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ABSTRACT 

 

Double dynamics networks (DDNs) are a class of polymer networks combining two or more 

distinct dynamic modes within the same material. Traditional permanent networks can resist 

flow, but show limited processability and recyclability; physical networks are more 

processable and recyclable, but they creep at long time. In DDNs, distinct features of 

permanent and physical networks are combined. As a result, DDNs can display multi-scale 

viscoelastic responses, making them ideal for applications in our daily life. 

 

Knowledge on rheology, which is the science of flow and deformation of material, is 

necessary for application of DDNs. On one hand, it is closely connected to the network 

structure obtained from synthesis. On the other hand, it can have an impact on mechanical 

properties of DDNs towards application. It is thus desired to obtain a deep understanding of 

DDNs dynamics in both linear and nonlinear deformations, to uncover their multi-scale 

responses. While linear rheology provides information close to equilibrium conditions, 

nonlinear rheology is more relevant for processing and practical uses. 

 

This thesis presents the experimental study of linear and nonlinear rheology of two classes 

of DDNs. Nonlinear rheology is mainly characterized by extensional rheology. Reliable 

extensional measurements have been performed on a Filament Stretching Rheometer with 

an online control scheme. The two classes of DDNs studied are i) entangled linear polymers 

with stickers along the chain, and ii) blends of entangled linear and ring polymers. In class 

1, we first study linear and nonlinear rheology of polystyrene based copolymer with heat-

labile hydrogen bonds (poly(styrene-co-4-vinylbenzoic acid)). The mechanical properties of 

the stretched and quenched anisotropic solids are also studied, and the results are compared 

to the nonmodified polystyrene. Secondly, the rheological and mechanical properties of 

diamine neutralized entangled poly(styrene-co-4-vinylbenzoic acid) ionomers are 

investigated. In class 2, the topological conformation of a symmetric linear-ring blends in 

extensional flow is probed by a combination of extensional rheology, Molecular Dynamics 

simulation and ex-situ small angle neutron scattering. Subsequently, the influences of molar 

mass and ring fraction on dynamics of linear-ring polymer blends are elucidated. 
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DANSK RESUMÉ 

 

Dobbelt-dynamiske netværk (DDN) er klasse af polymere materialer kendetegnet ved, at de 

kombinerer to eller flere dynamiske processer i samme materiale. Traditionelle kemisk 

krydsbundne permanente netværk viser udstrakt formstabilitet, men er vanskelige at 

forarbejde og at genanvende; fysiske netværk er typisk lettere at forarbejde og genanvende, 

men har ringe eller ingen formstabilitet og kryber ved konstant belastning. DDN er bygget 

til at kombinere de gode egenskaber ved kemiske og fysiske netværk. Som resultat af deres 

opbygning udviser DDN et bredt spektrum af viskoelastiske relaxationsprocesser, hvilker 

gør dem ideale materialer i mange af dagligdagens situationer. 

 

Reologi er videnskaben om materialers flydning og deformation. Egenskaberne af DDN vil 

blive beskrevet her i reologiske termer og nomenklatur. Dels er egenskaberne et resultat af 

den netværksstruktur som opnås ved den kemiske syntese. Samtidig er egenskaberne ved 

forarbejdningen et samspil mellem selve processen og materialernes interne 

relaxationsprocesser. Det er derfor ønskeligt, at opnå en dyb forståelse af de interne 

dynamiske relaxationsprocesser både ved små og store deformationer, dvs. ved lineær og 

ikke-lineær reologi. Den lineære reologi giver strukturel information tæt ved ligevægt, 

hvorimod den ikke-lineære reologi er mere relevant ved forarbejdning og anvendelse. 

 

Afhandlingen indeholder eksperimentelle undersøgelser af lineær og ikke-lineær reology af 

to klasser DDN. Den ikke-limeære reologi karakteriseres i forlængelse. Målinger er udført 

ved hjælp af et Filament-Stræk-Reometer med on-line kontrol. De to klasser DDN er i) 

sammenfiltrede lineære polymerer med klæbe-punkter på kæderne og ii) blandinger af 

lineære og ring-polymerer. I klasse 1, studeres lineær og ikke-lineær reologi af polystyren-

baseret copolymer med varmelabile hydrogenbindinger (poly(styren-co-4-vinylbenzosyre)). 

De mekaniske egenskaber af strakte og bratkølede anisotrope faste materialer studeres og 

sammenlignes med ikke-modificeret polystyren I klasse 2 undersøges de topologiske 

interaktioner i en symmetrisk lineær-ring blanding ved en kombination af 

forlængelsesreologi, Molecular Dynamics simuleringer og ex-situ lav-vinkel 

neutronspredning. På denne måde afdækkes hvorledes materialeegenskaber afhænger af 

komponenternes molmasse og brøkdelen af ringe.   
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INTRODUCTION 

 

1.1 Double dynamics networks  

 

Double dynamics networks (DDNs) is a relatively new concept of polymer networks 

combining two or more distinct dynamic modes within the same material, in response to the 

increasing demand for more sophisticated and adaptable materials.1 Upon deformation, 

DDNs can display multi-scale viscoelastic responses, offering potential ability to tailor 

material properties at wish. The DDNs present superior versatility such as higher mechanical 

strength, larger deformability etc, compared to traditional single crosslinked permanent 

networks and reversible physical networks. According to dynamics employed in the networks, 

DDNs in the literature generally fall into three categories: interpenetrating double network, 

dual networks with different types of stickers (functional groups) and entangled 

macromolecules with stickers/topological restrictions (see Figure 1.1).  

 

Both old concept of interpenetrating polymer network and new concept of double-network 

gel can be attributed to interpenetrating double network. An interpenetrating polymer 

network (IPN) is defined as a combination of two or more polymers in the network form, at 

least one of which is polymerized and/or crosslinked in the immediate presence of the others.2 

The first recorded IPN dated back to 1914, in which phenol-formaldehyde compositions were 

combined with natural rubber and sulfur to make rubber-toughened plastic.3 Since then, the 

field of IPN has drawn many research interests, focusing on synthesis, phase separation, 

structure and morphology of IPNs.4 Many IPNs already found their use in the industry, 

among them ethylene-propylene-diene monomer (EPDM) with isotactic polypropylene (i-

PP) is one of the most important systems. The material shows high energy absorbing capacity 

and is used as automotive bumpers.3 Besides damping function, IPNs are also applied as 

artificial teeth, ion exchange resin, drug delivery carrier, which are not necessarily related to 

mechanical properties.2,3 Similar to IPN preparation process, but with the idea of achieving 

high mechanical strength, the new concept of double-network (DN) gels is first introduced 

by Gong and co-workers in 2003.5 In their work, the prepared PAMPS/PAAm DN hydrogen 

exhibited extremely high mechanical strength and toughness compared to single-network 

gels. Further studies6–8 indicate that, the superior properties come from contrasting structure 

of the two networks: the first highly crosslinked network is rigid and brittle, serving as the 

sacrificial minority network. While the second loose network is soft and ductile, bringing 
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large deformability. One drawback of the early DN gels is that the material is permanently 

damaged under large deformation. To overcome this irreversible failure and pursue better 

mechanical properties, the covalent bonds are replaced by reversible bonds to make hybrid 

DNs using the same concept of DN gels.9 In hybrid DNs, it is the first network that is replaced 

by reversible interactions such as ionic interactions, hydrogen bonding, hydrophobic 

interactions, and metal-ligand coordinations.10 For example, Suo and co-workers11 reported 

a highly stretchable (beyond 20 times its original length) and tough (fracture energy of ~9000 

J/m2) hydrogels by mixing ionically crosslinked alginate and covalently crosslinked 

polyacrylamide. The material showed excellent notch-insensitivity, which was realized 

through synergic mechanism of crack bridging from covalent crosslinks and hysteresis from 

ionic crosslinks. An injectable and self-healing tough DN gel is reported by Rodell et al.12 

The DN gel, formed by coupling of guest-host supramolecular interactions and covalent 

crosslinks, showed mechanical toughness and fast recovery. Thanks to the diversity of 

chemistry, many other DN gels have been prepared, they show large potentials in coatings, 

tissue engineering, drug/cell delivery, antifouling, sensors and actuators.13–15 

 
Figure 1.1 Three categories of DDNs: a) interpenetrating double network (red line: first physical or chemical 

network, blue line: second chemical network, blue symbol: possible reversible interaction), b) dual networks 

with different types of stickers (red line: unentangled chains, blue and orange symbols: reversible interactions) 

and c) entangled macromolecules with stickers (red line: entangled chains, blue symbol: reversible interaction). 

 

Though many progresses have been achieved on interpenetrating polymer networks and 

hybrid DN gels, the main drawback remains: the presence of chemical crosslinks makes the 

recycling difficult. A new class of dual networks with different types of stickers appear 

consequently, with the possibility of recycling and larger tunability.16 The stickers can create 

physical crosslinks by using reversible interactions such as ionic interactions, hydrogen 

bonding, hydrophobic interactions, and metal-ligand coordinations10 as mentioned in hybrids 

DNs previously. A combination of two different types of interaction allows distinct dynamic 

modes inside one material. Numbers of interesting materials are available in the literature 

with this respect.17–20 Yount et al. investigated poly(4-vinylpyridine) gels with bis-Pd(II) and 

Pt(II) via metal-ligand interaction.17 They found that the viscosity and storage moduli of 

different gels followed mixing law based on the dissociation kinetics of the crosslinks. Gong 

and co-workers designed a physical DN gel based on an amphiphilic triblock copolymer that 
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contained strong hydrophobic interaction and sacrificial hydrogen bonds.19 The material is 

tough, stiff and recoverable in concentrated saline solution, thus suitable for load bearing 

applications. Some thermoplastic elastomers can be included in this category as well. For 

instance, styrene-butadiene-styrene triblock can be mixed with crystalline polymers such as 

polyamides to form co-continuous phases, thus achieving better shrinkage resistance, heat 

resistance and mechanical properties.21 Another possibility for stickers is to make use of 

dynamic covalent chemical crosslinks. So far, dynamic covalent chemical crosslinks have 

been successfully integrated in vitrimers. Vitrimers are a type of ‘processable thermoset’, in 

which the dynamic covalent interconnections can be broken and restored under certain 

conditions. They can be reshaped and recycled at will, while still exhibit the desired chemical 

and mechanical resistance at service temperature.22,23 The library of dynamic covalent 

chemistry is very rich, for instance imine, disulfide, esters, olefin, boronic ester,24 and 

available for applications in double dynamics networks. A recent study by Tao and co-

workers25 verified the feasibility of double dynamics networks with dynamic covalent bonds. 

They reported a self-healing biocompatible hydrogel comprising imine and borate ester 

linkages. The resulting DDN had enhanced mechanical properties, adhesion ability, and 

superior performance as drug deliver. Others also reported the combination of dynamic 

covalent bonds with guest-host interaction,16 ionic interaction,26 hydrophobic interaction27. 

The combination of physical crosslinks and dynamic covalent bonds brings more possibilities 

to manufacture novel smart materials. Besides, it is worth mentioning that slide-ring 

polyrotaxane can also be used as crosslinker to obtain a homogenous network by pully effect. 

An extremely stretchable thermosensitive hydrogels was reported by introducing slide-ring 

polyrotaxane crosslinkers and ionic groups.28 This study demonstrated that final mechanical 

properties were closely related to the amount of supramolecular building blocks. 

 

Entangled macromolecules with stickers/topological constraints account for another large 

class of DDNs, since the chain entanglement dynamics, like stickers, also plays an important 

role in the final properties. For example, rheological properties such as relaxation times and 

viscosities can be significantly modified by entanglements.29 The different dynamic 

behaviors of this type of DDNs can be obtained by tuning entangled state of the building 

polymers, different lifetimes, density and position of the stickers/topological constraints.30 

The structure of building polymers can vary from linear, ring, comb, star and so on.31 The 

lifetime is usually controlled by interaction energy of stickers.32 Different reversible stickers, 

for example hydrogen bonding, hydrophobic, van der Waals, ionic interaction or metal-

ligand interaction, exhibit different bonding energies, thus provide access to a whole range 

of lifetimes. Other parameters, such as temperature, pH, polymer concentration and the 

nature of the solvent can also influence the lifetime.30 For instance, hydrogen bond exchange 

has a temperature dependence: the exchange is slow at low temperature, and becomes fast at 

high temperature,33 thus allowing facile processing towards applications. The density and 

position of the stickers are also very important. The influence of sticker distribution on 
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viscoelasticity of entangled random polystyrene ionomers has been studied by Chen et al.:34 

depending on the number of segments per entanglement Ne and average number of segments 

per ionic group Ns, a double plateau of ion associations and entanglements will be observed 

when Ns<Ne; whereas a single plateau of entanglement with delayed reptation will present 

when Ns>Ne. Another study also revealed the importance of sticker density on linear and 

non-linear rheology of entangled PnBA-PAA copolymers.35 With the same backbone, the 

plateau modulus increases, terminal relaxation slows down and strain hardening increases by 

increasing hydrogen bonding density.  

 

It should be pointed out that the DDNs can exist in solution such as the hydrogels, in the melt 

state, or even in the solid state without any solvents, and their dynamics will be influenced 

as a consequence. While the DDNs exhibit fascinating properties, it is important to 

understand their double mechanical behaviors through rheological and mechanical 

characterizations, so as to provide a guideline for further exploiting their huge potentials. 

 

1.2 Double dynamics network rheology 

 

1.2.1 Linear and nonlinear rheology  

 

1.2.1.1 Linear viscoelasticity 

 

Unlike elastic material for which stress is proportional to strain or Newtonian fluid for which 

stress is proportional to strain rate, polymers show viscoelasticity and have a linear regime 

in small strain range. A very useful technique for investigating linear viscoelasticity (LVE) 

is Small Amplitude Oscillatory Shear (SAOS), in which the material is subjected to a strain 

with oscillating amplitude:  

𝛾𝑥𝑦(𝑡) = 𝛾0 sin(𝜔𝑡) (1.1) 

where 𝛾0 is the amplitude of deformation and 𝜔 is oscillating frequency. 

The resulting shear stress is recorded and separated into two contributions: storage modulus 

G’ which is in phase with strain, and loss modulus G’’ which is in phase with strain rate. 

𝜎𝑥𝑦 = 𝐺′(𝜔)𝛾0 sin(𝜔𝑡) + 𝐺′′(𝜔)𝛾0cos (𝜔𝑡) (1.2) 

From linear viscoelastic measurements, characteristic parameters like the relaxation time of 

the Kuhn segment 𝜏0, relaxation time of the entanglement strand 𝜏𝑒, Rouse time of the chain 

𝜏𝑅, disentanglement time of the chain 𝜏𝑑, and the plateau modulus 𝐺𝑁
0  can be obtained for an 

entangled polymer.36,37 (see Figure 1.2) The Rouse relaxation time of the chain is calculated 

from 𝜏𝑅 = 𝑍2𝜏𝑒, where Z is the number of entanglements per chain. Z is calculated as 𝑍 =

𝑀𝑤 𝑀𝑒⁄ , where Mw is the molar mass of the polymer and Me is the entanglement molar mass. 
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Figure 1.2 Illustration of characteristic parameters of an entangled polymer obtained from linear viscoelastic 

measurement. 

 

1.2.1.2 Nonlinear rheology 

 

To account for practical use of materials, non-linear rheology in shear and extension are 

necessary.  

 

Nonlinear shear rheology 

A simple shear flow (see Figure 1.3a) is given by the velocity field:38 

𝑣𝑥 = �̇�𝑦𝑥𝑦, 𝑣𝑦 = 0, 𝑣𝑧 = 0 (1.3) 

in which �̇� is shear rate and can be a function of time. If �̇� is independent of time, then the 

distance between two particles along the flow direction increases linearly with time. 

 
Figure 1.3 a) Simple shear flow, b) Elongational flow. 

 

At small shear rate, the shear stress growth coefficient (defined as shear stress divided by 

shear rate) of material follows an LVE envelope which is calculated from SAOS 

measurement. At higher rates, the transient shear stress growth coefficient generally falls 

below LVE envelope and the material shows shear thinning as a result of chain orientation 
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and stretch. (see Figure 1.4) In practice at higher shear rates, nonlinear shear measurements 

are prone to artifacts, such as wall slip, shear banding and edge fracture, which have 

prohibited the progress. However, recent developments based on the use of the cone-

partitioned plate (CPP) setup have opened the route for obtaining the nonlinear material 

functions of strongly sheared polymers at high temperatures.39–41  

 

Extensional rheology 

According to stretching directions, extensional flow can be divided into elongational flow 

(uniaxial stretching), biaxial stretching flow and planar extensional flow.38 The discussion in 

this work is restricted to elongational flow (see Figure 1.3b), for which the velocity field can 

be written as:  

𝑣𝑥 = −
1

2
휀̇𝑥, 𝑣𝑦 = −

1

2
휀̇𝑦, 𝑣𝑧 = 휀̇𝑧 (1.4) 

where 휀̇ is elongation rate and can be a function of time. When 휀̇ is independent of time, a 

distinguish feature of elongational flow is that the distance between two particles along the 

flow direction grows exponentially with time, more rapid than the linear increase in shear 

flow.  

 

In the results of extensional measurements, the extensional stress growth coefficient, defined 

as extensional stress divided by stretch rate, is plotted as a function of time as seen in Figure 

1.4. The extensional stress growth coefficient also follows an LVE envelope at small rates, 

and this LVE is three times of the one in shear flow. At higher stretch rates, polymers usually 

show strain hardening, manifesting as higher extensional stress growth coefficient above the 

LVE envelope, as a result of chain orientation and stretching.  

 
Figure 1.4 Stress growth curves in constant shear and extension. Dash lines: LVE envelope for shear (blue) 

and extension (red); blue solid line: evolution of shear stress growth coefficient, exhibiting strain softening; red 

solid line: evolution of extensional stress growth coefficient, showing strain hardening. η0 is the zero-shear 

viscosity. 
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In practice, measurement of extensional properties is more complicated than in shear as the 

exponential separation requires more space and good control. Since the invention of first 

extensional rheometry by Meissner in 1969,42 several other models have been designed over 

the decades, for example, Capillary Breakup Extensional Rheometer (CaBER), Filament 

Stretching Rheometer (FSR)43 and Sentmanat Extensional Rheometry (SER)44.   

 

In this work, the extensional measurements were mainly done on filament stretching 

rheometer developed locally at Technical University of Denmark. Thanks to a closed loop 

control scheme45, different types of measurements can be performed on FSR, such as constant 

strain rate43,46, stress relaxation47,48 and creep49. The measurements are generally done 

between 20oC and 180oC, under nitrogen protection in order to prevent sample degradation. 

In the original homemade FSR (DTU-FSR), a cylindrical fluid filament is formed between 

two end plates and elongated by the movement of top plate. The force generated by the 

elongation is recorded by a force transducer attached to the bottom plate. And the evolution 

of the fluid diameter at the axial mid-plane is measured by a laser micrometer. The Hencky 

strain of the mid-filament plane is calculated as:  

휀𝐻 (𝑡) = −2 ln (𝑅(𝑡)/𝑅0) (1.5) 

where 𝑅0  is the initial radius of the sample, 𝑅(𝑡) is the measured sample radius during 

stretching, and the true stress is calculated as: 

< 𝜎𝑧𝑧 − 𝜎𝑟𝑟 >=
𝐹(𝑡) −

𝑚𝑔
2

𝜋𝑅(𝑡)2
 (1.6) 

where 𝐹(𝑡) is measured force, m is sample weight and g is gravity constant. 

With a small aspect ratio, an extra shear contribution may add to the measured extensional 

force during the start-up flow due to the no slip condition at the two ends of a filament. The 

corrected stress, with respect to this shear component in the extensional flow, is calculated 

as:50 

< 𝜎𝑧𝑧 − 𝜎𝑟𝑟 >𝑐𝑜𝑟=< 𝜎𝑧𝑧 − 𝜎𝑟𝑟 >× 
1

1 + (𝑅(𝑡)/𝑅0)
10/3 exp(−∆0

3) /(3∆0
2)

 (1.7) 

where ∆0 is sample aspect ratio, calculated as sample thickness divided by initial radius 𝑅0. 

The extensional stress growth coefficient is defined as: 

휂
+

= < 𝜎𝑧𝑧 − 𝜎𝑟𝑟 >𝑐𝑜𝑟/휀̇ (1.8) 

In 2013, a compact desktop version VADER 1000 (Versatile Accurate Deformation 

Extensional Rheometer, Rheofilament Aps) came out, with the possibility of fast quenching 

through opening the oven in 1s. In an extensional experiment, when the polymer melt is 

stretched to desired Hencky strain, after opening the oven quickly, the melt can be quenched 

by nitrogen flow such that its molecular conformation is preserved. The quenched filaments 

can be taken out for mechanical tests and ex-situ scattering measurements. 
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1.2.2 Rheology of double dynamics networks 

 

The rheological properties of DDNs are usually characterized in the linear regime first, since 

this provides useful information about network gelation, temperature dependence, 

characteristic times and so on. For example, the crosslinking and de-crosslinking behavior of 

a multi-responsive reversible polymer network based on hydrogen bonding and metal 

coordination were thoroughly characterized by linear viscoelastic measurements.51 The 

measurements at different temperatures reveal the reversible character of hydrogen bonds 

and stability of metal coordination, manifesting as slow decrease of storage modulus and loss 

modulus with increasing temperature. The rheological behavior of temperature insensitive 

metal coordination can be tuned by ligand displacement agents. Thus rheological responses 

of the resulting DDN can be altered by temperature and ligand displacement agents. In 

another study by Helgeson et al.,52 the structure of a double network in wormlike micelle-

nanoparticle mixture has been elucidated with the help of linear viscoelastic measurements. 

With the increase of nanoparticle concentration, the viscosity, shear modulus, as well as 

relaxation time all increase, pointing to a double network formed by micellar entanglements 

and particle junctions. Lots of linear viscoelastic measurements on DDNs are available in the 

literature, since most research labs are equipped with a rotational shear rheometer, making 

the tests accessible to a grand research public. However, in term of practical use purpose, it 

is probably more relevant to characterize these DDNs by nonlinear rheological measurements 

- in shear and extension.  

 

Nonlinear shear measurement is a powerful tool in revealing DDNs structure upon 

deformation. An interesting example is the transient shear hardening behavior observed in a 

humidity sensitive EHUT (a bisurea monomer), which is attributed to stretching.53 In another 

well-characterized system of hydrophobically modified ethoxylate-urethane (HEUR) (a 

triblock copolymer with hydrophilic in the middle and hydrophobes at ends, the triblock can 

form flower-like micelles and intra-connections when the hydrophobic ends are located in 

different micelles), a shear rate dependence of steady shear viscosity was detected: the system 

displayed Newtonian behavior at lower shear rates, following by a shear thickening and shear 

thinning at medium and high shear rates respectively.54 The authors deduced that the shear 

thickening was related to shear-induced enhancement of associations, and the stretch-induced 

dissociation of hydrophobic chains was responsible for the shear thinning, which was verified 

by their constitutive network model. Similarly, a recent study by Moghimi et al.55 showed 

shear thinning behavior of a well-defined 3-arm star diblock copolymer (in 1-phenyl 

dodecane) at high shear rates. The shear thinning behavior was attributed to the breakup of 

inter-star associations under flow, which agreed with their bead-spring model simulation 

results. 
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The extensional rheology plays an important role in many industrial processes and 

applications, such as fiber spinning and film blowing, it is thus important to investigate the 

extensional behavior of DDNs to uncover their multiscale responses. This idea can be well 

demonstrated through a recent study on linear-ring polymer blend by Huang and co-

workers.56 The blend is a DDN formed by entanglements between linear molecules and 

threading of linear-ring molecules. The extensional response of the blends showed an 

enhanced stress growth coefficient and overshoot compared to its pure constituents at 

different stretch rates. The unique extensional behavior leads to a picture where rings thread 

into the linear entanglement network and are forced to stretch affinely with it until going 

through a threading-unthreading transition at the maximal stress. This study points out a new 

mechanism for getting stronger fibers in fiber spinning industry. In another study, the DDN 

formed by (SIS)p (S-styrene, I-isoprene) type multiblock copolymer exhibited very high 

extensibility, the maximum stretch ratio λ=90 was much larger compared to full stretch ratio 

of the copolymer chain λ=40. The origin of the high extensibility was discovered with 

extensional rheology (reverse flow) and confirmed by small-angle X-ray scattering: under 

large elongation, some S blocks were pulled out of its original domain and transfered to the 

other domain, leading to reorganization of the network. Besides, extensional rheology is also 

a strong method to test processability of a material. A branched multiblock polymer was 

prepared from crosslinked hydroxyl telechelic four-arm star poly(ε-decalactone)-poly(D,L-

lactide) diblock to improve the toughness and processability of poly(lactic acid).57 Linear 

viscoelastic measurements showed two distinct relaxation modes, one from individual star 

diblocks and the other from the backbone. Uniaxial extension tests indicated significant strain 

hardening compared to linear components, proving better processability of the prepared 

material. 

 

While rheology provides information about processing at high temperatures, it is also 

necessary to check mechanical properties of DDNs at use temperature towards everyday life 

applications. 

 

1.3 Relation between rheological properties and mechanical properties 

 

It is known that the processing conditions will have an impact on mechanical properties of 

polymeric materials. For instance, amorphous polystyrene is usually brittle at room 

temperature, it can become flexible through mechanical pre-conditioning, although the effect 

is temporary and only on a time scale of minutes.58 Since rheological properties provide 

indications for processing conditions, one thus needs to relate mechanical properties to 

rheological properties so as to have a better control of final material properties. Effect of 

melt-stretching on mechanical behavior of glassy polymers has been studied by Zartman et 

al.59 They proposed to treat the system as a combination of primary structure due to Van der 

Waals force and the entangled chain network. The effect of melt stretching in uniaxial 
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extension is thus strengthening the chain network, and altering the relative importance of the 

double networks in vitrified solid state. As a result, glassy polymer PS, PMMA, SAN become 

ductile, tensile strength increases with stretch rate and strain, Young’s modulus increases 

with stretch strain. A later work by Huang et al.60 revealed how to systematically tune 

mechanical properties of glassy polystyrene via melt stretching.  A long-lasting (half year) 

flexible polystyrene can be achieved by stretching the melts at a rate faster than the inverse 

Rouse time and subsequently quenching below the glass transition temperature (Tg). The 

resulting anisotropic polystyrene fibers have a much higher tensile strength than isotropic 

polystyrene. Furthermore, the tensile strength in the solids increases with the stress in the 

melt stretching. 

 

Structure is another important factor when discuss relation between rheological and 

mechanical properties. The anisotropic polystyrene fibers obtained by Huang et al. are highly 

oriented in the stretching direction, but relatively weak perpendicular to the stretching 

direction as a result of reduced inter-chain interaction. In a following study, it is shown that 

mechanical properties of anisotropic glassy polystyrene can be further improved by 

introducing carboxylic acid group based heat-labile hydrogen bonds, such that the inter-chain 

interaction is enhanced.61 Although the copolymers exhibit similar linear and nonlinear 

extensional behaviors, the resulting stretched and quenched acid-containing copolymer fibers 

have higher yield stress and ductility at room temperature compared to the non-modified 

polystyrene fibers. In another work by Meijer and co-workers, the rubbery plateau modulus 

in the melt state and strain hardening modulus in the solid state increased with network 

crosslinking density.62 It occurs that there is sometimes a trade-off between processability 

and mechanical performances, for example, in commercial ionomers.63 

 

1.4 Thesis outline 

 

This Ph.D project is part of Marie Skłodowska-Curie Initial Training Network DoDyNet 

(Double Dynamics for design of new responsive polymer Networks and gels) in the European 

Commission’s H2020 Programme. The objective of DoDyNet is to develop a research 

roadmap that enhances our understanding of the synergistic effects arising by combining 

distinct dynamic modes within a polymeric network. The project involves seven top research 

institute partners and three associated companies across Europe, this enables close 

collaborations on complementary tasks. As part of DoDyNet, this Ph.D project focuses on 

studying the nonlinear extension behavior of different DDNs, so as to tailor material 

properties at wish. The DDNs studied can be summarized into two classes:  

i) entangled linear polymers with stickers along the chain. The stickers interact either by 

hydrogen bonding (Chapter 2, Figure 1.5a) or ionic interactions (Chapter 3, Figure 1.5b). 

One dynamics of the network is the entanglements from linear-linear interactions, the other 

one is sticker interactions.  
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ii) blends of entangled linear and ring polymers (Chapter 4 and 5, Figure 1.5c). In this case, 

the first dynamics is also the entanglements from linear-linear interactions, the second one is 

threading of linears into rings. 

 
Figure 1.5 Schematic representation of materials studied in this thesis: a) poly(styrene-co-4-vinylbenzoic acid) 

(PS-co-PVBA); b) PS based ionomer; both rheological and mechanical properties are studied in a) and b); c) 

symmetric and asymmetric linear-ring PS blends, their rheological properties were studied with different blend 

compositions. 

 

Chapter 2 aims to improve mechanical properties of anisotropic glassy polystyrene by 

increasing inter-chain interaction. Although long-lasting flexible and high strength 

polystyrene can be achieved by stretching polystyrene melts at a rate faster than the inverse 

Rouse time and subsequently quenching below Tg,
60 the material is very strong only along 

the stretching direction due to highly oriented polymer chains, but relatively weak 

perpendicular to the stretching direction as a result of reduced inter-chain interaction. In the 

work of Chapter 2, heat-labile carboxylic acid based hydrogen bonds were introduced into 

polystyrene, such that the inter-chain interaction is enhanced. The effect of hydrogen bonding 

on melt rheology was studied by LVE measurements and nonlinear extensional rheology. 

And the effect on mechanical properties of stretched and quenched anisotropic solids below 

Tg was investigated. 

 

Processing ionomers is complicated by their ability to exhibit brittle fracture even in the melt 

state. A new strategy for providing ionomers with good flowability, extensibility, and 

superior strain hardening is introduced in Chapter 3. Diamines of “Jeffamine” type with 

different molar masses were introduced into acid-containing copolymer (parent molecule) 

via ionic interactions. The flowability of resulting neutralized ionomers was proved by LVE 

measurements, while their extensibility and strain hardening behavior were examined by 
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extensional rheology and compared to the parent molecule. The role of ionic stickers were 

clarified. Besides, the effect of diamines on mechanical properties of isotropic and 

anisotropic ionomer solids below Tg was also investigated, the results and discussions are 

summarized in Appendix B3. 

 

The strain hardening behavior of polymer melts can mitigate necking, leading to more 

homogenous deformation in elongational flow, thus plays an important role in polymer 

processing.64,65 Higher melt stress also results in higher tensile strength in the solids.60 It is 

thus of great importance to study the strain hardening behavior of DDNs, and extract 

influencing parameters. In this part, we use linear ring polymer blend as a model DDN.  

 

Chapter 4 studies the topological configurations of symmetric linear-ring polymer blends 

(same molar mass of ring and linear molecules) in uniaxial extensional flow. Unlike pure 

linear or ring molecules, the extensional response of the blends at different stretch rates 

showed an enhanced stress growth coefficient and overshoot. Combined with ex-situ Small 

Angle Neutron Scattering (SANS) and Molecular Dynamics (MD) simulation studies, this 

unique extensional behavior was attributed to threading-unthreading transition between ring 

and linear molecules.  

 

Chapter 5 studies the role of molar mass and ring fraction towards linear-ring blend dynamics 

and strain hardening behavior. We first started with symmetric linear-ring polymer blends of 

smaller molar mass than the one used in Chapter 4. The linear viscoelasticity was studied in 

a wide ring fraction (5% - 70%). And the nonlinear behavior was studied in both shear and 

extensional rheology on selected fractions. For the asymmetric linear-ring blends, two 

opposite types of linear-ring blends were used: MLin < MRing (MLin and MRing are weight 

averaged molar mass for linear and ring molecules respectively) and MLin > MRing. Their 

strain hardening degrees were calculated and compared to symmetric blends or pure linear 

melts.  

 

Chapter 6 summarizes the contributions of this Ph.D study to the field of extensional rheology. 

It highlights key findings, as well as points out some open questions in future studies. 



 

 

  

 

IMPROVEMENT OF MECHANICAL PROPERTIES OF 

ANISOTROPIC GLASSY POLYSTYRENE BY INTRODUCING 

HEAT-LABILE REVERSIBLE BONDS 

 

In this work we aim to improve mechanical properties of anisotropic glassy polystyrene by 

introducing heat-labile carboxylic acid. LVE and extensional measurements of our 

synthesized acid-containing material show no effect of hydrogen bonding above Tg 

compared to normal polystyrene. After being stretched faster than the inverse Rouse time 

and quenched below Tg, the synthesized material is not only strong along the stretching 

direction, but also improved in the perpendicular direction thanks to inter-chain hydrogen 

bonding.  

 

2.1 Introduction 

 

Polystyrene is a widely used thermoplastic polymer. In its common form, it is a brittle, 

amorphous transparent material with a glass transition temperature of around 100 °C. Its 

thermostability allows it to be shaped in the melt in a variety of common methods such as 

injection molding and extrusion. The durable polymer is the basis for a range of commercial 

products due to its relative hardness and transparency. However, its brittleness limits the 

available applications. There are reports that temporary flexibility may be introduced in 

polystyrene by a process called mechanical rejuvenation, which is typically facilitated by 

compression in a two-roll milling process.58 However, this flexibility is temporary with a 

time-scale of minutes to hours. Recently our group reported that flexible polystyrene 

filaments can be obtained by stretching polystyrene melts at a rate faster than the inverse 

Rouse time, followed by rapid quenching below Tg.
60 The resulting highly oriented 

polystyrene fibers reach a much higher tensile strength than normal isotropic polystyrene and 

remain flexible after half a year. Apart from being interesting from a purely scientific point 

of view, the flexibility and high tensile strength make the resulting filaments potential 

candidates for use in applications where strength and flexibility are desirable. One possible 

drawback of the previously described fibers is that the properties are highly anisotropic; the 

fibers are very strong in the stretch direction, but easily come apart perpendicular to the 

stretch direction. This anisotropy is achieved by uniaxial stretching faster than the inverse 

Rouse time followed by quenching whereby a high degree of orientation of the individual 
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polymer chains is obtained. In this extended, stressed state, chain relaxation and thereby 

strain localization is suppressed, which is reflected in reduced inter-chain interaction in the 

perpendicular direction.60,66 The resulting fibers become highly anisotropic.  

 

The effect of forming hydrogen bonds to improve the mechanical properties of materials is 

perhaps most well-known from wood, where the combination of relatively high strength and 

low density is related to the presence of multiple hydrogen bonds.67,68 Thus, inter-connected 

polymer chains with transient hydrogen bonds is a topic of continued interest.33,69,70 Of 

particular interest is the temperature-dependence of hydrogen bond exchange: At high 

temperatures, exchange is fast and the bonds have little effect on the viscoelastic properties. 

However, reducing the temperature leads to much slower exchange and the materials may 

behave as crosslinked networks.33  

 

Here we seek to increase the inter-chain interactions in the vitrified material by introducing 

a limited amount of hydrogen-bonding sites in the form of carboxylic acid groups along the 

chains. Since the strength of hydrogen bonds decreases with increasing temperature,33,71 the 

hypothesis is that the melt behaves very similar to a non-modified polystyrene, whereas the 

vitrified material is reinforced by the presence of stronger inter-chain bonds. We believe that 

this was the first time that the effect of hydrogen bonds on vitrified material below Tg has 

been studied.  

 

This chapter is adapted from the published article in Appendix A. Some synthesis details are 

not included here, but can be found in the full article. A graphical abstract for Chapter 2 is 

demonstrated in Figure 2.1. 

 

Figure 2.1 Abstract graphics for Chapter 2: highly anisotropic polystyrene (PS) without hydrogen bonds is 

very strong along the stretching direction, but relatively weak perpendicular to the stretching direction (black); 

inter-chain interaction is enhanced via hydrogen bonds, manifesting as higher yield stress (red). 
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2.2 Experimental details 

 

Materials. Styrene (S, 99 %) was purchased from Sigma-Aldrich (Copenhagen, Denmark) 

and passed through a column of basic alumina to remove the polymerization inhibitor.  

4-vinylbenzoic acid (97 %) was purchased from TCI Europe (Zwijndrecht, Belgium) and 

recrystallized from ethanol before used.  

2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (98 %), tetrahydrofuran (HPLC 

grade), deuterated chloform (CDCl3, 99.8 % D), trifluoroacetic acid (CF3COOH, 99 %), 

acetic acid (99 %) and basic alumina (activated, Brockmann I) were purchased from Sigma-

Aldrich (Copenhagen, Denmark) and used as received.  

 

Reversible addition-fragmentation chain-transfer (RAFT) synthesis of copolymers. 2-

(Dodecylthiocarbonothioylthio)-2-methylpropionic acid, chain transfer agent (1 eq.), 4-

vinylbenzoic acid (VBA) (20-200 eq.) and styrene (2000 eq.) were mixed in a round-bottom 

flask. The mixture was degassed through three freeze-pump-thaw cycles and the flask was 

filled with Argon. Mixtures with more than 5 % mol/mol 4-vinylbenzoic acid were found to 

be opaque at room temperature due to low solubility of 4-vinylbenzoic acid in styrene. Upon 

heating to 100 °C to initiate the polymerization, all mixtures became transparent.  

Kinetic samples were removed using Argon-filled syringes and analysed by SEC and 1H 

NMR. Once conversion had reached approximately 50 %, the reaction mixture was cooled 

to room temperature, diluted with 6 volumes ethyl acetate and precipitated into methanol 

containing 1% v/v acetic acid. In the absence of acetic acid, a non-filterable opaque 

suspension was obtained. The addition of acetic acid was found to break the suspension and 

lead to macroscopic precipitation in approximately 5 minutes.  

The resulting polymer was filtered and dried in a vacuum oven at 70 °C overnight.  

The polystyrene without acid groups was prepared using the same method, omitting the 4-

vinylbenzoic acid. The addition of acetic acid to the methanol was not necessary to obtain a 

filterable precipitate for this polymer. 

 

Size Exclusion Chromatography. Size exclusion chromatography was carried out on a 

chromatographic system consisting of a Viscotek VE 2001 GPC Solvent/Sample Module 

connected to a Viscotek TriSEC Model 302 Triple Detector Array (RI, Light scattering, 

Viscometer). The columns were a PL Guard and two PL gel mixed D columns from Polymer 

Laboratories connected in series; this column combination provides good resolution up to 

300,000 Daltons and were calibrated with narrow molar mass polystyrene standards (PSS, 

Mainz, Germany). All samples and calibration standards were analysed using a flow rate of 

1 mL/min. Sample solutions were made up to 5 mg/mL to which was added 10 μL acetic 

acid in order to ensure complete dissolution of the acid-containing copolymers. Toluene was 

used as an internal flow rate marker.  
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Fourier-Transform Infrared Spectroscopy analysis. Fourier-transform infrared (FTIR) 

spectroscopy was carried out using a Nicolet iS50 FTIR Spectrometer (ThermoFisher 

Scientific, USA). The wavenumber between 400 cm-1 and 4000 cm-1 was recorded with 64 

interferograms for each sample in either transmission or attenuated total reflection mode as 

indicated in the text.  

 

Thermogravimetry. Thermogravimetry was carried out using a Discovery TGA (TA 

Instruments, USA). Samples (10-20 mg) were heated in a nitrogen atmosphere with a heating 

rate of 10 °C min-1 from room temperature to 900 °C.  

 

Differential Scanning Calorimetry. Differential scanning calorimetry (DSC) 

measurements were performed on a Discovery DSC (TA Instruments, United States) in a 

nitrogen atmosphere with a heating and cooling rate of 10 °C min-1. The weight range of 

tested sample was 2-5 mg and all samples were heated to 180 °C, well above the glass 

transition temperature, cooled and finally heated to 200 °C. Glass transition temperatures 

were determined from the 2nd heating curve.  

 

Nuclear Magnetic Resonance analysis. Nuclear Magnetic Resonance (NMR) spectroscopy 

were performed on a Bruker 300 MHz spectrometer. 4-vinylbenzoic acid-containing 

copolymers (approximately 50 mg) were dissolved in a pre-made 95:5 v/v mixture of CDCl3 

and CF3COOH (0.6 mL). Data were analysed using TopSpin version 3.5 pl 7 from Bruker.  

 

Mechanical spectroscopy. The linear viscoelastic (LVE) properties of the polymer melts 

were obtained from small amplitude oscillatory shear (SAOS) measurements. An 8 mm 

plate-plate geometry was used on an ARES-G2 rheometer from TA Instruments. The 

measurements for the melts were performed at temperatures between 130 oC and 170 oC 

under nitrogen. For each sample, the data were shifted to a master curve at 150 oC. 

 

Extensional stress measurement. The non-linear rheological behaviors in extensional flow 

were studied above Tg using a filament stretching rheometer (VADER, Rheo Filament ApS) 

under constant strain rate, where both normal force F(t) and diameter evolution 2R(t) were 

measured. Prior to a measurement, all samples were molded into cylindrical specimens with 

a fixed radius R0 (2.7 or 4 mm). The initial sample length L0 was controlled by sample amount, 

giving an aspect ratio (∆0=L0/R0) around 0.5. All the tests were carried out at Tg+30oC under 

nitrogen protection.  

The Hencky strain, extensional stress and extensional stress growth coefficient are calculated 

as described in section 1.2.1.2.  

To prepare specimens used in mechanical tests, the polymer melts were stretched at a rate 

faster than the inverse Rouse time to Hencky strain 3.5 and quenched by nitrogen flow below 
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Tg, which preserves the molecular conformation. The specimens were taken out for tensile 

and 3-point bending tests. 

 

Tensile and 3-point bending test. Tensile tests were carried out at strain rate 0.001 s-1 on 

Instron at room temperature. The samples have a cylindrical form with a diameter around 

0.3 mm. The engineering strain and stress are calculated as:  

휀𝐸𝑛𝑔 =
𝑙(𝑡) − 𝑙0

𝑙0
 (2.1) 

And 

𝜎𝐸𝑛𝑔 =
𝐹(𝑡)

𝜋𝑟0
2  (2.2) 

where lo and ro are the initial length between two clamps (5 cm) and radius of specimen 

respectively. The strain rate 휀𝐸𝑛𝑔̇ = 𝑑휀𝐸𝑛𝑔/𝑑𝑡 is constant by imposing constant velocity of 

upper clamp. It is noted that at small deformation, the engineering strain and Hencky strain 

are equivalent as indicated in the following equation: 

휀𝐻 = 𝑙𝑛
𝑙(𝑡)

𝑙0
= ln (

𝑙0
𝑙0

+
𝑙(𝑡) − 𝑙0

𝑙0
) = ln(1 + 휀𝐸𝑛𝑔) = 휀𝐸𝑛𝑔 + 𝑜(휀). (2.3) 

3-point bending tests were carried out on RSA3 Dynamic Mechanical Analyzer from TA 

Instruments. The diameters of cylindrical samples are between 0.6 and 0.8 mm. All tests 

were performed at constant velocity 0.005 mm/s at room temperature. The stress and strain 

are calculated as: 

𝜎 =
𝑃𝐿

𝜋𝑅3
 (2.4) 

휀 =
12𝑅𝛿

𝐿2
 (2.5) 

Where P is measured force, L is length between supports, R is radius of specimen and 𝛿 is 

deflection. Detailed deduction of calculation of the stress and strain can be found in 

supporting information. 

 

2.3 Results and discussions 

 

2.3.1 Synthesis of poly(styrene-co-4-vinylbenzoic acid) 

 

Copolymers of styrene (S) and 4-vinylbenzoic acid (A) were prepared following a general 

procedure for RAFT polymerization of styrene in bulk.72 The conversion of each monomer 

and the copolymer composition could be followed simultaneously by 1H NMR (see Figure 

S1). The conversion was deliberately kept relatively low, because this kept polymerization 
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times short (around 24 h) and ensured that the monomer distribution along the chain did not 

become exceedingly asymmetric. This is important since the presence of asymmetric 

sequences may affect the melt properties of the polymer and affect the regularity of the inter-

chain bonds and thereby the mechanical properties. The average length of 4-vinyl benzoic 

acid units is close to unity, which indicates that the block formation is suppressed even at the 

highest acid feed content. (More information about evaluation of reactivity ratios and 

calculation of the number average sequence length can be found in Appendix A.) 

 

The polymerization is proved to be controlled by a linear increase of the molar mass with 

conversion as well as a decrease in molar mass distribution.73 The final dispersities are 

comparable to those of polystyrenes of comparable molar mass prepared by RAFT 

polymerization,74 generally below 1.4 after purification as seen in Table 2.1.  Chain 

recombination is a commonly observed termination mechanism in radical-mediated styrene 

polymerization.75,76 This mechanism leads to chains with twice the molecular mass to that 

targeted. However, the high-molar mass fraction due to chain recombination is relatively 

small under the polymerization conditions employed here. This is important since small 

amounts of high-molecular mass chains are known to significantly influence polymer melt 

rheology.77–79 The data for the synthesized poly(styrene-co-4-vinylbenzoic acid) copolymers 

are summarized in Table 2.1. 

 

Table 2.1 Data for the synthesized poly(styrene-co-4-vinylbenzoic acid) copolymers. 

Feed 

composition 

1H NMR 

compositiona 

monomer 

conversion / %b 

Mn,  

SECc 

Mw/Mn, 

SECc 

Tg /  

°C 

PS
0.99

A
0.01

 PS
0.98

A
0.02

 50 ± 5 64,900 1,19 106 

PS
0.97

A
0.03

 PS
0.95

A
0.05

 56 ± 5 91,900 1.23 114 

PS
0.97

A
0.03

 PS
0.94

A
0.06

 52 ± 7 75,600 1,23 116 

PS
0.95

A
0.05

 PS
0.91

A
0.09

 56 ± 5 94,000 1.23 122 

PS
0.94

A
0.06

 PS
0.88

A
0.12

 N/M 82,200 1,28 132 

PS
0.92

A
0.08

 PS
0.86

A
0.14

 71 ± 5 104,200 1,29 134 

PS0.90A0.10 PS0.84A0.16 N/M 117,000 1,33 157 

PS PS 85 ± 13 86,100 1,65 103 

 

a 1H NMR in CDCl3 containing 10 μL/mL trifluoroacetic acid. b The overall monomer conversion at termination 

as determined by 1H NMR in CDCl3 with 5 % v/v trifluoroacetic acid. The uncertainties are based on an 

estimated uncertainty on the 1H NMR integrals of 10 %. N/M : Not measured c Size exclusion chromatography 

in tetrahydrofuran against polystyrene standards. The sample solution contained 10 μL/mL acetic acid to ensure 

dissolution of acid-containing copolymers. 

 



2.3 Results and discussions  19 

 

2.3.2 Thermal properties of poly(styrene-co-4-vinylbenzoic acid) 

 

The DSC traces in Figure 2.2A reveal that incorporation of 4-vinylbenzoic acid leads to an 

increase in the glass transition temperature. The increase of the glass transition temperature 

has been observed for other carboxylic acid-containing copolymers, and is generally ascribed 

to a reduction in free volume.8 In addition, the transition seems to broaden with increasing 

amounts of acid. This broadening is related to the dissociation of acid-dimers through 

hydrogen bonding, as previously reported for copolymers of styrene and methacrylic acid; 

acid unimers and dimers are in equilibrium, which is governed by the temperature and the 

concentration. Increasing the temperature leads to gradual dissociation of the dimers, which 

is reflected in the DSC curves. However, the dimer formation is suppressed and contribute 

less at lower acid content. 80,81 

 

Figure 2.2B shows the measured glass transition temperatures as a function of acid fraction. 

The dotted line is prepared by fitting the data points up to an acid fraction of 0.14 to the Fox 

equation, which assumes that the glass transition of the copolymer is related to the glass 

transition of the individual homopolymers and their relative weight fractions:82  

1/Tg = wA/Tg,A + wS/Tg,S (2.6) 

This gave a Tg of 390 °C (663 K) for poly(4-vinylbenzoic acid) (PVBA) homopolymer, 

higher than the reported value 250 °C.83 A direct measurement of such high glass transition 

temperature is not possible since side-reactions like dehydration, decarboxylation and 

combustion are expected to be dominant at temperatures significantly close to 400 °C by 

analogy to copolymers of styrene and various carboxylic acids (see also thermogravimetry 

in Figure S4).21,31 Although the Fox equation fails for predicting the glass transition of 

copolymers through the entire range of copolymer compositions due to the interacting nature 

of the polymer chains, the ‘fitted’ Tg of 390 °C is useful for prediction of the glass transition 

temperatures of copolymers with an acid fraction of less than 0.14, which allows establishing 

a processing window.  

 

The increased Tg reduces the window of processing; polystyrene degrades in inert 

atmosphere above 200 °C74 and dehydration of copolymers of styrene and carboxylic acids 

have been reported at 180 °C.31 However for melt-processing polymers it is necessary to 

work above the glass transition temperature without (significantly) degrading the copolymer. 

In addition, the elucidation of polymer properties such as entanglement length and Rouse 

time often requires the measurement of polymer melts at different temperatures.34 

Furthermore, initial experiments indicated that heating a copolymer with an acid fraction of 

0.1 to more than 200 °C for times relevant to rheology experiments (minutes to hours) in a 

nitrogen atmosphere led to an increase in the storage modulus, which may indicate 

crosslinking (see Figure S5). Together with experimental difficulties such as prestretch and 

slip-off in extension measurement, it was not practical to use copolymers with a VBA 
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fraction higher than approximately 0.1 to measure viscoelastic behavior and process. Thus 

only three samples PS, PS0.95A0.05 and PS0.91A0.09 were selected for the following studies. 

Importantly, none of the DSC traces show any signs of crystallization. Crystallization is not 

expected, since it is normally encountered in syndiotactic and isotactic polymers only.86 All 

the polymers here are prepared by RAFT polymerization, which in essence is a free radical 

polymerization technique that, in the absence of additives is expected to give atactic 

polymers.87 

 
Figure 2.2 A) DSC traces, 2nd heat cycle used for assessing Tg. Heat/cool rate: 10 K/min. B) Glass transition 

temperature, Tg, as a function of 4-vinylbenzoic acid content. The dotted line corresponds to a fit to the Fox 

equation including data points up to an acid fraction of 0.14. 

 

2.3.3 Hydrogen bonding in vitrified poly(styrene-co-4-vinylbenzoic acid) 

 

Figure 2.3A shows absorption IR spectra obtained by transmission through thin, free-

standing solvent-cast films of polystyrene and poly(styrene-co-4-vinylbenzoic acid). The 

broad peaks above and below the C-H stretch at 3,000 cm-1 (at approximately 3,200 cm-1 and 

2,600 cm-1) can be assigned to free and bonded OH stretch, in accordance to assignments on 

structurally related copolymers of styrene and maleic acid.31 Following this work, the broad 

peak at 3,400 cm-1 can be assigned to water bonded to acid OH groups. Additional 

information can be gained by considering the resonances associated with C=O stretch around 

1,700 cm-1. These are significantly narrower and more resolved (see Figure 2.3B). The minor 

peak above 1,700 cm-1 (marked with an arrow) is assigned to C=O stretch of the free 

carboxylic acid both in copolymers of styrene and maleic acid31 and in benzoic acid 

solutions.37 Similarly, the major peak just below 1,700 cm-1 has been assigned to hydrogen-

bonded acid dimers both in solid polymers and in solution.31,37 Although direct calculation 

of the ratio between free and dimeric acid groups is difficult due to lack of knowledge of 

their exact oscillator strengths, the spectra in Figure 2.3 indicate that dimer-formation is 

dominant but not complete in the solid solvent-cast films. 
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Figure 2.3 IR absorption spectra A) Spectra from 700-4000 cm-1 of free-standing PS, PS0.95A0.05 and PS0.91A0.09 

films cast from THF obtained in transmission mode. B) Close-up of the spectral region containing C=O stretch 

from the spectra in A). The arrows indicate carbonyl stretch from free (non-hydrogen-bonded) acid carbonyl 

groups. C) C=O stretch region of melt-processed pellets of PS, PS0.95A0.05 and PS0.91A0.09 obtained by attenuated 

total reflectance (ATR) from the surface. D) C=O stretch region of stretched fibers of PS, PS0.95A0.05 and 

PS0.91A0.09 obtained by attenuated total reflectance (ATR) from the surface.  

 

Examining the surface of melt-processed polymer films using ATR-FTIR may give an 

indication of whether the hydrogen bonding in the solid is different in solvent-cast and 

molded films. As Figure 2.3C shows, dimer formation still appears to be significant in melt-

processed films, although the polymers with an acid fraction of 0.05 has a band due to acid 

dimer that is less dominant than in the spectrum obtained from the solvent-cast film. On the 

other hand, the ATR-FTIR spectrum of the melt-processed copolymer with an acid fraction 

of 0.09 is comparable to the corresponding transmission spectrum of the solvent-cast film. 

One possible explanation is that the higher concentration of acid groups in the latter polymer 

favors the chance of dimer formation. 
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2.3.4 Rheology 

 

Storage modulus G’ and loss modulus G’’ of PS, PS0.95A0.05 and PS0.91A0.09 as a function of 

angular frequency ω at a reference temperature of 150 oC are shown in Figure 2.4A. These 

master curves have similar shape with a horizontal shift that is due to the difference in Tg.
38 

In order to compensate for the Tg difference and compare three polymers directly, the 

frequency and modulus are normalized by the crossover point at high-frequency (𝜔𝑐 and Gc) 

for each sample (see Figure 2.4B). The three normalized curves overlap, indicating that the 

number of entanglements per chain is identical.39 Since the molar masses are comparable for 

the three polymers (see Table 2.1), the results suggest that the acid groups do not form 

hydrogen bonds above Tg.  

 
Figure 2.4 Rheology of polystyrene and poly(styrene-co-4-vinyl benzoic acid) copolymers. A) LVE data 

referenced at 150 °C. B) LVE data after normalization to the modulus and frequency at high frequency 

crossover point. C) Comparison of normalized extensional stress growth coefficient for PS and PS0.95A0.05. 

Strain rate for PS at 130 oC (from left to right): 0.2, 0.06, 0.02, 0.006, 0.002 s-1. Strain rate for PS0.95A0.05 at 140 
oC (from left to right): 0.12, 0.036, 0.012, 0.0036, 0.0012 s-1. D) Comparison of normalized extensional stress 

growth coefficient for PS, PS0.95A0.05 and PS0.91A0.09. Strain rate for PS at 130 oC: 0.2 s-1. Strain rate for 

PS0.95A0.05 at 140 oC: 0.12 s-1. Strain rate for PS0.91A0.09 at 150 oC: 0.062 s-1.  
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Figure 2.4C compares the non-linear extensional behavior of PS and PS0.95A0.05. Due to the 

difference in glass transition temperature of the two samples, it was necessary to measure the 

non-linear extensional behavior at different stretch rates and temperatures (see supporting 

information). The data shown have been normalized by their high frequency crossover for 

comparison. The LVE envelope in the figure is calculated from the linear viscoelastic data 

(see supporting information), and is a prediction of infinitely slow extensional flow. By 

increasing the stretch rate, the strain hardening effect is more evident, since the polymer 

chains become more oriented and stretched. These two samples show similar extensional 

behavior at high temperature above Tg. Of particular interest are samples that have been 

stretched faster than the inverse Rouse time, which correspond to the curves peaking at lower 

ωct in Figure 2.4C. These have the highest strain hardening. Figure 2.4D shows a direct 

comparison of PS, PS0.95A0.05 and PS0.91A0.09 stretched at equivalent rates faster than the 

inverse Rouse time (see Table S1). The overlap of the linear viscoelastic envelopes for the 

three samples follows of course from the negligible effect of hydrogen bonding close to 

equilibrium. The high similarity of the strain hardening indicates that hydrogen bonding is 

not activated at non-equilibrium conditions. Note that the difference in steady state at high 

ωct could be related to the reproducibility of the experiments (see Figure S6) and different 

sample molar masses. 

 

2.3.5 Mechanical properties 

 

While the lack of active hydrogen bonding in the melt allows facile molding, shaping and 

stretching of the polymers, inter-chain hydrogen bonding in the vitrified polymer is desirable 

to improve the specimen strength perpendicular to the stretch direction. Therefore, all three 

polymers were stretched to Hencky strain 3.5 above Tg (using the experimental conditions 

from Figure 2.4D) and quenched by rapid cooling to room temperature. The presence of acid 

dimers was confirmed by ATR-FTIR spectroscopy (see Figure 2.3D). The IR spectra of the 

stretched, acid-containing filaments feature an additional band at around 1,650 cm-1. A shift 

in the carbonyl-band to lower wavenumbers in the IR spectra of carbonyl-containing 

polymers typically indicates the formation of crystalline domains or preferred conformations 

of the structural units. However, typical shifts are on the order of 10-20 cm-1,40,41 whereas 

the observed shift here is around 50 cm-1. To determine whether this is due to local formation 

of highly crystalline domains or something else entirely would require a more detailed 

analysis of the stretched samples, which lies outside the scope of this work. 

 

Figure 2.5 compares the tensile test response for PS and PS0.91A0.09. The tensile tests were 

performed with strain rate of 0.001 s-1 at room temperature. In contrast to conventional PS 

with a critical strain at fracture usually less than 2%, here both samples can be pulled to a 

critical strain of more than 30%. This is in agreement with the previous observation that PS 

became flexible when stretched faster than the inverse Rouse time during processing.60 In 
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addition, strain softening are observed in both samples, while the yield stress increases with 

the hydrogen bonding content. Note that the reproducibility of tensile tests are relatively 

good (see Figure S9), so it is irrelevant to the yield stress difference. According to the Haward 

and Thackray model,42 a material's response can be described by two contributions: the 

secondary inter-molecular interactions, which control the initial elastic response up to yield 

point and the entanglement network response, which gives an entropic contribution at large 

strains. In our modified material, the range of the elastic response is increased while the stress 

after the yield point follows the same slope for the modified and unmodified material. In 

terms of the Haward and Thackray model, therefore the hydrogen bonding contributes to the 

range of inter-molecular stress but not to the network stress. In addition, the Young’s 

Modulus, which is the initial slope of the stress-strain response, was found to be around 4 

GPa for both specimens. This is appropriate order of magnitude for glassy polymers.43  

 
Figure 2.5 Tensile test for specimens PS and PS0.91A0.09 at room temperature, strain rate 0.001 s-1. 

 

The effect of hydrogen bonding towards improving the bending stability was tested using a 

3-point bending test. Figure 2.6A and C shows a flexible PS sample after irreversible bending. 

Multiple cracks in the filament appears in and around the bend. Figure 2.6B and D shows a 

flexible PS0.95A0.05 bent to the same extent as the PS sample. Visual inspection reveals a less 

cracked sample. 

 

The bending properties were quantitatively measured by investigating the stress-strain 

response, as presented in Figure 2.6E. The bending modulus calculated from the initial slope 

is the same for all three samples, around 4 GPa, which is in agreement with the Young’s 

modulus obtained from tensile testing. It is also important to point out that the strain 

corresponding to maximum stress increases with the hydrogen bonding content, i.e. the 

ductility of the material has increased. The average strain values at the corresponding 

maximum stress are listed in Table 2.2, where the uncertainty is the standard error calculated 
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from three independent measurements of the same batch. The difference in strain is beyond 

experimental error as seen in Figure S11. 

 
Figure 2.6 3-point bending of flexible samples. A, C) PS bent to a point where full recovery is not possible; 

Figure B, D) PS0.95A0.05 bend to a point where full recovery is not possible E) 3-point bending for specimens 

PS, PS0.95A0.05 and PS0.91A0.09 at room temperature, v=0.005 mm/s. All samples are stretched to Hencky strain 

3.5 in the melt, followed by rapid quenching by cooling to room temperature.  

 

Table 2.2 Strain at maximum stress as measured by 3-point bending. 

Sample Strain at maximum stress (%) 

PS 5.31 ± 0.05 

PS0.95A0.05 6.35 ± 0.21 

PS0.91A0.01 7.35 ± 0.16 

 

In general the brittleness of materials is expected to increase with the distance to glass 

transition temperature.44,45 Ideally, these materials should be tested at a temperature with the 

same distance to Tg. Thus, the specimens with acid groups should be tested above room 

temperature, since their glass transition temperatures are higher than that of polystyrene. 

However in this case, the opposite is true; the more ductile sample (PS0.91A0.09) is the one 

with the highest glass transition temperature, which emphasizes that the observed effect is 

not due to the change in Tg, but to the added hydrogen bonding groups. 

 

Figure 2.7A-D show a cyclic bending measurement using the setting of 3-point bending. 

Each sample was first deformed to a strain of 0.01. The deformation was then removed, 

leading to sample recovery, and the strain was measured for the same time as was used for 

the deformation. The procedure was then repeated with progressively increasing strain until 

ultimately a strain of 0.1 was applied. The stress-strain recover response for these different 

samples is seen to be highly dependent on the applied deformation. Thus, at a strain of 0.01 
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all three samples recover to their initial shape after deformation. Increasing the strain, leads 

to a difference between deformation and recovery curves, due to dissipation of energy and 

loss of shape. At high deformation (strain of 0.1, Figure 2.7D), samples with higher acid 

content and thereby hydrogen bonding capability show improved recovery.  

 

In order to confirm this effect of hydrogen bonding, and to exclude the influence from 

residual deformation, pristine samples of PS0.95A0.05 and PS0.91A0.09 were tested by 

immediately imposing a strain of 0.1, followed by recording of the recovery path. As seen in 

Figure 2.7E and F, the recovery of pristine samples and gradually strained samples overlap 

almost perfectly. The bending properties of these materials have a strain dependence, which 

is similar to Mullins effect as usually observed in elastic rubber material.46,47  

 

2.4 Conclusion 

 

Acid-functional copolymers of styrene and 4-vinylbenzoic acid with acid fractions up to 0.16 

are conveniently prepared by RAFT polymerization in bulk. The reaction conversion was 

deliberately kept relatively low, so that block formation is suppressed at the studied styrene-

rich copolymer compositions, although some compositional drift cannot be avoided.  

 

Evidence of hydrogen bonding in the form of carboxylic acid dimers is found in the vitrified 

copolymers using IR spectroscopy, whereas linear viscoelastic and non-linear extensional 

rheology confirm the absence of hydrogen bonding in the melts. The absence of hydrogen 

bonds allows the preparation of flexible, anisotropic polymer specimens by stretching faster 

than the inverse Rouse time followed by rapid quenching to room temperature. The resulting 

specimens have increased yield stress and ductility as measured by tensile testing and 3-point 

bending experiments compared to flexible, anisotropic polystyrene without acid groups. This 

demonstrates how bulk properties can be modified by addition of a small amount of inter-

chain hydrogen bonds. 
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Figure 2.7 A)-D) Recovery after strain of flexible PS, PS0.95A0.05 and PS0.91A0.09 at A) ε=0.01, B) ε=0.04, C) 

ε=0.07, D) ε=0.1. E)-F) Measurements of acid-modified polystyrene samples, measured as pristine samples and 

for samples previously subjected to strain measurements to strains of 0.1. E) PS0.95A0.05 F) PS0.91A0.09. Tests are 

performed on 3-point test setting at room temperature, v=0.005 mm/s. 
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 TOWARD A DESIGN FOR FLOWABLE AND EXTENSIBLE 

IONOMERS: AN EXAMPLE OF DIAMINE NEUTRALIZED 

ENTANGLED POLY(STYRENE-CO-4-VINYLBENZOIC ACID) 

IONOMER MELTS 

 

While better mechanical performances have been achieved for poly(styrene-co-4-

vinylbenzoic acid) compared to pure polystyrene in Chapter 2, we are curious to know if 

they can be further improved by enhancing the inter-chain interaction. Thus ionic interactions 

were introduced into the polymer network by neutralizing PS-co-PVBA with different 

Jeffamines. The resulting polymers are lightly charged and belongs to the category of 

ionomers. Ionomers are usually complicated to process due to their brittleness. In this work 

through linear rheology and nonlinear extensional rheology, we show that our ionomers are 

flowable and extensible, and their strain hardening behavior can be tuned by changing the 

diamine length. The effect of diamines on mechanical properties of ionomers is also 

investigated below Tg.  

 

3.1 Introduction 

 

Ionomers are a class of polymers with a small number of bonded ionic species attached to a 

relatively nonpolar backbone.96 They have been used in a variety of applications such as 

membranes, packaging and films, compatibilizers, shape memory material, and self-healing 

material.96,97 Most previously studied ionomers are polysulfonic or carboxylic acids 

neutralized by metal or ammonium counter ions. However, depending on the ion 

concentration,98,99 counter ion species,98–101 and degree of neutralization102,103, their structure 

and rheological properties vary significantly.  

 

A distinctive feature of ionomers is the formation of ionic clusters by ion-dipole interactions, 

which act as physical crosslinks inside the material. This behavior has been confirmed via 

dynamic mechanical analysis, which showed the presence of a pseudo-rubbery plateau above 

the glass transition temperature (Tg), as well as a second mechanical loss process at elevated 

temperature.104–106 The persistence of ionic clusters gives ionomer melts a higher viscosity 

and longer relaxation time than their nonionic parent polymer, even though melt fluidity is 
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enabled by “ion hopping”: i.e., ion pairs hopping from one cluster to another.107–109 As a 

consequence, ionomers are generally difficult to process even at high temperature. For 

example, the polyether-ester-sulfonate copolymer ionomer melts investigated by Shabbir et 

al. exhibited brittle fracture at Hencky strain below unity at fast extension.110,111 

 

Compared to the extensive research on the linear viscoelastic behaviors of 

ionomers,32,104,112,113 their nonlinear viscoelastic properties have received much less attention. 

Nevertheless, ionomers exhibit fascinating properties in both nonlinear shear and extensional 

rheology. Unlike highly entangled macromolecules, which exhibit a spectrum of relaxation 

times, ionomers react rapidly upon large shear deformation and heal quickly due to ionic 

interactions, even though the backbone of the ionomer has a molar mass well below the 

entanglement molecular weight.107 Shear thickening behavior has been observed for both 

ionomer solutions and melts,114–117 and has been attributed to increased inter-chain 

associations at the expense of intra-chain associations. Ionomers also exhibit quite different 

extensional rheology properties compared to entangled macromolecules. For example, Ling 

et al.108 reported an increasing modulus with strain rate for alkali metal neutralized sulfonated 

oligostyrene ionomer melts; they also observed a maximum stress at low Hencky strain, 

which they attributed to a catastrophic failure of the physical ionic network. Shabbir et al.110 

reported a decreasing strain hardening trend with increasing extension rates for 

poly(tetramethylene glycol) and poly(ethylene oxide) copolymer ionomers. The presence of 

high solvating poly(ethylene oxide) enabled the ionic groups to move freely to adjust chain 

conformation, thereby adding ductility to the brittle ionomer. In a more recent study, Wu et 

al. reported a systematic method for improving ionomer ductility,118 attributing high 

stretchability to a strain-induced reorganization of the ionic stickers, which they termed 

“pseudo yielding”.  

 

However, because it is difficult to separate relaxation mechanisms due to chain 

entanglements and ionic interactions, most extensional rheology ionomer studies focus on 

unentangled polymer chains.108,110,118 Stadler et al.119 reported elongational rheology of 

entangled telechelic polybutadiene with acid end groups neutralized by alkali metal ions, and 

found that strain hardening was related to the cohesive strength of the ionic cluster. They 

also observed reduced relaxation time, likely due to the break-up of ionic clusters during 

extensional deformation. The relation between chain entanglements and ionic interactions 

during relaxation remains unknown.   

 

This work aims to develop a strategy for designing ionomers with good flowability, 

extensibility and superior strain hardening by studying the relaxation mechanisms of 

entangled ionomer melts under elongational flow. To achieve good flowability, it is vital to 

shorten the relaxation time by avoiding the formation of ionic clusters. Two main factors can 

be adjusted for this purpose when preparing ionomers: i) ion concentration: for polystyrene-
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based ionomers containing sulfonated or carboxylated ionic units, no ionic clusters are 

detected below ca. 6 mol% ion content.105,120 In addition, carboxylated ionomers tend to 

exhibit weaker intermolecular interactions compared to sulfonated ionomers with the same 

backbone;117,121 ii) counter ion species: ammonium can be used as an alternative to metal 

ions, and the strength of ammonium ionic interactions can be tuned via the molar mass of the 

amines used.100 Strain hardening manifests as higher stress above the corresponding linear 

viscoelastic envelope. Ionic interaction leads to superior strain hardening compared to the 

nonionic parent polymer. Extensibility signifies how much the material can be stretched 

without fracture.122 Enhanced extensibility is ultimately ensured by the double dynamics 

network which consists of ionic interactions and chain entanglements, enabling network 

stretching to continue even after the ionic bonds have been broken.119   

 

In this study, entangled poly(styrene-co-4-vinylbenzoic acid) with 5 mol% acid was 

neutralized using diamines of different molar mass. The diamines used were Jeffamines, 

which are PEO-PPO copolymers. Compared to random sulfonated ionomers,123 the ionic 

interactions in our system tended to distribute homogenously along the polymer backbone. 

Using longer chain ammonium as a counter ion prevented ionic cluster formation, resulting 

in reduced relaxation time and facilitating ionomer processing. The linear viscoelastic 

behavior and nonlinear extensional behavior of the ionomer were studied, and the relaxation 

mechanism under extensional flow was elucidated.  

 

A graphical abstract for Chapter 3 is demonstrated in Figure 3.1. This chapter is reproduced 

from the published article in Appendix B.   

 
Figure 3.1 Abstract graphics for Chapter 3: in extensional flow, close to equilibrium, the ionic stickers are 

attached to the main chain; as strain increases, the ionic stickers detach from the main chain, manifesting as 

stress overshoot and microphase separation induced filament color change; at large strain, the entanglement 

networks continue to be stretched while ionic stickers reassociate. 
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3.2 Experimental details 

 

Materials. Diamine series Jeffamine ED600, ED900, and D2000 were purchased from 

Huntsman and used as received. Their molar mass and composition can be found in the 

Supporting Information. Polystyrene was prepared using a bifunctional naphthyllithium 

initiator in accordance with the literature.124,125 Styrene oligomer was bought from Sigma-

Aldrich. The molar mass and dispersity of all materials were measured, and the results are 

listed in Table 3.2. 

Poly(styrene-co-4-vinylbenzoic acid) (PS-co-PVBA) with 5 mol% 4-vinylbenzoic acid was 

synthesized according to methods described in our previous work.61 The resulting weight-

averaged molar mass Mw is 85400 g/mol, corresponding to 6.4 entanglements per chain 

(entanglement molecular weight, Me=13.3 kg/mol43). 

 

Neutralization. About 2 g poly(styrene-co-4-vinylbenzoic acid) was first dissolved in 

tetrahydrofuran (THF); Jeffamine ED600, ED900, and D2000 were then added in parallel at 

a stoichiometric ratio of the two functional species: e.g., amine and carboxylic acid. Detailed 

quantities are listed in the Supporting Information. The mixture was rotated on a set of rollers 

for 1 h to ensure full reaction. The resulting viscous solution was transferred to a 

polypropylene vial and allowed to evaporate in a fume hood overnight. Finally, the polymer 

film was placed in a vacuum oven at 70°C for 24 h.  

 

Preparation of polystyrene solution. Two polystyrene (PS) solutions were prepared as 

control samples with the following compositions: 

 

Table 3.1 Sample compositions for two PS solutions. 

Sample Constituent 1 w1% Constituent 2 w2% 

PS77kOS2k-68 PS77k 68 OS2k 32 

PS77kOS2k-82 PS77k 82 OS2k 18 

 

PS77kOS2k-68 was prepared by solvent evaporation, while PS77kOS2k-82 was prepared by 

precipitation as described in reference36. The concentrations of both PS solutions were 

determined by integrating the peak areas of the bimodal curve using size exclusion 

chromatography (SEC).  

 

Nuclear Magnetic Resonance Analysis. Nuclear magnetic resonance (NMR) spectroscopy 

was performed on a Bruker 300 MHz spectrometer. 60 mg Jeffamine (ED600, ED900 or 

D2000) was dissolved in 0.6 mL CDCl3. After acquisition of spectra, 0.05 mL trifluoroacetic 

acid (TFA) was added to each sample and the spectra of the protonated samples were 

acquired immediately after. All spectra were acquired using 128 scans. 
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Size Exclusion Chromatography. Size exclusion chromatography was carried out on a 

chromatographic system consisting of a Viscotek VE 2001 GPC solvent/sample module 

connected to a Viscotek TriSEC model 302 triple detector array (RI, light scattering, 

viscometer). All samples and calibration standards were analyzed using a flow rate of 1 

mL/min. Sample solutions were made up to 5 mg/mL in THF; when needed, another 10 μL 

of acetic acid was added to suppress interactions. Toluene was used as an internal flow rate 

marker. 

 

Fourier Transform Infrared Spectroscopy Analysis. Fourier transform infrared (FTIR) 

spectroscopy was carried out using a Nicolet iS50 FTIR spectrometer (Thermo Fisher 

Scientific, USA). The wavenumber between 400 and 4000 cm-1 was recorded for each sample 

in either transmission mode or attenuated total reflection mode. 

 

Differential Scanning Calorimetry. Differential scanning calorimetry (DSC) 

measurements were performed on a Discovery DSC (TA Instruments, United States) in a 

nitrogen atmosphere with a heating and cooling rate of 10°C min-1. The tested samples 

weighed around 2-5 mg. All samples were heated well above the glass transition temperature 

to eliminate sample history, cooled, and finally heated to 200°C. Glass transition 

temperatures (Tg) were determined from the 2nd heating curve. 

 

Mechanical Spectroscopy. The linear viscoelastic (LVE) properties of the polymer melts 

were obtained from small amplitude oscillatory shear (SAOS) measurements. An 8 mm 

plate-plate geometry was used on an ARES-G2 rheometer (TA Instruments). Measurements 

were performed at temperatures between Tg+25°C and Tg+65°C under nitrogen protection. 

For each sample, the data were shifted to build a master curve at reference temperature Tref. 

 

Extensional stress measurement. The non-linear rheological behavior in extensional flow 

was studied using a filament stretching rheometer (VADER, Rheo Filament ApS) as 

described in Chapter 2. All tests were carried out at Tref under nitrogen protection. 
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3.3 Results and discussions 

 

3.3.1 Neutralization 

 

The resulting synthesized ionomers were transparent, and were checked by FTIR 

spectroscopy. Figure 3.2 shows that the carbonyl-stretch around 1700 cm-1 (unimer and 

dimer of carboxylic acid) almost disappears upon addition of Jeffamine. Jeffamine bonds are 

also clearly seen in the ionomers around 1100 cm-1. The molar mass and dispersity of the 

resulting diamine neutralized poly(styrene-co-4-vinylbenzoic acid) are listed in Table 3.2. 

 
Figure 3.2 IR absorption spectra from 400-2000 cm-1 for neutralized ionomers, parent polymer and Jeffamines 

(a spectra from 400-4000 cm-1 is available in the Supporting Information). 

 

3.3.2 Thermal properties 

 

The DSC traces in Figure 3.3a indicate that incorporating Jeffamine produces a decrease in 

Tg with increasing Jeffamine length, and that the transition seems to broaden. The diamine 

chains behave as an internal plasticizer, and the Tg decreases linearly as the molar mass of 

Jeffamine increases (see Figure 3.3b). A similar decrease in Tg has also been observed for 

flexible diamine modified epoxy resins126, ammonium neutralized sulfonated polystyrene 

ionomers5 and polyester-sulfonate ionomers with ionic liquid counterions127, potentially 

related to weaker ion-dipole interaction and an increase in chain mobility. The Tg values for 

this series of neutralized ionomers are also summarized in Table 3.2. It is noted that some 

changes of the ionomers may occur at high temperature (the upturn of DSC traces at high 

temperature in Figure 3.3 and Figure S5), so the temperature is deliberately kept low for 

rheological measurements, and the phenomenon is not further investigated as it is outside the 

scope of this work. 



3.3 Results and discussions  35 

 

Table 3.2 Data for materials used in this study: parent polymer, neutralized ionomers, Jeffamines and control 

samples. 

Material Mw (SEC) [g/mol] Mw/Mn (SEC) Tg [
oC]** Remark 

PS0.95A0.05 85400 1.22 105 Parent polymer 

PS0.95A0.05+ED600 81100* 1.27 76 
Ionomer under 

investigation 

PS0.95A0.05+ED900 87700* 1.18 66 
Ionomer under 

investigation 

PS0.95A0.05+D2000 85000* 1.27 25 
Ionomer under 

investigation 

Jeffamine ED600 656 1.08 - Ionomer component 

Jeffamine ED900 940 1.22 - Ionomer component 

Jeffamine D2000 2144 1.18 -70 Ionomer component 

PS77k 77000 1.10 - 
Control sample 

component 

OS2k 1900 1.10 - 
Control sample 

component 

PS77kD2000 

blend 
77000/2144 1.10/1.18 -67/81 Control sample 

PS77kOS2k-68 77000/1900 1.10/1.10 87 Control sample 

PS77kOS2k-82 77000/1900 1.10/1.10 97 Control sample 

*The neutralized ionomers show non-monotonous change in Mw and dispersity; the actual normalized 

chromatograms are added to show the small instrumental variation, as seen in Figure S4. 

**For Jeffamines, the glass transition is only measured for sample D2000 in order to identify PS77kD2000 

blend composition on DSC. 

 
Figure 3.3 a) DSC traces: 2nd heating cycle used to assess Tg, heat/cool rate: 10oC/min; b) Tg as a function of 

Jeffamine molar mass (the black line represents linear fitting (R2=0.99)). 
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Importantly, only a single glass transition is observed for ionomers, suggesting that the 

synthesized materials are homogenous; what is more, due to ionic interaction, phase 

separation is not detected128–130. A previous study by Weiss et al.129 also confirms that the 

miscibility of polystyrene and poly(alkylene oxide) blends is enhanced by specific 

intermolecular interactions between amine and sulfonic acid, while a study by Yang et al.131 

demonstrated that two polymers with specific interactions are miscible, even though the 

difference in component glass transition temperature (ΔTg) between blends can be as large 

as 199°C. A control sample consisting of a simple blend of polystyrene 77 kg/mol and 

Jeffamine D2000 appears white and displays two glass transitions in the DSC curve, as 

shown by green dashed line in Figure 3.3a, suggesting the phase separation that was not 

observed in the ionomers. 

 

3.3.3 Linear rheology  

 

Figure 3.4a shows the storage modulus, G’, and loss modulus, G’’, of these materials as a 

function of angular frequency, ω. For each sample, both frequency and modulus are 

normalized by the second crossover point (𝜔𝑐 and Gc) in order to compensate for the Tg 

difference (non-normalized master curves are available in the Supporting Information, 

Figure S7). The Rouse relaxation time of the parent polymer is 8.25 s, and is calculated as 

𝜏R = 𝑍2𝜏c (where Z is number of entanglements per chain calculated by Mw/Me, and 𝜏c is the 

relaxation time of one entangled strand, estimated as 1/𝜔𝑐. The entanglement molar mass of 

pure polystyrene (Me=13.3 kg/mol) is used for the parent polymer, since hydrogen bonding 

is demonstrated not to be active at high temperature61). Similar to their parent polymer, all 

ionomer melts display relaxation processes typical of entangled linear polymers. The four 

normalized curves overlap at high frequency, indicating an identical Rouse relaxation 

process. At medium and low frequency range, the terminal relaxation time is observed to 

decrease with increasing diamine length, indicating no/negligible effect of ionic clusters 

inside the ionomers. Since ion-dipole interaction becomes weaker by increasing counter ion 

size, chances of forming ionic clusters become lower, and the Jeffamine chains also have 

plasticizing effect. This finding is in contrast to the sticky Rouse/Reptation dynamics 

exhibited by unentangled ionomers.110,132,133 Furthermore, the diamines show a diluting 

effect on the long chains, which can be visualized by comparing the activation energy, Ea, 

which is obtained by fitting experimental data to the Arrhenius equation ( 𝑎𝑇(𝑇) =

𝑒𝑥𝑝 [
𝐸𝑎

𝑅
(
1

𝑇
−

1

𝑇0
)], where aT is the shift factor, R is the gas constant, and T and To are test and 

reference absolute temperatures). Plotting ln(aT) as function of 1/T, it is clear that the 

activation energy also decreases with increasing Jeffamine length (see Figure 3.4b), 

indicating less flow resistance and thus a faster relaxation; this both significantly facilitates 

processing and differentiates the materials studied here from entangled random ionomers that 

usually display either a double plateau of stickers and entanglements or a prolonged terminal 

relaxation.32,34  
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Figure 3.4 a) LVE data after normalization to the modulus and angular frequency at the high-frequency 

crossover point (closed symbols for G’, open symbols for G’’; the solid lines are drawn to guide the eyes.) b) 

Fitting of shift factor aT to the Arrhenius equation; the activation energy is indicated in the figure as kJ/mol. 

 

3.3.4 Nonlinear rheology 

 

Figure 3.5 shows the non-linear extensional behavior of the four studied samples. Sample 

PS0.95A0.05 was stretched faster than the inverse Rouse time, resulting in oriented and 

stretched polymer chains. The other samples were stretched at constant stretch rate to match 

the maximum normalized stress of the parent polymer. Due to the difference in glass 

transition temperature between samples, it was necessary to measure the non-linear 

extensional behavior at different stretch rates at reference temperatures. The data presented 

here have been normalized by Gc and ωc for comparison. In Figure 3.5a, all samples display 

strain hardening behavior, as the normalized stress growth coefficients are well above the 

linear viscoelastic envelope. The degree of strain hardening can be compared by strain 

hardening factor (SHF), which is defined as the ratio of the stress growth coefficient to the 

respective LVE value (see Figure S10). For these samples having similar normalized stress 

as seen in Figure 3.5b, the SHFs of both samples PS0.95A0.05+ED600 and PS0.95A0.05+ED900 

are higher than their parent polymer with a lower Wi, indicating an effectively stronger strain 

hardening as a result of ionic interaction. Sample PS0.95A0.05+D2000 had a similar SHF as 

sample PS0.95A0.05+ED900 but higher Wi, likely due to the strain hardening effect being 

compromised by the presence of the longest diamine chain, D2000. (Sample 

PS0.95A0.05+ED900 and PS0.95A0.05+D2000 are also stretched at same τc based Weissenberg 

number as the parent polymer, the effect of different Jeffamines are clearly seen in Figure 

S9.) In Figure 3.5b at larger strain, the samples containing ionic interaction displayed stress 

overshoot which was found to be repeatable, as demonstrated in Figures S11 and S12. More 

interestingly, sample PS0.95A0.05+D2000 exhibited an undershoot after the stress overshoot 
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which can be related to sticker reassociation (see discussion below). Finally, all the ionomer 

melts reached the same steady stress at Hencky strain close to 6.  

 

The remainder of this section will focus on answering three questions which could help to 

elucidate what happens during extension: i) the role of ionic interaction (stickers) in start-up 

extensional flow; ii) the role of stickers at large strain; iii) the influence of stretching on 

sticker association time. 

 
Figure 3.5 Comparison of normalized extensional behavior across all four samples: a) Normalized extensional 

stress growth coefficient as function of time; b) Normalized stress as a function of Hencky strain. Strain rate 

for PS0.95A0.05 at 140°C is 0.3 s−1; strain rate for PS0.95A0.05+ED600 at 105°C is 0.085 s−1; strain rate for 

PS0.95A0.05+ED900 at 100°C is 0.109 s−1; strain rate for PS0.95A0.05+D2000 at 70°C is 0.114 s−1. The 

corresponding Weissenberg numbers (Wi=�̇�/𝝎𝒄) are 0.06, 0.03, 0.043 and 0.074, respectively. 

 

i) The role of ionic interaction (stickers) in start-up extensional flow 

  

As discussed in the linear rheology section above, the diamines have a diluting effect on the 

long chains PS-co-PVBA. To determine the extent of this dilution, two PS solutions 

consisting of short and long polystyrenes were prepared (see Table 3.1): sample PS77kOS2k-

68 had the same weight fraction of long chains as sample PS0.95A0.05+D2000, and served as 

an extreme sample in which all diamine chains act as solvents; sample PS77kOS2k-82 had 

a higher weight fraction of long chains, and thus a slightly higher number of entanglements 

than sample PS77kOS2k-68. The normalized LVEs of both PS solutions were compared with 

PS0.95A0.05+D2000, as seen in Figure S13. Sample PS77kOS2k-68 displayed a faster terminal 

relaxation than the ionomer, whereas PS77kOS2k-82 had a very similar terminal relaxation 

with the ionomer. This suggests that the diamine chains are attached to the backbone at 

equilibrium, and that they connect different chains while simultaneously keeping them 

separate from each other (see Figure 3.9a). The following discussion will focus on sample 
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PS0.95A0.05+D2000, since Jeffamine D2000 had the most obvious stress overshoot effect 

among the three neutralized ionomers studied.  

 

At the onset of strong extensional flow (green curve in Figure 3.5), the connected diamine 

chains are stretched together with the backbone. However, when the force reaches a 

sufficient magnitude, the stickers can start to disassociate. This disassociation is visible as a 

filament color change during stretching, as seen in Figure 3.6. The melt stretched at 0.114s-

1 and 70oC is initially transparent before gradually turning opaque, especially close to 

maximum stress. For comparison, the same melt was also stretched at a lower rate of 0.009 

s-1, for which the stress overshoot is not apparent (see Figure 3.7d). Figure 3.7b shows a 

transparent filament stretched at 0.009 s-1 at the same strain as in Figure 3.7a. Finally, a blend 

of PS77k and Jeffamine D2000 (control sample) was also stretched and compared with the 

previous two samples (Figure 3.7c). The blended filament appeared white throughout the 

stretching process, indicating a total phase separation of two constituents. While we suggest 

that the stress maximum and overshoot presented in entangled ionomer melts are related to 

sticker disassociation and a resulting micro-phase separation, future studies for example in 

situ scattering may be required to fully understand the underlying physics of the phase 

separation. Similarly, a maximum stress in extension for alkali metal neutralized sulfonated 

oligostyrene ionomer melts is likely associated with chain pull-out from ionic clusters.108  

 

 
Figure 3.6 Filament color change during extension measurement of sample PS0.95A0.05+D2000 stretched at 

70°C, 0.114 s-1: the filament is initially transparent, then gradually turns opaque before becoming transparent 

again. The color change could be related to the transition from ionic sticker association to disassociation to 

reassociation. 
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Figure 3.7 a-c) Capture of filament stretching at Hencky strain 2.8. a): PS0.95A0.05+D2000 stretched at 70°C, 

0.114 s-1 (same as left photo in Figure 3.6); b): PS0.95A0.05+D2000 stretched at 70°C, 0.009 s-1; c): PS77kD2000 

blend stretched at 110°C, 0.114 s-1; d) Stress-strain response for PS0.95A0.05+D2000 stretched at 70°C, 0.114 s-

1 and 0.009 s-1. 

 

ii) The role of stickers at large strain 

 

As seen in Figure 3.6, when sample PS0.95A0.05+D2000 was stretched at 70oC, 0.114 s-1, the 

filament turned from opaque to transparent again at larger Hencky strain, suggesting a re-

association of sticker pairs via ionic interaction. During continued extensional flow, it is 

easier for a sticker to find a neighbor sticker rather than a remote one. To check this idea, the 

corresponding polystyrene solution, PS77kOS2k-82, which has overlapping LVE with 

PS0.95A0.05+D2000, was stretched at the same Wi. The normalized stress-strain curves of the 

two samples are compared in Figure 3.8:  both melts reach the same normalized steady stress 

around Hencky strain 4.5 (green and pink curves), suggesting reassociation of ionic stickers 

in the ionomers. Indeed, since these two samples have the same normalized LVEs and steady 

stress, the stress maximum and overshoot are necessarily related to sticker disassociation. 

Sticker reassociation can also be confirmed from reproducible undershoot in stress-strain 

curves (as seen in Figure S11) and stress relaxation test.  

 

In the stress relaxation test, the flow was stopped at Hencky strain 2.8 and kept at the same 

temperature while maintaining the same deformation at the mid-filament plane. As seen in 

Figure 3.10, the filament turns from opaque to transparent again, suggesting sticker 

reassociation and finally a return to equilibrium.  
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Figure 3.8 Comparison of normalized stress as a function of Hencky strain for PS solution and ionomers; 

sample PS77kOS2k-82 is stretched at 120°C, 0.142 s-1. 

 

It should also be noted that the ionomers studied display good extensibility due to their 

double dynamics network structure: although the stickers disassociate in the strong flow at 

high rates, the entanglements still continue to contribute to the stress and allow sticker 

reassociation. While a pure ionomer would exhibit brittle fracture as reported by Shabbir et 

al.111, with the aid of entanglement network, our ionomers have a chance to dissipate energy 

and thus the fracture can be avoided. (see Figure 3.9b). 

 

 
Figure 3.9 Schematic representations of a diamine neutralized poly(styrene-co-4-vinylbenzoic acid) ionomer 

melt: a) at equilibrium, b) during extension at large strain. 
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Figure 3.10 Stress relaxation at Hencky strain 2.8 of sample PS0.95A0.05+D2000 stretched at 70oC, 0.114 s-1: 

from left to right, the photos correspond to 0s, 10s, 1min and 9min after stopping the stretching.  

 

iii) Influence of stretching on sticker disassociation time 

 

To investigate the influence of chain stretching on sticker disassociation time, sample 

PS0.95A0.05+D2000 was stretched at different rates, ranging from 0.066 s-1 to 0.5 s-1 (see 

Figure 3.11, two lower stretch rates are also included). Both maximum stress and stress 

overshoot existed for all stretch rates, except for the fastest stretch rate of 0.5 s-1, at which 

the sample failed during stretching. Note that the stress overshoot and undershoot were 

observed to be strong for stretch rates faster than 0.2 s-1 as the result of an experimental issue: 

namely, that the online rheometer control engages when there is a small deviation in diameter, 

as seen in Figure S14. As discussed previously, the decrease in stress after reaching its 

maximum is the result of sticker disassociation. It would therefore be interesting to study 

different parameters, such as stress, strain and time, at maximum stress.  

 

The plots in Figure 3.11b show that maximum stress increases monotonically with strain rate. 

In Figure 3.11c, Hencky strain at which the maximum stress locates (휀𝑚𝑎𝑥) is plotted as a 

function of stretch rate. The data falls into two distinct regimes: at low rates, the ionic stickers 

can exchange pairs prior to the point of massive disassociation, such that 휀𝑚𝑎𝑥  is rate-

dependent and increases with stretch rate; at higher rates, 휀𝑚𝑎𝑥  reaches a steady value and 

becomes relatively independent of stretch rate. It is possible that the fast flow (ε̇>0.114 s-1) 

does not allow ion pair reorganization before considerable disassociation, so that the stickers 

disassociate abruptly to accommodate the strain. Figure 3.11d plots time, 𝑡𝑚𝑎𝑥 , where the 

maximum stress locates as a function of stretch rate. The influence of chain stretching on 

sticker disassociation time becomes clearer: at low rate, the sticker disassociation time 

approaches the sticker lifetime from LVE measurement (see supporting information). At 

higher rates, the sticker network survival becomes dependent on the overall strain whereby 
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the sticker disassociation time becomes inversely proportional to the rate. To the best of our 

knowledge, the influence of chain stretching on sticker disassociation time has not been 

reported previously. 

 

The advantages of the ionomer system proposed here are clear: ionomer melts possess 

superior strain hardening behaviors at a Weissenberg number lower than the nonionic parent 

polymer. The proposed system can also bear higher stress compared to solutions with the 

same LVE, and displays high extensibility, with the potential to reach a maximum Hencky 

strain of 7 due to its double dynamics network structure of ionic interactions and 

entanglements. Finally, the neutralized ionomers studied here can be processed at lower 

temperatures and stretching rates compared to their nonionic parent polymer, thereby 

providing more environmentally friendly processing conditions for entangled ionomer melts. 

 
Figure 3.11 a) Extensional stress growth coefficient as a function of time for PS0.95A0.05+D2000 stretched at 

different rates. The stretch rates are indicated in the figure [s-1]. b) Maximum stress as a function of stretch rate. 

c) Hencky strain, where the maximum stress locates (𝜺𝒎𝒂𝒙) as a function of stretch rate. d) Time ([s]), where 

the maximum stress locates (𝒕𝒎𝒂𝒙) as a function of stretch rate. 
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3.4 Conclusion 

 

We neutralized poly(styrene-co-4-vinylbenzoic acid) using relatively long chain diamines to 

produce ionomers. The resulting ionomers showed lower Tg than their parent polymer, and 

Tg decreased with increasing diamine molar mass as a result of increasing chain mobility. In 

addition, these neutralized ionomers displayed a single transition in DSC traces and obey 

time-temperature superposition, indicating a homogenous material with ionic interaction 

acting as a compatibilizer. The relaxation time of the ionomer melts decreased with 

increasing diamine chain length, as confirmed via linear viscoelastic measurements. Ionic 

cluster formation is prevented by the use of a low ion concentration as well as the use of 

ammonium as counter ion, which significantly enhances the entangled ionomers’ flowablility.  

 

By investigating the nonlinear extensional properties of this entangled ionomer system, we 

successfully differentiated relaxation mechanisms due to entanglements from those due to 

ionic interactions, thereby providing guidance for future attempts to improve ionomer 

properties. The strain hardening behavior of the ionomers can be adjusted to match the parent 

molecule by using different diamines at a lower Weissenberg number than that of the parent 

polymer. Introducing stickers of different lengths thus provides the ability to tune the 

materials’ degree of strain hardening.  A stress maximum and overshoot appear in the stress-

strain response and are related to sticker disassociation, as evidenced by the transition to 

opacity during filament stretching. After the maximum stress, the stickers tend to reassociate, 

resulting in a final steady stress similar to that of a PS solution. The sticker reorganization, 

together with the contributions from entanglements, enable excellent ionomer extensibility. 

This study provides a roadmap for the design of new easily processed, extensible ionomers 

with superior strain hardening. 

 

3.5 Further work 

 

Given the better rheological performances and tunability of diamines neutralized 

poly(styrene-co-4-vinylbenzoic acid) ionomers, it is desired to study the effects of diamines 

on stretched and quenched ionomer solids. In theory, ionic interactions possess higher 

binding energy than hydrogen bonds, leading to a higher inter-chain interaction in solids. 

This could possibly lead to a higher flexibility over a wider temperature range (below room 

temperature, if try to keep the same temperature distance to Tg) for PS based materials. 

However the experimental results turned out to be quite different than anticipated, so the 

work is put in Appendix B3, meanwhile some tests were designed and performed to 

understand the cause.  



 

 

 

  

 

THREADING-UNTHREADING TRANSITION OF LINEAR-

RING POLYMER BLENDS IN EXTENSIONAL FLOW 

 

In the previous chapter, we have seen that the degree of strain hardening can be tuned by 

diamine length in the double dynamics networks of linear entanglements and ionic 

interaction. As strain hardening behavior plays an important role in polymer processing, we 

would thus like to study the influencing parameters. In this chapter, a linear-ring polymer 

blend, DDNs of linear entanglements and linear-ring threading, is studied and compared to 

pure melts via a combination of various techniques - extensional rheology, MD simulation 

and ex-situ SANS.  

 

4.1 Introduction 

 

The dynamics of entangled ring polymers have recently received renewed attention, not only 

because of their unique conformational and dynamic properties, but also because of their 

implications in biological function134,135. Blending entangled ring polymers with their linear 

counterparts has also revealed intriguing features which set these systems apart from other 

architectural blends136–142. The linear viscoelastic (LVE) response of a nearly pure ring melt 

is extremely sensitive to the presence of linear molecules even in minute amounts143–149. In 

the other limit, the LVE response of an entangled linear polymer matrix is substantially 

affected by the presence of small fraction of rings, giving rise to a non-monotonic 

dependence of blend viscosity on the ring fraction of the blend136,150–152. This regime is of 

particular interest because the increase of linear polymer viscosity upon addition of small 

amounts of (less viscous) rings could be an effective means to tailor polymer 

rheology135,150,151.  

 

The next crucial step is to understand the nonlinear response of such blends. Fragmented 

information for shear flow behavior showed that a polystyrene linear-ring mixture with molar 

mass 84 kg/mol and ring fraction 15% has a shear thinning response very similar to that of 

the pristine linear melt but drastically different from the weaker thinning of pure rings153. In 

another study, DNA-based rings were examined in semi-dilute polymer solutions during 

planar extensional flow using a microfluidic crossflow setup154. The rings were found to 

undergo unusually large and time-persistent conformational fluctuations even at low 
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fractions of linear chains, which was attributed to transient threading of linear chains through 

stretched rings. In fact, threading of linear chains through rings has been demonstrated in the 

equilibrium state from both simulations and neutron scattering measurements151,155–157. 

Besides linear-ring mixtures, such threading has also been reported in tadpole-shaped 

polymer melts158–160. The findings motivate us to ask how these threading events emerge and 

affect the extensional rheology of a blended melt. 

 

Recent measurements of entangled ring polystyrene melts in uniaxial extension revealed 

strong strain hardening and low-strain-rate thickening of the viscosity134. Subsequent 

molecular dynamics (MD) simulations confirmed these observations and provided insights 

about their origin: a flow-driven formation of persistent links through mutual threadings that 

connect multiple rings into supramolecular chains (see Figure 4.1)161. The effect of mutual 

threadings on dynamics of pure entangled rings has also been discussed in several work 

including both simulations162–164 and experiments165,166. By contrast, melts of linear chains 

do not form such links, instead creating conventional entanglements with each other and do 

not exhibit strain-rate thickening at low rates. Thus, it is interesting to ask how a linear-ring 

blend with a relatively low ring fraction will respond to uniaxial extension.  

 

In this present work, we will study a well-characterized linear-ring blend with 30% of rings. 

The composition was chosen because it corresponds to the maximum zero-shear viscosity of 

the blend151. Importantly, this fraction of rings is above the estimated overlap concentration 

but below their entanglement concentration151, such that persistent links formed in pure ring 

melts should be suppressed. The extensional rheology of the blend is measured and compared 

to that of pure melts of its constituents. Combining with complimentary MD simulations and 

ex-situ small angle neutron scattering (SANS), the rheological features are shown to be 

related to the changes in polymer dynamics and micro-structure induced by transient linear-

ring threading.  

 

A graphical abstract for Chapter 4 is demonstrated in Figure 4.1. This chapter is adapted 

from the published article in Appendix C.  
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Figure 4.1 Abstract graphics for Chapter 4: linear-ring blend shows higher stress than its two constituents, 

because a new transient coupling develops when rings are threaded into the linear entanglement network. 

 

4.2 Experimental details 

 

Materials. Three polystyrene (PS) samples are used in the rheological experiments, 

including a linear (Lin-185k), a ring (Ring-185k), and a blend (Lin/Ring-185k-70/30). Their 

weight-average molar mass Mw and dispersity Đ (defined as Mw/Mn, where Mn is the 

number-average molar mass) are listed in Table 4.1. Further information about Lin-185k and 

Ring-185k can be found in Reference134, while about Lin/Ring-185k-70/30 in Reference151. 

 

Table 4.1 Constituents of the investigated PS blends and their molecular masses and dispersities. 

Sample Code Description Mw [g/mol] Đ Notes 

Lin-185k Linear PS 185,000 1.01 

For 

Rheology 

Ring-185k Ring PS 185,000 1.01 

Lin/Ring-185k-

70/30 

70% Lin-185k + 30% Ring-

185k 
  

Lin-h Linear PS 195,000 1.06 

For 

SANS 

Lin-d Deuterated linear PS 198,000 1.2 

Lin/Ring-d 
10% Lin-d + 60% Lin-h + 

30% Ring-185k 
  

Lin/Lin-d 10% Lin-d + 90% Lin-h   

 

Two PS blends, namely Lin/Ring-d and Lin/Lin-d, are used in the SANS experiments. 

Lin/Ring-d is a blend with weight fraction 30% Ring-185k, 60% hydrogenous linear PS (Lin-

h) and 10% deuterated linear PS (Lin-d). Lin/Lin-d is a blend of 90% Lin-h and 10% Lin-d. 
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Both Lin-h and Lin-d were purchased from PSS GmbH (Germany). Their weight-average 

molar mass and dispersity are also listed in Table 4.1. 

For entangled linear polymers, the number of entanglements per chain is defined as Z= 

Mw/Me, where Me is the entanglement molar mass. The reported value of Me in the literature 

for PS melts varies from 13.3kg/mol to 17.5kg/mol43,151,167, leading to Z of 10.6 - 13.9 for 

Lin-185k. 

 

Linear Viscoelasticity. The linear viscoelastic (LVE) properties of all polystyrene samples 

are obtained from small amplitude oscillatory shear measurements. The measurements for 

the melts were performed under nitrogen, and the results were built up at the reference 

temperature of 150°C. 

 

Extensional Rheology. The stress-strain response in extensional flow is measured using a 

homemade filament stretching rheometer (DTU-FSR)45. The samples before stretching have 

a cylindrical shape with a diameter of 5.4 mm and thickness of 1.2-1.5mm. They are stretched 

in the range of 0.0003s-1 to 0.03s-1 at 130°C under nitrogen. The measurement principle and 

calculations are as described in section 1.2.1.2. 

 

Small-Angle Neutron Scattering. To provide the needed contrast for neutron scattering 

experiments, a small amount of the linear polystyrene chains is substituted by deuterated 

chains of similar molar mass (see Table 4.1). To prepare samples for ex-situ SANS 

experiments, Lin/Lin-d and Lin/Ring-d are stretched in a filament stretching rheometer 

VADER 1000 (Rheo Filament ApS, Denmark) at 0.003s-1 and 130°C under nitrogen 

protection to a specific Hencky strain ε0. To preserve the molecular conformation, at the end 

of each stretching, the sample is rapidly quenched below glass transition temperature by 

opening the oven and blowing room-temperature nitrogen on the filament. Lin/Ring-d is 

stretched and quenched at ε0 =3.75 where the stress maximum is located (see Figure S4, due 

to the higher dispersity of the deuterated linear PS and a possible slight sample degradation 

of Lin/Ring-d, the stress maximum of Lin/Ring-d is delayed). For the purpose of comparison, 

Lin/Lin-d is stretched and quenched at ε0 =3.75 as well. In addition, both Lin/Ring-d and 

Lin/Lin-d are also stretched and quenched at a smaller strain, ε0 =0.9 (see Figure S4), 

following the same procedure. 

 

SANS experiments are carried out with the VSANS instrument at NIST Center for Neutron 

Research (MD, USA). Four samples are studied: Lin/Ring-d quenched at ε0 =0.9 and 3.75, 

and Lin/Lin-d also quenched at ε0 =0.9 and 3.75. Each sample consists of one or more co-

aligned filaments with the fiber-axes horizontal and perpendicular to the neutron beam. In 

the attempt to account for different amounts of material in the neutron beam, the data sets 

were scaled based on the level of incoherent scattering which is proportional to the sample 

amount and is constant over all scattering vector lengths q. Although the molecules studied 
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here are no longer in the equilibrium conformation, it is still reasonable to assume Gaussian 

statistics on small length scales which correspond to large q-values. For that reason, the high-

q data is fitted with approximated Debye structure factor  

𝑓(𝑞) = 𝐴𝑞−2 + 𝑏 (4.1) 

and the constant b is used as the estimate of the incoherent scattering. Specifically we fit to 

a section of each data set that lies at an angle of ϕ=45±20° with respect to the fiber axis and 

fulfils q > 0.1Å-1. All data sets are then scaled to b=1. 

 

Molecular Dynamics (MD) Simulations. Polymers are modelled with a semi-flexible bead-

spring model. All beads interact with a repulsive Lennard-Jones (LJ) potential and all 

simulation quantities are reported in reduced LJ units. Chains are built by connecting 

monomers with finitely extensible nonlinear elastic (FENE) bonds, and are made 

semiflexible by coupling adjacent bonds with a bending potential 𝑘𝜃(1 + cos 휃𝑖𝑗) with 𝑘𝜃 =

1.5𝜖𝐿𝐽 and 휃𝑖𝑗 the angle between adjacent backbone bonds. This produces linear polymers 

with a chemical distance between entanglements of 𝑁𝑒 ≈ 28  (monomers), Kuhn length 

𝑁𝐾 ≈ 2.88  (monomers), and an entanglement time 𝜏𝑒 ≈ 1.98 × 103𝜏𝐿𝐽 . For a linear 

molecular weight 𝑁, the Rouse time is computed as 𝜏𝑅 = 𝜏𝑒(𝑁/𝑁𝑒)
2. These values are used 

to normalize quantities and to compare with experimental data. 

 

Three bead-spring melts of pure rings, pure linears, and a 70/30 linear/ring blend are studied. 

All three melts are monodisperse and have the same molecular weight 𝑁 = 400 (beads), 

corresponding to 𝑍 = 𝑁/𝑁𝑒 ≈ 14 entanglement segments per chain. The ring, linear, and 

blend melts contain 𝑀 = 5400, 400, and 1128 chains, respectively. The linear melt and blend 

were equilibrated using the method of Auhl et al. 168. The pure ring systems are taken from 

Reference161. Simulations produce bulk uniaxial elongation flow by integrating the G-

SLLOD equations of motion with a timestep ∆𝑡 = 0.007 𝜏𝐿𝐽
169. All systems are simulated 

to Hencky strains 𝜖𝐻 ≥ 6.0 while the temperature is held constant. More details about MD 

simulations can be found in the Supporting Information in Appendix C. 

 

4.3 Results and discussions 

 

4.3.1 Linear viscoelasticity 

 

The linear viscoelasticity (LVE) of Lin/Ring-185k-70/30, Lin-185k and Ring-185k has been 

characterized previously134,151, and the results are summarized in Figure 4.2. The main 

message is that linear-ring threading slows down the stress relaxation of the blend relative to 

the slower linear component151. The Rouse relaxation time τR,Lin of Lin-185k is used as a 

characteristic time to define the Weissenberg number below. The value of τR,Lin at 130°C was 

reported to be 12s151 or 64s40. The difference is due to different methods of estimating the 
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Rouse time. Details are explained in the SI. Here, τR,Lin = 64s is used to calculate the 

Weissenberg number for the purpose of comparing rheological measurements with MD 

simulations. However, the exact choice of τR,Lin does not affect the key observation and 

qualitative interpretation of the threading-unthreading transition that emerges by comparing 

experiments and simulations. As we will show, this transition occurs for a wide range of 

Rouse Wi. 

 
Figure 4.2 Storage modulus G’ and loss modulus G’’ as a function of angular frequency ω for Lin-185k (black 

squares), Ring-185k (blue circles), and Lin/Ring-185k-70/30 (red stars) at a reference temperature of 150°C. 

Measurements were originally performed at different temperatures and shifted to the reference temperature. 

The shift factors can be found in Reference151. 

 

4.3.2 Extensional rheology 

 

The uniaxial extensional rheology of Lin/Ring-185k-70/30 was measured using a filament 

stretching rheometer at 130°C which is around 25°C above the glass transition temperature 

of the blend. The stretch rate 휀̇ was in the range of 0.0003s-1 to 0.03s-1, corresponding to a 

Rouse-Weissenberg number, Wi = 휀̇𝜏𝑅,Lin, from 0.02 to 2. The results are plotted in Figure 

4.3 as the extensional stress growth coefficient (휂𝐸
+) versus time, where 휂𝐸

+ is defined as the 

measured stress divided by the stretch rate. The uniaxial extensional rheology of the pure 

constituents Lin-185k and Ring-185k have been measured previously134, and the data are 

also plotted in Figure 4.3 for comparison. The solid lines in the figure are the LVE envelopes 

calculated from the data in Figure 4.2. As seen in Figure 4.3, while steady extensional flow 

is not achieved for the blend during the measurements (see also Figure S2 in the SI), an 

unexpected stress overshoot is observed at each stretch rate (with the exception of the lowest 

rate), in contrast to the two pure constituents which exhibit monotonic stress growth until 

steady flow.  In addition, at each rate, the maximum 휂𝐸
+ value reached by the blend exceeds 
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the 휂𝐸
+ of either constituent. These observations point to a transient coupling of linear and 

ring molecules.  

 

Regarding the lowest rate (0.0003s-1) in Figure 4.3, stress overshoot is not observed, and 휂𝐸
+ 

keeps increasing until the end of the experiment. Unlike fast extension where chain 

orientation/stretch induced friction reduction170 may facilitate unthreading, stress overshoot 

for slow stretching (Wi<<1) might occur at much larger strains. While there could be a 

critical onset Wi (which is associated with a threading relaxation time) for the overshoot to 

appear, experimental difficulties (e.g. too low force signals) limit the measurements at large 

strains for low stretch rates; hence it is hard to determine if an overshoot exists. Therefore, 

such critical Wi and the related threading relaxation time need further investigation (which 

is not performed in this work). 

 
Figure 4.3 Time evolution of the extensional stress growth coefficient for the Lin/Ring-185k-70/30 blend (red 

stars) and its two pure constituents, linear (black squares) and ring (blue circles), at different extensional rates 

(indicated on the plot) and Tref=130⁰C. Inset: magnification of the overshoot region of the stress growth 

coefficient at 0.03s-1, which is unique for the blend (see text). The LVE envelopes are plotted by solid lines.   

 

4.3.3 MD simulation  

 

4.3.3.1 MD simulation results and comparison with extensional rheology 

 

Figure 4.4a plots analogous startup 휂𝐸
+ data from MD simulations, including more results at 

larger Weissenberg numbers where experiments are not possible. A blend melt of M=1288 

polymers with N=400 beads per chain (Z≈14) is elongated in uniaxial extension as in 

Reference161,171,172. Prior results for melts of pure rings (blue) and new results for pure linear 

chains (black) are also shown to demonstrate correspondence with experiments for all three 

architectures. MD results are given in Lennard-Jones units and MD-Weissenberg numbers 

(Wi) are normalized by the Rouse time of the N=400 linear melt. Both notable features 
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observed in the experimental blend data, i.e. a stress overshoot and a higher maximum 휂𝐸
+  

for the blend, are confirmed in the MD simulations.  

 
Figure 4.4 (a) 𝜼𝑬

+ versus reduced time for bead-spring simulations of pure Lin (black), Lin/Ring 70/30 blend 

(red), and pure Ring (blue) melts. Predicted LVE curves for pure melts are plotted with dotted and dash-dot 

lines. Wi for blend and pure Lin melts are the same as given in (a). Pure Ring data are from Reference161 and 

have different Wi that are given in (b). The transient stretch of entanglement segments relative to equilibrium 

are plotted for ring (b) and linear (c) polymers in the blend (solid lines) and pure melts (dashed lines).    

 

Simulations can correlate these rheological features with changes in polymer microstructure. 

Figure 4.4b plots the stretch ratio λRing of entanglement segments of length 𝑛 = 𝑁𝑒 for rings 

in the blend and in the pure ring melt from Reference161 relative to equilibrium. Here, an 

overshoot is observed in the stretch of rings in the blend, which is absent for the pure rings. 

Similarly, Figure 4.4c plots the stretch λLin of entanglement segments of linear chains in the 

blend and in the pure linear melts at matched Wi values. The linear chains in the blend also 

exhibit an overshoot in stretch (albeit weak compared to the rings in the blend) that is absent 

in pure linear chains. Both overshoots in stretch coincide with the maximum in 휂𝐸
+ of the 

blend. This suggests that the overshoot in blend viscosity is driven by the transient 

overstretching of both ring and linear macromolecules due to additional constraints of 

threaded rings (Figure 4.1). Threaded rings embedded in the linear entanglement network 

and are forced to orient and stretch affinely with it as it deforms. This produces excess tension 

in both linear and ring macromolecules until the threadings are released.  

 

4.3.3.2 Primitive path analysis 

 

The threading-unthreading transition produces a distinct and measurable change in blend 

topology which can be demonstrated with primitive path analysis (PPA). PPA is performed 

by fixing the ends of all linear chains while removing non-bonded interactions between both 
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ring and linear polymers. This drives linear chains to contract to their primitive paths, 

constrained by entanglements, while rings will collapse to points, unless they are threaded 

and constrained by linear chains.  

 

Figure 4.5 plots the probability distribution for ring primitive paths P(Lpp) at contour length 

𝐿𝑝𝑝 for the Wi=0.4 simulation at Hencky strains of 0, 1, 3, and 5. The equilibrium state shows 

a narrow distribution centered around Lpp∼100𝜎. This large 𝐿𝑝𝑝 is due to linear threadings 

holding rings open. At strains of 1 and 3, the distribution broadens and develops a long tail 

of large primitive paths, corresponding to rings that are highly stretched by the deforming 

entanglement network. Most notable is the change that occurs between εH = 3 and 5, after 

the overshoot in 휂𝐸
+.  At εH =5, the high Lpp tail is diminished and is replaced by a peak at 

small Lpp that are not supported by the equilibrium topology. This is the PPA signature of the 

changing topology of the unthreading transition. The number of threaded linear chains 

decreases by about 20% in steady state compared to the equilibrium state for Wi=0.4. 

 
Figure 4.5 Distribution of contour length of the primitive path length Lpp of the rings after Hencky strain εH = 

0, 1, 3 and 5 for Wi = 0.4. 

 

4.3.3.3 Nematic orientation 

 

The forced affine elongation of embedded rings is clearly shown in Figure 4.6 by plotting 

the nematic orientational order P2 of simulated polymers relative to the extension axis versus 

Hencky strain 휀𝐻. Here, 𝑃2 = 1.5(⟨cos2 휃⟩ − 0.5) with θ the angle between the end-end 

vector and the extension axis. Rings lack ends, so we define an effective end-end vector as 

the maximum distance spanned by any pair of monomers that are separated by N/2 bonds. 

Figure 4.6a shows P2 data for rings in the blend and pure melts. Notably, while pure ring 

orientation is rate-sensitive and grows slowly with Wi, rings in the blend orient strongly and 

follow a rate-independent curve at all Wi. This transition to strain-controlled orientation of 

rings in the Lin/Ring blend is reminiscent of the orientation typically seen for linear chains 
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and shown in Figure 4.6b. Here, P2 for linear chains in both Lin/Ring blend and pure melts 

exhibits weak rate dependence and rapidly approaches comparably high orientation values. 

This is the expected behavior for linear chains which orient affinely with their entanglement 

network at large scales. It is noteworthy that the fraction of embedded rings, which is below 

their entanglement concentration, do not appear to significantly affect the orientation 

dynamics of the linear chains in the blend. 

 
Figure 4.6 Nematic orientational order P2 of Ring (a) and Lin (b) polymers versus Hencky strain from MD 

simulations of 70/30 Lin/Ring blend (solid lines) and pure melts (dashed lines). Curves correspond to the same 

Wi as indicated in Figures 4.4(a) and (b). 

 

4.3.4 Neutron scattering results  

 

The excess stretching of the linear entanglement network due to the presence of rings (Figure 

4.4c) can be observed directly with small-angle neutron scattering (SANS) experiments. 

Samples are prepared as described in section 4.2. Due to the limited number of samples, we 

focus on the stretch rate 0.003s-1 system which displays the largest overshoot in stress and 

viscosity relative to the pure linear melt (see Figure 4.3). The Lin/Ring-d blend was stretched 

at 0.003s-1 and 130°C to a strain εH,max where the maximum in 휂𝐸
+  is located. Our MD 

simulations predict that εH,max is also where the maximum overshoot in λLin occurs in the 

blend. The sample was then quenched to room temperature for subsequent ex-situ SANS 

experiments. During quenching, the melt solidifies in a time less than 3s173, which is much 

shorter than the relaxation time of the melt. For comparison, Lin/Lin-d was stretched and 

quenched under the same conditions.  

 

Figures 4.7a and b show the 2D SANS-patterns of Lin/Ring-d and Lin/Lin-d respectively, 

after the correction of detector sensitivity and material quantity. Both patterns are anisotropic 

and extend in the vertical direction, indicating that the linear chains are elongated along the 

(horizontal) extension axis. The difference between the patterns of Lin/Ring-d and Lin/Lin-

d is subtle and difficult to discern by eye. However, the subtle change in structure that we 

expect is revealed in Figure 4.7c, where data of Figure 4.7b are subtracted from Figure 4.7a. 

Figure 4.7d shows the same subtraction for MD systems at Wi=0.4 (see the SI for details), 
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and agrees well with the experimental pattern in Figure 4.7c. Both observe an excess 

transverse intensity in the Lin/Ring blend relative to the pure linear melt. This indicates that 

the linear molecules in the Lin/Ring blend are on average slightly more contracted in the 

direction perpendicular to stretching, which correlates with increased elongation along the 

direction of stretching, and thus also contribute to the emergence of the overshoot in 휂𝐸
+. 

Additional results for both Lin/Ring-d and Lin/Lin-d blends stretched and quenched at a 

Hencky strain smaller than εH,max, together with the corresponding 1D plots, are included in 

the SI. 

 
Figure 4.7 2D SANS-pattern of Lin/Ring-d blend (a) and Lin/Lin-d (b). (c) Result of subtracting the data of 

Figure 4.7b from that of Figure 4.7a. (d) Prediction from MD simulations for the difference pattern in (c). 

 

4.4 Conclusion 

 

In summary, linear-ring polymer blends exhibit unique non-linear rheological behavior in 

extensional flows. By adding 30% of ring polystyrenes into a linear matrix of the same molar 

mass, the stress growth coefficient is enhanced compared to the pure melt components and 

develops an overshoot not observed in either constituent. Selected ex-situ SANS data 

indicate that linear chains stretch a little more in the presence of rings compared to their pure 

melt. MD simulations confirm this finding and demonstrate that it is due to the coupling 

between linear and ring polymers. Rings thread into the linear entanglement network and 

stretch affinely with it until undergoing a threading-unthreading transition at the stress 

maximum. While further investigations on linear-ring blends of different weight fractions 

and different molar masses are still needed in order to fully understand these new and 

intriguing effects, this study reveals new mechanisms for tuning the rheological properties 

of polymeric composites.
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NONLINEAR RHEOLOGY OF LINEAR-RING PS BLENDS: 

ROLE OF MOLAR MASS AND RING FRACTION 

 

Adding a small fraction of ring molecules into the linear matrix of same molar mass not only 

increases the zero-shear viscosity, but also enhances the extensional stress compared to the 

pure linear constituent. The ring molecules could be used as additives, and this provides a 

promising way to tailor the rheological properties of polymeric composites. However, it 

would be useful to understand the role of ring fraction and molar mass towards linear-ring 

blend dynamics and strain hardening behavior. In this chapter, both symmetric and 

asymmetric linear-ring blends were studied, first in the linear regime, then in the nonlinear 

regime by shear and/or extensional rheology. 

 

5.1 Introduction 

 

The study of ring molecules and linear-ring blends has gained renewed attention, as the purity 

of synthetic rings has been improved by effective separation technique such as liquid 

chromatography at the critical condition (LCCC).135,174,175 Various techniques have been 

used to explore the dynamics of ring molecules and linear-ring blends, for example self-

diffusion,176,177 single molecule techniques,152,154 scattering techniques,142,155,178 melt 

rheology56,134,135,144,149,153,179 and Molecular Dynamics (MD) simulations156,157,171,172,180. 

Among them, melt rheology is probably the most relevant for industrial applications.  

 

In Chapter 4 we have seen that, the melt of linear-ring blend exhibits enhanced stress 

compared to its constituents and an overshoot in the stress growth coefficient, which is related 

to the transient threading-unthreading of linear ring molecules.56 While the study reveals new 

mechanisms for tuning the rheological properties of polymeric composites, it is vital to study 

the role of molar mass and ring fraction so as to better understand the composition - property 

relation.    

 

The molar mass of both linear and ring molecules could have an impact on the blend 

dynamics.  Using MD simulations, Katsarou et al.181 found that the ring relaxation in 

symmetric (same molar mass) ring and linear poly(ethylene oxide) blends (PEO) was slowed 

down and the degree of dynamic heterogeneity was enhanced with increasing molecular 
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weight. Also from MD simulation results, Tsalikis et al.157 demonstrated that the probability 

of multiple threading (a ring/linear molecule that is simultaneously threaded by more than 

one linear/ring chains) in PEO melts increased with molecular weight, leading to long-lived 

threadings. For asymmetric linear-ring blends (linear and ring molecules with different molar 

mass), Tsalikis et al.156 found that both sizes of linear and ring molecules had an impact on 

the dynamics of ring molecules in the linear matrices, and ring swelling was more 

pronounced in matrices of very short linear chains. However, it seems that most available 

results about influence of linear/ring molar mass are in the linear regime; the nonlinear results 

of linear-ring blends are still missing. 

 

Ring fraction also influences dynamics of linear-ring blends. Both experimental and 

simulation results in this regard are available in the literature. For example, Parisi et al.151 

showed that the terminal relaxation time and the zero-shear viscosity of the symmetric linear-

ring PS blends at low ring fraction increased with increasing ring fraction. Peddireddy et 

al.152 reported a strong non-monotonic dependence of linear viscoelastic properties on ring 

fraction in linear-ring DNA blends, and the maximum appeared when the mass fractions of 

linear and ring molecules were comparable. Similarly, MD simulations from Halverson et 

al.140 also exhibited a maximum zero-shear viscosity at a ring fraction of 0.5 for blends with 

7.1 and 14.3 entanglements per chain. In nonlinear extensional flow, the magnitude of ring 

conformational fluctuations in semidilute DNA solutions exhibited non-monotonic response 

with increasing ring fraction in blends, which was driven by linear-ring threading and long-

range intermolecular hydrodynamic interactions.182 For the time being, the melt properties 

of linear-ring blends of different ring fractions remain largely unexplored, especially in 

nonlinear regime.  

 

In this present work, we are interested in studying both the influence of molar mass and ring 

fraction on the melt dynamics of linear-ring blends. For symmetric blends, linear-ring 

polystyrene blends of different molar masses and compositions are studied by means of 

nonlinear shear and extension rheology. The zero-shear viscosity and threading effect are 

compared with different ring fractions in the linear regime and extensional flow. In the 

nonlinear step rate measurements, the influence of ring fraction and blend molar mass on 

strain where the maximum shear stress locates and fractional stress peak are investigated.  

As for the asymmetric blends, two distinct situations are studied in extensional flow: MLin <  

MRing (MLin and MRing are weight averaged molar mass for linear and ring molecules 

respectively) and MLin > MRing. The differences across the asymmetric blends are compared 

with symmetric blends or pure linear melts by strain hardening factor which is a good 

indicator of threading effectiveness. Figure 5.1 summarizes all the types of linear-ring blends 

studied in this chapter. 
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Figure 5.1 Schematic summary of all the samples studied in this chapter: symmetric and asymmetric linear-

ring blends. The ring molecules are in blue, and linear molecules are in red. 

 

5.2 Experimental details 

 

Materials. For symmetric blends, two batches of linear-ring polystyrene blends of different 

molar masses and ring fractions are used. For asymmetric blends, three batches of linear-ring 

polystyrene blends of different molar masses and ring fractions are investigated. All blend 

compositions are listed in Table 5.1. The molar masses listed are weight-average molar 

masses, in units of g/mol. 

 

Table 5.1 Symmetric and asymmetric blend compositions used in this work 

 Sample Code Description Notes 

Symmetric blends 

70L69R-xx% 
PS blend of Linear 

70k + Ring 69k 

Ring fraction 

(xx%): 3%, 5%, 

25%, 40%, 51%, 

70% 

43L42R-xx% 
PS blend of Linear 

43k + Ring 42k 

Ring fraction 

(xx%): 10%, 20% 

Asymmetric blends 

130L185R-xx% 
PS blend of Linear 

130k + Ring 185k 

Ring fraction 

(xx%): 5%, 20%, 

30% 

285L53R-xx% 
PS blend of Linear 

285k + Ring 53k 

Ring fraction 

(xx%): 25%, 40% 

285L42R-xx% 
PS blend of Linear 

285k + Ring 42k 

Ring fraction 

(xx%): 10%, 20%, 

30% 
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LVE measurement. The linear viscoelastic (LVE) properties of the blends were measured 

on a rotational strain-controlled ARES rheometer (TA instruments, USA). A 4 mm or 8 mm 

plate-plate geometry was used. All the measurements were performed between Tg and 170oC 

under nitrogen. 

 

Step shear rate measurement. Step shear rate measurements were performed with a 

homemade stainless steel cone-partioned-plate (CPP) fixture41 on a rotational strain-

controlled ARES rheometer (TA instruments, USA). The diameter of inner partition was 4 

or 6 mm, and a stainless steel cone of diameter 25 mm, truncation 0.051 mm and cone angle 

0.1 rad was used as bottom plate. All the measurements were performed under nitrogen 

protection. For each sample, the linear response was first checked by means of small 

amplitude oscillatory frequency sweep tests at a reference temperature. Then a series of 

transient step shear rate measurements at different rates were performed, including 

repeatability tests.  

 

Extension measurement. The extensional stress measurements were carried out on a 

filament stretching rheometer (DTU-FSR). The samples were molded into cylindrical test 

specimens with a fixed radius R0 = 2.7 mm. The initial length L0 of the cylindrical test 

specimens was controlled by the mass of the sample in the mold. The aspect ratio Λ0 = L0/R0 

was between 0.42 and 0.64. All the measurements were performed at a temperature T = 

130°C under nitrogen atmosphere. The measurement principle and calculations are as 

described in section 1.2.1.2. 

 

5.3 Results and discussions 

 

5.3.1 Symmetric linear-ring PS blends 

 

5.3.1.1 LVE measurement 

 

In the linear viscoelastic measurements, complex viscosity 휂∗  is plotted as a function of 

frequency 𝜔 for both blends 70L69R and 43L42R as seen in Figure 5.2. (The data of storage 

modulus G’ and loss modulus G’’ as a function of frequency are available in Figure S1, S2) 

The experimental data are fitted with Cross function to extract zero-shear viscosity183: 
𝜂∗

𝜂0
=

1

1+(𝜏𝜔)𝑛
, where 휂0  is the fitted zero-shear viscosity, 𝜏  and n are fitting parameters. The 

evolution of zero-shear viscosity as a function of ring fraction is explored for both blends of 

different ring fractions as shown in Figure 5.3. For blends 70L69R, at low ring fractions, the 

zero-shear viscosity increases with ring fraction, indicating the effect of linear ring molecule 

threading. At higher ring fractions, the zero-shear viscosity decreases with ring fraction. This 

could possibly be explained by the relative ineffectiveness of rings to self-entangle compared 
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to linear polymers; the excess ring molecules act as solvent for the linear chains. The 

observed non-monotonic behavior agrees well with previous work by Peddireddy et al, which 

they attribute to the tendency for rings to be threaded and the density of threaded rings in the 

blend.152 For blends 43L42R, the zero-shear viscosity increases with 10% rings and 

decreases with 20% rings when compared to pure linear PS. This different trend could be 

related to the threading ability of different molar masses. However, further experiments with 

more ring fractions are required to confirm the trend of blends 43L42R. 

 
Figure 5.2 Complex viscosity as a function of frequency. a) PS blends 70L69R of various ring fractions at 

140oC; b) PS blends 43L42R of 10% and 20% ring fraction at 130oC. Symbols represent experimental data, 

solid lines are Cross fitting results of the experimental data. 

 
Figure 5.3 Zero-shear viscosity as a function of ring fraction for blends a) 70L69R and b) 43L42R. The zero-

shear viscosities of pure linear melts in both figures are obtained from fitting (𝜼𝟎 ∝  𝑴𝒘
𝟑.𝟒), the zero-shear 

viscosity of pure ring in Figure 5.3a is provided by Dr. D. Parisi.  
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5.3.1.2 Nonlinear step shear rate measurement 

 

Figure 5.4 shows an example of nonlinear step shear rate measurement. At short time, the 

shear stress growth coefficient increases linearly and follows the LVE envelope. At longer 

time, the shear stress growth coefficient experiences an overshoot due to chain orientation 

and stretch. Finally it reaches a steady state region where the deformation is dissipative. The 

ratio between maximum and steady state stress growth coefficient is fractional stress peak, 

indicating the effective chain deformation at steady state.153  

 
Figure 5.4 Example of step shear rate measurement results for sample 70L69R-40% at 140oC. The shear rates 

are indicated in the caption, in the unit of [s-1]. 

 

In the nonlinear step rate measurements, the influences of ring fraction and blend molar mass 

on strain of maximum stress and fractional stress peak are shown in Figure 5.5. Figure 5.5a 

plots the strain γmax at the stress peak, which signifies instantaneous maximum deformation, 

as a function of Rouse-Weissenberg number. At low Weissenberg number, blends 70L69R 

follow a plateau around 2, consistent with Doi-Edwards prediction of tube orientation and 

values reported in the literatures.153,184 No obvious plateau is observed for blends 43L42R. 

At higher Weissenberg number, γmax increases with shear rates as a result of chain stretch. 

The scaling slope is close to 1/3 at high WiR, which is consistent with previous reports on 

pure linear PS melts and solutions.40 Figure 5.5b plots the fractional stress peak as a function 

of Weissenberg number. The normalized value is close to 1 at low Weissenberg number and 

increases with shear rates at high Weissenberg number. The data fall into two groups: within 

low ring fractions, the blends (70L69R-5%, 70L69R-25%, 70L69R-40%, 43L42R-10% and 

43L42R-20%) have a slope similar to pure linear polymers, about 0.25. However the slope 

decreases and approaches to pure ring scaling of 1/7153 at high ring fractions (70L69R-51% 

and 70L69R-70%). This signifies that, for blends 70L69R, the effective deformation of 

linear-ring blends with high ring fractions is smaller than the blends with low ring fractions. 

At high ring fractions, although a small linear fraction is sufficient to guide the stretching of 
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ring polymers from the study of linear-ring DNA blends,152 large number of ring molecules 

prevails at high shear rates (WiR>1).  

 
Figure 5.5 a) Strain where the maximum stress locates γMAX as a function of the Weissenberg number based 

on pure linear molecules. b) Fractional stress peak (maximum viscosity normalized with the steady state 

viscosity ηmax/ηsteady) as a function of Weissenberg number.  

 

5.3.1.3 Nonlinear extensional measurement 

 

Due to sample quantity limitation, uniaxial extensional measurements were performed on 

selected samples and the results are summarized in Figure 5.6.  

 
Figure 5.6 a) Extensional stress growth coefficient as a function of time, b) true stress as a function of Hencky 

strain for selected samples at reference temperature 130oC. The stretching rates are indicated in the figure.  Data 

for sample 70L, 70L69R-3% were measured by Dr. Qian Huang. 

 

The extensional behavior of the blend with 3% rings is almost the same as the pure linear 

melt. With 5% rings, the blend shows an enhanced stress, but no stress overshoot as 
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previously observed for a symmetric linear-ring blend 185k with 30% rings56. With 25% 

rings, the blend displays both enhanced stress and slight stress overshoot, indicating a 

threading-unthreading conformational change of linear ring molecules. These results suggest 

that a relative high ring fraction is required for measurable effects in symmetric linear-ring 

blends of small molar mass. 

 

5.3.1.4 Comparison of shear and extensional responses 

 

The shear and extensional responses of linear ring blends can be compared by plotting 

maximum/steady extensional stress growth coefficient (maximum value is taken if there is 

stress overshoot) and steady shear stress growth coefficient versus Weissenberg number, as 

shown in Figure 5.7. For linear polymers, the Trouton ratio is 3 at low Weissenberg number 

following Newtonian behavior. For both blends 70L69R-5% and 70L69R-25%, the 

extensional stress growth coefficients are higher than 3η0 at all investigated stretch rates. The 

shear thinning slope at high Weissenberg number is -0.82, which is very close to the shear 

thinning slope of pure linear PS.153,179 

 
Figure 5.7 Comparison of maximum and steady state values of the extensional and shear stress growth 

coefficient as a function of Weissenberg number at 130oC. The solid lines on the left correspond to η0 and dash 

lines correspond to 3η0. 

 

5.3.2 Asymmetric linear-ring PS blends 

 

5.3.2.1 LVE measurement 

 

For asymmetric blends, the linear viscoelasticity was investigated and summarized in Figure 

5.8. For blends 130L185R, the terminal relaxation is prolonged with increasing ring fraction, 

which is related to linear-ring molecule threading. In contrast, for blends 285L53R, the 

0,01 0,1 1

105

106

107

Shear

 5%

 25%

WiR

h
E

,m
a

x
, 

h
E

,s
te

a
d

y
-s

ta
te

, 
h

s
te

a
d

y
-s

ta
te

 [
P

a
.s

]

Extension

 5%

 25%

-0.82



5.3 Results and discussions  65 

 

plateau modulus and terminal relaxation time decrease with increasing ring fraction. The 

added ring molecules seem to act as solvent for long linear chains, and it is difficult to tell 

whether linear-ring molecule threading happens. Data for blends 285L42R have similar trend 

as blends 285L53R, and can be found in Appendix D. 

 
Figure 5.8 Linear viscoelasticity for blends a) 130L185R and b) 285L53R, referenced at 130 °C. Data are 

provided by our collaborator in FORTH. 

 

5.3.2.2 Nonlinear extensional measurement 

 

i. MLin < MRing: 130L185R 

 

Figure 5.9a shows the extensional stress growth coefficient as a function of time for blends 

130L185R. Unlike sample 70L69R-5%, sample 130L185R-5% already displays stress 

overshoot with ring fraction of 5%. The extensional stress of these asymmetric blends 

increases with ring fraction, which is in agreement with the trend in the linear viscoelasticity. 

To further understand the role of linear and ring molecules in strain hardening, the strain 

hardening factor is calculated for blends 130L185R and compared with symmetric blends 

185L185R, as seen in Figure 5.9b-d and Figure S4. Strain hardening factor is defined as the 

ratio of the transient stress growth coefficient to the respective LVE value (휂𝐸
+/휂𝐿𝑉𝐸

+ ). For all 

three ring fractions 5%, 20% and 30%, at low stretch rates, the asymmetric blend 130L185R 

shows higher degree of strain hardening than the symmetric blend 185L185R. This is 

probably because the shorter linear chains have higher proportion of free ends, making them 

easier to thread in the ring molecules. At high stretch rate (0.3 s-1), both symmetric and 

asymmetric blends show similar strain hardening. This is probably because the ring 

molecules contribute more in the enhanced stress,56 and the ring molecules are the same in 

both blends.  
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Figure 5.9 a) Extensional stress growth coefficient as a function of time for 130L185R blends at 130oC. The 

solid lines are LVE envelope. b-d) Comparison of strain hardening factor as a function of time for blends 

130L185R and 185L185R, data are compared according to ring fraction: 5%, 20% and 30% respectively. The 

extensional data of blends 185L185R are provided by Dr. Qian Huang.  

 

Figure 5.10 plots the strain where maximum stress locates (εmax) as a function of Weissenberg 

number for blends 130L185R and 185L185R. For asymmetric blends 130L185R, εmax 

decreases with increasing WiR. While εmax does not seem to display a strong dependence on 

WiR for symmetric blends 185L185R. Overall, the asymmetric blends 130L185R exhibit 

higher εmax than symmetric blends 185L185R, and εmax is larger than 2.65 (~14 times of the 

initial length) in all the investigated linear-ring blends. This could be relevant for polymer 

processing techniques such as fiber spinning.  
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Figure 5.10 Strain at which maximum extensional stress locates as a function of Rouse-Weissenberg number 

for blends 130L185R and 185L185R. 

 

ii. MLin > MRing: 285L53R 

 

In the other situation where MLin > MRing, linear PS of 285k is mixed with ring PS of 53k 

(number of entanglements Z=Mw/Me=3.1, entanglement molar mass Me=17 kg/mol185). The 

extensional stress growth coefficient as a function of time for blends 285L53R is plotted in 

Figure 5.11a. Unlike blends 130L185R, the extensional stress of blends 285L53R decreases 

with increasing ring fraction. However, the trend of stress agrees with the linear 

viscoelasticity again. One interesting observation is that the stress overshoot still presents in 

these blends. The stress overshoot has been previously attributed to unthreading of linear-

ring molecules, as the ring molecules collapse when linear chains have relaxed.56 Although 

the ring molecules in the blends are much smaller than the linear chains, threading events 

still take place. Rheological studies of tadpole-shaped PS showed that linear-ring threading 

happened when the ring size was down to 30 kg/mol.160 Figure 5.11b compares the strain 

hardening degree of blends 285L53R to that of pure linear melts 285L. At low stretch rates, 

the strain hardening behavior is quite similar for all three samples. At higher stretch rate, the 

degree of strain hardening increases with ring fraction.  
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Figure 5.11 a) Extensional stress growth coefficient as a function of time for 285L53R blends at 130oC. The 

solid lines are LVE envelope. Data of 285L are taken from reference36. b) Comparison of strain hardening 

factor as a function of time for blends 285L53R and 285L. Strain hardening factor as a function of Hencky 

strain is displayed in Figure S5. 

 

5.4 Conclusion 

 

In this work, we have studied the influence of both molar mass and ring fraction on the melt 

dynamics of linear-ring blends in the linear and nonlinear regime. For symmetric blends, 

adding small amounts of ring polymers to a matrix of their linear counterparts increases the 

zero-shear viscosity because of linear-ring threading. At large ring fraction, zero-shear 

viscosity drops. In nonlinear shear measurements, blends with higher linear (ring) fraction 

behave like linear (ring) molecules. In extensional measurements, it is shown that changing 

ring fraction has an obvious effect on their extensional stresses. 

 

For asymmetric blends, in the linear regime, the terminal relaxation is prolonged with 

increasing ring fraction when MLin < MRing. For MLin > MRing, the terminal relaxation time 

and plateau modulus decrease when ring fraction increases. In both cases, the extensional 

stress changes in the same trend as the linear viscoelasticity. For asymmetric blends 

130L185R (MLin < MRing), the degree of strain hardening is more pronounced than the 

symmetric blends 185L185R at low stretch rates, and their strain hardening behaviors are 

quite similar at high stretch rate. For asymmetric blends 285L53R (MLin > MRing), the strain 

hardening behavior resembles pure linear PS 285k at low stretch rates and displays a higher 

degree of hardening at high stretch rate. This study provides a further guide in tuning the 

rheological properties of polymeric composites.



 

 

 

  

 

SUMMARIZING CHAPTER 

In this thesis, we have experimentally studied the viscoelastic response of double dynamics 

polymer networks (DDNs) under transient elongation. As processing conditions (rheological 

properties) and final product properties are closely connected, mechanical properties of 

certain DDNs have also been investigated. These understandings would allow us to tailor 

DDNs’ properties at wish. The chapters of this thesis can be divided into two general classes 

according to the dynamics employed: i) entangled linear polymers with stickers along the 

chain, the stickers are either by hydrogen bonding or ionic interactions; ii) blends of 

entangled linear and ring polymers. Key findings in each chapter are summarized as follows. 

 

In class i), depending on the stickers introduced in the system, the resulting DDNs display 

distinct rheological behaviors, thus different mechanical properties. In Chapter 2, hydrogen 

bonding formed by carboxylic acids is used as stickers. Firstly, the facile preparation of well-

defined PS-co-PVBA copolymers enables introducing heat-labile carboxylic acid groups into 

polystyrene. Addition of acid groups leads to an increase in Tg and this is documented by the 

detection of acid dimers in the glassy polymers by FTIR. Importantly, LVE measurements 

confirm that all the tested samples have a similar number of entanglements per chain, which 

suggests that the acid groups do not form hydrogen bonds at temperatures above Tg. These 

are further confirmed by non-linear extensional rheology of the samples in uniaxial 

extensional flow. Stretching melts of these copolymers at a rate faster than the inverse Rouse 

time, followed by rapid quenching below Tg leads to polymer fibers that remain highly 

flexible in analogy with non-modified polystyrene. However, the resulting acid-containing 

polymer fibers have higher yield stress and ductility at room temperature compared to the 

non-modified polystyrene fibers.  

 

In Chapter 3, ionic interactions by ammonium salts are regarded as stickers. Diamines of 

“Jeffamine” type with different molar masses are introduced into acid-containing copolymer 

(parent molecule, same as used in Chapter 2) via ionic interactions. Addition of diamines 

leads to a decrease in Tg as demonstrated by DSC study. The resulting neutralized ionomers 

present relaxation processes similar to entangled polymers but with faster terminal relaxation, 

suggesting negligible ionic cluster formation. This feature provides the ionomers with good 

flowability and facilitates their processing. In extensional measurements, these ionomers 

display superior strain hardening compared to the parent molecule, which also proves to be 
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adjustable via changing diamine length. The stress growth curves show a maximum stress, 

followed by stress overshoot, which are correlated with ionic sticker disassociation, as 

evidenced by phase separation-induced color change during filament stretching. Good 

extensibility up to Hencky strain 7 is achieved via ionic sticker reassociation and 

entanglements. In a word, a new strategy for providing entangled ionomers with good 

flowability, extensibility, and superior strain hardening is introduced in this work. The effect 

of diamines on mechanical properties of isotropic and anisotropic ionomer solids below Tg 

is also investigated. For isotropic ionomer solids, higher modulus, yield stress and fracture 

strain are achieved compared to non-modified acid containing polymer at same temperature 

distance to Tg. For the quenched anisotropic ionomers, a higher yield stress is reached while 

the unexpected brittleness is probably related to phase separation or chain relaxation. 

 

In class ii), different blends of entangled linear and ring polymers are studied. In Chapter 4, 

three different techniques, extensional rheology, ex-situ small angle neutron scattering and 

MD simulations are combined to investigate the topological configurations of symmetric 

linear-ring polymer blends. Uniaxial extensional rheology measurements show that, unlike 

its pure linear and ring constituents, the blend exhibits an overshoot in the stress growth 

coefficient. Combining with ex-situ small angle neutron scattering and non-equilibrium MD 

simulations, this overshoot is shown to be driven by a transient threading-unthreading 

transition of rings embedded within the linear entanglement network. Prior to unthreading, 

embedded rings deform affinely with the linear entanglement network and produce a 

measurably stronger elongation of the linear chains in the blend compared to the pure linear 

melt. Chapter 5 further studies the influence of molar mass and ring fraction on dynamics of 

linear-ring polymer blends. For the symmetric linear-ring blends of different ring fractions, 

in the linear regime, it is shown that adding small amounts of ring polymers to the linear 

matrix increases the zero-shear viscosity because of linear-ring threading. Then zero-shear 

viscosity drops at large ring fraction. In the nonlinear regime, transient shear measurements 

show that blends with higher linear (ring) fraction behave like linear (ring) molecules. And 

changing ring fraction has an obvious effect on extensional properties. For the asymmetric 

linear/ring blends, it is shown that a higher strain hardening degree can be achieved when 

Mlin < Mring compared to the symmetric blends. While the threading-unthreading transition 

can still happen even if Mring < Mlin. The mechanisms revealed in Chapter 4 and 5 provide a 

new route for tuning the rheological properties of DDNs. 

 

Overall, there are still some open questions for future studies. For ionomer solids, it would 

be interesting to investigate if phase separation exists when replacing Jeffamine by 

functionalized oligomer styrene and using stronger ionic bonds such as Ca2+. As a 

continuation of Chapter 4 and 5, it would be worthwhile to perform nonlinear shear 

experiments on the asymmetric blends to extract first and second normal stress differences 

(N1 and N2). Recent study shows that the ratio of -N2/N1 is higher for pure ring molecules 
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than their linear counterparts, and the added rings in symmetric linear-ring blends serve as a 

topological solvents.186 We are curious to see the Wi-dependence of the ratio -N2/N1 for 

asymmetric linear-ring polymer blends. Another interesting point would be comparing 

extensional results in Chapter 5 to MD simulation results, so that a complete molecular 

picture can be obtained. 
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bonding sites in the form of carboxylic acid groups along the
chains (see Scheme 1B). Since the strength of hydrogen bonds
decreases with increasing temperature,8,9 the hypothesis is that
the melt behaves very similar to a nonmodified polystyrene,
whereas the vitrified material is reinforced by the presence of
stronger interchain bonds. We believe that this is the first time
that the effect of hydrogen bonds on vitrified material below Tg
has been studied.
The introduction of carboxylic acid groups into well-defined

copolymers has been accomplished using reversible addition−
fragmentation chain-transfer (RAFT) polymerization, which is
tolerant to a wide range of functional groups.10−12 In
particular, this method has been used to prepare amphiphilic
poly(styrene-b-4-vinylbenzoic acid) block copolymers.13,14

Furthermore, statistical poly(styrene-co-4-vinylbenzoic acid)
copolymers have been prepared by free radical polymerization
either in homogeneous solution15,16 or in emulsion.17

However, the preparation of entangled, well-defined statistical
poly(styrene-co-4-vinylbenzoic acid) by RAFT polymerization
has not previously been the subject of detailed investigations to
the best of our knowledge.

■ EXPERIMENTAL SECTION
Materials. Styrene (S, 99%) was purchased from Sigma-Aldrich

(Copenhagen, Denmark) and passed through a column of basic
alumina to remove the polymerization inhibitor.
4-Vinylbenzoic acid (97%) was purchased from TCI Europe

(Zwijndrecht, Belgium) and recrystallized from ethanol before used.
2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (98%),

tetrahydrofuran (HPLC grade), deuterated chloroform (CDCl3,
99.8% D), trifluoroacetic acid (CF3COOH, 99%), acetic acid
(99%), and basic alumina (activated, Brockmann I) were purchased
from Sigma-Aldrich (Copenhagen, Denmark) and used as received.
RAFT Synthesis of Copolymers. 2-(Dodecylthiocarbono-

thioylthio)-2-methylpropionic acid, chain transfer agent (1 equiv),
4-vinylbenzoic acid (VBA) (20−200 equiv), and styrene (2000 equiv)

were mixed in a round-bottom flask. The mixture was degassed
through three freeze−pump−thaw cycles, and the flask was filled with
argon. Mixtures with more than 5% mol/mol 4-vinylbenzoic acid were
found to be opaque at room temperature due to low solubility of 4-
vinylbenzoic acid in styrene. Upon heating to 100 °C to initiate the
polymerization, all mixtures became transparent.

Kinetic samples were removed using argon-filled syringes and
analyzed by size exclusion chromatography (SEC) and 1H NMR.
Once conversion had reached approximately 50%, the reaction
mixture was cooled to room temperature, diluted with 6 volumes
ethyl acetate, and precipitated into methanol containing 1% v/v acetic
acid. In the absence of acetic acid, a nonfilterable opaque suspension
was obtained. The addition of acetic acid was found to break the
suspension and led to macroscopic precipitation in approximately 5
min.

The resulting polymer was filtered and dried in a vacuum oven at
70 °C overnight.

The polystyrene without acid groups was prepared using the same
method, omitting the 4-vinylbenzoic acid. The addition of acetic acid
to the methanol was not necessary to obtain a filterable precipitate for
this polymer.

Size Exclusion Chromatography. Size exclusion chromatog-
raphy was carried out on a chromatographic system consisting of a
Viscotek VE 2001 GPC solvent/sample module connected to a
Viscotek TriSEC model 302 triple detector array (RI, light scattering,
viscometer). The columns were a PL Guard and two PL gel mixed D
columns from Polymer Laboratories connected in series; this column
combination provides good resolution up to 300,000 Daltons and was
calibrated with narrow molar mass polystyrene standards (PSS,
Mainz, Germany). All samples and calibration standards were
analyzed using a flow rate of 1 mL/min. Sample solutions were
made up to 5 mg/mL to which was added 10 μL of acetic acid to
ensure complete dissolution of the acid-containing copolymers.
Toluene was used as an internal flow rate marker.

Fourier Transform Infrared Spectroscopy Analysis. Fourier
transform infrared (FTIR) spectroscopy was carried out using a
Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific, USA).
The wavenumber between 400 and 4000 cm−1 was recorded with 64

Scheme 1. Enhancing Flexible Polystyrene Fiber Strength Perpendicular to the Stretch Directiona

a(A) Schematic of flexible polystyrene fiber preparation according to ref 2. These are strong and flexible in the stretch direction but weak
perpendicular to the stretch direction. (B) Proposed enhancement of strength perpendicular to stretch direction by introduction of temperature-
sensitive hydrogen bonds. (C) Synthesis of poly(styrene-co-4-vinylbenzoic acid) by RAFT polymerization. (D) Hydrogen bonding between two
chains of poly(styrene-co-4-vinylbenzoic acid).
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interferograms for each sample in either transmission or attenuated
total reflection mode as indicated in the text.
Thermogravimetry. Thermogravimetry was carried out using a

Discovery TGA (TA Instruments, USA). Samples (10−20 mg) were
heated in a nitrogen atmosphere with a heating rate of 10 °C min−1

from room temperature to 900 °C.
Differential Scanning Calorimetry. Differential scanning

calorimetry (DSC) measurements were performed on a Discovery
DSC (TA Instruments, USA) in a nitrogen atmosphere with a heating
and cooling rate of 10 °C min−1. The weight range of tested sample
was 2−5 mg, and all samples were heated to 180 °C, well above the
glass-transition temperature, cooled, and finally heated to 200 °C.
Glass-transition temperatures were determined from the second
heating curve.
Nuclear Magnetic Resonance Analysis. Nuclear magnetic

resonance (NMR) spectroscopy was performed on a Bruker 300
MHz spectrometer. 4-Vinylbenzoic acid-containing copolymers
(approximately 50 mg) were dissolved in a premade 95:5 v/v mixture
of CDCl3 and CF3COOH (0.6 mL). Data were analyzed using
TopSpin version 3.5 pl 7 from Bruker.
Evaluation of Reactivity Ratios from 1H NMR Data. The

overall conversion was calculated from the 1H NMR spectra by
comparing the ratio between integrals of bands assigned to monomers
(see Figure S1) and the sum of integrals of bands assigned to both
monomer and polymer. Specifically, the conversion was determined
from the integrals of bands assigned to vinylic monomers between 5
and 6 ppm (two sets of signals due to 4-vinylbenzoic acid and
styrene) and the integrated bands assigned to the aromatic residue of
poly(4-vinylbenzoic acid) at 7.7−7.9 ppm (2H) and to the aromatic
residue of polystyrene at 6.9−7.2 ppm (3H). These bands were
assigned by the help of COSY (see Figure S2). The conversion of 4-
vinylbenzoic acid was determined from the sum of integrals of the
bands assigned to the vinylic protons for this monomer at 5.4 and 5.9
ppm (2H) and the integral of the band assigned to the polymer at

7.7−7.9 ppm (2H). Similarly, the conversion of styrene was
determined from the sum of the integrals of the bands assigned to
the vinylic protons for this monomer at 5.2 and 5.7 ppm (2H) and the
integral of the band assigned to polystyrene at 6.9−7.2 ppm (3H).

The ratios between monomers were used to calculate the
instantaneous monomer ( fA, f S) and copolymer mole fractions (FA,
FS) for 5−7 samples per experiment. According to the Mayo−Lewis
equation, the copolymer mole fractions are related to the monomer
mole fractions as

= − =
+

+ +
F F

r f f f

r f f f r f
1

2A S
A A

2
A S

A A
2

A S S 2
2

where rA and rS are the reactivity ratios. To fit the data to the two
reactivity ratios, the difference between the measured and the
calculated copolymer composition was minimized with respect to rA
and rS for each experiments using the “GRG Nonlinear” method in
the “Solver” function in the Microsoft Excel software package with a
required convergence of 0.0001. This was repeated with data from
four different polymerization experiments with [4-vinylbenzoic acid]/
[styrene] ratios ranging from 0.01 to 0.08. The four sets of reactivity
ratios were averaged, and the uncertainty was estimated as the
standard error.

Mechanical Spectroscopy. The linear viscoelastic (LVE)
properties of the polymer melts were obtained from small amplitude
oscillatory shear measurements. An 8 mm plate−plate geometry was
used on an ARES-G2 rheometer from TA Instruments. The
measurements for the melts were performed at temperatures between
130 and 170 °C under nitrogen. For each sample, the data were
shifted to a master curve at 150 °C.

Extensional Stress Measurement. The nonlinear rheological
behaviors in extensional flow were studied above Tg using a filament
stretching rheometer (VADER, Rheo Filament ApS) under a constant
strain rate, where both normal force F(t) and diameter evolution

Figure 1. RAFT polymerization of styrene and 4-vinylbenzoic acid at 100 °C. (A) Semilogarithmic plot of [M]0/[M] as a function of time (ratio 4-
vinylbenzoic acid (A)/styrene (S) = 5:95). (B) Number-average molar mass (vs polystyrene standards) as a function of conversion (ratio 4-
vinylbenzoic acid (A)/styrene (S) = 5:95). (C) dW/dlog M versus log M at various conversions and for the purified polymer. (D) Number-average
sequence length for 4-vinylbenzoic acid. Error bars on the sequence length are based on an estimated uncertainty on the 1H NMR integrals of 10%.
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2R(t) were measured. Prior to a measurement, all samples were
molded into cylindrical specimens with a fixed radius R0 (2.7 or 4
mm). The initial sample length L0 was controlled by the sample
amount, giving an aspect ratio (Δ0=L0/R0) around 0.5. All the tests
were carried out at Tg + 30 °C under nitrogen protection.
The Hencky strain of the midfilament plane is calculated as

ε = −t R t R( ) 2 ln( ( )/ )H 0

and the corrected stress with respect to shear component in the
startup extensional flow is calculated as18

σ σ
π

< − > =
−

×
+ −Δ Δ

F t

R t

R t R
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while the strain rate ε ̇ = dε/dt is constant during experiment, the
extensional stress growth coefficient is defined as

η σ σ ε̅ = < − > ̇+ / .zz rr

To prepare specimens used in mechanical tests, the polymer melts
were stretched at a rate faster than the inverse Rouse time to a
Hencky strain of 3.5 and quenched by nitrogen flow below Tg, which
preserves the molecular conformation. The specimens were taken out
for tensile and 3-point bending tests.
Tensile and 3-Point Bending Test. Tensile tests were carried

out at a strain rate of 0.001 s−1 on Instron at room temperature. The
samples have a cylindrical form with a diameter around 0.3 mm. The
engineering strain and stress are calculated as

ε =
−l t l

l
( )

Eng
0

0

and

σ
π

= F t
r
( )

Eng
0

2

where l0 and r0 are the initial length between two clamps (5 cm) and
radius of specimen, respectively. The strain rate εĖng = dεEng/dt is
constant by imposing constant velocity of upper clamp. It is noted
that at small deformation, the engineering strain and Hencky strain
are equivalent as indicated in the following equation
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3-point bending tests were carried out on an RSA3 dynamic
mechanical analyzer from TA Instruments. The diameters of
cylindrical samples are between 0.6 and 0.8 mm. All tests were
performed at a constant velocity of 0.005 mm/s at room temperature.
The stress and strain are calculated as

σ
π

= PL
R3

ε δ= R
L

12
2

where P is the measured force, L is the length between supports, R is
the radius of specimen, and δ is deflection. Detailed deduction of
calculation of the stress and strain can be found in the Supporting
Information.

■ RESULTS AND DISCUSSION
Synthesis of Poly(styrene-co-4-vinylbenzoic acid).

Copolymers of styrene (S) and 4-vinylbenzoic acid (A) were
prepared according to Scheme 1C, following a general
procedure for RAFT polymerization of styrene in bulk.19

The conversion of each monomer and the copolymer
composition could be followed simultaneously by 1H NMR
(see Figure S1). The conversion was deliberately kept
relatively low because this kept polymerization times short
(around 24 h) and because the redissolution required for
workup of the viscous reaction mixture was significantly faster
than the polymer taken to a near 100% conversion. In addition,
the relatively low conversion ensured that the monomer
distribution along the chain did not become exceedingly
asymmetric (see discussion below). Figure 1A shows that both
monomers follow pseudo-first-order kinetics as indicated by a
linear semilogarithmic plot, but 4-vinylbenzoic acid polymer-
izes faster under these conditions. Results obtained by size
exclusion chromatography show a linear increase in the molar
mass with conversion (Figure 1B) as well as a decrease in
molar mass distribution (Figure 1C), which are indications of a
controlled polymerization.20 The final dispersities are com-
parable to those of polystyrenes of comparable molar mass
prepared by RAFT polymerization.21 Close inspection of the
molecular mass distributions in Figure 1C reveals that the
copolymers have a significant low molar mass fraction, which
indicates termination (by noncombinatory reactions). Precip-
itation into methanol removes most of the low molecular mass
material (see Figure 1C, red trace). The purified polymers
therefore generally have dispersities below 1.4 (see Table 1),
which is low compared to polymers prepared by free radical
polymerization.
Chain recombination is a commonly observed termination

mechanism in radical-mediated styrene polymerization.22,23

This mechanism leads to chains with twice the molecular mass
to that targeted. However, the high molar mass fraction due to
chain recombination is relatively small under the polymer-
ization conditions employed here (see Figure 1C). This is
important since small amounts of high-molecular-mass chains
are known to significantly influence polymer melt rheol-
ogy.24−26

The faster incorporation of 4-vinylbenzoic acid agrees with
the literature, where copolymers based on the same two
monomers prepared by free radical polymerization in solution
were found to have reactivity ratios of rS = 0.28 and rA =
1.04.15 In the present work, it was found that 1H NMR

Table 1. Data for the Synthesized Poly(styrene-co-4-
vinylbenzoic acid) Copolymers

feed
composition

1H NMR
compositiona

monomer
conversion

(%)b Mn, SEC
c

Mw/Mn,
SECc

Tg
(°C)

PS0.99A0.01 PS0.98A0.02 50 ± 5 64,900 1.19 106
PS0.97A0.03 PS0.95A0.05 56 ± 5 91,900 1.23 114
PS0.97A0.03 PS0.94A0.06 52 ± 7 75,600 1.23 116
PS0.95A0.05 PS0.91A0.09 56 ± 5 94,000 1.23 122
PS0.94A0.06 PS0.88A0.12 N/M 82,200 1.28 132
PS0.92A0.08 PS0.86A0.14 71 ± 5 104,200 1.29 134
PS0.90PA0.10 PS0.84A0.16 N/M 117,000 1.33 157
PS PS 85 ± 13 86,100 1.65 103

a1H NMR in CDCl3 containing 10 μL/mL trifluoroacetic acid. bThe
overall monomer conversion at termination as determined by 1H
NMR in CDCl3 with 5% v/v trifluoroacetic acid. The uncertainties are
based on an estimated uncertainty on the 1H NMR integrals of 10%.
N/M: not measured. cSize exclusion chromatography in tetrahy-
drofuran against polystyrene standards. The sample solution
contained 10 μL/mL acetic acid to ensure dissolution of acid-
containing copolymers.
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measurements of kinetics samples allowed simultaneous
evaluation of both monomer and copolymer compositions
(see Figure S1). These data could be used to evaluate reactivity
ratios of rS = 0.33 ± 0.10 and rA = 0.98 ± 0.06 as detailed in
the Experimental Section (see the Supporting Information).
Thus, there is good agreement between the two sets of values,
especially when differences in the polymerization conditions
are taken into consideration: The reactivity ratios in ref 15 are
derived from a polymerization in ethanolic solution at 60 °C
using a free radical initiator. This is in contrast to the results
presented here, where the polymerization is carried out in bulk
styrene at 100 °C, using styrene autopolymerization. Thus,

both the initiating species, temperature, and concentration are
different. The presence of a chain transfer agent may also have
an influence.27

The faster incorporation of 4-vinylbenzoic acid compared to
styrene into the copolymer may lead to an asymmetry in the
polymer composition along the chains, where long sequences
of the former monomer may form. The presence of such
sequences may affect the melt properties of the polymer and
affect the regularity of the interchain bonds and thereby the
mechanical properties. Knowledge of the reactivity ratios
allows calculation of the number average sequence length of
monomer A as a function of conversion28

Figure 2. (A) DSC traces, second heat cycle used for assessing Tg. Heat/cool rate: 10 K/min. (B) Glass-transition temperature, Tg, as a function of
4-vinylbenzoic acid content. The dotted line corresponds to a fit to the Fox equation including data points up to an acid fraction of 0.14.

Figure 3. (A) IR absorption spectra from 700−4000 cm−1 of free-standing PS, PS0.95A0.05, and PS0.91A0.09 films cast from THF obtained in
transmission mode. (B) Close-up of the spectral region containing the CO stretch from the spectra in (A). The arrows indicate the carbonyl
stretch from free (nonhydrogen-bonded) acid carbonyl groups. (C) CO stretch region of melt-processed pellets of PS, PS0.95A0.05, and PS0.91A0.09
obtained by attenuated total reflectance (ATR) from the surface. (D) CO stretch region of stretched fibers of PS, PS0.95A0.05, and PS0.91A0.09
obtained by attenuated total reflectance (ATR) from the surface.
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̅ = = −l r
f

f
total number of A units

total number of A sequences
1A A

A

S

where rA is the reactivity ratio and fA and f S are mole fractions
of A and S, respectively, (as determined by 1H NMR). An
analogous expression exists for S.28 For copolymers with feed
acid contents of 0.01, 0.05, and 0.08, the number-average
sequence lengths of 4-vinylbenzoic acid as a function of
conversion have been plotted in Figure 1D. The plot reveals an
average length of 4-vinyl benzoic acid units close to unity,
which indicates that block formation is suppressed even at the
highest acid feed content. The styrene sequence length
increases with conversion, especially for acid feed ratios of
0.01 and 0.05 (see Figure S3). This is expected since the 4-
vinylbenzoic acid is depleted early in the polymerization. Thus,
termination at relatively low conversion also suppresses the
asymmetric monomer distribution to some extent.

Thermal Properties of Poly(styrene-co-4-vinylbenzoic
acid). The DSC traces in Figure 2A reveal that incorporation
of 4-vinylbenzoic acid leads to an increase in the glass-
transition temperature. In addition, the transition seems to
broaden with increasing amounts of acid. The increase in the
glass-transition temperature has been observed for other
carboxylic acid-containing copolymers and is generally ascribed
to a reduction in free volume.8 Figure 2B shows the measured
glass-transition temperatures as a function of acid fraction. The

Figure 4. Rheology of polystyrene and poly(styrene-co-4-vinyl benzoic acid) copolymers. (A) LVE data referenced at 150 °C. (B) LVE data after
normalization to the modulus and frequency at high-frequency crossover point, referenced at 150 °C. (C) Comparison of normalized extensional
stress growth coefficient for PS and PS0.95A0.05. Strain rates for PS at 130 °C (from left to right): 0.2, 0.06, 0.02, 0.006, and 0.002 s−1. Strain rates for
PS0.95A0.05 at 140 °C (from left to right): 0.12, 0.036, 0.012, 0.0036, and 0.0012 s−1. (D) Comparison of normalized extensional stress growth
coefficient for PS, PS0.95A0.05, and PS0.91A0.09. Strain rate for PS at 130 °C: 0.2 s−1. Strain rate for PS0.95A0.05 at 140 °C: 0.12 s−1. Strain rate for
PS0.91A0.09 at 150 °C: 0.062 s−1.

Figure 5. Tensile test for specimens PS and PS0.91A0.09 at room
temperature (strain rate, 0.001 s−1).
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dotted line is prepared by fitting the data points to the Fox
equation, which assumes that the glass transition of the
copolymer is related to the glass transition of the individual
homopolymers and their relative weight fractions29

= +T w T w T1/ / /g A g,A S g,S

The glass-transition temperature of the poly(4-vinylbenzoic
acid) (PVBA) homopolymer has been reported to be 250
°C,30 but this value does not seem to be directly measured. A
direct measurement of such high glass-transition temperature is
not possible since side reactions such as dehydration,
decarboxylation, and combustion are expected to be dominant
at temperatures significantly close to 400 °C by analogy to
copolymers of styrene and various carboxylic acids (see also
thermogravimetry in Figure S4).21,31

Rather than using the literature value, the data points up to
an acid fraction of 0.14 in Figure 2B were fitted to the Fox
equation. This gave a Tg of 390 °C (663 K). The fit is excellent
for an acid fraction up to 0.14, but significant deviation is seen
at a fraction of 0.16. As shown in Figure 2A, the transition
broadens with increasing acid content and as a consequence, so
does the uncertainty on the evaluated Tg. This broadening is
related to the dissociation of acid dimers through hydrogen
bonding, as previously reported for copolymers of styrene and
methacrylic acid; acid unimers and dimers are in equilibrium,
which is governed by the temperature and the concentration.
Increasing the temperature leads to gradual dissociation of the
dimers, which is reflected in the DSC curves. However, the
dimer formation is suppressed and contributes less at lower
acid content.32,33

Thus, the Fox equation fails for predicting the glass
transition of copolymers through the entire range of copolymer
compositions due to the interacting nature of the polymer

chains. Nevertheless, the “fitted” Tg of 390 °C is useful for
prediction of the glass-transition temperatures of copolymers
with an acid fraction of less than 0.14, which allows
establishing a processing window.
The increased Tg reduces the window of processing;

polystyrene degrades in inert atmosphere above 200 °C21

and dehydration of copolymers of styrene and carboxylic
acids has been reported at 180 °C.31 However for melt-
processing polymers, it is necessary to work above the glass-
transition temperature without (significantly) degrading the
copolymer. In addition, the elucidation of polymer properties
such as entanglement length and Rouse time often requires the
measurement of polymer melts at different temperatures.34

Furthermore, initial experiments indicated that heating a
copolymer with an acid fraction of 0.1 to more than 200 °C
for times relevant to rheology experiments (minutes to hours)
in a nitrogen atmosphere led to an increase in the storage
modulus, which may indicate cross-linking (see Figure S5).
Together with experimental difficulties such as prestretch and
slip-off in extension measurement, it was not practical to use
copolymers with a VBA fraction higher than approximately 0.1
to measure viscoelastic behavior and process.
Importantly, none of the DSC traces show any signs of

crystallization. Crystallization is not expected since it is
normally encountered in syndiotactic and isotactic polymers
only.35 All the polymers here are prepared by RAFT
polymerization, which in essence is a free radical polymer-
ization technique that, in the absence of additives, is expected
to give atactic polymers.36

Hydrogen Bonding in Vitrified Poly(styrene-co-4-
vinylbenzoic acid). Figure 3A shows absorption IR spectra
obtained by transmission through thin, free-standing solvent-
cast films of polystyrene and poly(styrene-co-4-vinylbenzoic
acid). The broad peaks above and below the C−H stretch at
3000 cm−1 (at approximately 3200 and 2600 cm−1) can be
assigned to free and bonded OH stretch, in accordance to
assignments on structurally related copolymers of styrene and
maleic acid.31 Following this work, the broad peak at 3400
cm−1 can be assigned to water bonded to acid OH groups.
Additional information can be gained by considering the
resonances associated with CO stretch around 1700 cm−1.

Figure 6. 3-point bending of flexible samples. (A, C) PS bent to a point where full recovery is not possible. (B, D) PS0.95A0.05 bent to a point where
full recovery is not possible. (E) 3-point bending for specimens PS, PS0.95A0.05 and PS0.91A0.09 at room temperature (v = 0.005 mm/s). All samples
are stretched to a Hencky strain of 3.5 in the melt, followed by rapid quenching by cooling to room temperature.

Table 2. Strain at Maximum Stress as Measured by 3-Point
Bending

sample strain at maximum stress

PS 5.31% ± 0.05%
PS0.95A0.05 6.35% ± 0.21%
PS0.91A0.09 7.35% ± 0.16%
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These are significantly narrower and more resolved (see Figure
3B). The minor peak above 1700 cm−1 (marked with an arrow
in Figure 3) is assigned to the CO stretch of the free
carboxylic acid both in copolymers of styrene and maleic acid31

and in benzoic acid solutions.37 Similarly, the major peak just
below 1700 cm−1 has been assigned to hydrogen-bonded acid
dimers both in solid polymers and in solution.31,37 Although
direct calculation of the ratio between free and dimeric acid
groups is difficult due to lack of knowledge of their exact
oscillator strengths, the spectra in Figure 3 indicate that dimer
formation is dominant but not complete in the solid solvent-
cast films.
Examining the surface of melt-processed polymer films using

ATR-FTIR may give an indication of whether the hydrogen
bonding in the solid is different in solvent-cast and molded
films. As Figure 3C shows, dimer formation still appears to be
significant in melt-processed films, although the polymers with
an acid fraction of 0.05 has a band due to an acid dimer that is
less dominant than in the spectrum obtained from the solvent-
cast film. On the other hand, the ATR-FTIR spectrum of the
melt-processed copolymer with an acid fraction of 0.09 is
comparable to the corresponding transmission spectrum of the
solvent-cast film. One possible explanation is that the higher
concentration of acid groups in the latter polymer favors the
chance of dimer formation.
Rheology. Storage modulus G′ and loss modulus G″ of PS,

PS0.95A0.05, and PS0.91A0.09 as a function of angular frequency ω
at a reference temperature of 150 °C are shown in Figure 4A.
These master curves have similar shape with a horizontal shift
that is due to the difference in Tg.

38 To compensate for the Tg
difference and compare the three polymers directly, the
frequency and modulus are normalized by the crossover
point at high frequency (ωc and Gc) for each sample (see
Figure 4B). The three normalized curves overlap, indicating
that the number of entanglements per chain is identical.39

Since the molar masses are comparable for the three polymers
(see Table 1), the results suggest that the acid groups do not
form hydrogen bonds above Tg.
Figure 4C compares the nonlinear extensional behavior of

PS and PS0.95A0.05. Due to the difference in glass-transition
temperature of the two samples, it was necessary to measure
the nonlinear extensional behavior at different stretch rates and
temperatures (see the Supporting Information). The data
shown have been normalized by their high-frequency crossover
for comparison. The LVE envelope in the figure is calculated
from the linear viscoelastic data (see the Supporting
Information) and is a prediction of infinitely slow extensional
flow. By increasing the stretch rate, the strain hardening effect
is more evident since the polymer chains become more
oriented and stretched. These two samples show similar
extensional behavior at high temperatures above Tg. Of
particular interest are samples that have been stretched faster
than the inverse Rouse time, which correspond to the curves
peaking at lower ωct in Figure 4C. These have the highest
strain hardening. Figure 4D shows a direct comparison of PS,
PS0.95A0.05, and PS0.91A0.09 stretched at equivalent rates faster
than the inverse Rouse time (see Table S1). The overlap of the
linear viscoelastic envelopes for the three samples follows of
course from the negligible effect of hydrogen bonding close to
equilibrium. The high similarity of the strain hardening
indicates that hydrogen bonding is not activated at non-
equilibrium conditions. Note that the difference in steady state
at high ωct could be related to the reproducibility of the

experiments (see Figure S6) and different sample molar
masses.

Mechanical Properties. While the lack of active hydrogen
bonding in the melt allows for facile molding, shaping, and
stretching of the polymers, interchain hydrogen bonding in the
vitrified polymer is desirable to improve the specimen strength
perpendicular to the stretch direction. Therefore, all three
polymers were stretched to a Hencky strain of 3.5 above Tg
(using the experimental conditions from Figure 4D) and
quenched by rapid cooling to room temperature. The presence
of acid dimers was confirmed by ATR-FTIR spectroscopy (see
Figure 3D), which are comparable to spectra of the melt-
processed pellets (see Figure 3C) with respect to ratio between
carbonyl groups assigned to free acid and dimer. The IR
spectra of the stretched, acid-containing samples feature an
additional band at around 1650 cm−1. A shift in the carbonyl
band to lower wavenumbers in the IR spectra of carbonyl-
containing polymers typically indicates the formation of
crystalline domains or preferred conformations of the
structural units. However, typical shifts are on the order of
10−20 cm−1,40,41 whereas the observed shift here is around 50
cm−1. To determine whether this is due to local formation of
highly crystalline domains or something else entirely would
require a more detailed analysis of the stretched samples,
which lies outside the scope of this work.
Figure 5 compares the tensile test response for PS and

PS0.91A0.09. The tensile tests were performed with a strain rate
of 0.001 s−1 at room temperature. In contrast to conventional
PS with a critical strain at fracture usually less than 2%, here,
both samples can be pulled to a critical strain of more than
30%. This is in agreement with the previous observation that
PS became flexible when stretched faster than the inverse
Rouse time during processing.2 In addition, strain softening is
observed in both samples, while the yield stress increases with
the hydrogen bonding content. Note that the reproducibility of
tensile tests is relatively good (see Figure S9), so it is irrelevant
to the yield stress difference. According to the Haward and
Thackray model,42 a material’s response can be described by
two contributions: the secondary intermolecular interactions,
which control the initial elastic response up to a yield point
and the entanglement network response, which gives an
entropic contribution at large strains. In our modified material,
the range of the elastic response increased while the stress after
the yield point follows the same slope for the modified and
unmodified material. In terms of the Haward and Thackray
model, therefore, the hydrogen bonding contributes to the
range of intermolecular stress but not to the network stress. In
addition, the Young’s modulus, which is the initial slope of the
stress−strain response, was found to be around 4 GPa for both
specimens. This is a typical order of magnitude for glassy
polymers.43

The effect of hydrogen bonding toward improving the
bending stability was tested using a 3-point bending test.
Figure 6A,C shows a flexible PS sample after irreversible
bending. Multiple cracks in the filament appear in and around
the bend. Figure 6B,D shows a flexible PS0.95A0.05 bent to the
same extent as the PS sample. Visual inspection reveals a less
cracked sample.
The bending properties were quantitatively measured by

investigating the stress−strain response, as presented in Figure
6E. The bending modulus calculated from the initial slope is
the same for all three samples, around 4 GPa, which is in
agreement with the Young’s modulus obtained from tensile
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testing. It is also important to point out that the strain
corresponding to the maximum stress increases with the
hydrogen bonding content, that is, the ductility of the material
has increased. The average strain values at the corresponding
maximum stress are listed in Table 2, where the uncertainty is
the standard error calculated from three independent measure-
ments of the same batch. The difference in strain is beyond
experimental error, as seen in Figure S11.

In general, the brittleness of materials is expected to increase
with the distance to glass-transition temperature.44,45 Ideally,
these materials should be tested at a temperature with the same
distance to Tg. Thus, the specimens with acid groups should be
tested above room temperature since their glass-transition
temperatures are higher than that of polystyrene. However in
this case, the opposite is true; the more ductile sample
(PS0.91A0.09) is the one with the highest glass-transition

Figure 7. (A−D) Recovery after strain of flexible PS, PS0.95A0.05 and PS0.91A0.09 at (A) ε = 0.01, (B) ε = 0.04, (C) ε = 0.07, and (D) ε = 0.1. (E, F)
Measurements of acid-modified polystyrene samples measured as pristine samples and for samples previously subjected to strain measurements to a
strain of 0.1. (E) PS0.95A0.05 and (F) PS0.91A0.09. Tests are performed on a 3-point test setting at room temperature (v = 0.005 mm/s).
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temperature, which emphasizes that the observed effect is not
due to the change in Tg but to the added hydrogen-bonding
groups.
Figure 7A−D shows a cyclic bending measurement using the

setting of 3-point bending. Each sample was first deformed to a
strain of 0.01. The deformation was then removed, leading to
sample recovery, and the strain was measured for the same
time as was used for the deformation. The procedure was then
repeated with progressively increasing strain until ultimately a
strain of 0.1 was applied. The stress−strain recovery response
for these different samples is seen to be highly dependent on
the applied deformation. Thus, at a strain of 0.01, all three
samples recover to their initial shape after deformation.
Increasing the strain leads to a difference between deformation
and recovery curves due to dissipation of energy and loss of
shape. At high deformation (strain of 0.1, Figure 7D), samples
with higher acid content and thereby hydrogen bonding
capability show improved recovery.
To confirm this effect of hydrogen bonding and to exclude

the influence from residual deformation, pristine samples of
PS0.95A0.05 and PS0.91A0.09 were tested by immediately imposing
a strain of 0.1, followed by recording of the recovery path. As
seen in Figure 7E,F, the recovery of pristine samples and
gradually strained samples overlaps almost perfectly. The
bending properties of these materials have a strain dependence,
which is similar to Mullins effect as usually observed in elastic
rubber materials.46,47

■ SUMMARY AND CONCLUSIONS
Acid-functional copolymers of styrene and 4-vinylbenzoic acid
with acid fractions up to 0.16 are conveniently prepared by
RAFT polymerization in bulk. As expected from the available
literature data, the reactivity ratio of 4-vinylbenzoic acid is
larger than that of styrene. However, since the reactive ratios
are not highly different, block formation is suppressed at the
studied styrene-rich copolymer compositions, although some
compositional drift cannot be avoided.
Evidence of hydrogen bonding in the form of carboxylic acid

dimers is found in the vitrified copolymers using IR
spectroscopy, whereas linear viscoelastic and nonlinear exten-
sional rheology confirm the absence of hydrogen bonding in
the melts. The absence of hydrogen bonds allowed the
preparation of flexible, anisotropic polymer specimens by
stretching faster than the inverse Rouse time followed by rapid
quenching to room temperature. The resulting specimens have
increased yield stress and ductility as measured by tensile
testing and 3-point bending experiments compared to flexible,
anisotropic polystyrene without acid groups. This demon-
strates how bulk properties can be modified by addition of a
small amount of interchain hydrogen bonds.
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A.2 Supporting information 

 

 
Figure S1. Assignment of 1H NMR spectra of 4-vinylbenzoic acid (A), Styrene (S), Polystyrene (PS) and a 

copolymer of styrene and 4-vinylbenzoic acid (PS0.84A0.16).  

 

 
 

Figure S2. COSY NMR spectrum of aromatic part of PS0.91A0.09. 
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Figure S3. Number average sequence length for 4-vinylbenzoic acid. Error bars on the sequence lengths are 

based on an estimated uncertainty on the 1H NMR integrals of 10 %. 

 

 
Figure S4. TGA curves for copolymers containing styrene and 4-vinylbenzoic acid. Weight and first derivative 

as a function of temperature. Heating rate: 10 °C / min 
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Figure S5. Storage modulus G’ and loss modulus G’’ as a function of angular frequency ω of the sample 

PS0.84A0.16, tested at 200 oC, 220 oC and 200 oC successively. At 200oC, the storage modulus G’ was above loss 

modulus G’’ in the whole measured frequency range, the sample was not in flow regime yet.  At 220 oC, the 

G’ of the sample showed an unexpected plateau at low frequencies; In addition, both G’ and G’’ increased 

when the sample was tested at 200 oC again, which indicated crosslinking. 

 

Stress-strain measurements in extensional flow 

To mold the sample, the mold was connected to a vacuum pump to avoid air bubbles trapped 

in the samples. Prior to extensional measurements, all the samples were prestretched to a 

smaller diamenter at Tg+50oC, in order to avoid sample slipping off the plates during 

stretching, and thus increase the maximum obtainable stress in the middle of the filament.43 

Afterwards, the temperature was decreased and all the tests were carried out at approximately 

Tg+30oC under nitrogen protection.  

  The Rouse time is calculated as 𝜏𝑅 = 𝑍2𝜏𝑐, where Z is number of entanglements per chain 

and 𝜏𝑐 is the relaxation time of one entangled strand. Z is calculated from Z=Mw/Me, where 

Mw is the molecular weight and Me is the entanglement molecular weight (13.3 kg/mol1). 𝜏𝑐 

is corresponding to high frequency crossover in Figure 2.4A and can be estimated as 1/𝜔𝑐. 

 

Table S1. Temperature and stretch rate conditions for stretch. 

Sample Temperature (oC) Rouse time (s) Stretch rate (s -1) 

PS 130 9.6 0.2 

PS0.95A0.05 140 12.9 0.12 

PS0.91A0.09 150 24.7 0.062 

   

As seen in the main text, the samples stretched faster than the inverse Rouse time, with the 

highest strain hardening arouse the most interest. The Rouse time and stretch rate at 
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experiment temperature for Figure 2.4D are listed in Table S1 for different samples. The 

same temperature and rate were also used to prepare specimens for mechanical tests. 

  The reproducibility of non-linear extensional experiments has been checked and provided 

in Figure S6, the largest deviation of the two plateau values is 26%. 

 
Figure S6. Extensional stress growth coefficient for PS0.91A0.09 measured under same conditions. 

 

Mechanical spectroscopy 

For linear viscoelastic (LVE) characterization, the effect of different glass transition 

temperatures (Tg) can be corrected by a shift factor aTg as described by ref 2,3. A master 

curve is obtained for all the samples as seen in Figure S7, indicating that the horizontal shift 

is due to a difference in Tg. 

 
Figure S7. A) Temperature shift factor aT as a function of T-Tg; B) Corrected temperature shift factor aTaTg as 

a function of T-Tg. For PS melt aTg = 1 at reference temperature 150 oC. 
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  The LVE envelope in Figure 2.4C is calculated from the following procedures. First, the 

LVE data is fitted by multimode Maxwell model: 

𝐺′(𝑤𝑗) = ∑
휂𝑘𝜆𝑘𝜔𝑗

2

1 + (𝜆𝑘𝜔𝑗)2

𝑁

𝑘=1

 

𝐺′′(𝑤𝑗) = ∑
휂𝑘𝜔𝑗

1 + (𝜆𝑘𝜔𝑗)2

𝑁

𝑘=1

 

where 휂𝑘 and 𝜆𝑘are constants to be fitted, allowing for a spectrum of relaxation times and 

viscosities. 4 The LVE envelope is then calculated as: 

휂̅+ = ∑ 휂𝑘(1 − 𝑒
−

𝑡
𝜆𝑘)

𝑁

𝑘=1

 

 

 

FTIR – full relaxed copolymer 

 
Figure S8. C=O stretch region of stretched and full relaxed fibers of PS0.95A0.05 and PS0.91A0.09 obtained by 

attenuated total reflectance (ATR) from the surface. Band at around 1,650 cm-1 only presents in stretched 

samples.  

 

Tensile test 

The reproducibility of tensile tests has been checked and indicated in Figure S9. As seen, the 

two measurements for each sample agree well, indicating good reproducibility. The 

deviations at yield stress are 3% and 5% respectively for PS and PS0.91A0.09. 
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Figure S9. Repeated tensile test for PS and PS0.91A0.09 at room temperature. Two specimens were tested for 

each sample. Engineering stress is plotted as a function of Engineering strain, strain rate = 0.001 s-1. 

 

Three-point bending test 

Figure S10 shows the three-point setting, the length of support span is 10 mm. 

 
Figure S10. 3-point bending of flexible samples. A: Sample prior to bending. B: Sample during bending. 

 

  The stress and strain in Figure 2.6E and Figure 2.7 are calculated from the following 

procedures. For a beam with load at the center and supports at ends, maximum center 

deflection is: 

𝛿 =
𝑃𝐿3

48𝐸𝐼
 

where P is measured Force (N), L is length between supports (m), E is Young’s modulus 

(Pa) and I is moment of inertia about the neutral axis. For circular cross section, the moment 

of inertia is expressed as: 
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𝐼 =
1

4
𝜋𝑅4 

where R is radius of cylinder (m). Inserting I, the deflection becomes: 

𝛿 =
𝑃𝐿3

12𝜋𝑅4𝐸
 . 

The stress and strain are calculated as: 

𝜎 =
𝑃𝐿

𝜋𝑅3
 

휀 =
12𝑅𝛿

𝐿2
 

Then linear elastic theory leads to the relation: 

𝜎 = 𝐸휀 

The slope is the Youngs modulus when make a plot of 𝜎 vs. 휀. 

 
Figure S11. Strain at maximum stress as a function of VBA% measured by 3-point bending 
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SUPPLEMENTAL MATERIAL FOR CHAPTER 3 

 

Toward a Design for Flowable and Extensible Ionomers: An Example of 

Diamine Neutralized Entangled Poly(styrene-co-4-vinylbenzoic acid) Ionomer 

Melts 

 

 

This part contains: 

 

B.1 Article in its published form 

Reprinted with permission from Macromolecules 2021, 54 (5), 2306–2315. 

Copyright@2021 American Chemical Society. 

 

B.2 Supporting information 

 

B.3 Mechanical Properties of Diamine Neutralized Entangled Poly(styrene-co-4-

vinylbenzoic acid) Ionomer solids 
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associations at the expense of intra-chain associations.
Ionomers also exhibit quite different extensional rheology
properties compared to entangled macromolecules. For
example, Ling et al.13 reported an increasing modulus with
strain rate for alkali metal-neutralized sulfonated oligostyrene
ionomer melts; they also observed a maximum stress at low
Hencky strain, which they attributed to a catastrophic failure of
the physical ionic network. Shabbir et al.15 reported a
decreasing strain hardening trend with increasing extension
rates for poly(tetramethylene glycol) and poly(ethylene oxide)
copolymer ionomers. The presence of high solvating poly-
(ethylene oxide) enabled the ionic groups to move freely to
adjust chain conformation, thereby adding ductility to the
brittle ionomer. In a more recent study, Wu et al. reported a
systematic method for improving ionomer ductility,24 attribut-
ing high stretchability to a strain-induced reorganization of the
ionic stickers, which they termed “pseudo-yielding”.
However, because it is difficult to separate relaxation

mechanisms due to chain entanglements and ionic interactions,
most extensional rheology ionomer studies focus on
unentangled polymer chains.13,15,24 Stadler et al.25 reported
elongational rheology of entangled telechelic polybutadiene
with acid end groups neutralized by alkali metal ions and found
that strain hardening was related to the cohesive strength of
the ionic cluster. They also observed reduced relaxation time,
likely due to the break-up of ionic clusters during extensional
deformation. The relation between chain entanglements and
ionic interactions during relaxation remains unknown.
This work aims to develop a strategy for designing ionomers

with good flowability, extensibility, and superior strain
hardening by studying the relaxation mechanisms of entangled
ionomer melts under elongational flow. To achieve good
flowability, it is vital to shorten the relaxation time by avoiding
the formation of ionic clusters. Two main factors can be
adjusted for this purpose when preparing ionomers: (i) ion
concentration: for polystyrene (PS)-based ionomers contain-
ing sulfonated or carboxylated ionic units, no ionic clusters are
detected below ca. 6 mol % ion content.10,26 In addition,
carboxylated ionomers tend to exhibit weaker intermolecular
interactions compared to sulfonated ionomers with the same
backbone;23,27 (ii) counterion species: ammonium can be used
as an alternative to metal ions, and the strength of ammonium
ionic interactions can be tuned via the molar mass of the
amines used.5 Strain hardening manifests as higher stress above
the corresponding LVE envelope. Ionic interaction leads to
superior strain hardening compared to the nonionic parent
polymer. Extensibility signifies how much the material can be
stretched without fracture.28 Enhanced extensibility is
ultimately ensured by the double-dynamic network which
consists of ionic interactions and chain entanglements,
enabling network stretching to continue even after the ionic
bonds have been broken.25

In this study, entangled poly(styrene-co-4-vinylbenzoic acid)
with 5 mol % acid was neutralized using diamines of different
molar mass. The diamines used were Jeffamines, which are
PEO−PPO copolymers. Compared to random sulfonated
ionomers,29 the ionic interactions in our system tended to
distribute homogeneously along the polymer backbone. Using
longer-chain ammonium as a counterion prevented ionic
cluster formation, resulting in reduced relaxation time and
facilitating ionomer processing. The LVE behavior and
nonlinear extensional behavior of the ionomer were studied,

and the relaxation mechanism under extensional flow was
elucidated.

■ EXPERIMENTAL SECTION
Materials. Diamine series Jeffamine ED600, ED900, and D2000

were purchased from Huntsman and used as received. Their molar
mass and composition can be found in the Supporting Information.
PS was prepared using a bifunctional naphthyllithium initiator in
accordance with the literature.30,31 Styrene oligomer was bought from
Sigma-Aldrich. The molar mass and dispersity of all materials were
measured, and the results are listed in Table 2.

Poly(styrene-co-4-vinylbenzoic acid) (PS-co-PVBA) with 5 mol %
4-vinylbenzoic acid was synthesized according to the methods
described in our previous work.32 The resulting weight-averaged
molar mass Mw is 85,400 g/mol, corresponding to 6.4 entanglements
per chain (entanglement molecular weight, Me = 13.3 kg/mol33).

Neutralization. About 2 g of poly(styrene-co-4-vinylbenzoic acid)
was first dissolved in tetrahydrofuran (THF); Jeffamine ED600,
ED900, and D2000 were then added in parallel at a stoichiometric
ratio of the two functional species: for example, amine and carboxylic
acid. Detailed quantities are listed in the Supporting Information. The
mixture was rotated on a set of rollers for 1 h to ensure full reaction.
The resulting viscous solution was transferred to a polypropylene vial
and allowed to evaporate in a fume hood overnight. Finally, the
polymer film was placed in a vacuum oven at 70 °C for 24 h.

Preparation of PS Solution. Two PS solutions were prepared as
control samples with the following compositions (see Table 1):
PS77kOS2k-68 was prepared by solvent evaporation, while
PS77kOS2k-82 was prepared by precipitation as described in ref 34.
The concentrations of both PS solutions were determined by
integrating the peak areas of the bimodal curve using size exclusion
chromatography (SEC).

Nuclear Magnetic Resonance Analysis. Nuclear magnetic
resonance spectroscopy was performed on a Bruker 300 MHz
spectrometer. Jeffamine (60 mg; ED600, ED900, or D2000) was
dissolved in 0.6 mL of CDCl3. After acquisition of spectra, 0.05 mL of
trifluoroacetic acid was added to each sample, and the spectra of the
protonated samples were acquired immediately after. All spectra were
acquired using 128 scans.

Size Exclusion Chromatography. SEC was carried out on a
chromatographic system consisting of a Viscotek VE 2001 GPC
solvent/sample module connected to a Viscotek TriSEC model 302
triple detector array (RI, light scattering, viscometer). The columns
were a PL Guard and two PL gel mixed D columns from Polymer
Laboratories, connected in series; this column combination provides
good resolution up to 300,000 Da and was calibrated with narrow
molar mass polystyrene standards (PSS, Mainz, Germany). All
samples and calibration standards were analyzed using a flow rate
of 1 mL/min. Sample solutions were made up to 5 mg/mL in THF;
when needed, another 10 μL of acetic acid was added to suppress
interactions. Toluene was used as an internal flow rate marker.

Fourier Transform Infrared Spectroscopy Analysis. Fourier
transform infrared (FTIR) spectroscopy was carried out using a
Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific, USA).
The wavenumber between 400 and 4000 cm−1 was recorded for each
sample in either transmission mode or attenuated total reflection
mode.

Differential Scanning Calorimetry. Differential scanning
calorimetry (DSC) measurements were performed on a Discovery
DSC (TA Instruments, USA) in a nitrogen atmosphere with a heating
and cooling rate of 10 °C min−1. The tested samples weighed around
2−5 mg. All samples were heated well above the glass transition

Table 1. Sample Compositions for Two PS Solutions

sample constituent 1 w1 % constituent 2 w2 %

PS77kOS2k-68 PS77k 68 OS2k 32
PS77kOS2k-82 PS77k 82 OS2k 18
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temperature to eliminate sample history, cooled, and finally heated to
200 °C. Glass transition temperatures (Tg) were determined from the
second heating curve.
Mechanical Spectroscopy. The LVE properties of the polymer

melts were obtained from small-amplitude oscillatory shear measure-
ments. An 8 mm plate−plate geometry was used on an ARES-G2
rheometer (TA Instruments). Measurements were performed at
temperatures between Tg + 25 °C and Tg + 65 °C under nitrogen
protection. For each sample, the data were shifted to build a master
curve at reference temperature Tref.
Extensional Stress Measurement. Nonlinear rheological

behavior in extensional flow was studied above Tg using a filament
stretching rheometer (VADER, Rheo Filament ApS) under constant
strain rate, ε,̇ where both normal force, F(t), and diameter evolution,
2R(t), were measured. Prior to measuring, all samples were molded
into cylindrical specimens with a fixed radius, R0 (2.7 mm). The initial
sample length, L0, was controlled by sample amount, yielding an
aspect ratio (Δ0 = L0/R0) of around 0.5. All tests were carried out at
Tref under nitrogen protection.
The Hencky strain of the mid-filament plane is calculated as

t R t R( ) 2ln( ( )/ )H 0ε = −

With a small aspect ratio, an extra shear contribution may add to
the measured extensional force during the start-up flow due to the no-
slip condition at the two ends of a filament. The corrected stress, with
respect to this shear component in the extensional flow, is calculated
as35
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where m is the sample weight and g is the gravity constant.
The extensional stress growth coefficient is defined as η+ = ⟨σzz −

σrr⟩/ε.̇

■ RESULTS AND DISCUSSION
Neutralization. The resulting synthesized ionomers were

transparent and were checked by FTIR spectroscopy. Figure 1
shows that the carbonyl stretch around 1700 cm−1 (unimer
and dimer of carboxylic acid) almost disappears upon addition
of Jeffamine. Jeffamine bonds are also clearly seen in the
ionomers around 1100 cm−1. The molar mass and dispersity of

Table 2. Data for Materials Used in This Study: Parent Polymer, Neutralized Ionomers, Jeffamines, and Control Samples

material Mw (SEC) [g/mol] Mw/Mn (SEC) Tg [°C]
b remark

PS0.95A0.05 85,400 1.22 105 parent polymer
PS0.95A0.05 + ED600 81,100a 1.27 76 ionomer under investigation
PS0.95A0.05 + ED900 87,700a 1.18 66 ionomer under investigation
PS0.95A0.05 + D2000 85,000a 1.27 25 ionomer under investigation
Jeffamine ED600 656 1.08 ionomer component
Jeffamine ED900 940 1.22 ionomer component
Jeffamine D2000 2144 1.18 −70 ionomer component
PS77k 77,000 1.10 control sample component
OS2k 1900 1.10 control sample component
PS77kD2000 blend 77,000/2144 1.10/1.18 −67/81 control sample
PS77kOS2k-68 77,000/1900 1.10/1.10 87 control sample
PS77kOS2k-82 77,000/1900 1.10/1.10 97 control sample

aThe neutralized ionomers show nonmonotonous change in Mw and dispersity; the actual normalized chromatograms are added to show the small
instrumental variation, as can be seen in Figure S4. bFor Jeffamines, the glass transition temperature is only measured for sample D2000 in order to
identify the PS77kD2000 blend composition on DSC.

Figure 1. IR absorption spectra from 400 to 2000 cm−1 for neutralized ionomers, parent polymer, and Jeffamines (spectra from 400 to 4000 cm−1

are available in the Supporting Information).
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the resulting diamine-neutralized poly(styrene-co-4-vinylben-
zoic acid) are listed in Table 2.
Thermal Properties. The DSC traces in Figure 2a indicate

that incorporating Jeffamine produces a decrease in Tg with
increasing Jeffamine length and that the transition seems to
broaden. The diamine chains behave as an internal plasticizer,
and the Tg decreases linearly as the molar mass of Jeffamine
increases (see Figure 2b). A similar decrease in Tg has also
been observed for flexible diamine-modified epoxy resins,36

ammonium-neutralized sulfonated PS ionomers,5 and poly-
ester−sulfonate ionomers with ionic liquid counterions,37

potentially related to weaker ion-dipole interactions and an
increase in chain mobility. The Tg values for this series of
neutralized ionomers are also summarized in Table 2. It is
noted that some changes of the ionomers may occur at high
temperature (the upturn of DSC traces at high temperature in
Figures 2 and S5), so the temperature is deliberately kept low
for rheological measurements, and the phenomenon is not
further investigated as it is outside the scope of this work.
Importantly, only a single glass transition is observed for

ionomers, suggesting that the synthesized materials are
homogeneous; moreover, due to ionic interaction, phase
separation is not detected.38−40 A previous study by Weiss et
al.39 also confirms that the miscibility of PS and poly(alkylene

oxide) blends is enhanced by specific intermolecular
interactions between amine and sulfonic acid, while a study
by Yang and Han.41 demonstrated that two polymers with
specific interactions are miscible, even though the difference in
component glass transition temperature (ΔTg) between blends
can be as large as 199 °C. A control sample consisting of a
simple blend of PS 77 kg/mol and Jeffamine D2000 appears
white and displays two glass transitions in the DSC curve, as
shown by the green dashed line in Figure 2a, suggesting the
phase separation that was not observed in the ionomers.

Linear Rheology. Figure 3a shows the storage modulus,
G′, and loss modulus, G″, of these materials as a function of
angular frequency, ω. For each sample, both frequency and
modulus are normalized by the second crossover point (ωc and
Gc) in order to compensate for the Tg difference (non-
normalized master curves are available in the Supporting
Information, Figure S7). The Rouse relaxation time of the
parent polymer is 8.25 s and is calculated as τR = Z2τc (where Z
is the number of entanglements per chain calculated by M/Me
and τc is the relaxation time of one entangled strand, estimated
as 1/ωc; the entanglement molar mass of pure PS (Me = 13.3
kg/mol) is used for the parent polymer since hydrogen
bonding is demonstrated not to be active at high temper-
ature32). Similar to their parent polymer, all ionomer melts

Figure 2. (a) DSC traces: second heating cycle used to assess Tg, heat/cool rate: 10 °C/min; (b) Tg as a function of Jeffamine molar mass [the
black line represents linear fitting (R2 = 0.99)].

Figure 3. (a) LVE data after normalization to the modulus and angular frequency at the high-frequency crossover point (closed symbols for G′,
open symbols for G″; the solid lines are drawn to guide the eyes). (b) Fitting of shift factor aT to the Arrhenius equation; the activation energy is
indicated in the figure as kJ/mol.
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display relaxation processes typical of entangled linear
polymers. The four normalized curves overlap at high
frequency, indicating an identical Rouse relaxation process.
At medium and low frequency range, the terminal relaxation
time is observed to decrease with increasing diamine length,
indicating no/negligible effect of ionic clusters inside the
ionomers. Since the ion-dipole interaction becomes weaker by
increasing counterion size, chances of forming ionic clusters
become less, and the Jeffamine chains also have the plasticizing
effect. This finding is in contrast to the sticky Rouse/Reptation
dynamics exhibited by unentangled ionomers.15,42,43 Further-
more, the diamines show a diluting effect on the long chains,
which can be visualized by comparing the activation energy, Ea,
which is obtained by fitting experimental data to the Arrhenius

equation (
Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ( )a T( ) exp E

R T TT
1 1a

0
= − , where aT is the shift

factor, R is the gas constant, and T and To are the test and
reference absolute temperatures, respectively). Plotting ln(aT)
as a function of 1/T, it is clear that the activation energy also
decreases with increasing Jeffamine length (see Figure 3b),
indicating less flow resistance and thus a faster relaxation; this
both significantly facilitates processing and differentiates the
materials studied here from entangled random ionomers that
usually display either a double plateau of stickers and
entanglements or a prolonged terminal relaxation.19,44

Nonlinear Rheology. Figure 4 shows the nonlinear
extensional behavior of the four studied samples. Sample
PS0.95A0.05 was stretched faster than the inverse Rouse time,
resulting in oriented and stretched polymer chains. The other
samples were stretched at a constant stretch rate to match the
maximum normalized stress of the parent polymer. Due to the
difference in glass transition temperature between samples, it
was necessary to measure the nonlinear extensional behavior at
different stretch rates at reference temperatures. The data
presented here have been normalized by Gc and ωc for
comparison. In Figure 4a, all samples display strain hardening
behavior, as the normalized stress growth coefficients are well
above the LVE envelope. The degree of strain hardening can
be compared by strain hardening factor (SHF), which is
defined as the ratio of the stress growth coefficient to the
respective LVE value (see Figure S10). For these samples

having similar normalized stress as can be seen in Figure 4b,
the SHFs of both samples PS0.95A0.05 + ED600 and PS0.95A0.05
+ ED900 are higher than their parent polymer with a lowerWi,
indicating an effectively stronger strain hardening as a result of
ionic interaction. Sample PS0.95A0.05 + D2000 had a similar
SHF as sample PS0.95A0.05 + ED900 but higherWi, likely due to
the strain hardening effect being compromised by the presence
of the longest diamine chain, D2000. (Samples PS0.95A0.05 +
ED900 and PS0.95A0.05 + D2000 are also stretched at the same
τc based Weissenberg number as the parent polymer, and the
effect of different Jeffamines are clearly seen in Figure S9.) In
Figure 4b, at a larger strain, the samples containing ionic
interaction displayed a stress overshoot, which was found to be
repeatable, as demonstrated in Figures S11 and S12. More
interestingly, sample PS0.95A0.05 + D2000 exhibits an under-
shoot after the stress overshoot, which can be related to sticker
reassociation (see the discussion below). Finally, all the
ionomer melts reached the same steady stress at the Hencky
strain close to 6.
The rest of this section will focus on answering three

questions which could help to elucidate what happens during
extension: (i) the role of ionic interactions (stickers) in the
start-up extensional flow; (ii) the role of stickers at a large
strain; and (iii) the influence of stretching on sticker
disassociation time.

Role of Ionic Interaction (Stickers) in the Start-up
Extensional Flow. As discussed in the linear rheology section
above, the diamines have a diluting effect on the long chains
PS-co-PVBA. To determine the extent of this dilution, two PS
solutions consisting of short and long PSs were prepared (see
Table 1): sample PS77kOS2k-68 had the same weight fraction
of long chains as sample PS0.95A0.05 + D2000 and served as an
extreme sample in which all diamine chains act as solvents;
sample PS77kOS2k-82 had a higher weight fraction of long
chains and thus a slightly higher number of entanglements than
sample PS77kOS2k-68. The normalized LVEs of both PS
solutions were compared with PS0.95A0.05 + D2000, as can be
seen in Figure S13. Sample PS77kOS2k-68 displayed a faster
terminal relaxation than the ionomer, whereas PS77kOS2k-82
had a very similar terminal relaxation with the ionomer. This
suggests that the diamine chains are attached to the backbone
at equilibrium and that they connect different chains while

Figure 4. Comparison of normalized extensional behavior across all the four samples: (a) normalized extensional stress growth coefficient as a
function of time; (b) normalized stress as a function of Hencky strain. The strain rate for PS0.95A0.05 at 140 °C is 0.3 s−1; the strain rate for
PS0.95A0.05 + ED600 at 105 °C is 0.085 s−1; the strain rate for PS0.95A0.05 + ED900 at 100 °C is 0.109 s−1; and the strain rate for PS0.95A0.05 + D2000
at 70 °C is 0.114 s−1. The corresponding Weissenberg numbers (Wi = ε/̇ωc) are 0.06, 0.03, 0.043, and 0.074, respectively.
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simultaneously keeping them separate from each other (see
Figure 8a). The following discussion will focus on sample
PS0.95A0.05 + D2000 since Jeffamine D2000 had the most
obvious stress overshoot effect among the three neutralized
ionomers studied.
At the onset of strong extensional flow (the green curve in

Figure 4), the connected diamine chains are stretched together
with the backbone. However, when the force reaches a
sufficient magnitude, the stickers can start to disassociate. This
disassociation is visible as a filament color change during
stretching, as can be seen in Figure 5 (recorded videos are also
available in the Supporting Information). The melt stretched at
0.114 s−1 and 70 °C is initially transparent before gradually
turning opaque, especially close to maximum stress. For
comparison, the same melt was also stretched at a lower rate of
0.009 s−1, for which the stress overshoot is not apparent (see
Figure 6d). Figure 6b shows a transparent filament stretched at
0.009 s−1 at the same strain as in Figure 6a. Finally, a blend of
PS77k and Jeffamine D2000 (control sample) was also

stretched and compared with the previous two samples (Figure
6c). The blended filament appeared white throughout the
stretching process, indicating a total phase separation of two
constituents. While we suggest that the stress maximum and
overshoot presented in entangled ionomer melts are related to
sticker disassociation and a resulting micro-phase separation,
future studies, for example, in situ scattering, may be required
to fully understand the underlying physics of the phase
separation. Similarly, a maximum stress in extension for alkali
metal-neutralized sulfonated oligostyrene ionomer melts is
likely associated with chain pull-out from ionic clusters.13

Role of Stickers at Large Strain. As can be seen in Figure 5,
when sample PS0.95A0.05 + D2000 was stretched at 70 °C, 0.114
s−1, the filament turned from opaque to transparent again at
larger Hencky strain, suggesting a reassociation of sticker pairs
via ionic interaction. During continued extensional flow, it is
easier for a sticker to find a neighbor sticker rather than a
remote one. To check this idea, the corresponding PS solution,
PS77kOS2k-82, which has overlapping LVE with PS0.95A0.05 +

Figure 5. Filament color change during extension measurement of sample PS0.95A0.05 + D2000 stretched at 70 °C, 0.114 s−1: the filament is initially
transparent and then gradually turns opaque before becoming transparent again. The color change could be related to the transition from ionic
sticker association (left) to disassociation (middle) to reassociation (right).

Figure 6. (a−c) Capture of filament stretching at Hencky strain 2.8. (a) PS0.95A0.05 + D2000 stretched at 70 °C, 0.114 s−1 (the same as the left
photo in Figure 5); (b) PS0.95A0.05 + D2000 stretched at 70 °C, 0.009 s−1; (c) PS77kD2000blend stretched at 110 °C, 0.114 s−1; and (d) stress−
strain response for PS0.95A0.05 + D2000 stretched at 70 °C, 0.114 s−1 and 0.009 s−1.
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D2000, was stretched at the same Wi. The normalized stress−
strain curves of the two samples are compared in Figure 7:
both melts reach the same normalized steady stress around
Hencky strain 4.5 (green and pink curves), suggesting
reassociation of ionic stickers in the ionomers. Indeed, since
these two samples have the same normalized LVEs and steady
stress, the stress maximum and overshoot are necessarily
related to sticker disassociation. Sticker reassociation can also
be confirmed from the reproducible undershoot in stress−
strain curves (as can be seen in Figure S11) and stress
relaxation test.
In the stress relaxation test, the flow was stopped at Hencky

strain 2.8 and kept at the same temperature while maintaining
the same deformation at the mid-filament plane. As can be
seen in Figure 9, the filament turns from opaque to transparent
again, suggesting sticker reassociation and finally a return to
equilibrium.
It should also be noted that the ionomers studied display

good extensibility due to their double-dynamic network
structure: although the stickers dissociate in the strong flow
at high rates, the entanglements still continue to contribute to
the stress and allow sticker reassociation. While a pure ionomer

would exhibit brittle fracture as reported by Shabbir et al.16

with the aid of entanglement network, our ionomers have a
chance to dissipate energy and thus the fracture can be avoided
(see Figure 8b).

Influence of Stretching on Sticker Disassociation Time.
To investigate the influence of chain stretching on sticker
disassociation time, sample PS0.95A0.05 + D2000 was stretched
at different rates, ranging from 0.066 to 0.5 s−1 (see Figure 10a,
two lower stretch rates are also included). Both maximum
stress and stress overshoot existed for all stretch rates, except
for the fastest stretch rate of 0.5 s−1, at which the sample failed
during stretching. Note that the stress overshoot and
undershoot were observed to be strong for stretch rates faster
than 0.2 s−1 as a result of an experimental issue: namely, the
online rheometer control engages when there is a small
deviation in diameter, as can be seen in Figure S14. As
discussed previously, the decrease in stress after reaching its
maximum is the result of sticker disassociation. It would
therefore be interesting to study different parameters, such as
stress, strain, and time, at maximum stress.
The plots in Figure 10b show that maximum stress increases

monotonically with strain rate. In Figure 10c, the Hencky
strain at which the maximum stress locates (εmax) is plotted as
a function of stretch rate. The data falls into two distinct
regimes: at low rates, the ionic stickers can exchange pairs prior
to the point of massive disassociation such that εmax is rate-
dependent and increases with stretch rate; at higher rates, εmax
reaches a steady value and becomes relatively independent of
stretch rate. It is possible that the fast flow (ε ̇ > 0.114 s−1) does
not allow ion pair reorganization before considerable
disassociation, so that the stickers disassociate abruptly to
accommodate the strain. Figure 10d plots time, tmax, where the
maximum stress locates as a function of stretch rate. The
influence of chain stretching on sticker disassociation time
becomes clearer: at low rate, the sticker disassociation time
approaches the sticker lifetime from LVE measurement (see
the Supporting Information). At higher rates, the sticker
network survival becomes dependent on the overall strain,
whereby the sticker disassociation time becomes inversely
proportional to the rate. To the best of our knowledge, the
influence of chain stretching on sticker disassociation time has
not been reported previously.
The advantages of the ionomer system proposed here are

clear: ionomer melts possess superior strain hardening
behaviors at a Weissenberg number lower than the nonionic
parent polymer. The proposed system can also bear higher
stress compared to solutions with the same LVE and displays
high extensibility, with the potential to reach a maximum
Hencky strain of 7 due to its double-dynamic network
structure of ionic interactions and entanglements. Finally, the
neutralized ionomers studied here can be processed at lower
temperatures and stretching rates compared to their nonionic
parent polymer, thereby providing more environmentally
friendly processing conditions for entangled ionomer melts.

■ CONCLUSIONS
We neutralized poly(styrene-co-4-vinylbenzoic acid) using
relatively long-chain diamines to produce ionomers. The
resulting ionomers showed lower Tg than their parent polymer,
and Tg decreased with increasing diamine molar mass as a
result of increasing chain mobility. In addition, these
neutralized ionomers displayed a single transition in DSC
traces and obey time−temperature superposition, indicating a

Figure 7. Comparison of normalized stress as a function of Hencky
strain for PS solution and ionomers; sample PS77kOS2k-82 is
stretched at 120 °C, 0.142 s−1.

Figure 8. Schematic representations of a diamine-neutralized
poly(styrene-co-4-vinylbenzoic acid) ionomer melt: (a) at equilibrium
and (b) during extension at large strain.
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homogeneous material with ionic interaction acting as a
compatibilizer. The relaxation time of the ionomer melts

decreased with increasing diamine chain length, as confirmed
via LVE measurements. Ionic cluster formation is prevented by

Figure 9. Stress relaxation at Hencky strain 2.8 of sample PS0.95A0.05 + D2000 stretched at 70 °C, 0.114 s−1: from left to right, the photos
correspond to 0 s, 10 s, 1 min, and 9 min after stopping the stretching.

Figure 10. (a) Extensional stress growth coefficient as a function of time for PS0.95A0.05 + D2000 stretched at different rates. The stretch rates are
indicated in the above figure [s−1]. (b) Maximum stress as a function of stretch rate. (c) Hencky strain, where the maximum stress locates (εmax) as
a function of stretch rate. (d) Time ([s]), where the maximum stress locates (tmax) as a function of stretch rate.
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the use of a low ion concentration as well as the use of
ammonium as a counterion, which significantly enhances the
entangled ionomers’ flowability.
By investigating the nonlinear extensional properties of this

entangled ionomer system, we successfully differentiated
relaxation mechanisms due to entanglements from those due
to ionic interactions, thereby providing guidance for future
attempts to improve ionomer properties. The strain hardening
behavior of the ionomers can be adjusted to match the parent
molecule by using different diamines at a lower Weissenberg
number than that of the parent polymer. Introducing stickers
of different lengths thus provides the ability to tune the
materials’ degree of strain hardening. A stress maximum and
overshoot appear in the stress−strain response and are related
to sticker disassociation, as evidenced by the transition to
opacity during filament stretching. After the maximum stress,
the stickers tend to reassociate, resulting in a final steady stress
similar to that of a PS solution. The sticker reorganization,
together with the contributions from entanglements, enable
excellent ionomer extensibility. This study provides a roadmap
for the design of new easily processed, extensible ionomers
with superior strain hardening.
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B.2 Supporting information 

 

1. Composition and molecular weight determination of Jeffamines using 1H NMR 

 

1.1 Peak assignment 

Figure S1 shows spectra of Jeffamine ED600, Jeffamine ED600 protonated by excess 

trifluoroacetic acid and Jeffamine D2000. Since Jeffamine D2000 is an amine-terminated 

polypropylene, peaks at 1.08 ppm can be assigned to protons on the pendant methyl groups 

(a), while protons assigned to methanetriyl and methylene are found at 3.2-3.6 ppm. The 

minor signal at 0.96 ppm is assigned to methylene groups at the chain termini, i.e. α to the 

amine group. This assignment is substantiated by considering the spectra of Jeffamine 

ED600 with and without added trifluoroacetic acid; Jeffamine ED600 has much shorter 

polypropylene blocks at the termini, the relative amount of methyl groups α to amine groups 

is expected to be larger. This is confirmed by the larger intensity of the signal at 0.96 ppm 

relative to the signal at 1.08 ppm. Addition of a strong acid (trifluoroacetic acid) protonates 

the amine, and the lower charge on the nitrogen reduces the shielding of the methylene group, 

causing the signal to move downfield (to around 1.22 ppm). The observed signal broadening 

is assumed to be a consequence of the relatively large amount of TFA used, leading to a 

change in solvent polarity/solvation properties. However, this has not been investigated in 

further detail.    

 
Figure S1. Assigned 300 MHz 1H NMR spectra of Jeffamine D2000, Jeffamine ED600 with added excess 

trifluoroacetic acid (TFA) and Jeffamine ED600 in CDCl3. 

 

1.2 Polymer molecular weights and composition 
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With the peaks assigned, the determination of number average molecular weight and 

copolymer composition is trivial: 

For Jeffamine D2000, the degree of polymerisation (including end-groups) is determined by 

the integrated areas of the signals assigned to a and a’ (I(a) and I(a’) respectively) as: 

𝐷𝑃 = 2
𝐼(𝑎)

𝐼(𝑎′)
+ 2  

And �̅�𝑛,𝑃𝑃𝑂 = 58
𝑔

𝑚𝑜𝑙
 ∙ 𝐷𝑃 

Since the mass of the -CH2CH(CH3)-O- repeating unit is the same as the terminal -

CH2CH(CH3)-NH2 fragment.  

For Jeffamines ED600 and ED900 DP (including end-groups) of each terminal PPO-block 

is given as 𝐷𝑃̅̅ ̅̅
𝑃𝑃𝑂 =

𝐼(𝑎)

𝐼(𝑎′)
+ 1  

With the overall molecular weight of PPO: �̅�𝑛,𝑃𝑃𝑂 = 2 ∙ 58
𝑔

𝑚𝑜𝑙
 ∙ 𝐷𝑃̅̅ ̅̅

𝑃𝑃𝑂 

Or overall: 

And according to the drawn structure: 
𝑥+𝑧

2
=

𝐼(𝑎)

𝐼(𝑎′)
  

The DP of the PEO block can be determined by considering that the integral of signals 

assigned to b,b’,c,c’ should be the same as the integral of signals assigned to a and a’. 

Therefore substracting the integral of signals assigned to a and a’ (~0.8 ppm to ~1.2 ppm in 

Figure S2.) from the total integral of signals assigned to b,b’,c,c’ (~2.9 ppm to ~3.8 ppm in 

Figure S2.) give the integral assigned to d protons only. The DP and Mn are then determined 

from the ratio to signals assigned to the end-groups of PPO as: 

𝐷𝑃̅̅ ̅̅
𝑃𝐸𝑂 =

𝐼(𝑑)/4

𝐼(𝑎′)/(2 ∗ 3)
=

6

4

(𝐼(2.9 𝑝𝑝𝑚 − 3.8 𝑝𝑝𝑚) − 𝐼(0.8 𝑝𝑝𝑚 − 1.2 𝑝𝑝𝑚)

𝐼(0.8 𝑝𝑝𝑚 − 1.0 𝑝𝑝𝑚)
 

And then �̅�𝑛,𝑃𝐸𝑂 = 𝐷𝑃̅̅ ̅̅
𝑃𝐸𝑂 ∙ 44

𝑔

𝑚𝑜𝑙
 

The total molecular mass is then given by �̅�𝑛 = �̅�𝑛,𝑃𝐸𝑂 + �̅�𝑛,𝑃𝑃𝑂 

 

Table S1. Molecular weight determination of Jeffamines using 1H NMR. 

Polymer 
Manufacturer 

Mn (g/mol) 

Calculated Mn 

(g/mol) 
y x+z 

Jeffamine ED600 600 642 9.7 1.7 

Jeffamine ED900 900 1054 18.6 2.1 

Jeffamine D2000 2000 2200 N/A 36.3 

 

The molecular weights determined from 1H NMR are in agreement with SEC results in Table 

2. 
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Figure S2. Integrated 300 MHz 1H NMR spectra of Jeffamines. 

 

2. Material quantities for ionomer neutralization 

 

Table S2. Material quantities for ionomer neutralization 

Sample m PS-A (g) m Jeffamine (g) n PS-A (mol) n Jeffamine (mol) w% of PS-A 

PS0.95A0.05+ED600 2.01 0.29 0.94 0.48 87.5 

PS0.95A0.05+ED900 2.05 0.44 0.96 0.49 82.4 

PS0.95A0.05+D2000 2.00 0.96 0.94 0.48 67.6 
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3. FTIR spectra 

 

 
Figure S3. IR absorption spectra from 400-4000 cm-1 for neutralized ionomers, parent polymer and Jeffamines. 

 

4. Normalized chromatograms from SEC 

 

Figure S4. Normalized chromatograms of neutralized ionomers, parent polymer and Jeffamines. 
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5. Comparison of DSC curves 

 
Figure S5. DSC traces for PS0.95A0.05+D2000 containing ionic interaction (top), PS77k and Jeffamine D2000 

blend without ionic interaction (middle), and Jeffamine D2000 (bottom). 

 

6. Sample stability 

In the preliminary study of this work, the parent polymer is neutralized with triethylamine. 

This sample is not very stable, as it starts to have triethylamine evaporation at 130oC (lose 

weight in TGA analysis). In the linear rheology test, the sample has many bubbles and an 

overlapping LVE as the parent polymer. For the ionomer PS0.95A0.05+D2000, the sample 

remains stable even though heating to 160oC (the maximum test temperature is 90oC).  

 
Figure S6. TGA analysis of trimethylamine (left) and Jeffamine D2000 (right) neutralized PS-co-PVBA: the 

sample was heated to 160oC at 10oC/min, and kept at 160oC for 1h.  
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7. Original built-up LVE master curves and activation energy 

 
Figure S7. Original LVE master curves for parent polymer and neutralized ionomers. Reference temperatures 

are 140°C, 105°C, 100°C and 70°C for PS0.95A0.05, PS0.95A0.05+ED600, PS0.95A0.05+ED900 and 

PS0.95A0.05+D2000, respectively. 

 

Table S3. Activation energy for parent polymer and neutralized ionomers. 

Material Ea (kJ/mol) 

PS0.95A0.05 140.36 

PS0.95A0.05+ED600 126.79 

PS0.95A0.05+ED900 120.81 

PS0.95A0.05+D2000 83.17 

 

8. Han’s plot 

According to Han’s rheological criterion, a blend is truly homogenous if such a plot displays 

a slope of 2 in the terminal region.1 At low frequencies, the slopes of the curves for all 

different materials studied here are close to 2, indicating a homogenous material (as also 

suggested by the DSC curves).  
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Figure S8. G' plotted vs. G" for different samples without temperature shift. 

 

9. Comparison of nonlinear extensional behavior using other methods 

 

9.1 Use disentanglement-time-based Weissenberg numbers    

For the samples having similar normalized stress in Figure 3.5b, the disentanglement-time-

based Weissenberg numbers (Wid) are calculated and listed in Table S4. The Wid values of 

the ionomers are all smaller than that of the parent polymer. 

Table S4. Weissenberg numbers based on second crossover and terminal crossover for parent polymer and 

ionomers. 

Material Wic Wid 

PS0.95A0.05 0.06 15 

PS0.95A0.05+ED600 0.03 3.03 

PS0.95A0.05+ED900 0.043 4.29 

PS0.95A0.05+D2000 0.074 1.99 
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9.2 Use same second crossover based Weissenberg numbers    

Sample PS0.95A0.05+ED900 and PS0.95A0.05+D2000 are stretched at same τc based 

Weissenberg number as the parent polymer, the effect of different Jeffamines are clearly seen 

in Figure S9.  

 
Figure S9. Comparison of PS0.95A0.05, PS0.95A0.05+ED900 and PS0.95A0.05+D2000 stretched at same Wic. 

 

10. Comparison of degree of strain hardening by using strain hardening factor 

Strain hardening factor (SHF) is defined as the ratio of the stress growth coefficient to the 

respective LVE value, and is a measure of the level of strain hardening.2 The SHFs of all 

four samples corresponding to Figure 3.5a are calculated and plotted in Figure S10. As seen, 

the maximum SHF is about 4.4 for the parent polymer. At same normalized stress, the 

ionomers show higher maximum SHF (5.2-6.4) than the parent polymer, even at a lower Wi 

for sample PS0.95A0.05+ED600 and PS0.95A0.05+ED900. Thus these two samples have superior 

strain hardening than the nonionic parent polymer. For the sample PS0.95A0.05+D2000, the 

Wi value would be smaller if a precise match of strain hardening behavior with parent 

polymer is desired.      
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Figure S10. Strain hardening factor as a function of Hencky strain for sample PS0.95A0.05, PS0.95A0.05+ED600, 

PS0.95A0.05+ED900 and PS0.95A0.05+D2000 calculated from Figure 3.5a.    

 

11. Reproducibility of extensional measurement  

 
Figure S11. Three repeated extensional measurements for PS0.95A0.05+D2000 at 70oC, 0.114 s-1. 

 

12. Extensional measurements at different temperatures 

To check the stress overshoot, sample PS0.95A0.05+D2000 was stretched at both 65oC and 

70oC at the same Weissenberg number, Wi. The stretch rates are calculated using the shift 

factor from the LVE measurement. The stress-strain responses show good agreements at both 

temperatures for both investigated rates. 
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Figure S12. Extensional measurements for PS0.95A0.05+D2000 at the same Wi. Measurements at 70°C were 

performed at 0.009 s-1 and 0.114 s-1; measurements at 65°C were performed at 0.003 s-1 and 0.032 s-1. 

 

 

13. LVE comparison of PS solutions and PS0.95A0.05+D2000 

 
Figure S13. LVE Comparison for ionomer PS0.95A0.05+D2000 and two PS solutions: PS77kOS2k-82 and 

PS77kOS2k-68 (solid lines are included to guide the eyes). 
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14. Strong stress overshoot and undershoot 

 
Figure S14. Left: true stress as a function of Hencky strain for PS0.95A0.05+D2000 stretched at 0.2 s-1, 70oC; 

Right: corresponding Hencky strain as a function of time. The deviation from linearity is probably caused by 

deviation of the filament diameter.  

 

15. Comparison of sticker disassociation time from nonlinear measurements and LVE 

While the stress overshoot is related to sticker disassociation, the sticker lifetime at low rates 

should be comparable to the reptation time from LVE. The reptation time can be evaluated 

by different methods according to the literature3,4: it is 17.5s when taking the low frequency 

crossover (Figure S7); 31.3s by taking the intersecting point of G’ and G’’ slope in the 

terminal regime; and 98.4s by using the BSW fitting. All these values are in the same order 

of magnitude of ~50s from Figure 3.11d (the lowest rate 0.066 s-1 in the figure is close to the 

low frequency crossover). 

 

16. Characteristic times of the investigated samples at reference temperature 

 

Table S5. Characteristic times of the investigated samples at reference temperature. 

Material Tref [
oC] τc [s]* τd [s]** 

PS0.95A0.05 140 0.20 50 

PS0.95A0.05+ED600 105 0.35 35.7 

PS0.95A0.05+ED900 100 0.39 39.4 

PS0.95A0.05+D2000 70 0.64 17.5 

PS77kOS2k-68 110 0.60 6.9 

PS77kOS2k-82 120 0.52 15.6 

* τc is calculated as 1/ωc, where ωc is the second crossover frequency 

** τd is calculated as 1/ωd, where ωd is the first (low) crossover frequency 
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B.3 

Mechanical Properties of Diamine Neutralized Entangled Poly(styrene-co-

4-vinylbenzoic acid) Ionomer solids 

 

Introduction 

 

In Chapter 2, we have seen that the mechanical properties of anisotropic glassy polystyrene 

can be further improved by introducing carboxylic acid group based heat-labile hydrogen 

bonds, such that the inter-chain interaction is enhanced. [1] The enhanced inter-chain 

interaction manifests as higher yield stress and ductility at room temperature in the resulting 

stretched and quenched acid-containing copolymer fibers, compared to the non-modified 

polystyrene fibers. Inspired by this work, we wonder if better mechanical properties can be 

achieved by introducing ionic interaction in the system, since ionic interactions generally 

possess equivalent or higher binding energy than hydrogen bonding. [2]  

 

Looking into the literature, one can note that the styrene based materials are usually used at 

or above room temperature and below Tg, while the use below room temperature is seldom 

mentioned. This is related to the decrease in elongation and deflection with decreasing 

temperature. In this part of study, we investigate if even higher flexibility over a wider 

temperature range, especially below room temperature (but at the same distance to Tg), can 

be achieved by introducing flexible chains into acid-containing copolymer via ionic 

interactions. The materials studied are Jeffamine neutralized entangled poly(styrene-co-4-

vinylbenzoic acid) ionomers, which are the same as used in Chapter 3. The effect of diamines 

on mechanical properties of both isotropic and stretched-quenched anisotropic solids below 

the glass-transition temperature will be illustrated. 

 

Experimental details 

 

Materials 

Materials PS0.95A0.05 (parent polymer), PS0.95A0.05+ED600, PS0.95A0.05+ED900 and 

PS0.95A0.05+D2000 are from the same batch as used in the work of Chapter 3. They have been 

characterized by SEC, FTIR, DSC, and used directly in this study. Table B3.1 provides a 

reminder of material information. 

Table B3.1 Data for materials used in this study. 

Material Mw (SEC) [g/mol] Mw/Mn (SEC) Tg [
oC] 

PS0.95A0.05 85400 1.22 105 

PS0.95A0.05+ED600 81100 1.27 76 

PS0.95A0.05+ED900 87700 1.18 66 

PS0.95A0.05+D2000 85000 1.27 25 
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Sample preparation for mechanical tests 

 

Samples used in 3-point bending and orientation extent quantification were prepared on 

VADER (Rheofilament Aps). For 3-point bending, the polymer melts were slowly stretched 

well above Tg to ensure full chain relaxation and quenched by room-temperature nitrogen 

flow. For quantification of orientation extent, the ionomer melts were stretched to Hencky 

strain 2.2 and quenched. The following conditions were used for sample stretching (Wi, 휀̇/𝜔𝑐, 

from 0.03 to 0.07): 0.3 s−1, 140°C for PS0.95A0.05; 0.085 s−1, 105°C for PS0.95A0.05+ED600; 

0.109 s−1, 100°C for PS0.95A0.05+ED900; 0.114 s−1, 70°C for PS0.95A0.05+D2000 (same 

conditions as in Figure 3.5b).  

 

Samples used in tensile tests and dynamic mechanical analysis were prepared on ARES G2 

with an SER (Sentmanat extensional rheometer) geometry. To get appropriate sample 

dimension, the polymer melts were first prestretched and relaxed, then stretched to Hencky 

strain 2.2 using conditions in Figure 3.5b (Wi from 0.03 to 0.07). The quenching was 

performed with room-temperature nitrogen flow, while the motor of the rheometer was 

blocked. 

 

3-point bending, tensile tests and dynamic mechanical analysis 

 

3-point bending measurements were performed on an RSA3 Dynamic Mechanical Analyzer 

from TA Instruments. The diameters of the cylindrical samples are between 0.6 and 0.8 mm. 

All tests were performed at a constant velocity 0.005 mm/s at the same distance to Tg (Tg-

T=30oC) for different materials. The strain and stress calculations are described in section 

2.2. 

 

Tensile tests were carried out on a DMA Q800 from TA Instruments. All tests were 

performed at strain rate 0.05 min-1 at the same distance to Tg (Tg-T=80oC). The samples have 

a rectangular shape. The engineering strain and stress are calculated as:  

휀𝐸𝑛𝑔 =
𝑙(𝑡) − 𝑙0

𝑙0
 (1) 

And 

𝜎𝐸𝑛𝑔 =
𝐹(𝑡)

𝑤0ℎ0
 (2) 

where lo is the initial length between two clamps; w0 and ho are initial width and thickness of 

the specimen respectively.  

 

Dynamic mechanical analysis (DMA) tests were also performed on DMA Q800 with a 

temperature sweep mode at 3oC/min. The measurements were carried out on film tension 

clamps, at 1 Hz with amplitude 20 micron. 
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Results and discussions 

 

Influence of ionic interaction on isotropic solids 

 

To understand intrinsic difference of the samples, we would like to first compare the 

mechanical properties of non-oriented state. Since the sample preparation on SER had 

necking problems in slow stretch rates, the specimens were prepared by filament stretching 

rheometer VADER and the intrinsic difference was compared by 3-point bending tests at the 

same Tg-T=30oC. As seen in Figure B3.1, the ionomer solids show higher modulus, yield 

stress and fracture stress and strain than the parent polymer. This is in agreement with 

previous reports on sulfonated polystyrene ionomers: these ionomers show higher yielding 

point, tensile strength and toughness than pure polystyrene. [3-5] The increase is realized 

through an ionic cross-linking effect. One may thus suggest the ionic interactions do not have 

a negative effect towards improving flexibility in non-oriented state. Guo et al. demonstrated 

that epoxy resins modified by flexible diamines (Jeffamine D230, D400) displayed higher 

yield stress and elongation at break than non-modified epoxy resins at 77K, pointing to the 

role of diamines in increasing flexibility. [6] 

 
Figure B3.1 3-point bending results for full relaxed samples, tests are performed at the same Tg-T=30oC: 75oC, 

46oC, 36oC for PS0.95A0.05, PS0.95A0.05+ED600, PS0.95A0.05+ED900 respectively. 

 

Tensile test of stretched-quenched anisotropic solids 

 

The effect of different diamines towards improving the flexibility of stretched-quenched 

anisotropic solids was tested using tensile test. The samples were stretched on SER geometry 

to Hencky strain 2.2 above Tg to the same normalized stress and quenched to room 

temperature by nitrogen flow. The mechanical properties were tested at the same Tg-T=80oC 

to have a fair comparison of flexibility.  
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As seen in Figure B3.2, the parent polymer shows flexibility and fiber like fracture which 

agrees with the previous work from Huang et al.; [7] though the fracture stress is lower and 

the fracture strain is higher, which could be related to possible slippage with film tension 

geometry. It is observed that the yield stress decreases with increasing Jeffamine length. This 

could be related to ionic interaction strength difference, as the ion-dipole interaction becomes 

weaker with increasing steric hindrance. Similarly, Bellinger et al. found out that the tensile 

strength of sulfonated polystyrene ionomers increased when Ca2+ was used as counter-ion 

instead of Na+, as a result of stronger ionic bonds than monovalent ions. [3, 8] While the 

ionomer solids all exhibit higher yield stress than the parent polymer, they all show brittle 

fracture.  

 
Figure B3.2 Tensile test results, the tests are performed at displacement rate 0.05 min-1, same Tg-T=80oC: 25oC, 

-4oC, -14oC and -55oC for PS0.95A0.05, PS0.95A0.05+ED600, PS0.95A0.05+ED900, PS0.95A0.05+D2000 respectively. 

 

The unexpected brittleness is suspected to relate to insufficient chain stretch. So the sample 

PS0.95A0.05+ED900 was stretched faster (0.264 s-1, 100oC) and quenched at a higher stress 

but same Hencky strain as seen in Figure B3.3a. In this way, the new quenched material is 

expected to show higher tensile stress as shown in Reference [7]. However, the tensile results 

of samples from two different processing conditions show similar responses in Figure B3.3b. 

These results are unexpected, and we would like to understand the reason. 

 

Dynamic temperature sweep with DMA 

 

One possible reason for higher yield stress and brittleness of the modified anisotropic 

materials is the presence of secondary transition of chain mobility. For amorphous polymers, 

the relaxation processes are either related to main-chain segmental motion, indicated as the 

primary or α-transition, or to the onset of partial chain mobility, referred to as the secondary 

or β-transition. [9] When the tensile test temperature locates on the secondary transition of a 

material, chain mobility is increased and an increase in the dependence of yield stress on 
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strain rate has been observed. [10] Therefore, temperature sweep tests are performed for 

stretched and quenched samples on DMA film tension clamp at 1 Hz, amplitude 20 micron, 

3oC/min. An example of the results for sample PS0.95A0.05 and PS0.95A0.05+ED900 is given in 

Figure B3.4. As seen, both the parent polymer and neutralized ionomer show only primary 

transition around their Tg, with no secondary transition, so that the unexpected brittleness is 

not related to increased mobility with secondary transition. 

 
Figure B3.3 a) Extensional stress as a function of Hencky strain for sample PS0.95A0.05+ED900 stretched at 

100oC, 0.109 s-1 and 0.264 s-1, the dash line marks Hencky strain 2.2; b) Tensile stress as a function of 

engineering strain for  the two melts in Figure B3.3a quenched at Hencky strain 2.2, the tests are performed at 

displacement rate 0.05 min-1, -14oC 

 
Figure B3.4 Example of DMA test result for a) PS0.95A0.05, b) PS0.95A0.05+ED900, corresponding tensile test 

temperatures are marked in green dash lines. (The data is a bit scattered around 0oC, probably due to cooling 

control). 
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Quantification of orientation extent 

 

Another important point to know is whether the solids have the same orientation extent at 

the same normalized stress when they are stretched and quenched. To answer this question, 

the quenched samples are immersed in silicone oil at Tg+10oC for 5 min, the strain recovery 

is recorded for each sample. The lengths after retraction are 2.3mm, 2.5mm, 2.5mm for 

PS0.95A0.05, PS0.95A0.05+ED600, PS0.95A0.05+ED900 respectively, with an initial length of 10 

mm. The orientation extent is quite similar for these quenched materials while the slight 

difference may come from quenching process due to Tg difference.  

 

Possible phase separation  

 

As seen in Chapter 3, during the extensional measurement the filament of ionomer melts 

gradually turned opaque until the maximum stress, which is suspected to relate to phase 

separation. Such phase separation may already happen at early stage in melt stretching 

though it is not witnessed by naked eyes. Therefore, we would like to check if phase 

separation happened in melt stretching (as the sample turns opaque), will it be kept in the 

quenched samples and how long it can be kept. Thus sample PS0.95A0.05+ED900 and 

PS0.95A0.05+D2000 were stretched at 0.109 s−1, 100°C and 0.114 s−1, 70°C respectively and 

quenched close to their maximum stress, at Hencky strain 3.1 and 2.7. The quenched 

filaments appeared white especially close to the mid-plane as shown in Figure B3.5, 

suggesting a phase separation phenomenon.  

 

The filaments were kept in an oven at 25oC and checked overtime. As the Tg of these two 

samples are quite different (sample PS0.95A0.05+ED900 has a Tg of 66oC, well above the oven 

temperature; while sample PS0.95A0.05+D2000 has a Tg of 25oC, same as oven temperature), 

the filaments are expected to display distinct behaviors: chain mobility increases close to Tg 

[11], filament of sample PS0.95A0.05+D2000 is more likely to return to a relaxed state. As seen 

in Figure B3.5, filament of sample PS0.95A0.05+ED900 still appears white after 5 days, and 

its length remains unchanged. Filament of sample PS0.95A0.05+D2000 shows obvious 

retraction after 5 hours’ aging and becomes clearer gradually over the days. This could 

provide a possible explanation to the unexpected brittle behaviors of the anisotropic ionomer 

solids in tensile tests: for samples with a Tg well above room temperature (PS0.95A0.05+ED600 

and PS0.95A0.05+ED900), phase separation may already exist in the filaments even if it is not 

discerned by eyes. The separated phases act as stress concentrators. When the sample is 

deformed, as some Jeffamines are no longer connected to the main chain, they fail to transmit 

the applied load. Voids formed around the Jeffamines serve as sites for craze nucleation, the 

filaments thus fracture in a brittle manner. This can also explain why the sample 

PS0.95A0.05+ED900 quenched at a higher melt stress shows similar tensile results as at a lower 

stress. For the filament with a Tg close to room temperature (PS0.95A0.05+D2000), the current 
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quenching method is not very effective, relaxation may also happen during the sample 

storage, a possible return to isotropic state results in sample brittleness.   

 

 
Figure B3.5 a) Evolution of quenched sample PS0.95A0.05+ED900, sample was stretched at 100°C, 0.109 s−1 to 

Hencky strain 3.1 followed by quenching; b) evolution of quenched sample PS0.95A0.05+D2000, sample was 

stretched at 70°C, 0.114 s−1 to Hencky strain 2.7 followed by quenching. 

 

Conclusion  

 

Introducing long chain diamines into poly(styrene-co-4-vinylbenzoic acid) not only 

facilitates ionomer processing, but also improves the mechanical properties of isotropic 

ionomer solids as evidenced by 3-point bending test at the same temperature distance to Tg. 

For the quenched anisotropic ionomers, although they exhibit higher yield stress in tensile 

tests, the brittleness is probably caused by phase separation and chain relaxation depending 

on materials’ Tg. A potential way to improve is to replace Jeffamine by functionalized 

oligomer styrene and use stronger ionic bonds such as Ca2+ instead of ammonium.  
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Threading-Unthreading Transition of Linear-Ring Polymer Blends in 

Extensional Flow 

 

 

This part contains: 

 

C.1 Article in its published form 

Reprinted with permission from ACS Macro Lett. 2020, 9 (10), 1452–1457. 

Copyright@2020 American Chemical Society. 
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Thus, it is interesting to ask how a linear-ring blend with a
relatively low ring fraction will respond to uniaxial extension.
While persistent links form in pure ring melts undergoing

extension,28 these rare events should be suppressed for ring
fractions below the ring−ring entanglement threshold. Instead,
we will show that the novel coupling in such a blend has a less
permanent nature and is due to the transient threading of rings
into the linear entanglement network as illustrated in Figure
1b. To do so, we will study a well-characterized linear-ring
blend and compare its rate-dependent extensional rheology to
that of pure melts of its constituents. Combining our
extensional rheology with complementary MD simulations
and ex-situ small-angle neutron scattering, we will directly
relate rheological features to the changes in polymer dynamics
and microstructure induced by these new couplings
The linear-ring blend under investigation is made of linear

and ring polystyrenes with mass fractions of 70% and 30%,
respectively. The weight-average molar mass of both
components is 185 000 g/mol, and the dispersity is 1.01.
This molar mass corresponds to 11−14 entanglements per
chain for linear polystyrenes (see the Supporting Information,
referred to as SI hereafter, for details). Details of synthesis can
be found in refs 20 and 34−36, and blend preparation can be
found in ref 18. The composition was chosen because it
corresponds to the maximum zero-shear-rate viscosity of the
blend.18 Importantly, this fraction of rings is above the
estimated overlap concentration but below their entanglement
concentration.18 The blend is named Lin/Ring-185k-70/30,
while the linear and ring components are named Lin-185k and
Ring-185k, respectively.
The linear viscoelasticity (LVE) of Lin/Ring-185k-70/30,

Lin-185k, and Ring-185k has been characterized previously,1,18

and the results are summarized in the SI. The main message is
that linear-ring threading slows down the stress relaxation of
the blend relative to the slower linear component.18 The Rouse
relaxation time τR,Lin of Lin-185k is used as a characteristic time
to define the Weissenberg number below. The value of τR,Lin at
130 °C was reported to be 12 s18 or 64 s.37 The difference is
due to different methods of estimating the Rouse time: the
former is based on the crossover frequency of the storage and
loss moduli (see Figure S1), and the latter is based on model
fitting to the LVE data. Details are explained in the SI. Here,
τR,Lin = 64 s is used to calculate the Weissenberg number for

the purpose of comparing rheological measurements with MD
simulations. However, we emphasize that the exact choice of
τR,Lin does not affect the key observation and qualitative
interpretation of the threading−unthreading transition that
emerge by comparing experiments and simulations. As we will
show, this transition occurs for a wide range of Rouse Wi.
The uniaxial extensional rheology of Lin/Ring-185k-70/30

was measured using a filament stretching rheometer (see SI for
details) at 130 °C which is around 25 °C above the glass
transition temperature of the blend.18 The stretch rate ϵ ̇ was in
the range of 0.0003 s−1 to 0.03 s−1, corresponding to a Rouse−
Weissenberg number, Wi = ϵτ̇R,Lin, from 0.02 to 2. The results
are plotted in Figure 2 as the extensional stress growth

coefficient (ηE
+) versus time, where ηE

+ is defined as the
measured stress divided by the stretch rate. The uniaxial
extensional rheology of the pure constituents Lin-185k and
Ring-185k has been measured previously,1 and the data are
also plotted in Figure 2 for comparison. The solid lines in the
figure are the LVE envelopes calculated from the data in Figure
S1 in the SI. As seen in Figure 2, while steady extensional flow
is not achieved for the blend during the measurements (see
also Figure S2 in the SI), an unexpected stress overshoot is
observed at each stretch rate (with the exception of the lowest
rate), in contrast to the two pure constituents which exhibit
monotonic stress growth until steady flow. In addition, at each
rate, the maximum ηE

+ value reached by the blend exceeds the
ηE
+ of either constituent. These observations point to a transient
coupling of linear and ring molecules.
Regarding the lowest rate (0.0003 s−1) in Figure 2, a stress

overshoot is not observed, and ηE
+ keeps increasing until the

end of the experiment. Unlike fast extension where chain
orientation/stretch-induced friction reduction38 may facilitate
unthreading, stress overshoot for slow stretching (Wi ≪ 1)
might occur at much larger strains. While there could be a
critical onset Wi (which is associated with a threading
relaxation time) for the overshoot to appear, experimental

Figure 1. Schematic illustrating snapshots of molecular interactions
occurring in pure linear (left), linear/ring blend (center), and pure
ring (right) melts during elongation. Linear melts (a) form transient
entanglements, and pure ring melts (c) form persistent knots. Blends
(b) develop a new transient coupling as rings become threaded into
the linear entanglement network.

Figure 2. Time evolution of the extensional stress growth coefficient
for the Lin/Ring-185k-70/30 blend (red stars) and its two pure
constituents, linear (black squares) and ring (blue circles), at different
extensional rates (indicated on the plot) and Tref = 130 °C. Inset:
magnification of the overshoot region of the stress growth coefficient
at 0.03 s−1, which is unique for the blend (see text). The LVE
envelopes are plotted by solid lines.
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difficulties (e.g., too low force signals) limit the measurements
at large strains for low stretch rates; hence, it is hard to
determine if an overshoot exists. Therefore, such a critical Wi
and the related threading relaxation time need further
investigation (which is not performed in this work).
Figure 3a plots analogous startup ηE

+ data from MD
simulations, including more results at larger Weissenberg

numbers where experiments are not possible. A melt of M =
1288 polymers with N = 400 beads per chain (Z ≈ 14) is
elongated in uniaxial extension as in refs 28, 39, and 40. Prior
results for melts of pure rings (blue) and new results for pure
linear chains (black) are also shown to demonstrate
correspondence with experiments for all three architectures.
MD results are given in Lennard-Jones units, and MD−
Weissenberg numbers (Wi) are normalized by the Rouse time
of the N = 400 linear melt. More simulation details are
provided in the SI. Both notable features observed in the
experimental blend data, i.e., a stress overshoot and a higher
maximum ηE

+ for the blend, are confirmed in the MD
simulations.
Simulations can correlate these rheological features with

changes in polymer microstructure. Figure 3b plots the stretch
ratio λRing of entanglement segments of length n = Ne for rings
in the blend and in the pure ring melt from ref 28 relative to
equilibrium. Here, an overshoot is observed in the stretch of
rings in the blend, which is absent for the pure rings. Similarly,
Figure 3c plots the stretch λLin of entanglement segments of
linear chains in the blend and in the pure linear melts at
matched Wi values. The linear chains in the blend also exhibit
an overshoot in stretch (albeit weak compared to the rings in
the blend) that is absent in pure linear chains. Both overshoots
in stretch coincide with the maximum in ηE

+ of the blend. This
suggests that the overshoot in viscosity is driven by the
transient overstretching of both ring and linear macro-

molecules due to additional constraints of threaded rings
(Figure 1b). Threaded rings are embedded in the linear
entanglement network and are forced to orient and stretch
affinely with it as it deforms. This produces excess tension in
both linear and ring macromolecules until the threadings are
released.
The threading−unthreading transition produces a distinct

and measurable change in blend topology which we
demonstrate with primitive path analysis (PPA). PPA is
performed by fixing the ends of all linear chains while
removing nonbonded interactions between both ring and
linear polymers. This drives linear chains to contract to their
primitive paths, constrained by entanglements, while rings will
collapse to points, unless they are threaded and constrained by
linear chains.
Figure 4 plots the probability distribution for ring primitive

paths P(Lpp) at contour length Lpp for the Wi = 0.4 simulation

at Hencky strains (defined as εH = ϵṫ) of 0, 1, 3, and 5. The
equilibrium state shows a narrow distribution centered around
Lpp ∼ 100σ. This large Lpp is due to linear threadings holding
rings open. At strains of 1 and 3, the distribution broadens and
develops a long tail of large primitive paths, corresponding to
rings that are highly stretched by the deforming entanglement
network. Most notable is the change that occurs between εH =
3 and 5, after the overshoot in ηE

+. At εH = 5, the high Lpp tail is
diminished and is replaced by a peak at small Lpp that is not
supported by the equilibrium topology. This is the PPA
signature of the changing topology of the unthreading
transition. The number of threaded linear chains decreases
by about 20% in the steady state compared to the equilibrium
state for Wi = 0.4.
The forced affine elongation of embedded rings is clearly

shown in Figure 5 by plotting the nematic orientational order
P2 of simulated polymers relative to the extension axis versus
Hencky strain εH. Here, P2 = 1.5(⟨cos2θ⟩ − 0.5), with θ being
the angle between the end−end vector and the extension axis.
Rings lack ends, so we define an effective end−end vector as
the maximum distance spanned by any pair of monomers that
are separated by N/2 bonds. Figure 5a shows P2 data for rings
in the blend and pure melts. Notably, while pure ring
orientation is rate-sensitive and grows slowly with Wi, rings

Figure 3. (a) ηE
+ versus reduced time for bead−spring simulations of

pure Lin (black), Lin/Ring 70/30 blend (red), and pure Ring (blue)
melts. Predicted LVE curves for pure melts are plotted with dotted
and dash-dot lines. Wi for blend and pure Lin melts are the same as
given in (a). Pure Ring data are from ref 28 and have different Wi that
are given in (b). The transient stretch of entanglement segments
relative to equilibrium are plotted for ring (b) and linear (c) polymers
in the blend (solid lines) and pure melts (dashed lines).

Figure 4. Distribution of contour length of the primitive path length
Lpp of the rings after Hencky strain εH = 0, 1, 3, and 5 for Wi = 0.4.
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in the blend orient strongly and follow a rate-independent
curve at all Wi. This transition to strain-controlled orientation
of rings in the Lin/Ring blend is reminiscent of the orientation
typically seen for linear chains and shown in Figure 5b. Here,
P2 for linear chains in both the Lin/Ring blend and pure melts
exhibits weak rate dependence and rapidly approaches
comparably high orientation values. This is the expected
behavior for linear chains which orient affinely with their
entanglement network at large scales. It is noteworthy that the
fraction of embedded rings, which is below their entanglement
concentration, does not appear to significantly affect the
orientation dynamics of the linear chains in the blend.
The excess stretching of the linear entanglement network

due to the presence of rings (Figure 3c) can be observed
directly with small-angle neutron scattering (SANS) experi-
ments. To provide contrast for SANS, a small amount of the
linear chains in both Lin/Ring-185k-70/30 and Lin-185k were
substituted by deuterated chains of a similar molar mass. To
distinguish from the samples used in the rheological measure-
ments, here the two samples containing deuterated chains are
named Lin/Ring-d and Lin/Lin-d, respectively. The Lin/Ring-
d sample is a blend with weight fractions of 30% hydrogenous
ring polystyrene, 60% hydrogenous linear polystyrene, and
10% deuterated linear polystyrene. The Lin/Lin-d sample is a
blend of 90% hydrogenous linear polystyrene and 10%
deuterated linear polystyrene. Here, the molar mass of the
linear chains (for both hydrogenous and deuterated) is slightly
higher than those in Lin/Ring-185k-70/30 and Lin-185k, with
also a slightly higher dispersity (see the SI for details).
Due to the limited number of samples, we focus on the

0.003 s−1 system which displays the largest overshoot in stress
and viscosity relative to the pure linear melt (see Figure 2).
The Lin/Ring-d blend was stretched at 0.003 s−1 and 130 °C
to a strain εH,max, where the maximum in ηE

+ is located. Our MD
simulations predict that εH,max is also where the maximum
overshoot in λLin occurs in the blend. The sample was then
quenched to room temperature for subsequent ex-situ SANS
experiments. During quenching, the melt solidifies in a time
less than 3 s,41 which is much shorter than the relaxation time
of the melt. For comparison, Lin/Lin-d was stretched and
quenched under the same conditions. SANS experiments were
performed at the VSANS instrument of the NIST Center for
Neutron Research (MD, USA). The SANS data were corrected
for detector sensitivity, and blocked beam measurements were

subtracted according to standard procedures. To account for a
different amount of materials in the neutron beam for the two
samples, the data sets were scaled based on the level of
incoherent scattering (which is a good measure of the amount
of sample in the beam; see the SI for details). Figures 6a and

6b show the 2D SANS patterns of Lin/Ring-d and Lin/Lin-d,
respectively. Both patterns are anisotropic and extend in the
vertical direction, indicating that the linear chains are
elongated along the (horizontal) extension axis.
The difference between the patterns of Lin/Ring-d and Lin/

Lin-d is subtle and difficult to discern by the eye. However, the
subtle change in structure that we expect is revealed in Figure
6c, where data of Figure 6b are subtracted from Figure 6a.
Figure 6d shows the same subtraction for MD systems at Wi =
0.4 (see the SI for details) and agrees well with the
experimental pattern in Figure 6c. Both observe an excess
transverse intensity in the Lin/Ring blend relative to the pure
linear melt. This indicates that the linear molecules in the Lin/
Ring blend are on average slightly more contracted in the
direction perpendicular to stretching, which correlates with
increased elongation along the direction of stretching, and thus
also contribute to the emergence of the overshoot in ηE

+.
Additional results for both Lin/Ring-d and Lin/Lin-d blends
stretched and quenched at a Hencky strain smaller than εH,max,
together with the corresponding 1D plots, are included in the
SI.
In summary, linear-ring polymer blends exhibit unique

nonlinear rheological behavior in extensional flows. By adding
30% of ring polystyrenes into a linear matrix of the same molar
mass, the stress growth coefficient is enhanced compared to
the pure melt components and develops an overshoot not
observed in either constituent. Selected ex-situ SANS data
indicate that linear chains stretch a little more in the presence

Figure 5. Nematic orientational order P2 of Ring (a) and Lin (b)
polymers versus Hencky strain from MD simulations of the 70/30
Lin/Ring blend (solid lines) and pure melts (dashed lines). Curves
correspond to the same Wi as indicated in Figures 3(a) and (b).

Figure 6. 2D SANS-pattern of Lin/Ring-d blend (a) and Lin/Lin-d
(b). (c) Result of subtracting the data of Figure 6b from that of Figure
6a. (d) Prediction from MD simulations for the difference pattern in
(c).
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of rings compared to their pure melt. MD simulations confirm
this finding and demonstrate that it is due to the coupling
between linear and ring polymers. Rings thread into the linear
entanglement network and stretch affinely with it until
undergoing a threading−unthreading transition at the stress
maximum. While further investigations on linear-ring blends of
different weight fractions and different molar masses are still
needed in order to fully understand these new and intriguing
effects, this study reveals new mechanisms for tuning the
rheological properties of polymeric composites.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00607.

Materials, details of experiments and simulations, and
supporting figures (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Thomas C. O’Connor − Sandia National Laboratories,
Albuquerque, New Mexico 87185, United States; orcid.org/
0000-0002-9393-0295; Email: toconno@sandia.gov

Kell Mortensen − Niels Bohr Institute, University of
Copenhagen, 2100 Copenhagen, Denmark; orcid.org/0000-
0002-8998-9390; Email: kell@nbi.ku.dk

Qian Huang − Department of Chemical and Biochemical
Engineering, Technical University of Denmark, 2800 Lyngby,
Denmark; orcid.org/0000-0001-8777-4241; Email: qh@
kt.dtu.dk

Authors
Anine Borger − Niels Bohr Institute, University of Copenhagen,
2100 Copenhagen, Denmark

Wendi Wang − Department of Chemical and Biochemical
Engineering, Technical University of Denmark, 2800 Lyngby,
Denmark; orcid.org/0000-0003-3357-7685

Ting Ge − Department of Chemistry and Biochemistry,
University of South Carolina, Columbia, South Carolina
29208, United States; orcid.org/0000-0003-2456-732X

Gary S. Grest − Sandia National Laboratories, Albuquerque,
New Mexico 87185, United States; orcid.org/0000-0002-
5260-9788

Grethe V. Jensen − Department of Chemical and Biomolecular
Engineering, University of Delaware, Newark, Delaware 19716,
United States; The NIST Center for Neutron Research,
Gaithersburg, Maryland 20899, United States

Junyoung Ahn − Division of Advanced Materials Science and
Department of Chemistry, Pohang University of Science and
Technology, Pohang 37673, Korea

Taihyun Chang − Division of Advanced Materials Science and
Department of Chemistry, Pohang University of Science and
Technology, Pohang 37673, Korea; orcid.org/0000-0003-
2623-1803

Ole Hassager − Department of Chemical and Biochemical
Engineering, Technical University of Denmark, 2800 Lyngby,
Denmark; orcid.org/0000-0003-2695-6791

Dimitris Vlassopoulos − Institute of Electronic Structure and
Laser, Foundation for Research and Technology Hellas
(FORTH), Heraklion, Crete 70013, Greece; Department of
Materials Science and Technology, University of Crete,

Heraklion, Crete 71003, Greece; orcid.org/0000-0003-
0866-1930

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmacrolett.0c00607

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to thank Dr. Daniele Parisi for
providing the LVE data of Lin/Ring-185k-70/30, Dr. Jonathan
Halverson for providing the original simulation samples, and
Prof. Michael Rubinstein for helpful discussions. Financial
support from European Union’s Horizon 2020 Programme for
Research and Innovation under the Marie Skłodowska-Curie
grant agreement no. 765811 (DoDyNet), The Villum
Experiment grant no. 17363, the Aage og Johanne Louis-
Hansen foundation, and the FORTH Synergy-2019 grant is
gratefully acknowledged. Access to VSANS was provided by
the Center for High Resolution Neutron Scattering, a
partnership between the National Institute of Standards and
Technology and the National Science Foundation under
Agreement No. DMR-1508249. We thank the Danish Agency
for Science, Technology, and Innovation for funding the
instrument center DanScatt. This work was supported by the
Sandia Laboratory Directed Research and Development
Program. This work was performed, in part, at the Center
for Integrated Nanotechnologies, an Office of Science User
Facility operated for the U.S. Department of Energy (DOE)
Office of Science. Sandia National Laboratories is a multi-
mission laboratory managed and operated by National
Technology & Engineering Solutions of Sandia, LLC, a wholly
owned subsidiary of Honeywell International, Inc., for the U.S.
DOE’s National Nuclear Security Administration under
Contract No. DENA-0003525.

■ REFERENCES
(1) Huang, Q.; Ahn, J.; Parisi, D.; Chang, T.; Hassager, O.;
Panyukov, S.; Rubinstein, M.; Vlassopoulos, D. Unexpected
Stretching of Entangled Ring Macromolecules. Phys. Rev. Lett. 2019,
122, 208001.
(2) Kapnistos, M.; Lang, M.; Vlassopoulos, D.; Pyckhout-Hintzen,
W.; Richter, D.; Cho, D.; Chang, T.; Rubinstein, M. Unexpected
Power-Law Stress Relaxation of Entangled Ring Polymers. Nat. Mater.
2008, 7, 997.
(3) McKenna, G. B.; Plazek, D. J. The Viscosity of Blends of Linear
and Cyclic Molecules of Similar Molecular Mass. Polym. Commun.
1986, 27, 304−306.
(4) Orrah, D. J.; Semlyen, J. A.; Ross-Murphy, S. B. Studies of Cyclic
and Linear Poly (Dimethylsiloxanes): 28. Viscosities and Densities of
Ring and Chain Poly (Dimethylsiloxane) Blends. Polymer 1988, 29,
1455−1458.
(5) Subramanian, G.; Shanbhag, S. Conformational Properties of
Blends of Cyclic and Linear Polymer Melts. Phys. Rev. E 2008, 77,
011801.
(6) Subramanian, G.; Shanbhag, S. Self-Diffusion in Binary Blends of
Cyclic and Linear Polymers. Macromolecules 2008, 41, 7239−7242.
(7) Halverson, J. D.; Grest, G. S.; Grosberg, A. Y.; Kremer, K.
Rheology of Ring Polymer Melts: From Linear Contaminants to Ring-
Linear Blends. Phys. Rev. Lett. 2012, 108, 038301.
(8) Henke, S. F.; Shanbhag, S. Self-Diffusion in Asymmetric Ring-
Linear Blends. React. Funct. Polym. 2014, 80, 57−60.
(9) Iwamoto, T.; Doi, Y.; Kinoshita, K.; Takano, A.; Takahashi, Y.;
Kim, E.; Kim, T.-H.; Takata, S.; Nagao, M.; Matsushita, Y.
Conformations of Ring Polystyrenes in Semidilute Solutions and in

ACS Macro Letters pubs.acs.org/macroletters Letter

https://dx.doi.org/10.1021/acsmacrolett.0c00607
ACS Macro Lett. 2020, 9, 1452−1457

1456

https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00607?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.0c00607/suppl_file/mz0c00607_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+C.+O%E2%80%99Connor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9393-0295
http://orcid.org/0000-0002-9393-0295
mailto:toconno@sandia.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kell+Mortensen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8998-9390
http://orcid.org/0000-0002-8998-9390
mailto:kell@nbi.ku.dk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8777-4241
mailto:qh@kt.dtu.dk
mailto:qh@kt.dtu.dk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anine+Borger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wendi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3357-7685
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ting+Ge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2456-732X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gary+S.+Grest"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-5260-9788
http://orcid.org/0000-0002-5260-9788
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Grethe+V.+Jensen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junyoung+Ahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taihyun+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2623-1803
http://orcid.org/0000-0003-2623-1803
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ole+Hassager"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2695-6791
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dimitris+Vlassopoulos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0866-1930
http://orcid.org/0000-0003-0866-1930
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00607?ref=pdf
https://dx.doi.org/10.1103/PhysRevLett.122.208001
https://dx.doi.org/10.1103/PhysRevLett.122.208001
https://dx.doi.org/10.1038/nmat2292
https://dx.doi.org/10.1038/nmat2292
https://dx.doi.org/10.1016/0032-3861(88)90311-4
https://dx.doi.org/10.1016/0032-3861(88)90311-4
https://dx.doi.org/10.1016/0032-3861(88)90311-4
https://dx.doi.org/10.1103/PhysRevE.77.011801
https://dx.doi.org/10.1103/PhysRevE.77.011801
https://dx.doi.org/10.1021/ma801232j
https://dx.doi.org/10.1021/ma801232j
https://dx.doi.org/10.1103/PhysRevLett.108.038301
https://dx.doi.org/10.1103/PhysRevLett.108.038301
https://dx.doi.org/10.1016/j.reactfunctpolym.2013.11.005
https://dx.doi.org/10.1016/j.reactfunctpolym.2013.11.005
https://dx.doi.org/10.1021/acs.macromol.8b00934
pubs.acs.org/macroletters?ref=pdf
https://dx.doi.org/10.1021/acsmacrolett.0c00607?ref=pdf


Linear Polymer Matrices Studied by SANS. Macromolecules 2018, 51,
6836−6847.
(10) Vlassopoulos, D.; Pasquino, R.; Snijkers, F. Progress in the
Rheology of Cyclic Polymers. In Topological Polymer Chemistry:
Progress of Cyclic Polymers in Syntheses, Properties and Functions; World
Scientific Publishing, 2013; pp 291−316.
(11) Pasquino, R.; Vasilakopoulos, T. C.; Jeong, Y. C.; Lee, H.;
Rogers, S.; Sakellariou, G.; Allgaier, J.; Takano, A.; Braś, A. R.; Chang,
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C.2 Supporting information 

 

Linear Viscoelasticity 

The linear viscoelastic (LVE) properties of all polystyrene samples are obtained from small 

amplitude oscillatory shear flow measurements. The results have been discussed extensively 

in Ref. [1] for Lin-185k, Ref. [2] for Ring-185k, and Ref. [3] for Lin/Ring-185k-70/30. 

Figure S1 summarizes these results at the reference temperature of 150°C. 

 
Figure S1. Storage modulus G’ and loss modulus G’’ as a function of angular frequency ω for Lin-185k (black 

squares), Ring-185k (blue circles), and Lin/Ring-185k-70/30 (red stars) at a reference temperature of 150°C. 

Measurements were originally performed at different temperatures and shifted to the reference temperature. 

The shift factors can be found in Ref. [3]. 

 

The Rouse relaxation time τR,lin for entangled linear polymers can be estimated with several 

methods based on the LVE data. According to the simplest method, the Rouse time is 

calculated as τR,lin=Z2τe, where τe is the inverse frequency of the second moduli crossover 

(the one at high frequency) as shown in Fig. S1 [4]. This method was used in Ref. [3] and 

the reported value was τe=0.002s at 150°C, resulting in τR,lin=0.22s for Lin-185k (using 

Z=10.6) at 150°C. The reference temperature of the rheological measurements in our letter 

is 130°C. Using the frequency shift factor aT=54, which is calculated from the WLF equation 

with the parameters reported in Ref. [3], we obtain τe=0.11s and τR,lin=12s for Lin-185k at 

130°C. Note that from the reported value of the friction coefficient 휁 =2.88x10-6 Nm-1s at 

125°C [5-6], the extracted 𝜏𝑒 = 휁𝑁𝑒
2𝑏2/3𝜋2𝑘𝑇  at 130°C is 0.027s. 

  

The Rouse time can also be estimated from fitting the LVE data with different models. In 

Ref. [1], the Rouse time for Lin-185k was calculated from τR,lin=Z2τc, where τc was obtained 

by fitting the LVE data to the five-parameter continuous Baumgaertel-Schausberger-Winter 

(BSW) relaxation spectrum [7]. Details of the fitting procedure can be found in Ref. [8]. The 

estimated Rouse time from BSW fitting for Lin-185k is τR,lin=0.271s (using Z=13.9) at 160°C 
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[1], corresponding to τR,lin=64s (aT=235) at 130°C. It was reported also in Ref. [8] that the 

Rouse time estimated from BSW fitting agrees well with the values from several other 

methods. For example, Osaki et al. suggested that the longest Rouse relaxation time τ1 can 

be evaluated from the coefficient a with 𝜏1 = (𝑎𝑀𝑤/(1.111𝜌𝑅𝑇))2,  where Mw is the 

molecular weight of the polymer and a is obtained from G’ in the power law range 𝐺′(𝜔) =

𝑎𝜔1/2[9-10]. Based on the data in Fig.S1, the estimated τ1 for Lin-185k is 42s at 130°C 

(0.78s at 150°C), corresponding to τR,lin=2τ1=84s. This is close to the value estimated from 

BSW fitting. Here we used τR,lin=64s (at 130°C)  from BSW fitting, because the 

corresponding Weissenberg number is closer to that from MD simulations. With this choice 

the maximum stress growth coefficient of the blend equals three times the zero-shear 

viscosity of the linear polymer at about Wi~1 in both experiments and simulations. However, 

the exact value of the Rouse time does not affect the results as the comparison between 

experiments and simulations is mainly qualitative. 

 

Extensional Rheology 

The stress-strain response in extensional flow is measured using a homemade filament 

stretching rheometer (FSR) [11]. The samples before stretching have a cylindrical shape with 

a diameter of 5.4 mm and thickness of 1.2-1.5mm. They are stretched at 130°C under 

nitrogen. During the measurements, the force F(t) is measured by a load cell and the diameter 

2R(t) at the mid-filament plane is measured by a laser micrometer. The Hencky strain is 

defined as 휀 = −2ln (𝑅/𝑅0), where 2R0 is the diameter before stretching. The mean value of 

the stress difference over the mid-filament plane (extensional stress) is calculated as 

〈𝜎𝑧𝑧 − 𝜎𝑟𝑟〉 = (𝐹 − 𝑚𝑓𝑔/2)/(𝜋𝑅2), where mf is the mass of the filament and g is the 

gravitational acceleration. At small deformation in the start-up of the elongational flow, part 

of the stress difference comes from the radial variation due to the shear components in the 

deformation field. This effect may be compensated by a correction factor as described in Ref. 

[12]. The stretch rate (Hencky strain rate) is defined as 휀̇ = d휀/d𝑡. The rate at the mid-

filament plane is ensured to be constant during the measurements by an online control 

scheme employed in the FSR [11]. The extensional stress growth coefficient is defined as 

휂𝐸
+ = 〈𝜎𝑧𝑧 − 𝜎𝑟𝑟〉/휀̇. 

 

Figure S2 plots the measured stress as a function of Hencky strain for Lin-185k, Ring-185k, 

and Lin/Ring-185k-70/30 at 130°C with different stretch rates. The data for Lin-185k and 

Ring-185k are taken from Ref. [2]. For Lin/Ring-185k-70/30 at large Hencky strains, the 

online control scheme did not work as well as for the other two samples; those data are not 

included. In Fig. S3, the maximum ηE
+ values of Lin/Ring-185k-70/30 and its two pure 

constituents are plotted as functions of the extensional rate (stretch rate). Note that the 

maximum ηE
+ values of Lin-185k and Ring-185k are their steady-state values. The data for 

Lin-185k and Ring-185k are taken from Ref. [2]. 
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Figure S2. Extensional stress as a function of Hencky strain for Lin-185k (black squares), Ring-185k (blue 

circles), and Lin/Ring-185k-70/30 (red stars) at 130°C with stretch rates (top to bottom) 0.03s-1, 0.01s-1, and 

0.003s-1. 

 

 
Figure S3. Respective extensional viscosity as a function of the extensional rate. The horizontal lines indicate 

the zero-shear-rate viscosities from dynamic oscillatory measurements, multiplied by the Trouton ratio of 3. 
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Small-Angle Neutron Scattering 

The molecular conformation of linear chains in a melt of linear chains only (Lin/Lin-d) and 

a blend of rings and linear molecules (Lin/Ring-d) is studied by means of small-angle neutron 

scattering (SANS) experiments. A small amount of the linear polystyrene chains is 

substituted by deuterated chains of similar molar mass, providing the needed contrast for the 

neutron scattering experiments. 

 

To prepare samples for ex-situ SANS experiments, Lin/Lin-d and Lin/Ring-d are stretched 

in a filament stretching rheometer VADER-1000 (Rheo Filament ApS, Denmark) at 0.003s-

1 and 130°C under nitrogen protection to a specific Hencky strain ε0. To preserve the 

molecular conformation, at the end of each stretching, the sample is rapidly quenched below 

glass transition temperature by opening the oven and blowing room-temperature nitrogen on 

the filament. Lin/Ring-d is first stretched and quenched at ε0 =3.75 where the stress maximum 

is located (see Fig. S4). It can be seen from Fig. S2 that the stress maximum for Lin/Ring-

185k-70/30 is located at around ε0 =3. However, as shown in Fig. S5, the LVE data of 

Lin/Ring-d deviate from the data of Lin/Ring-185k-70/30 at low and intermediate 

frequencies, due to the higher dispersity of the deuterated linear PS (see Table 4.1) and 

probably also a slight sample degradation of Lin/Ring-d. Therefore, the stress maximum of 

Lin/Ring-d is delayed. For the purpose of comparison, Lin/Lin-d is stretched and quenched 

at ε0 =3.75 as well. In addition, both Lin/Ring-d and Lin/Lin-d are also stretched and 

quenched at a smaller strain, ε0 =0.9 (see Fig. S4), following the same procedure. 

 
Figure S4. Lin/Ring-d (red/pink stars) and Lin/Lin-d (black/grey squares) stretched at 130°C, 0.003s-1 and 

quenched at ε0 =0.9 and ε0 =3.75; the solid lines are their LVE envelopes, respectively.  
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Figure S5. Storage modulus G’ and loss modulus G’’ as a function of angular frequency ω for Lin/Ring-d (blue 

triangles) and Lin/Ring-185k-70/30 (red stars) at a reference temperature of 130°C.  

 

SANS experiments are carried out with the VSANS instrument at NIST Center for Neutron 

Research (MD, USA). As mentioned above, four samples are studied: Lin/Ring-d quenched 

at ε0 =0.9 and 3.75, and Lin/Lin-d also quenched at ε0 =0.9 and 3.75. Each sample consists 

of one or more co-aligned filaments with the fiber-axes horizontal and perpendicular to the 

neutron beam. In the attempt to account for different amounts of material in the neutron beam 

for the four samples, the data sets were scaled based on the level of incoherent scattering 

which is proportional to the sample amount and is constant over all scattering vector lengths 

q. The coherent scattering pattern from a Gaussian polymer chain in equilibrium is described 

by the Debye structure factor 

𝑆(𝑞) =
2

𝑥2
(exp (−𝑥) + 𝑥 − 1) 

𝑥 = 𝑞2𝑅𝑔
2 

where Rg is the radius of gyration. The molecules studied here are no longer in the 

equilibrium conformation, but it is still reasonable to assume Gaussian statistics on small 

length scales which correspond to large q-values where the Debye structure factor scales as 

q-2. For that reason, we fit the high-q data with  

𝑓(𝑞) = 𝐴𝑞−2 + 𝑏 

and use the constant b as the estimate of the incoherent scattering. Specifically we fit to a 

section of each data set that lies at an angle of 𝜙 = 45 ± 20° with respect to the fiber axis 

and fulfils q > 0.1Å-1. All data sets are then scaled to b=1. 

 

Figures S6a and S6b show the 2D SANS-patterns of Lin/Ring-d and Lin/Lin-d, respectively, 

both quenched at ε0 =0.9. Figure S6c shows the result of subtracting the data of Fig. S6b from 

those of Fig. S6a. The largest differences in both Fig. S6 and Fig. 4.7 occur at small q. 
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Unfortunately, this is due to contributions from crack (defects in the quenched sample) 

scattering that differ remarkably between samples. To enhance the domains with small 

positive values, we plot the patterns of difference in asymmetric colormaps. In this way the 

domains with small positive values are not overshadowed by the domains with very large 

negative values. At ε0 =0.9 we see an excess parallel intensity in the Lin/Ring blend relative 

to the pure linear melt. This indicates that the linear molecules in the linear matrix are 

stretched slightly more than the linear molecules in the blend. This is consistent with the 

lower extensional stress growth coefficient (ηE
+) of Lin/Ring-d compared to Lin/Lin-d at ε0 

=0.9 in Fig. S4 due to the slight sample degradation mentioned above. The results for the 

samples quenched at ε0 =3.75 are presented in the main text.  

 

 

 
Figure S6. (a) 2D SANS-pattern of Lin/Ring-d quenched at ε0 =0.9. (b) 2D SANS-pattern of Lin/Lin-d 

quenched at ε0 =0.9.  (c) Result of subtracting the data of Fig.S6b from those of Fig.S6a. 

 

 

In addition, we have prepared 1D curves by averaging along the 

axes parallel and perpendicular to the stretching direction as 

shown in Fig.S7. We work with a narrow angle of plus/minus 10 

degrees and a wider angle of plus/minus 20 degrees. Figure S8 

shows the 1D curves at ε0 =3.75. It looks like Lin/Lin-d is slightly 

above Lin/Ring-d in all cases though it is over a small q-range. 

This is consistent with what we see in the difference patterns in 

2D - the difference is subtle at ε0 =3.75. Figure S9 shows the 1D 

curves at ε0 =0.9. Perpendicular to the stretching direction, 

Lin/Lin-d is slightly above Lin/Ring-d for small values of q. 

Parallel to the stretching direction, Lin/Ring-d is slightly above 

Lin/Lin-d for small values of q. This shows that Lin/Lin-d is 

stretched more than Lin/Ring-d. Finally, Fig. S10 shows the differences of 1D cuts. All 

differences are calculated as Lin/Ring-d minus Lin/Lin-d. A positive difference thus means 

larger intensity for Lin/Ring-d. As we see in the 1D plots, there is a visible difference for ε0 

=0.9 whereas it is less clear for ε0 =3.75. We do however see the same trend as in the 2D 

difference patterns (remember the asymmetric color axis for the 2D difference patterns). 

 

Figure S7. Perpendicular 

and parallel refer to the 

stretching direction. 
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Figure S8. 1D plots averaging along the axes perpendicular (a and c) and parallel (b and d) to the stretching 

direction over an angle of plus/minus 10 degrees (a and b) and a wider angle of plus/minus 20 degrees (c and 

d), for the samples quenched at ε0 =3.75. 
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Figure S9. 1D plots averaging along the axes perpendicular (a and c) and parallel (b and d) to the stretching 

direction over an angle of plus/minus 10 degrees (a and b) and a wider angle of plus/minus 20 degrees (c and 

d), for the samples quenched at ε0 =0.9. 

 

 

 

  

  
Figure S10. Differences of 1D plots for the samples quenched at ε0 =0.9 (a and c) and ε0 =3.75 (b and d) 

averaging over an angle of plus/minus 20 degrees (a and b) and a wider angle of plus/minus 10 degrees (c and 

d). 
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Molecular Dynamics Simulations 

Polymers are modelled with a semi-flexible bead-spring model. This coarse-grained model 

is chemically generic but has been shown to reproduce both the linear and nonlinear 

rheological behaviour of experimental melts when their dimensionless properties are 

matched [13-15]. Beads have a mass 𝑚 = 1 and interact with a purely repulsive Lennard-

Jones (LJ) potential 

𝑈𝐿𝐽(𝑟) = 4𝜖𝐿𝐽 ((
𝑟

𝜎
)
12

− (
𝑟

𝜎
)
6

) 

that is truncated at 𝑟𝑐𝑢𝑡 = 21/6𝜎. All simulation quantities are reported in reduced LJ units 

of energy 𝜖𝐿𝐽 , length 𝜎 , and time 𝜏𝐿𝐽 = (𝑚𝜎2/𝜖𝐿𝐽)
1/2

. Chains are built by connecting 

monomers with finitely extensible nonlinear elastic (FENE) bonds of the form 

𝑈𝐹𝐸𝑁𝐸 = −
1

2
𝑘𝑅0

2 ln (1 − (
𝑟

𝑅0
)
2

) 

With  𝑘 = 30 𝜖𝐿𝐽/𝜎
2 and 𝑅0 = 1.5 𝜎. Chains are made semiflexible by coupling adjacent 

bonds with a bending potential 

𝑈𝑏𝑒𝑛𝑑 = 𝑘𝜃(1 + cos 휃𝑖𝑗) 

with 𝑘𝜃 = 1.5 𝜖𝐿𝐽 and 휃𝑖𝑗 the angle between adjacent backbone bonds 𝑖 and 𝑗. Simulations 

are performed at a constant temperature 𝑇 = 1 𝜖𝐿𝐽/𝑘𝐵  and density 𝜌 = 0.85 𝑚/𝜎3 which 

gives a good approximation of an incompressible fluid. System volumes are held fixed during 

simulation, which is necessary for this choice of parameters because beads do not have 

cohesive interactions. This restriction can be lifted by extending the range of the LJ potential, 

but it has been shown to have little effect on chain dynamics for 𝑇 = 1 𝜖𝐿𝐽/𝑘𝐵  [18]. 

 

The rheological properties of this bead-spring model have been characterized in previous 

studies [17]. Our choice of parameters produce linear polymers with a chemical distance 

between entanglements of 𝑁𝑒 ≈ 28 (monomers), Kuhn length 𝑁𝐾 ≈ 2.88 (monomers), and 

an entanglement time 𝜏𝑒 ≈ 1.98 × 103𝜏𝐿𝐽. For a linear molecular weight 𝑁, we compute the 

Rouse time as 𝜏𝑅 = 𝜏𝑒(𝑁/𝑁𝑒)
2 . These values are used to normalize quantities and 

analytically calculate the LVEs in Figure 4.4(a). The LVE for the linear melt is calculated 

from the field theory of Likhtman and McLeish [18], while the pure ring LVE is computed 

using the expression given by Ge et al. [19].  

 

We study three bead-spring melts of pure rings, pure linears, and a 70/30 linear/ring blend. 

All three melts are monodisperse and have the same molecular weight 𝑁 = 400 (beads), 

corresponding to 𝑍 = 𝑁/𝑁𝑒 ≈ 14 entanglement segments per chain. The ring, linear, and 

blend melts contain 𝑀 = 5400, 400, and 1128 chains, respectively. The linear melt and blend 

were equilibrated using the method of Auhl et al. [20] with double-bridging events limited 

to linear chains to prevent concatenation of rings. The pure ring systems are taken from Ref. 

[15] and further equilibration details can be found there. 
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Simulations produce bulk uniaxial elongation flow by integrating the G-SLLOD equations 

of motion with a timestep ∆𝑡 = 0.007 𝜏𝐿𝐽 [21]. These equations impose the correct velocity 

gradients across periodic boundaries of the simulation box to enforce the macroscopic flow. 

Numerical drift in the total momentum is regulated by zeroing the total momentum every 

100 timesteps. All systems are simulated to Hencky strains 𝜖𝐻 ≥ 6.0. Flow is sustained to 

arbitrarily large strain by applying Generalized Kraynik-Reinelt (GKR) periodic boundary 

conditions [22-23]. GKR PBCs systematically transform the simulation box to prevent it 

from becoming too narrow in the two contracting dimensions. The temperature is held 

constant by a Nosé-Hoover thermostat with damping time 𝜏𝑇 = 10 𝜏𝐿𝐽. The thermostat only 

operates on the peculiar velocities of monomers relative to the streaming induced by the 

uniaxial flow. It is important that 𝜏𝑇 is sufficiently large that it does influence the viscosity 

at high strain rates [24]. 

Chain stretch and orientation statistics are generated from the internal distance function �⃗� (𝑛) 

which is the vector separation between two monomers connected by 𝑛 bonds. This study 

only considers segments at the entanglement scale with 𝑛 = 𝑁𝑒. Chains are segmented into 

independent sub-segments of length 𝑁𝑒 and statistics are averaged over all sub-segments of 

all chains in a configuration. The segment stretch is computed as 𝜆 = ⟨𝑅(𝑁𝑒)⟩/𝑅eq(𝑁𝑒) with 

angled brackets denoting the average over all sub-segments and the “eq” subscript indicating 

that the value is averaged over the equilibrium state. Entanglement orientation is given by 

𝑃2 = 3(⟨cos2 휃⟩ − 1)/2  with 휃 the angle between �⃗� (𝑁𝑒) and the extension axis. 

 

To compare MD to SANS data, single chain structure factors are computed for the pure linear 

and blend simulations at Wi = 0.4 . For both systems, 𝑆(𝑞 )  is calculated at 𝜖𝐻 = 2.9 , 

corresponding to the location of the maximum in 휂𝐸
+ of the blend. For a given 𝑞 , we calculate 

the complex number 𝐴 = ∑ 𝑒𝑖�⃗� ⋅𝑟 𝑗𝑁
𝑗=1  for each chain in a configuration. The normalized 

contribution to 𝑆(𝑞 ) for a chain is then given by 𝐴𝐴∗/𝑁2, which we average over all chains 

in a configuration. We sample 200 q-values evenly spaced between ±2𝜋/𝜎 for both 𝑞∥ and 

𝑞⊥, corresponding to directions parallel and perpendicular to the extension axis, respectively. 

Since the flow is azimuthally symmetric and chain conformations are initially isotropic, data 

at the same 𝑞∥ and with equal and opposite 𝑞⊥ are averaged to improve statistics. Like the 

experimental data, simulation 𝑞 values are normalized by the equilibrium radius of gyration 

𝑅𝑔 ≈ 13.34 𝜎 of an 𝑁 = 400 linear chain. 
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SUPPLEMENTAL MATERIAL FOR CHAPTER 5 

 

Nonlinear Rheology of Linear-Ring PS Blends: Role of Molar Mass and Ring 

Fraction 

 

 

This part contains: 

 

D.1 Supporting information
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1. LVE measurements of symmetric linear-ring blends 

 
Figure S1. a) G’ and b) G’’ as a function of frequency for blends 70L69R, referenced at 140 °C. 

 

 
Figure S2. a) G’ and b) G’’ as a function of frequency for blends 43L42R, referenced at 130 °C. 
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2. N1, N2 measurement with CPP plate 

 

With CPP setup, it is possible to determine the normal stress differences N1 and N2. The 

technique introduced by Costanzo et al. is adopted. [1] The measurement principle is to 

measure the same material with different inner partitions at same step shear rates. The 

measured apparent first normal stress differences N1,app1 and N1,app2 with different inner 

partitions R1 and R2 can be written as: 

𝑁1,𝑎𝑝𝑝1 =
2𝐹1

𝜋𝑅1
2 = 𝑁1 + 2(𝑁1 + 2𝑁2)ln (

𝑅

𝑅1
) (1) 

𝑁1,𝑎𝑝𝑝2 =
2𝐹2

𝜋𝑅2
2 = 𝑁1 + 2(𝑁1 + 2𝑁2)ln (

𝑅

𝑅2
) (2) 

F1 and F2 are the forces acting on the inner partitions. R is the radius of the sample, calculated 

as:  

𝑅 = √
3𝑚

2𝜋𝜌휃

3

 (3) 

where m is the sample mass, ρ is the sample density and θ the cone angle. With the above 

equations, it is possible to solve N1 and N2 values. 

 

The obtained N1 and N2 values are plotted in Figure S3. The values of N1 are positive, and 

values of N2 are negative, while the magnitude of N2 are much smaller than N1.  

 
Figure S3. First and second normal stress differences N1 and N2 as a function of terminal relaxation time based 

Weissenberg number for sample 70L69R-5%, 70L69R-25% and 70L69R-40%. All measurements were 

performed at 140oC. 
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3. True stress vs Hencky strain, SHF vs Hencky strain 

 
Figure S4. Extensional stress as a function of Hencky strain for 130L185R blends at 130oC. b-d) Comparison 

of strain hardening factor as a function of Hencky strain for blends 130L185R and 185L185R, data are 

compared according to ring fraction: 5%, 20% and 30% respectively.  

 

Figure S5. a) Extensional stress growth coefficient as a function of Hencky strain for 285L53R blends at 130oC. 

b) Comparison of strain hardening factor as a function of Hencky strain for blends 285L53R and 285L. 
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4. LVE of asymmetric blends 285L42R 

 
Figure S6. LVE data for sample 285L, 285L42R-10%, 285L42R-20%, 285L42R-30% at 130oC. 

 

5. Nonlinear response of asymmetric blends 285L42R 

 
Figure S7. Extensional stress growth coefficient as a function of time for 285L42R blends at 130oC. The solid 

lines are LVE envelope. Data of 285L are taken from reference [2]. 
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