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Programme 

Wednesday 13 September 
 
12:00 Registration - School of Management 

 
12:30 Lunch - School of Management 

 
13:55 Welcome and Introduction - School of Management 

Anthony Higgins - Swansea University, UK 
 

  Session 1 - Nanocomposites 
Chair: James Elliott, University of Cambridge, UK 
 

14:00 (INVITED) Fundamental polymer physics in nanocomposites 
Nigel Clarke, University of Sheffield, UK 
 

14:45 Multi-scale scattering studies of polymer-graphene nanocomposites  
Mike Weir, University of Sheffield, UK 
 

15:05 Spatially dependent dynamics of filled rubbers 
Richard Thompson, Durham University, UK 
 

15:25 Refreshment break 
 

  Session 2 - Rheological measurements 
Chair: Ann Terry, Lund University, Sweden 
 

16:00 Vibrations of viscoelastic polymer solution droplets 
James Sharp, University of Nottingham, UK 
 

16:20 Mesoscopic simulation of the transient behaviour of semi-diluted polymer solution in a microchannel 
following extensional flow 
Marco Ellero, Swansea University, UK 
 

16:40 The effect of extensional flow on shear viscosity 
Richard Hodgkinson, University of Sheffield, UK 
 

17:00 Flash posters (5 x 3 min. each) 
 

  P22. Optimisation of mechanical properties of waterborne poly(Chloroprene) films 
Philip Richardson, University of Surrey, UK 
 

  P23. The impact of molecular weight on composition profiles in polymer/fullerene bilayers 
Elizabeth Hynes, Swansea University, UK 
 

  P24. Microfludic-SANS: high throughput phase mapping and contrast variation 
Marco Adamo, Imperial College London, UK 
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  P25. The structural evolution of ultra-white biomimetic polymer films 
Stephanie Burg, University of Sheffield, UK 
 

  P26. Analysing conformation and hydration in silk feedstock 
Peter Laity, University of Sheffield, UK 
 

17:30 Polymer Physics Group – AGM 
 

17:45 Refreshments and Poster Session - School of Management 
 

19:30 Dinner - The Core 
 

Thursday 14 September 
 
08:30 Registration 

 
  Session 3 - Self-assembly 

Chair: Martin Buzza, University of Hull, UK 
 

09:00 (INVITED) Adaptive and autonomous bioinspired self-assembled material systems 
Andreas Walther, Albert-University Freiburg, Germany 
 

09:45 Investigating the morphology of polymer thin films and nanostructures on mica and graphite surfaces 
Jake McClements, University of Edinburgh, UK 
 

10:05 Hydrogen bond formation in acrylamide: theory and experiment 
Elena Patyukova, Aston University, UK 
 

10:25 Universality between experiment and simulation of a diblock copolymer melt  
Tom Beardsley, University of Waterloo, Canada 
 

10:45 Tensorial and generalized conversation laws for main-chain polymer nematics  
Daniel Svenšek, University of  Ljubljana, Slovenia 
 

11:05 Refreshment 
 

  Session 4 - Biological and two-phase systems 
Chair: Vasileios Koutsos, University of Edinburgh, UK 
 

11:30 (INVITED) Membrane wetting, budding and tubulation in vesicles exposed to aqueous two-phase systems 
Rumiana Dimova, Max Planck Institute of Colloids and Interfaces, Germany 
 

12:15 Microfluidic solvent extraction for precise formation of polymer particles and capsules   
William Sharratt, Imperial College London, UK 
 

12:35 The amphiphilic patchy model of the globular proteins 
Jacek Siódmiak, University of Science and Technology, Poland 
 

12:55 Controlling the self-assembly of soft, squishy materials; the underlying physical paradigm 
Aline Miller, University of Manchester, UK 
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13:15 Lunch - School of Management 
 

  Session 5 - Polymers for optical and electronic applications 
Chair: Mike Weir, University of Sheffield, UK 
 

14:15 Structural and electrical impact of water adsorption in the bioelectronic polymer melanin 
Paul Meredith, Swansea University, UK 
 

14:35 Designing novel polymer systems with enhanced dielectric response 
Vid Bobnar, Jozef Stefan Institute, Slovenia 
 

14:55 Polymer Opals; Large-scale ordering of nanoparticles using viscoelastic shear processing   
Chris Finlayson, Aberystwyth University, UK 
 

15:15 The effect of solvent additives on the morphology of polymer solar cells 
Andrew Parnell, University of Sheffield, UK 
 

15:35 Refreshments and poster session 
 

  Session 6 - Prize Lectures 
Chair: Joseph Keddie, University of Surrey 
 

16:05 IAN MACMILLAN WARD PRIZE LECTURE (Best Student Paper): 
Dynamic peptide libraries for the discovery of supramolecular nanomaterials 
Charalampos Pappas, University of Groningen, The Netherlands 
 

16:25 FOUNDERS' PRIZE LECTURE 
Responsive polymers in the solid state 
Mark Warner, University of Cambridge, UK 
 

17:20 Group Photo 
 

18:20 Coach departs from University to conference dinner at George Hall 
 

19:00 Drinks reception at George Hall 
 

19:30 Conference dinner at George Hall 
Presentation of the Alexei Likhtman Poster Prize(s) 
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Friday 15th September 
 
08:30 Registration 

 
09:00 (INVITED) Bio-aerogels  

Tatiana Budtova, MINES, ParisTech, France 
 

09:45 Elasticity dominated surface segregation in polymer mixtures  
Buddhapriya Chakrabarti, University of Sheffield, UK 
 

10:05 Neutron reflectivity, water dynamics and performance of polyamide nanofilms for water desalination  
Joao Cabral, Imperial College London, UK 
 

10:25 Confined networks and motility of stiff filaments   
Kristian Müller-Nedebock, Stellenbosch University, South Africa  
 

10:45 Refreshments 
 

  Session 8 - Polymer structure and dynamics 
Chair: Jon Howse, University of Sheffield, UK 
 

11:10 (INVITED) APS/DPOLY exchange lecture 
Investigations of star, cyclic, and concatenated polymers with neutron scattering  
Michael Hore, Case Western Reserve University, USA 
 

11:55 Chain dynamics in polymer melts at flat surfaces    
Jack Kirk, University of Reading, UK  
 

12:15 Structure and dynamics of entangled polymers under shear flow studied by neutron scattering  
Philipp Gutfreund, Institut Laue-Langevin, France  
 

12:35 Models for entangled telechelic stars: nonlinear rheology and shear banding 
Victor Boudara, University of Leeds, UK 
 

12:55 Using virtual knots to understand ambiguous polymer conformations  
Keith Alexander, University of Bristol, UK 
 

13:15 Closing remarks 
 

13:30 Packed lunch 
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Poster Programme 
 
P1.         Understanding the anti-bacterial mechanism in Cicada wing structured surfaces 

Andrew Parnell, University of Sheffield, UK 
 

P2.   Study of PLLA microstructure with Ultra-fast calorimetry and X ray scattering 
Clement Girard, University of Haute Alsace, France  
 

P3.   Early lessons in Positron Annihilation Lifetime Spectrometry (PALS) 
Alec Shackleford, University of Sheffield, UK 
 

P4.   Development of peptide based smart materials for the topical delivery of therapeutics 
Xinyi Zhu, University of Manchester, UK  
 

P5.   Layer-by-Layer guided self-assembly of Poly(2-ethyl 2-oxazoline) and tannic acid 
Elda Adatoz, Koç University, Turkey  
 

P6.   High-throughput manufacture of flexible electronics 
Hazel Assender, University of Oxford, UK  
 

P7.   The role of nanodefects in oxide-coated polymer gas barrier layers 
Hazel Assender, University of Oxford, UK 
 

P8.   Polymer brushes with Colloids: A density functional and molecular dynamics study 
Luke Davis, University College London, UK  
 

P9.   Transfer of order SDBS films on solid substrates by the bubble deposition method  
Naif Alshehri, Swansea University, UK 
 

P10.   Encapsulation of conjugated polymers in self-assembling polymer micelles for biological imaging 
applications 
Struan Bourke, Kings College London, UK 
 

P11.   Self-Stratification in Colloidal Films: Experiments and Theory 
Malin Schultz, University of Surrey, UK 
 

P12.   The effect of graphene oxide dispersion structure-property relationships in polymer nanocomposites 
Haia Aldosari, The University of Sheffield, UK 
 

P13.   Uniaxial strain testing and densification of glassy thin films via flat punch nanoindentation 
Owen Brazil, Trinity College Dublin, Ireland 
 

P14.   Effect of Polymer Molecular Weight on Evaporation and Deposition of Poly (ethylene oxide) Solution 
Droplets 
Vasileios Koutsos, University of Edinburgh, UK 
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P15.   Mesoscopic Simulations of Hybrid Nanoparticle/Block Copolymer Systems 
Javier Diaz, University of Lincoln, UK 
 

P16.   Entropic Segregation of Chain Ends to the Surface of a Polymer Melt 
Pendar Mahmoudi, University of Waterloo, Canada 
 

P17.   Thermodynamics and design of polycarbonate and poly(methyl methacrylate) blends 
Yutaka Aoki, Imperial College London, UK 
 

P18.   Cross-linked Poly(Lactide) and Poly(ε-caprolactone) with the Addition of Ethyl Ester L-Lysine Triisocyanate: 
Theoretical Modelling of the Rheological Behaviour 
Stavros Drakopoulos, Loughborough University, UK 
 

P19.   An Experimental and Theoretical Analysis of the Dielectric and Rheological Spectra of nascent disentangled 
UHMWPE in the Melt State 
Stavros Drakopoulos, Loughborough University, UK 
 

P20.   Conformational behavior of comb-like macromolecules at the interface of two immiscible liquids: computer 
simulation and scaling analysis 
Anna Glagoleva, A.N. Nesmeyanov Institute of Organoelement Compounds of Russian Academy of Sciences, 
Russia 
 

P21.   Understanding the effect of controlled rheology reactions on the molecular composition of heterophasic 
ethylene-propylene copolymers (HEPCs) 
Sifiso Magagula, University of Stellenbosch, South Africa 
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Session 1: Nanocomposites 
 
(invited) Fundamental polymer physics in nanocomposites 

N Clarke 

University of Sheffield, UK 

The addition of nanoparticles to polymers to impart enhanced mechanical and functional properties presents new 
challenges for polymer processing, requiring us to develop an understanding of how nanoparticles impact polymer 
structure dynamics at a molecular level. We have shown how dynamics can be altered by nanoparticle size, shape, 
aspect ratio, surface area, loading and the nature of the interactions between the nanoparticles and the polymer 
matrix. We have observed various dynamic phenomena which appear to be uniquely associated with polymer 
nanocomposites. Unlike polymer melts, we have found that diffusion and rheology are decoupled in 
polymer/carbon nanotube nanocomposites. We have observed a minimum in the diffusion rate of polymer chains 
as a function of nanoparticle concentration when the nanoparticles are rod-like (e.g., carbon nanotubes) and a 
collapse of the diffusion coefficient onto a master curve when the nanoparticles are spherical (e.g., silica 
nanoparticles). In the case of graphene and related two-dimensional materials, the high specific surface area 
nanomaterials in the graphene family alter the properties of the bulk polymer at very low concentrations. We have 
found that the graphene oxide within polymer nanocomposites, whilst locally flat up to length scales of ~ 16 nm, is 
rough on a very wide range of length scales, implying extensive extrinsic wrinkling and folding. Our results 
demonstrate that well exfoliated sheets are key to achieving high interfacial areas between polymers and high 
aspect ratio filler in nanocomposites. We also show that the conformation of the polymer chains in the presence of 
graphene oxide mimics confinement at a solid interface, a molecular indicator of well-dispersed, high aspect ratio 
nanoparticles that are much larger than the polymer coil size. We show that this confinement causes a 
corresponding reduction in interchain entanglements.  
 
 
Multi-scale scattering studies of polymer-graphene nanocomposites 

M P Weir1, S C Boothyroyd2, D W Johnson2, S R Parnell3, R L. Thompson2, K S Coleman2 and N Clarke1 
1University of Sheffield, UK, 2Durham University, UK, 3Delft University of Technology, The Netherlands 

Composites formed from a host polymer and a high aspect ratio two-dimensional filler, such as graphene, show 
enormous promise in the creation of novel advanced materials. The goal in the design of such materials is to 
transfer extraordinary properties of the filler to the final composite whilst retaining the properties of the original 
polymer that render it amenable to traditional industrial processing techniques [1]. However, graphene and related 
materials present unique challenges to contemporary analytical techniques due to their large aspect ratio, chemical 
non-uniformity, and tendency towards aggregation, wrinkling and folding [2], as illustrated in Figure 1. 

 

Figure 1. Illustration of a hierarchy of disordered structures in graphene oxide dispersed within a polymer matrix [2]. 

This work examines the use of statistical averaging techniques such as small-angle X-ray and neutron scattering 
(SAXS and SANS) in order to provide overall descriptions of the physical graphene (or graphene-like) fillers in 
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polymer nanocomposites. Isotopic substitution also allows the study of the polymer chain conformations in the 
presence of graphene, facilitating study of the filler’s effect upon the polymer [3]. Even without deuteration, the use 
of spin echo- resolved SANS (SESANS [4]) in particular opens up nanocomposite studies to a wide range of length 
scales that unites the nanometre scale with the micron scale that is usually well-served by microscopy techniques. 
This presentation will highlight recent results on the characterization of poly(methyl methacrylate)-graphene oxide 
and polystyrene-graphite nanoplatelet nanocomposites and how these further our understanding of these promising 
but complex materials. 

[1]  Gaspar, H. et al. Macromolecules 2017, 50 (8), 3301–3312 
[2]  Weir, M. P. et al. Chem. Mater. 2016, 28, 1698–1704 
[3]  Weir, M. P. et al. ACS Macro Lett. 2016, 5, 430–434 
[4]  Rekveldt, M. T. et al. Rev. Sci. Instrum. 2005, 76 (3), 33901 
 
 
Spatially dependent dynamics of filled rubbers 

R Thompson1, J Hart1, V Garcia-Sakai2 and N Clarke3 
1Durham University, UK, 2STFC ISIS Facility, UK, 3University of Sheffield, UK 

Dynamic phenomena in filled rubbers are well characterised but not yet well understood. This is exemplified by 
energy dissipation in car tyre rolling resistance, which has global impact in CO2 emission. Several models concern 
the effect of filler on polymer dynamics and the formation of ‘glassy regions’ [1]. These are supported by elevated 
glass transitions (Tg) in thin films [2] but have been disputed as reinforcement is still found at temperatures over a 
100 K above Tg [3]. 

We combine linear and non-linear rheology along with SANS and quasi-elastic neutron scattering to study the 
detailed relationship between mechanical properties, energy dissipation, structure, and dynamics in model nano-
particle filled polybutadiene rubber.  

SANS reveals the strong end-adsorption of hydroxyl end-functionalised polybutadiene (PBOH) to silica nanoparticle 
surfaces which dramatically improves nanoparticle dispersion [4]. The linear rheology of the same samples shows 
that the PBOH which forms brush structures, break down the network formation of silica, reducing elastic moduli at 
low frequency. Interestingly, we find a transition between the extent of nanoparticle dispersion that coincides with a 
transition in the brush structure of the polymer. 

In a nanocomposite containing hydrogenous PBOH and deuterated unfunctionalised chains, dPB, we exploit the 
surface segregation which concentrates hydrogenated chains near nanoparticle interfaces to isolate the dynamics of 
the polymers near the nanoparticles. QENS (figure 1) shows a significant decrease in PB chain mobility with 
addition of silica filler. Using the KWW stretched exponential fits to the autocorrelation function, I(Q,t), 

𝐼 (𝑄, 𝑡) = 𝐵 + (1 − 𝐵) exp− � 𝑡 𝜏𝐾𝐾𝐾� �
𝛽

 

where B is the ‘background’ parameter corresponding to the fraction that is immobile within the dynamic range of 
QENS (~0.15 ns),  τKWW is the characteristic relaxation time and β is a shape factor. 
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 Figure 1. Autocorrelation function analysis for selected materials at 310K.  Figure 2. Thickness of glassy layer on 

dispersed silica as a function of temperature. 

By carrying out KWW analysis with PBOH polymers of different degrees of polymerisation, we have measured the 
spatial extent of the immobile polymer near the silica nanoparticle surfaces. As expected this decreases with 
increasing temperature above bulk Tg, but remarkably, a significant glassy layer is found, even at 100K above Tg. 

[1]  Merabia, S.; Sotta, P.; Long, D. R. Macromolecules 2008, 41, 8252 
[2]  Fryer, D. S.; Peters, R. D.; Kim, E. J.; Tomaszewski, J. E.; de Pablo, J. J.; Nealey, P. F.; White, C. C.; Wu, W.-

l. Macromolecules 2001, 34, 5627 
[3]  Robertson, C. G.; Lin, C. J.; Rackaitis, M.; Roland, C. M. Macromolecules 2008, 41, 2727 
[4]  Hart, J. M.; Kimani, S. M.; Hutchings, L. R.; Grillo, I.; Hughes, A. V.; Clarke, N.; Garcia-Sakai, V.; Rogers, S. 

E.; Mendis, B.; Thompson, R. L. Macromolecules 2016, DOI: 10.1021/acs.macromol.5b02318 

 
Session 2: Rheological measurements 
 
Vibrations of viscoelastic polymer solution droplets 

V C Harrold and J Sharp 

University of Nottingham, UK 

The mechanical vibrational response of sessile (substrate supported) and levitated droplets can provide information 
about quantities such as the surface tension and viscosity of simple liquids. In the case of viscoelastic fluids, the 
vibrational frequencies and spectral widths (see figure 1) of the mechanical resonances have a more complex 
dependence on surface tension and the frequency dependent rheological properties of the drops. 

 
Figure 1. Vibrations of sessile viscoelastic drops. a) Diagram of the light scattering setup. b) The vibrational 

response as measured by the photodiode for drops of 1.1wt % (top plot, red) and 2 wt% (bottom plot, blue) 
solutions of PAA of similar size (diameter~6.5 mm). c) Power spectra of the data in panel b) showing variations in 

the vibrational frequencies and spectral (peak) widths in the frequency response of the drops. 
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Here we describe experiments that use a simple optical deflection technique to measure the vibrational response of 
magnetically levitated viscoelastic droplets of solutions of a high molecular weight polyacrylamide-co-acrylic acid 
(PAA) in water [1]. We also describe more recent experiments that study the vibrations of sessile drops of PAA 
solutions supported on superhydrophobic substrates [2]. We will discuss how vibrations of these droplets can be 
used to probe the rheology of microlitre volumes of polymer solutions. In each case, the results will be interpreted in 
the context of a simple model which captures the physics of viscoelastic droplet vibration. 

[1]  Mechanical vibrations of magnetically levitated viscoelastic droplets R.H.Temperton, R.J.A.Hill and J. 
S.Sharp, Soft Matter, 10 (29), 5375 – 5379, (2014)  

[2]  Rheological Properties of Viscoelastic Drops on Superamphiphobic Substrates V.C. Harrold, M. Paven, D. 
Vollmer, J.S. Sharp Langmuir 32(16):4071-4076, (2016) 

 

Mesoscopic simulation of the transient behaviour of semi-diluted polymer solution in a microchannel following 
extensional flow 

M Ellero1, S Litvinov2, X Hu3 and N Adams3 
1Swansea University, UK, 2ETH Zurich, Switzerland, 3Technical University Munich, Germany 

Using dissipative particle dynamics simulation of suspended polymer molecules [1,2,3], we investigate the 
transient behavior of a semi-dilute polymer solution in a microchannel at moderate Weissenberg numbers. The 
employed simulation method allows to study macroscopic properties of the solution and their relation to the 
microscopic properties of individual polymer [4]. The solution enters the channel following an extensional flow with 
all polymers uniformly stretched. We observe that the shape of the velocity profile varies along the channel, from an 
almost parabolic to centerflattened type. The fully developed velocity profile at equilibrium is accurately described 
by the Carreau-Yasuda rheological model. We find that the relaxation time for the profile shape is equal to the 
relaxation time of the polymer extension in the flow direction. The established relation offers the potential to be 
utilized for microfluidics-based rheometers which measure, besides the steady solution rheology, also the polymer 
relaxation time using flow velocity data only. 

[1]  Litvinov, S., M. Ellero, X. Hu, and N. A. Adams (2008). “Smoothed dissipative particle dynamics model for 
polymer molecules in suspension”. Phys. Rev. E 77 (6), 066703 

[2]  Litvinov, S., M. Ellero, X. Hu, and N. A. Adams (2010). Particle-layering effect in wall-bounded dissipative 
particle dynamics. Phys. Rev. E 82 (6), 066704. 

[3]  Litvinov, S., Q. Xie, X. Hu, N. A. Adams, and M. Ellero (2016). Simulation of individual polymer and 
polymer solutions with smoothed dissipative particle dynamics. Fluids 1(1), 7. 

[4]  Litvinov, S., X. Hu, M. Ellero, and N. A. Adams (2014). Mesoscopic simulations of the transient behaviour 
of semidiluted polymer solutions in microchannel following extensional flow. Microfluids and Nanofluidics 
16(1), 257–264 
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The effect of extensional flow on shear viscosity 

R Hodgkinson, J R Howse and W B J Zimmerman 

University of Sheffield, UK 

Rheology is usually concerned with characterising flows under pure shear, or occasionally, pure extension. This is in 
contrast to real world flows in extruder dies, for example, which feature mixed kinematics but also significant 
scientific and commercial importance in their understanding. We postulate here that for an example shear thinning 
system, shear viscosity is not only a function of shear rate, but both shear and extension rate. Relative straining 
directions are also important. This builds directly on from findings in a key set of molecular dynamics simulations 
[1], as well as phenomena such as molecular alignment under extensional flow (e.g. [2]) and the anisotropic 
viscosities of liquid crystals (e.g. [3]). It also compliments experimental studies in literature looking conversely at 
the effect of shear flow on extensional viscosity (e.g. [4]), and has important consequences on factors such as 
velocity profiles for fluids undergoing extension (as seen in [5]). 

We describe and perform an experiment that is capable of measuring both shear stresses and rates, not at the wall 
where the extension rate is zero [6], but in-situ and at defined locations within the core of an extensional flow field. 
The experiment is first verified using a Newtonian system, following which a model high molecular weight 
polyethylene oxide solution is then studied. Results are presented for both systems. 

[1] Evans, M.W. and D.M. Heyes, Combined shear and elongational flow by non-equilibrium molecular 
dynamics. Molecular Physics, 1990. 69(2): p. 241-263 

[2] Cinader, D.K. and W.R. Burghardt, X-ray scattering studies of orientation in channel flows of a 
thermotropic liquid–crystalline polymer. Journal of Polymer Science Part B: Polymer Physics, 1999. 
37(24): p. 3411-3428 

[3] Sengupta, A., S. Herminghaus, and C. Bahr, Liquid crystal microfluidics: surface, elastic and viscous 
interactions at microscales. Liquid Crystals Reviews, 2014. 2(2): p. 73-110 

[4] Jaishankar, A., et al., Shear History Extensional Rheology Experiment II (SHERE II) Microgravity Rheology 
with Non-Newtonian Polymeric Fluids, in American Society for Gravitational and Space Research (ASGSR) 
28 Nov. - 2 Dec. 2012. 2012: New Orleans, LA; United States 

[5] Trebbin, M., et al., Anisotropic particles align perpendicular to the flow direction in narrow microchannels. 
Proceedings of the National Academy of Sciences, 2013. 110(17): p. 6706-6711 

[6] Cogswell, F.N., Converging flow and stretching flow: A compilation. Journal of Non-Newtonian Fluid 
Mechanics, 1978. 4(1): p. 23-38. 
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Flash posters 
 
P22. Optimisation of mechanical properties of waterborne poly(Chloroprene) films 

P Richardson1, P Shaw2, E Alsaffar2, P Gardner2, E Velasquez2 and J L. Keddie1 
1University of Surrey, UK, 2Synthomer (UK) Limited, UK 

Poly(chloroprene) is a synthetic elastomer used in a wide variety of applications, including as an alternative to 
natural rubber gloves. In this work, mechanical properties of poly(chloroprene) have been tuned by blending two 
water-borne colloidal polymers: partially-crystalline particles and crosslinked, non-crystalline particles. We found 
that blending the two particle types results in an induction time in the re-crystallisation process. This induction time 
increases as the percentage of non-crystalline poly(chloroprene) is increased. Large strain analysis has been 
performed on blends, both before and after annealing (leading to melting and re-crystallisation). Prior to annealing, 
the original partially- crystalline film is weak, with a low strain at failure and toughness. This is attributed to 
crystallization inhibiting particle coalescence during film formation. Upon annealing the film, the crystallinity is 
temporarily removed (as shown in the figure below), which allows increased interdiffusion between particles and 
hence greater cohesion in the film. Our results highlight the effects of the competition between crystallization and 
interdiffusion in determining final properties. 

       
AFM phase images (1μm × 1μm) of an as-deposited poly(chloroprene) film (left) and the same film immediately 

after annealing above the melting temperature (right).  

 

P23. The impact of molecular weight on composition profiles in polymer/fullerene bilayers 

E Hynes1, A Higgins1, J Cabral2, Z Li1, S Pont2, P Gutfreund3 and R Welbourne4 
1Swansea University, UK, 2Imperial College London, UK, 3Institut Laue Langevin, France, 4ISIS Rutherford Appleton 
Laboratory, UK 

Polymer/fullerene blends, such as poly(3-hexylthiophene)(P3HT)/[6,6]-phenyl C61-butyric acid methyl ester 
(PCBM), form the active layers in many thin-film organic photovoltaics (OPV). Morphological and compositional 
changes during device fabrication and/or operation are important factors in determining OPV efficiency and 
stability. Thermal annealing is a step that is sometimes performed during device processing [1], and  temperatures 
in working devices can sometimes reach levels where the active-layer components in thin-films have sufficient 
molecular-mobility to cause evolution of the sample structure/morphology. Complex structures and morphologies 
can occur in blends such as P3HT/PCBM, due to the potential for mixing/demixing, surface/substrate segregation 
and the crystallisation of both components. To limit this complexity we investigate the model system of 
polystyrene(PS) /PCBM, in a bilayer geometry. This allows us to probe the mixing behaviour at the buried interface 
and test a hypothesis that this system forms a liquid-liquid equilibrium interface between two co-existing phases 
[2]. Our motivation here is to see how far we can understand the mixing behaviour in this model system in terms of 
equilibrium thermodynamics, and contribute to the design & optimisation of polymer/small molecule OPV systems. 
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In-situ neutron reflectivity (NR) experiments on PS/PCBM bilayers suggest that mixing and interfacial broadening 
occurs very quickly, before any significant PCBM crystallisation occurs. PCBM molecules migrate into the PS layer to 
form a PS-rich layer containing approximately 10% PCBM. This layer appears to co-exist with a pure PCBM layer, as 
would be expected from the Flory-Huggins free energy of mixing for a polymer/small-molecule system. We test our 
liquid-liquid equilibrium hypothesis by looking at the compositions of the two layers within our bilayer system, and 
the width of the interface between the two layers, as a function of PS molecular weight (MW) and temperature 
(annealing in the dark, in an inert atmosphere). We will present quantitative comparisons of layer compositions with 
the predictions of Flory-Huggins theory, and will examine (qualitatively) our interfacial width measurements versus 
MW in the context of mean-field theory for polymer interfaces (mindful of the increased importance of composition 
fluctuations in small molecule systems). We have also used a related fullerene-derivative, in which crystallisation 
does not occur, and have observed qualitatively similar mixing behaviour that is also well described by Flory-
Huggins theory. 

Chemical degradation is also an important aspect of OPV development and we have performed NR experiments on 
PCBM/PS bilayers where the PCBM was oxidised, oligomerised3 or aged under different environmental conditions. 
We will discuss the impact of these chemical changes on the mixing within these systems, in comparison to 
samples that have not been oxidised, aged or illuminated. 

[1] Chen, D., Liu, F., Wang, C., Nakahara, A. & Russell, T. P. Bulk Heterojunction Photovoltaic Active Layers via 
Bilayer. Nano Letters. 2071–2078 (2011) 

[2] Môn, D. et al. Bimodal crystallization at polymer–fullerene interfaces. Phys. Chem. Chem. Phys. 17, 2216–
2227 (2015) 

[3] Li, Z. et al. Performance enhancement of fullerene-based solar cells by light processing. Nat. Commun. 4, 
2227 (2013) 
 
 

P24. Microfludic-SANS: high throughput phase mapping and contrast variation 

M Adamo and J Cabral 

Imperial College London, UK 

We report a microfluidic approach to perform small angle neutron scattering (SANS) of contrast variation and 
matching, as well as phase mapping of multicomponent systems. We integrate a low scattering background 
microfluidic mixer and serpentine channel in a SANS beamline to yield a single phase, continuous flow, 
reconfigurable liquid cell. By contrast with conventional, sequential measurements of discrete (typically 4-6) 
solutions of varying isotopic solvent composition, using a sample changer, our approach continually varies solution 
composition during SANS acquisition. We experimentally and computationally determine the effects of flow 
dispersion and neutron beam overillumination of microchannels in terms of the composition resolution and 
precision. While continuous flows with time-varying composition are subject to Taylor-Aris flow dispersion, that 
‘smears’ the composition profile, this effect can be quantified and account for in the data analysis. On the other 
hand, we developed custom made chips via frontal photopolimerisation that are compatible with the neutron 
radiation and we validated them in one channel measurements. Further droplet microfluidics can be employed to 
circumvent flow dispersion, at the expense of a reduction in effective illuminated area. We demonstrate our contrast 
variation approach with a number of model systems: a surfactant (sodium dodecyl sulfate, SDS), a triblock 
copolymer (pluronic F127), and silica nanoparticles (Ludox HS-40, Seahoster KE-W10) in isotopic aqueous 
mixtures. The system is able to zoom into a composition window to refine contrast matching conditions. 
Significantly, the large number of contrasts, yields a large number of equations to solve for a fixed number of 
structural parameters to describe form and structure factors. We are therefore able to robustly resolve these 
parameters by simultaneous fitting of scattering data with continuously varying contrast (typically ~100). Ternary 
and quaternary phase mapping of surfactant systems, with co-surfactants, solvent and co-solvent is then 
demonstrated by scanning across the phase space in a reconfigurable manner. For instance, this enables us to 
rapidly (~10 min) and precisely determine phase boundaries and quantify shape transitions, e.g. from spherical to 
wormlike micelles. We conclude by benchmarking our microflow-SANS with the discrete approach, in terms of 
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volume required, composition resolution and (preparation and measurement) time required, proposing a leap 
forward in equilibrium, liquid solution phase mapping and contrast variation by SANS. 
 
 
P25. The structural evolution of ultra-white biomimetic polymer films 

S L Burg1, A L Washington2, A Parnell1, A Bianco1, A J C Dennison1, O O Mykhaylyk1, J Villanova3, R Dattani3, R A L 
Jones1 and J P A Fairclough1 
1University of Sheffield, UK, 2ISIS Pulsed Neutron and Muon Source, Science and Technology Facilities Council, 
UK, 3European Synchrotron Radiation Facility (ESRF), France 

The scales of the Lepidiota stigma beetle (Fig. 1) demonstrate exceptional structural whiteness using an air-voided 
network of chitin [1]. The refractive index of chitin (n ~ 1.56) is similar to a variety of widely available commodity 
polymers, making the internal structure of the scales an ideal candidate for biomimicry. A full 3-D data set for a 
Lepidiota stigma scale was obtained through the use of x-ray nano-tomography with a spatial resolution of 25 nm. A 
complete reconstruction of the scale was used to inform the target structural parameters for the synthetic work.  

Based on the structural insights from the natural world we developed a self-assembling polymer system using a 
simple polymer in solution with the addition of a solute capable of inducing phase separation when cast into a film. 
The final film morphology was readily tuneable by adjusting a number of parameters. However, to fully understand 
the final structure and its evolution dynamics we examined the phase separation process using time resolved ultra-
small angle x-ray scattering (USAXS) [2]. Fig. 2 shows the results for a film containing a 2:1 ratio of polymer to 
solute by weight. In conclusion, we have made polymer films whose structural morphologies closely resemble those 
of the beetle scales as verified by SEM, reflectivity and USAXS. 

          

Figure 1: Nano-tomography slice of a Lepidiota stigma scale. Figure 2: U-SAXS patterns for a phase separating 
polymer film evolving in time. 

[1] Vukusic, P., Hallam, B. & Noyes, J. Brilliant Whiteness in Ultrathin Beetle Scales. Science 315, 348–348 
(2007) 

[2]  Parnell, A. J. et al. Spatially modulated structural colour in bird feathers. Sci. Rep. 1–10 (2015). 
doi:10.1038/srep18317 
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P26. Analysing conformation and hydration in silk feedstock 

P Laity and C Holland 

University of Sheffield, UK 

It is well known that natural silk fibres are produced by many arthropods (spiders, caterpillars etc.), from an 
aqueous protein (fibroin) feedstock solution, by a flow-induced phase change, under ambient conditions [1-5]. This 
remarkable process has attracted considerable research attention, in order to elucidate the underlying mechanisms. 
Several explanations have been proposed [6-9], which are generally based on the assumption that the fibroin 
adopts a well defined tertiary structure, similar to those observed for globular proteins. This assumption appears 
unsatisfactory, however, when examined critically in the light of the enormous body of relevant data that has been 
published.  

Based on our ongoing investigations [10-13] into natural silk spinning by the domesticated silkworm (larval stage of 
the Bombyx mori silk moth), this presentation is in two parts. Firstly, we will discuss some recent small-angle X-ray 
scattering data for diluted silk fibroin, which demonstrates the inconsistencies in previous explanations. Then, we 
will present further (scattering and spectroscopic) evidence in support of a new hypothesis, based on the stability of 
a hydration shell around the protein. 

[1] Sutherland, T.D. Young, J.H. Weisman, S. Hayashi, C.Y. Merritt, D.J. Insect silk: one name, many materials. 
Annu. Rev. Entomol. 2010; 55: 171-188 

[2] Eisoldt, L. Smith, A. Scheibel, T. Decoding the secrets of spider silk. Materials Today 2011; 14: 80-86.  
[3]  Vollrath, F. Porter, D. Holland, C. The science of silks. MRS Bulletin 2013: 38; 73-80.  
[4]  Vollrath, F. Knight, D.P. Liquid crystalline spinning of spider silk. Nature 2001: 410; 541‒548.  
[5]  Vollrath, F. Porter, D. Silks as ancient models for modern polymers. Polymer 2009: 50; 5623-5632.  
[6]  Jin, H-J. Kaplan, D.L. Mechanism of silk processing in insects and spiders. Nature 2003; 424: 1057-1061.  
[7]  Magoshi, J. Magoshi, Y. Nakamura, S. Physical properties and structure of silk: 10. The mechanism of fibre 

formation from liquid silk of silkworm Bombyx mori. Polym. Comm. 1985; 26: 309-311.  
[8]  Iizuka, E. Silk thread: mechanism of spinning and its mechanical properties. J. Appl. Polym. Sci. Appl. 

Polym. Symp.1985; 41: 173-185.  
[9]  Iizuka, E. Mechanism of fibre formation by the silkworm, Bombyx mori. Biorheology 1966; 3: 141-152.  
[10]  Laity, P.R. Gilks, S.E. Holland, C. Viscoelastic behaviour of native silk protein solutions. Polymer 2015; 67: 

28-39.  
[11]  Laity, P.R. Holland, C. Native silk feedstock as a model biopolymer: a rheological perspective. 

Biomacromolecules 2016; 17: 2662-2671.  
[12]  Laity, P.R. Holland, C. Thermo-rheological behaviour of native silk feedstocks. Eur. Polym. J. 2017, 87 519-

534.  
[13]  Laity, P.R. Holland, C. The rheology behind stress-induced solidification in native silk feedstocks. Int. J. Mol. 

Sci. 2016; 17: 1812  
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Session 3: Self-assembly 
(invited) Adaptive and autonomous bioinspired self-assembled material systems 

A Walther 

Albert-Ludwigs-University Freiburg, Germany 

Biology is a source of inspiration for materials science by demonstrating macroscopic materials with advanced 
functionalities and excellent mechanical properties. However, although these rather static architectures stimulate 
large interest, even more thought-provoking are the dynamic, kinetically controlled processes and temporal 
evolution of structures in complex biological systems. These are orchestrated through feedback loops and require 
energy input and dissipation to allow non-equilibrium materials and full spatiotemporal control. 

In man-made self-assemblies we have mastered to a large extent near-equilibrium structure formation in space and 
have gained an increasing understanding of how to construct very complex, hierarchically structured soft matter by 
using co-assemblies, competing interactions and hierarchical length scales. This has allowed to create real-life 
materials with unprecedented functionalities, inaccessible without delicate control over molecular interactions and 
sophisticated nano- and mesostructuration. The next step is to master temporal control in self-assemblies. This 
requires kinetic control of opposing reactions (built-up/ destruction), internal feedback systems or the use of energy 
dissipation to sustain structures only as long as a chemical fuel is available. These approaches keep systems 
forcefully away from equilibrium and potentially allow neat access to temporal control. 

In this talk I will present concepts for bioinspired materials systems formed in both static and dynamic conditions. 
The first part will deal with a concept exploiting antagonistic interactions (force, time and length scales) to make 
complex compartmentalized colloids based on sequence-defined multiblock copolymers. The second part will focus 
on a platform concept, which allows to program self-assembling systems outside equilibrium with a lifetime by 
kinetic control of promoter/deactivator pairs and simple internal feedback systems. This will be showcased for 
different self-assembling systems. 

[1] Time Programmed Dynamic Materials: Nano Lett. 2017, DOI: 10.1021/acs.nanolett.7b02165; Chem. Sci. 
2017 DOI: 10.1039/C7SC00646B; Adv. Mat., 2017, DOI: 10.1002/adma.201606842, Nano Lett., 
2015, 15, 2213, Angew. Chem. 2015, 54, 13258, 

[2] Soft Matter 2015, 11, 7857. Chem. Soc. Rev. 2017 DOI: 10.1039/C6CS00738D. 
 
 
Investigating the morphology of polymer thin films and nanostructures on mica and graphite surfaces 

J McClements, C Buffone, M Shaver, K Sefiane and V Koutsos 

University of Edinburgh, UK 

In order to promote the intelligent design and manufacture of composite materials, it is essential to understand and 
control the behaviour of polymers in the vicinity of a surface. The bulk physiochemical properties of composite 
materials can be heavily influenced by the fundamental interactions between their polymer matrix and filler 
components [1]. Despite this, the behaviour of polymers at a surface is often poorly understood at the nanoscale, 
as bulk behaviour can be very different when compared to behaviour at an interface [2].  

To investigate this, we studied the morphology of poly(styrene-co-butadiene) random copolymer thin films and 
nanostructures on mica and graphite surfaces. The experiments were prepared at various solution concentrations 
and molecular weights. Atomic force microscopy was used to image the surfaces at the nanoscale. Our results show 
that at lower concentrations, surface effects are dominant causing the polymer behaviour to be very different on 
each surface. On the mica surface, weak adsorption creates spherical-cap shaped nanodroplets. On the graphite 
surface, there is much stronger adsorption, and polymer morphology is extremely variable forming continuous 
networks, asymmetrical aggregates, and epitaxy-like structures. At higher concentrations, bulk effects dominate and 
the polymer behaviour on each surface is very similar as ultrathin films form with some dewetting taking place. On 
the mica surface, the contact angle of the nanodroplets are highly dependent on droplet size and a distinct 
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minimum occurs at a droplet radius of 100 – 250 nm. This is due to an increased elastic modulus of smaller 
droplets, and the influence from surface heterogeneities for larger droplets. On the graphite surface, the contact 
angles of the polymer aggregates are independent of droplet size due to stronger polymer/surface interactions. We 
have provided an insight into the fundamental behaviour of a polymer on two different surfaces; showing both 
distinct similarities and differences in the morphology and contact angles of the polymer structures. 

            
Fig. 1 AFM height images showing poly(styrene-co-butadiene) random copolymers with a molecular weight of 86 
kg/mol and a solution concentration of 3.71 mg/ml deposited on: (A) a mica surface and (B) a graphite surface. 

[1]  Fu, S. Y.; Feng, X. Q.; Lauke, B.; Mai, Y. W. Compos. Part B Eng. 2008, 39, 933–961 
[2]  Mortazavian, H.; Fennell, C. J.; Blum, F. D. Macromolecules 2016, 49, 4211–4219 
 
 
Hydrogen bond formation in acrylamide: theory and experiment 

E S Patyukova1, P D Topham1, M J Greenall2, T Rottreau1 and R Evans1 
1Aston University, UK, 2University of Lincoln, UK 

Polyacrylamide is a commercially important polymer which, in addition to its uses in chromatographic columns, soft 
contact lenses and cosmetics, is now finding applications in the areas of biomaterials and smart materials research 
[1, 2].  A key factor in these applications is hydrogen bonding: the acrylamide group has both hydrogen donor and 
acceptor sites and can serve as a universal hydrogen bonding agent.  

Here, we build a description of hydrogen bonding in polyacrylamide systems with the ultimate aim of understanding 
its effect on microphase separation in block copolymers with polyacrylamide blocks.  We use the association model 
approach [3, 4], initially developed for mixtures of polyalcohols with hydrogen acceptor polymers, which considers 
hydrogen bond formation as a reversible chemical reaction between donor and acceptor groups that produces a 
population of hydrogen-bonded “polymers” of different sizes. 

We develop a set of association models of hydrogen bonding in acrylamide with different numbers of association 
constants (to account for cooperativity effects) and rules of association (number of bonds per oxygen, number of 
bonds per NH2-group, presence of cyclic dimers).  Then, we use FTIR spectroscopy and NMR diffusion experiments 
to identify the best model and provide us with the related association constants.  Our work also yields insight into 
the attribution of peaks in spectra of acrylamide solutions in non-hydrogen bonded solvents and the calculation of 
diffusion coefficients of aggregates of small molecules.  We conclude by discussing the application of our results in 
understanding microphase separation in polyacrylamide block copolymers. 
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Figure 1. Example of fitting FTIR experimental data. Left figure represents the fit of the dependence of the height of 
3530cm-1 peak on concentration in chloroform solution of acrylamide at 40◦C with the association model in which 
one bond per oxygen and two bonds per NH2 group are allowed and association is described with two association 

constants depending on the bonding state of oxygen in donor group. Right figure shows the dependence of 
logarithms of association constants on inverse temperature.  

[1]  W. C. Liao, S. Lilienthal, J. S. Kahn, M. Riutin, Y. S. Sohn, R. Nechushtai and I. Willner. Chemical Science, 
2017, 8(5), pp 3362-3373 

[2]  A. K. Kushwaha, N. Gupta and M. C. Chattopadhyaya. Desalination and Water Treatment, 2016, 57(8), pp 
3619-3631 

[3]  M. M. Coleman and P. C. Painter. Prog. Polym. Sci., 1995, 20, 1-59 
[4]  B. A. Veytsman.  J. Phys. Chem., 1990, 94, 8499-8500 
 
 
Universality between experiment and simulation of a diblock copolymer melt 

T Beardsley and M Matsen 

University of Waterloo, Canada 

The equivalent behavior among analogous block copolymer systems involving chemically distinct molecules or 
mathematically different models has long hinted at an underlying universality, but only recently has it been 
rigorously demonstrated by matching results from different simulations. The profound implication of universality is 
that simple coarse-grained models can be calibrated so as to provide quantitatively accurate predictions to 
experiment. Here, we provide the first compelling demonstration of this by simulating a polyisoprene-polylactide 
diblock copolymer melt using a previously calibrated lattice model. The simulation successfully predicts the peak in 
the disordered-state structure function, the position of the order-disorder transition and the latent heat of the 
transition in excellent quantitative agreement with experiment. This could mark a new era of precision in the field of 
block copolymer research. 
 
 
Tensorial and generalized conversation laws for main-chain polymer nematics 

D Svenšek1 and R Podgornik2  
1University of Ljubljana, Slovenia, 2University of Massachusetts, USA 

Liquid crystalline order is ubiquitous in biological materials and many properties of these systems can be analyzed 
in terms of the standard Landau-de Gennes approach, without particularly worrying about e.g. the polymer nature of 
the main-chain polymer nematogens. Nevertheless, it was recognized awhile ago, that the Landau-de Gennes 
approach needs to be modified to take into account the polymer nature, i.e. the microscopic connectivity of the 
underlying mesogens [1,2]. This connectivity leads to a coupling between the positional and orientational order of 
the polymer molecules. The ensuing “continuity equation” was shown to matter fundamentally for a consistent 
description of macroscopic properties of these systems [3,4].  



 

Physical Aspects of Polymer Science 2017   19 

Recently we showed that depending on the nature and the symmetry of the mesophase order, this continuity 
equation is not the only condition that the mesoscale description of polymer nematics needs to satisfy. In fact, its 
generalized form in terms of a vectorial conservation law [5,6] suffices for polar nematic order, while in the more 
usual quadrupolar nematic order case a different, tensorial conservation law exists [6,7]. Discovering a new form of 
the conservation law naturally leads to the question, which form is the correct one, how are they related and when 
one should use one as opposed to the other one. Among others, we show that flexible chains with strong 
backfolding, and thus with a vanishing local mesoscopic polar order of chain tangents, should satisfy the tensorial 
conservation [7]. Moreover, we elaborate on the correct application of both conservation laws to the general case of 
semi-flexible chains [8], which should include the limits of inflexible and flexible chains as special cases. Finally we 
show that the correct penalty potential in the free energy, implementing this generalized conservation law, should 
actually connect both the tensorial and the vectorial constraints. The consequences of the connectivity of the main-
chain polymer nematics for their mesoscopic description are thus highly non-trivial. 

[1]  P.G. de Gennes, Mol. Cryst. Liq. Cryst. Lett. 34, 177 (1977) 
[2]  R.B. Meyer, Physica A 176, 63 (1991) 
[3]  J.V. Selinger, R.F. Bruinsma, Phys. Rev. A 43, 2910 (1991) 
[4]  D.R. Nelson, Physica A 177, 220 (1991) 
[5]  D. Svenšek, G. Veble, R. Podgornik, Phys. Rev. E 82, 011708 (2010) 
[6]  D. Svenšek, G.M. Grason, R. Podgornik, Phys. Rev. E 88, 052603 (2013) 
[7]  D. Svenšek, R. Podgornik, J. Chem. Phys. 143, 114902 (2015) 
[8]  D. Svenšek, R. Podgornik, Phys. Rev. E 93, 052703 (2016) 

 

Session 4: Biological and two-phase systems 
 
(invited) Membrane wetting, budding and tubulation in vesicles exposed to aqueous two-phase systems 

R Dimova 

Max Planck Institute of Colloids and Interfaces, Germany 

Giant unilamellar vesicles (GUVs), an artificial cell-like system with sizes in the 10-micron range, can be loaded with 
aqueous solutions of macromolecules. The phase separation of these solutions generates spatial compartments 
within the vesicles. We employed GUVs to study various phenomena related to molecular crowding and 
microcompartmentation in cells. We mimicked the crowded environment in cells by aqueous polymer solutions of 
poly(ethylene glycol) (PEG) and dextran. These solutions exhibit phase separation at polymer concentrations above 
a few weight percent. Similarly to the wetting behavior of liquid droplets in contact with surfaces, the different 
aqueous phases in contact with the vesicle membrane as a substrate can undergo complete to partial wetting 
transition [J.Am.Chem.Soc. 130:12252, 2008]. The degree of wetting is characterized by a hidden material 
parameter - the intrinsic contact angle, which can be determined from effective contact angles observed via optical 
microscopy [Phys.Rev.Lett. 103:238103, 2009]. Osmotic deflation of the vesicles induces a variety of vesicle 
shape transformations [Soft Matter 8:6409, 2012; Adv.Mater.Interfaces 1600451, 2016]. One such transformation 
is droplet-induced budding of the vesicles [J.Phys.Chem.B 116:1819, 2012]. Another, particularly striking 
transformation is the spontaneous tube formation [Proc.Natl.Acad.Sci.USA. 108:4731, 2011], which reveals a 
substantial asymmetry and spontaneous curvature of the membranes [ACS Nano 10, 463], arising from the 
different polymer compositions across the membrane. Phase separation in the interior of vesicles can lead to stable 
and retractable membrane nanotubes, which is relevant for membrane area storing and regulation in cells. 
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Microfluidic solvent extraction for precise formation of polymer particles and capsules  

W Sharratt and J Cabral 

Imperial College London, UK 

Directed solidification of polymer solution droplets is a powerful and versatile process for the generation of 
functional particles and capsules, whose applications range from pharmaceuticals and catalysis to paints, food and 
personal care. Control over the hierarchical structure (internal and surface), size and shape of particles is difficult, 
expensive or time-consuming with conventional methods e.g. interfacial polymerization, LbL deposition of 
polyelectrolyte multilayers or coacervation. By contrast, the solidification of droplets containing polymer (and 
mixtures of polymers, colloids and surfactants) by solvent extraction emerges as a simple and versatile approach 
which requires, however, knowledge of the mixture thermodynamics, composition pathways and gradients derived 
from the removal of solvent, and kinetic arrest.  

We report a ubiquitous solvent extraction process, in combination with microfluidics, to template polymeric 
microparticles with tunable size (tens to hundreds of micrometers diameter), surface structure and morphology. This 
route has been previously exploited to manipulate the porosity, thickness and solidification kinetics of a particle or 
capsule [1,2] by variation in non-solvent quality and quench depth. Specifically, we emulsify an aqueous polymer 
solution stream in an immiscible carrier phase to form droplets with low polydispersity and well-defined radii. 
Immersion of this emulsion into a selective extraction solvent, which is miscible with water and the carrier phase, 
but is also a non-solvent for the polymer, results in the controlled dehydration of the polymer droplets. Progressive 
concentration of polymer within the droplet leads to phase inversion and yields solid polymer particles. We extract 
kinetic data, and observe mechanistic steps, by tracking particles with optical microscopy during the process. 
Tuning the relative timescales for solvent exchange across the droplet non-solvent interface and internal phase 
separation, through levering polymer characteristics, concentration and selective solvent quality, enables precise 
control of the internal structure and morphology of the particles.  

[1]  Takaichi Watanabe, Carlos G. Lopez, Jack F. Douglas, Tsutomu Ono, and João T. Cabral, Langmuir 30 (9), 
2470 (2014) 

[2]  Christiana E. Udoh, Valeria Garbin, and João T. Cabral, Langmuir 32 (32), 8131 (2016) 
 
 
The amphiphilic patchy model of the globular proteins 

J Siódmiak 

UTP University of Science and Technology, Poland 

From the physiological and health point of view, protein aggregation is a very unwelcome process. In some cases 
aggregation of proteins causes only theirs dysfunctionality, but it happens that it is a source of many very 
dangerous and increasingly occurring diseases, like: Alzheimer’s, Parkinson’s and Huntington’s disease [1,2]. 

To understand how aggregation processes are going in addition to experimental research many computer 
simulations are carried out [3]. This allows you to see how physicochemical conditions influence the aggregation at 
the atomic level. In computer simulation the usage of the considerable number of particles (including solvent 
molecules) is problematic and time consuming. In order to accelerate the simulation, coarse-grained (mesoscopic) 
models are used. The level of graining may vary from small groups of atoms like functional groups (e.g. coarse-
grained model) [4] via aminoacids (e.g. hydrophobic/hydrophilic HP-type models) [5] to the biomolecule as a 
whole (number of patchy models) [6]. The last group, i.e. patchy models, seems to be the most effective in case of 
crystallization modelling. Depending on the number and nature of the patches, they provide a good reproduction of 
the non-Kossel nature of the protein crystals, as well as allow for a longer simulation time - up to several 
milliseconds. The most of the patchy models based on electrostatic properties of the groups of atoms and/or 
residues. The geometry and redistribution of interacting (attractive, repulsive and neutral) patches is very varied. The 
shape and size of patches can be unequivocally established and is the same for all types of patches or different 
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depending on the local properties. It may be points or geometric figures. Their distribution can be random or regular 
corresponding to the problem of the sphere mapping. 

In this lecture, the new approach to the problem of mesoscopic modelling of protein crystals and its growth will be 
proposed. The novelty is the use of a patchy model of the globular protein where patches are redistributed on the 
spherical surface according to fullerene geometry. Because the driving force of protein crystallization are 
hydrophobic interactions the properties of a given patch depend on the amphiphilic properties of the amino acids 
which are located in the nearest neighbouring of given patch. In this study the model protein is lysozyme. Two 
coarse-grained models of protein, HP (hydrophobic, hydrophilic) and HPNX (hydrophobic, hydrophilic positively 
charged, hydrophilic negatively charged, neutral), are used to describe amphiphilic properties of amino acids. It will 
be shown that the combination of fullerene geometry and amphiphilic properties of amino acid can reproduces the 
crystal structure of the model protein (including information about orientation of single protein). 

[1]  C. A. Ross, M. A. Poirier, “Protein aggregation and neurodegenerative disease”, Nature Medicine 10, 10-17 
(2004) 

[2]  A. Horwich, “Protein aggregation in disease: a role for folding intermediates forming specific multimeric 
interactions”, The Journal of Clinical Investigation 110, 1221-1232 (2002) 

[3]  A. Morriss-Andrews, J. E. Shea, “Simulations of Protein Aggregation: Insights from Atomistic and Coarse-
Grained Models”, The Journal of Physical Chemistry Letters 5, 1899-1908 (2014) 

[4]  S. Kmiecik, D. Gront, M. Koliński, Ł. Wieteska, A. E. Dawid, A. Koliński, “Coarse-Grained Protein Models and 
Their Applications”, Chemical Reviews 116, 7898-7936 (2016) 

[5]  K.F. Lau, K. A. Dill, “A lattice statistical mechanics model of the conformational and sequence spaces of 
proteins”, Macromolecules 22, 3986-3997 (1989) 

[6]  D. Fusco, P. Charbonneau, “The crystallization of asymmetric patchy models for globular proteins in 
solution”, Physical Review E 88, 012721 (2013) 

 
 
Controlling the self-assembly of soft, squishy materials; the underlying physical paradigm 

A F Miller  

University of Manchester, UK 

The development of highly functional, tailored soft materials is arguably one of the most important challenges of 
material and physical science for the next decade. The use of non-covalent self-assembly of polymers and peptides 
into highly organised heirarchical structures is one prominent strategy for the construction of such materials with 
increasing functional and responsive properties, for applications ranging from electronic to biotechnology. Here, the 
current challenges in understanding the underlying physical principles behind self-assembly will be laid out, before 
discussing our molecular engineering platform technology. The design rules we have elucidated for controlling the 
material self-assembly pathway and the relationship between final material structure, mechanical behavior and 
processability will be presented. Case studies of ionic-complementary oligo-peptides and peptide-polymer 
composites will be highlighted where application is within the biomedical field. 
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Session 5: Polymers for optical and electronic applications 
 
Structural and electrical impact of water adsorption in the bioelectronic polymer melanin 

P Meredith1, B Mostert2 and A Clulow3 
1Swansea University, UK, 2University of Queensland, Australia, 3Monash Institute of Pharmaceutical Science, 
Australia 

The melanins are an important class of functional biopolymer ubiquitous throughout nature and performing many 
roles including as photo‐protectants, pigments and anti‐oxidants [1]. The structure‐property‐function relationships 
in melanins are dominated by molecular disorder at many levels – indeed, structural disorder and chemical diversity 
are defining features of these materials [2]. They have been studied for many decades as important biological 
materials, but more recently melanins and related materials have drawn the interest of the functional materials 
community for applications in, for example, supercapacitors, batteries and bioelectronics interfaces [1]. In this 
regard, device quality melanin thin films have been demonstrated, and various solid‐state forms have been shown 
to be hybrid ion‐electron conductors [3]. This particular property is very strongly dependent upon the state of 
hydration, and this has led to the proposition that melanins could be model bioelectronic materials capable of 
supporting and transducing between ion‐and‐electron currents. 

In my paper, I will introduce this biopolymeric system and focus on the structural and electrical impact of sorbed 
water. In particular, I will show how neutron reflectometry can be used to study changes in the structure of melanin 
thin films as a function of H2O and D2O vapour pressure using the contrast effect [4]. The dynamics of this sorption 
defines the rate of change of electrical properties as a function of hydration, and as such is critical underpinning 
knowledge for the design and creation of bioelectronic interfaces. 

[1]  “Electronic and optoelectronic materials and devices inspired by nature”, P Meredith, C.J. Bettinger, M. 
Irimia‐Vladu, A.B. Mostert & P.E. Schwenn, Reports on Progress in Physics, 76, 034501 (2013) 

[2]  “Chemical and structural diversity in eumlanins – unexplored bio‐optoelectronic materials”, M. d’Ischia, A. 
Napolitano, A. Pezzella, T. Sarna & P. Meredith, Angewandte Chemie International Edition, 48(22), 3914‐ 
3921 (2009) 

[3]  “Is melanin a semiconductor: humidity induced self doping and the electrical conductivity of a 
biopolymer”, A.B. Mostert, B.J. Powell, F.L. Pratt, G.R. Hanson, T. Sarna, I.R. Gentle & P. Meredith, 
Proceedings of the National Academy of Sciences of the USA, 109(23), 8943‐8947 (2012) 

[4]  “The structural impact of water sorption in device‐quality melanin thin films”, A.J. Clulow, A.B. Mostert, M. 
Sheliakina, A. Nelson, N. Booth, P.L. Burn, I.R. Gentle & P. Meredith, Soft Matter, 
doi:10.1039/c6sm02420c (2017)  

 
 
Designing novel polymer systems with enhanced dielectric response 

V Bobnar1, Y Beeran2, A Eršte1, Y Grohens3, V Kokol4, Y Thakur5, S Thomas2 and Q Zhang5 
1Jožef Stefan Institute, Slovenia, 2Mahatma Gandhi University, India, 3Universite de Bretagne, France, 4University of 
Maribor, Slovenia, 5The Pennsylvania State University, USA 

Requirements for compact electronic and electrical power systems as well as very high energy capacitive storage 
systems grow substantially, thus the development of high dielectric constant materials becomes one of the major 
scientific and technology issues. High dielectric constant materials are also very attractive for use in a broad range 
of electromechanical applications (actuators, sonars, artificial muscles), as on increasing dielectric constant the 
desired piezoelectric or electrostrictive response can be induced under a much reduced electric field. We will 
demonstrate that novel polymer materials with high dielectric constant can efficiently be developed by taking into 
account the basic physical phenomena. 
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In a heterogeneous system consisting of dielectric (insulator) matrix and electrically conductive inclusions, the 
charge accumulated at the phase boundaries acts as a relatively large electric dipole in an alternating electric field. 
Using this so-called Maxwell-Wagner polarization, we have effectively increased the dielectric constant of 
electroactive polymers based on the polyvinylidene fluoride (PVDF), and, consequently, substantially reduced the 
electric field needed for their giant electrostrictive response [1]. In an analogous manner, we have recently 
fabricated composites from ammonia-functionalized graphene oxide nanoplatelets and wood-based cellulose 
nanofibrils. We will show that due to the Maxwell-Wagner polarization the dielectric constant of these flexible and 
eco-friendly composites is strongly enhanced already at a relatively low graphene oxide loading concentration [2]. 

Maxwell-Wagner polarization also increases dielectric losses. In order to maintain low dielectric losses, foil 
capacitors employ plastic film as dielectric, which is wound into a cylinder shaped winding. High dielectric constant 
PVDF-based semicrystalline polymers with strongly coupled dipoles form a long-range ordered ferroelectric or a 
short-range ordered relaxor phase and, consequently, exhibit pronounced polarization hysteresis, which leads to 
high dielectric loss. As an alternative, we will present a new class of dielectric polymer, aromatic polythiourea 
(ArPTU), which contains high dipole moments with very low defect levels. We will show that the dielectric response 
of this amorphous, glass-phase polymer with weak coupling among the dipoles is stable over broad temperature 
and frequency ranges [3]. Moreover, the dielectric response of ArPTU will be compared with that of polypropylene 
and high-density polyethylene, which are both commercially used in foil capacitors. 

[1]  V. Bobnar et al., Phys. Rev. Lett. 92, 047604, 2004; J. Non-Cryst. Solids 353, 205, 2007 
[2]  Y. Beeran et al., RSC Advances 6, 49138, 2016; Nanoscale 2017, subm. 
[3]  A. Eršte et al., J. Adv. Dielectrics 6, 1650003, 2016 
 
 
Polymer Opals; Large-scale ordering of nanoparticles using viscoelastic shear processing  

C E Finlayson1, Q Zhao2, D R E Snoswell3 and J J Baumberg2 
1Aberystwyth University, UK, 2University of Cambridge, UK, 3Schlumberger Gould Research Center, UK 

Despite the availability of elaborate varieties of nanoparticles, their assembly into regular superstructures and 
photonic materials remains challenging. Here we show how flexible films of stacked polymer nanoparticles can be 
directly assembled in a roll-to-roll process using a bending-induced oscillatory shear (BIOS) technique.[1] For sub-
micron spherical nanoparticles, this gives elastomeric photonic crystals (termed “polymer opals”) showing 
extremely strong tunable structural colour. With oscillatory strain amplitudes of 300%, crystallization initiates at the 
wall and develops quickly across the bulk within only five oscillations. The resulting structure of random hexagonal 
close-packed layers is improved by shearing bidirectionally, alternating between two in-plane directions. Our 
theoretical framework indicates how the reduction in shear viscosity with increasing order of each layer accounts for 
these results, even when diffusion is totally absent.[2] This general principle of shear ordering in viscoelastic media 
opens the way to manufacturable photonic materials, and forms a generic tool for ordering nanoparticles, with 
greatly reduced requirements for particle monodispersity.[3]  

More generally, such “polymer opals” provide are a promising platform for next-generation bulk-scale photonic 
structures, coatings, fibres and sensors.[4]  

[1]  Q. Zhao et al., Nature Communications 7, 11661 (2016) 
[2]  D.R.E. Snoswell et al., Phys. Rev. E 92, 052315 (2015)  
[3]  Q. Zhao et al., Advanced Optical Materials 4, 1494 (2016)  
[4]  C.E. Finlayson and J.J. Baumberg, Polymer International 62, pp.1403–1407 (2013) 

 

 

 

 



 

24 Physical Aspects of Polymer Science 2017 

The effect of solvent additives on the morphology of polymer solar cells 

G Bernardo1, Y Zhang1, A J Parnell1, R L Thompson2, R A L Jones1, S M King3, D G Lidzey1, A L Washington3, D T W 
Toolan1, J P A Fairclough1 and J R Howse1 
1University of Sheffield, UK, 2 Durham University, UK, 3ISIS/STFC, UK 

The morphological control of bulk-heterojunction (BHJ) solar cells by processing with solvent additives is attractive 
for being compatible with large-scale processing and has been extensively studied over the last decade. 
Contradicting previous reports [1] which attributed the effect of additives, like 1,8- diiodooctane (DIO), to a change 
in the aggregation state of PC71BM in solution we show that additives play their role not by changing aggregation 
states in solution [2] but by remaining in the thin film after spin-coating plasticizing it and promoting molecular 
mobility [3]. 

In PffBT4T-2OD/PC71BM devices we show that DIO increases its power conversion efficiency (PCE) by 20%, 
through a mechanism of transient plasticisation. We follow the removal of 1,8- diiodooctane directly after spin-
coating using ellipsometry and ion beam analysis, while using small angle neutron scattering (SANS) to characterise 
the morphological nanostructure evolution of the film. We observe that the increase in PCE is due to a coarsening of 
the phase domains (Figure 1) which is assisted by thermal annealing and the slow evaporation of DIO. 

 

Figure 1. Correlation between PCE and characteristic length scale. 

We also show, using a combination of SANS and AFM, that by using different additives we can tune the morphology 
of the bulk-heterojunction and corresponding device efficiency. 

[1]  Lou, S.J., et al., Effects of Additives on the Morphology of Solution Phase Aggregates Formed by Active 
Layer Components of High-Efficiency Organic Solar Cells. Journal of the American Chemical Society, 2011. 
133(51): p. 20661-20663. 

[2]  Bernardo, G., et al., Does 1,8-Diodooctane (DIO) Affect the Aggregation State of PC71BM in Solution? 
Submitted for publication 2017 

[3]  Zhang, Y., et al., Understanding and controlling morphology evolution via DIO plasticization in PffBT4T-
2OD/PC71BM devices. Scientific Reports, 2017. 7: p. 44269. 
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Session 6: Prize Lectures 
 
Ian Macmillan Ward Prize for the Best Student Paper 

Dynamic peptide libraries for the discovery of supramolecular nanomaterials 

C Pappas1 and R V Uljin2 
1University of Groningen, The Netherlands, 2City University of New York, USA 

The tremendous functionality of living systems is based on sequence-specific polymers and it is increasingly clear 
that much simpler oligomers, such as peptides, are suitable building blocks for supramolecular nanomaterials with 
myriad applications. However, the design and selection of self-assembling sequences is challenging due to the vast 
combinatorial space available. Remarkably, it has been shown that even the shortest peptides- consisting of two or 
three amino acids, can act as powerful self-assembly motifs. Dynamic combinatorial libraries- where multiple 
components can reversibly combine and exchange and ultimately favor the structure with the lowest free energy is 
well suited for discovery of new self-assembling architectures. We demonstrate methodology that enables the 
peptide sequence space to be searched for self-assembling structures. In this approach, unprotected homo- and 
hetero dipeptides are subjected to continuous enzymatic condensation, hydrolysis and sequence exchange with the 
free energy change associated with the assembly process itself giving rise to selective amplification of self-
assembling candidates. By changing environmental conditions using various salts and solvents, different sequences 
and consequent nanoscale morphologies could be selected-thus demonstrating the context dependent optimization 
of peptide nanostructures. The approach resulted in the discovery of a number of previously unknown short peptide 
nanostructures with sequence specific morphologies. 

 
[1] Pappas et al. Nat. Nanotechnol., 2016, 11, 960-967 

 
Founders' Prize  

Responsive polymers in the solid state 

M Warner  

University of Cambridge, UK 

Polymers with directional (nematic) order change their molecular shape as the order is changed. Order can be 
reduced or enhanced by changing temperature, illumination, solvent, . . . and its direction can be re-directed by 
mechanical stress and other fields. 

In the solid state, macroscopic shape mirrors molecular shape, so mechanical phenomena unique to polyermic 
solids arise.  Non uniform order, again unique to polymeric solids, can give further new phenomena. 
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Session 7: Networks and gels 
 
(invited) Bio-aerogels 

T Budtova 

MINES ParisTech, France 

Aerogels are highly porous, ultra-light (density around 0.1 g/cm3) nanostructured materials. Historically they are 
made from silica: they have extraordinary properties such as very high specific surface area ( > 1000 m2/g) and 
very low thermal conductivity, below that of air (0.025 W/m.K) making them thermal super-insulating materials.  

Bio-aerogels are a new generation of aerogels made from polysaccharides. We prepared aerogels from cellulose, 
pectin and starch via polymer dissolution, solvent exchange and drying with super-critical CO2. Their density varies 
from 0.05 to 0.2 g/cm3 and specific surface area is 200-600 m2/g. Bio-aerogels are mechanically strong, with 
Young’s moduli up to 20-30 MPa and plastic deformation up to 70% strain. The properties and applications of bio-
aerogels will be discussed. 

This work was funded within the 6th and 7th EU Framework Program; WoodWisdom Net+ EU program and supported 
by French ministry of agriculture, food and fishing, by French National Research Agency (ANR), and by ADEME, 
France. 
 
 
Elasticity dominated surface segregation in polymer mixtures  

B Chakrabarti1, J Krawczyk2, S Croce2 and T McLeish2 
1University of Sheffield, UK, 2Durham University, UK 

When a polymer mixture with two different mobile components that has a surface exposed to atmosphere is left to 
equilibrate the small molecular weight component always migrates to the surface. A balance between loss of 
entropy and gain in surface energy dictates the equilibrium behaviour associated with this process. In this work we 
study the phenomenon of migration of the small molecular weight component of a binary polymer mixture to the 
free surface using mean field and self-consistent field theories. By proposing a free energy functional that 
incorporates polymer-matrix elasticity explicitly, we compute the migrant volume fraction and show that it decreases 
significantly as the sample rigidity is increased. A wetting transition, observed for high values of the miscibility 
parameter can be prevented by increasing the matrix rigidity. Estimated values of the bulk modulus suggest that the 
effect should be observable experimentally for rubberlike materials. This provides a simple way of controlling surface 
migration in polymer mixtures and can play an important role in industrial formulations, where surface migration 
often leads to decreased product functionality. 

[1] J. Krawczyk et al. PRL, 116, 208301 (2016) 
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Neutron reflectivity, water dynamics and performance of polyamide nanofilms for water desalination  

F Foglia, A G Livingston and J T Cabral 

Imperial College London, UK 

We investigate the structure and hydration of polyamide membranes, with a combination of neutron and X-ray 
reflectivity, and benchmark their performance in reverse osmosis water desalination. Neutron spectroscopy provides 
further insight into the dynamics of water and the polyamide membrane under various hydration states. PA 
membranes were synthesised by the interfacial polymerization of m-phenylenediamine (MPD) and trimesoyl 
chloride (TMC), varying systematically reaction time, concentration and stoichiometry, to yield large-area 
exceptionally planar films of ≈10 nm thickness. Reflectivity was employed to precisely determine membrane 
thickness and roughness, as well as the (TMC/MPD) concentration profile, and response to hydration in the vapour 
phase. The resulting film thickness is found to be predominantly set by the MPD concentration, while TMC regulates 
water uptake. A favourable correlation is found between higher swelling and water uptake with permeance. The 
confined water dynamics were resolved and found to be coupled with the polymer relaxation dynamics. Our data 
provide quantitative insight into the film formation mechanisms and correlate reaction conditions, cross-sectional 
nanostructure and performance of the PA active layer in RO membranes for desalination. 

[1]  S. Karan, Z. Jiang and A.G. Livingston, Science, 2015, 348, 6241 
[2]  F. Foglia, S. Karan, M. Nania, Z. Jiang, A. E. Porter, R. Barker, A. G. Livingston, J. T. Cabral, submitted 

(2017) 
 
 

Confined networks and motility of stiff filaments   

K Müller-Nedebock 

Stellenbosch University, South Africa  

The mechanical properties of a cell depend on the precise nature of networks which make up the cytoskeleton. The 
different types of filaments, and several ways in which these can be assembled into networks as well as how these 
filaments are linked influence the elasticity of the bulk. For cytoskeleton in cells, but also other synthetic scenarios, 
there are constraints due to the confinement imposed by the cell membrane or cell wall, i.e. the filament networks 
are neither homogeneous nor infinite. We shall address some of the aspects of the network properties in models for 
the elastic and geometrical properties of the cytoskeleton. The distribution and orientation of filaments within the 
confining region also vary with position within the cell and can also be measured. Molecular dynamics simulations 
show that confinement affects the orientation and distribution of filaments within the cell [Azari, A. & Müller-
Nedebock, K. K. EPL 110, 68004 (2015)]. We introduce a monomer ensemble technique [Pasquali, S. & Percus, J. 
K. Molecular Physics 107, 1303 (2009)], and discuss the role of membranes or cell walls on the elastic properties 
of networks. This enables us to contrast the type of mechanical behaviour of branching and cross-linking in finite 
networks consisting of stiff filaments. We also briefly discuss active cross-linkers in networks, restricting our view to 
simple systems: the one-dimensional contractile ring, and two-dimensional motility assays. 

  



 

28 Physical Aspects of Polymer Science 2017 

Session 8: Polymer structure and dynamics 

 
APS/DPOLY Exchange Lecture  

Investigations of star, cyclic, and concatenated polymers with neutron scattering 

M J A Hore 

Case Western Reserve University, USA 

Small-angle neutron scattering (SANS) has been shown to be a powerful tool for investigating the structure and 
thermodynamics of polymers in solution. Advances in polymer synthesis within the past two decades have led to 
low dispersity polymers with tunable architectures and terminal groups, among other important properties. Here, 
SANS is used to measure the conformation and thermoresponsiveness of poly(N-isopropylacrylamide) (PNIPAM) 
star polymers, cyclic polystyrene, and a novel linear polycatenane using newly developed or modified form factors. 
As shown in the figure 1a, for the case of PNIPAM stars dissolved in water, SANS data indicate that the 
conformations of the arms of the star polymer are independent of the number of arms (f) for f < 6, with an average 
radius of gyration (Rg) that scales as the degree of polymerization (N) as Rg ~ N0.55, and decreasing as the 
temperature approaches the lower critical solution temperature, for bromine and phenyl-terminated arms. 

However, dodecane-terminated arms lead to globular structures in solution, despite comprising only a small fraction 
of the polymer. Dissipative particle dynamics (DPD) simulations are used to interpret this behavior. Low dispersity 
cyclic polystyrene, and its exact linear analog, are studied in solutions of deuterated cyclohexane, and fit 
numerically to obtain the excluded volume parameter of the chains as a function of temperature. SANS data find 
that cyclic polymers exhibit more swollen conformations and swell at a different rate than their linear precursors, 
despite being chemically identical, as shown in figure 1b. This behavior is explored as a function of polystyrene 
molecular weight and compared to theoretical calculations. Finally, SANS it used to probe the structure and 
response of novel linear polycatenane – a polymer consisting of mechanically-interlocked cyclic monomers – as well 
as its dendritic and cyclic analogs. The measurements are compared to the behaviors of cyclic polystyrene and star 
PNIPAM. 

           

Figure 1. The radius of gyration scales as Rg ~ Nv, where v is the excluded volume parameter. (a) Excluded volume 
parameter as a function of temperature for star PNIPAM with different number of arms (f). (b) Excluded volume 
parameter for cyclic polystyrene and its linear analog in deuterated cyclohexane as a function of temperature. 
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Chain dynamics in polymer melts at flat surfaces    

J Kirk and P Ilg 

University of Reading, UK  

We investigate, by extensive molecular dynamics simulations as well as a simplified single-chain model, the 
influence of steric hindrance on the dynamic properties of non-entangled chains in polymer melt due to confining 
surfaces [1].  We extend the Rouse model to also include wall effects, using an additional potential that results from 
the assumption that chain conformations have reflected random-walk statistics, as first advocated by Silberberg. 
Results for end-to-end vector and Rouse mode correlation functions of chains end-tethered to the surface compare 
well with those obtained from molecular dynamics simulations of a multi-chain system using the Kremer−Grest 
bead−spring model (KG MD). Even though the additional single-chain potential is parameter-free, we show that the 
accuracy of the model for surface chains is comparable to that of the Rouse model for bulk chains. An analytic 
dumbbell model accurately describes the longest Rouse mode correlation function of surface-tethered “mushroom” 
chains immersed in a polymer melt at low grafting density. In addition, we find that a perfectly smooth surface 
enhances the influence of hydrodynamic viscoelastic coupling [2] on the centre-of-mass motion near the surface.   

Following the good agreement between theory and simulation, it would be desirable to make a comparison with 
experiment.  In turn, recent advances in experimental techniques probing fluid properties at the surface [3,4] call for 
corresponding investigations using simulation and theory.  We are investigating how this work may be extended to 
include entanglement effects and therefore describe surface chains at higher molecular weights for which there is 
currently much interest, particularly in relation to the phenomena of shear flow induced disentanglement between 
surface adsorbed and non-adsorbed chains.   

                
Left: Time correlation function of the surface normal component of the end-to-end vector for surface-grafted chains; 
comparison between Molecular Dynamics and modified-Rouse models.  Right: MD simulation box showing surface 

end-grafted chains (non-grafted chains hidden). 

[1]  Kirk, J.; Ilg, P. Macromolecules 2017, 50, 3703–3718 
[2]  Farago, J.; Meyer, H.; Baschnagel, J.; Semenov, A. N. Phys. Rev. E 2012, 85, 051807 
[3] Chennevière, A.; Cousin, F.; Boué, F.; Drockenmuller, E.; Shull, K. R.; Léger, L.; Restagno, F.     

Macromolecules 2016, 49, 2348−2353 
[4]  Chatzigiannakis, E.; Ebrahimi, M.; Wagner, M. H.; Hatzikiriakos, S. G. Rheol. Acta 2017, 56, 85–94 
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Structure and dynamics of entangled polymers under shear flow studied by neutron scattering  

P Gutfreund1, M Wolff2 and A Korolkovas2 
1Institut Laue-Langevin, France, 2Uppsala University, Sweden 

The study of ow in soft matter is a multidisciplinary and active research area. The challenge is to relate out of 
equilibrium internal complex fluids structure to their macroscopic rheological response. Whether flow deformation 

triggers bulk material structural re-organization or subtle surface 
orientation is of critical importance for daily life products. 
Understanding and characterizing those effects is a current 
challenge that will improve material properties and 
applications. 

Here we present the latest results on the combination of 
Neutron Scattering and rheology at the Institut Laue-Langevin, 
Grenoble on entangled linear polymers. Two examples will be 
presented: Firstly a commercially purchased rheometer with an 
adapted cone/plate or plate/plate geometry [1] is used in 
conjunction with Neutron Reflectometry (NR) to probe the 
structure of polystyrene (PS) brushes chemically attached to a 
solid surface sheared against a semi-dilute PS solution (see 
Fig. 1). We report a reversible collapse of the polymer brush 
once the bulk solution is sheared in the non-Newtonian regime 
[2]. We explain the observation by the normal stress difference 
of the free chains exerted on the brush overwhelming any 
internal brush dynamics. 

The second example combines our newly developed cone-plate 
shear device with Small Angle Neutron Scattering (SANS) and 
Neutron Spin Echo Spectroscopy (NSE) [3]. We sheared an 
entangled melt of polydimethyl-siloxane (PDMS) and report on 
the single chain form factor and the intermediate scattering 

function under shear rates extending into the non-linear regime. While the chain is not deformed at our highest 
shear rate (Wi≈3) as probed by SANS we observe accelerated dynamics in the vorticity direction at large length 
scales and long Fourier times according to the NSE results [4]. We believe these results support the idea of 
Convective Constraint Release (CCR) in sheared entangled polymers. In addition, all our experimental results are 
compared to recently developed coarse-grained computer simulations of entangled polymers [5, 6]. 

Fig. 1. Schematic representation of the in situ rheo-NR set-up probing a polymer brush in contact with free polymer 
chains. 

 

[1]  M. Wolff, P. Kuhns, G. Liesche, J. F. Ankner, J. F. Browning, and P. Gutfreund, Journal of Applied 
Crystallography 46, 1729 (2013) 

[2]  A. Korolkovas, C. Rodriguez-Emmenegger, A. de los Santos Pereira, A. Chenneviere, F. Restagno, M.Wolff, F. 
A. Adlmann, A. J. C. Dennison, and P. Gutfreund, Macromolecules 50, 1215 (2017) 

[3]  M. Kawecki, P. Gutfreund, F. A. Adlmann, E. Lindholm, S. Longeville, A. Lapp, and M. Wolff, Journal of 
Physics: Conference Series 746, 012014 (2016) 

[4]  M. Kawecki, F. A. Adlmann, P. Gutfreund, S. Gupta, P. Falus, P. Zolnierczuk, B. Farago, D. Uhrig, M. 
Cochran, and M. Wolff, \Topological interactions in polymers under shear," (2017), in preparation. 

[5]  A. Korolkovas, P. Gutfreund, and J.-L. Barrat, The Journal of Chemical Physics 145, 124113 (2016) 
[6]  A. Korolkovas, P. Gutfreund, and M. Wolff, \Dynamical structure of entangled polymers simulated under 

shear flow," ArXiv:1703.10946. 
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Models for entangled telechelic stars: nonlinear rheology and shear banding 

V A H Boudara and D J Reid  

University of Leeds, UK 

We outline current efforts investigating nonlinear rheology of entangled supramolecular polymeric materials. We 
describe three recently developed models [1]: 

(i) We have developed a simplified stochastic model for the rheology of entangled telechelic star polymers. As a toy 
model for entanglement effects we use the Rolie-Poly equations [2] that we decorate with finite extensibility. 
Additionally, we include a stretch-dependent probability of detachment for the stickers. In both linear and nonlinear 
regimes, we produce maps of the whole parameter space, indicating the parameter values for which qualitative 
changes in response to the applied flow are predicted. Results in the linear rheology regime are consistent with 
previous more detailed work [3]. 

(ii) Pre-averaging the stochastic equations described above, we obtain a set of non-stochastic coupled equations 
that produce very similar predictions. This pre-averaged model is based on two tensors representing the attached 
and detached chain populations and a scalar quantity that represents the fraction of these populations.  

(iii) Using our pre-averaged model, we are able to explore new type of flows. In (i) we observe that for some 
parameter values, the steady state stress versus shear rate curve is non-monotonic, which is a signature of shear 
banding [4]. Our simulations confirm shear banding. Surprisingly, for some parameter values, the system never 
reaches a steady state but instead it oscillates in time between homogeneous state (H) and recoil (R) (coexistence 
of positive and negative shear rates). 

 
Left: shear stress versus shear rate. The dashed line is for homogeneous non-banded flow, and the symbols are for 
shear banding simulations with various diffusion coefficients; Inserts are the transient stress. Right: time resolved 

local shear rate, fraction of attached chains and polymeric stress corresponding to the insert (left) at the red circle. 

[1]  Boudara, V. A. H, and D. J. Read, J. Rheol. 61, 339–362 (2017) 
[2]  Likhtman, A.E., and R.S. Graham, J. Non-Newton. Fluid Mech., 114, 1–12 (2003) 
[3]  Ruymbeke, E. Van, D. Vlassopoulos, M. Mierzwa, T. Pakula, M. Pitsikalis, N. Hadjichristidis, 

Macromolecules. 43, 4401–4411 (2010) 
[4]  Fielding, S.M., J. Rheol. 60, 821–834 (2016) 
 
 
Using virtual knots to understand ambiguous polymer conformations  

K Alexander, A J Taylor, S Hanna and M R Dennis 

University of Bristol, UK 

Knotted conformations of polymers have been investigated both experimentally and computationally [1]. They can 
occur in any linear polymer with enough flexibility and are particularly important in DNA chains, where the presence 
of knotting interferes with cell division [2]. Identifying the type of knot present in a closed loop is relatively straight-
forward as the knot cannot be untied. This identification is not so simple in open chains where the exact position of 
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the end points can make the knot type ambiguous. A common approach to this problem is to join the ends of the 
chain with abstract lines to a distant point. By choosing many different closure points uniformly distributed around 
the chain, the most common knot type may be found and taken as representative of the knotting of the curve [3]. 

Our alternative approach to knot identification in open chains involves taking projections of the curve in many 
directions and using virtual closures to capture the information of the crossings already present in the projections. 
Three example projections of a simple curve are shown in the figure. Both red and green panels can be closed 
simply and understood as classical knots. In the blue panel, a strand must be crossed to form a closure. We 
understand projections like these as virtual knots [4], a generalised class of knots which can be considered to lie 
between classical knot types, better capturing the ambiguity of knotted open chains [5]. As such, virtual knots are 
potentially useful for understanding intermediate conformations of knotted polymers during relaxation and other 
situations where the end points are close to the bulk of the polymer, such as confinement. In this paper we will 
apply this approach to investigate knotting of proteins in the Protein Data Bank [5], and also present preliminary 
results of our investigations into more generic polymer applications. 

 

 

[1]  A. R. Klotz, V. Narsimhan, B. W. Soh, and P. S. Doyle, Macromolecules, (2017) 
[2]  J. C. Wang, Nature Reviews Molecular Cell Biology, 3(6), pp.430-440 (2002) 
[3]  M. Jamroz, W. Niemyska, E. J. Rawdon, A. Stasiak, K. C., Millett, P. Sulkowski, and J. L. Sulkowska, Nucleic 

Acids Research 43, D306 (2014) 
[4]  L. H. Kau_man, European Journal of Combinatorics 20, 663 (1999) 
[5]  K. Alexander, A. J. Taylor, M. R. Dennis, Scienti_c Reports 7, 42300 (2017) 
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Poster abstracts 
 
P1. Understanding the anti-bacterial mechanism in Cicada wing structured surfaces 

M Snape, C Vasilev, R Corrigan and A J Parnell  

University of Sheffield, UK 

A report [1] on the biocidal effects of Cicada wing (see Fig. 1) surfaces showed how they limit the ability of bacteria 
to colonise surfaces. This is an effective demonstration of the way in which we could limit the spread and 
proliferation of bacteria on surfaces.  This work suggested that it is the physico-mechanical properties of the wings 
that are bactericidal, a phenomenon that would avoid the need to release a biocidal chemical compound from a 
surface. This is an extremely desirable goal as resistance to biocidal compounds is prevalent and the use of these 
compounds is also gradually being limited due to more stringent regulation.  

To understand the mechanism behind the bactericidal activity of these nanoscale surface structures, we have 
carried out a study on the effects of surface chemistry and surface morphology on the viability and proliferation of 
bacteria on surfaces.  Using soft lithography (PDMS based methods) to copy and replicate these biological 
structures. We also find a reduction in bacteria growth using polymer based mimics of these surfaces morphologies. 

 
Figure 1. a.) Image of a Cicada b.) the wing surface on the nanoscale with highly regular uniform nanoscale 

features. 

[1] Ivanova, E. P. et al. Natural Bactericidal Surfaces: Mechanical Rupture of Pseudomonas aeruginosa Cells 
by Cicada Wings. Small 8, 2489–2494 (2012) 

 
 
P2. Study of PLLA microstructure with Ultra-fast calorimetry and X ray scattering 

C Girard1, A Lallam1, M Rosental2 and D A Ivanov3 
1University of Haute Alsace, France, 2ESRF, France, 3Institut de Science des Matériaux de Mulhouse, France 

The Poly lactic acid is a biodegradable polymer which can be produced from natural resources like corn or lacto 
serum. This polymer presents some advantages such as biocompatibility and bioresorbability, which can be used 
for biomedical implants or packaging applications. In packaging applications it is important to control the heat 
resistance and the water sorption. These properties can be controlled by the crystallinity of the polymer [1]. It has 
been reported different phases for this material, the α phase, the α’ phase which is a disorder phase, the β phase 
which is a draw phase and the γ phase which is due to the epitaxial crystallization. According to the literature, 
during the melting process, a transition appears for the α’ to the α phase because of the reorganization before 
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melting [2].Recently, it was shown by calorimetric study that this transition can disappear after a given heating rate 
[3].  

A polylactid was crystalized from the melt at different temperatures which can enable to study the different 
polymorphs by ultrafast calorimetry and X ray scattering using synchrotron radiation. This work has studied the 
nucleation in order to investigate if the nucleus can be assimilated to a real phase. The nucleus can disappear at a 
temperature inferior to its melting temperature as a consequence it shows that the nucleus is unstable. The 
nucleation was also observed by nanofocus X ray. By annealing at a temperature specific to one polymorph, the 
stability of this phase versus the other was explored (α vs α’ and α’ vs α). This has shown a higher stability of the α 
phase over the α’ phase. The quantity of one phase in the coexistence zone was quantified. The use of spun fibers 
which are stretch at different specific temperatures had increased the cohesion of the crystal compared to its drop 
state. 

 
[1]  M.Cocca, M.Di Lorenzo, European Polymer journal 47, 2011  
[2]  J.Zang, K.Tashiro, Marcomolecule 41, 2008  
[3]  R.Androsch, C.Schick, Macomolecular Journal 215, 2014 
  
 
P3. Early lessons in Positron Annihilation Lifetime Spectrometry (PALS) 

A Shackleford 

University of Sheffield, UK 

Free volume in polymers is an important feature in the world of polymer science, it can be thought of as voids on a 
nanoscale. In crosslinking polymers, ‘dangling ends’ occur due to the random arrangement of polymer chains and 
steric hindrance. It is hypothesized that in the regions surrounding these ‘dangling ends’, free volume occurs.  

Positron Annihilation Lifetime Spectroscopy (PALS) is a useful technique to determine free volume size. It utilises 
the gamma radiation produced during the ‘birth’ and ‘death’ of a positron inside a material. The positron lifetime is 
then calculated which directly relates to the size of a void in which the death occurred. This information is key for 
many applications such as chemically resistive coatings, which is the focus of my research.  

In this talk, I will discuss the early pitfalls and successes during the construction of a Positron Annihilation Lifetime 
Spectrometer. 
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P4. Development of peptide based smart materials for the topical delivery of therapeutics 

X Zhu1, M Elsawy2, A Saiani1 and A F Miller1 
1University of Manchester, UK, 2University of Central Lancashire, UK 

One current challenge that is receiving increasing attention within the pharmaceutical field is how to control and 
target the delivery of therapeutics in a temporal fashion. Of particular interest for this application is the design of 
soft responsive materials. Short oligopeptides are ideal building blocks for the controlled self-assembly of such 
nanostructured soft gels as they are inherently biocompatible, can be tailored to match the properties of the 
surrounding tissue of choice, can entrap and control the rate of release of small and large molecules, and be 
delivered via injection or topically. In this work, we focus on improving the mechanical strength of these soft, 
squishy peptide hydrogels by generating composite materials of hyaluronic acid (HA) hydrogel with two different 
self-assembling peptides - FEFEFKFE and FEFKFEFKK - in a range of ratios. We will present the structure-property 
relationships elucidated using FTIR, AFM and oscillatory rheology and explore how varying pH and salt concentration 
impacts on the phase behaviour of the composite material. 
 
 
P5. Layer-by-Layer guided self-assembly of Poly(2-ethyl 2-oxazoline) and tannic acid 

E B Adatoz and A L Demirei 

Koç University, Turkey  

Poly (2-ethyl-2-oxazoline) (PEOX), a biocompatible and thermo-responsive polymer and tannic acid (TA), an anti-
bacterial polyphenol, form stable hydrogen-bonded (H-bonded) aggregates in aqueous solutions at acidic 
conditions. Using layer-by-layer (LbL) self-assembly, PAOX/TA pH-responsive multilayer films can also be prepared 
on solid substrates. In this study, we elucidate the self-assembly mechanism of PEOX and TA in both aqueous 
solutions and in multilayer films and characterize the self-assembled H-bonded aggregates. PEOX forms H-bonded 
irregular aggregates with TA in aqueous solutions while well-defined fibers are possible to obtain with the release of 
multilayer films in aqueous solutions at certain pH and ionic strength, which we call as “LbL guided self-assembly”. 
The underlying mechanism that leads to fiber formation in a dynamic LbL process consisting of random 
adsorption/desorption will be discussed in terms of molecular interactions and hydrophobicity. 
 
 
P6. High-throughput manufacture of flexible electronics 

H Assender, T Cosnahan, K Zhang and Z Ding 

University of Oxford, UK  

The breakthrough of flexible electronics depends upon suitable large-scale manufacturing routes, for which very low 
cost, high-throughput processing techniques offer promise.  Our approach to development of organic electronics 
considered high-speed roll-to-roll processing routes already employed industrially to consider their applicability in 
creating transistors and circuits.  This paper will discuss the development of organic field effect transistors that use 
evaporation for all required layers.  These transistors have been employed in simple circuit elements and these 
circuits and transistor arrays have shown yields of close to 100%.  For circuit production, in-line in-vacuum high 
throughput patterning techniques require further exploration, and first steps considered in Oxford, such as 
evaporated pattern metallization via oil printing will be described.   
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P7. The role of nanodefects in oxide-coated polymer gas barrier layers 

H Assender, A Sim and V Tobin 

University of Oxford, UK 

The performance of gas barrier layers for applications, for example, in flexible optoelectronics, depend upon the 
defects in the barrier layer through which the permeant passes.  This paper explores the understanding of both 
microscopic defects, but also nano-defects that are not directly resolvable either by microscopy or by calcium test.  
In particular, examples are presented of sputtered AlOx barrier layers in which a significant proportion of the 
permeation is through nanodefect populations, as signified by an increase in the activation energy of water vapour 
transport above that of the substrate polymer.  Often, an increase in activation energy has been associated with a 
decrease in population of the larger defects (and hence a decrease in overall permeation) but effects such as 
substrate interactions and process conditions can give rise to changes in the character and population of 
nanodefects giving rise to cases in which decreased permeation can be associated with an increase in activation 
energy.  As materials with high barrier properties are further developed, this understanding of the role of nanodefect 
populations will be crucial to the further progress in the field. 
 
 
P8. Polymer brushes with Colloids: A density functional and molecular dynamics study 

L K Davis1, Dino Osmanovic2, Andela Saric1, Ian Ford1 and B W Hoogenboom1, 
1University College London, UK, 2Bar-Ilan University, Israel 

Polymer brushes consist of chains attached at one end to a surface and are important in many physical and 
biological contexts due to their particular physical properties. An example of such a biological context is the nuclear 
pore complex (NPC), which resides in the membrane of the cell nucleus, acting as a selective gate for molecules 
going into and out of the nucleus. The NPC contains natively unfolded proteins (FG nups) which are chemically 
tethered to the inside of a cylindrical sca_old, which then form a polymer brush. The configuration of FG nups within 
the brush aids in the selectivity barrier of the NPC, yet precise understanding of the mechanism is still unclear. To 
further progress on understanding this selectivity mechanism, we use classical density functional theory (DFT) and 
molecular dynamics (MD) to study FG nup polymer chains with and without the presence of diffusing colloids. We 
first investigate a planar polymer brush system consisting of athermal and attractive FG nups. Both schemes 
demonstrate how entropic effects lead to brush formation and how attractive inter-molecular interactions lead to the 
collapse of this brush. We compare our model to experimental findings on FG nup films and verify that these 
proteins have an attractive interaction strength which is significant to NPC selectivity. Next we investigate the phase 
behaviour of a polymer - colloid system, determining the conditions for adsorption or absorption of the colloids. Our 
model intends to lead towards a quantitative understanding of how molecules diffuse through a 'disordered' 
polymer mesh, allowing for a clearer insight into the physics of NPC selectivity. 
 
 
P9. Transfer of order SDBS films on solid substrates by the bubble deposition method  

N Alshehri1,2 and T G G Maffeis1 
1Swansea University, UK, 2Albaha University, Saudi Arabia 

Thin foam films in the form of bubbles can be utilized to transfer ordered films onto surface [1]. Such films can be 
used to generate ordered films of nanoscale objects on solid substrates [2]. Sodium dodecylbenzenesulfonates 
(SDBS) is one of the films that has been used due to that has self-assembly properties. In this work, bubbles have 
been formed from solutions of SDBS in water solutions. The bubbles were transferred onto a hydrophobic substrate 
after various drainage times. Drainage time of 4 minutes was sufficient to produce fully drained bubbles and 
becomes stable for more than 20 minutes (i.e. does not burst) Figure1 (A, B). The thickness and composition of the 
transferred foam film is investigated for different concentrations of SDBS by X-ray photoelectron spectroscopy 
(XPS). XPS shows that bubbles drained for 0 min shows a little drainage with a thick layer, whereas bubble drained 
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for 4 minutes shows fully drainage with a thin layer. The film thickness, morphologies and surface coverage 
generated from SDBS solutions were investigated using atomic-force microscopy AFM. The AFM topographic images 
in Figure 1 (a, b) are corresponding to foam films transfer after (a) 0 min drainage time and (b) after 4 min drainage 
time. The surface of nondrained bubble (0 min) appears heterogeneous which probably due to that has thick layer 
of random oriented SDBS molecules. SDBS molecules of drained bubble (4 min) possibly has preferred orientation 
toward surface. As consequence, surface appears homogenous with a little of a discontinuous structure (dark spots) 
which correspond to the bilayer that did not adhere to the surface and the AFM tip touches the bare surface. 
Whereas, the white spots are probably correspond to dust particles attached to the film after transferring. More 
possible reasons for film thickness are discussed using XPS and AFM.  

 
 

Figure 1. Digital images of bubbles with drainage time of 0 and 4 min ( A and B ) and AFM topographic images for 
each bubble ( a and b) respectively.  

[1] Alshehri, N., et al., Transfer of Ordered Phospholipid Films onto Solid Substrates from a Drained Foam Film. 
The Journal of Physical Chemistry C, 2015. 119(39): p. 22496-22503. 

[2] Azevedo, J., et al., Versatile Wafer-Scale Technique for the Formation of Ultrasmooth and Thickness-
Controlled Graphene Oxide Films Based on Very Large Flakes. ACS Applied Materials & Interfaces, 2015. 
7(38): p. 21270-21277. 
 
 

P10. Encapsulation of conjugated polymers in self-assembling polymer micelles for biological imaging applications 

S Bourke1, F Dona1, Y Gonzalez1, R Ahmadkhanbeigi1, U Eggert1, K Suhling1, L A Dailey2 and M Green1 
1King’s College London, UK, 2Martin-Luther University Halle-Wittenberg, UK 

Conjugated polymers (CPs) are organic semiconductors with a backbone of alternating multiple and single bonds 
which exhibit efficient coupling between optoelectronic segments. They have been used in a number of applications 
due to their optical properties such as bright photoluminescence and photo-stability [1]. However, they are 
inherently hydrophobic which means, in order to generate nanoparticles, a surfactant is required and either the 
micro-emulsion or nanoprecipitation method is used [2].  The main driving force for the formation of nanoparticles is 
the hydrophobic effect [3]: the polymer chains fold in on themselves to avoid exposure to water. 

By doing so, the conjugated polymer nanoparticles (CPNs or P-dots) have a number of advantages over quantum 
dots (QDs) such as ease of processing, large absorption coefficients, tuneable optical properties, controllable 
dimensions and biologically inert components circumventing the issue of heavy metal toxicity  of QDs (3). By using 
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the nanoprecipitation method, we are able to encapsulate the CPs inside different chemical compositions and have 
done so with hydrophobins [4], as well as phospholipids [5], silica shells [6] and a biodegradable polymer [7]. We 
present work with a new conjugated polymer encapsulated in the self-assembling polymer poly(styrene-co-maleic 
acid) (PSMA) containing iron oxide with an emission peak of 657 nm and a quantum yield of 21%. These 
nanoparticles have an average size of 65 nm and a zeta potential of -30 mV. We show that the nanoparticles are 
uptaken by HeLa cells through subsequent imaging with a confocal scanning laser microscope, as well as being 
inherently non-toxic to cell viability and proliferation. 

 

Figure 1 A) Normalised absorption spectra of ADSred in THF (dotted black line), of the nanoparticle without SPIONS 
(dotted red line), of nanoparticle with SPIONS (dotted blue line) and the photoluminescence spectra of ADSred in 

THF (black line) and as a nanoparticle without SPIONS (red line) and with SPIONS (blue line).  λem for ADSred in THF 
was 657 nm, as was λem for the nanoparticles was 657 nm. Sample concentrations were at 10 μm/ml. Excitation 

was at 420nm. B) and C) TEM images of the ADSred PSMA. B)  without  SPIONS, C) with SPIONS taken at 50x 
resolution (scale bar = 200 nm). D) AND E) ADSRed PSMA nanoparticles after 4 hours in HeLa cells at 5ug/ml final 

concentration. D) without SPIONs, E) with SPIONS 

[1]  Pu K, Chattopadhyay N, Rao J. Recent advances of semiconducting polymer nanoparticles in in vivo 
molecular imaging. J Control Release. Elsevier B.V.; 2016 Oct;240:312–22.  

[2]  Li K, Pan J, Feng SS, Wu AW, Pu KY, Liu Y, et al. Generic strategy of preparing fluorescent conjugated-
polymer-loaded poly(DL-lactide-co-Glycolide) nanoparticles for targeted cell imaging. Adv Funct Mater. 
2009;19(22):3535–42.  

[3]  Tuncel D, Demir HV. Conjugated polymer nanoparticles. Nanoscale. 2010;2(4):484.  
[4]  Peters R, Sandiford L, Owen DM, Kemal E, Bourke S, Dailey LA, et al. Red-emitting protein-coated 

conjugated polymer nanoparticles. Photochem Photobiol Sci. The Royal Society of Chemistry; 
2016;15(11):1448–52.  

[5]  Khanbeigi RA, Hashim Z, Abelha TF, Pitchford S, Collins H, Green M, et al. Interactions of stealth conjugated 
polymer nanoparticles with human whole blood. J Mater Chem B. 2015;3(12):2463–71.  

[6] Bourke S, Urbano L, Olona A, Valderrama F, Ann L, Mark A. Silica passivated conjugated polymer 
nanoparticles for biological imaging applications. 2017;10079:1–13.  

[7]  Fedatto Abelha T, Phillips TW, Bannock JH, Nightingale A, Dreiss CA, Kemal E, et al. Bright conjugated 
polymer nanoparticles containing a biodegradable shell produced at high yields and with tuneable optical 
properties by a scalable microfluidic device. Nanoscale. 2017 

 
 
P11. Self-Stratification in Colloidal Films: Experiments and Theory 

D K Makepeace1, M Schulz1, C Lindsay2, P Locatelli2, R Lind2, A Markov1, A Fortini1 and J L Keddie1 
1University of Surrey, UK, 2Syngenta, UK 

Waterborne colloidal films are used for a variety of applications, such as coatings, adhesives and inks. Aspirations 
for designer materials mean that the need for controlling structures of films has never been greater. Fortini et al. [1] 
reported the discovery of a new mechanism for self-stratification in which small particles accumulate at the surface 
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of a film on top of larger ones. This mechanism holds the possibility for designing films in which the surface 
properties, such as hardness or gloss, differ from the interior. 

A diffusion theory for self-stratification has been recently presented by Zhou et al. [2] which predicts that 
stratification occurs only at higher size ratios, higher evaporation rates, and higher concentrations of small particles.  
Their theory was derived for the dilute limit. Here, we test this theory in both dilute and high solids dispersions. We 
specifically explore the effects of the particle size ratio and the initial concentration on stratification.  

In our experiments, large (350 nm diameter) soft particles were blended with either 175 nm or 50 nm hard particles 
with varying volume fractions. In dilute dispersions, stratification was observed for both particle size ratios when the 
volume fraction of small particles was sufficiently high. In films cast from dispersions with high solids contents (ca. 
40%), stratification was observed only with a size ratio of 7:1 at high volume fractions of small particles (0.3 – 0.5). 
Stratification was not observed, however, in any of the dispersions with a size ratio of 2:1. The experiments highlight 
that the structure of films cast from colloidal dispersions can be controlled through careful control of the size ratio of 
particles and their concentrations. We provide a useful map of the parameter space for use when designing 
stratified films. 

From a survey of the literature, we found several examples of stratification, starting from as early as 1998. The 
diffusion theory presented by Zhou et al. [2] was put to the test using the relevant data found throughout the 
literature for both dilute and concentrated colloidal systems. We observed that for dilute systems there is 
acceptable agreement between the experimental data and the model. Out of 55 data points, only six points did not 
agree with the model, whereas the other points agreed to varying extents. For the concentrated regime, however, 
only 17 out of 62 data points agreed with the model. This observation confirms the limitations stated by Zhou et al. 
that their diffusion model only strictly applies in dilute systems.  

[1]  A. Fortini et al., Phys. Rev. Lett., 2016, 116, 118301. Errata: Phys. Rev. Lett. 2016,116, 229901 and 
229902 

[2] J. Zhou et al., Phys. Rev. Lett., 2017, 118, 108002 
 
 
P12. The effect of graphene oxide dispersion structure-property relationships in polymer nanocomposites 

H Aldosari, M Weir, P Fairclough and N Clarke 

University of Sheffield, UK 

Graphene’s unique combination of excellent electrical, thermal, and mechanical properties can provide multi-
functional reinforcement for polymer nanocomposites[1]. However, poor dispersion of graphene in non-polar 
polyolefins (polyethylene, polypropylene) limits its applications as universal filler[2]. Thus, the overall goal of this 
thesis was to improve graphene's dispersion in graphene/polyolefin nanocomposites and develop processing-
structure-property relationships. Translating graphene’s unique properties to nanocomposites is difficult, since 
graphene is known to poorly disperse in polyolefins, including polyethylene and polypropylene, due to the nonpolar 
nature of polyolefins[3]. A high percolation threshold is directly associated with poor dispersion and larger graphene 
aggregates in polyolefins[4]. Therefore, to maximise our chances of seeing measurable effects we used 4wt% as the 
highest concentration. The dispersion of graphene in polyolefins has been carried out using a solution processing 
method. Introducing functional groups onto the polymer could improve dispersion of the nano-fillers in polyolefins 
[5]. Ethylene- co -glycidyl methacrylate (PE-co-GMA) was used as a compatibilizer for graphene/polyolefins 
nanocomposites. Furthermore, it might improve the adhesion between polymers and nano particles. 

This study investigates the effect of the dispersion of graphene oxide upon the structure-properties relation in 
metallocene linear low density polyethylene (PE), homo polypropylene (PP), and blends thereof. These 
nanocomposites were prepared by solvent processing, where GO powder was dispersed with DMF solvent for the GO 
and O-Xylene for the polymers. Small- and wide-angle X-ray scattering (SAXS and WAXS) have been used to analyse 
the polymers’ semi-crystalline morphology. The interlayer spacing (d-spacing) , the intensity and the lamellar 
thickness (Lp) increased when the GO was added, while the crystalline size showed a decrease. The chemical 
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structure properties were characterized by Fourier transform infrared spectroscopy (FTIR) and by Raman 
spectroscopy the ID/IG value was calculated as (0.285) in a pure GO sample.  

Electrical studies confirmed that GO, with conductivity far inferior to pristine graphene, did not improve the 
conductivity of the nanocomposites, and the polymer/graphene oxide nanocomposite was a good insulator. 

The thermal properties were investigated by DSC and TGA, and showed that the addition of graphene oxide did not 
have a pronounced effect on the crystallization temperatures of the nanocomposites, while thermal stability was 
clearly improved.  

The addition of GO did not improve the mechanical properties as measured by the tensile strength. These studies 
form the basis of a wider study of various forms of graphene in nanocomposites with industrially relevant polymers. 

According to the high thermal stability and electrical isolation the graphene oxide based polyethylene/ 
polypropylene blend could have a potential application as a material for electrical insulation. 

[1]  Xu, Z., & Gao, C. (2011). Graphene chiral liquid crystals and macroscopic assembled fibres. Nature 
Communications, 2, 571.  

[2]  Kim, S., Do, I., & Drzal, L. T. (2009). Multifunctional xGnP/LLDPE nanocomposites prepared by solution 
compounding using various screw rotating systems. Macromolecular Materials and Engineering, 294(3), 
196–205.  

[3]  Milani, M. A., Gonzlez, D., Quijada, R., Basso, N. R. S., Cerrada, M. L., Azambuja, D. S., & Galland, G. B. 
(2013). Polypropylene/graphene nanosheet nanocomposites by in situ polymerization: Synthesis, 
characterization and fundamental properties. Composites Science and Technology, 84, 1–7.  

[4]  Deng, H., Lin, L., Ji, M., Zhang, S., Yang, M., & Fu, Q. (2014). Progress on the morphological control of 
conductive network in conductive polymer composites and the use as electroactive multifunctional 
materials. Progress in Polymer Science, 39(4), 627–655.  

[5]  Spitalsky, Z., Tasis, D., Papagelis, K., & Galiotis, C. (2010). Carbon nanotube-polymer composites: 
Chemistry, processing, mechanical and electrical properties. Progress in Polymer Science (Oxford), 35(3), 
357–401.  
 
 

P13. Uniaxial strain testing and densification of glassy thin films via flat punch nanoindentation 

O Brazil and G Cross 

Trinity College Dublin, Ireland 

Flat punch nanoindentation is a technique used to extract the mechanical properties of small volumes of materials. 
The advantages of the flat punch geometry over traditional self-similar probes such as Berkovich or Vickers indenters 
are primarily simplified mechanical relationships due to a constant contact area between probe and sample 
material, and greater sensitivity, making the technique ideal for soft matter. In this work we demonstrate 
experimental realisation of uniaxial strain deformation in polymer thin films achieved via flat punch indentation, in 
which the material beneath the punch is constrained by the surrounding film and may only deform in the z-axis. 
Using a diamond cylindrical punch of 2140 nm diameter we show that this technique may to extract the Young’s 
modulus, Poisson ratio, and Yield strength of  atactic polystyrene films of thickness ranging from 170 – 480 nm in a 
single test, as well as a variety of other materials.  

Furthermore, as the test volume beneath the punch is laterally constrained, the result of plastic deformation is 
significant densification, typically on the order of 2%. We quantify this densification in atactic polystyrene films of 
190 nm thickness via AFM based volume studies and scanning transmission x-ray microscopy (STXM). We show 
that this stress induced densification is equivalent to thermal aging of the non-equilibrium film via in-situ 
measurement of the film’s creep compliance in both the yielded and non-yielded states. Finally, we demonstrate 
that the technique can be used to increase electrical conductivity in Poly(9,9-di-n-octylfluorenyl-2,7-diyl) thin films, 
potentially a significant technological application.  
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P14. Effect of polymer molecular weight on evaporation and deposition of Poly (ethylene oxide) solution droplets 

S Kolahgar-Azari, A Kagkoura, D Mamalis, J Blackford, K Sefiane and V Koutsos 

University of Edinburgh, UK 

The ability to control the evaporation and deposition of polymer solution droplets to achieve desired macro- and 
micro-structures of polymer deposits is of great interest for several engineering applications. This poster presents a 
comprehensive study on the effects of polymer molecular weight, ranging from 10 to 300 kg/mol, on the 
evaporation behavior of the droplets containing 0.1% (w/v) polymer solution and the macro- and micro-structure of 
the resulting polymer deposits. The polymer solution used in this study is the aqueous solution of polyethylene 
oxide (PEO), a highly water-soluble, crystallisable polymer with extensive biomedical applications. After studying the 
evaporation behavior of droplets using contact angle goniometry, the macro-structure of deposits is studied by 
stereo microscopy and their micro-structure is extensively analyzed by atomic force microscopy (AFM).  

The study demonstrates that the dynamics of the droplets contact line during evaporation and the resulting 
deposits’ structures are strongly influenced by the polymer molecular weights. As the molecular weight increases, 
the number of slick-slip motions of the droplet contact line decreases due to the higher interfacial interactions 
between the higher length polymer chains and the substrate which affects the substrates’ wettability and the free 
energy barrier to unpinning. The macro-structure of deposits thus varies from multi-concentric rings for 10 kg/mol 
polymer solution to two-concentric rings for 100 kg/mol polymer solution and a single ring for 300 kg/mol polymer 
solution.  

Based on the microscopic AFM study of deposits, the polymer molecules have the potential of forming various 
polymer microstructures which are different in the degree of crystallinity, size and orientation of the molecular 
chains. The polymer microstructures constitute amorphous and semi-crystalline structures, where the semi-
crystallites are in the form of out-of-plane lamellae or in-plane terraces.  

We will extensively discuss how the competitions between the evaporation-induced phenomena, including 
advection, diffusion, adsorption and crystallization of polymer chains, within each droplet cause the formation of 
each macro- and micro-structure of polymer deposit. In summary, the formation of each hierarchical polymer 
microstructure requires a level of local supersaturation within the evaporating solution. Higher supersaturation in the 
pinned areas, for instance, cause the formation of predominantly semi-crystalline lamellae in all molecular weight 
polymer deposits, while lower supersaturation in the central areas of droplets can induce the formation of 
amorphous, terraces and lamellae within the 10, 100 and 300 kg/mol polymer deposits respectively. The observed 
lamellae are also different in length, thickness and orientation. The pinning time of the droplets contact line is the 
main factor affecting the lamellae length, whereas the lamellae thicknesses are mainly affected by the correlations 
between the kinetics of the crystals nucleation and growth. The lamellae orientations seem to be influenced by the 
coffee-ring radial outward flow of fluid within the lower molecular weight polymer solutions, as the low molecular 
weight polymers orient more easily under the flow during evaporation. 
 
 
P15. Mesoscopic simulations of hybrid nanoparticle/block copolymer systems 

J Diaz1, A Zvelindovsky1, M Pinna1 and I Pagonabarraga2 
1University of Lincoln, UK, 2Universitat de Barcelona, Spain 

The presence of nanoparticles in a block copolymer system can lead to changes in the properties of the polymer, for 
example in the morphology. Furthermore, the assembly of the nanoparticles within the block copolymer domains 
will be given by a combination of chemistry, size/shape and concentration.  

The dynamics of these kind of hybrid systems has been studied using a mesoscopic approach to obtain a detailed 
picture of the effect that nanoparticle have on the block copolymer structure. Phase transitions are induced by a 
concentration of nanoparticles when they are strongly compatible with one kind of monomer [1,2], but also new 
morphologies emerge when the affinity for one of the phases is weaker.  



 

42 Physical Aspects of Polymer Science 2017 

Nanoparticles with the same affinity for either copolymer will segregate to the interface and then it has been shown 
that the lamellae will improve its global ordering thanks to the nanoparticle’s thermal motion.  

Whether it is in the interface or within the copolymer domains, nanoparticle can assemble in diverse ways, 
depending their chemical affinity, size and coupling with the surrounding matrix. Incompatible nanospheres will 
segregate to the preferred domain and form clusters, as was experimentally found [3] and corroborated within our 
model [1]. Furthermore, anisotropic particles can self-assemble into a richer variety of structures compared to 
nanospheres. Our simulations have shown a remarkable similarity with experiments [4] involving the ordering of 
nanorods within a block copolymer matrix.  

[1]  Díaz, Javier, et al. "Cell dynamic simulations of diblock copolymer/colloid systems." Macromolecular 
Theory and Simulations 26.1 (2017) 

[2]  Pinna, Marco, Ignacio Pagonabarraga, and Andrei V. Zvelindovsky. "Modeling of block copolymer/colloid 
hybrid composite materials." Macromolecular Theory and Simulations 20.8 (2011) 

[3]  Ploshnik, Elina, et al. "Co-assembly of block copolymers and nanorods in ultrathin films: effects of 
copolymer size and nanorod filling fraction." Physical Chemistry Chemical Physics 12.38 (2010) 

[4]  Ploshnik, Elina, et al. "Hierarchical Surface Patterns of Nanorods Obtained by Co‐Assembly with Block 
Copolymers in Ultrathin Films." Advanced Materials 22.25 (2010) 
 
 

P16. Entropic segregation of chain ends to the surface of a polymer melt 

P Mahmoudi and M Matsen 

University of Waterloo, Canada 

Silberberg has argued that the surface of a polymer melt behaves like a reflecting boundary on the random-walk 
statistics of the polymers. Although this is approximately true, independent studies have shown that violations occur 
due to the finite width of the surface profile and to the discreteness of the polymer molecule, resulting in an excess 
of chain ends at the surface and a reduction in surface tension inversely proportional to the chain length, N. Using 
self-consistent field theory (SCFT), we compare the magnitude of these two effects by examining a melt of discrete 
polymers modeled as N monomers connected by Hookean springs of average length, a, next to a polymer surface of 
width, 𝜉. The effects of the surface width and the chain discreteness are found to be comparable for realistic profiles 
of , 𝜉 ~ a. A semi-analytical approximation is developed to help explain the behavior. The relative excess of ends at 
the surface is dependent on the details of the model, but in general it decreases for shorter polymers. The excess is 
balanced by a long-range depletion that has a universal shape independent of the molecular details. Furthermore, 
the approximation predicts that the reduction in surface energy equals one unit of kBT for every extra chain end at 
the surface. 
 
 
P17. Thermodynamics and design of polycarbonate and poly(methyl methacrylate) blends 

Y Aoki, J S Higgins and J T Cabral 

Imperial College London, UK 

Bisphenol-A polycarbonate (PC) and poly(methyl methacrylate) (PMMA) are ubiquitous in industrial applications, 
ranging from packaging to optics. Despite their practical importance, and several previous investigations [1-4], the 
phase behaviour of blends of PC/PMMA blends remains controversial and largely unresolved. The system is known 
to form a lower critical solution temperature (LCST) blend but the proximity and, in some cases, intersection of the 
phase boundaries with the glass transition (Tg) line restricts experimental measurement and gives rise to a range of 
kinetic artefacts. In addition, solutions of PC/PMMA, with compatible solvents (e.g. tetrahydrofuran, THF or 
dichloromethane, DCM) appear to form miscibility loops or induce demixing upon drying. As a result, the χ 
parameter for this blend remains unknown. In this study, we systematically investigate the phase behaviour of 
PC/PMMA blends employing a range of molecular masses of both polymers, including oligomers, and prolonged 
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isothermal annealing procedures for both thin film (100 nm) and bulk (100 𝜇m) blends to resolve this controversy. 
Decreasing polymer molecular mass enables to shift the phase diagram upwards and the Tg line downwards in 
temperature, thereby opening an experimentally accessible window [5]. We employ optical and atomic force 
microscopy, as well as turbidity and, for selected samples, small angle neutron scattering to map, for the first time, 
the phase behaviour of blends of these common homopolymers. 
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P18. Cross-linked Poly(Lactide) and Poly(ε-caprolactone) with the addition of Ethyl Ester L-Lysine Triisocyanate: 
theoretical modelling of the rheological behaviour 

S X Drakopoulos1, D Nocita2, G Forte1, A M Visco2 and S Ronca1 
1Loughborough University, UK, 2Università di Messina, Italy 

In order to successfully model the dynamic rheological behaviour of polymeric materials, appropriate frequency 
dependant computational formulae need to be employed. The fractional calculus was introduced to relate stress to 
strain fields describing viscoelastic phenomena [1]. To describe the experimental data of materials which exhibit 
symmetrical loss peak behaviour or contain symmetrical distinct processes in the frequency spectrum, the Cole-
Cole or four-parameter fractional derivative Zener function model can be applied [2]. In addition, in more 
complicated systems, the experimental rheological behaviour is the superposition of more than one individual 
processes which can later be identified by their characteristics [3]. Similar semi-empirical mathematical formulae 
can be employed to model the dielectric response of materials including asymmetrical processes [4]. 

Rheological measurements were made at 150oC in the frequency range between 1.6x10-3 to 6.4x101 Hz at 0.8% 
strain with a TA Instruments ARES LS2 Rheometer using 25 mm plate-plate geometry. 

For the theoretical analysis of the rheological data the Cole-Cole model was employed when the complex modulus 
is represented below [2]: 

𝐺∗ = 𝐺𝑜 + (𝐺∞−𝐺𝑜)(𝑖𝑖𝑖)𝛽

1+(𝑖𝑖𝑖)𝛽 = 𝐺′ + 𝑖𝐺′′    
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P19. An Experimental and Theoretical Analysis of the Dielectric and Rheological Spectra of nascent disentangled 
UHMWPE in the Melt State 

S X Drakopoulos1, G Forte1, G C Psarras2 and S Ronca1 
1Loughborough University, UK, 2University of Patras, Greece 

The wide range of possible applications arising from the unique properties of ultra-high molecular weight 
polyethylene (UHMWPE) [1] calls for a deeper understanding of the structure-property relationship using advanced 
techniques. In certain reaction conditions, UHMWPE with a reduced number of entanglements can be synthesised 
[2], having the advantage of improved processability. This material also offers an interesting melt behaviour, as the 
metastable disentangled state evolves to a fully entangled state [3]. In order to gain a better understanding of the 
relaxation processes involved in this metastable melt state, Broadband Dielectric Spectroscopy and Rheology will 
be combined, taking into consideration the analogous phenomena they refer to and that they are described by 
similar formalisms [4].  

Disentangled UHMWPE was prepared in house according to [2]. Prior to testing, the UHMWPE specimens were 
annealed under vacuum in a nitrogen environment in powder form followed by the compression moulding, both at 
160oC. Rheological measurements were made at 160oC in the frequency range between 10-2 to 102 Hz. The 
dielectric measurements were conducted by means of Broadband Dielectric Spectroscopy at 160oC in the 
frequency range of 100 to 105 Hz. A TA Instruments ARES-G2 Rheometer using plate-plate geometry and a 
Novocontrol Technologies Aplha-N Frequency Response Analyzer with a Novotherm system using a gold-plated 
parallel-plate capacitor in a BDS-1200 dielectric cell, were employed respectively.  

For the theoretical interpretation of rheological data the Cole-Cole model was employed in its modulus 
representation as follows [5]: 

𝐺∗ = 𝐺𝑜 + (𝐺∞−𝐺𝑜)(𝑖𝑖𝑖)𝛽𝑟

1+(𝑖𝑖𝑖)𝛽𝑟 = 𝐺′ + 𝑖𝐺′′                                                                                      (1) 

To theoretically understand the recorded relaxations and processes in the dielectric measurements again the Cole-
Cole model function was employed in its electric modulus form as developed by Tsangaris et al., [6]: 

𝑀∗ = 𝑀𝑜𝑀∞�1+(𝑖𝑖𝑖)𝛽𝑑�
𝑀𝑜�1+(𝑖𝑖𝑖)𝛽𝑑�+(𝑀∞−𝑀𝑜)

= 𝑀′ + 𝑖𝑀′′                                                                               (2) 
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P20. Conformational behavior of comb-like macromolecules at the interface of two immiscible liquids: computer 
simulation and scaling analysis 

A A Glagoleva and V V Vasilevskaya 

A.N. Nesmeyanov Institute of Organoelement Compounds of Russian Academy of Sciences, Russia 

In a system of two immiscible solvents, macromolecules composed of A and B type of groups, each type having 
affinity to one of these solvents, tend to settle themselves nearby the liquid-liquid interface and expose maximal 
number of the groups into their favorable solvents.  

In this work, by means of molecular dynamics computer simulations, we have studied conformational behavior of 
Am-graft-Bn comb-like macromolecules (Fig. 1). Depending on selectivity parameter ξ (incompatibility of A and B 
groups with different liquids), the following conformational regimes with continuous transitions between them were 
observed: regime of an unperturbed coil, weak localization and strong localization regimes. In weak localization 
regime macromolecule starts to elongate parallel to the interface and to shrink in perpendicular direction. In strong 
localization regime a complete flattening of the macromolecule at the interface takes place. In this regime 
dimension of the macromolecule perpendicular to the interface does not depend on the chain length and on 
selectivity parameter. Scaling analysis for the size of the macromolecule was carried out in the found regimes, 
dependencies between the coil size and selectivity parameter ξ were found. Distribution of A and B groups in the 
two solvents and orientation of bonds within macromolecules were investigated. 

 

Fig. 1. Schematic representation of a Am-graft-Bn macromolecule at liquid-liquid interface. 

The reported study was funded by RFBR according to the research project No. 16-33-01080 мол_a. Computational 
resources were provided by Supercomputing Center of Moscow State University. 
 
 
P21. Understanding the effect of controlled rheology reactions on the molecular composition of heterophasic 
ethylene-propylene copolymers (HEPCs) 

S I Magagula and A J van Reenen 

University of Stellenbosch, South Africa 

Heterophasic ethylene-propylene copolymers are a unique group of polyolefins manufactured by the 
copolymerisation of ethylene and propylene. The incorporation of ethylene into the polypropylene matrix improves 
the impact properties of these materials. This explains why there is an ever increasing demand of these materials in 
the tyre, toy, packaging and pipe manufacturing industries just to mention a few. 
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In order to improve the flowability of these materials, an industrial process called controlled rheology is used. During 
this process the polymer together with a peroxide of known concentration are mixed in an extruder at high 
temperatures to induce chain scission in the polymer. This is detected by the decrease in molecular weight of the 
polymer (As shown in Figure 1). Therefore the degree of degradation is controlled through different peroxide 
concentrations. 

 
Fig. 1 shows the extruder and a graph showing the decrease in molecular with increase in peroxide concentration. 
 
In spite of the high demand on these materials, little is known about the effect that controlled rheology reactions 
have on the molecular composition of HEPCs. A good understanding of this phenomenon could be useful in the 
production materials with optimum properties for processes such as blow moulding. 
In this project, an analytical approach is used to understand how the peroxides used in controlled rheology 
reactions affect the molecular composition of HEPCs with increasing ethylene content. Analytical techniques such 
as high temperature size exclusion chromatography, differential scanning calorimetry, Fourier transform infra-red 
spectroscopy and high performance liquid chromatography have been employed to study any structural changes  
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