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/// Welcome ////////////////////// /// History of BDS Conferences /////

/// Presentation of BDS Lyon Host /

The chairpersons and the
local organizing committee
of (the 5th International

Conference) BDS 2008 have the
great pleasure to welcome you
in Lyon. This joined conference of
5th IDS & 10th DRP conferences

is « your conference » as you will be the main actors to 
present about 23 invited lectures, 52 oral contributions and
137 posters, the quality of which was notified by a very 
serious reviewing of more than 40 members of the
International Advisory Board who are also thanks a lot !! 
So, Science and Exhibition of State of Art
Equipments will be the major purpose of
BDS 2008 !!!

Please discover Lyon,
UNESCO World Heritage
City since 10 years: its 2000 years of history,
from the hill of Fourvière and Old Lyon to
the Presqu’île and the slopes of La Croix-
Rousse and « French Capital of the Silk and
of the Gastronomy » in second biggest 
academic and economic Rhône-Alpes Region.

Famous « Lyonnais » are Emperor Claude, Jean-Marie Ampère,
Claude Bernard, Joseph Marie Jacquard, Hector Berlioz,
Auguste and Louis Lumière and Antoine de St-Exupery, 
Jean-Michel Jarre, Paul Bocuse,
Merieux family... and some players of
Olympic Lyonnais Football team... 

To the success of BDS 2008 all together
in Lyon with Ampère !!!!!!!!

The DRP conferences were initiated in Poland in 1990 by Aleksander
Szymanski and Andrew K. Jonscher to meet demands of both 
academic and industrial researchers to discuss different aspects of
investigations and applications of dielectrics, insulators, electrets
etc. The successful development of the Broadband Dielectric
Spectroscopy and the Time Domain Dielectric Spectroscopy
inspired Yuri Feldman, John Barberian and Friedrich Kremer to
organise the IDS conferences: the first one was held in 2001 in
Jerusalem. Three last conferences of these series were organised
together: 2nd IDS & 7th DRP in 2002 in Leipzig by Friedrich
Kremer and 3rd IDS & 8th DRP in 2004 in Delft by Michael
Wübbenhorst under the name BDS and 4rd IDS & 9th DRP in
2006 in Poznan by Bozena Hilczer & Jacek Ulanski.

« Ingénierie des Matériaux Polymères » composed of three 
laboratories (LMPB-UCBL, LMM-INSA and LRMP-University 
St Etienne) is affiliated to CNRS and joins about 175 persons
(75 staff members, 80 PhDs, and 20 post-docs). The IMP
research group activities offer a unique combination of 
expertise in the whole chain of knowledge for designing 
polymer-based materials, i.e. from polymer chemistry to 
physical properties of polymers  (surface-interfaces, 
permeability, rheological, mechanical, optical and electrical
properties, biomedical engineering) including processing
methods. The final goal is to establish relationships between
microstructure, morphology, and properties of polymer-based
materials:
Research at IMP thrives on multi-disciplinary partnerships set
up with the business world.
IMP is involved in many European projects especially 
as vice-coordinator of the FP6 Network of Excellence 
« Nanostructured and Multifunctional Polymer-Based Materials
and Nanocomposites » NANOFUN POLY (2004-2008) which leds
to the creation of the European Center for Nanostructured
Polymers, « ECNP ».
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/// Practical informations //////////

PLACE OF CONFERENCE
Université Lumière Lyon 2, Berges du Rhône Campus

18, Quai Claude Bernard - 69007 LYON

Conferences are in Grand Amphitheatre and Laprade Amphitheatre.

CONTACT
bds2008@univ-lyon1.fr (even during the conference)

Emergency contact
T. 06 22 63 81 39 / T. 00 33 6 22 63 81 39

Emergency phone numbers
Police 17 – Hospital 15 – Fire 18

ORGANIZATION
Université Claude Bernard Lyon 1 - UMR CNRS 5223

IMP/LMPB - « Ingénierie des Matériaux Polymères / Laboratoire des
Matériaux Polymères et des Biomatériaux ».

ISTIL building
43, Bd du 11 Novembre 1918

69622 Villeurbanne Cedex France

PUBLIC TRANSPORTS
(a 4 days free pass is included for all participants)

Tramway, nearest station: Quai Claude Bernard, line T1
Bus, nearest station: rue de l’Université, line 53

Subway, nearest station: Jean Macé, line B
Taxis (English speaking) 04 78 28 23 23 / 00 334 78 28 23 23

You will find a map of Lyon with tramway and subway in your satchel.

ATM (Cash machine)
ask rue de Marseille, 250m from BDS

Internet access
WI-FI and internet room for free (PC and Mac).

Tourism Office
Place Bellecour, subway lines A and D

T. 04 72 77 69 69
www.lyon-france.com

www.rhone-alpes-passions.com
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/// Committees ///////////////////

CONFERENCE CHAIRS
Chairwoman: Gisèle Boiteux

Co-Chairs: Gérard Seytre, Isabelle Stevenson

LOCAL ORGANIZING COMMITTEE
IMP/LMPB: Andrzej Rybak, Joël Davenas, Flavien Melis,

Olivier Gain, Jean-Michel Lucas, Sylvie Novat, Nadia Yacoub,

WITH THE TEAM OF PHD STUDENTS

Erisela Nikaj, Ahmed Meskini, Lyubov Bardash,
Maksym Iurchenko, Volodymyr Levchenko.

Exhibitors in the conference
Compagnies: Novocontrol Technologies and SETARAM Instrumentation

INTERNATIONAL ADVISORY BOARD
K. Asami (Japan)
I. Alig (Germany) 
G. Bak (Poland)
J. Baker-Jarvis (USA)
M.C.Belissent-Funel (France)
J. Berberian (USA) 
J. Colmenero (Spain) 
R.Diaz-Calleja (Spain) 
M. Dionisio (Portugal)
T.A. Ezquerra (Spain) 
Y. Feldman (Israel)
J.C. Fothergill (UK)
G. Floudas (Greece)
K. Fukao (Japon) 
R. Gerhard (Germany) 
V. Halpern (Israel)
B. Hilczer (Poland) 
J. Kenny (Italy) 
F. Kremer (Germany) 
J. Klafter (Israel) 
C. Lacabanne (France) 
J.J. Martinez (France) 
J. Mijovic (USA) 

K.L. Ngai (USA)
G.A.Niklasson (Sweden) 
R. Nigmatullin (Russia)
R. Nozaki (Japan)
S.Nespurek(Czech Republic)
G. F. Novikov (Russia)
P. Pissis (Greece)
R. Richert (USA)
B. Roling (Germany)
P. Rolla (Italy) 
J. Runt (USA)
J.M. Saiter (France)
A. Schoenhals (Germany)
G. Simon (Australia)
G. Stevens (UK)
J. Swenson (Sweden)
J. Sworakowski (Poland)
J.vanTurnhout (Netherlands)
J. Ulanski (Poland)
A.Vassilikou-Dova (Greece)
K. Weron (Poland)
G. Williams (UK)
M. Wübbenhorst (Belgium)
S. Yagihara (Japan)
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Thursday, August 28 at 6 pm

Concert by BDS scientists in University Claude Bernard Lyon 1
And « Wine and Cheese » Party at 7:45 pm

Go to station Quai Claude Bernard (a few meters left from BDS
exit) and take the T1 tramway (direction IUT Feyssine), the same
than for « Grand Lyon » reception.
Tramway will stop at 13 stations before arriving at Condorcet
station. From this station, walk 100m along the tramway rail, turn
right when you enter in the campus, after crossing Boulevard du 
11 Novembre 1918 and go to ISTIL building.

Wednesday, August 27 at 5:45 pm

Commented cruise on Hermès Boat on Rhône and Saône Rivers 
Boat starts from river side Quai Claude Bernard in front of
University Lyon 2 and will go to:
« Abbaye de Collonges » Paul Bocuse
Quai de la Jonchère
69660 Collonges au Mont D'Or
www.bocuse.fr
Conference dinner start at 7:45 pm
*** All participants MUST bring their invitation card ***
If you miss the boat, only taxi can drive you to this place.
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/// Social events ////////////////////////////////////////////////////////////

All Inclusive for all participants
and their registered accompanying guests

Monday, August 25 at 6 pm

Welcome reception – University Lyon 2, Atrium
Registration will start at 4.30 pm

Tuesday, August 26 at 7:30 pm

Evening reception at « Grand Lyon »
20, Rue du Lac – Lyon

Do not forget your badge
and map of Lyon

Way
From BDS, go to station
Quai Claude Bernard
(a few meters left from BDS exit)
and take the T1 tramway
(direction IUT Feyssine)

STOP at station
« Part-Dieu Servient »,

Walk back (100m) to
Rue Garibaldi, go down this
street (100m) and turn left at
Rue Docteur Bouchut

Then turn right on the pedestrian
way to Grand Lyon building
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/// Tuesday 26th August ////////////////////////////////////////////////////

8:30-9:00 OPENING

Molecular dynamics

Chairman: BERBERIAN JOHN
9:00-9:30 Ngai Kia, Capaccioli S., Shahin Thayyil M. Recent progress in understanding relaxation of complex interacting systems
9:30-9:50 Kalmykov Yuri, Coffey William, Titov Serguey Inertial effects in anomalous dielectric relaxation
9:50-10:10 Capaccioli Simone, Kessairi Khadra, Lucchesi Mauro, Prevosto Daniele, Mutual Dependence of Primary and Johari-Goldstein Secondary 

Shahin Thayyil M., Rolla Pierangelo Relaxations in Glass-Forming Systems
10:10-10:40 Alegria Angel The Adam-Gibbs approach and the dielectric alpha-relaxation of polymer systems

10:40-11:10 Coffee break

Chairman: WÜBBENHORST MICHAEL

11:10-11:30 Cangialosi Daniele, Alegria Angel, Colmenero Juan Dielectric relaxation and cooperative dynamics in non-polymeric glass-formers
11:30-11:50 Köhler Melanie, Goncharov Yurii, Wehn Robert, Lunkenheimer Peter, Loidl Alois Relaxation dynamics of glass-forming propylene glycol oligomers
11:50-12:10 Schwartz Gustavo, Paluch Marian, Alegria Angel, Colmenero Juan High Pressure Segmental Dynamics in Polymer/Plasticizer Binary Mixtures
12:10-12:40 Fothergill John Making sense of the low-frequency dielectric spectrum

12:40-14:20 Lunch

Chairman: SERGHEI ANATOLI

14:20-14:50 Feldman Yuri, Puzenko Alexander, Ben Ishai Paul Phenomenological manifestation of strange kinetics in dielectric response 
14:50-15:10 Dionisio Madalena, Viciosa Plaza María Teresa, Molecular dynamics of n-ethylene glycol dimethacrylate followed by dielectric 

Gómez Ribelles José Luis, Brás Ana Rita relaxation spectroscopy
15:10-15:30 Nozaki Ryusuke Elementary process of the α relaxation of polyhydric alcohols:

dielectric study from 10mHz to 2.5THz
15:30-15:50 Böhmer Roland, El Goresy Tarek, Gainaru Catalin Dielectric studies of hydrogen bonds in pure and diluted monohydroxy alcohols
15:50-16:10 Kahouli A., Sylvestre Alain, Sylvestre Alain, Jomni F., Yangui B., 

Robert J.-C., Berge B., Legrand J. Dielectric relaxation of Parylene C.

16:10-16:30 Coffee break

Chairman: SAITER JEAN-MARC

16:30-17:00 Nigmatullin Raoul Detection of collective motions in dielectric spectra and the meaning of the generalized
Vogel-Fulcher-Tamman equation

17:00-17:20 Eker Sitki, Bozdemir Süleyman, Özdemir Metin A new simulation model for dielectric relaxation based on defect diffusion model and waiting
time problems

17:20-17:40 Fontanella John, Bendler J., Shlesinger M., Wintersgill M. Confinement, the Ratio EV*/H*, and the Defect Diffusion Model
17:40-18:00 Matsumiya Yumi, Watanabe Hiroshi, Van Ruymbeke Evelyne, Viscoelastic and Dielectric Relaxation of a Cayley-Tree Type Polyisoprene: Test of Molecular

Vlassopoulos Dimitris, Hadjichristidis Nikos Picture of Dynamic Tube Dilation
18:00-18:20 Ben Ishai Paul, Feldman Yuri Structural Insights from the Cole-Cole Function

19:30 Evening Reception at « Grand Lyon »

16:30-1                                      Invited lectures
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/// Wednesday 27th August//////////////////////////////////////////////////

Heterogeneous and nanoconfined systems

Chairman: KREMER FRIEDRICH
8:30-9:00 Wübbenhorst Michael, Rotella Cinzia, Capponi Simona, Napolitano Simone Dielectric spectroscopy on ultrathin polymer films: new approaches and new insights
9:00-9:20 Beiner Mario Crystallization behavior of acetaminophen in the bulk and under confinement
9:20-9:40 Napolitano Simone, Wübbenhorst Michael Quantifying the deviations from bulk behaviour in ultrathin polymer films
9:40-10:10 Fukao Koji Glassy dynamics in thin polymer films: Memory and rejuvenation effects of dielectric

susceptibility and volume
10:10-10:30 Coffee break

Chairman: DIAZ-CALLEJA RICARDO

10:30-11:00 Torkelson John, D. Priestley Rodney, Rittigstein Perla, Fukao Koji, Distributions of Tgs, Physical Aging Behavior, and Chain Dynamics in Nanohetereogeneous 
J. Ellison Christopher, Kim Jungki, M. Mok Michelle, Dhinojwala Ali, Polymers: Nanoconfined Films, Polymer Nanocomposites, and Gradient Copolymers
Kim Soyoung 

11:00-11:20 Couderc Hugues, Saiter Allisson, Grenet Jean, Boiteux Gisèle, Relaxation Study of PETg/Montmorillonite nanocomposites by dielectric spectroscopy
De Souza N., Saiter Jean-Marc 

11:20-11:40 Hallouet Béatrice, Desclaux Pauline, Wetzel Bernd, Pelster Rolf Analysing dielectric interphases and particle properties in polymer-based
nano- and micro-composites

11:40:12:00 Oleinik Eduard, Chmutin Igor, Ryvkina Natalia, Tatarenko Tatiana, Structural Dynamic and Thermodynamic Changes in Properties of Polymer Glasses Subjected 
Rudnev Sergei, Salamatina Olga, Kotelianskyi Mikhail to Plastic Deformation

12.00-14.00 Poster session
Lunch

Chairman: WILLIAMS GRAHAM

14:00-14:30 Runt James, Fragiadakis Daniel, Atorngitjawat Pornpen, Masser Kevin Broadband Dielectric Spectroscopy of Multicomponent Polymer Systems: 
Crystalline and Associating Materials

14:30-14:50 Makrocka-Rydzyk Monika, Jenczyk Jacek, Wypych Aleksandra, The phase structure and molecular dynamics in poly(styrene-b-isoprene) diblock copolymer
Glowinkowski Stanislaw, Kozak Maciej, Radosz Maciej, Jurga Stefan 

14:50-15:10 Inoue Tadashi, Iwashige Tomohito, Watanabe Hiroshi Dielectric Relaxation of Polymer/Carbon Dioxide Systems
15:10-15:30 Diaz-Calleja Ricardo, Sanchis Maria J., Dominguez-Espinosa Gustavo, Influence of the Structural Characteristics on the Broadband Dielectric Spectroscopy of naphtyl 

Saez-Torres Patricia, Guzman Julio, Riande Evaristo substituted acrylate Polymers
15:30-15:50 Fillot Louise-Anne, Sotta Paul, Neyret-Duperray Hughes, Long D. Broadband dielectric spectroscopy characterization of the relaxations of polyamides plastified

Fort Alexandre, Royston Gareth, Rossi S., Tupinier D. [or not] by solvents.
15:50-16:10 Lund Reidar, Alegria Angel, Colmenero Juan, Willner Lutz, Richter Dieter Resolving Interfacial Fluctuations and its Effect on the Segmental Dynamics in Nano-segregated

Block Copolymer Melts
16:10-16:30 Wurm Andreas, Minakov Alexander A, Schick Christoph Simultaneous dielectric, calorimetric and saxs/waxs experiments during polymer crystallization
16:30-17:00 Serghei Anatoli, Kremer F. Molecular dynamics of confined polymers: recent developments and challenges

17:45 Hermès boat excursion 

19:45 Conference Dinner by « Abbaye de Collonges » Paul Bocuse
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Molecular dynamics
p1 hal-00262410 Structural Insights from the Cole-Cole Function

Ben Ishai Paul, Feldman Yuri

p2 hal-00264142 Dynamics of an ionic liquid supercooled with pressure
Rivera-Calzada Alberto, Kaminski Kamil, Leon Carlos, Paluch Marian

p3 hal-00264148 Revisiting the molecular weight effects on dielectric relaxations of linear cis-polyisoprene1-4
Riedel Clement, Alegria Angel, Tordjeman Philippe, Colmenero Juan

p4 hal-00264250 Conductivity and glass transition dynamics in imidazolium ionic liquids
Leys Jan, Preethy Menon Chirukandath, Rajesh Ravindran, Thoen Jan, Glorieux Christ, 
Nockemann Peter, Thijs Ben, Binnemans Koen, Longuemart Stéphane

p5 hal-00264275 Dynamical properties of trans-Poly(isoprene) and its copolymers with styrene
Cerveny Silvina, Zinck Philippe, Terrier Michael, Alegria Angel, Colmenero Juan

p6 hal-00264468 Dielectric relaxation processes in liquid supercooled and glassy states of a pharmaceutical 
drug: Ibuprofen
Correia Natália, Brás Ana Rita, Dionisio Madalena, Schönhals Andreas, Affouard Frédéric

p7 hal-00265706 Broadband dielectric study on fructose-water mixtures from liquid to glass as a function 
of concentration
Yamamoto Wataru, Waragai Yamato, Iwata Yukino, Kita Rio, Shinyashiki Naoki, Yagihara Shin

p8 hal-00287148 Molecular dynamics of perfluoropolyethers with medium-low molecular weight
Okrasa Lidia, Karolczak Stefan

p9 hal-00287714 The diverse effect of plasticizer in the molecular dynamics of organic dye-doped polymers 
observed at different lengthscales
Kalogeras Ioannis, Pallikari Fotini, Aglaia Vassilikou-Dova

p10 hal-00297326 Johari-Goldstein Relaxation in Glass Forming Flexible Molecules
Thayyil Mohamed Shahin, Capaccioli Simone, Prevosto Daniele, Ngai Kia, Rolla Pierangelo

p11 hal-00268003 Segmental Dynamics in Polysiloxane Blends
Royston Gareth, Sotta Paul, Long Didier

p12 hal-00267233 Dielectric relaxation in freeze-dried disaccharides and the potential significance to the moisture 
buffering of freeze-dried products
Ermolina Irina

p13 hal-00264287 Properties and nature of the secondary relaxations in ethylcyclohexane and related materials at
low and high temperatures
Mandanici Andrea, Huang Wei, Cutroni Maria, Richert Ranko

p14 hal-00199066 Relaxations theory
Abdelguerfi Mériem, Soualmia A.

p15 hal-00264334 Terahertz Time-Domain Spectroscopy of Hydrogen-bonding Liquids:
Primary and Secondary Alcohols
Ryusuke Nozaki, Yuki Sato, Satoshi Okada, Tomobumi Mishina, Jun'Ichiro Nakahara, Yoshiki Yomogida,
Kazuyoshi YamakawaPO

ST
ER

SWednesday 27th August - Thursday 28th August 
//////////////////////////////////////////////////////////////////////////////////////////////////////////
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Heterogeneous and nanoconfined systems

p16 hal-00254742 Dielectric properties of kaolinite intercalates - prospects of design of electromagnetic wave absorbers
Leluk Karol, Orzechowski Kazimierz, Slonka Tadeusz, Glowinski Jozef

p17 hal-00259452 Experimental study on dielectric relaxation in Alfa fiber reinforced polyester composites
Ghallabi Zied, Rekik Houda, Arous Mourad, Boufi Sami, Kallel Ali

p18 hal-00262081 Dielectric Studies of Tetraaryl and Triaryl Polycarbonates
Fontanella John, Bendler J., Wintersgill M., Boyles D., Filipova T.

p19 hal-00263597 Relaxation processes in polymers filled with nanoparticles
Joel Lopez Ivan, Dolidze Vladimir, Aliev Fouad

p20 hal-00263659 Broadband Dielectric Spectroscopy of poly (dimethoxybenzyl methacrylate)s
Diaz-Calleja Ricardo, Sanchis Maria J., Dominguez-Espinosa Gustavo, Alegria Luz, Gargallo Ligia, 
Radic D., Riande Evaristo

p21 hal-00264083 Influence of low pressure on electrets behaviour at various air gaps
Viraneva Asya, Yovcheva Temenuzhka, Gencheva Elena, Mekishev Georgi

p22 hal-00264091 Differential thermostimulated discharge current method for studying of electrets
Mekishev Georgi, Yovcheva Temenuzhka, Viraneva Asya, Gencheva Elena

p23 hal-00264254 Dielectric relaxation in microemulsions with and without triblock copolymer
Wipf Robert, Stühn Bernd

p24 hal-00264265 Dielectric relaxation of Polyethyleneoxide in porous alumina
Arrese-Igor Silvia, Alegria Angel, Colmenero Juan, Martín Pérez Jaime, Mijangos Carmen

p25 hal-00264295 Rotational and translational diffusion of glass formic liquids in 2D confinement
Iacob Ciprian, Serghei Anatoli, Sangoro Joshua, Kärger Jörg, Kremer Friedrich

p26 hal-00264318 Microwave dielectric properties and conductivity of aqueous solutions of
polydiallylmethylammonium and diallylmethylammonium trifluoracetates
Lileev Alexsander, Lyashchenko A., Timofeeva L., Kleshcheva N.

p27 hal-00264320 Influence of uniaxial stretching on dielectric response of miscible polymer blends
Lezak Emil, Alegria Angel, Colmenero Juan

p28 hal-00264331 Investigation of interfacial polymer-clays properties through dielectric spectroscopy
Prevosto Daniele, Di Cuia Flavia, Lucchesi Mauro, Capaccioli Simone, Passaglia Elisa, 
Bertoldo Monica, Ciardelli Francesco, Rolla Pierangelo

p29 hal-00264350 Peculiarities of high-temperature dielectric relaxation in vinylidene fluoride –  
hexafluoropropylene copolymers
Malyshkina Inna, Kochervinskii Valentin

p30 hal-00265875 Real-time dielectric spectroscopy on ultra-thin layers of H-bondings liquids tuned  
by organic molecular beam deposition
Capponi Simona, Wubbenorst Michael, Rozanski S., Behrnd Norwid-Rasmus,  
Napolitano Simone, Couderc G., Hulliger Jürg

p31 hal-00266532 Effects of SiO2 Nanoparticles on Dielectric Properties and Thermal Stability of LDPE
Ciuprina Florin, Plesa Ilona, Panaitescu Denis, Zaharescu Traian, Radovici Constantin, 
Notingher Petru V.

p32 hal-00267418 Dynamics of a nematic mixture confined to molecular sieves studied by broadband dielectric 
spectroscopy
Brás Ana Rita, Frunza Stefan, Guerreiro Liliana, Fonseca Isabel, Corma A., Frunza Ligia, 
Dionisio Madalena, Schönhals AndreasPO

ST
ER

SWednesday 27th August  - Thursday 28th August 
//////////////////////////////////////////////////////////////////////////////////////////////////////////
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p33 hal-00267440 Molecular mobility studies in PCN/PUMA clay nanocomposites
Maroulas Panagiotis

p34 hal-00267476 Dielectric spectroscopy on ultra-thin polymer films having free surfaces – a novel approach
Rotella Cinzia, Napolitano Simone, Wubbenhorst Michael, Caponi Simona

p35 hal-00267678 Thermally stimulated currents in the electrospun poly(ethylene terephtalate) mats
Yovcheva Temenuzhka, Ignatova Milena, Viraneva Asya, Manolova Nevenka, Rashkov Iliya, 
Mekishev Georgi

p36 hal-00270297 Dielectric relaxation studies in poly(ethylene oxide)/sodium montmorillonite nanocomposites
Wypych Aleksandra, Krzaczkowska Justyna, Strankowski Michal, Pietraszko Adam,
Makrocka-Rydzyk Monika, Stefan Jurga 

p37 hal-00271483 Structure and Dielectric properties of hybrid Organic-Inorganic nanocomposites 
based on silsesquioxane
Fomenko A.O., Klepko V.V., Gomza Yu.P., Gumenna M.A., Shevchenko V.V.

p38 hal-00276727 Study of confinement in semi-crystalline polymers
Nikaj Erisla, Stevenson Isabelle, Seytre Gérard, David Laurent, Boiteux Gisèle

p39 hal-00294731 Glass transition of ultrathin supported polysulfone films studied by dielectric spectroscopy
Schönhals Andreas

p40 hal-00271493 Microphase separation in polyurethane grafted onto styrene-styrene sulfonic acid copolymers
Jastrzebska Mariola, Dereszewska Alina, Rutkowska Maria

p41 hal-00266867 Phase transformations in confined solid solutions NaNO2 – KNO2
Naberezhnov Alexander, Fokin Alexander, Jagus P., Hansen Thomas, Koroleva Ekaterina, Korotkov 
Leonid, Rysiakiewicz-Pasek Ewa, Tovar Michael, Vakhrushev Sergey

//////////////////////////////////////////////////////////////////////////////////////////////////////////



page 18 page 19

Functional materials

p42 hal-00225029 Study of dielectric relaxation phenomena and electrical properties of conductive polyaniline 
based composite films
Vanga Bouanga Christele, Fatyeyeva Kateryna, Tabellout Mohamed

p43 hal-00255845 Uniaxial pressure effect on Dielectric properties of AgTa03 single crystals
Suchanicz Jan, Kania A.

p44 hal-00258733 Dielectric relaxation and cations hopping at aluminosilicate surfaces: water adsorption
Belarbi H., Giuntini J.C., Devautour-Vinot Sabine, Kharroubi M., Haouzi Ahmed, Henn F.

p45 hal-00260603 Thermal-and Photo-switching of the dielectric permittivity of spin-crossover complex observed 
by broadband dielectric spectroscopy
Bonhommeau Sébastien, Demont Philippe, Guillon Thomas, Molnar Gàbor, Bousseksou Azzedine

p46 hal-00263518 Dynamics of orientationally disordered mixed crystals sharing Cl-Adamantane an CN-Adamantane
Martinez-Garcia Cesar Julio, Capaccioli Simone, Diez Sergio, Lluís Tamarit Josep, Barrio María,  
Nestor, Veglio Carlos Pardo Luis

p47 hal-00264064 Characterization of lutetium oxide-based thin-film capacitors by impedance spectroscopy
Wiktorczyk Tadeusz

p48 hal-00264079 Reliability of advanced Cu/Low-k interconnects analyzed by impedance spectroscopy
Verriere Virginie, Sylvestre Alain, Guedj C., Roy D.

p49 hal-00264101 Influence of solvent on the network structure formed by free radical polymerization of 
triethyleneglycol dimethacrylate: a dielectric study
Sabater I Serra Roser, Viciosa Plaza María Teresa, Dionisio Madalena, Andrio Balado Andreu, 
Gómez Ribelles José Luis

p50 hal-00264249 A dielectric study near the critical point of the binary liquid mixture nitrobenzene-tetradecane: 
temperature and concentration dependence of the dielectric constant
Leys Jan, Cordoyiannis G., Losada-Perez P., A. Cerdeiriña C., Glorieux C., Thoen J.

p51 hal-00264267 Orientational and phase change dynamics of 4-iodo-4'-nitrobiphenyl studied  
by broadband dielectric spectroscopy
Tsuwi Julius, Labat Gaël, Courderc Gaëtan, Berger Ricarda, Hulliger Jürg

p52 hal-00264322 Dielectric relaxation in diepoxy nematics at elevated temperatures
Wlodarska Magdalena, Schönhals Andreas, Bak Grzegorz, Mossety-Leszczak Beata, Galina Henryk

p53 hal-00264324 Dielectric Properties of SiO2-LiFe5O8 Glass-Ceramics by Sol-Gel Processing
Graça Manuel Pedro, Silva Cleber, Cadillon Luis, Sombra António Sergio, Valente Manuel

p54 hal-00264325 Dielectric properties of NaNO3 in porous glasses
Rysiakiewicz-Pasek Ewa, Poprawski R., Jagus P.

p55 hal-00264326 Dielectric Properties Study of xLiFe5O8-(1-x) LiNbO3 Composites Processed 
Using Microwave Energy
Graça Manuel Pedro, Silva Cleber, Gouveia Daniel, Cadillon Luis, Sombra António Sergio, 
Valente Manuel

p56 hal-00264327 Dielectric Spectroscopy of LiNb03: Tm nanocrystals embedded in a SiO2 glass matrix
Graça Manuel Pedro, Valente Manuel, Silva Cleber, Sombra Sergio

p57 hal-00264329 Dielectric Spectroscopy of Lead-Free NaNbO3-Based Relaxor-Like Ceramics
Bokov Alexei, Raevskaya Svetlana, Titov Victor, Raevski Igor, Porokhonsky Victor, Kamba S.,
Bovtun Viktor, Savinov Maxim, Petzelt Jan, Dellis Jean-Luc, Ye Z.-G.PO

ST
ER

S //////////////////////////////////////////////////////////////////////////////////////////////////////////

Wednesday 27th August  - Thursday 28th August 
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p58 hal-00264788 Dynamical Properties of Functionalized Polymers: Specific Chain Dynamics versus Matrix 
Plastification
Plaza Sandra, Lund Reidar, Alegria Angel, Jonoski Jonathan, Quirk Roderic, Colmenero Juan

p59 hal-00267162 Peculiarities of the delta–and alpha-relaxations in polymers with cyanobiphenyl liquid 
crystalline side chains of different lengths
Salehli Ferid, Yildiz Sevtap, Ozbek Haluk, Uykur Ece, Hepuzer Gursel Yesim, Yuksel Durmaz Yasemin

p60 hal-00267254 Comparison of dielectric and mechanical relaxations in different poly(vinylidene fluoride - 
hexa fluoropropylene) films 
Fruebing Peter, Wang Feipeng, Gerhard Reimund, Wegener Michael, Jaunich Matthias, Stark Wolfgang

p61 hal-00267943 Complex nature of the beta-relaxation in semi-crystalline PLLA: Influence of crystallinity
Brás Ana Rita, Malik Piotr, Dionisio Madalena, Mano João

p62 hal-00268006 Broadband Dielectric Spectroscopy of Poly (2-ethoxyethyl methacrylate-co-2,3 dihydroxypropyl 
methacrylate) Membranes
Diaz-Calleja Ricardo, Carsi Marta, Sanchis Maria J., Guzman Julio, Riande Evaristo

p63 hal-00269104 Dielectric spectroscopy of a macroscopic epoxy/silica interface submitted to an hygrothermal 
conditioning
Rain Pascal, Guillermin Christophe, Rowe Steve, Brun Emilie, Teissedre Gisèle

p64 hal-00269409 Conductive polymer composites based on metallic nanofiller and polymer matrix as smart 
materials for temperature sensors
Rybak Andrzej, Boiteux Gisèle, Seytre Gérard

p65 hal-00270875 Dielectric relaxation in the smectic E phase of 4-hexyl-4’- isothiocyanatobiphenyl (6BT)
Jasiurkowska Malgorzata, Kremer Friedrich, Serghei Anatoli, Massalska-Arodz Maria

p66 hal-00271477 Investigation of molecular reorientation in poly(butylene terephthalate)/decylamine/fullerene 
nanocomposite
Wozniak-Braszak Aneta, Jurga Jan, Jurga Kazimierz, Brycki Bogumil, Holderna-Natkaniec Krystyna

p67 hal-00271488 New information possibilities of the dielectric spectroscopy: investigation of the structural 
organization of the paraffin and vanadium oils
Saraev D., Lounev I., Yusupova T., Salehli Ferid

p68 hal-00271579 Molecular Dynamics of a fluorinated cyano copolymer investigated by Dielectric spectroscopy
Meskini Ahmed, Raihane Mustpha, Stevenson Isabelle, Boiteux Gisèle, Seytre Gérard, Ameduri Bruno

p69 hal-00276726 Molecular mobility at the interfaces of nanostructured systems
Nikaj Erisela, Stevenson Isabelle, Seytre Gérard, Laurent David, Boiteux Gisèle, Grohens Yves

p70 hal-00287652 Studies of molecular dynamics in composites of carboxylated acrylonitrile-butadiene rubber 
containing silica
Pietrasik Joanna, Gaca Magdalena, Zaborski Marian, Okrasa Lidia, Gain Olivier, Boiteux Gisèle

p71 hal-00290056 Analysis of interfacial polarisation relaxations in conducting composite films using the Maxwell-
Wagner-Hanai effective medium theory
Tabellout Mohamed, Adohi Bibi Jean-Pierre, Vanga Bouanga Christele, Fatyeyeva Kateryna

p72 hal-00294867 Dielectric and electrical study of PVC/MWCNT polymer nanocomposites 
Levchenko Volodymyr, Mamunya Yevgen, Rybak Andrzej, Boiteux Gisele, Lebedev Eugene, Ulanski Jacek, 
Seytre Gérard

p73 hal-00264802 Relation between the Distributed Nature of Processes in Polymer Materials and their Electrical 
Ageing Process
Lahoud Nadine, Martinez Vega Juan, Boudou Laurent

//////////////////////////////////////////////////////////////////////////////////////////////////////////
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p74 hal-00274493 Finite size effects in ferroelectric BaSrTiO3 doped with Fe2O3 prepared by sol-gel technique
Battisha I.K.

p75 hal-00264274 Conductivity characterization of redispersible polypyrrole composite nanoparticles
Mpoukouvalas Konstantinos, Wang Jianjun, Sun Ling, Wei Cheng, Beierlein Tilman, 
Muehlebach Andreas, Bonaccurso Elmar, Butt Hans-Jürgen, Wegner Gerhard

p76 hal-00285838 Structure and dielectric studies of nano - composite Fe2O3: BaTiO3 prepared by sol-gel method
Battisha I.K., Mahani R., Bellal A.

p77 hal-00271536 Relaxation properties of Nanocomposites Zeolite-semiconductor Hbeta-ZnS
Voilov Dmitry, Novikov Gennadii Fiodorovich, Valerievna Meteleva-Fisher Yulia

p78 hal-00268741 Back switching of ferroelectric polarization in PZT
Zhukov Sergey, Von Seggern Heinz, Fedosov Sergey

p79 hal-00259804 Ac conductivity analysis and dielectric dispersion in unidirectional PZT fibres/epoxy resin composites
Hammami Helmi, Lagache Manuel, Arous Mourad, Kallel Ali

p80 hal-00267949 Preparation and Characterisation of ferroelectric niobate crystals with tungstenbronze structure
Amira Yassine, Zegzouti Abdelwahed, Elaatmani M., Gagou Yaovi, Elmarssi Mimoun, Mezzane Daoud

p81 hal-00264264 Dielectric properties of oxides coated fabrics for advanced shielding materials
Pospieszna Janina, Jaroszewski Maciej, Ziaja Jan

p82 hal-00264299 Theoretical Approach for Characterization of Dielectric Properties of Metal Containing Nano-Composites
Trakhtenberg Leonid, Kozhushner Mortko, Gerasimov, Genrikh, Gromov Vladimir, Antropova Tatyana, 
Axelrod Ekaterina, Greenbaum Anna, Feldman Yuri 
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Charge transport
p83 hal-00260601 Interplay between the charge transport phenomena and the charge-transfer phase transition in 

FeMn Prussian Blue Analogues using Broadband Dielectric Spectroscopy
Molnar Gàbor, Cobo Saioa, Vertelman Esther, Van Koningsbruggen Petra, Demont Philippe, 
Bousseksou Azzedine

p84 hal-00261529 Determination of electronic structure by impedance spectroscopy
Niklasson Gunnar A., Malmgren Sara, Backholm Jonas

p85 hal-00262327 Miscible polymer blends with dynamical asymmetry as a potential new class of materials 
for solid state electrolytes
Cangialosi Daniele, Alegria Angel, Colmenero Juan

p86 hal-00264257 Dielectric properties of ionic liquids
Sangoro Joshua, Iacob Ciprian, Serghei Anatoli, Kremer Friedrich

p87 hal-00264374 Anomalous Dielectric Relaxation in Binary Mixtures of Mesogenic Solvent / 
Non-mesogenic Solute
Jadzyn J., Bauman D., Dejardin J.-L., Ginovska M., Czechowski G.

p88 hal-00267288 Dielectric and Thermal Properties of Some Supercooled Alkyl Halides
Berberian John

p89 hal-00271501 Electrical properties of Li2O-ZnO-P2O5 Glasses
Mogus-Milankovic Andrea, Pavica L., Reisb S.T., Dayb D.E.

p90 hal-00285604 Dielectric and conductivity behaviors in CaCu3Ti4O12 Glass
Yang Y. S.

p91 hal-00311653 Electrical charge transport in deuterated oxalic acid dihydrate
Filipic Cene, Levstik Adrijan, Bobnar Vid, Levstik Iva, Hadzi Dusan

p92 hal-00311654 Polaron conductivity mechanism in magnetoelectric K3Fe5F15
Levstik Adrijan, Filipic Cene, Bobnar Vid, Tavcar Gregor, Zemva Boris

p93 hal-00267944 Lithium conductivity and molecular mobility in poly(ethyleneoxide)-based polyester ionomers 
Fragiadakis Daniel, Dou Shichen, Colby Ralph, Runt Jim
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Biological systems
p94 hal-00201122 Dielectric Study of the Anti-Plasticization of Trehalose by Glycerol

Obrzut Jan

p95 hal-00260619 Scanning of the molecular mobility in a peptides/collagen system by thermal analysis
Tintar Doris, Samouillan Valérie, Dandurand Jany, Lacabanne Colette, Spina Michel, Naso F., 
Gandaglia A., Danesin R., Dettin M.

p96 hal-00263901 How do sugars influence some structural vibrational and dynamical properties of proteins ?
An Insight from Molecular Dynamics simulations
Affouard Frédéric, Lerbret Adrien, Guinet Yannick, Hédoux Alain, Descamps Marc

p97 hal-00264149 High-frequency broadband dielectric spectroscopy on sugar alcohols below Tg
Nakanishi Masahiro, Nozaki Ryusuke

p98 hal-00264245 Dielectric relaxation spectroscopy of aqueous amino acid solutions
Cerveny Silvina, Alegria Angel, Leza Lourdes, Colmenero Juan

p99 hal-00264247 Using Impedance Spectroscopy to Monitor the Regeneration of Newt Tails
Hart Francis, Johnson Julie, Berner Nancy

p100 hal-00265771 Broadband dielectric measurements of anhydrous and hydrated connective tissue
Fillmer Ariane, Gainaru Catalin, Vogel Michael, Böhmer Roland

p101 hal-00266081 Boundary-element calculations for effects of low-frequency electric fields in a doublet-shaped 
biological cell
Sekine Katsuhisa, Asami Koji

p102 hal-00266570 Single cell analysis using a scanning dielectric microscope
Asami Koji

p103 hal-00266739 Chain Dynamics of Transformed Cassava Starch Using Dielectric Spectroscopy
Bello Alfredo, Laredo Estrella

p104 hal-00267757 Identification of the molecular motions responsible for the slower secondary (β)
-relaxation in sucrose
Hensel-Bielowka Stella, Kaminski K., Kaminska E., Chelmecka E., Paluch M., Ziolo J.,  
Woldarczyk P., Ngai L.K.

p105 hal-00268399 Dielectric Inspection of Biological Cells
Hayashi Y., Katsumoto Yoichi, Omori Shinji, Yasuda Akio, Asami Koji

p106 hal-00270311 Influence of cationic surfactant on DMPC structure
Szpotkowski Kamil, Wypych Aleksandra, Kozak Maciej, Domka Ludwik, Jurga Stefan

p107 hal-00270313 Structural and spectroscopic studies of DMPC/cationic surfactant system
Kozak Maciej, Wypych Aleksandra, Szpotkowski Kamil, Jurga Stefan

p108 hal-00272010 Molecular Dynamics in Smart Hydrogel Systems
Bassil Maria, Davenas Joel, Boiteux Gisèle, El Tahchi Mario

p109 hal-00294109 Glassy dynamics of proteins and effects of solvents: the case of spider silk
Papadopoulos Periklis, Serghei Anatoli, Kremer Friedrich, Gitsas Antonios, Floudas George
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Broadband relaxation spectrodcopy and new developments
p110 hal-00260625 Molecular mobility in a polyepoxy adhesive under hydrothermal ageing conditions by Broadband

Dielectric Spectroscopy measurements
Dantras Eric, Chevalier Mathieu, Tonon Claire, Guigue Pascal, Lacabanne Colette, Puig Christian, 
Durin Christian

p111 hal-00260641 Annealing effects of a polymer system by Broadband Dielectric Spectroscopy
Carsalade Elodie, Bernès Alain, Perraud Sophie, Lacabanne Colette

p112 hal-00262199 The Assessment of the Influence of Temperature of Selected Parameters of the Approximation 
Method of Depolarization Current Analysis of Paper-Oil Insulation
Wolny Stefan, Kedzia Józef

p113 hal-00262341 Positron annihilation lifetime response and broadband Dielectric Spectroscopy: (propylene glycol)
Bartos Josef, Schwartz G.A., Sausa O., Alegria Angel, Kristiak J., Colmenero Juan

p114 hal-00263898 Nonlinear dielectric effect and critical phenomena of ternary critical mixture
Kosmowska Magdalena, Orzechowski Kazimierz

p115 hal-00263983 Dielectric relaxation in double potassium yttrium orthophosphate K3Y(PO4)2 and sodium 
yttrium orthophosphate Na3Y(PO4)2
Szulia Sylwia, Kolodziej Hubert A., Szuszkiewicz Wladyslawa

p116 hal-00264115 Generalization of the Ryabov-Feldman formula: the case of cylindrical symmetry
Arbuzov Andrey, Nigmatullin Raoul

p117 hal-00264154 Features of Harmonic Spectrum of A2BX4 Crystals Related to Domain Wall Dynamics
Gorbatenko Vladimir, Gorbatenko Svetlana

p118 hal-00264221 Entropy and Entropy Production in Dielectric and Magnetic Relaxation
Baker-Jarvis James

p119 hal-00264284 Structural and Dynamical Aspects of the Cold Crystallization of a Flexible Polymer as seen by 
Time Resolved Neutron Scattering and Broadband Dielectric Spectroscopy
Lund Reidar, Alegria Angel, Goitiandia Luis, Colmenero Juan

p120 hal-00264300 Observation of Polymer Crystallization through Ion Motion: Low Density Polyethylene
Anada Yuichi

p121 hal-00264448 Dielectric study of cured epoxy resin with mesogenic unit
Wlodarska Magdalena, Bak Grzegorz, Schönhals Andreas, Mossety-Leszczak Beata, Galina Henryk

p122 hal-00265485 Coupling Between the alpha Process and Boson Peak in Glycerol-Water Mixtures
Puzenko Alexander, Segev Ido, Feldman Yuri

p123 hal-00267937 The analysis of isothermal current in terms of charge injection or extraction at
the metal-dielectric contact
Neagu E.R., Neagu R.M., Dias C.J., Carmo-Lança M., Marat-Mendes J.N.

p124 hal-00267952 Effect of Uniaxial Strain on the Dynamics of Elastomers
Fragiadakis Daniel, Martin Darren, Runt James

p125 hal-00267980 Monitoring the crystallization in a low molecular weight compound 
by Dielectric Relaxation Spectroscopy
Dionisio Madalena, Viciosa Plaza María Teresa, Salmerón Sánchez M., 
Gómez Ribelles José Luis, Correia Natália

p126 hal-00268253 Non Invasive Glucose Monitoring with a Dielectric Spectroscopy based Multi-Sensor Platform
Talary Mark, Falco Lisa, Dewarrat Francois, Caduff Andreas

p127 hal-00269976 Review and improvement of a method for measuring losses in the dielectric materials by 
calorimetry
Obame Elysée, Aitken Frédéric, Gallot-Lavallée OlivierPO
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p128 hal-00270334 Broadband Dielectric and 1H NMR studies in semi-crystalline poly(ethylene oxide)
Orozbaev Bakyt, Fojud Zbigniew, Makrocka-Rydzyk Monika, Wypych Aleksandra,
Wachowicz Marcin, Jurga Stefan

p129 hal-00271193 In-situ monitoring of reactive thermoplastic composties
Hakme Chady, Boiteux Gisèle, Seytre Gérard, Stevenson Isabelle, Pantelelis Nikos

p130 hal-00271504 In-line monitoring of polymer melt processing by conductivity spectroscopy:  
Carbon nanotube–polymer composites
Lellinger Dirk, Alig Ingo, Engel Martin, Skipa Tetyana, Pötschke Petra

p131 hal-00275222 Electrical Properties of Polymer Nanocomposites based on Poly(butylene terephthalate) from 
Cyclic Butylene Terephthalate and MWCNT
Bardash Liubov, Boiteux Gisèle, Seytre Gérard, Fainleib Aleksander

p132 hal-00277561 Dielectric phenomena of organic-inorganic polymer systems during polymerization  
and in solid state
Iurzhenko Maksym, Mamunya Yevgen, Boiteux Gisèle, Seytre Gérard, Lebedev Eugene

p133 hal-00294596 Dielectric and Mechanical Properties of Polylactide and its Nanocomposites with 
Montmorillonite
Jeszka J.K., Pluta M., Pietrzak L., Boiteux G.

p134 hal-00271783 Thermal and electrical behavior of a thermostable imide type polymer
Olariu Marius, Hamciuc Corneliu, Hamciuc Elena, Ciobanu Romeo

p135 hal-00271787 Comparative study of the thermal and electrical properties of some poly 
(ether imide) thin films
Hamciuc Corneliu, Olariu Marius, Hamciuc Elena, Temneanu Marinel

p136 hal-00264290 Impedance spectroscopy study of Pb2(1-x)K1+xGdxNb5O15 samples
Amira Yassine, Gagou Yaovi, El Marssi M., El Aatmani Mohamed, Zegzouti Abdelwahed,
Mezzane Daoud

p137 hal-00305479 Microscopic model on the electrode polarization
Serghei Anatoli, Kremer Friedrich

//////////////////////////////////////////////////////////////////////////////////////////////////////////
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/// Thursday 28th //////////////////////////////////////////////////////////

SESSION 1 LAPRADE AMPHITHEATRE  

Functional materials
Chairman: KLIEM HERBERT

9:00-9:30 Gerhard Reimund Maxwell-Wagner ferroelectrets
Heterogeneous dielectrics with interface charges for transducer
applications

9:30-9:50 Fedosov Sergey, Von Seggern Heinz Interrelation 
Interrelation between conductivity and polarization phenomena 
in two-component ferroelectric polymers

9:50-10:10 Flores Suarez Rosaura, Mellinger Axel, Wirges Werner, Gerhard 
Reimund, Pham Cong-Duc, Petre Anca, Berquez Laurent,
Marty-Dessus Didier 
Time- and frequency-domain polarization imaging on poly
(vinylidene fluoride-co-trifluoroethylene) films

10:10-10:30 Lerner Shimon, Ben Ishai Paul, Feldman Yuri,
Mierzwa Michal, Paluch Marian 
The effects of pressure on the cooperative and non-cooperative 
dielectric processes in KTN ferroelectric crystals

10:30-10:40 Dantras  Eric,  Capsal  Jean-Fabien,  Laffont-Dantras  Lydia,  
Dandurand  Jany,  Lacabanne  Colette Broadband
Dielectric spectroscopy of organic/inorganic ferroelectrics nanomaterials

11:15-15:00 Poster session and Poster Prizes
Lunch

Functional materials

Chairman: NIKLASSON GUNNAR A.

15:00-15:30 Ezquerra Tiberio
Broadband Electrical Conductivity of Polymer Nanocomposites based
on Carbon Nanoadditives

15:30-15:50 Mamunya Yevgen, Levchenko Volodymyr, Rybak Andrzej, 
Boiteux Gisèle, Lebedev Eugene, Ulanski Jacek, Seytre Gérard 
Structure, dielectric properties and conductivity of segregated
PVC/MWCNT composites

15:50-16:10 Bovtun Viktor, Veljko Sergiy, Nuzhnyy Dmitry, Petzelt Jan, 
Knite Maris, Aulika Ilze, Fuith Armin 
Theoretical Approach for Characterization of Dielectric Properties of
Metal Containing Nano-Composites

16:10-16:40 Kenny Josè
Dielectric and Chemorheological behaviour of double-walled carbon
nanotube-epoxy nanocomposites.

18:00 Concert in UCB Lyon 
19:45 « Wine and Cheese » Party
21:00 IDS Committee Meeting

SESSION 2 GRAND AMPHITHEATRE

Charge transport
Chairman: ULANSKI JACEK

9:00-9:30 Kremer Friedrich, Serghei A., Sangoro J. R., Iacob C. 
Charge transport and electrode polarisation in Ionic Liquids

9:30-9:50 Biermann Christine, Funke K. 
KWW-type electrode polarization effects in glass

9:50-10:10 Martin Bjoern, Kliem Herbert 
Space charges in solid electrolytes detected by the scanning 
Kelvin probe

10:10-10:30 Niklasson Gunnar A., Furlani Maurizio, Stappen Christopher, 
Mellander Bengt-Erik 
Concentration dependence of ionic relaxation in lithium doped 
polymer electrolytes

10:30-11:00 Roling Bernhard, Ramaraj Mariappan C. 
Electrical polarisation and space charge formation in bioactive glasses

11:00 PETER DEBYE PRIZE FOR YOUNG INVESTIGATORS FOR EXCELLENCE
IN DIELECTRIC RESEARCH

11:15-15:00 Poster session and Poster Prizes
Lunch

Functional materials

Chairwomen: OKRASA LIDIA

15:00-15:30 Floudas George, Elmahdy M.M., Mondeshki M., Spiess H.W., 
Dou X., Müllen K. 
Self-assembly, molecular dynamics and kinetics of structure formation
in dipole functionalized discotic liquid crystals

15:30-15:50 Leys Jan, Glorieux Christ, Thoen Jan 
Surface and disorder effects in aerosil dispersed liquid crystals

15:50-16:10 Aliev Fouad, Arroyo Edwin, Dolidze Vladimir 
Influence of confinement on molecular and director reorientational
dynamics of liquid crystals

16:10-16:40 Dyre Jeppe C. 
Ac hopping conduction at extreme disorder takes place on the 
percolating cluster

18:00 Concert in UCB Lyon 
19:45 « Wine and Cheese » Party
21:00 IDS Committee Meeting
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/// Friday 29th August ////////////////////////////////////////////////////////////

SESSION 1 LAPRADE AMPHITHEATER  

Biological systems
Chairman: FELDMAN YURI

8:30-9:00 Bordi Federico, Cametti Cesare, Sennato Simona,  
Tuzzolillo Domenico 
Broadband Dielectric Spectroscopy as a tool to investigate
polyelectrolytes and their interactions with biomembranes

9:00-9:20 Raicu Valerica 
Non-Debye dielectric behaviour and near-field interactions in 
biological tissues: when structure meets function

9:20-9:40 Shinyashiki Naoki, Yokoyama Ayame, Yamamoto Wataru, 
Yagihara Shin, L. Ngai K., Capaccioli Simone 
Glass Transitions and Dielectric Relaxations Observed in Partially 
Crystallized Protein-Water Mixtures

9:40-10:00 Schiro' Giorgio, Cupane Antonio, Bruni Fabio, Natali Francesca 
Dynamics of protein-solvent systems in hard confinement studied by 
Broadband Dielectric Spectroscopy and Neutron Scattering

Chairman: ASAMI KOJI

10:00-10:30 Ulanski Jacek, Pastorczak M., Kozanecki M., Dominguez-Espinosa 
G., Okrasa L., Butt H.J., Koynov K., Pyda M., Kadlubowski S., 
Rosiak J.M. 
The molecular dynamics in PVME hydrogels at sub-zero temperatures

10:30-10:50 Rudowski Marek, Orzechowski Kazimierz, Rzaca Marek 
Modified open-ended dielectric probe used for comparison between 
cancer and healthy breast tissues. Test of a new method

10:50-11:20 Coffee break

11:20-11:40 Talary Mark, Falco Lisa, Dewarrat Francois, Puzenko Alexander, 
Caduff Andreas, Feldman Yuri 
Approaching the inverse problem of the multi-layer skin system

11:40-12:00 Gerecht Eyal 
Terahertz Spectroscopy based on Heterodyne Detection Techniques

Chairwoman: VASSILIKOU-DOVA AGLAIA 

12:00:12:30 Lacabanne Colette, Jafarpour Golnaz, Dantras Eric, Boudet Alain
Dielectric study of macromolecular interactions in wood

12:30-12:50 Carmo-Lança  M., Neagu E.R., Dias C.J., Marat-Mendes J.N.
Dielectric spectra of natural cork and derivatives

12:50-13:10 Paluch Marian, Kaminski Kamil, Wlodarczyk Patryk, 
Hensel-Bielowka Stella, Kaminska Ewa 
Dielectric relaxation study of the dynamics of sugars

13:10-13:30 Laredo Estrella, Bello Alfredo 
Dielectric Relaxations and Moisture Effect in Native and transformed 
Cassava Starch

13:30 Conclusion
13:45 Farewell Party

SESSION 2 GRAND AMPHITHEATER

Broadband relaxation spectrodcopy and new
developments 
Chairman: DANTRAS ERIC

8:30-9:00 Schönhals Andreas
Molecular Mobility of molecules in nanoscale confinement and 
close to surfaces

9:00-9:20 Saiter Jean-Marc 
Relaxation time at Tg measured by Dielectric spectroscopy and
Thermally depolarisation current methods

9:20-9:40 Jurga Stefan, Jancelewicz M., Nowaczyk G., Fojud Zbigniew,
Kempka M., Makrocka-Rydzyk Monika, Maciejewski H.
Molecular dynamics in modified polydimethysiloxanes studied by DSC,
rheology and NMR

9:40-10:00 Novikov Gennadii 
BDS Study of Photodielectric Phenomena in Semiconductors of 
AIIBVI Group

10:00-10:20 Anastasiades C., Kanapitsas Athanasios, Tsonos Christos, 
Stavrakas I., Triantis D., Neagu E.R., Pissis Polycarpos 
Dielectric Relaxation of ZnO varistor

10:20-10:40 Amaral F., Valente M.A., Costa L.C. 
Dielectric properties of CaCu3Ti4O12 (CCTO) doped with GeO2

10:40-11:10 Coffee break

Chairman: DEBYE PRIZE WINNER 

11:10-11:40 Alig Ingo, Lellinger Dirk, Xu Donghua, Engel Martin, 
Pötschke Petra 
Monitoring of polymer melt processing by dielectric spectroscopy

11:40-12:00 Obrzut Jan 
Shear induced conductor-insulator transition in carbon 
nanotube-polypropylene composites

12:00-12:20 Bartos Josef, Majernik V., Sausa O., Kristiak J., 
Lunkenheimer P., Loidl A. 
Positron annihilation lifetime response and broadband dielectric 
spectroscopy: propylene carbonate

12:20-12:50 Richert Ranko
Time-resolved Nonlinear Dielectric Responses in Molecular Systems

12:50-13:10 Soualmia Achour, Abdelguerfi Mériem 
Dielectric spectroscopy study by Time Domain Reflectometry (TDR)

13:30 Conclusion 
13:45 Farewell Party
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/// Listes of participants /////////////////////////////////////////////////////

NOM PRENOM PAYS
ABDELGUERFI Mériem ALGERIE
AFFOUARD Frederic FRANCE
ALEGRIA Angel ESPAGNE
ALIEV Fouad USA
ALIG INGO ALLEMAGNE
ALMEIDA VALENTE Manuel PORTUGAL
AMARAL Filipe PORTUGAL
AMIRA Yassine FRANCE
ANADA Yuichi JAPON
ANASTASIADIS Cimon GRECE
ANDRE Rémi FRANCE
ARADOAEL Sebastian ROUMANIE
ARBUZOV Andrey RUSSIE
AROUS Mourad TUNISIE
ARRESE-IGOR Silvia ESPAGNE
ASAMI Koji JAPON
BAK Grzegorz POLOGNE
BARDASH Liubov FRANCE
BARTOS Josef SLOVENIE
BATTISHA Inas EGYPTE
BEINER Mario ALLEMAGNE
BELARBI El-habib ALGERIE
BELLO Alfredo VENEZULA
BEN ISHAI Paul ISRAEL
BENTATA Samir ALGERIE
BENZOHRA Mohamed FRANCE
BERBERIAN John USA
BIERMANN Christine ALLEMAGNE
BIZET Stéphane FRANCE
BÖHMER Roland ALLEMAGNE
BOITEUX Gisèle FRANCE
BORDI Frederico ITALIE
BOVTUN Viktor REPUBLIQUE TCHEQUE
BRÁS Ana PORTUGAL
CÂNDIDO SILVA Cléber PORTUGAL
CANGIALOSI Daniele ESPAGNE
CAPACCIOLI Simone ITALIE
CAPPONI Simona BELGIQUE
CAPSAL Jean-Fabien FRANCE
CARMO-LANÇA Maria PORTUGAL
CERVENY Silvina ESPAGNE
CHINNASAMY RAMARAJ Mariappan ALLEMAGNE
CIOBANU Romeo Cristian ROUMANIE
CIUPRINA Florin ROUMANIE
CORREIA Natália PORTUGAL
COUDERC Hugues FRANCE
DANTRAS Eric FRANCE
DAVENAS Joel FRANCE
DEMONT Philippe FRANCE
DESSAUX Christophe ALLEMAGNE
DIAZ-CALLEJA Ricardo ESPAGNE
DIONISIO madalena PORTUGAL
DUPUY Jérôme FRANCE
DYRE Jeppe DANEMARK

EKER SITKI TURQUIE
ERMOLINA Irina UK
EZQUERRA Tibero ESPAGNE
FEDOSOV Sergiy UKRAINE
FELDMAN Yuri ISRAEL
FILIPIC Cene SLOVENIE
FILLMER Ariane ALLEMAGNE
FILLOT Louise-Anne FRANCE
FLORES SUAREZ Rosaura ALLEMAGNE
FLOUDAS George GRECE
FOMENKO Andrey UKRAINE
FONTANELLA John USA
FOTHERGILL John UK
FOURNIER Jérôme FRANCE
FRECHETTE Michel Canada
FRIAS REBELO Artur jorge ALLEMAGNE
FRUEBING Peter ALLEMAGNE
FUKAO Koji JAPON
FURLANI Maurizio SUEDE
GAIN Olivier FRANCE
GALLOT-LAVALLÉE Olivier FRANCE
GERECHT Eyal USA
GERHARD Reimund ALLEMAGNE
GORBATENKO Vladimir RUSSIE
GRACA Manuel Pedro PORTUGAL
GREENBAUM Anna ISRAEL
HALLOUET Béatrice ALLEMAGNE
HART Francis USA
HASPEL Henrik HONGRIE
HAYASHI Yoshihito JAPON
HENSEL-BIELOWKA Stella POLOGNE
IACOB Ciprian ALLEMAGNE
INOUE Tadashi JAPON
IURZHENKO Maksym UKRAINE
JADZYN Jan POLOGNE
JAROSZEWSKI Maciej POLOGNE
JASIURKOWSKA Malgorzata POLOGNE
JURGA Stefan POLOGNE
KAHOULI Abdelkader FRANCE
KALLEL Ali TUNISIE
KALMYKOV Yuri FRANCE
KENNY Josè ITALIE
KETTERL Friedrich ALLEMAGNE
KLIEM Herbert ALLEMAGNE
KÖHLER Melanie ALLEMAGNE
KOSMOWSKA Magdalena POLOGNE
KOZAK Maciej POLOGNE
KREMER Friedrich ALLEMAGNE
KRIT Salahddine MAROC
LACABANNE Colette FRANCE
LAHOUD Nadine FRANCE
LAREDO Estrella VENEZULA
LEBEDYEV Yevgen POLOGNE
LELUK Karol POLOGNE
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LERNER Shimon ISRAEL
LESCOP Emmanuelle ALLEMAGNE
LEVCHENKO Volodymyr UKRAINE
LEVSTIK Adrijan SLOVENIE
LEYS Jan BELGIQUE
LEZAK Emil ESPAGNE
LILEEV Alexsander RUSSIE
LOPEZ Ivan Joel PORTO RICO
LUCAS Jean-Michel FRANCE
LUND Reidar ESPAGNE
MAHANI Ragab EGYPTE
MAKROCKA-RYDZYK Monika POLOGNE
MALYSHKINA Inna RUSSIE
MAMUNYA Yevgen UKRAINE
MAROULAS Panagiotis GRECE
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———————————————————————————————————————————————————————— 
Abstract 

The in-situ monitoring of the polymerization of cyclic butylene terephtalate (CBT) oligomers by dielectric 
and electrical sensing have been investigated under isothermal conditions at different processing 
temperatures [1, 2]. The change in conductivity depends on the increase of molecular weight but is also 
influenced by crystallization of the obtained c-PBT during or after polymerization. Dielectric sensing 
investigations are in good agreement with SEC and DSC analysis which confirm the polymerisation and 
crystallization kinetics. Unfortunately, the conductivity signal could not distinguish between the 
polymerization and crystallization when it occurs simultaneously at lower temperatures (<210 °C) but the 
crystallization remains detectable by the MWS relaxation which is related to the crystalline / amorphous 
interface.  
Conductivity has been measured by dielectric measurements calculating the maximum of the imaginary 
impedance (Z’’max) [3] and the resistance by using a special DC monitoring system [4] (fig.1). A control 
system of the reactive moulding has been developed based on the Z’’max real-time monitoring of the CBT 
resin transforming to PBT (fig.2). 

 
Figure 1. Monitoring the reaction of CBT 
using dielectrics (Z’’max) and DC measure-
ments (Resistance) for neat and glassfibre 
filled resin. 

Figure 2. Monitoring repetitive cycles with 
neat CBT using the impedance Z’’max. 
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Broadband Dielectric Spectroscopy 
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Although the dielectric method has been established for well over 100 years, it is still one of 
the most important techniques for studies of the structure and dynamics of polymer solutions 
due to the extremely wide range of characteristic times that can be investigated.  
The dielectric and conductometric spectra of aqueous polyelectrolyte solutions, extending 
over a wide frequency range, present a very complex shape, involving three or more different, 
partially overlapping, contributions, each of them originated by different molecular level 
mechanisms [1]. The dielectric spectra of aqueous colloidal suspensions are complex as well 
[2-4], so that the interpretation of the spectra of mixed aqueous suspensions of polyelectrolyte 
and oppositely charged colloidal particles can easily become a real mess. Especially when the 
colloidal particles show a structure characterized by dielectric dishomogeneities, as is the case 
of liposomal vesicles [5] and, moreover, tend to aggregate in complex structures [6]. 
Nevertheless, dielectric spectroscopy and conductimetry applied to these systems provide 
extremely useful information on both the the dynamics of aggregation and the structure of the 
aggregates.  

 
References 
[1] F Bordi, C Cametti, R H Colby, "Dielectric spectroscopy and conductivity of 
polyelectrolyte solutions" . J. Phys.: Condens. Matter 16 (2004) R1423–R1463 
[2] K.Asami, "Characterization of heterogeneous systems by dielectric spectroscopy" . Prog. 
Polym. Sci. 27 (2002) 1617–1659. 
[3] Y. Feldman, I. Ermolina and Y. Hayashi, "Time domain dielectric spectroscopy study of 
biological systems" . IEEE Trans. Diel. Elec. Ins. 10 (2003) 728–753. 
[4] C. Grosse, “Relaxation mechanisms of homogeneous particles and cells suspended in 
aqueous electrolyte solutions”. Interfacial Electrokinetis and Electrophoresis. (2001) Marcel 
Dekker, New York. 
[5] F. Bordi, C. Cametti, S. Sennato, “Electrical Properties of Aqueous Liposome 
Suspensions” in “Advances in planar lipid bilayers and liposomes. Lipid Microvesicles. IV” 
(2006) Edited by A. Leitmannova Liu. Academic Press, NY  
[6] F. Bordi, C. Cametti, M. Diociaiuti, S. Sennato "Direct evidence of multi-compartment 
aggregates in polyelectrolyte-charged liposome complexes" Biophys. J.  9 (2006) 1513-1520. 
 
 
 

ha
l-0

03
05

87
1,

 v
er

si
on

 1
 - 

25
 J

ul
 2

00
8

Author manuscript, published in "5th International Conference on Broadband Dielectric Spectroscopy and Its Applications
(BDS2008), Lyon : France (2008)"

-p. 2-



���������
	���
�������������������� �!�������#"%$'&)( ����*%"+$'&,( �-�.�/& ���0����12� �
34��	5�76��8����9����7��:;�=<?>A@ ���B*�:C�D& ��E��8�
*7�-��	F��E����8��
G���H�I�

JLKNMPOAQRKTSVU�WBUYX�UYZTU�[]\]^_UY`-a�bTc�dYX5UYX�OfeTdgK�hiX�dNj bTclkVm�d�SVdon7\AkphqdgMArIjsb_t�m5UgZTd�SVSud�eNhqdg^_d�[vm�\A[wjsb
xRdY[yX5KzeTUgMAhqdYX�d{UgMT|�bA}-dYXq\_Q~do�7MT�NMvKy|�bTc�k�S�ZPdYX�hIJ U��Y�]d�[TU0Ssj�b]� S�d�[TUoJ�MAh�m�Ky�A`

j ��[Ak�^_dYX�m�kphq�COAdoJLK]\v[AbNJ�K]\v[]b]�����A�A�A�A�Ab]��X�UY[A�{d��H��[Ak�^TdYX�m�kphq�oJ�K]\v[���b_t����I�uJ����In�J UYZT\AX�Ughi\Ak�X�d
OAdHm8� Ughq�YX�kVUgMTr��¡\_S�KTQ~¢YX�d�mLdghIn;k�\vQ~Ughq�YX�k£UgMvr_b]n¥¤gh�t-e]¦8t�J b_§T��Z_O#OHM��A��¨�\N^Td�Q�ZAX5d�b_©BkªSVSVdgMTX�ZTU�[A[Ad�b

�����A�A�N«A«TbN�IX�U�[A��d��A¬�¨�­BevbN�7��­7®�«A«T�Ab_tq[N¯T��[AkVdYX�k�dCOvd�m8��Ughq��X�kVUgMvrB��\AS�KTQ~¢YX�dHm5b
©BkªSVSVdgMTX�ZTU�[A[Ad�bN�����A�A�N«��;bN�IX�UY[]��dN°

|NJ�����bN����­±¬�¨#­Bef®�«A«T�Ab_ts¨fe_²/OAdoJLK]\_[]bv�A�A�N«A«�©�k�SuSVdgMTX�Z_U0[A[]dC¬
d�OAdYrTbN�IX�U�[A��d
`At�[Tm�hqkph�MAhqd
\_³w� U��YX�\vQR\vS�d��gMPSVUYXL¬o�]d�Q´k�m�hiX�KR\_³T¨~Ughik�\A[TU0ST²7��U�OAd�Q�K~\_³LeT��kVd0[]��dNmL\A³��B�AX�U�k�[Ad�bA§wµyb

WB�AUYXq�vk�^Im��TdC���]UgM8m�m�d�bT�N«����A��W�KTk�^_b]�B�AX�U�k�[Td

a/¬¶\AX�X�dHmq�A\A[AOAUY[�h¡UgMAhi�A\AX
· S�KNMPOAQ#KTSVUg¸T�TUYX�UYZ_U0[T¹4MT�AXF°p[Ad-h

¦��Ad�k�[N^TdNmihik�¯wU-hik�\_[º\A³�hi�Ad»�vk�[Tdghik���\v³��B©��i�T\_S�KTQ~dYX�k�¼�Ughik�\A[�\A³�Q�\v[]\_Q~dYX~«T���NK]ONX�\]rAK_dghi�AKwS
Q~dghi�AU{�YX�KTSuU-hqd#½�x��L�'²C¾
k�[´hi�Ad�Q�UghiX�k�r�\_³L�T\_S�KyMTX�dghqUY[Td�½¿�I�B¾�À�U�m;��UYX�X�k£d�O!\NMNh \A[A�iSªk�[Td�ZAK�¨�t�­DU�[AO
ZAK~Q´kV�YX�\TOAk�d�Sud{�ghiX�\AQ�dghiX�KP°A¦��Ad�m�U�Q��TSVd]m�À�kÁhi�´OAk�³�³qdYX�d�[Nh¡UYQ�\NMT[Hh¡\A³�Q�\A[A\vQ�d�XÂx7���Ã²�k�[Rhi�]d�Q�UghiXqkªr
\A³4�I� À�d�X�d2U�[AU�SªK]¼Nd{O�kª[G��\TQ��TUYX�k�m�\A[ÄÀRkph��Åm5U0Q~�vS£d2\A³'[Ad�UghÃQ�\_[]\vQ�dYX'x7����² MIm�kª[A¯�hi�Ad
�A�A\Nhi\Ak�[AkphqkuU-hq\NX¶t�Xq¯TU��gMTX�d#µI���w°T¦��Adl^Tk�Z]X�Ughqk�\_[]U�S�ZTU�[]O!Ughº�8���A�f��Q#Æ�j�½qUHm-m�k�¯v[]d�O#hq\#hi�Ad�OA\NMAZTS�d�ZT\A[AOwm
k�[ÇQ�\A[A\vQ~dYXq¾�ÀRUHmCm5d0SVd��-hqd�OÈ³i\AX
k�[N^PdHm�hqk�¯TUghqk�\A[ÈZAKR¨#t�­B°w¦��Ad�ÉHMPUYX�hi¼fm5dY[vm5\_X�m¶�ÊeA«w®#ÀRdYX�d�MIm�d{OÈ³i\AX
k�[N^PdNm�hik�¯TUghqk�\A[f\A³8��©B���T\vS�KTQ~dYX�k�¼�Ughik�\A[´�Tk�[Tdghqk���ZAKfQ´ks�YX�\TONk�d�SVd��ghiX�\AQ�dghiX�KP°T¦8À�\ËÉHMPUgX�hi¼´m5dY[vm5\_X�mLÀ�d�X�d
MIm�d{OÃh¿\Ìk�[N^TdHmih�k�¯TU-hqd�hi�]d»�Y�AU�[N¯TdNm~k�[�J \_¯º¬
\_[]OHMP�ghik�^Tkph�KºU�[]OÃJ \A¯ �¡dYXqQ#kÁh�hik£^TkÁh�KºOHMTX�k�[N¯'hi�Ad!�B©��
�T\AS£KTQ~dYX�k�¼�Ughqk�\A[Çk�[Èhi�]dÈmiMTXÍ³qU���d~U�[AOÇk�[!hi�Ad�ZT\Nhuhi\AQÅ\A³Cm�U�Q��vSVd�À�kphq�Èhi�Ak����v[TdHm�mC\T³
�w°ÁÎÏQ�Qf°wtih¶À�U�m
m��]\]ÀR[´hi�AUghL��©B���]\_S�KTQ~dYX�k�¼�Ughqk�\_[Ë\T³Âx7����²%kª[fhi�Ad�Q~UghiX�kpr�\v³����Gk�m;ÉHMPku���wdYX;k�[Ë��\vQ��TUYX�k�m�\A[´À�kphq�
�B©����T\AS�KTQ~dYX�kª¼0Ughik�\A[Ç\A³
[Ad�Ugh x��L�'²~·wk�[Èhi�]d#³ikªX�m�h;��U�m�dRhi�]d´��\_[�^TdYX-m�k�\A[ËX�Ughqd�X�d�U����Ad�OÇ�N§AÐÑUY³uhqdYX7®
Q´k�[NMAhqdHm5b´k�[=hi�]d=m�d{��\_[]O+��UHm�d�hi�Ad/��\_[�^TdYX�m�k�\v[DX�Ughid±X�d�U����Ad�O.µA®�Ð U�³uhqdYX'�A��Q�kª[NMAhqd�m-°�t�hÇÀ�U�m
��\A[A��SpMPOAd�OÇhi�AUgh;��©B���]\_S�KTQ~dYX�k�¼�Ughqk�\_[�\A³��NMTX�d´x7���Ã².ÀRUHm�k�[A�Tk£ZPkphqd�OÇZAK»hi�AdË\]rAK]¯Td0[�\A³CU�k�X-°¡¦Â�Td
Q�\v[]\vQ�dYXBkª[Çhi�TdÈ�I�ÒQ~UghiX�k�r�kumB�AX�\Hhqd���hqd�O4³�X5\_QÓhi�]dÇ\NrAKN¯Td�[]boU�[AO4�B©����T\AS�KAQ~dYX�k�¼yUghik�\A['\T���gMTX�X�d{O
ÉHMPk��Y�TdYX-°Tt¿h�ÀRUHmCmq�A\NÀ�[�hi�AUghL��©7�i�A\AS£KTQ~dYX�k�¼�Ughqk�\A[Ë\_³�x7���Ã²+k�[´hi�Ad�ZT\HhVhi\AQ�\A³����Ôm�UYQ��TSVd´m�hqUYX�hqd{O
��Q�kª[NMAhqd�m�S£UghqdYX�k�[���\vQB�TUYX�k¿m5\_[7À�kphq��hi�Ad�miMTX�³�U{��dCOHMPdohi\lhi�]d�¯AX�U�OAk�d�[Hh�\A³w��©�S�k�¯T�Hh�°

��k�¯NMTX�d2��°C¦��Ad���\A[H^Td�X�m�k�\v[?OAdY¯AX�d�d�\_³
[Ad{UghLQ�\A[A\vQ�d�X�x��L�'²DU�[AO���®�Ð»bv«w®�Ð
UY[]OÌ®y�NÐÕ\A³CÖl�L��²Òkª[»hi�Ad!Q~UghiXqk£r \_³
�¡\_S�KyMTX�dghi�AU�[]d

²7�Y�T[A\NÀ�S�d�ON¯Pd�Q~d0[�h�m
¦��Ak¿m¡X�dHm�d�UYX5�Y��À~UHm
miMT�A�T\_X�hqd�O�ZAK¶×�ØAÙ-ÚuÛBÜ¶ÝNÙ-ÚVÛoÞ�ßPà�ÛYÙ-ßAØPàªÚVáNßAØTâAã
Û�âuâVáNä¶å�æTÚ ç ÀRkph��Ak�[�hi�AdC��èpé���MTX5\_�Td�U�[
¬
\_Q�Q�MP[Akph�K'��X�U�Q´d-À�\AX��'�IX�\A¯AX�UYQê½¿�Ãt��
����¬
¦��7«T�N�v®y�Í®I�-§T�vµ�§A¾-°8J;° W~°ÂÀB\NMTS�OÌS�k��Td!hi\4hi�]UY[N�'hi�Ad
Q~d�QRZPd�X�mL\A³�hi�]d�X�dHm5d�UYX�����¯AX�\NMT��\A³w����­±¬�¨�­�e�[Aëw®�«A«T��k�[R��X�U�[A��dC³i\_XIhi�Ad�k�X��]\�mq�vkphqU�S�kphiKI°

ì8íïî�ð�ñ�íïò�ó-ô�õ-öYó�ñ�ó�õYó�÷ïø�ùLðiú�í û�ü�ñ�íïó�î�ý-ø8þPÿ��

�
���
���
���
���
	��

��
���
�
�
���
�����

� � � � � 	�Aí ùLð��ÍùLíÁî

� �
����
�� ��
� ���
����
� �! #"%$&�')( �* #"%$+�&�( �) #"%$,�&)( �* #"%$

ha
l-0

03
05

86
7,

 v
er

si
on

 1
 - 

24
 J

ul
 2

00
8

Author manuscript, published in "5th International Conference on Broadband Dielectric Spectroscopy and Its Applications
(BDS2008), Lyon : France (2008)"

-p. 3-



Dielectric and Chemorheological behaviour of double-walled 
carbon nanotube-epoxy nanocomposites 

 
Josè M. Kenny  

 
 
 

1 European Center of Nanostructured Polymers (ECNP) and University of Perugia - UdR 
INSTM Loc. Pentima Bassa, 05100, Terni, ITALY 

 
*Correspondant author: jkenny@unipg.it 

  

Carbon nanotubes (CNTs) are promising fillers for composite materials to improve 
mechanical behavior and electrical and thermal transport [1]. Nevertheless intrinsic 
difficulties and unresolved issues related to the incorporation of carbon nanotubes as 
conductive fillers in polymer matrices and the interpretation of the processing behaviour have 
not yet been resolved. The nanotube dispersion and compatibilization in polymer matrices 
remains an open issue to be overcome and represents a topic object of large investigation as 
reported in the literature CNTs [2-6]. Double-walled carbon nanotubes (DWNTs) [7] consists 
of two coaxial single-walled carbon nanotubes and represents a class of emerging materials. 
Thus, the functionalization of these nanofillers represents an open issue for the preparation of 
DWNT based nanocomposites. Grafted- N-methyldiethanolamine on carboxy-functionalized 
DWNTs will be presented and investigated in terms of chemorheological behaviour during 
the cure reaction of an epoxy system. A chemorheological model has been also developed for 
this new type of nanocomposite [8]. Moreover the interaction of the amine groups with the 
carboxy functionalities of the tubes would have a direct effect on the network for the 
following reasons: (1) the amine groups reacts with the carboxylic groups; (2) this modified 
system should affect the total mean-square dipole moment. The principal objective of this 
study is to elucidate by means of the dielectric spectroscopy how this interaction affects the 
dielectric relaxation of the neat epoxy/amine networks. 

 
[1] Tans SJ, Verschueren ARM, Dekker C. Nature 1998; 393(6680):49-52. 
[2] Tasis D, Tagmatarchis N, Bianco A, Prato M. Chem. Rev. 2006; 106(3):1105-1136.  
[3] Sun YP, Fu KF, Lin Y, Huang WJ. Acc. of Chem. Res. 2002; 35(12):1096-1104.7.  
[4] Hirsch A. Ang. Chemie Int. Edition 2002; 41(11):1853-1859. 
[5] Valentini L, Puglia D, Carniato F, Boccaleri E, Marchese L, KennyJM. Comp. Sci. 
Technol. 2007;68:1008–14. 
[6] Puglia D, Valentini L, Kenny JM. J Appl Polym Sci 2003;88(2):452–8. 
[7] Saito R, Matsuo R, Kimura T, Dresselhaus G, Dresselhaus MS. Chem. Phys. Lett. 2001; 
348(3-4):187-193. 
[8] Terenzi A, Vedova C, Lelli G, Mijovic J, Torre L, Valentini L, Kenny JM. Comp. Sci. 
Technol. 2008; 68: 1862-1868. 
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A microscopic model for the electrode polarization 
 

A. Serghei*, F. Kremer 
 

 
Institute of Experimental Physics I, University of Leipzig, Germany 

 
*Correspondant author: serghei@rz.uni-leipzig.de 

  
Electrode polarization is a phenomenon manifested when the diffusion of charge carriers 

is (partially) blocked due to the presence of interfaces. It causes pronounced changes of the 
dielectric function and hence of the complex conductivity. These changes show a peculiar 
dependence on the length of the sample cell and on the material of the electrodes. In the 
present contribution a microscopic model for electrode polarization is discussed in detail. It 
basically relies on the assumption that the hopping rate of the charge carriers decreases by 
many orders of magnitude in the nanometric vicinity of the electrodes, due to the coloumbic 
interactions. It can shown that this “minimal” assumption leads to dielectric spectra which 
exhibit – on a qualitative as well as quantitative level – all experimental features of the 
electrode polarization: 

(i) the characteristic spectral dependence of the dielectric response. 
(ii) the experimental observation that the electrode polarization shifts to higher 

frequencies with increasing temperature. 
(iii) the scaling in respect to the temperature variation. 
(iv) the dependence on the length of the sample cell: the electrode polarization shifts to 

higher frequencies when decreasing the sample length 
(v) the experimental observation that the dielectric response does not scale in respect 

to the variation of the sample length. 
(vi) the dependence on the material of the electrodes, by allowing different thicknesses 

of the interfacial layer. 
(vii) the experimental observation that the dielectric response does not scale in respect 

to the variation of the electrodes material.           
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Molecular dynamics of confined polymers: recent developments 
and challenges 

 
A. Serghei*, F. Kremer 

 
 

Institute of Experimental Physics I, University of Leipzig, Germany 
 

*Correspondent author: serghei@rz.uni-leipzig.de 
  

 

Polymers represent a class of glass-forming materials of special technological importance. 

With the rise of nano-technology in the recent years, novel approaches have to be developed 

to enable one a direct experimental access to the polymer dynamics in samples having 

nanometric dimensions. This challenge is discussed in the present contribution, which will be 

focused on the molecular glassy dynamics of ultra-thin polymer layers. The following topics 

will be emphasized: 

(i) it will be shown that, due to preparative factors, metastable states in the molecular 

dynamics can be induced in thin films, which show deviations from the bulk behavior and, 

hence, may take the appearance of confinement-effects. 

(ii) several microscopic mechanisms leading to shifts in the position and broadening of the 

dynamic glass transition in thin polymer films will be discussed. 

(iii) a recently developed experimental approach will be demonstrated, which allows one a 

direct access to the glassy dynamics of polymers in the immediate (nanometric) vicinity of 

solid interfaces. This renders to Broadband Dielectric Spectroscopy – traditionally a volume 

specific technique – the ability to measure the interfacial dynamics of polymers in systematic 

dependence on the interfacial interactions with a supporting substrate. 

(iv) this recent development allows furthermore measurements on the molecular dynamics in 

polymeric systems resembling a statistical ensemble of single polymer chains, and rises 

thereby the possibility to address the question of whether a single polymer chain could have a 

glass transition. 

 

References: 

[1] A. Serghei, H. Huth, C. Schick, F. Kremer, Macromolecules 41, 3636 (2008). 
[2] A. Serghei, and F. Kremer, Rev. Sci. Instrum. 79, 026101 (2008). 
[3] A. Serghei, and F. Kremer, Macromol. Chem. Phys. 209, 810 (2008). 
[4] A. Serghei, Macromol. Chem. Phys. 209, 1415 (2008). 
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Charge transport and electrode polarisation in glass-forming ionic liquids 
 

F.Kremer, A. Serghei, J. R. Sangoro  and C. Iacob 

 

Institute of Experimental Physics I, University of Leipzig, Linnéstr. 5, 04103, Leipzig, Germany 

  

The mechanism of charge transport in  imidazolium based ionic liquids is analyzed by combining 

Broadband Dielectric Spectroscopy (BDS) and Pulsed Field Gradient Nuclear Magnetic Resonance (PFG 

NMR). The dielectric spectra are dominated – on the low-frequency side – by electrode polarization effects 

while, for higher frequencies, charge transport in a disordered matrix is the underlying physical 

mechanism. Using the  Einstein and Einstein-Smoluchowski equation enables one to determine – in 

excellent agreement with direct measurements by PFG NMR – the diffusion coefficient of the charge 

carriers. By that, it becomes possible to extract from the dielectric spectra separately the number density 

and the mobilities of the charge carriers and the type of their thermal activation. It is shown that the 

observed VFT dependence of the DC conductivity can be traced back to a similar temperature 

dependence of the mobility while for the number density an Arrhenius-type thermal activation is found. 

Extrapolating the latter to room temperature indicates that nearly all charge carriers are participating to the 

conduction process. In the second part charge transport and glassy dynamics of a variety of glass-forming 

ionic liquids (ILs) are investigated in a wide frequency and temperature range by means of Broadband 

Dielectric Spectroscopy, Differential Scanning Calorimetry and Rheology. While the absolute values of dc 

conductivity and viscosity vary over more than 11 decades with temperature and upon systematic 

structural variation of the ILs, quantitative agreement is found between the characteristic frequency of 

charge transport and the structural α-relaxation. This is traced back to dynamic glass transition assisted 

hopping as the underlying mechanism of charge transport.  

In the third part of the talk electrode polarisation - a common effect in ion-containing systems - will be 

discussed. It is characterized in its frequency and temperature dependence by a special signature of the 

complex dielectric function resp. the complex conductivity which can be quantitatively understood.  

References: 
1) Sangoro Rume, J., A. Serghei, S. Naumov, P. Galvosas, J. Kärger, C. Wespe, F. Bordusa and F. Kremer 

"Charge transport and mass transport in imidazolium based ionic liquids"  Phys. Rev. E 77, 051202 (2008) 
2) Sangoro Rume, J.; C. Iacob, A. Serghei, S. Naumov, P. Galvosas, J. Kärger, C. Wespe, F. Bordusa, A. Stoppa, 

J. Hunger, R. Buchner, F. Kremer. “Electrical conductivity and translational diffusion in the 1-butyl-3-
methyllimidazolium tetrafluoroborate ionic liquid"  J. Chem. Phys. 128, 212509 (2008) 

3) Sangoro Rume, J., C. Iacob, A. Serghei, C. Friedrich and F. Kremer  . “ Universal scaling of charge transport in 

glass-forming ionic liquids.“, submitted to PRL (2008) 

4) Iacob, C., J.Sangoro Rume, A. Serghei, S. Naumov, J. Kärger, C. Friedrich and F. Kremer 
"Charge transport and glassy dynamics in imidazolium based liquids"  submitted to J.Chem. Phys. (2008) 

5) Serghei, A., J. R. Sangoro, M. Treß and F. Kremer Phys. Rev. E in preparation (2008) 
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Phenomenological manifestation of “strange kinetics"  
in dielectric response of complex systems.  
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 The paper considers several examples of non-Debye dielectric response in complex 

heterogeneous media such as porous materials, colloid systems, glass formers, doped 

ferroelectric crystals, polymers composites and biological systems. The percolation 

phenomenon and Cole-Cole (C-C) relaxation in disordered matter are discussed in detail [1]. 

In addition, the origins of "strange kinetic" phenomena were discussed based on statistical 

physics and fractional time evolution ideas. A phenomenological classification of different C-

C relaxation systems in terms of their dependencies on the various thermodynamic parameters 

is presented. This classification is used for a deeper understanding of colloid and biological 

systems where interface dynamics often exhibit C-C relaxation. 

 
1. Y. Feldman, A. Puzenko and Ya. Ryabov, “Dielectric Relaxation Phenomena in 

Complex Materials”, Adv. Chem. Phys., 133, A  (2006), 1-126. 
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DETECTION OF COLLECTIVE MOTIONS IN DIELECTRIC 

SPECTRA AND THE MEANING OF THE GENERALIZED VOGEL-

FULCHER-TAMMAN EQUATION 
Raoul R. Nigmatullin ◊)  

◊) Theoretical Physics Department, Physical Faculty, Kazan State University,  
Kremlevskaya str., 18, 420008, Kazan, Tatarstan, Russian Federation. 

 
Abstract 
 

Based on the reduction property of dielectric spectra associated with the power-law function 

[ ( )j νωτ ±∼ ] in the frequency domain one can develop an effective procedure for detection of 

different collective motions (described by the corresponding power-law exponents) with the help of 

separation procedure in the cases, when an extreme point is hidden (or visually undetectable). If the 

power-law exponent ν is related with characteristic relaxation time τ by the relationship 

(here τ( ) ( )0ln / / ln /sν τ τ τ τ∼ s, τ0 are the characteristic times characterizing a movement over 

fractal cluster that defined in paper [1]) and the simple temperature dependence of τ(T) = τA⋅exp(E/T) 

obeys the traditional Arrhenius relationship then one can prove that any extreme point figuring in the 

complex permittivity spectra (characterized by the values [ωm, y(ωm)]) obeys the generalized Vogel-

Fulcher-Tamman (VFT) equation. This important statement confirms the existence of the 'universal' 

response (UR) (discovered and classified by A.K. Jonscher) and opens new possibilities in detection of 

the 'hidden' collective motions in the dielectric spectra of many complex (heterogeneous) systems. It 

gives also the extended interpretation to the VFT equation and allows differentiate collective motions 

passing through an extreme point. This differentiation, in turn, allows to select the proper fitting 

function containing one or two (at least) relaxation times for the fitting of the complex permittivity 

function in the limited frequency domain. This conclusion gives a certain chance for classification of 

dielectric spectroscopy as the spectroscopy of collective motions, which are described by different 

power-law exponents on the mesoscale region. The verification of this approach on available DS data 

(Poly(Ethylene Glycol) –based – single ion conductors) completely confirms the basic statements of 

this theory and opens new  possibilities in general classification of different collective motions that 

can be detected in analysis of the complex dielectric permittivity spectra.  

PACS: 77.22.Gm; 77.22.-d. 
 
Keywords: Dielectric spectroscopy; 'universal' response; collective motions; the generalized 

Vogel-Fulcher-Tamman equation; self-similar (fractal) systems  
-------------------------------------------------------------------------- 

◊) Corresponding author: nigmat@knet.ru  
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Recent progress in understanding relaxation of complex 
interacting systems 
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Pontecorvo, 3, I-56127 Pisa, Italy  
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Pisa,Italy, and Department of Physics, University of Calicut, Kerala, India 
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 The glass transition problem is still an unsolved problem in condensed matter physics 
and chemistry. In this paper we critically reexamine experimental data and theoretical 
interpretations of dynamic properties of various processes seen over a wide time range 
from picoseconds to laboratory times-scales. In order of increasing time, the processes 
considered include the dynamics of caged molecular units with motion confined within 
the anharmonic intermolecular potential and no genuine relaxation has yet taken place, the 
onset of the Johari-Goldstein secondary relaxation involving rotation or translation of the 
entire molecular unit and causing the decay of the cages, the cooperative and dynamically 
heterogeneous motion participated by increasing number of molecules or length-scale, and 
finally the terminal primary α-relaxation with maximum cooperative length-scale allowed 
by the intermolecular interaction and constraints of the glassformer. Some general and 
important properties found in each of these processes are shown to be interrelated, 
indicating that the processes are connected with one being the precursor of the other 
following it. In addition to published data, new experimental data are reported here to 
provide a collection of critical experimental facts that has impact on current issues of glass 
transition research and serves as a guide to the construction of a complete and successful 
theory in the future. 
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Dielectric spectroscopy on ultrathin polymer films:  
new approaches and new insights 
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* wubbenhorst@fys.kuleuven.be 

  
 

Ultrathin polymer films are an intriguing subject in soft condensed matter physics since they 

often show pronounced effects of the film thickness on their thermo-physical properties. 

Typical manifestations of such confinement effects are marked deviations in the glass 

transition dynamics and alterations in the visco-elastic properties. For film having no free 

surface (capped films) or a single free surface (supported films), the specific role of 

substrate/polymer interactions and the existence of mobility gradients has been established in 

the last years.  

Freely-standing films (FSF), by definition, don’t suffer from potential effects of a solid 

substrate and appear in fact to be the most challenging polymer film geometry. For 

polystyrene FSF, spectacular reductions in the glass transition temperature (Tg) by more than 

70 K have been reported, however, all experimental results so far are based on density-related 

(dilatometric) measurements. 

The aim of this paper is to present the first successful studies on freely-standing films of PS as 

measured by dielectric spectroscopy. The investigations rely on a new experimental approach 

using specifically designed interdigitated comb-electrodes (cf. poster by ROTELLA et.al.) 

that appears to be sensitive enough to obtain broadband dynamic information on samples in a 

true FSF geometry. The results from our systematic studies will be presented in detail and 

basically confirm the consistency between the temperature dependence of the dielectric α-

process and  the dilatometric Tg-data reported by the Canadian groups. First ideas to 

rationalize this peculiar glass transition dynamics will be discussed. 
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Johari-Goldstein Relaxation in Glass Forming Flexible Molecules 
 

Thayyil Mohamed Shahin1,2,*, Simone Capaccioli 1, Daniele Prevosto 1, Kia L. Ngai 3 
and  Pierangelo Rolla 1 
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INDIA,3 Naval Research Laboratory, Washington DC 20375-5320 USA. 

 
* Correspondent author: shahin@df.unipi.it  

 
 
 The Johari-Goldstein (JG) β-relaxation, i.e. truly intermolecular secondary relaxation, 
is supposedly a universal feature in glassy dynamics by showing its presence in common as 
well as exotic glassformers and having strong connections to the structural α-relaxation [1-2]. 
However, against the hypothesis of its universality are some widely studied flexible small 
molecular glassformers like low molecular weight phthalates [3-4] and benzophenone[5], 
which, in addition to a fast secondary γ-relaxation due to dipoles coupled to intramolecular 
degrees of freedom, give no indication that JG relaxation is present despite investigations 
using a variety of experimental techniques. Interestingly, for most of these systems in their 
neat phase the α-relaxation loss peaks have narrow widths with quite high values of stretching 
parameter βKWW (βKWW = 0.65-0.64 in phthalates and 0.7 in benzophenone), when fitted to the 
KWW function. Theoretical considerations suggest that the JG β-relaxation is present but not 
resolved in these glassformers because it is sandwiched between the more intense α- and a 
faster but non-JG secondary γ-relaxation [6]. 

We investigate such suggestion on several glass formers and we report the data on 
small molecular phthalates viz. dimethylphthalate (DMP), diethylphthlate (DEP), 
diisobutylphthalates (DiBP) and benzophenone by dissolving small quantities of these in 
apolar glassformers of much higher glass transition temperature, like oligostyrenes or ortho-
terphenyl. We were able to move the α-relaxation further away from the γ-relaxation, and find 
the JG β-relaxation for the first time in these glassformers. Interestingly, the secondary γ-
relaxation observed in the mixtures is situated at the same temperature/frequency range as in 
the neat phase with same activation energy as expected for an intramolecular process [4-5]. 
Some of these mixtures were studied at elevated pressures: the slower JG β-secondary process 
moved to lower frequencies on applying pressure giving additional evidence that it of 
intermolecular origin [7], while the γ-relaxation showing insensitivity to the pressure.   
 
References 

 
[1] Johari,  G. P.; Goldstein, M. J. Chem. Phys. 1970, 53, 2372. 
[2] Ngai, K. L.; Paluch, M. J. Chem. Phys. 2004, 120, 857. 
[3] Sekula, M; Pawlus, S.; Hensel-Bielowka, S.; Ziolo, J.; Paluch, M.; Roland, C. M. J. Phys. 
Chem. B 2004, 108, 4997. 
[4] Pawlus, S,; Paluch, M.; Sekula M.; Ngai K.L.; Rzoska S.J.; Ziolo, J. Phys. Rev. E 2003, 
68, 021503. 
[5] Pardo, L. C.;  Lunkenheimer, P.; Loidl, A. Phys. Rev. E 2007, 76, 030502(R). 
[6] Ngai, K. L.  J. Phys.: Condens. Matter 2003, 15, S1107. 
[7] Kessairi, K.; Capaccioli, S.; Prevosto, D.; Lucchesi, M.; Sharifi, S.; Rolla,  P. A. J. Phys. 
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 We have investigated the frequency and temperature dependence of dielectric 
properties for the CaCu3Ti4O12 (CCTO) glass. CCTO crystal has a cubic perovskite structure, 
nonferroelectric characteristics, and has attracted attention because it has ultra high dielectric 
constant, showing relaxor behavior. While investigations on the dielectric response, impurity 
and grain boundary effects of the CCTO polycrystalline ceramics have been reported, there 
has been a lack of the study for the CCTO glass. We have achieved the CCTO glass by using 
the twin roller quenching method. The frequency dependence of the electrical data has been 
analyzed in the frameworks of the universal power law and the impedance Cole-Cole plot. We 
have observed a broad dielectric peak with dielectric constant ~102 over the wide temperature 
range above room temperature in a glass state. Activation energy of electrical conduction 
obtained from the distribution of the relaxation time in the Cole-Cole formalism is similar to 
the value 0.36 ~ 0.52 eV of the power law, indicating that both methods provide information 
to demonstrate the conduction and dielectric relaxation mechanisms for the CCTO glass.  
 
 

 
 
 
 
Figure: Temperature dependence of dielectric 
constant for (a) the real and (b) imaginary 
parts of CaCu3Ti4O12 glass. The inset is the 
differential thermal analysis curve and shows 
a glass state below the crystallization 
temperature Tc = 559 ℃. 
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Finite size effects in ferroelectric BaSrTiO3 doped with Fe2O3 
prepared by sol-gel technique. 
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 Nano-structure BaTiO3 and Bax Sr1-x TiO3 have been prepared by sol- gel 
technique in powder and thin film forms, using barium acetate (Ba(Ac)2), and 
titanium butoxide (Ti(C4H9O)4), and strontium bromide as precursor materials. The 
powders prepared by sol-gel technique were found to be amorphous, which 
crystallized to the tetragonal phase after synthesized at 750oC in air for one hour. 
The crystallite sizes of both samples, was found to be in the nanometer range. The 
XRD data were confirmed by transmission electron microscope TEM. The dielectric 
properties will be elucidate by mesuaring the dielectric spectra in the frequency 
range 42 Hz – 5 MHz, at temperatures between 25°C and 250°C. 
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Abstract : 
Audio amplifiers play an important role in every system that involves audible sound. 
General power amplifiers till recently have been very inefficient, bulky and unreliable. 
Though Class AB amplifiers have major market share in the audio industry because of 
their efficiency compared to previous classes of amplifiers such as Class A and Class B, 
recent demand for smaller devices with longer battery life has resulted in replacement of 
class AB amplifiers (linear amplifiers) with Class D(switching amplifiers). Class D 
amplifiers provide the balance between efficiency and distortion required by portable 
devices, hi-fi audio systems, as they utilize the switching operation where the transistors 
are either fully on or fully off resulting in amplification with zero power dissipation 
ideally. 
The main focus of this thesis is to analyze various design issues involved in 
implementation of class D amplifiers. As many designers in the future will be switching 
to Class D amplifiers because of the recent advances in switching amplifiers, an effort 
was made to develop the thesis so as to be able to serve as a basic reference guide which 
gives them a good understanding of existing architectures, challenges in efficient power 
amplifier design, modulation methods, power stage topologies and implementation of 
class D amplifiers. 
A detailed study of parameters and parasitics that affect the performance of class D 
amplifiers has been carried out with design, implementation, and simulation of various 
stages. Various component selection decisions and layout issues have been discussed for 
an efficient, EMI free, low distortion class D amplifier. 
 

I. Introduction 
A Class D audio amplifier is basically a switching amplifier or PWM amplifier. There are 
a number of different classes of amplifiers. We will take a look at the definitions for the 
main classifications as an introduction: 
Class A – In a Class A amplifier, the output devices are continuously conducting for the 
entire cycle, or in other words there is always bias current flowing in the output devices. 
This topology has the least distortion and is the most linear, but at the same time is the 
least efficient at about 20%. The design is typically not complementary with high and 
low side output devices. 
Class B – This type of amplifier operates in the opposite way to Class A amplifiers. The 
output devices only conduct for half the sinusoidal cycle (one conducts in the positive 
region, and one conducts in the negative region), or in other words, if there is no input 
signal then there is no current flow in the output devices. This class of amplifier is 
obviously more efficient than Class A, at about 50%, but has some issue with linearity at 
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the crossover point, due to the time it takes to turn one device off and turn the other 
device on. 
Class AB – This type of amplifier is a combination of the above two types, and is 
currently one of the most common types of power amplifier in existence. Here both 
devices are allowed to conduct at the same time, but just a small amount near the 
crossover point. Hence each device is conducting for more than half a cycle but less than 
the whole cycle, so the inherent non-linearity of Class B designs is overcome, without the 
inefficiencies of a Class A design. 
Efficiencies for Class AB amplifiers is about 50%. 
Class D – This class of amplifier is a switching or PWM amplifier as mentioned above. 
This class of amplifier is the man focus of this application note. In this type of amplifier, 
the switches are either fully on or fully off, significantly reducing the power losses in the 
output devices. 
Efficiencies of 90-95% are possible. The audio signal is used to modulate a PWM carrier 
signal, which drives the output devices, with the last stage being a low pass filter to 
remove the high frequency PWM carrier frequency. 
From the above amplifier classifications, classes A, B and AB are all what is termed 
linear amplifiers. We will discuss the differences between Linear and Class D amplifiers 
in the next section. The block diagram of a linear amplifier is shown below in fig 1. In a 
linear amplifier, the signals always remain in the analog domain, and the output 
transistors act as linear regulators to modulate the output voltage. This results in a voltage 
drop across the output devices, which reduces efficiency. 
Class D amplifiers take on many different forms, some can have digital inputs and some 
can have analog inputs. Here we will focus on the type, which have analog inputs. 
 

 
Fig 1: Block Diagram of a class D Amplifier 
 
Fig 1 above shows the basic block diagram for a Half Bridge Class D amplifier, with the 
waveforms at each stage. This circuit uses feedback from the output of the half-bridge to 
help compensate for variations in the bus voltages. 
So how does a Class D amplifier work? A Class D amplifier works in very much the 
same way as a PWM power supply (we will show the analogy later).  
Let’s start with an assumption that the input signal is a standard audio line level signal. 
This audio line level signal is sinusoidal with a frequency ranging from 20Hz to 20kHz 
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typically. This signal is compared with a high frequency triangle or saw tooth waveform 
to create the PWM signal as seen in fig 2a below. 
This PWM signal is then used to drive the power stage, creating the amplified digital 
signal, and finally a low pass filter is applied to the signal to filter out the PWM carrier 
frequency and retrieve the sinusoidal audio signal (also seen in fig 2b). 

 
 
Fig 2: Class D Amplifier Waveforms 
 

II. Design Challenges 
A. Top view 
The top schematic view of Class-D amplifier Fig. 3 is composed by a main part (inverting input 
integrator, triangle generator, PWM modulator, gate driver and MOSFET H-bridge) and secondary 
parts like common mode voltage and bias current generator, startup and protection circuit, input 
gain selector and shifter.  
Two analog power supplies (tailed together with decoupling capacitor on the circuit board) are used 
[1], PVDD/PGND supply the MOSFET H-bridge where as AVDD/AGND supply the rest of 
circuit. A digital VDD is used to supply level shifter. 
ESD protection and bonding are not shown is this schematic but have been taken into account for 
simulation. 

 
Fig 3: Class D schematic 
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B. Triangle ramp Generator 
The proposed ramp is generated by constant charging current into the capacitors C1 and C2, which 
is connected between the ground and successively current source and current sink. The value of two 
capacitors is C1=C2=C=25pF (fig.4). 
The current through R1 is the charging current, kept constant by forcing the voltage across R1 to 
equal VDD/2 by op amp, configured as follower voltage. 
The ramp slope is: 

CR
Vdd

dt
dVramp

*12
±=       (Eq. 1) 

The resistance R1 is adjusted by four digital bits Trim<3:0> for adjust finally the current charging, 
the ramp slope and Vramp peak-to-peak to equal Vdd/5. 
The charge make in two phase Φ1 and Φ2: 
• In the phase Φ1 ,the switches Φ2 will be open and  the switches Φ1 will be closed ,the capacitor 
C1 will be in charge by constant current and the ramp output is the charge voltage of  C1, thus Vout 
will be : 

 I)*R2(Vdd/2
*12

)( −+= t
CR

VddtVout    (Eq. 2) 

At the same time the capacitor C2 is in pre-charge state. 
VC2 (t) = (Vdd/2+R2I) (1-exp (-t/R2C)) 
• In the phase Φ2 , the switches Φ1 will be open and  the switches Φ2 will closed ,the capacitor C2 
will be in discharge by constant current, thus Vout will be : 

 I)*R2(Vdd/2
*12

)( ++−= t
CR

VddtVout                                 (Eq. 3) 

In the same way the capacitor C1 is in RC discharge. 
VC1 (t) = (Vdd/2+R2*I) (2*exp (-t/R2*C) -1) 
The resistor R2 is adjusted by four digital bits Trim<7:4> to adjust the value of outp and outn, such 
that ∆V=0 (Fig.7). 
The condition to get the continuity of the ramp output is Trim<7:4>=0001, i.e. the value of 
R2=23.4Kohms. 
The condition to get ramp slope or ramp output peak-to-peak equal VDD/5 is Trim<3:0>=0101, i.e. 
the value of R1=105Kohms. 
The third condition is that the half period T/2 will be large enough such that C2 voltage achieves 
95% of its final value (i.e. Vdd/2+R2I), thus: 

05.0
22

exp =⎟
⎠
⎞

⎜
⎝
⎛ −

CR
T                 (Eq. 4) 

 
So the minimum input clock period is Tmin=2*R2C*ln20 = 3*R2*C = 1.725us 
So the maximum input clock frequency Fmax = 580 kHz  
At top classD level, we can adjust the value of two resistors R1 and R2, by putting on both inputs 
(positive and negative) of the class-D a constant signal equal to VDD/2 (i.e. a zero differential input 
signal is going to the class-D). 
Then we adjust the value of Trim such as to have on both outputs of the class-D a square signal 
with duty cycle equal 50%. 
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Fig 4: proposed triangle Generator Schematic 
 
III. EXPERIMENTAL RESULTS 

The class D audio amplifier has been integrated in a 0.5um, double-poly, triple-metal, BiCMOS 
process, occupying an area of 1.5 x 1.2 mm2. The measured output peak current was measured to 
be 0.35A into an 8 ohm load, using a 3.6V supply voltage. The IC consumed 2.5mA of quiescent 
current under those conditions with an rms output power of 0.5W and a power efficiency of 79%. A 
power efficiency of 86% was achieved at a  
supply voltage of 6.5V. Fig. 10 shows the efficiency versus power curve. The total harmonic 
distortion plus noise (THD+N) was measured with an Audio Precision (AP) measurement system. 
A low pass filter had to be used at the output since the AP measurement system can not handle pure 
class D audio amplifiers because of the high frequency PWM waveform. The THD+N measured 
under the above-mentioned conditions varies from under 0.04% at low frequencies to a maximum 
of 0.4% at 7 kHz. Fig. 5 shows a plot of the THD+N versus the power under different supply 
voltage levels. Fig 6 shows layout of Amplifier Class D with process 0.5 um. Table 1 summarizes 
the measured results. The output offset is higher than predicted in the simulations because of 
mismatch in the feedback and in the input resistors. 

THD versus POUT
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Fig 5: shows the THD+N versus the power. 
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Fig 6:   Layout of Amplifier Class D with process 0.5um of Texas Instrument. 
 

Parameters measurements unity 
Supply Voltage 3.6 -5.5 V 
Output Power 1.4 V 
Speaker Load 4 or 8 ohm 

Total Harmonic 
Distortion Plus Noise 

THD+N 

0.11 % 

Common Mode Rejection 
Ratio 

CMRR 

69 dB 

Power Supply Rejection 
PSRR 

75 dB 

TABLE I:  SUMMARY OF MEASUREMENT RESULTS 
 

IV. CONCLUSIONS 
We have presented a new class D audio amplifier for low voltage applications with high efficiency 
and minimum system solution size. The amplifier is a great improvement over its class AB 
counterparts where it comes to battery powered application since it dissipates less power in the 
amplifier itself. 
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=?>A@�BDCFEHGJI�KMLON�>QPRCFSUTVGJI�TXWHLZY+>VPRCFS[TVG\I]TFWHLA^�>_N`GbaAc]CQdAI�K
K�eOTFf,a,a,BOahg2Y$BjiVT/klEHGbTVCVB,Y`d_mnGbdOiViFEHGbd,mOLAo[iFpOCXEqklS[iVd�k�a,grY!BDiVT/klE<GjT�CVBA=siVCutqIOEHiVSUiVd�kHtvCFdZw9Y$BbiuT/klE<GbTxCQB

SUC/kyiFEHGbCVBMtHL,zHC�tHGjLZ^
anS[CVd,GDC
W  {q| i/klEqI | a,d,G { z<d2tlk<GJkMI_kyi"a,g2=5CVTFE}anS[a,B~ixT/I2BDCFEvN`fOiVS[GqtlklEq�ZLhzHCutHGbLZ^
a,SUCQd,GDC

� N$aAE<E}i�t<pOa,d,w,GbdAmUC/I,klf,a,EX�VS[anBbCXE�G\I���iViA> kMIOGDC�tHGM>�EHa

��fZi7G�dukyiFEHi�tlk[a,g9�RahEyBbw��[GDw,i�EHiutHiVCFE}TQfZiFE�t�gla,E�w,i��OiVBMa,p,GbdAm&dOi/��w,GbiVBDi�T�klE<GbT7SUC/kyiFEHGbCVBMt�tlI2G�kyCxcOBDi7gla,E
f,G�mOf�pOiFEHgla,E<SUCVd,TVi�CFp,pOBbGDT�C�klGbahd2t
EHiFp,EHi�t}iVd�kHt.C�TXahS[S�ahd�kyCFE<mOi�k+a,g��Ra,E<Bbw2�qt�t}TVG~iVduk<GbglG~T�TxanS[SRI]d,GJkl�]>
z<d�TVahd��lI2dOT/klGjahd��[GJkyf�klf,i�CFcOaA�Oi�GMt�tlI�i�klf,i�p,EHa,p,a2tHiVw�pOCFpOiXE9p,EHiutHiFdukHt�C�tqkMI]w���ahd�C�klf,iFEHS[a2tqkyC/cOBDi
G~S�GDw,i"kM�_pOi�pOa,B\�OS�iXE�>,��f,i�pOahB\�OSUiFEvf,CAt�cOiViVd�t<�,duk<fZiZtHGb�uixwRc,��tHanB�I,k<Gba,d[pOahB\�hTVahdZw,iVd2tHC/kyGba,d)E}iVCVT/klGba,d
C/k�f,G\mOf�kyiFS�pOiFE}C/kMIOEHi�ahg+�OLj���D�<aA�,�ZwhGbpOf�klf,CVBbGDT�CVd,fA�hwAE�G�w,i��RGJklf�CQd�CFE}ahS[C�k<GbT�w,G~CVSUG�dOi�fOCF�OGbd,m�i/klfZiFE
c,EHGDwAmOi�t)c]i�kM�[iViXd�p,fOiVdA�,BDiVdOi�EHGbdAm2t}L"d,CVSUiVB��5�OL\���~�y�F�VLb�,�qp,fZiFdA�OBDiVdOiVwhGjaZ�,�Z HwhGDCVd,G~BDGbdOiA>`z¡k4�[C�t�iVC�tyGbB��
tHa,BJIncOBDi�Gbd�pOanBbCFE
ahE<mOCXd,GbT¢t}anB\�OiVd�kHt.tqI]TVf£C�t`¤U�<S[i/klfA�OBbp,�,E<EHa,BbGDw,ahdZi�CVd,w�¤UL�¤��ywAG�SUi/klfA�OBDglahEHSUCVS[G~wOiVL
C�t��[iVBbB�Cut7Gbd�BbaZ�¥cOanGbB~Gbd,mO�qpOa,Gbd�k£a,E<mOCFd,GbT¦t}anB\�OiVd�kHt�BbG�§Oi¨TFf,BjahEHa,gla,E�SRL�CFdZw©TVCVd¦chiªTxCZtlk�gME}ahS
tHa,BJI,k<Gjahd2tvGbd�kya�klf,GbdZLngqBDiF�OG\c2BDi�gqGDB~S�t�>

«�iutHG~w,i5TVBbCAt�tHGDTuCVB�SUiVC�tqIOE}iQSUiVd�kHt�pOiFEyglahEHS[iVw¦Gbd¬a,EHwAiFE�k¡a¨aZc_kyCFGbd¦Gbd,glahEHS[C�k<Gba,d¬C/cOaAI,k�pZahB\�ZS�iXEF�Mt
TFf,CFE}CVT/kyiFEHG~tlk<GbTAt��M«"E}anCVw�chCFd,w�o[GjiQBDiuT/klE<GjT&ehpOixT/klE<a2tHTxaAph�ZL"o[GbgqgyiFEHiVd�kyGbCVB[eOTVCVd,d,Gbd,m¦N$CVBba,EHG�SUi/klE<�?CFd,w
��fZiFEHS[ahm,E}C/�OG~SUi/klE<GDT9­.d,CVBb�2t®G¡ty ¯�Ri��[iXEHi9Gbd�kyiFE}i�tqkyiVw�Gbd�aZc]tHiFE<�OGbd,m�f,aA�°klf,i�S[C/kyiXE�GjCQB�CVT�kHt¯IOd,w,iXE$CFd
CFp,pnBbGDiVw¨iVBDiVT/klE<GbT�glG~iVBDw¨CVT/kyGba,d,L±klf,C�k®�¡t��4fA�5�[i�glanT�I�tHiVw¨G�d?CFd,CVB��Z�uG�d,m&klfZi�cOiVf,CF�OGbaAIOE�ahgUTFfZCFE<mOi
TVCFE<EHGbi�t��[GJkyf9klf,i"fZiQBbpUa,g��$eAo[N5�<��f,iFEHS[CVBDB���eZkyGbS9I]B~C�kyiVw9o[G~tHTVfOCFEymOi�N!IOEyEHiFd�kHty �>
²�³/´,µR¶,·F¸�¹Xº��»o�eON±L�klf_Gbd)glG~BDS�tHLAklf,iFEHS[CVB�tqkyC/cOGDB~GJkl�ZLnw,GMiVBbiVT�klE�GjT�TVahdOtqkyCFduk

^
iVgliFEHiVd,Tui�t
¼ �X½ | a,B\�,GDS�GDw,iAtH� | a,Bj�hwhGDSUi/klfA�OBMtHG~Bbah�hCVd,i�N$ahpOa,B\�OSUiFE�t�>uY¯�hCQB�I]C/k<Gjahd[a,g2klf,i���f,iFEHSUCVBOCVd,wY!B~ixT/klE<GbTuCVB | EHahpOiXE¡klGbiAt { Y�BbiVd,C±PRCQSUTVG\I]TVLON±a,E<dZiQBbG\I[P[CVSUTVG\I]TVLZ=�CFEHGDC�N±CX�uCVT/I]LO¾9C�c,EHGDiQBDC±¿!GMt®CCFdZw4¿!GDwhGDC�@�§,EHC�t}CVLQÀZÁFÂ�ÃOÄXÅ�ÆAÇ4Æ,È~Á,ÉOÄVÊbÁ,Ë2Ì`Ã,ÅXÍVÎ9Ï,Ì$ÐAÅÒÑ"Ã,Ó,Ô�Î2Õ,Õ`ÈDÊ~ÑFÔ�Ö¯×OÑFÇ4Ê�Ø/ÍjÅ~Ù£Ú,Ú[�qÛOÜ,Ü,ÝA 
�XÜ,Þ,ß,�F�XÜ,Ýnà
¼ ÛO½ {q| a,B\�O�<i�klf,iFEH�<GbS�GDw,iF vCXd,w�pOanB\�Z�<i/klfOiFEH�<GbS�GDw,iF }�qpOahB\�]w,GbS�i�klfA�OB¡tHGDBbah�hCQdZi�TVa,d�kyCVGbd,G�d,mGMtHa,p,EHa,pA�,B~GDw,iVd,i"m,E}aZIOp2t { LnN`a,E<dZiQBbG\I[P[CVSUTVG\I]TVLZY!BDiVd,C±PRCQSRTQG\I]TVLA=5CXE�GDC�N$CF�uCxT/I]LnCVdZw4¿!Gbw,GDC@�§,EHC�tHCxLQÌ$Æ,È Ù2Ç�ÑXÅ�á"Ð,ÈDÈ~ÑuÍbÊ�Ó�â,ã��qÛOÜ,Ünàu vàuÛ2ä_��à_�AÛ
¼ �,½ { e,GbB~GDTVa,d,�<TxahdukyCQGbd,Gbd,m[f,i/kyiXEHanT��,TVBDG~T"pOaOBj�OSUiFE®tvCVd,w9klf,Gbd)glG~BDS�t¯SUCVw,i±klfZiFEHiVgMEHa,S { LnN$a,E<d,iVBbG\IPRCQSRTQG\I]TVLAY$BbiVdZC±P[CVSUTVGjI]TxLn�vCVw,i/I�ty� | CX§AI2BbCxLZ¿!GDwhGDC�@�§,EHC�tHCxLQÀ,ÁXÎ2Õ,Õ$È~ÁVÌ$Æ,È Ù2Ç4ÁhÉOÄVÊbÁ�åuæAç[�qÛOÜ,Ü,ÞA �,Ü,ÞAÛO�<�,Ü,Þnà
¼ �O½�èx>Vé�CFdZw,iFE�t}TQfuI]iFEHiVd,L,ê9¿�ë iQgyg<i/k]klf,iFEHS[aOìVBbiVT/klEHi�k�iÒk�BDi�t�p,fZìVd,anS[íVdOi�t�w,i"EHiVBbCF�OC/kyGba,d[w,CVdntvBDi�t
pOa,Bj�OSUíFE}i�tvî�B~ë ì/kyC�k¯tya,BbG~w,i�ï,LO��f,í�t}i�w,i�w,anT/k¡aAEHC�k�w,i$Bl��ð�d,G\�]iFE®tHGJkyì±ñ��Xß,ÝA��>
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CvL3Cvu/Ø=x
\#L3EYBwC5Ü#A=\#L=JVÜ#\#g�C#LKCvu/Ø=xÒJML§GlC#LNGekju�GeWÕZyul\vLKGlE9X�Ü#C_u�GlW¶\_L=E
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^Kk=gÆxKBDCvulJVÜwE=JMC#gVC5Ü�Zyu/JMÜwBD\�Z]Cvu]JQ\#g�G?C<L êekjx¯JML=AKCvueC<L5Z-\#E9i�\vL5Z]\vØKC9GeW´G[X�Ü#A¯\5G�A=JMØKA¯BDC#Ü#A=\#L=JVÜ9\#g¿C<gV\HG[Z]JMÜ#JrZyx3W
A=JMØNAßC<gVC#Ü Zyu/JVÜ#\#gÄf3ulC#\vIKE=kHæ!L*GyZyulCvLHØHZyA3W�C�\9GlC
k=ä|^=ulkNÜ_C9GpGlJbL=Ø�k=äwgV\vu/ØKC
\_ulC#\9GeW�gMkHæëÜ#k1G[Z½W�\vL3EìGlC#gMäyí
A=C�\<gVJML=Ø&\vfKJVgQJrZyx�Û Ý k3æîC�ijCvulWwXKL=gbJMI�C+ZyA=C#Jcu'JML=k=u/ØK\vL=J�Ü*Ü�k3XKL5Z]Cvu/^K\ u½ZlGeW{ZyA=Cì^KCvu/B|JrZ�Z]JciKJrZ]JQC5G'kjäÒB|k1G[Z
^Kk=gÆxKBDCvupG¶\_ulCÄJMLD\(gQJQBDJrZ]C#E!ulCvØKJMkNL)ul\#LHØKJbL=ØDä�ulkNBðï!Z]kéñ ï�Û�S>ò8C_u/ulkKCvgVC#Ü�Zyu/JMÜ(^KkNgcx3ó[iKJbL=xKgQJVE=C#L=C(ä/gcX�k=uÏJÆE=Cvô
\vL3E&JrZlG'Ü#k=^KkjgcxKBDCvu�Gã\vueC+ZyA=C7B|k1G[ZáJMB{^Kk=u[Z]\vL5ZáEHJQC#gMC�Ü�ZyulJMÜì^KkNgcxKBDCvu�GãE9X�C+Z]k�ZyA3Cì^KkjgM\_uÏJMõ5\ Z/JMk=L
k=u/JcØKJbLK\ ZyJbLzØöä�ulkNB÷×�øðòàfKk=L=E1G�\#L=E+ZyAKC�G/^Kk=L9Z]\vL3C9kHX�G�k=ä�E=Jc^KkNgVC9G�kKäwZyA=C�Üvu/x1GyZ]\<gMgMJMLKC§^NA3\9GpC9Glù Û
ú�ûzürý=þ|ÿ������_û��	��

�����������KûHü�
������	�����������=ÿ��	����������� 
!���pý"
��=û$#%�����&���büÆÿ�'(���/û	������
��/ÿ)���*�¾ÿ��/ÿ!���������$+[û	�(�&�3ÿ
, ÿ.-3ÿvüMû��3þ|ÿ��	�	û*+/
 , -�
����#ÿ , ÿvüMÿ!�����0�1�2
vü3
�� , û4�5���1�!
vü�þ6
.��ÿ��0�1
_ü1�7�Kÿ!�8
��5��ÿ�û*+9�&�3ÿ¯ü&
����=ÿ , �:�KûzüMÿ�þ|û5þDÿ��	�
+;�/û5þ<���3ÿ=�KûHü1
��3���	�����������=ÿ��	�>#@?>AB'�C%D�E5FG������� , ÿ!�.���0���Kÿ , �zýIHJ�rý�
���
K
�� , 
vü&EMLN���3ÿ/���Æÿ�O#û3ÿvüMÿ!�����0�1�P
!�Q����-����Mý¯û*+
�1�KÿR
 þ|û	�%�5�3û����(
vü��¾ÿ��@�S
Q�����*�T�vû8�KûHüÌý=þ|ÿ��wû�+U-5���5ýKü1� , ÿ��KÿV��ý�
��5� , ÿV#�W/?>AB'X
�� , -����<ýNüY

�#ÿ.��
��¾ÿR#&WBZB��'0[�D
ÿ.\*�=ü�

�����^]=�<ý7�&�jÿ��]ÿ_��
!�`�jÿvÿ��(
_���/û	]U�����(���	��ÿ��lÿ!���a���P�&�Kÿ9�_û4�KûzüÌýjþDÿ��0��O	
.�;�Mû	�wû�+b��ý�
��=û|þ|û��3û5þ|ÿ����^]U�����
-�
����bû	���c
8����ý=ü1���
L�-����<ýNü1���aû	�a���ÆýS�]ÿ����&�d�vû5þ|û��3û5þwÿ�����E

e��K�&�3ÿ9+;�0
 þ|ÿ(û*+f
_�/ÿ!��ÿ!
������6
!�bþP�����6
Q� , ÿ�-3ÿvüMû��������K�Kÿ�] , �ÆÿvüVÿ
�.���0���g�=ûHümý=þ|ÿ����d�vû��	��

���5�����h?`i@?>A

.� , ?^i&Fj�k�����0�������3ÿ��	�;�)]B�:�&�l�0�&�]û���� , �m�KûHüMÿ�þ{û5þ|ÿ����%�.LP]	ÿ , ÿ
�n�����:�jÿo���p�&���1�q]	û	�0rs�&�3ÿ , �VÿvüMÿ8�.���0���
�Kÿ.��
�-5�Mû��*�(û*+d�KüMû*�(�_û4�KûzüÌýjþDÿ��0�U���/ÿ.��
��/ÿ , �zýt�Mû , ���jÿ7�;��
Q���.+yÿ��_�KûHüÌý=þ|ÿ��0��O	
.�;�Mû���#%e0u�úG'_��
!��ÿ , û��R�1���lÿ_ÿ
��ý5
��=û!þ|û��3ûHþ|ÿ����8v�-5���5ý=ü1� , ÿ��3ÿ9��ý�
��5� , ÿ
L�

����ý=üMû��������0�MüVÿ9
�� , þîÿ��&��
!����ý=üMû������;�0�MüVÿ_]9���&�K-����zý=ü1� ,*w �jÿ_+[ü1�=û	�0� , ÿ
#&W9x9FG'a

�y�1�=ÿ^+yü��=û	�0����
.�¾ÿ , �_û9þ|û	�=û5þ|ÿ���E

ç�A=Cë\�X=ZyA=k=u�G æ|JQGlA Z]k ZyA=\vLzI ZyA=C ×>z!`)hKç ó½F'k=u/kKÜ#Ü_kjôeí/×{zî`)h ó½ò¹ul\vL=Ü�Cvô¬^=uekjØ=ul\#B
ó/×�k=L9iKC#L5Z/JMk=LR|�ñ8}5~	��ñ_í/×¶A=JQBDJVC(�5�����"~5ôlW¢ZyA3Ch�#@(ØKC#L=Ü5C7�!L=Jci�CvupGlJrZ]\#JcupC»E=C�gM\{ò¹ul\#L=Ü#k=^=A=k=L=JVC4��óy@_�!ò�Ù
�5� �>ñ.��h �5�5� W�� � í���ñ=ñ.� � �"}��Hô�\_L=EU��`9�	ç�@�`!h|d/d/d¿ó%�âñ � � ñ � ôeWjäyk=u1ZyA=C#Jcu¸ä[JMLK\#L=Ü#JV\#g¢GyXK^=^Kkju[ZlG�Û
�B���.�9�b�.�m�{���c�`�:�b���8�a�^���8�!�
 � �¡V �¢¤£S �¥ ���2���^¦ §	¨R©^¦«ª.¬mª�­n®:¯�¦:­�­. ��
°�®m���2®{±h��®�ªk¯�¦��!¬:°6���2�J²2¨2ªk¦:¯3³"´!´5¬�¦m­.�!®:¦« ��!°.�
µ{¶ �.�!·k¸g¹ ¶yº*» ·n¼�¼�½�¾�¿�À2�
¿�À2��Á�Â!Â
Â8�3�:Ã8�5ÄKÅ2����· » �
Æd�m� º �.�«¿.Ç8¸^È!�n�8É@�m�
�{·kÀ
Ê2·k�1�
Æd�:��Ë ¶�Ì ¸d·k¹1¼@¼;· » �
Íd�m�.Î!Ïk³"´!´5¬�Ï!Ð"¨0Ñ	°.�!Ò!Ó
Ó!Ô!�Â!Õ
��Ó8Ô�Ö�Á�Ó�×	��� ¶ ���b�0Ã8· » �.Ø{�QÙf�QÚc�m��Û5�kÀ8��¼;·n�
ÙÜ�m�.ÝG�«¿�¸_� º �.Þ��:�QÛ"¿.Ç!�b¼;���.ß!· » �Qà��ná��â�2Ë
·0ã1��ä
�n·�¼ Ì �4Ë	�â���!·G��·k·0Ç8�b�.Íd��Ä¤�:�0åb�!®�Ï±h�!®�ª�¯�Ï!Ò
Ó!Ó2Ô��
×!��Ò!×2æ
�
ç ���n�*ÝG� »�è Ùé¿ Ì ·0À	�.êd�â�����	��ë�¬�ªk­.®:¯� 
��­n®�¦âì�ª�Ð� !¬ Ñ	í{ª�¯fî ë	³aÐ
ï5³b­�®«ð
��®m �¯�°G��°�ñ
³{¯�®:¦ ¢Q¦:­n¦:�!¬k±hð�°0­k¬�ªk°.�8Ë º É�� º	» ·n¼@¼k½.ÝG·k����¹mÀ8ß Ì �k¸3�Þ µ �!Ò
Ó!Ó
×8�Q�:Ã8� º ·k� » ¹:À8·n�.Ø{�m�.Æb¿ » À�Ã8�mÇ Ì �QØf�:� º ·k¹1��ò^�â�!á@¿!¼;·0ó;�!á��m��ô!­.¦�ª0�2­�ª{Ò�Ó!Ó!Ó8��Ò8Õ.õ2�!Õ
æ�Ö8�ö��b�.�:�f�����`�:�	���8�!�^���2�
�� ! �¡3 �¢`£5 �¥����8�d�^¦ §�¨3©^¦�ªn¬:ªn­k®:¯0¦«­^­. ���°0®«���2®8±h��®«ª�¯�¦��!¬:°b���8�B²
¨!ª.¦m¯�³5´
´�¬:¦«­.��®�¦� .�!°n� µ{¶ �.�!·k¸d¹ ¶
º�» ·n¼@¼k½.¾�¿�À8�
¿�À2��Á�Â!Â
Â÷ ���n�*¾�¿.ø8¹«À8ß
· » � µ �â�	Ë ¶ ¹�·kÀ ¶ ·ùÁ�Â!Õ
æ!�
Ò!Ò
Ó!��Á
Á!Á�Ô
���:Ã8�*�b�.�m�{�����^�8Ë	�m���N�	�.à�· »&» ¿�·k��· ¶ ã » ¹ ¶Gº ¿��mä!¸g· » ¼0��ÄP� »;¶ ·k�8Íb·�Ê!Ê2· » ½.�b·0�êb¿ » Ê4�*ÁkÂ
Â!Ô
�ú*û{ü�ý�þ�ÿ.þ���þ � ý5ü����nþ���þ��	� ��
 ü�ý
��������þ � ý5ü@û��0ÿ	��� ��
 üký2þ���þ���þ������ ������� � �"!�#%$'&��)(�(+*�,.-0/�1�1�/	2 ü354 ü768�:9�þ�;�þ � 6/ü 
 ���<�	� ��þ�=Gþ � 4 ü0ý	þ+�&þ��nþ � 6Kü�>�� ������� � �?!�#A@+B��)(A/C��*�D�E.-�(�,�*�1�2 ü

ha
l-0

02
71

57
9,

 v
er

si
on

 1
 - 

9 
Ap

r 2
00

8
Author manuscript, published in "5th International Conference on Broadband Dielectric Spectroscopy and Its Applications

(BDS2008), Lyon : France (2008)"

-p. 55-



���������	��

������������������
����������! "�	�#�	$��	%&�'���(�)
*���,+-�����)��
���.*/'��%0�1$��	�'243'$�
*���
576'��
*�8.9+-�4�

:,; <=;*>#?(@BAB?DCFEHGJILKNMO; PQ;9<O?RCS@UTS?RCVEWK(XZY�;*>O;�[]\�^_\9A`\9CSa�bcP�@WdfeS\9gih
Ekjil dm^m@n^WY(^_\	?(okp�gi?RqSAB\�r,dQ?No�steS\urO@`vLa�ARp�eRwkdf@`vRdyx{zO|NKSsteS\9g l ?D}S?(AB?RC(TSa�KRx�YVd�df@`a

hQ~�e(\�� l @�C�\�g�df@n^mwO?No���A��(\ l q�YSgi}SKS��AB�(\ l qRYSgi}SKSM#\9gfrOa l w

s�?(gigf\Ldi�(? l �(@ l }�a�Y(^me�?Dg�� CS?(@BAB?DC���@Hv��V;na
vR;�g�Y

��w�r�\�^me(?S��?(o	q(g�?Na��*qDa l ���(@B\�AH\Lv�^mg_@Bv�di�S\
v�^mgf?kdfv�?D�Rw��O\9g�\�?RqR^_a9@ l \���^me(\��(\��S\ l �(\ l v�@`\RdO?No
^me(\�v9?(r'�SAH\9���D@B\�A`\Lv�^mgi@Bv=�S\9gfr�@J^W^i@UCS@n^mw�om?(g��#qS\�^_a,�L\�?RA`@n^_\�a l � l a l ?Sv�?(r'�S?Fdf@J^_\*d��'qD\�^_a�bc� l |-@ l ^me�\
oWgf\��*YF\ l v9w&g�a l }S\��� D¡ E£¢ �� (¤-�4�¥a l �¦^_\9r4�k\9g�a�^WYSgf\§gfa l }S\0b9��¨( &©�ª�«( ( R¬i­Z;�~�e(\7d�aur4�NA`\Rd®?Do
l a l ?Nv�?(r'�S?kdf@n^_\*d=�O\9g�\¯diw l ^me(\Rdf@B�L\��¯q(w°^me(\-�(g�?Nv�\
�uYSgf\]?Do�d�?DAB@`�(b±dm^_a�^_\�@�? l \
�Dv�e(a l }S\²?(o³�#qS\�^_a
�L\�?(AB@n^_\Z´�|S@nµmz�AB¶V·k¸L¹y�O@n^me!v�a��(r³@UYkr"v�e(AB?(gf@`�(\ºom?NABAB?R�!\*��q(wOeRwD�Rgf?(}S\ l d�Y�AB�Ne(@`�(\�^mgf\
a�^mrO\ l ^);

»¼\ e�a9CS\ om?RY l � ^me(\ �(@Boioi\�gf\ l v�\ @ l a
�(@Hdi��\9g�d�\ ?(o½gf\
auA¾a l � @Br³a�}N@ l a9giw �Sa9g�^¿?(o
�(@B\�AH\
v�^mgf@Bv �S\9gfrO@n^W^_@�CS@J^�w ?No �'qD\�^_a�bc� l |
l a l ?Nv�?(r'�S?kdf@n^_\²@ l v�?(r'�Sa9gf@Wdf? l �O@J^me�a¯d�?�YSgfv
\
�L\�?(AB@n^_\R;�zZ�(�(gf?R�S@Br³a1^i@B? l ?Do{�D@`\�A`\�v�^mgf@Bv�di�S\Lv�^mg�YSr
q(w ^me(\ �!a
C�gf@HAB@`auTSb`<³\9}Sa�rO@ oWY l v�^m@B? l d e(aRd
a�ABAB?��!\��Ov�a�A`v�Y�AHa1^i@ l }'^me�\Z�D@Wd�^mg_@�q�Y(^i@�? l ?SoF^m@Br�\RdQ?(o
�(@B\�AH\
v�^mgf@Bv¯gf\�ABa9�Da�^i@�? l �O@n^meÀa¯om\�� rOa9�S@Hr'Y�rÁd�K
�4e(@Hv�e v�?(gigf\*d_�S? l � ^c? a om\�� gf\�ABa9�Da�^i@�? l
^mgfa l df@n^_@B? l d om?(g qS?R^me l a l ?Sv�?(r'�S?Fdf@J^_\*d a l �
df?RYSgfv�\ �L\�?DAB@n^_\R; �!?R�O\�CD\9gfK @ l ^me(\
l a l ?Nv�?(r'�S?kdf@n^_\�@ l ^me(\³^_\9r'��\9gfa�^WYSg�\³gfa l }S\���Â( (b
ÃS«(  ¬ ­Ä�O\"e(a9CS\"?�qVd�\9giCS\��¥a l \1� gf\�AHa9�Da�^i@�? l
^mgfa l df@n^_@B? l ; ~Q\�r'�S\9gfa1^WYSgf\ �(\9�S\ l �(\ l v�\ ?(o
gf\�ABa9�Sa1^i@B? l ^m@Br�\�om?(g�^me(@Hd'^mgfa l df@n^_@B? l @Hd³A`@ l \�a9g³@ l
^me(\ÅzZgigieS\ l @nY�dÆv�?S?Dg��R@ l a�^_\*dÇ�O@n^me a
v�^i@UCDa�^i@�? l
\ l \9gi}(wOÈ,ÃV;J �\�>

~�e(\Á�!?Dg_T��Oa*d4�S\9giom?(gir�\���q(w]a�oi@ l a l v�@`a�AZd�YS�(�S?(g�^�q(w�p�gf?(}(gfa9rÆ?(o	xZzO|]É(�Zgi}Sa l @Hv�a l ��eRw�q(gf@W�
l a l ?Fdm^mg�Y�v�^WYSg�\��'rOa�^_\9gi@�auAWdQom?(g��(e(?R^m? l @Bv*dfÊk;

Ë(ÌBÍ1ÎRÏ1ÐfÑQÒ�Ó
ÒfÔ�Õ�ÒiÔ�ÖfÒy×�Ø�ÙBÚ�ÒVÛWÒfÜ±Ý�Ó�ÜfÛHÙL×�Ø�Õ9ÞUÒfÝUÒfÖiÙBÛWÞUÖ
Ó
Ò±ÛWß�ÞnÙnÙ�Þ�à�ÞnÙJátÜfÙ*Ø�ÛWÒ±â1ã
Ò±Ô
Ö�át×1Ø(ÒfÝUÒ)ÖiÙBÛWÞUÖäØ`ÞUÒfÝUÕ{åiæ9çLè�é�×1Ô
ÙêÚ�ÒäÙBÒfßtÓ
ÒiÛHÜfÙUã�ÛWÒäØ`×1Ûfë±Ø`ÞUÝUÝêÒ±ÕQÕ�×�ÙBÒ)ìDítèVîLÒiÙBÜ1ïfî�ÝUÜfÔ9ð
Õ�×�ÙBÒ)ìDítÔ
Ü±Ô
×1Ö±×1ßtÓ
×�ìcÞJÙBÒäè�îLÒiÙBÜ1ñUòSÔRóha

l-0
02

71
53

6,
 v

er
si

on
 1

 - 
9 

Ap
r 2

00
8

Author manuscript, published in "5th International Conference on Broadband Dielectric Spectroscopy and Its Applications
(BDS2008), Lyon : France (2008)"

-p. 56-



���������	��

���������������	������������� ���!
"�
��
��#�$���"��%�
"&'&(�	���*)+�,%"���.-�/�%��0�21+�#�3�
&4��
"%�������&4%5�+�6�8769;:��")�������:+������/�)�
=<>�����?����
"�
%5�+�!���+&@����
"&

ACBED�F�GHGHIHJ@K�FML NPORQ@S3B�T�GHIUKVNWQ(XYBEZ�J[K4F�GRNRQ4\�B@]_^@Ia`4b[NVbMJ@c�d�BEd�e�fhg iMj[^4Flk

N AmF	nofhghiMj(F[g5p6n�J�gqfhgPfsr_tqtquPS?J�gqf?IvfRnofwQ�]4iMj@GHr�g#g?K4blLPfwFMJ�gPfqLxBzy[Q[Amu?y[{@|�}o~6AmbMLw��gqfwb�cEfwQ@��FML?��bEJ[�
k5D�F�I��4J@IU�EuPS?J�gPfqI�fRn@f5t��4L5d�r_G��4��FMLhtqr_L�ghi�j�n�J[K�F[B���BvQ[�.r@j@F�]�fqL�B[yoQ(A�u?�5�l�@y@~�A.LhF�g c@FMJ@Q4��FML?��b�J[�

��� r[LwLhF�g?`4r@J@c@IHJ[K�b	n@fqj(r_Ll�zc[GHF�G�G�IHJ@K4FML���c[^'IRB fRn�u?c@blL?�$gPfwb�c�f�B�c@F

S?J�L F�i�FMJzf��(FzbML#g Q�fqj@F$bM`@`4GHI�i�b	fwIHr_J4g�r@t�i0bMLP�4r@J�J4b�J@r�fRno�4F[g�� �"� \�� uP`@r@G��4�8FlL�i�r_�.`4r�ghIvfwFzg6j@b�g�K@Lhr( .J
LhbM`4IHc@GU��B[T�Gvfwj@r[n4K@j@Q@tPIHL#gqf �"� \¡uq`4r_G��@��FML¢i0r'��`4r�ghIvfwF�g¢bML F6i�r_�m��FMLhi�I�b�G�GH�mbM£�b�IHG�bM�4G�F6b6�8b?¤hr@L"LhF�gqfqLhbMIHJ�f
IHJ���bMLw^4F	f=b�i�i�Fl`[fwbMJ@i�F
I�g¥fqj@F¦ �I�c@F§£_bMLhI�b3fqIHr_J�g¨IHJ©F�GHF�i3fqL2Iªi�b�G8i0r_J(c�n�i	f?I�£4Ivfq�©bzg¨t�n�J4i	fqIªr_J«r't8fqj@F
`@Lhr4i�F�g�ghIUJoK�i�r_J(c_I�f?IHr@J�g3B
S?J¬r_Lhc@FlL�fqr
gsfRn�c��¨fqj(F­IHJ@t?G�n�F�J@i0F�r't�F	®ofqLPnVghIHr@J�i�r@J@c@IvfwIHr'J'g�r_J¬F�G�F0i	fqL?IHizb�G¯`@Lhr@`4FMLRfqIHF[gmFM®@`4FMLhIH��F�J�fhg
j@bM£_FC�_F�F�J�`4FMLhtqr_Lh�mF0c°IHJ¨b�ghGHIvf�c_I�F$tPG�b�J[K4F0c=fsr�fqj@F8r[n[fqGªF	f+r@t�b>fR .IHJ±ghilLhF	 ²F3®[fqLPn�c@FML��q³¢´�µ@¶V·M¸¨¹��3B
\"j@F6�mFzb�gPn4LhF���F�J�f¢ghGHIvfºc_IªF6i�r_Jzfwb�IUJ4g5fR �r>FlGHFzi	fqL?r4c@F�g"IHJ�`4G�b	fwF�uP`@Gªb	fwF�K4F�r@�mF	fqL?�$»��l¼#B�T � i�r@J@c�n�i	fqI�£4Ivfw�
bMJ(c°fqj@F�LhF�G�b	fwF�c�i0r_��`4G�FM®�`4FMLh�mIvfRfwIª£4I�fP�½ mFML F­��F�bzgPn�LhF�c�IUJ¨fqj@F�tRLhF�¾�n�F�J(i0�¬Lhb�J[K4F��4F3fR mF�FlJ±|4�°fwr
�l�[¿[�.��tqr_L�c[IHt?twFMLhF�J�f�F	®[fqLPnVgwIHr@J$i�r@J@c@IvfwIHr_J�g��?�mF�Gvf�fwFE�m`4FML b	fRn4LhFlQ�ghiML F	 Àg?`4F�F0c@Q_fqj[Lwr(n4K@jo`[n@f¢F#fwi[B��¯blJ@c
b�t�fwFML�gPfsr_`@`@IHJoK­fqj(F$F	®[fqLqn�c@FML��P³¢´�µ@¶V·l¸�Á@�3BV\"j@F$IHJ[£4F[g?fqI�K4b	fwIHr@J'g�j@bM£4F8�4F0FEJ=`4FMLhtqr_Lh�mF�c¨c�n4LhIHJ@K±�mF�Gvf
`@Lhr4i�F�g�ghIUJoK¥r_t"`4r@G��4izbMLP�_r_J4b3fwF��sd � �¯bMJ(c8`4r_G��_bE��I�c@u?y$�sd�T�y[��i�r@J�fwbMIHJ@IHJ@K¥��B�Â�Ã¥|> 6fqÄÅbMJ@c$��B�Æ$uP|�B�Æ
 �fqÄ r@t±��n�GvfwI$ mb�G�G�F�cÀi�blL �_r_JÇJ4bEJ(r�fRn@�4F�g¦�sX�È � \��hQ8L F�g?`4F�i3fqIª£_F�GU�(Q�tqr@LÉc_IHtqt?FML FEJzf½`@L?r4i�F�g�ghIUJ@K
fwFM��`4FlLhb	fRn4LhF�gxB

120 150 180 210 240 270 300 330 360 390 420

10-13
10

-12
10-11
10-10
10-9
10

-8
10

-7
10-6
10

-5
10

-4
10

-3
10

-2
10

-1

S
to

p

S
to

p

n=
17

5 
rp

m

n=
17

5 
rp

m

σ'

S
to

p
n=

17
5 

rp
m T

=
25

0 
°C

T
=

24
0 

°C

T
=

23
0 

°C

 

Time [min]

[S
/c

m
]

Polycarbonate, 0.875 wt% MWCNT 

³¢´�µ@¶V·�¸�¹@Ê'X¦F�b�gqn4LhF��mF�J�f¢ghGHIvfºc_I�F ³¢´�µ@¶V·�¸ËÁVÊ � r_J(c�n�i	fqI�£4Ivfq�Ìc�n4LhIHJ[KÌFM®[fqLPnVghIªr_JÍbEJ(cÎb�t�fwFML
gPfsr_`@`@IHJoK8r4t�fqj(F6F	®[fqLqn�c@FML"tqr_L¢b�d � u �"� \±ilr_��`4r�ghIvfwF6�q��B�}oÆ'Â
 �fqÄÏX±È � \��

SPf� mbzg8tqr[n4J@c§tqr@L$blGUG�g b��>`4G�F�gmfqj@b	f�c�n(L?IHJ[K;FM®ofqLPnVg?I�r@J±fqj@F±i0r_J(c�n�i	fqI�£4Ivf?IªF(gm �FMLhF°IHJ�fqj@F½r_Lhc@F3L�r_t
��bMK4J@IvfRn�c@F�r't�fqj@F���b	fqL?I�®;`4r'G��4��FML3B�T�t�fwFlL8fqj@F�FM®[fqLPn�c@FlL8 mb�g=gPfqr@`@`4F�c;�P�mr4c@F�G�FM®@`4FMLhI���F�J�fCtqr_L
IHJM¤�F�i3f?IHr@JÐ��r'GHc@IUJ@K@�$fqj@FÉilr_J(c�n�i	fqI�£4IvfP�«ghj@r[ 8g=b±fRLhF3��FEJ(c@r(nVg=IHJ@iMLhF0b�ghF± mIvfwj
fqIU��FÉ�?i�r@J@c�n�i	fqI�£4Ivfw�
LhF�i0r(£_FML?�¨b�t�fwFML�ghj(F�bMLhIHJ[K@�3B�\�j@IRg6`@L r'i�Fzg#g� �b[g���r_LhF8`@L r_J(r(n4J(i�F�c�tqr_L�g b��>`4G�F�g� mI�f?j �"� \Ði�r@J�fwFlJ�f
i�GHr�ghF�fsrCfqj(F>`4FML i�r_Gªb	fqIHr@J�fqjoLhF�ghj@r4GHc�BV\�j(F>tqIHJ4c_IHJ@K¨i�b�J$�4F�F0®(`'G�b�IHJ4F�c��@�¥fqj@FmLhF�r@L?K4bMJ@I��zb3f?IHr@J=r_t¡fqj(F

ha
l-0

02
71

50
4,

 v
er

si
on

 1
 - 

9 
Ap

r 2
00

8
Author manuscript, published in "5th International Conference on Broadband Dielectric Spectroscopy and Its Applications

(BDS2008), Lyon : France (2008)"

-p. 57-



i�r@J@c�n�i	fqIHJoK°J(F	fR �r_L?^4uqGUIa^�F8tqI�G�G�FlL�gPfqLqn�i	fRn@LhF� �j@I�i�j$ mb[g��?b	f�GHF0b(gqf�`4bMLRfqIHb�G�GH�@�6c@FzgPfqLhr[�(F�c�n�J@c@FML�ghj4F�bML3B
\"j@F�LhFltqr_Lh�mb	fwIHr@J±^4IHJ@F	fwIHi�g�r_t�tPI�GHG�FlLmi�Gvn5gqfwFML#g.I�gmc�n�F�fsr�b�ilr@r@`4FMLhb#fqIª£_F�bMK@K@LhFlK4b	fqIHr@J
»�|4¼?Q" �j@I�i�j±IRg
LhF�GHb	fwF0c�fqr�fqj@F�^@IHJ4F	fqIªi(g�r_t�i�G�nVgPfwFMLhuwiEG�nVgPfwFML¢bMK@K@L FMK4bxfqIªr_JmIHJmb�`4FMLhi0r_G�b	fqIHJ[K$g?��gPfwF��$B

»#�l¼ dºe�fhghilj[^4F�d�B�Q�A�n�c[^@IHJ$]VB X;B�Q@T�GHIHKmS3B������ ���
	���{@{��P|4�@��
[�¯Âo�[|�

»�|4¼ T�G�IHK±SxBvQ�]@^@I�`4b¥\�B�Q5D�FMGHG�IHJ@K4FML6A$B�Q5Z¯JoK4FEG"X;B�Q�d�e�fhghiMjo^4F�Q�d¢B�������������������������� ��|@{@{½�P|4�@�@Æ[�

{@|@|�

»!
@¼ T�G�IHKmS3B�Q(D�FlGUG�IHJ@K4FML5A$B�Q[A�n�c[^@IHJ$]VB�Q�d�e�fhg iMj[^4F�d�B������ ���
	���{�}.�P|4�@�@Æ[�6�l�[|(�
»�{4¼ T�G�IHKmS3B�Q(D�FlGUG�IHJ@K4FML5A$B�Q�Z�J[K4F�G[X;B�QV]@^'I�`4b6\�B�Q�d�e�fhghilj[^4F�Q[d�B[gPn@�4�8I�fRfwF�c�fqr������ ���"	#�

ha
l-0

02
71

50
4,

 v
er

si
on

 1
 - 

9 
Ap

r 2
00

8

-p. 58-



���������
	��
��������	�������	����
������������� �"!$#&%'�"!�()�*�,+.-"�/���0�1���

243
 5&617 8:9�;<5&=?>A@CB D06 E0=GF�HJILK 3CM @
E0=?F$HJI:N 3 OP3CQSR =GTVUWILX 3ZY[3 X�@$\ U

H Q 8^] R$_�` 6aTVDL6LE0=?b�cdBaTfed=geh8 e R I X R$i @ _ eJj R B
e�61k�lnm R jo=<TJe _ \1I ` = p R B1=Ab$D0@.b 31qsr ILt�@$7 _WR
u I
l _ 60@/eJ=?@

Ufv4B1=wE R$_ T�=gef\�6xka5&=hT�T�6 8 _ =?; Q 6x>?>A@CI 5&@
e R�_ =A@Z>hT QSR T R @ _ bCm4l R B
e R$_ I Q 61>?>G@yIL5{z}| qsr0~�� I voN 2

2�` N O�QS2 l O

K�=geJm1=w8aj��
=?B0b i m16aT i m0@�e R 7x>�@
T�T R T�61k�eJm R bC60j i 6�T�=�eV=?61B��1K�=w��z�;V� r0~ ;<�L�Wt�B1z�;V| ~�M ��z��
� ~ � � �:r0~ ��I�j46x>w� � R�_�R�i1_�R$i @ _WR ] u \�j R >ged=?B 7�@ZBL]}@CB1@C>?\1� R ] u \�]�=?kVk R$_�R B
e4eJm R$_ j4@C>
@$BL@Z>?\aT�=hTP�hX O�2 �WI Q @Zjo@CBo@CB1]�c�j i^R ]1@CB1b R T i0R b
e _ 6aT�b�6 i \�=?B4eJm R k _�RC� 8 R B1b$\ _ @CB 7 R k _ 6xj~a3�~��P� ��eJ6 r 5 � ��@$B1]�e R j i0R�_ @
eh8 _�R�_ @$B 7 R k _ 61j"� ~ ��eJ6 r0� �.� 3

O m R TV\^Tfe R j4@
ed=?b�bZmL@CB 7 R =?B�eVm R E�@ _ = R ef\{6xk i1_ 6 i0R$_ eJ= R T�I.Tf8^bCm�@
T�70>A@
T/T4e _ @$B0T�=ged=?6xB
e R j i0R�_ @
eh8 _�R I O�� I.@$B1]�] R BaT�=gef\�@
e4  ~ j460>w� K�=w��z¡=fT R � i >A@C=?B R ] u \¢bCmL@ZB*7 R T£=?B¤eJm R
B1@�eh8 _�R 61kPeJm R 6 �1\ 7 R B u 61B1]aT�=?B�7x>A@
T�TSB R eh��6 _ D 3�O m R�Q @Cj4@CB�T iaR b
e _ @ i1_�R ]*6�j4=?B0@CB
ed>w\
TVmL6L�¥eJm R j R ed@ i mL6�T i m1@
e R Tfe _ 8^b
eh8 _�R �4=�eJm u @ _�R >¦\§] R e R b
ed@ u > R'i \ _ 6 i m16aT i mL@
e R 8aB1=�e�T�kJ6 _
@C>?>¨70>A@
T�T R T�=¦B�eJm R T R�_ = R T 3 � 6 � R E R$_ I _�R�i >?@ybZ=?B17�t�B0z���=geJm�K�=?��z©=?B�eJm R T R 70>G@sT�T R T�> R @C]aT
eJ6ªeJm R by6xj i 6aT�=geV=�6�BL@Z>&] R�i0R BL] R Bse«b$m1@CB*7 R T 3¬O m1=hT"] R�i0R BL] R B1b R =hT R � i >A@C=¦B R ] u \
]1=¦kJk R$_�R B
e�TJe _ 8^b­eh8 _ @$>:b _ 6aT/TW;V>¦=?B1D0=?B17®6xk i mL6�T i m1@
e R b$m0@C=¦BaT¯�4=gedm£=?B0b _�R @ T�=?B17�KP=?��z�Ix�'m1=AbCm
=hT¯bC6 _V_�R >A@
e R ]°�°=geJm�eJm R 80B
8�Tf8^@C> O�� j�=?B1=Gj'8^j±@
e�  ~ jo6�>²�³KP=w�Wz 3

O m R�R > R b
e _ =?bC@C>[bC61B1]
8^b
ed=wE0=geJ\&@ T4@�kG8^B0b
eJ=?61B�6xk.KP=²��z´bC61B1b R Bse _ @­eJ=�6�B�j R @ Tf8 _WR ]�@
e
>?6 � R�_ e R j i0R$_ @
eh8 _�R Tµ�f 0¶x·�@$B1]«�1�1�¸��� i @ T/T R T¹eJm06 8071m
e¹@{j4=?B0=Gj'8ajº@
e£  ~ j460>w�
�°m R$_�R @LT�>G=?B R @ _ >?\»=?B0b _WR @ T R T¼@
e¥m1=¦70m R�_ e R j i0R�_ @
eh8 _�R T 3�O m1=hT½TJ80717 R Tfe�T±eJmL@
e©eJm R
bC61B1]
8^b
eJ=wE0=geJ\ R B1mL@CB1b R j R B
e[=GTS]�= _�R b�eV>w\ _�R >A@
e R ]¹e<6¹eJm R eJm R$_ j�@C>?>¦\¾TfeJ=?j'8a>A@
e R ]�j46 u =G>A=geJ\
61knK�=¦¿o=?61BaT'=?B�eJm R m1=?70m§e R j i0R$_ @
eh8 _WR¹_�R 71=?6�B 3�O m R 6 u T R$_ E R ]�j�=?Bx=Aj'8aj´=?B R > R b�e _ =�bC@C>
bC61B1]
8^b
eJ=wE0=geJ\�@
e°  ~ j46x>²�ºK�=?��z´=hT _�R >G@�e R ]¾e<6¾eJm R TJe _ 8^b­eh8 _ @$> _�R 6 _ 70@$B1=?�s@
ed=?61B&6�k.eJm R
70>?@ T/T�B R eh��6 _ D 3À =gedm¡=?B0b _�R @
T�=?B17´K�=¦�Wz bC61B
e R Bse¢8 i eJ6 r0~ j46x>?� eJm R E0@C>w8 R T"6�k R > R b
e _ =AbC@C>
bC61B1]
8^b
eJ=wE0=geJ\ =?B0b _WR @
T R TÁkJ6 _ kf=wE R 6 _ ] R$_ TÂ61kªjo@$71B1=geh8^] R =?B0]1=Gby@
eV=?B*7 eJm R =?6�B1=Ab
bC61B1]
8^b
eJ=wE0=geJ\ 3

l�6 _d_�R T i 6�BL]�=?B*7�@�81eJm16 _�Ã
243 5&617 8:T�;<5&=?>A@CB D06 E0=GbyI Q 8^] R$_�` 6�TdD06LEL=Gb�cdBaTfeJ=geh81e R I ` = p R B1=Ab$D0@
b 31qsr I ��~1~1~1~ t�@$7 _�R
u Ixl _ 6x@/eJ=?@CI Y ;Jj�@C=?> Ã j46�7 8:T�Ä�= _Vu:3 m _

ha
l-0

02
71

50
1,

 v
er

si
on

 1
 - 

9 
Ap

r 2
00

8
Author manuscript, published in "5th International Conference on Broadband Dielectric Spectroscopy and Its Applications

(BDS2008), Lyon : France (2008)"

-p. 59-



���������	��
��
����������������
������������ �"! #����$��%&
����

')(+*-,/.0,�10243656,75�8:9<;>=�(@?�5BAC.&A$5D8<;FEG(IH73J,�KML6,ON0,�5QP6;0=�(R'�.0,�5S3J,�562T,/UMV75QP6;FWX(Y?	LQ2Z,/.�3J2[5JP6;&\]( ^�V_,�`Fa0bQ;Fcd( c�2[5�562<5Qe

8
?dV/f�gF.&A>hZAM`>2if/,/hC\�U�ajf/,�3:2ZAM.M,/h0E6.>5S3J243<aM3JVkAMl$m�,/no2[,_;&WpV�10,�LS3:npV+.73�AMl$\�hZV/f�3:L6AM.M2Zf�5B;>q�rtsuN0nwvxhTU
^o,�3:2ZAM.M,/hMy�A0,/Uxm�,/n)2[,_zB'�3:g&V/.{56;0q>|
}O~M~-m�,/n)2T,/;0��L6V_V/f/V

Pd?dV/f�g@.MA>hZAM`02Zf/,/hC\�U�ajf/,�3:2iAC.&,+h0E6.>5:3Q243<aM3JVkAMl
'�3:g0V+.056;FW)VO10,�LS3:n)V/.�3�ACl{\khZV_f�3:L6AM.M2Zf�56;F��,�3JV�L62Z,/h�5
y]V�56V/,OL6f/gxm�,��0;>'�3:g&V+.05�}��M�	}O~M;0��L6V_V/f/V

bSWpV�10,�LS3:npV+.73�AMl$c�gF�j562[fF5B;>?dV/f�gM.M2Tf/,/hM�).M2�KjV�L�56243:�)A0l�EB,�562Z;F��zJU�a{hFWp;&��,�.F`jV�L6AM.)�M�M;FE6,75620�M~M~M~>|@~M;
y]ACnp,+.M2T,

e
^o,D3:2iAC.&,+hj?dV/f/gM.M2[f_,+hF�p.M2iKjVOL�562Y3S�pA>l
'�3:gMV/.{56;Fc�gF�{562Tf�5	WpV�10,�LS3:n)V/.73J;���AC`ML6,Ol:A&a�=k,�n"1Fa�56;	}/|@�>�@~
��AM`ML6,�l:AFaj;M'�3:gMV�.{5B;>��L6V/V/f_VF(

� =kAFLQL6V�5J10AC.&UC2Z.F`o,�aM3:g&ACL��+N0,�.&,�10243656,�5G��3JV/2ZhT,/n�(R`ML

� ,�L62[5:3JACLo��KC,�L62Z,��0h[V�L6V�562<5S3JAML:�Xf/V�LB,�n)2[fF5ogM,�KjV��CV/f/A>noV�3JV/f�gF.&A>hZAM`>2if/,/hI��2Zn)10ACL:3J,�.�3"�CV/f/,�a
5BV�A>l
3:g&V/2�L	gM2Z`>gMhZ��.&AC.MhT2Z.0V/,�LdV/hTV/f�3:LQ2Zf7,/h0f/gM,�LB,�f�3JV�LQ2<5S3:2Tf�5dV/.&,_�0hT2Z.M`p3:g&V/n�3JAp�0V�a
5BV/U),�5	L6V�K0V�L�562��jhTVp5BAChZ2<U
5:3J,D3JVx5:�)243Jf�g&V�5u�)2Y3Qg)hZ,�LJ`0V/zQV/.MV�LJ`C�&zQg0,/.MUMhI2Z.M`of/,�10,��02Th[243J2TV&5D(
��2Z.0fxAF 02ZU0V/z��C,&5BV/U�f_V�L6,/n�2Tf¡f/A>n"10A{56243J2ZAC.{5�,�LBVx,/n)A>.M`)3:gMVxnpA$5:3u�-2ZUMV/hI�X2Z.FKjVF5S3J2�`0,�3JV_UpK0,OL¢2<5:3JAFL�56;
3:g&V�,�1M10hZ2Tf/,�3J2ZAC.05£AMl��)2Y3Jf+g¤2I.0f/h�ajUMV¥KCA>h43J,�`0V�5S3J,��02Th[2Z¦7,�3J2ZAM.§3:LB,�.>562TV/.�3£5:a0LQ`0V§5:a01M1ML6V�5G562ZAC.¤2[.
V/hZV_f�3:L6AM.M2Zf�f/2�L6f�aj243G5d,�.MU)V/hTV/f�3:L6AM.M2Zf�10AF�)VOL�5S�{5:3JV/n�5�(
�¨L6A0,/U��C,�.MU�UC2TV/hTV/f�3:LQ2Tf£L6V/hZ,� 0,�3J2ZAM.§5J10V/f�3:L6A{56fOAM1F��2Z.��)2ZUMV l<L6V_©�ajV+.&f����O}O~FªZ8p«¬}O~F­¯®-¦/� ,�.MU
3JVOn"10V�L6,�3<a0LBV°L6,�.@`0V±�Qz�}/|@~²a01�3:A³}/|7~F´6=��6;�3:gMV�L6n),/hThI�µ5:3Q2Zn"ajh[,�3JV/U¶UMV�10AMhZ,�L62�¦@,�3:2ZAM.¶f�a0LJL6V/.�365
�J?�HFWp=�;
z�}/|@~�a01�3:A·�0~M~F´6=��Q;�V�hZV/f�3:L62Zf_,+h¸f�a0LQL6V/.73¹«·K0AFh43J,O`0Vº� � «�EJ��n)V/,75Sa0L6V/noV/.�3656;u2T56AF3:gMV�L6n),7h
UMVO10AChZ,OL¢2Z¦7,�3Q2ZAM.»f�a0LQL6V�.73kn)V7,�5:a0L6V/n�V/.73656;¹56f_,�.M.M2Z.M`�V/h<V/f�3:LJAM.�n)2Tf�L6A{56f/AM1M�»,�.MU¯3:g&V�L6n),/hd,/.M,/hI�j562S5
3JV_f�gF.M2T©�ajVF5�a
56V/Uw2I.�3:gM2<5��)AMLQN±2Z.wAML6UMV�L�3�A²5<3<ajU���3:gMV�UM2ZV/h[V_f�3:L62Zf/;�V/hTV/f�3:LJ2Zf7,+h�,/.MU�3:gMV�L6n),7h
1MLBAC10V�L�3:2iV&5¼,+.&Uºn)AMLQ1Mg&AChZAM`M�)lQV_,�3<a0L6V�5dAMlu2Z.&U�a
5S3:L62Z,/h[hZ�)1ML6A0U�ajfD3JV/U��d.Mv½K0,OL¢2<5:3JAFL�5�(

ha
l-0

02
71

49
6,

 v
er

si
on

 1
 - 

9 
Ap

r 2
00

8
Author manuscript, published in "5th International Conference on Broadband Dielectric Spectroscopy and Its Applications

(BDS2008), Lyon : France (2008)"

-p. 60-



� �������	��

����������������������������� �!�#"%$
&����'�(
�������)*�'�#+,�(��-/. �
�,�0�
��$1�������'2
�
��$
�������3��&
"4+5���6�7�98*�:��-<;=�	���>"4$�?/�����

@BA�C4DFEHGIA5JLKMA5NPOPC%Q,R�STN%UTA(VXW
GFDFY�A�Z\[�C][^N_Q,[�`aN_U�A(Vb@BA�C4DFA�c	deOPUeEb`fN_U�A

g�hbi YeDjA�@kA�C4DlO%Djmn[�o�YeDqpT[�CrN4DsO i V^tuEeGFA(Y h V�vxwMy{zez�| g�h5i YeD}A~V:v���@BEeCrN_U�A��5OLC��

�,� EXC%C][5N%�^EXY h DFYb�nA�deOP�^EXC	�(m\A�C4DFE�G}A,��A(m���� h^i YeD}A�����G

���e[�[��e��GFEeC4A�OPDFEeYBEH�1OP�e[!�H�^AbN4[�SX[(�eA�p�DFEbd�CfEe�
��A�C{O_G i NPd�Gj�PEHYeA�O_[ h ��EeG i NPO i C4[(Ye[9�(EeY5O_A(DFYeD�Ye�
��EeG i d�C4[�OP�^A�Y^[=�eC4A(�}O4N�`\A,N!OP�e[�EbSM�4[(��O�Ee��OP�eD}NBN{OLd h5i �a�HDFmnD}GjA�C4G i O_E�E5OP�e[�C9m�dTGlO%Dj�(E�m���EXY^[(Y5O
��EeG i mn[�C4Dj��N i NPO_[�maN]V�OP�e[��eC4Ee��[�C�OPDF[bN9Ee��OP�^[���EHG i d�C4[�OP�^A�Ye[��eC4A(�}O4N h [���[(Y h NPOPC4EXY��HG i EeY�OP�e[
mfDLN]��DqSTD}GjDlO i EH�>�(EXm���EXY�[(Y5O4N7�HW0`�D h [(G i A(�(�,[��bO_[ h ��C%DsO_[�C4DFEXY�Ee��m\DLN��(DIS�DjG}DlO i DFY���E�G i mn[�C1N i N{O_[(mfN
DLN�OP�e[�[���DLN{O_[MY��([�EX��A�N4D�Y��HGj[!��GFA5N�N�OPC4A�Y�N4DlO_DFEXYBA�O�A�Y DFY,O_[�C4m\[ h D}A�O_[�O_[�m���[�C]A�OLd�C4[�S�[�OL`�[([�Y�OP�^[
��GFAbNrN�OPC]A�YHN4DlO_DFEeY�N\Ee��OP�e[!�MEem���EXY�[(Y,O4N6O i ��Dj�(A(G}G i mn[bA5NPd�C4[ h S i¡h^i Y�A(mfDj�!mf[~���^A(YeD}�~A�G�OP�^[�C4m\A(G
A�Y^A�G i N�DLN\¢rwM£r�x¤%�	A�N%��[(��OPC%E�N4�(Ee�eDF�¥O_[(�M�eYeDF¦5dx[aD}N
[(m\��GLE i [ h O_E!DFYbp�[bNPO%Dq��A�O_[fm\EHGF[(��d�GjA�C
m\EXS�DFG}DsO i V
N{dT�(�§A h DI[�Gj[(��OPC%Dj��C4[(GFA���A�O_DFEeY�N_��[(��OPC4E�N4�MEX� i VHOP�eD}N���C4DlO_[(C¨DIEXY§�(EXCPC4[5N_��EXY h N©O�Efm\[(AbN{d�C4DFYb�fOL`�EfGFE�NrN
��[(A�U�N h dT[6OPE¥OP�^[¥N4[M�Hm\[(Y,O_A�G:ª%«X¬>C4[�GFA��TA�OPDFEeYaE���OP�e[��(Eem���EeYe[(Y5O4N�ª hbi YeA(mnD}�
�HGFAbN�N©OPC4A�Y�N4DlO_DFEHYb¬#DFY
D}mnmfDLN4�(DqSTG}[��^[�O_[�C4Ee�e�eA,N4[kN i N{O_[(maNaA(Y h N4DFYe��Gj[�GFE:N�N§��[(A�U­DFY�mfDLN��(DqS�G}[ N i N{O_[(m®¢jz�y{¯�£r��¤LO�`\A,N
DFY5O_[�C][5N{O_DFYb��OPEn��Eem���A�C4[�OP�^[ h DI[�Gj[(��OPC¨DI��C4[5N{dTGlO4N�`�DlOP� hbi Y�A(mfDj�1mf[~���^A(YeD}�~A�G��eC4Ee��[�CLOPDF[bN��
���e[°N i Y5OP�e[bN4DLN/`�A5N±A(�~�(EHm���GFD�N4��[ h S i N{O_[��b`\DjN�[²�eC4AM�}OPD�Y�� EXY,OPE ��A�CLOPG i N{dTG��PE�Y�A�O_[ h

��EeG i N{O i C4[(Ye[\EH�'³fy%m\[�OP� i G h Dj[�OP�eA(YeE�GFEHA(m\DFY�[¥�PEHGFGFEb`�[ h S i �(�eA(DFYa�eC4Eb`�OP��EeY¥OP�^[�� iXh C4Eb� i G©N4DlO_[bN
Ee�1Af`\D h [aC4A�Yb��[�Ee��OP�e[a��EeG i d�C4[�OP�^A�Y^[�NPOPC{dT��OLd^C4[5Nn¢rw�£��´@¡EXGF[~��d�GjA�C
C4[(GFA���A�O%DFEeY�N�DFY�C4[(GFA�O_DFEeY�N1OPE
mfDj��C]EX�e�^A5N4[!N�[���A�C4A�OPDFEXY9DFYµ��E�G i d�C4[�OP�^A�Y^[��eC]A��}O4N1`�[�C4[����eAMC4A(��O_[�C4DqQ�[ h S i¡h D}[(Gj[(��OPC4DF�aC4[(GFA���A�O%DFEeY
N%��[~��OPC%E�N4�~EX� i dxN4D�Ye�3A h Dj[(Gj[(��OPC%Dj��A(YeA(G i N4[�C�Z
¶�W±z�·�¸e¹k�LC4E�mº��W±¤¨Y�N{OPC{dTm\[(Y5O4Nn�~E^d��eGF[ h O_EBA
z�wM¹e¹²OP�^[�C4m\A(G A(YeA(G i N4[MC±A�Y h S i hbi Y�A(mfDj�»mn[(�(�eA(YeDj�(A(G A(YeA(G i N4DLN/d'N4D�Y��®OP�e[¼tuEXG i mn[�C
½>A�S�EeC4ArOPEeC%DF[bN hbi Y^A�mnDj��m�[(�(��A�YeDj�(A(G©OP�^[�C4mnA�G�A�Y^A(G i N�[MC������e[ h5i Y�A�m\Dj�!mn[(�(�eA(YeDj�(A(G��eC4Ee��[�C{OPDF[bN
A�Y h OP�^[ h Dj[(Gj[(��OPC4DF���eC4Ee��[�CLOPDF[bN�OP�e[MC4[(Ee��AMC4[ h DLN]��d�N�N4[ h D}Y�O_[MC%maN¾EX�'mfDj��C4Ee�e�eAbN][�N4[���A�C]A�O%DIEXYT�5¤4��OP�e[
�eC4A��}O4N¿�~EXY�N4D�NPO­Ee�3EXYeG i ��A�C h N4[���mn[�Y,O4N4V�OP�e[(Y±AÀN4D�Y��HGj[ ��G}AbN�N4y�OPC4AMYHN4DlO_DFEHY/O_[�m���[�C4A�OLd�C4[ÁD}N
EbS�N4[MC{p�[ h �HÂ´EXC�OP�e[\�eC4A��}O4N#`\DlOP��N4�eEeC�OÃN%Ee�}O1N][��Hm�[�Y,O4N1EeYe[\�HGIA5N�N4y�OPC]A�YHN4DlO_DFEeY�O_[Mm���[MC4A�OLd�C4[\D}N1A(GLN4E
EbS�N4[MC{p�[ h �e¤4�PV�EeY¥OP�^[�E5OP�^[�C��eA(Y h V:GIEXY���[�C�N4E��}O#N4[��emn[(Y5O4N�A�C4[�DFYe�(Gqd h [ h DFY¥OP�e[
�eC4A(�}O4N4VXOP�^[�Y¥OP�^[5N4[
�e�eAbN][(y¨N4[M��A�C4A�O_[!AMY h�i D}[(G h A!Ye[�`Ä��G}A,N�N4y�OPC4AMYHN4DlO_DFEeYµO_[(m���[�C4A�OLd�C4[�¢rwM£4��Å�E^`�[�p�[MC�OP�e[ h DF[(Gj[(��OPC4DF�
S�[(�^A~p�DIE^d�CrN�EX��OP�^[��eC4A(�}O4N©`�DlOP�aGFEeYb��A(Y h [~pX[(Y�N4�eEeCLO©N]EX�}O#N][���m\[(Y5O4N�N_�eEb`*OP�^[��eC4[5N][�Ye�~[�EX��OL`�E
OP�e[��eGFAbNrN�O_[Mm���[�C4A�OLd�C][5N\A�Y h �(EeYb�PD�C4mÆOP�^[(DqC��e[�O_[�C4Ee�e[�Y^[�DsO i �Ç¤LO�`�A5NnN%�eEb`�Y�OP�^A�O#OP�e[ h Dj[(Gj[(��OPC%Dj�
�eC4Ee��[�CLOPDF[bN
�(AMY�S�[aAam\EeC4[�N][�Y�N4DqS�G}[a�MC¨DsO_[�C4DFEXY�EX�	A�Y�[���D�NPO_[(Ye�([aEe�1N4[���A�C]A�OPDFEeYµDFY!��EeG i d�C4[�OP�eA(Ye[
�eC4A��}O4N'OP�eA�Y�OP�^[ h^i Y�A(m¥Dj�1mn[(�(��A�YeDj�(A(GxN{OLd h Dj[5N7�
cÃ[(�P[�C4[(Ye�,[5N
¢rwM£�c#dbOPU^E^`nN%U�A¥@È��V�K�A5NPOLC%Q,R�S�N%U�A¥@kVÇK7A(YeD�U!Å§�´É�tuEXG i d�C4[�OP�eA(Y^[ g C4A(�}O_[ h EXY,OPE �,O i C][�Ye[(y��^O i C4[(Ye[
�bd�GF�PEeYeDj� W
��D h � Ee��EXG i mn[�CrN_Ê DFY Â¾��K(� ËÃA(GlO_A � A(G}Gj[%��A(VÍÌ	�*cÃEXQbN_GjA�YeDj[(� ª�¶ h N���¬4VÍÉ�Ë1GIEH��U
� EX�^EXG i mn[�CrN4Ê�V^@kA�C4�([(GbZ�[�UeU�[�C4Ve¤%Ye����³n[�`�Î�EeC%U�z�¹e¹e¹�VX¯��H|^�
¢}z�£�c#d�Y5O	KM� t>��É�Z\Dj[(Gj[(��OPC%Dj�!�bOLd h DF[5N6EX��tuEHG i mn[�C�Ë1GF[(Y h N_Ê�DFY!K~� t>��c#d�Y5O_V�K���K~�:Â'DlOPQ(��[MC4A(G h ª�¶ h N7��¬%V
É�Z\Dj[�Gj[,��OPC%DI� �e��[(��OPC_E�N4�(Ee� i Ee�¼tuEXG i mn[�C4Dj� @kA�O_[�C4DFA(GLN%Ê,V±W�mn[�C4Dj�(A(Y � �e[(mnD}�,A(GÏ�HE��(DF[�O i V
ÐÈA^N4�eDFYe�bO_EeYeVbZ � V�wM·e·e¸eVbz�v����
¢L�e£�t'DLNrN4DLN1t>�lV�Ñ i C4DlO4N4DLN�W\�sVÇ@k[5N4[��bdT[MC6Z
dT[�YeA,N�K~� @­�sVÇ@BEeYeGF[(EeY!t'C4A h A5N1@­�sV¾��EXCPC4[5N1¶	N4��d�C_DFEHGFA
Z§�lV g A�GFG}[M��E�Â'[�C_C4[�C g ��V g Eem\[�Q�cÃDqST[�GjGj[5N�K(� ½	�sVb@BA(��C]Ebm\EHGL�F� i m\�x�xwM¸�wMVÇw(|xw�ª{z�¹e¹�w�¬r�
¢}¯�£'��N]EXY^E:N � ��VeW1��[�U�D}N�½	�sVbÌ>EXDLN � �sVe��N]EXY^E:N g �lVbW
��O_A�@BA�O_[�C_DFA(G}DjA�|,z�VÇwM��wM·\ª{z�¹e¹b¯�¬��

ha
l-0

02
71

49
3,

 v
er

si
on

 1
 - 

9 
Ap

r 2
00

8
Author manuscript, published in "5th International Conference on Broadband Dielectric Spectroscopy and Its Applications

(BDS2008), Lyon : France (2008)"

-p. 61-
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 The spectra of the real and imaginary components of the complex refractive index were 

determined from thin film transmission studies of liquid  iso-propanol ( propan-2-ol ) using a  

method, which takes into account the dispersion of the refractive index in the visible range and 

requires integration over the entire absorption range in the  NIR,  IR  and  FIR  regions [1]. 

 From these data the spectra of both components of the complex electric permittivity and 

complex polarizability  of liquid  iso-propanol  were determined in the Visible, Near Infrared,  

Mid Infrared  and  Far Infrared spectral regions ( 25000 - 100 cm-1 ). Also the total molar 

polarization was determined  from low frequency dielectric measurements. 

 The molar vibrational polarization related to various spectral ranges has been determined. 

It has been found to be extremely small for overtone bands.  The main contribution stems from 

the region of deformation modes of the molecule and from the vibrations of the hydrogen-bonded 

OH group. The total molar vibrational polarization originating from internal vibrational  modes 

in the  12000 - 350 cm-1  region amounts to  2.57  cm3 mole-1, contributing  ca.  12.7 %  to  the  

distortion polarization.  The results have been compared with those obtained for the related  

n-propanol ( propan-1-ol ) [2].  

 
[1]  Hawranek J.P. and  Muszyński A.S.: Computers Chem., 22, 1998, 95-100. 
[2]  Hawranek J.P., Michniewicz N., Wrzeszcz W. and Pajdowska M.,  
       J. Non-Cryst. Solids, 353, 2007, 4555. 
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E:FHGJI�K�LAMNL�OAP QSR�FHGUT9V�W�X�O�P�Q�YZF []\?W_^`W�a�V<PSL�Q<bcFed_K�LAfgO�h�fHi
GAj/LAklL�X:K�m]Lnm]OZo/X�ipP�OAM�^NiqmsrtF�u�v�v�MwO%^�^yx{z�|lQ�j�MNO�}C^wO6P_^]~�LAr<L>^sm`MnFqQ%j/LykDL�X�Q��ZW_^�^NigL�QS���������.|�F
[ u�FeRnFeu	M`��WtkDV<P)�s^�R�X�^sm]iqmJW�m]O�V��+�?M]��LAX�ig�	LAX�v>��h�rt^Nig��L�f_�"h�O�}�iJ^sm`M�r<Q��ZW_^�^NigL�X&u��DL�v�O�}�r�V.�

K.��iHO�X<��O�F�u�v�v�MNOD^,^yx�|lQSu	Ms�lW�k�V<PSL>^sm`M�F�Q�j/LAkDLyX�Q��ZW_^�^NigL�Q��������.|�|�F
d R,^Jm]LAXD��Wtf�Y�O���h�X�ig��L�f�o�X�ipPtOAM�^Niqmsr<Q�b+LD��Wtfqmsr�V���K���igO�X���O�^���T9O�mJm]OAM,^wQ%�+h�r.^Nig��^0E�OAa�LAMsm`}�O�XDm]Q

��L%^NfgLA~�Q�����������QSR,^Jm]LAXD��WtfgQ.Y0o>�
j	�9\
� �
VSM]MNO%^�a<VSX<vSiHXl�CL�W�m`h�V�Myx�v�OAX�i�^wLAr��;}#L�i�f`F�MsW

�2O���O�X%m�L6v%P�L�X���O%^�iHX�v�i�O�fgO���m`MNiH�:^�atO���m`M]V)^w��V�a�r!v�MNL�^sm`ig��L�fHfUr���h�L�Xl��OCL�mJm`iqmJWtv�O&m`V m`h�iJ^	}#O�m`h<V.v
LAX<v�m`MNLAX�^N�`VSMN}¡iqm#iHX¢O��s�]OD��m]i£PSO¤}#O�m`h�V�v;�`V�M:iUX�PSO%^sm]iH��L�m`iHV�X-V�����V.}&a�fgOA¥¢h�O�m]OyM�V���OAX�O6V<W_^¦^�r�^`m]O�}:^wQ
a�LAMsm`i£��W�fgLAMNfpr��`V�M	iHX�P�O�^sm`ip�tL�m`iHV�X!V.iHf�vSiJ^�a�OyM,^NiHV.X�^�r�^`m]O�}:^2L�X�v a�h�L�^NO&m`MNLAX�^Niqm�i£VSX�^	iHX:m`h�L�m2^�r�^sm]O�}C^/§,zy¨
��©�Q%m`h<L�m+LAfHfHV�ª:^0m«V�V���m]LyiUX�¬%W�iqm]O�X<O�ª��6VSX<��OAa�m]iHVSX�L6�SV<W�m­^smJM`Wt��mJW�MNLyf.�]O�L�mJW�MNOD^�VS��m`h<O�V�iUfJ^nF%R�X�m`h�i«^+ª�V�M�~
��r®m`h<O�W_^NO:V.�"m`h�O�m`iH}#O:v�V.}�L�iHX�vSigO�fgO���m`MNiH� ^]a�O���m`MNV�^]��VSa�r¯iUX��JMNO�¬%WtO�X��Ar�MwL�Xl��O¤zy��G�°±zy��²�³&k¦LAX�v
m]OA}&a�OyMNL�mJW�MNO&MNLAXl��O�¨Azy���µ´w¶·°¸zy���µ´N¶¢iqm�ª�OAMwO�}�L�v�OCiHX�P�O%^`m�ip��L�m�iHV�X.^�V��cm`h<O�LD^�^NV���i£L�m�i£VSX:a�MNV���O%^�^NO�^
V��cm`h<O¹^`W�a�MNL�}�V.fHO6��W�fgLAM	^`m`MsWt��mJW�MwO%^
iHX:a�LAMNL��s�]iUX¦V�iUfJ^"ª�iºm�h¦v�OA��MwL�v�O�v:a�h�r�^Nig��V���h<O�}Cig��L�f_a�MNVSa�OyMsm`iHO%^�L�m
m`h�O¦O�¥<a�O�X�^wO V��Zm`h�O¦V�¥�iHv�L�m]iHVSX�L�X�v��AM�r�^`m]L�fHfgiUklL�m`i£VSX�a�MNV.�6O%^,^wO%^/VS�
m`h�O®^NV.fHigv¤h�r�v�MNV���LAM`��V�X.^/L�X�v¤i�X
h�iH�.h<¨sP�i«^w��V�W_^»PSL�X�L6vSipWt} V.iHfJ^»ª�iqm�h¼v�iU�]��OAMwO�XDm±��V�X���OyX%m`MNL�m`i£VSX¼VS�(m`h�O�L�^]a�h�L�fºm]O�X¼��V�}&a�V�X�O�XDmN^�F
�
VS}/a.fgOA¥�iHX�PtO<^`m�i½��L�m�i£VSX�^�V.�Cm`h<O;M�h�O6V.fHV��.iH�6Q�v�igO�f�O6��m`MNiH�-L�X�v»m`h<OAMN}�V.v�r�X�L�}�ig�-a�MNVSa�OyM«m`iHOD^�V.�Cm`h�O
a�LAMNL��`�siHX¾V�iUfJ^�fgO�m¸W_^¿�`iHX�vÀvSiH���]OAMNO�X<�%OD^�iHXÀ�`VSMN}#L�m`iHV�XÀV��;m`h�OÁLA����MNOA��L�m�ipP�O4^sm]L�m]OÂª&iºm`hÃ^wV.fHi�v
h�r�v�MwV.��LyMs��V�X.^�iHX>m`h�O	�`V�M }�V���x

¨&}CL6�AMNV��AMsr�^`m]L�fUfHiHX�OÄa�h�LD^NO�QZ�SVSX<vSiHX��¢^sW�a�MNL�}�V.fgO���W�fgL�M:^sm`MsWt�,mJW�MNO W�X�iqmN^#LD^�a�h�L�fqm]O�X�O�^#iUX(��iU�
LA����MNOy��L�m`ipP�O�a�^NO�Wtv�V.�AM�rt^sm]L�fHfUiHX�O	V�M���LAX�iHkDL�m]iHV�X�L�f_^sm`MsWt��mgW�MNO�V�M]Q

¨&}�ig�AMNV��AMsr�^`m]L�fUfgiHX�OÅ^`m`MsWt�,mJW�MNO�Q
OAX%m]OyM�iHX��(iUX(X%Wt��fgO�i�V.�?m`h<O®��V.}/a.fgOA¥¢^sm`MsWt�,mJW�MNLAf�W�X�iqm/V���m�h�O
L%^]a.h<L�fºm]O�X<OC��V�}&a�VSX<O�X%mN^NQ{m`h<L�m�LAMwO�MNO%^]a�VSX�^Nip��f�OC�`V�M	�]VSM�}�L�m`iHV�X�VS��m`h�O:LA����MNOy��L�m�ipPSOµ^sm]L���i�f�iºmsr¯V.��m`h�O
X�L�X<V)^`m`MsWt�nmJW�MwO%^�m`h<O�}:^wO�fpPtO�^�FtY�O�}&a�OyMNL�mJW�MNO&iHX��AMwO�L�^NiUX��®iHXCm`h�OC^wO%�6VSX<v ��LD^NO�fgODL�v.^"m]V¦V.�6��W�MsMwOAX���O�V.�
m`h�O:�6V�VSa�OAMwLnm`ipP�OCa�MwV.��OD^,^NOD^NQ���VSX<vSiºm�iHV�X�O�v®��r m`h�O:v�ipatVSfHO�^&^]a�L���O:��V�M�MNO�fHL�m�iHV�X�F_Rsm"ª�L%^��`iUX�v�V�W�m"m`h<L�m
LAX<V.}�L�fHV�W0^��`V�MN}�L�m]iHV�XÀV��;m`h�OÁ��V.fHfgO���m]ipP�O�}�V�m`iHV�X�^�iHXÆm`h<OÆ^�r�^`m]O�} ª�iqm`hÀiHX��AMNO6L<^NiHX��¾V��;m`h�O
m]OA}&a�OyMNL�mJW�MNO®Ç]YcÈ&ig^&MNO�fgL�m]O�vÄª�iºm`hÉLD��m`ipPtL�m`iHV�XÉV.��m`h<O®a�VSfHLyM&��MNV�W�a�^�L%^�L MNO%^`W�fqm/V���m`h�O®v�O�^NV�M�aDm`iHV.X
a�MNV���O%^�^�V���m`h�O>^NV�fpPtL�m`iHV�XC^�a�h�OAMNO	V���m`h�O�X<L�X<V)^`m`MsWt�,mJW�M�O%^nF

�2O��`OAMNO�X��DO%^
zDF

 Ê F�R�F�³&iJ^NL�}&W�m]v�iUX<V<PSQ"K�h�F b�F_Y�LAh�L�W�m]v�iHX�V�P�L�m�L�fJF�Ë��+MNV%�SO�}µ^2V.�"MwO%^Nigv%WtL�f�V�iHf�MNO���V�P�OyMwr!��r:m�h�O
W_^NO	V��)m`h<O�a�h�r�^Nig��V���h�O�}Cig��L�f�}CO�m`h�V�v.^�Ì�Fº¨«�·F�xl�?u��¢Í�Î Ê R�RN��� Ê#Ï	Ð Q������0zDFA°Ca�atF{z�|_z6F

�_F
 

K�L��sigOAP�LZ�/F Ñ�F��+h�rt^Ni��6L�ft��h�O�}CiJ^`m`Mwr�V��0V�iHf`F��·F�xl��h<O�}CiJ^�m`Msr<Qczy���.|	°#a�a_F�����|�F
��F

 
Y�LA�.i½M�kDi�L�X<V<P:�·FeRnF0Ò�u&^�a�h�L�fqm]O�X<O<^�V���m`h�O>PtL�X�L�v�ipW�}ÁV�i�fJ^�Ì�x�v�iJ^�^NOAM`m]L�m`iHV�X¦VS��m`h�O���L�X�v�iHv�L�m]O&V.�
�Ah<O�}#iJ^sm`M�rC^w��i�O�X���OZÓ{Y�LA��i½M�kDi�L�X<V<P&�·F�R�F�°�Ô2Õ�Ö6Õ�×tØ�QS���l����F�°�a�a_F�z���|�F
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W6XIY[Z\S]Z^F_Z\`(JVDIa�FcbdTe`�CfH1g1hMicYKSeb4YjNlkmC�Y\hMnI`�X�Zo>pT]FIq_rI`fnIN4>=RErI`fnlS^Y[Z\C�X

s J_H6HK`�Y\t_J_X_u_SUXMqvC�F_Zwh_J_H�Y,x FITzyvC�Yj{l|}yvC�SGT^?~b�b�bM? FIR N F%TUy�C�Y�|�SUX_to? FIR

k	h_`'u_SG`�Te`8b�ZwH6SUb't_HKJVtI`fH�ZwSU`8Y�JID�Zwh_`fH�y�JVtITeC4YwZwSeb�b�JIy�tIJ
Y\S]Z\`�Y#JVX�HK`�bEiVbdTe`�u�h_SUqIh_�mul`�XIYKS]Z[i2tIJlT�iV`�ZwhMiITe`dX4`��
�'�'g�����N�`�ZwhMi_Te`�X_`)�[t_HKJ_tMi_Te`�XI`��cu_SeCdyvSUXI`��}�mgo��� CEX_u�q_HKJ4FIX4u�Z\S�HK`@H[FIr_rI`EHK�'A'k���rICMYj`�Y�hIC�Y'rc`�`�X
SUXMLc`MY[ZwS~qIC�Z\`�u x��'��go� � x �mgo��� �f���KN��'��go� � x �	go����x]A'k�� �[�_� CEX4u t_TUCMYwZwSzRd`�u b�Jly�tIJ%YKS]Z\`
�'�'g����Ix �¡go�'��x]A'k1�£¢¤t_TUCMY[Z��6{M�*?

k	h_`¥uVSe`�Te`�b�ZwH6Seb�TUJ%Y�Y C�X4u¦tI`EHKy§SOZ^Z6S�LIS]Zwi YwZ^Fcu4i<¨�C4Y�tI`EHKDwJVH\yp`�u�F�YKSzX_q¦©,ªB�[«¦r4H�S¬uMqI`M?'k­h4`�Z\`�Y[ZwSUX_q
Z\`fy�tI`EHKC�Z^FIHj`£¨pC�Y�LICEHKSU`�upD^HKJly

−
��®B¯�ZwJ��3�I¯M° s C3Z�C�h_`�C3ZwSzXBqpHKC�Z\`�J_Do�£±9¢wypSUXvCdX4upC7D^HK`)²�Fc`dX4bEivJVD(�3nM��?

k	h_`�k��=³´Y�C�y�tITe`MY�¨�`EHK`�µB�6S�H6HKC)uVSeC�Z\`�u}SUX}TGSe²�FcSGu}X_S]Z\HKJ_qI`EX}C�Z=uMSUDwD6`fH�`�X8Z=u_J
Yj`�J_D�Zwh_`�S�H6HKC�u_SeC�Z\SUJVX¶��µ��
YjJ4FIHjb�`9·�¸_¹6º�¨=S]Zwhp`�X_`fH6qVi�JlD(�8?»�%®9¼;`E³'�3?

k	h_`�`E½_tI`EHKSGyv`�X�Z\C�T�u_C�Z\C¦JMrMZ\CESUX4`�u!YKh_JM¨�Y;YKSUqlX_SUD6SebMCfX�Z�u_SUD[D\`EHK`�XIb�`�Y�rI`�Z^¨�`�`�X¾u_Se`�TG`)b�ZwHKSUb�t_HKJ_tI`EH^ZwSU`MY
u_SUD[D\`EHK`�X8Z¾YKC�yptITG`MYjN	C�Y�¨�`dTUT�C�Y9rI`�Z^¨�`�`EX¿Zwh_`�FcX_S�H6HjC�u_SUC�Z\`)u�C�X_uÀµB�6S�H\HKC�u_SGC3Z\`�u�YKC�yptITG`8Y3?ok¡h4`�u_SG`�Te`8b�ZwH6Seb
T¬J
Y3Yj`�Y�b�FIH6LI`}JlD�µB�6SUH6HKC�u_SUC�Z\`)u�b)Jly�tIJ%YKS]Z\`�Y CEHK`}b�h_C�HKC�b3Z\`EH6S�R8`)uÁr_i�t_HK`�Yj`dX4b8`}JlD�YKh4CEH6t<tI`�CEn�C�ZpZwh_`
Z\`fy�tI`EHKC�Z^FIHj`�J_D(C�rIJMF_Z(�I¯M° s �[DwJ_H9uBJ
Yj`§�I¯�nIA9iM�jN	CEX_uÀZwh4`§tI`�Cfn�S^Y�YKh_SUDGZ\`�uÂZ\J�h_S�qlh4`EH£Z\`fy�tI`EHKC�Z^FIHj`�Y
¨�S]Zwh�SUXIbEHK`)C4YKSUX_q�u_J
Yj`�rVJ4ZwhvDwJVH YKC�yptlTe`7�'��go� � x �mgo��� CdX4u�DwJVH�b�Jly=tIJ
YKS]Z\`��'��go� � x �mgo����x]A'k��=?
WwZ(SGY'b�J_X_X_`)b�Z\`�uÀ¨pSOZ6h�SUXIbEHj`�CMYK`�SUX�tIJlTUCEH,q_HKJ4FIt�b�JVX8Zw`EX8Z,�6u_C�Z\CvJVD�W[�.�[Q�k­Ww���9yv`�C8Y[FIHK`�yv`�X�ZKY6�ÃC�X_u_N	CMY
b)JVXIYK`�²�Fc`�X_b)`�N4¨�S]Zwh�Zwh_`�YwZwHK`EXBqMZwh_`�X_SUXMqvJlD1SUX8Z\`EHK�6bEh4C�SzXpSUX�Z\`fHKC�b�Z\SUJ_X%?
Q�JVHÃk��=³2�#�'��go� � x �mgo����x]A'k��(¢^t_T¬C4YwZ,��YjCdy=tlTe`@{���Zwh4`�TUJ
Y3Yj`�Y'SUX�Z\`�XlYKS]Zwi�HKC�S�YKSUX_q��[q_HKJM¨9Zwh�JVD¡Zwh4`§Zwq
δ   
yvCE½ISUy�F%yp�@S^Y¿JIb�b�FIH6HK`)u�JVX_T�iÁC�Zvu_J%YK`�Y�CErIJMLI`0®B¯_¯MnIA7i C�X_u}Zwh_`�tc`�CEn�YKh_SGDGZKYÄZ\J}Zwh_`�h_SUqIh_`�H

Z\`fy�tI`EHKC�Z^FIHj`�HK`Eq_SUJ_X%?Bk­h4C�Z�CETGYKJvb�CEX�rc`9b)JVXBX_`8b�Z\`�u¦¨'S]Z\h§DwJ_H6yvC�ZwSUJ_XpJlD%FIXIY[Z\CErITe`�tI`EHKJM½ISUu_`�HKC�u_SUb8C�T�Y*?

>=X_u_`fH£S~H6HKC�u_SeC�Z6S¬JVXpFIt�ZwJ@uMJ%YK`'J_D�®B¯�nIA7ipZwh_`�tI`EHKypS]ZwZwS�LIS]Z[ivHKC�S^YKSUX_q�S^Y#J4rcYK`EH6LI`)u
ÅcS]Z�y�C)ivrc`�b�J_XMX4`�b3Z\`�u
X4J4Z£JVX_T�i¿Z\J�JM½ISUu_SUR�SUX_q�t_HKJIb�`�Y�YK`�Y9rMF_ZÃC�TGYjJ�ZwJ�Zwh4`�t_HK`�YK`�X4b�`@JlD(tI`EHKJM½ISUu_`MY'�9TUJVXBqI�6TzS�Lc`8uÆt_HKJlu�Fcb�ZKYÃJVD
HjC�uVS¬JlT�i%YKS^Y¿JlDÇb�J_y�tIJ
YKSOZ\`�Y3?(È�Z�Zwh_`}DGFIH[Zwh4`EH�S~H6HKC�u_SUC�ZwSUJIX0FIt�ZwJ¦uBJ
Yj`ÉJ_D��f¯_¯ÁnIA9i0Zwh4`ÉtI`EHKy§SOZ^ZwS¬LISOZ6i
u_SUy�SUXMF_ZwSUJ_X�DwJ_H(k1��³.�

HDPER:EPDM
CdX4u

HDPER:EPDM:GTR  
¨pC�Y

 
tIJ_SzX8Z\`�u JMF_ZwNlZwh_C�ZmSeY�Zwh_`
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Molecular dynamics in modified polydimethysiloxanes studied 
by rheology, NMR and dielectric spectroscopies 
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Silicoorganic polymers belong to the family 

of water resistant molecular silicates, of wide 
application in science and industry [1]. The aim of 
the study was to check the effect of random 
incorporation of alkyl side chains (C7H18) into the 
PDMS chain on its molecular motion. Molecular 
dynamics of linear and modified 
polydimethylsiloxane (PDMS) was studied using 
rheological, NMR and dielectric techniques, 
whereas its thermal behaviour was determined by 
DSC. 2 4 6 8 10 12 14

0,1

1
 linear PDMS
 PDMS 95/5
 PDMS 80/20

T 1 [
s]

1000/T [1/K]

 PDMS 66/33

 It was found that modified polymers have  
amorphous structure, while the linear polymer is 
partially crystalline. The increase in vitrification 
temperatures with increasing amount of the 
modifier fraction was observed.  

Fig. 1. Temperature dependence of proton     
           spin-lattice NMR relaxation time. 

Results of NMR measurements made it 
possible to distinguish two relaxation 
processes: rotation of methyl groups around the 
Si-C bond (low temperature process) and 
segmental motions of the main chain (high 
temperature process).  

The increase in the modifier amount in 
the polymer leads to the slowdown of the main 
chain segmental motions connected with the 
glass transition as reflected by NMR (Fig.1), 
dielectric (Fig.2) and rheological  
measurements.  

100 150 200 250 300

1E-3

0,01

0,1

normal 
 mode

ε"

Temperature [K]

 Linear PDMS
 PDMS 95/5
 PDMS 80/20
 PDMS 66/33

segmental
   mode

Rheological and dielectric studies 
revealed also slow molecular motions (normal 
mode processes) above glass transition 
temperatures in modified compounds. 

Fig. 2. Dielectric loss vs. temperature for 
modified polydimethysiloxanes 
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@BA�C�DFEHG?A�I<J�K(LFJ�ENMPO Q=RSJTKVUXW=J�EHY?Z\[<Z(]^Z`_HG(C�G=a�MbQHc�GHdFA Y\e�E(_Hagf�JihijkQHlmZ?npogJ�D(qsrtnbuvJX]wJTjvQ
RSJTd?J�_(JTK�xyD?L?JTE(J M Q=z{]^A�ENuiY?n`|}A�U�JTY(~kQ��?JTG
oPavJmrtJTavATak_ j

M�� E?u�ognpobD(ogJ�ZV�N@�A�UTakZ`C{Z`]^J�U�DF]wATay��W=J�C�nbu�oPaiG
�N�m�<W(ATagY`n�K�uiY?JmU�W=A�D�u�ukJ�J�Q=��G?n�K/�H��� �(�(QHz<Y(akATn^E?J

x���C{AXnw]g� GVJ�C�A�C�DFE?��nb��Y?nwJ�K*� DFA
j�RSA�d?Z(akA�o�ZVn�akJm_(J
u�@�A�og�Tain^A�D`q���Z`]�G=C�� akJHuyJ�o�_(J
u�l�n^Z(CsA�og�Takn^A�D?q
z�@�c����{c<�/� �H�?¡£¢ � EHL?��E(nwJTakn¤Jm_(J�u�@BA�og� a"n¥A�D`q<��Z(]�G?Cs�TakJ
u ¢

z�E(n�KFJTa�ukn¦og�m��]wA�DF_(J�l+JTakE(ATav_<RyG=Z`E��
���mlmZHD?]^JTK?A ak_�e§�XRSA�ogA a¨hvJ�ogQ`�(©(�H�(�<[tn^]¤]wJ�D?aidVAXE(E=Jm��J�_`J�q?QHª�akA�E(U�J

~y« J�UTW E(n¤U�AX](z§E(n�KFJTa�ukn¦o�G{Z`�NRSZ`_HfXQ=¬{JT­?ATaboPC§J�E
o�Z(�*@�ZH]wJ�U�DF]¤A a���WHGFu�nwU
u
�(� �t®SJTavZVC�ugY`nwJTL?Z/u�oPa¯�¦Q
RSZ`_Hf+©(�(�i©H�(�?Q
�	Z(]^A�E(_

« W(nbu�u�obDF_HG°nbu�_(JTK?ZHogJ�_£o�Z�_Hn^J�]wJ�U�oPainwU/A�E(_°J�]wJ�U�oPain¥U
A�]y­(akZ(­?J�aboPn^JHu�Z(��E(A�E=Z`U�Z(C�­?ZNuknpogJ
umd?AHuvJ
_
Z(E±�	[��²ATE(_�CtDF]pogn�³§A�]¤]wJ�_´U�A a�d?Z(E�E?A�E(Z
obD(dVJ
u�� « W=J±U Z(C�­?Z*ukn¦ogJ
u/­?ZNu�ukJ�u�u�uvJTL(akJTL?A�ogJ�_¶µkukn¨E�ogJTakJ�_H·
u�oPaPDFU}obD?akJ3_
DFJ�oPZ¸A�C§J�oPW(Z?_¶Z(��­(avJT­?ATakA�oPn^Z(E(Q�U�Z(C�­FA�U�oPn^EHL9ZV�§�	[�����@3¹���� « ­?ZH³§_(J a/C\n�q obD(ogJH�
�sATE(Z`�Pn¤]w]wJTa�UTakJ�A�ogJ�uºoPW(J�E=J�ob³§Z(aiY/agZ=D?E=_£­(avJ
u�uvJ�_£­?Z(]�G?CsJTa�­?ATa�oPn^U�]wJHu&³§npoPW»W(n¨L(W»]^Z?U�A�]�U�Z(E(U�JXE�oPakA�oPn^Z(E
n^E�oPW(J¼³{A�]¤]bu�Z(�yE(J�ob³{ZVagY��N�HDFUTW/A\uPoPa�DFU�obD?akJ�ATE=_�W(n�L`W»A�ui­?J�U�oyavA}oPn^Z(E/Z(�yU�ATa�dVZVE/E=AXE=Z=obD(dVJ
u&avJ
u�DF]poSn¤E
DF]poPakA�]^ZH³$K?A�]�DFJ§ZV�y­?JTakU�Z?]^A�ogn^ZVE�oPW akJ
ukW=Z`]^_(Q½E?A�CsJ�]¨G ϕ ¾¤¿ �N�¦�(�(�H�N�?�Vx,À
DFA}oPn¥ZVE σ ¿ σÁ µ ϕ � ϕ ¾ ·iÂ(�PZ(a&¬§�
U�Z(E(_
DFU�oPn�K?npoPGÃL`n�KFJ
u´oPW(JÄKVAX]�DFJÅZV�´U a"n¦oinwU�A�]3JTq=­?ZVE?JTE�o¸Æ ¿ÈÇ �¥�$oPW=A�o´n^E(_(nwU�A�ogJ
u¸E(Z(ENu�ogA�oPn¤u�ogn^U�A�]
_(n¤u�oPakn�dHD(ogn^Z(E»ZV�y��nw]¤]wJTa�� « J C�­NJ akA�obD?akJ�_(J ­?JTE(_(J�E(U�J\Z(��U�Z(E(_
DFU�oPn¥K?n¦o�G£_(JXC{Z`ENu�oPakA�ogJ
u�A¼oÉakATE?uknpoin¥Z`E'�bavZVC
n^Z`E(nwUBU�Z(E(_
DFU�oPn�K?npoPGÊn^E´­HD?akJ���[<�ËATE=_Ìn^EÌ�Pn¤]¤]wJ�_��	[��ÍdVJ�]^Z=³È­?J akU�Z(]¤A�oPn^ZVE�oPW akJ
ukW(Z?]^_�o�Z¶Z(W(C§nbU
U�Z(E(_
DFU�oPn�K?npoPGsA�]^Z(EHL�oPW(J�@3¹¶�Î� « ­(W=A
ukJmn^EtoPW(JmU�Z`C§­?Z*ugnpogJ
uyATd?ZHK?J�­?J akU�Z(]^A�ogn^ZVE�oPWHakJ
ukW=Z`]^_N�

¬§n^J�]wJ�U�oPakn^U�ui­?J�U�oPaiZNukU�ZV­HG§n^EHKFJHu�oPn�LNA�oPn¥ZVE/ukW(ZH³su�oPW(JmU�W?ATE L?J=uÎZV�	��akJ�À
DFJXE=UTG\dVJ�W?A�K?n¥Z=D?ay�PZVa ε′
Q

ε″
A�E(_ σ ­?ATakA�CsJ�ogJTa�u¼ZV��U�Z(C�­?ZNuknpogJ
u�A�o�oPakA E`uknpogn^Z(EÏ�gakZVC;dFJ�]^ZH³;o�Z�A�dVZ=KVJ�­?JTakU�Z?]^A�ogn^ZVE»oPWHakJ
ukW=Z`]^_N�

e��6U�Z(E(_
DFU�ogn�K?npoPG$L?n�KFJ
uÏoPW=J¶K?A�]�DFJÌZ(� σ U�Z?n¨E=U�n¤_(J�E�o�³§npoPWÊ¬§�6C§J�AHuPD?akJ�C�J�E�oku��PZ(aÏoPW=J¶�Pn¤]¤]wJ�_
U�Z(C�­?ZNuknpogJ
u���ª�avJ�À
DFJTE?UTGÐ_(JT­?J�E(_(J�E?U�J�Z(��_Vn¥JX]wJ�U�oPa"n¥UÑ]wZNu�uvJ
u ε″

ugW(ZH³�u{A'­(akJ
uvJTE(U�J�ZV�m­?J�ATYÏoPW=A�o�n¤u
uiW(nw�¤oin^E(L°ogZÏW(n�L?W(JTa<�bakJ�À
D*JXE=U�n¤J�u¼³{npoiWÒ��nw]¤]wn¨E(LÐZ`��oPW=J'U�ZVC�­?ZNuknpogJ
u}� � o¼U�ATE�d?J/akJ�]wA�ogJ�_Ño�Z�n^E
ogJTai�PA�UXnwA�]
­?Z(]^ATakn^f�A�ogn^ZVEÓA�U�U�ZVak_Hn^E L±oPZ�oPW(J�@�¹9�¶C§Z?_(J�]b� « JTC§­?JTakA�obD?akJ°_(JT­?J E(_(JTE?U�JÒZV�{_Vn^J�]wJ�U�oPakn^UÒU�Z(E`u�ogA E
o
akJ�KVJ�A�]bu�A�hvDFC§­3Z(� ε′

n¨E�oPW=JÔogJ�C�­?JTavA�obD?akJ/akJTL(n^Z(E´� �(�(�T� Ç � Á �ÌoPW(A�o�nbu�W(n^L`W=JTa<ZV��L`]wA
u�umoPakATE?uknpogn^Z`E
ogJTC�­?J akA�obD?akJ «�Õ � « W(nbuyh�DNC§­°d?J�U�Z?C§JHutC{ZVakJ/n^E
ogJTE?ukn¨KVJ\³§npogW�W(n^L`W=JTa�U�Z(E
ogJTE�omZ(���Pn^]¤]wJTa�oPW=A�o+U�ATE'dFJ
U�A�D�uvJ�_{d(G\UTakJ�A�oPn¥ZVE§Z?��]^Z?Z*uvJtu�D?ai�gA�U�Jm]wATG?JTayZ(��­?Z`]�G?C/JTayZ(E¼oPW=Jtu�D?ak�PA�U�JmZ?���Pn¤]¤]wJTayA E(_\n^E�ogJXENukn^�inwU�A�oin^Z(E
Z(��C§Z`]¥J�U�DF]¤A aºC§ZHd?n¤]wnpoPG§n^E�npo¯�

« W(JTakC§Z?C§J�UXW=A�E(n¤U�AX]ÔA�E(A�]¨GFukn�uBukW(ZH³su�oPW(J´AT­(­?J�ATavATE?U�J´ZV�»­(akZ(E(ZHD?E(U�J�_ÖakJ L`n^Z(E1Z(��W(n^L`W=�
J�]^AHu�ogn^U�npoPG²Z(E;oPW(J;U�D?a�K?J�Z`�Ó_(J��PZVakCsA�oPn^Z(EÍKVJTa�u�D�u´ogJTC�­?JTavA�obD?akJ�A�oB@�¹��Î� « U�Z(E
ogJ E
o�A�d?ZHK?J
­?JTakU�ZV]^A�oin^Z(E±oPW akJ
uiW=Z`]^_N� « W(nbu»J��P�iJ�U�osn¤u»A�akJ
uPDN]¦osZV�sUTavJ�A�oPn^Z(E´Z(�{oPW=J���nw]¤]wJTa/E=J�ob³§Z(aiY�n^E±oPW=JÏ�	[��
CsA�oPaknpq�� « W=J¼K?A�]�DFJtZ?��J�À
DFn^]¤n�d?akn¥DFC×JX]wAHu�ogn^UtC{Z`_
DF]wJ+xSØ�L(agZ=³suy�bakZ`C1�?©{o�Z������{@Ò��A+³<W(J�E�oPW(Jt�Pn^]¤]wJTa
U�Z(E
ogJTE�o�n^E(UTakJ�A
u¯J
u§�bakZ`CÙ�N�p�(�(�H��o�Z3�N�¦�(�H�?¡`� � o�n¤u§A�EBJ�K?nw_(J�E(U�J£oPW(A�o�oPW(J��Pn¤]¤]wJTa<E(J�ob³{ZVagY�d?J�U�Z(C§JHu
C§Z(akJtakn�L?nw_\³§npogW/n¨E?U akJ�A
ukn^E(L»Z(�º�inw]¤]wJTa�U�ZVE=U�J�E
oPakA�oPn^Z(E/n¤E/npo¯� « W(Jt­(akJ�ukJ�E(U�J<Z`�ºn^E(E?JTa�u�oPakJ
u¯ukJ
uyoPW(A�oSA akJ
¢k�bakZVfXJTEN¢�n^E�oPW(JBU�Z(C�­?Z*ukn¦ogJ
u/³§npoPWÌW(n�L`W?JTaÚU�Z(E
ogJTE�osZ(�/��n^]¤]wJTaÚ_(J�C§Z(ENu�oPakA�ogJ
u�oPW=J�ugW(AT­FJ±Z(� « @3e
U�D?a�KVJ
u�� « W?J�KFA�]¥DFJ�u&Z?� «�Õ QN_(J��Pn^E?J�_��bakZ`C « @Be9U�D?aiKFJ
ukQF_(J�UTakJ�A�ukJt�bakZ?CÄ� ¡ Á ���PZVay­HD?akJ���[<��o�Z/¡(�
Á �±�PZ(aSU�ZVC<­?Z*uknpogJ�³§npoPW�@3¹���� « U�Z(E
ogJ E
oyJ�À
DFAT]VogZ/�?�¦�(�H�?¡N� � oyU�A E�J�K?n¤_(J�E=U�J+oPW=JtU akJ�A�ogn^Z(E�Z(��]^Z?Z*uvJ
u�D?ak�PA�U�J\]wATG?JTa�Z(�Î�	[<�¶Z(E\oPW=Jtd?ZHD?E(_(ATaiG/­?Z?]¥G?CsJTav�v�Pn¤]w]wJTa&³§npoPW»]^Z=³{JTa�L(]^AHu�u&oPavATE`uknpogn^Z(E�ogJ�C�­?JTakA�obD?avJH�
« W(n�uy]^Z?ZNukJ�]^ATG?J aºnbuyAT­(­?J�ATakJ�_§A
uyA�avJ
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D�EGFIHKJ%LNM�OQPSRTL'UWVYX�Z[J%\3J]Z_^a`Nbc^edgf,L%hji_V	M�Ek^ml,^nL]Zpo�P%EqEar'dtsvu�P-lQPSEnEnL5LjUxw

o�y'D�zk{I|c}�~����=y,�3����������� i V3oNZ_L]h3r'O,EaL�������VY}�h3^mlIL%Z<H_^edtJ���r�H_L��3�cX#r'�,Z�^nL]Z Uq� V3y����(�ILN\3L5H�~�P]Z�d�F'Z�H[V
�	�j�'�3yTo�Z_L�h3r'O,EaL%V'X�Z_P%h3`%L

� �(r'Z�Z[L5H��,r3h3\3^ah'�TP-�3dg�3r3Z��%r3Ea^GlI^nL]Z����,P%EaEarYdts�EaP]lQPSEnEnL%L= ��3Z<L�h3r'O,EqLj�e`%hjZ<H��¢¡�Z

£��3L¤�,r'¥�L]Z2EGr:HKHB�,EaP]F�H¦P�H_^m�	h3^n¡�^n`%P%h5d)ZtrQEGL§^ah�dg�3L¨\3L5H_^©�	hYVª^aR��,EqL%RTL%h5dtP-dg^GrQh«PShY\¬��H_L
`%r3R��,r3h3L%h5d_H�^ah­�,rY¥�L]Z(L]EGL%`-dgZ_r3h3^a`5H�®<¯�Vmy,°<�j�vdp^�H±dg�3L�Z_L]¡trQZ_L�^kR��,r3ZvdtP�h5d�dvr²OQL�P-O,EnL�dvr³`��3P]Z_P´`-dtL]Z�^mµjL
dg�3L%R¶��H_^ah3��dtL%`��'h3^n·5��L=H�Z_L%Ea^nP´O,EnL¸P%hY\��3Z_L%¡gL]Z_P]O,EkF¹^kh�dg�YL³h3r,Rº^ah,P%E(r3�,L]Z_P-dg^ahj�)`%rQhY\Q^¢d�^ar3h�H��p£��3L
`%P%Ear3Z_^kRTL-dgZt^a`��3Z»^ah,`%^a�	EnL¼H_L´LSR­H±dtr�OQL��,P]Zvdg^G`-��EnP]Z_EaF½Hx�I^kdtL%\ºdvrºdg�3Lº¡q�IEaE�`%�3P�Z_P%`-dtL]Z_^mµSP-d�^GrQh4r	¡�Ear:HKH_L'H
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^ah¸�,r'¥�L]Z/`%P]�,P%`%^edtr3Z<H¿�	À¦LTrQ¡g¡�L�ZNP¼`´rQR��3Z[LS�YL%h�H_^GlILTP%h3P%EkF=dt^q`´PSE(Hxd��I\5FÁ�,L%P-d¾L-Â,`%�3P%hj�,L³®q�,Vq�jVa�3VaÃ3°<�
£��3L¬Hg�,Z»¡gP´`%L'H¦r3¡�dg�3L¨\3L-l,^G`%L¨`%P%Ear3Z_^kRTL-dgZ�F«P]Z_L&`%r'h	H_^n\,L]Z_L%\�^ah�Hx�IEnP-dtL%\3V¸�'Z[P´FYV¸r3�,P%·5�IL¨P�h3\
�,L]Z�¡tL%`-dtEmF½\3^q¡g¡���H[PSh=dtL5H��#£��3L­L-ÂjdtL]Z�^ar3Z�¥�P�EkE�^vH�Hx�,�3�,r�H_L%\½P%\3^aP]O,P-dt^a`'�#£��3LºdtL]R��,L�Z_P-d��,Z_L¼�3Z_P´\'^aL%h5d_H
�3^a�	�3En^a�	�=dtL%\�O3F�dg�3^�H�R�r	\3L%E�P%hY\�dg�3LNZ_L5Ht�,rQh�H[Lcr3¡Ädg�YL�\3L-l,^n`%Lc^ah²`%P'H_L�dtL5Hxd_H(H��YrY¥1¥�L%P]f3hYL'H<HKL5H�^qh
dg�3L�H�F�HgdtL%R­�3£��3LNZ_L5Hx�IEedp^�H�Pc\3L��3Z_P%\3P-dt^ar3h¼r3¡�RTL%P'Hx�,Z_L�R¼L%h=dpP%`%`��,Z_P%`]FI�3£Å�3^�H `%rY�,EG\3V:�YrY¥�L-lQL]Z_VQOIL
^qR��3Z_r'l,L´\�O3FÁL%h3`%r'�,Z_P]�,^ah'�½L]Â,`%�YPShj�,L'H¾O3F4Z_P´\Q^nP-dt^ar3h¸P]hY\���H_^ah3�½P�H_^ahj�	EnL�dtL�R��,L]Z_P-d��,Z[L'��£��3^qHN^�H
dg�3LcHg�3O�ÆKL%`-d�rQ¡#P]h�rQhj�,rQ^ah'�­Hgd��I\YF

®<¯�°¾����£��3r,L]�,L]Z<H[L]hÇP]h3\¸Xp�ÄÈNEGP%P]O�Æ<L�Z��,VÊÉ´P%\-Æ���HgdtP-O,EnLªH_�,L%L´\�\'Z�^ml,L'H�^kh¸dg�YL�hYL-Â'd�\3L%`%P%\3L'��X��3d��,Z_L
HxdtL���H±^ah¼^ah3\5�#HxdgZgFTP%h3\¼P´`%P%\3L%R¼^nP%VmË�ÌkÍ�Î�zqÏ´Ð=ÑGÒ¿ÌqÐ]{,z3Ó(ÔjÕ�Ï�ÒNÖ±Ô'×#Ø(Ô'Í,Ï]ÍIÑ	Ù�Ú�Û�ÑaÏ]×�VIlQrQEW�3�'y,V	h3r�¯�V,�3�
¯��3s���¯�V3y,�3�'�
®qy,°ÊD��Q�/^edt`]�3^nL¼L�d(P]E#É%`=P%Ear3Z_^kRTL-dgZ_^a`¼R�L%P5Hx�,Z_^ah3��H�FIHxdtL]R­H_Ë¼^ah�Ü<Í3Ý,Þ'Û�ÑmÒqÚ�ß:Ø3Ø(znÌqÐ]{IÑaÌqÔ'Í3Û�à2{=á�{jâ]ÌaÍ,Ï]ã
Ü�ÎpÎ�ÎNV5lQrQEW�Ä¯��3V3�3�TÃ3�'s�Ã	�jV'�_�,h3L�y,�3�'���
®��3°?È��­�,L]�'�,^ahYV��2�äo�P-��H<H7É�å�^�H��,r�H_^edt^a¡�\3L1RTL5Hx�IZ_L1`%P�EarQZ_^aRTJ-dgZ�^a·5�:L1\3L5H7�,L�ZvdtL5H�\3P]h	H)EaL'H
`%r3h3\3L]h�H[P-dtL-�,Z<HÅ\3L��'�,^vHKH_P%h,`%L]ËSVSæ3Ô3Þ'ÒKÍ3{,z	Ý,Ï�Ø±ç�Ú�Û¿Ìqè3Þ3Ï±Ü�Ü�Ü¿V'l,r3E��'Ã3V3�3���¢�'y�¯�s��3�3�jVYXÄL-O���¯��3�3Ã��
®q�,°����?~)P-dndtL-é¦É]�/P]FYr	h3h3L%RTL%h5d8dg�3L]Z_R�^n·5�ILê\3L5H¨RTP-dtJ�Z»^GP-�	ÂërQ�,P´·5�IL5H¨Ë=V8ìQÏ´Ð]ç3Í,Ìqè3Þ3Ï]Û�Ý,Ï
z'í ÌkÍ=á�î]Í,ÌnÏ%Þ'Ò�V3�3��È¾D)�Ny�¯��3s_ïjs:È(DB�Ny�¯��3sgð,ñ	�
®x�j°��/L%P%V(�	P�Rc��L%E#�³�¢Vc¯��3Ã	�jV(òx�/P]�,^a\�RTL-dg�3r,\?¡gr3Z�\3L<dtL]Z�R�^ah3^ah3�7`%r3h3`´LSh=dgZ_^a`³`]F,Ea^ah,\	L�ZcZ_P´\Q^aP�d�^ar3h
l,^nL-¥ó¡tP%`-dtr'Z<H[Vvò,ßÊÜgß�ß7æ���V'l,r3E���¯��3V'h3r��'�jV'�3����¯3¯�y3y,s]¯3¯<y,���
®��3°­�3�,P]Z�ZtrY¥�VÊDN� ~ô�Gõ±~)^aEaEnL]Z_VNo�� È��mõ�P]hY\2��r3h	H�H[rQhYV¾öT� ÷T�eV¼¯��3�'y,V�òx�/P%\Q^GP-d�^mlQL�L%¡x¡tL%`-dt^ml,L%h3L'HKH­r	¡
P]h3h=��EnP]Z_s�¡g^ah3h,L%\�H��,P%`´LºZ_P%\3^nP-dtr3Z<H_V�^ah3`%Em�I\3^kh3�½Rc�3d��IP%E�^aZ�Z_P´\Q^aP�d�^ar3h³OQL-d�¥�L´LSh4Z_P%\3^nP-dtr'ZNL�EaL%R¼L%h=d_Hxã¿ø
æ3ù´ß�Ï�Ò�Ô'ÛmØ±{,Ð´Ï�Ù,Ð%Ì��¢V5l,r3E��=y,�3VQhYrÄ��¯3¯�V'�3����¯�y,��¯�s�¯�y,�3�	�
®�Ã3°±u�L-�IL]h'O,L�Z��,L]Z_V�ú­��P�h3\³��L]Z<HtrQhYV�����b��¢V�¯��	�j�3V±ò_�±r'R��	^nEnP-d�^GrQh½r3¡(Z_P%\'^aP�d�^ar3h�H_�YP]�,L�¡gP´`-dtrQZKH�¡gr3Z
`]F3En^kh,\'Z_^n`%P%E,P'H<HKL%R�O,Eq^nL'H_V�ò��,P]�,L]Z�hYrÄ�3�j�'sxb�s�¯��3�,V]ß�Ù�à½ÎNV=��r'l,L%R�O,L]Z��
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A:B3C�DFEHGJILK MON�PQB�R?SUTVGWI N�XYB)Z\[UTL]-]*^3_`D*[)IaN�b:B)X?EHTVcVcL[UD*deTVG�M*NgfgBUR:h`i>[UM�B
j X:D*[UG�h`kHcL['A;cV[3l-mnDoTLl3S3c`A;G`pHTVGH[3[UD*TVG`pecLSUkHh�D*S�mqh`DFr>soX!t`A=cuS-k�v*NHb	w>R�fHN�X:D*[UGxhxkHcy[?zgDOS�Gxl3[

{ f�l}|`G�[3TL_�[UD<A;cy[3l�mnD*TVl3NHX!DO[UG�h`kHcL[3Nxz
D*S3G�l3[

~ b'h`D�D*[�]o�Hh�G�_�TVG`p�S�E�mn|xh�D}�3�HS�]Ol3S3caB�D*S3T�GH��p�DO[�GxhxkHcL[`B�l3G`D-]"B��aD

Z	h�TVG`��[�]Fm�T�pHS�m�[�mn|x[�[3�F�n[4l�m�h���S�|`r�p�D*h`mn|�[UD*dYS3c�l3h�G�_�T�m�TVh�G�TVG�p�h�G�SUG+[}�Hhx��r)�o]*TucLTLl3S�T�G4m�[UD*�nS4l3[3NYS
d�S3lUD*hJ]*l(h���TLl�[����W[UD*TVd�[�G4m�S3cedYhH_�[3c�h���mn|�Ta]�T�G4m�[UD*�nS4l3[�|�S`]�kW[3[3G�k`EWTuc�m�S3G�_�l3|�SUD*S(l�m�[UD*T��4[3_�iYT�m�|
_�TV[3cu[(l�mnD*TVl�]��H[3l�mnD*hJ]*l(h��`rWB�����EWSUDFmn��]o|�[([�mei�T�mn|��`EJcV�H[UD*TV�4[3_�TVG4m�[UD*_�T�p�T�m�S�m�[3_�[3cV[(l�mnD*hH_�[�]�|�S�]�kW[3[3G
dYh`EJcL_�[3_�T�G�S3G�[U�Hh`��r�DO[�]*TVG�s"]O[3[1�nTVp`EHD*[� -v-BHZ¡|x[Yl3[3c�c<i>S�]�l3h�G�_�T�mnTVh�GH[3_�S�m�¢)£�¤�b;N<S�k�hx��[!mn|�[YZ	p�h��
mn|�[.D*[�]*TVG�NgS3G�_¥¢)£`¦§R;¨©B`ª«EHD*TVG`pemn|x[>�nTVD�]Fm%_�SUrW];h���l4h�G�_�T�moTyh�G�TVG�pHN�mn|�[1]��H[3l�mnD*S�sqz�T�p`EHD*[«t�v;[-�H|�TykWT�m%S
��EWS�]*TV¬�l3h�GJ]nm�SUG�m­l3S}�HS3l3T�mFrxNHS3G�_YS'm�SUGY_�[3c�m�S'iYT�mo|YS#]*cVh��J[:h��J®Q �S�m	cVh`i+�aDO[3��EW[3GHl�TL[�]¡l3h�D�D*[�]o�Hh�G�_�TVG`p#m�h
mn|�[Yl3h�G�_�EWl-mnTVh�G�TVGemn|�[#D*[�]*TVGWB��.�um�[UD�S�kHh`E�m%S«iY[3[}¯HN�ma|x[1l(SU�HS3l3T�m�S3GHl3[YS�m%cVhxi2�aD*[3��EW[3G�l3TL[�]�T�GHl}D*[3S�]°[3_
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Back switching of ferroelectric polarization in PZT 
 

Sergey Zhukov1, Heinz von Seggern1*, Sergey Fedosov2 
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2 Department of Physics and Materials Science, ONAFT, Odessa, Ukraine 

 
* Correspondent author: e-mail address <seggern@e-mat.tu-darmstadt.de> 

 
It was shown recently [1] that one can calculate the ferroelectric polarization switched 

back in a ferroelectric polymer after completion of poling (or switching) and followed short 
circuiting by processing displacement curves of two consecutive poling experiments using a 
special procedure. It has been found that the back-switched polarization in PVDF depended 
on the poling time and exhibited a maximum at a certain value of the latter. 

In this work, the same method was applied to study the back switching phenomenon in 
PZT ceramics. Disk shaped samples 10 mm in diameter and 1 mm in thickness of a 
commercial lead zirconate titanate PIC-151 were used (Pb0.99[Zr0.45Ti0.47(Ni0.33Sb0.67)0.08]O3).  

 
All samples were electroded with silver fired into the surface at 720 °C. Each sample 

was conditioned by poling during 1000 s in the field of 2 kV/mm assuming that saturation 
was reached under these conditions. The same conditioning was made after each switching 
experiment. As one can see from Fig. 1, the value of the switched polarization is a function of 
the switching voltage (field) and the time of voltage application. However, a part of the 
already switched polarization, as shown in Fig. 2, returns back to its original state. The value 
of the back switched polarization is again a function of the applied voltage (field) and time.  

Appearance of a maximum on the back switching curves can be explained by the 
effect of conductivity in formation of the compensating charge at the grains of PZT ceramics. 
If this field is not sufficiently neutralized (screened) by the trapped charges, as in the case of 
small times, then about 70 % of the switched polarization goes back, while at longer times 
and strong fields the back switched portion approaches zero. The obtained data are important 
both for understanding physics of the back switching and for selection of appropriate poling 
and switching conditions and parameters. 
 
[1] S. N. Fedosov and H. von Seggern, J. Appl. Phys. 96, 2173 (2004). 
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Interrelation between conductivity and polarization phenomena in 
two-component ferroelectric polymers 

 
Heinz von Seggern1*, Sergey Fedosov2 

 
 

1 Institute of Materials Science, TUD, Darmstadt, Germany 
2 Department of Physics and Materials Science, ONAFT, Odessa, Ukraine 

 
* Correspondent author: e-mail address <seggern@e-mat.tu-darmstadt.de> 

  
It is commonly believed that formation of polarization and its switching in 

ferroelectrics under high electric field strength is a fast process in the microsecond range.We 
have found, however, that in semicrystalline ferroelectric polymers like polyvinylidene 
fluoride (PVDF) containing both crystalline and amorphous phases, development of 
polarization continues during times 5 to 6 orders of magnitude longer than the estimated 
switching time. The controversy has been resolved by taking into account peculiarities of the 
depolarization field compensation in two-phase ferroelectrics and the effect of conductivity in 
such materials. Experiments were carried out on samples of 12.5 μm-thick biaxially stretched 
PVDF film from Kureha Co.  

It has been shown that there are two components of the ferroelectric polarization, of 
which the first one is essentially field dependent and originates from a fast alignment of 
dipoles in crystalline regions, while the second slow component is controlled by the apparent 
conductivity of the material. Appropriate modeling revealed the importance of charge 
accumulated at the interfacial boundaries to form the slow ferroelectric polarization 
contribution. Good agreement of calculated and measured ferroelectric polarization has been 
observed for PVDF. Most probably the phenomenon is common for other two-phase 
ferroelectrics such as ceramics and ceramics-polymer composites. 

After completing the charging, the sample is short circuited. If the polarization is not 
sufficiently compensated by charges trapped at the crystallite boundaries, some undesirable 
back switching of the formed polarization is possible. It has been shown by the example of 
PVDF that the back-switching of ferroelectric polarization in two-component systems like 
PVDF during short-circuiting after initial poling depends on the poling time and exhibits a 
maximum in samples poled for about 100 μs. The switched back polarization decreases to 
zero for poling times smaller than 1 μs and times exceeding 1 s. The phenomenon is explained 
on the basis of the same model proposed for polarization buildup in two-component 
ferroelectrics taking into account the role of conductivity induced interfacial charge 
accumulation at the boundaries between ferroelectric and non-ferroelectric components. 

The influence of screening dynamics on polarization switching in PVDF has been also 
investigated experimentally and theoretically. The presented phenomenological model relates 
released screening charges to the formation of apparent conductivity modified by the partial 
charge recombination. The interplay of temporal screening charge release and reconstruction 
modeled through the temporal behavior of conductivity determines decisively the dynamics of 
polarization switching. Under the assumption that all screening charges are released 
instantaneously upon application of the switching field followed by recombination, a fit to 
experimental polarization switching data over 8 orders of magnitude in time is possible.  

Thus, the effect of conductivity and the compensating charge accumulated at the 
cristallite boundaries due to conductivity on the dynamics of poling, short circuiting, and 
polarization switching in two-component ferroelectric polymers like PVDF has been clarified.  
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Y8MrE8�`�§de_8YAy;];SN¬!l�_8P7zBl;dhE8MVUW[ªSr]=�`[tGc_�YAy�E8MrMN_8];v3Sr]Bv�_8]B��S�Gc[t];�K_8]!deE8MTY8[t]RftS�dISr[;]nU�a�y�_£GW_�doyR_·��E-doSr_8]!dWU
_�¨R��_AGWSZ_8]RY8_>Y8[;];f;SudeSr[t]nU�doyRE�dhEAGc_�YAM�[�Uc_AG�d [ª¸8f;E8SrM�O�MZSNmW_A¹>Sr];Y8M¥l�f;S�];v­doy;_�E8f;��Sr]3SVUodoGWE�doSr[;]=[tm
v3M¥l�Y8[nUW_
[;GWEAMrM�ObE8];f`Y8[;]!doGe[tMrMN_8f��b[t��_8�K_8]!dWU-�

ºTS¥v3y�dL��E�doSr_8]!dWULa�S�doy�f;SrEAz�_�de_!U¢�b_�MNMZSudVl.U?�{|�J�»/^xDsPnEAv�_x|�¼!½�¾�O�¿;ÀkD��¢Á�}n�V»/½.Á.��¾�H;vBµÂ��ÃWP.f!l�GWE/doSr[t]�[tm
f;SrEAz�_�de_!U
Á;ÁB½#»-|>O�¿nÄ�z�g�»£Y�Ån�Æ|B½��n��¾BÇÈEA]Rf�|­J7ÁB^xDÉ��E/doSr_8]!dWUcP7};}!½.Á�On¿�¼;�n��}!½#»��¥~�H;vBµÂ��Ã/¿#»£�!½7~�O�¿
}n��¾!½��n��¼BÇ>�h��_AGImo[;GI�K_8f§l��ªdo[ªmo[Bl�G�U{dVl�f!O�f;EAOnU¡��wxM¥l�Y8[�Uc_·abE!U`E8f;�`Sr]3SVU{de_£GW_8f�[BGWE8MrM¥Oªde[�S�]Rf!l�Y8_>E
yBO;��_£GIv3MrO�Y8E\_��KSNY�_A¨�Y�l�G/UWSr[3]`do[�E	deE£GIv�_¡dLM�_\��_8M�[;m�»8���K�`[3M¥µZQ
��ºLl�v3M¥O�Y\_��KSNE�aKE!UTGW_8�I_!UodeE�z�MZSVUWy�_8f�z�O
U-��YB��S�]nUolnMrSr]�E\ft�KS�]�SVU{doGWE-doSr[t]����e]bdVa:[K[tm.doy;_xmo[Bl�G#U dVl�f8O�f;E\O�UTf;_�meS�]�_\f��`[t��_8�K_8]!dWU7ab_AGW_xSr]!doGe[�f!l�Y8_8f
Sr]�Y8M�l�f;Sr];v�Uc_8¬!l�_8];Y8_BUT[tm©YAO�Y8MZSr]Bv�P;a`E8MrH3Sr]�v�EAGW[Bl�];fKEA]�f�Gc_AvBl�MrEAGTf;_!UIHBab[;GIH.���I]xdoyR_x[!doyR_AG2dVa:[·UVdVl�fBO
f;EAOnUTS�]KE8f;f;SudeSr[3]�de[bdoyR_x�`[B��_8�K_8]!d2z�M�[3YAHnUTE8];f�doy;_h[tGcE�M�v�M�l�Y\[�Uc_xE8f;�`Sr]3SVU{doGcE�doSr[;];P3��E�doSN_8]!dWUTfBGWE£]BH�¼
MZS�doGW_!UK[;m�abE�de_AG-�'gÊ�xl�MudISr��MN_¦Gc_Av;GW_!U UWSr[3]FEA]RE�MrOnU SVU�a`E!U`��_£GImo[tGW�`_\f�d [�_!UVdeE�z�MrSVUWyFE¦v�Mr[Bz�E8M��b[3f;_�M
Sr]�Y8M�l�f;Sr];vFE8M�M�Uol3z£Ë _8Y�dWUbEA];f�E8MrM�U{dVl�fBO�f;E\O�U-���e]�E�]R_�¨Bd`Uode_A��E���_-G/Uc[t]RE�M#�`[�f;_8MÌabE!U`_!UodeE�z�MZSVUWy�_8f
Sr]�Y8M�l�f;_\f�doyR_�UcE8�`_>��EAGWE8�`_�de_AG UKE!UxdoyR_¦v�Mr[Bz�E8M
[t]R_8P?z�l;d�doyR_§Y£[�_Am{meSZY\_�]�dWU�a`_£GW_>��EAGWEA�`_-de_AGWSZUW_8fªdo[
_8E8Y8y�U{dVl�f!O�U{l�z£Ë _8Y�d2d [�[;�!doSr�`SVU _�doy;_x�b[3f;_8Mn��_AGWmo[;GI�KE8];Y8_B��J7y;_x�b[3f;_8MZUTv�_�]R_AGWE�de_\f�a`_AGc_kde_!U{de_8f`mo[tG
��[!de_A]�doSrE8M�[B��_£G�moSudVdeSr]BvÍEA];f�f;_8�`[3]3UodoGWE�de_8f�doy;E�d¤E£]�_!U/Uc_�]�dIS�E�MK�`[�f;_�MNSr];vÎ��EAGcE��b_�de_AG>a`E�U�doy;_�^ q
UW_8]�UW[;Gkdoy;E-d��b_8EBU{l�GW_8f�doyR_�YAy;E8]Bv�_�Sr]­f;SZ_8MN_�Y�doGISrY��;Gc[t��_AGodoSr_!Uhf;_8_£��_AGxSr]�doyR_�UIH�Sr]¦deSZU-Uol�_B�sÏ+S�doy�doy;_
��_AG/Uc[t]RE8Mk�b[3f;_8M#v3M¥l�Y8[nUW_¤_\¨tY�l�G/UWSr[�]3U`Y\[Rl�Mrfªz�_·doGWE\YAH�_8f§a`Sudoy�E8]§Ð
Ã`[;mh�n�uÅ2»�E£];fFEA]ªDFg�Ð#^°[3m
»£Ån��¾BÇ­P�doyR_�v3M�[RztE�M��`[�f;_8M3O;SN_!MNf;_8f`EA]hÐ�ÃL[;m��n��}�E£];f`EA]xDFg�Ð#^�[�mÑÁ7»��¥��Ç¯GW_!UI��_\Y�doS¥��_8M�O��

J7y;_!Uc_�GW_!U{l�Mud Uhf;_8�`[3]�U{doGWE�de_�doy;E�d?v;Mul.Y\[�Uc_���EAGWSNE�deSr[t]�U�Sr]>��E�doSN_8]!dWU�Y8EA]>z�_��`[3];Sude[;GW_8f­Y8[;]8doSr]!l�[Bl.UWMZO
z;O��K_8EBUol�G�Sr]�v�Y8y;E8]Bv�_BU:S�]>doyR_�f;SN_�MN_�Y�doGIS�Y·�;GW[;��_AGVdoSr_BU`[;mxUeH3Sr]�E8]Rf¦l�];f�_AGWM¥O�Sr];v§deSZU-U{l�_B�©JjyR_��xl�MudISN�
UW_8]�UW[;G�EA�;�;Ge[�E8YAy)SNU�Gc_8¬!lnS�GW_8f�d [)_A]REAz�MZ_�doy;_�fBSN_8MV_8Y�doGeSrYÒ�;Gc[t��_AGVdoSr_!U®[;m§doyR_�UeH3Sr]¯E�dFfBSrmomI_£GW_8]!d
��_A]R_�doGWE�doSr[;]�f;_£�Bdoy3Uxde[§zt_>�`_�E!U{l�GW_\f;PkE£];f§de[FYA[;����_A]nUWE�de_�mo[tG���_£G dVl�G{z�Sr]�vF_�mome_8Y�dWUxdoyRE�dhSr];mIM¥l�_8];Y8_
doy;_�UW_§�b_8EBU{l�GW_8�`_8]!dWUKSr]FY8Mr[�Uc_AGxd [s¸\f;E8S�MrO�MrSNmI_A¹=Y8[;]�f;SudIS�[t]�U-�jX�l;dVl�GW_§U{de_£�nUxa:S�MNM
f;_\��_8Mr[;��doy;_­f;E¡deE
_��tE�M¥l�E�deSr[;]ªGW[BlBdoSr]R_RUbE8];f�E8M¥v�[;G�S�doy;�·Uhdo[FEAMrMr[Ba±GW_\E�M¢doSr�K_§UWSrv3]RE8M¢�;GW[�Y8_!U/UWSr];vF[;m�doy;_>��lnM�dISr�WUW_8]nUW[;G
f;E�deE�EA];f>doGWEA]�UWmo[tGW�`E�deSr[;]ªSr]!de[�Y£M�Sr]�SNY8E8MZM�O=GW_8MN_A��E8]!dhSr];mo[;GW�`E�deSr[t]=mo[tGh��E�doSr_8]�dWU�abSudoy=ftSNEAz�_�de_!U:S�]=E8]
[BlBdo��E/doSr_8]!dLUW_�dNdoSr]Bv.�
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?A@CBD@FEHGJILKNMPORQASUT�B�@ V<@RW>X YFZ\[^])_`QASUT�[�M)K�Ba@ b\@^ca[edgf)IhM�S
S bi_NGj_NMkOml^Xn?FoU[poJO�q%O�rpXNMAIhr�[�d`saMAItQ)O^Gju�IhowvxT:bi_kGJ_`MAOpl�X)T�ykz`{k|N}P~kTe��Y)u1u�I�[

� W�_kGUGjO�u��k_�M)KkIgMkfa[pYko�X)_NG��m]N[�dhf)IhMN�A[�d�O��)[mMkKkGJ��Z\[�I�d�@ G�Y

B�MAO^��fFGJ_`YN��_x��d�Oe[mK)dhO�u�u��JO^GJGJ_)Iwr�Z\[^o�O�GJIw[RdLu>�aIgo�X7fPO�MPO�GU[�d��J_NGUZ+YAdh[��'I�����O S�� �J� ? �k� � �� J¡�� Tk��X)O^GjO'¢�£
¤5¥ ILT§¦iI�T§�¨fkTHW�_0[^M)K�©<MªX [mu7�kO�OpM5u=vkMNo�X)O^upI«l�O^KªYkupItM)f¬o���_k­Ju®o�[^fPO�rmO^G�[mZ¯ILr°o�ORr�XkMP_kdw_NfNv)@�B�u±I�M)I²o�Iw[Rd
�P_N��KkO^Gju ��I�� ¡H� Tk?k�)� ¡H� T��³f ¡ T�¦iIw� ¡�� TFW�_ �j¡H´ [�M)K�©%M ¡ _`�AI²KkO�upTeo�[�]FO^M¯ItM¯u	o�_)Ihr^X)I�_NZ\O�o�G=I²rHG�[poJI�_kT`Xk[^QPO��)OmOpM
YPu�O�K @Fq%XkOHo�O^ZD�kO�GU[^o�Y)GJO�_x��o�X�Oau�_kdLI�Kk­�u=oU[po�O�u=vkMNo�XkOmupI�u§ZµOe[Ru	YkGjOmKµ�Nv\o�XkO�K)Ig�J�UO�GJO�MNoJIh[�d o�XkOmG�Z\[Rd¶[mMk[�dtv)u�I�u���[�u
��_xYkMPK·o�_·�PO+¸�¹ ºR|±»�¼H@ ¡ �xo�IwZiYkZ½o�O�rpXkMk_kd�_Nf)Ihr�[�d��k[RGL[�Z¯O�o�O^Gju�¾wo�O^ZD�AO^GJ[�o�YkGjO�u�_N��u®vFMko�X)O�u�I�u�[�MkK¿[i�k[^])ItM)fkT
o�IwZ¯Omu>_k�¶�k[R]kIwMkfPTNXkO^[moUIhMkf\[mMkK\r^_k_kd�ItM)f+GU[moUORu�TN[�MPK+[�f�[�u>[�o�Z\_ku	�FXkO�GJO�À��J_NG�Z+[mM)Yk�U[�r�o�YkG=IhMkf\_N��upI�Mkfkd�O�­U�NXk[Ru	O
u�[^Z\�)d�O�u+�aIto�X�KNO^M)u1Igo�v�~ @CÁ�f�Â�reZ\���'O^G=OÃGJO�Q)O^[edhO�K @�q�X)O·Äi­LGJ[�v¨KkIL�U�JG�[Rr�o�IL_`M³[pM)[RdgvPu�I�u+�aIto�X�Y)u1O7_N��Å�O7c

α 
GU[�KkI�[�o�I�_NMD[^MPK�¦iI �UI�d²o�O^G�Xk[mu�u	Xk_k�HMDo�X)[po�[^oAGJ_N_NZ�o�O^ZD�POeGU[moLY)GJO�o�XkOÆu�[^ZD�)d�O�u<Xk[mK��xvFGj_kr�XAdh_NGJO�u	o�GUYkr^o�Y)GJOH�aIgogX
YFM)Igo)r�O�d�dN�k[�GU[RZnOpoUOmG�Ç ¤ ºR| @ {kzxÈ�º�B

°
@

q%O^ZD�)O^GJ[�o�YkGUOaKkO��)OpMkKkOpM)r�Omu�_x��oLX)OaKkI�O�d�O^r^o�GjIwrH�)OmG�Z¯ItoLo�I²QAIto�v
ε É  [�M)Knd�_ku�upO^u ε Ê  [po�Q)[mG=I�_NYku��UGJO�ËNYkO^MPr�v[mMkK�[ªZ¯O^[�u�YkG=IhM)f5�JILO�d�K�¸<ºm|�b�Â�r�ZÌ��O^GjOÍu=oLYPKkI�O�K5IwM�[³oJOmZD�)O�GU[^o�YkGJO0G�[mMkf)O³_k�7yk|N|)­�¹F|N|�c\@��'_`o�X�[

�PO^G�Z¯ItoLo�ItQAI²o�v
ε É  [mM)Knd�_Nu1u εÊ [�GJOaIhMkr�GJO�[�u�O�K  �aIto�X+o�O^Zi�kO�GU[^o�Y GJON@�ÎUo���[Ru�_N�ku1OeGLQxO^KDo�XkO�[^MP_NZ+[edh_NY)u>rpX [pMkfPO�_N�

ε É  [RM)K εÊ  �J_NG¶¦iI�TP�¨fkT)W�_\[^MPKµ©<M)­Ur�_�Mxo�[�I«M�ItMkf\Z\[^o�O�GUI�[�d�u§[mo�ÁN~ ÈFTkÁF~ ¹FT ÈFÁN|kTk[^M)K\Á ¹�|DciTN��X�I�r^X�I�u§GjO�d�[�o�OmK
o�_nu	o�GUY)r^o�Y)GU[�d��FXk[�u1O'o�GU[�MkupItoJI�_�Mku^@Fq�X)O��kGU_NMk_�YkM)r�OmK+KkI�O�d�Omr^oLGjILraKkIhu��kO�GJupIh_NMÃItM¯[��UGJO�Ë`Y)OmMkr^v¯GU[�MkfFO�_k��Èe|N|+Ï�l
­+º¯��Ï�lÐ[^MPK°o�O�ZD�kO^GJ[poUYkGjO¿ItMko�O�GLQ)[�d>yk|F|k­®¹e|N|°cÑ�Æ[�u\�J_NYNM)K�_�YNo=@�ÎUo'Iwu¯IwMNo�O^GjO^u	o�IhMkf°o�Xk[po�M)_eQxO�d>r^O�GU[�Z¯I�r
Z\[poJO^GjIh[�d�uµ�)_ku�u1O�u�u\[7XkYNfkO7Q)[�dhYkOÃ_N�

ε É ¸§º�|N´�[^o'd�_x�Ò�UGJO`ËNYPO^Mkr�IhORu�T%��X�IhrmX³u	�PO�[^]Fuµo�X)On�³[p�)��O�d�d�­�Ó-[^fFM)O^G
Z¯Omr�X)[pM)ILu�Z GJO�dh[^o�O�KÔo�_½rmXk[�GUfkOÕ[Rr�r�Y)ZDY)dh[^o�I�_`MÖIhM½fNGJ[RIwMÑ�k_`YkMPKN[�GJILOmu^@nÎJMÑX)IhfNX½o�O^ZD�)O^GJ[poUYkGjO×G=OmfNI�_�M
rm_`Mko�G=Ih�kY`o�Ih_NM)u�oU_iKkIwORdwOmr^o�G=I�r�dh_)u�u	O�u�GJORdw[poJOmK�o�_Dr^_�M)K`YPrRowIgQ)IhoLvi[^MPK\dw_N�a­U�JGJO`Ë�YkO^M)rpviK IhO�dhORr�oUGJI�rHG=Omdw[p�k[^o�I�_`MD�'OeGJO
KkIhQ)I�KNOmK�@Rq�XPOHKkIh���UY)u1O�K�o�f

δ
Z\[p�)IwZiYkZ�_`�)u�O�GLQPO�K\ItMDo�O^ZD�)O^GJ[poUYkGjO�KkOm�kOpM)KNOpM)r^OÆ_N��d�_)u�u�O�u�X)[�u%oLXPOHGJO�dw[p�k[moUI�_`M

o�X)O^GJZD[�d�d²vÃ[Rr^o�IgQk[moUORK¿Mk[�o�YkGjO+[Ru�Iho�u	XPIw�wo�u'o�_¿XAIhfNXPO^G�oJOpZ\�)O^GJ[�o�YkG=O\[�u�[\��GJO�Ë`YPO^MkrpvÐ_x�>[\Z¯O^[Ru�YkG=I«M fÃ�UI�O�dLK±I�u
IhM)r^GjO^[Ru�OmK�@�q�XkO�rm_xZi�NYNo�O^G\[^Mk[RdgvPupI�u7_x��o�X)O�[^MP_xZD[edw_�YkuÃKkI�O�d�O�r�oUGJI�r�dh_ku1u�O`uÃItM5�UGU[�Z¯O�uÃ_N��oUX)O±�³[p�k�aO�d�d�­
Óª[�fFM)O�G�G=ORdw[p�k[^o�IL_�MDZ\_kKFO�dxXk[mu<GJORQxO^[�dhORK�[�fk_k_NKa�UIgo)oJ_iO��k�PO^G=I�Z\OpMNoU[Rd KN[poU[�@

q�XkO0�'_NG�]"X [mu��kO�OpM�O��)OmrpYxo�ORK�[^o7��IwMk[mMkr�I�[�d\u	YF�k�k_NGUo�_N�noUXkO³��Y)u�u1Iw[pM�Å�_�YkMkKN[^o�I�_`M��J_NG7�Æ[�upIhr
�'Omu�O^[mG=rpX\¾UfNGJ[^Mko)Ø\|F~k­�|�}�­�zk~Ny�ºR|NÀA[�M)K�W���Ù�ÅÃ¾UfNGJ[mMNo�Ø�V¶EÍ|xÈF­J|�º�| ­=º�À=@
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:<;�= >?=A@#B�C8DFEGDFEGH$I�= J�=K@#LNMOL&P1Q$L$RSHSTU=WVX=UYSDZP1END[QGL$RSH$\]= ^)=`_aB�MbB&cdL`Rfe
_hg$i�V�LNMjLSE$iAk�glY`PjB�Pji�_mi�nog`ENDpn�B�CSqrENDsRfioM%cdDtP1uNH`\riAvGBAM6P1wXi�E&P�LNxaYGLSCFDpylY$PjB%Pjiz^�g`uGcdD{n`cbHSV#LSMjLNENiAk�g$H$|�;�c}cdD{B

~�� L`MOMdi&cjvGLSE$ySDFE���B�;NP1gNLNMo�[��yNiAwUi�P1MdD[u�c}��wXBKDpC�=WM6;

J�BAE$L�n4LSw�vGL�cdDtPji&c � L$�$�O���A�����{�j�O�����UiAMbi�vNMdiAvGBAMbi�y��Nu�B�wXi�P1g$L�y�LSx�DsL�E��fi�B�w cOv`;NPpPjiAMODFE`��L�x�B
n�LSw#vGL�cdDtPjizPjBoMO�Gi�P�LNEUB�cdD{CpDpn�LSElc1;���c1P1MdB�Pji�=`_�gNizPjBAMj�Gi�P�MdiAvNMbi&cdiAE
Pji�yUn�L`�GB�CtP�v�CpB�Pji�DFE�P1gNi�cdD8kKi<�� �¡`¢� �¡`¢�£o¡Uw�wU¤dH
cdLNCFy�ioMdi�y.P¥L.P1gNi��UB�PjioMd¦On�LNLNCFi�y§n4LSvNvGiAM�x1L`;GENyNB�PODFLNE¨LSEl�UgNDpn�g©c6;GMdx1B
n�i�gNDFEN�Gi�¦6vGCpB�Pji�LNx�n�iAMbBKwXDpn&c � BA��BªcdD{kKi
 �¡&¢�£o¡`¢N��wUwU¤zE$LSE
;�ENDFx1LNMdw«CFu�xjB&c6Pji�E$i�y�=�_�gNilENB�ENLGn
LSw�vGL�cdDtPjiªx1DFC{wlc#L�x � L`�$�O���4��¬­�W®1���{�j�O� �¯�6¢

≈ ° ¡²±´³�µ§¶§�yNiAvGL�cdDZPji�y�LNElcdD8CpDpn�LSE�c6;G��c1P1MdB�Pji�HS�riAMdi�vNMdiAvGBoMdi�y�y&;GMjD8E��§cdDFEN��Cpi��ULNMOQlnAu$n�Cpi�B�ENy�gNB4y�B<P1gNDpnAQGENi&c�c)ENi�BoMzµ
µ
wª=

_hg$i � L·n�LSE$n�iAE
P1MdB�P1DFLNE�¢¸�UB`c¹yNi�PjiAMOwUDFEGi�y��Nuº¢G¦OMdBAu�i�Cpi�n�P1MdLNEN¦��Gi�B�w w«DpnAMbLSvNMdL`�Gi»BAENB�CFu�c}D¥c¹x�MdL�w xODFRGi
w�i4B$c1;GMdi�wXiKE
PdcavGiAMOx1LNM­wri�y�LNEXySDFx1xOiAMbiKE
P�vGBAM1PdcaLSx�P1gNi�c6;N��c1P1MdB�Pji&c��#DtP1glc6;G��c}i�¼&;fi�E&P½vNLNC[uNENLGw�DpB�C�iA¢`P1MdBAvGLNCFB�P1DpLNE
LSx�P1gNi�n4LSE
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THE DIELECTRIC RESPONSE IN THE COMPOSITE  
P(VDF60/Tr40) - POROUS GLASS. 
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Molecular dynamics of n-ethylene glycol dimethacrylate followed by 
dielectric relaxation spectroscopy 
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n-Ethyleneglycol dimethacrylate monomers due to its polyfunctionality have practical 
interest as precursors of cross linked polymers widely used in the production of coatings, 
information storage systems, spherical lenses and dental biomaterials and as matrixes for 
polymer dispersed liquid crystal devices [1,2].  
 A detailed dielectric characterization of n-ethylene glycol dimethacrylate monomers with 

n = 1 and 4 is provided. Besides the α-
relaxation associated to the glass 
transition, two secondary relaxation 
processes were detected: the γ process 
assigned to the twisting motions within 
the ethylene glycol moiety, and the β 
process related with hindered rotations 
of carboxylic groups. While the 
relaxation time of the γ process is 
relatively independent of the size of the 
ethylene glycol group, the β process 
deviates to higher times with increasing 
n. At each temperature, the mobility of 
the cooperative process decreases with 
the increase of ethylene glycol moiety. 

The temperature dependence of the relaxation times obeys to the VFTH law for all the 
systems as usually found in fragile glass formers. The estimated glass transition 
temperature for τ=100 s increases with the increase, as also found from calorimetric 
analysis [3]. The fragility indexes estimated by both DSC and DRS techniques, increase 
with number of ethylene glycol units, n, suggesting a strong correlation between fragility 
(and also Eeff

Tg) and the glass transition temperature. 
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Dielectric relaxation of Parylene C  
 

A. Kahouli1,2, A.Sylvestre1*, F. Jomni2, B. Yangui2, J-C Robert3, B. Berge3, J. Legrand3 
1 Grenoble Electrical Engineering Lab. (G2Elab), CNRS, 25 Rue des Martyrs, BP166, 38042 

Grenoble, Cedex 9, France 
2 Laboratory for Materials, Organization and Properties (LabMOP), Campus Universitaire-El 

Manar, 2092 Tunis, Tunisia 
3 Varioptic SA, Bâtiment Tony Garnier, 8B, Rue Hermann Frenkel, 69007 Lyon, France 

* Corresponding author: alain.sylvestre@grenoble.cnrs.fr 

In the literature there are very few articles that describe precisely the dielectric properties of 

parylene. However these polymers are used in a large domain of applications. For some of them, it 

is necessary to precisely know these properties and their variation according to frequency and 

operating temperature. In our study, we investigate dielectric properties of Parylene C (Poly (mono 

chloro-para-xylylene)) thin films (5.8 µm) deposited by vapor deposition polymerization (VDP) 

from a di-chlorinated di-paraxylylene dimer. This polymer is integrated in liquid lens for auto-focus 

actuators with no moving parts. The optical power of the lens (1/f) is proportional to the dielectric 

constant of parylene and the reverse of its thickness. Dielectric properties were measured by a 

Novocontrol alpha-AN impedancemeter in large temperature and frequency ranges [-180°C – 

140°C] [0.1 Hz to 1MHz]. 

The dielectric constant ε’ is strongly frequency and temperature dependent as seen in figure.1. 

Three relaxation mechanisms (α, β, γ) are clearly identified in the loss factor (figure 2). 

 

 

 

 

 

 

 

 

 

 

Figure 1 : Dielectric constant against frequency  Figure 2 : Loss factor against frequency 

Results will be focused on the origin concerning these three peaks. Particularly, explanations with 

regard to temperature dependence of α relaxation and the dielectric constant frequency shift are 

attempted. 
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Simultaneous dielectric, calorimetric and SAXS/WAXS 
experiments during polymer crystallization 

 
 

Andreas Wurm*, Alexander A Minakov, Christoph Schick 
 

*Corresponding author: andreas.wurm@uni-rostock.de 
 
 
 
In order to understand nucleation; crystallization and other phase transitions in polymers, 
polymer based composites, or in liquid crystals simultaneous experiments with a combination 
of different methods are useful. Due to different sample geometry and thermal conditions it is 
usually difficult to compare the results of different individual experiments. As an important 
supplement to the classical techniques for studying crystallization like SAXS, WAXS, or 
differential scanning calorimetry, measurements which test molecular mobility like dielectric 
or mechanical spectroscopy are of interest during isothermal and non-isothermal 
crystallization. From such simultaneous experiments we can learn about the existence of pre-
ordered structures before formation of crystals, as detected by DSC or X-ray scattering. 
In this contribution we present the development of a device for simultaneous measurements of 
electrical properties and SAXS/WAXS intensities, which was extended to a microcalorimeter 
and allows measuring thermal properties like heat capacity and thermal conductivity 
additionally at the same time and at the same sample volume. 
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¯'@U^�I�ded«@Ut«VrEUF¬iYIgq[pDdMFBi`O²FgdeFgC�Vr^YF7V�i��D^�trIHCgF�pD@�VWF�T�Vr]}Igd��[I�i�q[F I�ir�D^YFg�®�U{¬VrEGF·q;F7VrEG@,�­@Ut�VrEGF
AD]_�D^YI7Vr]eTBS;Fgd}FgC7Vr^Y@D�UF>�-]�VrE[Cg@Uq�pDFgT"iYI7VW]e@UTUOB�U{3�oEU]MCgE3VrEGF6F�i�VW]eq;I7VWFg�[F�^�^W@J^9�[I i��DF7VaVWF�^¾VrEGI�T�± ³5=

<�EUFgTUO,VrEGF�VrEUF�^Yq[Igd}d�{®irV�]eq���dMI�VWFg��C7�D^�^YF4T�VYi�¦W<>� � §²]eT[VrEUF�VWFgq�pDF�^`I7Va�D^YF3^YI4TBSDF�¦��"±k¿ � ���4¶U�U¿ � §
�oF�^YF%q[F I�ir�D^YFg���9iY]eTBS¸IgT�FgdeFgC7Vr^Y@Uq[F7VWF4^�\3Z���À`�y±9�»¦�f�¯'<�§�]eT�I5de]eTDFgI�^�VWF�q�pDF4^YI7Va�D^YF%pk^�@USU^YI�q
Cg@UT�Vr^W@Jded}Fg�5@BADFgT"=x<�EUF¬EGFgI7VW]eTBS5^YI7VWF��[I�i£� =�Á,±®Â6°rq�]}T"=x<�� � iWpDFgC7Vr^YI·�oF�^YF�^YFgCH@B^Y�UFg�%]eT5@UpDF�T
Cg]_^YC7��]�VsCg@UTU�U]�VW]e@JTDi��[]�VWE3Va�-@��Dde@,C4j,]eTBS;Fgd}FgC7Vr^W@,�UF i�=

ZÃCg@,q�pDI�^`I7V�]_AJF irVa���G{»@Ut>VrEGF¥Va�o@%jU]eTU�,i-@Ut>VrEUFcFgd}F�C�Vr^�@"i�pB�DT®z9u�<ªqoI7VYi�pU^YF�pDI�^YFH� �U{®VrEDF
�U]�trtWF�^YFgT�Vhq[F7VrEU@D�,i��oI�i�CgI4^�^Y]eFg�­@G�UV1�U{¬VrEGF�<>� � q;FgI�ir�D^YFgq;F(T VYi�="¯'@U^6I�ded1@,t«VrEUF¬iYIgq[pDdMF i�VrEUF
<�� � C7�D^rADF�i*i�EU@B�oFg�oVa�-@�q[I�wD]}q�IG�,@UTUF�Cgde@"iYF�Vr@�ÁU�BÄ � I�TU��I�TG@GVrEGF�^«]eT�VrEGF¬�U�4�BÄ � ^YF�SD]e@UT"=D<�EGF
^YF�ir�"d�VYi	pU^YF iYF�T VWFg�ÅEUF4^YFÆtr@DC7�9iYFH�Ç@JTÈVrEGFÆ]eTUtrd���FgTGCgFÈ@UtÉVrEUFÊC�EUI4^�S,]eTkS qo@,�UFÊI�TU�ÈVrEUF
F�TBAD]e^Y@UTUq;F(T VWIgd�pU^YF�i|i��D^YFk=9<�EGF�^YFBi���d�VYih@G�kVWIg]�TGFg�0iYEG@G�oFg�·VrEGI7V²VrEGF�q[I�wD]Mq���qËpD@viY]�VW]e@UT®�U]}�®TU@�V
�UF�pDF�TG��@UT�Va�-@�trIgC7VW@U^�i7�HVrEGF�pU^YF i�i��D^`FgO"I�TG�-VrEGFoi`Igq�p,dÌF�pU^`F�pDI�^YI�Vr]e@UT�q[F7VrEG@,�,i1I7V'�D�BÄ � C�EGI�^�SD]�TUS
VWF�q�pDF4^YI7Va�D^YFB=h<�EGF�<>� � pDFHI�j"i%iWEU]�tMV`Fg�ÍV�@QVrEUFmEU]_S,EGF�^¬VWF�q-pDF�^YI7Va�D^YF5ADIgd���FBi¬�-EUFgT½CgEGI�^�SD]�TUS
VWF�q�pDF4^YI7Va�D^YF3�oI�i[���D�BÄ � =�<�EGF�]eT�VWF�T"iY]�V�{·@,t�VrEGF�pDFgI�j9i�tr@U^²VrEUF[Cg@U^W@JTGI�C4EUI�^�SDFH�¥z9u�<�q[I7VYi«�oI�i
EU]eS,EGF�^�VrEUI4T¬VrEUI7V�@Ut�VrEGF��DTUC�EGI�^�SDFg�­@UTUF�i¡=¾Z��UFgC4^YFgI�i`F�@Jt²VrEGF�pDFgI�j"i¡Î«]�T VWF�T"iY]�Vr{¬�oI�i�@B�"i`F�^�ADFg�
tr@U^�VrEUF3iYIgq�pDd}F�i�jDF�pBVs�U��q[]eTB�UVWF�i��DTU�UF4^xI6�"=���q��DI4^²d}@B�½pB^`F�i�ir�D^YFB=
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Author manuscript, published in "5th International Conference on Broadband Dielectric Spectroscopy and Its Applications
(BDS2008), Lyon : France (2008)"
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FEGIHKJLGNMPOCQSRUTWVXVYMSZ []\^GX_=Q`H�T6abMWc^Q`VXGdRUM%HeQ`[f\�GI_gQhH^MBFEMWc�ciQhH�Gj[ek�GXl%m^M%T%V�npo^q�qiT%H�m�Q�r�stR

u MvRwm�Q`VXGYTWx^TPy=H�G{ziTWr�s1G|RUT}G|R]~�Tv�`zhT}He[e~�MWqhQhr1MvRwQSrt�=�wQ�r	�DlLQe�fs�RwGXlSs�M%He���	m�T�r�_gM}V��	mS�is1GYles�[
� TWc^M�rtRw_=T%H�R�Q�����mS��s�GNlLs�M%H�����swRwr1Q�H�Q�_g�e[^FET}VYTSstRwG �1H^T%H�VYM%M%H��^��� � [S�C�+�����!�6�=Tvz^TWr1VYT%T%[S�CT}V��`G{�i_

ZLFPQ�r+r1TLs+c�Q�H���GXHS�bM���RwmeQhr��KF#GXHKJ�GYMS� OCQSRUTWVXVNML���t��s���xS��VYT��^z^T%H���q^T

� GXT%VYT%l�Rwr1GXlpsUc^T%l�Rwr1Q�s1l�Q�cS��G�s4M c�r1QSz^TWHpRUT¡lWm�H�GX¢��
T'�wQ�r�RwmeTpstR��i���£Qh�b_=Q`VXT%lv��VYMWr4M%H���l%Q�Q�c^TWr1M�RwG{z^T
r1T%VXMW¤^MvR+GXQ�H*c�r1Q^l%T�s�s1T�sCGIH4��VdRwr�M�Rwm�GXH*c^QhV{�^_bTWrB�wGNVY_¥s��
¦	zhT%H§QhH¨Rwm�T©HeM%H�Q�_©TvRUTWr-s�l%M%VXT%[!Rwm�GNs�RUT%lWmKH�GY¢��fT
c�r1QSz^GX��T�s�[PGXH �UM%l�RU[ªHeQ�RCQhH�V{�9s�TWz^TWr1M%V�s�T%H^s1GdR+G{ziT*Tv¤�c^T%r1GI_bT%H�RUM%VE_=T�RwmeQ`��Q�VXQ���GYT�s-R«Q�M�s�s1G{�^H¬RwmeT0��VXMSsvs
Rwr1MWH^s1GdRUGXQhH9RUTW_­c^TWr1M�R��^r1T�®���[j�^¯�qK��R°MWV�s1Q£RwmeT'ceQ
s�s1G{q^GNVNG|Rt��Q^�¨M%l%l¡T�s�s1GXH��±M q�r�Q`M%��qhM%H�����r1T%¢��iT%Hel}GYTSs
s1l¡T}HeMWr1GXQ§Qh�	Rwm�TblWm�M%HK�^TesCGIHe���il%T%�¥q��4�^T¡Q`_=T�Rwr1GXl%M%V²l�Q�H`swRwr1MWGXH�RPMWH��*l¡QhHK�tGXH^T%_bT}HLRªR«Q°RwmeT¥s�TW�`_gT}HLRUM�V
_=Qhq^GYVNGdRw��®���[X��¯+[	VXQ^l%M%VPs�T%l%Q�H���MWr+�§r�T}VYMW¤^MvR+GXQ�H�sb®���¯BMWH^�§G«s�Q�Rwm�TWr1_=M%VEl�r��istRUM%VXVXGIJKM�RUGXQ�H§x`GXH�TvR+GXlLs©®���¯��]³UH
Rwm�TBl¡QhHLz^T%H�RUGXQ�H�M%V`c^M�r1M%VIVYT%V^c`VYM�RUT��^T%Q�_=T�Rwr+�DRwm�T�c^Q�V{�^_¨TWr	VYMW�^TWr�GNs�l¡QhH��+GXH^T%��q^T�R�´gT%TWHDRwm�TBl%Q�H����il�RUG{z^T
st�^r1�wM%l¡TesCQ��ªR�´=Q§s1Q�VIGY�*T%VYT%l�RwrUQ^��T�sv�f�	m�T�s�T¥s�M}_=c^VYT�sBM%r1T=r1TW�wTWrUr1T%�¥R«Q¬MLsBl%M�c�c^T%�0�wGNVN_¨sCQhrDst�^c�c^QSr�RUT%�
�+GXVN_¨s©´gGdR+meQe��Rg��r1T%Tpst�^r1�wM%l¡Tes��P³UH'Rwm�G�s©´gQhrUxp´=T§c�r+TLs1T%H�R°M¬HeT�´µTv¤�c^TWr1GN_bT%H�RUM%VDMWc�c�r�Q`M%l�mp´�m�GYl%m
M%VXVXQe´°s c�r1QSq^GXHS�¶RwmeT·r1T%VXMW¤hM�R+GjQhH�c�r1Q^l%T�s�s�T�s�GXH±��VdRwr�M�Rwm�GXH��wGNVY_¨s�m�MWz^GXH���Q�H�T���r1T%T±st�^r1�UM%l%TS�=�	m�T
c^Q�Vj�^_bTWrEGNs#��TWc^Q�s1GdRUT%��q��4s+c^GXH��+l%Q^M�RwGXHS�4Q�H¨M�H¨GIHLRUTWr1�SGX�^GdRUM�RUT%�blWQ�_�q4T%VYT%l�RwrUQ`��TD¸t³ � ¦�¹6¸�º!G��S�^r1T0�v¹v�S³UH
Rwm�GNs	�^T¡Q`_=T�Rwr+�DRwm�T�c^Q�Vj�^_bTWr��wGNVX_�m�MSs�M-sw�^r1�wM%l%TBGIHb��G{r�T%l�R²l�QhHLRUM%l�RiRwQ(RwmeTBl%Qh_�qbT%VYT%l�Rwr�Q`��T�s�´�m�GXVYTPRwm�T
Q�Rwm�T�r©st�^r+�wM¡l%T*�wQhr1_©sgM}H�GXHLRUTWr+�wMLl%T¥´=G|Rwm¬Rwm�T»MWG{rt¼�zhM%lW����_=[ª´­m�GYl}m½r1T%_=M%GXH�s=M%l%l¡Tes�s1G{q�VYT*�wQhrbst�^r+�wM%lLT
MWHeM}VX��s�G�s¾RUT¡lWm�H�GY¢��iTes�¸�\S�fk�[iT}VXVYGIc�s�Q`_=T�Rwr+�K¹�T�ziT%H©���^r1GXHS�=Rwm�TD�hGYT%VYT%l�Rwr1GXlDTW¤�c^TWr1GN_bT%H�R��Lk�Q�r1T�QezhTWr1[SRwm�T
´gT}VXVb��T%�tGXH^TL���^T%Q�_=T�Rwr+�A¸+�tG{¤iT%�±T%VYT%l�Rwr1Q^��T��SG«swRUMWH�l¡T}¹8MWVXVXQe´°s§M9¢��iMWHLR+G|RUM�RwG{z^T9��GYT}VYT%lvRwr�Gjl9M%H�M%VI�is1Gts
�^GYT%VN��GXH��½M¡qis1Q`V|��RUT©GIH��wQ�r1_bM�R+GjQhH§Mvq^QS��R6Rwm�T©r1T�VXMW¤^M�RUGXQ�H stRwr1T�HS�SRwm��f�DH�QSRwm�TWrBGX_=c^Qhr�RUMWHLRBM¡��z^MWHLRUMW�^T¨Qh�
Rwm�TD³ � ¦��^T�Q�_=T�Rwr+�=´=GdRwm©r�T�s+c^T%lvR!RwQ�Rwm�T-c^M�r1MWVXVYT}Vic`VYM�RUT-�^T¡Qh_=TvRwrt�¨G�sªRwmeT-GXH��tc^VYM%H�T�Q�r+GXT%H�RUMvRwGXQhH°Qh�!RwmeT
T%VXT%l�Rwr1GXl¡M}V4�+GYT%VY�¿RwmeM�R»r1T�st�iVdR1s�GXH�M�H�T%¢��iM%V¨r1TWc�r1TLs1T%H�RUM�RwGjQhH�Q��0RwmeT¶s+c^T%l%GX�+GYl±¸«�fst�iM%VXVI�?��GN�w�+TWr�T}HLRw¹
�S��H�M%_bGNlBl¡QhHLRwr+G{qS��RUGXQhH^s���r1Q`_�st�^q^�+VYMW�^TWr�s�Qh����G�stRUGIHel�R��S��HeM}_bGYles�GXH-RwmeTB�hGXT%VYT%l�Rwr1GXl�r�T�s+c^Q�H`s�TS�

®���¯�abMWc�Q�VXGdRUM%H�Q^[]\i�SMWHe�-npo^q�q^T%H�m�Q�r�swRw[Sk���[6ÀpÁ^ÂWÃ�ÄSÅ�Ä�ÆYÇ%Â%È�ÆYÇWÉ�[�Ê^Ë�Ë�Ì�Í`��ÎK[
ÏKÎ�Ð�Ñ
®N�^¯�abMWc�Q�VXGdRUM%H�Q^[]\i�SMWHe�-npo^q�q^T%H�m�Q�r�swRw[Sk���[�Ò�Ä�ÈSÃ�Ó�Á^Æ`Ä�Ô�Õ6Öv×iÉvØNÂ�Á^ÆfÙªÖ^ÇWÅ�ØXÉ�Ú{Ã�×=ÛB[�Ê^Ë�Ë�ÜSÍ	�����v[^Î!��Î�Ñ
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Dynamics of a nematic mixture confined to molecular sieves studied by 
broadband dielectric spectroscopy 
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Broadband dielectric spectroscopy (10-2 to 109 Hz) was employed to investigate the 
molecular dynamics of the liquid crystalline mixture E7 confined to the cylindrical pores 
of the molecular sieves MCM-41 and SBA-15, with pore diameters of 3.7 and 6.8 nm 
respectively. Because E7 does not crystallize it was possible to cover a temperature range 
of more than 200 K providing an exhaustive dielectric characterization of that confined 
liquid crystal for the first time. Thermogravimetric analysis gives a LC filling degree of 
100% in MCM-41 and of 94% in SBA-15. 
Dielectric measurements revealed that the isotropic to nematic phase transition of bulk E7 
cannot be detected for the molecules confined in both molecular sieves. Moreover a new 
slow relaxational process over the whole temperature range was detected. This process is 
present neither in the bulk LC [1] nor in the pure hosts. This slow relaxation process is 
assigned to the molecular fluctuations of the molecules of E7 in interaction with the pore 
wall. Indeed the existence of E7 molecules strongly interacting with the pore walls by 
hydrogen bonds between the LC cyano groups and the hydroxyl groups of the matrix was 
put in evidence by FTIR measurements. 
The temperature dependence of the surface process found in both systems obeys to a 
Vogel-Fulcher-Tamman law as also observed for the temperature dependence of the 
relaxation rate for other confined liquid crystals [2]. The pore size dependence is 
discussed in detail. 
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Poly(vinylidene fluoride - hexafluoropropylene) (P(VDF-HFP)) is a random copolymer of the 
PVDF family that attracted attention during the past decade because of its electrostrictive 
properties [1,2]. However, there are open questions about its possible ferroelectric nature and 
the origin of its electromechanical activity. In particular, the effect of the relatively low elastic 
modulus (about 500 MPa) and the role of mobile charges as well as their possible interaction 
with fluorine-containing dipolar groups are still a matter of discussion [3,4].   
In this contribution, we discuss the influence of dipole concentration, molecular-chain 
orientation and crystallinity on mechanical and dielectric properties. Films of different molar 
composition (two types of P(VDF-HFP) 85/15 with different molecular weight from Solvay 
and P(VDF-HFP) 95.3/4.7 from Shanghai Fluoro-Materials Institute) are investigated. All 
films were solvent-casted from polymer powder, selected films were stretched at 90 °C with a 
ratio of 4:1. DRS combined with dynamic mechanical analysis (DMA), differential scanning 
calorimetry (DSC) and infrared absorption are employed in order to investigate dielectric and 
mechanical relaxation in relation to the above-mentioned structural parameters. 
The temperature dependence of the elastic modulus at 10 Hz shows two well-separated steps 
(at the glass transition around -50 °C and at +50 °C) which are present in the non-stretched as 
well as in the stretched film. Stretching at 90 °C increases the modulus below the glass 
transition by a factor of about two. Two distinct relaxation regions are also visible in the 
temperature dependence of the dielectric relaxation time: the low-temperature relaxation with 
a Vogel-Fulcher-Tammann temperature dependence that is related to the glass transition, and 
the high-temperature relaxation with an Arrhenius-like temperature dependence which is 
considered to originate from space charges. Both relaxation processes are markedly affected 
by film composition, film preparation and mechanical treatment (stretching), but the relations 
between mechanical and dielectric relaxation are still not obvious. The investigation of these 
phenomena provides a key for a better understanding of the contributions of dipoles and space 
charges to the electric polarisation and their interactions which seem to determine the 
ferroelectric and electromechanical properties and particularly their temperature dependence 
which is important for possible applications.  
 
[1] X. Lu, A. Schirokauer, and J. Scheinbeim, Giant Electrostrictive Response in Poly(Vinylidene Fluoride - 
Hexafluoropropylene) Copolymers, IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, 
Vol. 47, 1291-1295 (2000)  
[2] A. C. Jayasuriya, A. Schirokauer, and J. I. Scheinbeim, Crystal-Structure Dependence of Electroactive 
Properties in Differently Prepared Poly(vinylidene fluoride/hexafluoropropylene) Copolymer Films, Journal of 
Polymer Science: Part B: Polymer Physics, Vol. 39, 2793-2799 (2001) 
[3] M. Wegener, W. Künstler, K. Richter, and R. Gerhard-Multhaupt, Ferroelectric polarisation in stretched 
piezo- and pyroelectric poly(vinylidene fluoride-hexafluoropropylene) copolymer films, Journal of Applied 
Physics, Vol. 92, 7442-7447 (2002) 
[4] M. Wegener, W. Künstler, and R. Gerhard-Multhaupt, Piezo-, Pyro-, and Ferroelectricity in Poly(Vinylidene 
Fluoride-Hexafluoropropylene Copolymer Films, Integrated Ferroelectrics, Vol. 60, 111-116 (2004) 
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Inertial effects in anomalous dielectric relaxation  
 

William T. Coffey1, Yuri P. Kalmykov2, Serguey V. Titov3 
 
 

1 Department of Electronic and Electrical Engineering, School of Engineering, Trinity 
College,  
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2 Centre d’Etudes Fondamentales, Université de Perpignan, 52, Avenue de Villeneuve,  

66860 Perpignan Cedex, France 
3 Institute of Radio Engineering and Electronics of the Russian Academy of Sciences,  

Vvedenskii Square 1, Fryazino, Moscow Region, 141190, Russian Federation 
 

* Corespondant author: kalmykov@univ-perp.fr 
  

The role played by inertial effects in anomalous relaxation of various generalizations of 
kinetic equations to anomalous diffusion is discussing. In order to give a physically 
meaningful description of the anomalous dielectric behavior at high-frequencies (especially in 
the far-infrared region), inertial effects must be included just as in normal relaxation. The 
omission of inertial effects in the relaxation process gives rise, in the context of dielectric 
relaxation, to the phenomenon of infinite dielectric absorption at high frequencies. Inclusion 
of them, on the other hand, yields the return to transparency at high frequencies. In practice, 
models of the inertial rotational Brownian motion are frequently used in studying 
orientational relaxation in liquids in order to compare spectra obtained by various probe 
techniques such as dielectric relaxation, infrared absorption, Raman scattering, etc. with the 
corresponding theoretical spectra. In the context of Brownian motion, inertial effects may be 
included by either averaging the inertial Langevin equation or by constructing a kinetic 
equation for the evolution of the probability density function in phase space. The starting 
point of the inclusion of the inertial effects in anomalous dielectric relaxation is a 
generalization of the Klein-Kramers equation to fractional dynamics. Various generalizations 
of the Klein-Kramers equation for the translational motion have been proposed, e.g., in Refs. 
[1-3]. Furthermore, Coffey et al. [4,5] have recently shown how inertial effects may be 
included in the fractional dynamics of an assembly of dipoles (rotating either in a plane or in 
space) just as in normal relaxation. They have also demonstrated one how are particular 
generalized fractional Klein-Kramers equations for the rotational motion can reproduce 
nonexponential (Cole-Cole type) anomalous dielectric relaxation behavior at low frequencies, 
and how the unphysical high-frequency behavior of the absorption coefficient due to the 
neglect of inertia may be removed in fractional relaxation as in inertia corrected Debye 
relaxation. The inclusion of inertial effects in the fractional dynamics just as in the 
conventional Brownian dynamics thus ensures the desired return to optical transparency at 
high frequencies. Moreover, Gordon’s sum rule for the integral dipolar absorption is satisfied.  

1. R. Metzler and J. Klafter, J. Phys. Chem. B, 104, 3851, (2000); R. Metzler, Phys. Rev. E 62, 
6233 (2000). 

2. E. Barkai and R. S. Silbey, J. Phys. Chem. B, 104, 3866 (2000). 
3. R. Friedrich, F. Jenko, A. Baule, and S. Eule, Phys. Rev. E 74, 041103 (2006); S. Eule, R. 

Friedrich, F. Jenko, and D. Kleinhans, J. Phys. Chem. B 111, 11474 (2007). 
4. W. T. Coffey, Yu. P. Kalmykov, and J. T. Waldron, The Langevin Equation, 2nd edition, 

(World Scientific, Singapore, 2004). 
5. W. T. Coffey, Yu. P. Kalmykov, and S. V. Titov, Adv. Chem. Phys. 133 B, 285 (2006). 
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KWW-type electrode polarization effects in glass 
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In ionic crystals, the DC conductivity is proportional to the mobility and to the 

number density of the mobile point defects. In the case of ion-conducting glasses, the 

cations provided by the network modifier are usually regarded as the mobile charge 

carriers. The alternative perception of effectively charged vacant sites (which interact 

with each other) as mobile charge carriers is, however, also feasible. It has the further 

advantage of being consistent with new simulation results.  

 

The value of the ionic conductivity at low frequencies does not provide information 

on the value of the number density of the mobile charge carriers, unless their mobility 

is known. In glasses, the absence of polarization due to grain boundaries provides the 

possibility to measure the effect of electrode polarization in a sample cell with 

blocking electrodes. Indeed, at least in principle, such measurements offer a 

challenging route towards determining the number density of the mobile charge 

carriers. Here, the simplest view is to assume that the relaxation process at the 

electrodes is of the Debye type. In this case, it should be possible to use the (very 

high) values of the dielectric function at low frequencies in order to find the number 

density of the mobile charge carriers.  

 

However, inspection of the dielectric function at low frequencies clearly proves that 

the relaxation is non-Debye. Rather, it is suitably described in terms of a Kohlrausch-

Williams-Watts-type stretched exponential function. Such a function may be 

interpreted as a superposition of elementary relaxation processes with different 

relaxation times and is thus indicative of dynamic heterogeneities. As expected, the 

low-frequency limiting values of the permittivity are extremely high. Within 

experimental error it is, however, not easy to decide whether the resulting number 

densities should be interpreted as pertaining to the modifier cations or to the vacant 

sites.   

 

The systems under study have been sodium borate and sodium metaphosphate glasses, 

both being archetypal glassy electrolytes. In addition to the well-known dispersion of 

the complex conductivity, the polarization effect can be precisely seen at low 

frequencies. The evaluation of our data shows clear evidence for the existence of 

dynamic heterogeneities in glass.    
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r
~(KQD`KJIJBEF�G¨}Lp`?�p`B�a0B�xEG9IJUvx�?�lJ�<IJU�MCBED,f'U�pquLPLz�KOf`T�KLMCf|T�U�UJ�JD�;^����PJ~(KQD`KQILBEF�GLPb�J�9���9���6t�\^f,f'Uv?

{�de?EGJI�©�z¡B�U�p`IJBEDgy��|Ibfqp|U pW\JpqP�¦+lVUVIbUvxET�B>D�}Lp�D'?�ªJB«�>�J�JP9¬�yE�,���>�J�6¤sBED|lVUVIJP�¦6B>D�­@?�I9u
§�KQD`D'B�f|�LKQIL�QUVI�[«?�\JpqGJKJD$© ?ElvBE¢^;�IJ?EA�B>D'B�F�ILKLMC®¯­@?�U°lq; UVKb�q�|B9;�D�\

a
GJB�fgB�x�KJI�pqD`UmA�\Jp|UmKQI±UWf¯�JBEM�K9p`B���pqK�pqGJB�f�pW\C�9u±K��²�JGJ?9f'B³pqD'?>Ibf'�qKJD�­@?*pqUmKQI�f´K9A^f'BED|MQB��µU�I
x�KJIJ��UVI�B��2fgKblVUV�2f'K�l�\Jp|UmKQI�f�¶E�>y£¢L· =@?,=«¸ _ ©±¶�¢J·|k!=@¸ _ ?,p«¢L¹S�JP���; �b� ?�IJ�º��;£�H; ��p.U�f»TbILKLw�I�pqGJ?*p�JD'KJ��B*DWpqUVB9f!KJ�c­@?*p`BED'UV?�lWf"UVI�?eDgBLfqpqD|UVx*p`Bn�¼[�B�KJ­@B*pqD�u¼�QUv���`BED6f'U½[bIJUv�|Uvx�?�I�p`lmu»�WD'Kb­µpqGLBe�JDgKQ��BEDWpqUVB9f!KJ�¾pqG�B
A9\ClVT�PcB�f`��B�x�U�?�lvl°u¯Uv��pqGJB�x�GJ?ED'?nx*p`BED'U�f�p`UVx¿f'UVFHB�U£fex�Kb­��C?ED'?�A�l�B«w<U�p`G´x�KJD|D'B�lV?*p`UVKJIÀlvB�I9[9pqG´KQ��pqGJB�KQDg�JBED
��?ED'?�­<B�p`BED<xED'U�pqUvx�?�l��ql�\^x�pW\C?*pqUVKJIbf�;0:�f<GJK�f�p�­<?*pqD|Umx�BHf�w<BÁG�?EMQB¼\^f�B��À��KJD|K9\^f�[�lV?�f�fgBLfe¶|��¬ÂD'?EIJ�JK�­
�JBEIL�9D�U p`B6��KQDgB6IJB*pWweK9D|T«w�U�pqG.?EMQBED'?E[�B6��KJD'B�fÃ�QUm?h­@B*p`B�D,fÃ�9���JP��J��PO����P^�.?EIJ�.�«IJ­<·'P^?ED�pqUV�qUvxhUv?�lSKQ��?�lWf
¶|��¬4D'BE[9\ClV?ED
��KJD'B�I�B*pWweK9D|T�w<U�pqG<x�?EM�U�pqu�f'UVFHB9f
���<?�IJ�@�J��IJ­�·Y?�IJ�<x�G9D|u�fgKLpqUVlvB(?�f|A�B9f�p`K�f$©¨Ä�\C?�f|uLyE��¬
f|u�fqp`B�­ KJ�²��?ED'?�l�lvB�l�x�GJ?�IJIJB�lWf�w<U�p`Gµ�JUv?h­@B*p`B>D¯?*AQK�\Jp´�ÅIJ­¨;<a¾GLBÅf'?�­<��l�B9f�w<B>D'BÆ�JD'B>��?ED'B��2A�u
U�­@­@BED,f'UVIJ[�KJ�"pqGJB²�JD'B�lVU�­«UVI�?ED|u�?�IJIJBn?hlvB��¡­«?�pqD|Uvx�B�f@U°I¯pqGJB�­<B�l�p`B���k!=@¸ _ y�=@?,=«¸ _ ­<U�¢9pW\�D'BÁw<U�p`G�JU°�q�`BED'B�I�p¾x�KQILx�BEIHpqD'?*pqUVKJI�;Ja0BE­��CBED'?�pW\�D'B6B�M�KJl�\Jp|UmKQI@KJ�cf�pqD�\Cx,pW\�D'B�w<?�f�fWpW\C�9UVB���AJu@I�B*\JpqD`KJI«�JUV���qD'?�x�p|UVKJI
?EIL�Æf'­@?hlVlvy|?�I9[9\Clv?ED«ILB*\JpqD'KJI�f'x�?�p�p`BED|UVI�[�¶,}�:�=Á}J·'P!�9UvBhlmB�x*pqD'UVx²�JD'KJ��BED£pqUmBLf@K��+pqGLB�f'B�IJ?�IJK�x�KJ­���KOf'U p'B
­@?*p`BED'UV?�lWf�¶�=@§Ãz
·�weBED'B�fqpW\C�9UVB��.?*p
pqGLB6�WD'B�Ä�\CB�I�xEu¨�QU�?E��?�f'KJIÀ��d�F6©��^;���zÀd�FJ;J:(l°lS­@B�?9f�\�D'B�­@B�I�p'f
UVI�x�lm\C�JUVIJ[ºx�KQIL��\Cx*p`UmM�U p�uLP�UVI�p`BED|IL?�l���D'Uvx*p`UVKJI ?�IJ�Åf'GLBH?ED�B�lV?9f�p`UVx�­eKb��\Cl�\^f«w@BED'BÀ��B>D��qKJD'­<B�� U°I�pqG�B
p`BE­���B>D'?*pW\�D'B�U°IHp`BED�MQ?hl!���J��kÇ©��J���³k�P�UW; B9;cUVI¯pqGJBÀ�qBED|DgKbBElvB�x�pqD|UVxÀ?�IL����?EDg?�B�l�Bnx*pqD'UVx²�bGL?LfgB9f�;��qp�UWf
f|GLKLweIÁpqGJ?*pYpqGJBED'B.U�f(?.x>D�U p|Uvx�?�lcÈn�QUv���qD'?�x�p|UVKJIÀf'UVF�BEÉ�¶|x�lVK�f�B�pqK¯���ÊIJ­�·6�qKJD(x�KJI9�qU°I�Bn��f'K��JU�\�­ÇIJU�pqD'U�p`B
w�GJBED'B�pqGJB�xED'K�f,f'K9M�B>DcKJ��pqGLBe�qB>D|D'K�BhlmB�x*pqD'UVx�X
a¯�WD'Kb­/pqGJB(�|UVD,f�p¾KQD'�JB>D$pqKepqGLBefgB�x�KJIJ�@KQI�B6UWfYK9A^f'BED|M�Bn��;
¬eB�xED'B�?Hf'B«K���?EMQBED'?E[�B«IL?hILKQ��?>D�pqUVx�lvBLf(f'UVF�B�f"lvBH?��bf�p`K�?.f�\��J�JD'B�f�f'UmKbI²K���UVI�x�K�­�­@B�Ibfq\�D'?*p`B�X
a�;¯a
GJB
p`BE­���B>D'?*pW\�D'B"�JBE��B>IJ�JB�IJx�B9f0KJ�SKQDg�JBED$��?EDg?E­<B*p`BED0?>D'B��JD|BHf'B�I�p`B���KQI6RSUV[^;^�H;
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�|I¨KL\�DY�WD'B�Ä�\CB�I�xEu�?�IJ��p`B�­���BEDg?*pW\�D'B6D'?>I9[�B9f�pqGLB¨f'GL?E�CB�KQ�$pqGLB<�QUvB�lvB�x*pqD|Uvx�lVK�f�f�f|�CB�x*pqDq\�­�xn?�I
A�B¿weB�l�l�B�IJK9\�[JG �bBHf'xED'U�ACB�� AJu�pqGJB³f�\C­ Kb��pWw<KºxEKJ­���KJIJB�I�p'f�y�pqGLB ���

ωωωω�
p`BED`­ D'B�l�?�p`B��³pqK³pqGJB

x�KJIJ��\Cx*pqU�M�U�pquLPÁ?�IL� pqGLB/§�KblVB�y|§�KblmBÆp�u���BÆp`BED'­<P.D'B�lv?*p`B��Åp£K pqGLB�D'BElV?E¢C?*pqUmKQI xnKQIHpqD�U�A�\JpqUVKQIC;�� U�p`G
UVI�xED'B�?9fgB"Kb��p`Bh­���BED'?*pW\�D'B�pqGLB���?ED'?�­@B*p`BED��.[JD|K9w@f��WDgKQ­ ��; ��\���p`K@��;��<?EIL�6p`BEIJ�bf
p`K¿�!¶£RSU�[^;H�J·�;�a¾GL?*p
UWf«p`K ?�f'lVKJ��BÊweGJU�x�G¯w<B¿weK9\�lV��GL?nMQB�UVI xn?LfgBÀKb��pqG�D'KL\�[JG�x�KJIJ��\Cx*pqU�M�U�pquC;6}9\Cx�G³AQBhGL?EM�UVKQD.UWf»U�I
?E[JD'BnBh­eBhIHp^w<U�pqG6pqGLB"?�f,fq\�­<�9p`UVKQIe?*A�K9\Jp�pqGJB��qKJD'­<?*p`UVKJI<KQ�S?��JD'B�­<B�l�p`UVIJ[.f�p`?*p`B"?*AQKLMQB"�b¥����
	��>y|�����qKJD
=@§Yz w<U p|GJUVI³f'­@?�l�lY��KQD'BHf�;$�Wp"U�f<f'GLKLw�I²pqGJ?*p(�qKJD�x>K9IJ�|UVI�B���=«?,=@¸ _ UVIÊpqGLB¼DgBE[bUmKbI´KQ�(?�IJKJ­@?�lVKL\SfGJUV[bG<MC?�lm\CBHf�KJ��
spq[��<x�?EI<ACB�­<KQDgBspqGL?hI´�>�JP�GJK9w<B*MQB�D¾pqGLBeUVIHpqD|K���\Cx pqUmKQI¨KQ�
��K9p`?�f,f'U \�­ GJ?9fYD'B���\Cx�B��
x�KJIbf'Uv�JBED'?EA�l�u�pqGJUWf
M�?�l�\CB"�JB�­<KQI�fqpqD'?*pqU�I�[@¶|?�f0�JUV�|��Dg?�x*p`U�KJI���?*pvp`B*D`Ibf|·0?�ÈnGJ?ED'�JB�IJUVIJ[JÉ(KJ�$lv?*p�pqUmx�B�;

a
GJUWf$w<KJD|T�we?�fcf�\��J�LKQDWp`B��6AJu(pqGJB�t�R�¤�t ¶`¦+D'?�IHp'f0�J�Jy��9��y>�>�J�$�>��?>IJ�<�b¥�y|�9��y|�$�>�b¥��9·�?EIJ�
XSD|KJ[JD'?E­±KJ��XSD'B�f'Uv�QU�\C­±Kb��t":<}^;

	,���,;H¦"KJlVK�f'K9M�f`TQu<� ; ~@; P�RSKJTJU°I<:<;�~@;�PH=@?*A�BEDgBEF�GJIJK9M@:<;�:<;9B*p�?El�;�P9XSG9u�f�;�t"BEMO;hoYB*pWpg;�����P¾�>�J�J���J�
¶����J�9�J·�;
	����,;�:<;>=@?*A�BEDgBEFHGJIJK9M�PJ:<;hRSKJT�U°ILPL¤�;�¬�KQD`IJBED0B,p�?ElW; PLj
\�D ;EX$G9uCf�;HZ�;�j ��� P¨f`�
��¶����J�J�9·�;
	W���,;���;�¦"KQlVK�f'K9M�f`TQuLPJ~«;�¬(M�KJD|IJUVT�KLMQPba�;Ed<?>Ibf'B�ILPQ:<;�R�KQTJUVIJP9js;Ek�KQD`KQlmBnMQ?�P9o!;hk�KJD'K�pqTJK9M�P�:<;
=@?*A�BEDgBhFnGJIJK9M@?�IJ�6z ;�a�K9M�?>D'P�}JKJl°Uv�.}9p`? p`B�XSGLBEIJKb­eBhI�?«�J����PJ�J�
��¶����J�J�H·�;
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CRCS8UT%8>V"W�8%KDBD6>XYCZ:[<]\Y=^:1O`_aODB`W�Kb:�B
Vdc9ODB`W�KME
CRB`E%c]?

e	f�gihkj�lZm9n]j�f�f�mbo prq
sutvhwjxf�f�y{zHy|hkj�lZm

}`~�� sk����sM��jx�Syxhutv��j���t�pr�d�Z���Sjxh[sk��lSy�l��R�����S�	n�m�f�����yxhkpZe]�Syxhut�y�lZm����Z�Z�Z�ZpZ��yxhky���y�s]�|�R�N�ZpZ�9j|�Zjx�x��j�f�y

o	��m�h/hwj�s/�SmZ�ZlZ������y��Zt ~ mZh|��j� u��y���f/� y�¡�j�f¢f£m¥¤¦�bs/¡¨§ ��j

��y�s©s©y���yª�is"y«swmr�Shw��jJmZg]sut�yxhk� ~ yx�Sy���f�yx¡Sf�jª���«z;y�tv���Fe	��jxhk����y�pDe¬sk��y�y��Zl­e"guhk����y�y��ZlF�®t ~ y�s
�Sm�t�jx��tv��y�f¯yx�Z�Rf�����y�t���m��¥s"���FgvmRmSl­yx�rl­�Sy��x°Syx�S�����±���rl��Msvtvh � y|�ZlFl�hk�¢f�f����Z�±�"��lRs	gvmZh]mZ��fM²�j�f�f³sa§µ´vt���s"y
�Zy[ti�Shky�fµ�SmZf � ��jxh%��y�lZj¬mZgH¶Z��·¸mZgD¡Zhky��Z� ~ j�l«y�� � f�m��Sj���tv���¹� ~ y��¢�¥s
y��rl«ºZ��·»mZgHy�� � f�mbskj	² ~ ��� ~ �us
f����Sj�y|h[§{´��Lt ~ j±�Zhky����¥f�yxh­svt�y�t�j¼t ~ j½¡S��m��SmSf � ��jxh¹�is­s©j������|h � sut�y�f�f����Sj½²��®t ~ t � �Sj¾e¿sutvhu���1ti�Shkj�§�À ~ j
tvhkyx�Sskgvm�h��Jj�l½sky��9�Sf�jrs�²�jxhkj¬��y�lZj�¡ �Á~ j�y�tv�����¼y�²�j�f�fÂl��is/�Sj|h�swj�l­���£ÃNti�Shkj�m�g
sut�yxhk� ~ ²d�®t ~¹Ä¥Å ²]tU·
²�y�t�jxhDtvmÆ�[ÇS��ÈH�Éy|�Zl���mr��f�lZ���Z�«�®tH����ºZ�Z�J�ÊlZ�³s�°µs¯²��®t ~ y���yx��jxhkyx�Sj9ËZ�Z�

µ
�>t ~ ���|°R�Sj�s©s[§SÀ ~ j�gv���Sy�f

��mR�isvti�Shkj	�|mZ��t�jx��tµ²�y�s"� Å ²]tv·±§NÀ ~ j%�9��j�f�j���tvh/�����Z�Sj��xtvh/m¥sk�|mZ� � hu�S�RsD²�jxhkj"��yxh/h���j�lJgihkmR�Ì�|ºZº	tvm�ºR�Nº
Í y��Zl¬t ~ jx�¬¡�y��|°Jtvm±�|ºZº Í pR¡ �¹Å9Í sut�jx�¥swp¨���Îy	gihkj�Ï���jx�Z� � hky����Sj«�|��ÐÒÑUÓ ν ÓÔºR§ Ä ÃD�|��Õ×Öd�Z§��"�Sh/�����t ~ j ~ j�y�t������Yhu�S�7t ~ jØs/�Sj���tvhu�S� s ~ m�²�j�lÙ���9�SmZhut�yx��t�g�j�y�ti�Shkj�s¼l���j¾tvmÚt ~ jÚ��mR�isvti�ShkjÚ�|m���t�jx��t©§]e
hkj�f�yxÃSy[t/��mZ�­�Sj�y|°¼² ~ m¥skjJ�Sm¥sk�®t���mZ�½�is"gihkj�Ï���j��r� � ���SlZj��Sjx�ZlZj���t]��s]�Zhwj�skj���t����«t ~ j¬�S�������R�®t � mRg
ºZ¶Z� Í
yx�rlª�is�y[titvh/�®¡��Zt�j�l¬tvm¬t ~ j"�Zhkj�skj|�Z��j9mSg¯��f��bsvt�jxhkj�l¬²�y�t�jxhU��m�f�j�����f�j�s[§SÀ ~ j9��mRmZf��¢�Z��hv�S�Jhkjx�Zhwj�skj���t�j�lª���
Û ���b§Ü�|Ý�yxÞU��m�h/hkj�s��Sm��rlRsÜt³m«y"l�h � sut�y|hk� ~ y|�ZlJ�S�£��j�s�y9f�j�s1s;��mR�9�Sf�j�ÃÁs/�Sj��[tvhu�S��§Ze%t¯f�m�²ßt�jx�d�Sjxhky�ti�Shkj�s
ti²dm¾swj��|m��rlZyxh � hkj�f�yxÃSy�t���mZ�Rswp

γ
yx�Zl

β
pÂ²�jxhkj��|f�j�yxhkf � mr¡�skjxhu��j�lFj��®t ~ jxh"�¢� ε à mZhDá à l�mZ��y����¥s[§`À ~ j �yxhkj7mZh/���S���Sy�t�j�lÙ¡ � s ~ m�hit­hwyx���Sj7��mRf�j�����f�yxh±��m�tv��mZ�¥sÆm�hFh�m�t�yatv�£m��Sskp���m¨svt­�Zh�m�¡Sy�¡Sf � ��y[�bskj�lÙ¡ �

f�mS��y�f��is©j�l^� ~ y��¢�^��m�t/��mZ�RsÁmZhJt ~ jL��j�t ~�� f�mRf9�Zhwmr�S�7�Zhkj�swjx��t¹���Út ~ jây�� ~�� l�hkmZ�Zf®����m¥skj±���Z�®tks[§/ãHÀ ~ j
skj���m��rlZyxh � ��mRlZj�s	gvmSf¢f£m�²Ìe]h/h ~ j��Z���bs]¡Sj ~ yx�S��m��Sh1s%²���t ~ y���tv����y�t/�£m��Fj��rjxh/�S��j�sUä

γ å
�¥§ Å ÇÔjx�æyx�ZlJä

β

å
�¥§çËZ�Yjx�è���Ø��jxh � �SmSmRl^yx�Zhkj�j���j���t�²d�®t ~ �Zhkjx�S��m��bsFlZj[t�jxh/�����Sy�t/�£m��SsFmZ�ßsut�y|hk� ~ j�s¼m�g¹lZ��g/g/j|hkj���t
¡S��mRf£m��S����y�f¹m�h/�é�R���¥s[§�ê1�|p Ä�ë À ~ j ~ ��� ~ t�jx�9�Sjxhwy�ti�ShkjØhky[���SjY�is±¡Sj�tit�j[h±hwj�skmZf��Sj�lì�¢�>t ~ jYl���j�f�j���tvhk���
��mSl��¥f��bs¯lZmS��y��¢��l���j{t�mít ~ j]����t�jx�Sskj]��mZ��tvhk��¡��Ztv��mZ��mZgµt ~ j]��m��rl�����tv���S�®t � p¥skj�j]Ý Û �¢��Ýx�|Ýi¡ZÞ/Þ[§

Û ���b§µ��´1s�mS� ~ hkmZ�Zj�s¯m�g`l�h � �{y�s©skyx�Sy9��t�yxhk� ~ pS��mZm�f����Z��hu�S�b�NÝ/yxÞ ε à Ý|�|��îuïðÀÜÞ�pRÝi¡ZÞ�á à Ýx�|��îuïðÀDÞe"�
α
��mRlZjJ�is]��lZj���t���gu��j�l­���Fy9t�j��d�Sjxhky�ti�Shkj�hkyx�N�Sj�² ~ ��� ~ ��mZh/hkj�s��Sm��rlRs{¡�j�tit�jxhUtvmJt ~ j9t�jx�9�Sjxhky[ti�Shkj

hkyx�N�Sj¼² ~ jxhkj­t ~ j½�Zf£yrs©s¬tvhwyx�Rsk�®t���mZ� ~ y�sJ¡Sj�j��Ú�£lZj���t/��g/��j�lÆ¡ � mrt ~ jxh9t�j�� ~ �Z��Ï���j�sJ¡N�Zt��®t���s¹sutvhwm��N�Zf �
m��Sjxhkf�yx�Z�Sj�l�¡ � t ~ j	��mZ�Zl����[t/���S�®t � §ZÀ ~ jíhwj�f£y�Ã�y�t���m��9tv����j%�Sy|hñ�£y�t/�£m����³s¦e]h/h ~ j|�Z�£�`skpZ²9�®t ~ y���y���tv���Sy[t/��mZ�
jx�rjxh/� � mRg]ä

α å
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Real-time dielectric relaxation spectroscopy on a molecular beam deposited glass forming liquids is 

proposed as a novel approach to study the dynamic glass transition under geometric confinement. To 

reach highest sensitivity for small capacitance changes in a wide frequency
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Broadband dielectric study on fructose-water mixtures from 
liquid to glass as a function of concentration 
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The dielectric studies on various materials from a liquid to glass have been performed as a 

function of temperature. Usually the glass transition temperatures of sugars locate in the 
vicinity of room temperature so that the sugar water mixtures with high sugar contents are in 
the glassy states near the room temperature. Therefore, the concentration variation from pure 
water to pure sugar can be utilized for the investigation of the dynamics of aqueous systems 
from liquid to glass as a function of concentration isothermally. 
Broadband dielectric measurements for fructose-water mixtures with various fructose 

concentrations in the range of 5 wt% - 94.6 wt% were carried out in the frequency range of 2 
mHz - 20 GHz at 25 oC, in order to make clear the dynamics of water and sugar molecules in 
sugar-water mixtures from liquid to glass states as a function of fructose concentration.  
For the mixtures with fructose concentrations, Cf, below 55 wt%, the relaxation process i.e., 

the β process was observed. While in the fructose concentration Cf above 55wt%, two 
relaxation processes can be recognized. The relaxation process i.e., the α process appears in 
the frequency lower a decade than that of the β process. The α process results from the 
cooperative motion of two components and the β process is dominated by the local motion of 
water molecules. 
Figure 1 shows plots of the relaxation times of the α and β processes, τα and τβ, as a function 

of Cf at 25oC. In Cf < 55 wt%, τβ increases slightly with Cf. In Cf > 55 wt%, the τβ increases 
with Cf clearly. In 55 wt% < Cf < 90 wt%, τα shows the increasing behavior similar with τβ. 
In Cf > 90 wt%, τα observed for Cf = 90 wt% fructose is ca. 100 ns and it increases steeply, 
then it reaches at ca. 1 s for pure fructose which 
is in close vicinity of the glassy state, at which τα 
is 100s-1000s. 
 For Cf > 55wt% which corresponds to the 
number of water molecules is less than 8 for one 
fructose molecule, the α process results from the 
cooperative motion of components appeared. At 
Cf = 90wt% which corresponds to the number of 
water molecules is less than 1 for one fructose 
molecule, and the temperature dependence of 
τα is extremely large in Cf ≧  90 wt%. 
Therefore, two characteristic concentrations were 
observed at which the dynamics of the fructose-
water mixture changes from liquid to glass.  
[1] K.Kaminski, E. Kaminska, M. Paluch, J. Ziolo, 

K. L. Ngai, J. Phys. Chem. 110, 25045 - 25049 
(2006). 

[2] J.Barthel, K. Bachhuber, R. Buchner, J. B. 
Gill  and M. Kleebauer, Chems. Phys. Lett. 165, 
369 - 373(1990) . 

FIGURE 1. Concentration dependences of 
relaxation times τ for the α process (closed 
circle) and the β process (open circle) at 25 

oC. The plots of pure fructose at 24oC 
(triangles) and pure water at 25 oC (squares) 
were quoted from the literatures [1] and [2], 
respectively.
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Quantifying the deviations from bulk behaviour in ultrathin 
polymer films 
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* simone.napolitano@fys.kuleuven.be 

    

The thickness dependence of the cooperative dynamics of ultrathin films of atactic 
poly(2-vinylpyridine) [1] capped between aluminum layers (model nanocomposites 
geometry) [2] has been investigated in a wide range of frequencies and temperatures by 
means of broadband dielectric spectroscopy. Due to specific hydrogen bond interactions 
the polymer layers at the very interface show a reduced mobility compared to the bulk [3, 
4]. By treating the influence of an absorbing substrate as a small perturbation in the 
activation energy of the relaxation modes related to the dynamic glass transition, we 
proposed that the deviations from bulk behavior derive from the balance of such a 
perturbation and the thermal energy [1]. A thickness dependent Vogel-Fulcher-Tammann 
equation allowed us to demonstrate that the deviations from bulk behavior are sensitive to 
the time scale of the experiment [5] and vanish at sufficiently high temperatures [5, 6]. In 
addition to that, we introduce an analytical tool being able to quantify the temperature 
dependence of the deviations from bulk behavior and the lenghtscale of the interfacial 
interactions based on measurable quantities. Finally, we discuss on the limitations of 
dielectric spectroscopy for the investigation of polymer layers next to an attractive 
interface. 

  
 

 
 
 
 
 
 
Figure  
Thickness dependence of the correction factor 
to the activation of the structural relaxation 
process for ultrathin films of P2VP (symbols) 
and PET (dashed line), as extrapolated from 
Ref [3]. 
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Dynamical Properties of Functionalized Polymers: Specific Chain 
Dynamics versus Matrix Plastification 

 
Sandra Plaza García1*;  Reidar Lund1; Angel Alegría2; Jonathan Jonoski3; Roderic P. Quirk3 
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                        3  Maurice Morton Institute of Polymer Science The University of Akron, Akron, 
Ohio 44325-3909 USA. 

 
 

* Corresponding author: splaza001@ikasle.ehu.es 
  
Functionalized polymers, i.e. polymers modified with one or several chemical groups are 
interesting from both a technological and fundamental point of view.  Being sensitive to the 
dipole moment fluctuations, Broad Band Dielectric Spectroscopy (BDS) offers possibilities as 
a selective tool where components having stronger dipole moments, i.e. polar groups, can be 
studied in detail. It was envisioned that it might be possible to determine motions of specific 
parts of the chain by "labelling" a polymer with covalently bound polar groups in specific 
positions. This requires functionalizing a polymer by placing polar group at the end of the 
chain (end-chain functionalization) or in the chain (in-chain functionalization) such that 
relationships and correlations of individual fluctuations of the chain can be resolved. In 
contrast to traditional approaches involving small molecular probes; functionalized polymers 
offers a direct way to evaluate the polymer dynamics simply because the probe is more or less 
directly "slaved" to the chain dynamics. However, this approach requires complete control of 
the polymer synthesis such that the functional group can be varied but leaving all other 
structural characteristics of the polymer constant. Secondly, the polar group as a selective but 
"soft" probe must be evaluated; thus other effects such as changes in the overall polymer 
matrix properties must be carefully evaluated and, if necessary, deconvoluted. 
 In this work we study the dielectric and rheological properties of a series of end-chain 
and in-chain functionalized polystyrenes (PS) having a wide range of functional groups. 
While rheology gives information about the overall dynamical properties of the whole matrix, 
BDS here gives more specific information about the contributions of the functional groups to 
the dynamics. By systematically varying the chemical groups BDS show that the dynamics of 
end-chain functionalized polymers is considerable faster than the pure PS polymer- as a result 
of an extra contribution at high frequencies. Comparing these results with the rheological 
response and the thermal behaviour from Differential Scanning Calorimetry (DSC), we see 
that this is likely to be an effect of matrix plasticization whenever the chemical group is 
relatively large.  However, for cyano-functionalized polymers we found that this smaller 
chemical group has negligible influence of the overall properties - i.e. CN can be used as 
selective probe to study the dynamics. Thus by combining results from the end-chain and in-
chain functionalized polymers we are able to extract information about specific fluctuations of 
the polymer chain - i.e. end-chain and main-chain fluctuations.   
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Dielectric relaxation processes in liquid, supercooled and glassy 
states of a pharmaceutical drug: Ibuprofen  

 
Correia N. T. 1,*, Brás A. R.1, Noronha J. P.1, Dionísio M.1,

 Schönhals A.2, Affouard F.3,  
 
 

1 REQUIMTE, Departamento de Química, Faculdade de Ciências e Tecnologia da 
Universidade Nova de Lisboa, 2829-516 Caparica, Portugal 

2 Federal Institute of Materials Research and Testing, Unter den Eichen 87,  
D-12205 Berlin, Germany 

3 LDSMM, UMR CNRS 8024 - UFR de Physique - BAT P5  
Université des Sciences et Technologies de Lille, 

 59655 Villeneuve d'Ascq, France 
 

* Correspondent author: n.correia@dq.fct.unl.pt  
  
Broadband Dielectric Relaxation Spectroscopy (DRS) offers very interesting possibilities 
to probe the molecular dynamics in the supercooled and glassy states [1] and was recently 
introduced to pharmaceutical sciences [2,3]. Ibuprofen is a worldwide used 
pharmaceutical drug, showing analgesic, 
antipyretic and anti-inflammatory 
properties. It easily avoids crystallization 
so that no phase transition interferes with 
the continuous slowing down of molecular 
mobility upon cooling within the 
supercooled regime, allowing probing 
molecular dynamics over an extended 
frequency/temperature range.  
In this work DRS (10

-1
−10

9
Hz)  is used in 

order to get relevant information regarding 
the different modes of motion, from 
molten down to the glassy state, present in 
Ibuprofen. Four different relaxational processes identified as α, β, γ, and D (see Figure) 
were detected and characterized. MD simulations allowed inferring a great ability of 
ibuprofen to form hydrogen bonding aggregates such as dimers and trimers either cyclic 
or linear, which seem to be in the origin of the particular dynamic behaviour of ibuprofen. 
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CEDGFIH;J/K
L�MON;M8P8P8DGH;QRD SRTVUXW/Y�ZBM8[]\^M(Y_K,`9`*M8Da\^DbSXW]c�M�d;\^H�e�d;P8PfZ;K,`^DbSXWBg_MOJ/DhK8QhK(i�\jK�k;Hl`nmoHpSXW,crq/C/Z/M8Z/DGJ
s ZBMut/t;DGQ S W]i�DGKf\^M8J]v;K8QGH_wxHEQGQhM S

Syi�H/Qat;QhMuz|{}L�~_wx�n�X~I�lc����5i�Z]tl`*DRP�`�gIKfN]m*q�W,i�DX`^M(��J/Dak�q�W,e�MO\�v;H�ipH�J�m�K8POH/\nk�H��]W]�j�������?�;��i�DR`*M
{n�Xm�MOQat/�
� L�H]\}\^K,`�N;H�JB[/MOJ,m�M�d�mbZ/H/\f��P8MON;M8P8P8Dh��[/�^q d�J/DGNEDbq�D�m

� K�\jKON;H�\Xm�K?k;DG[/K8J/P8K]`7�X\jHEF�zB\^H;M8[,z;M8J/[�[�DhK8QhK8P�mb\}DhP�`}N�K8P�mb\�H0`jP8H/N]t�{O�%F������f�f�� %���8��mbZ/M?mpmbZBK
[]t/J/M8F�DRP]`�H/�0mbZBK�N/\�DyF�MO\}t

α
�¡MOJB[3mbZ/K�`^K8P8H/J/[/Mf\jt_¢?H/Z;MO\^DG�} �H�QG[l`nm�K8DGJ�{n¢? 
�

β
��N/\}H;P8K,`*`^K,`�MO\jK_`Xmb\�H�J�vEQGtP8H/\n\jK£Q¤M�m�K8[|DGJ�[/Dy���}KO\jK£J�m�v/QGM]`*`^�}�bH�\^FIDGJ/v=`}t�`nm�K8F¥`7H]k;Kf\7M%¦IDG[/K%m�KOF�N;KO\jM�mXd;\^K s MOJ/[IN/\^K,`9`bd;\^K%i�\^MfJ]v;K8WDGJ�P8H/J,mb\jM,`nm
¦�D�mbZ§mbZBK¨¦�DG[/K]`}N/\^K8Mu[�H�N/DGJ/DGHEJ©H���`bm�MªmbDX`bmXDhP8M8Q�DyJ;[/KfNlK8J/[/K8JBP8K�H/�%mbZ/K,`jK=N/\^H;P8K,`9`jK,`?q s Z/KK�«BN;KO\^DRF�K8J,m�M8Q�`nmXd�[]tI¦IM�`�P8MO\�\�D¤K8[¥HBd�m�H/J=`jK�k;KO\jM£Q�N;HEQhMO\7FIHEQ¤K8P�d�QRK]`�z;H]mbZ¥M,`¬M�POH/F�N;H/J/K8J,m�DGJ|z;DGJ;MO\^t

F�Da«�mXd;\^K,`�MfJ/[¥DyJ¥JBK8M�m�`}t;`nm�K8F¥`
­*�f®9q s Z/K
α
�
β
F3d/mXd�M8Q#[/KfN;KOJ/[;K8J/P8K�DX`�¯,d�MOJ�m}D�m�M�mbDak;K8Qyt°P8H/J/�}Da\^F�K8[�z/t��MO�
mbZ/K�H]k;Kf\^M8QyQ
`bd;N;KO\}N;Hl`^D�m}D¤H�J©H���`�N;K8P�mb\^M�FIK8M�`nd;\^K8[�M�m�[]DG�b�}KO\jK£J�m s �oi±POH/F�z;DGJ;M�m}D¤H�J;`�z]d/m
¦�D�mbZ�M8J

DGJ]k�MO\^DhM£J�m
α
��\^KOQGMO«�M�m}D¤H�J�mbDGF�K²{�`^K�K³��Dyv#qX�?�9´�zB��mbZ/K²P8H/J,m�KOF�N;H/\^MO\bt$`*P8M8QGDGJ/v$HE�¥mbZ/K²DR`^H]mbZ/Kf\�F_M£Qh�

N/\^K,`*`nd;\^KµMOJB[³DX`^H]z;MO\^DhP8�om�K8F�N;Kf\^M�mXd;\^Kµ[/KON;KOJB[/K8J/P8K,`�H/�
mbZ/K
α
��M£JB[

β
��\^KOQ¤Mu«�M?mbDGH�J¶m�DGF�K,`�M,`IN;QGHBmXm�Ku[

k;Kf\9`nd�`�mbZ/K%\jK8[,d�P8K8[3k�MO\^DGMOz;QhK s¸· {oi��n¹ s W]¦�ZBKO\^K s�· DR`�¦IZBK8J
τα
{ s¸· �}º��f�]»9`?´BPO��mbZ/K
PfZ/M8J]v;K
HE��[]t/J;M8F�DhP]`DGJ|mbZBK_¼
\�\}Z/K8J/Dad#`7z;K8Z/MOk;DGH]d;\�H/��¢? 5\^KOQhMO«;M�m�DGH/J|mbDGF�K�MOQa¦_Mut�`�H;P8P�d;\}\�DyJ�v:H�J°PO\^Hl`9`^DGJ]v�mbZBK s�· �oi · QGDyJ;KuWz;H]mbZIDR`^H]z;Mf\�DhP8M8QhQyt�M8J/[IDX`^H]mbZ/KO\^FIM8QRQGt�q s Z;K,`^K
J/H]k;K8Q�M8J;[|FIH;[/K8QG�}DyJB[/KON�K£JB[/K8J,m�K�k;Dh[/K8J/P8K]`�DGJ/[/DRP�M�m�K7mbZ/K�XdlJB[/M£F�K8J,m�M8Q7\jH�QGK:NEQGMOt�K8[§z/tµmbZ/K=¢ª ½\^KfQRMO«�M�mbDGH/J�DyJ¾vEQ¤MB`*`3mb\^MfJE`^D�m�DGH/J/W7H/�Rm�KOJ�H]k;Kf\�Q¤HEH/¿;K8[Àz/t©FIHl`nmP�d;\}\jKOJ,m�mbZBK8H]\}DGK]`ªq%Á
J³mbZ/K¾H,mbZ/KO\¥ZBMOJ/[/W%mbZ/K§¦�Z/H/QGK¶N/ZBK£JBHEFIK8J/H;QGH�v/trP8M8J³z;K¶\^M?mbDGH�JBM8QRDX`^K8[²DGJ³mbZ/K�X\^M8F�KO¦IH/\}¿¾H��xL�HBd;N;QGDyJ/vµc�H;[/K8Q%­R�;®�MOJB[¶P8H/J/�nDG\^F¥`IM¥\^K8P8KfJ,m�~�c¶wÂ`nmXd�[]t�­X�/®�`}Z/H]¦IDGJ]v©MÀ`bmb\^H/J]v
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?;@$A�BDCFE<EHG IKJMLONP?;@QASRUTUVXWUY$WZE$[]\P^�ION]A!@<_`BDa;^,bcE<E�GPT'dXN�ef@�g�CKE]VXWUYQWUE�GPT�d

IKh2[,Vci2BjiOk]ilE�^Zb�m1E'[PE�nXT$CPT$[Zo"h2[Z^Zn2pPT�[ZBFY�q>WZE$arBOVsicn2R�t�?vuPNUwx^yVXY$^]z�NUt>k�V8VXBDT]@
d2h2[PVsilB{iOk]ilE!^|by}~E.icnl^,Y�WUE$a�BFY$T$C�u|RU[�icWZE]VXBOV�t5?;u,N]w�^yVXYH^�z;N]t>k�V�VXBDT]@

� q�^ZnXE�Vl�P^|[Uo|B�[]pvT.kZicWZ^Zn'��CDBFCKT<V8E�nX��arT$BFCs@Mnsk
uP^ZC{kZicBD^Z[yV�^Zb��P^ZC�R|E$CKE<Y.icnl^ZC�R<ilE]V�bcBD[Po�z;BDoZEvT��Z�,CFBFY$T.ilBD^|[�B�[fGPT�nXBD^]k�V�bcBKE$CFo,V5^,b>T�V9Y$BDE$[PY$ErT�[Po

ilE$Y�W�[ZBF��k�EUV�@Zh2[r�PT�nOicBDY.k�CFT�n>T$��k�EH^Uk�V>VX^ZC{kZilBD^Z[,V>^Zb�icWZE��P^ZC�R|o|BFT$CKCDRPCFTQava;^,[ZB{k�a6VXT$C{iXV/WZT�G�E"T1WZB�pPW
� BD^,C�^|pPBFY$T$C�T$Y.ilB�GPB{icRfT$[ZofT�nXE1k�VXEHo0BD[0a;EHo|BFY$BD[PE]@y_�WZE"BD[,bc^ZnXa;T.ilBD^Z[f^|[*W]R|o]nXT.icBD^Z[fT$[ZoricnXT�[,Vl�P^|nOi
�ZnX^Z�PE.nOicBDE]VS^Zb�VX^,C{kZilBD^Z[,VSBOV�[PE$Y$E<V�VXT�n2R;bc^Zn�icWZE$B�nS^Z��icBDa�k�a
T��Z�PCDBKY<T.icB�^|[�@
h2[v^ZnXoZE�n�ic^rE<V�ilT � C�BOVXW"icWZE�bcE$T.iOkPnXE�V/^Zb�a;^,CDEHY.kyCFT�n9�s\,BD[UEHicB�Y:W]R|o]nXT.ilBD^|[v^Zb��P^ZC�RPE$CFE$Y.icnX^ZC�R�ilEHN|icWZE

arBFY�n9^Uz�T.GPE�oZBFEQCFE$Y�icn%B�Y��Zn9^|�PE�nOicBDE]V�^Zb�T$��k�EH^Uk�V�V9^,C�kZicBD^|[PV�^,bf�P^|C�RPoZBFT$CKC�RPCFavE.icW]RPCFTQava;^,[ZB�k�a
� �P^ZC�R �O� ?:w�?��l��T�[Zo oZBKT$CDC�RPCFavE.icW]RPCFTQava;^,[ZB�k�a �l� ?�w�?�� icn2BDbsC�k�^ZnX^,THY$E�ilT�ilE�V6WUT�GPE � E<E$[
VsiOk�o]B�E$orBD[�ilE$a"�PE'nXT.iOkPnXE�VSBD[�ilE'nsGPT$CP�y�Z���2�Z�,�$ �@Zq>^|a"�PCOE�¡*oZBDE$CFE<Y.icn2BDY��PE�nXa;B{iOi2B�GPB{icR"z�T�V�avE$T<VskPnXE$o
� RvT�avE.icWZ^Po;^|byicWZBD[;oZBKE$CFE$Y.icnXBDY�n9^,o"BD[1icWZE�z�T�GPE$�cp]kyBFoPE�T.i�bOnXE$��k�E$[ZY$BFE�VS¢y@�£�N�¤'�y@{�ZN�¤'�]N�¤'¥ZN�¤$�Z@j¦ZN
�Z�§T�[Zo��y£�m�¨�© � BD[ªicWZE�nXE'p,BD^P[�^,b"a;T�¡PBKa"k�a«^,b�oZBKV2��E�n�VXBD^P[�^|b�o|BFE$CFE$Y.icnXBDY��PE�nXa;B{iOilB�GPBjisR§^,b
z�T.ilE�n

). 
_`WUExG|T$C{k�E]V�^Zb*oZBDE$CFE<Y.icn2BDY�nXE$CFTH¡|T.ilBD^|[�icBDavE

τ
z;E�n9Eªbc^UkP[Uoy@�_`WUE�R¬Y$WZT�nXTHY.ilE�nXB�©<EªicWZE

Y�WUTQ[�pyE<V"^Zb�icWUE­z�T�ilE�n�a;^,CDEHY.kyCFE]V"a�^ � BFC�BjisR�BD[�icWZE*W]RPo]nXT.ilBD^Z[�V2WZE$CFC�V�^Zb�BD^Z[yV�@�_�WZEfT$Y�icB�G|T.ilBD^,[
E�[<icWZT$CD�|R

∆
¨

ε ®�® N�bOnXEHE�E�[PE�n2pZR ∆
m

ε ®8® T�[Uo�E�[�icnl^Z�]R ∆
u

ε ®8® ^Zb�o]BDE$CFE<Y.icn2BDY0n9EQC�TH¡|T.ilBD^|[��ZnX^PY$E�V�V9E�Vz�E�nXE;Y$T$CDY.k�CFT.ilE$ork�VXB�[�p�icWUE:ilE$a"�PE�nXT�iOkPnXE;oZE��PE�[ZoZE'[ZY<E]V!^|b�icWZE;o]BDE$CFE<Y.icn2BDY"nXE$CDT�¡�T.icBD^Z[rilB�avE]@�_`WUE
pZnX^]z�icW GPT$C{k�E]V¯^Zb

τ
T�[Zo

∆
¨

ε ®�® z;T�V°^ � VXE�n2GPEHo bc^Zn«�Z^ZC�R ��� ?�w�?��¯T$[Zo � ?:w�?icn2BDbcC�k�^ZnX^PT$Y$E�ilT�ilE<V>T$��k�E$^]k�V�Vl^ZC{kZilBD^|[PV�@ZhsiSBD[ZoZBFY$T.ilE�V-^|[;icWZE�VciOnsk�Y�iOkPnXE$�ca;T�\PB�[ZpfBD[Zb2C�k�E$[ZY$E"^Pb±BD^Z[yV
^Z[ricWZE�ilE�icnXT�WUE$o]nXT$C�W]R|o]nX^ZpPE�[ � ^Z[Zof[ZE.i!^Zb±z�T.ilE�n�@�_�WZEvY$^|[UY$E$[�icnXT�icBD^|[�oZE��PE$[ZoZE$[UY$E]V�^Zb

 τ
T�[Zo

∆
¨

ε ®�® E�¡ZWZB � BjifT�[¬^Z�Z�Z^yVXB{ilE � E�WZT�GPBD^]kPn*ic^�icWZT�i­^|b"icWZE�E�CDE<Y.icnl^ZC�R<ilE�VX^ZC{kZilBD^|[yV*z;BjicW�iOR��,BFY<T�CW]RPo]n9^|�ZWZBDCKBFY�W]RPo]n9T.icBD^Z[ � g�q>CKN>E.ilY�@ ��@�_�W�k�V�bc^|n�icWUE0bsBFn�Vsi>icBDavE�icWZEfW]RZo]n9^|�ZWU^ � BFY0W]R|o]nXT.ilBD^|[x^|b
�P^ZC�R|o|BFT$CKCDRPCKavE.icW]RUCKT<a;a;^,[ZB�kya²B�V`E�VsilT � CFBOVXWPE$oy@
_�WZE
Y$^Z[Zo�k�Y.ilB�GPB{isR³^Zb�T$��k=E$^]k�V�VX^ZC{kZi2B�^|[yV§^Zb´icnXBDbsCDk�^|nl^,THY$E�icB�YµT<Y$BDoZN0�P^,C�R �s� ?�w�?��§TQ[Po

�O� ?�w�?��;icn2BDbsC�k�^ZnX^,THY$E�ilT�ilE�V;z;T<VrBD[]GPE]Vci2B�pPT�ilE$o�BD[�T0z;B�oZEªT�nXEHTª^Zb;Y$^Z[ZY$E�[<icnXT.icBD^Z[ZN � B�[UY$C�k�oZBD[,p
V9^|CjkZi2BD^Z[yVªz;BjicW¶T·WZB�pPW¶oZE�pZnXE$E¬^|b�oZBDC�kZicB�^|[���bc^Zn�iOWZE¸E<VsilT � CFB�VXWZavE$[�i´^|b�bcE$T.iOkPnXE�Vx^ZbªBD^Z[ZBOY
icn9T�[,Vl�P^|nOiX@�w�E$T�VckPnXE$a;E$[�iXVvT�n9E´E�¡PE$Y.kZilEHo�BD[ªilEQa��PE�nXT.iOkPnXE�B�[<ilE�nsG|TQC!�y�Z���2�Z�,�$ �@±hsi�BOV;nXE�GPE$T$CFE$oPN
icWUT.i�icWZE;E$��kPB�G�T$CFE$[�i-Y�^Z[Zo�k�Y.icB�GPB{icR�^Zb±�P^,C�R ��� ?�w�?���T'[Zo ��� ?�w�?���icn2BDb2C�k�^|nl^PT$Y$E.ilT�ilE�V�Vl^|CjkZi2BD^Z[yV
bc^PC�C�^|zrV�icWZE¸C�BD[PE$T'n�oZE��PE$[ZoZE$[ZY$E

λ ¹ λ º �ª?�Y]ID»Md � z�WUE�nXE λ
�ªE$��k�B�GPT$CFEQ[<ixY�^Z[Zo�k�Y.icB�GPB{icRPNfY½¼

a�^,CFT�nXB{isR��ªkP�(il^¶�ZN2¤�w B�[¾Y$^|[<icnXT�Vci�ic^µicWZE¸YHT�VXE�V¿^|b�^]icWZE�n��U^|C�RPE$CFE<Y.icnl^|C�R<ilE]V�T$[Zoµz;EHTQ\
E$CDEHY.icnX^ZC�R<ilE�V�@ _�WZE CDBKavB{ilB�[�p BD^Z[ZBKY a;^ � BFCKB{icR

λ º bc^|n icWUE icn2BDbsC�k�^ZnX^,THY$E.ilT�ilE�N
oZBDT$CKCDRPCKavE.icW]RPCFT$ara;^P[ZB{kya¾TQ[Uo��P^ZC�RPoZBKT$CFC�RPCF�2arE�icW]RPCKT$ava;^,[ZB�kya²BD^,[,V/BOV�bc^]kP[Zoy@]hsi�BOV>VXWZ^]z"[UN|icWZT�i
�Zn9^,Y$E<V�V¬^Zb�Y�WPT'n2pPEµicnXT�[,VXbcE'n·BD[ icWZE(�P^,C�RPoZBFT$CKC�RPCFa*E.icW]RUCFTQava;^,[ZB�k�a T$��k�E$^]k�V¸VX^ZC{kZilBD^Z[yV·BOV
n9E$T$C�BD©<EHoZN,a;T$BD[,CDRPNPo�k�E�ic^:icWUE:a;B�pZnXT�i2BD^Z[;^Zbyicn2BDb2C�k�^|nXTHY$E.ilT�ilE��sBD^Z[y@
À]ÁPÂ�Ã/Ä>Å]Æ�Ç�Ä�È,Ã/Ã�É2ÊZÊ>Å]Æ'ËDÌ�Í­Î%Ï�Ë�ÁPÌ�ÐSÑ�Ò±Ð�Ó<ÔZÕ�Ó�Ö<Õ�ÓZÓZÓ<×]Ø"ÈZÙZÍ�Ú�Æ�Å$ÛyÆ8ÈZÜ¸ÅOÝ�Ú�Æ�Ì�Ã�ÂDÍPÂKÉ]ÜÞÅOÝ�Ð�ß�à
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 According to an adiabatic calorimetry measurements of heat capacities and enthalpy 
relaxation rates of a 20 % (w/w) aqueous solution of bovine serum albumin (BSA)  in a 
temperature range from 80 to 300 K, two enthalpy relaxation effects related to a glass 
transitions at around 110K and that over a wide temperature range (120-190K) were 
observed for a quenched sample from 300K down to 80K and three separated relaxation 
effects at 110K, 135K, and above 180K were observed for a sample annealed in 200-240K 
after the quenching [1]. To investigate the relationships between the thermal glass 
transitions and dynamics observed by the adiabatic calorimetry, broadband dielectric 
measurements of BSA-water mixtures with various BSA concentrations were preformed in 
a frequency range of 2mHz - 20GHz and temperatures in a range between 300K and 80K. 

Three relaxation processes could be detected.  The relaxation times of the three 
processes are 100 s at approximately 110K, 130K, and 200K.  Therefore, these relaxation 
processes are related to the glass transitions observed by the adiabatic calorimetry [1].  
The relaxation process whose relaxation time is 100 s at ca. 200K can be interpreted to be 
due to a local chain fluctuation of protein.  The relaxation process whose relaxation time 
is 100 s at ca. 130 K is due to ice.  The relaxation process whose relaxation time is 100 s 
at ca. 110K is due to the molecular motion of uncrystallized water (UCW). 

The temperature dependence of the relaxation time of the UCW changes at 
approximately 200K, i.e. the glass transition temperature of protein in the mixture.  At 
temperatures below 200K, the temperature dependence of the relaxation time is smaller 
than that above 200K, and obeys the Arrhenius type.  This behaviour of the UCW in BSA-
water mixtures is similar to that found in the β relaxation of water in protein-glycerol-
water mixture [2], aqueous mixtures of various molecular liquids and polymer [3, 4], 
nano-confined water [3], and mixtures of two van der Waals glass formers [3, 5] when 
crossing the glass transition temperature of the mixture. Based on these similarities, 
theoretical interpretation of dynamics in hydrated proteins is given. 
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�dK#am£{�FQ�� �dK#l!�`aeK2rtkÄ±~KTamab�FO\K#£FMmX�K#OÅK#Ã�W`MmaeM®�\SdM®W`l �¡rtS¡W`|$reW�SdK6� ���Æk��tr&Mmlj��k\S�r{QTX6rta®�ÅMmX�rt}\K¯|�k�X6r{K��-rÇk�£
O-�\X\Q#l¦Me|-�o�º|TM��d���"�0K��\}\M®�`M¢r)�!Q�X\K r�O-M®��k\abK.��kYrt}²��QTSdQgawaÈK#aºQ#X\O²��KTSF��KTXYO�Mb|�W`abQTS4rtkÉMªrd�>��Q#|T¬\��k\X\K-��Ê¼}\M��
l¦QT¬�K-��M¢r�QTX�MbO\K#Q#a"|#Q#X\O\MbO\Q�r{K>rtk�MmX ´ K��trFM�_�Q�r{K>��k-rt}!rt}\K!_�amkY��Q#a=OY�YX�Q#lnMb|-���¡XYk�SdljQ#aVl~kRO\KT��Q��½±~K#aea"Q��
rt}\KAamk�|#Q#a»�oKT_�lnK#X6r{QNa0Q#a®��}�Q#�¡SdK#amQT��Q rFMmk\X2W=�dMmX\_¶«%Sdk�QTO���QNXYOvzjMbK#abK#|�rtSFMP|¶�\��K#|�rtS{k��d|#k\�-�Ë��«�z.���·��«%�
|#k\l!��QTSdMmX\_Ìrt}YK³O-�\X�Q#lnMb|��@kR£9rt}\K­|#k\SFSdK��{��k�XYO-MwX\_Í�-W�SdK5�V�Î}\k\ljk\��k�a®�YlnKgS��o�µrt}\K­K#£¡£{K#|�rÄk�£
|#k\X\£¡MmX�K#l¦K#X�r"k\X�rt}\K4O��YX�Q#l»Mb|-�y|#Q#X��`K4O\M®SdK�|�rFa®�~O\K#O�W�|#K#O��

u9K�±jMbaea"�\SdK��dK#X6rºSdK6�¡W`a¢rd�%k�£�QÏ�tr�W`O��¸kR£ ´ QTSdMmk-W=�º�"�d���=z��v�Ï��amk�|T¬+|#k\��k�a®��l¦KTS�l¦K#a¢rd�º±j}YKTSdK
rt}\K��"����QTS�r ´ QTSFMmK-����K r�±jK#K#X�Ð0�\�\�>rtk²�g�j�\�\�~_-�Èljk\aeK����n�dMmX�_¿�dljQ#aea`Q#X-_�abKL���¡SdQT���)|#Q�r�r{K SFMmX-_.�$�\^4Ñn�\�d�
±~K�O\K#O�W`|#Kvrt}YK�O\K�r{QTMmabK#O5�¡rtS¡W`|$r�W�SdQTa��\S{k\��KTS�rtMPKY�µ�
�dMms6K��F�IQgX\O;rt}\KËk�SdO\KgSFMmX-_Å��K#}\Q ´ Mmk-W�SI�F|TSt���¡r{Q#a
�¡rtStW`|·r�W�SdKg��k�£�rt}YKÉ�F���tr{KNl.��z~MeK#abK#|�rtSdMm|²�F��K#|�rtSok��o|Tk\�\Mb|ÉljK#Q6�¡W�SdK#l¦K#X�rd�n�d}YkY±­rt}\Q r�rt}YK&|#k\X\£¡MmX�K#l¦K#X�r
MmX�O�W`|#K-�yQ4£tQY�tr{KTSyQTXYO0�YSdk�Q#O\KTX�K#O!X\k\SdljQ#a�Q-�V±~K#ama�Q-�ya�k�|#QTa=�dKT_�l¦K#X�r{Q#a\SdK#abQ���Q�rtMmk\X!�\Sdk�|#K��)�½}YQ ´ MwX\_¦Q#X
K���rtSdQ�£tQ-�¡r"SdKTamQT��MmX\_¦|#k\l!��k�X�K#X6rVMmX�rt}YK�}\Mm_R}j£�SdK#Ã�W`K#XY|��.�dMeO\K4k\£�rt}\K4O\MmK#abK�| rtSFMm|4amk��)����K#QT¬=�

�FXjrt}\Me��|#k�l»l!W`X\Mb|#Q�r{Mmk�Xj±jKj�F}\k-±Îrt}\Q�r"�\�n�\Sok���KTS{aP�¦rtQT¬�MmX-_¸MmX�r{k¸Q#|#|gkYW�X6r�|T}\Q#MmX�|#k\X-X�K�|�rFM ´ M¢rt�.�
�dK#ab£t�
|#k\X\|#K#X6rtSdQ·rtMPk�X���QgX\O¿MmX�r{KgSF£FQ�|NMbQ#aV£ta®W`|�r�W`Q�rtMmk\X¸K#£¡£{K#|�rd�o�R±jKj|#QTX¸|�k�X��¡rtS¡W`|$r�Q»�dMmlj�RabK»l~kRO\K#a"|#QT��Q���abK�r{k
Ã�W`QTX6rFM¢r{Q rtM ´ K#aw�@KT�\��abQNMmX;��kYrt}¯rt}YKv�YSdkRQ�O\KTX\MmX-_(Q#X\O(Q#|�|#K#amKTSdQ�r{Mmk\XÅk\£�rt}\K¯Q#a®��}\Q��¡SdK#abQ���Q�r{Mmk�X`�jÊ¼}YK
K���rtSdQ#|�r{K#OÉ±0MmO�rt}Ò��QTSdQ#ljK�r{KTS)�!k\£�rt}\K&MmX�r{KgSF£tQ6|#KÏ±~KTSdK¿£tk-W�X\OÉr�kÆ��K¿MmXÉrt}\K¸SdQTX-_�K+k�£�rt}YK&K��¡rtMml¦Q�r{K#O
´ Q#a®W`K-����Q-�dK#O¦k�X!rt}YKTSFljk�OY�YX�Q#l»Mb|6Q#a�Q#XYOn|#QT��MeababQTSF�!±¦Q ´ K�O-�\X�Q#lnMb|���QTS{_-W�l¦K#X�rd�·�\Ê¼}YK>SoK��¡W�a¢rd��O\knXYk�r
k\X\aP�.O\K#ljkRX��trtSdQ$r{K�rt}\K!Mml!��k�Str{QTX\|#K0k�£�£ta®W`|�r�W`Q�rtMmk\X���K#£t£FK#| rd��k\X~rt}YK�amk�|#Q#a=Q#a®��}\Q#�¡SoKNabQT��Q rFMmk\X\�R��W\r�QTae�dk
}\k-±�«�z��.|#QTX¦|#k\l!�RabK#l¦K#X�rº�o|#Q�rbr{K�SFMmX�_»r{K#|T}\X\MbÃ�W`K���r�k»_\M ´ K�}\M�_R}\am��O\K r{QNMmabK#O��¡rtS¡W`|$r�W�SdQTa�MmX\£tk\SdljQ�r{Mmk�X=�

JLK#£tKTSdK#X\|6K

Ó#Ô
 

J0�NU�W�XYO�]6U%�#u9MeabawX�KgS$]\^j�6^�abKT_\SdcbQ-]-h��-i�k\awl¦K#X\KgSdknQTXYO~z.�NJ%Mm|#}6r{KTS�Õ2Ö\×TØ·Ù\Ú�Ù\ÛeÜ#×#Ý=ÛbÜTÞ
�Fi�k\l»l!W`X\Mb|#Q�r{Mmk�X�rtk�rt}\K���O-M¢r{k-SF��ß�à6�RÐ=�\���¡���\�R 6�
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Author manuscript, published in "5th International Conference on Broadband Dielectric Spectroscopy and Its Applications
(BDS2008), Lyon : France (2008)"
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A5BDCFEHGJI-K�L-MONQP R5S�T.UDV�E5BDVXW�CFLDEZYDN[BDCFM]\^T�_`NQa#I-b#V#c-deV#cfNga#IDb'M9hONQCihOj9T-k�NQb#a#I-VFh9cgb�l�_`VmE�Nnb�o-E9NZRpT
_`N[oDIDb#Nqc-rsb�E5o-I;CtKuV�PFoDC.R]T�v�b%MOb�cQNgbXw�xFlDoDNQPDbFR]TFy.E9V#z{UDb�Kex-P-\

R#A5PDhZMON|M]L-MOV�C~}�w=b#z-NQCDV�P�BtNQPDV#VmE�NQP-Bub#P-z���cfV�a'M�E5C-P-NQaFh�w�L.h,h9Ngb#P���a�b#z-V#K�x�Ct}HUta#NQV#P;a�V�hH��y.E5xDbm��NQP;C�W�E9b#P-a#IF�^T
k�l~V#z-V#P�h5oDN�h^�����mTFy.E5x;b���NQP-C�_�Cih^a#CF�+w=V�BDNQC~P;T��,�	�-�m�-�-TFw�L.h%h9NQb

\F��b�YDC-E9b%M�C-N[E9V�z-V�h�r"E9CDa#�#z-��hHz-� ��cQb�YDC-E9b'M�NQC-Pez-VXw=V�lD�'MOVmK�V#P�M9h�y"C-P-a'MONQC-P-P-V#c]h4��a#C-cQVJvub'MONQC~P;b#cfV
UFLD�D��E9NQV'LDE9V�z-V�GJI-NfKuNgV�z-VX�JNQcfcgV#TFW�r��-���m�t�e���- t��¡ek�NfcgcgV�P;V'LDlDV�zD� ��h9a���G�V#zDV�¢�£ey.E9b�P;a�V
j ¤	I-V�A5PDhZMON|M]L-MOV�C-}�y"N[E9V�UDb#}5V'M]x���PFBDNqPDV�V�E9NQPFB�w=VFh9V#bmE9a#I�¥¦¤HV#a�I-P-CDcQC~B-x*UtamI-CDC~cDC-}�M�I-VXW�L�NQc|M
�JPFlDN§E9C~P-KuV#P�MOTF¨1P-Nnl~V�E%h9N|M�xuC-}�¨ec]hZMOV�E9T�vuV'��M�CF��P;b'Y-Y©V�x;TtG�C���P�M�EONqK¦ª-«e�-¬=W=TF¨�­

S�GXCFEOE9V�h5�DC-P-z-NQPFBub'L-M�I;C~E¯®�MOa�I-K�L-M�NqPD°±Kub#Nfc��²EZL

v�b�P;C~�DbmEZM�NQa#cgV;h�IDb�l~V�lDVmE^x³I-NQBDI´h�LDE9}�b#a#V�V#P;V�E5B-x³b#P-z4V,¢DI-NnY©N|M¯b�MOV�P-z-V#P-a�x{MOC4bmB-B-E9V�BDb%M�NQC~P©�tAZM�N]h
l~V�E5xµIDb�E9z¶M�C·h9V��DbmE9b'MOV�M�I;V�K b#P-zµNqP�M�E9CDz�L©a#V�M�C¶�DC-c[x-KuV�E¸K�b,M�E5N[¢¹L�P-NQ}�C-E�Kucqx©�4��B-B-E9V�BDb,M5NQC-PµCt}
P;b#P-C-�Db�EZM�NQa#cgVFh�E9V�h�L�c|M9h1NQP?b³cQCih,h�Ct}JL�P-Ng��L©V{�-E9C~�DVmE�M�NQVFh�CD}�P-b#P;Cta#C-K��DC�h9N|MOV�hº����cgc»�-E^V;h^V#P�M�K�V'M�I-CDzth�Ct}
a�C~P�M�E5C-c-P-b#P-C-�Db�EZM�Nna�cgVFhHz-NfhZM�E9N[YFL-MONQC-PeNqP1�DC~c[xDKuV�EHK�b,M�E5N[¢ePDV#V#zeV�¢-�DV#Pth9N[l©V�V#��L©NQ�tKuV#P�M��

¼ LDE?MOb�hOo�I-bFh±YDV#V#P�MOC½NQPFlDVFh�M�N[B�b,MOV¾M�I-V+�DC�h%h9N[YDNfcgN|MZx½Ct}¿ztV'MOVmE5KeNqPDb,M5NQC-P�Ct}4L©P-Nf}�C-E9K�NÀMZx6C�}
P;b#P-C-�Db�EZM�NQa#cgVFhHz~NghZM�E9N[YFL-MONQC~PeNQP��DC-c[xDK�VmE»Kub'M�E5N[¢�L.h9NQP-B�Y-E^Ctb#z�Y~b#P-zez~NgV#cgV#a'M�E5Nna�h5�©V#a'M�EOCih^a#C~�Fx©�

¤�I;V+a#CtK1�DCih9N|MOV�h?YDb�h^V#z�C-P�PFxDcQCtP¦ �b#P-z �DCtc[x-�-E9C-�~x;cgV�P;VÁ�uVmE9V+NQPFlDVFhZMON[BDb'MOV#z�����b#KeNQPDb'MOV#z
h9NQcgNfa�b'MOV�h�b�P;zÂK�L©c|M5N[��b#cfc�P;b#P-CFM]L-YDV�hH�eV�E^V�L�h^V#z{b�h�}5NgcfcpV�E,�DG�C~K��DcgV�¢³z-NfV#cgV#a'M�E9NQa1a#C~PDhZMOb#P�M

ε
S�Ã

ε
��Ä

ε Å NgPM�I;V�}]E9V���L©V�P;a�x³E%b#P�BDVÆ�m�-Ç²È�£Á�m�FÉ¯Ê1����b�h�KuV#b�hZLDE9V#zËL.h9NQPFB³WXd*U-�D�Ë�gv�CFlDCDa#C-P�M�EOC~c[�º��¤	I-VFh9Vez-b'MOb���V�E9V
V,¢-�Db#P-zDV#zËY-x4M�I-V{KuV#b�h�LDE9V#K�V#P�M9h�C~}

ε
S³NQP´}]E�V#��L©V#P;a�xÆE9b#PFBDV{ª-ÄZ�D��Ì�Ê���L.h9NQPFB��Db#P-C-E9b#KeNgaËhZMOb�P;z~NQP-BDÄ

��b'l~V�}Ob#a'MOC-E�BDb'LDBDV�hHb�P-zeNQPeC~��M�NQa�b#c-E9V�BDNQCtP�L.h9NQPFB{hO��V�a'M�E9bmcDV�cQcgNq�.h9C-KuV'MOV�E Å ��cQ} Å �AZM»��b�h�hOI-CF�eP�M�I-b'MHM�I-VeKeC�hZM��-E9CihO�DV#a'M�N[lDVeKuV'M�I-CDzthJMOC4a#C-P#M�E5C-c�M�I-V�L©P-NQ}�C~E9KuN|MZxÍCD}Ja#C-P-z�L©a,M5N[l©V
P;b#P-C-�Db�EZM�NQa#cgVFhHz~NghZM�E9N[YFL-MONQC~PeNQP��DC-c[xDK�VmEHb�E9VXM�I-V�P;V�¢FMº®

b��±KeV#bFhZLDE^V�K�V�P�M¿C-}?h9cQC-�DV+b#PFBDcgVÎ�
α
�ÏC~}�NQPDa�E9V�b�h9NfP�B��Db�EZM¿C-P }]E9V#��L©V#P-a�x2ztV��DV#P;z-V�P;a#V+C�}

b#c|MOVmE5P-b'MONQPFBua'LDE5E^V�P�Msa#C~P;z�L©a'M�N[lDN|M�x
σÐZÑ � Ò��HNQP�cnC~BDÄ5cQC-Bua�C-C-E9zFNQP-b,MOV�h,��¤�I;V=l~b#cnL©V�CD}iM�B α N]hHz-Nf}�}OV�E9V#P�Ms}�C~E�M�I;Va�b�h9V�hÓC-}Ôh^b�Ke�DcgV�h?�eN|MOIÕL©P-Nf}�C-E9K b�P;z¶P-C-PÕL©P-Nq}�CDE�K z-N]hZM�E5N[Y�L-M5NQC-P�Ct}¿}ZNgcfcgV�E`NQP½�DCDcnxDKuV�E`Kub'M�E5N[¢.�

y©LDEZM�I-V�E9KeC-E9V�zFN]hZMOCFE]M�NQC-PeC-}�}�C-E�K C-}
σÐ]Ñ h5�DV�a'M�E^b�a#b�P�Y©V�CFY�h^V�EZlDV�z�NQP�M�I-V�cgb�hZMsa#b�h9VF�Y-��KuV#bFhZLDE9V#KuV#P�M�C-}Hz~N]h5�©V�E%h9NnCtP{Ct}HcQCDa#b#c	V#cgV#a'M�E9NQa#b#c.�DE9C~�DV,E]M�NQVFh�NqPÍK�Nga�E^C;��b�lDV�E9VmBtNQCDP{CFl©V�E»M�IDV

VmP�MON[E9V�h9b#Ke�DcfV��
_�b��-�DNqP-BÍC-}JC-�FM�NQa#b#c��-E^C~�DV�E]M�NQVFh�C-}�M�I;VÂh9b#Ke�DcfV�h�LDE�}Ob�a#V�N]h��-E9C�h5�DV�a'M�N[lDV�}�C-EJM�I-Vez-V'MOV�EOK�NQPDb'MONQC-P

C-}{cQCDa#b#ce}5NfcQcgV�E�a#C-P-a�V�P�M�E9b'M�NQC-PÎh9a#b,M]MOV�E5NQPFBÎ}�C-EÂM�I;VÔa�C-K��DC�h9N|MOV�hËY~bFh9V#z¸C~P¸cfb#KuNqPDb,MOV#z�h9NgcqNga�b'MOV�hº��¤	I-V
z-NQb#KuV'MOV�E�C-}�cQNqBDI�M�YDV#b#KÖ��b�h1b�YDCFL-M�¡D�-�

µ
K*�	¤�I-N]h1z-NQb#K�V,MOV�E�N]h1V#P-CFLDB-I4M�C?N[P�M�E9Ctz�L©a�VËb³a�C-P-a�V��FM=C~}

cnCta#b#ceC-�FM�NQa#b#c��-E^C~�DV�E�M�NQV�h�b#P;z+cQCta�b�c�a#C~P;a#V#P�M�E9b,M�NQC~P×C~}{cgb#K�NQPDb'MOV�z�h9NQcfNga#b'MOV�hË�DbmEZM5Nna�cgV�hº�Xr"E9V#a#N]h9NQCtP¸Ct}
KuV#bFh�LDE9V#K�V#P�M9h�C-}HC~�FM�NQa�b�c.�-E9C-�DV�E]M�NQVFh»L.h9NQP-B�h5�DV#a'M�E^b�c"V#cQcfNQ��h9CDKeV'MOV�E�N]h�h�L�}�}5Nga#NfV#P�M	M�C³b�P-b#cqx;��V�h9a#b,M]MOV�E5NQPFB
C-}�cnCta#b#cD}ZNgcfcgV�EHa#C-P-a�V�P�M�E9b'M�NQC-P��

¤»V#K��DV�E^b'M]LDE9V�z-V��DVmP-z-V#P-a#NgVFh�Ct}
εεεε Ø NqP{KeNga�E9CF��b�l~V�E9V#BDNQC~Pe�eVmE9V�K�V�b�h�LDE9V#z{}�C~EHM�I-V�a#CDK��DCih9NÀMOV�hPFxDcnCtPe �Ù�cfb#KeNQPDb'MOV#z�h9NfcgNga#b'MOV�hº�F¤	I-VXMOV#K��DV�E^b'M]LDE9V�a�IDb#PFBDVFhH}]E9CtKÎ¡D��MOC��m�-�FÚ9G���A]M.�eb�h�h5I-CF�1P�M�I-b'M

ε
�mCt}

a�C~K��DC�h9N|MOV�h�NQPDa�E9V#bFh9V��eN|MOI�M�I-V�MOV#K��DV�E9b'M]LDE^V�V�hO�DV#a#Ngb�cgcqx*b'M¯Û�ÜÝ�m�-��Þ,G��-¤	I-V�z-NfV#cgV�a'M�E5NQa�cQC�h%h^VFh»E^V�Kub#NQP�h
�-E^b#a'M�NQa#b#cgcqxßa#C-P�hZMObmP�M��¿¤�I-Nfh NQPDa�E9V�b;h^V¹Ct}

ε
�ÂE9V�hZL©cqM9hÎNQPàl~b�E9NQb'MONQC-PáCt}�E9V#}5cgV#a'MONQC-Páa#CDV�}�}�Nfa#NgV#P�M×Ct}

V#cQV�a'M�E9C-Keb�BDP-V'MONQa���b�l~VFh�}]E9CtK�M�IDV�a#CtK1�DCih9N|MOV�h�hZLDE9}�b�a#VF�.¤	I-V�h�VeE9V�h�L�c|M�h�h9I-CF�½M�I;b'M�C-P-Vua#b#P�a#b�E5E5xÆC;L�M
E^V�K�C;MOV�a#C-P#M�E5C-c©C~}.M�I-V�hZLDE9}�b#a�V=MOVmK��DV�E9b'M]LDE^V�C~}	P;b�P;Cta�C~K��DC�h9N|MOV�h	Y-x*K�V�b�P�h�C-}	KeNfcfcgNfKuV'MOV�E	��b'lDV�hº�-¤	I-V
a�C~P�M�E5C-ctNgh	�DCih�h9N[Y�cgV�V'l©V#P�M�I�E9C;LDB-I�b�}Zcgb#KuVF�
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Author manuscript, published in "5th International Conference on Broadband Dielectric Spectroscopy and Its Applications
(BDS2008), Lyon : France (2008)"
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[ BlSp«NC�T�H{t�\!�gA�BGIa���?\`b;L
m!B�H{t�\!�gIjH{t�\{z¬A�H`bstN]jm!Ic\�KfiGH`Fh\­�NBDC�SG��]JS/t�\!SxK�\­]JS/t�\`b�\/KstfK5]JSGm�\®tNiX\`�yiGH`F�\
�*]�bpKNt�k�\!\!S,b�\`A�BlbPt�\!�,]JS¯���x�U°�> d e m9BlSDFl\�S�t*]aBlSXH�I±SGBGSGm!BGSG�/Chmpt*]JSDT²m9Blb5\³A�BlI����?\`b0b5\�SG�G\`b<KytNiG\
m!BG��A�B�K5]¤t�\v�N]JIc�?r*�NBlb5�f]JSGT&H`k�]cIJ]¤tN�´H!SG��tNiG\f�NBlb*��\!���*]JIc�%tNb5H�S�K*A�H`b5\!SXm9�´H�SG���*Ij\`z�]�k�]JIj]¤ts�lO��4iG]cIj\fH�tNiG]cS
m!BGSp«sC�T�H{t�\!�gA�BGI����?\`bZK5iG\!IcI�]�K4b5\!�/Ch]Jb5\!�­t�B�BDkDt�H`]JSgAhH`bstN]am�Ij\/K���]¤tNigC�K5\!�PC�I�\!Ij\!m{tNb5]Jm!H!I���\!H{tPC�b�\/Kp>1Rµ\
iGH`Fl\ K*�XS/t�iG\/K5]J�U\!� b5\!�G]PK*A�\`b<K5]�khIj\ A�BxI��GAG�Gb*b5BGIj\ ¶P|£|��U· m!BGb5\!r¸K�iG\!IcI¹SGH!SGBGA�H`bstN]Jm!Ij\DK �f]¤t�i H
SGBGSGm9BlSX�/Chm{t*]�Fl\ºA�B�Ia���?\`b�m!Blb�\&H!SG��H&A�BxI���KNts�Ub5\!SG\gK*ChIJ�NBxSGH{t�\´¶�|»Y£YG·�K�iG\!IcI�IJB�H!�x\9�­�f]¤t�i­|�|1�-H!SG�
]JSDFh\DKstN]�T�H{t�\9�­tNiG\!]�b?H`AGA�Ic]jm!H{t�]JBGS�HDKfiGBxIa\º]JS�«¼\!m{t�]JBlS�IjH`��\�b<Kf]JSg|1W#o���K;>ªn ~5rN½�r�W³A�IJBDt5K4Bl��tNiX\´|�W#o��
�G\{F�]jm!\ b5\`Fl\!H!I�K m!BG��AhH`b5H{k�Ij\ A�\`b5�NBGb5�fH!S�m!\ �f]¤tNi tNiX\ BlSX\ �Pb�Bl� tNiX\ |#BGI���¶*¥GO�¡�r
\{tNiD�XIc\!SX\!�l]aBlzG��t*iG]JBGA�iG\!SG\`·%|�o��f�7^}¾j|»Y£Yh>
e�K¿KsChm!i�Oµm`BGSp«sC�T�H{t�\!�ÀA�BGIa���?\`bÁm!B�H<t�\!�Âm�BGb5\!r¸K�iG\!IJI
SGH!SXBlA�H`bNtN]Jm!Ic\DK�m9BXC�IJ��k�\
H�AGb5BG�f]PK5]©SGT?m!H!SX�l]J��H{t�\��NBGb#ADb5]JS/t�H{k�Ij\
\!IJ\�m{tNb�BlSG]amXK;>

@yBGb*AGiXBlIJBGTG�?H!SG��m�i�H`b*T�\�tNb5H`SxK�A�BlbPt�BG�£tNiX\�|�|1�v\���kh\��G�G\!��]JS?BXC�b�m9BDb5\!r¸K�iG\!IJI£SXH!SGBGA�H`bstN]Jm!Ij\DK�H�b5\
BG��A�H`b5H!�fBDC�S/t7]J�fA�BGb�t�H`SXm!\�tNB­C�SG�G\�b<Kst�H`SX�gH`SX�g]J�vAGb¼BDF�\�tNiG\ZA�\`b*�NBGb5�fH!SGm!\DK4Bl���G\`F�]cm9\/K�klHXK�\!�gBGS
BDC�b m`BGb5\vK�iG\!IJI1S�H!SGBGA�H`bstN]am�Ij\/K;>�^Ãi�\`b�\��NBGb5\!Ox��\�m`iXH`b5H!m`t�\`b*]Ä��\!�ZBDC�b�SG\{��I©��K*�GS�t*iX\/K5]J�U\!��b5\!�G]PK*A�\`b<K5]�khIP\
A�BGIa�XAl�Xb*b5BGIJ\gm9Blb5\gK5iX\�IjI
SGH!SGBGA�H`bstN]am�Ij\DK?]©S�t�\`b5�ZK?Bx�fm`iXH`b*T�\&tNb5H`SxK�A�BlbPt�O(C�K5]JSUT0�?H�]JS�I©�ykGb5B�H!�/khH!SG�
�G]J\!Ic\9m{tNb5]JmºK�A�\!m{tNb5B�K5m9BlAD�h>ÆÅ*Ç È�É?K5]JSDT�t�\`��A�\`b5HptPC�b5\!rs�Pb5\9�XCh\`SXm`��rsF�BxI�t�H`T�\��G\�A�\`SG�G\!S/t�m!BGSG�/Chm{tN]�F�]¤tN�±�GH{t�H
��\
\9zXA�\`b5]J��\!S�t�H�IJIJ��AGb�BXFl\!�f�l]J�*��\`b5\!S/t}m`iXH`b*T�\�tNb5H�S�K*A�BGbst��f\!m!iGH!SG]PK5�ZK�]N>�\D>/iXBlAGA�]JSDTÊH�SX�v�NI�C�m{tPChHptN]JBlSXr
]JS��/Chm!\!�­tPC�SGSX\�Ij]JSGT
�?\�m!iGH!SG]PK5�®K�Ëf]©SgtNi�\´m!Blb�\­K*i�\!IJI�SXH�SXBlA�H�bstN]Jm!Ij\XK;>1Ì�C�bstNiG\�b¸��Blb5\9O�\!IJ\9m{tNb5B��G\&H`SG�
]JS/t�\`b5�NH�m!]jH�I�A�BxIJH`b5]J��H{t�]JBGSZAGb5B�m!\/K<K�\/K �f\`b�\vBDk�K¼\�bsF�\!��>�^#iG\�b5\�KsChI¤t5K���\`b5\fm!B���A�H`b5\!���f]¤t�iÍ��H{t�H�k�H/K¼\!�
BGS�tNiG\Zm!BDb�b5\/K*AXBlSX�l]JSUT­kDChIJE±m!BXC�S�t�\`b*A�H`bPt5Kp>�[�BG��A�Ic\!�?\!S/t�H`b*�º\`zGA�\`b5]J�?\�S�t�H!I1t�\!m`iGSG]j�/Ch\DK
i�H`F�\vkh\!\!S
C�K5\9�Î]JS³BGb5�G\`bZtNB%KstPCh�/�ÏH!SG�.ChSG�G\`b<KNt�H!SG�.tNiG\yb5\!IcH`tN]JBGSxK5iG]JAÐk�\{tP��\!\!SÐ�fBGb*AGiGB�IJBlTG�³H!SX�Ðm�iXH`b*T�\
tNb5H`S�K*A�BGb�t�>
Ñ4Ò`Ó*Ò�Ô!Ò9Õ£Ö9Ò!×
Ø ��Ù YGEGB/tNiG\!]J�?O�^ >ªef>�ÚGo IPK5\!SDklH{C��?\`b�Ol�4> W�>�ÚG��\`�GSGB�Ic�xK�O�Q!>G]JSZÛ{q�H!SG�Dk�B�BlE?BG��[�BGSG�/Chmpt*]JSDTf|}BlI����?\`bpK*Ü
@yH�b5m!\!ID�f\�EGE�\`b�O/Ý?\{�ÐÞ7BGb*EXOÃ���G�x�X>
Ø ��Ù�H`·�Þ4H/K<K�H`b5O1ef>JÚ��
BGSGm�H!IJ]jO1Q!>©Ú�u7H`b5SG]j\`b5O£Ì�>x|}BxI��X��>�[ Bl�f��ChS�>����x�U°GO1���UO����G¥xÚ�kG·
e
b5�?\/K5O�Y�>x|»>�Ú
u7B/tct�\/K��N\�Ij�GO�Y£>�Ú�_7\!\`b*�XO1Q!>�uf>�Ú�u7H`b*��BGSGO�Ì�>©Ú�e
T�SG\{��O Y�>GÌ�>�O�|�BGI�����\�bv���G�1��O�¥D��O£��¥D���GÚ�m`·�W»]¤ChO1[ rsÌ�>JÚ
@yH�bsCx�XH!�?H!O#^ >aÚ�Þ4H!�?H���BXt�BGO�^�>G|�BlI����Í>�Q!>�O����G�G¥GO1���UO#¥G�G¥xÚ��D·�=7i�H!SGO£@w>�ef>aÚ�e
b5�?\/K5O�Y�>x|»>xe7�/F�>
@yHpt�\`bp>����G�G�GO��p�GO
�G°1�!Ú�\�·vq7C�] «{K�O�ÌÃ> @�>�Ú ½f\`b5m9H{CGt�\`b5\`SXO�ÌÃ> Ì�>�Ú
�G\&��Ch]¤t�\`b�O�_�>�Ú�=4H!Ij]cm!iXH`b5H!SGO��Ê>�Ú
q�H!�D��]©]aBxH!SGSGBDChO�uv>GYD�GS�tNi�>!@y\{t¼>����G�G�DO#���D�GO#�G�!���!>
Ø ¥GÙ£RwH`SDT�OGQ!>�ÚhYDC�SGODW�>aÚ�@�A�BDC�E�BDCGF�H!IJHDK5OD=?>D\pt¼>�H`IP>�O�KNCGk���]¤tPt�\9��]JSfe7�DF�>!@yH{t�\`b;>
Ø ¡�Ù£=7b5\!�f\�b5OXÌÃ>aÚhY�m`iGßGSGiGH!IPK5O�ef>D]JS�Û`_�b5B�H!�/k�H!SG���f]a\�Ij\�m{tNb*]am�YlA�\9m{tNb*B�K5m9BlAD�UÜ�O�YGAGb*]JSDT�\`b5OD_�\`b5IJ]©S4���G�D��>
Ø �UÙ£_�H`b<K�BDC�EGBDF�ODo�>�Ú/@�H!m!�GBGSGH!Ij�GOlQ9>��4>�]�SfÛ`~5�fA�\!�GH!SGm�\�YGA�\!m{tVb*B�K5m!BGAD�UÜ�ODR�]cIj\`��rs~5S�t�\`b<K5m!]J\!SXm!\!OG���G�x��>
Ø �GÙyH`·�@yB/tctºÝ�>fÌ�>�Ú��fH`F�]PK5OZo
>�ef>Z]JS¿Ûpo Ij\!m{tNb5BGSD]jmà|1b�Bxm!\�K<K0]JSáÝ?BlSXr*[�b*��Kst�H!IJIJ]JS�\Î@-H{t�\`b*]aH�IPK5Ü
[�IaH`b5\!SG�GBGS�|�b5\/K¼K5O���z��NBGb5�GO#���G°G�xÚ/kX· YliX\!SDT�OD|�>!|�iD��K5]Pm!H!ID��\`F�]c\p�à_â���x�U�GOl�#��OG�#�!�U�x>
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=�?B?hABb�[TY
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w8Y>[�Ax[5DHUHY>O5D.Dy[ zJMpW{fg|czJ}9~'��`"[TYcVJ[�M��^I$AvUH�;[TY>?BO�VJZ

� W
X�YcYy[5Dcj�XJVJZJ[TV;U�O�=JUHmJX^Y���U>DH=JI�Ax��AhO;\^� =�VJACSu[^��\�m

�,X�V3\�[TV5UHYyX�DHoJk�k,[�UHY>AB\�j�XJ?xOTY�X^Ycb�OTVJAx\�kKO'U1[TY>ABO�?nD�j�?xOTo�O�V�ABkKj�XJYrU1OTV5U�Y1XJ?B[�ABV�jJo^YyXp[�?B[;\�UHYcAx\
UHmJ[/YekgX�Dy[TV@D>ABVJb:O�VJZ�X^UHmJ[TY,OTjJj�?BAh\�O�UcA�X�V�D,[Qk,[TY1bpABVJb��.~/�.��f$X^Ig[�t�[TYyMGUHmJ[�jJY>[;D>[TV�\�[(XJl�j�X@D.D>ACSu?q[
jJmJO^Dy[�UHY>OTV�D>AvU1ABX�V@D2OTV3Z�Y>[�?xO���O�U1ABX�V�[�lrl1[�\�U>D��h���KA�V�UHmJ[�\TYco�DrU1O�?B?hABV�[ DHU1O�U1[¡j¢YcX^t�[�\TYr=u\�ABO�?aU1X UHm3[
OTjJj�?BAh\�O�S�Ax?hAvUHo2Xpl*Dr=u\�m£kKO'U1[TY>ABO�?nD
lHXJY�U1[�\Tm^V3Xp?BXJbpA�\5O�?p=�D>[¢�pE�m5=8DyM@kKXp?B[�\'=@?xOTY
Z^oJV�O�kKAx\¤DrUq=uZJAB[^D
O/Y>[
OTV£Axk¤j�XJYqU1OTV5UFkK[;O�VpDFU1X¥b�O/A�V,¦pV3X3Ig?B[�Z^b�[�XJV�Y>[�?xOT��O�U1AxX�V�D
OTV3Z¤UHmJ[�[T��AqDrU1[�V3\�[�Xpl�j�X@D.D>ACS�?x[�j�m�O5D>[
UHY>OTV�D>AvU1ABX�V�D:ABV�O§k�O'U1[TYcAxO�?q��¨cV�UHmJAqD�IKXJYc¦�M�UHmJ[©k,XJ?B[�\�=u?xOTY:Z^oJV�O�k,Ah\;D:X�lªj�XJ?hO/Y�«�|cABX�ZJXJ|r«�¬ |
VJAvUHY>X^S�ACj�mJ[�V^o�?£­H¨q�g`
®�¯(­n®��^°n\±O/VJZ²w�ZJZ^��DHoJk,k�['UHYyo��³z^�r¯ªDHUq=uZ^AB[�Z²SJo´SJY>X�O�Z5S�OQV3Z©ZJAB[�?x[�\�UHY>AB\
Dcj�[�\�UHYcX@D>\�X�j^oµ­n`
i2��¯$AnD$jJY>[5Dy[QV;U1[�Z@��E�mJ[�kKO�U1[/YeA�OQ?FI,O5DKABV^t�[^DrUHA¶b@O�U1[�ZªA�V(UHmJ[�lqY>[�·5=u[�V3\�o�Y>O�V¢b@[
lqY>Xpk¸}@�q~£f��¹UnX©~/}¡ºªf$��OTVJZ�O�U U1[Tk$j�[TY>O�Uq=�Y>[;D�S�[�UqIg[�[TV´~�»¢} ¼½OTV3Z «@»¢}ª¼,�{¨cVªUHm3[([TV5U1ACY>[
U1[Tk�j�[/Y>O�Uq=�Y>[²Y>O/V^b�[�M¾X�V¢?Co�X�V3[´Z�Ax[�?x[�\�UHY>AB\�O�?x?�o�O�\'UcACtu[²jJY>X�\�[5D_DªIKO;D�X3SuD>[TYHt�[�Z@��¿�U�lqY>[�[T�;A�VJb
U1[Tk�j�[/Y>O�Uq=�Y>[5DyM�UHm3[¤jJY>X�\�[5D_D \�O/V¥Ig[�?h?�S�[�ZJ[;D>\TY>ACSu[�Z¹SJo(O�V�¿ Y1YcmJ[�VJAC=9Dy|nUqo¢j�[�ZJ[Tj�[�V3ZJ[QV�\�[�XJl{UHmJ[
Y>[�?BOT��O'UcABXJV´UcABk,[²O�VJZÀO±Y>O�UHm3[TY�?BX^I O�\�U1A�t�O�U1ABX�VÀ[�V�[TYcbJoÀX�l�~/z@�vÁ§¦J<e°HkKXp?H��Â�AvUHm�ABV�\TYy[5O;D>A�VJb
U1[Tk�j�[/Y>O�Uq=�Y>[�M@UHmJ[K¿ YcYcmJ[�VJAC=�D>|nUqo¢j�[�Z^oJV�O�k,Ah\^D kg[TYcb�[^D
A�V;UHX(O¤Ã
XJb�[T?B|rw@=u?x\�mJ[TY>|1E{O�kKk,OQV�­rÃ w�E�¯>|
Uqo¢j�[¡b�?xO5D.DKUHY>OTV�D>AvUcA�XpV:Z^oJV3O�k�Ax\^D'�
E�mJ[ªZ^Ax[�?x[�\�UHYcAx\(Y>[5Dr=u?vU>D2OTY>[�Z^AnDy\�=8D'D>[�ZÄABV�UHmJ[�\�X�V;U1[��^UgXJlKO
j�X@D.D>ACS�?x[gjJYy[5D>[�VJ\;[KXJl*O�j�mJO^D>[�UHY>OTV�D>AvU1ABXpVJ­>Dc¯>M@S�[�ABVJb¡Dc=�jJj�XJYnU1[�Z2SJo2Å�|rYyO�o¥O�VJZ¾\TYco@DrU1O�?B?BXJbJY>OTj�mJAq\
DrUq=uZ^A�[3DG�h«��.�

Æ$ÇTÈcÇ;É�Ç�Ê�Ë�Ç�Ì
�.~/��`�Y1X3I$V^Y>ABZ^b�[
<�� i£��Í�ÎhÏ�ÐQÑ�Ò'Ó^Ô£ÕJÔJÖ
×
Ó^Ø�ÙqÑBÙhÚ�Ï�ÙxÓ^Ô�Û^ÏTÕ^Ü
Ø�ÕJÔJÖ$Ý ÞrÒ_Õ'ß@Ø@×*Ò�Ó^Ö�àJÐ�ÏTÖ�Ûeß�á�ÏTÕuÑBÏTÖ£ÕJÔJÖ
Ð�ÓJÓJÎxÏTÖ�×@ßuÒ'ÓJÏ�ÎxÏ�Ð;Ñ�Ò�ÙqÐKÐTÒhß8Ø/ÑCÕ�Î�Ø Ø�àJÐTá¹ÕJØ
âFÙ�ã�ÛJä
å�ÕJÔJÖ£âFÙqÑ�Õuä
å£Ù�Ô¾Ö�ÙhÎhà�ÑBÏ æ@ÕJØ'ÏTØ�ç5×*á�Ï/Ô�Ó^Ü�ÏTÔ�ÓJÎxÓ�æ�ß
ÕJÔJÖ�Õ>×J×
ÎhÙhÐ/ÕuÑ�ÙhÓ^ÔJØè¨cV8�¹¿ Y1¦pABVJM�Â�AB?h?xAhO�k Eé­nêGZ@� ¯´ë^Ò�ÏTÔJÖJØ§Ù�Ô�â�ÕJØ'ÏTÒ_Ø´ÕJÔJÖ&Í�ÎxÏ�Ð;Ñ�Ò�ÓJÞ>ä@×�Ñ�ÙhÐ/Ø
ì ÏTØ'ÏTÕJÒ�ÐTá,jJj8��»¢í�î,íp»��
�h���*Â�dJSJS�[QVJm3X�Y_DrU*ºÄ�8[�Uy�8OT?q�^ïcÍFÍ{Íðë3Ò_ÕJÔJØ.Õ�Ð;ÑBÙhÓ^ÔJØ$Ó^Ô¾ñ�ÙxÏ�ÎhÏ�ÐQÑ�Ò'ÙxÐ¤ÕJÔJÖ£Í�ÎhÏ�Ð;Ñ�Ò�ÙhÐTÕ�Î8ï.ÔJØ'àJÎBÕuÑ�ÙxÓ^Ô�òJM
»;��zK­r��}J}J}^¯_�
�qzJ��f$ACY>[�k,O�UHm�]$��M�Ã$OTYcV3[To£�8� Â´��M8�^I�ABlhU�<��ó¿K�¢ô�á�Ï/Ü�õ/ö�ÕuÑ�Ï/Ò;��÷;øJM^«�í^«@ù
­r��}J}^«J¯_�
�h«��9R�O�S�O'UFNK�óM3`"[Tm¢Y>VJZ��¾��M@W*X^=uZJ[TY>\ NK�óM�`�XJVJABV�º���M@E{Dr=JIgAp<��vMJ` [/Ycb�[TY�]���M^`"[TYnUnX�VJAJº���M�f
=�?B?hABb�[TY
<��§ã�Ï/ú ×
ÓJÎBÕJÒ ÕJÔJÖ Ô�Ó^Ô�Þ ×
ÓJÎ�ÕJÒ�×
ÓJÎ ß@Ü�Ó^Ò¶×*áJØ Óqû ü^ÞcÙhÓ^Ö�Ó¢Þ>ü�ý ÞrÔ�ÙxÑCÒ'Ó�Û^Ù ×*á�Ï/Ô'ß8ÎrçþØ/ÑCÒ'àJÐ;ÑBà^Ò.Õ�Î
Ñ�Ò_ÕJÔJØóûJÓ^Ò_Ü�ÕuÑBÙhÓ^ÔJØ
ÙBÔJÖ�àJÐ�ÏTÖ2Ûeß�Ñ�á�ÏTÒ_Ü�Õ�Î�Ñ�Ò'Ï/ÕuÑ�Ü$ÏTÔuÑ�õ
®�X�DqU1[TY�jJY>[5D>[/V5U1[�Z¾O�U�UHmJ[£ÿr®�XJ?Co�kKX�Y1jpmJAqD>k�O�VJZ¾WGYcouDrU1OT?x?hAqD>O�U1ABXJV£��}J}pù£W
XJV^lH[TYy[QV3\;[^ÿGº OTY>\�m�~J~ î
~/zJMJ��}J}pù;M^R�[aº�[TYcA�Z�Ax[�V�®�Ax\�\�O�Z�Ax?h?BoJM^R�XJVJZJXJVJM^s�¼,�
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Dielectric relaxation in microemulsions with and without triblock
copolymer

Robert Wipf1,*, Bernd Stühn1
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* robert.wipf@physik.tu-darmstadt.de
 

Water-in-oil microemulsions are thermodynamically stable mixtures of water
droplets in a continuous oil phase. The droplets are stabilized by a monomolecular
surfactant layer. The surfactant molecules have a polar, hydrophilic head group and an
apolar, lipophilic tail. The investigated microemulsion consists of water and decane with
sodium bis(2-ethylhexyl)sulfosuccinate (AOT) as surfactant. The structure of this system
is well characterized by small-angle-X-ray and small-angle-neutron scattering. The
conductivity of such systems shows a steep increase when volume fraction or temperature
increase over a certain critical value. This behavior can be understood as dynamic
percolation.[1] In the dielectric spectrum of a microemulsion, as a heterogeneous system,
an interface polarization, known as Maxwell-Wagner-Sillars, can be observed. In the high
frequency regime a relaxation can be observed, which is attributed to a reorientation of the
AOT molecules in the shell.[2]

Adding the amphiphiliic triblock copolymer PEO-PI-PEO to such a microemulsion leads
either to decorated micelles or to an interconnection of droplets and thus to a transient
network. This depends on polymer chain length and droplet density. Here we will present
dielectric spectra and conductivity of pure and polymer containing microemulsions. We
performed frequency and temperature dependent measurements in a range of -20°C to
50°C and 10-1 Hz to 109 Hz respectively. First we measured the percolation temperature
and dielectric spectra of microemulsions without polymer at different droplet sizes. Then
we investigated the influence of increasing polymer content on the percolation transition
and the dielectric spectrum of a microemulsion with fixed droplet size.

As result we see an increase in percolation temperature with decreasing droplet size or
increasing polymer content. Furthermore we observe a relaxation in the high frequency
regime. Its relaxation time increases with decreasing droplet size. In the microemulsion
with polymer we observe an additional relaxation in the low frequency regime with
increasing relaxation strength on increasing polymer content.

References
[1] S H Chen et al. (1994) J. Phys.: Condens. Matter 6:10855
[2] F Bordi at al. (2000) Progr Colloid Polym Sci 115:44
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Using Impedance Spectroscopy to Monitor the Regeneration of 
Newt Tails 

 
Francis X. Hart*, Julie H. Johnson**, and Nancy J. Berner**, 

*Department of Physics, The University of the South, Sewanee TN 37383, USA 
**Department of Biology, The University of the South, Sewanee TN 37383, USA 

 
Newts can regenerate their limbs; people can’t.  In recent years considerable interest has 
developed regarding what factors control this regeneration with the goal of improving 
wound healing, or perhaps eventually developing some form of limb regeneration, in 
mammals.  One of the first steps in this process is to monitor newt tail regeneration as 
various potential control factors, such as retinoic acid or n(ewt)AG protein, are added.  A 
noninvasive method which would allow continual monitoring during the entire 
regeneration process would be very useful.  We have examined the use of impedance 
spectroscopy for such monitoring and found that it has considerable potential.  Using a 
Solartron 1260 Impedance Analyzer between 1 Hz and 10 MHz, we measured the 
variation of impedance spectra with needle electrode separation and determined that the 
tail can be modeled electrically as a series combination of two parallel CPE/R elements 
and another resistor that accounts for dispersions above 10 MHz.  We measured the 
impedance spectra and the dimensions of the regenerating tail for nine newts at weekly 
intervals for up to 105 days.  The conductivities associated with one CPE/R term and the 
high-frequency term showed a definite increase during the stage when differentiation was 
beginning in the tail and then levelled off.  The other CPE/R term exhibited considerable 
variability.  We conclude that the onset of differentiation might be identified with 
minimal invasiveness using impedance spectroscopy.  
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Dielectric relaxation spectroscopy of aqueous amino acid solutions  
 

Silvina Cerveny1,*, Angel Alegría1,3, Lourdes Leza3, Juan Colmenero1,2,3  
 
 

1Centro de Física de Materiales, Centro Mixto CSIC- UPV/EHU, Paseo Manuel de Lardizabal 
4, 20018, San Sebastián, Spain 

2Donostia International Physics Center, Paseo Manuel de Lardizabal 4, 20018, San Sebastián, 
Spain.  

3Departamento de Física de Materiales, Universidad del País Vasco (UPV/EHU), Facultad de 
Química, Apartado 1072, 20018, San Sebastián, Spain. 

 
*Corresponding author : scerveny@ehu.es 

  
 

Proteins are made of amino acids arranged in a linear chain and joined together by peptide 
bonds being amino acids the building blocks of proteins. They play a central role in 
metabolism, i.e. the set of chemical reactions that occur in living organisms in order to 
maintain life. Amino acids contain at least and amino group (-NH2), a carboxylic group          
(-COOH) and differing only in the structure of the R-group or the side chain. Its ionization 
state depends on the pH. At neutral pH the stable structure is the zwitterion (+H3N-CHR-
COO-).   

Zwitterionic solutions play an important role in aqueous mixtures being a main topic in 
biology. Thus, the study of the amino acid hydration at different pH could be a new route to 
understand the major problem of protein hydration.  

The aim of this study is to investigate the dielectric response on aqueous solution of 
several amino acids in both a wide range of concentrations and pH values (from 1 to 11).  For 
most of the systems analyzed, two relaxation processes were observed in the frequency range 
of 5x108 to 5x1010 Hz. The fastest one can be attributed to the reorientation of water 
molecules in the mixture whereas the slowest one is related to the amino acid in the solutions. 
In this work we will discuss the variation of the shape parameters of the observed relaxations 
with the amino acid type, concentration and pH values. 
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_LUT�GACDhB�U�}�_(U�Vk}e^/s�_�V|K�_�bGACB�]~KTy�i8AzJ/^/m�J/B~}p}�[xU�A�Vfy�^��{^LDh_.V|K'^�Vk}eB~mC_/J�[�mz^LD��L�l�&�¡ G¢C£�¤5^/U�s�}pB~mC_/Jl[xmz^LD
¤¦¥/�T§�¥�¨Y�©¢��LªG«��/�T£|¬�¢­£G¥L§�¥L£�¨�J/BT[GmCs®bG_5_�¯&V|Dh_/}p_/m­y°Dh_/mR_��X^(U�V�v|^/J�VWB�D8i�AMU®V|K'_5J/B�}�]�Dh_/K�_/U~ihAYB~U�B�veV|K'_
Dh_/mC^�VWACB�U~ihK�AC]
^/}pB�UTE
sTy�U'^/}%AzJTihQIifV±Df[�J8VR[GDh_�^LU�s=v�[�UGJ�V|ACB�U6BXv²]�DWB�VW_LACUxi5ACU>V|K�_/AMD³�©¥LªG«�bGACB~mCB�E�AzJ/^�m
_LUT�GACDhB�U�}�_(U�V´uaoWUIV|K�A�i$�pB�DFµ²�e_�ACUT�G_�ifVWAMEG^�VW_/s¶^LU¶_�i8i´_LU�VFAY^(m·^TiF]G_/JlV$B�v¡V|K�Azi�JcB~}�]Gm�_L¯¸ihJc_(U'^LDhACB��9V|K�_
DhB�mC_7B�v¹J/B�U�v|A­UG_/}�_/U�V¹ACUºDh_�i|V|DFAzJ�VW_/s=EG_�BX}e_�V|DhAC_�i»^(UGs7V|K�_7ACU�v|mM[¦_LUGJc_7B�v¼ihB~mCAzs½i|[GD#v|^cJ/_Ti5B�U7V|K�_
sTy�U�^/}�A�JTi�B�v�E�mCBTbT[�m�^�D$]�DhB�VW_LACU~i�^/U's³B�v$if[GDFDWBT[GU�s�A­U&E®iOBXm���_/U�V´u~¾�_%K'^c�X_�JLK�Bxih_/U¹^�U¹_L¯�]G_LDhAC}�_(U�VW^�m
^L]�]�DhBG^/JLK�if[�A�VW^�bGmz_.V�B�B'b&VW^LACU�Q~V|KTDWB'[GE�KpV|K�_{iOBXmY¿fEG_/m~VW_/JLK�U�AzÀ�[�_/Q�ihBGm­AYs�}�^�V|DFAM¯�_�i!BXvkihAzm�AzJ/^.�eK�_LDh_$bGBTV|K
]�DhB�VW_LACUp^�U�s%ihB~mM�X_(U�V¦�p_LDO_$J/BXU&vfACUG_/s��pA�VFK�ACUpU�^/U�BG}p_�V|DFAzJ$J/^L�GA�VWAz_�ilu

S>s�_�ihJLDhAC]TV|ACB�U%B�v�sTy�UG^/}�A�Jc^(m�_/vfvW_�J�Vhi·^�V�sTACvfvW_LDh_/U�V·iF]G^/Jc_�^LU'seV|AC}�_eiOJ/^/mz_�ikK'^�i\bX_/_/U%^cJ(K�Az_L�G_cseb�y
[¦ihACUTE²VR�eB¼sTACvfvW_LDh_/U�V$_l¯�]G_LDhAC}�_(U�VW^/m�VW_/JLK�U�AzÀ�[�_Ti��9b'DhB~^cs�bG^/U�s¹s�A�_/mz_/J�V|DhACJIiW]G_/J�V|DhBxihJ�B�]Ty¹ÁFACUIV|K�_¼Â�Ã�Ä g ¿
Â�ÃTÅkÆ�ÇpDh^�UTEG_LÈ�^LU's�U'_�[�V|DhB�U²ihJ/^�VzVW_�DWA­U&E¦u~oFU�B�Dhs�_LD�V|B�K�ACE~K�mzACE~K�V�V|K�_%iF]G_/J/ACvFAzJp_/vfvW_/J�V!BXv·J/B�U�vfACUG_/}�_/U�V
ACU½V|K'_½ihA�mCAzJ�^É}e^�V|DhAY¯XQ¹^4JLB�}�]G^LDhARihB�U½�eA�V|K)^LU'B'V|K'_LD�J�BXU�v|ACUG_/sÊiFyxi|VW_/} K�^Ti®bX_/_/UË]G_LDhv|B�Dh}p_/s¦�
q5y'BXEGmCBTbGACU²Á�q5bXQ9V|K'_{BT¯�y�EG_/U²i|VWBXDh_lD�ACU%V|K�_�VFAzilif[�_�iWÈ$_LU'J�^�]xif[�m�^lVW_/sIACU~ihAzs�_%^%ihAzm�AzJ/^�EG_/m�^�V!sXACv|vF_�Dh_/U�V
KTyGsTDO^�VFAYBXUGi�Ì�Í�Îh¤x�¹�kª�¨­¥/�RÏ/Ð|Îh¤x��Ñ�Ò8Ï�K�^�i�b�_/_/UÓJ/B�}{]G^�Dh_/sÔ�eA�V|K;q¼b>KTyXsTDh^�VW_/s�]�BT�ps�_�D8i�Á���K'_LDh_
]�DhB�VW_LACUGi�^LDh_$J/B�U�v|A­UG_cs�b�y{B'V|K'_LD�]�DFB�VW_�A­UGiFÈhQG^�VGV|K�_�iO^(}Õ_¡Ìp�G^/m�[�_Tilu

te^�VW^%Dh_L]'BXDRVW_/sIACUIV|K�ARi-�eBXDWµ³]�DWB�]�Bxih_�^IihJc_LU�^LDhACB¶BXv�V|K�_�_/v|v|_�JlVhi�BXv�K'^LDhs¹J/B�U�vfACUG_/}�_(U�V2BXUIV|K'_
sTy�U�^/}�A�JTi�B�v.bXB'V|K5]�DWB�VW_LACU¸^/U�s5KTyGsTDh^lVFACB�U¼�e^�VW_LDlu�w¦DhB�VW_�A­U'¿��e^�VW_LD�ify�ifVW_/}%i�A­U¼Ì�ª��´ �JcBXU�v|ACUG_�}�_/U�V
_�¯GK�AMb�A�VÕ^5JLmz_/^LD�]G_LDRVR[GDfbG^lV|ACBXU�ACU®V|K'_¼Dh_LmC^L¯G^lVFACB�U;]�DhB�]G_LDRV|AC_�i�B�v��p^lVW_LD�ÁF^�i²iFK'B'�e_/s®b�y�s�AC_/mz_/J�V|DhACJ
iF]G_cJ�V|DFBxihJcBX]TyÖ^/U�s¹À�[�^�ihAC¿F_/mz^TifVWACJ%UG_�[�V|DWBXU¶ihJ/^�VzVW_LDFACUTE�È´Q�^LU�s¹^%Dh_�mC_L�G^/U�V�Dh_/s�[�JlV|ACBXUÖBXv�^��X_LDh^LEG_�mCBGJ/^/m
sTy�U�^/}�A�JTi�ÁW^�i�if[GE�EG_�ifVW_/sIb�y�V|K�_%Dh_/s�[�JlV|ACBXUÖB~v-}p_c^(U5iOÀ�[�^LDh_�sTARiF]Gmz^/J/_/}�_(U�Vhi�}p_/^Tif[GDh_cs�b�y³_(mz^�i|VFAzJ
U�_l[�V|DhBXU
ihJc^�V�VW_LDWAMUTE�Èlu�S�UTyT�e^LyGQ�A�V´×Ri¼�G_LDFy6ACU�VW_LDh_�ifVWA­U&E=V|K�^lV¶_��G_�U4ACUØV|K'_�i´_Ù¥lÚ'¨Y�l¥�§�¥/« Û)�/�T£|¬�¢C£G¥L 
J/B�U�s�A�VWACBXUGihQx]�DhB�VW_LACUÕs'y'U�^/}%AzJ�i!^�V�K�AMEGK{VW_L}�]G_�Dh^�VR[GDh_�Á�A±uM_TuG^�bXB'�X_.V|K�_{iWB�mM��_(U�V·s�_L]G_LU's�_LU�V� lÛx£�ª�§�¢���ªG«
¨Y�´ª�£�Ül¢±¨­¢��T£GÈ·A�i�ihACÇ�_/^LbGm­yÕsG_L]G_/U�s�_/U�V�BXUpV|K�_�KTy'sTDh^�VWACB�U%mz_L�G_/mzQ¦^�i�A�V�K�^�i\b�_/_/UIihK'B'��U�ACU{V|K�ARi\�eB�DFµ%v|B�D
V|K�_²v|AMDlifV�V|A­}�_Tu�q�BXDh_cB'�X_LDhQ�V|K'_²_/vfvW_/J�V�B�v�J/B�U�vfACUG_�}�_/U�V�A�ie^�V�K�ARip}%^L¯GAz}e[�}Ý�pK�_/U¹V|K�_²KTyGsTDh^lVFACB�U
J/B�DfDO_�iF]GB�U�s~i-V�B¹^%J�BX}�]Gmz_�VW_%v|A­D´ifV�iFK'_(mCm�B~vk�e^�VW_LD�}pBXmz_/Jl[xmz_Ti�B�U²]�DFB�VW_�A­U¶if[GDFvW^/J/_/Q�V|K�[¦i._��GACs�_/UGJ/A­U�E
V|K�_-AC}p]GB�DfVW^LU�Jc_$BXvxV|K�_�iOB%J/^�m­mz_/spÒT¢z��«��/¤¦¢���ªG«~�kª�¨­¥/�(u

��K�_³DO_L]GBXDRVW_/s;s�^8VW^¼Jc^LU�bX_¼_L¯�]Gmz^/A­UG_csÔACU5VW_LDh}%iÕB~vp]�DFB�VW_LACU'¿#ihB~mM�X_(U�V�J/BT[G]�mCA­U�EÔ^(U's;B�v��p^lVW_LD
sTy�U�^/}�A�JTi�A­UÓJ/B�U�vFACUG_/}�_(U�V´u$��K�_5Dh_�if[�m�Vhi¹if[GE�EG_�ifVpVRK'^�V%V|K'_®J/B�UTv|ACUG_/}%_/U�V�_/vfvW_/J�V�AziIDO_(mz^�VW_cs°V�B>^
]G_LDfVR['DfbG^lV|ACBXUÓB~v�ihB~mM�X_(U�V�J/B�mCmz_/J�VWAY�X_®sTy�UG^/}�A�J�i²ÁWÞ~¿fDO_(mY^c¯X^�VWACBXU&È²s�[�_¼VWB®V|K�_5Dh_�i|V|DFACJ�VW_/s�EG_/B�}p_�V|DFy'Q
Dh^�V|K'_LD³V|K'^LU=VWB
sTAMDh_cJ�V¶]�DFB�VW_LACU'¿O}�^�V|DWAY¯+ACU�VW_�Dh^/J�VWACB�U~i�u���K&A�i¸ARi¸J/mz_/^LDhmMy+_L�GAzs�_(U'J�_/s=b�y+sXAz_/mz_/J�V|DFAzJ
iF]G_cJ�V|DFBxihJcBX]TyÕ}%_c^'i|[GDh_/}p_/U�Vhi��pK�AzJ(K�E~AM��_�^�sXAMDO_/J�V�]GA�JlVR[GDh_�B�v�Dh_/mC^L¯G^lVFACB�U�sTy�UG^/}�A�J�i�U�^�VR[GDh_'�9if[G]G_�Dh¿
S$DFDFKG_/U�A�[�i$Dh_/mz^L¯G^�VWACB�U~i�BTbxi´_�Df�G_/s¹ACUÖq5bÖ]GB'�es�_LD8i�^�Dh_%U�BTV�]TDh_�iO_LU�V2ACUIq5b¶_/U�J�^L]xi|[xmz^�VW_/s¹ACU¼ihA�mzA�J�^
EG_/mRu
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H5I�JLKNMOIQPSRUT@VXWYVUZ []\_^a`cbedYfgMih�j<k�J<lmVUW�n6`�opK�lmK@RUVqKsr�tguYZYVUWYKNnO`YvwKBlxVUK@WYKSviK�lmK�M6TNWgZYf<[x`?yYTNMedgJLTNVgrGJLI<W<TNu<[x`P�RzdYK�y;K@RqK@kpK�leVUWCKN[x`C{|VzZ;jCK}VqRc~'fglmTNRUVqK@W?�eZ<tYVX[

[FbeWY��lxV�l]J<lmT�fc�	h�j<T@k�Vq�@K@R<��jgtL�OV��g�+rGJF���OV�K@WQ���@K@IYT@k�t�f<�iyY�}V�T}WC�aT��O`g��fcR�tYkpTNM+�QV�uYV]�OVUf;WC`~'f?�et<dYVXW�yClxM:�@�Y`�{|f?�O��fC���<���<�g����`grsJF���OVUK�L�����]�������1�]�� @¡?¢i£�¤@�U ��B�a¥��������B¦x���a¥)£���¤�§F¨U��©O�]¦� ��g�z©��+¢ª�C�O�e��£��S«5©�£N¤a�B¬S­� a¡+®�©��X�B�}©N�:��¯�°;¦]­a£�±����� �²�¦�£��a©�³a´xµ
¶G· ��¤a�B���6¸��C�6¹Cº�»�µ�°<¦]­a£N±��_�g CºN¼½ a�e©N @¾D¢i�B¥��U }��µ¿»OÀF»�»�ÁaÂaµ@¢+�<�O�e��£
Ã:Ä  @¦x¦��:��Å< @��¤@����¥)£��1��³� @¦iÆN��¡� a¨U�����a��¸<Ç½©N�B���x�B¦�º ©B³@Å�³Yº ¦x£@�Bº ¦È�

��RUK��xleV��ÉI<T@�xfcMOkpK�lxVUf<WÊ�6TNMOVUfCJF�ORUtA�@jCK}W�dYT��2�xlxM�JL�:l]JYM6T4K�W<I�kpK}Wgt�Ë<MOf<ËYTNM]lxVUTg��f<���OfYRXVqI;�:��beWÌlxj<Vx��Íf<MeZ��QTQ��l]JLIgVUT@I2��lxMxJL��l]JYMOKNRU`FIgt<WYK@k�Vq�QKNWCI�lxjCTNMOkQf;Igt<WYK@kpV���Ë<MOf<ËYTNM]l]t½�@j<K@W�dYT���VUW/�OTNuYT�MOK@R¿ËYfYR�tYkpTNMOVq�dYRUKg�B�6Tg�O`s��hG`s�¿{Î{|��`s��y;`sH�Ë<fgÏ<t�K@W<IÊ�OTNucTNMOK@R�fClÐj<TNM�����ÑATÎI<T}�xf<MOkpT@IÌlxj<T/ËYf;R�tYkpTNMB�pd;RqKg�B�6TC��K@W<IkpT@Kg�xJYMOT�lxjCT@V�M�I<VqT@R�T1��lxMeVU�@`�ICtCWYK}kpVq�ÒkQTa�@j<K@W<Vq�@K@RGK@W<I4lxj<T�MekQfYICtCW<K@k�Vq�½ÓeTNÏ<ËYT@W<I<T@IÉkpT@�@jCK}W<Vq�aK@Rª�Íf<MeZ
ÑÔ`�I<T@�xf<MÕkÍK�leV�fcWÎjYT@K�l�Ö×K@WCIØlxj<T2��lmf<MOT@IÎTNW<T�MedctÙf<���@f<RUI4�Qf<MeZ

∆ Ú'Û Ë<Mmf<ËYTNMÈlxV�T����+bxl��ÍK����xfgJYW<I2lxj<K�lRqKNMmdYTÜ�]MOK@��leVUf<W½f<�wÑ VÈ��lxM6KNW;�O�xf<MOkQT@I�JYËYfcW½I<T@�xf<MÕkÍK�leVqf<WÒVUWalxfÒVUW�lmT�MeW<K@R�T@WCTNMed<t½�@j<K@WgdLT��
∆ Ú ��lÈfcM6T@I�Ý<tdYRUKg�B�:�+v�j<T�TNÏc�}V_lmT@IÌ�xlmK�lmT�f<�Gd;RUKg���OTg��VÈ�Q�6K�l]JYMOKBlmT@IÒÝ<tÉR�f;�@K@RUVUÞaT@ID�Oj<T@KNM�lxM6KNW;�O�xf<MOkQK�lmVUfcWY��ÓeI<T@�xf<MÕkÍK�leV�f;W

I<T@�xT@��lO� Û �@KNMeMet<VUW<d|RUfY�@K@R��xlxMOKNVUW?� ε ßeà�á_â�ãeä K@WCIØlxj<T,T}WCT@Medct4T1ÏL�1T����
∆ Ú'â�ãeä ��y;�1K}RqT½K@W<IÉË<MOf<ËYTNM]lxVUTg��fY�slxjYTlxM6KNW;�O�xf<MekpK�lxVUf<W?�2�QT�MOT!uYVÈ�eJLK@RqVXÞ}T@I.K@WCI.K@W<K@RUt<ÞaT@IEÝ<tåkQfYR�T1��J?RqKNMÎIgt<WCK}kpVq�&�1f;k�ËgJ<lmTNMD�OVUk�J?RqK�lmVUf<W;���HiÏ<ËYT�MÕVUkpT@W�lmK@R/kpT@Kg��JYMOT@kpT@W�lO�Af<�|�@f<k�ËYR�TNÏæIcVqT@RqT@��lxMOVU�.MOTa�eËYf<W;�OT�f;�|I<T@�xfcMOkQT@I7dYRqK��B��Ta��Ý<t7çG��ylmT1�NjgW<Vqè�JLT2VUW!�]MOT1è�JFT@W<�NtÙMOK@WgdYT2�]éG��êcë_ìwíî��êgï�ð�Þ½�QK��'ËYTNMO�xfcMOkQT1I?�¿opT��ñ��lxM�JL�Bl]JYMOT½fc��lxjCT2I<T@�xfcMOkQTaI

�xlmK:lmT�f<��d;RqK����GV]��dYV�uYTg�GW<T���I<VqT}RqT@��lxMeVq�Ü�eËYT@��lxM�J?kòÓ
ε ó K�W<I ε ô �Qj<Vq�@j�fguYT�MÕRqKNË?�i�QV�lmj�I<VqT}RqT@��lxMeVU��MOTa�eËYf<W?�OTf<��WCfcWCõeI<T@�xfcMOkpT@IE�OK@kQË;RqTg�sr)T��xJ?R_lO�2j<K1I.�Oj<fg��W�lxj<K�lÜlxjCT!I<T@�xf<MekQT@IE��lmK�lmTDf<��dYRqK����OTa�É�Oj<fg�p�ÒWCTN�I<V�ËYf;R�KNMS��lxM�JL��l]JCMOT���j<Vq�@j½I<V�I½W<fglGT�ÏYV]�xlmT@IÒVUW½KÜWCfcWCõeI;T@�xf<MekpT@I2��lmK�lmT�f<��lxj<TÜkpK�lmT�MÕV�K}R]�:�?�SË<Ë?T@K�MOK@W<�@TQf;��mjYT@KNMSlxMOKNWY�O�xfcMOkQK�lmVUf<W;�'�@jYK@WgdYT��'Igt<WYK@k�Vq�ÒkpTa�@j<K@W<Vq��K@RiMOT��mËYfcW?�6TÒf;�SkpK�lmT�MeVUK@R]�QK@R]�OfF��hGfck�ËYK�MÕV]�6fcWÎf;�I<VUT@RqT@��lxMOVU��K@W<I�Igt<WYK@k�Vq��kpT@�@j<K@W<Vq��Ë<MOf<ËYTNM]lxVUTg��f;��I<T@�Of<MekQT@IQd;RqK����6Tg��V]�iË?TNMO�xf<MekpT@I?�?yglxMOKNVUWp�@f;k'ËYfcWCT}WalM6T��eËYf<W;�OV�ÝLR�T½�xfcMQ��lmf<MOKNdYT½fc�)T@W<TNMed<tÙTNÏY�aT�����VUWÙI<T}�xf<MOkpT@I4dYRqKC����T����ÍTNMOT/�OTNËYKNM6K�lmT@IÉK�W<I4lxj<T@V�M'Z;VUWYT�lmVU�Ë<M6fcËYT�MÈlxV�TC���QT�MOT2K@W<K@RXtCÞ�T@IDK@W<IDI<VÈ�6��J	�B�OT1I?�ªbxl�öÈ�p�Oj<fg��W/lxj<K�l�WCT��÷��lxMxJL�:l]JYMOT½f<��I<T}�xf<MOkQT@IÉdYRqKC���OTg�QV]�M6T��eËYf<W;�OV�ÝLR�TD�xf<M��QT@R�R�ZYW<fg��WAø�MOTeù6JYuYT@WCK�leV�fcW�ËYjYT@W<f<kpT}WCfcW�ú<��{�T@�@j<K@W<Vq�@K@RQK@W<I!lxj<TNMOkpK@R�lxM6T@K�lxkQT@W�lO�Ë<M6f;I�JL�@T��@f<k�ËYR�T�lmT}R�t�I<V��x�eTNM6T}Wal��xlxM�JL��l]J<M6T���fc��dYRqK������g{|T1�}jCK@W<V��1K}R	I<T@�xf<MÕkÍK�leV�fcW½�OK�l]JYMOK�lmT��id;RUKa���wÝ<t�WYT��I<T@�xf<MekpK�lxVUf<W|I<T@�eT@��lO�pfc��j<VUdYj|T@W<TNMed<tC`sÝgJ<lSlxjCTNMOkQK@R�l]MOT@K�lxkQT@W�lÍTNMOK��6T���lxj<T/I<T@�xT@��lO�pK@W<I|kQfCuLT2dYRUKg����@RUf?�OT�MûlÈfÊT@è�JYVUR�V�ÝYMOV�J?k ��lxM�JL�Bl]JYMOTg��{|T@��j<K@W<Vq��K@R'K@W<IÔlxjCTNMOkQK@R�lxMOT@K�lxkQT@W�lO�½W<TNuYT�M2�@K@WAË<MOfYI�JL�@T��OKNkpT�xlxM�JL�Bl]JYMOT��w~'VUW<T�lmVU�g��fc�QT�WYTNMed<t|d<MOfC�Slxj�f<��lxj<T/d;RUKa���OT���I�JYMOVXW�dAI<T@�xfcMOkQK�leVUf<W�V]�QlxMOK@�@T@I?�w~'VUW<T�lmVU����f;�lxjCTNMOkQK@R�RUt2��lmVUk�J?RqK�lmT@I�M6T@�@fguYTNMet�f;�G�Oj<T@KNMilxMOKNW;�O�xf<MOkpK1lxV�fcWY��K@�@��JLk�J?RqK�lmT@IÜÝ<t½kpK�lmT�MÕV�K}R]��JYËYf<W2��lxMOK�VXW<VUW<d�ÍK��ikQTaK��xJYMOT@IQK@W<IQKNWYK@RXtCÞaT@I?�@rST1�@fCucTNMetQfY�+I<VUT@RqTa��lxMeVq�SKNW<IQIgt<WYK@k�Vq�SkQTa�@j<K@W<Vq�@K@R¿�mËYT@��lxMOKs�QV_lxj���lÈfcMOK�dYTlxVUkpTSK@W<I�lxj<T�MÕkÍK}RglxM6T@K�lxkQT@W�lF�ÍK��ikQT@Kg��JYM6T@IQK}WCIQKNW<K@RXtCÞaT@I?�YyglxM�JL�:l]JYM6KNR<Ë;V���l]JYMOTSf<�+I<T@�xf<MekQK�lmVUf<WQI<T@�eT1��lO�V]��Ë<MOT��OT@WalmT@I?�gbeWalmTNMeË<MOTBlmK:lxV�fcWpf;��kpTa�@j<K@W<Vq�@K@R+K@WCI�I<V�T@RÐT@��lxMeVU��IYK�lmK�V���d;V�uLT@W�VUWÜlmT�MÕkp�Gf<����lxM�JL��l]JCMOT�fc�Flxj<TI<T@�xf<MekpT@I���lmKBlmT�f<�Fd;RUKg�����
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Features of Harmonic Spectrum of A2ВX4 Crystals Related to 
Domain Wall Dynamics  

 
Gorbatenko Vladimir, Gorbatenko Svetlana, the Militia Institute, Voronezh, 394065, Russia  

e-mail: sv_gorbatenko@rambler.ru 
 

Harmonic analysis is one of the perspective methods that promise to trace basic regu-
larity of domain dynamics [1]. The current harmonic analysis method is used in the abstract to 
research nonlinear dielectric properties of А2ВХ4 family crystals in view of these properties 
dynamic changes. The method is placed on amplitudes (Ik) and phases (ϕk) measurements of 
spectral component of current that flow through the sample if harmonic voltage source U(t) 
having Um amplitude and ω0 frequency is connected (U(t)=Umcosω0t). Satisfying Dirichlet 
conditions periodic function  I(t) of current that flow through the sample can be presented by 
Fourier series: 

t)coskωItsinkω(II(t) 0
''
k

1k
0

'
k += ∑

∞

=
,    (1) 

where kk
'
k sinII ϕ= and kk

''
k cosII ϕ= . 

Voltages proportional to current harmonics (k=5) was impressed to the integrant adder 
unit. The integrator output was connected to two-coordinate plotter amplifier Y input, the 
voltage U(t)=Umcosω0t was impressed to amplifier X input. So coulomb-voltage depen-
dences q(U) have been recorded (fig. 1).  

 
 
 
 
 
 
 
 
 
 
a)    b)   c)   d) 

Fig. 1. А2ВХ4 family crystals coulomb-voltage dependences q(U) in case of different 
combinations of current harmonics flowing through the sample 

Fig.1, a (curve 3) shows the dependence q(U) when all harmonics are presented. 
Curve 1 (fig.1, a, b, c, d) shows the dependence q(U) when only one harmonic I1sinω0t is pre-
sented. Curve 2 (fig.1, a, b, c, d) shows the dependence q(U) when harmonic combinations 

tsin5ωItsin3ωItsinωI 0
'
50

'
30

'
1 ++ ; tcosωItsinωI 0

''
10

'
1 + ; tsin4ωItsin2ωItsinωI 0

'
40

'
20

'
1 ++ ;     

++ tcos3ωItsinωI 0
''
30

'
1 + tcos5ωI 0

''
5 are presented correspondingly.  

The obtained data are explained in terms of different polarization mechanism and dis-
sipations which are concerned with interactions of domain boundaries and defects and are 
evidence of use availability of current harmonic analysis as indirect fine method of domain 
boundaries changing process in defects field research. 

 
[1] Karpov, A.I. and Poplavko, Y.M. (1984) Izv. Akad. Nauk, Ser. Fiz., 48, №6, 1193.  
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CEDGFIHJF�K�L�M�NOF�PQF�D RTS UVSXWZY\['K^]<F�D_['D`Fa]QbcN`daecY^f,gQNOD`NihQh<F�jlkQbcP�mcF�Hnd�K^UcYQo;pqd�KnC!kQDOH(F�K<FabrksRTS e

Ratuk\K	k*vBLZN`d.wVK+LxFabVKQd�LZNOk\K<d�D^fyg^z_vcN`{�C!FIK+LxFabcY^fyd�vcF�k}|~daK^pqF�D<PQFE�3dabcPQNi�Id��\d�DOY\�<YQ�<�Q�,����tnkQKQk_vBLZNOdE���<daK
�<F��<d^vZLZNTd�K	Ys�Qh<daNOK

U<�&bck^p<h<F�|�NG{abckuM�g	��k�['{�k^p�v�LZNG��pqF��,w����(�_�}|�M'�+�����<Y	�5KQN��<Fab�vcN�Lx�E|�kQK�LZh<F�DODTN`Fab�����CEC������+�<Y
fyDOd�{�FE�lp<]<�aK<FE��d�Lxd�NODiDGk�KQY<�^�<�Q ���|�kQK�LZh<FaDODTN`FabrY	¡�brdIK	{+F

e<C!FIK+LZbVkJPQF�¡-¢TvcN`{+d�PQFE|�d�LxF4bVNOd�D`F	vrY	�'f-£&�`��¤'�u�VC��\wrCEY^[�h<PQk�¥��4�Q¦^�QYQ�QYQ�<�Q���§�&t5k\K	k*vBLZN`dE���<daK
�<F��<d^vZLZNTd�K	Ys�Qh<daNOK

¨ C!k\bVbrF�vVh	k\K	P\NOK^]Jd�pQLZg	k\b�©�bVNOF�PQFID`ª7N`F^v�¥ p<KQN��q�VHnk�K+LZhQ��¥¬«Zb

j­g	F6P^NOF�D`F+{�LZbVNO{®brFIDGd�¯qd�LZNOk\K°k\«'{�NBvc�Bf�kQD�z<NBvckQhQbcFaK<F7�4Y��²±Of�wc³�NTv(vrFIK_vcN�LVN��qF®K	k	L�kQKQDGz#Lxk6LZgQF®DOk<{�d�D!d�KQP
vcF4]�HJF�K�Lxd�D'P^zQKQd�HJNT{+v(�^pQL�daDBvck7L�k~LZgQF´DOd4bV]<Fab6vc{�dIDGF7{ag	d�NiK¶µVFaKQPQ�BLxkQ�VFaKQP^·¸«ZD�pq{�LBpqd�LZNOkQK�v1¥�¹¶F´gQda�qF
h<FabV«ZkQbcHnF�PJd}{�d4bcF�«Tp_D�PQN`F�DTF�{�LZbcNO{}NOK^�qF�v�LxN�]<d�LxNOkQKJk\KJDiNOK<F+dab�f-w,º�N»LZgn�<dabcNOk^p�v@Huk�D`F�{�pqDTd4b­ºuF�N�]�g+Lcv@NOK�LZgQF
bcdaK§]<F¼k\«#�4�Q�Q�7LZk½¦Q¾Q�Q�Q�²]^�BHnkQDB¥�j­g	F°�	bck�d�P��<d�KQP>PQNOF�DTF�{�LZbcNO{7vVh<F�{�LZbcd¼k\«Jd�DOD&LZg	F7vcd�Hnh�D`F�vJºnFab%F
HJF�d^v�p<bcF�P´dabxk	p<K	P¿�_�§�6ÀÁL�k¿]<F�L!�<k�LZg®LZg	F®daDÂh�g	d®daK<P#KQkQbVHnd�D@Hnk<PQF¸bcF�DOda¯<d�LxNOkQK¿h<F�daÃ_v�NOK�vcN`PQF(LZgQF
d�{�{�F�v�vcN��<DTF�«BbcF���pqFIK	{az�ºuNiK<PQk^ºÄNiK�LZg	F�vcd�HJF}NBvck^LZgQFabxH(d�D�HJF�d^v�p<bcF�HJF�K�L%¥+wVK�LZgQNBv­ºudaznºnF'dabcF'da�<DTF.Lxk
k^�_vcF4b��<F®vcN`HupqD»Lxd�KQF�k	p�vcDOz®LZg	F¸FI«Z«xF�{�L�k\«�Hnk�DOF�{�p_D`dab'HJd�v�v&k\K®LZg	F®vcFa]<HnF�K�Lxd�DlP^zQK<d�H(N`{�v&dIK	P#k\K®LZg	F
FaK	PQ��LxkQ�VFaK	PÅbcF�DOda¯\d�LVNGk\K�LxNOH(F0kQ«~f-w�¥¸¡_p<b�LZg	FabcHnk\brF�Y´vcNiH�pqD»Lxd�KQF�k^p�v½PQNOF�DTF+{�LZbxNO{0dIK	PÅbcg	F�k�DOkQ]�NG{�d�D
F�¯	h<FabcNTHJF�K�Lcv�g	d�v.�<F+F�K6h<Fabx«Zk\bcHnF�P_¥-j�gQF(Hnd�NOK6bcF^v�pqD»L�kQ«�k	p	b'daKQd�D�z_vcNBv'NBv.LZgQd�L@ºnF(g	d��<F¸PQF�{�k	p<hQDGF�P
LZgQF�P^N�bcF�{�L5F4«�«xF�{�L&k\«'Hnk�DOF�{�p_D`dabnHnd^v%vnkQK¿LZgQFÆKQkQbVHnd�D!Hnk�PQF6«Bbck<HÇLZgQd�L&P�pqF�LZk6LZgQF6F�«Z«ZF�{�L'kQKÈLZg	F
Hnk�K	k�HnFabcN`{¿«BbcN`{�LxNOkQK�{�k�F�«Z«�N`{�N`F�K�L%¥,ÉJd�HnF�Diz	Y�LZg	F¿K	k\bVHJd�D�Hnk<PQF6bcF�DTda¯\d�LVNGk\K´LZNOHJF¿g	d	vn�<F�FIK²v%{�dID`F�P
ºnN»LZgnLZgQF�d4D�h�g	d}bcF�DOda¯qd�LZNOkQK�LZNOHJF^¥^��d�vcF�P¸k\K�LZgQNTv�dIK	d�Diz_vcNBvlºnF�«ZNiK<P¸d5{abVk_v�vrk	�\Fab!dabxk^p<KQP¸d�Hnk�DOF�{�p_D`dab
ºuFINÂ]�g+L�kQ«^ÊÌË4Í�Î^ÏQÐ_Ñ+Ò,Ó+Ð_Ñ�ÔQÕ�Ö5×QØV¥+j�gQNBv­�\d�DGpqF'gQd�vl�<F+FaKJk	�§LxdaNOK<F�Pu�Qz�P\NObcF�{�L�«ZN»LBLVNOK§]¸kQ«sLZgQF'PQd�Lxd�º5N»LZg
LZgQF'«Zk�DODOk	ºuNiKQ]ÆF���pqd�LVNGk\K*©\Ù�×^ÚQÛ�ÜGÝQÚqÜ,«ZkQb�|ßÞ6|¼àyd�KQP ∝ Êßál«Zk\bl|ßâ6|¼àx¥	¡qp<b�LZgQFabcHnkQbcF�YQLZgQNTv!«�N�LBLVNOK^]
hQbck^�<NOPQF�v�d�h<k^ºnFab!DOd�º$ºnN»LZgÆFa¯Qh<kQKQF�K+L!ã^ä`ã^åQÒ,Ñ+äBÑ+å¸«ZkQb�LZgQFnPQFah<FaK	PQF�KQ{�FnkQK(LZgQF�Huk�DOF�{�pqD`dab.Hud	v%v�k\«
LZgQFÄFaKQPQ��LxkQ�xFaKQPæ«�D�pq{�LBpqd�LZNOk\K<v>NOK�LZgQF$F�K�Lxd4K^]<DTF�HJF�K^L¼bcF4]QNiHJF^¥Æj�gQF^vcFç�\dID�pqF^v>d4bcFÁvcN�]<KQNT«VN`{�d�K+LVDOz
PQNi«Z«xFabcF�K�L�«BbckQHÁLZg	k*vrF�bcFah<kQbBLxF�Pè�Qz�['PQd�{�gQN�é+Ü�Ý<Ø.±��4³!daK	P®À'bcF�H(F4b.é+Ü­Ý<Ø�±T�<³�µV{�bxk_v�vck^�<F4b�Hnk�DOF�{�p_D`dab
ºuFINÂ]�g+Llê´ÓQÑQÑQÑQÑ.ÔQÕZÖ�×QØydaKQP(h	k	ºuFab@DOd�º0NOK�LZgQF5FaK�LxdaKQ]<DOF�P(brFa]�NOHJF&ºnN�LVg�F�¯Qh<kQKQF�K�LlëÈã^äVì�·�¥�¹¶F}gQda�qF
�<F4b;NO«VN`F�P�LZg	d�L3k^p<b�bcd�º0PQd�Lxd�ºnFabrF�{akQK�vcNBvZLxFaK�L�º5N»LZg�LZg<k_vcF'bcFahQkQbBLxF�P��QznLZgQF�v%F�d�pQLZgQkQb�v�¥+ÉJF��<FabZLZgQF�DOF^v�vrY
k^p<blPQd1Lxd�dabrF}vcN�]�KQNO«VN`{+d�K�LZD�z¸Huk\bcF'd�{�{�p<bcd�LxF4Y�N�Knh<dab�L­P�p<FELZknNOH�hQbrk	�\FIHJF�K�LyNOKuLZg	F&h<F4bV«Zk\bcHnd�K	{�F}kQ«sLZg	F
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Scaling Behaviour in Dielectric Relaxation of 
Poly(dimethyldiallylammonium chloride) in Dilute and Semidilute 

Solutions 
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 Dielectric measurements were carried out on Poly(dimethyldiallylammonium 
chloride) aqueous solutions without added salts with different mass fractions in the 
frequency range from 40 Hz to 110 MHz. Two relaxations namely low frequency (10-100 
kHz) and high frequency (1-10MHz) were found and their dielectric parameters presented 
some interested scaling behaviour. First of all, crossover concentration between dilute and 
semidilute region was observed in scaling behaviour of relaxation time and relaxation 
amplitude. Additional, scaling behaviour of polymer concentration dependences of 
relaxation time and relaxation amplitude of low frequency relaxation were shown in the 
figure and of high frequency relaxation were summarized as: ,  below 
crossover concentration, ,  above crossover concentration. 
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Figure: Scaling behaviour of polymer concentration dependences of relaxation time 
and relaxation amplitude of low frequency relaxation 
 
Finally, the scaling behaviour was analysed in the light of the scaling approach which 
recently, in aspect of broadband dielectric relaxation, summarized by Bordi [Bordi F, 
Cametti C and Colby R H, Journal of physics: condensed matter, 2004, 16, R1423]: 
although the theory can explain the observed dielectric parameter of high frequency 
relaxation, the dielectric parameter of low frequency relaxation can not. Nevertheless, the 
theory can remain explain the observed dielectric parameter of low frequency relaxation if 
we suppose that it originated from polarization of the condensed counterions along a 
entire chain of polyions which slightly curved and the dependence of polymer 
concentration of its length was 1/ 2

cL c−∼  in the dilute region and transitioned to end-to-ed 
length distance in the semidilute region instead of an entire polyelectrolyte chain which 
didn't curved neither in the dilute region nor in the semidilute region, this can be 
supported by the scaling behaviour of  both relaxation time and dielectric amplitude and 
the conformity of the scaling behaviour of  them, this suppose could better demonstrated 
the changing process of polyelectrolyte chain when the polymer concentration gradually 
changed.  
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]^EL_`EOabELK=c[E�d7ILK=I�ReEgf=W h?M[P$i$MXR=M[P3ajE8k$E8]lI8iFELfmW
n�i$koK=M[P�pQEA]UE8k$Pqn�i$koK=I;rFs=W�t�u$vqIL_&N�MwGxI8]l]UIoR
yzP:Rm{O|
r�MlRgSUT }JT ~

S@�4ILi�HJILK
��P$K-p&M^P�vqE�HJILK=M[E8]XR=Wo�?i$M^�xIgK0R=M�HJE�H@\�P�][M�HJ��ZAi$MUZ8E�k$I&Y?E8][�8i$Z8MUE8W$�F�$�o�$��Y?E8][�8i$Z8MUE8W@D��FE8M[i
f7���CIAvqMUZ�E8]oh�IL�FELK�H�v3IAi�HJWC���Od7Wo��i$Mw�FIgK0R=MUk$E8k$I���Po�FE�k$IO|�M�R5G�P�E�W������F�`���@�g�q�OEg�FELK5M[Z8E�WC\�P$K�HXrF�FEL]
s-\��o�FR=MUZ�EA]oh3IL�xELK�H�vqI8i�HJWC�?i$Mw�FILK0R=M�HJE�H�y;E�rxvqI&�=W
�;�F�$ -���OE�R�HJIL][][uFW�D$�FE8M[i
}7�4ILi�H�K=I�k$¡ �5io�FI�R�HJMw�FE8Z8M[u3\�K=c[i$Z8M[�FIQ��IA]UM[�FI8W�n&r$HJP$�$MlR�HJE�k$IA]@DFE8]UILK��g�$W$�F�$�-�g¢oW$Y�EL]^�AiCZ8MlE�W�D$�FE8M[i
~J�OIgi�H�K=Pqk$I&�5i��FI�R�H5Mw�FE�ZAM^u�i�p�M^P�v�{8k�MUZ8E�I8i�NQI8kqI8i�pQM[P�M[i$�FI8i$MUILK=cUE8WCpQM[P�vqE;HJILK=M[E8]lIoR
�
��ELiCP�vqI8k$MUZAM[iFE�£5����p4¤7NQ��p4p��q¥=W$Y�E8][I8iFZ8MUE8W@D��FEgM¦ix§

¨ Z8P$K�KmI�R5�FP$i$k$M[io��E�r$H��$P$Kg©8K0R=E;GFE�HJILKmª«k�MUIo§ rF�o�@§�IoR

ajP�]UI8Z�rx]UELK¬v3PCGFMU]lM�H�� P��­E®R=ILK=MUIoR¯P���H�K5M[�JI�H��o�F]UIAiCI°�F]w�FZ8P�]�k$M[v�I;H5�CE8ZLK5�$]UE�HJI±£5d
K�¤1tQh�a«n�¥
R=E8vq�F]lI�R��FP�]w�$v�ILK=M[_�I8k³²qM�HJ�´k$M[�5�5IgK=I8i�HQELvqPorFi�H=R�P$��ILH��o�$]�E8Z8I�HJE�HJI�E�R�koM[]^rxI8i�HO²3E�R�M[io�xI�R�H5Mµ�FE�HJI8k
G$�¶k�MUI8]UI�Z;H�K5M[Z�K=I8]UEL·FE�HJM[P$i¬R5�FI8Z;H�K5P�R=Z8P$�o�x§¸DFE8v��F]UI�R&²qM[H��´�$W&�g�$W-�F�oW7¢$�¹ELiCk¶�F�oº»G$�¼²3IAMµ����H�P$�
R=P$]w�xI8i�H�²3I;K=Ij�`K=IL�FELKmI8k�§&d-²?P½RmILK5M[IoR­P$��MlR=PoH��$ILK=vqE8]?k�MUI8]UI8Z�H�K=M[Z¾R5�FI8Z;H�K=E%G�I�HX²3I8ILi¿�L�;�F�oÀJ�9H�P
�F�$�oÀJ�%²3ILK=I�ZgP�][]UI8Z�HJI�k�M[i�H��$I&�XKmI8Á�rxI8iFZ��?K=E8io�FI��g�$Â[S�H�P¹�g�oÃ-Ä?_o§
�5i¹H��CIÅ��M[K0R�HQvqI8EoR�rFK=M[io�bR=Z�E8i$W¸M[i¹²q�$MUZ8�¶H��CI¶RmE8v���]UI�MXR��$I�E�HJI8k¶rF�¹H�PÆ�F�$��ÀJ�4W�H��CI¶RmELv��F]UI�R

R5�CPC²(H��oK=I�I�K=IL][EL·FE;H5M[P$i¹�$K=PFZ8I�ReR=I�R�©:H��$I
γ
�$KJP�Z�I�R0R�KmIL]UE�HJI8kÅH�PÅH��$I�HX²�MXR�H�M[i`�¬vqPoH�M[P$i�R&²qM�H��$M[i³H��FI

I�H��o�C]lI8iCI3�F]w�FZ8PF]-vqP�M^I�H��CW�H��$I
β
�oKJP�Z8I�R0R�E�ReR=M¦�Fi$I�kÇH�P��$M¦iFk$IgK=I8k�K=P�HJEzH�M^P�iFR�P���Z8ELK�G�PC·$�F]UMUZ3�$KJPorF��R

K=I�R=M^k�M[i$�´M[i¹i$P$i$��GFP$i$k$I�k¹I8i$k�RQP��¸H��CI�vqP$i$P�vqIgK�RQ]¦M[iFÈFI8kÅH�PÇH��CI�i$I;HX²qP$K5È¼P$i$]^�­G$�­P�iCIÅR=MUk�I�P��
H��$I�vqP�][I�Z�rx]UI8W�H��$I

β
���$P$]��$K=PFZ8I�R0R1EzH7�`Mw�F�FILKÉHJI8v��FIgK=E�HlrFKmI�R=W@E�RmZLK5MwGxI8k�H�P�KJP�HJE0H�M[P�iFR4P$�7Z8ELK�G�PC·$�F]UMXZ

�$K=PorF��R�GFP$i$k$I8k¹H�P¶H��CI³vqE8M[i«Z8�$E8M[i�R;Ê-H��CI³v�EAM[i¯K=I8]lEL·�E�H5M^P�i´�$K=PFZ8I�ReR�P$�OH��CIÅ�FPF]^�Fv�ILK?i$I�HX²3P�KJÈ
²3E�R
i$PoH�PoG�RmILK��FI�k�M[i�H��$MXR7�$M¦�F�$]w��ZLK=P�R0Rm�5]¦M[i$ÈFI8k�R5�xR�HJI8v�Ë0�g���FÌ0§
h�rFK=M¦i`�ÍH��CI#��MwKeR�H�v�I�E�R�rFK=M[i$�ÎRmZ8E8iÏ�FP:RXHJ���CP�]w�Cv�IgK�MU_�E�H�M[P$i+HJELÈFI�R±�$]^E8Z8I�Z8P$i�R�rxv�M[i$�ÏH��$I

K=I8vqE8M[i�M[i$��k$PCr$GF]^I­G�P�iCk:Rz§�d-²?PjKmIL][EL·FE�HJM[P$i«�$K=PFZ8I�R0RmI�R�ELK=I¬RJ�$Po²�ibM[i¬H��$I¬R=I8Z�P�iCkjvqI�E�R�rFK=M¦i$�
R=Z�EAi:©xH��CI

γ
�oKJPFZ8I�R0RQELiCkÅH��$I�Ð$���FP�]��$K=PFZ8I�R0ReÊ�H��$I

β
�oK=PFZ8I�ReR&MXR�i$PoH��$K=I�R=ILi�He§�d
�$M�R4GFI8�CE��FM^PCrFK�MXR

K=I8][E�HJI�k�²�M�H��qH��$I�Z�P�v��F]UI�HJI��FP$]w�Fv�IgK�M[_�E;H5M[P$i�P$�-H��$I�i$ILHX²?P�KJÈ$W�H��CI
γ
�$K5PFZ8I�ReR�MXR�iCPCHÉEL���5I8Z;HJI8k�ELi$k

H��$I
β
�$K5PFZ8I�ReR¸�CP�I�R-H�P�I�·`H�M[i$Z�HJM[P$i3rF�FP$iq�$P$]w�Fv�IgK�M[_�E;H5MUP$i3G�I8Z8E�r@ReI&H��$I�vqPoGFMl]UM�H���ECReR=PFZ8M[E�HJI8k�²qM�H��

H��$I¾KJP�HJEzH�M^P�i P$�ÅH��CI±Z8ELK�G�PC·$�F]UMlZ®R=�CPCrF][kÑGFI°v3P�K=I�EA���JI8Z�HJI8k®G$�Ñ�FP�]w�Cv�IgK�M[_`E�H�M[P$i®H��$E8i ][PFZ8E�]
HX²?MlR�HJM[io��v3PCH�M[P$iqM[i�H��$I�I�H��o�F]UI8i$I&�$KmPCrF��R4Ëe�;Ì0§
d
�$I³R�H�K=ILio�oH��¶P��QÐ¶KmIA]^E�·xE;H�M[P�i´v�I�E�R�rFKmI8kÆM[i¹H��$I���M[K0R�H�R=Z8E8i´M[iFZLK=I8E�RmIoR&²qM�HJ�³H��$I�E8vqPorxi�H�P��

R=P$]w�xI8i�H��oK=I�RmILi�H�M[i�H��$IqM¦i$M�H5MUE8]@�FP�]w�Fv�IgK�Mµ_oE;H�M[P�i��$KmP�Z8I�R0R=W�E8]�H��$PorF�$�¼P�i$]w�´R=v�E8][]
Z8�$E8io�FIoRmW�M[��E8io��W
P$�ÅH��CIÒ��P$K5v �FELK=E8vqI;HJILK0R¯P$�¹Ð ELi$k

γ
K=IL][EL·FE;H5M[P$i$W�E�R¯ZL�CELK=E8Z�HJIgK�Mµ_�I8k®G$�ÑÄqEL�$K=M[]lMUELÈF�U��IL�FE8v�M

�Xr�iCZ�H5M^P�iCW:²3ILK=I���PCrFiCk�§o��I��FIgK�H��$I8][IoR0RmW-M[i¼ELio�­Z8EoR=IqÐ�K=I8][EL·FE�HJM[P$i¼Z8P�v?��]UI�HJI8]w�­k�MXRmEL�$�FI8ELK;R�M¦i�H��CI
R=I�Z8P�iCkÓRmZ8E8i�§?dÉ��r@R=W3H��CI®R�H�K=ILi`�oH��ÑP$�¹ÐÑ�$K=PFZ8I�ReR¯EL�$�FI8ELK0R¯E�R¯ELiÔM[i�HJILK=I�R�H5M[io� �FELK=E8vqI;HJILK¹H�P
ZL�CELK=E8Z�HJIgK�Mµ_�IjH��$I¾M[iF�5]wrxIAiCZ8I¾P���H��CI�K=I8E�Z�H5M^P�iÕZ8P�iCk�M[H�M[P$i�R´P$i°H��CI°R�H�K�rxZ�HXrFK=IbP���H��CI��FP�]w�Fv�ILK
i$I;HX²qP$K5È���P$K5v�I8k�G$��M�RmPCH��CILK=vqE8]��XKeI8I&KmE8k�M^Z8E8]��FP�]w�Fv�I8K=Mw_�E�HJM[P$i�§
NQI8��ILK=I8i$Z�I�R

Ë0�gÌ�aÒ§ÖdÆY�M[Z8M[P�R=E8W�nq§ N?§8p&Km×�R=W$y8§ |�§`t�u�vqIg_&N�MwGxI8]l]UI�R=Woa±§8h?M[P�i$MXReM[PFWC¤7rFK5P$�FI8ELi�\
P$]w�$v�ILK
yzPCrFK5iCE8]
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576�8:9<;>=@?BA$9<CED@FHG I>JK6MLON�CQP<A$9<C>RSDTIQU76MV%=XWYR4Z�9<C>R�DTI�[/6M5)9<Z$P�A>9<C>R�D

D]\^9<_>R<WT`ba79�Z�`cN$dE[fe$_>9gWh=iaj9�Z�`kR�l�m*A�no?�=pP�?BI�q%Z$=XCr9<W"?B=s`bnjN$dom
liN�C>t$=XC>I
u$v JxwMRgW
U%?�?B9�Z3y�`bW�6zI v>{${${ m*liN�CQtQ=XCrI�|-}olX~rR<WB=iR�I

�
� N�W�WB9�?k_>NQZ�tQ=iZ�~jR�}$`bA�NQW��4a79g;]=T?BA>9<Cr��}oZ$=���_]l�NQC>t$=XC*6��>~

J
A$9�`bA$9<WBa7R�lpl�n:?�`k=ia^}rlpR�`k9�t�tQ=@?�P�A�R<W�~>9�t�P�}>W�WB9<ZM`
a79�`bA�N]t�=@?)�7=pt$9�l�n�}(?�9�t�dbN$W�`bA$9�?�`T}rt�n�N]d
P<A�R<W�~>9�?�`kN$WBR<~>9�a^9�P�A$R�Z$=T?�a3?�=iZ 9�l@9MP�`bWY9�`B?����g�h6�U Z>9�� tQ=T?BP�A�R<W�~>9�`k9�P<A$Z$=p��}r9�I�P�R�lilp9�t
��tQ=pd�dk9<WB9�Z�`k=iR�li���7A$=pP4A�P�NQZo?B=T?�` =�Z�t$=T?BP�A$RgW�~]=iZS~¡`bA�9¢P<A�R<W�~>9�t£?�R�a%_]lp9�`bA�WYN�}>~$A�R�Z�N�`bA$9gW��7=T?B9
=pt$9�Z�`k=iP�R�l]��}$`(}>Z�P<A$R<Wk~>9�t7NQZ�9�A>R�?
�>9�9�Z%_$WBN$_$No?B9�tO�$n^¤�6z�¥m�6<¦/9��>N�}ol>RgZ$t§U�JfN�}>WY9<=il@lp9%� u ��6

¨ Z�`bA$9©_$WY9�?B9<ZM`)_>R<_>9gW%R©Z�9���C>9<W�?B=�NQZªNQd
R�t�=id�dk9<WB9�ZM`b=@R�l«`bA�9<WBajR4lpl�n:?�`k=ia%}olpR�`k9�t¬t�=p?�P4A�R<W�~>9�t
P�}>W�WY9<Z�`�a79�`bA�N]t3=@?&R�t�CQR4Z>P�9�to6oJ
A$97t$9�?B=X~>Z$9�t©a79�R�?�}>Wk=�Z$~­P�9�lil*P�NQZo?B=T?b`B?&NQd	`T�ON�?B9�`B?���9�lp9�P�`bWYN]t$9g�
?BR�a7_>l@9���9�l@9�P�`bW�N>t$9<��?B9�`-}>_¬R<_>R<WT`B6 ¨ Z©`bA$=p?0�^R<n�`bA$93A>9�R�`b=iZS~¬N$dK`bA$9�?BR�a%_>lp9�?%=T?Oa7NQWY9®}>Z$=idbN$Wha®6
J
A$9^`k9ga%_>9<WBR�`T}>WY9�t�=id�dk9<WB9�Z$P�9�?-�>9�`T�^9�9�Z3CrR<WB=iN�}(?&_>N$=�ZM`B?)N$d«`bA�9�a79�R�?�}>WB=iZ�~�P�94lplfR�`-A�9�R�`b=iZ�~�WYR�`k9
N$dK�M6z¯]°)±)²ba7=iZ7t$N§Z�N�`*9"e>P�9�9�t { 6z³�±j6

J
A$9)a79�R�?�}>WB=iZ�~jP�9�lplo9�Z$R<�>lp9�?fN$Z$9K`bN%_>9<WkdbNQW�a´C>RgWh=�N�}(?�9�e�_>9<WB=�aj9�Z�`B?�6
• 

J
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?BR�a7_>l@9K`¥N0`bA$9�?YR�a�9K`bA�9<WBa7R�l�`bWB9�R�`ba^94ZM`�6

• 
J
A$9�a^9�R�?�}>WB=iZ�~·P�9�l�l/R�l�l�N��3?7_>9gW�dbNQWBa7=iZ$~�RgZ:9�e$_r9<WB=ia�9�ZM`��OA$=iP�A�=T?jR<Z�R�liNQ~>N�}(?�`¥Nª`bA�9
t$9�?YP<WB=��r9�t§=iZ3� u �
¸�RM?
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DFE&GIHKJML�DONQPRGSJTLVUXW Y&Z>P,[F\Q]_^�`ba�c"d�efd%gVN*JS\ihjUfY&kle_LBg&ERmXe_LQHnL�DONQP
moN�p%JS\'HbJTq�N�r

U ks]td,qQGIL'H�ubvOJxwR\Q]ymzJ{^_E&YF|}L�q'PRG{^_EKd,~��$�&\���Jfm_^X]iE&Y&|�a���dFGSJSdV^
����P%]iJI\�D&^X]ya
���OY����V�i�,���-k�]zd,qjGSL'H
r_k�]zd,q�GSL�H�u"vOJIwR\j]'mzJ�^_EKd,~���qBdFv&dF�bJTq�mzYV�K\Q�%LQ]_^X�b\�v*^	dV~
�zvOdO]i�%LQvOJTq����O\��bJ�mX^X]iEOY

c"d%�bL�vOgOdO]�mip%L�DV^f]�a��O���������%�OY,���O�i�V����k�]zd%qQGSL'H
� ��dF]i]t\�mi�&dFv&gFJSvV�nL'PO^X�&dF]��VmiEOGxHbJTL�moN���HKq��O\'^od�a�qQ�&\�� a PRvOJfa H"]zd,q�a¡�%G

¢ �O\>gOd&PO[%GT\�L�GxpRL�GSJ£�n\'^oL�G,E*^f^X]iJ{PR�=dO]_^X�OdO�O�Od�mi�O�&L'^o\�m	HbJ{^X�b�%\�v%\Q]zL�G
~XdF]z�-PRGTL¥¤§¦�¨"©�ª¬«¥­i® r ©�¤�¦¯n° L�YOc>®±d,q�q�P%]�JSv�^X�O\-miERm_^o\��²¨�ª¬«¥­£�n¤ ¦�³ ª¬«¥­±L�v&g�LQ]z\�~XdO]´�K\�gbL'^
^X�O\��bd,GTLQ]	]zL'^oJSdb¨¥ª¬«�­j� ¤ ¦{³ ª¬«�­
¯ �����*aVc ³ ¨"©�ª¬«¥­o® r �b\�G{^zm�JSv%q�dOvV�O]XPR\Qv�^oGxEµL'^>���%¶O��·f�4¸��j¹�a ° L ³ ¨"©�ª¬«�­i® r �b\�G{^zm�qBdFv��O]_PR\Qv�^oGxEµL'^>���
���·f�ºLQvOgbJfm$mX^oLQ[%GM\�gOdVH"v-^od»]odOdF��^o\����%\j]zL'^fP%]z\�¸M�%¹za�¼�d�^X�Kq�dF�"�%d&P%v&g�m±qBL�v�[F\KmiE&v�^o�O\VmzJSN*\�g-^X�V]zdVP%�O�bL
]z\�LBq'^XJSdOv�JSv»^X�&\Kmtd,GSJMgb�,�&LVmz\¥[OE½mzJSv�^o\Q]zJSvO��Lbm_^odOJSq��OJSdF�n\'^X]zJSq>�»Jx¾�^fP%]z\-d%~}^X�O\>J¿v%J{^oJTL�G�dF]f^X�OdO�O�Od�mi�O�&L'^o\�m
L'^"���%�O�7·À�Á~XdO]$�½�µ©�c ³ ¨"©�ª¬«¥­i® r ®>¸��j¹�LQvOg½L'^.ÂO�O�7·f��~XdO]b�����½© ° L ³ ¨�©�ª¬«�­i® r ®>¸M�&¹�a ¢ �O\��%d�^oL�mymzJ{P
�E*^f^X]iJ{PR�Ã�%�Od�mi�O�&L'^o\<c ³ ¨�©fª	«�­i® r qQ]_E�mX^oL�G¿GTJSN*\VmbJ¿v�LÄ��dOvOd%qQGSJSv,JTq@miE�mX^o\��Å©´mo�%L�q�\Ä�O]zdVP%�@ª�� U �f��®�a��X^zmm_^X]XPRq�^fP%]z\ºq�LQvs[F\�gO\�mtqQ]zJx[R\�g�LVmµL�gOJfmzdO]�^XJIdFvÆdO~��%GMLVmt\Q]zJ{^o\Á¸À�O¹�a ¢ �O\smzd%gVJ{PR�ÇE�^f^X]oJ{P��È�,�&d�mo�O�OL'^o\
° L ³ ¨"©�ª¬«¥­i® r �OL*m£^X�O\�dV]f^X�OdO]i�OdO��[%JTq-m_^X]_PRq�^fP%]z\�©zmi�%L�q�\��O]td&P%�-ª
[FqQ� U ®�¸M�&¹�a¢ �O\�dO]_^X�OdO�O�Od�mi�O�&L'^o\�m'��c ³ ¨"©�ª¬«¥­i® r LQvOg ° L ³ ¨�©�ª¬«�­i® r HK\Q]z\-mX^fPRgFJS\Bg�J¿vndO]zgO\Q]£^�d�\'¾FL��bJSv%\-J{^ymgOJS\�GM\Bq'^X]zJSq�]z\�GTLB¾FL'^oJSdFvb�O]zd%q�\�mymz\�m�a�¤º\BL�m_P%]z\��n\�v�^¬dO~}^X�O\�~f]z\�É�PR\�v&qBE L�vOg-^o\����R\Q]zL'^fP%]t\�gO\Q�%\QvOgO\�v&qBE»d�~
gOJS\�GM\Bq'^X]zJSq²�O]zdO�%\Q]_^XJS\*mÊ�,JxwR\ËJSv,~XdO]z�bL'^oJSdFvÌLQ[Fd&PO^�g�E&vOL���JTq�L�GÍ]z\�dO]zJS\�v�^oL'^XJSdOvÎd%~s�bd,GT\�q'PRGT\�msHbJ{^o�
�%\Q]z�bL�vO\�v*^�dF]AGIdFv��ÄGTL�m_^oJSvV�ÄJSv%g�PRq�\�gÌ\�GT\�q'^X]zJSqbgFJÏ�%d,GS\»�Kd,�b\�v�^�Ð
aV¤l\�LVm_P%]z\��n\�v�^zm�dO~	^X�O\�gOJT\�GT\*q'^X]iJTq
�%\Q]z�bJ{^f^XJxw%J{^XEnL�vOg�gOJT\�GM\Bq'^X]iJTq¥GId�m�mt\�m	Hb\Q]t\��%\Q]z~XdF]z�b\�gbJMvb~fP�v&q'^iJIdFvbd%~�^o\����%\j]zL'^fP%]z\�©i�X�%�Ñ·À���Ò���%��Ói�A®
LQv&gÔ~f]t\�É�PR\�vOqQEµ©Q�j�O�ÑZ"N»���A¤@Z"N�®�a£D%L����%GT\&mAH»\Q]z\»�n\�LVmXP%]z\�g½L&m��%\�GTGM\�^zmb�j�F�n�ÎJ¿vµgOJML��n\'^o\Q]�L�vOg
L'[Fd&PO^ �j�_�@�b� JSv ^X�OJTqQp%vO\Vm�m�a}¼Õ\�~XdO]z\½\Q¾O�%\Q]zJM�n\�v�^oY�mzL����%GM\Vm�HK\Q]z\½L�vOv&\*L�GT\�gÒL'^>L�^o\Q���R\Q]zL�^fP%]z\�dF~
�jÖO��·f��JSv�w%L*q'POPR�ËJSvndF]tgO\Q]}^�d�gO\�qQ]t\�L�mz\$^X�&\¥v*P���[R\Q]�dO~£\�GT\�q'^X]zJSq�q��&LQ]i�%\Vm�a�ZbJx�%��v*P���[R\Q]±dO~�q��%Lj]i�%\�m
�%JIwF\�]zJ�mt\$^XdnLQvbLQ�O�%LQ]t\Qv�^¬\QGS\Bq'^X]zJSq��%\Q]z�bJ{^f^iJxw%J{^XE�[F\�q*L'P
my\�dF~
�OJS�%�b\�GS\*q'^X]iJSq�q�dOvOg�PRq�^iJxw%J{^XERa

× \�~X\Q]z\�vOq*\�m'�
¸��j¹	Ø�a��ANQP%�OJSÙ�mip%L�Y ¢ aQÚ±v&L���JT\Q]zdVH�mop%L�YO��a ¢ �&\Q]i�bL�G�`>vOL�GXa�YFÛ"dFGÀaV�OÂb©Q�jÂOÂO�*®A���OÂV�´�*�O�
¸M�%¹}k9a,DONQP
moN�pOJT\'HbJTqQN*Y ¢ a�Ú±v&L��bJT\Q]zdVHnmip%L�Y ¢ �&\Q]z��a*`�q'^oLBYVÛ>dFGfa
���O�"©Q�jÂOÂ£��®	�%ÂO�V�X�%ÂOÖ
¸f�O¹AD�a*Ûba�u�mo�OLQp%dVw%YO`ba ° L'w&]zd�^zmipOE&YF�Ba�¤lL'^o\Q]ya × \�m�a{YVÛ>dOGfa
�jÂOY ° d�a�ÖVYO�´P%GO�%�O�V�¸M�%¹£�BaQÜ�\Q�%\QvOgVN*JT\QHbJTqQN*YV¤Êa�ØÕP%NBJxp%YFk9a,DONQP
moN�p,JI\'HbJTq�N*YF�Ba�`>GSGSdFERm±��d,���%g�a�©_�%�O�OÖV®
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FHG-I�JKJKL#MONQPSR<TVUXW Y
IZG\[*]QP\^�PS]�_K`aYcbdG-e.Mgfih�]�_jTkY�IZG\lZm�R�LcM�noTONQh�R/pqGsr4]$tauvNswZxot�T

T
[*N�^yLyPSN�_KL�fzPa]1R�]Ar�{#h�N�w|f~}$MO]1]�_*�$_�P�MOu-_kMgPa]1R�]$t�p�N(_�mQPKf~N�Mgn�p�L
��m�u�MO�VN�fiPa]ctaY
�/p��������������c���gYc��h�fz�O]QP-taf�_�mA[�f~���~].�aY<�����
�����/fi�~�V]�h#]�M
�y]1R��~I�tau�}�YcFoPaN�h�uv]
`�r4]QxgNQPK_KwZ]�h$_,L�J<F,L
LgR|�guQf~]�h�u�]vY
��L�P\h�]��i�y�4h�f��O]�P-taf�_K{8 ��� ��$_KLguQ¡�fihc¢�l4Ns�~�iY

��_K£#N�u�N�Y?�|]�¤¥b�L�P\¡�Y� ��<����¦��§�yI

¨ �ALcP�Pa]$t\xgL�h�R�fihc¢dN�M�_K£#LyP�©QFoPa]vR�]QPafiucG�N�J�JKLcMONQPaRgªDM<h�fz�y«S�~fV�~�V]g ?G�JkP

�cMg¢gNQP-t!£�NQ�y]>Pa]�uv]sfz�O]�R¬N>£$Mg¢g]|fih?_�]QPa]$tK_!L#�y]QP�_K£�]ZxgN$t�_*JK]�¤­R�]�u?N�R�]$t1JKL�P�_K£�]�fzP!x�Pa]$ta]�PS�yN�_�fiL
h
u�NQxgNQ^gfi�Vf�_\f~]ct�L�J®^gf�L�t\{<tK_�]swdt1t�MOu�£�Nct�uv]s�~�ktaY%�yN�u�u�fihg]ctaYoLyP�_K£�]�PaNQxg]�M�_Kfiu�x�PaL$_�]Qfih<t�]�wZx
��Ly{g]�R�fih|_K£�]
x�£�N�P¯wdN�uv]�M�_\f�u�N���fih�R$M,t�_KP\f�]#t(G��\h�R�]�]vR�Y�RcfktSN�u�u�£�NQPaf~R�]ct.tKMOuQ£�N$tH_KPa]Q£#Ns��L%tS]�Y<wZN���_�L%tS]�L�PAtKMOuQP\L<ta]�u�NQh
^g]°N�R�R�]�R±_²L³^gfiL
�iL�¢
f�u�N��V��{´N?u�_Kfz�O]¥taL���M�_\f�Lyh<t8_KLµLc�g]�Pau�L�wZ]q_K£#]¶��f~w|f�_�]vR·t�_�N�^gf~�Vf�_K{�PaN�hc¢g]°LyJ
x�PaL$_�]Qfihgt1¸�xcl4Y%_�]�w�xg]QPaN�_kMgPS]�Y®tSNs��_!uQL�h�uv]Qh$_KPaN�_KfiLyh#Y�]�_�u?G ¹�G<º�£�]?ta]|NvR�Ryf�_�fz�g]$t!x�Pa]��O]�h?_»_K£#]>xgNQPk_KfiN���L�P
]��y]sh5_²L$_�NQ��R�]�¢�PaN�R�N�_�fiL�h¼L�JA^gf�L
wZL
�i]?u�MO�~]$t�R$MO]§_²L½_K£�]��i]�_K£gN��®_K£#]QPawZN���L�P�R�]Q£c{#RcPaN�_�fiLyh¾tK_KPa]$t-tS]$t
]Qh#u�L#Mgh?_�]QPa]�R¬R$MgP\fihc¢8fihgR$M�tK_KP\fiN��Hu�L�h
tj]QP��yN�_�fiLyh¬w|]�_K£�LgR
t1¸\�z{#Lyxg£�fi�Vfi¿�N�_KfiL�hc¹aY�¤�£g]QPa]�_KPa]Q£�N��iL<ta]Z£�Nct
^g]v]sh¬JKL#MOh�R6_K£#]|wZL<t�_!]QJKJ�]�u�_�f��y]cGDl4L#¤4]��y]QPaY�_K£�]|w4Ly�~]�u�MO�~NQP1wd]�u�£�N�h�fktaw�t�N�_H_K£�]|L�P\fz¢gfih8L�J»_K£�]
t�Mgxg]�P¯f�LyP�uvNQxgN�^gfi�Vf�_�f~]ct�L�J�_KPa]Q£�N��iL<ta]�NQh�R�YowZLyPS]/¢g]Qh�]�PaNQ�V�i{#Y�L�J�_K£�]1^gfiLyx�PS]$ta]QP\�yN�_\f�Lyhdx�£�]�h�L
wd]�h�L�h
f�_atS]s�~J½tK_\fi�i�/PS]swdN�fihÀMOh�u��~]�NQPaY�R�]$t\xgf�_�]D�yNQPafiL#Mot6]vn#xg]QPafiw|]�h?_�Ns��N�h#RÁ_K£#]�L�Pa](_Kf�u�N��.¤ZL�P\¡<t�G��g]��g]�PaN$�
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Nonlinear dielectric effect and critical phenomena of ternary 
critical mixture 

 
Magdalena Kosmowska, Kazimierz Orzechowski 

 
Wroclaw University, Faculty of Chemistry, F. Joliot – Curie Str. 14, 50-383 Wroclaw 

 
*Correspondant author: Kosmowska Magdalena: kosmo@eto.wchuwr.pl   

 
NDE technique has exceptional significance in investigations of critical phenomena. 

The method is very sensitive to thermodynamic and critical fluctuations. Non-linear dielectric 
effect consists in measurements of a change of electric permittivity caused by application of 
strong electric field. The sample is subjected the influence of two parallel fields; the 
measuring one - of high frequency and low amplitude, and the polarising one - of high 
amplitude, usually applied as rectangular short pulses.  

The NDE increment is defined as 0→−=Δ EENDE εεε , where Eε , 0→Eε  is the 
permittivity measured at strong and at low electric field, respectively. In the vicinity of critical 
mixing point very strong increase of the NDE increment is observed what is frequently used 
for investigations of critical phenomena in the vicinity of second order phase transitions. Most 
of NDE experiments in critical systems concern binary critical mixtures, whereas the anomaly 
of NDE in ternary liquids is little-known. In the contribution we present measurements of the 
NDE increment in acetonitrille – cyclohexane - p-xylene ternary mixture. The NDE increment 
was measured in function of composition in one phase region. The temperature was kept 
constant. In the vicinity of critical mixing point of the ternary mixture a strong increase of the 
NDE increment is observed what remembers the anomaly detected in binary mixtures close to 
the critical mixing temperature.   
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The effect of temperature on electric conductivity of veins applied 
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First time electric conductivity – temperature relationship (σ-T) have been applied in 

studies on bone, which have been carried out by Behari, Liboff and Shamos. Since then, the 
method has been used in studies on elastin, keratin, collagen, nucleic acids and more complex 
biological materials. The method makes it possible to observe phase processes, such as 
thermal denaturation, water release and thermal decomposition, occurring in heated biological 
materials.  

The most important features in the σ-T relation of vein walls derive from the major 
molecular constituents of the tissue, that is collagen and elastin. Therefore during the analysis 
of the obtained results electric properties of collagen and elastin become in the focus of 
attention. Solid-state proteins are characterized by relatively high temperature of denaturation 
and their physical properties are deeply affected by the water content. Electric conductivity 
increases with increasing water content and the activation energy of charge conduction 
process is reduced [1,2]. The aim of this work was to study the effect of temperature on 
electric conductivity of the vein wall enabling one to determine temperatures of the phase 
transitions and activation energy of the charge conduction process.  
 Measurements of σ-T were carried out during monotonic temperature changes  in the 
temperature range of 295-520K. Samples of  veins applied in CABG operations were burden 
with any pathological changes and were taken from a group of 30 patients 50-60 years old. 
Prior the measurement of electric conductivity, each sample was maintained at 380K for a 
period of one hour. At this time the release of free water took place [3]. Then, the sample was 
cooled to room temperature and heated again from 295K to 530K. The peak temperature of 
the σ-T curve along with the temperature of kink of the σ-T curve, show the temperature of 
phase transition of  proteins constituting vein wall. Enthalpy of the charge conduction process 
was determined using the Arrhenius plot. The calculations were performed at the intervals of 
the linear dependence of lnσ=f(T-1) (r≥0,999).  

Enthalpies,  determined in the temperature range of 330-430K,  were significantly 
higher for patients suffered from blood hypertension and myocardial hypertrophy than for 
other patients.  

 
 
 [1] Pethig R. Dielectric and electronic properties of biological materials. Wiley &Sons, 

Chichester, New York, 1979. 
 [2] Bardelmeyer GH. Electrical conduction in hydrated collagen. I. Conductivity 

mechanisms. Biopolymers 1973; 12(10):2289-302. 
 [3]  Kubisz L, Mielcarek S, Jaroszyk F. Changes in thermal and electrical properties of bone 

as a result of 1 MGy-dose gamma-irradiation. Int J Biol Macromol 2003; 33(1-3):89-93. 
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Influence of the Structural Characteristics on the Broadband 
Dielectric Spectroscopy of napthyl substituted acrylate Polymers 
R. Díaz-Calleja1*, M.J. Sanchis1, G. Domínguez-Espinosa1,2, P. Sáez-Torres3, J. Guzmán3, E. 

Riande3 
1Instituto de Tecnología Eléctrica, ITE, ETSII, Universidad Politécnica de Valencia, Spain. 

2 Institute of Experimental Physics I, Leipzig University, 04103, Leipzig, Germany 
3Instituto de Ciencia y Tecnología de Polímeros (CSIC) 28006 Madrid (SPAIN) 

* Correspondent author: rdiazc@ter.upv.es 

A comparative study of the dielectric relaxation behavior of two polymers containing 
aliphatic-aromatic side groups in their structures was carried out in order to get a better 
understanding on how slight differences in the chemical structure influence the responses of 
polymers to perturbation fields. Specifically, the poly(2-[naphthylacetyloxy]ethyl acrylate) 
(PNAA) and poly(2-[naphthylacetyloxy]ethyl methacrylate) (PNAMA) are studied by 
broadband dielectric spectroscopy (DRS) in the frequency range of 10-2 to 108 Hz and 
temperature interval of 298 to 403K. Both polymers show complex dielectric relaxation 
spectra. These spectra show almost three relaxations processes in the temperature-frequency 
range studied. The isotherms representing the dielectric loss as a function of frequency, show 
important conductive contribution especially at high temperature and low frequencies. 
However, the real component of the complex permittivity increases as frequency decreases in 
the low frequency region and the departure of ε′ from the plateau shifts to higher frequency as 
the temperature increases. The two polymers show ostensible glass-rubber relaxations 
centered in the vicinity of 309K (PNAA) and 330K (PNAMA) at 1 Hz, close to the 
calorimetric glass transition temperatures of these materials. The relative closeness of the Tgs 
of PNAMA and PNAA suggests that the methyl group in the former polymer only slightly 
affects its conformational versatility presumably as a consequence of the large and flexible 
side groups of the polymers. As a result, the Tg and fragility index of PNAMA are only 
slightly higher than those of PNAA. Owing to the conformational versatility of the side 
groups, it is important to compare the dynamics of the chains with that of the side groups. A 
study of dielectric behavior of 2-(acetoloxy)ethyl-2-(2-naphthyl) acetate (ANA), model 
compound of the repeating unit of the polymers was investigated. 
The characterization of each process was carried out by a numerical procedure that allows us 
to obtain the retardation time distribution as an intermediate step to obtain the decay 
functions. According to the results, the evolution of τ0 with temperature obeys to the VFTH 
equation whereas the stretch exponent does not follow a definite trend. Thus βKWW seems to 
be independent of temperature for PNAA whereas the value of this parameter slightly 
increases with temperature for PNAMA. The fact that β (PNAMA) > β(PNAA) may be due to 
the fact that the higher rigidity of the former polymer, caused by the methyl group, hinders the 
accessibility of the polymer to some parts of the conformational frequented by PNAA. Then 
PNAMA is less complex than PNAA from a dynamic point of view and hence the higher 
value of the stretch exponent for the former polymer. 
According to the results, it is possible to conclude that the replacement oh the hydrogen atom 
of the Cα backbone of the repeat unit by a methyl group slightly shifts the α relaxation to 
higher frequency and increases the activation energy of secondary processes. The β relaxation 
corresponding to the model compound ANA and the polymers PNAA and PNAMA strongly 
overlaps with the α relaxation, resembling the “excess wing” appearing in the high frequency 
peak of the latter process in the dielectric spectra of some supercooled liquids. 
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Elaboration par le procedé sol-gel et etude physicochimique et 

dielectrique de PbTiO3 dopé au Cérium 
 

Youssef Guaaybess, Mohammed Maanan, Abdelilah El Mesbahi, Salaheddine Sayouri , 

Mohamed Moussetad, Rahma Adhiri, Oussama Azzaroual 

 

 

 Les poudres céramiques de titanate de plomb (PT), dopé au cérium et lanthane (PCeLT) 

ont été préparées par voie sol-gel moyennant la méthode de la déstabilisation de solution 

colloïdale (DSC). Cette technique présente, notamment par rapport aux autres techniques de 

synthèse couramment utilisées (voie solide, coprécipitation, pulvérisation cathodique), 

l’avantage d’être relativement simple à mettre en œuvre. 

 Du plomb est ajouté, en excès (10%), lors de la préparation de ces poudres afin de 

compenser les pertes éventuelles du plomb durant les traitements thermiques. L’effet de la 

température sur les échantillons obtenus a été étudié par spectroscopie infrarouge à 

transformée de Fourier (IRTF), par analyse thermogravimétrique (ATG), par analyse 

thermique différentielle (ATD), par RAMAN et par diffraction des rayons X (RX). L’effet du 

dopage en cérium et lanthane sur la structure cristalline a été examiné. Les poudres PLCeT 

calcinées à 600°C, cristallisent dans la phase perovskite de structure cubique. 

 L’étude du frittage a été menée en suivant l’évolution microstructurale dans le but d’en 

optimiser les paramètres pour une efficacité meilleure. Nous avons opté pour une durée de 

frittage de quatre heures à 1100°C. Ces résultats sont confirmés par les mesures diélectriques 

réalisées sur toutes les compositions étudiées. La composition PCeLT présente les meilleures 

propriétés diélectriques.  
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Õ�×kØ�È Ìuºe¼
ÀdÉuÁbÅ�´�³Q²dÉ=ºe²OÀdÌ¢Ûb´Î¹�ÉSÌ¢¶�¼d¹ZºSÌSÅFµQºe³e»bÅ�ºS»d³Q´�Ä Ç ¼b´Ü¶d³k´�¶a¹Z³^´Z¸m¶d²aÉ�Ád¿Î´�³kµ È ´Z³k´ÎÅZ¼d¹�³e¹>Å�ºe´�³QÌuÝ>´�¸]»aµ�Ì�·aÀ
ÞYß à�áãâ Ð]ä Ç�× â Ðæå Ú ±/Ð ÕÎç ±è¹�·d¸ Ç å	é�Ä Ç ¼b´7¿Ù´�ºS¼b²d¸Iµ$²IÍ Õ ÌS´�É[´�Å�ºe³^ÌYÅ â ´�ÉM¹�êa¹�º:Ìu²I·
ç ¶a´�Å�ºe³^²Iµ£Å�²>¶IÁ Ô Õ â çdØ Ð ÕÎç ± ¹�·d¸ Ç ¼d´�³e¿Î¹>ÉYÉ¢Á ç º:Ìu¿F»aÉY¹�º�´�¸ Õ ´�¶b²`Éu¹�³kÌYÝ�¹Zº�ÌY²�·ë±°»d³k³k´Z·Iº�µ
Ô ÇìçIÕ ± Ø@È ´�³k´2´í¿C¶aÉM²�Áb´�¸C²�·�¶=´�É[Éu´Zº�µ�Ð�¶d³Q´�¶a¹Z³^´Z¸�îIÁ<¹�¶�¶aÉ¢ÁbÌM·dÀ�¶a³e´>µ£µ)»d³k´�²IÍ=¹�îb²�»dº�ï�ð�º�²�·b´�µ°¹�º

ñ ïIïtð ² ±/Ð`º�²�Ì�·dÛb´Zµ)º�ÌYÀI¹ZºS´<ºS¼d´Î¸bÁ�·d¹�¿ÙÌuÅ<³^´�ÉM¹�êa¹�ºkÌu²I·Oîd´�¼`¹�ÛaÌY²I³£Ä Ç ¼�´<²�îIº�¹�Ìu·d´t¸æ³k´Zµ£»aÉ¢º�µ È ´Z³^´
¸dÌYµ�ÅZ»bµ�µv´�¸ÎÌ�·<ºe´�³�¿Ùµ�²IÍ
É[²dÅ�¹tÉj¹�·d¸Îµ�´�ÀI¿Î´Z·Iº�¹�Éd³^´�ÉM¹�êa¹�º:Ìu²I·dµ�¹�·d¸<²IÍ
Ík³�¹tÅ�º�¹�É`¹�³^ÅZ¼aÌ¢º�´�Åtº¢»d³Q´2²IÍ�ºS¼�´
¶d²aÉ�Ád¿Ù´Z³^ÌYÅòµ�º�³e»aÅ�ºS»d³k´bÄ Ç ¼d´óÌ¢·IÛj´�µ�º:ÌMÀ�¹�º:ÌM²>· ²dÍôº�¼a´òÅ�²�·b¸I»dÅ�º:Ì¢ÛbÌ¢ºYÁ ³k´�Éu¹Zêb¹�º:Ì[²>· ÌM¿<¶aÉuÁ
Å�²I·dÍk²I³�¿Î¹�ºkÌY²I·d¹�É+¹Z·a¸�õ�²I³öµ�º�³e»aÅ�ºS»d³�¹tÉãÅ�¼`¹�·dÀb´�µ÷²IÍãº�¼a´0¼dÁ>¶a´�³[îa³e¹�·dÅ�´t¸ô¶a²dÉ¢Á�»d³^´�ºS¼d¹�·b´Zµ÷¹�º
ºk´�¿<¶d´�³e¹ZºS»a³k´�µ�Í[¹t³/îa´tÉM² È Ô ÉY² È ´Z³�º[¼d¹�·&ïtðIð�¸�´íÀ�³k´�´�µ Ø ºS¼a´ÙÅZ¹�ÉY²I³^ÌM¿Ù´�º�³kÌMÅ]ÀbÉM¹tµ�µøºS³k¹�·=µvÌ¢º�ÌY²�·6²IÍ
ºe¼b´/¶b²dÉ�Áb¿Ù´Z³Qµ�Ä
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Polymer electrolytes are commonly doped with salt in order to achieve high ion conductivity, 
which in general is due to both anions and cations [1]. These systems exhibit a dielectric 
relaxation in a frequency region above the one, where the ion conductivity dominates the 
dielectric response, and below the region of the relaxations of the polymer host. The 
frequency of this relaxation, multiplied by the relaxation strength, has been found to be 
proportional to the ion conductivity, and the relaxation has therefore been assigned to short-
range ion pair motion in the polymer. It exhibits characteristics similar to conductivity 
relaxations in inorganic solid ion conductors [2].  
In this paper we investigate the dependence of the relaxation strength on the salt concentration 
(c), for polyethylene oxide (PEO), polypropylene oxide (PPO) and random copolymer 
P(EOPO) electrolytes containing the salt LiTFSI. The molecular weights in atomic units of 
the polymers were 400 for PEO and PPO and 600 in the case of P(EOPO). For the PEO and 
P(EOPO) electrolytes the relaxation strength per added salt dipole depends on the 
concentration approximately as c

-2/3
. This can be explained by noticing that the relaxation 

strength is proportional to the square of the cation-anion distance, and that the average ion 
distance is proportional to the –1/3 power of the ion concentration, if at least one of the ions is 
mobile. However, the PPO electrolyte exhibits a strikingly different behaviour. For high ion 
concentrations the ion pair relaxation and the structural relaxation of the polymer host interact 
strongly, as noted before [3], leading to an almost concentration independent relaxation 
strength (equivalent to an apparent dependence of 1/c per salt dipole). It seems that the ionic 
motion is more strongly coupled to the structural rearrangements of the polymer chains in the 
case of PPO than for the other electrolytes in this study.  
 
1. P.G. Bruce and C.A. Vincent, J. Chem. Soc. Faraday Trans., 89, 3187 (1993).  
 
2. M. Furlani, J. Carlson, M. Fredriksson and G.A. Niklasson, IDS-DRP Conference, Poznan, 
Poland, 2006.  
3. T. Furukawa, Y. Mukasa, T. Suzuki and K. Kano, J. Polymer Sci. B:Polymer Phys., 40, 6113 
(2002). 
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e¥faB]caGNB$f�b � �}���¦_�b�XVX�B._,l�Go�^Gwl�{Hz!§<� � G¨k^cpB$fP©mB]u^b)s�{¦cpB$faGFX�_�b^E	u^bªfaG«lrB$f�¬JGwl�`¦d�G ��� B}caB�X$l
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Author manuscript, published in "5th International Conference on Broadband Dielectric Spectroscopy and Its Applications
(BDS2008), Lyon : France (2008)"
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;!<>=@?BA.CED*F G�HEI*J�;+<LKM<!N�OPDRQ*STH�U

V	O*SXWRY[ZEA�U:N]\X^R\_U`\TOaI*bdc[H�Fe\TO*I*H!S*f9IaUgFh\iF_D*FhZ)OkjMl�FhHEIBJ*HEA9JaUMHmI*J]noZ+pLq*IBOkSrOkQ*WBb
s HL\tFeq*ZEA�U.?>DRA.QRbPu�NwvRxay>z*z*bP{|lk}

G�~�OPAhA9Z�U.�RO*I*J*\TIPQ[H�D*FeqBOkAm�.�9H!I�<tOP?*A.CmD*Fh��I*\_UgF`<�QBOB^

�@Z!p!Z!IdF]Y]ZdH�UgDRA�ZLY[Z!I�F9U[q*HE^kZ�UgDRQ*QRZPUeFhZ!J�FeqBH�F�Feq*Z�HmI�Fh\X�aS�H�UeF.\rpL\TCd\TI*Q�Z!jgjhZdp�F�Okj�QRSXWRp!ZmA9OaS�O*I
FeA9ZEqBH!STO
U�Z�p+HLI�U9\TQRI*\�je\�pdH!I�FhSXW�\TIRpEA9Z+H�U9Z4Feq*Z��*A9Z�U`ZEAe^RH�Fh\�OkI�Fe\TY[Z�U�Oaj1�*A9O�FhZm\�I�U]UeFhOkA9Z+J�\TI�Feq*\�U�FeW>�RZ�Oaj
�*A9Z�U�ZEAg^kH�F.\X^kZ�jeO*A9Y�D�S�H$F.\TO*I��`�m��<�f.I�O*A9J*ZEA�FeO�?kZ�F�FhZ$A5DRI*J*ZmA�UgFhHEIBJ�Feq*Z��RqPW�U9\�p!H!S�O*A�\ Qa\TI�ORj�Feq*\gU
�*q*Z!IBOaY]Z!I*O*I*bo¡�Z�ZE¢RH!Y4\TIRZ£FeqBZ�IRH�F_DRA9Z¤Okj�H!IdFe\X�aS�HPUgFe\�p!\TCdH�Fh\TO*I�\�I�FeA�ZEq*H!STO�U9Z!¥eQaSXWRpdZEA�OkS¦Y4\X¢>F_DRA9Z�U�?RW
J*\TZ!S�Z+p�FeA9\Tp�U.�RZdp�FeAhO
U�p!O*�PW�<>n	q*Z�U�Z§Y[Z!HPUgDRA�ZLY[Z!I�F9U¨p!OB^kZEAMH�?*A�OaH!J�j_A9Z+©�D�ZLIBpEW]A9HEI>Q�Z�?�Z�F_¡�Z!ZEI�ªRx�«�C1FeO
�!y s «�C�¬.p+OB^kZEA9\�I>Q­FeqBZ�U�Z!p!O*I*J*HEA.W[A9Z!S�H+¢kH�Fh\TOkI]A9HmIPQRZ�O*j®FeqBZ�j_A9HEQR\�S�Z�QaS�H�U$U�¥�jeO*A.Y[ZEA	FeA9ZEqBHLSrO
U�Z�H!I*J�Feq*Z
�*A9\TY4HmA�W�A�ZLSrH+¢�H$Fe\TOkI�A9HEI>Q�Z�Okj�Feq*Z�U_FeAhOkI>Q7Q*STHPU�U�¥.jeOkA.Y[ZEA[QaSXWkp!ZEA9OaS ¯�HEIBJ7H�FhZEY���ZEA9H�F_DRA9Z°¬�±>¯­A�HEIPQRZ
?*A�H!pE²RZ�Fh\TIPQ³A9O*O*Y FhZEY��RZEA9H$F_DRA9Z´¬gv*vRx¶µ F�O³·a¸>x¹µ�¯$<�º»Z�J*Z�FhZEA.Y]\TIRZ�Feq*Z�FhZEY���ZEA9H�F_DRA9Z¼HEI*J
p!O*Y��RO�U9\iF.\rOkI�J*ZE�RZ!IBJ*ZLIRp+Z�O*j�Feq*Z�A9Z!STHE¢RH�Fh\TO*I�F.\TY[Z τ J*Z�U9pEA9\X?R\TI*Q7H�A9Z!STH$F.\X^RZ°J*\�ZLS�Z!p$FeA�\rp½A�ZLSrH+¢�H$Fe\TOaI�*A9ORp!Z�U`U]HE�*�*AhOk�*Ah\TH�FhZ4FeO½FeqBZ�pEqBHEA9H!p�FhZmA.\TCdH�Fh\TOkI�Okj�HmI�Fe\T�aS�H�UeF.\rpL\TC>H�Fe\TO*I�<:º�Z%OB?�U9ZEAg^kZ£Feq*H$F�\XIRpEA9Z!HdU9\�I*Q
Feq*Z�QRSXWRp!ZEA�OaS�p!OkIBp!Z!I�FeA9H$Fe\TOkI¤H$F/je\X¢�Z!J�±�\TIRpEA�Z!HPU9Z�U τ ¬.\_<XZ><ibaFeqBZ­ZE¢>FhZEI*J¤Okj�H!I�Fh\X�RS�HPUeFe\�p!\TCdH�Fh\TO*IP¯/DRI�Fh\TS	HFhZEY��RZmA9H�F_DRA9Z�J*Zm�RZEI*J*Z!I�F¾pmA.\iFh\TpdHLS�¿T�aS�H�UeF.\rpL\TC>H�Fe\TO*I�pdO*I*p!ZmI�FeA9H�Fe\rOkI,À¤Á*Â.Ã�\�U¾A9Z!H!p!qRZ!J�<�}1F¾H�je\X¢�Z�J
p!O*I*p!Z!IdFeA9H'Fe\rOkIBb�¡�Z�je\TIRJ�H§FhZEY��RZEA�H�F_DRA9Z�H�F	¡�q*\rpLq|HEI�Fh\T�aSrHBUeFe\Tp!\TCPH$F.\TO*I�je\XA$UgFMORp!p�DRA`UoDR�*O*I�pmO*O*S�\TI*Q¤H!I*J
¡�Z�J*Z�U9\XQRIRH�FhZ1Feq*\�U¦H�UMFeq*Z4¿�H!I�Fh\X�RS�HPUeF.\Tp!\TCdH�Fh\TO*I­FhZEY��RZEA`H�F_DRA9ZPÀ�b:±*Ä.Å.Æt<Rn¨qBZ�A9H�Fe\TO�O*j:Feq*Z τ ^kH!SrD�ZdU¦jeOkA	Feq*ZY4\X¢>F_DRA9Z¶H!IBJÇ�PDRA9Z´FeA9ZEqBHLSrO
U�Z¶\_U�jeOPDRI*JÈFhOÉ�>A.OP^*\�J*ZÊH¹D,U`Z!j�D�S�Y4Z+HBUeDRA9ZÊOkj�Feq*ZÊZ+¢>FhZEI�FËOkj
HEIdF.\X�RS�H�UgFh\Tp!\TC>H�F.\rOkIBb®HmI*J­¡�Z�Z�¢*�RSTO*A9Z�O�Feq*ZEA/�BO�FhZEI�Fe\rHLS,Y[Z!HPUgDRA�Z�U¦O*jMHEI�Fh\X�RS�H�UgFh\Tp!\TCPH$F.\TO*I4A�ZES�H�Fe\TIPQ4FeO­FeqBZ
J*\TZ!S�Z+p�FeA9\Tp�UgFeA�ZEIPQPFeq¾��vR��<®º»Z�jg\TIRJ�Feq*H$F1Feq*Z%HEI�Fe\X�RS�HPUgFe\�p!\XCdH�Fh\TO*I�O*j1FeA9ZEq*H!STO�U9Z�\_U]H+p!p!OaY��RH!I*\�Z!J�?*W�H
U9\XQRI*\�j.\�p!H!IdF�J*Z!pEA9Z!HdU9Z�\TI�ZE¢Rp!ZPU`U/�RZEA9Y]\iF_Fh\r^R\tFgW ε Ì <Pu�O*AhZ!OB^kZEA9bkFeqBZ­U.qBHEA.�¤p!q*H!I>QRZ�\TI ε Ì j_A�OaY�I*ZmQ�H�Fe\X^�ZFeOÊ�*O�U.\iFh\X^RZ2H�F�ÁPÂ2O*j7HE?ROPD*F»xa<t·*ÍÎA�ZEjgS�Z!p$F9U7Feq*Z�F_A9HmIaU9\iFh\TOaIÊj_A9OaY H�A9ZEQR\TY4Z�¡]qBZEA9Z�QRS�WRp+ZEA9OaS
HEIdF.\X�RS�H�UgFh\Tp!\TC>Z�U�FeA�ZEq*H!STO�U`Z�FhO�O*I*Z4\TI�¡]q*\�p!q£FeqBZ£UgFeA�OkI>Q�QaSrHBU`U�jeO*A�Y�H�F.\rOkI%Oaj/QRS�Wkp!ZEA9OaS	\_U�Y]ORJ�D�SrH�FhZ!J
?*W�Feq*Z�j_A9HEQR\�S�Z�j.SXD�\TJ�FeA9Zmq*H!STO®U�ZP<¦=@DRA|J*H�FhH�\�U�p!O*I�U9\_U.FhZEI�F�¡�\iFeq¾ZE¢*�RZ!p$FhH�Fe\TO*I�FeqBH�F�FeqBZ�H!J*J*\iFh\TO*I7Oaj
QRSrWkp!ZEA9ORS®Y�HE²RZPUoF_A�ZEq*H!STO�U9Z�H]UgFeAhOkI>QRZEA/Q*STHPU�U¦jeO*A.Y[ZEA¦HmI*J­Feq*H$F®FeqBZ�H!J*J*\iFh\TOkI|Okj,FeA9ZEqBHLSrO
U�Z§FeO4Q*SXWRpdZEA�OkS
Y[HE²RZPU�Feq*Z�Y­\X¢>F_DRA9Z�H�U_FeA.O*IPQ�Q*STH�U$U�¥�jeO*A9Y]ZEA�\TI½FeqBZ�ST\TY4\iF9U�¡�q*ZEA9Z4Feq*Z¤H!J*J*\iFe\X^�Z�p+OkIBp!ZEI�FeA�H�Fe\TO*IaU�HEA9Z
STOP¡�<�c4Z�^kZEAgFeqBZLS�ZPU�U�b�Y]Z!HPUgDRA9Z!Y[Z!I�F9U%H�F[STOP¡]ZmA�j_A9Z+©�D,ZEIBp!\�ZPU�?*WÏJBWBIRH!Y4\�p!H!S]Y4Z+pLqBH!I*\�p+HLS�OkA¤O�FeqBZEA
Y[Z�Feq*ORJaUMHEA�Z1A9Z!©�DR\XA9Z+J�F�O­A9Z+HESTS�W��*A9OB^kZ�Feq*H�F�Feq*\�UMZE¢*�RZdp�FhZ!J�?kZEq*HE^R\TO*Ao\_U:FeAeD�Z�<
f.I]?R\TOa¥e�*A9Z�U9ZmAg^RH�Fh\TO*I[HE�*�aS�\�p!H�Fh\TOkI�U�b�\iFM\�U/\�Y]�ROkA_FhHEI�F,F�O­A9Z!H!ST\TCdZ1Feq*H�F�Feq*\�U	FgW>�RZ�Oaj	H!I�Fh\X�RS�H�UgFh\Tp!\TCdH�Fh\TOkI[Oaj
QRSTHPU�U.WÐS�\�©�D�\�J�U�O*I*SXW2ZE¢R\_UgF9U�H�F%STOP¡ FhZmY��RZEA9H�F_DRA�Z�U�HmI*JËFeqBH�F�FeqBZËU�HLY�ZÑH!J*J*\iFh\r^�Z�p!H!I�U�ZEA.^RZ7FeO
�RSTHPUgFe\Tp!\TC>Z�A9H$Feq*ZEA]Feq*HEI�H!I�Fe\X�RS�HPUgFh\Tp!\�CLZ5H�F[q*\XQRq*ZmA£FhZ$Y]�RZEA9H�F_DRA9ZdU$<)n¨qBZ�FhZEY��RZEA9H$F_DRA9Z5H�F]¡�q*\rpLq7Feq*\_U
pEqBHLI>Q�Z¤ORp!p�DRA�U�Z�^R\TJ*Z!IdF.SXW�Qa\X^�Z�U�?RHPU9\�p�\TI*jeOkA9Y[H�Fe\TO*I�jeO*A�Feq*Z¤ZEjgjhZ!p�Fh\X^RZ��*A9Z�U�ZEA.^RH�Fh\TO*I�O*j1?R\TOaSrOkQR\�p!H�S
Y[H�FhZEA9\TH!S_U�HPU1¡�ZLSTS�HPU�jeO*A1Feq*Z�H+J��gD,UeF.Y�ZLIdF@Okj/Feq*Z4�*A�OP�RZEAgFe\TZ�U§Oaj�U.W*I�Fhq*Z$F.\Tp4QRS�H�U$U.W%�ROaSXWRY4ZmA�U)DRI*J*ZEA
�*A9ORp!Z�U`U9\�I>Q[p!OkIBJk\tF.\TO*I�UMH!I*J]\TI�Feq*Z!\TAMHE�*�RS�\�p!H�Fh\TO*IaUM\TI�FeqBZ§jh\�Z!S�J�<d}�U¦± Ä.Å.Æ ¡�H�UMjeOBD�I*J�F�O�?RZ�¡�Z!STSa?RZ!STOP¡
Feq*ZÑQ*SrHBU`U�FeA9HEIRU9\iFh\TOkI FhZLY��RZEA9H�F_DRA9Z�O*j�Feq*ZÒF_A�ZEq*H!STO�U`ZÑQ*SXWRpdZEA9O*S�Y]\X¢PF_DRA�ZwHEI*J�FeO¼J*Z!pEA9Z+H�U9ZÒ¡�\iFeq
\TIRpEA9Z!HPU9\TIPQ°QRS�Wkp�ZmA9OkSMp+OkIBp!Z!I�FeA9H�Fe\rOkIBbÓ¡�Z�U9Z!Z­FeqBH�F�\TIBpLA�Z!H�U9\TIPQ�Feq*Z�p+OkIBp�Z!IdFeA9H'Fe\rOkI°ORj1H!IdFe\X�aS�HPUgFh\Tp!\TCdZEA
A9Z!©�D�\XA9ZdU[H�STOP¡]ZmA�FhZEY��RZEA�H�F_DRA9Z�jeOkA�Feq*Z°HEIdF.\ �aS�H�UeF.\Tp!\TC>H�Fe\TO*I�FeO�?RZ°Z!jgjhZ!p�Fh\X^RZ°\�I�FeqBZ�UgDRQRHEA9¥eQ*SrWkpdZEA9OaS
jeO*A�Y�D�S�H�Fh\TO*IaU$<

�@Z!jeZEA9Z!I*pdZ�U
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Author manuscript, published in "5th International Conference on Broadband Dielectric Spectroscopy and Its Applications
(BDS2008), Lyon : France (2008)"
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/103254"6+7�8:9 ;�<�=:>�/?0�@A01B�CD8�E:FG< H

I�C:FKJ�LNM�6�H�BPOKQ�ORHSOGCT=:UWVN<�9XOGC:=:<1F:YZ=TH[9\O]9R8:9\M�C_^A` 9\<�=">:<�6Z>THA<#=:>PabM?c�d:="C_FeC_E:J"U
f <�Og9Xd:M�6�H+438�6+E�UDhiBkj�lTm3n:n:UDop`_q

;�rsCD6\6ZM H+t�C:=:>:OG=DEN<�8:9Xd"C_6#u+vZ<1=w0gCD4:6+7#8:9\xy=:ORH[9S0zE"C"Q

a�d:M{4�F|M�=">_OG=:E}C_^
c1<�6[4_C_=%=:<1="C"9R8:4_M H�~+r�V�a���OG= 9\C�t"C_FKJ�LNM�6-L�<�9X6+O|c1M H�FGMW<1>TH�9XC�="C"Q_M F
LN<�9\M�6ZOG<1FRH��Pd:CwHZM,t:6ZC:t�M�6�9XOeM H�>:M�t�M1=:>�HX9X6ZC:=DE:FKJpC_=�9Xd:MPH+d:M?<�6ZO�=:EN6Z<�9\M�<�=:>P^[FeC"�$d:ORH[9\C:6[J����#��0D��M�d:<�Q�M
c1C:=THX9X6[8�c�9\M?>�<�6+d:M?CT�+>DOeM�F|M1c�9X6�Oec(H+t�M1c�9X6�C_LPM�9\M�6�9Xd"<�9�<�FGFGC_�NH�HZOGL�8�F]9\<1=:M?C"8�HAOG=:��HZOg9R8�LNM1< HX8�6ZM1L�M1=W9
C:^�4�C 9Xd�9Xd:M,M1F|M1c�9X6+OGcW<1F�c1C_="> 8�c�9\OeQ�Og9[J

σ
~
ω
�A<1=">�>:O|M1F�M?c�9X6ZOGc,c1C:=TH[9\<#= 9

ε
~
ω
�A< HA<,^R8w="c�9+OeC_=PC�^�^R6ZM1� 8�M1="c�J

ω
UA<DH��PM1FGFA<DH�4�<WHZO�c�6\d�M1C_FeC_E�O|c1<1F�t:6ZC_t�M#6�9XOGMDH�~RQ�O�H�c1CwHZOe9RJ"U�=:C:6+LP<1F�H[9X6ZM HSHZM H\�ZUA< H,t�<�6R9�C:^�<�=�M1^X^XC_6[9A9XC

4�M�9R9\M�6�c�d"<�6Z<1c�9\M�6+OG7WM�d:CD�k^XFGCD��<1F]9\M�6SH�9Xd:M�t:6ZC:t�M�6R9XOGM HAC:^w9Xd:MDHZM,c?C_L�t�F|M���^\Fe8�OG>wH�0
h�M1<WH[8�6ZM1LNM1= 9ZHNC:^�c1C:=:> 8�c�9XOeQ�Og9[J�OG=:>:O�cW<�9\M�<�c#C_="> 8�c�9XC:6+�XO�=wHX8wF|<�9�C_6�9R6Z<�=�HZO]9\OGCT=�O�=�LPM1F]9\�+L�OK��M1>

>:O�H+t�M�6�HZOGC�=TH�C:^�L�8wF]9\O|����<�F|F�r�VNa OG=�t�CTFKJ"t:6ZC_t:J:F|M1=:MPCDQ�M�6�<P=:<�6+6�C"�%6�<�=DE�MPC:^�r�VNa-c1C:=:c1M1= 9X6�<�9XOGC:=TH
9Xd:<�9�ORH¡6ZM?< HZC:=:<�4�F�J¢>�M HZc#6�OK4�M1>£4:J¢E�M1=:M�6Z<1F|O�7�M1>kM1^[^\MDc�9XOKQ_M LNM1>:OK8wL¤9Xd:M1C:6+Jk~ f5¥ h���05a¦d:ORH¡="C"Q_M1F
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The adequate use of dielectric requires an improvement of their properties as well as a good 
knowledge of these properties. For that progress are continuously awaited for comprehension 
of some elementary mechanisms; dielectric relaxation in polar materials is an example. A 
polar dielectric effect is characterized by a spectrum of relaxation which answers the model of 
Debye when the relaxation time is slightly distributed  
Generally the polar aspect appears through the frequency measurement of the dielectric 
permittivity of which the real part interprets dispersion and the imaginary part interprets the 
absorption .We propose a process which allows the instantaneous description of polar 
dielectric material without conductivity or with a poor conductivity. Sample under test excited 
by a level of tension answers by another level of tension which is a temporal answer, 
generally less well-known compared to the frequency answer  
We firstly consider standard materials well- known by their static  and optical permittivity as 
their relaxation frequency; we  proceed  then to a modelling of the temporal answer which 
would be detected  using a device based on temporal reflectometry for example; in this way  
we need a referential answer which can be either the short  circuit or the open circuit  
We know that the signal theory attests that any temporal detection is given in the form of a 
product of convolution in relation to the real answer and the system transfer function; the in 
convolution is fulfilled by the mathematical tool which is the transform of Fourier  
From frequency measurements we follow the opposite way which leads to the form 
convoluted of the response suitable for dielectric polar considered. Tests on distilled water, 
butanol and Teflon were very conclusive; therefore we can consider by anticipation the 
response of materials which can be modelled with parameters encircled between those of 
Teflon and those of distilled water  
 
 
Key words :Polar dielectrics, relaxation, absorption, dispersion  
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