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Abstract

Hypothesis

The micellization of block copolymers of poly(ethylene oxide) (PEO) and poly-

(propylene) oxide (PPO) is driven by the dehydration of PPO at elevated temper-

atures. At low concentrations, a viscous solution of isolated micelles is obtained,

whereas at higher concentrations, crowding of micelles results in an elastic gel.

Alternating PEO-PPO multiblock copolymers are expected to exhibit different
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phase behavior, with altered phase boundaries and thermodynamics, as compared

to PEO-PPO-PEO triblock copolymers (Pluronics®) with equal hydrophobicity,

thereby proving the pivotal role of copolymer architecture and molecular weight.

Experiments

Multiple characterization techniques were used to map the phase behavior as a

function of temperature and concentration of PEO-PPO multiblock copolymers

(ExpertGel®) in aqueous solution. These techniques include shear rheology, dif-

ferential and adiabatic scanning calorimetry, isothermal titration calorimetry and

light transmittance. The micellar size and topology were studied by dynamic light

scattering.

Findings

Multiblocks have lower transition temperatures and higher thermodynamic driv-

ing forces for micellization as compared to triblocks due to the presence of more

than one PPO block per chain. With increasing concentration, the multiblock

copolymers in solution gradually evolve into a viscoelastic network formed by

soluble bridges in between micellar nodes, whereas hairy triblock micelles jam

into liquid crystalline phases resembling an elastic colloidal crystal.

Keywords: Poly(ethylene oxide)-poly(propylene oxide) copolymer, Alternating

multiblock copolymer, Thermoreversible micellization, LCST phase diagram,

Thermodynamics of micellization, Micellar morphology
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1. Introduction1

The self-assembly of amphiphilic block copolymers in selective solvents (usu-2

ally water) has been widely studied since the 1950’s [1]. Such block copoly-3

mers contain both hydrophilic (A) and hydrophobic (B) blocks. Driven by the4

hydrophobic effect, the latter spontaneously phase separate into microscopic hy-5

drophobic domains stabilized by the hydrophilic blocks, thereby forming micellar6

assemblies [2]. This transition occurs at a characteristic temperature and con-7

centration, referred to as the Critical Micellar Temperature (CMT) and Critical8

Micellar Concentration (CMC), respectively, and is specific for each combination9

of amphiphile and solvent. At more elevated concentrations, interactions between10

individual micellar assemblies might result in the formation of a (visco)elastic11

network or gel, but fundamentally different underlying principles have been ob-12

served based on the block lengths and molecular architecture of the block copoly-13

mers [3]. For di- and triblock copolymers, three main morphology types have14

been observed. Hairy (spherical) micelles, formed by AB diblock or ABA tri-15

block copolymers, jam together in liquid crystalline lattices [4–7]. BAB triblock16

copolymers, on the other hand, have hydrophobic end-caps that assemble in so-17

called flowerlike micelles. At higher concentrations, the hydrophilic A blocks18

potentially connect two different micellar cores, rather than looping back to the19

same core. The presence of such ‘bridges’ results in the formation of a sample-20

spanning, viscoelastic polymer network [8–17]. Some block copolymers tend to21

aggregate into long, worm-like micelles depending on their molecular structure22

and external environment (e.g. pH, ionic strength) [18]. Such worm-like micelles23

are referred to as ‘living’ polymers, as they constantly break and reform, and have24

the potential to physically entangle above a certain critical concentration, thereby25
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forming a transient viscoelastic network [18]. Micellar assemblies with their en-26

suing complex phase behavior have often been used in biomedical applications27

[19] as drug delivery systems [20, 21] and tissue engineering scaffolds [22–24].28

The small hydrophobic domains can act as microcarriers [25, 26] for therapeutic29

agents, such as drugs or (stem) cells, and allow controlled release of their cargo30

[27, 28].31

Copolymers consisting of poly(ethylene oxide) (PEO, -CH2-CH2-O-) and poly-32

(propylene oxide) (PPO, -CH(CH3)-CH2-O-) blocks in different configurations33

are a classic example of amphiphilic block copolymers. Owing to the increased34

hydrophobicity of the PPO blocks upon increasing temperatures, such block copoly-35

mers undergo thermoreversible microscopic phase separation and form ordered36

structures with various morphologies [29, 30]. Undoubtedly, the architecture of37

the PEO-PPO block copolymers, i.e. the block lengths and their configuration as38

linear or branched di-, tri- or multiblock copolymers, plays a crucial role in the lo-39

cation of the phase boundaries, the morphology of the micellar aggregates as well40

as their final mechanical properties. The ABA triblock copolymers of PEO and41

PPO (PEOx-PPOy-PEOx) are often referred to as poloxamers and are commer-42

cially available as Pluronics® with different PEO (x) and PPO (y) block lengths43

[30]. Due to the wide variety of available block lengths, they have often been44

studied to generate fundamental insights in the micellization and phase behavior45

as a function of hydrophobicity and overall molecular weight [29, 31]. The crys-46

talline packing of micelles in lyotropic liquid crystalline phases at more elevated47

concentrations, gives rise to a rich polymorphism with characteristic mechanical48

properties as a function of temperature and concentration [31]. The phase behav-49

ior of Pluronics® has been studied with a multitude of techniques including dye50
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solubilization [29], calorimetry [32], light scattering [33, 34], X-ray scattering51

[35], neutron scattering [36, 37] as well as linear [38–40] and non-linear rheology52

[39, 41, 42]. Branched structures of PEO-PPO di- and triblock copolymers show53

peculiar phase behavior as well [43, 44]. The reverse counterparts of Pluronics®
54

having a BAB configuration show significantly different phase behavior and form55

an interconnected micellar network at elevated concentrations instead of liquid56

crystalline phases [45]. For such PPO-PEO-PPO triblock copolymers, an optimal57

balance between PEO and PPO block lengths is crucial for the solubility of the58

copolymer at low temperatures, and the ensuing formation of micellar assemblies59

upon heating [46].60

Unlike most research on PEO-PPO di- or triblock copolymers, the current61

study investigates linear, alternating PEO-PPO multiblock copolymers, which62

have been the subject of a very limited number of studies. Cohn et al. [47–50],63

Sun et al. [51] and Wang et al. [52, 53] have all found a gradual but significant in-64

crease in viscosity upon subjecting aqueous solutions of medium length PEO-PPO65

multiblock copolymers to increasing temperatures. Their obtained multiblocks66

containing 3 to 4 repeating PEO-PPO units were often compared to Pluronics®
67

with similar block lengths, and found to give rise to a more pronounced viscosity68

enhancement at equal mass concentrations, as well as larger micellar aggregate69

sizes. Nonetheless, a thorough investigation of their exact micellization behav-70

ior and the energetic driving forces remains elusive. Horiuchi et al. [54, 55]71

and Rikiyama et al. [56], on the other hand, have studied the association and72

micellization behavior, respectively, of dilute solutions of alternating multiblock73

copolymers with 6 to 10 repeating PEO-PPO units by a multitude of techniques.74

They found that micelle formation and phase separation occur at much lower tem-75
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peratures compared to Pluronics® of similar hydrophobicity. Moreover, interesting76

aggregation behavior of unimers even below the CMT was observed, indicative of77

significant hydrophobic driving forces within one multiblock copolymer chain.78

Although these studies have pointed out interesting features of the micellization79

of multiblock copolymers at dilute concentrations, clear insights in the phase be-80

havior at more elevated concentrations and a correlation with their rheological81

properties is still missing.82

Even though the discovery of Pluronics® and seminal studies thereon date back83

several decades, their excellent biocompatibility and non-toxicity, together with84

their ability of forming a thermoreversible elastic gel phase at temperatures around85

human body temperature, currently make poloxamers attractive as injectable ma-86

trices in (bio)medical applications [57–59]. They are also used for advanced drug87

encapsulation and delivery such as in anticancer therapeutic applications [60–62]88

and for stem cell-assisted tissue engineering [63]. Nonetheless, Pluronic® solu-89

tions and hydrogels have shortcomings such as limited viscosity increase, poor90

stability, short residence times and unacceptably high permeability, which could91

potentially be addressed by using PEO-PPO multiblock copolymers instead [49].92

For such multiblocks to replace Pluronics® in pharmaceutical applications, funda-93

mental knowledge on their micellization is crucial. A recent review by Naharros-94

Molinero et al. points out that in this regard reverse Pluronics® are currently un-95

derreported [59], let alone PEO-PPO multiblock copolymers. Therefore, we in-96

tend to study the phase behavior, i.e. micellization and clouding, and the ensuing97

rheological properties of commercially available PEO-PPO multiblock copoly-98

mers in dilute as well as concentrated solutions, as such systems can then serve as99

attractive alternatives to Pluronics®.100
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In the present work, medium-length PEO-PPO alternating multiblock copoly-101

mers with approximately 4 repeating units in aqueous solutions are investigated.102

By studying two grades of multiblock copolymers with different PEO and PPO103

block lengths, the differences arising from an altered overall hydrophobicity are104

elucidated. Comparing the behavior of these multiblock copolymers with that of105

their precursor Pluronic® triblock copolymers with similar EO weight fractions al-106

lows pinpointing the distinct behavior driven by copolymer architecture. Hereto, a107

unique combination of multiple techniques is employed, including rheometry, dif-108

ferential and adiabatic scanning calorimetry, isothermal titration calorimetry, light109

transmittance and dynamic light scattering. Not only do these techniques allow us110

to determine the relevant phase boundaries, they also provide insights in the re-111

lated mechanical properties of the phases (rheology), the energetic driving forces112

for phase transitions (calorimetry) and the phase microstructures (dynamic light113

scattering). This in turn facilitates identifying potential benefits of these novel114

medium-length alternating block copolymers as compared to triblock copolymers,115

as well as compared to longer alternating multiblock copolymers that have been116

studied before.117

2. Materials and methods118

2.1. Materials119

Two grades of ExpertGel® (EG) polymers, EG312 and EG412, were kindly pro-120

vided by Polymer Expert and used without further purification. The ExpertGels121

are linear multiblock copolymers, in which on average 2 poly(ethylene oxide)-122

poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymers123
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(also referred to as Pluronics®, a trademark of BASF) are connected by poly-124

(propylene glycol)-12/dicyclohexylmethane-4,4’-diisocyanate (PPG12/SMDI) copoly-125

mers and end-capped with additional PEO chains using urethane chemistry. Fig-126

ure 1 shows a schematic overview of the repeating unit present in EG312 and127

EG412, in which the number of monomers in each PEO, PPO and PPG block128

is indicated. Their overall alternating sequence thus contains on average approxi-129

mately 4 repeating PEO-PPO units, including the PPG blocks in the PPG12/SMDI130

copolymer. Therefore, we refer to the polymers as ‘alternating PEO-PPO multi-131

block copolymers’, which abstracts the presence of the SMDI linkers. EG312132

consists of Pluronic® F108 (poloxamer 338 with an average structure of PEO141-133

PPO44-PEO141), while EG412 consists of Pluronic® F127 (poloxamer 407 with134

an average structure of PEO101-PPO56-PEO101). The linking PPG-12/SMDI con-135

tains on average 4 repeating units.136

Table 1 summarizes the molecular characteristics of both types of commer-137

cially available ExpertGel®, as inferred from Fourier Transform Infrared Spec-138

troscopy (FT-IR), Gel Permeation Chromatography (GPC) and 1H Nuclear Mag-139

netic Resonance Spectroscopy (1H-NMR) (see Section 1 in the ESI† for detailed140

analysis). The weight fraction of EO monomers as compared to EO + PO monomers141

( fEO) matches the values as specified by the manufacturer of ExpertGel®, and is142

very similar to the values of the Pluronic® precursors (for F108 fEO = 0.83 on av-143

erage and for F127 fEO = 0.73 on average). Aqueous solutions with different con-144

centrations of ExpertGel® were prepared by magnetically stirring exact amounts145

of ExpertGel® (accuracy of 0.01 mg) in milliQ water (Sartorius arium® 611DI -146

conductivity of 0.055 µS/cm at room temperature) for at least 45 min at ice cold147

temperatures. Subsequently, the samples were left in the fridge at 4°C for at least148
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Figure 1: Schematic overview of the repeating unit in both ExpertGel® molecules with an indica-

tion of the amount of monomers in each block.

12 hours to completely eliminate the foam layer. All samples were used within149

one week after preparation.150

2.2. Characterization techniques151

2.2.1. Rheometry152

Rheological measurements were performed using a stress-controlled rheometer153

(DHR3, TA Instruments) in strain-controlled mode. The temperature was con-154

trolled with an accuracy of 0.1°C by means of a Peltier system connected to a155

fluid bath. For low viscous, dilute solutions of multiblock copolymers, an an-156
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Table 1: Molecular characteristics of the two grades of ExpertGel® (EG312 and EG412): number

average molecular weight (Mn), weight average molecular weight (Mw), molecular weight disper-

sity (Ð) and weight fraction of EO monomers as compared to the weight of EO + PO ( fEO)

Sample Mn [kDa]i Mw [kDa]i Ð [-] fEO [-]ii

ExpertGel® 312 29 63 2.15 0.83

ExpertGel® 412 23 44 1.88 0.75
iDetermined by GPC;
iiDetermined by 1H-NMR;

odized aluminium double wall Couette (DWC) geometry with diameters Dc,i = 40157

mm, Db,i = 40,76 mm, Db,o = 43,92 mm, Dc,o = 44,76 mm (c = cup, b = bob, i158

= inner, o = outer) and height Hb = 60 mm was used to ensure sufficient sample159

response with respect to the low torque limit of the device (5 nNm in rotation as160

specified by the manufacturer). The measurements were performed at a gap of 1161

mm under the bob and using a solvent trap to prevent solvent evaporation. For162

each measurement, exactly 7.5 mL of sample, directly taken from the fridge at163

4°C, was loaded in the DWC cup. The sample was kept at 15°C for a flow sweep164

from 1 to 100 s−1, after which the sample was heated to the desired temperature165

using a controlled heating rate of 0.1°C/min, while shearing at a constant shear166

rate of 100 s−1. This relatively high shear rate was used to have enough sample167

response and was verified to not influence the (onset of) micellization. At inter-168

mediate temperatures in steps of 5°C from 20°C to 50°C, flow sweeps from 1 to169

100 s−1 were recorded and proved Newtonian behavior, i.e. the viscosity was170

independent of the shear rate. This protocol was applied to all dilute copolymer171

solutions, as well as the milliQ water solvent.172
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For concentrated solutions, a stainless steel plate-plate (PP) geometry with a173

diameter of 40 mm was used at a gap of 250 µm. The gap was compensated for174

thermal expansion at a rate of 0.1°C/min by using a thermal gap compensation175

value of 0.82 µm/°C. No significant influence of wall slip was detected by com-176

paring sample responses of measurements at different gap heights in the range of177

150 µm to 750 µm. To avoid solvent evaporation at elevated temperatures, a pe-178

ripheral mineral oil layer was placed around the sample after scraping the excess179

sample and reaching the measurement gap (at low temperatures). The oil layer180

was kept in place by means of a metal ring with an inner diameter of 49 mm.181

No significant influence of the low viscosity mineral oil (viscosity of 0.14 Pas at182

25°C) was found on the rheological properties of the gel networks. The measure-183

ment protocol was as follows: after carefully loading and scraping the samples184

coming from the fridge at 4°C, a thermal steady state at 15°C was ensured by185

monitoring the samples using a strain of 0.1% (verified to be in the linear regime186

for all networks) at a frequency of 1 Hz over a period of 10 minutes. Next, a fre-187

quency sweep from 100 Hz to 0.01 Hz at 0.1% strain was recorded, followed by188

the controlled heating of the samples to the desired temperature using a heating189

rate of 0.1°C/min, while applying a strain of 0.1% at a frequency of 1 Hz. At inter-190

mediate temperatures in the range from 16°C to 50°C in steps of 2°C, frequency191

sweeps from 100 Hz to 0.01 Hz with a strain of 0.1% were recorded.192

2.2.2. Differential scanning calorimetry193

Differential Scanning Calorimetry (DSC) measurements were performed using a194

DSC Q2000 (TA Instruments). Aluminium Tzero DSC pans were filled with ap-195

proximately 20 mg of sample using a micropipette (1-10 µL Finnpipette, Thermo196
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Scientific) when taking the sample from the fridge. A hermetic Tzero lid was used197

to seal the samples. Samples were heated under an inert nitrogen atmosphere from198

15°C to 50°C, followed by 5 minutes isothermal equilibration and subsequently199

cooled to 15°C at the same rate. Rates of 0.1°C/min and 1°C/min were applied.200

The heating-and-cooling cycle at 0.1°C/min was repeated twice to avoid possible201

thermal history effects as well as to check reproducibility. A milliQ water refer-202

ence is used for temperature calibration and an Indium reference for heat flux and203

melting enthalpy calibration of the device, both at 0.1°C/min and 1°C/min.204

2.2.3. Adiabatic scanning calorimetry205

A home-built device was used for Adiabatic Scanning Calorimetry (ASC) mea-206

surements. The principles of ASC and the details of the Peltier-based set-up207

(pASC) have been described elsewhere [64–66]. In short, a constant heating (or208

cooling) power is applied to the sample and allows the sample to undergo its209

phase transitions at its own pace, while recording the resulting temperature evolu-210

tion. This is in contrast with DSC measurements, in which the sample is forced to211

follow the heating (or cooling) rate as dictated by the device, while the heat flux212

is being measured differentially as compared to that of the reference chamber.213

Therefore, ASC is believed to provide more representative and accurate measure-214

ments of phase transitions at true thermodynamic equilibrium [65].215

Practically, the sample cell platform is equipped with an electrical heater for216

constant power supply and a sensitive Pt-resistor thermometer to measure the re-217

sulting temperature of the sample. The sample cell itself consists of an airtight,218

sealed DSC crucible filled with approximately 60 mg of sample. To ensure that219

all power is supplied to the sample (and its addenda), the sample platform is sur-220
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rounded by an adiabatic shield and a very sensitive Peltier element is used as a221

differential thermometer to keep the temperature difference between sample and222

surroundings at zero. To this purpose, the top plate of the Peltier element is in223

good thermal contact with the sample cell platform, while the bottom plate of224

the Peltier element is in equally good thermal contact with the adiabatic shield.225

By PID-control, the necessary power is applied to the heater of the adiabatic226

shield, such that the temperature difference between sample platform and adia-227

batic shield, can be kept at zero. To achieve temperature stability at the µK level,228

the adiabatic shield itself is surrounded by an additional thermal shield and a heat229

bath, each maintained at a lower temperature and controlled by PID systems. In230

order to improve adiabatic conditions, the interior of the calorimeter is kept under231

vacuum and airtight sample crucibles are used. For all measurements, the sam-232

ples were subjected to a constant power supply of 300 µW, starting at 15°C and233

allowed to heat up until at least 55°C. Each thermometer used in the ASC setup234

is calibrated by comparing approximately 10 temperatures over the calorimeter’s235

full measuring range, with the temperatures measured in situ using a Tinsley sec-236

ondary Platinum reference thermometer, which is calibrated against the ITS-90237

temperature scale by the National Physical Laboratory (NPL) in the UK, resulting238

in an uncertainty of < 0.2 K.239

In ASC, the temperature dependence of the specific heat capacity cp(T ) is240

determined as cp = P/(m · dT/dt) in which P is the constant power input, m is241

the sample mass in the crucible and dT/dt the instantaneous heating rate. After242

baseline correction of cp, which removes the large contribution of the milliQ water243

solvent (cp,H2O = 4.184 J/gK), the heat capacity can be converted to the enthalpy244

using the following integral H =
∫

cpdT .245
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2.2.4. Light transmittance246

A Crystal16 (Technobis Crystallization Systems) device was used for light trans-247

mittance measurements, allowing 16 parallel measurements. The temperature was248

controlled by a combination of Peltier elements and a heater, with an accuracy of249

0.1°C. The transmittivity of a red 645 nm laser through a glass HPLC microvial250

(11.5 mm diameter, flat bottomed, 1.5 mL volume) containing 1 mL of sample251

was monitored as a function of temperature in the range of 15°C to 90°C at a252

rate of 0.1°C/min. In order to avoid foaming, no stirring was applied. Prior to all253

measurements, a calibration using milliQ water was performed, setting the trans-254

mittivity of the solvent background to 100%.255

2.2.5. Isothermal titration calorimetry256

Isothermal Titration Calorimetry (ITC) measurements were performed with a TAM257

III isothermal calorimeter (TA Instruments). Prior to each ITC experiment, the258

multiblock copolymer solutions were degassed by mild sonication for 15 minutes259

using short ultrasound pulses under vacuum. The system was equilibrated at a260

constant temperature while stirring at 100 rpm until a stable baseline was obtained261

(baseline shift < 50 nW/h). Titrations were performed by injecting aliquots of 10262

µL from the syringe containing an aqueous solution of multiblock copolymers263

into the sample cell with milliQ water. A waiting time of 30 minutes between264

injections allowed to reach a stable baseline after each injection. At least two in-265

dependent titration experiments per case were performed to confirm consistency.266

For EG312 samples, isothermal conditions at 32°C and at 34°C were studied. For267

EG412 and F127 samples, isothermal conditions at 26°C and 30°C were studied,268

respectively.269
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2.2.6. Dynamic light scattering270

Dynamic Light Scattering (DLS) measurements were performed on a commercial271

3D-DLS device (LS spectrometer, LS Instruments) to avoid possible influences272

of multiple scattering at the upper end of the dilute concentration range. The273

optical pathway comprises a 660 nm Cobalt laser, two Glan-Thompson polariz-274

ers and a beam splitter. The light travels through the sample chamber filled with275

filtered decalin as an index-matching fluid and is collected by two photon count-276

ing detectors mounted on a rotatable goniometer arm. The temperature of the277

sample chamber is controlled by a water-circulating fluid bath, and each sample278

was allowed to equilibrate for at least 30 minutes before starting a measurement.279

Scattering angles from 80° up to 140° were investigated in steps of 10°. Scat-280

tered intensities were measured for 50 seconds at each angle and the entire cycle281

(80°-90°-...-130°-140°) was repeated three times. The angular dependency was282

investigated by using the scattering vector q = (4π · n0 · sin(θ/2))/λ in which283

n0 is the temperature-dependent refractive index of the milliQ water solvent, θ284

is the scattering angle and λ is the laser wavelength. As dust is detrimental for285

any light scattering measurement, the dilute solutions of multiblock copolymers286

were filtered at low temperatures (right after taking them from the fridge) using a287

hydrophilic PTFE filter with pore sizes of 0.2 µm. This allowed for effective fil-288

tering of possible dust particles, without altering the concentration of the polymers289

in solution. The CONTIN analysis [67] provided in the LS Instruments software290

was used to screen for possible multimodality and/or polydispersity.291

2.2.7. Data analysis292

All data analyses were performed using MATLAB® 2021b.293
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3. Results and discussion294

3.1. Phase boundaries295

3.1.1. Micellization temperature296

In the past few decades, multiple studies on Pluronic® triblock copolymers (PEOx-297

PPOy-PEOx) have pointed out that the increase of their amphiphilic character with298

increasing temperature is responsible for their thermoreversible micellization in299

aqueous solutions [30]. The dehydration of the central hydrophobic PPO block300

at elevated temperatures causes clustering of PPO blocks into hydrophobic mi-301

cellar cores. The critical temperature (CMT) and concentration (CMC) for this302

thermoreversible micellization process are 1-to-1 correlated since the CMT is a303

function of concentration and the CMC is a function of temperature. Aqueous304

solutions of medium-length alternating multiblock copolymers of PEO and PPO305

with similar block lengths as Pluronics®, also undergo micellization above a cer-306

tain critical temperature [54, 56].307

Figure 2 (a) shows the evolution of the viscosity of a 30 g/L EG312 solution308

with increasing temperature probed at a slow heating rate of 0.1°C/min certify-309

ing thermal equilibrium. The evolution of viscosity exhibits an abrupt change310

at a certain transition temperature (indicated with a circle). Below this critical311

temperature, the viscosity decreases due to enhanced thermal mobility, as ex-312

pected for a viscous polymer solution. Above the critical temperature, on the313

other hand, the viscosity increases with temperature. This macroscopic effect in-314

dicates a change in the microstructure that restricts the (thermal) mobility of the315

polymer chains. Similar to Pluronics®, it is expected that the amphiphilic multi-316

block copolymers spontaneously self-assemble by clustering their hydrophobic317
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PPO blocks into aggregates. Obviously, such configuration changes the free mo-318

tion of individual polymer chains, and is reflected in the viscosity evolution with319

temperature. Hence, the transition temperature, inferred from the temperature de-320

pendent viscosity evolution as the crossover between the tangents of the viscosity321

curve (in a semi-log plot) over a range of at least 5°C at low temperatures suffi-322

ciently below the CMT and at higher temperatures above the CMT but below the323

cloud point, is used to detect the micellization. Such identification of the CMT is324

comparable to the minimum of the viscosity as a function of temperature, which325

has been adopted by other authors [40, 68].326

In order to further investigate this phase transition, calorimetric measurements327

have been performed. Figure 2 (b) shows the baseline-corrected heat flow of a328

30 g/L EG312 solution as measured in a differential scanning calorimeter (DSC)329

using a heating rate of 0.1°C/min. The baseline correction is illustrated in Figure330

S4 in the ESI†. An endothermic peak is observed, for which the peak maximum331

as well as the on- and endset temperatures can be determined. The latter two were332

determined using the tangent lines at the inflection points as indicated in Figure333

S4 (b) in the ESI†, and represent the start and end of the micellization process,334

respectively. For such a low heating rate, the heat flow curve is significantly scat-335

tered at low copolymer concentrations, which makes an accurate determination336

of the endothermic peak troublesome. Therefore, the better resolution obtained337

by adiabatic scanning calorimetry (ASC) [65] renders ASC more suitable for low338

concentrations of multiblock copolymers. The ASC data analysis procedure is339

illustrated in Figure S5 in the ESI†. In Figure 2 (c), the enthalpy evolution with340

temperature using a constant heating power of 300 µW is displayed for a 30 g/L341

EG312 solution. The increase in enthalpy is indicative of the endothermic micel-342
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Figure 2: Temperature evolution of (a) the viscosity at a shear rate of 100 s−1 and a heating rate

of 0.1°C/min, (b) the DSC heat flow at a heating rate of 0.1°C/min and (c) the ASC enthalpy at a

constant power supply of 300 µW for a dilute solution of 30 g/L EG312. The DSC heat flow and

ASC cp data are baseline corrected. The critical transition temperatures are also indicated.

lization process. The critical transition temperatures, i.e. the inflection point and343

on- and endset temperatures determined by the tangent line at the inflection point,344

are also indicated.345

As inferred from the difference in on- and endset temperatures of both calori-346

metric methods, the micellization process of the multiblock copolymers spans347

over a rather wide temperature range of at least 5°C, indicating a progressive con-348

version of individual copolymers into larger scale micellar assemblies [35, 44, 69]349
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(also see Section 3.2.2). This gradual increase of the amount of micelles explains350

why the viscosity continuously increases over an extended temperature range in351

Figure 2 (a). Such a broad micellization process was also observed by Wanka et al.352

for Pluronics®, and associated with significant polydispersity in the commercially353

available poloxamer range [31]. Note that the micellization onset temperatures, as354

determined by rheometry, DSC and ASC, are different due to the distinct probing355

principles. Whereas the calorimetric techniques immediately pick up the onset356

of micellization through changes in the heat flow (DSC) or temperature evolu-357

tion (ASC), the influence of the micelles on the viscosity does not appear until a358

certain conversion from unimers into micelles is attained. Nonetheless, for most359

concentrations there seems to be good agreement between the transition tempera-360

ture determined from the viscosity evolution and the peak temperature from DSC361

or the inflection temperature of ASC thermograms. The latter two represent an362

‘average micellization temperature’ at which most of the micelle formation is be-363

ing observed. At this temperature, enough micelles are formed to also alter the364

rheological response. Notably, the ASC onset temperatures seem to lag behind365

that determined by DSC. The latter is quite surprising, as other studies compar-366

ing mainly first-order phase transitions using DSC and ASC have consistently367

found that the transition temperatures inferred from DSC reflect the need for su-368

perheating or -cooling [65, 66]. This is a direct consequence of the application369

of a fixed heating rate in a differential calorimeter, which does not allow slow ki-370

netic processes to happen at their equilibrium temperatures. Therefore, first-order371

transitions are shifted and broadened in DSC thermograms as compared to ASC372

[70]. The ASC thermograms of multiblock copolymer solutions, however, clearly373

reveal the broadness of the micellization transition at equilibrium conditions. The374
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absolute difference in onset temperatures as probed by DSC and ASC might be a375

consequence of the temperature uncertainty of the DSC device, which is usually376

on the order of 1°C.377

Similar conclusions about the broad phase transition and the critical transition378

temperatures as inferred from calorimetric techniques, can be drawn for concen-379

trated multiblock copolymers, as can be seen in the (b) (DSC) and (c) (ASC)380

graphs of a 132 g/L EG312 solution in Figure 3. Additionally, linear oscillatory381

shear rheology measurements reveal an additional elastic contribution upon micel-382

lization in concentrated solutions of multiblock copolymers. In Figure 3 (a) the383

temperature dependence of the dynamic moduli of a 132 g/L EG312 solution are384

shown, as measured during a temperature sweep at a heating rate of 0.1°C/min, 1385

Hz and 0.1% strain using a plate-plate (PP) geometry. At low temperatures, the386

behavior is similar to that of a dilute copolymer solution, with a decreasing trend387

in the viscous modulus G′′ or the viscosity η with increasing temperature. Note388

that for purely viscous solutions with a phase angle close to 90°, the viscosity389

can be calculated from G′′ and the angular frequency ω using the relationships390

η ′ = G′′/ω and η ′ = η (at low frequencies) [71]. A clear transition is again ob-391

served in the evolution of G′′ (or viscosity), corresponding to the micellization392

of the multiblock copolymers. At the very limited contact surface between sam-393

ple and peripheral oil layer, the micellization might locally be influenced by the394

presence of the oil, but this is not detected in the dynamic moduli and hence can395

be considered to be negligible. Not only a progressive increase in the viscous396

modulus G′′ over multiple decades is observed, but an elastic modulus G′ appears397

that steadily increases with temperature above the CMT and even starts to domi-398

nate over the viscous contribution at higher temperatures indicative of an elastic399
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gel-like network structure. Multiple characteristic transition temperatures can be400

determined from this temperature evolution of the dynamic moduli (see Figure 3401

(a)). As the onset temperature of G′′ is the equivalent of the onset temperature of402

the viscosity increase for dilute solutions (see Figure 2 (a)), it will further be con-403

sidered as an indicator for the onset of micellization as inferred from oscillatory404

rheology. Compared to dilute solutions, its value does not differ as significantly405

from the onsets as determined by DSC and ASC, thereby indicating that for more406

concentrated solutions, rheology is more sensitive to micellization. At the onset407

of the G′ increase, the micellar solution acquires elasticity, which occurs approx-408

imately at the same temperature as the peak and inflection temperatures in DSC409

and ASC thermograms, respectively, thereby reflecting the need for sufficient mi-410

celles to be present to enhance elasticity. The inflection point of the G′(T ) curve411

represents the maximum elasticity increase per temperature increment. It is ob-412

served at the end of the micellization process, whereafter elasticity still increases413

with temperature, but less pronounced. The crossover temperature between G′414

and G′′ is frequently used as an approximation of the gel formation temperature415

Tgel , but has been shown to be more strongly dependent on the applied frequency416

[38]. The fact that elastic networks (or gels) seem to only be observed at temper-417

atures well above the calorimetric endset temperatures (see Figures 3 (b) and (c)),418

finds its origin in the effect of temperature on the dynamics of the hydrophobic419

association, combined with the frequency dependency of the rheological results.420

Therefore, at temperatures above the calorimetric endset temperature of concen-421

trated solutions, an elastic network might already exist, but it is a dynamic network422

that is rheologically not detected at a frequency of 1 Hz due to the very labile hy-423

drophobic interaction at that temperature (i.e. the time it takes for a hydrophobic424
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Figure 3: Temperature evolution of (a) the dynamic moduli G′ and G′′ at a frequency of 1 Hz,

0.1% strain and a heating rate of 0.1°C/min, (b) the DSC heat flow at a heating rate of 0.1°C/min

and (c) the ASC enthalpy at a constant power supply of 300 µW for a concentrated solution of 132

g/L EG312. The DSC heat flow and ASC cp data are baseline corrected. The critical transition

temperatures are also indicated.

block to detach from a micellar core is significantly shorter than 1 s) [72]. Finally,425

it is important to mention that the increase in G′ and G′′ with increasing temper-426

ature is thermoreversible, without any hysteresis at a rate of 0.1°C/min, and that427

the rheological properties at all intermediate temperatures are stable, i.e. they do428

not further evolve upon long isothermal annealing.429

The gradual G′ and G′′ evolution spanning over a temperature range of± 15°C430

is in strong contrast with the rheological response of concentrated Pluronic® solu-431
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tions exhibiting a very abrupt and drastic increase in dynamic moduli over a lim-432

ited temperature region of < 5°C above the CMT [38]. Moreover, frequency sweep433

experiments of concentrated Pluronic® solutions at temperatures above this abrupt434

sol-to-gel transition, manifest a typical fingerprint of an elastic solid, i.e. G′ > G′′435

for the entire frequency range [38], whereas our concentrated solutions of multi-436

block copolymers have a viscoelastic network response with a crossover between437

G′ and G′′ at a certain frequency (see Figure S6 in the ESI†, as well as our other438

publication [72]). Therefore, the microscopic picture giving rise to elasticity at439

more elevated concentrations must be significantly different for ExpertGel® multi-440

block copolymers as compared to Pluronic® triblock copolymers. It is well-known441

that the micelles formed by Pluronics® jam into a lyotropic liquid crystalline lat-442

tice at a certain critical volume fraction. This liquid crystalline behavior has been443

the subject of many studies investing the microstructural evolution of concen-444

trated Pluronic® solutions as a function of concentration and temperature by light445

and neutron scattering [31, 36, 69, 73], as well as by polarized microscopy [31].446

The hierarchical packing of micelles in a crystalline lattice structure has also been447

observed in the DSC thermogram of concentrated Pluronic® solutions as an ad-448

ditional first-order phase transition and corresponds nicely with the vast increase449

in the shear moduli [31, 38, 44, 73]. For alternating multiblock copolymers, on450

the other hand, both the DSC and ASC thermograms of concentrated solutions451

(see (b) and (c) graphs in Figure 3) do not reveal an additional phase transition452

other than the endothermic micellization. Hence, their elastic network properties453

do not originate from crystalline micellar jamming. In this regard, the presence454

of soluble PEO blocks, capped by hydrophobic PPO blocks at both ends, allows455

the formation of a PEO ‘bridge’ in between two different hydrophobic cores in-456
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stead of looping back to the same micellar core. With increasing concentration,457

the closer proximity of other micellar cores allows such bridges to form more458

easily, which transforms the material from a viscous solution of isolated micelles459

at low concentrations to a sample-spanning, three-dimensional network at higher460

concentrations. The dependence of the elastic network modulus at high frequency461

(independent of temperature at sufficiently high temperatures) on the multiblock462

copolymer concentration has been studied and modelled in our earlier work [72].463

3.1.2. Cloud point464

For aqueous solutions of Pluronic® triblock copolymers, turbidity measurements465

have clearly indicated clouding and phase separation at higher temperatures (far)466

above the CMT [74, 75]. Pluronics® thus exhibit lower critical solution temper-467

ature (LCST) behavior in water, meaning they are soluble at temperatures below468

the LCST and phase separate above a certain concentration-dependent tempera-469

ture. For investigating the solubility of multiblock copolymers in water, the trans-470

mittance of laser light through a solution of multiblock copolymers was monitored471

as a function of temperature upon controlled heating. Figure S7 in the ESI† shows472

the transmissivity of 645 nm laser light as a function of temperature at a heating473

rate of 0.1°C/min for different dilute and more concentrated solutions of EG312.474

As can be seen, there exists a rather sharp transition over a span of < 3.5 °C at475

which the solution transforms from transparant (100% transmittivity) to cloudy476

(0% transmittivity). The characteristic temperature corresponding to this transi-477

tion is referred to as the cloud point. It is determined as the inflection point of the478

sharp transition. The region between the CMT (as a lower limit) and the cloud479

point (as an upper limit) determines the relevant temperature range of the multi-480
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block copolymers in applications requiring micelles. Above the CMT, micelles481

are (progressively) being formed, whereas above the cloud point these micelles482

cluster together, form large aggregates and eventually phase separate.483

3.1.3. Phase diagram484

The determination of the onset temperature of micellization (CMT) and cloud485

point for each concentration of multiblock copolymer allows us to construct a486

phase diagram. Figures 4 (a) and (b) show the phase diagram of EG312 and487

EG412, respectively. The onset temperature for micellization, as determined by488

different techniques, as well as the cloud point are indicated in the graph and de-489

fine distinct areas corresponding to different states. The phase diagrams clearly490

reveal LCST behavior of the multiblock copolymer solutions, with the LCST cor-491

responding to the minimum cloud point as indicated in the graphs (54.2°C for 15492

g/L EG312 and 34.9 °C for 5 g/L EG412) [54]. At temperatures below the CMT,493

a purely viscous polymer solution is obtained. Visual inspection of the samples494

by tube inversion, after reaching thermal equilibrium in a temperature-controlled495

water bath for at least 15 minutes per temperature, indeed shows a transparant,496

flowable sol. Above the CMT and at dilute concentrations, micellization results497

in a viscous and transparant solution of isolated micelles. Via tube inversion, no498

clear distinction between the polymer and micellar solutions is possible, whereas499

calorimetric techniques, as well as the evolution of viscosity with temperature,500

indicate a pronounced change in the state of the sample. On the other hand,501

at higher concentrations, inversion of the sample tubes undoubtedly reveals the502

formation of a gel-like phase upon micellization, which does not flow under the503

influence of gravity. As explained before, the gel phase formed by multiblock504
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(a) EG312

(b) EG412

Figure 4: Phase diagram indicating the different sample states as a function of temperature and

concentration. The micellization temperatures are determined by rheology, i.e. based on the tem-

perature evolution of viscosity for dilute solutions and based on the temperature evolution of the

dynamic moduli for concentrated solutions, as well as by calorimetric techniques, i.e. differential

(DSC) and adiabatic (ASC) scanning calorimetry. The cloud point is determined by light transmit-

tance (LT). The Tgel values, as determined from rheological temperature ramps on concentrated so-

lutions, are also shown, as well as an indication of the lower critical solution temperature (LCST).

Pictures are taken for visual inspection of the sample upon tube inversion at thermal equilibrium,

and clearly show the transition from transparent to cloudy sample states.
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copolymers is believed to arise from soluble PEO bridges in between adjacent505

micellar cores, which are in close proximity only at elevated concentrations. The506

experimentally determined critical temperatures marking the onset of rheological507

gel formation (Tgel) as a function of concentration (see Figures 3 (a) and S8 in508

the ESI†) have also been added to the phase diagram in Figure 4. For the phase509

behavior of EG312 shown in Figure 4 (a), the transition between micellar solution510

and micellar network is indicated as a gradual transition zone. At concentrations511

around this critical transition, fluctuations and inhomogeneity in the microstruc-512

ture induce unstable and irreproducible behavior [76, 77], which hampers the de-513

termination of a well-defined transition temperature. Finally, by increasing the514

temperature to temperatures above the cloud point, both the micellar solution and515

micellar network turn white and cloudy, indicative of the formation of large scale516

aggregates. These eventually phase separate in the sol-state at low concentrations517

(see 20 g/L EG412 at 75°C in Figure 4 (b)), but remain stabilized in the gel struc-518

ture at elevated concentrations (see 124 g/L EG412 at 75°C in Figure 4 (b)). The519

phase diagrams reveal large similarity between the differently assessed onsets of520

micellization. Nonetheless, it is important to highlight that differences in CMT521

determined by the temperature-dependent viscosity evolution as compared to the522

CMT from DSC and ASC are more pronounced at very dilute concentrations of523

multiblock copolymers (< 25 g/L).524

Comparing the phase diagram obtained for EG312 with that of EG412 al-525

lows us to pinpoint two main differences in the phase behavior of the multiblock526

copolymers with different EO weight fraction (see Table 2). The critical micelliza-527

tion temperatures of EG312 are located 3 to 4°C above those of EG412, which can528

be attributed to the slightly lower hydrophobicity and smaller PPO block length of529
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EG312 as compared to that of EG412, similar to the trends observed for Pluronics®
530

[29, 31]. Remarkably, the cloud point curve of EG312 is shifted by approximately531

18°C as compared to that of EG412, due to which the interesting micellar re-532

gions span over a wider range of temperatures for EG312. The LCST behavior of533

Pluronics® has been previously attributed to the increasing hydrophobicity of the534

PEO block at high temperatures above the CMT [54, 75], and is therefore gov-535

erned by the length of both the PPO and PEO blocks. Regarding the PPO block536

length, it seems unlikely that only the limited decrease in PPO block lengths and537

overall hydrophobicity causes such a large increase in the cloud point of EG312 as538

compared to EG412. Moreover, the progressive dehydration of PEO at elevated539

temperatures above CMT would induce an opposite effect, i.e. the higher PEO540

fraction in EG312 would lower the cloud point. Combining these two effects, one541

would expect that the cloud points of EG312 and EG412 would not differ much.542

Therefore, the cloud point seems to be more sensitive to a difference in molecular543

multiblock copolymer architecture as compared to the CMT.544

Table 2: Comparison of the CMC values for ExpertGel® (EG312 and EG412) as determined in

the current study, as well as for Pluronics® (F108 and F127) as found in literature.

Sample Temperature [°C] CMC [mM]

EG312 25 0.90

F108i 25 3.08

EG412 20 2.58

F127i 20 3.17
iBased on the data of Alexandridis et al. [29]
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Besides the difference in gelation mechanism and the absence of crystalline545

stacking of micelles formed by multiblock copolymers, the CMC of the EG312546

and EG412 is lower as compared to that of their precursor Pluronics® F108 and547

F127, respectively. Table 2 summarizes the CMC at 25°C for EG312 and its548

precursor F108, and at 20°C for EG412 and its precursor F127. The values for549

ExpertGel® are obtained by interpolation of the CMT data as an average between550

DSC and PP rheology data, and expressed as a molar concentration. The values551

for the precursor Pluronics® are taken from literature [29]. Note that at these tem-552

peratures, the CMCs of both Pluronics®, expressed as a molar concentration, are553

approximately equal and indicate the need for a lower thermal driving force in554

the more hydrophobic component F127. The lower CMC values of multiblock555

copolymers as compared to that of Pluronics® with similar EO weight fractions,556

find their origin in the increased length of the multiblock copolymers. In this re-557

gard, Alexandridis et al. found that also for Pluronic® triblock copolymers with558

similar EO weight fraction and a molecular weight ranging from 2900 g/mol to559

14600 g/mol, an increase in the molecular weight lowers the observed CMC (or560

CMT) in a linear fashion [29, 30]. A similar reasoning also explains the differ-561

ence in the cloud points of the multiblock copolymers as compared to that of562

Pluronics®, for which phase separation was found to occur only above 100°C for563

F108 and F127 [74]. It should also be highlighted that the reduction in CMC564

by a factor of 3.1 (EG312) or 1.5 (EG412) for our medium-length multiblock565

copolymers with 4 repeating PEO-PPO units, is very limited as compared to the566

100-fold reduction obtained by employing long multiblock copolymers with 6 to567

10 repeating PEO-PPO units, as studied by Rikiyama et al. [56] and compared to568

their triblock copolymer counterparts with similar EO content. Since the molec-569
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ular weight of their multiblocks was not vastly increased as compared to that of570

our multiblocks at similar fEO values, this implies that also the copolymer archi-571

tecture, and more specifically the amount of repeating units, plays a crucial role572

in the final CMC reduction of multiblocks as compared to triblocks. Similarly,573

also the concentration and temperature at which the LCST is reached seems to574

be greatly reduced if more hydrophobic blocks are present (54.2°C at 15 g/L for575

EG312 multiblock copolymers with 4 repeating units as used this study, 58°C at576

3 g/L for alternating multiblock copolymers having 8 repeating units but similar577

hydrophobicity as studied by Horiuchi et al. [54]).578

3.2. Thermodynamics of micellization579

The thermodynamic driving forces behind the self-assembly process of multiblock580

copolymers can provide interesting insights and help pinpointing differences as581

compared to triblock or longer multiblock copolymers. Micellization is often582

considered as a closed-association equilibrium reaction n ·U −−⇀↽−− Mn between583

a unimer (U) and an n-mer (Mn), i.e. a multimer in which n unimers are combined584

[29, 78]. Polydispersity in micellar assemblies is thus considered negligible. The585

standard Gibbs free energy for this equilibrium reaction, i.e. the micellization586

Gibbs free energy per copolymer ∆Gmic, is defined as587

∆Gmic =−
RT
n

lnK =−RT
n

ln
[Mn]

[U ]n

in which R is the universal gas constant (8.3145 J/molK), T the absolute tem-588

perature and K the equilibrium constant. The latter is defined as the ratio of the589

equilibrium concentrations of micelles [Mn] and unimers [U ] taking into account590

the stoichiometry of the reaction in their exponent. Note that the stoichiomet-591
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ric factor n is closely related to the micellar aggregation number Nagg, defined in592

this work as the amount of hydrophobic blocks per micellar core. In the case of593

multiblock copolymers containing more than 1 hydrophobic block per chain, Nagg594

and n are related through the relationship Nagg = a · n, in which a represents the595

amount of hydrophobic blocks per chain. Making use of the law of mass action,596

together with the fact that n is usually significantly larger than 10, the well-known597

simplified expression598

∆Gmic = RT lnxCMC(T ) (1)

for the Gibbs free energy of micellization is obtained, in which xCMC(T ) repre-599

sents the mole fraction of copolymers at the CMC [30]. A similar expression for600

∆Gmic can be derived using the more controversial pseudo-phase separation model601

for micellization by assuming a constant concentration of free unimers equal to602

the CMC [30]. In Section 3.1.1, the dependence of the onset temperature for603

micelle formation on concentration, i.e. CMT(c), was determined by rheometry,604

DSC and ASC. The interchangeability between the temperature dependence of the605

CMC and the concentration dependence of the CMT allows us to determine the606

Gibbs free energy of micellization from our experimentally determined CMT(c)607

values. In Figures 5 (a) and (b), the ∆Gmic values (circles, left y-axis) based on608

the CMT(c) as inferred from rheology (in orange and red), DSC (in yellow) and609

ASC (in green) by using Equation 1, are shown as a function of temperature for610

both EG312 (a) and EG412 (b). Note that not the concentration, but the temper-611

ature is used as independent variable, by using CMT(c) as the relation between612

concentration and temperature. As expected, the negative Gibbs-free energy im-613

plies an exothermic, spontaneous self-assembly process. The values of the Gibbs614

free energy at the CMT of a 1wt% solution and a comparison with the values ob-615

32



tained for Pluronics® F108 and F127 as obtained by Alexandridis et al. [29] for616

1% w/v solutions are given in Table 3. Note that the CMTs are rather similar,617

while the molar concentration is significantly reduced in the multiblock copoly-618

mer solutions due to their higher molecular weight. The Gibbs free energy of619

micellization for multiblock copolymers is more exothermic (more negative with620

approximately 12-13%) than that of Pluronics®. Since the multiblock copolymers621

contain 4 hydrophobic blocks per chain and the Pluronic® triblock copolymers622

solely contain 1 hydrophobic PPO block per chain, the micellar aggregation of623

multiblock copolymers is energetically more beneficial (per mol) as compared to624

that of Pluronics®, even though the overall hydrophobicity is similar. In this re-625

gard, it is important to mention that Alexandridis et al. [29] obtained comparable626

∆Gmic values (deviations of less than 4%) for Pluronics® having similar fEO but627

twice the molecular weight. Moreover, they found an increase in absolute ∆Gmic628

of 12% for triblock copolymers with a doubled fEO from 0.4 to 0.8. Therefore,629

we can conclude that the increase in ∆Gmic of multiblock copolymers compared630

to triblock copolymers with equal EO content, is significant and induced by its631

multiblock nature, rather than the increased molecular weight.632

It is well-known that spontaneous processes happen due to a reduction in the633

Gibbs-free energy ∆G = ∆H−T ∆S, which consists of both an enthalpic (∆H) and634

an entropic (∆S) contribution. Calorimetric techniques such as DSC, ASC and635

ITC, besides providing insights in the critical transition temperatures, also allow636

the determination of the enthalpy related to phase transitions. Hence, combining637

our knowledge of ∆Gmic(T ) from CMT(c) with the experimentally determined638

∆Hmic from calorimetric techniques, will help pinpointing the exact energetic driv-639

ing forces for the spontaneous micellization of multiblock copolymers in aqueous640
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(a) EG312

(b) EG412

Figure 5: Thermodynamic quantities of micellization ∆Gmic (exothermic, lower left y-axis), ∆Hmic

(endothermic, upper left y-axis) and ∆Smic (right y-axis) for (a) EG312 and (b) EG412 as a func-

tion of temperature. ∆Gmic is calculated from the CMT as determined by rheology (η(T) in red

and G(T) in orange), by DSC at 1°C/min (yellow) and by ASC (green), ∆Hmic is measured by

calorimetric techniques (DSC at 1°C/min in yellow and ASC in green) and ∆Smic is calculated

using ∆Gmic, ∆Hmic and CMT. Horizontal dotted lines represent the average values for ∆Hmic and

∆Smic from DSC and ASC.
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solutions in the following two paragraphs.641

3.2.1. Scanning calorimetry642

The heat flow curve obtained by applying a DSC heating cycle at 0.1°C/min to a643

concentrated solution of 30 g/L EG312 in Figure 2 (b) revealed a clear endother-644

mic and broad transition from unimers into micellar assemblies. The enthalpy645

∆Hmic, expressed per mol copolymer, can be determined by integrating the spe-646

cific heat flux curve (see area indicated in Figure 2 (b)) and dividing the integrated647

enthalpy by the applied heating rate as well as the weight percentage of copoly-648

mer in the solution. Since the data at a very low heating rate of 0.1°C/min are649

significantly scattered and compromise a correct integration, the heat flow results650

upon application of a heating rate of 1°C/min were also investigated. Figures S9651

and S10 in the ESI† clearly indicate less scatter on the DSC data using a higher652

heating rate. Figure 5 shows the obtained ∆Hmic values from DSC thermograms at653

1°C/min (yellow triangles, left y-axis) as a function of temperature for (a) EG312654

and (b) EG412. The values do not change much with temperature (and hence655

concentration) with an average of 0.74 ± 0.09 MJ/mol and 0.8 ± 0.1 MJ/mol for656

EG312 and EG412, respectively. The enthalpy values obtained for 0.1°C/min ther-657

mograms are notably more scattered around average values of 0.9 ± 0.7 MJ/mol658

for EG312 and 0.8± 0.2 MJ/mol for EG412 (see Figure S9 in the ESI†), which are659

not unlike the ∆Hmic values obtained at 1°C/min but with much higher standard660

deviation. Due to the low signal-to-noise ratio of DSC measurements on dilute661

copolymer solutions, ASC was used to resolve the phase transition and its associ-662

ating enthalpy in dilute solutions. As can be seen in Figure 2 (c) for 30 g/L EG312,663

the endothermic ∆Hmic can be calculated as the difference in overall enthalpy at664
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temperatures sufficiently above and below the smooth and broad micellization665

process. The ∆Hmic values divided by the weight percentage of copolymer in the666

solution, are also shown in Figures 5 (a) and (b) (green triangles, left y-axis). The667

average values of 0.86 ± 0.09 MJ/mol and 0.97 ± 0.09 MJ/mol for EG312 and668

EG412, respectively, are in agreement with the ones obtained from DSC.669

The values of ∆Hmic of EG312 and EG412 micellization are significantly670

larger than those of their precursor Pluronics® (see Table 3). However, the en-671

thalpy values normalized by the amount of EO and PO monomers, ∆Hmic/(NEO+672

NPO) were found to be similar to those of Pluronics® with similar hydrophobicity.673

The ExpertGel® EG312 and EG412 multiblock copolymers have normalized en-674

thalpy values of 0.6± 0.1 kJ/mol and 0.9± 0.1 kJ/mol, whereas those of Pluronic®
675

F108 and F127 equal 0.85 kJ/mol and 0.95 kJ/mol [29], respectively. The scal-676

ing relation as generally observed for a wide set of Pluronics® by Alexandridis et677

al. [29] states that the normalized enthalpy values solely depend on the weight678

fraction of PO to EO and are thus similar for Pluronics® of equal hydrophobic-679

ity and different molecular weight. Interestingly, the ∆Hmic values obtained for680

our medium-length multiblock copolymers with 4 repeating PEO-PPO units are681

significantly larger than the ones obtained by Rikiyama et al. [56] for longer alter-682

nating PEO-PPO multiblock copolymers, which contain 6 or more repeating units683

per chain. The normalized enthalpies of their longer multiblock copolymers were684

also found to be significantly lower (reduced by a factor 3 to 9) as compared to that685

of Pluronics with similar EO fraction [56]. A possible explanation for this coun-686

terintuitive difference as compared to our medium-length multiblock copolymers687

can be found in the core-corona unimer assemblies formed by long multiblock688

copolymers. Since such unimer assemblies are already present below the CMT,689
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their PPO blocks are already efficiently screened from the aqueous medium and690

no drastic change in the chain configuration upon multimer micellization is an-691

ticipated, resulting in rather low ∆Hmic and normalized ∆Hmic values. In contrast,692

for medium-length multiblocks with only 4 hydrophobic PPO blocks, the entropic693

hydrophobic driving force for a collapsed, core-corona configuration of unimers694

in which the PPO blocks cluster together, is lower as compared to that of long695

multiblocks with at least 6 PPO blocks. Therefore, ExpertGel® multiblocks do696

not exhibit any significant unimer aggregation and have their PPO blocks fully697

exposed to the surrounding water solvent below the CMT [56]. The clustering of698

these PPO blocks into a micellar core is thus enthalpically more expensive.699

The positive, endothermic micellization enthalpy clearly indicates that the700

spontanueous micellar self-assembly of the multiblock copolymers must be driven701

by entropic gains. The entropy loss correlated with the clustering of multiple PPO702

blocks into one micellar core, is widely overcome by the gain in entropy of the703

surrounding water molecules upon collapsing their cage-like clathrate structure704

formed around individual hydrophobic PPO blocks [29]. This so-called hydropho-705

bic effect has been observed for Pluronics® as well [29, 31], and is the common706

driving force for amphiphilic self-assembly. The temperature-dependent entropy707

of micellization ∆Smic (squares, right y-axis), as calculated from ∆Gmic and ∆Hmic708

by DSC (yellow) and ASC (green), is also shown in Figures 5 (a) and (b) for709

EG312 and EG412, respectively. The horizontal line shows the average ∆Smic710

value. A comparison of the ∆Smic values for 1wt% solutions is added to Table711

3. Analogous to the enthalpic cost of micellization, the entropic gain upon mi-712

cellization is also governed by the amount of clustering PPO blocks in one chain,713

thereby resulting in a significantly increased micellization entropy of ExpertGel®
714
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Table 3: Thermodynamic quantities of micellization ∆Gmic, ∆Hmic and ∆Smic for 1 wt% solutions

of ExpertGel® (EG312 and EG412) as determined in the current study, as well as for 1% w/v

solutions of Pluronics® (1 w/v% F108 and F127) as found in literature.

Sample CMT Concentration ∆Gmic ∆Hmic ∆Smic

[°C] [mM] [kJ/mol] [kJ/mol] [kJ/molK]

EG312i 28.5 0.16 -32.1 797 2.8

F108ii 29.5 0.69 -28.4 266 1.0

EG412i 24.1 0.23 -30.7 896 3.1

F127ii 24.0 0.79 -27.5 253 0.9
iDetermined based on ASC results of a 1wt% multiblock copolymer solution;
iiDetermined by Alexandridis et al. [29] for a 1% w/v solution.

as compared to that of Pluronics®) as well as compared to that of longer multi-715

blocks already forming unimer micelles below CMT.716

3.2.2. Titration calorimetry717

Scanning calorimetry studies phase transitions in materials of constant composi-718

tion as a function of temperature, albeit by different driving principles such as719

the application of a thermal protocol in DSC or the application of a heat power720

protocol in ASC. Isothermal titration calorimetry (ITC), on the other hand, al-721

lows measuring enthalpic interactions upon a step-wise increase of concentration722

at isothermal conditions to extract critical transition concentrations and energies.723

As an example, Figure 6 (a) shows the exothermic heat releases as a function724
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of time upon consecutive injections of a concentrated micellar solution of EG312,725

sufficiently above the CMC of the multiblock copolymers, into (initially) water at726

isothermal conditions of 34°C. After integration of the released heat, a so-called727

enthalpogram of the heat as a function of the multiblock copolymer concentration728

is obtained (see Figure 6 (b)). For amphiphilic molecules, the enthalpogram of-729

ten exhibits a sigmoidal shape, indicating that the CMC is progressively reached730

and exceeded [78]. From such sigmoidal shapes, three enthalpic contributions are731

usually discerned in the enthalpogram [78]. At low concentrations, the injected732

micelles dissociate into unimers and the detected heat is related to the dilution733

of unimers. At intermediate concentrations around the CMC, an equilibrium be-734

tween the dissociation of micelles to cover the surface of the cell and the for-735

mation of the first micelles exists, resulting in an endothermic (sharp) increase736

in the released heat, which corresponds to the enthalpy of micellization (∆Hmic).737

The CMC is usually determined based on the inflection point of this increase.738

At high concentrations, above the CMC, the injected micelles are diluted in the739

cell and micelle dilution enthalpy is detected. However, in many cases, the shape740

of the enthalpogram is non-sigmoidal and a sharper and more abrupt increase of741

the released heat as a function of concentration at the start of the enthalpogram742

is observed. This indicates the absence of the micelle dissociation process into743

unimers, and is usually an implication of a rather low CMC [78–82]. In that case,744

the determination of the CMC and ∆Hmic is less obvious. Following the procedure745

by Bouchemal et al. [78, 83], the start and end of the micellization process can746

be determined as the concentrations at which the data deviate from the linear fits747

at the lowest and highest concentrations, respectively. This procedure is shown in748

Figure 6 (b). To obtain a single CMC value for comparison, the crossover between749
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both linear fits was taken as the CMC [82]. The enthalpy of micellization (∆Hmic)750

was defined as the difference between the intercepts of the linear fits [78, 83], and751

corrected by a factor csyr/(csyr−CMC) to account for the micelles present in the752

syringe with concentration csyr (> CMC). Table 4 summarizes the as such obtained753

values of the CMC and ∆Hmic for EG312, EG412 and F127 at different isother-754

mal conditions. Interestingly, as can be seen in the phase diagrams of EG312 and755

EG412 in Figures S11 (a) and (b), respectively (see ESI†), the CMCs at a constant756

temperature, as determined by ITC, are in line with the CMT values determined757

by other techniques at higher multiblock copolymer concentrations. It should be758

mentioned that the unexpected increase in CMC (of 0.002 mM) with increasing759

temperature from 32°C to 34°C for EG312, falls within the standard deviation760

(of 0.0015 mM at 32°C and 0.002 mM at 34°C) around the mean values of in-761

dependent measurements, and is therefore not further interpreted. Notably, such762

analysis procedure is more arbitrary than in case of a sigmoidal enthalpogram. As763

a matter of comparison, for some measurements for which the enthalpogram had764

a more sigmoidal shape, the analysis procedure as described by Bouchemal et al.765

for sigmoids [78], was also adopted and compared to the procedure as described766

above (see Figure S12 in the ESI† for a measurement of EG412 at 26°C). The767

CMC, determined as the inflection point of the sigmoid, was significantly lower,768

whereas the enthalpy ∆Hmic was in good agreement with the value obtained by the769

non-sigmoidal analysis, thereby confirming that the non-sigmoidal ITC analysis770

results in reliable enthalpy values.771

The enthalpy of micellization as determined by ITC summarized in Table 4772

was found to differ quite substantially from the ∆Hmic values previously deter-773

mined by scanning calorimetry (see Figure 5 and Table 3). It is well-known that774
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the enthalpy of micellization from ITC can differ from that obtained by other tech-775

niques such as DSC due to the very different probing principles [78]. Indeed, for776

Pluronic® F127 Bouchemal et al. found ∆Hmic values between 80 and 177 kJ/mol777

upon increasing temperatures from 28 to 31°C using ITC [83], whereas Pham-778

Trong et al. obtained 321 kJ/mol for ∆Hmic of F127 by micro-DSC [44]. However,779

there also exist examples in literature for which only slight differences between780

the enthalpy of micellization, as probed by ITC and other techniques, were de-781

tected [83, 84]. Therefore, it is believed that the discrepancy between ∆Hmic from782

different techniques depends on the type of amphiphiles [78]. For our PEO-PPO783

multiblock copolymers, it seems plausible that similar behavior as for their pre-784

cursor Pluronics® is observed. Note that also for our multiblock copolymers, an785

increasing trend in ∆Hmic with temperature is evident (see Table 4), similar to786

Pluronics® [83]. Moreover, the CMC and ∆Hmic obtained for Pluronic F127 at787

30°C correspond quite nicely with the ones obtained by Bouchemal et al. (CMC788

= 0.085 ± 0.001 mM, ∆Hmic = 141 ± 1 kJ/mol) [83]. In Table 4, the other cal-789

culated thermodynamic quantities ∆Gmic and ∆Smic are also given. Whereas the790

values of the overal exothermic Gibbs free energy ∆Gmic comply well with the791

ones obtained by DSC and ASC, the entropy deviates quite significantly due to792

the great discrepancy in ∆Hmic. Besides the determination of the CMC and the793

corresponding thermodynamic quantities, ITC measurements also allow to deter-794

mine the aggregation number Nagg, which is closely linked to the slope of the in-795

crease in enthalpy around the CMC [85] and can be determined by the regression796

method of Olesen et al. [86]. Nonetheless, such procedure requires a sigmoidal797

enthalpogram and is thus not further considered.798
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(a)

(b)

Figure 6: ITC data analysis of EG312 at 34°C: (a) time evolution of the heat flow upon consecutive

injections of a concentrated (0.11 mM) micellar solution and (b) integrated heat data after baseline

subtraction as a function of multiblock copolymer concentration in the cell. The full lines represent

the linear fits at the lowest and highest concentrations. The critical transition concentrations (onset

of transition, CMC and end of transition) are also indicated.
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Table 4: Critical micellar concentration (CMC) and thermodynamic quantities of micellization

∆Gmic, ∆Hmic and ∆Smic for ExpertGel® (EG312 and EG412) and Pluronic® F127 as determined

by ITC at a constant temperature T.

Sample T CMC ∆Gmic ∆Hmic ∆Smic

[°C] [mM] [kJ/mol] [kJ/mol] [kJ/molK]

EG312 32 0.009±0.001 -39.6 120±20 0.5

EG312 34 0.011±0.002 -39.3 180±40 0.7

EG412 26 0.012±0.004 -38.2 30±10 0.2

F127 30 0.074 -34.1 100 0.4

3.3. Micellar radius and topology799

3.3.1. Dynamic light scattering800

The phase behavior of medium-length alternating PEO-PPO multiblock copoly-801

mers as a function of temperature and concentration goes hand in hand with mor-802

phological changes. The individual unimers of a dilute polymer solution at low803

temperatures, aggregate into relatively small and hence transparant, non-scattering804

micellar assemblies at temperatures above their CMT. Dynamic Light Scattering805

(DLS) allows to estimate the size and topology of the assemblies present in dilute806

solution based on the interaction with visible light. Studying different tempera-807

tures (below and above the CMT) and concentrations in the dilute regime reveals808

their evolution with temperature and concentration.809

As an example, Figure S13 (a) in the ESI† shows the normalized intensity au-810
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tocorrelation function g(2)(τ)−1 at different scattering angles for 17 g/L EG312811

at 35°C, which is above the CMT of 27.9°C. Since no clear multimodality is de-812

tected in the autocorrelation function, nor in the CONTIN fitting performed in the813

LS Instruments software, the normalized intensity autocorrelation function was814

fitted with a single stretched exponential decay exp[−2(Γτ)β ] in which Γ repre-815

sents the decay rate and β the broadness. The latter was found to be higher than816

0.8 for all measurements (and usually even close to 0.9) without a systematic trend817

as function of concentration and/or temperature. This value is close to unity (i.e.818

the broadness value of a single exponential) and is indicative of a rather monodis-819

perse population, despite the significant polydispersity in the molecular weight of820

the polymers (see Table 1). In Figure S13 (b) (see ESI†) the decay rate Γ is shown821

as a function of the squared scattering vector q2 for 17 g/L EG312 at different822

temperatures. A linear evolution, especially far above CMT (35°C and 45°C), is823

observed, indicating Brownian diffusion for which the translational diffusion co-824

efficient can be calculated from the slope as D=Γ/q2. The absence of any angular825

dependency of Γ/q2 thus suggests that no significant anisotropy is present [87].826

Hence, the micellar assemblies formed by medium-length alternating PEO-PPO827

multiblock copolymers above their CMT must be spherical. Similar conclusions828

about the micellar monodispersity and shape as for EG312 were made for dilute829

solutions of EG412 at temperatures above their CMT (see Figures S13 (c) and830

(d) in the ESI†). Micelles formed by the precursor Pluronics®, F108 and F127, in831

aqueous solutions, were also found to be spherical [31, 36].832

Moreover, the studies by Horiuchi and Rikiyama et al. on a longer alternating833

multiblock copolymer of PEO and PPO with similar hydrophobicity ((EO220PO33)6834

with fEO = 0.83), also provide evidence of spherical micelles both by DLS and835
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synchrotron small-angle X-ray scattering (SAXS) on dilute solutions of isolated836

micelles [54, 56]. Nonetheless, the DLS studies on their longer multiblock copoly-837

mers in aqueous solutions showed a clear multimodality in the autocorrelation838

function. The authors attributed the larger sized structures of approximately 100839

nm, which were present both below and above the CMT, to non-structured aggre-840

gates for which the dye solubilization method did not reveal a clear hydrophobic841

core [56]. Such aggregation could be the result of the longer overall length of their842

molecules, combined with the peculiar behavior of PEO in water [56]. Owing to843

the smaller molecular weight of our alternating PEO-PPO block copolymers with844

similar hydrophobicity (6.3 · 104 g/mol versus 13 · 104 g/mol), no aggregates with845

dimensions smaller than 200 nm were observed for our dilute copolymer solutions846

after filtration. This could be a potential benefit, as it implies that above the CMT,847

all copolymers are segregated in micellar assemblies, useful for e.g. cargo encap-848

sulation.849

Using the Stokes-Einstein relation for spherical particles, the hydrodynamic850

radius RH can be determined using851

D =
kb ·T

6π ·η0 ·RH

with kb the Boltzmann constant (1.38 ·10−23 kg m2s−2K−1), T the absolute tem-852

perature and η0 the temperature dependent viscosity of the surrounding milliQ wa-853

ter solvent. Figure 7 displays the evolution of the average hydrodynamic radius as854

a function of concentration at different temperatures for EG312 (a) and EG412 (b).855

The error bars are determined by performing the size analysis on three consecutive856

runs from 80°to 140°scattering angle on the same sample. At low temperatures be-857

low the CMT (15°C and 25°C for EG312 and 15°C and 20°C for EG412), individ-858
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(a) (b)

Figure 7: Evolution of the hydrodynamic radius RH with concentration at different temperatures

below and above the CMT for (a) EG312 and (b) EG412. The hard sphere radius RHS as deter-

mined via the Krieger Dougherty viscosity scaling is also indicated in the graphs.
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ual polymer chains with hydrodynamic radii between 6.8 and 9.5 nm are obtained859

with a decreasing trend as function of temperature, which can be attributed to860

the dehydration of the molecules and hence a more collapsed chain configuration861

at elevated temperatures [88]. Interestingly, SAXS measurements performed by862

Rikiyama et al. on dilute solutions of long alternating (EO220PO33)6 multiblock863

copolymers below the CMT, reveal a core-corona topology rather than a random864

coil configuration of single unimers (Rg/RH ∼ 0.77 as for spheres). Hence, the865

authors concluded that the unimers form single-molecule micelles below the CMT866

[56]. Based on thermodynamic considerations, we previously concluded that our867

medium-length multiblock copolymers do not form unimer micelles.868

At temperatures around or just above the CMT (e.g. 30°C for 12 and 17869

g/L EG312 in Figure 7 (a)), which are located in the broad temperature range870

where micellization happens, slightly larger sizes than below the CMT are ob-871

served demonstrating the onset of micelle formation. Note that during the broad872

micellization process, a progressive evolution from unimers to micelles happens873

and the solution exists of a mixture of unimers and micelles. The radius probed874

by DLS thus presumably represents an average size, since no clear bimodality in-875

dicative of two different populations, is observed in the autocorrelation functions.876

In this regard, it must be noted that the Rayleigh scattering intensity scales with877

∼ R6, making the contribution of a small fraction of smaller particles to the DLS878

signal very limited. At temperatures sufficiently above the CMT (35°C and 45°C879

for EG312 and 25°C and 30°C for EG412), on the other hand, the detected hy-880

drodynamic radii are at least 2 to 3 times larger as compared to that of the single881

polymer chains, indicative of the multimer micellar assemblies formed above the882

micellization temperature. The micelles of Pluronic® molecules were proven to be883
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of smaller dimensions (5-8 nm) by using DLS and small-angle neutron scattering884

(SANS) [31, 69, 73]. The trend of hydrodynamic radius with concentration in885

Figure 7 changes from more or less constant below the CMT to increasing above886

the CMT. This trend, however, asks for a careful interpretation with respect to887

microstructural changes of individual micelles as function of concentration. In888

this regard, it is important to point out that the hydrodynamic radius, as probed889

by DLS, also takes into account the solvent layer surrounding the micelles and890

following their movement. Therefore, an increase in the hydrodynamic radius is891

not necessarily linked to the micellar assembly on its own, such as for example892

an increase in the aggregation number, but can also be the result of increased hy-893

dration of the hydrophilic corona. For Pluronic® molecules, for example, SLS894

and SANS experiments indeed revealed no significant change in the aggregation895

numbers with concentration, nor with temperature sufficiently above the CMT896

[31, 36]. Moreover, in another study, we used SAXS on concentrated multiblock897

copolymer solutions forming micellar networks and found an average aggregation898

number of 62 for EG312 and 87 for EG412, without any prominent trends as func-899

tion of concentration or temperature [72]. Note that for the multiblock copolymers900

in Figure 7, besides a trend with concentration, no significant difference in hydro-901

dynamic radius is observed at both temperatures (35°C and 45°C) above the CMT.902

This is quite striking and implies that there is no significant growth of the micel-903

lar assemblies with temperature above the CMT. Nonetheless, the presence of904

a clear and abrupt clouding behavior of the micellar solutions (see Section 3.1.2)905

proves that upon reaching the cloud point, a rapid increase in the size of the micel-906

lar assemblies and/or other aggregates in general causes phase separation. These907

temperature independent micellar sizes sufficiently above the CMT and below the908
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LCST were also observed for Pluronics® [31].909

3.3.2. Viscosity scaling910

The Newtonian behavior and increase in viscosity as a function of temperature911

during micellization of dilute solutions without any elasticity (see Figure 2) re-912

sembles the behavior of a suspension of hard spheres with only repulsive interac-913

tions [40, 44]. For such suspensions, the relation between the relative viscosity914

ηrel , i.e. the ratio between the viscosity of the suspension η and that of the sur-915

rounding medium ηsol , and the volume fraction of spheres φ is often described916

based on the Krieger-Dougherty (KD) equation [89]:917

ηrel =
η

ηsol
=

(
1− φ

φmax

)[η ]φmax

in which φmax is the maximum packing fraction (0.637 for randomly packed spheres)918

and [η ] the intrinsic viscosity (2.5 for rigid spheres). It is anticipated that the919

Krieger-Dougherty relation also correctly describes the viscosity of micellar so-920

lutions formed by multiblock copolymers [44]. In that case, the micellar volume921

fraction can be determined based on the following equation:922

φmic = nmic ·
4π

3
·R3

HS =
a · cmic ·NAv

Nagg ·Mw
· 4π

3
·R3

HS

in which nmic is the number density of micelles, a the amount of hydrophobic923

blocks per multiblock copolymer chain (4 for both types of multiblock copoly-924

mers), Nagg the aggregation number, i.e. the amount of hydrophobic blocks per925

micellar core, cmic is the mass concentration (in g/L) of multiblock copolymers926

segregated in micelles and RHS the hard sphere radius of the micelle. Note that927
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cmic progressively evolves from 0 to the total concentration c during the broad mi-928

cellization process, due to which cmic and hence also φmic is temperature depen-929

dent at a fixed total copolymer concentration. The hard sphere radius RHS gives a930

size indication of the micelles if they would be considered to be rigid spheres, and931

is usually smaller than the hydrodynamic radius RH determined by DLS [90]. The932

evolution of cmic during the micellization process can be determined based on the933

ratio of the enthalpy, for example as determined by ASC, to the total enthalpy of934

micellization ∆Hmic according to935

cmic =
H(T )
∆Hmic

by assuming a density of 1000 g/L (cfr. water) for these dilute suspensions. The936

concentration of remaining unimers is then determined as cuni = c− cmic. In Fig-937

ure 8 (a) the evolution of cmic and cuni as a function of temperature during the938

micellization process of a 30 g/L EG312 solution, as determined based on ASC939

data, is shown.940

Using cmic as inferred from ASC and the previously obtained constant ag-941

gregation numbers of 62 and 87 for EG312 and EG412, respectively [72] and942

imposing a KD viscosity scaling of ηrel versus φmic allows to determine RHS as943

another size indication of the spherical micelles. The relative viscosity ηrel can be944

obtained by using the temperature evolution of the viscosity η as obtained from945

rotational rheological measurements (see Figure 2 (a)) and dividing it by the tem-946

perature dependent viscosity of the surrounding fluid ηsol consisting of not only947

water, but also a progressively decreasing fraction of unimers. This temperature948

and unimer concentration dependent ηsol can be obtained by fitting the solution949

viscosity at different low temperatures below the CMT and at different concentra-950
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Figure 8: Analysis for determination of the hard sphere radius RHS of 30 g/L EG312: (a) evolution

of cmic and cun as function of temperature determined based on the enthalpy H(T) evolution probed

by ASC, (b) volume fraction of micelles φmic based on cmic using Nagg = 62 and RHS = 19.23

nm and (c) fitting of the evolution of relative viscosity ηrel = η/ηsol versus φmic to the Krieger-

Dougherty prediction using RHS as the fitting parameter.
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tions using a surface fit (see Figure S14 in the ESI† for EG312) and by extrapolat-951

ing it to higher temperatures above the CMT and interpolating it to intermediate952

concentrations covering the continuous evolution of cuni during micellization. The953

relative viscosity ηrel is then linked to the micellar volume fraction φmic based on954

temperature. The procedure is shown for 30 g/L EG312 in Figures 8 (b) and (c)955

displaying respectively the temperature dependent φmic and the KD viscosity scal-956

ing of ηrel versus φmic for the optimal fitting parameter, i.e. a hard sphere radius957

RHS = 19.23 nm. In Figure 7, the hard sphere radii obtained by the KD viscos-958

ity scaling are shown for the concentrations for which ASC measurements were959

performed. Only concentrations for which the micellar volume fraction φmic ex-960

ceeds 0.2 upon micellization are shown, as to ensure enough deviation from the961

linear Einstein prediction of ηrel versus φ . The RHS radii remain rather constant962

around 20 nm as a function of concentration. As expected, the hard sphere radii963

are smaller than the hydrodynamic radii RH (except for 10 g/L EG312, which has964

a maximum φmic value only slightly above 0.2) and larger than the PPO core ra-965

dius of approximately 10 nm, as obtained by SAXS in our previous study [72].966

For a 20 wt% micellar solution of Pluronic® F127, Pham Trong et al. determined967

a temperature dependent RHS based on the KD viscosity scaling and a constant968

Nagg of 50, and found a 20% decrease in size from 11 to 9.2 nm upon increasing969

temperature during micellization [44]. Nonetheless, it should be mentioned that970

they studied a more concentrated micellar solution for which a compression of971

the ‘hairy’ corona might be responsible for the decrease of the hard sphere radius972

[91].973
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4. Conclusions974

In this work, we mapped the phase behavior of PEO-PPO alternating multiblock975

copolymers with 4 repeating PEO-PPO units as a function of temperature and976

copolymer concentration using shear rheology, calorimetry, light transmittance977

and dynamic light scattering. Comparing their behavior to that described in lit-978

erature for Pluronic® PEO-PPO-PEO triblock copolymers with similar hydropho-979

bicity [29] as well as longer PEO-PPO alternating multiblocks with 6 to 10 re-980

peating units [54, 56], revealed some important similarities as well as differences981

and demonstrated the influence of copolymer composition and molecular weight.982

Similar to triblocks and long multiblocks, the PPO blocks cluster together into983

microphase-separated domains and form micellar assemblies at elevated temper-984

atures, driven by the entropy-dominated hydrophobic effect. The investigation985

of two different types of PEO-PPO multiblock copolymers with different overall986

hydrophobicity (EG312 with fEO = 0.83 and EG412 with fEO = 0.75) showed987

that the critical micellization temperature and the cloud point are governed by988

the hydrophobicity, analogous to other PEO-PPO based copolymers. Nonethe-989

less, the copolymer architecture, i.e. the amount of PPO blocks in one copoly-990

mer chain, and the molecular weight play a vital role in the location of the phase991

boundaries, the thermodynamic driving forces and the micellar sizes. Therefore,992

the thermo-sensitive phase behavior of these linear, alternating PEO-PPO multi-993

block copolymers can be modified by variation of the block lengths as well as994

the amount of repeating blocks. Very different as compared to Pluronics® [44], is995

the rheological behavior of concentrated multiblock copolymer solutions due to996

distinct network formation principles. The evolution of the dynamic shear moduli997

G′ and G′′ as a function of temperature demonstrated a gradual increase spanning998

53



over about 10°C from a micellar solution into a viscoelastic transient network.999

Contrary to Pluronics®, the network formed by multiblocks is not induced by1000

crystalline ordering of micelles, as verified by the absence of another enthalpic1001

process in calorimetric thermograms, but is formed by elastic PEO bridges con-1002

necting micellar PPO cores. The benefits of their different rheological behavior1003

as compared to Pluronic® triblock copolymers, are the reduction of the required1004

copolymer concentration for a significant increase in dynamic moduli and the pos-1005

sibility to obtain stable, intermediate rheological properties at intermediate tem-1006

peratures, which makes these copolymers ideal candidates as (functional) thicken-1007

ers in biomedical and cosmetic formulations. Comparing the aggregation behav-1008

ior of medium-length PEO-PPO alternating multiblock copolymers with that of1009

longer PEO-PPO alternating multiblocks [56], revealed that shorter multiblocks1010

do not form large scale aggregates, nor single-molecule micelles below the CMT,1011

thereby exhibiting a more drastic morphological change upon micellization and1012

possibly allowing more efficient and homogeneous encapsulation of therapeutic1013

agents using temperature as an external stimulus. This study has thus shown the1014

great potential of alternating block copolymers for the development of micellar1015

systems with tailored (mechanical) properties depending on temperature, concen-1016

tration and molecular architecture.1017
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