thermogravimetric analysis (TGA) (Table 2).  All samples showed weight loss at similar 

temperature (216~218 oC).  This result indicated that heat degradation temperature is independent 

on distribution of fluorinated parts. 

 
Table 2. Synthesis and Characterization of 13FOMA/DMA Random, Gradient, and Block Copolymers 

Sample 13FOMA/DMAd 

(1H NMR) 
Mn

d 

(1H NMR) 
Mn

e 

(CHCl3 GPC) 
Mw/Mn

e 

(CHCl3 GPC) 
Mn

f 

(GPC) 
Mw/Mn

f 

(GPC) 
TGA 

Randoma 47/53 57700 31200 1.16 30400 1.08 218.1 

Gradientb 43/57 58700 31000 1.33 29000 1.23 216.4 

Blockc 43/57 56400 33900 1.31 22100 1.15 217.8 
a[13FOMA]/[DMA]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/[nBu3N] = 450/550/5/1/20 mM in toluene at 80 oC.  
b[13FOMA]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4] = 1000/5/1/15 mM in toluene/1-dodecanol (1/1, v/v) at 80 oC.  
c1st block: [DMA]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/[nBu3N] = 1100/10/2/20 mM in toluene at 80 oC.  2nd block: 
[13FOMA]/[PDMA-Cl]/[Ru(Ind)Cl(PPh3)2]/[nBu3N] = 450/5/1/10 mM in toluene at 80 oC.  dComposition and 
number-average molecular weight of copolymers determined by 1H NMR.  eDetermined by SEC in CHCl3 with a 
PMMA standard calibration.  fDetermined by SEC in HFCl225/HFIP = 90/10 (wt%) with a PMMA standard 
calibration. 

 

 
Figure 5. DSC measurements of 13FOMA/DMA random, gradient, block copolymers: (a) heat flow and (b) 

first derivative heat flow; heating = 1 oC/min. 
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segment and the DMA-rich counterpart, the 13FOMA/DMA gradient copolymer would show phase 
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by small angle X-ray scattering (SAXS) (Figure 6a).  Interestingly, SAXS profiles of three kinds 

of copolymer were clearly different.  The gradient copolymer showed a single scattering intensity 

maximum (qm) at 0.27 nm-1, while the random copolymer showed no such peak and the block 

copolymer in turn clearly exhibited four peaks with constant interval (1:2:3:4) (Figure 6a).  This 

result importantly indicates that the 13FOMA/DMA gradient copolymer induces the microphase 

separation in contrast to the random counterpart.  The phase separation structure of the gradient 

copolymer consists of the broad interface between poly(13FOMA)-rich segment and 

poly(DMA)-rich counterpart and is not so clear, though the block counterpart clearly forms lamella 

structure (domain spacing: D = 34 nm).  These results suggest that the gradient monomer sequence 

of ambiguous boundary is one option to create unique microstructure in solid state. 

 

  Surface Tension of Toluene Solutions.  To elucidate the solution properties of the 

13FOMA/DMA gradient copolymer, surface tension of the toluene solution of the gradient 

copolymers was examined, compared with that of random or block counterparts (Figure 6b).  All 

copolymers reduced surface tension of the toluene solutions.  In particular, both block and gradient 

copolymers reduced the surface tension more than the random counterpart.  This result indicated 

that the poly(13FOMA)-rich segment of the gradient copolymer would be also placed and arranged 

on the surface of the solutions, similarly to that of block counterpart.  This is probably due to the 

strong segregation effect of the fluorous poly(13FOMA)-rich segment to the hydrophobic 

poly(DMA)-rich counterpart. 

 

 
Figure 6. (a) SAXS profiles of 13FOMA/DMA random, gradient, and block copolymers. (b) Surface tension 

of the toluene solutions of 13FOMA/DMA random, gradient, and block copolymers: [Polymer] = 0-0.5 

mg/mL. 
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Table 3.  Water/Oil Repellency of 13FOMA/DMA Copolymersa 

Sample Immediate 
(H2O) 

After 30s 
(H2O) 

Immediate 
(nHD) 

After 30s 
(nHD) 

Random 111 103 67 54 
Gradient 116 114 70 70 

Block 117 107 72 70 

 
Sample 
(H2O) 

Slope 
(o) 

Forward Contact Angle Backward Contact Angle ⊿θ 

Random 80 120 69 51 
Gradient 80 125 75 50 

Block 80 106 62 44 

 
Sample 
(nHD) 

Slope 
(o) 

Forward Contact Angle Backward Contact 
Angle 

⊿θ 

Random 80 68 26 42 
Gradient 80 90 54 36 

Block 80 90 53 27 
aContact angle of H2O or n-hexadecane (nHD) on 13FOMA/DMA random, gradient, and block copolymer surfaces cast 
on silicon wafers from the HFC225/CHCl3 (75/25, v/v) solutions (10 mg/mL). 

 
  Contact Angle.  Water/oil repellency was one of the most important properties of fluorinated 

polymers.  Contact angle of water or n-hexadecane (n-HD) on the 13FOMA/DMA copolymers 

(random, gradient, block) cast on silicon wafers was evaluated, focused on the effects of the 

sequence distribution of the perfluorinated segments (Figure 7, Table 3).  All copolymers almost 

showed similar contact angles against both water and n-HD at both 0o and 80o angles of the wafers 

(polymer surfaces).  Thought clear differences dependent on the monomer sequence was not 

observed in these experiments, detail experiments typically changing temperature or aging times 

may reveal the effects of the sequence distribution on water/oil repellency. 

 
Figure 7. Pictures of H2O or n-hexadecane (nHD) droplets on 13FOMA/DMA random, gradient, and block 

copolymer surfaces cast on silicon wafers at 80o angle. 
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Conclusion 

     Fluorous, perfluorinated gradient copolymers were successfully synthesized via concurrent 

tandem catalysis of LRP with in-situ transesterification of a perfluoroalkyl methacrylate (13FOMA) 

with as a starting monomer.  Owing to the electron-withdrawing perfluoroalkyl segment, 

13FOMA allows efficient transesterification with various alcohols including 1-dodecanol 

(hydrophobic), 1-octadecanol (crystalline), and poly(ethylene glycol) methyl ether (hydrophilic).  

As a result, the tandem catalysis gave fluorous/hydrophobic or fluorous/hydrophilic gradient 

copolymers.  A fluorous/hydrophobic 13FOMA/DMA gradient copolymer exhibited unique 

physical properties dependent on the sequence distribution of perfluorinated units.  Typically, the 

gradient copolymer showed broad range of Tg and phase separation different from the 

corresponding random or block copolymers.  In toluene, the gradient copolymer effectively 

reduced the surface tension of the toluene solution as well as the block copolymer. 
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Sequential/Iterative Tandem Catalysis and 

Functionalization with Terminal and 

Acrylate-Selective Transesterification for  

Telechelic or Pinpoint-Functionalized Polymers 
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Chapter 6 

 
 
Telechelic and Pinpoint-Functionalized Polymers 
via Terminal-Selective Transesterifcation 
of Chlorine-Capped Poly(methyl methacrylate)s 
 

 

Abstract 

     Terminal-selective transesterification of chlorine-capped poly(methyl methacrylate)s 

(PMMA-Cl) with alcohols was developed as a modular approach to create telechelic and 

pinpoint-functionalized polymers.  Sterically less hindered, both α-end ethyl ester and ω-end 

methyl ester of PMMA-Cl were efficiently and selectively transesterified with diverse alcohols in 

the presence of a titanium alkoxide catalyst, while retaining the pendent esters intact, to almost 

quantitatively give various chlorine-capped telechelic PMMAs.  In sharp contrast to conventional 

telechelic counterparts, the telechelic polymers obtained in this chapter yet carry a chlorine atom at 

the ω-terminal to further work as macroinitiator in living radical polymerization.  The iterative 
process of living radical polymerization and terminal-selective transesterification successfully 

afforded unique pinpoint-functionalized polymers where a single functional monomer unit was 

introduced into the desired site of the polymer chains. 
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Introduction 

     Precision functionalization of synthetic macromolecules is a key to create unique and 

selective functions therefrom.1  Recent advances in precision polymerization including living 

radical polymerization2-4 has allowed the synthesis of various functional polymers with precision 

primary structure (e.g., molecular weight, terminal structure) and three-dimensional architectures 

(e.g., star and folding polymers).  In particular, selective and pinpoint functionalization of the 

desired positions and the sequence control of monomers (functional groups) are important to create 

functional materials with unique properties.1,5  For these, the combination of selective and efficient 

organic reactions and precision polymerization would be promising, since they can play different 

roles as follows: the former may selectively modify the target segments and/or compounds, while 

the latter can indeed control the molecular weight and terminal structure.6-10 

     In fact, the authors have originally developed concurrent tandem catalysis of living radical 

polymerization and metal alkoxide-mediated transesterification of methacrylates (e.g., methyl 

methacrylate: MMA) with alcohols (ROH) as a versatile synthetic strategy of gradient copolymers 

and their related sequence-regulated copolymers.10  The key is the transesterification selective for 

the monomer (e.g., MMA) into RMA; uniquely, the resulting polymethacrylates with quarternary 

carbons in main chains are hardly transesterified though polyacrylates with tertiary carbons 

(without α-methyl groups) are transesterifed.10a This importantly suggests that the steric hindrance 
around esters by adjacent substituents hinders metal alkoxide catalysts from activating the carbonyl 
groups.10a,11 

     Given these features, in this chapter, the author herein focuses on terminal-selective 

transesterification of chlorine-capped poly(MMA)s (Et-PMMA-Cl) with a titanium alkoxide 

catalyst and alcohols; this serves as a novel modular approach to synthesize telechelic and 

pinpoint-functionalized polymers (Scheme 1). The selective functionalization is achieved without 

any specific functional units (e.g., activated esters or protecting groups),12,13 thanks to that these 

terminals are far less sterically hindered than the pendent esters and ω-end terminal would be also 
electronically activated by chlorine atom.  It should be noted that the transesterification of 

Et-PMMA-Cl almost quantitatively provides “chlorine-capped” telechelic poly(MMA)s 

(R-PMMA-RMA-Cl), in sharp contrast to the conventional telechelic polymers obtained from the 

transformation of an active polymer terminal via living polymerization.14-17  Thus, the 

chlorine-capped telechelic polymers work as macroinitiator in living radical polymerization.  The 

iterative process of living radical polymerization and terminal-selective transesterification thereby 

affords “pinpoint-functionalized” polymers, where a single functionality may precisely be 

introduced into a specific site (terminal, center, mid-chain unit, etc.) in a macromolecule.  
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Obviously, such a precision "pinpoint" (or position-specific) functionalization is generally difficult 

in radical polymerization.1 This strategy would be further applicable to the design of various 

functional polymers with precise and complex repeat-unit and functionality sequence such as 

periodic sequence-regulated copolymers. 

 

Scheme 1. (a) Chlorine-Capped Telechelic and (b) Pinpoint-Functionalized Polymers via 

Terminal-Selective Transesterification of Chlorine-Capped PMMAs with Living Radical 

Polymerization (LRP) 
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     Methyl methacrylate (MMA: TCI; purity >99.8%) and tetralin 
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analysis) were dried overnight over calcium chloride and distilled from calcium hydride under 
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9)] and 1H,1H,2H,2H-perfluorooctyl methacrylate (13FOMA: Wako, purity >95%) were purified 

by column chromatography charged with inhibitor remover (Aldrich) and degassed by triple 

vacuum-argon purge cycles before use.  Ethanol (Wako, purity 99.5%), isopropanol (Wako, 

dehydrated), 1-butanol (Wako, purity >99%), benzyl alcohol (Wako, purity >99%), 1-dodecanol 

(TCI, purity >99%), 4,4,5,5,5-pentafluoro-1-pentanol (TCI, purity >93%), 2-methoxyethanol 

(Wako, purity >99%), 2-naphthalene methanol (TCI, purity >98%), 8-dimethylamino-1-octanol 

(TCI, purity >92%), 1,12-dodecanediol (TCI, purity >97%), Ti(Oi-Pr)4 (Aldrich, purity >97%), and 

n-Bu3N (TCI, purity >98%) was degassed by triple vacuum-argon purge cycles before use.  Ethyl 

2-chloro-2-phenylacetate (ECPA: Aldrich; purity >97%) and H-(MMA)2-Cl 

(H-(CH2CMeCO2Me)2-Cl: prepared according to the literature19) were distilled under reduced 

pressure before use.  Ru(Ind)Cl(PPh3)2 (Aldrich) were used as received and handled in a glove box 

under moisture- and oxygen-free argon (H2O <1 ppm; O2 <1 ppm).  Toluene (solvent) was 

purified before use; pashing it through a purification column (Glass Contour Solvent Systems: SG 

Water USA). 

 
Characterization 

     The molecular weight distribution (MWD) curves, Mn and Mw/Mn ratio of the polymers were 

measured by SEC at 40 °C in THF as an eluent on three polystyrene-gel columns (Shodex LF-404: 

exclusion limit = 2 × 106 g/mol; particle size = 6 µm; pore size = 3000 Å; 0.46 cm i.d. × 25 cm; 

flow rate, 0.3 mL/min) connected to a DU-H2000 pump, a RI-74S refractive index detector, and a 

UV-41 ultraviolet detector (all from Shodex; Shodex GPC-104).  The columns were calibrated 

against 13 standard poly(MMA) samples (Polymer Laboratories; Mn = 620−1200000; Mw/Mn = 

1.06−1.22).  MWD, Mn, and Mw/Mn ratios of an amine-functionalized polymer and a 

PEGMA-based polymer were measured by SEC in DMF containing 10 mM LiBr at 40 °C (flow 

rate: 1 mL/min) on three linear-type polystyrene gel columns (Shodex KF-805L: exclusion limit = 4 

× 106 g/mol; particle size = 6 µm; pore size = 5000 Å; 0.8 cm i.d. × 30 cm) that were connected to a 

Jasco PU-2080 precision pump, a Jasco RI-2031 refractive index detector, and a Jasco UV-2075 

UV/vis detector set at 270 nm.  The columns were calibrated against 10 standard samples of 

poly(MMA) samples (Polymer Laboratories; Mn = 1000 – 1200000; Mw/Mn = 1.06–1.22).  1H 

NMR spectra were recorded in CDCl3 and CD2Cl2 on a JEOL JNM-ECA500 spectrometer 

operating at 500.16 MHz.  MALDI-TOF-MS analysis was performed on a Shimadzu 

AXIMA-CFR instrument equipped with 1.2 m linear flight tubes and a 337 nm nitrogen laser 

(matrix: dithranol; cationizing agent: sodium trifluoroacetate).  Polymer samples for structure 

analysis were fractionated by preparative SEC at r.t. in CHCl3 or DMF (for polymer containing 

amino group or PEGMA) as eluents on a polystyrene-gel column (in CHCl3: Shodex K-5002; 
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particle size = 15 mm; 5.0 cm i.d. × 30 cm; exclusion limit = 5 × 103 g/mol; flow rate = 10 mL/min, 

in DMF: TOSOH TSKgel α-3000: particle size = 13 mm; 5.5 cm i.d. × 30 cm; exclusion limit = 9 × 
104 g/mol; flow rate = 15 mL/min) connected to a Jasco PU-2086 precision pump, a Jasco RI-2013 

refractive index detector, and a Jasco UV-2075 ultraviolet detector. 

 
Polymerization 
     The synthesis of poly(MMA)s was carried out by syringe technique under argon in baked 

glass tubes equipped with a three-way stopcock. 

  Et-PMMA-Cl (P1): Into the 30 mL glass tube, Ru(Ind)Cl(PPh3)2 (0.03 mmol, 23.3 mg) was 

charged, and then toluene (9.54 mL), tetralin (0.20 mL), MMA (30 mmol, 3.20 mL), a 400 mM 

toluene solution of n-Bu3N (0.75 mL, n-Bu3N = 0.3 mmol), and a 229 mM toluene solution of 

ECPA (1.31 mL, ECPA = 0.3 mmol) were added sequentially at 25 oC under argon.  The total 

volume of the reaction mixture was thus 15.0 mL.  The glass tube was placed in an oil bath kept at 

80 oC for 7 h and then cooled to –78 °C to terminate the reaction.  The monomer conversion was 

determined as 33% by 1H NMR measurement of the terminated reaction solution in CDCl3 at r.t. 

with tetralin as an internal standard.  The quenched solution was evaporated to dryness to give 

crude Et-PMMA-Cl.  To remove the ruthenium catalyst, the product was purified by preparative 

SEC.  SEC (THF, PMMA std.): Mn = 4700 g/mol; Mw/Mn = 1.13.  1H NMR [500 MHz, CD2Cl2, 

25 oC, δ = 5.33 (CHDCl2)]: Mn (NMR, α) = 3800 g/mol; Mn (NMR, ω) = 4000 g/mol. 

  Et-PMMA-H (P2): Et-PMMA-H was synthesized by RuCl2(PPh3)3/n-Bu3N-catalyzed living 

radical polymerization of MMA and the sequential hydrogenation with K2CO3 and 2-propanol.7  

SEC (THF, PMMA std.): Mn = 6200 g/mol; Mw/Mn = 1.27.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ 

= 5.33 (CHDCl2)]: Mn (NMR, α) = 5500 g/mol. 

  PMMA-Cl (P3): Into the 30 mL glass tube, Ru(Ind)Cl(PPh3)2 (0.006 mmol, 4.66 mg) was 

charged, and then toluene (2.02 mL), tetralin (0.08 mL), MMA (6 mmol, 0.64 mL), a 400 mM 

toluene solution of n-Bu3N (0.15 mL, n-Bu3N = 0.06 mmol), and a 545 mM toluene solution of 

H-(MMA)2-Cl (0.11 mL, H-(MMA)2-Cl = 0.06 mmol) were added sequentially at 25 oC under 

argon.  The total volume of the reaction mixture was thus 3.0 mL.  The glass tube was placed in 

an oil bath kept at 80 oC for 7 h and then cooled to –78 °C to terminate the reaction.  The 

monomer conversion was determined as 18% by 1H NMR measurement of the reaction solution in 

CDCl3 at r.t. with tetralin as an internal standard.  The quenched solution was evaporated to 

dryness to give crude PMMA-Cl.  To remove the ruthenium catalyst, the product was purified by 

preparative SEC.  SEC (THF, PMMA std.): Mn = 4100 g/mol; Mw/Mn = 1.11.  1H NMR [500 

MHz, CD2Cl2, 25 oC, δ = 5.33 (CHDCl2)]: Mn (NMR, ω) = 3800 g/mol. 
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  Et-PMMA-EMA-PMMA-Cl: Into the 30 mL glass tube, Ru(Ind)Cl(PPh3)2 (0.002 mmol, 1.56 

mg) and Et-PMMA-EMA-Cl (Mn = 2900, 0.02 mmol, 58 mg) was charged, and toluene (1.46 mL), 

tetralin (0.06 mL), MMA (4 mmol, 0.43 mL) and a toluene solution of n-Bu3N (400 mM, 0.05 mL, 

n-Bu3N = 0.02 mmol) were added sequentially in that order at 25 oC under argon.  The total 

volume of the reaction mixture was thus 2 mL.  The glass tube was placed in an oil bath kept at 80 
oC for 3 h and then cooled to –78 °C to terminate the reaction.  The monomer conversion (11%) 

was determined by 1H NMR measurement of the terminated reaction solution in CDCl3 at r.t. with 

tetralin as an internal standard.  The quenched reaction solution was evaporated to dryness to give 

a crude product.  To remove the ruthenium catalyst, the product was purified by preparative SEC. 

SEC (THF, PMMA std.): Mn = 5800 g/mol; Mw/Mn = 1.08.  1H NMR [500 MHz, CD2Cl2, 25 oC, δ 

= 5.33 (CHDCl2)]: Mn (NMR, α) = 6200 g/mol; Mn (NMR, ω) = 6200 g/mol (Figure 3b). 
Pinpoint-functionalized block copolymers were similarly synthesized by ruthenium-catalyzed living 

radical polymerization of DMA, PEGMA, and 13FOMA with iPr-PMMA-iPrMA-Cl. 

 
Transesterification of PMMAs 
  The reaction was carried out by the syringe technique under dry argon in baked glass tubes 

equipped with a three-way stopcock. 

  iPr-PMMA-iPrMA-Cl: Into a glass tube, Et-PMMA-Cl (Mn = 4200, Mw/Mn = 1.13, 0.03 mmol, 

12.6 mg), toluene (0.74 mL), a 500 mM toluene solution of Ti(Oi-Pr)4 (0.16 mL, Ti(Oi-Pr)4 = 0.08 

mmol) and isopropanol (0.1 mL) were added at room temperature under dry argon (total volume: 1 

mL).  The glass tube was placed in an oil bath kept at 80 oC for 47 h and cooled to –78 °C to 

terminate the reaction.  The quenched reaction solutions were evaporated to dryness to give the 

crude product.  To remove the Ti catalyst, the product was fractionated by preparative SEC.  By 
1H NMR, the yields of α- and ω-end transesterification were determined from the area ratio of the 

corresponding methine protons to α-end phenyl protons of ECPA (initiator).  Characterization: 

Figure 1 in results and discussion. 

  R-PMMA-RMA-Cl with ethanol, 1-butanol, allyl alcohol, and 2-methoxy ethanol. 
A typical procedure with allyl alcohol was given: Into a glass tube, toluene (0.24 mL), a 500 mM 

toluene solution of Ti(Oi-Pr)4 (0.16 mL, Ti(Oi-Pr)4 = 0.08 mmol) and allyl alcohol (ROH: 0.1 mL) 

were added at room temperature under dry argon (total volume: 0.5 mL).  The glass tube was 

placed in an oil bath kept at 80 °C for 1 h to in-situ give Ti(OR)n, and then cooled to –78 °C.  The 

solution was evaporated at r.t. to remove isopropanol generating from Ti(Oi-Pr)4.  Into the glass 

tube, Et-PMMA-Cl (Mn = 2700, Mw/Mn = 1.18, 0.03 mmol, 81 mg), toluene (0.9 mL), and allyl 

alcohol (0.1 mL) were again added at r.t. under dry argon.  The glass tube was placed in an oil 
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bath kept at 80 oC for 24 h and cooled to –78 °C to terminate the reaction.  The quenched reaction 

solutions were evaporated to dryness to give the crude product.  To remove the Ti catalyst and 

non-volatile alcohols, the product was fractionated by preparative SEC.  By 1H NMR, the yields of 

α- and ω-end transesterification were determined from the area ratio of the corresponding 

methylene protons adjacent to esters to α-end phenyl protons of ECPA.  Characterization: Figure 5, 
6 in results and discussion. 

  R-PMMA-RMA-Cl with 1-dodecanol, 4,4,5,5,5-pentafluoro-1-pentanol, benzyl alcohol, 

2-naphthalene methanol, 8-dimethylamino-1-octanol, and 1,12-dodecanediol. 
A typical procedure with benzyl alcohol was given: Into a glass tube, toluene (0.24 mL), a 500 mM 

toluene solution of Ti(Oi-Pr)4 (0.16 mL, Ti(Oi-Pr)4 = 0.08 mmol) and benzyl alcohol (ROH: 0.1 

mL) were added at room temperature under dry argon (total volume: 0.5 mL).  Molecular sieves 

4A (0.33 g/mL) were also added for transesterification with 8-dimethylamino-1-octanol and 

1,12-dodecanediol.  The glass tube was placed in an oil bath kept at 80 °C for 1 h to in-situ give 

Ti(OR)n, and then cooled to –78 °C.  The solution was evaporated at r.t. to remove isopropanol 

generating from Ti(Oi-Pr)4.  Into the glass tube, Et-PMMA-Cl (Mn = 2700, Mw/Mn = 1.18, 0.03 

mmol, 81 mg) and toluene (0.9 mL) were again added at r.t. under dry argon.  The glass tube was 

placed in an oil bath kept at 80 oC for 47 h and cooled to –78 °C to terminate the reaction.  The 

quenched solutions were evaporated to dryness to give the crude product.  To remove the Ti 

catalyst and non-volatile alcohols, the product was fractionated by preparative SEC.  By 1H NMR, 

the yields of α- and ω-end transesterification were determined from the area ratio of the 

corresponding methylene protons adjacent to esters to α-end phenyl protons of ECPA.  For 

1,12-dodecanediol, the conversion of ω-end ester was determined from the area ratio of the 

methoxy protons adjacent to chlorine to α-end phenyl protons of ECPA.  Characterization: Figure 
5, 6 in results and discussion. 

 

 
Results and Discussion 
1. Terminal selective Transesterification of PMMA-Cl 

     A chlorine-capped PMMA [Et-PMMA-Cl (P1): Mn = 4200, Mw/Mn = 1.13 by size exclusion 

chromatography (SEC)] was first synthesized by Ru-catalyzed living radical polymerization of 

MMA with a ruthenium catalytic system [Ru(Ind)Cl(PPh3)2/n-Bu3N] and a chloride initiator [ethyl 

2-chloro-2-phenylacetate (ECPA)] in toluene at 80 oC.  Confirmed by proton nuclear magnetic 

resonance (1H NMR, Figure 1a), the PMMA almost quantitatively has a α-end ethyl group (d: 4.1 – 

3.9 ppm) and a ω-end chlorine (c’: 3.7 ppm), originating from the initiator  [Mn (NMR, α) = 3800, 

Mn (NMR, ω) = 4000]. 
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     Then, transesterification of Et-PMMA-Cl was examined with Ti(Oi-Pr)4 in isopropanol 

(i-PrOH)/toluene (1/9, v/v) mixture at 80 oC ([Et-PMMA-Cl]0/[Ti(Oi-Pr)4]0 = 30/80 mM).  After 

47 h, the product was analyzed by 1H NMR spectroscopy and matrix assisted laser 

desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS) (Figure 1).  As shown 

in Figure 1b, both the α-end methylene protons (a) and the ω-end methoxy protons adjacent to the 
chlorine terminal (b’) completely disappeared, while two kinds of isopropyl methine protons (d, e: 

5.0 – 4.8 ppm) newly appeared.  The signal intensity ratio of the isopropyl protons (d, e) to the 

α-end aromatic protons (7.15-7.3 ppm) was close to the calculated values, assuming that a single 

isopropyl unit was incorporated into both α and ω-terminals of the PMMA chain [Yield 
(α-end/ω-end) = 95%/96%]. 

 

 

Figure 1. Terminal-selective transesterification of Et-PMMA-Cl with Ti(Oi-Pr)4 and isopropanol (i-PrOH): 

[Et-PMMA-Cl]/[Ti(Oi-Pr)4] = 30/80 mM in toluene/isopropanol (9/1, v/v) at 80 oC.  1H NMR (a, b, in 

CD2Cl2 at r.t.) and MALDI-TOF-MS (c, d) spectra of Et-PMMA-Cl (a, c) and the product (b, d) obtained 

after the transesterification. 
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     Confirmed by MALDI-TOF-MS, the product exhibited single series signals, regularly 

separated by the molar mass of MMA (100.12) (Figure 1d).  The absolute mass of each peak was 

equal to that expected for the PMMA bearing an isopropyl ester at the α-end and an isopropyl 

methacrylate unit capped with one chlorine atom at the ω-end (i-Pr-PMMA-i-PrMA-Cl), plus a 

sodium ion from externally added salt for ionization.  It should be noted that the product yet 

quantitatively carries a chlorine terminal.  The mass difference between Et-PMMA-Cl (Figure 1c) 

and the product (Figure 1d) was 42, fully consistent with the selective transformation of a-end ethyl 

and ω-end methyl groups into two isopropyl groups [mass increase: +14 (Et→i-Pr); +28 

(MMA-Cl→i-PrMA-Cl)].  These results demonstrate that both α and ω-terminal esters of 
Et-PMMA-Cl can be selectively transesterified to yield a chlorine-capped telechelic polymer. 

 

Table 1. Terminal Transesterification with Various Alcoholsa 

entry PMMA alcohol alcohol 
(mM) 

time 
(h) 

α-end yield.b 
(%) 

ω-end yield.b 
(%) 

1 P1 isopropanol 1300 47 95 96 

2 P1 isopropanol 3900 47 >99 >99 (11) 

3 P1 isopropanol 6500 47 >99 >99 (22) 

4 P1 isopropanol 9100 47 >99 >99 (33) 

5 P2 isopropanol 1300 47 91 94 

6 P3 isopropanol 1300 47 22 90 

7 P1 ethanol 1720 24 n.d. >99 

8 P1 1-butanol 1090 24 >99 >99 

9 P1 1-dodecanol 450 24 >99 >99 

10 P1 2-methoxy ethanol 1270 47 95 96 

11 P1 4,4,5,5,5-pentafluoro-1-pentanol 760 47 97 98 

12 P1 benzyl alcohol 970 47 91 92 

13 P1 2-naphthalene methanol 1000 47 94 96 

14 P1 allyl alcohol 1460 24 97 >99 

15c P1 8-dimethylamino-1-octanol 500 60 58 >99 

16c P1 1,12-dodecanediol 1000 60 n.d. 83 

a[PMMA]0/[Ti(OR)4]0 = 30/80 (entries 1-10, 12, 14) or 160 (entries 11,13,15,16) mM in toluene/alcohol at 80 oC: 
Et-PMMA-Cl (P1); Et-PMMA-H (P2); PMMA-Cl (P3). bYield or conversion (Entries 16) determined by 1H NMR. The 
value in parentheses: cyclized terminal. n.d.: not determined.   cReactions were conducted with molecular sieves 4A 
(0.33 g/mL in solution). 



Telechelic and Pinpoint-Functionalized Polymers 

 132 

     For such efficient and selective terminal transesterification, it was quite important to control 

isopropanol content in the mixed solvents (i-PrOH/toluene).  Over 30 vol.% isopropanol mixtures 

with Ti(Oi-Pr)4 induced terminal cyclization via the elimination of chlorine terminal,18 in addition 

to terminal-selective transesterification, to give i-Pr-PMMA-i-PrMA with a five-membered ring 

terminal as a byproduct (Figure 2).  The byproduct increased with increasing the content of 
isopropanol (i-PrOH/toluene = 3/7, 5/5, 7/3, v/v, Table 1, entry 2-4). 

 

 
Figure 2. Effects of isopropanol content on terminal-selective transesterification of Et-PMMA-Cl: 

[Et-PMMA-Cl]0/[Ti(Oi-Pr)4]0 = 30/80 mM in toluene/isopropanol (a: 9/1; b: 7/3; c: 5/5; d: 3/7, v/v) at 80 oC 

for 48h.  1H NMR spectra (in CD2Cl2 at 25 oC) and MALDI-TOF-MS spectra of obtained polymers. 

 

2. Effects of Polymer Structure on Transesterification 

     Effects of the terminal structures of PMMAs on Ti(Oi-Pr)4-mediated transesterification with 

isopropanol were investigated with three kinds of poly(MMA)s with different terminal structures: 

Et-PMMA-Cl (P1), terminal-hydrogenated Et-PMMA-H (P2: Mn = 6200, Mw/Mn = 1.27),7 and 
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transesterification of both α-end ethyl ester and ω-end methyl ester to give corresponding telechelic 

PMMAs (Figures 3, Table 1, entries 1 and 5); all of the terminal units were transesterified at equal 

speed.  However, PMMA-Cl underwent much slower transesterification of the α-end methyl ester 
adjacent to non-chlorinated quarternary carbon atom [ester-C(CH3)2CH2-: 22% in 47h] than that of 

the ω-end methyl ester (Figure 3, Table 1, entry 6).  This result suggests that the efficient and 
selective terminal-unit transesterification of P1 and P2 is due to both the less steric hindrance 

around α- and ω-end esters by adjacent tertiary carbons and the activation of ω-end ester by 

chlorine atom.  For α-end methyl ester in P3, an adjacent quarternary carbon substituent would 
sterically hinder Ti(Oi-Pr)4 catalyst from activating the carbonyl oxygen, thereby reducing the 

reactivity of the transesterification.  Such a steric effect has been also reported for tertiary butyl 

esters:11 e.g., tert-butyl methacrylate is not transesterfied with Al(Oi-Pr)3,10b  while the activation 

effect was also in turn observed for a MMA dimer carrying one chlorine atom [H-(MMA)2-Cl] 
(Figure 4). 

 

 

Figure 3.  Effects of the terminal structures of PMMAs [(a) Et-PMMA-Cl, (b) Et-PMMA-H, and (c) 

PMMA-Cl] on the terminal-selective transesterification: [PMMA]/[Ti(Oi-Pr)4] = 30/80 mM in 

toluene/isopropanol (9/1, v/v) at 80 oC.  The yield for transesterification was determined by 1H NMR. 
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Figure 4.  Ti(Oi-Pr)4-mediated transesterification of (a) H-(MMA)2-Cl into H-(iPrMA)2-Cl or 

H-MMA-iPrMA-Cl with isopropanol: [H-(MMA)2-Cl]0/[Ti(Oi-Pr)4]0 = 30/80 mM in toluene/isopropanol (b: 

9/1 or c: 5/5, v/v) at 80 oC.  Product yield with toluene/isopropanol (9/1, v/v) at 48 h: H-MMA-iPrMA-Cl 

43%, H-(iPrMA)2-Cl 56%.  Product yield with toluene/isopropanol (5/5, v/v) at 48 h: H-MMA-iPrMA-Cl 

57%, H-(iPrMA)2-Cl 31%, a byproduct with five-membered ring 10%. 

 

3. Variously Functionalized Telechelic Polymer 

     The author further applied various alcohols (ROH: ethanol, 1-butanol, 1-dodecanol, benzyl 
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8-dimethylamino-1-octanol, 1,12-dodecanediol) to the terminal-selective transesterification of 

Et-PMMA-Cl to synthesize corresponding chlorine-capped telechelic polymers (Table 1, entries 
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alcohols (ROH) at 80 oC for 1 h and the mixture was evaporated to in-situ form corresponding 
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ROH/toluene (1/9, v/v) at 80 oC. 
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also induced terminal-selective transesterification, though the yield of the telechelic PMMAs was 

lower than that of the others probably owing to the interaction of the amino group to Ti catalyst and 

low solubility of alcohol  (1,12-dodecanediol).  The preferential ω-end transesterification with 
these alcohols would be due to the activation by the terminal chlorine.  The titanium-catalyzed 

transesterification of Et-PMMA-Cl is thus quite efficient and versatile to produce chlorine-capped 
telechelic polymers. 

 

    

Figure 5. 1H NMR spectra of chlorine-capped telechelic polymers (R-PMMA-RMA-Cl) obtained from the 

transesterification of Et-PMMA-Cl with alcohols [ROH: (a) EtOH; (b) methoxy ethanol; (c) 1-dodecanol; (d) 

4,4,5,5,5-pentafluoro-1-pentanol; (e) benzyl alcohol; (f) 2-naphthalene methanol; (g) allyl alcohol; (h) 

butanol; (i) 8-dimethylamino-1-octanol; (j) 1,12-dodecanediol]: [Et-PMMA-Cl]/[Ti(OR)4] = 30/80 or 160 (d, 

f, i, j) mM in toluene/ROH (9/1, v/v) at 80 oC. 
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Figure 6. MALDI-TOF-MS spectra of chlorine-capped telechelic polymers (R-PMMA-RMA-Cl) obtained 

from the transesterification of Et-PMMA-Cl (a) with alcohols [ROH: (b) EtOH; (c) methoxy ethanol; (d) 

1-dodecanol; (e) 4,4,5,5,5-pentafluoro-1-pentanol; (f) benzyl alcohol; (g) 2-naphthalene methanol; (h) allyl 

alcohol; (i) butanol; (j) 8-dimethylamino-1-octanol; (k) 1,12-dodecanediol]: [Et-PMMA-Cl]/[Ti(OR)4] = 

30/80 or 160 (d, f) mM in toluene/ROH (9/1, v/v) at 80 oC. 

 

3. Pinpoint Functionalization with Iterative LRP and Transesterification 

     Pinpoint-functionalized polymers can be obtained with chlorine-capped telechelic PMMAs.  

Typically, Et-PMMA-EMA-Cl (Mn = 2700, Mw/Mn = 1.14), obtained from the transesterification of 

Et-PMMA-Cl with ethanol, was employed as a macroinitiator for Ru(Ind)Cl(PPh3)2/ 

n-Bu3N-catalyzed living radical polymerization of MMA to give well-controlled 

Et-PMMA-EMA-PMMA-Cl (Mn = 5800, Mw/Mn = 1.08, Figure 5a, 6b).  The 1H NMR spectrum 

of the product clearly showed the ω-end methyl ester protons (c’) adjacent to chlorine atom (Figure 

7b).  The subsequent titanium-mediated transesterification of the product with allyl alcohol 

successfully yielded the pinpoint-functionalized telechelic polymers carrying an olefin at the α-end, 
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a single ethyl pendant at the middle point, and a chlorine-capped allyl methacrylate unit (olefin) at 

the ω-end (olefin-PMMA-EMA-PMMA-Allyl MA-Cl: Mn = 5900, Mw/Mn = 1.09, Figures 7). 

 

 
Figure 7. A pinpoint-functionalized telechelic polymer (olefin-PMMA-EMA-PMMA-Allyl MA-Cl) via the 

iterative process of living radical polymerization (LRP) and terminal-selective transesterification. LRP: 

[MMA]/[Et-PMMA-EMA-Cl]/[Ru(Ind)Cl(PPh3)2]/[n-Bu3N] = 2000/10/1/10 mM in toluene at 80 oC.  

Transesterification: [Et-PMMA-EMA-PMMA-Cl]/[Ti(Oi-Pr)4] = 10/80 mM in toluene/allyl alcohol (9/1, 

v/v) at 80 oC. 

 

     In addition, various pinpoint-functionalized block copolymers were also efficiently obtained 

from polymerization of dodecyl methacrylate (DMA), poly(ethylene glycol) methyl ether 

methacrylate (PEGMA), and a perfluoroalkyl methacrylate (13FOMA) with a chlorine-capped 

telechelic PMMA (i-Pr-PMMA-i-PrMA-Cl, Figure 8).  Such block copolymers would be quite 

useful for the selective interface functionalization of the micro phase-separated materials and 

core-shell nanocapsules. 
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     This iterative strategy developed herein is applicable to the design of many kinds of 

pinpoint-functionalized and periodic sequence-regulated polymers with the following advantages: 

1) versatile and easy design of functional units with diverse alcohols; 2) precision, on-demand, and 
site-specific functionalization of polymer chains via living radical polymerization. 

 

 

Figure 8. Synthesis of pinpoint-functionalized block copolymers via living radical polymerization of (b) 

dodecyl methacrylate (DMA), (c) poly(ethylene glycol) methyl ether methacrylate (PEGMA), and (d) a 

perfluoroalkyl methacrylate (13FOMA) with (a) iPr-PMMA-iPrMA-Cl: [RMA]/[iPr-PMMA-iPrMA-Cl]/ 

[Ru(Ind)Cl(PPh2)3]/[n-Bu3N] = 1000 or 500 (PEGMA)/10/1/10 mM in toluene at 80 oC.  1H NMR: in 

CD2Cl2 at 25 oC. 

 
 
Conclusion 

     In this chapter, the author developed a modular approach to synthesize chlorine-capped 

telechelic and pinpoint-functionalized polymers via the Ti-mediated terminal-selective 

transesterification of chlorine-capped PMMAs in conjunction with ruthenium-catalyzed living 

radical polymerization.  With common and diverse alcohols, various functional groups can be 

efficiently and easily introduced into the desired position of poly(methacrylate)s.  Importantly, 

chlorine-capped telechelic polymers worked as a macroinitiator in living radical polymerization, 

opening the new avenue to pinpoint-functionalized polymers.  Therefore, the terminal-selective 

transesterification developed herein would be one of the most innovative strategies to design 

functional polymeric materials with precision primary structure toward intriguing functions. 
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Chapter 7 

 
 
Telechelic Polymers from Bromine-Capped 
Poly(methyl methacrylate)s via Terminal-Selective 
Transesterification and Cyclization 
 

 

Abstract 

     Halogen-free telechelic poly(methyl methacrylate)s (R-PMMA-RMAs) bearing a 

five-membered lactone at ω-end were synthesized by concurrent tandem terminal-selective 
transesterification and cyclization of bromine-capped PMMA-Br with Ti(Oi-Pr)4 and alcohols.  

The cyclization process was investigated by model reactions using a bromine-capped methacrylate 

dimer [H-(MMA)2-Br].  The model experiments revealed that alcohols are crucial to promote the 

cyclization.  By treating Et-PMMA-Br with Ti(Oi-Pr)4 and 2-propanol at 80 oC, both α-end ethyl 

ester and ω-end methyl ester were selectively transesterified into isopropyl esters, while the ω-end 
bromine was concurrently eliminated via the cyclization with the preterminal ester.  As a result, 

iPr-PMMA-iPrMA-lactone was selectively obtained, confirmed by proton nuclear magnetic 

resonance (1H NMR) and matrix-assisted laser desorption (MALDI-TOF-MS).  Furthermore, 

sequential tandem catalysis of iron-catalyzed LRP of MMA, followed by the terminal-selective 

cyclization of the resulting PMMA-Br with ethanol, directly afford a ω-end-cyclized PMMA. 
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Introduction 

     Terminal structures of polymers are one of the most significant factors on primary structure 

to create desired properties and functions.1-4  There are many examples of functional polymeric 

materials whose physical properties are improved by modifying the terminal groups with 

end-capping agents.5-7  In a history of synthetic polymer chemistry, emergence of various living 

polymerization systems typically via anionic, cationic, and radical mechanisms has allowed to 

control the terminal structures of polymers precisely.8-13  Among many kinds of living 

polymerizations, metal-catalyzed living radical polymerization (Mt-LRP) including atom transfer 

radical polymerization (ATRP) is superior in terms of versatile availability of monomers and 

initiators owing to high tolerance to functional groups.14,15 

     In this system, initiator fragments directly turn to be the α-end functional group of resulting 
polymers: i.e., desired functional groups can be attached to the terminal by using designed initiators.  

However, initiators employed for Mt-LRP consist of a carbon-halogen (C-X) bond (X: Cl. Br, and 

I), which is reversibly activated by metal catalysts (Ru, Cu, Fe) to generate carbon radical species 

for propagation.  Though Mt-LRP gives polymers bearing a halogen-terminal at ω-end, 
transformation of the halogen into stable substituents is often required in because the halogen may 

cause unexpected side reactions in final products by chemical or external stimuli.  Thus, 

hydrogenation of the ω-end halogen was established as a method to prepare stable-terminal 
polymers.16  In addition, the transformation of the terminal halogen into functional groups is also 

quite important to create end-functionalized polymers.17  But most of them, developed so far, often 

require expensive metal catalysts or multiple step procedures.  Thus, development of more 

convenient and versatile systems to modify the polymer terminals is demanded. 

     In contrast, Kimura et al. reported intramolecular cyclization of bromine-capped methyl 

methacrylate (MMA) dimer and trimer [H-(MMA)n-Br: n = 2~3].18  This reaction not only 

eliminates bromine but also forms stable five-membered ring structure like lactone.  Cyclization is 

induced by the reaction between bromide terminal and methyl ester next to bromine-capped MMA 

[-MMA-MMA-Br].  This cyclization is mainly utilized to synthesize monomers containing lactone 

rings with unique properties.19,20  The author also reported that such cyclization took place for 

chlorine-capped poly(methyl methacrylate)s (PMMA-Cls) in the presence of alcohols at 80 oC, as 

shown in Chapter 6.21  In this case, cyclization efficiency is limited up to about 33% that means 

that chloride terminal (-Cl) is less reactive than bromine terminal (-Br).  These results encouraged 

the author to develop terminal cyclization of a bromine-capped poly(methyl methacrylate) 

(PMMA-Br) as an efficient elimination technique of the terminal halogen.  This procedure has 

several advantages compared with conventional methods: 1) metal catalyst is not necessary.  2) 

One step reaction proceeds without complicated operation, bothersome recovery and purification.  
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3) Introduction of lactone structure is effective to improve thermal stability and gives hydrophilic 

group via hydrolysis.22,23  In addition to these profits, a methyl ester is further attached to the 

ω-end lactone ring of polymers.  As indicated in previous Chapter 6, terminal esters of 
poly(MMA)s can be selectively transesterified with Ti(Oi-Pr)4 and alcohols.21 

     Given these backgrounds, in this chapter, the author developed the concurrent tandem 

terminal-selective transesterification and ω-end cyclization by treating PMMA-Br with Ti(Oi-Pr)4 
and alcohols (Scheme 1).  This is a new tandem catalysis to efficiently synthesize “halogen-free” 

telechelic PMMAs with a ω-end lactone ring.  For this, model reactions were first investigated 
with bromine-capped methyl methacrylate dimer [H-(MMA)2-Br].  Then, concurrent tandem 

catalysis of terminal-selective transesterification and ω-end cyclization of PMMA-Br was examined 

with Ti(Oi-Pr)4 and 2-propanol; the products were analyzed by SEC, 1H NMR, and 

MALDI-TOF-MS.  End-cyclized PMMAs were further obtained from sequential tandem catalysis 

of iron-catalyzed living radical polymerization (LRP) of MMA, followed by ω-end cyclization via 

the direct addition of ethanol. 

 

 
Scheme 1. (a) Concurrent and terminal-selective transesterification and intramolecular cyclization of 

Et-PMMA-Br with alcohols and a Ti catalyst.  (b) Sequential tandem catalysis of Fe-catalyzed LRP of 

MMA and terminal-selective cyclization for end-cyclized PMMAs. 

 

 
Experimental Section 
Materials.  Methyl methacrylate (MMA: TCI; purity >99.8%), butyl methacrylate (BMA: TCI; 

purity >99%), methyl acrylate (MA: TCI; purity >99%) and tetralin (1,2,3,4-tetrahydronaphthalene: 
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Kishida Chemical; purity >98%; an internal standard for 1H NMR analysis) were dried overnight 

with calcium chloride and distilled from calcium hydride under reduced pressure before use.  

Ti(Oi-Pr)4 (Aldrich, purity >97%) and Ethyl 2-bromo-2-phenylacetate (EBPA: Aldrich; purity 

>97%) were degassed by triple vacuum-argon purge cycles before use.  Ethyl 

2-chloro-2-phenylacetate (ECPA: Aldrich; purity >97%) was distilled under reduced pressure 

before use.  The H(MMA)2Br [H(CH2CMeCO2Me)2Br; a MMA dimer bromide] was prepared 

according to the literature.  Ethanol (Wako, super dehydrated) and 2-Propanol (Wako, super 

dehydrated) were used as received.  Ru(Ind)Cl(PPh3)2 (Aldrich), FeBr2 (Aldrich) and 

triphenylphosphine (PPh3, Aldrich) were used as received and handled in a glove box under 

moisture- and oxygen-free argon (H2O <1 ppm; O2 <1 ppm).  Toluene was purified by pashing it 

through a purification column (Glass Contour Solvent Systems: SG Water USA).  Molecular 

sieves 4A (Wako) were baked with heat gun under reduced pressure before use. 

 

Characterization.  The molecular weight distribution (MWD) curves, Mn and Mw/Mn ratio of the 

polymers were measured by SEC at 40 °C in THF as an eluent on three polystyrene-gel columns 

(Shodex LF-404: exclusion limit = 2 × 106 g/mol; particle size = 6 µm; pore size = 3000 Å; 0.46 cm 

i.d. × 25 cm; flow rate, 0.3 mL/min) connected to a DU-H2000 pump, a RI-74S refractive index 

detector, and a UV-41 ultraviolet detector (all from Shodex; Shodex GPC-104).  The columns 

were calibrated against 13 standard poly(MMA) samples (Polymer Laboratories; Mn = 

620−1200000; Mw/Mn = 1.06−1.22).  To remove unreacted monomers and catalyst, polymer 

samples were purified by preparative SEC before characterization [column: Shodex K-5002; 

particle size = 15 mm; 5.0 cm i.d. × 30 cm; exclusion limit = 5 × 103 g/mol; flow rate = 10 mL/min].  
1H NMR spectra were recorded in CDCl3 or CD2Cl2 at 25 oC on a JEOL JNM-ECA500 

spectrometer operating at 500.16 MHz.  MALDI-TOF-MS analysis was performed on a Shimadzu 

AXIMA-CFR instrument equipped with 1.2 m linear flight tubes and a 337 nm nitrogen laser 

(matrix: dithranol; cationizing agent: sodium trifluoroacetate). 

 

Model reaction of H-(MMA)2-Br with Ti(Oi-Pr)4 and 2-Propanol.  A typical procedure for 

reaction of H-(MMA)2-Br (20 mM) with Ti(Oi-Pr)4 (40 mM) and 2-Propanol was given: Into a 30 

mL glass tube, toluene (0.75 mL), 2-propanol (13 mmol, 1.0 mL), a 500 mM toluene solution of 

Ti(Oi-Pr)4 (0.16 mL, Ti(Oi-Pr)4 = 0.08 mmol), and a 446 mM toluene solution of H-(MMA)2-Br 

(0.09 mL, H-(MMA)2-Br = 0.04 mmol) were added sequentially in that order at 25 oC under argon 

(the total volume: 2.0 mL).  The glass tube was then placed in an oil bath kept at 80 oC for 16h.  

Then, the glass tube was cooled to –78 °C to terminate the reaction.  The reaction solution was 

evaporated to remove toluene and 2-propanol.  Residual sample was analyzed by 1H NMR 
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measurement of the solution in CDCl3 at 25 oC.  1H NMR spectrum of product: Figure 1 in results 

and discussion. 
 
Concurrent transesterification and cyclization of Et-PMMA-Br.  Into a glass tube, 

Et-PMMA-Br (Mn = 2100, Mw/Mn = 1.11, 0.02 mmol, 42.0 mg), toluene (0.42 mL), a 500 mM 

toluene solution of Ti(Oi-Pr)4 (0.08 mL, Ti(Oi-Pr)4 = 0.04 mmol) and 2-propanol (6.5 mmol, 0.5 

mL) were added at room temperature under dry argon (total volume: 1.0 mL).  The glass tube was 

placed in an oil bath kept at 80 °C for 24 h and cooled to –78 °C to terminate the reaction.  The 

quenched reaction solutions were evaporated to dryness to give the crude product.  The product 

was fractionated by preparative SEC for 1H NMR and MALDI-TOF-MS analysis.  SEC (THF, 

PMMA std.): Mn = 2400 g/mol; Mw/Mn = 1.05.  1H NMR and MALDI-TOF-MS spectra of 

product: Figure 3 in results and discussion. 

 

Polymerization.  The synthesis of all polymers was carried out by syringe technique under argon 

in baked glass tubes equipped with a three-way stopcock. 

  Et-PMMA-Br for precursor.  Into the 30 mL glass tube, Ru(Ind)Cl(PPh3)2 (0.0025 mmol, 

1.94 mg) was charged, and then toluene (3.43 mL), tetralin (0.10 mL), MMA (10 mmol, 1.06 mL), 

a 400 mM toluene solution of n-Bu3N (0.06 mL, n-Bu3N = 0.024 mmol), and a 287 mM toluene 

solution of EBPA (0.35 mL, EBPA = 0.1 mmol) were added sequentially at 25 oC under argon.  

The total volume of the reaction mixture was thus 5.0 mL.  The glass tube was placed in an oil 

bath kept at 80 oC for 2.5 h and then cooled to –78 °C to terminate the reaction.  The monomer 

conversion was determined as 36% by 1H NMR measurements of the terminated reaction solution 

in CDCl3 at r.t. with tetralin as an internal standard.  The quenched reaction solutions were 

evaporated to dryness to give the crude Et-PMMA-Cl.  The product was fractionated by 

preparative SEC.  SEC (THF, PMMA std.): Mn = 2100 g/mol; Mw/Mn = 1.11.  1H NMR [500 

MHz, CD2Cl2, 25 oC, δ = 5.33 (CHDCl2)]: Mn (NMR, α) = 2100 g/mol; Mn (NMR, ω) = 2200 g/mol.  
δ 7.3–7.1 (aromatic), 4.1–3.9 (-COOCH2CH3), 3.7–3.5 (-OCH3), 2.1—1.7 (-CH2C(CH3)-), 1.2−0.7 

(-CH2C(CH3)-). 

 
  Polymerization with mixture of PMMA-Cl (P1) and terminal cyclized PMMA (P2).  A 

typical procedure for polymerization of MMA with mixed P1 and P2 (P1/P2 = 67/33) as a 

macroinitiator was given: Into the 30 mL glass tube, Ru(Ind)Cl(PPh3)2 (0.002 mmol, 1.55 mg) and 

P1 and P2 mixture (obtained in chapter 6: Mn = 4200, 0.02 mmol, 84 mg) was charged, and toluene 

(1.82 mL), tetralin (0.02 mL), MMA (1 mmol, 0.11 mL) and a toluene solution of n-Bu3N (400 mM, 

0.05 mL, n-Bu3N = 0.02 mmol) were added sequentially in that order at 25 oC under argon.  The 
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total volume of the reaction mixture was thus 2 mL.  The glass tube was placed in an oil bath kept 

at 80 oC for 23 h and then cooled to –78 °C to terminate the reaction.  The monomer conversion 

(44%) was determined by 1H NMR measurements of the terminated reaction solution in CDCl3 at 

r.t. with tetralin as an internal standard.  The quenched reaction solutions were evaporated to 

dryness to give the crude product.  The product was fractionated by preparative SEC.  SEC (THF, 

PMMA std.): Mn = 6500 g/mol; Mw/Mn = 1.18.  1H NMR spectrum of product: Figure 4f in results 

and discussion. 

 

  Sequential Fe catalyzed polymerization and cyclization.  Into the 30 mL glass tube, FeBr2 

(0.0075 mmol, 1.60 mg) and PPh3 (0.015 mmol, 4.0 mg) were charged, and toluene (2.53 mL) was 

added at 25 oC under argon.  And then, the glass tube was placed in an oil bath kept at 80 oC for 13 

h.  After cooling the glass tube to –78 °C, tetralin (0.04 mL), MMA (3 mmol, 0.32 mL) and a 

toluene solution of EBPA (287 mM, 0.11 mL, EBPA = 0.03 mmol) were added sequentially in that 

order at 25 oC under argon.  The total volume of the reaction mixture was thus 3 mL.  The glass 

tube was placed in an oil bath kept at 80 oC for 9 h.  The monomer conversion (51%) was 

determined by 1H NMR measurements of the terminated reaction solution in CDCl3 at r.t. with 

tetralin as an internal standard.  Then, ethanol (3 mL) was added directly to polymerization 

solution at 80 oC under argon (total volume; 6.0 mL).  The glass tube was kept in an oil bath at 80 
oC for 24 h and then cooled to –78 °C to terminate the reaction.  The quenched reaction solutions 

were evaporated to dryness to give the crude product.  The product was fractionated by preparative 

SEC.  SEC (THF, PMMA std.): Mn = 5700 g/mol; Mw/Mn = 1.12.  1H NMR spectrum of product: 

Figure 6a in results and discussion. 

 

 

Results and Discussion 

1. Concurrent Transesterification and Cyclization of H-(MMA)2-Br 
     To develop concurrent terminal-selective transesterification/cyclization systems of 

bromine-capped poly(methyl methacrylate) [(MMA)n-Br], the transesterification and cyclization of 

methyl methacrylate dimer [(MMA)2-Br] were first investigated with 2-propanol (iPrOH) and 

Ti(Oi-Pr)4 at 80 oC.  The methacrylate dimer is selected as a reactant because the chemical 

structure can be analyzed more facilely and precisely by 1H NMR.  The reaction was conducted 

for 46 h, and the product was obtained by evaporating volatile iPrOH and toluene (toluene/iPrOH = 

1/1, v/v).  Confirmed by 1H NMR spectroscopy (Figure 1), the peaks (a, b) assigned to two methyl 

esters of (MMA)2-Br perfectly disappeared, while new peaks (g, h) appeared.  A peak g is derived 

from an isopropyl ester and a peak h originates from five-membered lactone structure.  Product 
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yield was over 99 %.  This result indicates that Ti-mediated transesterification and cyclization 

proceeded quantitatively and concurrently in the model reaction. 

 

 
Figure 1. Model reaction with H-(MMA)2-Br for cyclization and transesterification: 

[H-(MMA)2-Br]/[Ti(Oi-Pr)4] = 20/40 mM in toluene/iPrOH (1/1, v/v) at 80 oC for 46h.  1H NMR spectra of 

(a) H-(MMA)2-Br and (b) the product in CDCl3 at 25 oC. 

 

     Cyclization mechanism was not elucidated adequately in contrast to transesterification.  To 

clarify it, the effect of Ti and iPrOH on cyclization was also examined by comparing the products 

obtained in several conditions.  Here, four different conditions focusing on the existence of 

Ti(Oi-Pr)4 and iPrOH [(1) Ti(Oi-Pr)4 + iPrOH (2) Ti(Oi-Pr)4 (3) iPrOH (4) None] were applied to 

(MMA)2-Br.  In all cases, reactions were conducted for 46 h at 80 oC and obtained products were 

analyzed with 1H NMR (Figure 2).  A reaction with iPrOH caused cyclization to mainly give a 

lactone ring-bearing product, regardless of the use of Ti(Oi-Pr)4 (Figure 2a, c).  In contrast, an 

unreacted (MMA)2-Br was a major product in the absence of iPrOH (Figure 2b, d).  A reaction 

with Ti(Oi-Pr)4 in toluene slightly induced cyclization and transesterification owing to small 

amount of iPrOH attached in Ti(Oi-Pr)4 (Figure 2b).  These results support that the cyclization was 
promoted by iPrOH. 
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Figure 2. Effects of Ti catalyst and iPrOH on cyclization of H-(MMA)2-Br: [H-(MMA)2-Br]/[Ti(Oi-Pr)4] = 

20/0 (c,d) or 40 (a,b) mM in toluene/iPrOH (1/1, v/v) (a,c) or toluene (b,d) at 80 oC for 46h.  1H NMR 

spectra of their products in CDCl3 at 25 oC. 

5 4 ppm3 2 1

(a) Ti(Oi-Pr)4 + iPrOH

(b) Ti(Oi-Pr)4 + Toluene

a

b
b

a

c

O
O

O
O

ab

Br

O
O O

O

ab

c

b

Major
Product

Major
Product

5 4 ppm3 2 1

(d) None

(c) i-PrOH

b b

a

Br

O
O O

O

ab

c

a b

c

O
O

O
O

ab

Major
Product

Major
Product



Chapter 7 

 149 

2. Concurrent Cyclization and Transesterification of PMMA-Br 

     Bromine-capped poly(methyl methacrylate) (PMMA-Br) with high end-functionality was 

prepared by Ru-catalyzed living radical polymerization of MMA with a bromide initiator (EBPA: 

ethyl 2-bromo-2-phenylacetate) [Mn = 2100, Mw/Mn = 1.11, F(ω) = 95 %].  The PMMA-Br was 

treated with Ti(Oi-Pr)4 in iPrOH/toluene mixture (1/1, v/v) at 80 oC for 48 h.  The products were 

analyzed with 1H NMR and MALDI-TOF-MS (Figure 3).  The MALDI-TOF-MS spectrum of 

PMMA-Br shows bimodal peaks at constant interval corresponding to the molecular weight of 

MMA (100.18).  A split bimodal peak is attributed to isotope of bromine (79Br, 81Br).  After the 

reaction, the peaks were shifted and turned to be unimodal, which is an evidence of elimination of 

the bromine terminal (Figure 3a).  Additionally, the mass values of the main peak series (marked 

as filled circle) were good agreement with those for PMMA bearing two isopropyl esters and a 

single lactone ring, while the minor peak series (marked as open circle) correspond to the products 

containing a α-end ethyl ester.  1H NMR spectra also support the concurrent cyclization and 

transesterification of PMMA-Br.  After the reaction, a peak a’ of the ω-end methyl ester 

disappeared and a peak b of the α-end ethyl ester decreased, while two isopropyl peaks newly 
emerged (Figure 3b).  These results also proved that PMMA-Br was directly transformed into an 

isopropyl-functionalized telechelic PMMA with a ω-end lactone ring via concurrent cyclization and 
transesterification. 

 
Figure 3.  Concurrent cyclization and transesterification of Et-PMMA-Br: [Et-PMMA-Br]/[Ti(Oi-Pr)4] = 

20/40 mM in toluene/iPrOH (1/1, v/v) at 80 oC for 48h: (a) MALDI-TOF-MS and (b) 1H NMR ([Polymer] = 

10 mg in CD2Cl2 at 25 oC) spectra of PMMA-Br (upper) and the product (lower). 
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Figure 4.  Chain extension from P1/P2 mixture via LRP of MMA: [MMA]/[P1+P2]/[Ru(Ind)Cl(PPh3)2]/ 

[n-Bu3N] = 500/10/1/10 mM in toluene at 80 oC.  SEC curves of products obtained from (a) P1/P2 =100/0 

(b) 89/11 (c) 78/22 (d) 67/33.  1H NMR spectra of (e) P1/P2 mixture and (f) the product: [polymer] = 10 

mg/mL in CD2Cl2 at 25 oC. 

103104105

MW(PMMA)

Mn
Mw/Mn

4100
1.14

6400
1.09

103104105

MW(PMMA)
103104105

MW(PMMA)
103104105

MW(PMMA)

4100
1.13

6700
1.12

4100
1.14

7200
1.14

4200
1.13

6500
1.18

O

O

Ph
OO

Cl

OO

m
O

O

Ph
OO

m-1 O
O

O

O

Ru(Ind)Cl(PPh2)3

nBu3N
Dead chain end

MMA

Dead chain end

+

P1 (Chloride Terminal) P2 (Cyclized Terminal)

(a) P1/P2 = 100/0 (b) P1/P2 = 89/11 (c) P1/P2 = 78/22 (d) P1/P2 = 67/33

5 4 ppm

O

O

Ph
OO

Cl

OO

m O

O

Ph
OO

m-1 O
O

O

O

a

b *

O

O

Ph
OO OO

m

a'

b

OO

Cl

OO

n

a b

*

c

c

a'
b

*

+
b

33%67%

(e)

(f)



Chapter 7 

 151 

     A terminal-cyclized PMMA obtained from PMMA-Br was utilized as a macroinitiator to 

verify the removal of a ω-end bromine, whereas polymerization of MMA did not proceed from the 
macroinitator with a Ru catalyst.  As comparison, four samples containing mixture of 

chlorine-capped PMMA-iPrMA-Cl (P1) and terminal cyclized polymer (P2) (P1/P2 = 100/0, 89/11, 

78/22, 67/33) were used as macroinitiator for LRP.  These samples were prepared by 

transesterification of P1 by changing alcohol (2-propanol) volume terminal-selective 

transesterification of PMMA-Cl as described in Chapter 6.  Ru-catalyzed LRP of MMA was 

conducted with P1/P2 mixed sample.  In all cases, polymerization smoothly proceeded (Figure 

4a-d).  Though peak top of SEC curves shifted to higher molecular weight, tailing in low 

molecular weight region was clearly observed in except for pure P1.  The tailing part becomes 

larger as the ratio of P2 increases.  To investigate it in detail, polymer obtained from mixture 

containing 33% of P2 was analyzed with 1H NMR (Figure 4e). A peak (marked with asterisk) 

originating from the isopropyl ester of P2 did not change at all, while a peak (marked with a) 

assigned to the isopropyl ester of P1 clearly shifted by reflecting the environmental change. 

 

 

Figure 5.  Intramolecular cyclization of PBMA-Br: [PBMA-Br] = 20 mM in toluene/iPrOH (1/1, v/v) at 80 
oC for 48h.  (a) 1H NMR ([polymer] = 10 mg in CD2Cl2 at 25 oC) and (b) MALDI-TOF-MS spectra of 

PBMA-Br (upper) and the product (lower). 
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3. Effects of Polymer Structure on Cyclization 

     To further reveal the relation between polymer structure and ω-end cyclization, a 
bromine-capped poly(butyl methacrylate) (PBMA-Br) and poly(methyl acrylate) (PMA-Br) were 

compared with PMMA-Br.  Both polymers were heated in toluene/iPrOH (1/1, v/v) mixture at 80 
oC for 46 h.  Quantitative cyclization of PBMA-Br was confirmed with 1H NMR and 

MALDI-TOF-MS; the peak changes agreed with the elimination of the terminal bromine via 

cyclization (Figure 5a,b).  In 1H NMR spectra, a peak derived from bromine-capped terminal butyl 

ester (denoted c: 4.0 - 4.2 ppm) turned into a different peak assigned to butyl ester that is attached to 

the terminal lactone (denoted d: 4.1 - 4.2 ppm) (Figure 5a).  MALDI-TOF-MS indicated decreased 

mass of approximately 95 whose value corresponds to the formation of a lactone ring (Figure 5b).  

The same reaction was applied to PMA-Br.  1H NMR and MALDI-TOF-MS spectra of PMA-Br 

after the reaction showed the same signals as those before the reaction.  This importantly indicates 
that no cyclization took place for polyacrylate. 

 

4. Sequential LRP and Terminal Cyclization of MMA with Bromide Initiator 

     Efficient cyclization of PMMA-Br with alcohol encouraged the author to develop sequential 

tandem catalysis of LRP of MMA with a bromide initiator and the terminal cyclization of the 

resulting PMMA-Br.  Here, an alcohol was directly added into the solutions of 

FeBr2(PPh3)2-catalyzed LRP of MMA under inert atmosphere, because the iron catalyst is easily 

deactivated by alcohol and thereby polymerization is also quenched is well known to deactivate Fe 

catalyst to terminate LRP. 

     MMA was polymerized with FeBr2(PPh3)2 and EBPA in toluene at 80 oC.  When conversion 

of MMA reached 51% (9 h), ethanol (volume: equal to polymerization solution) was directly added 

to the polymerization solution at 80 oC.  After 24 h, the product was purified and analyzed by 1H 

NMR spectroscopy.  A characteristic signal of the methyl ester adjacent to the ω-end bromine (3.7 

ppm, a’ in Figure 3b) was not observed, whereas a peak derived from the methyl ester attached to 

terminal lactone was observed at 3.7-3.8 ppm (Figure 6a).  This result demonstrated that 

end-cyclized PMMA was directly synthesized in one-pot via sequential tandem catalysis of 

Fe-catalyzed LRP and in-situ ω-end cyclization.  Confirmed by SEC, the product had almost 
identical molecular weight and narrow molecular weight distribution (MWD) (Mn = 5700, Mw/Mn = 

1.12) to the PMMA-Br precursor (Mn = 5500, Mw/Mn = 1.11) (Figure 6b).  This indicates that 

Fe-catalyzed LRP was immediately quenched with ethanol. 

     Sequential tandem ω-end cyclization via direct addition of ethanol was further applied to 
Ru(Ind)Cl(PPh3)2-catalzyed LRP of MMA with a bromide initiator.  The product mainly showed 
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similar 1H NMR signals to that obtained with a Fe catalyst (Figure 6a,c), whereas it included 

terminal olefins generated from disproportionation (6.2, 5.5 ppm).  The olefin content was 

estimated as 5.7 %.  The product treated with ethanol had slightly higher molecular weight (Mn = 

5600, Mw/Mn = 1.13) than a PMMA-Br precursor, though the molecular weight distribution is 

narrow (Figure 6d).  This result indicates that the termination of LRP of MMA is achieved by the 

transformation of ω-end bromine into a cyclized structure via ethanol addition; i.e., polymerization 
of MMA still proceeds until the completion of cyclization.  Instead of ethanol, iPrOH was also 

effective for sequential tandem ω-end cyclization.  However, the molecular weight distribution of 
the product turned broader than that with ethanol; this would be attributed to slower cyclization 

with iPrOH than EtOH. 

 

 
Figure 6.  One-pot LRP of MMA and Cyclization of PBMA-Br: [MMA]/[ECPA]/[FeBr2]/[PPh3] = 

2000/20/5/10 mM in toluene/iPrOH (1/1, v/v) at 80 oC for 48h.  (a)(c)(e) 1H NMR ([polymer] = 10 mg in 

CD2Cl2 at 25 oC) and (b) SEC curves of PBMA-Br and the products. 
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Conclusion 

     Concurrent tandem terminal-selective transesterification and ω-end cyclization of PMMA-Br 
was developed as a novel strategy to prepare “halogen-free” telechelic PMMAs.  The formation of 

a ω-end lactone ring in PMMAs is triggered with alcohols.  The dual use of Ti(Oi-Pr)4 and 

alcohols (ROH) allows to synthesize telechelic PMMAs bearing the alcohol-based esters at α- and 

ω-ends.  Such ω-end cyclization also occurred for a bromine-capped poly(butyl methacrylate)s 
(PBMA-Br), but it did not in turn take place for a bromine-capped poly(metyl acrylate) (PMA-Br).  

ω-End-cyclized PMMAs were efficiently obtained from the sequential tandem catalysis of 

Fe-catalyzed LRP of MMA with a bromide initiator and subsequent ω-end cyclization via the direct 
addition of ethanol into the polymerization solution.  Here, the efficient deactivation of the iron 

catalyst by ethanol is also important to suppress subsequent LRP of MMA and induce efficient 

ω-end cyclization.  
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Chapter 8 

 
 
Post-Functionalization of Methacrylate/Acrylate Copolymers 
via Acrylate-Selective Transesterification: 
A New Avenue in Polymer Reactions 
 

 

Abstract 

     Acrylate-selective transesterification of methacrylate and methyl acrylate (MA) copolymers 

was developed as a site-selective post-functionalization technique.  Importantly, a common methyl 

acrylate works as transformable units via transesterification with a Ti catalyst and alcohols, without 

using specific monomers such as activated ester methacrylates.  The key is less steric hindrance of 

acrylate carbonyl groups than methacrylate counterparts; the carbonyl group of the acrylate units is 

attached to the secondary carbon of the main chain [-CH(COOCH3)CH2-], while that of 

methacrylate is anchored to the tertiary carbon [-CCH3(COOCH3)CH2-].  In fact, a poly(methyl 

acrylate) (PMA) was efficiently transesterified with 1-dodecanol (n-CH2(CH2)10CH3), Ti(Oi-Pr)4, 

and molecular sieves into a poly(dodecyl acrylate) (PDA) up to 96% conversion at 130 oC, in sharp 

contrast to low conversion of a poly(methyl methacrylate) (PMMA) into a poly(dodecyl 

methacrylate) (PDMA: ~4%).  Owing to the high reactivity, the acrylate units of a DMA/MA 

random copolymer (DMA/MA = 64/36) was selectively transesterified with benzyl alcohol (BzOH), 

resulting in a DMA/BzA/MA random copolymers (DMA/BzA/MA = 50/44/6). 
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Introduction 

     Polymer reaction and post-functionalization are indispensable techniques to modulate 

physical properties and functions of synthetic polymer materials in laboratory and industrial 

production.1  Site-selective post-functionalization is attractive to introduce functional groups into 

polymers, since designed precursors allow position-selective functionalization (e.g., side chain, 

terminal) and identical precursors can be also employed to design wide variety of functional 

polymers.2-5  This method is particularly useful for the case: e.g., desired functional groups are 

incompatible to polymerization systems.  The key to develop such efficient post-functionalization 

is to find active but selective organic reactions.  So far, several efficient reactions, so called click 

reactions, using azide and alkyn,6,7 thiol-ene,8-11 alcohol and isocyanate have been applied as 

post-functionalization of polymers.  These post-functionalization systems provided various 

functional polymers bearing hydrogen bonding unit,12,13 olefin for crosslinking,14,15 and initiators 

for graft polymerization.16,17 

     Among organic reactions, transesterification with alcohols draws much attention as one of the 

most efficient synthetic strategies of ester compounds and derivatives owing to wide applicability of 

their starting materials into diverse ester products.  Transesterification is also important in polymer 

chemistry.  Transesterification is not only industrially employed to produce monomers (e.g., 

acrylate and methacrylate) but also play important roles in step growth polymerization,18 ring 

opening polymerization,19 and functionalization of acrylate or methacrylate.20 Efficient 

post-functionalization of poly(meth)acrylates generally requires activated ester (meth)acrylates as 

monomers.  For example, Theato and coworkers reported that pentafluorophenyl (meth)acrylate is 

effective as an activated monomer for post-functionalization via transesterification or amidation.21 

2-Hydroxyethyl methacrylate also serves as a site-selectively functional unit of polymers, where the 

hydroxyl group is effectively transformed with isocyanate derivatives. 

     In previous chapters, the authors revealed that Ti(Oi-Pr)4-catalyzed transesterification with 

alcohols showed unique selectivity dependent on the steric hindrance around the carbonyl groups of 

ester compounds.21  For example, in Chapters 6 and 7, the authors find that the terminal esters of 

poly(methacrylate)s are selectively transesterified with alcohols and the Ti catalyst owing to the less 

steric hindrance of the carbonyl groups.  Given this finding, the authors further noticed the 

possibility that polyacrylate pendants would be efficiently transesterified because of the less steric 

hinderance of the carbonyl groups. 

     In this chapter, the author thus aimed to develop a novel site-selective post-functionalization 

of methacrylate/acrylate random copolymers via Ti(Oi-Pr)4-catalyzed acrylate-selective 

transesterification.  This system allows efficient and site-selective transformation of copolymers 

using a common methyl acrylate as a selective transforming site, although efficient 
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post-functionalization of poly(meth)acrylates generally requires activated esters monomers such as 

[pentafluorophenyl (meth)acrylate, N-hydroxysuccinimide methacrylate].  The diverse alcohols 

potentially afford unlimited design and functionalization of copolymers.15 Thus, simple but versatile 

Ti-mediated transesterification would open new vistas in post-functionalization and polymer 

reactions applicable to various research fields. 

 

 

Scheme 1. Acrylate-Selective Transesterification of Methacrylate/Methyl Acrylate (R1MA/MA) Random 

Copolymers with Alcohols (R2OH) into R1MA/R2A Random Copolymers 

 
Experimental Section 
Materials.  Methyl methacrylate (MMA: TCI; purity >99.8%), methyl acrylate (MA: TCI; purity 

>99%) and tetralin (1,2,3,4-tetrahydronaphthalene: Kishida Chemical; purity >98%; an internal 

standard for 1H NMR analysis) were dried overnight with calcium chloride and distilled from 

calcium hydride under reduced pressure before use.  Dodecyl methacrylate (DMA) (TCI, purity 

>97%) was purified by column chromatography charged with inhibitor remover (Aldrich) and 

purged by argon before use.  Ti(Oi-Pr)4 (Aldrich, purity >97%) was degassed by triple 

vacuum-argon purge cycles before use.  The H(MMA)2Br [H(CH2CMeCO2Me)2Br; a MMA dimer 

bromide] was prepared according to the literature.  Ru(Ind)Cl(PPh3)2 (Aldrich) was used as 

received and handled in a glove box under moisture- and oxygen-free argon (H2O <1 ppm; O2 <1 

ppm).  Toluene was purified by pashing it through a purification column (Glass Contour Solvent 

Systems: SG Water USA).  Ethanol (Wako, purity 99.5%), 1-dodecanol (Wako, purity >99%) 

benzyl alcohol (Wako, purity >99%), and Anisole (Wako, purity >99%) were used as received.  

Molecular sieves 4A (Wako) were baked with heat gun under reduced pressure before use. 

 

Characterization.  The molecular weight distribution (MWD) curves, Mn and Mw/Mn ratio of the 

polymers were measured by SEC at 40 °C in THF as an eluent on three polystyrene-gel columns 

(Shodex LF-404: exclusion limit = 2 × 106 g/mol; particle size = 6 µm; pore size = 3000 Å; 0.46 cm 
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i.d. × 25 cm; flow rate, 0.3 mL/min) connected to a DU-H2000 pump, a RI-74S refractive index 

detector, and a UV-41 ultraviolet detector (all from Shodex; Shodex GPC-104).  The columns 

were calibrated against 13 standard poly(MMA) samples (Polymer Laboratories; Mn = 

620−1200000; Mw/Mn = 1.06−1.22).  To remove unreacted monomers and catalyst, polymer 

samples were purified by preparative SEC before characterization [column: Shodex K-5002; 

particle size = 15 mm; 5.0 cm i.d. × 30 cm; exclusion limit = 5 × 103 g/mol; flow rate = 10 mL/min].  
1H NMR spectra were recorded in CDCl3 at 25 oC on a JEOL JNM-ECA500 spectrometer operating 

at 500.16 MHz. 

 

Transesterification.  Transesterification of all polymers was carried out by syringe technique 

under argon in baked glass tubes equipped with a three-way stopcock. 

  Transesterification of MMA/MA copolymer with 1-dodecanol (Table 1, entry 2).  A typical 

procedure for transesterification of MMA/MA copolymer with 1-dodecanol, Ti(Oi-Pr)4 and MS 

(4A) was given: MS 4A (0.33 g) was first placed and dried in a 30 mL glass tube under reduced 

pressure with heat gun.  Into the tube, MMA-r-MA (Mn = 9200, Mw/Mn = 1.23, 0.005 mmol, 46 

mg) and a 500 mM toluene solution of Ti(Oi-Pr)4 (0.08 mL, Ti(Oi-Pr)4 = 0.04 mmol) added into 

glass tube.  The toluene solution was evaporated by vacuum pump to remove toluene.  And then, 

anisole (0.25 mL), and 1-dodecanol (0.25 mL) were added at room temperature under dry argon 

(total volume: 0.5 mL).  The glass tube was placed in an oil bath kept at 80 oC for 48 h and cooled 

to –78 °C to terminate the reaction.  The quenched reaction solutions were evaporated to dryness 

to give the crude product.  The product was fractionated by preparative SEC for 1H NMR analysis.  

Characterization: Figure 2 in results and discussion. 

 
Polymerization.  The synthesis of all polymers was carried out by syringe technique under argon 

in baked glass tubes equipped with a three-way stopcock. 

  PMMA.  Into a 30 mL glass tube, Ru(Ind)Cl(PPh3)2 (0.006 mmol, 4.66 mg) was charged, and 

toluene (1.31 mL), tetralin (0.08 mL), a 400 mM toluene solution of n-Bu3N (0.15 mL, n-Bu3N = 

0.06 mmol), MMA (12 mmol, 1.28 mL), and a 330 mM toluene solution of ECPA (0.18 mL, ECPA 

= 0.06 mmol) were added sequentially in that order at 25 oC under argon (the total volume: 3.0 mL).  

The glass tube was placed in an oil bath kept at 80 oC for 20 h and then cooled to –78 °C to 

terminate the reaction.  The monomer conversion was determined as 51% by 1H NMR 

measurements of the terminated reaction solution in CDCl3 at r.t. with tetralin as an internal 

standard.  The quenched reaction solutions were evaporated to dryness to give the crude PMMA.  

The product was fractionated by preparative SEC.  SEC (THF, PMMA std.): Mn = 11500 g/mol; 

Mw/Mn = 1.20.  1H NMR [500 MHz, CDCl3, 25 oC, δ = 7.26 (CDCl3)]: Mn (NMR, α) = 11600.  δ 
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7.3–7.1 (aromatic), 4.2–4.0 (-COOCH2CH3), 3.8–3.4 (-OCH3), 2.1−1.4 (-CH2C(CH3)-), 1.3−0.7 

(-CH2C(CH3)-). 

  PMA.  Into a 30 mL glass tube, RuCp*Cl(PPh3)2 (0.004 mmol, 3.22 mg) was charged, and 

toluene (0.98 mL), tetralin (0.08 mL), a 400 mM toluene solution of n-Bu3N (0.10 mL, n-Bu3N = 

0.04 mmol), MA (8 mmol, 0.72 mL), and a 342 mM toluene solution of H(MMA)2Br (0.12 mL, 

H(MMA)2Br = 0.04 mmol) were added sequentially in that order at 25 oC under argon (the total 

volume: 2.0 mL).  Following procedures were same as in the case of PMMA (Time: 92h, 

Conversion: 59%).  SEC (THF, PMMA std.): Mn = 9800 g/mol; Mw/Mn = 1.21.  1H NMR [500 

MHz, CDCl3, 25 oC, δ = 7.26 (CDCl3)]: δ 3.7–3.6 (-OCH3), 2.4–2.2 (-CH2CH(COO)-), 2.0–1.4 

(-CH2CH(COO)-). 

  MMA-r-MA.  Into a 30 mL glass tube, RuCp*Cl(PPh3)2 (0.004 mmol, 3.22 mg) was charged, 

and toluene (0.94 mL), tetralin (0.08 mL), a 400 mM toluene solution of n-Bu3N (0.10 mL, n-Bu3N 

= 0.04 mmol), MA (5.6 mmol, 0.50 mL), MMA (2.4 mmol, 0.26 mL), and a 550 mM toluene 

solution of H(MMA)2Br (0.12 mL, H(MMA)2Br = 0.04 mmol) were added sequentially in that 

order at 25 oC under argon (the total volume: 2.0 mL).  Following procedures were same as in the 

case of PMMA [Time: 29h, Conversion: 68% (MA), 82% (MMA)].  SEC (THF, PMMA std.): Mn 

= 9200 g/mol; Mw/Mn = 1.23.  1H NMR [500 MHz, CDCl3, 25 oC, δ = 7.26 (CDCl3)]: δ 3.7–3.5 

(-OCH3), 2.5–0.8 (-CH2CH(COO)-, -CH2CH(COO)-, -CH2C(CH3)-, -CH2C(CH3)-). 

  DMA-r-MA.  Into a 30 mL glass tube, RuCp*Cl(PPh3)2 (0.004 mmol, 3.18 mg) was charged, 

and toluene (0.17 mL), tetralin (0.08 mL), a 400 mM toluene solution of n-Bu3N (0.1 mL, n-Bu3N = 

0.04 mmol), DMA (4 mmol, 1.17 mL), MA (4 mmol, 0.36 mL), and a 342 mM toluene solution of 

H(MMA)2Br (0.12 mL, H(MMA)2Br = 0.04 mmol) were added sequentially in that order at 25 oC 

under argon (the total volume: 2.0 mL).  Following procedures were same as in the case of PMMA 

[Time: 16h, Conversion: 39% (MA), 84% (DMA)].  SEC (THF, PMMA std.): Mn = 21900 g/mol; 

Mw/Mn = 1.22.  1H NMR [500 MHz, CDCl3, 25 oC, δ 4.1-3.8 (-COOCH2(CH2)10CH3), 3.7–3.5 

(-OCH3), 2.5–0.8 (-CH2CH(COO)-, -CH2CH(COO)-, -CH2C(CH3)-, -CH2C(CH3)-), 1.4–1.2 

(-COOCH2(CH2)10CH3), 0.9–0.8 (-COOCH2(CH2)10CH3). 

 

 

Results and Discussion 
1. Transesterification of PMA with Ethanol 

     Transesterification of poly(methyl acrylate) (PMMA) was demonstrated in previous chapters.  

Reactivity of acrylate pendant esters in polymers was examined with the reaction of poly(methyl 

acrylate) (PMA) and ethanol with Ti(Oi-Pr)4.  PMA with well-controlled molecular weight (Mn = 

9800, Mw/Mn = 1.21) was prepared as a reactant for transesterification.  First, transesterification of 
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PMA (10 mM) into poly(ethyl acrylate) (PEA) was conducted with Ti(Oi-Pr)4 (80 mM) and ethanol 

at 80 oC.  The products obtained in different ethanol concentration (2.2 M, 8.5 M) were analyzed 

by 1H NMR.  The product obtained with a large amount of ethanol (8.5 M) showed a broad peak 

denoted b at 4.0-4.2 ppm that is assigned to ethyl ester pendants (Figure 1a).  Conversion of the 

methyl esters into ethyl esters was estimated as 66% from the area ratio of peak b and methyl ester 

peak a.  On the other hand, the transesterification of PEA was not so effective with a small amount 

of ethanol (2.2 M: 2.8 % conversion).  Confirmed by SEC, the product efficiently transesterifed 

with ethanol (8.5 M: Mn = 12100, Mw/Mn = 1.14) had larger molecular weight than the original 

PMA (Mn = 9800, Mw/Mn = 1.21), while the product obtained with 2.2M ethanol had virtually 

identical peak-top molecular weight to the PMA (Figure 1b).  These results indicate that high 

concentration of alcohols ia required to efficiently promote transesterification of PMA. 

 

   

Figure 1. Transesterification of PMA with Ti(Oi-Pr)4 and ethanol: [PMA]0/[Ti(Oi-Pr)4]0 = 10/80 mM in 

toluene/EtOH (2.2 or 8.5 M) at 80 oC.  (a) 1H NMR spectra of PMA and the products in CDCl3 at 25 oC: 

[polymer] = 10 mg/mL.  (b) SEC curves of PMA and the products. 

 

2. Transesterification of MMA/MA Random Copolymers 

     For quantitative transesterification of PMA, high temperature (> 80 oC) or adding molecular 

sieves (MS) were effective.  However, ethanol cannot be used under such conditions due to its low 

boiling point (bp = 78 oC).  To achieve quantitative but selective transformation of polyacrylate 

segments, transesterification of MMA/MA random copolymers was investigated with Ti(Oi-Pr)4, 
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1-dodecanol (bp = 259 oC), and molecular sieves 4A.  For this, two kinds of MMA/MA random 

copolymers with different composition were prepared via Ru(Ind)Cl(PPh3)2-catalyzed living radical 

copolymerization of MMA and MA with a bromide initiator [H-(MMA)2-Br]: P1 (MMA/MA = 

37/63, Mn = 9200, Mw/Mn = 1.23) and P2 (MMA/MA = 18/82, Mn = 7400, Mw/Mn = 1.17). 

Transesterification was conducted by varying temperature (90 - 130 oC), with constant 

concentration of 1-dodecanol (2.2 M).  The conversion of the methyl esters into dodecyl esters was 

analyzed by 1H NMR spectroscopy (Table 1, entries 1-6). 

 

 
Table 1. Transesterification of MMA/MA Random Copolymers and MMA or MA Homopolymers with 

Ti(Oi-Pr)4 and n-C12H25OHa 

Entry Polymer MS 

(g/mL) 

Temperature 

(oC) 

Conversionb 

(%) 

Mn
c Mw/Mn

c 

1 P1 0.33 130 76 19300 1.15 

2 P1 0.33 110 64 18100 1.15 

3 P1 0.33 90 50 15300 1.24 

4 P1 None 110 13 13500 1.10 

5 P1 None 90 4 11100 1.15 

6 P2 0.33 130 93 18000 1.14 

7 P3 0.33 130 96 19900 1.24 

8 P4 0.33 130 5 14400 1.14 
a[Polymer (P1-P4)]0/[Ti(Oi-Pr)4]0 = 10/80 mM with or without MS 4A in anisole/n-C12H25OH (1/1, v/v) at 90-130 oC. 
bConversion of the pendant methyl esters into isopropyl ester: determined by 1H NMR with an internal standard. 
cDetermined by SEC in THF with a PMMA standard calibration. 

 

     The reaction at 110 oC with MS (0.33 g/mL) was most suitable for acrylate-selective and 

quantitative transesterification (Table 1, entry 2) because the conversion (64%) was very close to 

the content of methyl acrylate in the copolymer (63%).  The introduction of dodecyl esters into the 
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copolymers was confirmed by the appearance of the corresponding new peak (denoted b, Figure 2a) 

in 1H NMR.  The product had larger molecular weight than the original MMA/MA random 

copolymer (Figure 4a).  In contrast, higher temperature condition (130 oC) with MS induced 

conversion higher than the original acrylate composition of P1 and P2 precursors (Table 1, entry 1, 

6), indicating that methacrylate units were also transesterified into dodecyl esters.  Lower 

temperature condition (90 oC) or no use of MS were not so effective for transesterification of P1 

(Table 1, entry 3-5).  In particular, MS influenced the yield of the transesterification more strongly 

than Ti catalyst concentration. 

 

 

Figure 2.  Transesterification of MMA/MA random copolymers with Ti(Oi-Pr)4 and n-C12H25OH: 

[MMA-r-MA]/[Ti(Oi-Pr)4] = 10/80 mM with MS 4A (0.33 g/mL) in anisole/n-C12H25OH (1/1, v/v) at 110 oC.  
1H NMR spectra of (a) MMA-r-MA and (b) the product: [polymer] = 10 mg/mL in CDCl3 at 25 oC. 

 

3. Effects of Polymer Structures on Transesterification 

     Transesterification of PMA (denoted P3 in Table 1) was compared with that of PMMA 

(denoted P4 in Table 1), to investigate the effect of α-methyl groups of the polymer backbones on 
transesterification of the pendant esters.  P3 was efficiently transesterified with 1-dodecanol, 

Ti(Oi-Pr)4, and MS 4A at 130 oC to reach 96 % conversion, while P4 was hardly transesterified 

(5%) under the identical conditions (Table 1, entry 7, 8, Figure 3).  The product obtained from P3 
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had larger molecular weight than P3, while the product from P4 had slightly larger molecular 

weight than P4 (Figure 4).  These results strongly support that Ti-catalyzed transesterification is 

effective as a post-functionalization system for the pendant esters of polyacrylates. 

 

    

Figure 3.  Transesterification of MMA and MA homopolymers with Ti(Oi-Pr)4 and n-C12H25OH: [PMA or 

PMMA]/[Ti(Oi-Pr)4] = 10/80 mM with MS 4A (0.33 g/mL) in anisole/n-C12H25OH (1/1, v/v) at 130 oC.  1H 

NMR spectra of (a) PMA, (b) the transesterified product, (c) PMMA, and (d) the transesterifed product: 

[polymer] = 10 mg/mL in CDCl3 at 25 oC. 

 

 

 

Figure 4.  SEC curves of the products obtained via transesterification of (a) MMA-r-MA, (b) PMA and (c) 

PMMA with Ti(Oi-Pr)4 and n-C12H25OH: Reaction condition is shown in Figures 2 and 3. 
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4. Acrylate-Selective Transesterification of DMA/MA Random Copolymers 

     Given the effective transesterification of the pendant esters of polyacrylates, 

transesterification of a DMA/MA random copolymer was investigated with Ti(Oi-Pr)4 and benzyl 

alcohol (BzOH) (Figure 5).  A DMA/MA random copolymer (DMA/MA = 64/36, Mn = 21900, 

Mw/Mn = 1.22) was prepared by Ru-catalyzed LRP of DMA and MA with a bromide initiator. 

     Transesterification of the copolymer was conducted with Ti(Oi-Pr)4 (160 mM) and BzOH 

(4.8 M) at 130 oC.  The product was analyzed by 1H NMR and SEC.  After the reaction, a peak b 

derived from the methyl ester decreased, while a peak a originating from dodecyl methacrylate was 

maintained and new peaks c and d from benzyl acrylate (BzA) or methacrylate (BzMA) further 

appeared (Figure 4a).  The composition in copolymer was determined from the area ratio of their 

signals: DMA/BzMA+BzA/MA = 50/44/6.  This result is fully consistent with the fact that 

transesterification preferentially occurs for the methyl acrylate units.  The product still maintained 

narrow molecular weight distribution (Mn = 21600, Mw/Mn = 1.27) after transesterification.  Thus, 

acrylate-selective transesterification of a DMA/MA random copolymer was successfully achieved 

with Ti(Oi-Pr)4 and BzOH. 
 

 
Figure 5. Transesterification of DMA/MA random copolymer with Ti(Oi-Pr)4 and benzyl alcohol: 

[MMA-r-MA]/[Ti(Oi-Pr)4] = 10/160 mM with MS 4A (0.33 g/mL) in anisole/benzyl alcohol (1/1, v/v) at 

130 oC.  (a) 1H NMR spectra ([polymer] = 10 mg/mL in CDCl3 at 25 oC) and (b) SEC curves of 

DMA-r-MA and the product. 
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Conclusion 

     Acrylate-selective transesterification of methacrylate/methyl acrylate random copolymers 

were developed as a novel post-functionalization technique.  Importantly, this system allows 

efficient and site-selective transformation of copolymers just using a common methyl acrylate as a 

selective transforming site though efficient post-functionalization of poly(meth)acrylates often 

requires activated esters as monomers.  This acrylate-selective transesterification no doubt opens 

new avenue to design and synthesize various functional polymers with diverse alcohols, far more 

efficiently and conveniently than conventional post-functionalization methodologies. 
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