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Welcome
Welcome to the 27th Biennial Meeting of the Polymer Physics Group ! This meeting aims to provide both academia
and industry the opportunity to discuss the latest innovations in understanding and manipulating the physical
behaviour of a wide range of polymeric systems. The committee are delighted to welcome people from the UK and
from further afield.
Our programme consists of 4 invited lectures from world leaders covering a broad range of topics, both theoretical
and experimental, along with over 20 high quality contributed lectures. With more than 40 posters to be presented
we anticipate several lively poster sessions full of fruitful discussions.
During the meeting we will be honouring the 2015 Founders’ Prize Lecturer, Professor Richard Jones, who has been
leading the polymer physics and wider soft matter communities for many years. We will also be welcoming
Professor Bryan W. Boudouris from Purdue University who has been selected by the American Physical Society,
Division of Polymer Physics to give the 2015 PPG/DPOLY Exchange Lecture. As well as this, we will be recognising a
rising star by awarding the first-ever Ian Macmillan Ward Prize to Mr Davide Michieletto from the University of
Warwick. Furthermore, we will be commemorating the life and work of Professor Sir Sam Edwards at a special
session on the first day of our meeting, which will be held almost exactly 14 years after we gathered to hear him
present the first-ever Founders’ Prize Lecture at the 20th Biennial Meeting in Cambridge.
We would like to thank our industrial exhibitors and sponsors for their generous support; AkzoNobel and Polymers,
an international, open access journal published by MDPI. We encourage you to come and talk to them during the
conference. The exhibition space will be located in the Atrium of the Manchester Institute of Biotechnology (MIB),
the same space that will be used for the poster session as well as the lunch/coffee breaks.
If you have any questions about any aspect of the arrangements, please contact us or one of the Institute of Physics
Conference staff members (Joanne Hemstock or Dawn Stewart), who are on-site throughout the three days.
We wish you an enjoyable and fruitful meeting and enjoy your time in Manchester !
The Conference Committee
Anthony Higgins, Swansea University
Jon Howse, University of Sheffield
Aline Miller, University of Manchester
Ann Terry, Rutherford Appleton Laboratory
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Tuesday 8 September
11:30 Registration and refreshments
Manchester Institute of Biotechnology, University of Manchester
12:30 Lunch and exhibition
Atrium, Manchester Institute of Biotechnology
13:20 Welcome and introduction to the conference sponsors
Lecture Theatre, Manchester Institute of Biotechnology

Session 1
Chair: Steve J Eichhorn, University of Exeter, UK
13:30 (invited) Single molecule studies of proteins from extremophile organisms
Lorna Dougan, University of Leeds, UK
14:15 Elastic turbulence in DNA solutions measured with optical coherence tomography velocimetry
Thomas A Waigh, University of Manchester, UK
14:35 Investigating the protein gelation mechanism underlying natural silk fibre spinning
Peter R Laity, University of Sheffield, UK
14:55 Aggregation of nanoparticles on mixed polymer bilayers
David L Cheung, National University of Ireland Galway, Ireland
15:15 Nanoparticle templating by block copolymer micelles: how polymer self-assembly controls nanoparticle
size and substructure
Lucia Podhorska, Imperial College London, UK
15:35 Refreshment break and exhibition

Session 2
Chair: Anthony Higgins, Swansea University, UK
16:00 Structural colour using cellulose nanofibres
Stephen J Eichhorn, University of Exeter, UK
16:20 Structural colour: Making white from biological inspiration
Stephanie L Burg, University of Sheffield, UK
16:40 Reflections on the life and work of Sir Sam Edwards
Anthony Higgins, Tom McLeish and Athene Donald
17:30 IOP Polymer Physics Group AGM
17:45 Drinks reception and first poster session
18:30 Buffet dinner
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Wednesday 9 September
Session 3
Chair: Alexei Likhtman, University of Reading, UK
09:00 (invited) Slide-ring materials with movable crosslinks and entropy of rings
Kohzo Ito, The University of Tokyo, Japan
09:45 Controlling frontal photopolymerisation with optical attenuation, mass diffusion, and temperature gradients
Matthew G Hennessy, Imperial College London, UK
10:05 Relaxation of the orientation of single segments in semiflexible dendrimers
Maxim Dolgushev, University Freiburg, Germany
10:25 Molecular dynamics and slip-spring model simulations of branched polymer
Jian Zhu, University of Reading, UK
10:45 Refreshment break and exhibition

Session 4
Chair: Martin Buzza, University of Hull, UK
11:10 (invited) The principle of corresponding states in diblock copolymer melts
David Morse, University of Minnestoa, USA
11:55 Disk-shaped bicelles in block copolymer/homopolymer blends
Martin J Greenall, Aberystwyth University, UK
12:15 Segmental dynamics of free chain ends within ordered phases of block copolymers: An insight from solidstate NMR
Cedric Lorthioir, CNRS / University of Paris-East, France
12:35 Flash posters (4min)


(FP1) Spatially modulated structural colour in bird feathers
Andrew J Parnell, University of Sheffield, UK



(FP2) Thermalisation kinetics of self-assembling semi-flexible polymers
Chiu Fan Lee, Imperial College London, UK



(FP3) Towards reprocessing rubber crumb via cross metathesis reactions
Stephen C Boothroyd, Durham University, UK



(FP4) Spray-coating deposition techniques for polymeric semiconductor bulk heterojunctions
Chris E Finlayson, Aberystwyth University, UK



(FP5) The kinetics of swelling in block copolymer thin films during “solvo- microwave” and solvothermal annealing: The effect of vapour pressure rate
Parvaneh Mokarian, Trinity College Dublin, Ireland

13:00 Lunch
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Wednesday 9 September continued
Session 5
Chair: Jonathan Howse, University of Sheffield, UK
14:15 Monte Carlo Field-theoretic simulation of symmetric diblock copolymers
Bart Vorselaars, University of Lincoln, UK
14:35 Polymer:fullerene blend thermodynamics, photochemistry, polymerisation and kinetic pathways for
advanced materials
Joao T Cabral, Imperial College London, UK
14:55 Fluorescence correlation spectroscopy studies of molecular diffusion in polymer brushes
Ana Lorena Morales, University of Sheffield, UK
15:15 Characterizing the structure and dynamics of reversibly crosslinkable elastomer networks with NMR
Santhosh Ayalur-Karunakaran, Polymer Competence Center Leoben GmbH, Austria
15:35 Ian Macmillan Ward Prize for Best Student Paper
Threading of ring polymers in gels and dense solutions
Davide Michieletto, University of Warwick, UK
15:55 Refreshment break, second poster session and exhibition

Session 6
Chair: Joe Keddie, University of Surrey, UK
16:45 Founders' Prize Lecture
(invited) What drives macromolecules to move?
Richard Jones, University of Sheffield, UK
17:45 End of session
18:45 Coach departs from MIB (Sackville Street outside the Manchester Conference Centre) to MOSI
Return coach transfers from MOSI to MIB will also be provided
19:00 Conference dinner
Museum of Science & Industry (MOSI), Manchester
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Thursday 10 September
Session 7
Chair: Johann de Silva, Trinity College Dublin, UK
09:00 APS/DPOLY exchange lecture
Charge transport physics of non-conjugated, glassy radical polymer conductors
Bryan Boudouris, Purdue University, USA
09:45 Particle ordering in bimodal blends of colloidal polymer particles: Effects of porous substrates
David Makepeace, University of Surrey, UK
10:05 Microporous polymer particles via phase inversion of a ternary polymer solution in microfluidics
Christiana Udoh, Imperial College London, UK
10:25 Examination of solvent penetration through Spin Echo Small Angle Neutron Scattering (SESANS)
Adam Washington, University of Sheffield, UK
10:45 Refreshment break

Session 8
Chair: Aline Miller, University of Manchester, UK
11:10 (invited) Topologically constrained polymers: From rubber elasticity to chromosome structure
Ralf Everaers, ENS de Lyon, France
11:55 Networks of stiff polymer chains in confined geometries
Kristian K Müller-Nedebock, Stellenbosch University, South Africa
12:15 Towards clear definitions of tubes and entanglements
Alexei Likhtman, University of Reading, UK
12:35 Behaviour of semiconducting polymers confined in thin films
Fabio Pontecchiani, University of Sheffield, UK
12:55 Interfacial confinement in polymer-graphene oxide nanocomposites
Mike P Weir, University of Sheffield, UK
13:15 Closing remarks
13:20 Lunch
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Poster programme
P.01 NMR and rheological studies of cellulose dissolution by the ionic liquid 1-butyl-3-methylimidazolium chloride
Michael E Ries, University of Leeds, UK
P.02 Spatially modulated structural colour in bird feathers
Andrew J Parnell, University of Sheffield, UK
P.03 Pre-ordering and the very early stages of crystallization for Polyethylene terephthalate (PET) thin films
Andrew J Parnell, University of Sheffield, UK
P.04 Exploring the amphiphilic properties of cellulose at a graphene-water interface
Stephen J Eichhorn, University of Exeter, UK
P.05 Dynamical behavior of interfacial polymer chains in nanocomposite hydrogels: A solid-state NMR approach
Cedric Lorthioir, CNRS / University Paris-East, France
P.06 Stroboscopic microscopy – Direct observations of self-assembly processes during spin-coating
Daniel T W Toolan, University of Sheffield, UK
P.07 Phase separation in the spin-coating of multiple polymers
Eleanor Dougherty, University of Sheffield, UK
P.08 The kinetics of swelling in block copolymer thin films during “solvo- microwave” and solvo- thermal annealing:
The effect of vapour pressure rate
Parvaneh Mokarian, Trinity College Dublin, Ireland
P.09 Deriving constitutive models of polymer dynamics from thermodynamically consistent coarse-graining
molecular models
Patrick Ilg, University of Reading, UK
P.10 Wave propagation and 3D pattern formation on polymer surfaces
Joao Cabral, Imperial College London, UK
P.11 Withdrawn
P.12 Spray-coating deposition techniques for polymeric semiconductor bulk heterojunctions
Chris E Finlayson, Aberystwyth University, UK
P.13 Fluorescence correlation spectroscopy studies of molecular diffusion in polymer brushes
Ana Lorena Morales, University of Sheffield, UK
P.14 Thermalisation kinetics of self-assembling semi-flexible polymers
Chiu Fan Lee, Imperial College London, UK
P.15 Underwater reversible adhesion between oppositely charged weak polyelectrolytes
Latifah Alfhaid, University of Sheffield, UK
P.16 The multi-pass rheometer and stress decay of polystyrene
Carl Reynolds, Durham University, UK
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P.17 First-passage problem in entangled star polymers melts
Jing Cao, University of Reading, UK
P.18 Introducing loops into semiflexible polymers
Maxim Dolgushev, University Freiburg, Germany
P.19 Interaction of PEO-PPO-PEO block copolymers with lipid membranes: an isothermal and AFM study
Evanthia A Adamidou, University of Manchester, UK
P.20 SVA induced ordering of nanoparticle-loaded diblock copolymer thin films: A GISAXS study
Nathan Davies, Aberystwyth University, UK
P.21 Towards reprocessing rubber crumb via cross metathesis reactions
Stephen C Boothroyd, Durham University, UK
P.22 Mixing at polymer-fullerene interfaces: The impact of molecular weight
Elizabeth Hynes, Swansea University, UK
P.23 Microporous polymer particles via phase inversion of a ternary polymer solution in microfluidics
Christiana Udoh, Imperial College London, UK
P.24 Effect of sequence on the mechanical properties of β-sheet peptide hydrogels
Jacek Wychowaniec, Manchester Institute of Biotechnology, UK
P.25 Molecular dynamics studies of reentanglement kinetics in linear polymers
Pawel Stasiak, University of Reading, UK
P.26 Solvation of sterically-stabilized poly(methyl methacrylate) latexes in alkane solvents
Gregory N Smith, University of Sheffield, UK
P.27 Water transport in secondary dispersion barrier coatings: A critical comparison with emulsion polymers
Yang Liu, University of Surrey, UK
P.28 Creep behaviour of bimodal polyethylene
Winke Van den fonteyne, University of Leeds, UK
P.29 Mechanical properties of slide-ring gels
Koichi Mayumi, University of Tokyo, Japan
P.30 Scaling behaviour of polymers at liquid/liquid interfaces
Tseden Taddese, University of Manchester, UK
P.31 Scaling behaviour of hyaluronic acid in aqueous and high ionic strength solutions from rheological
measurements
Marco Mauri, University of Genoa, Italy
P.32 Solventless processing of conjugated polymers
Gabriel Bernardo, University of Sheffield, UK
P.33 X-ray reflectivity study of the surface oxidation of polydimethylsiloxane (PDMS) by plasma exposure and its
impact on mechanical wrinkling
Fabrizia Foglia, Imperial College London, UK
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P.34 A mechanism of plastic deformation in aligned polyethylene
Ali Hammad, Imperial College London, UK
P.35 Minimum in proton mean square displacement in PS–SWCNT nanocomposites
Vikki Bird, Durham University, UK
P.36 The rheology of the nematic dumbbell model
James Adams, University of Surrey, UK
P.37 Designing PU resin for fibre reinforced composites applications
Zoalfokkar Al-Obad, University of Manchester, UK
P.38 Design of novel high modulus TPUs for nanocomposite applications
Muayad Albozahid, University of Manchester, UK
P.39 Neutron reflectivity study of the polyamide active layer of reverse osmosis membranes for water desalination
Fabrizia Foglia, Imperial College London, UK
P.40 Condensation of polyelectrolytes in the presence of monovalent counterions
Paola Carbone, University of Manchester, UK
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Tuesday 8 September
(invited) Single molecule studies of proteins from extremophile organisms
L Dougan
University of Leeds, UK
Extremophilic organisms, or extremophiles, have the remarkable ability to survive and thrive in environments that
are considered to be extreme in terms of temperature, pressure, salinity, pH, radiation, or having low levels of
oxygen or nutrients. These organisms and their constituent biological components have enormous potential for
applications in biotechnology, including bioremediation, healthcare and energy production. For micro-organisms,
the adaptations usually occur at the molecular level and proteins expressed by extremophiles are of considerable
interest as they are able to retain their fold and function in extreme conditions. Proteins from different extremophiles
therefore offer excellent model systems to test our understanding of the origins of protein stability.
Using a combination of protein engineering, biophysical characterization, single molecule force spectroscopy
(SMFS) and molecular dynamics (MD) simulations we have examined proteins from a range of different
extremophiles including; hyperthermophiles that are adapted to high temperatures (having an optimal growth
temperature, TOPT, above ~ 80°C), psychrophiles that are adapted to cold temperatures (TOPT, below ~ 20°C) and
halophiles that are adapted to high salt concentrations (2- 5M salt). We have measured the impact of noncovalent
interactions on protein stability and flexibility; including salt-bridges, hydrogen bonds, hydrophobic interactions and
loop flexibility.
Informed by these studies we have designed novel proteins which exhibit mechanical robustness and malleability,
through the incorporation of specific molecular features identified in the extremophilic proteins. These studies are
providing a deeper understanding of the adaptations found in extremoophilic proteins, and are enabling the rational
design of proteins for bionanotechnological applications.
[1]
[2]
[3]

Tych KM; Hoffmann T; Batchelor M; Hughes ML; Kendrick KE; Walsh DL; Wilson M; Brockwell DJ; Dougan L
Life in extreme environments: single molecule force spectroscopy as a tool to explore proteins from
extremophilic organisms BIOCHEMICAL SOCIETY TRANSACTIONS 43, 179-185, 2015
Tych KM; Hughes ML; Bourke J; Taniguchi Y; Kawakami M; Brockwell DJ; Dougan L Optimizing the
calculation of energy landscape parameters from single-molecule protein unfolding experiments Physical
Review E - Statistical, Nonlinear, and Soft Matter Physics 91,12710- 12718, 2015
Tych KM; Hoffmann T; Brockwell DJ; Dougan L Single molecule force spectroscopy reveals the temperaturedependent robustness and malleability of a hyperthermophilic protein Soft Matter 9, 9016-9025, 2013
Hoffmann T; Tych KM; Hughes ML; Brockwell DJ; Dougan L Towards design principles for determining the
mechanical stability of proteins. Phys Chem Chem Phys 15 15767-15780, 2013
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Elastic turbulence in DNA solutions measured with optical coherence tomography velocimetry
A V Malm and T A Waigh
University of Manchester, UK
Flexible polyelectrolyte solutions display complex non-linear flow phenomena which include wall slip and elastic
turbulence. We investigated the flow instabilities of solutions of high molecular weight DNA using a recently
developed optical coherence tomography velocimetry technique [1]. The apparatus provides high spatial (3.4 pL)
and temporal resolution (sub μs) information on the flow behavior of complex fluids in a stress controlled rheometer
[1,2,3]. Velocity profiles of the DNA solutions were measured as a function of the distance across the gap of a
plate-plate rheometer, and their evolution as a function of shear rate was measured. At low DNA concentrations and
low shear rates the probability of the velocity fluctuations are well described by Gaussian functions and the velocity
gradient is uniform across the gap of the parallel plate rheometer geometry, as expected for Newtonian flows. As the
DNA concentration and shear rate were increased there was a stable wall slip regime followed by an evolving wall
slip regime, which is finally followed by the onset of elastic turbulence. A dynamic phase diagram for non-linear
flow was created to describe the different behaviors. The velocity fluctuations are intermittent in the elastic
turbulence regime i.e. fat tails are superposed on the Gaussian fluctuations that demonstrate sporadic bursting
events of increased DNA flow velocity. The power spectral density of the velocity fluctuations follow a characteristic
scaling on frequency of P(ω)~ω-α, where α occurs over the range 0.5 to 3.5 dependent on polymer concentration.
The Kolmogorov scaling prediction is α=5/3 for turbulent simple fluids, whereas α>3 is expected from theories of
elastic turbulence [4,5].

Figure 1: Phase diagram of the different types of flow for DNA solutions as a function of the applied shear rate and
the concentration of the DNA. The color map shows values of the integrated area of each velocity profile as a
function of depth subtracted from the constant gradient expected for Newtonian flows. The boundaries between the
different flow regimes are also shown.
[1]
[2]
[3]
[4]
[5]
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M.Harvey, T.A.Waigh, ‘Optical coherence tomography velocimetry in controlled shear slow’, Physical Review
E, 2011, 83, 31502
S.Jaradat, M.Harvey, T.A.Waigh, ‘Shear-banding in polyacrylamide solutions revealed via optical coherence
tomography velocimetry’, Soft Matter, 2012, 8, 11677
A.V.Malm, A.W.Harrison, T.A.Waigh, ‘Optical coherence tomography velocimetry colloidal suspensions’, Soft
Matter, 2014, 10, 8210
A.Groisman, V.Steinberg, ‘Elastic turbulence in a polymer solution flow’, Nature, 2000, 405, 53- 55.
A.Fouxon, V.Lebedev, ‘Spectra of turbulence in dilute polymer solutions’, Physics of Fluids, 2003, 15, 7,
2060-2072
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Investigating the protein gelation mechanism underlying natural silk fibre spinning
P R Laity and C Holland
University of Sheffield, UK
Silks are fibres spun by arthropods, such as spiders and many lepidoptera larvae (i.e. caterpillars). The impressive
mechanical properties of silks from orb weaving spiders are well known [1]; even more remarkable, though, is the
means by which they are spun. Silk fibres are produced ‘on demand’ and relatively quickly, by extruding a
proteinaceous feedstock, which is prepared and stored inside the animal in specialised organs (silk glands) [2]. In
fact, this spinning process distinguishes silks from other animal fibres such as wool or hair, which are grown
continuously, but much more slowly.
Thus for silks, natural fibre formation occurs at ambient temperature, by a flow-induced phase-change, with minimal
change in chemical composition [3]. This is in stark contrast to industrial fibre spinning processes, which typically
involve considerable changes in temperature (i.e. melt spinning) or chemical composition (i.e. solution spinning).

Figure 1: Stress relaxation observed following shear flow (γ = 100) at the shear rates shown.
Rheology provides a powerful method for studying silk feedstocks [4,5]. The work reported here used a combination
of stress relaxation and oscillatory measurements to follow changes in molecular dynamics of silk feedstocks from
the domesticated silkworm (Bombyx mori) during gelation [5]. It was found that some shear stress persisted for a
considerable time (> 100 s) following the cessation of relatively slow shear flow; moreover, the relaxation became
considerably slower, with dramatic increases in stress persistence following short periods of faster flow (Fig. 1).
We suggest that this is consistent with flow-induced changes in chain conformation leading to entropically-driven
de-solvation. Somewhat surprisingly, this hypothesis also provides a link between flow-induced gelation and similar
changes initiated by heating or freezing, as we shall discuss.
[1]
[2]
[3]
[4]
[5]

Vollrath F, Porter D, Holland C. The science of silks. MRS Bull 2013;38:73–80
Vollrath F, Porter D, Holland C. There are many more lessons still to be learned from spider silks. Soft
Matter 2011;7
Holland C, Vollrath F, Ryan AJ, Mykhaylyk OO. Silk and Synthetic Polymers: Reconciling 100 Degrees of
Separation. Adv Mater 2012;24:105–9
Holland CA, Terry AE, Porter D, Vollrath F. Comparing the rheology of native spider and silkworm spinning
dope. Nat Mater 2006;5:870–4
Laity PR, Gilks SE, Holland C. Rheological behaviour of native silk feedstocks. Polymer 2015;67:28–39
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Aggregation of nanoparticles on mixed polymer bilayers
D L Cheung
National University of Ireland Galway, Ireland
Polymer vesicles, fluid-filled polymer sacs, have attracted great interest for a range of applications, such as drug
delivery vehicles or miniature chemical reactors. Due to their similarity to biological cells they are often considered
as minimal synthetic models of cells. However, compared to synthetic systems biological cells possess significantly
more complexity and it is natural to ask how much of this can be incorporated into synthetic systems. One aspect of
this complexity is the multicomponent nature of the cell membrane, being composed of a myriad of different types
of molecules. Mimicking this patchy nature in synthetic systems requires control over the phase separation in them,
which may be controlled in a number of ways including the addition of nanoparticles.
Using molecular simulation we have studied the aggregation of nanoparticles on bilayers [1] and the effect these
have on phase separation in tyo-component systems. For a uniform bilayer the aggregation of nanoparticles
depends strongly on the location of the particles in the bilayer; particles residing on the bilayer exterior cluster
strongly under the influence of bilayer-mediated interactions, whereas the inter- action between the particles in the
bilayer interior is significantly weaker leading to more loosely bound, dynamic aggregates. The aggregation of
nanoparticles on two-component bilayers composed of immiscible components changes due to competition
between nanoparticle clustering and their adsorption on the boundary between the bilayer components. This
reduces the size of the nanoparticle clusters formed on the bilayer exterior, with the clusters adhering onto the
boundary between the bilayer components. Due to their weaker attraction nanoparticles in the interior of a mixed
bilayer no longer aggregate and instead form strings along the boundary between the two bilayer components.
Nanoparticles with an affinity to one bilayer component nucleate small domains of their favoured component
around themselves. For asymmetric mixtures this leads to a notable change in the aggregation behaviour of the
nanoparticles.
[1]

D L Cheung, J. Chem. Phys., 141, 194908 (2014)

Nanoparticle templating by block copolymer micelles: how polymer self-assembly controls nanoparticle size and
substructure
L Podhorska1, D Delcassian1, A E Goode1, D W McComb2, M Agyei1, M P Ryan1 and I E Dunlop1
1

Imperial College London, UK, 2The Ohio State University, USA

Block ionomer micelles have been widely used to generate self-assembled nanomaterials with precisely-tuned
regularly-spaced nanoparticles, with applications across biological physics, optics and magnetism[1–3]. One of the
most popular block copolymer systems used for nanoparticle synthesis is that of poly(styrene)-block-poly(2-vinyl
pyridine) (PS-b-P2VP), which forms spherical micelles when dissolved in an aromatic solvent. The size of the formed
micelles is controlled by tailoring the lengths of the individual polymer chains, while the ability of the polar core of
the micelle to form complexes with metal ions allows for the production of a variety of nanoparticles with controlled
diameters. Along with elemental nanoparticles such as gold4, oxides of iron5, zinc6 and titanium7 have also been
formed. However, despite its wide application as a template for nanoparticle synthesis, the mechanism of
nanoparticle growth within the PS-b-P2VP core is not well understood. In particular there is a lack of direct in situ
characterisation of the transition between metal-loaded micelle and the final nanoparticle, which is a complex,
system-dependent process.
We present herein, for the first time, the application of BCMs as templates for the synthesis of zinc sulfide (ZnS)
nanoparticles with a unique composite nanocrystal substructure consisting of small crystallites existing within a
larger amorphous organic-inorganic matrix. Through a combination of advanced characterization techniques,
including high resolution analytical transmission electron microscopy (ATEM) and solution-phase small-angle X-ray
scattering SAXS, we identify a distinctive pathway for nanoparticle formation: Zn2+ ions are distributed throughout
the micelle core, which solidifies as a unit upon sulfidation. In this way, the overall size of the nanoparticle is found
12
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to be determined directly by the size of the original micelle core. We contrast this with measurements of the betterknown synthesis of gold nanoparticles in identical polymer micelles, where the forming nanoparticle condenses out
of the core, with its size controlled purely by the amount of metallic precursor.

Scheme 1. Schematic showing the mechanism of ZnS nanoparticle synthesis: 1) Zn2+ ion encapsulation within core
of micelles, 2) Treatment with H2S generated in-situ and 3) Formation of single ZnS nanoparticle with composite
sub-structure in core of micelles
[1]
[2]
[3]
[4]
[5]
[6]
[7]

Bang, J., Jeong, U., Ryu, D. Y., Russell, T. P. & Hawker, C. J. Block copolymer nanolithography: translation
of molecular level control to nanoscale patterns. Adv. Mater. 21, 4769–92 (2009)
Ethirajan, A. et al. A Micellar Approach to Magnetic Ultrahigh-Density Data-Storage Media: Extending the
Limits of Current Colloidal Methods. Adv. Mater. 19, 406–410 (2007)
Bhaviripudi, S., Qi, J., Hu, E. L. & Belcher, A. M. Synthesis, characterization, and optical properties of
ordered arrays of III-nitride nanocrystals. Nano Lett. 7, 3512–7 (2007)
Bansmann, J. et al. Controlling the interparticle spacing of Au-salt loaded micelles and Au nanoparticles on
flat surfaces. Langmuir 23, 10150–5 (2007)
Yun, S.-H. et al. Micropatterning of a single layer of nanoparticles by lithographical methods with diblock
copolymer micelles. Nanotechnology 17, 450–454 (2006)
El-Atwani, O. et al. Determining the morphology of polystyrene-block-poly(2-vinylpyridine) micellar reactors
for ZnO nanoparticle synthesis. Langmuir 26, 7431–6 (2010)
Li, X., Lau, K. H. A., Kim, D. H. & Knoll, W. High-density arrays of titania nanoparticles using monolayer
micellar films of diblock copolymers as templates. Langmuir 21, 5212–7 (2005)
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Structural colour using cellulose nanofibers
S J Eichhorn1, D J Hewson1, P Vukusic1, J C Grunlan2 and P Tzeng2
1

University of Exeter, UK, 2Texas A&M University, USA

This talk will present some recent work on the assembly and optical characterisation of structurally coloured films
using cellulose nanocrystals and other materials. The two basic approaches used are layer-by-layer deposition (LbL)
of anionically charged cellulose nanocrystals (CNCs), produced by sulphuric acid hydrolysis, and cationically
charged clay and the controlled drying of water/CNC droplets. To form structurally coloured films using LbL two
different layers, of low and high refractive index, are formed [1]. For the low refractive index layers a combination of
colloidal silica and CNCs were combined. To form a high refractive index layer, polyethyleneimie (PEI) was
combined with Vermiculite (VMT). Sequential dipping in each of these solutions led to the formation of multilayered
Bragg stacked films. The talk will present the theory of Bragg stack reflectors and show how both natural and
synthetically produced materials can give rise to structural iridescence. Alternatively we also investigated the drying
of concentrated droplets of CNCs in water on a range of different substrates. A range of behaviour is reported across
a droplet. Structural colour is observed in different regions of the droplet and within dried films of material. We show
evidence of both left and right reflected circularly polarised light, suggesting similar chiral structures within the dried
droplet films, contrary to most previous studies of these materials.
[1]

Tzeng, P., Hewson, D.J., Vukusic, P., Eichhorn, S.J., Grunlan, J.C. 2015. Bio-Inspired Iridescent Layer-byLayer-Assembled Cellulose Nanocrystal Bragg Stacks. Journal of Materials Chemistry C, 3, 4260-4264

Structural colour: Making white from biological inspiration
S L Burg1, A J Parnell1, A Washington1, O O Mykhaylyk1, A Bianco1, S Prevost4, J P A Fairclough1 and R A L Jones1
1

University of Sheffield, UK, 2ID02 Beamline, European Synchrotron Radiation Facility (ESRF), France

The scales of Lepidiota stigma beetles are exceptionally white and accomplish this feat with a remarkably thin layer,
with thicknesses ranging from 5 μm-15 μm. The nanostructure responsible for the scales’ whiteness is a porous
network of chitin and air, it is interesting to note that chitin is a low refractive index material (n ~ 1.56). Further
investigation of this morphology is necessary to understand how the orientation, shape and anisotropic ordering of
the chitin network accomplishes such high optical scattering strength. Carefully cut cross sections of the Lepidiota
stigma scales were examined with scanning and transmission electron microscopy to shed light on how the chitin
filaments are ordered in space. Additionally, in an effort to further understand the optical properties of the scales,
ultra small-angle X-ray scattering (USAXS) data was obtained.
With an understanding of the structural white from the Lepidiota stigma beetles’ evolutionally optimized structure,
the focus could move to synthetic routes to mimic it. The most promising method involved using a polymer solution
with an additional solute to induce micro phase separation. The process could be tuned by adjusting the solution
components and concentrations. By screening parameter space it was possible to find the optimum conditions
where the resulting films were white and porous. The films, like the beetle scales, were then examined using SEM
and USAXS. The resulting comparison of the two structures shows that the synthetic films did have strong similarities
to the Lepidiota stigma’s scales. However, the scattering data did reveal differences in the porosity and orientation
implying that the films need to be further optimized to achieve the scattering power of the beetle scales at the same
comparable thickness.
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Wednesday 9 September
(invited) Slide-ring materials with movable crosslinks and entropy of rings
K Ito
The University of Tokyo, Japan
We have recently developed a novel type of polymer network called slide-ring materials by cross-linking
polyrotaxane, the supramolecular architecture with topological characteristics[1]. In the network, polymer chains
are topologically interlocked by figure-of-eight cross-links. Hence, these cross-links can pass along the polymer
chains freely to equalize the tension of the threading polymer chains similarly to pulleys. The structure and physical
properties of the polymeric materials are drastically different from conventional cross-linked or noncross-linked
materials.
For instance, the slide-ring gel or elastomer shows quite small Young’s modulus, which is not proportional to the
cross-linking density and much lower than those of chemical gels with the same density. This arises from the
difference in the molecular mechanism of the entropic elasticity: While the conformational entropy is mainly
responsible for the elasticity in usual chemical gels or rubbers, the mechanical properties of the slide-ring gel
should be inherently governed by the alignment entropy of free cyclic molecules in polyrotaxane as well as the
conformational entropy of backbone polymer. This means that the softness in the slide-ring gel is due to the novel
entropic elasticity, which is also expected to yield sliding state and sliding transition. Consequently, the slide-ring
materials have the dynamic coupling between two kinds of entropy: the conformational entropy of strings and
alignment entropy of rings[2-4]. The concept of the slide-ring gel is not limited to cross-linked gels but also includes
elastomer, cross-linked polymeric materials without solvent. Accordingly it can be applied to wide area such as soft
contact lens, paints, rubbers, soft actuator and so on. As a typical example, the scratch-resist properties of the selfrestoring slide-ring elastomer were adopted into the top coating on the mobile phone[5].

Fig. 1 Schematic diagram of Slide-Ring Materials.
[1]
[2]
[3]
[4]
[5]

Y. Okumura and K. Ito, Adv. Mater., 2001, 13, 485
K. Kato and K. Ito, Soft Matter, 2011, 7, 8737
K. Kato et al., Macromolecules, 2012, 46, 310
K. Mayumi and K. Ito, Soft Matter, 2012, 8, 8179
Y. Noda et al., J. App. Polym. Sci., 2014, 131, 40509
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Controlling frontal photopolymerisation with optical attenuation, mass diffusion, and temperature gradients
M G Hennessy, A Vitale, O K Matar and J T Cabral
Imperial College London, UK
Frontal photopolymerisation (FPP) is a versatile solidification process that can occur when a photosensitive
monomer-rich bath is exposed to light. FPP shows exceptional promise as a rapid patterning technique and has
been used to fabricate complex three-dimensional polymer solids with functional surfaces. A characteristic feature
of FPP is the appearance of a sharp polymerisation front that propagates into the monomer-rich bath as a planar
travelling wave. We develop a theoretical model to investigate how optical attenuation, mass diffusion, and
temperature gradients can be used to finely tune the growth rate of the solid polymer network as well as the
monomer-to-polymer conversion profile, both of which play key roles in manufacturing applications of FPP. Our
theoretical predictions are compared with experimental data acquired for representative systems and are found to
be in excellent agreement.
Relaxation of the orientation of single segments in semiflexible dendrimers
M Dolgushev1, D A Markelov2,3, Y Y Gotlib2 and A Blumen1
1

University of Freiburg, Germany, 2Institute of Macromolecular Compounds, Russian Academy of Sciences, Russia,
3
St. Petersburg State University, Russia.
In this contribution we analyze the relaxation of single segments in semiflexible dendrimers [1]. The dynamics is
described by means of Langevin equations, where the dendrimer structure is modeled through a generalized
harmonic potential. The semiflexibility is taken into account following refs. [2] through the local constraints on the
bonds’ orientations.
Semiflexibility leads to an increase of the contribution of large-scale motions to the segment autocorrelation
function M1(t ), so that semiflexible and flexible dendrimers differ strongly in their behavior. Calculating the NMR
spin-lattice relaxation time, T1(ω), we find, in contrast to flexible dendrimers [3], that for semiflexible dendrimers
the maximum of the [1/T1(ω)]-function depends strongly on the topological distance of the particular segment from
the core.
This conclusion is confirmed by a number of NMR experiments [4]. Thus, the role of semiflexibility turns out to be
very important for the local relaxation studies of hyperbranched macromolecules.
The authors acknowledge support through the Marie Curie International Research Staff Exchange Scheme Fellowship
within the 7th European Community Framework Program SPIDER (PIRSES-GA-2011-295302) and from the DFG
through project Bl 142/11-1.
[1]
[2]
[3]
[4]
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D. A. Markelov, M. Dolgushev, Yu. Ya. Gotlib, and A. Blumen, J. Chem. Phys. 140, 244904 (2014).
(a) M. Dolgushev, A. Blumen, J. Chem. Phys. 131, 044905 (2009); (b) M. Dolgushev, A. Blumen,
Macromolecules 42, 5378 (2009).
Yu. Ya. Gotlib and D. A. Markelov, Polymer Sci. Ser. A., 49, 1137 (2007).
(a) L. F. Pinto, J. Correa, M. Martin-Pastor, and R. Riguera, J. Am. Chem. Soc. 135, 1972 (2013); (b) C.
Malveau, W. E. Baille, X. X. Zhu, and W. T. Ford, J. Polym. Sci., Part B: Polym. Phys. 41, 2969 (2003); (c)
D. A. Markelov, V. V. Matveev, P. Ingman, M. N. Nikolaeva, E. Lähderanta, V. A. Shevelev, and N. I. Boiko, J.
Phys. Chem. B 114, 4159 (2010).
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Molecular dynamics and slip-spring model simulations of branched polymer
J Zhu, Z Wang and A Likhtman
University of Reading, UK
Understanding the relaxation dynamics of entangled branched polymers is highly desired for developing theories for
the rheology of entangled polymer melts. Such understanding is however hard to achieved from macroscopic
experiments. In principle, molecular dynamics simulations involve the complicated combination of relaxation
mechanisms, such as arm retraction, constraint release and branch-point hopping, while the time cost is extremely
high due to the exponentially slow dynamics. The slip-spring method is considered to be one promising solution to
this problem due to its high efficiency and the ability to separate different relaxation mechanisms. In this work, a
detailed discussion on the end-to-end relaxation and the mean-square displacement is presented for typical
branched polymers, such as symmetric star, asymmetric star and H-polymer. By comparing slip-spring model and
the MD simulations, we propose a mechanism of entanglements passing through the branch-point, which
potentially provides a universal mechanism for the relaxation of branched polymers.
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(invited) The principle of corresponding states in diblock copolymer melts
D Morse
University of Minnestoa, USA
The self-consistent field theory (SCFT) of polymer liquids yields very generic predictions for entire classes of
systems, such as diblock copolymer melts, that depend on only a few dimensionless state variables. For idealized
AB diblock copolymer melts, with equal segment lengths for A and B monomers, SCFT predictions for various
properties depend only on the fraction fA
-Huggins interaction
-SCFT fluctuation theories, starting from the
Fredrickson-Helfand theory, instead suggest that all properties of diblock copolymer melts can be expressed as
universal functions of the SCFT state variables (e.g., fA
̅ = (𝑐𝑏 3 )2 , where c is monomer concentration and b is a statistical segment length. Insofar as
polymerization 𝑁
these theories attempt to describe a variety of chemical systems and simulation models, they assume that
equivalent behavior should be found in corresponding states of different systems, characterized by equal values of
this set of state variables. Like the older scaling principle for solutions, which it resembles, this hypothesis can be
tested independent of any quantitative theory by analyzing the extent to which data from different experiments or
simulation models can be collapsed if plotted using appropriate variables.
In this talk, I will discuss results of computer simulations that were designed to test the corresponding states
hypothesis suggested by fluctuation theories, by comparing results of different simulation models in corresponding
thermodynamic states. I will also more briefly discuss comparisons to experiments. One critical challenge that is
encountered in any attempt to test theoretical predictions for block copolymers, using either simulations or
experiments, is the need for an adequate definition of what (if anything) one means by the Flory-Huggins parameter,
and for an accurate method of estimating its value. The simulation results presented here have been analyzed
the renormalized-one loop (ROL) theory of fluctuations. The ROL theory is shown to give a very accurate description
of correlations in the disordered phase of a simple simulation models, accurate enough to be useful as a tool for
ypothesis is tested by comparing results for the order-disorder transition
and several physical properties of the ordered and disordered phases in simulations of several different simulation
models. The hypothesis is found to be very accurate, even for rather short chains, and to have a much wider range
-disorder transition
̅ that is 1.5 - 2.5 times greater than
(ODT) of symmetric diblock copolymers is shown to be a universal function of 𝑁
the SCFT prediction over much of the experimentally relevant range, and that approaches the Fredrickson-Helfand
prediction from above near the upper end of the experimentally relevant range. SCFT is shown to provide a poor
description of the disordered phase near the ODT, but surprisingly accurate predictions for the free energy and other
properties of the ordered phase near the ODT. The results shed light on the strengths and weaknesss of SCFT,
showing that it is useless as a theory of the order-disorder transition, but hint that it might provide more reliable
results for order-order transitions.
[1]
[2]
[3]
[4]
[5]
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J. Glaser, P. Medapuram, T.M. Beardsley, M.W. Matsen and D.C. Morse, Phys. Rev. Lett. 113, 068302
(2014)
P. Medapuram, J. Glaser and D.C. Morse, Macromolecules 48, 819 (2015)

Physical Aspects of Polymer Science 2015

Disk-shaped bicelles in block copolymer/homopolymer blends
M J Greenall
Aberystwyth University, UK
Mixtures of micelle-forming and lamella-forming amphiphiles in solution can form disk-shaped bilayers known as
bicelles [1]. These structures are widely used in biophysical experiments as model membranes. However, it is not
clear if and under what conditions they are thermodynamically stable, and making detailed comparisons between
theory or simulations and experiments on aqueous systems proves difficult. Here, following an approach that has
been successfully applied to the study of micelle formation, we take a step towards bridging this gap, and perform
self-consistent field theory (SCFT) calculations on bicelle formation in a blend of two types of diblock copolymer
with homopolymer.
We find that, if the segregation between the different repeat units is strong and the hydrophilic block of the micelle
former is large, the free energy of the bicelle can drop below those of the competing micelle and bilayer structures.
This region of parameter space is found to correspond to a PDMS-PS/PDMS blend at experimentally accessible
temperatures. We also find that the centre of each disk is mainly composed of lamella former, while its thicker rim
has a higher concentration of micelle former. Finally, we show that the presence of the micelle former is necessary
for the bicelle to be stable with respect to further aggregation.
To conclude, we discuss how the presence of bicelles and other structures might affect the rheological properties of
the blend.

A disk-shaped bicelle found in SCFT calculations. The inset shows the segregation of the two hydrophobic groups at
the rim of the bicelle core.
[1]

U. H. Dürr, R. Soong and A. Ramamoorthy, Prog. Nucl. Mag. Res. Sp. 69 1-22 (2013)
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Segmental dynamics of free chain ends within ordered phases of block copolymers: An insight from solid-state NMR
C Lorthioir1 and B Deloche2
1

East Paris Institute of Chemistry and Materials, CNRS / University of Paris-East, France, 2Laboratoire de Physique
des Solides, CNRS / University of Paris-South, France
The ordered phases that may result from the self-assembling process of block copolymers offer a good avenue to
investigate the chain dynamics within confined spaces. In this contribution, a particular attention was paid to the
segmental dynamics displayed by the free chain ends of a strongly-segregated diblock copolymer, poly(styrene)-bpoly(dimethylsiloxane) (PS-b-PDMS), self-assembled into a lamellar structure. The dynamical behavior of the free
PDMS chain extremities, selectively deuterated, was probed in a temperature regime intermediate between the PS
and PDMS glass transition temperatures, by means of 2H solid-state NMR.
The temperature dependence of the 2H spin-lattice relaxation time indicates a decrease of the characteristic
segmental time for such chain ends, compared to the one determined for all the PDMS repeat units. Such a
speeding-up may be quantitatively described by a temperature shift of about 8 K. In a second step, 2H transverse
relaxation measurements and double-quantum build-up curves were used to probe the local constraints
experienced by the chain ends, within the lamellar domains. Interestingly, all the free chain ends does not display
an identical dynamical behavior, on the time scale probed by the NMR approaches used. Indeed, about one third of
the chain ends undergoes isotropic reorientations (i.e. orientational order parameter, S, equal to 0) over the tens of
microseconds time scale whereas the remaining ones display a significant distribution of the orientational order
parameter. This distribution of local constraints, P(S), was found to be similar to the one displayed for all the PDMS
units of the copolymer, suggesting a localization of the chain ends throughout the entire lamella. This feature was
rationalized by taking into account the entropy related to the chain extremities. As a result, the description of the
local ordering of the free chain ends suggests the occurrence of a significant fraction of folded PDMS chains
(hairpin-like conformations), within the lamellae.

[1]
[2]
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C. Lorthioir, S. Randriamahefa and B. Deloche; "Some aspects of the orientational order distribution of
flexible chains in a diblock mesophase", J. Chem. Phys. (2013), 139, 224903
C. Lorthioir and B. Deloche; "Heterogeneous behavior of free chain-ends in a lamellar diblock copolymer:
segmental dynamics and ordering, as probed by 2H solid-state NMR", Colloid Polym. Sci. (2014), 292,
1841
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(FP1) Spatially modulated structural colour in bird feathers
A J Parnell1, A L Washington1, O O Mykhaylyk1, C J Hill1, A Bianco1, S L Burg1, A J C Dennison2,3, M Snape1, A J
Cadby1, A Smith4, S Prevost5, D M Whittaker1, R A L Jones1, A R Parker6 and J P A Fairclough1
1

University of Sheffield, UK, 2University Grenoble-Alpes, France, 3Institut Laue-Langevin, France, 4Beamline I22
Diamond Light Source, UK, 5ID02 Beamline, European Synchrotron Radiation Facility (ESRF), France, 6Natural
History Museum, UK
Eurasian Jay (Garrulus glandarius) feathers display periodic variations in the reflected color from white through light
blue to dark blue and black [1]. We find the structures responsible for the color are continuous in their size and
spatially controlled by the degree of spinodal phase separation [2] in the corresponding region of the feather barb.
Blue structures [3] have a well-defined broadband ultra-violet (UV) to blue wavelength distribution; the
corresponding nanostructure has a characteristic spinodal morphology with a lengthscale of order 150 nm. White
regions have a larger 200 nm nanostructure, consistent with a spinodal process that has coarsened further, yielding
a much broader wavelength white reflectance. Our analysis shows that nanostructure in single bird feathers barbs
can be varied continuously by controlling the time for which the keratin network is allowed to phase separate before
the mobility in the system is arrested. Dynamic scaling analysis of the single barb scattering data implies that the
phase separation arrest mechanism is rapid and also distinct from the spinodal phase separation mechanism i.e. it
is not gelation or intermolecular re-association. Any growing lengthscale using this spinodal phase separation
approach must first traverse the UV and blue wavelength regions, growing the structure by coarsening, resulting in a
broad distribution of domain sizes. Making it impossible to produce the narrow domain size essential for a noniridescent structural green, finally answering the longstanding conundrum of why green, an obvious camouflage
color is not prevalent in the natural world as solely a structural color.
[1]
[2]
[3]

Osorio, D. & Ham, A. D. Spectral reflectance and directional properties of structural coloration in bird
plumage. Journal of Experimental Zoology 205, 2017–2027 (2002)
Jones, R. A. L. Soft Condensed Matter. (Oxford Univ. Press, 2002)
Dufresne, E. R. et al. Self-assembly of amorphous biophotonic nanostructures by phase separation. Soft
Matter 5, 1792–1795 (2009)
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(FP2) Thermalisation kinetics of self-assembling semi-flexible polymers
C F Lee
Imperial College London, UK
All polymerisations are in principle reversible – thermal fluctuations will inevitably break the polymers apart and the
ends of two polymers can join up to form a longer polymer upon encountering. Breakage of synthetic polymers due
to thermal fluctuations is typically rare. Nevertheless, some synthetic and many bio- polymers do remodel
themselves by breakage and recombination at an experimentally accessible time scale. Held at fixed temperature,
these re-modelling systems will eventually reach thermal equilibrium. For a dilute system of semi-flexible polymers,
the length distribution at thermal equilibrium is exponential [1]. To model the thermalisation kinetics, a classic
paper by Hill employed the Smoluchowski (diffusion-limited) theory to calculate the recombination rate of two
polymers [2]. In order for the polymerising system to approach the equilibrium length distribution, Hill concluded
that a long polymer has a higher tendency to break in the middle than close to the ends. However, this prediction
contradicts with recent analytical calculations of the breakage profile of a semi-flexible polymer under thermal
perturbations [3, 4], which predicts that the breakage profile is uniform along the length of the polymer. To reconcile
this discrepancy, I demonstrate here why the Smoluchowski theory cannot apply to a polymerising system where
every polymer serves as a source as well as a sink of other polymers (Fig. 1). In particular, I show with analytical
and numerical arguments that the recombination rate of any two polymers is identical irrespective of the pair’s
lengths.

Fig. 1: The equilibrium two-point correlation functions of a dimer (blue dashed line) and a trimer (red solid line). The
trimer is held fixed with one of the end monomers located at the origin. a) The mean nematic order parameter of the
dimer showing its orientation around the trimer. b) The distribution of the dimer’s centre of mass showing a peak
due to breakage at around (0, 1.7).
[1]
[2]
[3]
[4]
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C.F. Lee, Length distribution of stiff, self-assembled polymers at thermal equilibrium, Journal of Physics:
Condensed Matter 24 (2012) 415101-415101
T.L. Hill, Length dependence of rate constants for end-to-end association and dissociation of equilibrium
linear aggregates, Biophysical Journal 44 (1983) 285-288
C.F. Lee, Thermal breakage of a discrete one-dimensional string, Physical Review E 80 (2009) 031134031134
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(FP3) Towards reprocessing rubber crumb via cross metathesis reactions
R F Smith, S C Boothroyd, R L Thompson and E Khosravi
Durham University, UK
A new approach towards reprocessing cross-linked rubbery materials by catalytic disassembly of polymer chains is
demonstrated. First and second generation (G1 and G2) Grubbs’ ruthenium catalysts break down polybutadiene
(PBd) networks at their double bonds via cross-metathesis (CM) reactions with diesters to produce readily soluble
molecules. The dramatic reduction in molecular weight to around 2000 g mol-1 was followed by gel-phase
chromatography and the breakdown of cross-linked networks was confirmed by rheometry. Sufficient G2 catalyst
and a diester were found to diffuse into sheet styrene-butadiene rubber, a common component of tyres, and
catalyse its break down. Significantly, this reaction can be achieved at room temperature and within 2.5 hrs.
Increasing the reaction time and temperature increased the extent of the breakdown and under these conditions
some breakdown of rubber occurred with the addition of only the G2 catalyst, without the need for a diester. We
speculate that this may be because the CM reaction can break down the cross linked network into individual
molecules looped with 1,2 butadiene groups (Figure 1). Finally, this method was applied successfully to rubber
crumb from truck tyres indicating the potential to redefine the way that tyres are recycled.

Figure 1: Sketch of network topographical arrangements made possible by CM reactions (a) facilitated by an
additional unsaturated diester or (b) by internal rearrangement: (i) between two 1,4 PBd units and (ii) between two
1,2 PBd unit and two 1,4 PBd units.
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(FP4) Spray-coating deposition techniques for polymeric semiconductor bulk heterojunctions
G A Bernardin, N Davies and C E Finlayson
Aberystwyth University, UK
Organic solar cells offer a promising route towards low-cost renewable energy production; however large-area mass
production techniques still represent a significant scientific and engineering challenge [1].
We examine the characteristics and functionality of polymeric semiconductor photovoltaic heterojunctions, based
on blends of polyfluorenes (F8TBT), polythiophenes (P3HT) and fullerenes (PCBM), using a spray-coating deposition
technique suitable for large areas [2,3]. The morphological properties of these blend films are studied in detail by
AFM methods, showing that favourable results, in terms of layer thickness and uniformity, and micron-scale
morphology, can be achieved using blends of o-dichlorobenzene and chlorobenzene as the solvent medium. We
report a multi-faceted characterisation approach, studying blend photoluminescence quenching, optical and Raman
microscopy/mapping, and using “inverted” photovoltaic cell structures [4].
[1]
[2]
[3]
[4]

F.C. Krebs, Sol. Energy Mater. Sol. Cells 93, 394 (2009)
G. Susanna et al, Sol. Energy Mater. Sol. Cells 95, 1775 (2011)
M. Noebels, C.E. Finlayson et al., J Mater. Sci. 49, 4279 (2014)
H. Sun et al., Solar Energy Materials & Solar Cells 95, 3450 (2011)

(FP5) The kinetics of swelling in block copolymer thin films during “solvo- microwave” and solvo- thermal annealing:
The effect of vapour pressure rate
P Mokarian1,2, T W Collins1 and M A Morris1,2
1

University College Cork and Tyndall National Institute, Ireland, 2Advance Material and BioEngineering Research
(AMBER) Centre and CRANN, Trinity College Dublin, Ireland
We have studied the kinetics of swelling in block copolymer thin films by monitoring the pressure and temperature
in situ during “solvo-microwave” [1] and solvo-thermal annealing. The results on poly (styrene-b-lactic acid) PS-bPLA thin film suggest that it’s not the absolute value of the pressure (of THF here) and the temperature during
annealing, but rather the rate at which the THF pressure increases is the key factor to obtain a good ordered pattern
(see figure 1). At the next step, to show the kinetics effect, we have changed the heating rate in the oven. We will
discuss that the rate of heating has a dramatic effect on the final morphology of the film. To our surprise, the fast
heating rate (2-5 ⁰C/min) in the oven at the early stage of annealing provides a good order with long average line
length. Slower heating rate (< 1⁰C/min) lead to a poorly phase separated structure. The highly ordered patterns are
a kinetically trapped structure rather than a thermodynamic equilibrium state
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Figure 1. The absolute pressure measured during “solvo-microwave” annealing (dotted curve) and solvo-thermal
annealing (solid line) in (a). AFM topography image of PS-b-PLA exposed to THF (b) in the microwave and (c) in the
oven. Note that the temperature and pressure (120 kPa) is the same in the microwave and the oven (after about 12
minutes), but the phase separated patterns are totally different (compare (b) and (c)). The major difference is due
to heating rate and vapour pressure ramp.
[1]

Mokarian-Tabari, P.; Cummins, C.; Rasappa, S.; Simao, C.; Sotomayor Torres, C. M.; Holmes, J. D.; Morris,
M. A., Study of the Kinetics and Mechanism of Rapid Self-Assembly in Block Copolymer Thin Films during
Solvo-MicrowaveAnnealing. Langmuir : the ACS journal of surfaces and colloids 2014, 30 (35), 10728-39

Monte Carlo Field-theoretic simulation of symmetric diblock copolymers
B Vorselaars1,2,3, P Stasiak2 and M W Matsen1
1

University of Waterloo, Canada, 2University of Reading, UK, 3University of Lincoln, UK

A melt of diblock copolymer chains shows micro-phase separation once the interaction between the two blocks,
characterized by the Flory-Huggins parameter χ, is sufficiently strong. Depending on the invariant degree of
̅ , self-consistent field theory (SCFT) strongly underestimates the transition, as it neglects
polymerisation, 𝑁
fluctuation effects. Monte-Carlo field-theoretic simulation (MC-FTS), on the other hand, does incorporate
compositional fluctuations [1]. Using this technique, we will report on an extensive comparison with recent particle̅,[2,3] and with theoretical predictions that incorporate fluctuations at large 𝑁
̅ . The
based simulations at low 𝑁
importance of appropriately incorporating the effects of an ultra-violet divergence is demonstrated.
[1]
[2]
[3]
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Polymer:fullerene blend thermodynamics, photochemistry, polymerisation and kinetic pathways for advanced
materials
H C Wong, R Dattani, Z Li, C H Tan, J Durrant and J T Cabral
Imperial College London, UK
Polymer:fullerene solutions and composites exhibit a rich phase behaviour derived from solution thermodynamics,
thin film segregation, demixing and crystallisation that define the film stability and morphology, and their
performance as functional materials. We first map their phase diagram and film formation pathways, as well as the
conformation of both components in solution, which are found to have a profound impact of nanoscale morphology.
We then show that UV-visible, and even background, light exposure, can finely tune the morphology of dewetting
and phase separating polymer-fullerene thin films by photo-oligomerisation of C60 and derivatives. This process is
thermally reversible and thus able to ‘rejuvenate’ the composite. Neutron reflectivity allows us to locate the various
constituents within the film. We find a coupling of fullerene photo-sensitivity and both self-assembly processes
which results in controlled pattern formation, and we illustrate the potential with a model polymer–fullerene circuit
pattern. We then translate this approach into the directed assembly of energy harvesting thin films. We address the
key challenge of morphological stability of BHJ solar cells under thermal stress conditions. The directed assembly of
an array of polymer:PCBM solar cells via a combination the aforementioned solution and film processing results in
an increase in device lifetimes in excess of 200x. These approaches seem to be rather general and promise to be an
effective and cost-effective strategy to optimise fullerene-based solar cell performance.

[1]
[2]
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Phys Rev Lett 105, 038301 (2010), Macromolecules 44, 4530-4537 (2011), Adv. Mater. 25, 985-991
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Fluorescence correlation spectroscopy studies of molecular diffusion in polymer brushes
A L Morales, C G Clarkson, Z J Zhang, A Johnson, R E Ducker, G J Leggett and M Geoghegan
University of Sheffield, UK
Polymer brushes are smart scaffolds that can be used to understand, confine and direct molecular diffusion. The
properties of surface-bound polymer molecules, or brushes, can be tuned to investigate the diffusion of small or
polymeric molecules, in response to changes in the properties of the environment (pH, T), substrate (brush grafting
density, height, chemical functionality) or molecular probe (molecular weight, length). Furthermore, polymer
brushes are easy to prepare in (1) homogeneous, (2) patterned or (3) gradient forms. Our research group has
synthesised and studied the diffusive behaviour of an array of molecules in brushes of these three types.
Our main research tool is fluorescence correlation spectroscopy (FCS), which can study minute variations in the
intensity of fluorescent molecules. In our first approach, this technique was used to investigate the diffusive
properties of fluorophore-tagged polymeric molecules (e.g. poly(ethylene glycol – PEG) inside homogeneous PEG
polymer brushes of varying grafting densities. These studies proved that the higher the grafting density of the
underlying polymer brush, the slower the diffusion of the diffusing polymers on top of the brushes. (Figure 1)

Figure 1. Grafting density vs. diffusion coefficients for PEG molecules on PEG brushes

On a second instance, it became apparent that patterned polymer brushes are effective in confining and controlling
surface diffusion. To this end, patterned polymer brushes were created by interferometric lithography (IL) by
selectively deprotecting regions of the initiated surface using UV radiation. Square grids with dimensions in the nano
and micron scales were manufactured and the behaviour of polymer molecules inside the brush barriers was
studied to understand diffusion in confined environments. The presence of two modes of diffusion, a slow and a fast
surface diffusion coefficient were seen on patterned surfaces. The proportion of the molecules in the slow diffusion
mode increased as the size of the grids decreased (Figure 2).

Figure 2. Relationship between the confinement parameter and the diffusion coefficient for PEG molecules on patterned
polymer brushes. NB The confinement parameter is defined as the square of the ratio between the beam waist and the grid size.

Finally, polymer brush gradients were synthesised, to study the chemotactic behaviour of polymer molecules and
small molecules of biological relevance (e.g. fluorescent ubiquinone analogues). The diffusion rates of these
molecules were analysed by studying the system’s behaviour along different points in the gradient.
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Characterizing the structure and dynamics of reversibly crosslinkable elastomer networks with NMR
S Ayalur-Karunakaran1, J Manhart1 and S Schloegl1,2
1
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Abstract not available in digital format
Ian Macmillan Ward Prize for Best Student Paper
Threading of ring polymers in gels and dense solutions
D Michieletto1, D Marenduzzo2, G P Alexander1, E Orlandini3 and M S Turner1
1

University of Warwick, UK, 2University of Edinburgh, UK, 3University of Padua, Italy

Ring polymers continue to present a challenge to the theoretical community as the polymers lack of ends represents
a severe topological constraint on their conformations. Threadings between rings have been conjectured to play an
important role in solutions of closed chains, from the work of Klein (Klein, Macromolecules 118 (1986)) to more
recent ones (Kapnistos et al, Nat. Mater. 7 (2008) and Halverson et al, J. Chem. Phys. 134 (2011)), but always
proved very elusive to directly detect and quantify. We perform large-scale Molecular Dynamics simulations of a
concentrated solution of unknotted, unlinked rings in both, presence and absence of a background gel.
In the case in which the gel is present, we take advantage of its ordered architecture to introduce a rigorous
algorithm to unambiguously identify local inter-ring threadings by measuring the linking of closed curves (Fig. (b)).
We show that rings inter-thread through one another creating a systemspanning network of correlations (Fig. (c))
and that some of the threadings have a life-time that is at least comparable to that of the longest relaxation time of
the chains.
In the case the gel is absent, it is currently impossible to unambiguously define a threading between two chains. On
the other hand, their existence in a dense solution of rings is bound to affect the dynamics of the constituents. We
therefore introduce a novel protocol to perturb the system and probe their presence in a dense solution of rings: we
artificially freeze a fraction c of rings in the system. By increasing the length of the rings we observe that a smaller
and smaller fraction of frozen rings is needed to induce a kinetic arrested state in the system (Fig. (d)), strongly
suggesting the presence of extensive correlations that can eventually lead to a spontaneous vitrification in the limit
of large rings.
We finally argue that these inter-ring interactions, or threadings, can explain most of the recent puzzling outcomes of
experiments and simulations of systems of rings, and can contribute toward the understanding of the role of
topology in systems of polymers.

(a) Snapshot of the system. (b) Representation of the threading detection algorithm indicating the closure
construction that we employ. (c) Snapshot of the directed network of interpenetrating rings. (d) Liquid-glass phase
diagram for a dense solution of rings 𝑀 beads long where a fraction 𝑐 of rings is artificially frozen.
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Founders' Prize Lecture
(invited) What drives macromolecules to move?
R Jones
University of Sheffield, UK
Macromolecules are big molecules, but they are not immobile while they are being processed, either in a melt or
solution, in bulk or thin films. In this talk I will review some of the things we have learnt about how polymers mix and
unmix, using examples that include biological macromolecules and functional polymers of the kind used in
optoelectronic devices, as well as more model systems. I will discuss our theoretical understanding of phenomena
such as spinodal decomposition, surface segregation and surface driven mechanisms of phase separation, and the
way this theoretical knowledge can help us design simple processing routes to give us some quite complex
structures with the functional properties we want.
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Thursday 10 September
APS/DPOLY exchange lecture
Charge transport physics of non-conjugated, glassy radical polymer conductors
B W Boudouris, L Rostro and A G Baradwaj
Purdue University, USA
Elucidating the nanostructural and charge transport physics of electronically-active polymers has led to the implementation of
these critical macromolecules in a number of energy conversion and energy storage applications. To date, however, the majority
of the work associated with charge-conducting polymers has focused on systems where a large degree of π-conjugation exists
along the macromolecular backbone. Here, we move away from this archetype through the design, characterization, and
utilization of an emerging class of materials, radical polymers. In this context, we define radical polymers to be macromolecule
that consist of a non-conjugated backbone and contain stable radical sites on the pendant groups of each repeat unit [1,2].
These stable radical sites are capable of undergoing oxidation-reduction (redox) reactions. In turn, this ability allows for charge
to be transported in a straightforward manner despite the fact that these completely amorphous materials have very localized
charge sites. Because the charge transfer sites are independent of the macromolecular architecture, this allows for myriad
potential designs of radical polymers (Figure 1). Furthermore, because of this electronic decoupling between the pendant
groups and the macromolecular backbone, the Singularly Occupied Molecular Orbital (SOMO) charge transport level of the
radical group can be predicted easily. This information can be used in a straightforward manner to match energy and charge
transfer levels of other electronically-active inorganic and organic materials. As such, radical polymers are beginning to emerge
as useful materials in a number of hybrid and organic electronic applications. Here, we quantify the solid-state electrical
conductivity and hole mobility of a model radical polymer, poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate) (PTMA), for the
first time [3]. In particular, we establish that the solid-state conductivity (~10-3 S m-1) and the space charge-limited hole
mobility (~10-4 cm2 V-1 s-1) are on par with common conjugated polymer semiconductors [e.g., poly(3-hexylthiophene) (P3HT)]
[4,5]. Furthermore, these charge transport properties are found to be highly dependent on the exact chemical nature of the
stable radical pendant groups. Conversely, due to the localized nature of the charge transfer groups and the fact that these
materials are well into the glassy state at room temperature, charge transport is found to be relatively temperatureindependent, in contrast to many conjugated organic semiconductors. By developing these fundamental structure-propertyperformance relationships in radical polymers, we have been able to demonstrate their high performance ability in applications
where transparent conducting polymer thin films are required [e.g., high efficiency organic photovoltaic (OPV) devices] [6].

Figure 1. Example pendant radical group-non-conjugated macromolecular backbone combinations yield 30
designed moieties for the radical polymer materials. The chemistry of the small molecule stable radical analog can
be used to predict the response of the radical polymer, and the values listed below the chemical structures indicate
the SOMO energy level with respect to its relative removal from free vacuum.
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Janoschka, T.; Hager, M. D.; Schubert, U. S. Adv. Mater. 2012, 24, 6397
Tomlinson, E. P.; Hay, M. E.; Boudouris, B. W. Macromolecules 2014, 47, 6145
Rostro, L.; Baradwaj, A. G.; Boudouris, B. W. ACS Appl. Mater. Inter. 2013, 5, 9896
Baradwaj, A. G.; Rostro, L.; Alam, M. A.; Boudouris, B. W. Appl. Phys. Lett. 2014, 104, 213306
Rostro, L.; Wong, S. H.; Boudouris, B. W. Macromolecules 2014, 47, 3713
Rostro, L.; Galicia, L.; Boudouris, B. W. J. Polym. Sci., Pol. Phys. 2015, 53, 311

Particle ordering in bimodal blends of colloidal polymer particles: Effects of porous substrates
D Makepeace1, A Fortini1, R Lind2, S Moorhouse2 and J L Keddie1
1

University of Surrey, UK, 2Syngenta, UK

Using blends of colloidal polymer particles is a useful strategy in the development of nanostructured coatings.
Progress has been in understanding the effects of particle size distribution on the packing and ordering of particles
in thick films. However, most academic studies have used model substrates and ignored the effects of fluid flow into
porous substrates, despite the relevance for a variety of applications. In this work, the effect of the particle size ratio
in a bimodal blend on the resulting particle packing and ordering has been explored. Specifically, large (350 nm
diameter) soft particles were blended with either 350 nm, 175 nm or 50 nm hard (i.e. glassy) particles with varying
volume ratios. Images of the surfaces of the dried films were obtained via AFM to characterise particle packing
density and ordering on nano-porous substrates (filter paper) in comparison with non-porous substrates (glass). An
image analysis algorithm was used to determine the fraction of particles in ordered and disordered structures as a
function of the volume fraction of hard particles in each blend. An example is presented in the figure below. The
implications of particle ordering on both film permeability and mechanical properties were considered. Our results
provide guidelines for the design of dense colloidal coatings and give an insight into the relevant geometric and
processing parameters.

Square – 0.425 / Disordered – 0.210 / Hexagonal – 0.338
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Microporous polymer particles via phase inversion of a ternary polymer solution in microfluidics
C Udoh, V Garbin and J T Cabral
Imperial College London, UK
We report the controlled formation of internally porous polyelectrolyte particles with diameters ranging from tens to
hundreds of micrometers through selective solvent extraction using microfluidics. Binary polymer (P)/solvent (S1)
mixtures are encapsulated by a carrier solvent phase (C) to form plugs with well-defined radii and low
polydispersity. The suspension is then brought into contact with a selective extraction solvent (S2) that is miscible
with C and S1 but not P, leading to the solvent extraction of S1 from the droplets. The ensuing phase inversion
yields polymer capsules with a smooth surface but highly porous internal structure. Tuning the timescales of the
directional solidification process and the coarsening of the phase-separated structure enables fine tuning of the
internal structure. The extraction time required to form particles from liquid droplets was found not to depend on the
initial polymer concentration. The resulting particle size followed a linear relationship with the initial droplet size for
all polymer concentrations, albeit with different internal porosities, which ranged from 10 to 50% at the polymer
concentrations studied.
Further, we map the ternary phase diagrams varying non-solvent quality and quench depth, in order to optimize
relative time scales for phase separation and glass formation. The latter is the dominant mechanism for
solidification, i.e. when the polymer concentration in solution is sufficiently high to cross the glass transition
temperature at ambient conditions. Specifically, we form sodium poly(styrenesulfonate) (P) particles using water
(S1), hexadecane (C), and methyl ethyl ketone (S2) or ethyl acetate (S2). Varying the water concentration in the S2
phase also allows us to access different tie lines, and thus particle composition, in the phase diagram. We extract
kinetic data by tracking the radius of a polymer drop during solvent extraction. We show scanning electron
microscope images of the internal structure of formed particles and provide tentative phase inversion pathways for
particle extraction along the ternary phase diagrams. We show that by simply changing the non-solvent quality (S2)
we are able to predict and tune particle porosity (by 50 percent), extraction time and microcapsule shell thickness.
We therefore demonstrate a versatile route to porous particle or capsule formation based on ternary solution
thermodynamics and interdiffusion at a moving liquid-to-solid boundary.
Examination of solvent penetration through Spin Echo Small Angle Neutron Scattering (SESANS)
A Washington1 and R Pynn2
1

University of Sheffield, UK, 2Indiana University, USA

Standard scattering techniques always measure over a finite range in reciprocal (Q) space. While it is possible to
estimate the total scattering of the system through extrapolation, this will always be an estimate and dependent on
the model chosen. This limitation can be escaped through a new method, Spin Echo Small Angle Neutron Scattering
(SESANS), as it is not limited by a beam stop and provides an integral over all scattering angles with no lower
bound. This sensitivity allows for investigations of small perturbations on the total scattering from a particle.
We used this sensitivity to measure the solvent penetration into the poly(hydroxystearic acid) (PHSA) brushes used
to stabilise a set of poly(methylmethacrylate) (PMMA) nanosphere suspensions. SESANS measurements were
made on these suspensions at volume fractions near 40% for three different radii of particle. The resulting SESANS
data could not be self-consistently modelled via a mere hard sphere system of PMMA, despite the negligible
scattering expected from the PHSA brushes. By assuming a core-shell model, with the PMMA surrounded by a
corona of PHSA, it was possible to produce self-consistent fits. The known parameters of these fits (i.e. sphere
radius, PHSA brush length) were consistent with independent knowledge of these values. The remaining free
parameter, the solvent penetration into the brush, found the brushes to be 85% and 95% solvent, depending on
the sample. These results are consistent with the the relative amounts of PMMA and PHSA used in the creation of
the samples.
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(invited) Topologically constrained polymers: From rubber elasticity to chromosome structure
R Everaers
ENS de Lyon, France
Similar to macroscopic strings tied into knots, the (Brownian) motion of polymer chains is subject to topological
constraints: they can slide past each other, but their backbones cannot cross.
To set the stage, I will briefly review our contributions to the tube model [1] of melts and networks of long linear
chains, where entanglements dominate the viscoelastic behavior: the primitive path analysis of the microscopic
topological state [2] and the double tube model of rubber elasticity [3] as well as their validation in extensive
computer simulations.
The main part of my talk will focus on the complementary situation of “crumpled” [4] polymers, whose
conformations have to respect global topological constraints enforcing the absence of knots and links. While such
systems are typically modeled as melts of non-concatenated ring polymers, the most prominent representatives are
probably (interphase) chromosomes, whose reptation times of the order of centuries preclude the equilibration of
the topological state [5]. In [6] we have used a computationally efficient multi-scale approach to identify the subtle
physics of crumpling by showing that ring melts can be quantitatively mapped to coarse-grained melts of interacting
randomly branched primitive paths.
[1]
[2]

[3]

[4]
[5]
[6]

The Theory of Polymer Dynamics, Masao Doi, Sam F. Edwards (Oxford University Press, 1986); Tube theory
of entangled polymer dynamics, T. C. B. McLeish, Advances in Physics 51, 1379-1527 (2002)
Rheology and Microscopic Topology of Entangled Polymeric Liquids, R. Everaers et al., Science 303, 823826 (2004); Stress Relaxation in Entangled Polymer Melts, Ji-Xuan Hou, Carsten Svaneborg, Ralf Everaers,
and Gary S. Grest, Phys. Rev. Lett. 105, 068301 (2010); Topological versus rheological entanglement
length in primitive-path analysis protocols, tube models, and slip-link models, Ralf Everaers, Phys. Rev. E
86, 022801 (2012)
Tube Models for Rubber−Elastic Systems, Boris Mergell and Ralf Everaers, Macromolecules 34, 5675–
5686 (2001); Strain-Dependent Localization, Microscopic Deformations, and Macroscopic Normal
Tensions in Model Polymer Networks, Carsten Svaneborg, Gary S. Grest, and Ralf Everaers, Phys. Rev. Lett.
93, 257801 (2004)
Crumpled globule model of the three-dimensional structure of DNA, A. Grosberg, Y. Rabin, S. Havlin, and A.
Neer, Europhys. Lett. 23, 373 (1993)
Structure and dynamics of interphase chromosomes, A Rosa and R Everaers, PLoS Comput Biol 4:
e1000153 (2008)
Ring Polymers in the Melt State: The Physics of Crumpling, Angelo Rosa and Ralf Everaers, Phys. Rev. Lett.
112, 118302 (2014)
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Networks of stiff polymer chains in confined geometries
K K Müller-Nedebock
Stellenbosch University, South Africa
When both stiff polymer chains, and networks of these chains, are formed in a confined space the geometry leads
to spatially varying segment densities, alignment and cross-linking. Theoretical and computational insights might
prove useful in scenarios ranging from the filamentous networks in cells to understanding the interactions of
polymers with filler particles in rubbers, or copolymers with different flexibility [1]. We show how a monomer
ensemble technique (see, e.g. Ref. [2]) leads to computable profiles for the orientation and density of chains.
Moreover one can merge the technique with a formalism that enables networking interactions [3], with control over
the functionality of the network, ranging from standard cross-linking to tethering of chains to the confining wall. We
investigate the role of the confining surface and, especially, the density of links tethering chains to the wall, on the
overall density profile of cross-links between chains, and how the chain stiffness influences this.
[1]
[2]
[3]

Azari, A., & Müller-Nedebock, K. K. (2014, August 22). Entropic competition in polymeric systems under
geometrical confinement. http://arxiv.org/abs/1408.5312v1
Pasquali, S., & Percus, J. K. (2009). Mean field and the confined single homopolymer. Molecular Physics,
107(13), 1303–1312. http://doi.org/10.1080/00268970902776740
Fantoni, R., & Müller-Nedebock, K. K. (2011). Field-theoretical approach to a dense polymer with an ideal
binary mixture of clustering centers. Physical Review E, 84(1), 011808.
http://doi.org/10.1103/PhysRevE.84.011808

Towards clear definitions of tubes and entanglements
A E Likhtman
University of Reading, UK
A system of concatenated rings is an ideal ground to define entanglements. Indeed, for long enough chains their
local properties are indistinguishable from those of linear chains. At the same time, entanglements are permanent is
such system, and therefore analysis of very long trajectories is possible. In this work, I report a novel definition of
tube axis as a curve average of chain trajectory over time. Unlike the old procedure of averaging positions of
individual monomers, curve average provides results of remarkable clarity. In the system of rings, individual
entanglements are easily identified either as close contacts between tube axis of different chains, or as curvature
peaks in the tube axis. The results of this analysis are then compared with the contact map analysis, identifying
similarities and differences of two definitions.
Behaviour of semiconducting polymers confined in thin films
F Pontecchiani, A J Parnell, M Geoghegan and R A L Jones
University of Sheffield, UK
The present concern about sustainability and environmental impact of fossil fuels has increased the necessity to
achieve large-scale production of solar energy using photovoltaics at low cost. Semiconducting polymers can
potentially be used in numerous applications in the form of thin films, for the production of field effect transistors
(FET’s), light emitting diodes (LED’s) and photovoltaic devices. As their inorganic counterparts present very
expensive (especially in term of energy) processing technologies, there is an urgent need to substitute them with
organic devices, which have the advantage of solution processibility, whereas conventional silicon-based
technologies require expensive ultrahigh vacuum equipment for deposition as a thin layer.
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The problem of these materials is that they aren’t efficient currently enough and also suitably stable to match the
market demands. The efficiency is strongly influenced by the molecular order that controls charge mobility at
different lengthscales.
The aim of our study is to understand the states of intermediate order in ultrathin polymer films of the
semiconducting polymers poly [N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di- 2-thienyl-2′,1′,3′benzothiadiazole)] (PCDTBT) and poly(3-hexylthiophene-2,5-diyl) (P3HT). Our hypothesis is that the influence of the
surface and interface with the substrate on thin films is strong enough to lead to morphologies, and properties that
depend on molecular conformation, which are substantially different from those in the bulk phase diagram.
By the phrase intermediate order we mean states of partial crystallinity and mesomorphic states, which may be
stabilised at equilibrium by the presence of surfaces or interfaces, or which may appear transiently in a kinetic
pathway which differs from the pathway that is obtained in the bulk. The starting point for understanding the
potential importance of these phenomena is a recent rethinking of what had been a long-standing consensus about
the kinetics of crystallisation in polymers. There is a body of work [1] summarised by Ströbl [2] which stresses that
polymers can be expected to crystallise not by a fully crystalline nucleus growing in an entirely amorphous melt;
instead crystallisation proceeds via a state of intermediate order – a metastable mesophase.
In a recent study on the semiconducting polymer PCDTBT we have observed an important interplay of
conformational and dynamic anomalies in thin polymer films [3].
[1]
[2]
[3]

A. Keller, An approach to the formation and growth of new phases with application to polymer
crystallization: effect of finite size, metastability, and Ostwald’s rule of stages, J. Mater. Sci. 29 (1994)
2579–2604.
G. Strobl, Colloquium: Laws controlling crystallization and melting in bulk polymers, Rev. Mod. Phys. 81
(2009)
T. Wang et al., Eur. Phys. J. E 35 129 (2012)
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Interfacial confinement in polymer-graphene oxide nanocomposites
M P Weir1, D W Johnson2, S C Boothroyd2, R L Thompson2, S M King3, S E Rogers3, N Clarke1 and K S Coleman2
1

University of Sheffield, UK, 2Durham University, UK, 3ISIS Pulsed Neutron and Muon Source, UK

Graphene and related two-dimensional materials are excellent candidates as filler materials in nanocomposites due
to their extraordinary physical properties and high aspect ratio. We are currently studying graphene oxide (GO), a
highly functionalized form of graphene, due to its relative ease of dispersion within polymer matrices.

Fig.1 (a) A schematic diagram of a polymer-graphene oxide nanocomposite, highlighting the interfacial regions
extending approximately Rg from the interface. (b) Within the interfacial regions the polymer chains are distorted;
due to the confinement Rg is reduced in the direction normal to the interface
The polymer physics in the interfacial region (see Fig. 1 (a)) between the nanoparticle and the bulk polymer is of
great importance in the understanding of nanocomposite performance [1]. Furthermore, the large specific surface
area of well-dispersed 2D nanomaterials means the volume affected by the interface is significant even at
nanoparticle loadings of ~1 % by volume. This makes them an excellent system for using bulk techniques to study
interfacial effects. Small-angle neutron scattering measurements, highlighting the conformation of individual
polymer chains, show a decrease in polymer radius of gyration Rg (see Fig. 1 (b)) with increasing GO concentration
in PMMA/GO nanocomposites. The decrease is consistent with models of solid interfaces within a polymer melt
[2,3]. Rheological measurements show that this chain distortion reduces the number of entanglements between
neighbouring chains, which confirms that the interfacial chains overlap less with their neighbours than those in the
bulk.
This work is a direct measurement of the effect of a high aspect ratio nanoparticle upon the polymer matrix and
progresses our understanding interfacial interactions within nanocomposites.
[1]
[2]
[3]
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Poster abstracts
P.01 NMR and rheological studies of cellulose dissolution by the ionic liquid 1-butyl-3-methylimidazolium chloride
M E Ries, A Radhi1 and T Budtova2
1

University of Leeds, UK, 2Mines ParisTech, Centre de Mise en Forme des Matériaux (CEMEF), France

We have studied cellulose solutions in the ionic liquid 1-butyl-3-methylimidazolium chloride (BMIMCl). This system
has been investigated using NMR spectroscopy, diffusion, relaxometry and rheology. A set of cellulose
concentrations (0, 1, 2, 5, 8 and 10 % w/w) were examined over a range of temperatures (30 ºC to 100 ºC). The
change in 1H chemical shift revealed that the resonances belonging to the imidazolium ring had the strongest
dependences on cellulose concentration. NMR relaxometry was carried out at high field (400 MHz) and low field (20
MHz). At high field the relaxation times measured showed a weak dependence on cellulose concentration,
indicating that fast local reorientations of the protons (timescale ~ 1 / 400 MHz) were not affected by the
dissolution of cellulose. Conversely, the low field relaxation times were significantly altered on the addition of the
carbohydrate. Rotational correlation times 𝜏𝑐 extracted from the low field NMR relaxometry were combined with the
NMR diffusion D and viscosity data showing that the Stokes-Einstein-Debye formulae correctly related these
parameters, see the Figure below.

Figure 1. Rotational correlation times 𝜏𝑐 versus the inverse self-diffusion coefficient D of the cation in the ionic
liquid BMIMCl for the various cellulose solution weight fractions (0, 1, 2, 5, 8 and 10 % w/w).
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P.02 Spatially modulated structural colour in bird feathers
A J Parnell1, A L Washington1, O O Mykhaylyk1, C J Hill1, A Bianco1, S L Burg1, A J C Dennison2,3, M Snape1, A J
Cadby1, A Smith4, S Prevost5, D M Whittaker1, R A L Jones1, A R Parker6 and J P A Fairclough1
1

University of Sheffield, UK, 2University Grenoble-Alpes, France, 3Institut Laue-Langevin, France, 4Beamline I22
Diamond Light Source, UK, 5ID02 Beamline, European Synchrotron Radiation Facility (ESRF), France, 6Natural
History Museum, UK
Eurasian Jay (Garrulus glandarius) feathers display periodic variations in the reflected color from white through light
blue to dark blue and black [1]. We find the structures responsible for the color are continuous in their size and
spatially controlled by the degree of spinodal phase separation [2] in the corresponding region of the feather barb.
Blue structures [3] have a well-defined broadband ultra-violet (UV) to blue wavelength distribution; the
corresponding nanostructure has a characteristic spinodal morphology with a lengthscale of order 150 nm. White
regions have a larger 200 nm nanostructure, consistent with a spinodal process that has coarsened further, yielding
a much broader wavelength white reflectance. Our analysis shows that nanostructure in single bird feathers barbs
can be varied continuously by controlling the time for which the keratin network is allowed to phase separate before
the mobility in the system is arrested. Dynamic scaling analysis of the single barb scattering data implies that the
phase separation arrest mechanism is rapid and also distinct from the spinodal phase separation mechanism i.e. it
is not gelation or intermolecular re-association. Any growing lengthscale using this spinodal phase separation
approach must first traverse the UV and blue wavelength regions, growing the structure by coarsening, resulting in a
broad distribution of domain sizes. Making it impossible to produce the narrow domain size essential for a noniridescent structural green, finally answering the longstanding conundrum of why green, an obvious camouflage
color is not prevalent in the natural world as solely a structural color.
[1]
[2]
[3]

Osorio, D. & Ham, A. D. Spectral reflectance and directional properties of structural coloration in bird
plumage. Journal of Experimental Zoology 205, 2017–2027 (2002)
Jones, R. A. L. Soft Condensed Matter. (Oxford Univ. Press, 2002)
Dufresne, E. R. et al. Self-assembly of amorphous biophotonic nanostructures by phase separation. Soft
Matter 5, 1792–1795 (2009)

P.03 Pre-ordering and the very early stages of crystallization for Polyethylene terephthalate (PET) thin films
M Ibaragi1, M Latham1, A J C Dennison2, S Brown3, A Smith4, R A L Jones1 and A J Parnell1
1

University of Sheffield, UK, 2Institut Laue Langevin, France, 3European Synchrotron Radiation Facility, Grenoble,
France, 4Diamond Light Source, UK
We have used ellipsometry, AFM and grazing Incidence X-ray scattering (GIXS) to study the early stage ordering,
prior to crystallization, for thin films of initially amorphous PET (Polyethylene terephthalate). In bulk polymers, past
scattering studies have already suggested that the initial step of PET crystal nucleation involves phase separation of
differing ordered regions through the process of spinodal decomposition. The aim of our experiments was to detect
such pre-ordering in thin films in real space and reciprocal space, and to test the hypothesis that this kind of preordering process might be favoured at free surfaces, due to the influence of chain alignment and segmental mobility
via reductions in the glass transition, Tg. In order to achieve this we established a protocol for making truly
amorphous thin PET film sample on silicon wafers, this involved removing trapped solvent and any remnant PET
crystals that existed after spin coating, which would otherwise act as strong nucleating agents.
From the results of ellipsometry, the kinetics of crystallization of thin PET films were clarified quantitatively at various
temperatures and film thicknesses, the induction time lasted about 1000 seconds at 110ºC. We concentrated AFM
and GIXS measurements during this induction time period. Fourier analysis of the AFM data showed an isotropic
structure increasing in size, consistent with the spinodal hypothesis and pre-ordering process. For a thinner 50 nm
film annealed at 90 ºC we were able measure a two-stage volume change, consistent with a three-layer system
(surface, bulk and substrate layer), due to enhancement in the rate of crystallization at the free interface.
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P.04 Exploring the amphiphilic properties of cellulose at a graphene-water interface
S J Eichhorn1, R Alqus2 and R A Bryce2
1

University of Exeter, UK, 2University of Manchester, UK

Molecular dynamics simulations have been applied to study the interactions between hydrophobic and hydrophilic
faces of model cellulose crystals and a single layer of graphene [1]. Using AMBER and the GLYCAM06h force field,
these explicit solvent simulations observe a higher root mean squared deviation of cellulose chains on graphene
when the hydrophilic face of the crystal is presented to graphene, compared to the hydrophobic face. This results
from the chains of the hydrophilic face twisting to form the more hydrophobic CH-rich surface at graphene,
accompanied by progressive exclusion of water. However the chain twisting also appears to allow water ingress
between chains at the intersection of cellulose, graphene and water. Conversely, the hydrophobic cellulosegraphene interface is stable on the timescale of the simulations; here, the density profile of water surrounding the
cellulose crystals show solvent exclusion is maintained between graphene and the hydrophobic face. Thoughts on
addressing the recalcitrance of cellulose will also be presented.
[1]

Alqus, R., Eichhorn, S.J.*, Bryce, R.A.* 2015. Molecular Dynamics of Cellulose Amphiphilicity at the
Graphene-Water Interface. Biomacromolecules – in press

P.05 Dynamical behavior of interfacial polymer chains in nanocomposite hydrogels: A solid-state NMR approach
C Lorthioir, V Wintgens and C Amiel
University Paris-East, France
In contrast to bulk polymer matrices reinforced by nanosized inorganic fillers, the design of nanocomposite
hydrogels is quite recent since the first contribution along this line was reported by Haraguchi et al. in 2002 [1]. The
molecular origins of the mechanical reinforcement induced by adding clay layers within polymer hydrogels have not
yet been extensively investigated. In such systems, the progressive growth of clay platelet aggregates leads to a
connected structure, the so-called "house of cards" structure. As a result, part of the polymer chains are
constrained between both faces and edges of the clay layers. Similarly to the case of filled bulk polymer matrices,
the local dynamics of such interfacial chains is a key feature to get a better description of the reinforcement of the
Young modulus displayed by these hybrid hydrogels.
In the present work, hydrogels composed of poly(ethylene glycol) (PEG) chains and Laponite were considered.
Combined solution and solid-state NMR approaches were used to probe the segmental dynamics of the PEG chains
adsorbed on the clay platelets, over the nanosecond to millisecond time scale. In a first step, the time evolution of
the PEG chain dynamics during the hydrogel formation was investigated. In particular, the level of local constraints
undergone by the PEG chains was monitored and this description at the molecular length scale was correlated to
the variation of the rheological behavior related to the gelation phenomena. Such comparisons demonstrated that
the slowing down of the segmental motions arises from adsorbed PEG repeat units or chain portions strongly
constrained between aggregated clay layers. In a second step, the segmental dynamics of these interfacial PEG
chains was investigated through 1H, 2H and 13C solid-state NMR spectroscopy. These constrained PEG repeat units,
though frozen over a few tens of nanoseconds, were found to display significant reorientational motions over the
tens of microseconds time scale. The question of the characteristic motional frequencies as well as the motional
geometry of such PEG chains was then investigated in details [2].
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K. Haraguchi, T. Takehisa; "Nanocomposite Hydrogels: A Unique Organic-Inorganic Network Structure with
Extraordinary Mechanical, Optical, and Swelling/De-swelling Properties", Adv. Mater. (2002), 14, 1120
C. Lorthioir, M. Khalil, V. Wintgens and C. Amiel; "Segmental Motions of Poly(ethylene glycol) Chains
Adsorbed on Laponite Platelets in Clay-Based Hydrogels: A NMR Investigation", Langmuir (2012), 28,
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P.06 Stroboscopic microscopy – Direct observations of self-assembly processes during spin-coating
D T W Toolan and J R Howse
University of Sheffield, UK
Spin-coating is a facile technique for the production of highly uniform thin-polymer films, involving the deposition of
a polymer solution onto a substrate that is rotated at high speed (1,000-10,000 rpm), resulting in rapid film
thinning due to hydrodynamic forces and solvent evaporation. Spin-coating a binary mixture (Polymer A + solvent)
results in the formation of a uniform film with a continuous morphology. When ternary mixtures (Polymer A +
Polymer B + Solvent) are spun-cast, often complex processes of self-assembly take place, such as phaseseparation, crystallization, stratification, and agglomeration, resulting in the formation of intricate morphologies that
evolve toward thermodynamic equilibrium, but which ultimately become frozen due to rapidly increasing viscosities.
In this poster I will present an overview of the progress that has been made in the development of the technique of
stroboscopic microscopy, allows the visualisation of topographical, compositional and crystallisation development
during spin-coating.
Specifically, I will show direct observations of:
• The effect of composition on morphological development in blends of polystyrene and poly(9,9dioctylfluorene), resulting in a wide range of different phase separated morphologies. How we are able to
direct and control morphological development, using real time observations to provide feedback to the
spin-coating parameters [1].
• The interplay between phase separation and crystallisation in blends of poly(ethylene oxide) polystyrene
and the effect of Marangoni instabilities on morphological development [2].
• The ordering of colloidal particles during spin-coating and a number of different mechanisms through which
ordering may occur [3].
• How silk, a natural polymer system (blend of two proteins in water) undergoes phase separation when
spun-cast.
[1]
[2]
[3]
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P.07 Phase separation in the spin-coating of multiple polymers
E Dougherty1, Y Mouhamad2 and M Geoghegan1
1

University of Sheffield UK, 2Swansea University, UK

A polymer thin film may often be required to have multiple properties, which are only attainable by mixing two or
more polymers of different attributes. In such a circumstance, the polymers can be mixed in a solution before thin
film formation in a method such as spin-coating. The exhibited structures can be attributed to numerous
interactions, including the Marangoni effect. The phase separation of polymer blends in thin films during spincoating can be examined using in situ light scattering and shall be discussed henceforth.
P.08 The kinetics of swelling in block copolymer thin films during “solvo- microwave” and solvo- thermal annealing:
The effect of vapour pressure rate
P Mokarian1,2, T W Collins1 and M A Morris1,2
1

University College Cork and Tyndall National Institute, Ireland, 2Advance Material and BioEngineering Research
(AMBER) Centre and CRANN, Trinity College Dublin, Ireland
We have studied the kinetics of swelling in block copolymer thin films by monitoring the pressure and temperature
in situ during “solvo-microwave” [1] and solvo-thermal annealing. The results on poly (styrene-b-lactic acid) PS-bPLA thin film suggest that it’s not the absolute value of the pressure (of THF here) and the temperature during
annealing, but rather the rate at which the THF pressure increases is the key factor to obtain a good ordered pattern
(see figure 1). At the next step, to show the kinetics effect, we have changed the heating rate in the oven. We will
discuss that the rate of heating has a dramatic effect on the final morphology of the film. To our surprise, the fast
heating rate (2-5 ⁰C/min) in the oven at the early stage of annealing provides a good order with long average line
length. Slower heating rate (< 1⁰C/min) lead to a poorly phase separated structure. The highly ordered patterns are
a kinetically trapped structure rather than a thermodynamic equilibrium state

Figure 1. The absolute pressure measured during “solvo-microwave” annealing (dotted curve) and solvo-thermal
annealing (solid line) in (a). AFM topography image of PS-b-PLA exposed to THF (b) in the microwave and (c) in the
oven. Note that the temperature and pressure (120 kPa) is the same in the microwave and the oven (after about 12
minutes), but the phase separated patterns are totally different (compare (b) and (c)). The major difference is due
to heating rate and vapour pressure ramp.
[1]

Mokarian-Tabari, P.; Cummins, C.; Rasappa, S.; Simao, C.; Sotomayor Torres, C. M.; Holmes, J. D.; Morris,
M. A., Study of the Kinetics and Mechanism of Rapid Self-Assembly in Block Copolymer Thin Films during
Solvo-MicrowaveAnnealing. Langmuir : the ACS journal of surfaces and colloids 2014, 30 (35), 10728-39
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P.09 Deriving constitutive models of polymer dynamics from thermodynamically consistent coarse-graining
molecular models
P Ilg1,2, H C Ottinger2, M Kroger2 and A Luo2
1

University of Reading, UK, 2ETH Zurich, Switzerland

How can reliable constitutive equations for owing complex fluids be derived from their underlying microscopic
dynamics? Contrary to phenomenological approaches with ad-hoc assumptions, nonequilibrium statistical
mechanics provides tools to systematically derive macroscopic properties from microscopic models not only for
equilibrium situations but also under ow conditions. Here, we suggest to use these tools within the framework of
nonequilibrium thermodynamics in order to systematically derive a thermodynamically consistent macroscopic
constitutive model from the underlying microscopic dynamics [1]. Our systematic coarse-graining method is able to
efficiently bridge the time- and length scale gap between the microscopic level and macroscopic dynamics. We
illustrate the proposed method for two cases: low-molecular polymer melts [1,2] and liquid crystals [3]. In both
cases, the fluids are subjected to homogeneous ow fields. We use a hybrid Monte-Carlo-molecular dynamics
iteration scheme in order to obtain the coarse-grained model [1]. We establish the functional form of the
macroscopic constitutive model by reconstructing the thermodynamic building blocks from our simulations [2,3].
The constitutive models that we derive in this way are in agreement with reference results.
[1]
[2]
[3]

P. Ilg, H.C. Ottinger, M. Kr•oger, Phys. Rev. E 79 (2009) 011802
P. Ilg, M. Kr•oger, J. Rheol. 55 (2011) 69-93
A. M. Luo, L. M. C. Sagis, P. Ilg, J. Chem. Phys 140 (2014) 124901. A. M. Luo, L. M. C. Sagis, H. C. •
Ottinger, C. De Michele, P. Ilg, Soft Matter 2015

P.10 Wave propagation and 3D pattern formation on polymer surfaces
J Cabral1, M Nania1, M Hennessy1, A Vitale1, J Douglas2 and O Matar1
1

Imperial College London, UK, 2National Institute of Standards and Technology (NIST), USA

Patterning of soft matter provides an exceptional route for the generation of micro or nanostructured and functional
surfaces. Non-photolithographic methods are particularly attractive due to their simplicity, scale and low cost, but
also surface 3-dimentionality and varied surface chemistry. We exploit a well-known buckling instability of stiff
supported layers under compression and report a novel approach, coupling the planar, frontal growth of an
interfacial layer induced by light or a directional chemical conversion process – with such dynamic bucking process
to general 3D structures with remarkable precision and predictability. The resulting ‘minimal’ surfaces are the
complex superposition of waves with tuneable periodicity, amplitude and orientation, but enable the rapid 3D
printing of functional (e.g. optical) materials.
P.11 Withdrawn from programme
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P.12 Spray-coating deposition techniques for polymeric semiconductor bulk heterojunctions
G A Bernardin, N Davies and C E Finlayson
Aberystwyth University, UK
Organic solar cells offer a promising route towards low-cost renewable energy production; however large-area mass
production techniques still represent a significant scientific and engineering challenge [1].
We examine the characteristics and functionality of polymeric semiconductor photovoltaic heterojunctions, based
on blends of polyfluorenes (F8TBT), polythiophenes (P3HT) and fullerenes (PCBM), using a spray-coating deposition
technique suitable for large areas [2,3]. The morphological properties of these blend films are studied in detail by
AFM methods, showing that favourable results, in terms of layer thickness and uniformity, and micron-scale
morphology, can be achieved using blends of o-dichlorobenzene and chlorobenzene as the solvent medium. We
report a multi-faceted characterisation approach, studying blend photoluminescence quenching, optical and Raman
microscopy/mapping, and using “inverted” photovoltaic cell structures [4].
[1]
[2]
[3]
[4]

F.C. Krebs, Sol. Energy Mater. Sol. Cells 93, 394 (2009)
G. Susanna et al, Sol. Energy Mater. Sol. Cells 95, 1775 (2011)
M. Noebels, C.E. Finlayson et al., J Mater. Sci. 49, 4279 (2014)
H. Sun et al., Solar Energy Materials & Solar Cells 95, 3450 (2011)

P.13 Fluorescence correlation spectroscopy studies of molecular diffusion in polymer brushes
A L Morales, C G Clarkson, Z J Zhang, A Johnson, R E Ducker, G J Leggett and M Geoghegan
University of Sheffield, UK
Polymer brushes are smart scaffolds that can be used to understand, confine and direct molecular diffusion. The
properties of surface-bound polymer molecules, or brushes, can be tuned to investigate the diffusion of small or
polymeric molecules, in response to changes in the properties of the environment (pH, T), substrate (brush grafting
density, height, chemical functionality) or molecular probe (molecular weight, length). Furthermore, polymer
brushes are easy to prepare in (1) homogeneous, (2) patterned or (3) gradient forms. Our research group has
synthesised and studied the diffusive behaviour of an array of molecules in brushes of these three types.
Our main research tool is fluorescence correlation spectroscopy (FCS), which can study minute variations in the
intensity of fluorescent molecules. In our first approach, this technique was used to investigate the diffusive
properties of fluorophore-tagged polymeric molecules (e.g. poly(ethylene glycol – PEG) inside homogeneous PEG
polymer brushes of varying grafting densities. These studies proved that the higher the grafting density of the
underlying polymer brush, the slower the diffusion of the diffusing polymers on top of the brushes. (Figure 1)

Figure 1. Grafting density vs. diffusion coefficients for PEG molecules on PEG brushes

On a second instance, it became apparent that patterned polymer brushes are effective in confining and controlling
surface diffusion. To this end, patterned polymer brushes were created by interferometric lithography (IL) by
selectively deprotecting regions of the initiated surface using UV radiation. Square grids with dimensions in the nano
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and micron scales were manufactured and the behaviour of polymer molecules inside the brush barriers was
studied to understand diffusion in confined environments. The presence of two modes of diffusion, a slow and a fast
surface diffusion coefficient were seen on patterned surfaces. The proportion of the molecules in the slow diffusion
mode increased as the size of the grids decreased (Figure 2).

Figure 2. Relationship between the confinement parameter and the diffusion coefficient for PEG molecules on patterned
polymer brushes. NB The confinement parameter is defined as the square of the ratio between the beam waist and the grid size.

Finally, polymer brush gradients were synthesised, to study the chemotactic behaviour of polymer molecules and
small molecules of biological relevance (e.g. fluorescent ubiquinone analogues). The diffusion rates of these
molecules were analysed by studying the system’s behaviour along different points in the gradient.
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P.14 Thermalisation kinetics of self-assembling semi-flexible polymers
C F Lee
Imperial College London, UK
All polymerisations are in principle reversible – thermal fluctuations will inevitably break the polymers apart and the
ends of two polymers can join up to form a longer polymer upon encountering. Breakage of synthetic polymers due
to thermal fluctuations is typically rare. Nevertheless, some synthetic and many bio- polymers do remodel
themselves by breakage and recombination at an experimentally accessible time scale. Held at fixed temperature,
these re-modelling systems will eventually reach thermal equilibrium. For a dilute system of semi-flexible polymers,
the length distribution at thermal equilibrium is exponential [1]. To model the thermalisation kinetics, a classic
paper by Hill employed the Smoluchowski (diffusion-limited) theory to calculate the recombination rate of two
polymers [2]. In order for the polymerising system to approach the equilibrium length distribution, Hill concluded
that a long polymer has a higher tendency to break in the middle than close to the ends. However, this prediction
contradicts with recent analytical calculations of the breakage profile of a semi-flexible polymer under thermal
perturbations [3, 4], which predicts that the breakage profile is uniform along the length of the polymer. To reconcile
this discrepancy, I demonstrate here why the Smoluchowski theory cannot apply to a polymerising system where
every polymer serves as a source as well as a sink of other polymers (Fig. 1). In particular, I show with analytical
and numerical arguments that the recombination rate of any two polymers is identical irrespective of the pair’s
lengths.

Fig. 1: The equilibrium two-point correlation functions of a dimer (blue dashed line) and a trimer (red solid line). The
trimer is held fixed with one of the end monomers located at the origin. a) The mean nematic order parameter of the
dimer showing its orientation around the trimer. b) The distribution of the dimer’s centre of mass showing a peak
due to breakage at around (0, 1.7).
[1]
[2]
[3]
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C.F. Lee, Length distribution of stiff, self-assembled polymers at thermal equilibrium, Journal of Physics:
Condensed Matter 24 (2012) 415101-415101
T.L. Hill, Length dependence of rate constants for end-to-end association and dissociation of equilibrium
linear aggregates, Biophysical Journal 44 (1983) 285-288
C.F. Lee, Thermal breakage of a discrete one-dimensional string, Physical Review E 80 (2009) 031134031134
C.F. Lee, Thermal breakage of a semiflexible polymer: Breakage profile and rate, arXiv:1410.1498 (2014)
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P.15 Underwater reversible adhesion between oppositely charged weak polyelectrolytes
L Alfhaid, M Geoghegan and N Williams
University of Sheffield, UK
It is shown that an anionic double-network hydrogels increase the adhesion with a polymerbase brush, and
furthermore, the adhesion cannot only be switched off by a change in environmental pH, but the adhesion can be
repeated (i.e. switched back on and then off) several times. Force-distance data has shown that the adhesion
between two oppositely charged polyelectrolytes: poly(methacrylic acid) gel (PMAA, a polyacid) and poly[2(diethylamino)ethyl methacrylate] brushes (PDEAEMA, a polybase), was controllable by varying the pH level of their
surrounding water (pH~ 6). Accordingly, adhesive force at the polymer gel-brush interface was higher inside basic
surroundings at pH 6 and 7, and then it started to decrease at pH level below 3 and above 8. However, these
interfacial adhesion measurements ended with cohesive failures, due to the PMAA hydrogel was broken after it was
being retracted from the brush surface. Therefore, PMAA gel was replaced with a double-network (ND) gel of a
poly(ethylene glycol) methyl ether methacrylate-poly(methacrylic acid) (PEGMA-PMAA) to strength the gel network
structure and to achieve an adhesive failure at the gel-brush interface. It was found that the DN hydrogel of the
PPEGMA-PMAA increased the adhesion force with the PPDEAEMA brushes up to four times at pH 6, comparing to
the PMAA hydrogel. Also, the switchable adhesion of the DN gel was repeatable at least 4 times on the same place,
with minimal loss of adhesion on the PDEAEMA brush surface as a result of the adhesive failure that occurred at the
gel-brush interface.
P.16 The multi-pass rheometer and stress decay of polystyrene
C Reynolds, R Thompson and T McLeish
Durham University, UK
The Multi Pass Rheometer (MPR) with a narrow slit geometry was used to study the decay of stress in polystyrene.
Piston speed and initial pressure were varied to examine the effect on stress decay. The resulting decays clearly
showed the effect of both the Rouse and reptation Weissenberg numbers. ‘Kinks’ can be seen in the decays where
the Weissenberg numbers are exceeded, where the gradient changes due to a change in the relaxation pathway.
Increasing the initial pressure applied to the polymer was shown to cause an increase in the rate of decay of stress.
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P.17 First-passage problem in entangled star polymers melts
J Cao, J Zhu, Z Wang and A E Likhtman
University of Reading, UK
In entangled star polymer melts, the stress of the system is relaxed by both arm-retraction and constraint-release
(CR) processes that star arms explore new configurations by withdrawing along their tubes and stretching out
towards new directions. We first investigated arm-retraction in the system of a single star polymer in a melt of
extremely long linear chains. In such case, the arms are somehow confined in permanent “tubes” constructed by
neighbouring chains. Pearson and Helfand[1] proposed that the arm in the tube can be represented as a harmonic
spring with an applied thermal tension. The arm-end feels an entropic force if it fluctuates away from its equilibrium
position. The first-passage(FP) time of the destruction of tube segments was calculated in Milner-McLeish theory
according to Kramers’ solution[2,3]. After measuring the FP time of tube segments releasing by representing the
arm as a one-dimensional Rouse chain, we found that the disengagement of a tube segment is getting faster with
more Rouse modes added in, which means the FP problem has to be modelled by a multi-dimensional Kramers’
problem. We found a new way of solving the multi-dimensional FP problem by projecting the problem along the
most probable trajectory termed “minimal action path” and correcting it by entropy term. In addition, we performed
direct and forward-flux simulations of Rouse chains of different lengths. A good agreement between the analytical
calculations and simulations was achieved for both discrete and continuous Rouse chains. We also investigated CR
effect in symmetric star polymer melts by using a slip-spring model in which entanglements are treated as binary
objects involving two entangled strands and found that only specific entanglements are associated with fully
releasing of original tube segments and the dynamics of these specific entanglements are carefully studied.
[1]

Pearson, D. S. ; Helfand, E. Macromolecules 1984, 17, 888-895. [2] Milner, S. T. ; McLeish, T. C. B. ;
Macromolecules 1997, 30, 2159-2166. [3] Milner, S. T. ; McLeish, T. C. B. ; Phys. Rev. Lett. 1998, 81,
725-728

P.18 Introducing loops into semiflexible polymers
M Dolgushev1, T Guérin2, A Blumen1, O Bénichou3 and R Voituriez3
1

University Freiburg, Germany, 2University of Bordeaux, France, 3Pierre et Marie Curie University Paris, France

Mean-field methods are very powerful for modeling of semiflexibility of polymers [1, 2]. In the mean-field
framework, one can obtain analytic forms for potential energy for arbitrary treelike architectures [1] and for chains
with dihedral interactions [2]. In all these cases the mean-field constraints do not reduce the number of degrees of
freedom. However, for polymers with loops also other types of strict closure constraints hold, which can be
introduced based on the penalty function method [3].
In this contribution we exemplify the penalty function method on semiflexible polymer rings whose bonds obey both
angular and dihedral restrictions. This allows us to obtain semianalytic results for their dynamics, based on sets of
Langevin equations. The dihedral restrictions clearly manifest themselves in the behavior of the mean-square
monomer displacement, leading to a subdiffusive exponent 5/6. The determination of the equilibrium ring
conformations shows that the dihedral constraints influence the ring curvature, leading to compact folded
structures.
The method for imposing of closure constraints in Gaussian systems is very general and it allows accounting for
heterogeneous (site-dependent) restrictions. Here we treat a situation where the symmetry is broken at a single site.
Such an asymmetry shows up both in the static and in the dynamical features of the nonhomogeneous rings,
especially when the dihedral restrictions are large.
M.D. and A.B. acknowledge the support of the DFG through project Bl 142/11-1, of the DAAD through project No.
55853833). T.G., O.B., and R.V. acknowledge the support of Campus France (Project No. 28252XE) and of the
European Research Council starting Grant No. FPTOpt-277998.
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P.19 Interaction of PEO-PPO-PEO block copolymers with lipid membranes: an isothermal and AFM study
E A Adamidou and A F Miller
University of Manchester, UK
Block copolymers sold as Pluronics® are amphiphilic copolymers, whose structure consists of hydrophilic
poly(ethylene oxide), (PEO) and hydrophobic poly(propylene oxide), (PPO) blocks arranged in an A-B-A triblock
structure [1,2]. Their ability to self-assemble in polar solvents has led to their broad application as drug or gene
carriers. The amphiphilic character of these copolymers induces their ability to interact with biological membranes
[3]. Here, we report our recent work focussing on how these copolymers interact with model lipid membranes as a
function of polymer molecular weight and hydrophobic content.
We will present the results from three PEO-PPO-PEO copolymer systems, all commercially available (L64, L35 and
P123). Surface pressure-area per molecule isotherms for each system were obtained using a Langmuir film
balance. The monolayer was transferred from the air-water interface onto a solid mica substrate using the reverse
Schaefer transfer method, for imaging by atomic force microscopy (AFM).
Results from this study show that Pluronics® can insert into lipid membranes at surface pressures lower than those
corresponding to healthy membranes. At higher surface pressures the polymer is excluded from the membrane. The
copolymers incorporated within the film are observed in AFM images at surface pressures corresponding to the
liquid expanded (LE)-phase. Upon compression into the liquid condensed (LC)-phase, the images indicate
separation of the film into polymer-rich and polymer-free domains.
Additionally, copolymers with shorter PEO blocks can penetrate the membrane more easily due to the interactions
with lipid polar heads. The hydrophobic content of the copolymer in combination with its molecular weight define its
surface activity and insertion capability.
We would like to thank the Leverhulme Trust (RPG-2013-246) for providing financial support to this project.
[1]
[2]
[3]
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P.20 SVA induced ordering of nanoparticle-loaded diblock copolymer thin films: A GISAXS study
N Davies1, D White1, R Cross1, C Finlayson1, R Winter1, S Koyiloth Vayalil2, M Schwartzkopf2 and S Roth2
1

Aberystwyth University, UK, 2Beamline P03, Petra-III, Deutsches Elektronen Synchrotron, Germany

Thin-film photovoltaic cells are an attractive area of research due to their flexibility and low cost, hence methods of
creating new thin-film photovoltaics as alternatives for traditional energy sources are highly desirable. The
efficiencies of thin film cells have been steadily increasing, in particular CIGS (Copper-Indium/Gallium-Sulphide)
photovoltaics. Our project aims to create aligned arrays of spherical and rod-like nanoparticles (NPs) within the
copolymer microphase structure of Poly(Styrene-block-methyl methacrylate) (PS-b-PMMA). Controlling NP
orientation has applications for heterojunction photovoltaic devices, where photovoltaic nanorods aligned
perpendicular to the surface act as conducting paths to the electrode, increasing the device’s power conversion
efficiency.
The morphology of CIGS doped PS-b-PMMA thin films undergoing solvent vapour annealing (SVA) was investigated
utilising grazing incidence small angle x-ray scattering (GISAXS) and atomic force microscopy (AFM). The in-situ
GISAXS experiment was conducted at the P03 microfocus beamline at Petra III. In order to study a selection of
microphase structures, different SVA solvents were used according to their ability to solvatise either block of the
copolymer: acetone being PMMA selective, ethyl acetate being PS selective and tetrahydrofuran being nonselective. The sample was scanned initially with no solvent to obtain the pre-SVA morphology. After several scans
one of the solvents was injected into the SVA chamber to collect in-situ annealing information. The samples were
then studied by AFM to obtain the surface topological information for each sample, complementing the GISAXS data
analysis.
While in its early stages, the data analysis shows a lateral structure factor with ordering perpendicular to the
substrate influenced by the NP loading and solvent interaction. A complementary grazing incidence small angle
neutron scattering experiment has been awarded to conduct a repeat of the experiment ex-situ with deuterated
samples to provide contrast. Additionally an ex-situ small angle scattering transmission geometry experiment has
been awarded to again study the morphology of the films.
P.21 Towards reprocessing rubber crumb via cross metathesis reactions
R F Smith, S C Boothroyd, R L Thompson and E Khosravi
Durham University, UK
A new approach towards reprocessing cross-linked rubbery materials by catalytic disassembly of polymer chains is
demonstrated. First and second generation (G1 and G2) Grubbs’ ruthenium catalysts break down polybutadiene
(PBd) networks at their double bonds via cross-metathesis (CM) reactions with diesters to produce readily soluble
molecules. The dramatic reduction in molecular weight to around 2000 g mol-1 was followed by gel-phase
chromatography and the breakdown of cross-linked networks was confirmed by rheometry. Sufficient G2 catalyst
and a diester were found to diffuse into sheet styrene-butadiene rubber, a common component of tyres, and
catalyse its break down. Significantly, this reaction can be achieved at room temperature and within 2.5 hrs.
Increasing the reaction time and temperature increased the extent of the breakdown and under these conditions
some breakdown of rubber occurred with the addition of only the G2 catalyst, without the need for a diester. We
speculate that this may be because the CM reaction can break down the cross linked network into individual
molecules looped with 1,2 butadiene groups (Figure 1). Finally, this method was applied successfully to rubber
crumb from truck tyres indicating the potential to redefine the way that tyres are recycled.
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Figure 1: Sketch of network topographical arrangements made possible by CM reactions (a) facilitated by an
additional unsaturated diester or (b) by internal rearrangement: (i) between two 1,4 PBd units and (ii) between two
1,2 PBd unit and two 1,4 PBd units.
P.22 Mixing at polymer-fullerene interfaces: The impact of molecular weight
E Hynes1, A Higgins1, D Mon1, J Cabral2 and P Gutfreund3
1

Swansea University, UK, 2Imperial College London, UK, 3Institut Laue Lengevin, France

Polymer-fullerene organic photovoltaics (OPVs) are potential candidates for the development of low-cost and
flexible solar cells. Much research is being performed on devices where the active layer consists of a blend of
conjugated polymer and fullerene (acting as electron-donor and electron-acceptor respectively). Ideally, a
bicontinuous nanoscale morphology is desired, in order to optimise charge separation and charge transport.
However in real devices, such as those containing poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61 butyric
acid methyl ester (PCBM), there is the potential for considerable complexity in the film morphology, due to the
miscibility of species, surface segregation, and aggregation/crystallisation of both components. In our studies we
are seeking to take a step back from this complexity by probing the model system of polystyrene (PS) and PCBM.
Here, only the fullerene can crystallise, and our work focusses on determining the interfacial mixing of the PS and
PCBM on silicon substrates by annealing and performing neutron reflectivity measurements. We have discovered
that a consistent composition profile is established rapidly (on a much faster timescale that that on which the PCBM
crystallises) on annealing. This profile (parameterised by the width of the interface between two layers of uniform
composition) is independent of the annealing temperatures used to-date (140 oC and 170 oC), is independent of
the initial PS film thickness, and does not alter significantly, even as the PCBM crystallises [1]. This behaviour
suggests that the observed interfacial width and layer compositions are governed by the equilibrium
thermodynamics between the PS and (the amorphous part of) the PCBM (i.e. our hypothesis is that the bilayer
structure is that of a liquid-liquid equilibrium between two co-existing phases). To test this hypothesis further, we
have recently performed a series of neutron reflectivity measurements as a function of the molecular weight of the
PS. We will present the results of these measurements and initial data analysis, as a function of PS molecular
weights in the range 2000 to 300,000.
[1]
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Môn, D., Higgins, A. M., James, D., Hampton, M., Macdonald et al . Bimodal crystallization at polymer–
fullerene interfaces. Phys. Chem. Chem. Phys., 17, 2216–2227 (2015)
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P.23 Microporous polymer particles via phase inversion of a ternary polymer solution in microfluidics
C Udoh, V Garbin and J T Cabral
Imperial College London, UK
We report the controlled formation of internally porous polyelectrolyte particles with diameters ranging from tens to
hundreds of micrometers through selective solvent extraction using microfluidics. Binary polymer (P)/solvent (S1)
mixtures are encapsulated by a carrier solvent phase (C) to form plugs with well-defined radii and low
polydispersity. The suspension is then brought into contact with a selective extraction solvent (S2) that is miscible
with C and S1 but not P, leading to the solvent extraction of S1 from the droplets. The ensuing phase inversion
yields polymer capsules with a smooth surface but highly porous internal structure. Tuning the timescales of the
directional solidification process and the coarsening of the phase-separated structure enables fine tuning of the
internal structure. The extraction time required to form particles from liquid droplets was found not to depend on the
initial polymer concentration. The resulting particle size followed a linear relationship with the initial droplet size for
all polymer concentrations, albeit with different internal porosities, which ranged from 10 to 50% at the polymer
concentrations studied.
Further, we map the ternary phase diagrams varying non-solvent quality and quench depth, in order to optimize
relative time scales for phase separation and glass formation. The latter is the dominant mechanism for
solidification, i.e. when the polymer concentration in solution is sufficiently high to cross the glass transition
temperature at ambient conditions. Specifically, we form sodium poly(styrenesulfonate) (P) particles using water
(S1), hexadecane (C), and methyl ethyl ketone (S2) or ethyl acetate (S2). Varying the water concentration in the S2
phase also allows us to access different tie lines, and thus particle composition, in the phase diagram. We extract
kinetic data by tracking the radius of a polymer drop during solvent extraction. We show scanning electron
microscope images of the internal structure of formed particles and provide tentative phase inversion pathways for
particle extraction along the ternary phase diagrams. We show that by simply changing the non-solvent quality (S2)
we are able to predict and tune particle porosity (by 50 percent), extraction time and microcapsule shell thickness.
We therefore demonstrate a versatile route to porous particle or capsule formation based on ternary solution
thermodynamics and interdiffusion at a moving liquid-to-solid boundary.
P.24 Effect of sequence on the mechanical properties of β-sheet peptide hydrogels
J Wychowaniec, A Smith, A F Miller and A Saiani
Manchester Institute of Biotechnology, University of Manchester, UK
β-sheet peptides that can self-assemble into fibres and form hydrogels are of high interest for the development of
materials due to their potential use in biomedical and tissue engineering applications [1-2]. Understanding the
relationship between the peptide physicochemical properties and the bulk properties of the materials formed is
crucial for the design of the materials with properties tailored to the targeted application. In this study three peptide
sequences (FEFKFEFK, FKFEFKFK, KFEFKFEFKK) with identical charge states, but of different hydrophobic character
were investigated using oscillatory rheology. Results show differences between physical properties of the formed
hydrogels due to different fundamental interactions between peptides that form them.
[1]
[2]

Castillo Diaz, L. a., Saiani, a., Gough, J. E., & Miller, a. F. J. Tissue Eng. 2014, 5
Tang, C., Miller, A. F., & Saiani, A. Int. J. Phytorem. 2014, 465(1-2), 427–35
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P.25 Molecular dynamics studies of reentanglement kinetics in linear polymers
P Stasiak and A E Likhtman
University of Reading, UK
The stress overshoot observed after start-up of fast shear in polymer liquids is a signature viscoelastic effect linked
to stretching and disentanglement of the polymer chains. In a standard experiment a shear flow is started from rest
and the corresponding stress response is measured until a steady-state is reached. At the shear rates exceeding the
reciprocal of the linear relaxation time stress versus time passes through a maximum before reaching a steady state.
This is attributed to the initial orientation of the entangled chains, possibly followed by a flow-induced reduction of
entanglements. After the flow stops, it is expected that with a sufficiently long resting time the system relaxes to the
original entangled equilibrium state. If the flow is restarted after a short resting time, the presence of the residual
chain orientation and non-equilibrium number of entanglement is indicated by the reduced height of the overshoot
peak. Repeating such experiment with increasing resting time allows determining the time required for a full
reentanglement.
Such recovery times were measured in a number of experimental studies [1], and they were found to be at least an
order of magnitude longer then the corresponding equilibrium stress relaxation times. This is a somewhat surprising
result, and here we attempt to shed some light on this problem with Molecular Dynamics simulations. We use a
popular Kremer-Grest model [2] with beads connected by FENE springs and long-range interaction described by a
truncated Lennard-Jones potential. We consider both flexible and semi-flexible chains in monodisperse and binary
blends with polydispersity of 1.6, and with chain lengths reaching up to 3 entanglement lengths. In contrary to the
experimental measurements [1], we find that the reentanglement times do not substantially exceed but consistently
agree with the equilibrium relaxation times in monodisperse polymers. The situation for polydisperse case is more
delicate.
[1]
[2]
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P.26 Solvation of sterically-stabilized poly(methyl methacrylate) latexes in alkane solvents
G N Smith1, S P Armes1 and J Eastoe2
1

University of Sheffield, UK, 2University of Bristol, UK

Poly(methyl methacrylate) (PMMA) latexes stabilized by poly(12-hydroxystearic acid) (PHSA) brushes dispersed in
alkanes are a popular and well-studied system in colloid science [1]. These particles are useful as a model system
to study hard sphere interactions, colloidal crystallization, and charged interactions in nonpolar solvents [2]. The
interactions and internal structure of the particles have been previously studied using small-angle neutron scattering
(SANS) [3], including a recent study employing spin-echo SANS [4]. Determining the microstructure of these PMMA
latexes, however, has been limited in previous studies due to the intensity and Q-range available. Due to this, it is
worthwhile considering the solvation and internal structure of the particles using modern instrumentation.
Latexes of different sizes (radii of 35 and 330 nm) have been studied using two different techniques appropriate to
their dimensions. For the smaller latexes, SANS has been used to determine the scattering length density of the core
polymer, enabling the mass density to be calculated, and to determine residual scattering from the polymer shell,
enabling the fraction of solvent in the stabilizer shell to be calculated. The larger latexes are beyond the lengthscale
accessible by SANS. For these latexes, analytical ultracentrifugation has been used to determine the sedimentation
velocity of the latexes in both deuterium-labeled and unlabelled solvents. By modeling the particles as solvated
concentric spheres, the core density and fraction of solvent in the stabilizer shell was calculated.
By studying two latexes with identical stabilizer polymers, differing only in their size, it is possible to compare the
microstructure as a function solely of their size. This is not possible from analyzing the literature on PMMA latexes
given variations between batches of the PHSA stabilizer polymer. The core densities of the latexes were found to be
very similar to pure PMMA, which could not be predicted given that solvents and surfactants are known to be able to
penetrate the PMMA cores [5]. The fraction of solvent in the stabilizer shells are found to be very high (>83%),
which is consistent with recent literature [4]. These results provide important detailed characterization of particles
that are insightful for both for academic and industrial studies and will motivate further studies into how other
species added into formulations, such as co-solvents or surfactants, interact with the particles.
[1]
[2]
[3]
[4]
[5]

Antl L et al. 1986 Colloids Surf. 17 67
Pusey P N and van Megen W 1986 Nature 320 340; Leunissen M E et al. 2005 Nature 437 235; Bartlett P
and Campbell A 2005 Phys. Rev. Lett. 95 128302; Hsu M F et al. 2005 21 4881
Cebula D J et al. 1983 Colloids Polym. Sci. 261 555; Marković I 1986 Langmuir 2 625; Bartlett P and
Ottewill R H 1992 J. Chem. Phys. 96 3306; Bartlett P and Ottewill R H 1992 Langmuir 8 1919
Washington A et al. 2014 Soft Matter 10 3016
Vollmer D et al. 2005 Langmuir 21 4921; Smith G N et al. 2014 Langmuir 30 3422
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P.27 Water transport in secondary dispersion barrier coatings: A critical comparison with emulsion polymers
Y Liu1, A Gajewicz1, W J Soer2, J Scheerder2, G Satgurunathan2, P McDonald1 and J L Keddie1
1

University of Surrey, UK, 2DSM Coating Resins B.V., Netherlands

Water-borne and emulsifier-free coatings have attracted academic and industrial interest because they are
environmentally-friendly. It is hypothesized that the removal of hydrophilic surfactant will improve the resulting
coatings’ barrier properties, such as the solubility, diffusivity and permeability of water. Here, we compare polymer
coatings all having the same monomer composition but made in three different forms: a solution in organic solvent;
a colloidal dispersion made via emulsion polymerization (Em), and a surfactant-free secondary dispersion (SD)
made from the solution polymer. Figure 1 shows the differences between Em and SD polymers. We investigated the
effects of the presence of surfactant and particle boundaries on the coatings’ barrier properties to water, both in the
vapour phase and in the liquid phase. Studies of vapour sorption reveal that the presence of both particle
boundaries and surfactants increases the amount adsorbed [1]. The SD coatings, which do not have any surfactant,
show the lowest equilibrium vapour sorption and permeability coefficients at high relative humidities as well as the
lowest water diffusion coefficient at low humidities. These barrier properties make SD coatings an attractive
alternative to conventional emulsion polymer coatings. Sorption of liquid water is known to lead to a decrease in
optical transparency, which is referred to as “water whitening”. It was found that the local water environment
(characterised with NMR relaxometry) and the extent of confinement correlate with the optical transmission through
the film. SD films have water confined at particle interfaces, whereas Em films have a greater proportion of free
water in voids within the film. Consequently, there is less water whitening in SD films, because the scattering centres
are smaller.

Figure 1 Comparison of secondary dispersion polymer and Emulsion polymer [1]
[1]
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P.28 Creep behaviour of bimodal polyethylene
W Van den fonteyne1, I Ward1, P Hine1, K Remerie2, R Deblieck2 and M Boerakker2
1

University of Leeds, UK, 2SABIC Technology Center, Netherlands

Slow crack propagation limits the life span of many polyolefin applications. The deformation resistance of the highly
drawn fibrils bridging the cracks determines the propagation speed. Correlations of slow crack growth resistance
with creep rate deceleration factor (CRDF) and strain hardening modulus (G𝑝) have been observed previously in
polyethylene [1, p. 409-411]. The molecular origin of these correlations however has not been clarified.
The resistance of a material against slow crack propagation is improved by a high number of tie molecules (long
molecules interconnecting the crystals) [2]. This is promoted by both an optimised degree of short chain branching
and a high backbone chain length. This results in very high molecular weight polymers, which drastically limits their
processability. Therefore a low molecular weight fraction is added, acting like a low viscosity ’solvent’ during
processing. In this work, bimodal polyethylenes are studied in which the backbone chain length and the branch
content of the high molecular weight fraction are varied.
In figure 1, HM and LM stand for high and low molecular weight and HB and LB stand for higher (11.514.3/1000C) and lower (5.0-7.7/1000C) branch content respectively. For all materials, the CRDF drops
dramatically below a stress of 40 to 60 MPa. The creep mechanism appears only to be activated at a certain stress,
the value of which is similar for all the materials studied. Above this stress, HMHB has a lower CRDF than the other
materials. Figure 2 shows that for the HM materials, G𝑝 is higher over the studied strain rate range. From both tests,
one would conclude that HMHB has the highest resistance against slow crack propagation, which would be
expected from its molecular architecture. However, HMLB shows a different ranking between the two tests, with a G𝑝
similar to that of HMHB but a CRDF similar to the LM samples. This raises the question of which test is a better
representation of the molecular mechanisms behind slow crack propagation.

Future work will study changes in crystal structure in the different materials during creep and strain hardening tests
to establish the different mechanisms present. Crack opening displacement tests will also be done to investigate the
correlation with CRDF and G𝑝.
[1]
[2]

I.M. Ward and J. Sweeney. Mechanical properties of solid polymers. John Wiley & Sons, 2013
R.A.C. Deblieck, D.J.M. van Beek, K. Remerie, and I.M. Ward. Polymer, 52:2979 –2990, 2011

Physical Aspects of Polymer Science 2015

55

P.29 Mechanical properties of slide-ring gels
K Mayumi, H Kadono, K Kato and K Ito
University of Tokyo, Japan
Recently, a novel type of advanced polymer gels, called “slide-ring (SR) gel”, has been developed. SR gel is
prepared from polyrotaxane (PR), which is a necklace-like molecule composed of an axial polymer chain and cyclic
molecules. By cross-linking the cyclic molecules on different PRs, the linear polymers are interlocked by figure of
eight cross-links composed of cyclic molecules. The cross-links can slide along the polymer chains to equalize the
internal stress in SR gels just like pulleys. Due to the mobility of the cross-links, SR gels demonstrate remarkable
properties such as high extensibility and a great degree of swelling [1].
In this work, we have prepared slide-ring gels having different structural parameters and quantitatively studied the
fracture strength to clarify the toughening mechanisms of the slide-ring gels. It is expected that the sliding distance
of the crosslinking points changes with the molecular weight of the axial polymer chains in polyrotaxanes. We
compare the mechanical properties of the slide-ring gels having axial polymer chains with various molecular weights
by single edge notch tests on the slide-ring gels, from which the fracture energy can be estimated. The fracture
energy should be related to the sliding distance. We discuss how the sliding distance changes with the molecular
weight of the axial polymer chains.
[1]

K. Ito, Polym. J., 2007, 39, 489

P.30 Scaling behaviour of polymers at liquid/liquid interfaces
T Taddese1, D Cheung2 and P Carbone1
1

University of Manchester, UK, 2National University of Ireland Galway, Ireland

The dynamics of polymer chain confined in a soft 2D slit formed by two immiscible liquids is studied by means of
molecular dynamics simulations. We show that when the confinement is between two liquids rather than two solid
surfaces or a solid and a liquid, the scaling behaviour of the polymer does not follow that predicted for polymer
adsorbed on solid or soft surfaces such as lipid bilayers. Our results show that in diffusive regime the polymer
behaves like in bulk solution following the Zimm model and with the hydrodynamic interactions dominating the
dynamics. Although the presence of the interface does not affect the long-time diffusion properties it has an
influence on the dynamics of at short-time scale where for low molecular weight polymers the subdiffusive regime
almost disappears.
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P.31 Scaling behaviour of hyaluronic acid in aqueous and high ionic strength solutions from rheological
measurements
S Gagliardi1, M Mauri2, V Arrighi3, R L Williams1, S Vicini2, M Castellano2 and R English1
1

Edinburgh Napier University, UK, 2University of Genoa, Italy, 3Heriot Watt University, UK

Hyaluronic Acid (HA) is a biopolymer naturally occurring in many biological systems and abundant in the human
body where it plays a vital biological role in the eye (vitreous body), skin (dermis) and joints (synovial fluids and
cartilages), due to its unique viscoelastic properties. HA solutions are exceptional lubricants and very hydrophilic
and, being highly biocompatible, widely used in the biomedical industry. Their performance, of primary importance
in applications, is directly linked to HA macromolecular structure and intermolecular interactions. In this work
rheological properties were therefore investigated at various molecular weights (MW) and concentrations, in both
water and salt solutions, i.e. mimicking the physiological environment. In addition HA is an ideal ‘model’ system to
study semi-rigid polyelectrolytes, the charges being placed on the backbone and as such regularly distributed. By
varying the ionic strength of the medium, the charges can be screened out and the consequences on the chain
flexibility investigated.
Many rheological studies have been carried out on polysaccharides and HA in particular over the past 50 years (see
for example [1] to [3]). Although early measurements on high MW HA [1] suggested no entanglements were present
at low concentration, a subsequent study [2] indicated the formation of a transient network as early as 1mg/ml.
Good agreement with scaling predictions for polyelectrolytes at high salt concentration in the dilute regime [5] was
found by Krause et al [4] for high MW HA in phosphate buffer saline. Inconsistencies in the rheology of HA in the
literature have been attributed to the different levels of proteins contamination [3-4].
Despite extensive investigations, there are still a number of unresolved and/or controversial aspects. These include
location of the boundaries between dilute and concentrated regimes, the behaviour of HA chains in solution, as well
as the effect of salt on the chain conformation and chain stiffness, fundamental to understanding the concentration
dependence of viscosity [5]. We have therefore investigated a range of MWs, from 500k to 4000k Da (kindly
provided by HTL, Javené, F), as a function of concentration and ionic strength.
We found the change from dilute to semi-dilute to be similar, within error, between aqueous and salt environment,
while a second regime change is found to be constantly higher for salt-free solutions, the difference increasing with
MW. Extrapolated zero shear viscosities values (η0) scale with concentration to give a slope of ~1 and ~1.1 in the
dilute regime, for aqueous and salt solutions, respectively. In the concentrated regime, we found the exponent to be
~3.6 and ~4.1, correspondingly.
[1]
[2]
[3]
[4]
[5]
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P.32 Solventless processing of conjugated polymers
G Bernardo1,3, D Nabankur2, P Pereira3, A Rodrigues3, H Gaspar3, L Fernandes3, L Brandao3, J Covas3, J Viana3 and D
Bucknall2
1

University of Sheffield, UK, 2Georgia Institute of Technology, USA, 3University of Minho, Portugal

The most popular route to process polymer semiconductors for organic electronic devices is currently through
solution processing with techniques such as spin- or solution-casting, doctor blade coating, inkjet printing, electrospinning and so on. However, most conjugated polymers require organic ligands to make them soluble in organic
solvents and hence solution processable. Such chemical attachments usually have some detrimental effect on the
electronic properties of the molecule and, in addition, the resulting molecule forms a very different solid state
morphology. This effect is perhaps most noticeable in terms of crystallinity and crystal structure changes.
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By comparison, in the commodity plastics industry solventless processing is ubiquitous, for mixing and shaping of
polymers and blends. To date, these approaches have not been adopted for the manufacture of organic electronics,
but they offer unique opportunities for both mixing and forming of organic materials that cannot be processed either
by solution or in vapour phase.
In this work, we have explored the solventless processing of polymer semiconductors [1]. We have previously shown
that pure poly(3-hexylthiophene) (P3HT) can be processed into fibres [2] and ribbons [3] in its solid state at
temperatures more than 100ºC below its melting temperature. We have also demonstrated (still unpublished) that
P3HT, when blended with low-melting temperature thermoplastics (such as polycaprolactone and polyethylene),
can be extruded and drawn into fibres at temperatures as low as 70 ºC. In another recent work (still unpublished)
we have developed an equipment which allows us to produce P3HT thin films (thickness < 100 nm) in the solid
state by a process known as “friction transfer”.
The results of all these studies show that the application of solventless processing methods are promising and could
in the future replace some of the solution processing steps currently used for device manufacture.
[1]
[2]
[3]

L. Brandão et al, Synthetic Metals 197 (2014) 23–33
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P.33 X-ray reflectivity study of the surface oxidation of polydimethylsiloxane (PDMS) by plasma exposure and its
impact on mechanical wrinkling
M Nania, F Foglia, O K Matar and J T Cabral
Imperial College London, UK
Surface patterning imparts functionality including controlled wetting and spreading of liquids, adhesion and
assembly of smart coatings. Topographical feature sizes ranging from 100s nm to 100s of m can be readily
achieved using wrinkling of bilayers, a method which is inherently inexpensive, scalable and robust. We study the
surface oxidation of polydimethylsiloxane (PDMS) by plasma exposure and its implications for the mechanicallyinduced surface wrinkling of the resulting glass–elastomer bilayers. We find that a glassy-skin forms and propagates
normal to the plama-exposed surface in a planar fashion, which is well-described by a coarse-grained wave
propagation model. Chemical composition and thickness of the oxidised skin layer were obtained from X-ray
reflectivity (XRR) of planar PDMS supported by Si. The XRR profiles reveal the formation of a fully oxidized layer
followed by an intermediate layer (propagation-layer) of thickness directly dependent upon the exposure time. We
quantify the effect of plasma frequency, oxygen content, pressure, as well as exposure time and power, in terms of
the resulting glassy skin thickness h, inferred from wrinkling experiments. The glassy skin thickness is found to
increase with the plasma dose D (≡ power×time), while it decreases with gas pressure and oxygen molar fraction.
While brief plasma exposures should provide thin skins and, in turn, short patterned wavelengths, the contrast
between elastic moduli between the skin and substrate also decreases, eventually preventing wrinkling at finite
strain; this interplay creates a theoretical minimum wavelength attainable. A combination of surface wrinkling
experiments and XRR provides a clear description of the densification of the skin layer, and guided by the frontal
model, we further expand the capabilities of plasma oxidation for PDMS wrinkling towards sub-100 nm wrinkles and
higher aspect ratios.
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P.34 A mechanism of plastic deformation in aligned polyethylene
A Hammad, L Iannucci and A P Sutton
Imperial College London, UK
This study examines how the morphology of aligned polyethylene fibre develops from the interaction between a
molecular mechanism and the material microstructure. The aim is to investigate how this interaction impacts the
mechanical properties of the material. The molecular mechanism and microstructure are identified using straight
chain and zigzag chain models of polyethylene. It is found that the interaction between the molecular mechanism
and microstructure leads to the transfer of tensile load between molecular chains. The molecular mechanism is
most readily activated at chain ends, which lie at the interface between crystalline and amorphous regions.
Rotational barriers, which are present only in the zigzag chain model are identified – this indicates the formation of
the π twiston from two preferred rotational states. It is possible to apply such methods to other aligned polymers.
P.35 Minimum in proton mean square displacement in PS–SWCNT nanocomposites
V Bird1, R Thompson1, N Clarke2, K Winey3 and R Composto3
1
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Based on the work of Mu et al., [1,2] which found that adding single-walled carbon nanotubes (SWCNTs) to
polystyrene (PS) resulted in the appearance of a minimum in the diffusion coefficient, quasielastic neutron
scattering (QENS) was used to investigate how SWCNTs influence both the static structure factor and ‘fast’
molecular dynamics of polystyrene (PS). Specifically, bulk nanocomposites of (chain- and ring-hydrogenated) PS
containing between 0 and 4 wt% SWCNTs were investigated. Using a high-resolution backscattering spectrometer
(IRIS, 17.5 𝜇eV), elastic window scan measurements were recorded over a wide temperature range (43–453 K) and
from these the apparent Debye–Waller (DW) factors, <u2>app, which characterise the mean-square amplitude of
proton displacements, as a function of temperature, T, were determined. We find that, above the glass transition
temperature (Tg), adding SWCNTs to PS produces a minimum in <u2> around 0.4 wt%, in agreement with long range
diffusion studies. An increase in <u2> was also identified for samples containing 4 wt% SWCNTs.
[1]
[2]

M. Mu, N. Clarke, R. J. Composto and K. I. Winey, Macromolecules, 2009, 42, 7091–7097
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P.36 The rheology of the nematic dumbbell model
J Adams1 and D Corbett2
1
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Abstract not available in digital format
P.37 Designing PU resin for fibre reinforced composites applications
Z Al-Obad
University of Manchester, UK
Investments in thermoplastic polyurethane (TPU) researches will most probably increase for many years due to
market needs and new inventions. This is because TPU represents elastomeric material that combines between
flexible, elastic segments with low glass transition temperature and rigid crystallising segments with a high melting
point [1]. Glass fibres-polyurethane composites have been used in many applications like automotive industries
and construction of buildings that consume low energy [2].
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The interface between fibres and matrix plays an important role in transferring the applied stress from matrix to
fibres resulting in promoting the mechanical properties of the composites. Sizing of fibres is used to enhance
interfacial adhesion between the fibres and the matrix [3]. Where, it is observed that most researchers have used
burn off method to clean glass fibres before coating with silane sizing but this method make huge damage for glass
fibres and leading to big reduction of the fibre strength. In this research, it was used chemical methods like Acetone
and NaOH to clean glass fibres instead of burn off method. Glass fibres and TPU composites with glass fibres
cleaned by NaOH method had higher mechanicals properties like tensile, flexural and interlaminar shear strength
(ILSS) than glass fibres cleaned with burn off method. Therefore, it was sized NaOH cleaned glass fibres with
Aminosilane sizing (APS) and it was found that APS sizing improved the fibre-matrix adhesion and this led to
improve the mechanical properties of composites like ILSS. Moreover, it was increased the mechanical properties of
TPU matrix by using annealing treatment.
[1]
[2]
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P.38 Design of novel high modulus TPUs for nanocomposite applications
M Albozahid and A Saiani
University of Manchester, UK
Thermoplastic polyurethanes (TPUs) are very multipurpose materials. TPUs show a wide range of properties
extending from very soft thermoplastic elastomers to rigid, strong thermoplastics depending on their backbone
structures, chemical compositions and consequent microphase morphologies. The development of a nano-level
dispersion of graphene particles in a polymer matrix has opened a novel and intriguing area in materials science in
the last years. These nano-hybrid materials exhibit considerable enhancement in properties that cannot normally be
accomplished using traditional composites or virgin polymers. The extent of the improvement is connected directly
to the degree of dispersion of the nanofillers in the polymer matrix. The most important aspect of these
nanocomposites is that all these improvements are obtained at very low filler loadings in the polymer matrix.
Different types of nano graphite forms, such as expanded graphite and exfoliated graphite, have also been used to
produce conducting nanocomposites with improved physicochemical Properties.
The diblock copolymer thermoplastic polyurethane was obtained by the synthesis of (two- step) polymerization
process. A pre-polymer route was the synthesis process that was used in TPUs production in this project. This
synthetic process includes two steps.
Nanocomposites preparation based on in situ polymerization method. the first stage of TPU synthesis is produced
prepolymer. GNPs particles mixed with DMAc solvent with different loadings (1, 3 and 5wt%.) using magnetic
stirring for two hour at room temperature. Afterward, nanofillers solution was added with chain extender in the
second stage and drop –wise for prepolymer. Finally, solvent casting of TPU/ GNPs nanocomposites was conducted
for 3 day at 80 oC to remove all DMAc solvent.
In terms of thermal behaviour, the DSC experiments showed that the internal structure of TPU and thermal behaviour
of TPU and TPU nanocomposites, indicating a little change in Tm and Tg for TPU nanocomposites for the all loadings.
SEM test showed the morphology of TPU nanocomposites with concentration of nanofillers equal to 1, 3 and 5% of
GNP-AR. There is some improvement in modulus of elasticity and decreasing in tensile strength. There is no big
changing in crystalline structure from XRD test. There no strong interfacial adhesion between TPUs and GNPs. It
needs to use adhesive material to improve the linkage between TPUs and GNPs.
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P.39 Neutron reflectivity study of the polyamide active layer of reverse osmosis membranes for water desalination
F Foglia, S Karan, M Nania, Z Jiang, A Porter, A G Livingston and J T Cabral
Imperial College London, UK
Reverse osmosis (RO) membranes are extensively used for domestic and industrial water desalination and
purification processes [1,2]. Over the past decades, membrane performance has evolved markedly and size
discrimination between species has improved yet maintaining economically attractive productivities [3]. Despite
considerable performance gains, our fundamental understanding of membrane transport mechanisms and the
interplay between membrane nanostructure and performance remains limited and progress has been largely
empirical. Most membranes designed for molecular and ion separations in liquids, namely RO and Nanofiltration
(NF) membranes, comprise a support polysulfone (PSF) layer and a coating in highly cross-linked polyamide (PA, of
various architectures) which acts as the active layer for separation [4]. The physical-chemical and structural
characteristics of this active layer are thus critically important in controlling the membrane permeability as well as
its selectivity. Neutron reflectivity has unique potential is discriminating the molecular structure of the ultrathin
active layers (typically 5-100 nm) and determine the effect of hydration and ageing of RO membranes. Furthermore,
neutron contrast variation allows the selective elucidation of components within the membrane, providing unique
insight into the chemistry of interfacial polymerisation and transport mechanisms.
We present a structural study of the PA active layer as function of both reaction conditions (time and monomer
concentration) and hydration. The fully aromatic PA active layer is fabricated as a thin film at a liquid-liquid
interface via interfacial polymerization (IP) of m-phenylenediamine (MPD) and trimesoyl chloride (TMC). In order to
fabricate nm-smooth films, we follow a procedure that our team has developed earlier, which employs a nanostrand permeable support layer [5, 6]. Based on this process, we produce exceptionally well-defined thin films
(~10nm) by controlling reaction time and reaction stoichiometry. After the thin film is formed and its support
removed, it is the transferred onto Si wafers for neutron reflectivity. Our data indicate that the membrane
composition is homogeneous along the direction normal to the surface, and finding is compatible with a mechanism
for IP which proceeds through “cluster formation”.
[1]
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P.40 Condensation of polyelectrolytes in the presence of monovalent counterions
A M Zaki1, A Troisi2 and P Carbone1
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University of Manchester, UK, 2University of Warwick, UK

Polyelectrolytes can assume a large variety of conformations as a function of the solvent polarity, chain charge
density and rigidity, salt concentration, temperature and valency of the counterions. [1] This rich conformational
phase diagram is the result of the balance between short and long range Coulomb interactions between the polymer
and the counterions.
Polymer condensation is the transition from an extended structure of the chain to a compact, ordered one that
occurs upon addition of multivalent ions into the solution. Indeed multivalent ions mediate the like-charge intra and
inter-chain interactions leading to condensation into compact state. A common feature of the coil-globule transition
is that it occurs only when multivalent ions are added to the solution.
Here we show by means of atomistic molecular dynamics simulations that such transition can occur in the presence
of only monovalent ions if the monomers interactions allow for like-charge association. We show that polymer
chains containing guanidinium groups show self-assembled ordered compact structures even at low concentration
of monovalent ions and among other ordered conformations they form hairpin-like structures similar to that typical
of biological polyelectrolytes. This unusual self-assembly behavior could be related to antibacterial properties
showed by this family of polyelectrolytes. [2]
[1]
[2]
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