
 

 

University of Groningen 

 

Polystyrene - poly (sodium methacrylate) 

amphiphilic triblock copolymers by ATRP for 

Enhanced Oil Recovery; 

Synthesis, characterization and effect of structure on rheology of aqueous  

solutions 

 

By Marc Meijerink 

 

 

A thesis submitted in partial fulfillment for the  

degree of Master of Science 

 

in the 

Faculty of Mathematics and Natural Sciences 

Chemical Engineering Department 

 

December 2015 

 

 



 

2 

University of Groningen – Department of Chemical Engineering |Nijenborgh 4, 9747 AG Groningen 

This page intentionally left blank 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

3 

University of Groningen – Department of Chemical Engineering |Nijenborgh 4, 9747 AG Groningen 

Polystyrene - poly (sodium methacrylate) 

amphiphilic triblock copolymers by ATRP for 

Enhanced Oil Recovery 

 

Justification 

Title   : Polystyrene - poly (sodium methacrylate) amphiphilic triblock  

copolymers by ATRP for Enhanced Oil Recovery 

Subtitle   : Synthesis, characterization and effect of structure on rheology of 

    aqueous solutions 

 

 

 

Status   : Final version 

Date of Publication : 16/12/2015 

Author   : Marc Meijerink      

 

 

 

Contact   : Marc Meijerink    (marcmij92@gmail.com) 

Student number  : 2022176 

 

 

 

Institution  : University of Groningen 

Faculty   : Faculty of Mathematics and Natural Sciences 

Address  : Nijenborgh 4, 9747 AG Groningen 

Department  : Chemical Engineering 

Project   : Part of the Research Program of the Dutch  

    Polymer Institute DPI,  Eindhoven, The Netherlands, project #716

  

 

 

Thesis Assessors : Prof. dr. Francesco Picchioni
a
   (f.picchioni@rug.nl) 

   : Dr. P.P. Pescarmona
b
   (p.p.pescarmona@rug.nl) 

Supervisor  : ir. Frank van Mastrigt
c
    (f.van.mastrigt@rug.nl) 

 

 

 

a Professor – Chemical Engineering and Polymer Science, b Assistant Professor – Sustainable Chemical Products and Catalysis, c PhD 

candidate 



 

4 

University of Groningen – Department of Chemical Engineering |Nijenborgh 4, 9747 AG Groningen 

Acknowledgement 

This report is a thesis written as partial fulfillment for the degree of Master of Science in the Faculty 

of Mathematics and Natural Sciences. The thesis should reflect the acquired learned skills in the 

master degree program of Chemical Engineering at the University of Groningen. 

The project started at 14 November 2014 and it took 12 months to complete this thesis. It has been a 

challenging learning process where I gained a lot of knowledge in the field of polymeric surfactants. 

The work described in this thesis was performed in the research group Product Technology of the 

Engineering and Technology Institute at the University of Groningen, the Netherlands. 

This report would not have been possible without the support and guidance of many people. I would 

like to thank professor dr. Francesco Picchioni for accepting me in his group, his feedback and 

support. Furthermore, I would like to express my gratitude to my daily supervisor ir. Frank van 

Mastrigt for his assistance, help and advice during the project. Also I would like to thank dr. Patrizio 

Raffa for suggestions, feedback and helpful discussions about the experiments. The negative stain and 

cryo transmission electron microscopy images would not have been possible without the help of Linda 

Franken. Finally, I would like to thank my fellow students and G.T.D Bernoulli for the great time at 

coffee hours, Friday afternoon drinks and activities. 

Marc Meijerink 

  



 

5 

University of Groningen – Department of Chemical Engineering |Nijenborgh 4, 9747 AG Groningen 

Abstract 

Well-defined amphiphilic triblock poly(sodium methacrylate)-polystyrene-poly(sodium methacrylate) 

(PMAA-b-PS-b-PMAA) copolymers characterized by a different length of either the hydrophilic or 

the hydrophobic block have been synthesized by ATRP. In solution the micelle-like aggregates 

consists of a collapsed PS core surrounded by charged hydrated PMAA chains which are fully 

stretched. The micelles are kinetically ‘frozen’ and as a consequence the triblock copolymers do not 

show any surface activity. At higher polymer concentrations the micelles interpenetrate and shrink, 

forming a polymer network. A mathematical model is used to describe the micelle radius and the 

results were in good agreement with the experimentally obtained radius in transmission electron 

microscopy. A systematic investigation of the triblock copolymers concerning their rheological 

behavior in water showed that the hydrophilic block length has a major influence on the rheology 

where the short PMAA blocks yield the strongest gels at the same weight concentration. The 

hydrophobic block length has only a minor influence until a certain threshold (35 monomeric units) 

below which the hydrophobic interactions are too weak resulting in the formation of weak gels. When 

the polymers are used in EOR, they improve the oil recovery between 40-60% in a 2D flow-cell, 

which simulates the residual oil in dead-end pores. The oil recovery in high permeable Bentheim 

sandstone cores was significantly improved with an additional oil recovery of 6% for the triblock 

copolymer compared with 4% for a commercial HPAM polymer. 

Keywords: amphiphilic block copolymers, ATRP, rheology, Enhanced Oil Recovery 

 

 

 

 

 

 

 

Figure: Schematic + cryo-TEM image of PS-PMAA triblock copolymers in solution 
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1. Introduction 

Amphiphilic block copolymers are of great industrial importance due to their adjustable rheological 

behavior and formation of self-assembled structures in a specific solvent (mostly water)
1-4

. The 

possibility exist to introduce responsive behavioral groups into the blocks, which respond to 

parameters such as pH
5
, temperature

6
 or UV irradiation

1
. The versatility in properties has resulted in 

an increased attention in the last decades for application in several fields including smart materials
6,7

, 

micro emulsion stabilization
8
 and polymerization

9,10
, coatings

11
, drug delivery

12-14
 and Enhanced Oil 

Recovery
15-18

. In the application of Enhanced Oil Recovery (EOR) the additional oil recovery is 

mainly influenced by the viscosity of the displacement fluid and the interfacial tension between the 

water phase and the oil
19

. Recently, it was discovered that the viscoelastic properties of the polymeric 

solution also influence the oil recovery
20-23

. Nowadays, a combination of a high molecular weight 

polymer (thickening agent) and surfactant (lower the interfacial tension) is used in EOR applications. 

However, amphiphilic block copolymers can affect both the rheology and the interfacial properties and 

therefore are a promising alternative
1,24

.  

Amphiphilic block copolymers have the ability to form shear-dependent transient association in water, 

which results in thickening of the solution (increase of viscosity). The thickening capability of a 

polymer depends on several parameters such as the concentration, molecular weight, charged moieties 

and hydrophobic groups
25

. An increase in concentration leads to more entanglements and thus a higher 

viscosity. According to the well-known Mark-Houwink equation a higher molecular weight polymer 

results in an increase of the hydrodynamic radius of the polymer coils and subsequently a higher 

viscosity
26

:  

[𝜂] = 𝐾𝑀𝛼 

Where η is the viscosity, M is the molecular weight and K and α are parameters that depend on the 

particular polymer-solvent system. The introduction of charged moieties along the backbone of the 

polymer leads to more electrostatic repulsion thus increasing the hydrodynamic volume, which results 

in a higher solution viscosity. This is only the case in the absence of salts (ions), which give a strong 

screening effect and decrease the hydrodynamic radius and as a consequence the viscosity. An 

increase in viscosity can also be achieved by the introduction of hydrophobic groups, which give 

either intra or intermolecular hydrophobic associations
27

. Furthermore, amphiphilic block copolymers 

may lower the surface tension of water depending on the nature of the blocks
28

. Amphiphilic block 

copolymers can thus be considered as the macromolecular counterparts of small-molecule surfactants 

and are therefore called polymeric surfactants
1,29

.  

Amphiphilic block copolymers can be synthesized with a large variety of monomers, but the most 

studied are copolymers in which the hydrophilic block is constituted by poly (ethylene oxide) (PEO), 

poly (ethylene glycol) (PEG), poly (acrylic acid) (PAA) and poly (methacrylic acid) (PMAA). In these 

[Eq. 1] 
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systems the hydrophobic block is mainly constituted by polystyrene (PS)
1
. The first and most studied 

are the Pluronic systems (diblock copolymers of PEO and poly(propylene oxide) (PPO)), which were 

commercialized by BASF as industrial detergents
30

. Besides the composition, the molecular 

architecture of block copolymers is also widely studied
31

. A lot of different molecular architectures of 

block copolymers such as the AB diblock, ABA and ABC triblock to more complex 

graft/comb/brush/star structures can be synthesized with the ongoing development of controlled 

radical polymerizations
32

. The main synthetic methods used to prepare amphiphilic block copolymers 

are atom transfer radical polymerization (ATRP)
33,34

, reversible addition-fragmentation chain transfer 

polymerization (RAFT)
35

 and nitroxide-mediated polymerization (NMP)
36

. These methods exhibit 

excellent control over the structure and molecular weight distribution. However, limitations exist 

related to functional groups tolerance, which lead to the use of protecting groups and as a consequence 

additional polymerization transformations
37

.  

Amphiphilic block copolymers exhibit interesting properties in an aqueous solution. Aggregates are 

formed due to the hydrophobic and hydrophilic nature of the block. In the case of a short hydrophobic 

and a long polyelectrolyte block the copolymers form star-like polyelectrolyte micelles
38

. The use of a 

polyelectrolyte such as PAA or PMAA is particularly interesting because repulsive electrostatic 

interactions lead to a highly stretched formation
39

. The rheological properties of a polymer solution are 

mainly derived from the inter-micellar interactions
40

. The rheology of diblock PS-b-PAA copolymers 

in water has been intensely studied
41,42

 and it has been shown that the aggregates are constituted by a 

dense rigid PS core surrounded by a hydrophilic corona of PAA brushes. The aggregation number of 

the micelles depends on the morphology for which Raffa et al.
15

 found that the aggregation number 

decreased for di, tri and star block copolymers of PS and PMAA, respectively. This behavior was 

attributed to the more difficult arrangement by steric hindrance. Rheological studies observe that 

amphiphilic block copolymers form viscoelastic solutions and turn into gels after a critical 

concentration
3,27,43

. PS-PAA and related block copolymers form a gel structure that can be described as 

a disordered state similar to colloidal glass
44

. However, evidence was found with PEO triblock 

copolymers that the micelles in the gel are arranged in an ordered array
45

. For example PEG-b- 

poly(ethylene-co-butene) (PEB) block copolymer form micelles that are arranged in body-centered or 

face-centered cubic lattices depending on the block composition
46

.  

The dynamic nature of the block copolymer aggregates in solution is interesting as several polymeric 

surfactants do not show a critical micelle concentration (CMC). Observations indicate that these block 

copolymer systems behave as kinetically “frozen” micelles
47-49

. An extreme low CMC is advantageous 

for many applications, since only traces of polymer are required to form micelles. The morphology of 

the micelles is primarily determined by a balance among three main forces: core-chain stretching, 

corona-chain repulsion and interfacial tension
50,51

. For neutral block copolymers the so called 

hydrophilic-lipophilic balance (HLB) plays an important role and predicts the properties of the 
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surfactant. Polymeric electrolytes behave differently due to the lower diffusion coefficient and the 

more complex conformations at interfaces (compared to their low-molar mass counterparts)
52,53

.  

The ability of amphiphilic block copolymers to stabilize emulsions is an interesting research field
54

. 

Emulsions are normally thermodynamically unstable and the two phases will separate over time 

because of a tendency for the emulsion to reduce its interfacial energy. Several breakdown processes 

occur such as coalescence, creaming, Ostwald ripening, sedimentation and flocculation
55

. A surface 

active agent like amphiphilic block copolymers can increase the kinetic stability of an emulsion and as 

a consequence the droplet size does not change
56

. The triblock copolymers can adsorb at the droplet 

surface to form thick layers, which prevent the droplets from coalescing by mechanisms such as 

electrostatic repulsion and/or steric hindrance
2,57

.  

Although many papers document the synthesis and self-assembly of amphiphilic block copolymers, to 

the authors best knowledge only relatively little work has been carried out on the systematic study of 

the rheology, gel structure, emulsification and surface properties of such polymers. A deeper 

knowledge of these parameters is crucial to optimize the design for the application in EOR. The field 

of polymeric surfactants is relatively new and a full understanding of the structure-property 

relationship is still missing. In this work we present an investigation concerning the rheological 

behavior of a series of amphiphilic PMAA-b-PS-b-PMAA triblock copolymers with different lengths 

of the hydrophilic and hydrophobic block. Especially the effect of a short hydrophobic block has not 

been investigated before. The amphiphilic triblock copolymers are synthesized by ATRP. Methacrylic 

acid cannot be polymerized directly because of poisoning effects of the copper(II) species, which are 

formed in the reaction media
58

. Therefore tert-butyl methacrylate is used as a monomer which can later 

be converted into the free acid by a post-polymerization reaction such as hydrolysis
59

. This research is 

a continuation of the work by Raffa et al.
16

 on PS-b-PMAA diblock copolymers. It is expected that 

different architecture (triblock instead of diblock) of the block copolymer will display an effect on the 

rheological and interfacial properties. Moreover, the additional methyl group on the monomer 

increases the hydrophobicity of PMAA compared to PAA
60,61

. Subsequently, this can influence the 

aggregation behavior of the block copolymers in water. Kimerling et al.
41

 showed that the use of 

hydrophobic groups on the hydrophilic block in PS-b-(AA-co-EA) copolymers decreased the gelation 

concentration and increased the viscosity due to increased inter-micellar attraction.  

Furthermore, the rheological behavior of the triblock copolymer solutions at different temperatures, 

pH and concentrations of NaCl has been studied. It is expected that the rheological properties change 

dramatically due to the screening effect of the salt, which results in a collapsed conformation of the 

hydrophilic corona. The degree of electrostatic repulsion at different pH is quantified with zeta-

potential measurements. Furthermore, the gel structure of the micelles in solution was investigated 

with cryo and negative stain transmission electron microscopy. A theoretical model was used to 
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compare the micelle radius with the microscopy images. Finally, the emulsification properties and the 

surface tension of the triblock systems are preliminary investigated. Besides the rheological properties, 

also the Enhanced Oil Recovery performance of the PMAA-b-PS-b-PMAA triblock copolymers is 

evaluated by flow-cell and core-flood experiments. The flow-cell experiment gives valuable 

information of the polymers capability to recover oil out of dead-end zones in a reservoir. The core-

flood experiment simulates a highly permeable sandstone reservoir in which a comparison is made 

with a commercial polymer to test its application in the field.  
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2. Background information 

2.1 Oil recovery 

The conventional techniques for extracting oil out of a reservoir consist of primary and secondary 

methods which recover at most 55 % of the original oil in place (OOIP)
25

. In practice, the recovery is 

typically much lower and varies between 20-40%
62

. The primary technique uses natural forces such as 

the aquifer drive, the gas cap drive and the gravity flow to produce oil. The aquifer drive is the most 

efficient mechanism where the driving force is represented by the pressure that is exerted on the oil by 

the aquifer
63

. The secondary methods involves the injection of gas or water where the increased 

pressure drives the oil out of the reservoir
19

. However, an enormously large quantity of the OOIP 

remains embedded in oil reservoirs, due to the limited recovery. The last few decades, many different 

methods have been developed to increase the oil recovery. These methods belong to the category 

improved oil recovery (IOR) which also includes operational strategies, such as infill drilling, 

horizontal wells and intelligent reservoir management
24

. A subset of IOR called Enhanced Oil 

Recovery (EOR) is more specific and implies a reduction in oil saturation in the reservoir below the 

residual oil saturation to extend the lifetime of the reservoir
19

. Commonly, two categories of EOR 

technology exist: thermal and non-thermal methods. Thermal methods are most advanced among EOR 

methods due to a lot of field experience and are best suited for heavy oils (10-20° API) and tar sands 

(≤ 10° API). The mechanism includes a reduction of the viscosity (hence increase mobility ratio) by 

heating the oil in the reservoir
19

. The needed temperature is delivered by steam with different methods 

such as cyclic steam injection or steam flooding. Non-thermal methods (the focus of this thesis) 

include the injection of gas (CO2)
64,65

 or chemicals (polymer and/or surfactant solutions)
24,66

. Chemical 

EOR consists of several methods such as polymer flooding, surfactant flooding, alkaline flooding or a 

combination of the three called Alkaline-Surfactant-Polymer (ASP) flooding. These methods are more 

suitable for light oils and have been implemented in several oil reservoirs with mixed results
66-68

. The 

need for chemical flooding arises due to several problems when a water flood is used as secondary 

recovery method. Not all of the oil is contacted by the displacing fluid during a water flood, which 

results in a low volumetric sweep and displacement efficiency of oil. A phenomena called viscous 

fingering (see Figure 1, adapted from Ref.
25

) occurs due to the instabilities created by the difference in 

viscosity of oil and the displacement fluid.  

 

Figure 1: Viscous fingering (left) and polymer flooding (right) in an oil reservoir 
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The sweep efficiency of an oilfield is limited while early breakthrough of the displacing fluid occurs. 

The residual oil in the reservoir can be classified into four types
69

: oil film on rock surface, oil trapped 

in dead-ends, oil in pore throats by capillary forces and oil upswept in micro-scale heterogeneous 

portions of the porous media. In current polymer flooding, the polymer enhances the viscosity of the 

displacement fluid and consequently decreases the water/oil mobility ratio 
31,70

. The mobility ratio is 

defined by equation 2. 

𝑀 =  
𝑘𝑤

η𝑤
 
η𝑜

𝑘𝑜
 

Where kw and ko being the permeability of the porous media to water and oil and η0 and ηw are the 

viscosity of the oil and water, respectively. A low mobility ratio results in an increase of the 

macroscopic displacement and volumetric sweep efficiency. Recently, it was discovered that the 

viscoelastic nature of the polymer also increases the microscopic sweep of the reservoir while the 

displacement efficiency is improved
20-23

. The viscoelastic fluid provides greater stress and velocity at 

the changed section of pores, which results in dispersing and entraining the residual oil
69

. Moreover, 

the use of polymers generates a greater pressure drop and stronger vortices, which also increase the 

microscopic sweep efficiency
20

. Overall, polymer flooding is capable of reducing the residual oil film, 

increase the oil recovery out of dead-ends pores and increases the sweep efficiency, which reduces the 

unswept oil in heterogeneous porous media. Therefore the use of elastic polymers is a challenging and 

promising research field. Moreover, several EOR methods are devised with the goal of overcoming the 

capillary forces, which retain a high amount of residual oil in pore throats of the reservoirs
71

. Polymer 

flooding with polymeric surfactants aims to increase the oil recovery on all residual oil types. Besides, 

decreasing the mobility ratio, the use of polymeric surfactants in polymer flooding also lowers the 

interfacial tension and therefore tackles the capillary forces problem. These capillary forces are 

normally quantified by the Young-Laplace equations in interfacial sciences
72

:  

𝑃 =  ∁ ∗  𝛾 =  
2𝛾𝑐𝑜𝑠𝜃

𝑅
 

Where P is the capillary force, γ the interfacial tension, C the curvature of the interface which is 

determined by the pore radius (R), and the contact angle (θ). The contact angle is intrinsically related 

to surface wettability. The microscopic displacement efficiency can be increased by reducing the 

capillary effects, by reducing the oil-water interfacial tension and modifying the rock wettability. 

Furthermore, the use of polymers can reduce the rock’s permeability due to adsorption of the polymer 

chains on the surface of the rock
73,74

. The reduction of the permeability of the reservoir can be 

measured by the resistant factor (RF). The RF is defined as
75

:  

𝑅𝐹 =  
𝜆𝑤

𝜆𝑝
= (

𝑘𝑤

𝜂𝑤
) ∗ ( 

𝜂𝑝

𝑘𝑝
) 

[Eq. 2] 

[Eq. 3] 

[Eq. 4] 
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Where kp and ηp are the polymer solution permeability and viscosity, and kw and ηw are the water 

solution permeability and viscosity, respectively. The residual resistant factor (RRF) is a measure to 

evaluate the permanent reduction in the permeability of the rock formation due to adsorption of the 

polymeric chains. It can be determined using the differential pressure during a brine flood (∆Pw) 

before and after polymer injection (∆Pw,p)
18

:  

𝑅𝑅𝐹 =  
∆P𝑤,𝑝

∆P𝑤
 

The average absorbed polymer thickness (e) on the rock surface can be determined using the RRF
76

:  

𝑒 = 𝑟 ∗ (1 − 𝑅𝑅𝐹−
1
4) 

Where e is the absorbed layer thickness (μm), r is the average pore radius (μm) and RRF is the residual 

resistant factor. The advantage of adsorption is that the permeability is decreased such that the flow is 

diverted from high permeable zones towards low permeable unswept areas. However, the high 

increase of pressure can lead to injection problems. This must be investigated to examine if these 

polymers can be applied in EOR. Overall, the use of polymeric surfactants enables to use the 

advantages of both polymeric and surfactant flooding.  

2.2 Controlled/living radical polymerization 

Amphiphilic block copolymers combine the structural features of polyelectrolytes, block copolymers 

and surfactants. In literature a wide variety of block copolymers with MAA or AA as hydrophilic 

block and polystyrene (PS)
16

, poly(n-butyl acrylate) (PBA)
77

 or polycaprolactone (PCL)
78

 as 

hydrophobic block are synthesized by living radical polymerization. Moreover, the polyacid block can 

function as a responsive behavioral group due to the strong dependency on the degree of protonation 

of the carboxylic moieties and thus on the solution pH
79

. The main synthetic methods used to prepare 

amphiphilic polymers are atom transfer radical polymerization (ATRP), reversible addition-

fragmentation chain transfer polymerization (RAFT) and nitroxide-mediated polymerization (NMP). 

These polymerization systems are based on establishing a rapid dynamic equilibrium between a 

minute amount of growing free radicals and a large majority of dormant species. This result in high 

molecular weight distributions, narrow polydispersity’s and high degrees of chain end 

functionalities
37

. Moreover, ATRP offers a tight control over the molecular architecture. A typical 

ATRP reaction of styrene is shown in the following scheme:  

[Eq. 5] 

[Eq. 6] 
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Figure 2: ATRP polymerization of styrene 

ATRP uses a transition metal complex such as CuBr2 or CuCl2 as the catalyst and an alkyl halide R-X 

(X= Cl, Br) such as ethyl α-bromoisobutyrate (monofunctional), ethylene bis(2-bromoisobutyrate) 

(difunctional) or pentaerythritol tetrakis(2-bromoisobutyrate) (tetrafunctional) as the initiator. The 

most used ligands are N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine (PMDETA) and tris[2-

(dimethylamino)ethyl]-amine (ME6TREN). The metal complex can exist in two different oxidation 

states. The lower oxidation state metal complex, Cu(I)Br/ligand, reacts with the initiator to yield a 

radical R* and the corresponding higher oxidation state metal complex. This step is called activation 

and the reversible process establishes an equilibrium that is shifted to low radical concentrations. The 

radicals can react: with the monomer (M) generating a polymer, with each other which results in 

termination or with the metal/ligand complex, which yields the halogen-terminated polymeric dormant 

state. This process is reversible and if the deactivation process is efficient narrow molecular weight 

distribution polymers are obtained
33,34

. Acidic monomers such as MAA are challenging to synthesize 

due to the non-compatibility of the free carboxylic group with the catalyst system. Only RAFT can 

polymerize these acidic monomers without needing a protective group such as ter-butyl acrylate 

(tBA), ter-butyl methacrylate (tBMA) or benzyl methacrylate (BzMA)
59

. However, the formation of 

triblock copolymers of styrene and PMAA by RAFT have not been reported in literature yet and 

therefore ATRP is used in this research. 
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3. Materials and Methods 

Chemicals. Tert-butyl methacrylate (tBMA, Aldrich, 98%) was vacuum-distilled over CaH2 and kept 

under nitrogen before use. CuCl (Sigma-Aldrich, ≥ 99%) and CuBr (Sigma-Aldrich, ≥ 98%) were 

stirred in glacial acetic acid for 6 hours and then filtered, washed with acetic acid, ethanol, ethyl 

acetate and dried under vacuum before use. Styrene (Sigma-Aldrich, ≥ 99%) was filtered through a 

short column of basic alumina to remove inhibitors and then kept under nitrogen before use. Glacial 

acetic acid, ethanol, ethyl acetate, THF, methanol, dioxane and acetone were used without further 

purifications. Anisole (Sigma-Aldrich, anhydrous, 99.7%) was deoxygenated by bubbling with 

nitrogen for 60 minutes. N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine (PMDETA, Aldrich, 99%), 

Ethylene bis(2-bromoisobutyrate) (EBIB, Aldrich, 97%), tetramethylethylenediamine (TMEDA, 

Aldrich, ≥ 99.5%), and tris[2-(dimethylamino)ethyl]-amine (Me6TREN, Aldrich), 4,4′-Azobis(4-

cyanovaleric acid) (ACVA, Aldrich, ≥ 75%), 4-Cyano-4- (phenylcarbonothioylthio)pentanoic acid 

(CPADB, Aldrich, 97%), Methacrylic acid (MAA, Aldrich, 99%) were used as received, without 

further purifications. The crude oil used for the oil recovery experiments was heavy oil, which was 

supplied by Shell Global Solution International B.V. The viscosity of the oil was 1023 mPa.s at 20 °C 

which corresponded to API gravity below 22.3°. 

Synthesis of polystyrene macroinitiator (PS-Br). PS-Br macroinitiators were synthesized as 

follows: 1 mmol of initiator EBIB, CuBr (2 mmol), and styrene (20−50 mmol) were introduced under 

nitrogen in a 100 mL round-bottomed flask equipped with a magnetic stirring bar and a reflux 

condenser, previously purged with nitrogen. The mixture was further degassed by purging with 

nitrogen gas (N2) for at least 45 minutes under vigorous stirring (1050 rpm). After deoxygenation, the 

flask was put in an oil bath set to a temperature of 100 °C (750 rpm). After 1 min, TMEDA (2 mmol) 

was introduced under nitrogen to initiate the reaction. The solution turned light green as complex 

formation occurred and remained heterogeneous. After 1 hour, the reaction was stopped by cooling 

down, introducing air and diluting with around 50 mL of THF. The THF solution was filtered through 

a short column of basic alumina to remove the copper catalyst. The solution was then precipitated in a 

20-fold excess of methanol. The precipitate was filtered, re-dissolved in THF, and re-precipitated in 

2:1 v/v methanol/water and washed with methanol. The obtained white solid was dried overnight at 70 

°C. The conversion and the molecular weight were determined gravimetrically and by GPC 

respectively. The theoretical molecular weight was determined using the following equation
59

:  

𝑀𝑛𝑡ℎ =  𝑀𝑛𝐸𝐵𝐼𝐵 + (𝑀𝑛𝑠𝑡 ∗
[𝑆𝑡]𝑜

[𝐸𝐵𝐼𝐵]𝑜
∗ 𝑋) 

where Mn,th is the theoretical molecular weight of the synthesized PS-Br macroinitiator (g/mol); 

Mn,EBIB and Mnst are the molecular weights of the initiator ethylene bis(2-bromoisobutyrate) and 

monomer styrene (g/mol), [St]0 and [EBIB]0 are the initial concentrations of the monomer styrene and 

[Eq. 7] 
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the initiator EBIB (mol) and X represents the fractional monomer conversion (x/100%). The PS-Br 

macroinitiator was further characterized by using proton nuclear magnetic resonance (¹H-NMR) 

spectroscopy with chloroform (CDCl3) as solvent.  

Synthesis of Block Copolymers (PtBMA-b-PS−b-PtBMA). Block copolymers PtBMA-b- PS-b-

PtBMA were synthesized as follows: PS-Br macroinitiator (0.5 g), deoxygenated anisole (10 mL), the 

copper catalyst CuCl, and tBMA (according to stoichiometry) were introduced under nitrogen in a 250 

mL round-bottomed flask equipped with magnetic stirring bar and reflux condenser, previously purged 

with nitrogen. The mixture was further degassed by purging with nitrogen gas (N2) for at least 45 

minutes under vigorous stirring (1050 rpm). After deoxygenation and complete dissolution of the 

macroinitiator, the flask was put in an oil bath at 90 °C and the ligand (Me6TREN) was added under 

nitrogen. After a given time, the reaction was stopped by cooling down, introducing air, and diluting 

with around 50 mL of THF. The THF solution was filtered through a short column of alumina to 

remove the copper catalyst, then precipitated in a 20-fold excess of methanol, re-dissolved in THF and 

re-precipitated in 2:1 methanol/water mixture twice, washed with methanol, and dried overnight at 70 

°C, affording a white solid. The conversion and the molecular weight were determined both 

gravimetrically and by GPC and NMR (solvent CDCl3). The theoretical molecular weight was 

determined using the following equation
59

:  

𝑀𝑛𝑡ℎ =  𝑀𝑛𝑃𝑆−𝐵𝑟 + (𝑀𝑛𝑡𝐵𝑀𝐴 ∗
[𝑡𝐵𝑀𝐴]𝑜

[𝑃𝑆 − 𝐵𝑟 𝑚𝑎𝑐𝑟𝑜𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]𝑜
∗ 𝑋) 

where Mnth is the theoretical molecular weight of the synthesized triblock copolymer (g/mol); MnPS-Br 

and MntBMA are the molecular weights of the PS-Br macroinitiators and the monomer tBMA (g/mol), 

[tBMA]0 and [PS-Br macroinitiator]0 are the initial concentrations of the monomer tBMA and the 

initiator (mol) and X represents the fractional monomer conversion (x/100%). 

Hydrolysis. 3 gram of PtBMA-b-PS-b-PtBMA block copolymer was dissolved in 100 ml dioxane in a 

250 ml round bottomed flask equipped with a magnetic stirring bar and reflux condenser. The 

dissolution is quite slow at low temperatures, therefore the temperature was set on 100 °C. After 

complete dissolution, an excess of concentrated HCl (10 ml) was added. The solution turns from 

transparent to cloudy in about 1 hour. After 3-4 hours the reaction was stopped by cooling where after 

the solution turns back to transparent. The solution was precipitated in an excess of acetone (1 L). The 

precipitate was filtered and dried overnight at 70 °C. The polymers were recovered as glassy 

transparent whitish solids. The extent of hydrolysis was determined by 
1
H-NMR in d6-DMSO.  

Neutralization. The hydrolyzed polymers were converted to their corresponding sodium salts by 

neutralization. The polymers were dissolved in an excess of NaOH in water. Because of the high 

viscosity, the solutions were stirred overnight to ensure homogeneity. The excess base was removed 

[Eq. 8] 
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by dialyzing against Milli-Q water. The water was changed at least 3 times over a period of 3 days. 

Subsequently, the obtained polymers were dried at 70 °C for 3 days. The polymers were recovered as 

glassy transparent white-yellowish solids.  

Synthesis of homopolymer PMAA. Homopolymers of PMAA were synthesized via the RAFT 

process as follows: CPADB (1 mmol) and MAA (500−1500 mmol) were dissolved in 4:1 v/v 

water/1,4 dioxane mixture (pH = 4). The mixture was introduced under nitrogen in a 100 mL round-

bottomed flask equipped with a magnetic stirring bar and a reflux condenser, previously purged with 

nitrogen. The mixture was further degassed by purging with nitrogen gas (N2) for at least 45 minutes 

under vigorous stirring (1050 rpm). After deoxygenation, the flask was put in an oil bath set to a 

temperature of 80 °C (750 rpm). After 1 min, ACVA (0.25 mmol) was introduced under nitrogen to 

initiate the reaction. After addition of the reactants, the ultimate pH of the solution was 2.8. After a 

given time, the reaction was stopped by cooling and exposing the solution to air. The polymer was 

recovered by precipitation in an excess of stirring diethyl ether. The precipitate was filtered and dried 

overnight (70 °C) obtaining a pink glassy solid. The conversion and the molecular weight were 

determined both gravimetrically and by GPC. The theoretical molecular weight was determined using 

the following equation
80

:  

𝑀𝑛𝑡ℎ =  𝑀𝑛𝐶𝑃𝐴𝐷𝐵 + (𝑀𝑛𝑀𝐴𝐴 ∗
[𝑀𝐴𝐴]𝑜

[𝐶𝑃𝐴𝐷𝐵]𝑜
∗ 𝑋) 

where Mnth is the theoretical molecular weight of the synthesized polymer (g/mol); MnCPADB and 

MnMAA are the molecular weights of the RAFT agent and the monomer (g/mol), respectively, [MAA]0 

and [CPADB]0 are the initial concentrations of MAA and CPADB (mol) and X represents the 

fractional monomer conversion (x/100%). The PMAA homopolymers were activated by the 

neutralization step as described above.  

 

Characterization.  

GPC measurements. Samples for the PS-Br macroinitiator and the triblock copolymers were 

prepared by dissolving the polymers in in THF (99+%, extra pure, stabilized with BHT) at 10 mg/ml 

concentrations. The samples were filtered over a 0.45 μm PTFE filter prior to injection. GPC 

measurements for the PS-Br macroinitiator were performed with a HP1100 from Hewlett-Packard, 

equipped with three 300 x 7.5 mm PLgel 3 μm MIXED-E columns in series. Detection was made with 

a GBC LC 1240 IR detector. The samples were eluted with THF at a flow rate of 1 mL/min at a 

pressure of 140 bar. The PDI and molecular weights were determined using the software PSS 

WinGPC Unity. GPC measurements for the triblock copolymers were performed at 30 °C (1 mL/min) 

using triple detection, consisting of a Viscotek Ralls detector, Viscotek Viscometer Model H502 and 

[Eq. 9] 
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Shodex RI-71 Refractive Index detector. The separation was carried out by utilizing a guard column 

(PLgel 5 μm GUARD, 50 mm and two columns PLgel 5 μm MIXED-C, 300 mm from Agilent 

Technologies). Data acquisition and calculations were performed using Viscotek OmniSec Software 

using a refractive index increment (dn/dc) from the samples. Molecular weight were determined based 

on a universal calibration curve generated from narrow dispersity polystyrene standards (Mw from 

645 to 3001000 g/mol). For the homopolymer PMAA Gel permeation chromatography (GPC) was 

performed with an Agilent 1200 system with Polymer Standard Service (PSS) columns (guard, 100 Å 

and 3000 Å, 8 x 300 mm). The eluent solution was a 50 mM of sodium nitrate (NaNO3) aqueous 

solution. The elution was conducted with a flow rate of 1.00 mL/min. at 40 °C. As a baseline 

calibration linear polyacrylamide was used. The apparent molecule weight and polydispersity index 

(PDI) were calculated with WINGPC software (PSS).  

NMR measurements. 
1
H NMR spectra in CDCl3 and d6-DMSO were recorded on a Varian Mercury 

Plus 300 MHz spectrometer operating at room temperature.  

Transmission Electron Microscopy. Three µl of each sample at 1 mg/ml was pipetted onto a glow-

discharged copper grid covered with carbon film. Due to the viscosity of the samples obtaining a thin 

layer of sample proved difficult and various repetitions of washing with miliQ water and 2% uranyl 

acetate solution were applied before letting the final stain layer rest for 30 seconds prior to blotting. 

Blotting was done with different types of paper, because of their varying absorbing properties. The 

grids were visualized with either of two microscopes. One is a Tecnai G2 20 Twin electron 

microscope (FEI, Eindhoven, the Netherlands), that was equipped with an LaB6 cathode, an UltraScan 

4000 UHS CCD camera (Gatan, Pleasanton, CA, USA) and operated at 200 kV. The other is a Philips 

CM120 electron microscope (FEI, Eindhoven, the Netherlands) equipped with a LaB6 cathode, 4000 

SP 4K slow-scan CCD camera (Gatan, Pleasanton, CA, USA) and operated at 120 kV. Micrographs 

were cropped and their levels, brightness and contrast were optimized in Adobe Photoshop CS6. 

Cryo-Transmission Electron Microscopy. Three µl of entry 8 at 0.3 or 0.5 mg/ml was applied to a 

glow-discharged copper grid with holey carbon film (quantifoil 3.5/1) and plunge-frozen with a 

Vitrobot (FEI, Eindhoven, The Netherlands) in liquid ethane after blotting for 20 and 28 seconds 

respectively. Because of the viscosity of the samples, the general filter paper in the Vitrobot was 

replaced with a double layer of paper towel on each site. The specimen was then inserted into a cryo-

transfer holder (Gatan model 626) and transferred to a Philips CM120 electron microscope (FEI, 

Eindhoven, the Netherlands) equipped with a LaB6 cathode, 4000 SP 4K slow-scan CCD camera 

(Gatan, Pleasanton, CA, USA) and operated at 120 kV using low-dose mode. Micrographs were 

cropped and their levels, brightness and contrast were optimized in Adobe Photoshop CS6. 

Zeta potential. The size and zeta potential measurements were performed in a ZetaPALS zeta 

potential analyzer (Brookhaven Instruments Corporation) using Phase Analysis Light Scattering, to 
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determine the electrophoretic mobility of charged, colloidal suspensions in an electric field. The 

particle size was measured by dynamic light scattering. The samples were prepared by dissolving the 

amphiphilic triblock copolymers in water solutions with different pH. The pH was adjusted with 

hydrochloric acid (HCl). Prior to each experiment the pH was measured on a UltraBasic Denver 

Instrument and took half an hour for equilibration. The glass electrode was calibrated with buffer 

solutions of pH 4 and pH 7. 

 

Rheology characterization.  

Viscosity and viscoelastic measurements. Rheological measurements were performed on a HAAKE 

Mars III (ThermoScientific) rotational rheometer using a 2 mL solution at 20 °C. The rheometer was 

equipped with a cone-and-plate geometry (diameter 60 mm, angle 2°). A trap for the solvent was used 

in order to avoid water evaporation during the experiments. Solutions at 0.1, 0.5 and 1.0 wt% 

concentrations were prepared by dissolving the triblock copolymer sodium salts in demineralized 

water, followed by stirring for at least 10 hours before the measurement in order to get homogeneous 

solutions. All the prepared polymers were soluble in water in their sodium salt form without the need 

for co-solvents or heating. Viscosimetric measurements, such as shear viscosity and viscoelasticity 

measurements were performed with shear rate variations of 0.1 – 500 s
-1

 and frequency ranges of 

6.37*10
-3

 – 15.92 Hz (0.04 – 100 rad/s), respectively. For the application in EOR, the polymer’s 

ability to increase the viscosity at shear rates between 5-10 s
-1

 is most important, since these are the 

shear rates encountered in the porous media where the oil resides
81

. Prior to all viscoelasticity 

measurements, a stress amplitude sweep experiment was performed in order to establish the regime of 

viscoelastic response; the linear viscoelastic region (LVR). Hereafter, oscillation frequency sweep 

measurements were performed at constant stress.  

Surface tension experiments. Surface tension was measured using the pendant drop method on a 

Dataphysics OCA15EC tensiometer equipped with a CCD video camera (752*582 pixels). A 1 ml 

syringe was attached to a needle with a capillary radius of 1.36 mm. The drop was measured on its 

maximum size. Two sets of three measurements were taken and then averaged. Graphically the critical 

micelle concentration (CMC) can be obtained from the plot of the surface tension against the 

concentration by taking the line of best fit in two places and noting the concentration at the 

intersection
82

.  

Kinetic stability. O/W emulsions were prepared according to the following method: 10 ml oil (102.2 

mPa, γ = 9.63 s
-1

) and 10 ml surfactant solution (concentration adjusted to match the viscous state of 

crude oil) were mixed on a stirring plate (750 rpm) for 30 minutes to obtain a homogenous emulsion. 

The emulsion droplets were observed under bright-field illumination with a Nikon light microscope 
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(Nikon, Eclipse 600, New York, USA) using a 4x objective lens and 10 x ocular lens (magnification 

40x). Images were captured with a high resolution color camera (Nikon, COOLPIX 500, MDC Lens, 

Japan). Phase separation was observed visually at room temperature over a given time span.  

 

Enhanced Oil Recovery performance experiments.  

Flow-cell experiments. Flow-cell experiments were performed using a 2-Dimensional flow-cell (see 

Figure 3) to simulate dead-end pores in oil reservoirs. The bottom part of the flow-cell is made out of 

aluminum and the cover is glass. The flow-cell setup has been adapted from the original, presented by 

Niu et al
83

 and shown by Wever et al
22

. It must be noted that for the calculation of the oil recovery 

only chamber 2, 3 and 4 were used as examples for dead-end pores. The flow-cell chambers are first 

filled with oil and afterwards flooded with water (reference) or polymer solution. The crude oil (1023 

mPa, γ = 9.63 s
-1

) supplied by Shell Global Solution International B.V. has been diluted with 

cyclooctane to a viscosity of 102.2 mPa (γ = 9.63 s
-1

) at 20 °C. The polymer concentration was 

adjusted for every polymer solution to match the viscosity of the crude oil. The flow rate was set at 

1.00 mL/hour and the run-time was continued for at least 24 hours at room temperature. The oil 

recovery out of the different cells was visually determined by taking high definition pictures after the 

flood. The image was analyzed using Adobe Photoshop CS6 via the “pixel count” option, which 

allows the calculation of the amount of oil left behind in the flow-cell and consequently calculation of 

the oil recovery according to the following equation:  

𝐴𝑑𝑑. 𝑂𝑖𝑙 𝑟𝑒𝑐. % = (100 −
100 ∗ 𝑃𝑖𝑥𝑒𝑙𝑇𝑜𝑡𝑎𝑙

𝑃𝑖𝑥𝑒𝑙𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 
)

𝑃𝑜𝑙.𝑓𝑙𝑜𝑜𝑑 

− (100 −
100 ∗  𝑃𝑖𝑥𝑒𝑙𝑇𝑜𝑡𝑎𝑙

𝑃𝑖𝑥𝑒𝑙𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔  
)

𝑊𝑎𝑡𝑒𝑟 𝑓𝑙𝑜𝑜𝑑

 

Where additional oil recovery (%) is the percentage oil recovered during polymer flood minus the 

water flood reference.  

a) 

 

 

 

 

 

Figure 3: A schematic (a) and photo (b) presentation of the flow-cell (top view)  

[Eq. 10] 

b) 
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Core-flow experiments. An oil recovery experiment using a polymer flood in a simulated oil 

reservoir was conducted with Bentheim sandstone cores (5 x 30 cm, Kocurek Industries). The 

experimental setup can be seen in Figure 4 (adapted from Ref
22

). First the sandstone core was fixed in 

a core holder and flooded with carbon dioxide (CO2) to remove any oxygen. Hereafter, brine (2000 

ppm) was injected (water flood) at a low flow rate (12 ml/h) for several hours to be certain that all the 

remaining CO2 was dissolved. The pressure drop at different flow rates of brine solution (2000 ppm) 

was measured with GS4200-USB digital pressure transducers from ESI Technology Inc.. The brine 

permeability of sandstone core was calculated as stated in literature using Darcy’s law
84

. The stone 

was filled with oil (102.2 mPa.s, γ = 9.63 s
-1

) at a flow rate of 12 ml/h and afterwards flooded (12 

ml/h) with brine solution (2000 ppm) until no additional oil was recovered to simulate a secondary oil 

recovery method. Finally, the polymer flood was performed with a flow rate of 12 ml/h until no 

additional oil was recovered. The pressure was recorded as a function of time during both the brine 

and polymer flooding. Polymer solution and oil out of the core stone were collected and visually 

analyzed by calculating the cumulative volume. Hereafter, the Enhanced Oil Recovery was calculated 

according to the following equation:  

𝑂𝑖𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (% 𝑜𝑓 𝑂𝑂𝐼𝑃) =  
𝑜𝑖𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑓𝑙𝑜𝑜𝑑 (𝑚𝑙)

𝑂𝑖𝑙 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑖𝑛 𝑝𝑙𝑎𝑐𝑒 (𝑚𝑙)
∗ 100  

Where the Enhanced Oil Recovery is defined as the volume of oil produced by the polymer flood 

divided by the total volume of oil original in place (as percentage).  

 

Figure 4: Schematic presentation of the experimental set-up for the core-flood experiments  

[Eq. 11] 
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4. Results and Discussion 

4.1 Synthesis of triblock copolymers of polystyrene and poly(methacrylic acid) 

The synthesis of difunctional PS-Br macroinitiators were performed in bulk at 100 °C, using CuBr as 

catalyst and TMEDA or PMDETA as ligand. Both ligands are commercially available, relatively 

inexpensive, and result in well controlled ATRP polymerizations
15,59

. The polymerization process was 

performed according to Figure 5.  

 

Figure 5: Polymerization of EBIB and styrene to form a polystyrene macroinitiator 

The goal of this step was to synthesize styrene with different block lengths. The results are 

summarized in Table 1. The molecular weight averages determined by GPC analysis indicate the 

synthesis of polystyrene block lengths between 23 and 75 units. The poly polydispersity indices (PDI) 

of the PS-Br macroinitiators are low and differ between 1.14 and 1.44, which supports the fact that the 

ATRP polymerization is a controlled/"living" radical polymerization
85

. Entry 4 and 5 used TMEDA as 

a ligand to have a better control over the reaction where the use of PMDETA resulted in much faster 

reaction times than TMEDA. Moreover, anisole (entry 6) was tried as a solvent, but the conversion 

decreased dramatically.  

Table 1: Results of polymerization reaction of styrene by ATRP 

Entry 

[ST]0 : [CuBr]0: 

[PMDETA]0: 

[EBIB]0
a 

T  

(°C) 

Time 

(min.) 

Conv.
b
 

(%) 

Mntheor
c 

(g/mol) 

MnGPC
d
 

(g/mol) 

 STGPC 

(units) 

PDI  

(-) 

1 49 : 2 : 2.0 : 1 100 35 25.2 1659 8166 75 1.34 

2 26 : 2 : 1.8 : 1 100 30 46.6 1628 5047 45 1.30 

3 21.5 : 2 : 2.0 : 1 100 30 31.8 1074 6483 59 1.39 

4 22.5 : 2 : 2.1 : 1 100 150 31.5 1097 4044 35 1.44 

5 21.8 : 2 : 2.2 : 1 100 60 9.1 564 2767 23 1.14 

6 21 : 2 : 2.3 : 1 100 120 14.0 667 4040 35 1.22 
a. Molar ratio in feed, entry 4 and 5 used TMEDA instead of PMDETA, entry 6 was performed with anisole as solvent 

b. Calculated by gravimetric analysis  
c. Calculated from the theoretical molecular weight formula proposed by Davis et al. using equation 7 

d. Calculated from GPC analysis in THF against linear p(St) standards 

 

There is quite a high discrepancy between the theoretical molecular weight (determined 

gravimetrically) and the molecular weight by GPC analysis. An explanation could be that the initiator 

does not dissolve completely in styrene or that it is not completely functional In both cases this results 
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in a higher monomer/initiator ratio and subsequently a higher molecular weight average. Also, 

gravimetric methods are often inaccurate for synthesis reactions with tiny amounts of starting products 

and several purifications steps. Therefore, in this case the GPC results are more accurate and will be 

used in the report.  

Chain extension of the PS-Br macroinitiators with tBMA was performed in anisole at 90 °C using 

CuBr as catalysts and Me6TREN or PMDETA as ligand. The polymerization process was performed 

according to Figure 6.  

 

Figure 6: Polymerization of tBMA and PS-Br macroinitiator to form a block copolymer 

The goal of this step was to perform a chain extension with tBMA on the hydrophobic polystyrene 

blocks. Three PS-macroinitiators with varying block length, entry 1, 2 and 4, (75, 45 and 35 

monomeric units, respectively) were found to be suitable to obtain triblock copolymers with a 

significant different hydrophobic core. The results are summarized in Table 2. A Cu(I)/PMDETA or 

(Me6TREN) catalyst system was used to give narrow molecular weight distributions
59

. The PDI of the 

PS-PtBMA triblock copolymers are around 2 which again supports the fact that the ATRP 

polymerization is a controlled/"living" radical polymerization. Also, the monodisperse distributions 

confirmed a successful chain extension. The total monomer conversions varied for the different 

entries, but after 17 hours most polymers reach a conversion of ≈ 55 %. The results are in good 

agreement with the results obtained by comparable studies by Davis et al.
59

 and Raffa et al.
15

.  
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Table 2: Synthesis of block copolymers (PtBMA-b-PS-b-PtBMA) by ATRP (90 °C) 

Experiment 

[tBMA]0 : 

[CuCl]0: 

[Me6TREN]0: 

[macroinitiator]0
a 

Time 

(h) 
Conv.

b
 (%) 

Mntheor
c 

(g/mol) 

MnGPC
d
 

(g/mol) 

MnNMR
e
 

(g/mol) 

PDI  

(-) 

7 (entry 1) 2064 : 2 : 4 : 1 5.0 22.9 69361 73086 81321 2.18 

8 (entry 1) 1978 : 2 : 4 : 1 4.5 34.7 105819 96327 105758 1.95 

9 (entry 2) 3200 : 2 : 2 : 1 16 59.5 275408 314847 225503 1.71 

10 (entry 2) 1986 : 2 : 2 : 1 5.0 47.9 140258 151889 119022 1.72 

11 (entry 2) 995   : 2 : 3 : 1 17 59.5 91691 88862 93608 2.27 

12 (entry 4) 3187 : 2 : 4 : 1 17 43.9 203253 223353 250346 2.05 

13 (entry 4) 2175 : 2 : 4 : 1 4.0 12.9 43962 85710 63162 2.16 

14 (entry 4) 1053 : 2 : 3 : 1 17 28.9 47455 77139 50893 2.42 
a. Molar ratio, entry 7 and 8 used PMDETA instead of Me6TREN as ligand  

b. Calculated by gravimetric analysis  
c. Calculated from the theoretical molecular weight formula proposed by Davis et al. using equation 8 

d. Calculated from GPC analysis in THF against linear p(St) standards 

e. Calculated on the basis of the DP determined by 1H NMR 
 

The final copolymers were characterized by 
1
H-NMR, GPC and gravimetric analysis. The results of 

the composition (in monomeric units) and molecular weight are summarized in Table 3 and were in 

good agreement.  

Table 3: Characterization of the triblock copolymers by 1H-NMR, GPC and gravimetric analysis 

Experiment 

[tBMA]0 : 

[CuCl]0: 

[Me6TREN]0: 

[macroinitiator]0
 

PSGPC 

(units) 

PtBMAGPC
a
 

(units) 

PtBMANMR
b
 

(units) 

PtBMAgravi.
c
 

(units)  

PS-

PtBMAGPC 

(units) 

7 2064 : 2.2 : 3.8 : 1 75 463 569 437 75-463 

8 1978 : 2.2 : 3.6 : 1 75 629 741 659 75-629 

9 3200 : 2.3 : 2.3 : 1 45 2210 1583 1916 45-2210 

10 1986 : 2.0 : 2.0 : 1 45 1047 834 947 45-1047 

11 995  : 2.1 : 3.3 : 1 45 598 656 587 45-598 

12 3187 : 2.2 : 4.0 : 1 35 1564 1758 1407 35-1564 

13 2175 : 2.3 : 4.0 : 1 35 582 442 260 35-582 

14 1053 : 2.0 : 3.1 : 1 35 521 355 289 35-521 
a. Calculated from GPC analysis in THF against linear p(St) standards 

b. Calculated on the basis of the DP determined by 1H NMR 

c. Calculated by gravimetric analysis  
 

Discrepancies observed in the GPC can be ascribed to the use of PS standards for calibration and to 

the deviation from linearity at high molecular weight
16

. Discrepancies observed in gravimetric analysis 

can be ascribed to the multiple purification steps, where not all polymer is recovered and subsequently 

the calculated molecular weight by gravimetric analysis is lower for all experiments. Discrepancies in 

the 
1
H-NMR can be ascribed to the fact that a baseline correction is applied. This baseline correction is 

necessary, but influences the integral area significantly due to the fact that the integral of the peaks for 

the PS block is very small compared to the integral of the peaks for the PMAA block.  
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The PtBMA-b-PS-b-PtBMA block copolymers have been selectively hydrolyzed with concentrated 

HCl in refluxing 1,4-dioxane. The amount of 1,4-dioxane and concentrated HCl (threefold excess) 

added was based on the mass of the polymer and on the moles of ester groups present, respectively. 

According to the literature, primary ester groups in the difunctional initiator are stable under the 

adopted hydrolysis conditions
59,86

. The tert-butyl esters of the polymer are unstable and therefore 

hydrolyzed. This can be seen afterwards on 
1
H-NMR spectra where there is no signal of the ter-butyl 

ester (see Figure 13). Hydrolysis gives the acidic form of the polymers, which do not dissolve in 

water, but swell very slowly.  

 

Figure 7: Hydrolysis of the block copolymers resulting in PMAA-b-PS-b-PMAA triblock copolymer 

A poly(methacrylic acid) PMAA homopolymer is synthesized to act as a reference polymer for 

comparing its properties with the triblock copolymers. For this polymerization not ATRP, but 

reversible addition fragmentation chain transfer (RAFT) polymerization is used while there is no need 

for blocking the methacrylic acid. Polymerization was performed in a water/1,4-dioxane system (pH = 

4) at 80 °C using CPADB as the RAFT agent and ACVA as the initiator. The polymerization process 

was performed according to Figure 8.  

 

Figure 8: Synthesis of poly(methacrylic acid) by RAFT polymerization 

The synthesized homopolymers were characterized by 
1
H-NMR, GPC and gravimetric analysis. The 

results summarized in Table 4.  
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Table 4: Synthesis of PMAA by RAFT polymerization 

Entry 

[MAA]0 : 

[ACVA]0: 

[CPADB]0: 
 

T  

(°C) 

Time 

(hours) 

Conv.
b
 

(%) 

Mntheor
c 

(g/mol) 

MnGPC
d
 

(g/mol) 

 PMAAGPC 

(units) 

PDI  

(-) 

15 1306 : 0.27 : 1 80 24 48.6 54758 275100 3196 2.26 

16  580 : 0.25 : 1 80 2 54.3 27144 115000 1336 1.42 

17  571 : 0.25 : 1 80 1 26.9 13274 74229 863 1.47 
a. Molar ratio 
b. Calculated by gravimetric analysis  

c. Calculated from the theoretical molecular weight formula using equation 9 

d. Calculated from GPC analysis in water against linear polyacrylamide 

 

PMAA with different block lengths were synthesized via RAFT polymerization. Two different 

[MAA]o/[CTA]o ratios (1306/1 and 580/1) were evaluated and compared. It was shown that a higher 

ratio, yields a higher molecular weight due to more free monomer available relative to the CTA 

initially present. The results in table 4 show that a high monomer conversion and a low polydispersity 

are obtained which is characteristic for controlled/living polymerization
85

. Moreover, entry 16 and 17 

indicate that the molecular weight linearly increases with the conversion, which is also a characteristic 

of a controlled/”living” radical polymerization. The effect of the solvent (water/1,4-dioxane) has a 

dramatic effect on the molecular weight distribution. This solvent combination was chosen because 

CPADB is not soluble in water at room temperature and needs a water-miscible organic solvent such 

as 1,4 dioxane. However, due to the solvent the theoretical and the experimental molecular weight 

differ significantly. This deviation can be ascribed to the poor stability of the reactants, where in 

water-based systems there is the chance of potential hydrolysis of the dithioester group of CPADB. 

The CTA hydrolysis results in inactivation, which generates fewer reactive species where after the Mn 

increases dramatically. The same observations were found by Pelet et al.
80

 and by Thomas et al.
87,88

. 

For further research a different CTA such as 4-cyano-4-thiothiopropylsulfanyl pentanoic acid 

(CTPPA) should be used. Chaduc et al.
35

 observed that with this CTA no hydrolysis occurs and a good 

control of the polymerization of MAA in water was obtained. Nonetheless, the obtained polymers 

have sufficient molecular weight or block length to compare these with the amphiphilic triblock 

copolymers.  

The sodium salt of the prepared triblock copolymers and the PMAA homopolymer is obtained after 

addition of NaOH. The excess base is removed by dialyzing the resulting solution in water. The water 

was changed at least 3 times over a period of 3 days. The sodium salt form is readily soluble in water, 

forming clear colorless solutions with high viscosity. The neutralization reaction is shown in Figure 9.  
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Figure 9: Synthesis of the sodium salt by adding NaOH where after the excess base is removed by dialysis 

 

The synthesis and the structure of the obtained polymers are sketched in Figure 10. The numbers 

indicate the polymer composition in terms of monomeric units.  

 

Figure 10: Synthesis and structure of a polymer prepared in this report (entry 11; PS45-PMAA598) 

In Table 5 and Figure 11 an overview is given of the obtained polymers with different PS and PMAA 

block lengths. The diversity in the prepared polymers offers interesting comparison opportunities. 

Obviously, the trends for the different hydrophobic and hydrophilic block lengths can be examined. 

Moreover, it is interesting to compare polymers with the same MAA/ST ratio but different total 

molecular weight, for example entry 9 & 11 or 11, 13 and 14.  
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Table 5: Overview of the synthesized PMAA-b-PS-b-PMAA block copolymers  

Entry Mnsalt form
a PSGPC

b
 

(units) 

PMAAGPC
c
 

(units) 

MAA/ST 

(-) 

Styrene 

(mol %) 

MAA 

(mol%) 

7 58638 75 463 6.1 17.0 83.0 

8 76708 75 629 8.3 13.1 86.9 

9 245904 45 2210 48.4 2.6 97.4 

10 119211 45 1047 22.9 5.3 94.7 

11 70210 45 598 14.6 8.9 91.1 

12 174548 35 1564 43.6 2.9 91.1 

13 67536 35 582 12.5 7.5 92.5 

14 60872 35 521 10.0 8.3 91.7 

a. MW initiator +109([tBMA]o/[I]0 x conversion) 

b. Calculated from GPC analysis in THF against linear p(St) standards 

c. Calculated from GPC analysis in THF against linear p(St) standards 
 

 

 

Figure 11: Overview of the synthesized PMAA-b-PS-b-PMAA block copolymers 

NMR spectroscopy - 
1
H-NMR. The synthesis of the PS-Br macroinitiator and the triblock copolymer 

PS-PtBMA were characterized by 
1
H-NMR to determine the degree of polymerization. Examples of 

1
H-NMR spectra (CDCl3) of a PS-Br macroinitiator (entry 2) and a PtBMA-b-PS-b-PtBMA block 

copolymer (entry 7) can be found in Figure 12a and Figure 12b, respectively.  
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Figure 12: a) Proton NMR spectra for entry 2 (styrene]/[EBIB] ratio = 70/1). b) Proton NMR spectra for entry 7 

([MAA]/[PS-Br] ratio = 2061/1) 

Figure 12a: 
1
H NMR (400 MHz, CDCl3, δ): 0.56-2.05 (m, a+b), 6.23-7.22 (m, c). Impurities: 0 

(grease), 1.56 (H2O) 

Figure 12b: 
1
H NMR (400 MHz, CDCl3, δ): 0.69-2.19 (m, a+b+d+e+f), 6.23-7.22 (m, e). Impurities: 

1.56 (H2O) 

Moreover, the extent of the hydrolysis step with concentrated HCl in refluxing dioxane to PMAA-b-

PS-b-PMAA was determined by 
1
H-NMR. In the experimental conditions, the hydrolysis reach 

completeness after 3 hours. This is also shown in Figure 13, where it can be seen in that there is no 

signal of the of the tert-butyl ester anymore. It can be assumed that the degree of hydrolysis is greater 

than 95%
59

.  

Figure 13: 
1
H NMR (400 MHz, d6-DMSO, δ): 0.69-2.19 (m, 8H), 6.23-7.22 (m, 5H). Impurities: 2.1 

(acetone), 3.33 (H2O), 3.6 (1,4-dioxane) 
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Figure 13: Hydrolysis step for entry 7 from PS75-tBMA463 to PS75-PMAA463 

 

GPC measurements. The polydispersity index (PDI) and molecular weights of the PS-Br 

macroinitiators and the PS-PtBMA triblock copolymers were determined by GPC measurements. High 

molecular weight polymers with a narrow polydispersity index (PDI) are desired for optimal use in 

rheology applications. In Figure 14 the evolution of the molecular weight distribution after chain 

extension of the different PS-Br macroinitiators is shown. The narrow monodisperse molecular weight 

distribution (PDI ≈ 2) for the synthesized PS-PtBMA triblock copolymers indicates a controlled 

radical polymerization and confirms the chain extension on the PS block
85

. 
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Figure 14: Evolution of the molecular weight distributions for tBMA ATRP polymerizations using PS-Br 

macroinitiator entry 1 (a), entry 2 (b) and entry 4 (c) as initiator and ME6TREN as ligand. d) The GPC traces for the 

molecular weight distribution of the produced PS-tBMA triblock copolymers.  

 

4.2 Rheology of aqueous solution with PMAA-b- PS-b-PMAA block copolymers  

The rheological characteristics of the associated amphiphilic triblock copolymers were determined by 

shear viscosity and viscoelastic measurements. All measurements were performed at 20 °C. The 

synthesized polymers possess interesting thickening capabilities. As observed in Figure 15, all the 

polymers solutions (1 wt%) are shear thinning. At lower shear rates (< γ = 10 s
-1

) most polymers reach 

an apparent Newtonian plateau with exception of entry 8 & 11, with no apparent Newtonian plateau in 

the frequency range investigated. The absence of a Newtonian plateau supports the fact that these 

amphiphilic block copolymers already form strong polyelectrolyte gels, which is a typical behavior for 

hydrophobic modified polymers
15,89

. Shear thinning is primarily determined by the molecular weight 

and is related to the disruption of the associating polymer network with increasing shear rate which 

results into the isolation of the polymeric structure. The shear viscosity profiles of the solutions can be 

fit with a power-law fluid model (η = Kγ
n-1

) and provides an n value of approximately 0.3 for the 

polymers of entry 8 & 11. This value was also found for diblock copolymers of PS-b-PAA by 

Kimerlang et al.
41

 and for block copolymers of PS-PMAA by Raffa et al.
15

. The polymers with a 

longer PMAA block have an even higher n value of 0.6-0.8. For these polymers, at low shear rates a 

Newtonian plateau is reached which was also observed by Korobko et al.
42

 with PS20-PAA85 diblock 

copolymers. It can also be observed that the high molecular weight polymers, entry 3, 4 and 6, which 
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have long PMAA arms, are less shear thinning and have longer Newtonian regions. An explanation for 

this phenomena lies in the nature of the aggregates in solution, where polymers with longer 

hydrophilic blocks form micelles with a larger PMAA corona. This results in stronger interaction 

(electrostatic forces and entanglement) between the micelles, which are less easily disrupted by 

shear
16

. However, for these high molecular weight polymers it was expected that the viscosity was 

higher due to the higher amount of charged moieties along the backbone of the polymer. The charged 

nature of the backbone can lead to electrostatic repulsions and therefore increases the hydrodynamic 

volume of the polymer coil which results in higher viscosity
90

. An explanation could be that these high 

molecular weight triblock polymers have more difficulty to aggregate, which results in weaker intra or 

intermolecular hydrophobic associations. The same observations related to the viscosity were also 

made by Raffa et al.
16

 for diblock copolymers of PS and PMAA. The polymers of entry 7, 8 and 11 

have a moderate hydrophobic and hydrophilic block and can form strong aggregates which results in 

high viscosities. Finally, it can be seen that the homopolymer give much lower viscosities compared to 

the amphiphilic triblock copolymers. An explanation for this is the absence of the hydrophobic block, 

which has a major effect on the rheological properties. In Appendix II, the viscosity as a function of 

the shear rate for different polymer concentrations (1, 0.5, 0.1 wt%) can be found. As expected, the 

viscosity profile decreased in magnitude with decreasing concentration. 

 

Figure 15: Viscosity as function of the shear rate for different PMAA-b-PS-b-PMAA block copolymers. Polymers 

were measured at a concentration of 1wt%. 

In Figure 16, the apparent viscosity (at γ = 9.63 s
-1

; 1 wt%) as a function of the hydrophobic and 

hydrophilic block length (in monomeric units) is given. The total hydrophilic block length is given 

above each block in the diagram. For the polymers with the same hydrophobic block length, the 

hydrophilic block length increases from left to right. In the figure several trends are observed. First, it 
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can be noted the viscosity decreases dramatically with a total hydrophilic block larger than 

approximately 600 repeating units. An explanation for this could be that a longer hydrophilic arm with 

more charges on the backbone leads to the fact that the amphiphilic triblock copolymers have more 

difficulty to aggregate, which results in less stronger intra or intermolecular hydrophobic 

associations
3,15,16

. It is also observed that after a certain hydrophilic block length, the viscosity 

increases slightly again. This can be attributed to the additional molecular weight which influences the 

viscosity according to the Mark–Houwink equation
91

. Another trend that is observed, is that the 

viscosities of the polymers with a PS35 block are very low compared with polymers with a larger PS 

block (with similar hydrophilic blocks). This could be explained by the fact that there is a certain 

threshold below which the hydrophobic block is too short for strong intra and intermolecular 

hydrophobic associations. Moreover, for the PS75 block copolymers it appears that a too short 

hydrophilic block is also not beneficial for the viscosity. An explanation for this is the decrease in 

electrostatic repulsion with a decreasing hydrophilic block length. From the plot below, it can be 

concluded that an optimum is reached with amphiphilic triblock polymers with a PS block larger than 

35 monomeric units and a hydrophilic block of approximately 600 monomeric units.  

 

Figure 16: The apparent viscosity (at γ = 9.63 s-1; 1 wt%) as a function of the hydrophobic and hydrophilic block 

length  

In Figure 17, the apparent viscosity at shear rate 9.63 s
-1

 as a function of the molar concentration is 

given for the polymers of entry 7, 8, 9 and 11. In all cases, sigmoidal curves are obtained. At very low 

concentrations the viscosity is slightly higher than that of water and nearly constant. According to the 

theory this is the diluted regime
3
. In this regime, the polymers are non-interacting and form isolated 

micelles with the hydrophilic block fully stretched into the solution. Stretching is the result of the 

osmotic pressure exerted by the counter ions trapped in the corona by Coulombic interaction
16

. 

Micelles are formed because the short PS block provides a strong driving force for association of the 
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copolymer chains into micelle-like aggregates. These micelles consist of a collapsed PS core 

surrounded by a charged hydrated PMAA coronae
92

. The stability of the micelles is ensured while the 

strong hydrophobicity of the core-forming PS overcomes the electrostatic repulsion between the 

PMAA chains. With a higher concentration, the micelles start to interact and after a critical value (the 

overlapping concentration c*) the viscosity increases sharply. This region is called the semi-diluted 

regime where the micelles start to interpenetrate and shrink. At even higher concentrations, the slope 

of the curve does not increase sharply anymore, but remains almost constant. In this region a sol-gel 

transition occurs and an interpenetrating polymer network (gel) is formed. The typical viscosity profile 

described above is similar to that observed in star and micellar systems
93

 and for PS-PAA-PnBA 

terpolymers
94

. Also Raffa et al.
16

 described the same behavior for PS-PMAA diblock copolymers.  

 

 

Figure 17: The apparent viscosity (at γ = 9.63 s
-1

 ) as a function of the concentration and schematic representation of 

micelles overlapping and shrinking in the different regions 

In Figure 17, it can be observed that the overlapping concentrations are almost the same. This can be 

explained by looking at the hypothetic structure of the micelles, which is depicted in Figure 18. The 

overlapping concentration is primarily determined by the length of the hydrophilic arm. Polymers with 

longer hydrophilic blocks form micelles with longer arms and therefore overlap at lower 

concentrations. For entry 8 & 11 the PMAA block is approximately the same and therefore also the 

overlapping concentration. Entry 9 has long hydrophilic arms and start to overlap at a lower 
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concentration as is shown in the above figure. The same results were found by Raffa et al. with 

diblock copolymers of PS and PMAA
16

 and was already reported for neutral amphiphilic 

copolymers
95

. It can also be observed that in the concentrated region, the polymers with the shortest 

PMAA blocks form stronger gels at the same weight concentration.  

         

Figure 18: Schematic representation of the arrangement of the amphiphilic triblock copolymers into micelles 

Viscoelasticity. This section describes the loss/elastic (G’) and storage/viscous (G’’) modulus 

measurements. The results are presented as a function of the frequency, under amplitude oscillatory 

shear of 1 mPa at a reference temperature of 20 °C. All the polymer samples were tested at polymer 

concentrations of 0.1, 0.5 and 1 wt%. 

The elastic response of an aqueous polymeric solution is dependent on several parameters such as the 

molecular weight, the concentration and the presence of hydrophobic groups
96,97

. In Figure 20 a,b,c the 

G’ and G’’ versus the frequency are plotted for 1 wt% polymer solutions. It can be observed that entry 

8 and 11 form viscoelastic gels with G’> G’’ over a broad frequency range. Moreover, it is observed 

that the modulus is nearly independent from the frequency. This is due to the fact that the 1 wt% 

polymer solutions of 8 & 11 do not flow in tube inversion tests. The results of these tests are shown in 

Figure 19 and confirm that entry 8 and 11 present a yield stress at concentrations above 1 wt%. The 

other polymer solutions flow at the bottom of the tube at any investigated concentration. This was also 

observed by Raffa et al. for di, tri and star block copolymers of PS and PMAA
15,16

. 

 

Figure 19: Tube inversion tests. Concentration = 1 wt%. Entry 8: PS75-PMAA629 ; Entry 11: PS45-PMAA598 

The polymers with exception of entry 8 and 11 form viscoelastic solutions with a long viscous region 

where the cross over point occurs at high frequency rates. Moreover, for these solutions the 
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dependency on the frequency is more pronounced. This shows that the polymer network in solution is 

weak and easily disturbed. For entry 8 & 11 at lower concentration the same results are found, which 

indicates the transition from elastic gels to viscoelastic solutions (see Figure 20d). 

  

 

Figure 20: a,b,c) G’ and G’’ versus the frequency for 1 wt% polymer solutions. d) G’ and G’’ versus the frequency at 

different polymer concentration for entry 11: PS45-PMAA598 

For a better comparison, the viscoelastic behavior is compared between the dilute/semi-dilute (0.1 

wt%) and the concentrated regime (1 wt%). It is expected that in the dilute/semi-dilute regime the 

molecular weight becomes the controlling factor while micelle interactions are minimized. In Figure 

21 the phase angle and the cross over point of G’ and G’’ versus the frequency for 1 wt% and 0.1 wt% 

polymer solutions are shown. It can be seen that the polymer solutions giving a high viscosity at 1 

wt% polymer solutions (entry 8 & 11) exhibit a high elastic response. The more pronounced elastic 

response results in a lower phase angle and cross-over point at low frequencies. Apparently, the inner 

network formed by gelation for these polymers is highly elastic. Moreover, the high viscosity results 

in an increase in both the loss and storage modulus, which indicates the formation of strong gels. The 

other polymers do not form strong gels due to the fact that in the 1 wt% regime, longer hydrophilic 

arms leads to more steric hindrance and electrostatic repulsion, which results in less hydrophobic 

interactions between the hydrophobic polystyrene chains. The results are quite masked by the 

differences in viscosity. The high viscosity shifts the phase angle transition from the terminal to the 

plateau zone at lower frequencies. Therefore the results in the semi dilute regime are more interesting 
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because in the semi dilute regime the length of the arms have more influence on the elastic response. 

In this regime, a higher elastic response is more pronounced (except entry 8, where the viscosity is still 

high) for the polymers with a high molecular weight i.e. long hydrophilic arms. An explanation lies in 

the length of the hydrophobic and hydrophilic blocks. In the dilute regime, there exist no inner gel 

network, thus the elastic response is primarily determined by the length of the hydrophilic block. 

Longer hydrophilic arms have more interactions which gives a higher elastic response. This is shown 

in Figure 21 c and d with lower phase angles at given frequencies and the cross-over points at low 

frequencies.  

 

Figure 21: a,b) Cross-over point for the different polymer solutions at G’ and G’’ versus the frequency for 1 wt% and 

0.1 wt% polymer solutions. c,d) Phase angle as a function of the frequency at 1 wt% and 0.1 wt% polymer 

concentration 
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Surface tension. The surface tension (against air) of different polymer solutions was measured using 

the pendant drop method on a Dataphysics OCA15EC tensiometer. The obtained results are plotted in 

Figure 22 where the surface tension versus the polymer concentration is shown. For clarity, only 

several results are shown, which represent the results of all polymer solutions. 

 

Figure 22: Surface tension vs the polymer concentration of various triblock copolymers  

For low polymer concentrations, the solutions move towards the surface tension of demineralized 

water (measured to be 71.66 mN/m). As the concentration increases, the surface tension reaches a 

region where it start to decrease. Unfortunately, after a certain concentration (<10
-4 

wt%) due to the 

high viscosity of the polymer solutions, the droplet size did not remain constant due to relaxation, 

which resulted in inaccurate measurements. Moreover, it can be argued that the small differences in 

the measured surface tensions are experimental errors and the amphiphilic triblock copolymers are not 

surface active. In literature it is described that amphiphilic block copolymers have low diffusion 

coefficients and subsequently equilibrium situations between the unimers and micelles are reached 

only after a very long time period
32,98

. The same observations were made by Théodoly et al.
99

, who 

demonstrated on a series of diblock copolymers (PS-b-PAA, PBA-b-PAA, and poly(diethylene glycol 

ethyl ether acrylate) (PDEGA)-b-PAA) with similar charged hydrophilic blocks of PAA, that the 

kinetics of adsorption are slower when the copolymers are more hydrophobic. It was shown that for 

PS-PAA diblock copolymers adsorption was totally hampered. The same observations were made for 

diblock and triblock copolymers of PS and PEO
98

, diblock copolymers of PS and PAA
100

 and diblock 

copolymers of PS and PMAA
47

. It must be noted that the kinetically “frozen” micelles are only 

obtained in a very poor solvent for polystyrene. An explanation for this phenomena is that due to the 

strong hydrophobic interactions in the micelles there is a very slow or no exchange between unimers 

and micelles in solution. Inherently there is no overall diffusion from the bulk to the interface
48

. The 

PMAA-b-PS-b-PMAA block copolymers behave as physically/kinetically “frozen” micelles and do 
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not lower the surface tension of the droplets. This is illustrated in Figure 23, where an exchange 

mechanism between the bulk and the interface for a solution of PMAA-b-PS-b-PMAA (a) and 

PDEGA-b-PAA (b) is shown. For the PS-PMAA triblock copolymer solution, due to the relatively 

high glass transition temperature (Tg) of polystyrene, the core exists in a glassy state that causes a 

large activation energy barrier for molecular exchange and subsequently does not allow restructuring 

of the aggregates. For the PDEGA-PAA polymer the hydrophobicity of PDEGA is much lower which 

allows an equilibrium between micelles and unimers and subsequently results in surface activity of the 

polymer in solution. 

 

Figure 23: Schematic of the exchange mechanisms between the bulk and the interface for a solution of (a) PMAA-b-

PS-b-PMAA and (b) PDEGA-b-PAA 

Electron microscopy and modelling of the micelles. The gelation of the triblock copolymers can be 

quantified with small calculations of the micelle radius and the aggregation number. The gelation of 

polymeric micellar systems, i.e. the volume fraction of the micelles, depends on the molar polymer 

concentration c, the micelle radius rmic and the aggregation number p according to the following 

equation
44

:  

𝜑 =  
4𝜋𝑟𝑚𝑖𝑐.

3

3

𝑐𝑁

𝑝
 

Where N is the Avogadro’s number. The authors assume that gelation occurs at a volume fraction of φ 

= 0.6. Computer simulations of PS−PAA block copolymers have shown that for suspensions of hard 

spheres φ = 0.56 - 0.6 and even higher values were obtained for polydisperse samples
44

. The triblock 

copolymer is composed by NA and NB hydrophilic and hydrophobic monomers, respectively. For 

triblock copolymers the appropriate scaling has to be applied where NA’ = NA/b and NB’ = NB/b with n 

= the number of arms. It is assumed that both monomers have the same length l. The value l = 0.25 nm 

is taken as repeating unit length because this is the length of a segment of three sp
3
-hybridized 

connected carbon atoms. Below the critical micelle concentration, the micelle arms are completely 

stretched and the micelle core is formed by completely collapsed hydrophobic chains. Therefore the 

core radius rB is given by: 

 

[Eq. 12] 
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𝑟𝐵 = 𝑙 ∗ (𝑝 ∗ 𝑁𝐵)1/3 

Where l is the monomer length, p the aggregation number and NB the degree of polymerization of the 

hydrophobic block. The hydrophilic chain radius
16

 rA is given by:  

𝑟𝐴 = 𝑙 ∗ 𝑁𝐴 

Where l is the monomer length and NA the degree of polymerization of the hydrophilic block. This 

results that the micelle radius can be simply expressed as:  

𝑟𝑚𝑖𝑐 = 𝑟𝐴+𝑟𝐵 = 𝑙(𝑝𝑁𝐵)1/3 + 𝑙𝑁𝐴 

The aggregation number p, rA and rB can be calculated substituting equation 12 in equation 15. The 

results are shown in Table 6.  

Table 6: Calculated rA, rB and p according to equation 12 and 15 

Entry NB NA 

Molecular 

weight 

(g/mol) 

gel conc. (M)
a 

rmic (nm) rB (nm) rA (nm) p 

7 75 463 58638  3.41 10
-5 

60.5 2.7 57.9 32 

8 75 629 76708 1.30 10
-5

 81.2 2.6 78.6 29 

9 45 2210 245904 4.07 10
-6

 281.4 6.5 276.3 772 

10 45 1047 119211 1.68 10
-5

 134.8 3.9 130.9 173 

11 45 598 70210 1.42 10
-5

 76.9 2.1 74.8 27 

12 35 1564 174548 1.15 10
-5

 200.2 4.7 195.5 387 

13 35 582 67536 2.96 10
-5

 75.2 2.4 72.8 53 

14 35 521 60872 3.29 10
-5

 67.4 2.3 65.1 42 
a. Polymer molar concentration 

 

The calculated values for the micelle radius, rmic, show that the total radius is increased with longer 

hydrophilic chains. This also increases the aggregation number where in bigger micelles, more 

polymers can aggregate. Interestingly, Raffa. et al.
16

 estimated the aggregation number p, for diblock 

copolymers of PS and PMAA using the same equations as above. The diblock copolymers gave much 

higher aggregation numbers. For example for a diblock copolymer PS45-b-PMAA555 which 

corresponds to entry 11 (PS45-PMAA598) the obtained aggregation number was 195, which is almost 

7 times higher. This is in line with the expectation that diblock copolymers arrange into micelles much 

easier due to less steric hindrance. Moreover, Huh et al. 
101

 showed for A-B(n) block copolymers that 

there is an inverse relationship between the number of arms and the aggregation number. Thus the 

more arms (star > tri > di), the more steric hindrance which results in a low aggregation number. 

However, it must be noted that several assumptions are made in the calculation. For example it is 

assumed that the system is based on a dynamic equilibrium between the unimers and the micelles in 

solution. As shown with the surface tension experiments, the micelles behave as kinetically ‘frozen’ 

[Eq. 13] 

[Eq. 14] 

[Eq. 15] 
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micelles. Moreover, it is difficult to determine at which concentration a sol-gel transition occurs, but 

for the calculations the same reference point is taken, which allows to make a comparison.  

The structure of the gels has also been characterized by transmission electron microscopy 

measurements. In Figure 24 negative stain TEM images (scale = 50 nm) from 1 wt% solution of the 

polymers can be seen. The images show a micellar structure where white spots are the spherical 

hydrophobic cores consisting of polystyrene. The PS core is surrounded by the PMAA hydrophilic 

corona which is depicted as the dark regions due to adsorption of the stain. The images show that 

polymers giving a high viscosity (Figure 24 a,b,c) have a smaller micelle radius and a more dense 

packing, indicating a gel network. The images also show that the hydrophilic domains are highly 

linked together (especially for the polymers with long PMAA chains) which is expected in a gel 

structure. The gel structure appears disordered in all cases which was also found for PS-PAA and 

related block copolymers
44

.  

 

Figure 24: Negative stain EM pictures of 1 wt% solutions of: entry 7 (a), entry 8 (b), entry 11 (c), entry 9 (d), entry 

10(e) and entry 12(f) 

Furthermore, the gel structure of entry 8 (PS75-PMAA629) was investigated using cryo-transmission 

electron microscopy. A cryo-TEM image of PS-PMAA block copolymers has never been seen before. 

A cryo-TEM image shows the amphiphilic block copolymer in their native environment, which results 

in more accurate interpretation of the structure. A typical cryo-TEM image (entry 8) is displayed in 

Figure 25 with a concentration of 0.3 (Figure 25 a, b) and 0.5 wt% (Figure 25 c, d).  
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The cryo TEM images show that the gel structure can be described as a disordered state similar to 

colloidal glass. The average radius can be calculated using the Ruler tool in Adobe Photoshop CS6. 

The cryo TEM results and the theoretical calculated radius according to equation 15 are shown below.  

Table 7: Average radius of a micelle in solution at different concentrations 

conc. (wt%)
 

rmic (nm) 

0.5 51.4 

0.3 61.1 

0.1
 

81.2
a 

a. Calculated rmic fully stretched in solution below gelation concentration (according to equation 15) 

The experimentally obtained results are in good agreement with the theory of percolation and the 

calculated micelle radius. The results show that with an increase of the concentration, the micelles start 

to interpenetrate, which leads to a decrease in the micellar radius (shrinking of the hydrophilic corona) 

due to the screening effect of the interpenetrating charged coronas. 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 25: Cryo-TEM image of an amphiphilic triblock copolymer at 0.3 wt % (a,b) and 0.5 wt% (c,d) (entry 8: PS75-

PMAA629) 
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Zeta-potential. Colloidal particles accumulate charge at their surface that can be expressed as a 

surface potential, which is an important factor for determining the electrostatic repulsion between 

particles
102

. The surface electrical potential is an immeasurable quantity, but the so-called zeta 

potential can be measured. The Stern model as shown in Figure 26 describes the zeta potential as 

follows: at the particle surface, a tightly bound layer of counter-ions (i.e. of opposing charge) 

accumulates, which is called the Stern layer. Beyond this layer, the ionic concentration decreases with 

increasing distance from the particle surface (diffuse layer). The zeta potential is the electric potential 

at the location of the slipping plane which is dependent on the characteristics of the particle
103

.  

 

Figure 26: Stern model describing the ionic conc. as a function of the distance from the charged surface of a particle  

The zeta potential was measured on a ZetaPALS zeta potential analyzer. Figure 27 shows the zeta 

potential for the different amphiphilic PS-PMAA triblock copolymer systems in water with a 

concentration of 2*10
-5 

M. Most of the zeta potentials obtained in this study are very high and within 

the range of ± 65-75 mV. The negative potential indicates that the surface of the particles are 

negatively charged, as expected from ionized methacrylic acid groups
5
. Systems with the zeta potential 

in this range exhibit excellent stability of the colloid whereby the magnitude of the zeta potential 

indicates the degree of electrostatic repulsion between charged particles
104

. The stability of water/oil 

emulsion will be discussed later in this report. The particle size was measured using dynamic light 

scattering at 90°. The measured particles sizes can be found in Appendix IV. It can be seen that the 

particle size is much higher than the calculated estimations in Table 6 or the size obtained from 

transmission electron microscopy. Therefore, the magnitude of the calculated zeta-potential can only 

be used relatively. Nonetheless, it can be seen that the magnitude of the electrostatic repulsion for the 

polymeric systems is almost equal and is slightly dependent on the viscosity. The magnitude of the 

zeta-potential decreases with a higher viscosity. A higher viscosity indicates that micelles have more 

interaction and an interpenetrating network is formed. This results in shrinking of the hydrophilic 
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corona and subsequently screening of the charges which results in less electrostatic repulsion which 

determines the zeta potential. Moreover, it can be argued that the higher viscosity reduces the diffusion 

coefficient and therefore according to the electrical mobility equation of the Einstein relation, the 

"mobility", or the ratio of the particle's terminal drift velocity to an applied force is decreased
105

. 

 

Figure 27: The zeta potential of the PS-PMAA triblock copolymer systems in water (conc. 2 10-5M) 

 

Salt effect. The presence of NaCl on the shear viscosity of 1 wt% PMAA-b-PS-b-PMAA block 

copolymer solutions has been investigated using entry 11: PS45-PMAA598 in different concentration 

of NaCl solutions. In Figure 28, the viscosity versus the shear rate at different NaCl concentrations is 

shown. The viscosity drops dramatically upon addition of salt. An explanation for this is the fact that 

the salt ions shield the charges on the PMAA block, which results in chain collapse, shrinking of the 

corona and weaker intermicellar interactions
15,41,42

. Consequently, this results in a decrease in viscosity 

and elasticity. Also the viscosity as function of the concentration was investigated using entry 11 

(PS45-PMAA598) in 30.000 ppm of NaCl solution. As it can be seen from Figure 28, the dependency 

shows now a more exponential curve with much lower viscosities compared with the entry 11 solution 

without 30.000 ppm NaCl. However, the system still presents the characteristics of a gel. This shows 

that the polyelectrolyte screening shrunk the PMAA chains, but did not affect the hydrophobic 

association. This was also observed by Hietala et al.
89

 for PS-PAA star polymers. 
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Figure 28: a) Shear viscosity of 1 wt% PS45-PMAA598 solutions at different NaCl concentrations b) Viscosity 

(measured at γ = 9.63 s-1 at 20 °C) as a function of the polymer concentration in salt water (30.000 ppm NaCl) 

A small calculation can be made to model the size of the micelles upon addition of salt. In the regime 

of high salt concentration, the stretching of the polyelectrolyte arms should disappear due to screening 

of the charges. This is schematically shown in Figure 29. The corona radius scales with p
1/5

NA
3/5

cs
-1/5

 

where cs is the salt concentration
106

. For a completely collapsed corona, the cs value can be written that 

the concentration of Na
+
 equals the concentration of MAA units; cs = c* NA. The micelle radius for 

micelles upon salt addition is given by: 

𝑟𝑚𝑖𝑐 = 𝑟𝐴+𝑟𝐵 = 𝑙(𝑝𝑁𝐵)
1
3 + 𝑙𝑝

1
5𝑁𝐴

3
5(𝑐𝑁𝐴)−

1
5 

𝑟𝑚𝑖𝑐 = 𝑙[(𝑝𝑁𝐵)
1
3 + 𝑝

1
5𝑁𝐴

2
5𝑐−

1
5] 

We assume that p is constant because the micelles are kinetically “frozen”, thus for entry 11, p = 27, 

the following results are obtained: 

Table 8: The calculated micelles radius, rmic, with and without the addition of salt  

Entry NB NA 

Molecular 

weight 

(g/mol) 

conc. (M)
 

rmic (nm) rB (nm) rA (nm) p 

11
a 

45 598 70210 1.42 10
-5

 76.9 2.1 74.8 27 

11
b 

45 598 70210 4.26 10
-3 

5.6 2.1 3.54 27 
a. Without the addition of salt, c = gel concentration 

b. With addition of salt, cs= salt concentration 

 

The calculations show that the radius of the micelle decreases dramatically upon addition of salt. The 

decreased radius also results in less interaction between the aggregates and subsequently a lower 

viscosity.  

[Eq. 16] 
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Figure 29: Star-like micelle of PS-PMAA triblock copolymer in water without (left) and with (right) the addition of 

salt 

Interestingly, it can be argued that the micelle structure when salt is added is comparable to the gel 

structure at high polymer concentrations. In both cases, the hydrophilic corona is shrunk. At the gel 

point, the coronas are interpenetrating and the osmotic effect that stretches the polyelectrolyte brush 

has disappeared. This can be proofed by the fact that the micelle radius as estimated above (5.6 nm) is 

approximately the same as observed in the negative stain electron microscopy image (see Figure 24c, 

Table 9).  

Table 9: Comparison between theoretical and experimentally found micelle radius 

 rmic (nm) 

Theoretical 5.6 

TEM 9.8 
a) According to equation 16 

b) Experimentally found radius with negative stain TEM 

Temperature effect. The effect of temperature on the shear viscosity of 1 wt% PMAA-b-PS-b-PMAA 

block copolymer solutions has been investigated using entry 11 (PS45-PMAA598, 70.2 kDa). In 

Figure 30 the viscosity as a function of the temperature and shear rate (at several temperatures) is 

reported. It can be seen that the viscosity for example at shear rate y = 9.63 s
-1

 hardly decreases. This 

was not expected since in literature the viscosity is highly dependent on the temperature. For example 

for PMAA-PEG
107

 diblock copolymers and PAA54PS6 starpolymers
89

 the viscosity decreases 

significantly with increasing temperature while the inner network is broken. Apparently, the micellar 

structure is strong enough to resist breakage of the inner network. Moreover, this polymer shows 

promising thickening capabilities at high temperatures, which is an important requirement in 

Enhanced Oil Recovery applications where the temperature in a reservoir can rise up to 120 °C
24

. 
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Figure 30: a) Shear viscosity of entry 11 (PS45-PMAA598, 1 wt%) as function of the shear rate at different 

temperatures. B) Shear viscosity of entry 11 as function of temperature at γ = 9.63 s-1 

pH effect: The effect of the pH on the shear viscosity of 1 wt% PMAA-b-PS-b-PMAA block 

copolymer solutions has been investigated using entry 11 (PS45-PMAA598, 70.2 kDa). In Figure 31 

the viscosity as a function of the shear rate at different pH is displayed. The samples were made by 

dissolving the amphiphilic triblock copolymers in water and adding a predetermined amount of 1 M 

hydrochloric acid. The potentiometric measurements of the pH were done on a UltraBasic Denver 

Instrument. The solutions show a decrease in viscosity with a lower pH. At a high pH the hydrophilic 

PMAA chains are deprotonated and highly stretched in solution which causes high electrostatic 

repulsion between the chains
5
. Gradually decreasing the pH results in neutralizing the charges and 

subsequently the polymer chains collapse. This is the same viscosity profile as can be seen with the 

addition of salt. The pH and salt dependency of the amphiphilic triblock copolymers yield interesting 

opportunities in the application of smart materials
5
.  

 

Figure 31: Shear viscosity of entry 11 (PS45-PMAA598, 1 wt%) at different pH 

The effect of the pH can also be quantified by zeta-potential measurements. pH-Sensitive micellization 

was realized with the amphiphilic triblock copolymers of PS-PMAA in aqueous solution. Figure 32 
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shows the zeta-potential of entry 11: PS45-PMAA598 (concentration: 2 * 10
-5

 M) at different pH. 

Observations show a transition from collapsed to stretched PMAA polymer chains judged from the 

fact that the zeta-potential increases with increasing pH due to the ionization of the PMAA blocks
108

. 

At pH = 1.0-2.0, the zeta potential is almost zero which indicates that the micelles are almost 

electrically neutral. At this pH, the insoluble polymer complex precipitates. In Appendix IV more 

results of the zeta-potential measurements can be found. Here the average diameter of the micelles is 

reported as well, from which it can be seen that the diameter decreases with a decreasing pH. This is in 

line with the expectation that the micelle collapses due to neutralization of the charges. At pH =1.0 – 

3.0 the measured micelle radius is larger again, but this is due to precipitation of the micelle in 

solution which results in more light scattering and thus a larger diameter. Sun et al.
109

 reported the 

same pH dependency of the zeta potential for amphiphilic triblock copolymers of PAA-b-PEO-b-

PAA. Fernyhough et al.
5
 found for polybutadiene–poly(methacrylic acid) (PMAA) block copolymers 

the same results, but only when the solution was changed from high to low pH. They reported that the 

aggregates in solution (measured by TEM) transformed from vesicles to cylinders to spheres by 

changing the pH. For further research it would be interesting to see if this change in structure is also 

obtained for PS-PMAA block copolymers. The polystyrene block might inhibit change of the structure 

due to the high glass transition temperature.  

 

Figure 32: pH dependency of the zeta potential for PS45-PMAA598 solutions (conc. 2 * 10-5 M) 

Kinetic stability emulsion experiment. The stability of emulsions consisting of an equal amount of 

oil (102.2 mPa, γ = 9.63 s
-1

) and polymer solution were tested by phase separation experiments. Three 

important parameters influence the stability of the emulsion: the viscosity, the composition and the 

concentration. In the first experiment the concentration of the polymer solution was adjusted to match 

the viscous state of the crude oil in order to investigate the effect of the concentration on emulsion 

stability. Also, at these concentrations a comparison can be made with the performance in the flow-
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cell. In the second experiment the molar concentration of the polymer solution was held constant and 

the effect of the viscosity on the emulsion stability was tested. The oil in water (O/W) macro 

emulsions (droplet size ≈ 1*10
-3 

m) were made by mixing oil and polymer solution for 30 minutes at 

750 rpm on a stirring plate. The obtained O/W emulsion are in line with the Bancroft rule which states 

that the phase in which an emulsifier is more soluble constitutes the continuous phase
110

. A water in oil 

(W/O) emulsion was obtained with entry 7 with a different emulsion preparation technique. This 

emulsion was created by mixing oil and polymer solution for 30 minutes at 750 rpm on a stirring plate 

and putting the solution for 10 minutes in an ultrasonic bath. It is known that sonication can break the 

inter-micellar associations, disrupting the micelles which leads to fragmentation of large aggregates. 

Reorganization of these micelles was not observed by Zhao et al. for PEO- PS diblock copolymers
111

. 

Explanation and further research about these mechanisms is outside the scope of this thesis, but it 

opens a challenging research field and gives multiple options for interesting applications. Phase 

separation was determined visually at given times during the experiment. The results are shown in 

Figure 33 with the solution characteristics (viscosity and concentration) in appendix IV. 

 

Figure 33: Phase separation of oil and polymer solution (with the same viscosity) at given times  

Observations show that after 18 hours most emulsions have phase separated to some extent. This 

phenomena is clearly shown in the above figure where phase separation for the reference emulsion 

(water/oil) is complete after 18 hours whereas the other emulsions are not completely separated. The 

emulsion stability is enhanced due to the fact that the polymers act as a surfactant, lowering the 

interfacial tension. Phase separation is most pronounced for the low molecular weight polymer 

solutions; especially entry 7, 8 and 11 with the short PMAA arms. This can be justified considering 

that the concentrations of the polymer solutions differ completely and affect the degree of phase 

separation. The higher the polymer concentration, the higher the stability of the emulsion. The more 

concentrated polymer solutions (entry 9, 10 and 12) show higher emulsion stability. This can be 

explained by the fact that the triblock copolymers in these solutions have more interaction with each 

other (steric hindrance, electrostatic repulsion) which results in a more kinetically stabilized emulsion. 
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The formation of stable oil/water emulsions with an amphiphilic triblock copolymer was also shown 

by Huang et al.
112

 which synthesized a PDMA22-PPMA27-PLMA36 (poly[N,N-(dimethylamino) ethyl 

methacrylate-b-poly(ethylene glycol)methyl ether methacrylate-b-lauryl methacrylate) triblock 

copolymer with a hydrophobic core and hydrophilic arms. These copolymers reduced the 

dodecane/water interfacial tension significantly and could be tuned by adjusting the solution pH.  

An optical microscope (magnification 40x) was utilized to image the emulsion droplets to check the 

influence of copolymer concentration and composition on the size of the dispersed droplets in 

emulsions formed with PS-PMAA triblock copolymers. As shown in Figure 34, a decrease in average 

diameter of droplets was clearly observed compared with the reference emulsion (water/oil). The 

differences in droplet size can be attributed to two factors: the polymer concentration and the 

hydrophobic/hydrophilic block length. It is expected that a high concentration results in small droplets. 

At low concentrations, the block copolymer is not capable to absorb on the large surface area of small 

droplets, which results that the dispersed droplets lower their surface area by having a large size with 

wide diameter distribution
9,112,113

. This trend is not clearly observed in the results in Figure 34. 

Apparently, a very short PS block (35 units) and a long PMAA block (1564 units) gives the best 

emulsification and stabilization efficiency (Figure 34f) 

 

Figure 34: Light microscopy images (magnification 40x) after emulsification for (a) water (b) Entry 7: PS75-

PMAA463, 58.6 kDa (c) Entry 8: PS75-PMAA629, 76.7 kDa (d) Entry 9: PS45-PMAA2210, 245.9 kDa (e) Entry 10: 

PS45-PMAA1047, 119.2 kDa (f) Entry 12: PS35-PMAA1564, 174.5 kDa and (g) Entry 11: PS45-PMAA598, 70.2 kDa  

The results indicate that all polymer solutions influence the interfacial properties in some extent that 

different sized droplets are formed. After 5 days, the emulsions show (almost) complete phase 

separation. A comparison was made between the reference emulsion (water/oil) and a polymer 

emulsion (entry 11/oil) directly and after 5 days of emulsification. Complete phase separation occurred 

for the reference emulsion where in both phases no other phase was found. Interestingly, for the 

polymer emulsion in the water phase still small oil droplets could be found. The results are shown in 

Figure 35.  
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Figure 35: Comparison between the reference (water/oil) and polymer emulsion (entry 11/oil) directly and after 5 days 

of emulsification 

In the second kinetic stability emulsion experiment the molar concentration of the polymer solution 

was held constant and the effect of the viscosity and structure of the polymer on the emulsion stability 

was tested. The emulsions were made by the same method as described above. Before the experiment, 

the viscosity of the polymer solution was measured on a HAAKE Mars III (ThermoScientific) 

rotational rheometer at shear rate (γ = 9.63 s
-1

 at 20 °C). The results of the stability experiment are 

shown in Figure 36 with the solution characteristics in appendix IV.  

 

Figure 36: Phase separation of oil and polymer solution (at the same molar concentration) at given times 

The kinetic stability experiment showed that a higher viscosity enhances the stability of the emulsion 

significantly. For example, after 21 hours entry 8 (η = 308.0 mPa.s) shows almost no phase separation 

where for entry 10 (η = 36.4 mPa.s) phase separation is almost complete. Figure 36 clearly shows that 

the extend of phase separation correlates to the viscosity. An explanation lies in the diffusion rate, 

which is directly influenced by the viscosity of the continuous phase as described by the Stokes-

Einstein equation: 
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𝐷 =
𝑘 𝑇

6𝜋𝜂𝑟
 

Where D is the diffusion coefficient of a droplet, η is the continuous phase viscosity, r is the radius of 

the spherical particle and k the Boltzmann constant. The zeta potential for the polymer solutions was 

also measured (Appendix V) where a high zeta potential will confer stability due to resisting 

aggregation. If the zeta potential is small, attractive forces exceed repulsion (steric or electric) and 

coagulation and flocculation occurs. The zeta potentials for all polymer solutions were very high, but 

no clear trend could be found with the results of the emulsion stability experiment.  

  

4.3 Oil recovery simulation 

The synthesized triblock copolymers were evaluated by oil recovery simulations to determine the 

performance in the application of Enhanced Oil Recovery. The oil recovery simulations consist of 2D 

flow-cell and core-flood experiments. 

4.3.1 Flow-cell experiments 

In the 2D flow-cell, the polymers capability to recover oil out of dead-end zones can be examined, 

based on the results of oil depletion for chamber 2, 3 and 4 (see Figure 3). The additional oil recovery 

was eventually calculated using equation 10. The viscosity of the crude oil (at shear rate of 9.63 s
-1

, 20 

°C) used in the flow-cell was 102.2 mPa.s. The concentration of the polymer solutions used for the 

experiments were adjusted so that the viscosity of the polymer solution matched the viscosity of the 

crude oil. All triblock copolymers except entry 13 and 14 (not enough polymer) were tested in the 

flow-cell. The performance of the PS-PMAA triblock copolymers in the 2D flow-cell were compared 

with a commercial used polymer in EOR applications; partially hydrolyzed polyacrylamide (HPAM, 

12000 kDa, 25-30 hydrolysis in mole %). The results of the flow-cell experiments are summarized in 

Appendix I and in Figure 37.  

[Eq. 17] 
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Figure 37: Oil recovery out of dead-end zones in the 2D flow-cell (molecular weight in Da) 

From Figure 37, it can be observed that the different polymer solutions give fairly comparable oil 

recoveries. All the polymers improve the oil recovery roughly between 40-60% compared with water. 

The first goal of the polymer is to increase the viscosity of the polymer solution in order to decrease 

the water/oil mobility ratio, which results in an increased displacement efficiency. In these 

experiments, the viscosity of the oil and polymer solutions are approximately the same which gives 

interesting opportunities to compare the polymer performance regarding the sweep efficiency, which is 

affected by other parameters such as the viscoelasticity and/or interfacial tension. Notable, is the fact 

that the lowest molecular weight polymer solution, entry 7, gives the lowest oil recovery where the 

highest molecular weight polymer solution, entry 9, gives the highest oil recovery. The molecular 

weight is primarily determined by the long PMAA blocks and this can give an explanation for the 

obtained results: the longer arms results in a higher elastic behavior which can increase the 

microscopic sweep efficiency
22,31

. Elastic behavior provoke shear stresses from interactions between 

the polymeric chains and the oil droplet resulting into “pulling oil out” (pulling mechanism) of the 

dead end zones. The latter is in agreement with the observed results. The figure also shows that large 

differences exist in the used polymer concentrations. Specifically, high concentration were used for the 

block polymers with a long PMAA block (entry 9, 10 & 12) to match the viscosity of the crude oil. 

Higher concentrations of polymer, results in more overlap and interaction between the polymer coils. 

Moreover, the higher concentration may also have influenced the oil recovery while more polymer 

decreases the interfacial tension significantly. This was also shown in the emulsification experiments 
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where the emulsions exhibited longer stability for high molecular weight (high concentration) triblock 

copolymers at the same viscosities. 

4.3.2 Core-flood experiment 

The oil recovery in porous media using a triblock copolymer (entry 8: PS75-PMAA629) was 

evaluated by a core-flood experiment. High permeable sandstone cores (Bentheim) were used to 

evaluate the oil recovery in a reservoir. The physical properties of the Bentheim sandstone cores (5 x 

30 cm) are listed in Table 10. The porosity was determined using the buoyancy method, where the 

bulk volume and the grain volume were measured by immersing the dry sample in mercury
25

. The 

pore volume (pV) was calculated with the corresponding porosity and the total volume of the core. 

The brine permeability was calculated using Darcy’s law
84

. 

𝑘𝑏𝑟𝑖𝑛𝑒 = 1000 ∗  
𝐿

𝐴
∗  𝜂 ∗ 𝑄 ∗ 

1

∆𝑃
 

Where kbrine = brine permeability (mD), L = length of the core (cm), A = cross sectional area of the 

core (cm
2
), η = viscosity of the fluid (mPa.s), Q = the flow rate (cm

3
/s) and ∆P = pressure drop across 

the core. The pressure drop across the core was determined by injecting the brine solution (2000 ppm) 

at different flow rates (50, 100, 200, 250, 350, 450, 550 mL/h). Finally, the average pore radius for a 

brine flow can be calculated using the following equation.  

𝑟 = (
8 ∗ 𝑘𝑏𝑟𝑖𝑛𝑒

𝜃
)

1
2

  

Where r = the average pore radius for brine flow (μm), kbrine = brine permeability (m
2
) and θ = the 

porosity (fraction).  

Table 10: Physical properties of the sandstone cores used in the core-flood experiments 

 Bentheim (1) Bentheim (2) 

Length (cm) 30 30 

Diameter (cm) 5 5 

Cross sectional area (cm
2
) 19.63 19.63 

Porosity (%) 24 24 

Pore volume (PV, ml) 141.4 141.4 

Brine permeability (mD) 2195 457 

Average pore radius (μm) 8.49 3.87 

Oil saturation (%) 84.88 78.51 

 

[Eq. 18] 

[Eq. 19] 



 

58 

University of Groningen – Department of Chemical Engineering |Nijenborgh 4, 9747 AG Groningen 

For the core-flood experiment entry 8 (PS75-PMAA629) was chosen as amphiphilic triblock 

copolymer because of the good performance in the flow-cell (add. oil rec. 43.34 %), but mainly for the 

need for a very low polymer concentration (0.096 wt% in water). The lower the concentration, the 

more economical feasible the polymer is. The polymer was dissolved in a 2000 ppm brine solution 

(polymer concentration adjusted so that the viscosity matched the oil viscosity) to compare the results 

with a commercial polymer FP 3430S (HPAM, 12000 kDa, 25-30 hydrolysis in mole %). The results 

of the core-flood experiment are given in Table 11 and Figure 38.  

Table 11: Oil recovery from Bentheim sandstone cores (brine concentration 2000 ppm) 

Entry Core sample 

Polymer 

conc. 

(ppm) 

Oil sat. 
a
 

(% of PV) 

Oil sat. 

water 
b
 (%)  

Oil sat. 

polymer 
c
 

(%) 

Oil 

recovery 

d
 (% 

OOIP) 

ΔP, 

PF 
e
 

(bars) 

PS75-

PMAA629 
Bentheim (1) 5538 84.88 38.06 32.64 6.38 0.74 

FP 3430S Bentheim (2) 2000 78.51 44.71 40.85 4.01 1.5 

a. The oil saturation to begin of the experiment (i.e. the OOIP) 

b. The oil saturation after the water flood 

c. The oil saturation after the polymer flood 

d. Oil recovery based on equation 11 

e. The maximum pressure drop during the polymer flood 

 

The use of the commercial linear polymer (FP 3430S) results in an additional oil recovery of 4.01 % 

after the water flood. In contrast, the use of the triblock copolymer PS75-PMAA629 (entry 8) results 

in an additional oil recovery of 6.38 %. The higher oil recovery is remarkable given that the viscosity 

of the displacing fluid is equal for both solutions. The slight increase in oil recovery can be attributed 

to several parameters such as the elasticity of the polymer solution or to the fact that the triblock 

copolymer act as a surfactant, lowering the interfacial tension. However, there are some interesting 

differences between the two experiments. The concentration of the commercial polymer is 

significantly lower than the concentration of the triblock copolymer to obtain the same viscosity as oil 

(γ = 102.3 mPa.s). The viscosity of the triblock copolymer in brine solution decreases significantly due 

to polyelectrolyte screening. The screening effect for the commercial polymer is less pronounced 

because only 25-30 mole % of the backbone is hydrolyzed. In this experiment the salt concentration is 

relatively low compared to the salt concentration in oil reservoirs with concentrations over 30.000 

ppm
114

. A higher salt concentration results in the need for a higher polymer concentration, which from 

an economical point of view is not beneficial. Nevertheless, both commercial and triblock copolymer 

give a high viscosity at low concentrations and enhance the oil recovery significantly as tertiary oil 

recovery method. The slight increase in oil recovery for the commercial polymer can be attributed by 

the significant larger pressure drop (1.5 bar), which is high compared to the triblock copolymer (0.7 
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bar). The increased pressure drop can be caused by the high hydrodynamic polymer layer thickness, 

but the most plausible solution is the much lower brine permeability of the Bentheim core used in the 

core-flood experiment for the commercial polymer. As expected, the permeability and the oil recovery 

are related. Nonetheless, with a lower pressure drop, the triblock copolymer has even a higher oil 

recovery, which can be attributed to the elastic behavior of the polymer and the capability of lowering 

the interfacial tension of the oil and water interface.  

 

Figure 38: Oil recovery from high permeable Bentheim sandstone cores 

The shear viscosity of the polymer solution, PS75-PMAA629, was measured before and after the 

polymer flood. The results are shown in Figure 39.  

 

Figure 39: Viscosity as function of the shear rate (PS75-PMAA629) before and after the polymer flood in the core-

flood experiment 
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A significant difference in the viscosity of the polymer solution, before and after polymer flooding in 

the core-flood experiment exist. An explanation for this interesting observation, could be that the 

polymer is retained in the reservoir rock surface by mechanical trapping and adsorption
66

. Adsorption 

for both polymers and hydrophobic modified polymers is reported in literature
73,74

. The blocky 

structure of the triblock copolymer results in strong hydrophobic interactions which leads to strong 

adsorption and the formation of multilayers
115,116

. Hydrophobically modified polymers show an 

unusual adsorption isotherm and the amount of polymer adsorbed on the rock surface is higher than 

adsorption for homopolymers
18

. Adsorption increases continuously with increasing polymer 

concentration due to the formation of multilayers, which can only be formed due to the hydrophobic 

and hydrophilic blocks. Adsorption can result in an increase in oil recovery because it leads to a 

reduction in permeability in reservoir rocks, which can be measured by the residual retention factor 

(see equation 5). The calculated RRF values and the corresponding adsorbed polymer layer thickness 

for the polymers in the core-flood experiments are shown in Table 12. 

Table 12: Permeability results of the core-flood experiment 

Entry Core sample 
Polymer 

conc. (ppm) 

Brine conc. 

(ppm) 
RRF

a 
e (μm)

b 

PS75-PMAA629 Bentheim (1) 5538 2000 14.78 

 

4.13 

 

FP 3430S Bentheim (2) 2000 2000 6.25 1.42 

a. Residual retention factor based on equation 5 

b. The average absorbed polymer thickness based on equation 6 

 

The above results confirm the formation of multilayers for the PS-PMAA triblock copolymers. The 

adsorbed polymer layer thickness is almost four times higher compared with the commercial 

hydrolyzed polyacrylamide. The differences can be attributed to the molecular architecture (triblock vs 

linear) and chemical structure (amphiphilic vs homopolymer). The presence of charges reduces the 

extent of adsorption onto a surface, but both polymers exhibit charges on the backbone. The reduction 

in permeability subsequently diverts the injected fluid to poorly swept zones, which increases the oil 

recovery while improving the sweep efficiency
76

. However, injectivity issues can arise due to the 

exponential increase in the pressure of the reservoir due to plugging. This phenomena is even more 

pronounced for low permeable reservoirs. Another explanation for the high difference in viscosity 

before and after the polymer flood in the stone core, could be mechanical degradation of the polymer 

due to chain scission
117

. It is known that mechanical degradation occurs in pipes, through valves or 

stones above a certain pressure drop
118-120

. This phenomena is most pronounced for high molecular 

weight polymers. The molecular weight of the polymer used in the experiment (Mn = 58.6 kDa) is 
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quite low and therefore it is uncertain if mechanical degradation attributes to the lower viscosity. For 

further research on this topic, the molecular weight before and after the core-flood experiment should 

be measured to determine the presence of this effect. 
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5. Conclusion 

In this work well-defined amphiphilic triblock poly(sodium methacrylate)-polystyrene-poly(sodium 

methacrylate) (PMAA-b-PS-b-PMAA) copolymers were synthesized by ATRP. The block copolymers 

were characterized by a different length of either the hydrophilic or the hydrophobic block to study the 

influence of the block length on the rheological properties in water. Previous work focused on the 

rheology of the analogue diblock copolymers constituted by PMAA
16

/PAA
3
 and PS, but a systematic 

study on the effect of the block length for triblock copolymers was never considered before. Moreover, 

this research investigated the performance of the triblock copolymers in oil recovery simulations. To 

the best of our knowledge, the rheological behavior and the corresponding application in Enhanced Oil 

Recovery have not been investigated before.  

The PMAA-b-PS-b-PMAA copolymers were successfully synthesized by ATRP. The obtained 

triblock copolymers form strong viscoelastic gels depending on the polymer composition. It was found 

that in the concentrated region (1 wt%) short PMAA blocks yield the strongest gels. However, 

polymers with longer PMAA blocks start to form gels at lower concentrations. The hydrophobic block 

length only plays a minor role until a certain threshold (35 monomeric units) below which the 

hydrophobic interactions are too weak resulting in the formation of weak gels. The same results were 

found by Raffa et al. for the analogous diblock copolymers of PS-PMAA
16

.  

The amphiphilic triblock copolymers form star-like micelles (hydrophilic block > hydrophobic block) 

consisting of a collapsed PS core surrounded by charged hydrated PMAA chains which are fully 

stretched in solution. At low concentrations non-interacting isolated micelles are present, but after a 

certain critical concentration the micelles start to interpenetrate and shrink. Eventually a sol-gel 

transition occurs and an interpenetrating polymer network is formed. The gel structure was examined 

by negative stain electron microscopy. The images show a micellar structure, which was disordered in 

all cases. The polymers with a high viscosity at 1 wt% showed a smaller micelle radius and and a more 

dense packing indicating that a gel network is formed. A mathematical model that describes the 

micellar radius was used to make estimations of the gel structure. The mathematical model and the 

experimentally found radius in transmission electron microscopy are in good agreement. It can be 

concluded that in the gel structure (high concentration) the hydrophilic corona shrinks due to the 

screening effect exerted by interpenetrating charged coronas. Furthermore, the aggregation number of 

the triblock copolymers was found to be much lower compared with the analogue diblock copolymers 

due to steric hindrance.  

The triblock copolymers did not exhibit a CMC so it can be concluded that the polymers seems to be 

present in water as kinetically “frozen” micelles. This can be attributed to the high hydrophobicity and 

high glass transition temperature of the polystyrene block, which causes a large activation energy 

barrier for molecular exchange. The ability of the triblock copolymers to stabilize water/oil emulsions 
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was investigated. Emulsions of crude oil and polymer solutions were stable for a prolonged period of 

time where the stability was primarily determined by the viscosity, concentration and the molecular 

structure.  

The influence of the ionic strength, pH and the temperature on the rheology has been preliminary 

investigated. The experiments showed that the pH and ionic strength have a great influence on the 

rheology. The viscosity decreased significantly upon addition of salt or decreasing the pH due to 

shielding of the charges on the PMAA block, which leads to chain collapse, shrinking of the corona 

and weaker intermicellar interactions. The change in conformation from collapsed to stretched by 

changing the pH was quantified with zeta-potential measurements. The experiments showed that the 

zeta-potential increases with increasing the pH due to ionization of the PMAA blocks.  

Finally, the EOR performance was evaluated by simulating oil recovery in 2D flow-cell and core-

flood experiments. The efficiency of the polymers in recovering residual oil out of dead-end pores in 

the flow-cell showed promising results with an additional oil recovery between 40-60% compared 

with a water flow. One amphiphilic triblock copolymer (entry 8: PS75-PMAA629) was used to 

evaluate oil recovery from a Bentheim sandstone core in a core-flood experiment and was compared 

with a commercial polymer: HPAM. The oil recovery in high permeable Bentheim cores was 

significantly improved with an additional oil recovery of 6.38 % for the triblock copolymer compared 

with 4.01 % for the commercial HPAM polymer. Also, the amphiphilic block copolymer displayed a 

higher RRF and adsorbed polymer layer thickness compared to the commercial polymer, which can 

increase oil recovery due to an improvement in the sweep efficiency. However, the effect of the salt 

concentration influences the solution viscosity significantly. Therefore, from an economical point of 

view, the amphiphilic triblock copolymers are only feasible in low salt concentration reservoirs. 

Overall, from this study it can be concluded that amphiphilic PS-PMAA triblock copolymers show 

very interesting rheological properties and enhance the oil recovery more efficiently than the current 

used HPAM polymer.  

In conclusion, a better understanding of the structure-properties relationship of PS-PMAA amphiphilic 

triblock copolymers in respect to the rheology, which represents the basis of this present work, can 

provide an useful tool in designing polymers for specific applications for example in the research 

fields of smart materials and Enhanced Oil Recovery.   
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6. Recommendations 

The following recommendations are made in order to gain more knowledge about the interesting 

properties of PS-PMAA amphiphilic triblock copolymers.  

This study showed that the oil recovery in high permeable Bentheim cores was significantly improved 

by polymer flooding with a PS-PMAA amphiphilic triblock copolymer. It would also be interesting to 

test the triblock copolymer in low permeable Berea sandstone cores. It can be expected that the oil 

recovery is significantly improved due to the high value for the residual retention factor which gives a 

high pressure drop. However, if the adsorption is too high injectivity issues can arise which is an 

important parameter that should be investigated. Furthermore, it would be interesting to measure the 

viscoelasticity of the polymers used in the flow-cell (at equal viscosity). This could give a better 

understanding to what extent the elasticity of the triblock copolymers attributes to an increase in oil 

recovery.  

Another recommendation would be to investigate with transmission electron microscopy the change in 

conformation of the PS-PMAA micelle at changing the pH. Fernyhough et al.
5
 found for 

polybutadiene–poly(methacrylic acid) (PMAA) triblock copolymers a morphological change from 

large vesicles to worm-like micelles to spherical micelles with increasing the pH. The pH responsive 

behavior yields interesting applications in the field of smart materials. It must be noted that for the PS-

PMAA block copolymers the polystyrene block might inhibit change of the structure due to the high 

glass transition temperature.  

Phase inversion was obtained with one of the emulsions (triblock copolymer/oil) after sonication. This 

interesting phenomena and the mechanism behind is an interesting research field. Moreover, phase 

inversion is an important industrial process to make stable emulsions for a different products varying 

from food to pharmaceuticals.  

The monomer poly(ethylene glycol) monomethyl ether methacylate (PEGMA) is a very interesting 

and promising monomer to use as the hydrophilic block in block copolymers. Block copolymers of 

PEGMA and PS exhibit excellent thickening capabilities without using charged moieties along the 

backbone (therefore also compatible in high salt reservoirs)
121,122

. Preliminary synthesis reactions with 

ATRP and RAFT have already been executed by the authors. However, the use of ATRP as 

polymerization method resulted that the chain extension with PEGMA on the PS-initiator gave very 

low conversions. When RAFT polymerization was applied, the PEGMA homopolymerized instead of 

chain extended on the PS initiator. 
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Appendix I 

 

Entry PS-PMAA 

Polymer 

concentration 

[wt%] 

Viscosity 

[mPa.s] 

Oil 

recovery 

[%] 

Additional oil 

recovery 
b 

[%] 

Flow-cell picture 

Water 

flood 
- - - 13.0 0 

 

FP3430
 

HPAM
 

0.13 72 16.1 3.1 

 

7 
PS75-

PMAA463 
0.17 105.8 52.7 39.7 

 

8 
PS75-

PMAA629 
0.096 104.6 56.3 43.3 

 

9
c 

PS45-

PMAA2210 
0.48 93.7 73.8 60.8 

 

10 
PS45-

PMAA1047 
1.19 97.8 60.7 47.7 

 

11 
PS45-

PMAA598 
0.16 106.6 66.2 53.2 

 

12 
PS35-

PMAA1564 
0.59 102.3 56.6 43.6 

 

a. Additional oil recovery calculation according to equation 10 

b. SNF polyacrylamide (HPAM, Mn ≈ 12000 kDa, 25-30 hydrolysis in mole %); Viscosity oil in experiment 70 mPa.s 

c. Performed in duplo. Standard deviation oil recovery = 3.29 % 
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Appendix II  

The figure below shows the viscosity versus the shear rate at different weight concentration for the 

synthesized triblock copolymers.  
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Appendix III 

The figure below shows the G’ and G’’ versus the frequency for 1.0, 0.5 and 0.1 wt% polymer 

solutions.  
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Appendix IV 

Zeta potential results for the amphiphilic triblock copolymer systems 

Entry 

Molar 

concentration 

(M) 

Viscosity 

(mPa.s) 

pH (-)
 

dmic (μm) 

Zeta 

potential 

(mV) 

mobility 

7 2.0 10
-5 

40.4 9.07 11.77 -74.17 -5.79 

8 2.0 10
-5

 308.0 9.03 40.21 -67.50 -5.27 

9 2.0 10
-5

 113.2 9.30 50.35 -69.64 -5.44 

10 2.0 10
-5

 36.4 9.34 13.42 -75.37 -5.89 

11 2.0 10
-5

 100.2 9.06 42.82 -72.95 -5.70 

12 2.0 10
-5

 81.5 9.25 35.41 -73.54 -5.75 

 

Zeta potential results for entry 11: PS45-PMAA598 at different pH  

pH 

Molar 

concentration 

(M) 

dmic (μm) 

Zeta 

potential 

(mV) 

mobility 

9.06 2.0 10
-5 

42.82 -72.95 -5.75 

8.40 2.0 10
-5

 13.59 -62.74 -4.90 

6.16 2.0 10
-5

 1.16 -48.41 -3.78 

4.17 2.0 10
-5

 0.38 -22.58 -1.76 

3.18 2.0 10
-5

 9.82 -6.19 -0.40 

1.16 2.0 10
-5

 5.24 -0.9 -0.07 
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Appendix V 

Stability experiment 1: stability of the emulsion at the same viscosity 

Entry 

Molar 

concentration 

(M) 

Viscosity 

(mPa.s) 

7 2.90 10
-5 

105.8 

8 1.25 10
-5

 104.6 

9 1.95 10
-5

 93.7 

10 9.98 10
-5

 97.8 

11 2.28 10
-5

 106.6 

12 3.38 10
-5

 102.3 

 

Stability experiment 2: stability of the emulsion at the same molar concentration  

Entry 

Molecular 

weight 

(g/mol) 

conc. (M)
a Viscosity 

(mPa.s) 

Zeta 

potential 

(mV) 

7 58638 2.0 10
-5 

40.4 -74.17 

8 76708 2.0 10
-5

 308.1 -67.50 

9 245904 2.0 10
-5

 113.2 -69.64 

10 119211 2.0 10
-5

 36.4 -75.37 

11 70210 2.0 10
-5

 100.2 -72.95 

12 174548 2.0 10
-5

 81.5 -73.54 
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Appendix VI 

Negative stain electron microscope images (1 wt%): 
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