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(ABSTRACT) 

The objective of this study was to determine whether molecular orientation has an 

effect on the rate of physical aging in amorphous glassy polymers. There is already a large 

body of literature concerning the phenomenon of physical aging, although the vast 

majority has been directed toward isotropic, unoriented systems. The importance of this 

study is therefore twofold: first, from a theoretical standpoint, a better understanding of 

physical aging in oriented systems will help to elucidate the physics of glassy relaxation 

which is important since the exact mechanism behind physical aging are still unknown. 

Second, from an engineering standpoint, a knowledge of the orientation aging relationship 

will help the designer/engineer with product development since many commercially 

produced plastic items have some degree of orientation present as a result of the 

processing methods involved. 

To measure the aging behavior, samples of bisphenol A polycarbonate and atactic 

polystyrene were hot drawn (i.e. stretched above T,) to varying stretch ratios and the 

degree of orientation quantified using birefringence and the Herman’s orientation function, 

f. Physical aging rates were determined as a function of fusing volume and linear 

dilatometry, mechanical creep measurements, DSC, and tensile properties. The molecular 

state, including the free volume, of the oriented polymers was quantified using Positron



Annihilation Lifetime Spectroscopy (PALS), oxygen permeability/diffusion measurements, 

dynamic mechanical analysis, DSC, and density measurements. The data indicate that 

physical aging rates are influenced by orientation but the degree varies with the method of 

testing. Volume relaxation rates were approximately 50% higher for the oriented 

samples, however, mechanical shift rates determined from the creep data showed a slight 

decrease with orientation. Further analysis shows that the effective relaxation/retardation 

times decrease significantly with orientation even though the free volume--as determined 

by density and PALS measurements--also decreases. This implies a serious deficiency in 

the free volume theory for molecular mobility. Implications for these findings and 

possible explanations for this behavior are discussed.



ACKNOWLEDGMENTS 

A large number of people have been involved with this work in one form or another, all of 

whom I would like to thank. First, I would like to express my greatest appreciation to Dr. 

Wilkes. If it were not for the excellent short course he taught at Eastman in 1991, I 

would probably never have made it back to graduate school. Working with Dr. Wilkes 
has been both a pleasureable and rewarding experience. 

I would also like to thank my committee members: Professors Davis, Dillard, Marand and 

Ward, for their help and guidance along the way. In addition to providing insight into the 

physical aging problem at hand, their respective courses provided the necessary tools for 

performing many of the analyses described in this text. 

Many people in the Chemical Engineering Department at VPI also played crucial roles in 
my graduate work. I would first like to thank all of the members of the department staff, 
but in particular, Sandy Simpkins, Diane Canaday, and Judy Coleman since they had to put 
up with me on almost a daily basis. I would also like to thank Billy Williams and Wendell 

Brown for their help with equipment construction. Members of Dr. Wilkes lab including 

Kurt, Watson, Rob, Chris, Jianye, Ta-Hua, Don, Hongyi, Bryan, Jim, Don, and Varun 

have all been tremendously helpful m showing me equipment procedures, providing 

suggestions, and for just keeping laboratory life bearable. I would also like to thank Andy 
Mellick and Frans Van Damme of the Chemistry Glass Shop for their help and suggestions 
with constructing the necessary glassware for the dilatometry. 

Many people at Eastman Chemical have also played a role in helping me with my graduate 
studies. I would like to thank Delane Richardson and Phil Griswold for supporting my 
decision to go back to school, and for helping me to secure financial backing while on 

leave, Mike Knight for allowing me to use the labs during summers and semester breaks to 
perform some of my research, and Arved Harding for helpful discussions on statistical 
analysis. 

All of the members of the past and present Packaging Research Lab also deserve a lot of 

credit for their help and camaraderie over the years. In particular I would like to thank 

Derek Farmer for his help with the die swell studies during the summer of 1993; Terrill 

McGee, Charlie Henry, David Jessee, Ron Shelton and Randy Millhorn for all of their help 
with processing and supplying materials; Ron Light for his help with data analysis, sample 
testing and interesting technical discussions; Johnny Shadden for being able to handle 
every possible administrative problem that came up with my educational leave; Jeff 
Zawada, Danny Glover, and Steve Weinhold for their help with the permeability studies 
and interpretation of the data, and Bill Lane for his all of his helpful suggestions over the 
years. 

iv



A number of people in the Polymer Evaluation Laboratory at Eastman also deserve a 
special thanks. First I would like to thank Brad Snow, John Griggs and Vicki Long for 
allowing me to process and test samples in the lab. Special thanks goes out to Donna 
Hardy for stretching film samples on numerous occasions on the T.M. Long; to Brenda 
McClellan and Connie Nichols for their help with tensile testing; to Shirlene Musick for 
help with permeability measurements, to Ellen Yeary for help with density measurements 
and to Edgar Gamble for his help with refractive index measurements. 

Two fundamental parts of this project would not have been possible without outside help. 
First, I would like to thank Dr. Anita Hill of METSS (and CSIRO) and Dr. Marty Tant 
(Eastman) for performing and funding the positron annihilation testing of the samples and 
for helpful discussions concerning data interpretation. Also, thanks go out to Dr. T. J. 

Bastow (CSIRO) for running the SS-NMR experiments and to Dr Jerry Jean of the 

University of Missouri-KC for his help with running the 2-D ACAR measurements. I 

would also like to thank Dr. Greg McKenna at NIST for the numerous helpful suggestions 
he provided with regard to dilatometric testing. Without this help, the dilatometers 

probably would have never worked. 

Finally, I would like to thank Patty Pierce, for her support, understanding, and patience, 

while writing this dissertation.



TABLE OF CONTENTS 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

1.0 INTRODUCTION I 

1.1 Research Objectives 2 

1.2 Overview of the Dissertation 

1.3 References 4 

2.0 LITERATURE REVIEW 5 

2.1 The Glass Transition 5 
2.1.1 Thermodynamic Theories 10 

2.1.2 Free Volume Theories 13 

2.2 Physical Aging 19 

2.2.1 General Aspects of Physical Aging 19 

2.2.2 Dilatometric Studies 23 

2.2.3 Mechanical Studies 39 

2.2.4 Calorimetric Studies 55 

2.2.5 Positron Annihilation Studies 62 

2.3 Orientation in Polymers 70 
2.3.1 Herman’s Orientation Function 71 

2.3.2 Methods for Determining Orientation 73 
2.3.3 Shrinkage of Oriented Samples 76 

2.4 Review of Aging Studies on Oriented Polymers 78 

2.5 References 93 

3.0 DILATOMETRIC AND MECHANICAL CREEP BEHAVIOR OF HOT DRAWN 

ATACTIC POLYSTYRENE AND BISPHENOL-A POLYCARBONATE ___ 102 

3.1 Introduction 102 

3.1.1 Aging Rate Determination 103 

3.1.2 Hermans’ Orientation Function 105 

3.2 Review on Previous Studies of Aging in Oriented Systems 106 
3.2.1 Cold versus Hot Drawing 106 

3.2.2 Aging Studies on Hot-Drawn Samples 107 
3.2.3 Aging Studies on Cold Drawn Polymers 107 

3.3 Experimental 109 
3.3.1 Film Stretching 109 
3.3.2 Density Measurement 110 

3.3.3 Shrinkage Measurement 111 
3.3.4 Dilatometry 112 

3.3.4.1 Construction of the Dilatometer 112 
 



3.3.4.2 Dilatometry Error Analysis 
  

3.3.4.3 Dilatometric Tests 
  

3.3.4.4 Linear Dilatometric Tests 
  

3.3.5 Tensile Creep Measurements 
  

3.4 Results 
  

3.4.1 Density Measurements 
  

3.4.2 Shrinkage Results 

3.4.3 Dilatometric Results 
  

3.4.3.1 Linear Dilatometry 
  

3.4.4 Results from Tensile Creep Testing_ 

3.4.4.1 Formation of a Master Curve 
  

3.4.4.2 Shift Rate Data for PC and PS 
  

3.4.4.3 Comparison of Compliance Curves 
  

3.5 Discussion 
  

3.6 Summary 
  

3.7 References 
  

115 

120 

121 

121 

124 
124 
128 
132 
133 
142 
142 
143 
154 

163 

169 

170 

4.0 THERMODYNAMIC CHARACTERIZATION OF THE ORIENTED STATE OF 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

BISPHENOL-A POLYCARBONATE 173 

4.1 Introduction 173 
4.1.1 Sample Stretching and the Herman’s Orientation Function 174 
4.1.2 Relaxation Mechanisms in Polycarbonate 175 

4.2 Experimental 177 
4.2.1 Sample Preparation 177 

4.2.2 Shrinkage Recovery 177 

4.2.3 Tensile Testing _ 178 

4.2.4 Density 178 
4.2.5 Dynamic Mechanical Measurements 178 

4.2.6 DSC 179 

4.3 Results 179 
4.3.1 Density Measurements 179 
4.3.2 DSC Results 180 

4.3.2.1 Tg vs. Orientation Function 185 
4.3.2.2 DSC Curves for Aged Samples 190 

4.3.3 Tensile Properties 192 
4.3.4 Dynamic Mechanical Testing 193 

4.4 Discussion 207 
4.4.1 Free Volume and Chain Packing 207 
4.4.2 The Effects of Stretching on T, 209 
4.4.3 Internal Energy 218 

4.4.3.1 Internal Energy-Volume Relations from Rubber Elasticity 222 
4.4.3.2 Yield Energy and Its Relation to Internal Energy 224 

225 
  

4.4.4 Dynamic Mechanical Discussion 
 



4.5 Conclusions 
  

  

  

231 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

4.6 References 233 

5.0 PERMEABILITY AND POSITRON ANNIHILATION STUDIES OF UNAGED 

UNIAXIALLY HOT-DRAWN BISPHENOL-A POLYCARBONATE 235 

5.1 Introduction 235 
5.1.1 Quantifying the Oriented State in Polymers 237 
5.1.2 PALS Measurement Technique 238 
5.1.3 Permeability/Diffusion of Gases in Polymers 240 

5.1.3.1 Theories of Diffusion 241 

5.1.3.2 Previous Studies on Oriented Samples 244 
5.1.3.3 Comparison of PALS and Diffusion Studies 245 

5.2 Experimental 246 
5.2.1 Density Measurement 246 
5.2.2 Permeability Measurements 247 

5.2.3 PALS Measurements 247 

5.3 Results 248 
5.3.1 Permeability and Diffusion Results 249 
5.3.2 PALS Results 253 

5.4 Discussion 261 
5.4.1.1 Free Volume Functions 261 
5.4.1.2 Effects of Orientation on PALS Data 266 

5.4.1.3 Interpretation of the Permeability Data 269 

5.4.1.4 Effects of Orientation on Mobility 274 
5.4.1.4.1 Solid State NMR Studies 275 

5.5 Summary 276 

5.6 References 277 

6.0 SUMMARY AND CONCLUSIONS 280 

6.1 Orientation and Physical Aging Rates 280 

6.2 Orientation and Free Volume 281 

6.3 Orientation and Transport Properties 283 

6.4 Orientation and Mobility 284 

6.4 Implications of the Results 285 

7.0 FUTURE WORK 287 

7.1 Advanced Dilatometric Studies 287 

7.2 Aging at Different Stretch Conditions 287 

7.3 PALS/Permeability Studies as a Function of Aging Time 288 
 



7.4 Molecular Modeling Simulations 288 

7.5 Solid State NMR and Spectroscopic Studies 288 

7.6 Effects of Stretch Temperature on Aging Behavior 289 

VITA 290 

1x



LIST OF TABLES 

Table 5-1. PALS Parameters for PC....................ccccccsscccsscessccsscessccssccsccsseesccescesssesscenss 258 

Table 5-2. Relative Changes in PALS Parameters for f Changing From 0 to 0.16. ....... 264



LIST OF FIGURES 

Figure 2.1-1. Thermodynamic parameters for a (a) first order transition, .(b) second order 
transition and (c) the glass tramsition. ..................-:cccccscccceeceeeteeeesestsseneeeeees 8 

Figure 2.1-2. Schematic representation of Kauzman’s paradox for various glass forming 

SUDSCANICES. 22.0... eeeeceescceseeeessneteseeeetsceececeecsceeeesteecesscescnsaeetecseeeeseaeeeesetees 9 

Figure 2.1-3. Predictions based on Gibbs-DiMarzio for the relative change in Tg versus 
Stretch Tati .............ccccsscsccccsccccccccececcecessscessesesesecceseeeeeecececceececeeseceeeeeceees 12 

Figure 2.1-4. Typical free volume versus temperature behavior .....................:ccccsscceseeees 15 

Figure 2.2-1. Free volume and relaxation time dependence for cooling through Tg ......20 

Figure 2.2-2. Specific volume versus temperature for different elapsed annealing times 25 

Figure 2.2-3. Volume-temperature curve for polycarbonate 2.000.000... eceeeseeesseeeeeenees 26 

Figure 2.2-4. Volume relaxation of polystyrene as a function of aging time and aging 

PEMMpPerAatULe 2.0.0.0... eee eee eeeeceececccceececcaccecaassscsssesesececsscesessssescssssseeeaseeees 27 

Figure 2.2-5. Volume relaxation rates for various polymers as a function of aging 
TEMIPCTATUTE. ooo. eecceeeneeceeeeceeeeeeeneeseseeeceeenseceeeeceensceenseeersceeneesens 29 

Figure 2.2-6. Volume relaxation data for PS .0..............cssscccsssscccssssnccccesssneceeessesseeesseeees 30 

Figure 2.2-7 Typical volume relaxation data as a function of aging time for different 
ammealing temperatures ..............ccccccccccceeeeseecceceeeseceeeeceeeeceeeeceeseeseeeeseceees 31 

Figure 2.2-8. Volume and mechanical shift factors for polystyrene aged at 85°C with 
varying thermal histories .................cccsssssccesssnscceessnsecesssececcesssaeeeseseeteessees 33 

Figure 2.2-9. Relaxation data for poly(vinyl acetate) aged at 35°C and subjected to down 

and up-quench from various temperatures ..............ccccccccssesseneees deceeseesees 35 

Figure 2.2-10. Typical stress history for aging study ..................cccsssscccseseessseeceseesseeeeees 40 

Figure 2.2-11. Creep curves for rigid PVC at various aging times ...................:.:csesseees 41



Figure 2.2-12. 

Figure 2.2-13. 

Figure 2.2-14. 

Figure 2.2-15. 

Figure 2.2-16. 

Figure 2.2-17. 

Figure 2.2-18. 

Figure 2.2-19. 

Figure 2.2-20. 

Figure 2.2-21. 

Figure 2.2-22 

Figure 2.2-23. 

Figure 2.2-24. 

Figure 2.2-25. 

Figure 2.2-26. 

Figure 2.3-1. 

Figure 2.3-2. 

Figure 2.3-3. 

Mechanical shift rates for various polymers as a function of isothermal 

APING teMPETAtUMe ........... ee cccssesseeccecesssneeeeeecesesssceccanseeeeeeeeeessneseeeeeeeees 43 

Mechanical sensitivity data for various polymets..................:::ccccccssesesseees 45 

Effect of high stresses on the mechanical shift behavior .......................... 47 

Effect of high stress on the mechanical shift behavior.................0.......000.. 48 

Mechanical shifting ay as a function of aging time ..................cescccceeseeeee 51 

Volume relaxation curve for epoxy sample at Tg-8.9°C in torsional 
Cilatometer ..............eececssseccecceceeseceesesssceeeecececeeeeeeeesereesseseseseceseensceeseaeeees 52 

Results of an up-jump experiment comparing ar with 6 ...................::c000 53 

DSC scans of atactic PS at 5°C/mim. o.oo... eeeeecccceeessesssssetceceeeeessssneeees 57 

DSC scans of Aroclor 5460 annealed 195 min. at 306 K .....................00. 58 

DSC scans of atactic PS annealed at 355 K for various annealing times... 59 

Arrhenius plot of mean relaxation times versus temperature for enthalpy 
  (--~-), dielectric (- - - -), and viscoelastic relaxation ( ) ee 61 

Effect of hydrostatic pressure on the o-Ps lifetime spectrum in 
POLyPrOpPYlene’™ ooo... eee eee cssssscessseeessseeessseceesseecesssseceeeseeeecsssseseesatecsns 65 

Physical aging of PC at 30 and 90°C 00... eeecceccccessssssssseeeeeeessenseeeees 66 

Free volume distribution in polystyrene at different temperatures from 

PALS dat 2000... eeeccccscssssssscccscecececessessessesesecsesssnnsnsnssassccceesceseseesees 67 

PALS data for polycarbonate as a function of temperature ..................... 68 

Orientation of polymer chain with respect to laboratory frame of 
So 72 

Mechanical analog for glassy state .................ccsssesscccceeseesssssrcceceuesssenecese 79 

Fractional residual length 1’/1 and birefringence An’/An for samples of 

polycarbonate cold drawn at various temperatures T}..................cccccesees 80



Figure 2.4-1. Shift factors and tensile compliance for rigid PVC versus the % stretch... 82 

Figure 2.4-2. Density of hot drawn polycarbonate versus draw ratio ................ccsceee 84 

Figure 2.4-3. X-ray scattering intensity at s=0 representing thermal density fluctuations. 
Circles indicate isotropic PC and squares represent cold drawn PC ........ 86 

Figure 2.4-4. Dynamic shear data for cold-drawn polycarbonate ................:.:ccccccssseeeses 87 

Figure 2.4-5. Dimensional relaxation, s, relative birefrmgence An/An,, and relative value 

0, of maximum shrinkage stress plotted vs.aging time (at room 
temperature) for oriented PC ou... eee eecccsseeceseseeeecesesseeseeeensecereenees 90 

Figure 2.4-6. Expanded view of sub-Tg endotherms in cold-drawn PC as a function of 
AMINE tN 2.0... esse eeesecerececcccccccccececccccecceceeccecensscseeeesececeeceececececeusesseseeees 91 

Figure 3.3-1. Schematic of dilatometet.......................c::csssssesescecsssseesssnssesesssssesenseseseees 114 

Figure 3.3-2. Methodology for shrinkage correction of creep CurVeS.................0:cccee0 122 

Figure 3.4-1. Room temperature density for PC versus /..............::::cccccsseeseseeeeeseeeesenes 125 

Figure 3.4-2. Room temperature density data for PS ................ccccsessceesssreesteees leseesenee 126 

Figure 3.4-3. Isothermal shrinkage curves for 2.5X PC ou... ce eeeeseceeesseeeeeeseeeeeeees 129 

Figure 3.4-4. Isothermal shrinkage curves for 4X PS .00.0....0.........ssseseeessssesssssseerensenenes 130 

Figure 3.4-5. Volume relaxation data for PS at 60C 00.0.0... eeessscsesececcceeeeeeereeseseees 135 

Figure 3.4-6. Isothermal volume relaxation of PC at 90C .0............ccccccccceeeseeereeeseeeeeeees 136 

Figure 3.4-7. PC volume relaxation data at 120C 00.0.0... ccccccscessstceeeesereeeseseeeesenes 137 

Figure 3.4-8. Temperature jump for PC to 120C after 5 days annealing at 90C............ 138 

Figure 3.4-9. Volume relaxation rates for PS at 60C 0.0.0.0... cccccccessesssssceeecesseeeseees 139 

Figure 3.4-10. Volume relaxation rates for PC at various temperatures ...................006 140



Figure 3.4-12. Corrected creep curves for oriented PS (—0.10) at 60C ...... 145 

Figure 3.4-13. Master curve at a reference time of 4 hrs. for oriented PS at 60C......... 146 

Figure 3.4-14. Horizontal shift rates for oriented PS at 60C .00......... ee ceeeeeeeeeeeeeseeeees 147 

Figure 3.4-15. Vertical shift rate plot for oriented PS at 60C.............. cc ececessseceeeeeees 148 

Figure 3.4-16. Creep curves for isotropic PS at 60C 000... eee ceeeeeeescceeceeeesssensnseees 149 

Figure 3.4-17. Creep curves for 2X PS at 60C 00.0.0... ccccccccceeeesseeececceesesseeeceeeeaeeees 150 

Figure 3.4-18. Creep curves for isotropic PC at 90C (f= 0.10) .0...... ce ceeeesesreeeees 151 

Figure 3.4-19. Creep for 1.25X PC at 90C (£50.025) ooo. eee ceeceeeeesereeeeeeneeeeeees 152 

Figure 3.4-20. Creep curves for 1.5X PC at 90C oo. eccccceessseesseeceseesseesenseeeeees 153 

Figure 3.4-21. Creep curves for 2.5X PC at 90€ 000.0... eeecccccsesssreecceeesessneeceuesssnees 154 

Figure 3.4-22. Horizontal shift factor plot at different orientations for PS........... beceseees 155 

Figure 3.4-23. Horizontal shift factors at different orientations for PC................ haceeeees 156 

Figure 3.4-24. Horizontal shift factors for PS at 60C versus f..............ccccccssseesseseseeeeees 157 

Figure 3.4-25. Horizontal shift rate for PC at 90C versus f................ccccccccccccesseesessseees 158 

Figure 3.4-26. Polystyrene compliance curves after 4 hrs at 60C ...............ccccessssseeseeees 159 

Figure 3.4-27. Polycarbonate creep compliance curves after 4 hrs. at 90C................... 160 

Figure 3.4-28. Fitted creep parameters for PS to Struik's creep equation..................... 161 

Figure 3.4-29. Data fit to Struik's creep equation for PC ................ccccccssssssssteeceeeeeeseees 162 

Figure 3.5-1. Volume sensitivity versus f for PC and PS................ccccccscccccesssssceeeeesseees 168 

Figure 4.3-1. Orientation function versus stretch ratio for PC..................ccccsssscsseessrnees 181 

Figure 4.3-2. PC density at room temperature versus f..............ccscccsescceseseeeseseecseseeeees 182 

xiv



Figure 4.3-3. Heat capacity traces for PC..............cccccccsssssessssseseeseceeseeeeseesessssecsereseeees 186 

Figure 4.3-4. Heat capacity difference between an oriented (0.17) and an unoriented 
Sample ............cccccccsssscesssscecsssnccecsssncesscsessssssssecsssscececssneseceesseeeeseseaeeees 187 

Figure 4.3-5. Comparison of mechanical yield energy and DSC recovered enthalpy as a 
function OF f 0.0... ce esccessceccsssccceeesccceesenceeseseeesesescesecesseeeeeoeseseeesessaes 188 

Figure 4.3-6. Tg and AC, versus f for unaged PC...............ccccsecsessecsseeessseeeseneeseeesees 189 

Figure 4.3-7. DSC traces for 1.5X PC Aged at 120€ ooo... eeeeecceeseeeeeeenseeeeeeees 191 

Figure 4.3-8. Sample MD tensile curves for PC................cccccccsssccccsssssceceessceeesssaeeeesees 195 

Figure 4.3-9. Yield stress data for PC 0.0.0.0... eee cessscsscecescceeseeessseeeessseeesssseereraeensnees 196 

Figure 4.3-10. Modulus data for PC versus f...............cscccsscscsscssssecessssseeessseccssseeeesees 197 

Figure 4.3-11. Energy-to-yield versus f for PC ..0.............ccccccssssscccesssssneecceeseessscaseeeeees 198 

Figure 4.3-12. Loss modulus plots at 1 Hz. for unaged PC (MD)...................ccccceseee 199 

Figure 4.3-13. Tan delta data for unaged PC (MD) ...................cccsssssecccccceceeeessenseessnees 200 

Figure 4.3-14. E" data for samples aged 100 hr. at 90C (MD).................cccccccsssessssseees 201 

Figure 4.3-15. Tan delta data for sample aged 100 hrs. at 90C (MD)...............0.....000 202 

Figure 4.3-16. Loss modulus data for unaged PC loaded in the TD direction.............. 203 

Figure 4.3-17. Activation energy plots for the Beta peak in unaged PC ............. baveeeeees 204 

Figure 4.3-18. Activation energies as a function Of fou.............ccccesssseeccceeessssteeeeesesseees 205 

Figure 4.3-19. Comparison of unaged activation energies in the MD and TD 

GUO CHIONS.. 0.00.0... eeeecccessseceessseceessssseccessenceesssaeeccesnscesesseseeesesseeetseeneeens 206 

Figure 4.4-1. Gibbs-DiMarzio plot of Tg changes with stretch ratio ...................::cc008 211 

Figure 4.4-2. Comformer MW versus /.............:cccccccssssssesscaceeeecesessssssssnaaseceeeeseesseneseaes 214 

Figure 4.4-3. Hole energy (per gram basis) versus f................::ccssecccsesseceesssceeseteceeesnes 215



Figure 4.4-4. Hole energy for PC versus calculated In(M) ................seccssceseeeceseeteeeeeees 216 

Figure 4.4-5. Hole formation entropy vs. f for PC ...............ccccccsccceessseteeeeeeeeeees leceeeees 217 

Figure 4.4-6. Correlation between density and recovered enthalpy ......................:006 220 

Figure 4.4-7. Calculated relaxation times for beta relaxation at different temperatures . 228 

Figure 5.3-1. Orientation function vs. stretch ratio for PC stretched at 160°C ............. 250 

Figure 5.3-2. PC density vs. ffor unaged PC..................::cssssssssseessesessesseeecceeecceeeseeeeees 251 

Figure 5.3-3. Fractional free volume (ffv,.) vs. ffor unaged PC.................cccscccssseeees 252 

Figure 5.3-4. Permeability vs. f (unaged data at 23C and 0% RA)..............cceeeeceeeeees 254 

Figure 5.3-5. Permeability vs. f/Vgc for unaged PC... eee scceseeececessseceereeseeeeeeeeees 255 

Figure 5.3-6. Normalized P vs. density for unaged PC................eccccccccceeesesseeteceeeeeeeeees 256 

Figure 5.3-7. D and K versus ffor unaged PC.................:ccccsssccccccessssssessceeeceeesesssnseees 257 

Figure 5.3-8. PALS data as a function of f for unaged PC ..000.......... ccc ecceceeceeeeeeseeeeees 259 

Figure 5.3-9. Effective PALS free volume versus f for unaged PC..................cc::ccceeee 260 

Figure 5.3-10. Correlation between ffv,. and PALS free volume for unaged PC ........... 262 

Figure 5.3-11. Normalized free volume measures versus f for unaged PC. .................... 263 

Figure 5.4-1. Ln(D) versus the inverse of the PALS free volume for unaged PC.......... 272 

Figure 5.4-2. Ln(D) versus the stretch parameter for unaged PC ..................ccccesceseeeees 273



1.0 INTRODUCTION 

Physical aging is a process in which many of the structural and physical properties of 

a glassy polymer change with time. It is also commonly referred to as free volume 

relaxation. The property changes occur because the glass is not in a true equilibrium state. 

Unlike the rubbery state, where molecular mobility is high and the polymer is essentially at 

equilibrium, the glassy state chains are much less mobile and require a longer time to reach 

equilibrium (in some cases, near infinite time is required). It is this long, gradual 

relaxation toward equilibrium which manifests itself as physical aging. The actual rate of 

this aging process depends on the proximity of the annealing temperature to the glass 

transition temperature (Tg) in addition to various structural factors. Glassy polymers are 

not the only substance known to show time dependent aging. In fact, other materials such 

as inorganic glasses, low molecular weight organic glasses, semicrystalline polymers (the 

amorphous phase only), and glassy metals may exhibit this behavior.’” 

Sample properties that show considerable change with aging time include—but are 

not limited to—mechanical properties such as creep compliance, yield stress, and impact 

strength; dielectric properties such as the magnitude and location or shape of loss peaks; 

volumetric or density changes; thermal changes such as apparent shifting of Tg and an 

increase in the enthalpy of relaxation; and barrier properties such as solubility and diffusion 

coefficients.'” It is emphasized that chemical changes that may occur in the system such 

as crosslinking and chain scission do not constitute true physical aging. Instead, physical 

aging occurs because of the reversible approach of thermodynamic variables such as free 

volume, enthalpy, and entropy toward their equilibrium values. This changes result in a 

corresponding decrease in molecular mobility which is responsible for the property 

changes described above. Likewise, the rate of physical aging is also dependent on the 

molecular mobility. Consequently, as the mobility decreases with physical aging, the rate 

of aging also decreases resulting in a self-limiting process. 
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1.1 Research Objectives 

The objective of this work is to determine whether or not molecular orientation has an 

effect on the physical aging behavior of glassy amorphous polymers. Physical aging has 

already been studied extensively as described in various review papers and books’ *” but 

most of the focus has been on isotropic, unoriented systems. Only a few papers have dealt 

with oriented systems, but these systems are generally cold drawn (Le. stretched below 

Tg). Studies on cold-drawn polycarbonate have already shown a significant increase in 

physical aging rate over isotropic samples although this effect may be due more to residual 

stresses than actual chain orientation.*” The work presented here represents an extension 

of these aging studies to include amorphous, glassy polymers which are oriented in the 

melt and then quenched into the glassy state. Melt drawing minimizes the presence of 

residual stresses while controlling the level of molecular orientation. It is speculated that 

molecular orientation might alter in some way the shape, size, and/or distribution of free 

volume in the system since the polymer chains themselves become realigned. This change 

in free volume distribution, if it indeed occurs, might then modify the characteristic aging 

behavior of the material. The current study is aimed at determining whether or not this is 

true. 

Studying the orientation-aging relationship not only has benefits for the theorist 

interested in a better understanding of condensed matter physics, but also for the 

engineer/designer. A more thorough understanding of the orientation-aging relationship 

should help the designer since the majority of end-use plastic products have some 

orientation due to the fabrication process. Physical aging is already a serious problem 

when designing with glassy polymers. An initially ductile glassy polymer, can become 

brittle m a matter of days or months, making it unusable for a given design. In addition, 

oriented amorphous regions are highly prone to stress cracking making the design process 

even more difficult. If it is found that orientation increases the rate of physical aging, one 

might wonder whether this (hypothetical) enhanced aging plays a role in the stress 

cracking mechanism. 
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1.2 Overview of the Dissertation 

The present study is divided into four main sections. First a general literature review 

is provided covering pertinent topics in physical aging, orientation, and various aging 

related measurement techniques. This is followed by the experimental section consisting 

of three “stand-alone” chapters covering various aspects of the testing and analysis. 

Some overlap occurs between chapters and, additionally, some of the data im the literature 

review is repeated in the individual chapters (where necessary) for clarity. 

The first of these experimental chapters (Chapter 3.0) mvolves a combined 

dilatometric and mechanical creep study of both oriented atactic polystyrene and 

bisphenol-A polycarbonate. Here samples of each polymer were hot-stretched to various 

draw ratios and aging rates determined as a function of orientation. For all parts of this 

study, the orientation is characterized by the Hermans’ orientation function, f In Chapter 

4.0, a detailed thermodynamic analysis of the oriented (unaged) state of bisphenol-A 

polycarbonate is performed m order to understand how orientation affects molecular 

changes such as free volume, interatomic spacing, mobility, etc. Results are compared and 

contrasted with various theories of the glass transition temperature along with predictions 

of thermodynamic rubber elasticity. From this, some predictions could be made regarding 

the changes taking place mm the stucture and mobility during orientation. Chapter 5.0 is the 

result of a collaboration with Dr. Anita Hill of CSIRO (Australia). In this chapter, 

Positron Annihilation Lifetime Spectroscopy (PALS) measurements were performed as a 

function of f on the unaged polycarbonate samples. PALS is one of the few techniques 

available which can measure the free volume directly although there is still some 

controversy as to the validity of the data mterpretation. Because of this controversy, 

oxygen permeability/diffusivity measurements were also employed since they too are 

sensitive to mobility and free volume. Interesting correlations were found between the 

aging behavior, the PALS results, and the diffusivity. It is noted that PALS was also 

performed on the oriented samples as a function of aging time although the results were 

suspect and will not be reported here. Finally, following Chapter 5.0, a summary is 
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provided which brings all of the findings together in an effort to understand the underlying 

physics. Recommendations are made from a design standpoimt as to how to account for 

orientation in product lifetime determination. Suggestions for future work are also 

provided. 
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2.0 LITERATURE REVIEW 

Physical aging is a phenomenon which is directly related to the glass transition. This 

complicates its understanding since the glass transition is still incompletely understood. 

This can be seen in the diversity of theories developed to describe it, none of which are 

completely adequate. It appears that physical aging and the glass transition are so closely 

coupled that once a foolproof theory is developed for the glass transition, a successful 

theory for physical aging will likely follow. Because of this interrelation, various aspects 

of the vitrification process will be discussed first. Much of this part of the review is drawn 

from the excellent works on glassy behavior by McKenna’ and general non-equilibrium 

behavior by Tant and Wilkes.”” This will be followed by a detailed summary of the 

general physical aging literature, a review of the concepts behind polymer orientation, and 

finally, a discussion of previous aging studies on cold drawn polymers. 

2.1 The Glass Transition 

The glass transition is generally defined as the temperature where the volume- 

temperature curve changes slope (1.e. the thermal expansion coefficient undergoes a step 

change).*”* The exact temperature depends on the rate of cooling as faster cooling will 

yield a higher Tg. When specifying the glass transition temperature for a given polymer, it 

is essential that the test method and procedure also be specified since the Ty can vary 

considerably for different test methods. Other methods commonly used to measure Ty 

include dynamic mechanical,‘ dielectric,“’ and calorimetric techniques.*” In every case, 

there is a rate effect involved which will alter the location of Tg. 

Theories of the glass transition fall mto two main categories: free volume (and 

associated kinetic theories), and thermodynamic. A major question that exists is whether 

or not the glass transition is a manifestation of an equilibrium thermodynamic transition or 

wholly a kinetic phenomenon.’ There is no doubt that there is a time dependent effect 

involved. This is clearly evident from the high sensitivity of the measured Ty to the time 
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frame of measurement. Supporters of the thermodynamic theories contend that there is a 

true equilibrium glass transition but it is not directly measureable because of the kinetic 

limitations imposed by the glassy state. The free volume theories avoid this argument all 

together and concentrate on the mobility and rheological aspects of the polymer in order 

to predict quasi-static thermodynamic properties. ' 

Ehrenfest”® has defined a first-order transition as one in which the free energy (G) is 

a continuous function of any state variables--pressure (P), temperature (7), or volume (V)- 

-but is discontinuous in the first partial derivative of G with respect to any of these state 

variables. Likewise, a second-order transition is one in which the first partials are 

continuous but now the second partial derivatives with respect to any of the state variables 

are discontinuous. These derivative relationships are '’ 

36 = 
(aT i, s 

raG)] _ SSI =V (2.1- 1) 
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where S is the entropy, H is the enthalpy, Cp is the heat capacity at contstant pressure, K is 

the compressibility, and « is the isobaric thermal expansion coefficient. Vaporization and 

fusion are examples of first-order transitions. Well known examples of second-order 

Sample 

plots are shown in Figure 2.1-1. Note that C,, a, and k are discontinuous in both the first 

transitions include the Curie temperature and the onset of superconductivity.’"?’"” 

and second-order transition although the nature of the discontinuity is different. Ifthe 

same data is plotted for a glass in the vicinity of Tp, (see Figure 2.1-1), it is clear that the 

glass transition behaves similarly to a second-order transition since V, H, and S (i.e. the 

first partials with respect to G) are continuous functions of temperature across the 

transition. 

One important consequence of any thermodynamic development of the glass 

14.14 Kk auzmann found that when the transition is the resolution of Kauzmann's paradox. 

equilibrium entropy of some supercooled glass-forming liquids (i.e. typically only so called 

“fragile” glasses) are extrapolated to low temperatures, the resulting entropy may become 

less than the entropy of the crystalline solid (see Figure 2.1-2). This is physically 

meaningless. The only way to resolve this paradox is for an additional transition to occur 

which would slow the rapidly decreasing entropy function. Kauzmann believed that there 

was no thermodynamic glass transition and opted for a kinetic description instead. He 

envisioned the formation of small "crystallites" forming in the glassy phase at low enough 

temperature, now known to be incorrect. The thermodynamic theory of Gibbs and 

DiMarzio’ '°”” was shown to resolve the Kauzmann's paradox by way of a second-order 

transition (compare the change in slope at the glass transition for the entropy plots in 

Figure 2.1-2). At this transition to the glass, the configurational entropy reaches and 

maintains a value of zero. This theory will now be described m more detail. 
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(b) second order transition and (c) the glass transition (after 
G. Rehage and W. Borchard m “The Physics of Glassy 
Polymers,” R. N. Hayward, Ed., New York, 74, 1973).
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2.1.1 Thermodynamic Theories 

The theory of Gibbs and DiMarzio'*’*”’ is based on a Flory-Huggins'*””” lattice 

model of the polymer chain. Within the lattice are allowed the introduction of a number, 

n,, of “holes" representing the vacancies or free volume in the polymer. The energy 

associated with this hole formation is proportional to the number of van der Waals bonds 

broken by the introduction of the hole. In addition, each polymer segment is allowed to be 

in one of two conformations separated by an energy Ae. The fraction of bonds which are 

in the higher energy state is denoted by /5. 

From the associated partition function, an equilibrium, second-order transition 

temperature is predicted which has been associated with an equilibrium glass transition. 

The temperature of this transition is defined as T, in order to distinguish it from the 

experimentally measured T,. This temperature corresponds to the point at which the 

configurational entropy--a combination of entropy terms from the permutations of holes 

and chain conformational states--becomes zero. The plateauing of the entropy brought 

about by the transition resolves the Kauzmann's paradox. Nowhere in the analysis is any 

mention made of kinetic effects; rather it is purely an equilibrium calculation. The 

transition T, is therefore the same as Tg for infinitely slow cooling times. For finite 

cooling times, the measured T, is significantly higher, typically about 50°C higher for 

standard experimental methods. The experimentally measured T, therefore represents a 

kinetically driven transition mto the glassy state. It is not the true second-order transition, 

just a non-equilibrium reflection of one. 

The Gibbs-DiMarzio model has been used successfully to predict the influence of 

molecular weight,” ”'~’ crosslinking,” ** and composition” ”°” on Tg. In addition, it 

accurately predicts the change in heat capacity at the glass transition.”* Of particular 

interest is the application of Gibbs-DiMarzio theory to the effect of deformation on Ty. 

Qualitatively, the model predicts an increase in the glass transition temperature with 

increasing elongation. This results from the decreased entropy due to the orientation of 

the polymer chains. Quantitatively, the model predicts for uniaxial extension,” 
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where A is the stretch ratio, G is the shear modulus measured at temperature To, and I] is 

the first strain invariant (Ij=A2+A72+A32 in general and 1;=A2+2A for uniaxial 

extension). Data from Gee et al.” shows general agreement with this finding. There have 

been other studies which are in agreement with these findings as well as those which are in 

disagreement.*'*?*° Data for a few different rubber systems are shown in Figure 2.1-3 

along with the Gibbs-DiMarzio predictions. Adams and Gibbs™ and Matsuoka*’ have 

extended these theories to include the concept of cooperative motions. In each case, 

segments are no longer allowed to move independently of one another at lower 

temperatures. This “cooperative motion” becomes more extensive as the temperature 

drops and results in a decreasing configurational entropy of the system. In keeping with 

the Gibbs-DiMarzio theory, this entropy goes to zero at T2, Likewise, at very high 

temperatures there is no cooperativity as each segment is able to move independently of 

the others. Matsuoka” assumes that the onset temperature for segmental independence 

occurs around 500°C for most polymers. The assumption of cooperativity leads to the 

followmg form for the relaxation time equation, 

  T= T, exp( ) (2.1- 4) 
B 

T -T, 

where B is a constant and 7, is the relaxation time at high temperatures where no 

cooperativity is occuring. This equation will be found to be remarkably similar to many 

of the free volume theory results and is also referred to as the Vogel-Fulcher-Tammann- 

Hesse (VFTH) equation.*° *’ ** 
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in Tg versus stretch ratio for various values of 

Y=G/2AC,T(1). Experimental data from Gee and 
coworkers [30]. Circles are for natural rubber, squares are 
for GRS rubber, and the triangle is for Hycar (after E. A. 
DiMarzio, J. Res. Natl. Bur. Stand. 68A, 611 (1964).) 
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�o�c�c�u�p�i�e�d� �v�o�l�u�m�e� �i�s� �f�o�u�n�d� �t�o� �m�c�r�e�a�s�e� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�i�s� �p�r�o�d�u�c�e�s� �a� �m�e�a�s�u�r�e� �o�f� �f�r�e�e� 
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�v�o�l�u�m�e� �w�h�i�c�h� �i�s� �i�n� �b�e�t�w�e�e�n� �t�h�a�t� �o�f� �t�h�e�  ��e�x�p�a�n�s�i�o�n� �v�o�l�u�m�e �� �a�n�d� �t�h�e�  ��e�m�p�t�y� �v�o�l�u�m�e�. �� �I�t� �i�s� 

�c�u�r�r�e�n�t�l�y� �u�n�c�e�r�t�a�i�n� �w�h�i�c�h� �o�f� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �m�e�a�s�u�r�e�s� �i�s� �b�e�s�t� �f�o�r� �r�e�l�a�t�i�n�g� �m�o�b�i�l�i�t�y� �a�n�d� 

�p�h�y�s�i�c�a�l� �a�g�i�n�g�.� �T�h�i�s� �i�s� �p�a�r�t�i�a�l�l�y� �t�h�e� �r�e�a�s�o�n� �w�h�y� �s�o� �m�a�n�y� �d�i�f�f�e�r�e�n�t� �d�e�f�i�n�i�t�i�o�n�s� �a�r�e� �a�p�p�l�i�e�d�.� 

�U�n�l�e�s�s� �o�t�h�e�r�w�i�s�e� �n�o�t�e�d�,�  ��f�r�e�e� �v�o�l�u�m�e �� �w�i�l�l� �i�m�p�l�y� �t�h�e�  ��e�x�p�a�n�s�i�o�n� �v�o�l�u�m�e �� �(�a�l�t�h�o�u�g�h� �i�n� 

�m�o�s�t� �o�f� �t�h�e� �r�e�l�a�t�i�o�n�s� �t�o� �b�e� �d�e�s�c�r�i�b�e�d�,� �t�h�e� �v�a�r�i�o�u�s� �f�r�e�e� �v�o�l�u�m�e� �m�e�a�s�u�r�e�s� �c�a�n� �b�e� �u�s�e�d� 

�m�t�e�r�c�h�a�n�g�e�a�b�l�y�)�.� 

�T�h�e� �f�r�e�e� �v�o�l�u�m�e� �c�a�n� �b�e� �p�u�t� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �f�r�a�c�t�i�o�n�a�l� �f�r�e�e� �v�o�l�u�m�e� �/�f�v� �=� �v� �N�V�,� �b�y�,� 

�i�f�y� �=� �f�f�y�,� �+�a�,�(�T� �-�T�,�)� �(�2�.�1�-� �8�)� 

�w�h�e�r�e� �f�f�v�,� �i�s� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �f�r�a�c�t�i�o�n� �a�t� �T�y� �a�n�d� �o�i�s� �t�h�e� �t�h�e�r�m�a�l� �e�x�p�a�n�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �f�o�r� 

�t�h�e� �f�r�e�e� �v�o�l�u�m�e�.� �T�h�e� �v�a�l�u�e� �o�f� �o�,� �i�s� �o�f�t�e�n� �a�p�p�r�o�x�i�m�a�t�e�d� �b�y� 

�a�,� �=�a�,�-�a�,� �(�2�.�1�-� �9�)� 

�w�h�e�r�e� �t�h�e� �s�u�b�s�c�r�i�p�t�s� �/� �a�n�d� �g� �r�e�f�e�r� �t�o� �t�h�e� �l�i�q�u�i�d� �a�n�d� �g�l�a�s�s�y� �s�t�a�t�e�s� �r�e�s�p�e�c�t�i�v�e�l�y�.� �G�e�n�e�r�a�l�l�y�,� 

�t�h�e� �f�r�e�e� �v�o�l�u�m�e� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �c�o�n�s�t�a�n�t� �b�e�l�o�w� �T�g�.� �T�h�i�s� �i�s� �n�o�t� 

�c�o�m�p�l�e�t�e�l�y� �t�r�u�e� �s�i�n�c�e� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �l�e�a�d�s� �t�o� �a� �g�r�a�d�u�a�l� �f�r�e�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �b�e�l�o�w� �T�g�.� 

�a�l�t�h�o�u�g�h� �t�h�e� �m�a�g�n�i�t�u�d�e� �i�s� �s�m�a�l�l� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �c�h�a�n�g�e�s� �i�n� �t�h�e� �r�u�b�b�e�r�y� 

�s�t�a�t�e�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� �t�h�e�r�m�a�l� �e�x�p�a�n�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �c�h�a�n�g�e�s� �s�l�i�g�h�t�l�y� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �i�n� 

�t�h�e� �g�l�a�s�s�y� �s�t�a�t�e ��p�a�r�t�i�c�u�l�a�r�l�y� �a�t� �s�e�c�o�n�d�a�r�y� �t�r�a�n�s�i�t�i�o�n�s ��a�n�d� �t�h�i�s� �i�s� �l�i�k�e�l�y� �t�o� �h�a�v�e� �a� 

�p�e�r�t�u�r�b�i�n�g� �e�f�f�e�c�t� �o�n� �t�h�e� �f�r�e�e� �v�o�l�u�m�e�.� 

�F�r�e�e� �v�o�l�u�m�e� �c�o�n�c�e�p�t�s� �f�i�r�s�t� �c�a�m�e� �i�n�t�o� �b�e�i�n�g� �i�n� �t�h�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �v�i�s�c�o�s�i�t�y� �r�e�l�a�t�i�o�n�s� �f�o�r� 

�s�i�m�p�l�e� �l�i�q�u�i�d�s� �b�y� �w�a�y� �o�f� �t�h�e� �D�o�o�l�i�t�t�l�e� �e�q�u�a�t�i�o�n�,� 

�b� �=�A� �2�.�1�-� �1�0� �1� �e�x�p� �i� �(� �)� 

�w�h�e�r�e� �1�)� �i�s� �t�h�e� �v�i�s�c�o�s�i�t�y� �a�n�d� �A� �a�n�d� �b� �a�r�e� �c�o�n�s�t�a�n�t�s�.� �I�f� �w�e� �d�e�f�i�n�e� �a� �s�h�i�f�t� �f�a�c�t�o�r� �a�,�,� �a�s� �t�h�e� 

�r�a�t�i�o� �o�f� �t�h�e� �v�i�s�c�o�s�i�t�y� �(�o�r� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �T�)� �a�t� �T� �t�o� �t�h�e� �v�i�s�c�o�s�i�t�y� �a�t� �s�o�m�e� �r�e�f�e�r�e�n�c�e� 

�t�e�m�p�e�r�a�t�u�r�e� �T�,�,� 
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�T�e�m�p�e�r�a�t�u�r�e� 

�F�i�g�u�r�e� �2�.�1�-�4�.� �T�y�p�i�c�a�l� �f�r�e�e� �v�o�l�u�m�e� �v�e�r�s�u�s� �t�e�m�p�e�r�a�t�u�r�e� �b�e�h�a�v�i�o�r� �(�a�f�t�e�r� �I�.� �M�.� �W�a�r�d�,� 
 ��M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �S�o�l�i�d� �P�o�l�y�m�e�r�s�, �� �W�i�l�e�y�,� �N�e�w� �Y�o�r�k�,� �1�5�0�,� 
�1�9�8�3�)�.� 
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� � �n�T�)� �_� �7�)� �(�2�.�1�-� �1�1�)� 

�t�h�e�n� �w�e� �c�a�n� �c�o�m�b�i�n�e� �t�h�i�s� �w�i�t�h� �(�2�.�1�-�1�0�)� �t�o� �p�r�o�d�u�c�e� 

�1� �1� �|� �I�n�(�a�,�)� �=� �6�( �� �-�  �� �(�2�.�1�-� �1�2� �(�a�,� �)� �&� �f�.� �)� 

�w�h�e�r�e� �t�h�e� �r�e�f�e�r�e�n�c�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �c�h�o�s�e�n� �a�s� �T�g�.� �I�f� �w�e� �s�u�b�s�t�i�t�u�t�e� �(�2�.�1�-�8�)� �i�n�t�o� �(�2�.� �1�-�1�2�)�,� 
�w�e� �o�b�t�a�i�n� 

�(�b�/� �2�.�3�0�3� �f�,�)�(�T� �-� �T�,�)� 
� � 

�l�o�g�(�a�.�.�)� �=�  �� �2�.�1�-� �1�3� 
�0�B� �(�4�r� �)� �f�,�1�a�,�+�(�T� �-�T�,�)� �(� �)� 

�o�r� �b�y� �d�e�f�i�n�i�n�g� �c�o�n�s�t�a�n�t�s� �C�1� �a�n�d� �C�>� �s�u�c�h� �t�h�a�t� 

�C�,� �=�  ��b�/� �2�.�3�0�3� 
�,� �f�r� �(�2�.�1�-� �1�4�)� 

�C�,�=�f�,�/�a�@�,� 

�l�e�a�d�i�n�g� �t�o� 

�C�,�(�T� �-� �T�.� 
�l�o�g� �(�a�,�)� �=� �G�U�A�T�)� �(�2�.�1�-� �1�5�)� 

�C�,�+�(�T� �-�T�,�)� 

�w�h�i�c�h� �i�s� �c�o�m�m�o�n�l�y� �k�n�o�w�n� �a�s� �t�h�e� �W�L�F� �(�W�i�l�l�i�a�m�s�-�L�a�n�d�e�l�-�F�e�r�r�y�)� �e�q�u�a�t�i�o�n�.� �C�o�n�s�t�a�n�t�s� �C�j� 

�a�n�d� �C�>� �a�r�e� �o�f�t�e�n� �t�r�e�a�t�e�d� �a�s� �n�e�a�r�l�y� �u�n�i�v�e�r�s�a�l� �h�a�v�i�n�g� �v�a�l�u�e�s� �o�f� �-�1�7�.�4�4� �a�n�d� �5�1�.�6� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e�s�e� �u�n�i�v�e�r�s�a�l� �v�a�l�u�e�s� �a�c�c�u�r�a�t�e�l�y� �p�r�e�d�i�c�t� �t�h�e� �s�h�i�f�t�i�n�g� �b�e�h�a�v�i�o�r� �f�o�r� �a� �n�u�m�b�e�r� �o�f� �p�o�l�y�m�e�r�s� �m� 

�t�h�e� �r�u�b�b�e�r�y� �r�e�g�i�o�n� �u�p� �t�o� �a�b�o�u�t� �T�,� �+� �1�0�0�°�C�.� �F�o�r� �a� �t�e�m�p�e�r�a�t�u�r�e� �T�=�T�p�-�5�1�.�6�,� �t�h�e� 

�d�e�n�o�m�i�n�a�t�o�r� �g�o�e�s� �t�o� �z�e�r�o� �a�n�d� �t�h�e� �v�i�s�c�o�s�i�t�y� �b�e�c�o�m�e�s� �i�n�f�i�n�i�t�e�.� �N�o�t�e� �t�h�a�t� �t�h�i�s� �o�c�c�u�r�s� �a�t� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �s�a�m�e� �t�e�m�p�e�r�a�t�u�r�e� �a�s� �T�>� �f�r�o�m� �t�h�e� �G�i�b�b�s�-�D�i�M�a�r�z�i�o� �t�h�e�o�r�y�.� 

�C�o�h�e�n� �a�n�d� �T�u�m�b�u�l�l�*�' �� �m�o�d�i�f�i�e�d� �t�h�i�s� �a�p�p�r�o�a�c�h� �s�l�i�g�h�t�l�y� �s�u�c�h� �t�h�a�t� �T�,�,� �t�h�e� �s�e�c�o�n�d�a�r�y� 

�r�e�l�a�x�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �p�o�i�n�t�.� �T�h�e� �f�r�e�e� �v�o�l�u�m�e� �v� �p� �i�s� �r�e�d�e�f�i�n�e�d� �a�s� �t�h�a�t� 

�p�o�r�t�i�o�n� �o�f� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �w�h�i�c�h� �c�a�n� �b�e� �r�e�d�i�s�t�r�i�b�u�t�e�d� �w�i�t�h�o�u�t� �a� �c�h�a�n�g�e� �i�n� �e�n�e�r�g�y�.� �T�h�i�s�,� �i�n� 
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�e�f�f�e�c�t�,� �d�e�f�i�n�e�s� �a� �c�r�i�t�i�c�a�l� �f�r�e�e� �v�o�l�u�m�e� �h�o�l�e� �s�i�z�e� �s�u�c�h� �t�h�a�t�,� �f�o�r� �h�o�l�e�s� �b�e�l�o�w� �t�h�i�s� �s�i�z�e�,� �t�h�e� 

�m�o�b�i�l�i�t�y� �i�s� �u�n�a�f�f�e�c�t�e�d�.� �T�h�e�s�e� �a�s�s�u�m�p�t�i�o�n�s� �l�e�a�d� �t�o� 

 �� �B� 
�n�=� �A� �P�C�T� �_�T�)� �=� �T�,�)� 

�(�2�.�1�-� �1�6�)� 
�'� 

�T�=� �f�,� �P�T�T�)�?� 

�w�h�e�r�e� �A� �a�n�d� �B�'� �a�r�e� �c�o�n�s�t�a�n�t�s�.� �B�y� �l�e�t�t�i�n�g� �T�,� �=� �T�g�-�5� �1�.�6� �°�C�,� �t�h�e� �W�L�F� �e�q�u�a�t�i�o�n� �i�s� �r�e�g�a�i�n�e�d� 

�(�n�o�t�e�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �T�,� �i�s� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �5�1�.�6�°�C� �b�e�l�o�w� �T�,� �f�o�r� �m�o�s�t� �p�o�l�y�m�e�r�s�)�.� �T�h�i�s� �i�s� 

�a�l�s�o� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�e� �A�d�a�m�s�-�G�i�b�b�s� �r�e�s�u�l�t� �(�2�.� �1�-�4�)� �i�f� �T�z� �i�s� �t�a�k�e�n� �a�s� �T�,�.� 

�A�n�o�t�h�e�r� �m�o�d�e�l� �w�h�i�c�h� �h�a�s� �r�e�c�e�i�v�e�d� �s�o�m�e� �a�t�t�e�n�t�i�o�n� �i�s� �t�h�e� �h�o�l�e� �m�o�d�e�l� �o�f� �S�i�m�h�a� �a�n�d� 

�S�o�m�c�y�n�s�k�y�. ��*�  ��*� �W�h�i�l�e� �t�h�i�s� �m�o�d�e�l� �h�a�s� �b�e�e�n� �h�i�g�h�l�y� �s�u�c�c�e�s�s�f�u�l� �i�n� �d�e�s�c�r�i�b�i�n�g� �t�h�e� �P�V�T� 

�b�e�h�a�v�i�o�r� �o�f� �p�o�l�y�m�e�r� �m�e�l�t�s� �a�n�d� �g�l�a�s�s�e�s�,� �i�t� �w�i�l�l� �o�n�l�y� �b�r�i�e�f�l�y� �b�e� �d�i�s�c�u�s�s�e�d� �h�e�r�e� �s�i�n�c�e� �i�t� �i�s� �a� 

�m�o�r�e� �c�o�m�p�l�e�x� �m�o�d�e�l� �a�n�d� �p�r�o�v�i�d�e�s� �l�i�t�t�l�e� �a�d�d�i�t�i�o�n�a�l� �c�o�n�c�e�p�t�u�a�l� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �f�r�e�e� �v�o�l�u�m�e�.� 

�T�h�i�s� �m�o�d�e�l� �i�s� �b�a�s�e�d� �o�n� �a� �c�e�l�l� �m�o�d�e�l� �f�o�r� �t�h�e� �p�o�l�y�m�e�r� �l�i�q�u�i�d� �w�h�e�r�e� �t�h�e� �r�e�p�e�a�t� �u�n�i�t�s� �a�r�e� 

�c�o�n�f�i�n�e�d� �t�o� �e�a�c�h� �c�e�l�l�.� �E�m�p�t�y� �c�e�l�l�s� �a�r�e� �a�l�l�o�w�e�d� �i�n� �o�r�d�e�r� �t�o� �s�i�m�u�l�a�t�e� �h�o�l�e�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �a� 

�L�e�n�n�a�r�d�-�J�o�n�e�s� �c�e�l�l� �p�o�t�e�n�t�i�a�l� �i�s� �a�p�p�l�i�e�d� �t�o� �a�c�c�o�u�n�t� �f�o�r� �s�e�g�m�e�n�t�a�l� �m�t�e�r�a�c�t�i�o�n�s�.� �T�h�e� 

�r�e�s�u�l�t�i�n�g� �c�a�n�o�n�i�c�a�l� �p�a�r�t�i�t�i�o�n� �f�u�n�c�t�i�o�n� �i�s� �t�h�e�n� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �w�h�i�c�h� �t�h�e� �H�e�l�m�h�o�l�t�z� �f�r�e�e� 

�e�n�e�r�g�y� �c�a�n� �b�e� �d�i�r�e�c�t�l�y� �c�a�l�c�u�l�a�t�e�d�.� �F�r�e�e� �v�o�l�u�m�e�s� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �q�u�a�n�t�i�t�a�t�i�v�e�l�y� �w�i�t�h� �t�h�e� 

�m�o�d�e�l� �a�n�d� �e�x�c�e�l�l�e�n�t� �a�g�r�e�e�m�e�n�t� �i�s� �f�o�u�n�d� �w�i�t�h� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a�.� �A�l�s�o�,� �n�o� �a�s�s�u�m�p�t�i�o�n�s� �a�r�e� 

�m�a�d�e� �a�b�o�u�t� �t�h�e� �c�o�n�s�t�a�n�c�y� �o�f� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �b�e�l�o�w� �T�,� �u�n�l�i�k�e� �t�h�e� �o�t�h�e�r� �f�r�e�e� �v�o�l�u�m�e� 

�m�o�d�e�l�s�.� �T�h�e� �b�i�g�g�e�s�t� �d�r�a�w�b�a�c�k� �w�i�t�h� �t�h�e� �m�o�d�e�l� �i�s� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �c�a�n�n�o�t� 

�b�e� �p�r�e�d�i�c�t�e�d� �a� �p�r�i�o�r�i� �b�u�t� �i�n�s�t�e�a�d�,� �m�u�s�t� �c�o�m�e� �f�r�o�m� �a� �k�i�n�e�t�i�c� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�s�. �� 

�A�s� �w�i�t�h� �t�h�e� �t�h�e�r�m�o�d�y�n�a�m�i�c� �m�o�d�e�l�s�,� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �t�h�e�o�r�i�e�s� �a�r�e� �a�l�s�o� �a�b�l�e� �t�o� 

�s�u�c�c�e�s�s�f�u�l�l�y� �p�r�e�d�i�c�t� �f�e�a�t�u�r�e�s� �s�u�c�h� �a�s� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�, ��  ��°� 

�c�r�o�s�s�l�i�n�k�i�n�g�, � ��  ��*� �a�n�d� �c�o�m�p�o�s�i�t�i�o�n � � � �� �o�n� �T�,�.� �W�h�e�r�e� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �t�h�e�o�r�y� �d�i�f�f�e�r�s� 

�d�r�a�m�a�t�i�c�a�l�l�y� �w�i�t�h� �t�h�e� �G�i�b�b�s�-�D�i�M�a�r�z�i�o� �t�h�e�o�r�y� �i�s� �i�n� �t�h�e� �t�r�e�a�t�m�e�n�t� �o�f� �d�e�f�o�r�m�a�t�i�o�n�.� �T�h�e� �f�r�e�e� 

�v�o�l�u�m�e� �t�h�e�o�r�y� �p�r�e�d�i�c�t�s� �t�h�a�t� �m�o�b�i�l�i�t�y� �w�i�l�l� �i�n�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �f�r�e�e� �v�o�l�u�m�e�,� �o�t�h�e�r� 

�f�a�c�t�o�r�s� �b�e�i�n�g� �e�q�u�a�l�.� �D�u�r�i�n�g� �m�o�s�t� �m�o�d�e�s� �o�f� �d�e�f�o�r�m�a�t�i�o�n�,� �d�i�l�a�t�a�t�i�o�n� �w�i�l�l� �o�c�c�u�r� �c�a�u�s�i�n�g� �a�n� 
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�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �s�a�m�p�l�e� �v�o�l�u�m�e� �a�n�d� �t�h�e�r�e�f�o�r�e� �a�n� �i�n�c�r�e�a�s�e� �i�n� �f�r�e�e� �v�o�l�u�m�e�.� �T�h�e� �e�x�c�e�p�t�i�o�n�s� 

�t�o� �t�h�i�s� �a�r�e� �p�u�r�e� �s�h�e�a�r� �w�h�e�r�e� �t�h�e� �v�o�l�u�m�e� �c�h�a�n�g�e� �i�s� �z�e�r�o�,� �a�n�d� �c�o�m�p�r�e�s�s�i�o�n� �w�h�e�r�e� �a� �d�e�c�r�e�a�s�e� 

�i�n� �v�o�l�u�m�e� �w�i�l�l� �o�c�c�u�r�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �t�h�e�o�r�y� �p�r�e�d�i�c�t�s� �a� �l�o�w�e�r�i�n�g� �o�f� �T�,� 

�w�i�t�h� �o�r�i�e�n�t�a�t�i�o�n�.� �T�h�i�s� �i�s� �n�o�t� �g�e�n�e�r�a�l�l�y� �f�o�u�n�d� �t�o� �b�e� �t�h�e� �c�a�s�e�;� �a�l�t�h�o�u�g�h�,� �a�s� �m�e�n�t�i�o�n�e�d� 

�e�a�r�l�i�e�r�,� �t�h�e�r�e� �a�r�e� �d�a�t�a� �s�u�p�p�o�r�t�i�n�g� �b�o�t�h� �t�h�e�o�r�i�e�s�. �� 

�A�l�t�h�o�u�g�h� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �t�h�e�o�r�i�e�s� �a�r�e� �g�e�n�e�r�a�l�l�y� �t�h�e� �m�o�r�e� �u�n�i�v�e�r�s�a�l�l�y� �a�p�p�l�i�e�d� 

�t�h�e�o�r�i�e�s ��p�a�r�t�i�c�u�l�a�r�l�y� �w�h�e�n� �e�x�p�l�a�m�i�n�g� �p�h�y�s�i�c�a�l� �a�g�i�n�g ��t�h�e�r�e� �a�r�e� �a� �n�u�m�b�e�r� �o�f� �s�t�r�o�n�g� 

�a�r�g�u�m�e�n�t�s� �a�g�a�i�n�s�t� �t�h�e�m�.� �W�i�l�l�i�a�m�s�, �� �f�o�r� �e�x�a�m�p�l�e�,� �h�a�s� �s�h�o�w�n� �f�o�r� �P�M�M�A� �t�h�a�t� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �B�-�r�e�l�a�x�a�t�i�o�n� �i�s� �s�i�m�i�l�a�r� �u�n�d�e�r� �b�o�t�h� �c�o�n�s�t�a�n�t� 

�p�r�e�s�s�u�r�e� �a�n�d� �c�o�n�s�t�a�n�t� �v�o�l�u�m�e� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �s�a�m�e� �a�l�s�o� �h�o�l�d�s� �t�r�u�e� �f�o�r� �p�o�l�y�p�r�o�p�y�l�e�n�e� 

�o�x�i�d�e�.� �F�r�e�e� �v�o�l�u�m�e� �i�s� �e�x�p�e�c�t�e�d� �t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �u�n�d�e�r� �i�s�o�b�a�r�i�c� �h�e�a�t�i�n�g� �b�u�t� 

�r�e�m�a�i�n� �c�o�n�s�t�a�n�t� �u�n�d�e�r� �i�s�o�c�h�o�r�i�c� �h�e�a�t�i�n�g�.� �T�h�e�r�e�f�o�r�e�,� �i�f� �m�o�b�i�l�i�t�y� �i�s� �i�n�d�e�e�d� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� 

�a�m�o�u�n�t� �o�f� �f�r�e�e� �v�o�l�u�m�e�,� �t�h�e�n� �i�s�o�c�h�o�r�i�c� �h�e�a�t�i�n�g� �s�h�o�u�l�d� �p�r�o�d�u�c�e� �l�i�t�t�l�e� �o�r� �n�o� �c�h�a�n�g�e� �i�n� 

�m�o�b�i�l�i�t�y�,� �a�n�d� �c�o�n�s�e�q�u�e�n�t�l�y�,� �n�o� �t�e�m�p�e�r�a�t�u�r�e� �s�h�i�f�t�i�n�g� �o�f� �t�h�e� �B�-�t�r�a�n�s�i�t�i�o�n�.� �I�n� �c�o�n�t�r�a�s�t�,� �t�h�e� 

�i�s�o�b�a�r�i�c�a�l�l�y� �h�e�a�t�e�d� �s�a�m�p�l�e�s�,� �w�h�i�c�h� �s�h�o�u�l�d� �s�h�o�w� �a�n� �i�n�c�r�e�a�s�e� �i�n� �m�o�b�i�l�i�t�y� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e�,� 

�a�r�e� �e�x�p�e�c�t�e�d� �t�o� �e�x�h�i�b�i�t� �a� �s�i�g�n�i�f�i�c�a�n�t� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �s�h�i�f�t� �i�n� �t�h�e� �B�-�r�e�l�a�x�a�t�i�o�n� �(�w�h�i�c�h� 

�i�s� �o�b�s�e�r�v�e�d� �e�x�p�e�r�i�m�e�n�t�a�l�l�y�)�.� �I�t� �w�a�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �w�a�s� �n�o�t� �a� 

�u�n�i�q�u�e� �f�u�n�c�t�i�o�n� �o�f� �v�o�l�u�m�e� �a�n�d� �t�h�e� �r�e�l�a�t�i�o�n�s� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r� �s�u�c�h� �a�s� �(�2�.� �1�-�1�5�)� �s�h�o�u�l�d� �b�e� 

�b�a�s�e�d� �o�n� �m�o�r�e� �f�u�n�d�a�m�e�n�t�a�l� �q�u�a�n�t�i�t�i�e�s� �t�h�a�n� �t�h�e� �f�r�e�e� �v�o�l�u�m�e�. �� �S�t�r�u�i�k� �a�l�s�o� �p�r�o�v�i�d�e�s� �a�n� 

�a�s�s�e�s�s�m�e�n�t� �o�f� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �c�o�n�c�e�p�t�,� �p�a�r�t�i�c�u�l�a�r�l�y� �w�h�e�r�e� �i�t� �r�e�l�a�t�e�s� �t�o� �p�h�y�s�i�c�a�l� �a�g�i�n�g�. ��"� 

�H�e� �a�r�r�i�v�e�s� �a�t� �s�i�m�i�l�a�r� �c�o�n�c�l�u�s�i�o�n�s� �s�t�a�t�i�n�g� �t�h�a�t� �t�h�e� �i�n�a�d�e�q�u�a�c�i�e�s� �o�f� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �m�o�d�e�l�s� 

�c�o�m�e� �a�b�o�u�t� �d�u�e� �t�o� �t�h�e� �o�v�e�r�s�i�m�p�l�i�f�y�i�n�g� �a�s�s�u�m�p�t�i�o�n�s� �m�a�d�e� �i�n� �t�h�e�i�r� �a�p�p�l�i�c�a�t�i�o�n� �a�n�d� 

�d�e�r�i�v�a�t�i�o�n�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�e� �u�s�e� �o�f� �o�n�l�y� �t�h�e� �a�v�e�r�a�g�e� �f�r�e�e� �v�o�l�u�m�e� �w�i�t�h� �n�o� �a�c�c�o�u�n�t�i�n�g� �f�o�r� 

�t�h�e� �h�o�l�e� �d�i�s�t�r�i�b�u�t�i�o�n� �p�r�o�v�i�d�e�s� �a� �p�o�o�r� �r�e�l�a�t�i�o�n� �t�o� �t�h�e� �s�y�s�t�e�m� �m�o�b�i�l�i�t�y�.� 
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�2�.�2� �P�h�y�s�i�c�a�l� �A�g�i�n�g� 

�T�h�i�s� �s�e�c�t�i�o�n� �w�i�l�l� �f�o�c�u�s� �o�n� �t�h�e� �v�a�r�i�o�u�s� �a�s�p�e�c�t�s� �o�f� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �i�n�c�l�u�d�i�n�g� �a� �d�i�s�c�u�s�s�i�o�n� 

�o�f� �s�o�m�e� �o�f� �t�h�e� �m�o�r�e� �c�o�m�m�o�n� �m�e�t�h�o�d�s� �o�f� �m�e�a�s�u�r�i�n�g� �a�g�i�n�g� �s�u�c�h� �a�s� �d�i�l�a�t�o�m�e�t�r�y�,� �m�e�c�h�a�n�i�c�a�l� 

�p�r�o�p�e�r�t�y� �m�e�a�s�u�r�e�m�e�n�t�s�,� �a�n�d� �c�a�l�o�r�i�m�e�t�r�y�.� �O�t�h�e�r� �m�o�r�e� �i�n�d�i�r�e�c�t� �m�e�t�h�o�d�s� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� 

�w�h�e�r�e� �a�p�p�l�i�c�a�b�l�e�.� �A� �r�e�v�i�e�w� �o�f� �p�o�s�i�t�r�o�n� �a�n�n�i�h�i�l�a�t�i�o�n� �i�s� �a�l�s�o� �i�n�c�l�u�d�e�d� �b�e�c�a�u�s�e� �o�f� �i�t�s� 

�a�p�p�l�i�c�a�t�i�o�n� �t�o� �t�h�i�s� �s�t�u�d�y�.� 

�2�.�2�.�1� �G�e�n�e�r�a�l� �A�s�p�e�c�t�s� �o�f� �P�h�y�s�i�c�a�l� �A�g�i�n�g� 

�P�h�y�s�i�c�a�l� �a�g�i�n�g� �i�s� �t�h�e� �p�h�y�s�i�c�a�l� �m�a�n�i�f�e�s�t�a�t�i�o�n� �o�f� �a� �n�o�n�-�e�q�u�i�l�i�b�r�i�u�m� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n�.� �A�s� 

�t�h�e� �s�a�m�p�l�e� �g�r�a�d�u�a�l�l�y� �m�o�v�e�s� �t�o�w�a�r�d� �i�t�s� �e�q�u�i�l�i�b�r�i�u�m� �g�l�a�s�s�y� �s�t�a�t�e�,� �p�r�o�p�e�r�t�i�e�s� �c�h�a�n�g�e� �w�i�t�h� 

�t�i�m�e� �r�e�f�l�e�c�t�i�n�g� �t�h�e� �e�f�f�e�c�t�s� �o�f� �d�e�c�r�e�a�s�e�d� �f�r�e�e� �v�o�l�u�m�e� �a�n�d� �r�e�d�u�c�e�d� �m�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y�.� �I�t� �i�s� 

�t�h�e�s�e� �t�i�m�e� �d�e�p�e�n�d�e�n�t� �c�h�a�n�g�e�s� �w�h�i�c�h� �c�o�n�s�t�i�t�u�t�e�  ��p�h�y�s�i�c�a�l� �a�g�i�n�g�. �� �F�o�r� �a� �b�e�t�t�e�r� 

�u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �p�r�o�c�e�s�s�,� �t�h�e� �r�e�a�d�e�r� �i�s� �r�e�f�e�r�r�e�d� �t�o� �F�i�g�u�r�e� �2�.�2�-�1�.� �H�e�r�e�,� 

�b�o�t�h� �f�r�e�e� �v�o�l�u�m�e� �a�n�d� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �t�,� �a�r�e� �p�l�o�t�t�e�d� �v�e�r�s�u�s� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �a� �s�a�m�p�l�e� 

�q�u�e�n�c�h�e�d� �f�r�o�m� �a� �t�e�m�p�e�r�a�t�u�r�e� �a�b�o�v�e� �T�,� �(�d�e�n�o�t�e�d� �a�s� �T�,�)� �t�o� �a�n� �a�n�n�e�a�l�i�n�g�/�a�g�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� 

�T�,� �w�h�i�c�h� �i�s� �b�e�l�o�w� �T�,�.�°�?� �A�b�o�v�e� �T�,�,� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �a�n�d� �f�r�e�e� �v�o�l�u�m�e� �f�o�l�l�o�w� �t�h�e� 

�p�r�e�d�i�c�t�i�o�n�s� �o�f� �t�h�e� �W�L�F� �e�q�u�a�t�i�o�n� �(�a�n�d� �r�e�l�a�t�e�d� �e�q�u�a�t�i�o�n�s�)� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�.� �H�o�w�e�v�e�r�,� �a�s� 

�t�h�e� �s�a�m�p�l�e� �i�s� �q�u�e�n�c�h�e�d� �t�h�r�o�u�g�h� �T�,� �a� �n�o�t�i�c�e�a�b�l�e� �c�h�a�n�g�e� �o�c�c�u�r�s�.� �I�n� �t�h�e� �g�l�a�s�s�y� �s�t�a�t�e�,� �t�h�e� �f�r�e�e� 

�v�o�l�u�m�e� �i�s� �f�r�o�z�e�n� �i�n� �a�t� �a� �n�e�a�r�l�y� �c�o�n�s�t�a�n�t� �v�a�l�u�e�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �a�m�o�u�n�t� �o�f� �f�r�e�e� �v�o�l�u�m�e� 

�c�h�a�n�g�e�s� �o�n�l�y� �s�l�i�g�h�t�l�y� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e�.� �I�f�t�h�e� �s�a�m�p�l�e� �i�s� �a�n�n�e�a�l�e�d� �(�i�n� �t�h�e� �g�l�a�s�s�)� �a�t� �a� 

�t�e�m�p�e�r�a�t�u�r�e� �T�,�,� �a� �f�u�r�t�h�e�r� �d�e�c�r�e�a�s�e� �i�n� �f�r�e�e� �v�o�l�u�m�e� �w�i�l�l� �o�c�c�u�r� �o�v�e�r� �t�i�m�e�.� �T�h�i�s� �g�r�a�d�u�a�l� 

�d�e�c�r�e�a�s�e� �i�s� �e�s�s�e�n�t�i�a�l�l�y� �t�h�e� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �p�r�o�c�e�s�s�.� �A�g�i�n�g� �i�s� �r�e�l�a�t�i�v�e�l�y� �s�l�o�w� �b�e�c�a�u�s�e� �o�f� �t�h�e� 

�l�o�w� �m�o�b�i�l�i�t�y� �o�f� �t�h�e� �g�l�a�s�s�y� �p�h�a�s�e�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �c�h�a�n�g�e� �i�n� �f�r�e�e� �v�o�l�u�m�e� �b�r�o�u�g�h�t� �a�b�o�u�t� �b�y� 

�p�h�y�s�i�c�a�l� �a�g�i�n�g� �i�s� �s�m�a�l�l� �i�n� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �t�h�e� �c�h�a�n�g�e� �i�n� �f�r�e�e� �v�o�l�u�m�e� �f�r�o�m�,� �f�o�r� �e�x�a�m�p�l�e�,� �a� 

�1�0�°�C� �t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e� �m� �t�h�e� �r�u�b�b�e�r�y� �s�t�a�t�e�.� �A�l�t�h�o�u�g�h� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �c�h�a�n�g�e� �d�u�r�i�n�g� 

�a�g�i�n�g� �i�s� �s�m�a�l�l�,� �i�t� �c�a�n� �s�t�i�l�l� �h�a�v�e� �a� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �t�h�e� �m�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y�.� �T�h�i�s� �i�s� 

�r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �i�n�c�r�e�a�s�e� �m� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �p�o�r�t�r�a�y�e�d� �i�n� �F�i�g�u�r�e� �2�.�2�-�1�.� �T�h�e�s�e� �r�e�l�a�x�a�t�i�o�n� 
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�F�i�g�u�r�e� �2�.�2�-�1�.� �F�r�e�e� �v�o�l�u�m�e� �a�n�d� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �d�e�p�e�n�d�e�n�c�e� �f�o�r� �c�o�o�l�i�n�g� 

�t�h�r�o�u�g�h� �T�g� �(�f�r�o�m� �J�.� �G�.� �R�i�d�e�r� �a�n�d� �E�.� �H�a�r�g�r�e�a�v�e�s�,� �J�.� �P�h�y�s�.� 
�D�:� �A�p�p�l�.� �P�h�y�s�.� �3�,� �9�9�3� �(�1�9�7�0�)�)�.� 
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�t�i�m�e� �s�h�i�f�t�s� �(�i�.�e�.� �d�e�c�r�e�a�s�e�s� �i�n� �m�o�b�i�l�i�t�y�)� �c�a�n� �l�e�a�d� �t�o� �t�h�e� �o�f�t�e�n� �d�r�a�m�a�t�i�c� �c�h�a�n�g�e�s� �i�n� �v�a�r�i�o�u�s� 

�p�h�y�s�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �s�e�e�n� �w�i�t�h� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �s�u�c�h� �a�s� �t�h�e� �d�u�c�t�i�l�e�-�b�r�i�t�t�l�e� �t�r�a�n�s�i�t�i�o�n�.� 

�T�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �f�r�e�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �o�c�c�u�r�s� �i�s� �v�e�r�y� �m�u�c�h� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �a�g�i�n�g�,� �p�a�r�t�i�c�u�l�a�r�l�y� �i�t�s� �p�r�o�x�i�m�i�t�y� �t�o� �T�,�.� �G�e�n�e�r�a�l�l�y� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �w�i�l�l� 

�r�e�s�u�l�t� �i�n� �f�a�s�t�e�r� �a�g�i�n�g� �t�h�a�n� �l�o�w�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �b�u�t� �t�h�e�r�e� �a�r�e� �e�x�c�e�p�t�i�o�n�s�.� �F�o�r� �t�e�m�p�e�r�a�t�u�r�e�s� 

�v�e�r�y� �c�l�o�s�e� �t�o� �T�,� �(�w�i�t�h�i�n� �5� �t�o� �1�0�°�C�)�,� �t�h�e�r�e� �i�s� �a�c�t�u�a�l�l�y� �a� �d�e�c�r�e�a�s�e� �i�n� �e�f�f�e�c�t�i�v�e� �a�g�i�n�g� �s�i�n�c�e� �t�h�e� 

�s�a�m�p�l�e� �i�s� �a�l�r�e�a�d�y� �v�e�r�y� �c�l�o�s�e� �t�o� �e�q�u�i�l�i�b�r�i�u�m�. � �� �F�o�r� �v�e�r�y� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s ��i�n� �p�a�r�t�i�c�u�l�a�r� 

�b�e�l�o�w� �t�h�e� �s�e�c�o�n�d�a�r�y� �t�r�a�n�s�i�t�i�o�n� �T�, ��t�h�e� �a�g�i�n�g� �r�a�t�e� �b�e�g�i�n�s� �t�o� �d�e�c�r�e�a�s�e� �a�s� �w�e�l�l�.� �S�e�g�m�e�n�t�a�l� 

�m�o�b�i�l�i�t�y� �d�e�c�r�e�a�s�e�s� �c�o�n�s�i�d�e�r�a�b�l�y� �b�e�l�o�w� �T�,� �d�u�e� �t�o� �a� �l�a�c�k� �o�f� �s�u�f�f�i�c�i�e�n�t� �f�r�e�e� �v�o�l�u�m�e�.� �E�v�e�n� 

�t�h�o�u�g�h� �s�e�c�o�n�d�a�r�y� �t�r�a�n�s�i�t�i�o�n�s� �m�a�y� �s�t�i�l�l� �p�e�r�s�i�s�t� �b�e�l�o�w� �T�,�,� �t�h�e�y� �d�o� �n�o�t� �c�a�u�s�e� �s�i�g�n�i�f�i�c�a�n�t� �-� 

�p�o�l�y�m�e�r� �a�g�i�n�g� �s�i�n�c�e� �t�h�e�y� �a�p�p�a�r�e�n�t�l�y� �d�o� �n�o�t� �c�a�u�s�e� �a� �c�h�a�n�g�e� �i�n� �f�r�e�e� �v�o�l�u�m�e� �a�n�d�/�o�r� 

�r�e�l�a�x�a�t�i�o�n� �b�e�h�a�v�i�o�r�. � � �� 

�A�n�o�t�h�e�r� �f�a�c�t�o�r� �a�l�l�u�d�e�d� �t�o� �i�n� �F�i�g�u�r�e� �2�.�2�-�1� �i�s� �t�h�e� �r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �f�r�e�e� �v�o�l�u�m�e� �a�n�d� 

�m�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y� �(�o�r� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�)� �i�n� �t�h�e� �g�l�a�s�s�y� �s�t�a�t�e�.� �M�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y� �i�s� �n�o�t�h�i�n�g� 

�m�o�r�e� �t�h�a�n� �t�h�e� �i�n�v�e�r�s�e� �o�f� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �t�.� �T�h�e� �m�o�s�t� �g�e�n�e�r�a�l� �r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �f�r�e�e� 

�v�o�l�u�m�e� �f�r�a�c�t�i�o�n� �f�f�v�,� �a�n�d� �m�o�b�i�l�i�t�y� �M�4�,� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �S�t�r�u�i�k�, �� �i�s� 

�B�(�T�)� 
�S�f�"� 

�w�h�e�r�e� �A� �i�s� �a� �c�o�n�s�t�a�n�t�,� �B� �a�n�d� �a�r�e� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �f�u�n�c�t�i�o�n�s�,� �a�n�d� �¥� �1�s� �a� �p�o�s�i�t�i�v�e� 

�n�M� �=�A�-� � � �+� �9�(�T�)� �(�2�.�2�-� �1�)� 

�e�x�p�o�n�e�n�t�.� �T�h�i�s� �e�q�u�a�t�i�o�n� �c�a�n� �b�e� �r�e�d�u�c�e�d� �i�n�t�o� �a� �n�u�m�b�e�r� �o�f� �m�o�r�e� �c�o�m�m�o�n� �f�o�r�m�s� �w�i�t�h� �t�h�e� 

�p�r�o�p�e�r� �c�h�o�i�c�e� �o�f� �c�o�n�s�t�a�n�t�s�.� �F�o�r� �m�s�t�a�n�c�e�,� �i�f� �B�(�T�)� �a�n�d� �$�(�T�)� �a�r�e� �t�a�k�e�n� �a�s� �c�o�n�s�t�a�n�t�s�,� �a�n�d� �y� 

�=� �1�,� �o�n�e� �o�b�t�a�i�n�s� �t�h�e� �T�u�r�n�b�u�l�l�-�C�o�h�e�n�-�D�o�o�l�i�t�t�l�e�-�W�L�F� �m�o�d�e�l�s�.� �I�f� �i�m�s�t�e�a�d�,� �o�(�T�)� �i�s� �t�a�k�e�n� �a�s� �-� 

�H�/�R�T� �w�h�e�r�e� �H� �i�s� �a�n� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y�,� �o�n�e� �o�b�t�a�i�n�s� �t�h�e� �L�i�t�o�v�i�t�z�-�M�a�c�e�d�o� �m�o�d�e�l�. �� �F�i�n�a�l�l�y�,� 

�i�f� �(�T�)� �a�n�d� �B�(�T�)� �a�r�e� �b�o�t�h� �t�a�k�e�n� �a�s� �c�o�n�s�t�a�n�t�s� �b�u�t� �i�s� �e�q�u�a�l� �t�o� �2�,� �o�n�e� �o�b�t�a�i�n�s� �t�h�e� �B�u�e�c�h�e� 

�m�o�d�e�l�.� �*� �*�°� 
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�A�n�o�t�h�e�r� �c�o�n�c�e�p�t� �i�m�p�o�r�t�a�n�t� �t�o� �t�h�e� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �i�s� �t�h�a�t� �o�f� �t�h�e� �s�e�l�f�-� 

�l�i�m�i�t�i�n�g� �p�r�o�c�e�s�s�.� �A�s� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�,� �m�o�b�i�l�i�t�y� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �f�r�e�e� �v�o�l�u�m�e�.� 

�S�t�r�u�i�k� �h�a�s� �s�u�g�g�e�s�t�e�d� �a�n� �i�n�v�e�r�s�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �m�o�b�i�l�i�t�y� �a�n�d� �a�g�i�n�g� �t�i�m�e� �¢�,�,�°�°� 

�M� �~� �~� �(�2�.�2�-� �2�)� 
�e� 

�w�h�e�r�e� �K� �i�s� �a� �p�r�o�p�o�r�t�i�o�n�a�l�i�t�y� �c�o�n�s�t�a�n�t�.� �N�o�t�e� �t�h�a�t� �t�h�i�s� �e�q�u�a�t�i�o�n� �i�s� �n�o�t� �v�a�l�i�d� �n�e�a�r� 

�e�q�u�i�l�i�b�r�t�u�m�.� �W�i�t�h� �t�h�i�s� �i�n� �m�i�n�d�,� �t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �r�e�l�a�x�e�s� �d�e�p�e�n�d�s� �o�n� �t�h�e� 

�i�n�s�t�a�n�t�a�n�e�o�u�s� �m�o�b�i�l�i�t�y� �o�f� �t�h�e� �s�y�s�t�e�m�.� �A�c�c�o�r�d�i�n�g�l�y�,� �a�s� �f�r�e�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �p�r�o�c�e�e�d�s�,� 

�t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �i�t� �c�h�a�n�g�e�s� �c�o�n�t�i�n�u�e�s� �t�o� �d�i�m�i�n�i�s�h�.� �T�h�i�s� �i�s� �w�h�a�t� �i�s� �m�e�a�n�t� �b�y� �a� �s�e�l�f�-�l�i�m�i�t�i�n�g� 

�p�r�o�c�e�s�s�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �i�t� �w�i�l�l� �t�a�k�e� �n�e�a�r� �i�n�f�i�n�i�t�e� �t�i�m�e�s� �i�n� �m�o�s�t� �c�a�s�e�s� �f�o�r� �t�h�e� �s�y�s�t�e�m� �t�o� �e�v�e�r� 

�r�e�a�c�h� �e�q�u�i�l�i�b�r�i�u�m�.� �H�o�w�e�v�e�r�,� �a� �r�e�c�e�n�t� �s�t�u�d�y� �b�y� �W�i�m�b�e�r�g�e�r�-�F�r�i�e�d�l� �a�n�d� �d�e� �B�r�u�i�n �� �i�n�d�i�c�a�t�e�s� 

�t�h�a�t� �s�e�l�f�-�l�i�m�i�t�a�t�i�o�n� �m�a�y� �b�e� �f�i�n�i�t�e�.� �V�o�l�u�m�e�t�r�i�c� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �b�i�s�p�h�e�n�o�l�-�A� �p�o�l�y�c�a�r�b�o�n�a�t�e� 

�s�h�o�w�e�d� �t�h�a�t� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e�s� �a�c�t�u�a�l�l�y� �b�e�g�a�n� �t�o� �i�n�c�r�e�a�s�e� �a�g�a�i�n� �a�f�t�e�r� �1�0 �� �s�e�c�o�n�d�s� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e�-�-�p�o�s�s�i�b�l�y� �t�h�e� �r�e�s�u�l�t� �o�f� �p�a�s�s�m�g� �t�h�r�o�u�g�h� �t�h�e� �o�-�r�e�l�a�x�a�t�i�o�n�.� �T�h�i�s� �f�i�n�d�i�n�g� �h�a�s� 

�e�x�t�r�e�m�e�l�y� �i�m�p�o�r�t�a�n�t� �c�o�n�s�e�q�u�e�n�c�e�s� �f�o�r� �t�h�e� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �m�e�c�h�a�n�i�s�m� 

�a�n�d� �w�i�l�l� �r�e�q�u�i�r�e� �f�u�r�t�h�e�r� �m�v�e�s�t�i�g�a�t�i�o�n�.� 

�U�n�l�i�k�e� �c�h�e�m�i�c�a�l� �a�g�i�n�g�,� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �i�s� �a� �r�e�v�e�r�s�i�b�l�e� �p�r�o�c�e�s�s�.� �A�l�l� �t�h�a�t� �i�s� �n�e�e�d�e�d� �t�o� 

�e�r�a�s�e� �t�h�e� �c�u�r�r�e�n�t� �l�e�v�e�l� �o�f� �a�g�i�n�g� �i�n� �a� �s�y�s�t�e�m� �i�s� �t�o� �h�e�a�t� �i�t� �a�b�o�v�e� �i�t�s� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n�.� �T�h�e� �h�i�g�h� 

�m�o�b�i�l�i�t�y� �m� �t�h�e� �r�u�b�b�e�r�y� �s�t�a�t�e� �d�i�s�r�u�p�t�s� �t�h�e� �p�r�e�v�i�o�u�s� �f�r�e�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �p�r�o�d�u�c�i�n�g� �a�n� 

 ��a�n�a�g�e�d �� �s�a�m�p�l�e�.� �A�n�o�t�h�e�r� �w�a�y� �t�o� �e�f�f�e�c�t�i�v�e�l�y� �r�e�m�o�v�e� �a�n�y� �p�r�i�o�r� �a�g�i�n�g� �h�i�s�t�o�r�y� �i�s� �t�o� 

�m�e�c�h�a�n�i�c�a�l�l�y� �d�e�f�o�r�m� �t�h�e� �s�a�m�p�l�e� �w�i�t�h� �a� �s�u�f�f�i�c�i�e�n�t�l�y� �l�a�r�g�e� �s�t�r�a�i�n�.�*�*�*�*�~ �� �I�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�e� 

�r�e�s�u�l�t�i�n�g� �d�i�l�a�t�a�t�i�o�n� �i�s�,� �i�n� �a� �s�e�n�s�e�,� �r�e�l�a�t�e�d� �t�o� �a�n� �i�n�c�r�e�a�s�e� �i�n� �f�r�e�e� �v�o�l�u�m�e� �a�n�d� �t�h�e�r�e�f�o�r�e� �a�n� 

�i�n�c�r�e�a�s�e� �i�n� �m�o�b�i�l�i�t�y� �(�s�e�e� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �a�n�d� �G�i�b�b�s�-�D�i�M�a�r�z�i�o� �t�h�e�o�r�i�e�s� �d�i�s�c�u�s�s�e�d� 

�p�r�e�v�i�o�u�s�l�y�)�.� �H�o�w�e�v�e�r�,� �t�h�e�s�e� �r�e�s�u�l�t�s� �d�o� �n�o�t� �a�l�w�a�y�s� �f�o�l�l�o�w� �i�n�t�u�i�t�i�o�n�.� �F�o�r� �e�x�a�m�p�l�e�,� �i�t� �h�a�s� 

�b�e�e�n� �o�b�s�e�r�v�e�d� �t�h�a�t� �u�n�i�a�x�i�a�l� �c�o�m�p�r�e�s�s�i�o�n�,� �s�h�e�a�r� �d�e�f�o�r�m�a�t�i�o�n� �a�n�d� �t�e�n�s�i�l�e� �d�e�f�o�r�m�a�t�i�o�n� �a�l�l� 

�w�h�o�l�l�y� �o�r� �p�a�r�t�i�a�l�l�y� �e�r�a�s�e� �t�h�e� �p�r�e�v�i�o�u�s� �p�h�y�s�i�c�a�l� �a�g�i�n�g�.� �T�h�i�s� �i�s� �u�n�d�e�r�s�t�a�n�d�a�b�l�e� �f�o�r� �t�e�n�s�i�l�e� 

�d�e�f�o�r�m�a�t�i�o�n� �w�h�e�r�e� �d�i�l�a�t�a�t�i�o�n� �n�a�t�u�r�a�l�l�y� �o�c�c�u�r�s�.� �H�o�w�e�v�e�r�,� �s�h�e�a�r� �d�e�f�o�r�m�a�t�i�o�n� �i�s� �a� �c�o�n�s�t�a�n�t�-� 

�v�o�l�u�m�e� �p�r�o�c�e�s�s� �s�o� �n�o� �i�n�c�r�e�a�s�e� �i�n� �f�r�e�e� �v�o�l�u�m�e� �i�s� �e�x�p�e�c�t�e�d�.� �L�i�k�e�w�i�s�e�,� �h�y�d�r�o�s�t�a�t�i�c� 
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�c�o�m�p�r�e�s�s�i�o�n� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� �r�e�d�u�c�e� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �r�e�s�u�l�t�i�n�g� �i�n� �l�e�s�s� �m�o�b�i�l�i�t�y�.� 

�S�t�r�u�i�k� �h�a�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �d�e�f�o�r�m�a�t�i�o�n�s� �m�m� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �s�e�g�m�e�n�t�a�l� 

�m�o�t�i�o�n� �a�r�e� �w�h�a�t� �g�e�n�e�r�a�t�e� �t�h�e� �f�r�e�e� �v�o�l�u�m�e�. �� �T�h�i�s� �i�s� �i�r�r�e�s�p�e�c�t�i�v�e� �o�f� �t�h�e� �t�y�p�e� �o�f� �s�t�r�e�s�s� �f�i�e�l�d�.� 

�M�a�t�s�u�o�k�a� �a�n�d� �B�a�i�r� �p�e�r�f�o�r�m�e�d� �e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �p�o�l�y�c�a�r�b�o�n�a�t�e� �a�n�d� �s�a�w� �a�n� �i�n�c�r�e�a�s�e� �i�n� 

�e�n�t�h�a�l�p�y� �w�i�t�h� �s�h�e�a�r�i�n�g� �d�e�f�o�r�m�a�t�i�o�n�. �� �T�h�e�y� �a�t�t�r�i�b�u�t�e�d� �t�h�i�s� �t�o� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �f�r�e�e� 

�v�o�l�u�m�e�.� �M�a�t�s�u�o�k�a� �a�n�d� �c�o�w�o�r�k�e�r�s� �p�r�o�p�o�s�e�d� �a� �m�o�d�e�l� �r�e�l�a�t�i�n�g� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �f�r�a�c�t�i�o�n� �t�o� 

�t�h�e� �t�e�n�s�i�l�e� �s�t�r�a�i�n�  ¬�,� �a�n�d� �t�h�e� �P�o�i�s�s�o�n ��s� �r�a�t�i�o� �1�, �� 

�S�f�v� �=� �f�f�v�y�,� �+� �e�A�  �� �2�p�)� �(�2�.�2�-� �3�)� 

�a�n�d� �f�o�u�n�d� �t�h�a�t� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �s�h�i�f�t� �w�i�t�h� �s�t�r�a�i�n� �u�s�i�n�g� �t�h�i�s� �e�q�u�a�t�i�o�n� �a�n�d� �t�h�e� �W�L�F� 

�e�q�u�a�t�i�o�n�,� �a�g�r�e�e�d� �w�i�t�h� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a�.� �B�e�c�a�u�s�e� �a� �f�u�r�t�h�e�r� �d�i�s�c�u�s�s�i�o�n� �o�f� �t�h�i�s� �r�e�j�u�v�e�n�a�t�i�o�n� 

�p�r�o�c�e�s�s� �r�e�q�u�i�r�e�s� �a�n� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �m�e�t�h�o�d�s� �o�f� �c�r�e�e�p� �t�e�s�t�i�n�g� �a�n�d� �d�a�t�a� �s�h�i�f�t�i�n�g�,� �i�t� �w�i�l�l� 

�b�e� �p�o�s�t�p�o�n�e�d� �u�n�t�i�l� �t�h�e� �s�e�c�t�i�o�n� �o�n� �m�e�c�h�a�n�i�c�a�l� �t�e�s�t�i�n�g�.� 

�2�.�2�.�2� �D�i�l�a�t�o�m�e�t�r�i�c� �S�t�u�d�i�e�s� 

�D�i�l�a�t�o�m�e�t�r�i�c� �s�t�u�d�i�e�s� �p�r�o�v�i�d�e� �t�h�e� �m�o�s�t� �d�i�r�e�c�t� �m�e�t�h�o�d� �f�o�r� �s�t�u�d�y�i�n�g� �t�h�e� �c�h�a�n�g�e�s� �i�n� �f�r�e�e� 

�v�o�l�u�m�e�.� �G�e�n�e�r�a�l�l�y� �t�h�e� �p�r�o�c�e�d�u�r�e� �i�n�v�o�l�v�e�s� �e�i�t�h�e�r� �l�i�n�e�a�r� �o�r� �v�o�l�u�m�e�t�r�i�c� �d�i�l�a�t�o�m�e�t�r�y� 

�d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �t�y�p�e� �o�f� �s�a�m�p�l�e� �a�n�d� �r�e�q�u�i�r�e�d� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e�.� �B�o�t�h� �a�r�e� �s�i�m�i�l�a�r� �i�n� 

�a�c�c�u�r�a�c�y� �a�l�t�h�o�u�g�h� �t�h�e�y� �d�i�f�f�e�r� �i�n� �e�a�s�e� �o�f� �u�s�e� �a�n�d� �a�p�p�l�i�c�a�b�i�l�i�t�y�.� �T�h�e�r�e� �a�r�e� �a� �n�u�m�b�e�r� �o�f� 

�p�a�p�e�r�s� �a�v�a�i�l�a�b�l�e� �w�h�i�c�h� �d�e�s�c�r�i�b�e� �t�h�e� �d�e�t�a�i�l�e�d� �m�e�t�h�o�d�o�l�o�g�y� �i�n�v�o�l�v�e�d�. ��*� �©� �©� �V�o�l�u�m�e�t�r�i�c� 

�s�t�u�d�i�e�s� �u�s�u�a�l�l�y� �f�a�l�l� �i�n�t�o� �o�n�e� �o�f� �f�o�u�r� �c�a�t�e�g�o�r�i�e�s�:� �p�r�e�s�s�u�r�e�-�v�o�l�u�m�e�-�t�e�m�p�e�r�a�t�u�r�e� �(�P�V�T�)� �p�l�o�t�s� 

�w�h�e�r�e� �t�h�e� �s�p�e�c�i�f�i�c� �v�o�l�u�m�e� �i�s� �m�o�n�i�t�o�r�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d�/�o�r� �p�r�e�s�s�u�r�e�,� 

�i�s�o�t�h�e�r�m�a�l� �f�r�e�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s�,�  ��T�-�j�u�m�p �� �e�x�p�e�r�i�m�e�n�t�s� �w�h�e�r�e� �d�i�f�f�e�r�e�n�t� 

�c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �a�n�n�e�a�l�i�n�g� �t�i�m�e� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �a�r�e� �i�n�c�o�r�p�o�r�a�t�e�d�,� �a�n�d� �f�i�n�a�l�l�y�,� �s�t�u�d�i�e�s� 

�i�n�v�o�l�v�i�n�g� �c�o�m�b�i�n�e�d� �d�i�l�a�t�o�m�e�t�r�y� �a�n�d� �m�e�c�h�a�n�i�c�a�l� �d�e�f�o�r�m�a�t�i�o�n�.� �A� �d�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� 

�d�e�f�o�r�m�a�t�i�o�n�a�l�-�d�i�l�a�t�o�m�e�t�r�y� �w�i�l�l� �b�e� �i�n�c�l�u�d�e�d� �i�m� �t�h�e� �s�e�c�t�i�o�n� �o�n� �m�e�c�h�a�n�i�c�a�l� �t�e�s�t�i�n�g�.� 
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�2�.�2�.�2�.�1� �P�r�e�s�s�u�r�e�-�V�o�l�u�m�e�-�T�e�m�p�e�r�a�t�u�r�e� �S�t�u�d�i�e�s� 

�P�V�T� �m�e�a�s�u�r�e�m�e�n�t�s� �h�a�v�e� �g�e�n�e�r�a�l�l�y� �b�e�e�n� �m�o�s�t� �u�s�e�f�u�l� �i�n� �t�h�e� �s�t�u�d�y� �o�f� �t�h�e� �g�l�a�s�s� 

�t�r�a�n�s�i�t�i�o�n�,� �p�a�r�t�i�c�u�l�a�r�l�y� �w�h�e�n� �s�t�u�d�y�i�n�g� �t�h�e� �e�f�f�e�c�t�s� �o�f� �c�o�o�l�i�n�g� �r�a�t�e� �a�n�d� �p�r�e�s�s�u�r�e� �o�n� 

�T�, ��  ��©� �£�7 �� �T�h�e�s�e� �m�e�a�s�u�r�e�m�e�n�t�s�,� �w�h�i�l�e� �o�n�l�y� �i�n�d�i�r�e�c�t�l�y� �r�e�l�a�t�e�d� �t�o� �p�h�y�s�i�c�a�l� �a�g�i�n�g�,� �s�t�i�l�l� 

�p�r�o�v�i�d�e� �s�o�m�e� �r�e�l�e�v�a�n�t� �i�n�f�o�r�m�a�t�i�o�n�.� �F�o�r� �e�x�a�m�p�l�e�,� �F�i�g�u�r�e� �2�.�2�-�2� �s�h�o�w�s� �t�h�e� �e�f�f�e�c�t� �o�f� 

�c�o�o�l�i�n�g� �r�a�t�e� �o�n� �t�h�e� �m�e�a�s�u�r�e�d� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �i�n� �a�d�d�i�t�i�o�n� �t�o� �s�h�o�w�i�n�g� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�n� 

�e�q�u�i�l�i�b�r�i�u�m� �v�o�l�u�m�e� �l�i�n�e� �i�n� �g�l�a�s�s�e�s�.� �D�i�l�a�t�o�m�e�t�r�i�c� �P�V�T� �m�e�a�s�u�r�e�m�e�n�t�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� 

�u�s�e�d� �b�y� �G�r�e�i�n�e�r� �a�n�d� �S�c�h�a�r�z�l� �t�o� �d�e�t�e�c�t� �s�e�c�o�n�d�a�r�y� �t�r�a�n�s�i�t�i�o�n�s� �i�n� �a� �n�u�m�b�e�r� �o�f� �g�l�a�s�s�y� 

�p�o�l�y�m�e�r�s�. �� �F�i�g�u�r�e� �2�.�2�-�3� �s�h�o�w�s� �a� �t�y�p�i�c�a�l� �p�l�o�t� �o�f� �s�p�e�c�i�f�i�c� �v�o�l�u�m�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �p�o�l�y�c�a�r�b�o�n�a�t�e�.� �F�r�o�m� �t�h�i�s� �d�a�t�a�,� �t�h�e�r�m�a�l� �e�x�p�a�n�s�i�o�n� �c�o�e�f�f�i�c�e�n�t�s� �c�a�n� �b�e� 

�d�e�t�e�r�m�i�n�e�d� �w�h�i�c�h� �c�a�n� �t�h�e�n� �b�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �e�x�p�a�n�s�i�o�n� �c�o�e�f�f�i�c�e�n�t�.� 

�2�.�2�.�2�.�4� �I�s�o�t�h�e�r�m�a�l� �V�o�l�u�m�e�t�r�i�c� �S�t�u�d�i�e�s� 

�I�s�o�t�h�e�r�m�a�l� �s�t�u�d�i�e�s� �o�f� �f�r�e�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �a�r�e� �p�r�o�b�a�b�l�y� �t�h�e� �m�o�s�t� �c�o�m�m�o�n� �a�n�d� 

�e�a�s�i�e�s�t� �m�e�t�h�o�d�s� �f�o�r� �s�t�u�d�y�i�n�g� �p�h�y�s�i�c�a�l� �a�g�i�n�g�.� �H�e�r�e�,� �t�h�e� �s�a�m�p�l�e� �i�s� �u�s�u�a�l�l�y� �q�u�e�n�c�h�e�d� �f�r�o�m� 

�a�b�o�v�e� �T�,� �t�o� �d�i�f�f�e�r�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�s� �i�n� �t�h�e� �g�l�a�s�s�y� �r�e�g�i�m�e�,� �a�n�d� �t�h�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� 

�m�o�n�i�t�o�r�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �a�g�i�n�g� �t�i�m�e�.� �F�i�g�u�r�e� �2�.�2�-�4� �s�h�o�w�s� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �d�a�t�a� �f�o�r� 

�p�o�l�y�s�t�y�r�e�n�e� �(�T�g� �=� �1�0�0�°�C�)� �a�t� �v�a�r�i�o�u�s� �a�g�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s�.� �N�o�t�e� �t�h�e� �l�o�g�a�r�i�t�h�m�i�c� �t�i�m�e� �s�c�a�l�e� 

�a�n�d� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �d�a�t�a� �i�s� �r�e�f�e�r�e�n�c�e�d� �t�o� �v�.�,� �t�h�e� �e�q�u�i�l�i�b�r�i�u�m� �v�o�l�u�m�e� �a�t� �t�h�e� �g�i�v�e�n� �a�g�i�n�g� 

�t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �e�q�u�i�l�i�b�r�i�u�m� �v�o�l�u�m�e� �c�a�n� �b�e� �m�e�a�s�u�r�e�d� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �o�n�l�y� �f�o�r� �s�m�a�l�l� 

�v�a�l�u�e�s� �o�f� �T�-�T�,� �(�~�3�0�°�C� �o�r� �l�e�s�s�)�.� �F�o�r� �l�a�r�g�e�r� �v�a�l�u�e�s�,� �t�h�e� �t�i�m�e� �t�o� �r�e�a�c�h� �e�q�u�i�l�i�b�r�i�u�m� �b�e�c�o�m�e�s� 

�p�r�o�h�i�b�i�t�i�v�e�l�y� �l�a�r�g�e�.� �A�n�o�t�h�e�r� �m�u�c�h� �e�a�s�i�e�r� �a�p�p�r�o�a�c�h� �i�s� �t�o� �e�x�t�r�a�p�o�l�a�t�e� �t�h�e� �s�p�e�c�i�f�i�c� �v�o�l�u�m�e� 

�c�u�r�v�e� �f�r�o�m� �t�h�e� �r�u�b�b�e�r�y� �p�h�a�s�e� �i�n�t�o� �t�h�e� �g�l�a�s�s�.� �I�n� �t�h�i�s� �c�a�s�e�,� �t�h�e� �e�x�t�r�a�p�o�l�a�t�e�d� �r�u�b�b�e�r�y� �v�o�l�u�m�e� 

�i�s� �t�h�e� �e�q�u�i�l�i�b�r�i�u�m� �v�o�l�u�m�e� �v�_�.� �O�f�t�e�n� �t�h�e� �d�a�t�a� �i�s� �r�e�f�e�r�e�n�c�e�d� �t�o� �t�h�e� �i�n�i�t�i�a�l� �v�o�l�u�m�e� �a�t� �t�h�e� �s�t�a�r�t� 

�o�f� �a�n�n�e�a�l�m�g� �m�s�t�e�a�d�.� �R�e�g�a�r�d�l�e�s�s�,� �t�h�e� �d�a�t�a� �i�s� �v�e�r�y� �c�l�o�s�e� �t�o� �l�i�n�e�a�r� �o�n� �t�h�i�s� �s�e�m�i�-�l�o�g� �p�l�o�t�.� �F�o�r� 

�t�h�i�s� �r�e�a�s�o�n�,� �a� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e� �B�,� �i�s� �d�e�f�i�n�e�d� �a�s �� 
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�(�2�.�2�-� �4�)� � � � � 
�p�=�-�1� �d�v� �_�_� �3� �d�l� 

�v� �d� �l�o�g� �t�,� �l�d� �l�o�g� �t�,� 

�w�h�e�r�e� �/� �i�s� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �s�a�m�p�l�e� �i�n� �t�h�e� �c�a�s�e� �o�f� �l�e�n�g�t�h� �d�i�l�a�t�o�m�e�t�r�y� �(�n�o�t�e� �t�h�a�t� �t�h�i�s� 

�r�e�l�a�t�i�o�n�s�h�i�p� �i�s� �v�a�l�i�d� �o�n�l�y� �f�o�r� �u�n�o�r�i�e�n�t�e�d�,� �i�s�o�t�r�o�p�i�c� �s�a�m�p�l�e�s�)�.� �T�y�p�i�c�a�l� �v�a�l�u�e�s� �f�o�r� �B� �r�a�n�g�e� 

�f�r�o�m� �1�x�1�0 �� �t�o� �9�x�1�0�*�.� �S�a�m�p�l�e� �v�a�l�u�e�s� �o�f� �B� �f�o�r� �d�i�f�f�e�r�e�n�t� �p�o�l�y�m�e�r�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �a�g�i�n�g� 

�t�e�m�p�e�r�a�t�u�r�e� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�-�5�.� �N�o�t�e� �t�h�e� �d�r�o�p� �o�f�f� �i�n� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e� �w�i�t�h�i�n� �a�b�o�u�t� 

�1�0�°�C� �o�f� �T�g�.� �A�l�s�o� �n�o�t�e� �t�h�e� �u�n�u�s�u�a�l� �b�e�h�a�v�i�o�r� �o�f� �P�M�M�A�.� �P�M�M�A� �e�x�h�i�b�i�t�s� �a� �s�e�c�o�n�d�a�r�y�,� 

�s�i�d�e�-�c�h�a�i�n� �t�r�a�n�s�i�t�i�o�n� �(�a�s� �o�p�p�o�s�e�d� �t�o� �a� �b�a�c�k�b�o�n�e� �o�r� �m�a�i�n�-�c�h�a�i�n� �m�o�t�i�o�n�)� �n�e�a�r� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e� �w�h�i�c�h� �m�a�n�i�f�e�s�t�s� �i�t�s�e�l�f� �a�s� �a� �b�u�m�p� �i�n� �t�h�e� �B� �v�e�r�s�u�s� �t�e�m�p�e�r�a�t�u�r�e� �p�l�o�t�.� �F�o�r� �P�C�,� 

�t�h�e� �d�r�o�p� �i�n� �B� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �a�t� �9�0�°�C� �c�o�r�r�e�l�a�t�e�s� �w�i�t�h� �w�h�a�t� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �a� 

�s�e�c�o�n�d�a�r�y� �m�a�i�n�-�c�h�a�i�n� �t�r�a�n�s�i�t�i�o�n�.� �T�h�e� �s�a�m�e� �h�o�l�d�s� �t�r�u�e� �f�o�r� �P�S� �a�r�o�u�n�d� �2�0� �t�o� �5�0�°�C�.� �I�n� �b�o�t�h� 

�c�a�s�e�s�,� �8� �d�e�c�r�e�a�s�e�s� �m�o�n�o�t�o�n�i�c�a�l�l�y� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �b�e�l�o�w� �t�h�i�s� �t�r�a�n�s�t�i�o�n�,� �u�n�l�i�k�e� 

�t�h�e� �t�r�e�n�d� �o�b�s�e�r�v�e�d� �w�i�t�h� �t�h�e� �s�i�d�e�-�c�h�a�i�n� �m�o�t�i�o�n� �o�f� �P�M�M�A�.� �T�h�i�s� �s�e�e�m�s� �t�o� �i�n�d�i�c�a�t�e� �t�h�a�t� �m�a�i�n� 

�c�h�a�i�n� �m�o�b�i�l�i�t�y�,� �a�s� �o�p�p�o�s�e�d� �t�o� �s�i�d�e�-�c�h�a�i�n� �m�o�b�i�l�i�t�y�,� �i�s� �t�h�e� �d�o�m�m�a�n�t� �f�a�c�t�o�r� �c�o�n�t�r�o�l�l�i�n�g� �t�h�e� 

�v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e�.� 

�A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �f� �v�a�l�u�e�s� �f�o�r� �p�o�l�y�s�t�y�r�e�n�e�,� �a�s� �o�b�t�a�i�n�e�d� �b�y� �d�i�f�f�e�r�e�n�t� �e�x�p�e�r�i�m�e�n�t�e�r�s�,� 

�i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�-�6�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �m�e�t�h�o�d�o�l�o�g�y� �b�e�t�w�e�e�n� �t�e�s�t�s� �i�s� �i�n� �t�h�e� �a�g�i�n�g� �t�i�m�e� 

�a�t� �w�h�i�c�h� �p�o�i�n�t� �t�h�e� �B� �s�l�o�p�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d�.� �S�t�r�u�i�k ��s� �w�o�r�k �� �i�n�v�o�l�v�e�d� �m�e�a�s�u�r�e�m�e�n�t�s� �o�u�t� �t�o� 

�o�n�l�y� �1� �d�a�y�,� �w�h�e�r�e�a�s� �K�o�v�a�c�s �� �e�x�t�e�n�d�e�d� �h�i�s� �m�e�a�s�u�r�e�m�e�n�t�s� �t�o� �5� �d�a�y�s� �a�n�d� �G�r�e�i�n�e�r� �a�n�d� 

�S�c�h�w�a�r�z�l �� �t�o� �1�2� �d�a�y�s�.� �T�h�e� �5� �a�n�d� �1�2� �d�a�y� �m�e�a�s�u�r�e�m�e�n�t�s� �a�r�e� �i�n� �c�l�o�s�e� �a�g�r�e�e�m�e�n�t�.� �T�h�e� �1� 

�d�a�y� �m�e�a�s�u�r�e�m�e�n�t�s� �s�h�o�w� �l�o�w�e�r� �v�a�l�u�e�s� �a�t� �t�h�e� �l�o�w�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �w�i�t�h� �t�h�e� �d�i�f�f�e�r�e�n�c�e� 

�b�e�i�m�g� �q�u�i�t�e� �s�i�g�n�i�f�i�c�a�n�t� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �G�r�e�i�n�e�r� �a�n�d� �S�c�h�w�a�r�z�l� �p�r�o�v�i�d�e� �a�n� �e�x�p�l�a�n�a�t�i�o�n� 

�f�o�r� �t�h�i�s� �b�e�h�a�v�i�o�r� �w�h�i�c�h� �i�s� �l�a�t�e�r� �r�e�e�m�p�h�a�s�i�z�e�d� �b�y� �S�t�r�u�i�k�. �� �A�p�p�a�r�e�n�t�l�y�,� �a�t� �t�h�e� �l�o�w�e�r� �a�g�i�n�g� 

�t�e�m�p�e�r�a�t�u�r�e�s� �t�h�e� �m�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y� �i�s� �l�o�w� �e�n�o�u�g�h� �s�u�c�h� �t�h�a�t� �t�h�e� �s�a�m�p�l�e� �t�a�k�e�s� �l�o�n�g�e�r� �t�o� 

�r�e�a�c�h� �i�t�s� �m�a�x�i�m�u�m� �a�g�i�n�g� �r�a�t�e�.� �T�h�i�s�  ��o�n�s�e�t �� �t�i�m�e� �g�e�t�s� �l�a�r�g�e�r� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�.� 

�T�h�i�s� �w�o�u�l�d� �e�x�p�l�a�i�n� �w�h�y� �S�t�r�u�i�k ��s� �1�-�d�a�y� �m�e�a�s�u�r�e�m�e�n�t�s� �a�r�e� �y�i�e�l�d�i�n�g� �l�o�w�e�r� �B� �v�a�l�u�e�s� �s�i�n�c�e� �t�h�e� 

�s�a�m�p�l�e� �h�a�s� �n�o�t� �y�e�t� �r�e�a�c�h�e�d� �t�h�e� �f�a�s�t�e�r� �r�a�t�e� �o�f� �r�e�l�a�x�a�t�i�o�n�.� �T�h�i�s� �i�s� �f�u�r�t�h�e�r� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� 
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�2�.�2�-�7�.� �H�e�r�e� �t�h�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �i�s� �p�l�o�t�t�e�d� �f�o�r� �a� �t�y�p�i�c�a�l� �p�o�l�y�m�e�r� �a�t� �d�i�f�f�e�r�e�n�t� �a�g�i�n�g� 

�t�e�m�p�e�r�a�t�u�r�e�s�.� �T�h�e� �d�a�s�h�e�d� �l�i�n�e� �r�e�p�r�e�s�e�n�t�s� �S�t�r�u�i�k ��s� �1�-�d�a�y� �a�g�i�n�g� �t�i�m�e�.� �N�o�t�e� �h�o�w� �t�h�e� �l�o�w�e�r� 

�a�g�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s� �h�a�v�e� �n�o�t� �y�e�t� �a�t�t�a�i�n�e�d� �t�h�e�i�r� �m�a�x�i�m�u�m� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e�s�.� �W�i�t�h� �t�h�i�s� �i�n� 

�m�i�n�d�,� �i�t� �i�s� �c�l�e�a�r� �t�h�a�t� �c�a�r�e� �m�u�s�t� �b�e� �t�a�k�e�n� �w�h�e�n� �m�a�k�i�n�g� �a�n�d� �i�m�t�e�r�p�r�e�t�i�n�g� �d�i�l�a�t�o�m�e�t�r�i�c� 

�m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �l�o�w�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �(�p�a�r�t�i�c�u�l�a�r�l�y� �i�n� �l�i�g�h�t� �o�f� �d�e� �B�r�u�i�n ��s� �r�e�c�e�n�t� �r�e�p�o�r�t� �o�f� 

�e�n�h�a�n�c�e�d� �a�g�i�n�g� �r�a�t�e�s� �i�n� �P�C� �a�t� �a�g�i�n�g� �t�i�m�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �1�0 �� �s�e�c�o�n�d�s�. � ��)� 

�2�.�2�.�2�.�3� �T�e�m�p�e�r�a�t�u�r�e� �J�u�m�p� �E�x�p�e�r�i�m�e�n�t�s� 

�T�e�m�p�e�r�a�t�u�r�e� �j�u�m�p� �(�T�-�j�u�m�p�)� �e�x�p�e�r�i�m�e�n�t�s� �t�y�p�i�c�a�l�l�y� �i�n�v�o�l�v�e� �a�n�n�e�a�l�i�n�g� �a� �s�a�m�p�l�e� �a�t� �a� 

�g�i�v�e�n� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �a� �c�e�r�t�a�i�n� �a�m�o�u�n�t� �o�f� �t�i�m�e� �a�n�d� �t�h�e�n� �q�u�i�c�k�l�y� �h�e�a�t�i�n�g�/�c�o�o�l�i�n�g� �t�h�e� 

�s�a�m�p�l�e� �t�o� �a�n�o�t�h�e�r� �(�g�l�a�s�s�y�)� �t�e�m�p�e�r�a�t�u�r�e� �w�h�e�r�e� �i�t� �i�s� �f�u�r�t�h�e�r� �a�n�n�e�a�l�e�d�.� �V�o�l�u�m�e�t�r�i�c� 

�m�e�a�s�u�r�e�m�e�n�t�s� �m�a�d�e� �o�n� �t�h�e� �s�e�c�o�n�d� �a�n�n�e�a�l�i�n�g� �s�h�o�w� �u�n�u�s�u�a�l�,� �h�i�g�h�l�y� �n�o�n�-�l�i�n�e�a�r� �b�e�h�a�v�i�o�r� �i�n� 

�t�h�e� �r�e�l�a�x�a�t�i�o�n� �r�e�s�p�o�n�s�e�. �� �F�i�g�u�r�e� �2�.�2�-�8� �f�r�o�m� �S�t�r�u�i�k�®�®� �d�i�s�p�l�a�y�s� �s�p�e�c�i�f�i�c� �v�o�l�u�m�e� �(�l�e�f�t�)� �a�n�d� 

�m�e�c�h�a�n�i�c�a�l� �(�r�i�g�h�t�)� �r�e�l�a�x�a�t�i�o�n� �d�a�t�a� �f�o�r� �p�o�l�y�s�t�y�r�e�n�e� �u�n�d�e�r�g�o�i�n�g� �d�i�f�f�e�r�e�n�t� �t�h�e�r�m�a�l� �h�i�s�t�o�r�i�e�s�.� 

�A�l�l� �o�f� �t�h�e� �c�u�r�v�e�s� �r�e�p�r�e�s�e�n�t� �a�g�i�n�g� �a�t� �8�5�°�C�,� �o�n�l�y� �t�h�e� �p�r�i�o�r� �t�h�e�r�m�a�l� �h�i�s�t�o�r�i�e�s� �a�r�e� �d�i�f�f�e�r�e�n�t�.� 

�C�u�r�v�e� �7� �i�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �c�u�r�v�e� �f�o�r� �a� �s�t�a�n�d�a�r�d� �i�s�o�t�h�e�r�m�a�l� �r�e�l�a�x�a�t�i�o�n� �t�e�s�t�;� �t�h�e� �s�a�m�p�l�e� �w�a�s� 

�q�u�e�n�c�h�e�d� �d�i�r�e�c�t�l�y� �f�r�o�m� �1�0�0�°�C� �(�a�b�o�v�e� �T�g�)� �t�o� �8�5�°�C� �a�n�d� �h�e�l�d� �t�h�r�o�u�g�h�o�u�t�.� �T�h�i�s� �p�r�o�d�u�c�e�s� 

�t�h�e� �s�t�a�n�d�a�r�d� �m�o�n�o�t�o�n�i�c�a�l�l�y� �d�e�c�r�e�a�s�i�n�g� �v�o�l�u�m�e� �w�h�i�c�h� �i�s� �e�x�p�e�c�t�e�d� �w�i�t�h� �a�n� �i�s�o�t�h�e�r�m�a�l� �t�e�s�t�.� 

�C�u�r�v�e�s� �3� �t�h�r�o�u�g�h� �6� �i�n�v�o�l�v�e� �q�u�e�n�c�h�i�n�g� �t�h�e� �s�a�m�p�l�e� �f�r�o�m� �1�0�0�°�C� �t�o� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �7�0�°�C�,� 

�6�5�°�C�,� �6�0�°�C�,� �a�n�d� �5�0�°�C� �r�e�s�p�e�c�t�i�v�e�l�y�,� �h�o�l�d�i�n�g� �t�h�e� �s�a�m�p�l�e� �f�o�r� �9�6� �h�o�u�r�s�,� �a�n�d� �t�h�e�n� �r�e�h�e�a�t�i�n�g� �t�o� 

�8�5�°� �C� �a�t� �w�h�i�c�h� �p�o�t� �v�o�l�u�m�e�t�r�i�c� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e�.� �T�h�e� �n�o�n�-�e�q�u�i�l�i�b�r�i�u�m� �b�e�h�a�v�i�o�r� 

�i�s� �c�l�e�a�r�l�y� �p�r�e�s�e�n�t� �a�s� �t�h�e� �v�o�l�u�m�e� �g�o�e�s� �t�h�r�o�u�g�h� �a� �m�a�x�i�m�a� �(�o�f�t�e�n� �r�e�f�e�r�r�e�d� �t�o� �a�s�  ��b�r�e�a�t�h�i�n�g � ��)�.� 

�N�o�t�e� �a�l�s�o� �h�o�w�,� �a�f�t�e�r� �s�u�f�f�i�c�i�e�n�t� �t�i�m�e�,� �t�h�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �c�u�r�v�e�s� �e�v�e�n�t�u�a�l�l�y� �o�v�e�r�l�a�p� �t�h�e� 

�i�s�o�t�h�e�r�m�a�l�l�y� �a�g�e�d� �s�a�m�p�l�e� �(�c�u�r�v�e� �7�)�.� �I�n� �e�a�c�h� �c�a�s�e�,� �9�6� �h�o�u�r�s� �i�s� �i�n�s�u�f�f�i�c�i�e�n�t� �t�i�m�e� �f�o�r� �t�h�e� 

�s�a�m�p�l�e� �t�o� �r�e�a�c�h� �e�q�u�i�l�i�b�r�i�u�m�.� �T�h�e� �l�o�w�e�s�t� �d�a�s�h�e�d� �c�u�r�v�e� �(�c�u�r�v�e� �1�)�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� 

�r�e�p�r�e�s�e�n�t�s� �a� �s�a�m�p�l�e� �a�n�n�e�a�l�e�d� �a�t� �8�0�°�C� �f�o�r� �l�o�n�g� �e�n�o�u�g�h� �t�i�m�e� �s�u�c�h� �t�h�a�t� �t�h�e� �s�a�m�p�l�e� �h�a�s� 
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 � ��>� �f�e�,� �m�i�n� �t�e� �,�m�i�n� 

�F�i�g�u�r�e� �2�.�2�-�8�.� �V�o�l�u�m�e� �a�n�d� �m�e�c�h�a�n�i�c�a�l� �s�h�i�f�t� �f�a�c�t�o�r�s� �f�o�r� �p�o�l�y�s�t�y�r�e�n�e� �a�g�e�d� �a�t� 
�8�5�°�C� �w�i�t�h� �v�a�r�y�i�n�g� �t�h�e�r�m�a�l� �h�i�s�t�o�r�i�e�s�.� �S�e�e� �t�e�x�t� �f�o�r� �c�u�r�v�e� 
�d�e�s�c�r�i�p�t�i�o�n�s� �(�f�r�o�m� �[�5�3�]�)�.� 
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�r�e�a�c�h�e�d� �e�q�u�i�l�i�b�r�i�u�m�.� �W�h�e�n� �t�h�i�s� �s�a�m�p�l�e� �i�s� �t�h�e�n� �u�p�q�u�e�n�c�h�e�d� �t�o� �8�5�°�C� �a�s� �s�e�e�n� �i�n� �t�h�e� �f�i�g�u�r�e�,� 

�t�h�e� �v�o�l�u�m�e� �m�o�n�o�t�o�n�i�c�a�l�l�y� �i�n�c�r�e�a�s�e�s� �t�o�w�a�r�d� �t�h�e� �8�5�°� �C� �e�q�u�i�l�i�b�r�i�u�m� �v�o�l�u�m�e�.� �C�l�e�a�r�l�y� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �t�h�e� �m�a�x�i�m�a� �i�n�v�o�l�v�e�s� �a�n� �i�n�i�t�i�a�l� �a�n�n�e�a�l�e�d� �s�t�a�t�e� �w�h�i�c�h� �w�a�s� �n�o�t� �a�t� �e�q�u�i�l�i�b�r�i�u�m�.� 

�T�h�e� �h�e�i�g�h�t� �o�f� �t�h�e� �m�a�x�i�m�a� �i�s� �a�l�s�o� �a�n� �i�n�d�i�c�a�t�o�r� �o�f� �t�h�e� �d�i�s�t�a�n�c�e� �f�r�o�m� �e�q�u�i�l�i�b�r�i�u�m� �a�t� �t�h�e� �s�t�a�r�t� 

�o�f� �t�h�e� �u�p�q�u�e�n�c�h�.� �S�t�r�u�i�k� �h�a�s� �e�x�p�l�a�i�n�e�d� �t�h�i�s� �b�r�e�a�t�h�i�n�g� �b�e�h�a�v�i�o�r� �u�s�i�n�g� �m�e�c�h�a�n�i�c�a�l� 

�a�n�a�l�o�g�i�e�s�. ��>� �H�i�s� �m�o�d�e�l� �s�h�o�w�s� �t�h�a�t� �f�o�r� �b�r�e�a�t�h�i�n�g� �t�o� �o�c�c�u�r�,� �t�h�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �p�r�o�c�e�s�s� 

�m�u�s�t� �i�n�v�o�l�v�e� �a� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �a�g�i�n�g� �t�i�m�e� �a�f�t�e�r� �t�h�e� �f�i�r�s�t� 

�q�u�e�n�c�h� �m�u�s�t� �f�a�l�l� �b�e�t�w�e�e�n� �t�h�e� �s�h�o�r�t�e�s�t� �a�n�d� �l�o�n�g�e�s�t� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s�.� �I�n� �o�t�h�e�r� �w�o�r�d�s�,� �i�f� �t�h�e� 

�f�i�r�s�t� �a�n�n�e�a�l�i�n�g� �i�s� �t�o�o� �s�h�o�r�t� �o�r� �t�o�o� �l�o�n�g�,� �n�o� �m�a�x�i�m�u�m� �w�i�l�l� �o�c�c�u�r�.� 

�B�e�c�a�u�s�e� �o�f� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �m�a�x�i�m�u�m� �t�h�a�t� �c�a�n� �o�c�c�u�r� �d�u�r�i�n�g� �t�h�e�s�e� �q�u�e�n�c�h�-�a�n�n�e�a�l�-� 

�u�p�q�u�e�n�c�h� �e�x�p�e�r�i�m�e�n�t�s�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �u�s�e� �t�h�i�s� �p�r�o�c�e�s�s� �a�s� �a� �s�u�b�-�T�,� �m�e�t�h�o�d� �f�o�r� �p�a�r�t�i�a�l�l�y� 

�e�r�a�s�i�n�g� �a�g�i�n�g�.� �B�y� �h�e�a�t�i�n�g� �a�n� �a�g�e�d� �s�a�m�p�l�e� �t�o� �a� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �h�o�l�d�i�n�g� �f�o�r� �t�h�e� 

�p�r�o�p�e�r� �a�m�o�u�n�t� �o�f� �t�i�m�e�,� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �c�a�n� �b�e� �i�n�c�r�e�a�s�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y�.� �O�b�v�i�o�u�s�l�y�,� �i�f� �t�h�e� 

�s�a�m�p�l�e� �i�s� �h�e�l�d� �t�o�o� �l�o�n�g�,� �t�h�e� �s�a�m�p�l�e� �w�i�l�l� �p�a�s�s� �t�h�r�o�u�g�h� �t�h�e� �m�a�x�i�m�u�m� �i�n� �t�h�e� �v�o�l�u�m�e�-�t�i�m�e� 

�c�u�r�v�e� �a�n�d� �t�h�e� �v�o�l�u�m�e� �w�i�l�l� �d�e�c�r�e�a�s�e� �a�g�a�i�n�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �d�a�t�a� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �d�e�s�c�r�i�p�t�i�o�n� �e�m�p�h�a�s�i�z�e�d�  ��u�p�q�u�e�n�c�h�i�n�g �� �t�h�e� �s�a�m�p�l�e� 

�t�o� �t�h�e� �f�i�n�a�l� �a�n�n�e�a�l�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�,�  ��d�o�w�n�q�u�e�n�c�h�i�n�g �� �f�r�o�m� �a� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �a�l�s�o� 

�i�m�p�o�r�t�a�n�t�.� �T�h�i�s� �t�e�s�t� �m�e�t�h�o�d� �w�a�s� �p�i�o�n�e�e�r�e�d� �b�y� �K�o�v�a�c�s� �u�s�i�n�g� �p�o�l�y�(�v�i�n�y�l� �a�c�e�t�a�t�e�)�.� �F�i�r�s�t� �i�t� �i�s� 
�7�0�7�1� �7�2� �n�e�c�e�s�s�a�r�y� �t�o� �d�e�f�i�n�e� �a�n� �e�f�f�e�c�t�i�v�e� �r�e�t�a�r�d�a�t�i�o�n� �t�i�m�e�,� �a�l�s�o� �o�r�i�g�i�n�a�t�i�n�g� �f�r�o�m� �K�o�v�a�c�s�,� �a�s� 

�1� �1� �d�b� 
�t�T� �=�-� �.�= �� �2�.�2�-� �5� �a� �5� �d�t� �(�2�.�2�-� �5�)� 

�w�h�e�r�e� �6� �i�s� �d�e�f�i�n�e�d� �a�s� 

�5� �=� �n�a� �(�2�.�2�-� �6�)� 

�f�o�r� �v�o�l�u�m�e�t�r�i�c� �m�e�a�s�u�r�e�m�e�n�t�s� �b�u�t� �c�a�n� �a�l�s�o� �b�e� �w�r�i�t�t�e�n� �i�n� �t�e�r�m�s� �o�f� �e�n�t�h�a�l�p�y�.� �F�i�g�u�r�e� �2�.�2�-�9� 

�s�h�o�w�s� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �d�a�t�a� �f�o�r� �p�o�l�y�(�v�i�n�y�l� �a�c�e�t�a�t�e�)� �a�g�e�d� �a�t� �3�5�°�C�.� �T�h�e� �c�u�r�v�e�s� �r�e�p�r�e�s�e�n�t� 

�d�i�f�f�e�r�e�n�t� �s�t�a�r�t�m�g� �t�e�m�p�e�r�a�t�u�r�e�s� �f�o�r� �t�h�e� �s�a�m�p�l�e� �p�r�i�o�r� �t�o� �t�h�e�i�r� �f�i�n�a�l� �a�n�n�e�a�l�i�n�g� �a�t� �3�5�°�C�.� 
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�F�i�g�u�r�e� �2�.�2�-�9�.� �R�e�l�a�x�a�t�i�o�n� �d�a�t�a� �f�o�r� �p�o�l�y�(�v�i�n�y�l� �a�c�e�t�a�t�e�)� �a�g�e�d� �a�t� �3�5�°�C� �a�n�d� 

�s�u�b�j�e�c�t�e�d� �t�o� �d�o�w�n� �a�n�d� �u�p�-�q�u�e�n�c�h� �f�r�o�m� �v�a�r�i�o�u�s� 
�t�e�m�p�e�r�a�t�u�r�e�s� �(�f�r�o�m� �[�7�0�]�)�.� 
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�S�a�m�p�l�e�s� �w�e�r�e� �a�t� �t�h�e�i�r� �e�q�u�i�l�i�b�r�i�u�m� �v�o�l�u�m�e� �p�r�i�o�r� �t�o� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �j�u�m�p�.� �K�o�v�a�c�s� �c�o�m�e�d� 

�t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �a�s�  ��s�i�m�p�l�e� �a�p�p�r�o�a�c�h �� �e�x�p�e�r�i�m�e�n�t�s�.� �D�a�t�a� �f�o�r� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �i�s� 

�p�l�o�t�t�e�d� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�a�l�l�y� �a�s� �l�o�g�(�t�e�)� �v�e�r�s�u�s� �5�.� �U�p�o�n� �i�n�s�p�e�c�t�i�o�n� �o�f� �F�i�g�u�r�e� �2�.�2�-�9�,� �i�t� �i�s� �c�l�e�a�r� 

�t�h�a�t� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �b�e�h�a�v�i�o�r� �t�o�w�a�r�d� �e�q�u�i�l�i�b�r�i�u�m� �(�6� �=� �0�)� �i�s� �d�i�f�f�e�r�e�n�t� �d�e�p�e�n�d�i�n�g� �o�n� �w�h�e�t�h�e�r� 

�t�h�e� �a�p�p�r�o�a�c�h� �i�s� �f�r�o�m� �b�e�l�o�w� �o�r� �a�b�o�v�e� �t�h�e� �f�i�n�a�l� �a�g�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �d�o�w�n�q�u�e�n�c�h� 

�s�a�m�p�l�e�s� �c�o�n�v�e�r�g�e� �t�o� �t�h�e� �s�a�m�e� �e�q�u�i�l�i�b�r�i�u�m� �t�.�¢� �f�o�r� �d�i�f�f�e�r�e�n�t� �m�i�t�i�a�l� �t�e�m�p�e�r�a�t�u�r�e�s� �w�h�i�l�e� �t�h�e� 

�u�p�q�u�e�n�c�h�e�d� �s�a�m�p�l�e�s� �d�o� �n�o�t�.� �A�l�s�o�,� �t�h�e� �r�a�t�e� �o�f� �a�p�p�r�o�a�c�h� �c�l�e�a�r�l�y� �v�a�r�i�e�s� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�t� 

�e�x�p�e�r�i�m�e�n�t�s�.� 

�M�u�c�h� �e�f�f�o�r�t� �h�a�s� �b�e�e�n� �d�e�v�o�t�e�d� �t�o� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �a�n�d� �m�o�d�e�l�i�n�g� �o�f� �t�h�i�s� �b�e�h�a�v�i�o�r�.� �I�n� 

�f�a�c�t�,� �b�e�i�m�g� �a�b�l�e� �t�o� �p�r�o�p�e�r�l�y� �m�o�d�e�l� �t�h�e� �n�o�n�l�i�n�e�a�r�,� �n�o�n�-�c�o�n�v�e�r�g�i�n�g� �a�p�p�r�o�a�c�h� �f�o�r� �b�o�t�h� �t�h�e� �u�p� 

�a�n�d� �d�o�w�n�q�u�e�n�c�h� �h�a�s� �b�e�e�n� �a� �n�e�a�r�l�y� �i�n�s�u�r�m�o�u�n�t�a�b�l�e� �t�a�s�k�.� �T�h�e� �f�i�r�s�t� �k�i�n�e�t�i�c� �t�h�e�o�r�i�e�s� �w�e�r�e� �o�f� 

�t�h�e� �s�i�n�g�l�e� �p�a�r�a�m�e�t�e�r� �t�y�p�e� �d�e�v�e�l�o�p�e�d� �b�y� �K�o�v�a�c�s�. � � �� �T�h�e�s�e� �t�h�e�o�r�i�e�s� �a�s�s�u�m�e�d� �a� �s�i�n�g�l�e� 

�r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �T� �w�h�i�c�h� �i�s� �a� �c�h�a�n�g�i�n�g� �f�u�n�c�t�i�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �a�g�i�n�g� �s�t�a�t�e� �(�i�.�e�.� �f�r�e�e� 

�v�o�l�u�m�e�)�.� �F�o�r� �g�e�n�e�r�a�l�i�z�e�d� �a�g�i�n�g�,� �t�h�e� �e�q�u�a�t�i�o�n� �b�e�c�o�m�e�s� 

�d�d� �6� �_�_�_� �9� �a�a� �2�.�2�-�7� �d�t� �«�(�T�,�v�,�)� �4� �(� �)� 

�T�h�e� �s�e�c�o�n�d� �t�e�r�m� �o�n� �t�h�e� �r�i�g�h�t� �h�a�n�d� �s�i�d�e� �w�a�s� �a�d�d�e�d� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�s�;� �q� 

�i�s� �t�h�e� �h�e�a�t�i�n�g�/�c�o�o�l�i�n�g� �r�a�t�e� �a�n�d� �A�c� �i�s� �t�h�e� �d�i�f�f�e�r�e�n�t�i�a�l� �t�h�e�r�m�a�l� �e�x�p�a�n�s�i�o�n� �b�e�t�w�e�e�n� �l�i�q�u�i�d� �a�n�d� 

�g�l�a�s�s�.� �T�h�e� �a�b�o�v�e� �r�a�t�e� �e�q�u�a�t�i�o�n� �h�a�s� �b�e�e�n� �f�u�r�t�h�e�r� �g�e�n�e�r�a�l�i�z�e�d� �b�y� �w�a�y� �o�f� �t�h�e� �m�u�l�t�i�-�p�a�r�a�m�e�t�e�r� 

�m�o�d�e�l�s�.� �I�n�s�t�e�a�d� �o�f� �o�n�l�y� �o�n�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�,� �a� �s�e�r�i�e�s� �o�f� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �a�r�e� �a�s�s�u�m�e�d�,� �e�a�c�h� 

�h�a�v�i�n�g� �t�o� �s�a�t�i�s�f�y� �t�h�e� �a�b�o�v�e� �e�q�u�a�t�i�o�n� �i�n� �a�d�d�i�t�i�o�n� �t�o� 

�5�=� �>� �6�,� �(�2�.�2�-� �8�)� 

�w�h�e�r�e� �t�h�e� �s�u�b�s�c�r�i�p�t� �i� �r�e�f�e�r�s� �t�o� �t�h�e� �i ��t�h� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�.� �I�t� �s�t�i�l�l� �r�e�m�a�i�n�s� �t�o� �d�e�f�i�n�e� �h�o�w� �t� 

�v�a�r�i�e�s� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �d�e�g�r�e�e� �o�f� �a�g�i�n�g�.� �T�h�i�s� �i�s� �w�h�e�r�e� �t�h�e� �v�a�r�i�o�u�s� �t�h�e�o�r�i�e�s� �d�i�v�e�r�g�e�.� 

�I�t� �i�s� �g�e�n�e�r�a�l�l�y� �a�s�s�u�m�e�d� �i�n� �m�o�s�t� �o�f� �t�h�e� �t�h�e�o�r�i�e�s� �t�h�a�t� �t�h�e� �a�g�i�n�g� �b�e�h�a�v�i�o�r� �i�s� 

�t�h�e�r�m�o�r�h�e�o�l�o�g�i�c�a�l�l�y� �s�i�m�p�l�e�.� �T�h�a�t� �i�s�,� �a�g�i�n�g ��s� �o�n�l�y� �e�f�f�e�c�t� �i�s� �t�o� �s�h�i�f�t� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �i�n� 
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�t�i�m�e� �a�n�d� �n�o�t� �t�o� �a�l�t�e�r� �t�h�e� �s�h�a�p�e� �o�r� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n�.� �E�x�p�e�r�i�m�e�n�t�a�l�l�y�,� �t�h�i�s� 

�s�e�e�m�s� �t�o� �b�e� �a� �r�e�a�s�o�n�a�b�l�y� �g�o�o�d� �a�s�s�u�m�p�t�i�o�n�.� �I�n� �p�r�a�c�t�i�c�e�,� �h�o�w�e�v�e�r�,� �s�m�a�l�l� �d�e�g�r�e�e�s� �o�f� �v�e�r�t�i�c�a�l� 

�s�h�i�f�t�i�n�g� �a�r�e� �o�f�t�e�n� �r�e�q�u�i�r�e�d� �w�h�i�c�h� �i�m�p�l�y� �s�o�m�e�,� �a�l�b�e�i�t� �s�m�a�l�l�,� �d�i�s�t�o�r�t�i�o�n� �o�f� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� 

�d�i�s�t�r�i�b�u�t�i�o�n�.� �G�e�n�e�r�a�l�l�y�,� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �d�i�s�t�r�i�b�u�t�i�o�n� �c�a�n� �t�a�k�e� �o�n� �m�a�n�y� �d�i�f�f�e�r�e�n�t� �f�o�r�m�s�.� 

�H�o�w�e�v�e�r�,� �N�g� �a�n�d� �A�k�l�o�n�i�s� �l�o�o�k�e�d� �a�t� �a� �v�a�r�i�e�t�y� �o�f� �d�i�s�t�r�i�b�u�t�i�o�n�s� �i�n�c�l�u�d�i�n�g� �t�h�e� �b�o�x�,� �d�o�u�b�l�e�-� 

�b�o�x�,� �G�a�u�s�s�i�a�n�,� �r�a�m�p� �a�n�d� �s�t�r�e�t�c�h�e�d� �e�x�p�o�n�e�n�t�i�a�l� �(�K�W�W�)� �d�i�s�t�r�i�b�u�t�i�o�n�s� �a�n�d� �f�o�u�n�d� �t�h�a�t� �n�o�n�e� 

�w�e�r�e� �c�o�m�p�l�e�t�e�l�y� �a�d�e�q�u�a�t�e� �f�o�r� �d�e�s�c�r�i�b�i�n�g� �t�h�e� �n�o�n�-�l�i�n�e�a�r�,� �T�-�j�u�m�p�,� �a�p�p�r�o�a�c�h� �b�e�h�a�v�i�o�r�. �� 

�T�h�i�s� �h�a�s� �b�e�e�n� �a� �m�a�j�o�r� �l�i�m�i�t�a�t�i�o�n� �o�f� �t�h�e� �t�h�e�o�r�y�.� 

�T�h�e�r�e� �a�r�e� �v�a�r�i�o�u�s� �e�x�p�r�e�s�s�i�o�n�s� �m� �u�s�e� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �a�g�i�n�g� �s�t�a�t�e� �a�n�d� 

�t�e�m�p�e�r�a�t�u�r�e� �o�n� �t�h�e� �s�h�i�f�t�i�n�g� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�. ��*� �T�h�e� �f�i�r�s�t� �i�s� �o�f� �t�h�e� �T�o�o�l� 

�a�n�d� �N�a�r�a�y�a�n�a�s�w�a�m�y�  � ��* ��*� �f�o�r�m� �a�n�d� �i�s� �w�r�i�t�t�e�n� �a�s� 

�t� �=� �A�e�x�p�[�x�A�h� �/� �R�T� �+� �(�1�- ��x�)�A�h�/� �R�T�,� �]� �(�2�.�2�-� �9�)� 

�T�h�i�s� �A�r�r�h�e�n�i�u�s�-�t�y�p�e� �e�q�u�a�t�i�o�n� �c�o�n�s�i�s�t�s� �o�f� �t�w�o� �c�o�m�p�o�n�e�n�t�s�,� �o�n�e� �a�c�c�o�u�n�t�i�n�g� �f�o�r� �t�h�e� �e�f�f�e�c�t� �o�f� 

�a�g�i�n�g� �a�n�d� �o�n�e� �f�o�r� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �r�e�l�a�t�i�v�e� �w�e�i�g�h�t�i�n�g� �b�e�t�w�e�e�n� �t�h�e�m� �i�s� �p�a�r�a�m�e�t�e�r�i�z�e�d� �b�y� 

�x� �w�h�i�c�h� �c�a�n� �v�a�r�y� �b�e�t�w�e�e�n� �0� �a�n�d� �1�.� �T�h�e� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �i�s� �d�e�n�o�t�e�d� �b�y� �A�h� �a�n�d� �A� �i�s� �a� 

�c�o�n�s�t�a�n�t�.� �H�o�d�g�e� �h�a�s� �r�e�l�a�t�e�d� �t�h�e� �A�d�a�m�-�G�i�b�b�s� �c�o�n�f�i�g�u�r�a�t�i�o�n�a�l� �e�n�t�r�o�p�y� �e�x�p�r�e�s�s�i�o�n� �t�o� �t�h�e� 

�N�a�r�a�y�a�n�a�s�w�a�m�y� �p�a�r�a�m�e�t�e�r�s� �a�n�d� �h�a�s� �s�h�o�w�n� �c�o�r�r�e�l�a�t�i�o�n�s� �t�h�a�t� �o�c�c�u�r� �b�e�t�w�e�e�n� �t�h�e� 

�p�a�r�a�m�e�t�e�r�s�. � � �� �T�h�e� �p�a�r�a�m�e�t�e�r� �T�;� �i�s� �d�e�n�o�t�e�d� �a�s� �t�h�e� �f�i�c�t�i�v�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �i�s� �a� �m�e�a�s�u�r�e� �o�f� 

�t�h�e� �d�e�p�a�r�t�u�r�e� �f�r�o�m� �e�q�u�i�l�i�b�r�i�u�m�.� �I�t� �w�a�s� �f�i�r�s�t� �i�n�t�r�o�d�u�c�e�d� �b�y� �T�o�o�l�. � � � ��*� �T�h�e� �f�i�c�t�i�v�e� 

�t�e�m�p�e�r�a�t�u�r�e� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�a�t� �t�e�m�p�e�r�a�t�u�r�e� �a�t� �w�h�i�c�h� �t�h�e� �s�a�m�p�l�e� �w�o�u�l�d� �b�e� �a�t� �e�q�u�i�l�i�b�r�i�u�m� �i�f� 

�c�o�o�l�e�d� �o�r� �h�e�a�t�e�d� �v�e�r�y� �r�a�p�i�d�l�y� �t�o� �i�t�.� �I�f�a� �s�a�m�p�l�e� �i�s� �a�b�o�v�e� �T�g�,� �t�h�e�n� �t�h�e� �f�i�c�t�i�v�e� �t�e�m�p�e�r�a�t�u�r�e� 

�w�i�l�l� �e�q�u�a�l� �t�h�e� �a�c�t�u�a�l� �t�e�m�p�e�r�a�t�u�r�e�.� �L�i�k�e�w�i�s�e�,� �i�f� �a� �s�a�m�p�l�e� �i�s� �a�t� �e�q�u�i�l�i�b�r�i�u�m� �i�n� �t�h�e� �g�l�a�s�s�y� 

�s�t�a�t�e�,� �t�h�e�n� �t�h�e� �f�i�c�t�i�v�e� �t�e�m�p�e�r�a�t�u�r�e� �w�i�l�l� �a�l�s�o� �b�e� �e�q�u�a�l� �t�o� �t�h�e� �a�c�t�u�a�l� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� 

�q�u�a�n�t�i�t�y� �T�;�-�T� �i�s� �e�s�s�e�n�t�i�a�l�l�y� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �d�e�p�a�r�t�u�r�e� �f�r�o�m� �e�q�u�i�l�i�b�r�i�u�m�.� 

�A�n�o�t�h�e�r� �e�x�p�r�e�s�s�i�o�n� �r�e�l�a�t�i�n�g� �t� �t�o� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �f�r�e�e� �v�o�l�u�m�e� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �f�r�e�e� 

�v�o�l�u�m�e� �c�o�n�c�e�p�t� �a�n�d� �h�a�s� �b�e�e�n� �u�s�e�d� �b�y� �M�a�c�e�d�o� �a�n�d� �L�i�t�o�v�i�t�z!"� �a�n�d� �M�a�z�u�r�i�n�.�*�'� �I�t� �i�s� �o�f� �t�h�e� 

�f�o�r�m�,� 
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�t� �=� �A�e�x�p�{�B�/�[�R�(�T�,� �-�T�,�)�]�+� �E�/� �R�T�}� �(�2�.�2�-� �1�0�)� 

�w�h�e�r�e� �A�,� �B� �a�n�d� �E�£� �a�r�e� �c�o�n�s�t�a�n�t�s�.� �T�h�e� �q�u�a�n�t�i�t�y� �T�.� �i�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �z�e�r�o� �f�r�e�e� �v�o�l�u�m�e�.� 

�I�n� �a� �s�i�m�i�l�a�r� �f�a�s�h�i�o�n�,� �a�n� �e�x�p�r�e�s�s�i�o�n� �f�o�r� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �b�a�s�e�d� �o�n� �c�o�n�f�i�g�u�r�a�t�i�o�n�a�l� �e�n�t�r�o�p�y� 

�(�A�d�a�m�-�G�i�b�b�s�)� �i�s� 

�t�=� �A� �c�o�l�»� �/� �R�T�{�{� �(�A�C�,� �/� �n�a�n� �(�2�.�2�-� �1�1�)� 
�T�,� 

�e�x�c�e�p�t� �T�2� �i�s� �n�o�w� �t�h�e� �s�e�c�o�n�d� �o�r�d�e�r� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �G�i�b�b�s�-�D�i�M�a�r�z�i�o� �a�n�d� �A�C�,� �i�s� 

�t�h�e� �h�e�a�t� �c�a�p�a�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �r�u�b�b�e�r� �a�n�d� �g�l�a�s�s�.�.� �T�h�i�s� �e�x�p�r�e�s�s�i�o�n� �h�a�s� �b�e�e�n� �a�p�p�l�i�e�d� 

�b�y� �H�o�w�e�l�l�, �� �P�l�a�z�e�k�,�®� �S�c�h�e�r�e�r�,�  �� �M�a�t�s�u�o�k�a�, �� �a�n�d� �H�o�d�g�e�. �� 

�A�s� �t�o� �w�h�i�c�h� �o�f� �t�h�e�s�e� �m�o�d�e�l�s� �i�s� �t�h�e� �b�e�s�t� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �T�-�j�u�m�p� �b�e�h�a�v�i�o�r� �h�a�s� �b�e�e�n� 

�d�e�b�a�t�e�d� �c�o�n�s�i�d�e�r�a�b�l�y� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.�"� �* �� �*�* �� �A�s� �d�e�s�c�r�i�b�e�d� �b�y� �M�i�j�o�v�i�c�,� �t�h�e� �T�o�o�l�-� 

�N�a�r�a�y�a�n�a�s�w�a�m�y� �i�s� �t�h�e� �m�o�s�t� �f�r�e�q�u�e�n�t�l�y� �u�s�e�d� �b�e�c�a�u�s�e� �i�t� �i�s� �e�a�s�y� �t�o� �m�a�n�i�p�u�l�a�t�e� �b�u�t� �i�s� �o�f�t�e�n� 

�c�r�i�t�i�c�i�z�e�d� �f�o�r� �i�t�s� �r�a�t�h�e�r� �e�m�p�i�r�i�c�a�l� �n�a�t�u�r�e�,� �t�h�e� �u�n�u�s�u�a�l�l�y� �l�a�r�g�e� �v�a�l�u�e�s� �o�f� �A�h�,� �a�n�d� �t�h�e�  ��f�a�c�t� �t�h�a�t� 

�i�t� �r�e�d�u�c�e�s� �t�o� �t�h�e� �A�r�r�h�e�n�i�u�s� �f�o�r�m� �a�t� �e�q�u�i�l�i�b�r�i�u�m� �a�s� �o�p�p�o�s�e�d� �t�o� �t�h�e� �W�L�F� �f�o�r�m�. �� �T�h�e� 

�c�o�n�f�i�g�u�r�a�t�i�o�n�a�l� �e�n�t�r�o�p�y� �e�q�u�a�t�i�o�n� �h�a�s� �r�e�c�e�i�v�e�d� �s�o�m�e� �c�r�i�t�i�c�i�s�m� �b�e�c�a�u�s�e� �o�f� �i�t�s� �d�e�p�e�n�d�e�n�c�e� �o�n� 

�A�C�,� �a�s� �a� �m�e�a�s�u�r�e� �o�f� �s�t�r�u�c�t�u�r�a�l� �r�e�l�a�x�a�t�i�o�n�.� �G�o�l�d�s�t�e�m� �h�a�s� �c�h�a�l�l�e�n�g�e�d� �t�h�i�s� �n�o�t�i�o�n� �s�a�y�i�n�g� �t�h�a�t� 

�p�a�r�t� �o�f� �t�h�e� �A�C�,� �i�s� �d�u�e� �t�o� �c�o�n�t�r�i�b�u�t�i�o�n�s� �f�r�o�m� �a�n�h�a�r�m�o�n�i�c� �v�i�b�r�a�t�i�o�n�s� �a�n�d� �s�e�c�o�n�d�a�r�y� 

�r�e�l�a�x�a�t�i�o�n�s� �w�h�i�c�h� �s�h�o�u�l�d� �n�o�t� �b�e� �a�p�p�l�i�c�a�b�l�e� �t�o� �s�t�r�u�c�t�u�r�a�l� �r�e�l�a�x�a�t�i�o�n�s�. �� �A�l�l� �o�f� �t�h�e� �m�o�d�e�l�s� 

�a�r�e� �a�b�l�e� �t�o� �a�d�e�q�u�a�t�e�l�y� �d�e�s�c�r�i�b�e� �m�o�s�t� �o�f� �t�h�e� �i�m�p�o�r�t�a�n�t� �b�e�h�a�v�i�o�r� �o�f� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� 

�b�e�h�a�v�i�o�r�.� �H�o�w�e�v�e�r�,� �a�s� �d�e�s�c�r�i�b�e�d� �b�e�f�o�r�e�,� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �o�f� �t�h�e� �n�o�n�-�l�i�n�e�a�r� �a�p�p�r�o�a�c�h� 

�b�e�h�a�v�i�o�r� �i�s� �n�o�t� �e�n�t�i�r�e�l�y� �c�o�r�r�e�c�t� �w�i�t�h� �a�n�y� �o�f� �t�h�e� �m�o�d�e�l�s�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�g� 

�b�e�t�w�e�e�n� �d�o�w�n� �a�n�d� �u�p�q�u�e�n�c�h� �e�x�p�e�r�i�m�e�n�t�s� �i�s� �n�o�t� �s�e�e�n� �w�i�t�h� �a�n�y� �o�f� �t�h�e� �m�o�d�e�l� �a�s�s�u�m�p�t�i�o�n�s�.� 
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�2�.�2�.�3� �M�e�c�h�a�n�i�c�a�l� �S�t�u�d�i�e�s� 

�M�e�c�h�a�n�i�c�a�l� �s�t�u�d�i�e�s� �o�f� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �c�a�n� �i�n�c�o�r�p�o�r�a�t�e� �a� �w�i�d�e� �v�a�r�i�e�t�y� �o�f� �t�e�s�t�s� �i�n�c�l�u�d�i�n�g� 

�c�r�e�e�p�,� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n�,� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l�,� �s�t�a�n�d�a�r�d� �t�e�n�s�i�l�e� �t�e�s�t�i�n�g�,� �i�m�p�a�c�t�,� �e�t�c�.� �I�n� 

�a�d�d�i�t�i�o�n�,� �d�u�e� �t�o� �t�h�e� �t�e�n�s�o�r�i�a�l� �n�a�t�u�r�e� �o�f� �s�t�r�e�s�s� �a�n�d� �s�t�r�a�i�n�,� �t�h�e� �l�o�a�d�i�n�g� �c�a�n� �t�a�k�e� �o�n� �v�a�r�y�i�n�g� 

�r�a�n�g�e�s� �o�f� �c�o�m�p�l�e�x�i�t�y� �f�r�o�m� �s�i�m�p�l�e� �s�h�e�a�r� �o�r� �t�e�n�s�i�o�n� �a�l�l� �t�h�e� �w�a�y� �u�p� �t�o� �t�h�r�e�e� �d�i�m�e�n�s�i�o�n�a�l� 

�s�t�r�e�s�s� �s�t�a�t�e�s�.� �I�n� �g�e�n�e�r�a�l�,� �s�m�a�l�l� �s�t�r�a�i�n� �c�r�e�e�p� �a�n�d�/�o�r� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� �t�e�s�t�s� �a�r�e� �t�h�e� �m�o�s�t� 

�u�s�e�f�u�l� �s�i�n�c�e� �t�h�e�y� �a�r�e� �n�o�n�-�d�e�s�t�r�u�c�t�i�v�e� �i�n� �n�a�t�u�r�e� �a�n�d� �c�a�n� �p�r�o�v�i�d�e� �e�x�c�e�l�l�e�n�t� 

�r�e�l�a�x�a�t�i�o�n�/�r�e�t�a�r�d�a�t�i�o�n� �d�a�t�a� �o�n� �t�h�e� �m�a�t�e�r�i�a�l�.� 

�S�t�r�u�i�k�®�?� �h�a�s� �p�r�o�v�i�d�e�d� �a�n� �e�x�c�e�l�l�e�n�t� �s�u�m�m�a�r�y� �o�f� �t�h�e� �v�a�r�i�o�u�s� �a�s�p�e�c�t�s� �o�f� �c�r�e�e�p�/�s�t�r�e�s�s� 

�r�e�l�a�x�a�t�i�o�n� �t�e�s�t�i�n�g� �a�n�d� �t�h�e� �c�o�n�s�e�q�u�e�n�t� �d�a�t�a� �r�e�d�u�c�t�i�o�n�.� �I�n� �g�e�n�e�r�a�l�,� �o�n�e� �s�a�m�p�l�e� �c�a�n� �b�e� �u�s�e�d� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �t�e�s�t� �a�s� �l�o�n�g� �a�s� �t�h�e� �s�t�r�e�s�s� �l�e�v�e�l� �r�e�m�a�i�m�s� �l�o�w� �(�l�e�s�s� �t�h�a�n� �1�0� 

�M�P�a� �o�r� �0�.�3�%� �s�t�r�a�i�n�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �s�u�b�s�e�q�u�e�n�t� �c�r�e�e�p� �l�o�a�d�i�n�g�s� �a�t� �t�h�e�s�e� �l�o�w� �s�t�r�e�s�s� �l�e�v�e�l�s� �w�i�l�l� 

�n�o�t� �a�l�t�e�r� �t�h�e� �a�g�e�d� �s�t�a�t�e� �s�o� �o�n�e� �d�o�e�s� �n�o�t� �h�a�v�e� �t�o� �r�e�q�u�e�n�c�h� �t�h�e� �s�a�m�p�l�e� �f�o�r� �e�v�e�r�y� �c�r�e�e�p� �t�e�s�t�.� 

�A� �t�y�p�i�c�a�l� �l�o�a�d�i�n�g� �p�r�o�c�e�d�u�r�e� �w�h�i�c�h� �c�a�p�i�t�a�l�i�z�e�s� �o�n� �t�h�e�s�e� �f�e�a�t�u�r�e�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�-�1�0�.� 

�T�h�e� �s�a�m�p�l�e� �i�s� �s�t�r�e�s�s�e�d� �a�t� �i�n�c�r�e�a�s�i�n�g� �t�i�m�e� �i�n�t�e�r�v�a�l�s� �a�n�d� �c�r�e�e�p� �c�o�m�p�l�i�a�n�c�e�s� �m�e�a�s�u�r�e�d�.� �T�h�e� 

�t�i�m�e� �o�f� �t�e�s�t�i�n�g� �a�t� �e�a�c�h� �l�o�a�d�i�n�g� �m�u�s�t� �b�e� �s�m�a�l�l� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �a�g�i�n�g� �t�i�m�e� �o�r� �e�l�s�e� �t�h�e� 

�a�g�i�n�g� �w�i�l�l� �d�i�s�t�o�r�t� �t�h�e� �c�o�m�p�l�i�a�n�c�e� �c�u�r�v�e�.� �T�y�p�i�c�a�l�l�y� �t�h�e� �c�r�e�e�p� �t�i�m�e� �i�s� �t�a�k�e�n� �a�s� �o�n�e� �o�r� �t�w�o�-� 

�t�e�n�t�h�s� �o�f� �t�h�e� �c�u�r�r�e�n�t� �a�g�i�n�g� �t�i�m�e�.� �S�e�p�a�r�a�t�i�o�n� �b�e�t�w�e�e�n� �c�r�e�e�p� �m�e�a�s�u�r�e�m�e�n�t�s� �s�h�o�u�l�d� �b�e� �f�a�r� 

�e�n�o�u�g�h� �a�p�a�r�t� �t�o� �a�l�l�o�w� �f�o�r� �f�u�l�l� �r�e�l�a�x�a�t�i�o�n� �o�f� �t�h�e� �u�n�l�o�a�d�e�d� �c�r�e�e�p� �s�a�m�p�l�e� �b�u�t� �n�o�t� �s�o� �f�a�r� �a�p�a�r�t� 

�a�s� �t�o� �m�a�k�e� �d�a�t�a� �s�h�i�f�t�i�n�g� �d�i�f�f�i�c�u�l�t�.� �A� �s�a�m�p�l�e� �s�e�t� �o�f� �c�r�e�e�p� �c�u�r�v�e�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�-�1�1� 

�f�o�r� �r�i�g�i�d� �P�V�C� �a�t� �v�a�r�i�o�u�s� �a�g�i�n�g� �t�i�m�e�s�.� �I�t� �i�s� �a�p�p�a�r�e�n�t� �t�h�a�t� �t�h�e� �c�u�r�v�e�s� �c�a�n� �b�e� �s�u�p�e�r�i�m�p�o�s�e�d� 

�b�y� �s�i�m�p�l�y� �s�h�i�f�t�i�n�g� �t�h�e�m� �h�o�r�i�z�o�n�t�a�l�l�y� �a�l�o�n�g� �t�h�e� �t�i�m�e� �a�x�i�s�.� �T�h�i�s� �i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� �o�n�l�y� �e�f�f�e�c�t� 

�o�f� �a�g�i�n�g� �i�s� �t�o� �s�h�i�f�t� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �s�p�e�c�t�r�u�m�.� �T�h�i�s� �i�s� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �o�f� 

�t�h�e�r�m�o�r�h�e�o�l�o�g�i�c�a�l� �s�i�m�p�l�i�c�i�t�y� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r� �f�o�r� �t�h�e� �k�i�n�e�t�i�c� �m�o�d�e�l�s�.� �T�h�e� �g�e�n�e�r�a�l� 

�p�r�o�c�e�d�u�r�e� �i�s� �t�o� �c�h�o�s�e� �a� �r�e�f�e�r�e�n�c�e� �t�i�m�e� �a�n�d� �t�h�e�n� �s�h�i�f�t� �e�a�c�h� �c�u�r�v�e� �t�o� �t�h�a�t� �r�e�f�e�r�e�n�c�e� �t�i�m�e�.� �I�f� 

�t�h�e� �a�m�o�u�n�t� �o�f� �h�o�r�i�z�o�n�t�a�l� �s�h�i�f�t� �a�,� �L�e�.� �t�h�e� �s�h�i�f�t� �f�a�c�t�o�r�,� �i�s� �p�l�o�t�t�e�d� �o�n� �a� �d�o�u�b�l�y� �l�o�g�a�r�i�t�h�m�i�c� �p�l�o�t� 
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�F�i�g�u�r�e� �2�.�2�-�1�0�.� �T�y�p�i�c�a�l� �s�t�r�e�s�s� �h�i�s�t�o�r�y� �f�o�r� �a�g�i�n�g� �s�t�u�d�y� �(�f�r�o�m� �[�5�3�]�)�.� 
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�F�i�g�u�r�e� �2�.�2�-�1�1�.� �C�r�e�e�p� �c�u�r�v�e�s� �f�o�r� �r�i�g�i�d� �P�V�C� �a�t� �v�a�r�i�o�u�s� �a�g�i�n�g� �t�i�m�e�s� �(�f�r�o�m� �L�.� 
�C�.� �E�.� �S�t�r�u�i�k�,� �P�h�y�s�i�c�a�l� �A�g�i�n�g� �i�n� �A�m�o�r�p�h�o�u�s� �P�o�l�y�m�e�r�s� �a�n�d� 
�O�t�h�e�r� �M�a�t�e�r�i�a�l�s�,� �E�l�s�e�v�i�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�7�8�)�.� 
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�v�e�r�s�u�s� �t�h�e� �a�g�i�n�g� �t�i�m�e�,� �t�h�e� �d�a�t�a� �i�s� �f�o�u�n�d� �t�o� �l�i�e� �a�l�o�n�g� �a� �s�t�r�a�i�g�h�t� �l�i�n�e� �w�i�t�h� �a� �s�l�o�p�e� �o�f� �p�.� �T�h�i�s� 

�s�h�i�f�t� �r�a�t�e� �i�s� �d�e�f�i�n�e�d� �a�s� 

�_� �d�i�l�o�g�a� �=� �2�.�2�-� �1�2� 
�d� �l�o�g� �¢�,� �(� �)� 

�F�o�r� �m�o�s�t� �g�l�a�s�s�y� �p�o�l�y�m�e�r�s� �|� �h�a�s� �a� �v�a�l�u�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1� �o�v�e�r� �a� �w�i�d�e� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e�.� 

�T�h�i�s� �i�s� �t�r�u�e� �a�s� �l�o�n�g� �a�s� �t�h�e� �g�l�a�s�s� �i�s� �f�a�r� �f�r�o�m� �e�q�u�i�l�i�b�r�i�u�m�.� �V�a�l�u�e�s� �o�f� �1� �f�o�r� �a� �n�u�m�b�e�r� �o�f� 

�d�i�f�f�e�r�e�n�t� �p�o�l�y�m�e�r�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�-�1�2�.� �P�o�l�y�c�a�r�b�o�n�a�t�e� �i�s� �u�n�u�s�u�a�l� �i�n� �t�h�a�t� �i�t�s� 

�m�a�x�i�m�u�m� �s�h�i�f�t� �r�a�t�e� �i�s� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �(�~�1�.�2�0�)� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �o�t�h�e�r� �g�l�a�s�s�e�s�.� �A�s� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �a�p�p�r�o�a�c�h�e�s� �T�,�,� �t�h�e� �s�h�i�f�t� �r�a�t�e� �f�a�l�l�s� �o�f�f� �c�o�n�s�i�d�e�r�a�b�l�y�.� �T�h�i�s� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� 

�t�h�e� �c�l�o�s�e�n�e�s�s� �t�o� �e�q�u�i�l�i�b�r�i�u�m� �a�t� �w�h�i�c�h� �p�o�i�n�t� �t�h�e� �a�b�o�v�e� �r�e�l�a�t�i�o�n� �i�s� �i�n�v�a�l�i�d�.� �A�l�s�o�,� �a�t� �l�o�w�e�r� 

�t�e�m�p�e�r�a�t�u�r�e�s� �t�h�e� �s�h�i�f�t� �r�a�t�e� �d�e�c�r�e�a�s�e�s�.� �T�h�i�s�  ��T�o�l�l�-�o�f�f �� �u�s�u�a�l�l�y� �o�c�c�u�r�s� �n�e�a�r� �t�h�e� �s�e�c�o�n�d�a�r�y� 

�r�e�l�a�x�a�t�i�o�n� �i�f� �t�h�a�t� �r�e�l�a�x�a�t�i�o�n� �i�s� �a� �m�a�i�n� �c�h�a�i�n� �a�n�d� �n�o�t� �a� �s�i�d�e� �c�h�a�i�n� �r�e�l�a�x�a�t�i�o�n�.� �T�h�e� �b�e�h�a�v�i�o�r� �i�s� 

�s�i�m�i�l�a�r� �t�o� �t�h�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�.� �C�o�m�p�a�r�e� �a�n�d� �c�o�n�t�r�a�s�t� �t�h�e� �m�e�c�h�a�n�i�c�a�l� 

�d�a�t�a� �w�i�t�h� �t�h�e� �B� �v�o�l�u�m�e�t�r�i�c� �d�a�t�a� �d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y�.� �A�l�t�h�o�u�g�h� �m�o�s�t� �o�f� �t�h�e� �t�r�e�n�d�s� �a�r�e� 

�s�i�m�i�l�a�r�,� �t�h�e�r�e� �a�r�e� �s�o�m�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �t�h�e� �v�a�r�i�o�u�s� �p�a�r�a�m�e�t�e�r�s� �d�e�c�r�e�a�s�e� 

�w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�.� �F�o�r� �t�h�i�s�,� �a� �n�e�w� �p�a�r�a�m�e�t�e�r� �S�,� �k�n�o�w�n� �a�s� �t�h�e� �v�o�l�u�m�e� 

�s�e�n�s�i�t�i�v�i�t�y�,� �i�s� �d�e�f�i�n�e�d� �a�s� 

�S� �=� �2�.�3�0�3� �(�2�.�2�-� �1�3�)� 

�S�e�n�s�i�t�i�v�i�t�y� �d�a�t�a� �f�o�r� �a� �v�a�r�i�e�t�y� �o�f� �p�o�l�y�m�e�r�s� �a�r�e� �p�l�o�t�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�2�-�1�3�.� �T�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� 

�S� �i�s� �i�n� �i�t�s� �r�e�l�a�t�i�o�n� �t�o� �t�h�e� �m�o�b�i�l�i�t�y�.� �S�t�r�u�i�k�*�*� �h�a�s� �s�h�o�w�n� �h�o�w� �E�q�n�.� �2�.�2�-�1�3� �c�a�n� �b�e� �r�e�l�a�t�e�d� �t�o� 

�a�n�o�t�h�e�r� �d�e�f�i�n�i�t�i�o�n� �f�o�r� �S�,� 

� � 

�_�f�a�m�m� �S� �=� �l�l� �(�2�.�2�-� �1�4�)� 

�w�h�e�r�e� �M� �i�s� �t�h�e� �m�o�b�i�l�i�t�y� �a�n�d� �/�/�v� �i�s� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �f�r�a�c�t�i�o�n�.� �T�h�e� �s�t�r�o�n�g� �i�n�c�r�e�a�s�e� �i�n� �S� �w�i�t�h� 

�d�e�c�r�e�a�s�i�n�g� �T� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �r�e�c�o�g�n�i�z�e�.� �I�t� �m�e�a�n�s� �t�h�a�t� �a� �p�o�l�y�m�e�r� �c�a�n� �s�t�i�l�l� �u�n�d�e�r�g�o� 
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�F�i�g�u�r�e� �2�.�2�-�1�2�.� �M�e�c�h�a�n�i�c�a�l� �s�h�i�f�t� �r�a�t�e�s� �f�o�r� �v�a�r�i�o�u�s� �p�o�l�y�m�e�r�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 
�i�s�o�t�h�e�r�m�a�l� �a�g�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �(�f�r�o�m� �[�5�3�]�)�.� 
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�s�i�g�n�i�f�i�c�a�n�t� �c�h�a�n�g�e�s� �i�n� �m�e�c�h�a�n�i�c�a�l� �m�o�b�i�l�i�t�y� �a�t� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s� �e�v�e�n� �t�h�o�u�g�h� �t�h�e� �s�p�e�c�i�f�i�c� 

�v�o�l�u�m�e� �i�s� �c�h�a�n�g�i�n�g� �o�n�l�y� �v�e�r�y� �l�i�t�t�l�e� �w�i�t�h� �t�i�m�e�.� �T�h�i�s� �s�t�r�o�n�g� �m�c�r�e�a�s�e� �i�n� �S� �i�s� �a�l�s�o� �n�o�t� �i�n� �l�i�n�e� 

�w�i�t�h� �t�h�e� �p�r�e�d�i�c�t�i�o�n�s� �o�f� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �m�o�d�e�l�s� �s�u�c�h� �a�s� �t�h�e� �W�L�F� �e�q�u�a�t�i�o�n�.� �W�h�i�l�e� �t�h�e� �t�r�e�n�d� 

�i�s� �i�n� �t�h�e� �r�i�g�h�t� �d�i�r�e�c�t�i�o�n�,� �t�h�e� �m�a�g�n�i�t�u�d�e�s� �o�f� �s�h�i�f�t�i�n�g� �f�o�r� �a� �g�i�v�e�n� �c�h�a�n�g�e� �i�n� �f�r�e�e� �v�o�l�u�m�e� �d�o� 

�n�o�t� �c�o�i�n�c�i�d�e�.� �A�p�p�a�r�e�n�t�l�y� �t�h�i�s� �i�s� �d�u�e� �t�o� �t�h�e� �i�m�a�c�c�u�r�a�c�y� �o�f� �a�p�p�l�y�i�n�g� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� 

�e�q�u�a�t�i�o�n�s� �b�e�l�o�w� �T�g� �w�h�e�r�e� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �d�i�s�t�r�i�b�u�t�i�o�n� �i�s� �n�o� �l�o�n�g�e�r� �a�n� �e�q�u�i�l�i�b�r�i�u�m� 

�d�i�s�t�r�i�b�u�t�i�o�n�.� �©�?� 

�R�e�a�d� �h�a�s� �p�e�r�f�o�r�m�e�d� �a� �t�h�o�r�o�u�g�h� �s�e�r�i�e�s� �o�f� �c�r�e�e�p� �t�e�s�t�s� �o�n� �P�C�,� �P�B�T�,� �P�V�C�,� �a�n�d� �H�D�P�E� 

�o�v�e�r� �a� �v�e�r�y� �b�r�o�a�d� �t�i�m�e� �r�a�n�g�e� �(�1�0�°� �t�o� �1�0�°� �s�e�c�o�n�d�s�)� �w�h�i�c�h� �e�n�c�o�m�p�a�s�s�e�s� �b�o�t�h� �t�h�e� �s�e�c�o�n�d�a�r�y� 

�(�B�)� �a�n�d� �p�r�i�m�a�r�y� �(�«�)� �r�e�l�a�x�a�t�i�o�n�s�. ��'� �* ��*�?� �A� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �b�o�t�h� �s�t�a�t�i�c� �a�n�d� �d�y�n�a�m�i�c� �t�e�s�t�s� 

�w�a�s� �u�s�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �b�r�o�a�d� �t�i�m�e� �r�a�n�g�e�.� �F�o�r� �s�h�o�r�t�-�t�e�r�m�,� �s�m�a�l�l� �s�t�r�e�s�s� �c�r�e�e�p�,� �t�h�e� 

�c�o�m�p�l�i�a�n�c�e� �w�a�s� �a�c�c�u�r�a�t�e�l�y� �m�o�d�e�l�e�d� �a�s� �t�h�e� �s�u�m�m�a�t�i�o�n� �o�f� �t�h�e� �c�o�m�p�l�i�a�n�c�e� �c�o�n�t�r�i�b�u�t�i�o�n�s� 

�f�r�o�m� �t�h�e� �p�r�i�m�a�r�y� �a�n�d� �s�e�c�o�n�d�a�r�y� �r�e�l�a�x�a�t�i�o�n�s� 

�D�(�t�)� �=� �D�u�g� �+� �D�g�(�t�)� �+� �D�,�(�t�)� �(�2�.�2�-� �1�5�)� 

�w�h�e�r�e� �D�,�,� �i�s� �t�h�e� �u�n�r�e�l�a�x�e�d� �c�o�m�p�l�i�a�n�c�e� �a�t� �s�h�o�r�t� �t�i�m�e�s� �a�n�d� �D�,�(�t�)� �a�n�d� �D�,�(�t�)� �a�r�e� �t�h�e� 

�c�o�n�t�r�i�b�u�t�i�o�n�s� �f�r�o�m� �t�h�e� �o� �a�n�d� �f� �r�e�l�a�x�a�t�i�o�n�s� �r�e�s�p�e�c�t�i�v�e�l�y�.� �F�o�r� �t�h�e� �B� �r�e�l�a�x�a�t�i�o�n�,� 
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�D�,�(�t�)� �=� �A�D�;� �(�t�)� �(�2�.�2�-� �1�6�)� 
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�a�n�d� 

�W�,�(�t�)� �=� �(�t�/� �t�,�)�"�(�(�t� �/� �t�,�) �� �+� �c�o�s�(�n�a� �/� �2�)�]� �(�2�.�2�-� �1�8�)� 

�1�+� �2�(�t�/� �t�;�)�"� �c�o�s�(�n�a� �/� �2�)� �+�(�t�/� �t�y�"� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �4�4



� � 

� � 
� � � � 

� � 
� � � � � � � � � � � � � � � � � � 

�2�-� 

�d�i�n� �1�0�2�0� 
�a� �3� 

�v�y� �a�p� �x�?� 

�3�  �� �o�e� 

�.� �/� 
�5� 

�s� �4� 

�6�-� 
�t�w�e�e� 

�7� �«� 

�8�4� 
�8�3� �o�o�1�0� 

�n�o� 

�0�0�0�5� 

�1�0�0� 

�2�0�0�0� 
�-� �1�8�0�  ��7�1�0�0� �-� �5�0� �0� �5�0� �9�0�0� �1�5�0� 

�F�i�g�u�r�e� �2�.�2�-�1�3�.� �M�e�c�h�a�n�i�c�a�l� �s�e�n�s�i�t�i�v�i�t�y� �d�a�t�a� �f�o�r� �v�a�r�i�o�u�s� �p�o�l�y�m�e�r�s�.� �N�o�t�e� �t�h�a�t� 
�t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �S� �i�n�c�r�e�a�s�e�s� �i�n� �t�h�e� �d�o�w�n�w�a�r�d� �d�i�r�e�c�t�i�o�n� �(�f�r�o�m� 
�[�5�3�]�)�.� 
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�w�h�i�c�h� �i�s� �k�n�o�w�n� �a�s� �t�h�e� �C�o�l�e�-�C�o�l�e� �e�q�u�a�t�i�o�n�.� �D�g�,� �i�s� �t�h�e� �r�e�l�a�x�e�d� �c�o�m�p�l�i�a�n�c�e�.� �F�o�r� �t�h�e� 

�c�o�n�t�r�i�b�u�t�i�o�n�,� �D�,�(�t�)� �c�a�n� �b�e� �a�p�p�r�o�x�i�m�a�t�e�d� �a�s� 

�D�,�(�t�)� �=� �D�e�g�¥�q�(�t�)� �=� �D�e�g� �e�x�p�(�t� �/� �t�,�)�"� �(�2�.�2�-� �1�9�)� 

�w�h�e�r�e� �t�h�e� �e�x�p�o�n�e�n�t�i�a�l� �t�e�r�m� �i�s� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �K�o�l�r�a�u�s�c�h�-�W�i�l�l�i�a�m�s�-�W�a�t�t�s� �(�K�W�W�)� 

�e�q�u�a�t�i�o�n�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �T�,� �i�s� �a� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �a�n�d� �¥� �i�s� �t�h�e� �e�x�p�o�n�e�n�t�i�a�l�i�t�y� 

�p�a�r�a�m�e�t�e�r� �(�t�h�i�s� �p�a�r�a�m�e�t�e�r� �i�s� �d�e�n�o�t�e�d� �a�s� �B� �e�l�s�e�w�h�e�r�e� �b�u�t� �i�s� �d�e�n�o�t�e�d� �a�s� �y� �h�e�r�e� �t�o� �a�v�o�i�d� 

�c�o�n�f�u�s�i�o�n� �w�i�t�h� �t�h�e� �B� �r�e�l�a�x�a�t�i�o�n�)�.� �D�u�r�i�n�g� �a�g�i�n�g�,� �t�T�,� �i�s� �f�o�u�n�d� �t�o� �i�n�c�r�e�a�s�e� �f�o�r� �t�h�e� �a� 

�c�o�n�t�r�i�b�u�t�i�o�n� �w�h�e�r�e�a�s� �A�D�,� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �a�g�i�n�g� �t�i�m�e� �f�o�r� �t�h�e� �B� �r�e�l�a�x�a�t�i�o�n�.� 

�T�h�e� �i�s�s�u�e� �o�f� �m�e�c�h�a�n�i�c�a�l� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �i�s� �a�n� �i�m�p�o�r�t�a�n�t� �o�n�e� �b�u�t� �i�t� �h�a�s� 

�g�e�n�e�r�a�t�e�d� �s�o�m�e� �c�o�n�f�u�s�i�o�n�.� �B�y� �e�n�h�a�n�c�e�m�e�n�t� �i�t� �i�s� �m�e�a�n�t� �t�h�a�t� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �a� �h�i�g�h� 

�e�n�o�u�g�h� �s�t�r�e�s�s�-�-�r�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �m�o�d�e� �o�f� �d�e�f�o�r�m�a�t�i�o�n�-�-�w�i�l�l� �i�n�c�r�e�a�s�e� �t�h�e� �r�a�t�e� �o�f� �p�h�y�s�i�c�a�l� 

�a�g�i�n�g� �d�u�r�m�g� �c�o�n�s�e�q�u�e�n�t� �a�n�n�e�a�l�i�n�g�.� �I�t� �h�a�s� �a�l�r�e�a�d�y� �b�e�e�n� �s�h�o�w�n� �t�h�a�t� �a� �s�t�r�e�s�s� �o�f� �s�u�f�f�i�c�i�e�n�t� 

�m�a�g�n�i�t�u�d�e� �w�i�l�l� �e�r�a�s�e� �p�r�e�v�i�o�u�s� �a�g�i�n�g� �(�i�.�e�.� �r�e�j�u�v�e�n�a�t�i�o�n�)�,� �e�i�t�h�e�r� �w�h�o�l�l�y� �o�r� �p�a�r�t�l�y�,� �w�h�i�c�h� 

�s�e�e�m�s� �t�o� �b�e� �i�n� �c�o�n�t�r�a�d�i�c�t�i�o�n� �t�o� �t�h�e� �p�r�e�v�i�o�u�s� �s�t�a�t�e�m�e�n�t�.� �S�t�r�u�i�k� �o�r�i�g�i�n�a�l�l�y� �s�h�o�w�e�d� �h�o�w� �h�i�g�h� 

�s�t�r�e�s�s�e�s� �d�u�r�i�n�g� �t�h�e� �c�r�e�e�p�-�a�g�i�n�g� �t�e�s�t�s� �l�e�a�d�s� �t�o� �r�e�d�u�c�e�d� �s�h�i�f�t� �f�a�c�t�o�r�s�. �� �T�h�i�s� �i�s� �f�u�r�t�h�e�r� 

�i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�2�-�1�4�.� �H�e�r�e� �h�e� �a�s�s�u�m�e�s� �t�h�e� �s�a�m�e� �m�u�l�t�i�p�l�e� �t�e�s�t�i�n�g� �p�r�o�t�o�c�o�l� �d�i�s�c�u�s�s�e�d� 

�e�a�r�l�i�e�r� �(�s�e�e� �F�i�g�u�r�e� �2�.�2�-�1�0�)�.� �T�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �h�i�g�h�e�r� �s�t�r�e�s�s� �i�s� �c�l�e�a�r�l�y� �t�o� �r�e�d�u�c�e� �t�h�e� �s�h�i�f�t�i�n�g� 

�a�n�d� �t�h�e�r�e�f�o�r�e� �t�o� �r�e�d�u�c�e� �1� �w�h�i�c�h� �l�e�a�d�s� �o�n�e� �t�o� �b�e�l�i�e�v�e� �t�h�a�t� �t�h�e� �h�i�g�h�e�r� �s�t�r�e�s�s�e�s� �e�r�a�s�e� �p�h�y�s�i�c�a�l� 

�a�g�i�n�g�,� �n�o�t� �e�n�h�a�n�c�e� �i�t�.� �P�r�o�m�p�t�e�d� �b�y� �c�l�a�i�m�s� �f�r�o�m� �S�t�e�r�n�s�t�e�n!"� �°�°� �t�h�a�t� �h�i�g�h� �s�t�r�e�s�s�e�s� �d�i�d� 

�i�n�d�e�e�d� �e�n�h�a�n�c�e� �a�g�i�n�g�,� �S�t�r�u�i�k� �r�e�v�i�s�i�t�e�d� �t�h�e� �p�r�o�b�l�e�m� �i�n� �a�n�o�t�h�e�r� �r�e�p�o�r�t�. �� �S�t�r�u�i�k� �l�o�o�k�e�d� �a�t� 

�h�i�g�h� �s�t�r�e�s�s� �l�o�a�d�i�n�g�s� �b�u�t� �f�o�l�l�o�w�e�d� �t�w�o� �d�i�f�f�e�r�e�n�t� �l�o�a�d�i�n�g� �p�a�t�t�e�r�n�s�.� �I�n� �t�h�e� �f�i�r�s�t� �p�a�t�t�e�r�n�,� 

�s�a�m�p�l�e�s� �w�e�r�e� �l�o�a�d�e�d� �f�o�l�l�o�w�i�n�g� �t�h�e� �p�r�o�t�o�c�o�l� �i�n� �F�i�g�u�r�e� �2�.�2�-�1�0� �(�T�y�p�e� �1�)�.� �I�n� �t�h�e� �s�e�c�o�n�d� 

�p�a�t�t�e�r�n�,� �e�a�c�h� �s�a�m�p�l�e� �w�a�s� �a�g�e�d� �u�p� �t�o� �t�h�e� �d�e�s�i�r�e�d� �t�i�m�e� �a�n�d� �a� �o�n�l�y� �o�n�e� �c�r�e�e�p� �t�e�s�t� �p�e�r�f�o�r�m�e�d� 

�(�T�y�p�e� �2�)�.� �T�h�e� �r�e�s�u�l�t�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�-�1�5�.� �A�t� �l�o�w� �s�t�r�e�s�s�e�s�,� �t�h�e� �t�w�o� �l�o�a�d�i�n�g� 
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�F�i�g�u�r�e� �2�.�2�-�1�5�.� �E�f�f�e�c�t� �o�f� �h�i�g�h� �s�t�r�e�s�s� �o�n� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �s�h�i�f�t� �b�e�h�a�v�i�o�r�.� �T�w�o� 

�d�i�f�f�e�r�e�n�t� �l�o�a�d�i�n�g� �p�r�o�t�o�c�o�l�s� �a�r�e� �s�h�o�w�n�.� �S�e�e� �t�e�x�t� �f�o�r� �f�u�r�t�h�e�r� 
�d�e�s�c�r�i�p�t�i�o�n� �(�f�r�o�m� �[�9�7�]�}�)�.� 
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�p�r�o�t�o�c�o�l�s� �g�i�v�e� �i�d�e�n�t�i�c�a�l� �r�e�s�u�l�t�s� �a�s� �e�x�p�e�c�t�e�d�.� �A�t� �h�i�g�h�e�r� �s�t�r�e�s�s�e�s�,� �t�h�e� �b�e�h�a�v�i�o�r� �i�s� �q�u�i�t�e� 

�d�i�f�f�e�r�e�n�t�.� �T�y�p�e� �1� �s�a�m�p�l�e�s� �g�i�v�e� �s�i�m�i�l�a�r� �r�e�s�u�l�t�s� �a�s� �i�n� �F�i�g�u�r�e� �2�.�2�-�1�4� �w�i�t�h� �a� �r�e�d�u�c�t�i�o�n� �i�n� �[�1� �a�s� 

�c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �l�o�w� �s�t�r�e�s�s� �s�a�m�p�l�e�s�.� �T�h�e� �T�y�p�e� �2� �s�a�m�p�l�e�s�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �s�h�o�w� �a�n� 

�e�v�e�n� �s�m�a�l�l�e�r� �s�h�i�f�t�i�n�g�.� �T�h�e� �r�e�s�u�l�t�s� �m�i�g�h�t� �b�e� �m�t�e�r�p�r�e�t�e�d� �a�s� �f�o�l�l�o�w�s� �(�t�h�i�s� �i�s� �t�h�i�s� �a�u�t�h�o�r ��s� 

�i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �S�t�r�u�i�k ��s� �r�e�s�u�l�t�s�)�.� �T�h�e� �p�r�o�c�e�s�s� �o�f� �a�c�t�u�a�l�l�y� �a�p�p�l�y�i�n�g� �t�h�e� �h�i�g�h� �s�t�r�e�s�s� �a�c�t�s� �t�o� 

�p�a�r�t�i�a�l�l�y� �e�r�a�s�e� �t�h�e� �p�r�e�v�i�o�u�s� �p�h�y�s�i�c�a�l� �a�g�i�n�g�.� �F�o�r� �t�h�e� �T�y�p�e� �2� �s�a�m�p�l�e�s�,� �t�h�i�s� �m�e�a�n�s� �t�h�a�t� �e�a�c�h� 

�s�a�m�p�l�e� �w�i�l�l� �b�e�h�a�v�e� �d�u�r�i�n�g� �t�h�e� �r�e�s�t� �o�f� �t�h�e� �c�u�r�r�e�n�t� �c�r�e�e�p� �t�e�s�t� �a�s� �i�f� �i�t� �w�e�r�e� �f�r�e�s�h�l�y� �q�u�e�n�c�h�e�d� 

�(�o�r� �a�t� �l�e�a�s�t�  ��l�e�s�s� �a�g�e�d ��)�.� �F�o�r� �t�h�e� �T�y�p�e� �1� �s�a�m�p�l�e�s�,� �t�h�e� �s�a�m�e� �a�p�p�l�i�e�s�.� �H�o�w�e�v�e�r�,� �a�f�t�e�r� �t�h�e� 

�c�r�e�e�p� �t�e�s�t� �i�s� �c�o�m�p�l�e�t�e�d�,� �t�h�e� �s�a�m�p�l�e� �i�s� �f�u�r�t�h�e�r� �a�g�e�d� �a�n�d� �t�h�e�n� �a�n�o�t�h�e�r� �c�r�e�e�p� �t�e�s�t� �p�e�r�f�o�r�m�e�d�.� 

�T�h�e� �i�n�t�e�r�i�m� �a�g�i�n�g� �p�e�r�i�o�d� �i�s� �i�s� �w�h�e�r�e� �e�n�h�a�n�c�e�m�e�n�t� �e�n�t�e�r�s� �t�h�e� �p�i�c�t�u�r�e�.� �T�h�e� �s�a�m�p�l�e� �w�i�l�l� �a�g�e� 

�a�t� �a� �f�a�s�t�e�r� �r�a�t�e� �a�f�t�e�r� �t�h�e� �f�i�r�s�t� �l�o�a�d�i�n�g� �i�s� �c�o�m�p�l�e�t�e�d� �d�u�e� �t�o� �t�h�e� �h�i�g�h� �s�t�r�e�s�s� �e�f�f�e�c�t�.� �A�t� �t�h�e� �n�e�x�t� 

�c�r�e�e�p� �l�o�a�d�i�n�g�,� �t�h�e� �a�g�i�n�g� �w�i�l�l� �a�g�a�i�n� �b�e� �p�a�r�t�i�a�l�l�y� �e�r�a�s�e�d�;� �b�u�t�,� �t�h�e�r�e� �i�s� �a� �h�i�g�h�e�r� �r�e�s�i�d�u�a�l� �d�e�g�r�e�e� 

�o�f� �a�g�i�n�g� �t�h�a�n� �b�e�f�o�r�e�.� �T�h�i�s� �r�e�s�u�l�t�s� �i�n� �a� �g�r�e�a�t�e�r� �1�)� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �T�y�p�e� �2� �s�a�m�p�l�e�s�.� �A�s� 

�t�o� �w�h�y� �h�i�g�h� �s�t�r�e�s�s�e�s� �e�n�h�a�n�c�e� �a�g�i�n�g� �r�a�t�e�s� �m�a�y� �b�e� �c�l�o�s�e�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �i�s�s�u�e� �o�f� �w�h�y� �c�o�l�d�-� 

�d�r�a�w�i�n�g� �e�n�h�a�n�c�e�s� �p�h�y�s�i�c�a�l� �a�g�i�n�g�.� �I�t� �i�s� �l�i�k�e�l�y� �t�h�a�t� �t�h�e� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �a�n�d� �r�e�s�i�d�u�a�l� 

�s�t�r�e�s�s�e�s� �p�r�e�s�e�n�t� �i�m� �t�h�e� �s�a�m�p�l�e� �a�r�e� �a�t� �l�e�a�s�t� �p�a�r�t�i�a�l�l�y� �r�e�s�p�o�n�s�i�b�l�e�.� 

�T�h�e� �i�s�s�u�e� �o�f� �r�e�j�u�v�e�n�a�t�i�o�n� �h�a�s� �a�l�s�o� �c�o�m�e� �u�n�d�e�r� �q�u�e�s�t�i�o�n� �i�n� �r�e�c�e�n�t� �y�e�a�r�s� �b�a�s�e�d� �o�n� 

�w�o�r�k� �b�y� �M�c�K�e�n�n�a� �a�n�d� �c�o�w�o�r�k�e�r�s� �u�s�i�n�g� �a� �t�o�r�s�i�o�n�a�l� �d�i�l�a�t�o�m�e�t�e�r�. ��*�*�?� �'�"!"� �T�h�e� �t�o�r�s�i�o�n�a�l� 

�d�i�l�a�t�o�m�e�t�e�r� �a�l�l�o�w�s� �f�o�r� �s�i�m�u�l�t�a�n�e�o�u�s� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �m�e�c�h�a�n�i�c�a�l� �a�n�d� �v�o�l�u�m�e�t�r�i�c� 

�r�e�l�a�x�a�t�i�o�n� �d�u�r�i�n�g� �a�g�i�n�g�.� �M�e�c�h�a�n�i�c�a�l� �s�h�i�f�t� �f�a�c�t�o�r�s� �f�o�r� �a�n� �e�p�o�x�y� �g�l�a�s�s� �a�g�e�d� �v�e�r�y� �c�l�o�s�e� �t�o� �i�t�s� 

�T�g� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�-�1�6� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �d�i�f�f�e�r�e�n�t� �s�t�r�e�s�s� �l�e�v�e�l�s�.� �T�h�e� �s�l�o�p�e�s� �o�f� �t�h�e� 

�c�u�r�v�e�s�,� �w�h�i�c�h� �a�r�e� �e�q�u�a�l� �t�o� �[�1�,� �a�r�e� �g�r�a�d�u�a�l�l�y� �d�e�c�r�e�a�s�i�n�g� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �s�t�r�e�s�s� �a�s� �e�x�p�e�c�t�e�d�.� 

�N�o�t�e� �h�o�w�e�v�e�r� �t�h�a�t� �t ��,� �t�h�e� �t�i�m�e� �t�o� �r�e�a�c�h� �e�q�u�i�l�i�b�r�i�u�m�,� �i�s� �c�o�n�s�t�a�n�t� �f�o�r� �a�l�l� �o�f� �t�h�e� �s�t�r�e�s�s� �l�e�v�e�l�s�.� 

�T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �g�l�a�s�s�y� �s�t�r�u�c�t�u�r�e� �i�s� �s�o�m�e�h�o�w� �d�e�c�o�u�p�l�e�d� �f�r�o�m� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �f�i�e�l�d�.� 

�O�n�e� �w�o�u�l�d� �e�x�p�e�c�t�,� �i�n� �t�h�e� �e�v�e�n�t� �o�f� �r�e�j�u�v�e�n�a�t�i�o�n�,� �t�h�a�t� �t �� �w�o�u�l�d� �c�h�a�n�g�e� �s�i�n�c�e� �t�h�e� �a�g�e�d� 

�s�t�r�u�c�t�u�r�e� �i�s� �a�l�s�o� �s�u�p�p�o�s�e�d� �t�o� �b�e� �c�h�a�n�g�i�n�g�.� �D�i�l�a�t�o�m�e�t�r�i�c� �m�e�a�s�u�r�e�m�e�n�t�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� 

�p�e�r�f�o�r�m�e�d� �w�h�i�c�h� �d�i�s�c�r�e�d�i�t� �t�h�e� �c�o�n�c�e�p�t� �o�f� �r�e�j�u�v�e�n�a�t�i�o�n�.� �A� �v�o�l�u�m�e�t�r�i�c� �p�l�o�t� �o�f� �a�n� �e�p�o�x�y� 

�s�a�m�p�l�e� �b�e�i�m�g� �a�g�e�d� �i�m� �t�h�e� �t�o�r�s�i�o�n�a�l� �d�i�l�a�t�o�m�e�t�e�r� �i�s� �s�h�o�w�n� �m� �F�i�g�u�r�e� �2�.�2�-�1�7�.� �T�h�e� �s�a�m�p�l�e� �w�a�s� 
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�l�o�a�d�e�d� �p�e�r�i�o�d�i�c�a�l�l�y� �w�i�t�h� �a� �l�a�r�g�e� �t�o�r�s�i�o�n�a�l� �s�t�r�a�i�n� �f�o�l�l�o�w�i�n�g� �t�h�e� �s�a�m�e� �l�o�a�d�i�n�g� �p�r�o�t�o�c�o�l� 

�d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�.� �T�h�e� �t�o�r�s�i�o�n� �s�t�r�a�i�n�s�,� �w�h�i�c�h� �s�h�o�w� �u�p� �a�s� �s�p�i�k�e�s� �o�n� �t�h�e� �p�l�o�t�,� �w�e�r�e� �l�a�r�g�e� 

�e�n�o�u�g�h� �t�o� �c�a�u�s�e� �a� �c�h�a�n�g�e� �i�n� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �s�h�i�f�t� �r�a�t�e� �d�a�t�a� �(�i�.�e�.� �r�e�j�u�v�e�n�a�t�i�o�n� �b�y� �t�h�e� �o�l�d� 

�d�e�f�i�n�i�t�i�o�n�)�.� �A� �b�a�s�e�l�i�n�e� �f�o�r� �a� �n�o�n�-�l�o�a�d�e�d� �s�a�m�p�l�e� �i�s� �s�h�o�w�n� �a�s� �a� �s�o�l�i�d� �l�i�n�e� �i�n� �t�h�e� �f�i�g�u�r�e�.� �N�o�t�e� 

�t�h�a�t� �w�i�t�h� �e�a�c�h� �l�o�a�d�i�n�g� �a�n�d� �u�n�l�o�a�d�i�n�g�,� �t�h�e� �v�o�l�u�m�e� �i�n�c�r�e�a�s�e�s� �t�r�e�m�e�n�d�o�u�s�l�y� �a�n�d� �t�h�e�n� �q�u�i�c�k�l�y� 

�r�e�l�a�x�e�s� �b�a�c�k� �d�o�w�n� �t�o� �t�h�e� �u�n�l�o�a�d�e�d� �b�a�s�e�l�i�n�e�.� �T�h�e� �b�a�s�e�l�i�n�e� �v�o�l�u�m�e�t�r�i�c� �r�e�s�p�o�n�s�e� �a�p�p�e�a�r�s� �t�o� 

�b�e� �i�n�s�e�n�s�i�t�i�v�e� �t�o� �a�n�y� �m�e�c�h�a�n�i�c�a�l� �l�o�a�d�i�n�g� �f�u�r�t�h�e�r� �s�u�p�p�o�r�t�i�n�g� �t�h�e� �i�d�e�a� �t�h�a�t� �t�h�e� �m�e�c�h�a�n�i�c�a�l� 

�a�n�d� �v�o�l�u�m�e�t�r�i�c� �f�i�e�l�d�s� �a�r�e� �d�e�c�o�u�p�l�e�d�.� �I�n� �a�d�d�i�t�i�o�n�,� �i�t� �w�a�s� �s�h�o�w�n� �t�h�a�t� �t�h�e� �t�i�m�e� �s�c�a�l�e�s� �f�o�r� 

�e�v�o�l�u�t�i�o�n� �o�f� �t�h�e� �v�o�l�u�m�e� �r�e�s�p�o�n�s�e� �a�n�d� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �r�e�s�p�o�n�s�e� �w�e�r�e� �c�l�e�a�r�l�y� �d�i�f�f�e�r�e�n�t�.� �A�n� 

�a�d�d�i�t�i�o�n�a�l� �s�e�t� �o�f� �d�a�t�a� �w�h�i�c�h� �f�u�r�t�h�e�r� �s�u�p�p�o�r�t�s� �t�h�e� �d�e�c�o�u�p�l�i�n�g� �i�d�e�a� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�-� 

�1�8�.� �H�e�r�e� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �s�h�i�f�t� �f�a�c�t�o�r� �i�s� �p�l�o�t�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �5� �f�o�r� �a�n� �u�p�-�j�u�m�p� �a�g�i�n�g� 

�e�x�p�e�r�i�m�e�n�t�.� �T�h�e� �d�a�t�a� �s�h�o�w�s� �t�h�a�t� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �s�h�i�f�t�i�n�g� �s�t�i�l�l� �p�r�o�c�e�e�d�s� �e�v�e�n� �a�f�t�e�r� �t�h�e� 

�s�a�m�p�l�e� �h�a�s� �r�e�a�c�h�e�d� �v�o�l�u�m�e�t�r�i�c� �e�q�u�i�l�i�b�r�i�u�m�.� �T�h�e� �i�d�e�a� �t�h�a�t� �f�r�e�e� �v�o�l�u�m�e� �a�l�o�n�e� �i�s� �a� �m�e�a�s�u�r�e� 

�o�f� �t�h�e� �a�g�i�n�g� �s�t�a�t�e� �a�p�p�e�a�r�s� �t�o� �b�e� �m�c�o�r�r�e�c�t� �b�a�s�e�d� �o�n� �t�h�e�s�e� �f�i�n�d�i�n�g�s�.� 

�I�n� �a�n�o�t�h�e�r� �s�t�u�d�y�,� �M�c�K�e�n�n�a� �a�n�d� �Z�a�p�a�s� �h�a�v�e� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�e� �d�a�n�g�e�r�s� �i�n� �a�s�s�u�m�i�n�g� �t�h�e� 

�i�n�c�r�e�m�e�n�t�a�l� �m�o�d�u�l�u�s� �r�e�s�p�o�n�s�e� �A�G�(�t�)�,� �o�b�t�a�i�n�e�d� �b�y� �s�u�p�e�r�p�o�s�i�n�g� �a� �s�m�a�l�l� �d�e�f�o�r�m�a�t�i�o�n� �o�n� �t�o�p� 

�o�f� �a� �l�a�r�g�e�r� �d�e�f�o�r�m�a�t�i�o�n�,� �i�s� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �s�m�a�l�l�-�s�t�r�a�i�n�,� �v�i�s�c�o�e�l�a�s�t�i�c� �m�o�d�u�l�u�s� �G�(�t�)�.�'�" �� �T�h�i�s� 
�1�0�3� �,�1�0�4� �1�0�5�,�1�0�6�,�1�0�7� �a�5� �a� �m�e�a�n�s� �o�f� �p�r�o�b�i�n�g� �p�r�o�c�e�d�u�r�e� �h�a�s� �b�e�e�n� �u�s�e�d� �b�y� �a� �n�u�m�b�e�r� �o�f� �r�e�s�e�a�r�c�h�e�r�s� 

�t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �p�o�l�y�m�e�r�s� �i�n�c�l�u�d�i�n�g� �t�h�e� �a�g�i�n�g� �b�e�h�a�v�i�o�r�.� �U�s�i�n�g� �t�h�e� �K�a�y�e�-�B�K�Z� �r�h�e�o�l�o�g�i�c�a�l� 

�c�o�n�s�t�i�t�u�t�i�v�e� �e�q�u�a�t�i�o�n� �a�l�o�n�g� �w�i�t�h� �e�x�p�e�r�i�m�e�n�t�a�l� �m�e�a�s�u�r�e�m�e�n�t�s�,� �t�h�e�y� �s�h�o�w�e�d� �t�h�a�t�  �� �(�1�)� �t�h�e� 

�i�n�c�r�e�m�e�n�t�a�l� �m�o�d�u�l�u�s� �a�t� �a� �g�i�v�e�n� �(�a�g�i�n�g�)� �t�i�m�e� �t�.�,� �a�f�t�e�r� �s�u�p�e�r�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �l�a�r�g�e� �s�t�r�a�i�n� �b�o�t�h� 

�d�e�c�r�e�a�s�e�s� �w�i�t�h� �m�c�r�e�a�s�i�n�g� �d�e�f�o�r�m�a�t�i�o�n� �a�n�d� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�.�,� �a�n�d� �(�2�)� �t�h�e� 

�a�p�p�a�r�e�n�t� �m�c�r�e�m�e�n�t�a�l� �r�e�l�a�x�a�t�i�o�n� �s�p�e�c�t�r�u�m� �s�h�i�f�t�s� �t�o� �s�h�o�r�t�e�r� �t�i�m�e�s� �a�n�d� �n�a�r�r�o�w�s� �r�e�l�a�t�i�v�e� �t�o� 

�t�h�a�t� �o�f� �t�h�e� �s�p�e�c�t�r�u�m� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �s�m�a�l�l� �s�t�r�a�i�n� �r�e�l�a�x�a�t�i�o�n� �r�e�s�p�o�n�s�e�. �� 

�W�a�t�t�s� �a�n�d� �P�e�r�r�y� �h�a�v�e� �s�t�u�d�i�e�d� �a�g�i�n�g� �e�f�f�e�c�t�s� �i�n� �p�o�l�y�c�a�r�b�o�n�a�t�e� �u�s�i�n�g� �b�o�t�h� �m�e�c�h�a�n�i�c�a�l� 

�a�n�d� �d�i�e�l�e�c�t�r�i�c� �m�e�t�h�o�d�s�.�'�°�*� �S�a�m�p�l�e�s� �w�h�i�c�h� �w�e�r�e�  ��a�s� �m�o�u�l�d�e�d �� �a�n�d� �t�h�o�s�e� �w�h�i�c�h� �w�e�r�e� 

�a�n�n�e�a�l�e�d� �a�t� �1�2�0�°�C� �f�o�r� �3� �h�o�u�r�s� �d�i�f�f�e�r�e�d� �b�y� �a� �f�a�c�t�o�r� �o�f� �4� �m� �i�m�p�a�c�t� �s�t�r�e�n�g�t�h� �b�u�t� �e�x�h�i�b�i�t�e�d� 

�a�l�m�o�s�t� �i�d�e�n�t�i�c�a�l� �d�i�e�l�e�c�t�r�i�c� �B�-�r�e�l�a�x�a�t�i�o�n�s�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �t�h�e� �e�n�e�r�g�y� �d�i�s�s�i�p�a�t�e�d� �b�y� �l�o�c�a�l� �B�-� 
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�A�g�i�n�g� �T�i�m�e� �(�M�i�n�)� 

�F�i�g�u�r�e� �2�.�2�-�1�6�.� �M�e�c�h�a�n�i�c�a�l� �s�h�i�f�t�i�n�g� �a�r� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �a�g�i�n�g� �t�i�m�e�.� �E�a�c�h� 
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�c�u�r�v�e� �r�e�p�r�e�s�e�n�t�s� �a� �d�i�f�f�e�r�e�n�t� �s�t�r�e�s�s� �l�e�v�e�l� �w�i�t�h� �s�q�u�a�r�e�s� 
�r�e�p�r�e�s�e�n�t�i�n�g� �1� �M�P�a�,� �t�r�i�a�n�g�l�e�s� �r�e�p�r�e�s�e�n�t�i�n�g� �5� �M�P�a�,� �c�i�r�c�l�e�s� 
�r�e�p�r�e�s�e�n�t�i�n�g� �1�0� �M�P�a�,� �a�n�d� �d�i�a�m�o�n�d�s� �r�e�p�r�e�s�e�n�t�i�n�g� �1�5� �M�P�a�.� 
�N�o�t�e� �t�h�a�t� �t �� �i�s� �i�n�s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �(�f�r�o�m� �[�9�8�]�)�.� 
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�F�i�g�u�r�e� �2�.�2�-�1�7�.� �V�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �c�u�r�v�e� �f�o�r� �e�p�o�x�y� �s�a�m�p�l�e� �a�t� �T�g�-�8�.�9�°�C� �i�n� 
�t�o�r�s�i�o�n�a�l� �d�i�l�a�t�o�m�e�t�e�r�.� �S�a�m�p�l�e� �i�s� �p�e�r�i�o�d�i�c�a�l�l�y� �l�o�a�d�e�d� �a�t� �3�%� 
�s�t�r�a�i�n�.� �T�h�e� �s�o�l�i�d� �l�i�n�e� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �u�n�d�e�r�f�o�r�m�e�d� �b�a�s�e�l�i�n�e� 
�(�f�r�o�m� �[�9�8�,�1�0�0�]�)�.� 
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�r�e�l�a�x�a�t�i�o�n�s� �i�s� �a� �c�o�n�t�r�i�b�u�t�o�r�y� �f�a�c�t�o�r� �t�o� �p�o�l�y�c�a�r�b�o�n�a�t�e ��s� �t�o�u�g�h�n�e�s�s� �b�u�t� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �t�h�e� 

�s�o�l�e� �f�a�c�t�o�r�.� �T�h�e�y� �a�l�s�o� �f�o�u�n�d� �t�h�a�t� �t�h�e� �B� �p�e�a�k� �d�o�e�s� �n�o�t� �c�h�a�n�g�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�u�r�i�n�g� �a�g�i�n�g� 

�e�v�e�n� �t�h�o�u�g�h� �a� �d�u�c�t�i�l�e�/�b�r�i�t�t�l�e� �t�r�a�n�s�i�t�i�o�n� �o�c�c�u�r�s�.� �F�r�o�m� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �d�a�t�a�,� �t�h�e�y� �e�s�t�i�m�a�t�e�d� 

�t�h�a�t� �o�n�l�y� �1�7�%� �o�f� �t�h�e� �t�o�t�a�l� �c�h�a�i�n� �u�n�i�t�s� �a�r�e� �m�o�b�i�l�e� �i�n� �t�h�e� �g�l�a�s�s�y� �s�t�a�t�e� �b�a�s�e�d� �o�n� �t�h�e� �n�u�m�b�e�r� �o�f� 

�d�i�p�o�l�e� �m�o�m�e�n�t�s� �a�c�t�i�v�e�.� 

�B�u�b�e�c�k� �a�n�d� �c�o�w�o�r�k�e�r�s� �s�t�u�d�i�e�d� �t�h�e� �t�e�n�s�i�l�e� �a�n�d� �b�i�a�x�i�a�l� �y�i�e�l�d� �b�e�h�a�v�i�o�r� �o�f� �a�g�e�d� �b�i�s�-�A� 

�p�o�l�y�c�a�r�b�o�n�a�t�e�,� �v�a�r�i�o�u�s� �p�o�l�y�e�s�t�e�r�c�a�r�b�o�n�a�t�e�s� �(�T�,� �f�r�o�m� �1�5�3�°�C� �t�o� �1�9�0�°�C�)�,� �a�n�d� �p�o�l�y�s�u�l�f�o�n�e� 

�(�T�,� �=� �1�9�0�°�C�)�.�' �� �S�a�m�p�l�e�s� �w�e�r�e� �a�g�e�d� �t�o� �v�a�r�i�o�u�s� �t�i�m�e�s� �u�p� �t�o� �6�4� �d�a�y�s� �a�t� �1�2�0�°�C�.� �T�h�e� 

�p�o�l�y�e�s�t�e�r�c�a�r�b�o�n�a�t�e�s� �w�e�r�e� �f�o�u�n�d� �t�o� �h�a�v�e� �s�u�p�e�r�i�o�r� �a�g�i�n�g� �r�e�s�i�s�t�a�n�c�e� �b�a�s�e�d� �o�n� �t�h�e� �y�i�e�l�d� 

�b�e�h�a�v�i�o�r�.� �T�h�e�i�r� �r�e�s�u�l�t�s�,� �w�h�i�c�h� �i�n�c�l�u�d�e�d� �d�e�n�s�i�t�y� �a�n�d� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �m�e�a�s�u�r�e�m�e�n�t�s�,� 

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �b�o�t�h� �f�r�e�e� �v�o�l�u�m�e� �a�r�g�u�m�e�n�t�s� �a�n�d� �a�r�g�u�m�e�n�t�s� �b�a�s�e�d� �o�n� �m�o�l�e�c�u�l�a�r� 

�e�n�t�a�n�g�l�e�m�e�n�t�s� �a�r�e� �m�a�d�e�q�u�a�t�e� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �r�e�s�i�s�t�a�n�c�e� �t�o� �e�m�b�r�i�t�t�l�e�m�e�n�t� �(�t�h�e� �e�n�t�a�n�g�l�e�m�e�n�t� 

�a�r�g�u�m�e�n�t�s� �a�s�s�u�m�e� �t�h�a�t� �h�i�g�h�e�r� �e�n�t�a�n�g�l�e�m�e�n�t� �d�e�n�s�i�t�i�e�s� �p�r�o�v�i�d�e� �b�e�t�t�e�r� �r�e�s�i�s�t�a�n�c�e� �t�o� �b�r�i�t�t�l�e� 

�f�a�i�l�u�r�e�,� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �a� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �r�a�t�e� �o�f� �p�h�y�s�i�c�a�l� �a�g�i�n�g�)�.� �A�g�i�n�g� �t�i�m�e� �t�o� �b�r�i�t�t�l�e� 

�f�a�i�l�u�r�e� �d�i�d� �n�o�t� �c�o�r�r�e�l�a�t�e� �w�i�t�h� �t�h�e� �m�e�a�s�u�r�e�d� �d�e�n�s�i�t�y� �c�h�a�n�g�e�s� �n�o�r� �d�i�d� �i�t� �c�o�r�r�e�l�a�t�e� �w�i�t�h� �t�h�e� �T�,�.� 

�I�n�s�t�e�a�d�,� �t�h�e� �a�u�t�h�o�r�s� �b�e�l�i�e�v�e� �t�h�a�t� �m�o�l�e�c�u�l�a�r� �c�h�a�i�n� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �e�f�f�e�c�t�s�,� �w�h�i�c�h� �a�r�e� �d�i�r�e�c�t�l�y� 

�r�e�l�a�t�e�d� �t�o� �m�o�l�e�c�u�l�a�r� �s�t�r�u�c�t�u�r�e�,� �p�l�a�y� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �p�h�y�s�i�c�a�l� �a�g�i�n�g� 

�r�e�s�i�s�t�a�n�c�e�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �t�e�r�e�p�h�t�a�l�a�t�e� �l�i�n�k�a�g�e�s� �t�o� �t�h�e� �p�o�l�y�e�s�t�e�r�c�a�r�b�o�n�a�t�e� �i�s� 

�b�e�l�i�e�v�e�d� �t�o� �s�t�i�f�f�e�n� �t�h�e� �c�h�a�i�n� �s�l�i�g�h�t�l�y�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �w�h�e�n� �t�h�e� �p�o�l�y�m�e�r� �v�i�t�r�i�f�i�e�s�,� �t�h�i�s� �c�h�a�i�n� 

�s�t�i�f�f�e�n�i�n�g� �s�o�m�e�h�o�w� �p�r�e�s�e�r�v�e�s� �t�h�e� �m�o�r�e� �f�a�v�o�r�a�b�l�e� �c�h�a�i�n� �c�o�n�f�o�r�m�a�t�i�o�n�s� �f�o�r� �d�e�f�o�r�m�a�t�i�o�n� 

�(�L�e�.� �t�h�o�s�e� �t�h�a�t� �a�l�l�o�w� �f�o�r� �g�r�e�a�t�e�r� �d�u�c�t�i�l�i�t�y�)�.� 
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�2�.�2�.�4� �C�a�l�o�r�i�m�e�t�r�i�c� �S�t�u�d�i�e�s� 

�E�x�p�e�r�i�m�e�n�t�a�l�l�y�,� �c�h�a�n�g�e�s� �i�n� �e�n�t�r�o�p�y� �a�n�d� �e�n�t�h�a�l�p�y� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �v�i�a� �t�h�e� �s�p�e�c�i�f�i�c� �h�e�a�t� 

�f�u�n�c�t�i�o�n�. ��*� �D�i�f�f�e�r�e�n�t�i�a�l� �s�c�a�n�n�i�n�g� �c�a�l�o�r�i�m�e�t�r�y� �(�D�S�C�)� �r�e�p�r�e�s�e�n�t�s� �o�n�e� �t�h�e� �e�a�s�i�e�s�t� �m�e�t�h�o�d�s� �o�f� 

�a�c�c�u�r�a�t�e�l�y� �d�e�t�e�r�m�i�n�i�n�g� �t�h�i�s� �f�u�n�c�t�i�o�n�.� �T�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �c�a�l�o�r�i�m�e�t�r�i�c� �m�e�a�s�u�r�e�m�e�n�t�s� �s�t�e�m�s� 

�f�r�o�m� �t�h�e� �f�a�c�t� �t�h�a�t� �e�n�t�h�a�l�p�y� �r�e�l�a�x�e�s� �i�n� �a� �s�i�m�i�l�a�r� �m�a�n�n�e�r� �t�o� �v�o�l�u�m�e� �d�u�r�i�n�g� �p�h�y�s�i�c�a�l� �a�g�i�n�g�.� �I�n� 

�f�a�c�t�,� �w�i�t�h� �t�h�e� �r�e�l�a�t�i�o�n� �H� �=� �U� �+� �P�V�,� �t�h�e� �e�n�t�h�a�l�p�y� �w�i�l�l� �b�e� �d�i�r�e�c�t�l�y� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �v�o�l�u�m�e� 

�c�h�a�n�g�e�-�-�w�i�t�h� �t�h�e� �p�r�e�s�s�u�r�e� �a�s� �a� �p�r�o�p�o�r�t�i�o�n�a�l�i�t�y� �c�o�n�s�t�a�n�t�-�-�i�n� �t�h�e� �e�v�e�n�t� �t�h�a�t� �n�o� �i�n�t�e�r�n�a�l� 

�e�n�e�r�g�y� �c�h�a�n�g�e�s� �o�c�c�u�r� �w�i�t�h� �a�g�i�n�g�.� �D�S�C� �i�s� �a� �m�u�c�h� �e�a�s�i�e�r� �m�e�t�h�o�d� �o�f� �m�e�a�s�u�r�i�n�g� �a�g�i�n�g� �t�h�a�n� 

�d�i�l�a�t�o�m�e�t�r�y�.� �O�n�e� �d�r�a�w�b�a�c�k� �i�s� �t�h�a�t� �D�S�C� �m�e�a�s�u�r�e�m�e�n�t�s� �r�e�q�u�i�r�e� �h�e�a�t�i�n�g� �t�h�e� �s�a�m�p�l�e� �t�h�r�o�u�g�h� 

�(�o�r� �i�n�t�o� �t�h�e� �v�i�c�i�n�i�t�y� �o�f�)� �T�,� �m� �o�r�d�e�r� �t�o� �m�e�a�s�u�r�e� �A�H� �s�o�,� �u�n�l�i�k�e� �d�i�l�a�t�o�m�e�t�r�y�,� �c�o�n�t�i�n�u�o�u�s� 

�m�e�a�s�u�r�e�m�e�n�t� �o�f� �e�n�t�h�a�l�p�y� �r�e�l�a�x�a�t�i�o�n� �i�s� �n�o�t� �p�o�s�s�i�b�l�e�.� 

�A� �r�e�c�e�n�t� �r�e�v�i�e�w� �o�f� �e�n�t�h�a�l�p�y� �r�e�l�a�x�a�t�i�o�n� �i�n� �a�m�o�r�p�h�o�u�s� �p�o�l�y�m�e�r�s� �i�s� �p�r�e�s�e�n�t�e�d� �b�y� 

�H�o�d�g�e�.�'�'�°� �H�e� �p�o�i�n�t�s� �o�u�t� �t�h�a�t� �t�h�e� �s�t�u�d�y� �o�f� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �w�i�t�h� �D�S�C� �w�o�u�l�d� �b�e� �b�e�t�t�e�r� �n�a�m�e�d� 

 ��e�n�t�h�a�l�p�y� �r�e�c�o�v�e�r�y �� �s�t�e�a�d� �o�f� �t�h�e� �m�o�r�e� �c�o�m�m�o�n�l�y� �u�s�e�d�  ��e�n�t�h�a�l�p�y� �r�e�l�a�x�a�t�i�o�n �� �b�e�c�a�u�s�e� �i�t� �i�s� 

�t�h�e� �e�n�t�h�a�l�p�y� �r�e�c�o�v�e�r�e�d� �d�u�r�i�n�g� �h�e�a�t�i�n�g� �w�h�i�c�h� �i�s� �r�e�c�o�r�d�e�d� �a�n�d� �a�n�a�l�y�z�e�d�.� �B�a�i�r�'�' �� �a�n�d� 

�W�u�n�d�e�r�l�i�c�h�' �� �h�a�v�e� �p�r�o�v�i�d�e�d� �d�e�t�a�i�l�e�d� �a�c�c�o�u�n�t�s� �o�n� �t�h�e� �u�s�e� �o�f� �D�S�C� �f�o�r� �m�e�a�s�u�r�i�n�g� �t�h�e� �g�l�a�s�s� 

�t�r�a�n�s�i�t�i�o�n� �a�n�d� �T�g� �r�e�l�a�t�e�d� �p�h�e�n�o�m�e�n�a�.� �A� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �m�e�a�s�u�r�e�m�e�n�t� 

�p�r�o�c�e�s�s� �i�s� �p�r�o�v�i�d�e�d� �b�y� �P�e�t�r�i�e�.� �'�'� �D�u�r�i�n�g� �a� �D�S�C� �a�g�i�n�g� �t�e�s�t�,� �t�h�e� �s�a�m�p�l�e� �i�s� �h�e�a�t�e�d� �a�t� �a� 

�c�o�n�t�r�o�l�l�e�d� �r�a�t�e� �t�h�r�o�u�g�h� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n�.� �A�n�y� �e�n�t�h�a�l�p�y� �t�h�a�t� �r�e�l�a�x�e�d� �d�u�r�i�n�g� �t�h�e� �a�g�i�n�g� 

�p�r�o�c�e�s�s� �w�i�l�l� �b�e� �r�e�g�a�i�n�e�d� �a�t� �o�r� �n�e�a�r� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �a�n�d� �w�i�l�l� �s�h�o�w� �u�p� �a�s� �a�n� �e�n�d�o�t�h�e�r�m� 

�a�s� �i�n� �F�i�g�u�r�e� �2�.�2�-�1�9�.� �T�h�e� �d�a�s�h�e�d� �l�i�n�e� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �f�r�e�s�h�l�y� �q�u�e�n�c�h�e�d� �s�a�m�p�l�e� �w�h�e�r�e�a�s� �t�h�e� 

�s�o�l�i�d� �l�i�n�e� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �a�g�e�d� �s�a�m�p�l�e�.� �T�h�e�r�e� �a�r�e� �a�t� �l�e�a�s�t� �t�w�o� �d�i�f�f�e�r�e�n�t� �w�a�y�s� �t�o� �d�e�t�e�r�m�i�n�e� 

�t�h�e� �r�e�c�o�v�e�r�e�d� �e�n�t�h�a�l�p�y� �f�r�o�m� �t�h�e� �e�n�d�o�t�h�e�r�m�.� �T�h�e� �f�i�r�s�t� �m�e�t�h�o�d� �i�n�v�o�l�v�e�s� �s�i�m�p�l�y� �m�e�a�s�u�r�i�n�g� 

�t�h�e� �a�r�e�a� �u�n�d�e�r� �t�h�e� �e�n�d�o�t�h�e�r�m� �a�s� �r�e�f�e�r�e�n�c�e�d� �t�o� �a�n� �u�n�a�g�e�d� �b�a�s�e�l�i�n�e�.� �A� �s�e�c�o�n�d�,� �m�o�r�e� 

�a�c�c�u�r�a�t�e� �m�e�t�h�o�d� �i�s� �t�o� �s�u�b�t�r�a�c�t� �t�h�e� �s�m�a�l�l�  ��e�x�o�t�h�e�r�m �� �w�h�i�c�h� �o�c�c�u�r�s� �a�t� �t�h�e� �o�n�s�e�t� �o�f� �T�g� �f�r�o�m� 

�t�h�e� �l�a�r�g�e�r� �e�n�d�o�t�h�e�r�m�.� �T�h�i�s� �e�x�o�t�h�e�r�m�,� �w�h�i�c�h� �r�e�p�r�e�s�e�n�t�s� �a�n� �i�n�i�t�i�a�l� �u�n�d�e�r�s�h�o�o�t� �o�f� �t�h�e� �a�g�e�d� 

�e�n�t�h�a�l�p�y� �f�u�n�c�t�i�o�n� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �u�n�a�g�e�d� �b�a�s�e�l�i�n�e�,� �i�s� �u�s�u�a�l�l�y� �s�i�g�n�i�f�i�c�a�n�t� �o�n�l�y� �a�t� 

�l�o�n�g�e�r� �e�f�f�e�c�t�i�v�e� �a�g�i�n�g� �t�i�m�e�s�.� �I�t� �s�h�o�u�l�d� �b�e� �r�e�a�l�i�z�e�d� �t�h�a�t� �t�h�e� �p�r�o�c�e�s�s� �o�f� �h�e�a�t�i�n�g� �t�h�e� �s�a�m�p�l�e� 
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�t�h�r�o�u�g�h� �T�,� �w�i�l�l� �i�n� �s�o�m�e� �w�a�y� �a�l�t�e�r� �t�h�e� �s�t�a�t�e� �o�f� �a�g�i�n�g� �a�n�d� �c�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� 

�m�e�a�s�u�r�e�m�e�n�t�.� �A�n� �e�x�a�m�p�l�e� �i�s� �s�h�o�w�n� �i�m� �F�i�g�u�r�e� �2�.�2�-�2�0� �w�h�e�r�e� �a� �s�a�m�p�l�e� �o�f� �A�r�o�c�l�o�r� �5�4�6�0� �i�s� 

�a�g�e�d� �f�o�r� �1�9�5� �m�i�n�u�t�e�s� �a�n�d� �t�h�e�n� �h�e�a�t�e�d� �a�t� �d�i�f�f�e�r�e�n�t� �r�a�t�e�s� �t�h�r�o�u�g�h� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n�.� 

�N�o�t�i�c�e� �t�h�a�t� �t�h�e� �r�e�c�o�v�e�r�e�d� �e�n�d�o�t�h�e�r�m� �i�s� �l�o�w�e�r� �f�o�r� �t�h�e� �s�l�o�w�e�r� �h�e�a�t�i�n�g� �r�a�t�e�s�.� �N�o�n�e�t�h�e�l�e�s�s�,� 

�t�h�e� �i�n�c�r�e�a�s�e� �i�n� �e�n�e�r�g�y� �a�b�s�o�r�b�e�d� �a�t� �t�h�e� �f�a�s�t�e�r� �h�e�a�t�i�n�g� �r�a�t�e�s� �i�s� �e�q�u�a�l�,� �w�i�t�h�i�n� �e�x�p�e�r�i�m�e�n�t�a�l� 

�e�r�r�o�r�,� �t�o� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �v�a�l�u�e�s� �b�a�s�e�d� �o�n� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �m� �t�h�e� �o�b�s�e�r�v�e�d� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� 

�t�e�m�p�e�r�a�t�u�r�e�s�.� 

�T�h�e� �m�o�r�e� �c�o�m�m�o�n� �m�e�t�h�o�d� �f�o�r� �s�t�u�d�y�i�n�g� �a�g�i�n�g� �i�s� �t�o� �a�n�n�e�a�l� �t�h�e� �s�a�m�p�l�e� �f�o�r� �d�i�f�f�e�r�e�n�t� 

�t�i�m�e�s� �a�n�d� �t�h�e�n� �m�e�a�s�u�r�e� �t�h�e� �e�n�t�h�a�l�p�y� �c�h�a�n�g�e� �w�i�t�h� �D�S�C�.� �S�a�m�p�l�e� �d�a�t�a� �f�o�r� �a�t�a�c�t�i�c� 

�p�o�l�y�s�t�y�r�e�n�e� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�-�2�1�.� �E�x�c�e�p�t� �w�h�e�n� �c�l�o�s�e� �t�o� �e�q�u�i�l�i�b�r�i�u�m�,� �t�h�e� �r�e�c�o�v�e�r�e�d� 

�e�n�t�h�a�l�p�y� �w�i�l�l� �u�s�u�a�l�l�y� �f�a�l�l� �a�l�o�n�g� �a� �s�t�r�a�i�g�h�t� �l�i�m�e� �w�h�e�n� �p�l�o�t�t�e�d� �a�g�a�i�s�t� �t�h�e� �l�o�g� �o�f� �t�h�e� �a�g�i�n�g� 

�t�i�m�e�.� �T�h�i�s� �i�s� �t�h�e� �s�a�m�e� �b�e�h�a�v�i�o�r� �s�e�e�n� �w�i�t�h� �t�h�e� �v�o�l�u�m�e� �r�e�c�o�v�e�r�y�.� �O�f�t�e�n�,� �t�h�e� �a�g�i�n�g� �d�a�t�a� �i�s� �f�i�t� 

�t�o� �t�h�e� �v�a�r�i�o�u�s� �k�i�n�e�t�i�c� �t�h�e�o�r�i�e�s� �s�u�c�h� �a�s� �t�h�e� �N�a�r�a�y�a�n�a�s�w�a�m�y�  � �� �o�r� �K�A�H�R�" ��®� �(�K�o�v�a�c�s�,� 

�A�k�l�o�n�i�s�,� �H�u�t�c�h�i�n�s�o�n�,� �R�a�m�o�s�)� �m�o�d�e�l�s� �u�s�i�n�g� �a� �f�i�c�t�i�v�e� �t�e�m�p�e�r�a�t�u�r�e� �a�p�p�r�o�a�c�h� �d�e�s�c�r�i�b�e�d� 

�e�a�r�l�i�e�r�.� �'�'�* ��"�! �� �M�o�y�n�i�h�a�n� �a�n�d� �c�o�w�o�r�k�e�r�s� �c�o�m�b�i�n�e�d� �t�h�e� �N�a�r�a�y�a�n�a�s�w�a�m�y� �e�q�u�a�t�i�o�n� �w�i�t�h� �t�h�e� 

�K�o�l�r�a�u�s�c�h�-�W�i�l�l�i�a�m�s�-�W�a�t�t�s� �(�K�W�W�)� �e�q�u�a�t�i�o�n� 

�¢�(�t�)� �=� �e�x�p�[ ��(�t� �/� �7�,� �)�7�]� �(�2�.�2�-� �2�0�)� 
�a�n�d� �t�h�e�n� �a�p�p�l�i�e�d� �B�o�l�t�z�m�a�n�n� �s�u�p�e�r�p�o�s�i�t�i�o�n� �p�r�i�n�c�i�p�l�e�s� �t�o� �a�r�r�i�v�e� �a�t� �a�n� �a�c�c�u�r�a�t�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� 

�C�p� �f�o�r� �v�a�r�i�o�u�s� �h�e�a�t� �h�i�s�t�o�r�i�e�s�.� �F�o�r� �t�h�e� �K�W�W� �e�q�u�a�t�i�o�n�,� �(�t�)� �i�s� �a� �s�t�r�e�t�c�h�e�d� �e�x�p�o�n�e�n�t�i�a�l� 

�d�e�c�a�y� �f�u�n�c�t�i�o�n� �w�h�i�c�h� �a�c�c�u�r�a�t�e�l�y� �r�e�p�r�e�s�e�n�t�s� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �r�e�l�a�x�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �i�n� 

�a�m�o�r�p�h�o�u�s� �m�a�t�e�r�i�a�l�s�,� �t�h�e� �p�a�r�a�m�e�t�e�r� �T�,� �i�s� �a� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �(�d�e�t�e�r�m�i�n�e�d� �b�y� 

�w�a�y� �o�f� �t�h�e� �N�a�r�a�y�a�n�a�s�w�a�m�y� �e�q�u�a�t�i�o�n�)�,� �a�n�d� �B� �i�s� �a� �m�e�a�s�u�r�e� �o�f� �n�o�n�-�e�x�p�o�n�e�n�t�i�a�l�i�t�y� �r�a�n�g�i�n�g� 

�f�r�o�m� �0� �t�o� �1�.� �S�e�e� �H�o�d�g�e�' ��°� �o�r� �K�o�v�a�c�s� �a�n�d� �c�o�w�o�r�k�e�r�s�' ��°� �f�o�r� �m�o�r�e� �d�e�t�a�i�l�s� �o�n� �t�h�i�s� 

�a�p�p�l�i�c�a�t�i�o�n�.� 

�A�s� �w�a�s� �h�i�n�t�e�d� �t�o� �e�a�r�l�i�e�r�,� �i�t� �i�s� �e�x�p�e�c�t�e�d� �t�h�a�t� �v�o�l�u�m�e� �a�n�d� �e�n�t�h�a�l�p�i�c� �r�e�l�a�x�a�t�i�o�n� �s�h�o�u�l�d� 

�b�e�h�a�v�e� �s�i�m�i�l�a�r�l�y� �a�l�t�h�o�u�g�h� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �i�d�e�n�t�i�c�a�l�l�y�.� �O ��R�e�i�l�l�y�' � �� �r�e�v�i�e�w�e�d� �a� �n�u�m�b�e�r� �o�f� 

�s�t�u�d�i�e�s� �i�n� �w�h�i�c�h� �c�o�m�p�a�r�i�s�o�n�s� �o�f� �r�e�l�a�x�a�t�i�o�n� �b�e�h�a�v�i�o�r� �b�e�t�w�e�e�n� �v�a�r�i�o�u�s� �t�e�s�t� �m�e�t�h�o�d�s� �w�e�r�e� 
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�F�i�g�u�r�e� �2�.�2�-�1�9�.� �D�S�C� �s�c�a�n�s� �o�f� �a�t�a�c�t�i�c� �P�S� �a�t� �5�°�C�/�m�i�n�.� �S�a�m�p�l�e� �w�a�s� �q�u�e�n�c�h�e�d� 
�t�o� �2�9�5� �K� �f�r�o�m� �4�0�0� �K�,� �a�n�n�e�a�l�e�d� �3� �h�r�s�.� �a�t� �3�6�5� �K�.� �T�h�e� �d�a�s�h�e�d� 
�l�i�n�e� �r�e�p�r�e�s�e�n�t�s� �a�n� �u�n�a�n�n�e�a�l�e�d� �s�a�m�p�l�e� �(�f�r�o�m� �[�1�1�3�]�)�.� 
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�F�i�g�u�r�e� �2�.�2�-�2�1�.� �D�S�C� �s�c�a�n�s� �o�f� �a�t�a�c�t�i�c� �P�S� �a�n�n�e�a�l�e�d� �a�t� �3�5�5� �K� �f�o�r� �v�a�r�i�o�u�s� 
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�a�n�n�e�a�l�i�n�g� �t�i�m�e�s�.� �H�e�a�t�i�n�g� �r�a�t�e� �w�a�s� �5�°�C�/�m�i�n� �(�f�r�o�m� �[�1�1�3�]�)�.� 
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�m�a�d�e�.� �S�o�m�e� �o�f� �t�h�e�s�e� �a�r�e� �a�g�a�i�n� �d�e�s�c�r�i�b�e�d� �h�e�r�e�.� �C�h�o�w� �a�n�d� �P�r�e�s�t�' ��*� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� 

�p�h�e�n�o�m�e�n�o�l�o�g�i�c�a�l� �m�o�d�e�l�s� �d�e�r�i�v�e�d� �f�r�o�m� �v�o�l�u�m�e� �a�n�d� �e�n�t�h�a�l�p�y� �r�e�l�a�x�a�t�i�o�n� �a�r�e� �e�q�u�i�v�a�l�e�n�t�. �� 

�A�d�a�c�h�i� �a�n�d� �K�o�t�a�k�a�' �� �f�o�u�n�d� �t�h�a�t� �v�o�l�u�m�e� �a�n�d� �e�n�t�h�a�l�p�y� �r�e�l�a�x�a�t�i�o�n�s� �w�e�r�e� �s�i�m�i�l�a�r� �b�u�t� �n�o�t� 

�q�u�i�t�e� �t�h�e� �s�a�m�e� �f�o�r� �b�o�t�h� �a� �b�r�o�a�d� �a�n�d� �n�a�r�r�o�w� �M�W�D� �p�o�l�y�s�t�y�r�e�n�e�.� �T�h�e�y� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� 

�c�h�a�n�g�e� �i�n� �e�n�t�h�a�l�p�y� �p�e�r� �u�n�i�t� �c�h�a�n�g�e� �i�n� �v�o�l�u�m�e� �(�o�b�t�a�i�n�e�d� �b�y� �c�o�r�r�e�l�a�t�i�n�g� �e�n�t�h�a�l�p�y� �a�n�d� 

�v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �d�a�t�a�)� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�.�0� �k�J�/�c�c�.� �I�f� �o�n�e� �i�n�s�t�e�a�d� �c�a�l�c�u�l�a�t�e�s� �(�O�H�/�d�V�)� 

�f�r�o�m� �t�h�e�r�m�o�d�y�n�a�m�i�c�s� �(� �=� �A�C�,�/�A�o�*�V�)� �a� �m�u�c�h� �s�m�a�l�l�e�r� �v�a�l�u�e� �o�f� �0�.�9� �k�J�/�c�c� �i�s� �o�b�t�a�i�n�e�d�.�'�" �� �I�t� 

�i�s� �u�n�c�e�r�t�a�i�n� �w�h�y� �t�h�i�s� �d�i�s�c�r�e�p�a�n�c�y� �e�x�i�s�t�s� �b�u�t� �i�t� �a�p�p�e�a�r�s� �t�h�a�t� �t�h�e� �e�n�t�h�a�l�p�y� �c�h�a�n�g�e�s� �a�r�e� �l�a�r�g�e�r� 

�t�h�a�n� �e�x�p�e�c�t�e�d� �f�r�o�m� �s�p�e�c�i�f�i�c� �h�e�a�t� �m�e�a�s�u�r�e�m�e�n�t�s� �s�i�n�c�e� �t�h�e� �o�b�s�e�r�v�e�d� �v�o�l�u�m�e� �c�h�a�n�g�e�s� �a�r�e� 

�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �o�t�h�e�r� �v�a�l�u�e�s�.�' � �� �M�i�j�o�v�i�c� �a�n�d� �H�o � �� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �f�o�r� 

�e�n�t�h�a�l�p�y� �r�e�l�a�x�a�t�i�o�n� �a�n�d� �v�i�s�c�o�e�l�a�s�t�i�c� �r�e�l�a�x�a�t�i�o�n� �w�e�r�e� �c�o�m�p�a�r�a�b�l�e�.� �M�i�j�o�v�i�c� �a�n�d� �c�o�w�o�r�k�e�r�s �� 

�w�a�r�n�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �v�i�s�c�o�e�l�a�s�t�i�c� �m�e�a�s�u�r�e�m�e�n�t�s� �i�n�v�o�l�v�e� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �a� �s�t�r�e�s�s� �w�h�i�c�h� 

�w�i�l�l� �a�f�f�e�c�t� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �p�r�o�c�e�s�s�.� �S�a�s�a�b�e� �a�n�d� �M�o�y�n�i�h�a�n � � �� �a�n�a�l�y�z�e�d� �p�o�l�y�(�v�i�n�y�l� �a�c�e�t�a�t�e�)� 

�a�n�d� �f�o�u�n�d� �t�h�a�t� �t�h�e� �e�n�t�h�a�l�p�i�c� �a�n�d� �v�o�l�u�m�e�t�r�i�c� �r�e�l�a�x�a�t�i�o�n�s� �w�e�r�e� �l�o�n�g�e�r� �t�h�a�n� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �a�n�d� 

�v�i�s�c�o�e�l�a�s�t�i�c� �r�e�l�a�x�a�t�i�o�n�s�.� �T�h�i�s� �i�s� �d�e�m�o�n�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�2�-�2�2�.� �O ��R�e�i�l�l�y� �a�n�d� �S�e�d�i�t�a� 

�f�o�u�n�d� �t�h�a�t� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �a�n�d� �e�n�t�h�a�l�p�i�c� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �a�r�e� 

�t�h�e� �s�a�m�e� �f�o�r� �P�S�,� �P�C� �a�n�d� �t�e�t�r�a�m�e�t�h�y�l� �p�o�l�y�c�a�r�b�o�n�a�t�e�,� �a�l�o�n�g� �w�i�t�h� �t�h�e� �a�s�s�o�c�i�a�t�e�d� �b�l�e�n�d�s�.� �' � �� 

�B�e�r�e�n�s� �a�n�d� �H�o�d�g�e � �� �s�t�u�d�i�e�d� �P�V�C� �t�r�e�a�t�e�d� �w�i�t�h� �a� �v�a�r�i�e�t�y� �o�f� �t�h�e�r�m�a�l�,� �m�e�c�h�a�n�i�c�a�l� �a�n�d� 

�v�a�p�o�r� �t�r�e�a�t�m�e�n�t�s�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �t�h�e� �m�a�g�n�i�t�u�d�e� �a�n�d� �n�o�t� �t�h�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �e�n�d�o�t�h�e�r�m�i�c� 

�p�e�a�k�s� �w�a�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �s�a�m�p�l�e� �t�r�e�a�t�m�e�n�t� �p�r�i�o�r� �t�o� �a�g�i�n�g�.� �P�e�a�k�s� �w�e�r�e� �e�n�h�a�n�c�e�d� �b�y� 

�i�n�c�r�e�a�s�e�d� �r�a�t�e�s� �o�f� �q�u�e�n�c�h�i�n�g�,� �m�e�c�h�a�n�i�c�a�l� �s�t�r�e�s�s�i�n�g�,� �a�n�d� �b�y� �p�r�i�o�r� �e�x�p�o�s�u�r�e� �t�o� �a� �s�w�e�l�l�i�n�g� 

�v�a�p�o�r�.� �H�o�w�e�v�e�r�,� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �v�a�p�o�r� �d�u�r�i�n�g� �a�g�i�n�g� �s�u�p�r�e�s�s�e�d� �t�h�e� �e�n�d�o�t�h�e�r�m�s�.� 

�R�o�b�e�r�t�s�o�n� �h�a�s� �e�x�p�r�e�s�s�e�d� �s�o�m�e� �c�o�n�c�e�r�n� �w�i�t�h� �t�h�e� �u�s�e� �o�f� �D�S�C� �f�o�r� �m�e�a�s�u�r�i�n�g� �e�n�t�h�a�l�p�y� 

�r�e�l�a�x�a�t�i�o�n� �b�a�s�e�d� �o�n� �p�r�e�d�i�c�t�i�o�n�s� �f�r�o�m� �a� �t�h�e�o�r�e�t�i�c�a�l� �m�o�d�e�l� �i�n� �w�h�i�c�h� �h�e� �d�e�v�e�l�o�p�e�d�.�' �� 

�P�o�s�s�i�b�l�e� �p�r�o�b�l�e�m�s� �t�h�a�t� �a�r�e� �p�r�e�d�i�c�t�e�d� �t�o� �o�c�c�u�r� �i�n�c�l�u�d�e�  �� �(�1�)� �u�n�d�e�r�e�s�t�i�m�a�t�i�o�n� �o�f� �t�h�e� 

�c�o�n�f�o�r�m�a�t�i�o�n�a�l� �h�e�a�t� �c�a�p�a�c�i�t�y�,� �(�2�)� �t�h�e� �i�m�c�o�r�r�e�c�t� �c�o�m�p�a�r�i�s�o�n� �o�f� �s�p�e�c�i�m�e�n�s� �a�g�e�d� �a�t� �d�i�f�f�e�r�e�n�t� 

�t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �(�3�)� �u�n�c�e�r�t�a�i�n� �e�n�e�r�g�y� �o�f� �t�h�e� �q�u�e�n�c�h�e�d� �s�t�a�t�e�. �� �T�h�e�s�e� �p�r�o�b�l�e�m�s� �a�r�i�s�e� 

�b�e�c�a�u�s�e� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� �f�r�e�e� �v�o�l�u�m�e� �t�h�a�t� �o�c�c�u�r�.� �R�o�b�e�r�t�s�o�n� �n�o�t�e�s� �h�o�w�e�v�e�r�,� �t�h�a�t� 
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�F�i�g�u�r�e� �2�.�2�-�2�2� �A�r�r�h�e�n�i�u�s� �p�l�o�t� �o�f� �m�e�a�n� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �f�o�r� �p�o�l�y�(�v�i�n�y�l� 
�a�c�e�t�a�t�e�)� �v�e�r�s�u�s� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �e�n�t�h�a�l�p�y� �(�-�-�-�-�)�,� �d�i�e�l�e�c�t�r�i�c� 
�(�-� �-� �-� �-�)�,� �a�n�d� �v�i�s�c�o�e�l�a�s�t�i�c� �r�e�l�a�x�a�t�i�o�n� �( ��)� �(�f�r�o�m� �O ��R�e�i�l�l�y� 
�{�1�1�7�]� �a�f�t�e�r� �S�a�s�a�b�e� �a�n�d� �M�o�y�n�i�h�a�n� �[�1�2�1�}�)�.� 
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�t�h�e� �p�r�e�d�i�c�t�i�o�n�s� �a�r�e� �q�u�e�s�t�i�o�n�a�b�l�e� �b�e�c�a�u�s�e� �o�f� �t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �p�r�e�s�e�n�t� �i�n� �s�e�v�e�r�a�l� �o�f� �t�h�e� �c�r�i�t�i�c�a�l� 

�p�a�r�a�m�e�t�e�r�s�.� 

�2�.�2�.�5� �P�o�s�i�t�r�o�n� �A�n�n�i�h�i�l�a�t�i�o�n� �S�t�u�d�i�e�s� 

�P�o�s�i�t�r�o�n� �a�n�n�i�h�i�l�a�t�i�o�n� �i�s� �a� �r�e�l�a�t�i�v�e�l�y� �n�e�w� �t�o�o�l� �w�h�i�c�h� �c�a�n� �g�i�v�e� �q�u�a�n�t�i�t�a�t�i�v�e� �i�n�f�o�r�m�a�t�i�o�n� 

�o�n� �t�h�e� �n�u�m�b�e�r� �a�n�d� �s�i�z�e� �o�f� �f�r�e�e� �v�o�l�u�m�e� �h�o�l�e�s� �i�n� �a� �p�o�l�y�m�e�r�.� �C�o�m�p�a�r�e�d� �t�o� �o�t�h�e�r� �t�o�o�l�s� �s�u�c�h� 

�a�s� �p�h�o�t�o�c�h�r�o�m�i�c� �a�n�d� �f�l�u�o�r�e�s�c�e�n�c�e� �p�r�o�b�e�s�,� �p�o�s�i�t�r�o�n� �a�n�n�i�h�i�l�a�t�i�o�n� �h�a�s� �a� �m�u�c�h� �s�m�a�l�l�e�r� 

�e�f�f�e�c�t�i�v�e� �p�r�o�b�e� �s�i�z�e� �t�h�e�r�e�b�y� �p�r�o�v�i�d�i�n�g� �g�r�e�a�t�e�r� �m�e�a�s�u�r�e�m�e�n�t� �s�e�n�s�i�t�i�v�i�t�y� �c�o�u�p�l�e�d� �w�i�t�h� �a� 

�l�o�w�e�r� �l�i�k�e�l�i�h�o�o�d� �o�f� �h�o�l�e� �d�i�s�t�o�r�t�i�o�n�.� �X�-�r�a�y� �s�c�a�t�t�e�r�i�n�g�,� �w�h�i�l�e� �n�o�t� �c�a�u�s�i�n�g� �a�n�y� �s�t�r�u�c�t�u�r�a�l� 

�d�i�s�t�o�r�t�i�o�n�,� �i�s� �n�o�t� �n�e�a�r�l�y� �a�s� �s�e�n�s�i�t�i�v�e� �a�t� �r�e�s�o�l�v�i�n�g� �c�h�a�n�g�e�s� �i�n� �t�h�e� �a�t�o�m�i�c� �s�c�a�l�e� �v�o�i�d�s�.�' �� 

�P�o�s�i�t�r�o�n�s� �a�r�e� �n�o�t�h�i�n�g� �m�o�r�e� �t�h�a�n� �t�h�e� �a�n�t�i�p�a�r�t�i�c�l�e�s� �o�f� �e�l�e�c�t�r�o�n�s�.� �T�h�e�y� �c�a�n� �b�e� �f�o�r�m�e�d� �f�r�o�m� �a� 

�r�a�d�i�o�i�s�o�t�o�p�e� �s�u�c�h� �a�s� �N�a� �w�h�i�c�h� �i�s� �c�o�a�t�e�d� �o�n�t�o� �t�h�e� �s�a�m�p�l�e� �t�o� �b�e� �m�e�a�s�u�r�e�d�.� �P�o�s�i�t�r�o�n�s� �t�h�a�t� 

�a�r�e� �i�n�j�e�c�t�e�d� �i�n�t�o� �t�h�e� �s�a�m�p�l�e� �p�e�n�e�t�r�a�t�e� �a�n�y�w�h�e�r�e� �f�r�o�m� �1�0� �t�o� �1�0�0�0�0� �p�m� �s�o� �t�h�e�y� �e�f�f�e�c�t�i�v�e�l�y� 

�r�e�a�c�h� �t�h�e� �b�u�l�k� �o�f� �t�h�e� �s�a�m�p�l�e� �b�e�f�o�r�e� �a�n�n�i�h�i�l�a�t�i�n�g�.� �'�*�°� 

�A�l�t�h�o�u�g�h� �t�h�e�r�e� �a�r�e� �d�i�f�f�e�r�e�n�t� �m�o�d�e�s� �o�f� �a�n�n�i�h�i�l�a�t�i�o�n�,� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �f�o�r� �p�o�l�y�m�e�r�s� �i�s� 

�t�h�a�t� �o�f� �o�r�t�h�o�-�p�o�s�i�t�r�o�n�i�u�m� �(�o�-�P�s�)� �a�n�n�i�h�i�l�a�t�i�o�n�.� �O�r�t�h�o�-�p�o�s�i�t�r�o�n�t�u�m� �i�s� �a� �h�y�d�r�o�g�e�n�-�l�i�k�e� �a�t�o�m� 

�c�o�n�s�i�s�t�i�n�g� �o�f� �a� �p�r�o�t�o�n� �a�n�d� �a� �p�o�s�i�t�r�o�n� �a�n�d� �h�a�v�i�n�g� �a� �d�i�a�m�e�t�e�r� �o�f� �1�.�0�6� �A�n�g�s�t�r�o�m�s�.� �I�t� �f�o�r�m�s� 

�w�h�e�n� �a�n� �e�l�e�c�t�r�o�n� �c�a�p�t�u�r�e�s� �a� �p�o�s�i�t�r�o�n� �d�u�r�i�n�g� �t�h�e� �s�l�o�w�i�n�g� �d�o�w�n� �o�f� �t�h�e� �i�n�j�e�c�t�e�d� �p�o�s�i�t�r�o�n�.� 

�L�i�k�e� �p�o�s�i�t�r�o�n�s�,� �o�r�t�h�o�-�p�o�s�i�t�r�o�n�i�u�m� �p�r�e�f�e�r�e�n�t�i�a�l�l�y� �r�e�s�i�d�e�s� �m� �a�t�o�m�i�c� �s�i�z�e� �h�o�l�e�s� �(�L�e�.� �f�r�e�e� 

�v�o�l�u�m�e� �s�i�t�e�s�)�.� �T�h�e� �l�a�r�g�e�r� �t�h�e� �h�o�l�e�,� �t�h�e� �l�o�n�g�e�r� �t�h�e� �l�i�f�e�t�i�m�e� �o�f� �t�h�e� �o�r�t�h�o�-�p�o�s�i�t�r�o�n�i�u�m� �p�r�i�o�r� 

�t�o� �a�n�n�i�h�i�l�a�t�i�o�n� �b�y� �a�  ��p�i�c�k�-�o�f�f �� �p�r�o�c�e�s�s� �w�i�t�h� �a� �n�e�i�g�h�b�o�r�i�n�g� �e�l�e�c�t�r�o�n�.� �H�e�r�e�i�n� �l�i�e�s� �t�h�e� �b�a�s�i�s� 

�f�o�r� �t�h�e� �p�o�s�i�t�r�o�n� �a�n�n�i�h�i�l�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�.� �B�y� �m�e�a�s�u�r�i�n�g� �t�h�e� �l�i�f�e�t�i�m�e�s� �o�f� �t�h�e� �o�-�P�s� �a�t�o�m�s�,� �t�h�e� 

�h�o�l�e� �s�i�z�e� �c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �d�i�r�e�c�t� �c�o�r�r�e�l�a�t�i�o�n� �w�i�t�h� �k�n�o�w�n� �r�e�f�e�r�e�n�c�e�s�.� 

�B�e�c�a�u�s�e� �t�h�e� �f�o�r�m�a�t�i�o�n� �a�n�d� �a�n�n�i�h�i�l�a�t�i�o�n� �o�f� �p�o�s�i�t�r�o�n�s� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �r�e�l�e�a�s�e� �o�f� 

�p�h�o�t�o�n�s� �o�f� �d�i�f�f�e�r�i�n�g� �e�n�e�r�g�i�e�s� �(�1�.�2�8� �M�e�V� �a�n�d� �5�1�1� �k�e�V� �r�e�s�p�e�c�t�i�v�e�l�y�)�,� �l�i�f�e�t�i�m�e�s� �c�a�n� �b�e� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �u�s�i�n�g� �a� �p�a�i�r� �o�f� �d�e�t�e�c�t�o�r�s�-�-�o�n�e� �t�u�n�e�d� �t�o� �d�e�t�e�c�t� �t�h�e� �b�i�r�t�h� �s�i�g�n�a�l� �a�n�d� �o�n�e� �f�o�r� 

�t�h�e� �a�n�n�i�h�i�l�a�t�i�o�n�-�-�a�l�o�n�g� �w�i�t�h� �t�h�e� �p�r�o�p�e�r� �s�u�p�p�o�r�t�i�n�g� �e�l�e�c�t�r�o�n�i�c�s�.� �T�y�p�i�c�a�l� �o�-�P�s� �l�i�f�e�t�i�m�e�s� �i�n� �a� 

�p�o�l�y�m�e�r� �a�r�e� �|� �t�o� �2� �n�a�n�o�s�e�c�o�n�d�s� �s�o� �r�e�s�o�l�u�t�i�o�n� �o�f� �t�h�e� �s�y�s�t�e�m� �i�s� �v�e�r�y� �i�m�p�o�r�t�a�n�t�.� �T�h�e� �n�u�m�b�e�r� 
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�o�f� �a�n�n�i�h�i�l�a�t�i�o�n� �c�o�u�n�t�s�,� �o�r� �t�h�e� �i�n�t�e�n�s�i�t�y� �I�,� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� �h�o�l�e�s� �p�r�e�s�e�n�t� �i�n� 

�t�h�e� �s�a�m�p�l�e�.� �A�n�d�,� �a�s� �s�t�a�t�e�d� �b�e�f�o�r�e�,� �t�h�e� �a�v�e�r�a�g�e� �l�i�f�e�t�i�m�e� �o�f� �t�h�e� �o�-�P�s�,� �d�e�n�o�t�e�d� �a�s� �7�s�,� �i�s� 

�r�e�l�a�t�e�d� �t�o� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �h�o�l�e�s�.� �C�o�m�b�i�n�i�n�g� �t�h�e� �t�w�o� �g�i�v�e�s� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �t�o�t�a�l� �f�r�e�e� 

�v�o�l�u�m�e� �i�n� �t�h�e� �s�a�m�p�l�e�.� 

�D�u�r�i�n�g� �p�o�s�i�t�r�o�n� �a�n�n�i�h�i�l�a�t�i�o�n� �l�i�f�e�t�i�m�e� �s�p�e�c�t�r�o�s�c�o�p�y� �(�P�A�L�S�)�,� �t�h�e� �a�n�n�i�h�i�l�a�t�i�o�n� �s�p�e�c�t�r�a� �i�s� 

�c�u�r�v�e� �f�i�t� �a�s� �t�h�e� �s�u�m� �o�f� �e�x�p�o�n�e�n�t�i�a�l�s� �i�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� �3� �a�n�d� �I�s�,�' � �� 

�N�(�t�)� �=� �D�I�,� �e�x�p�(�-�t�/�1�,�)� �+�B� �(�2�.�2�-� �2�1�)� 

�w�h�e�r�e� �B� �i�s� �a� �c�o�n�s�t�a�n�t� �a�n�d� �N�(�t�)� �i�s� �t�h�e� �t�o�t�a�l� �s�p�e�c�t�r�a�.� �G�e�n�e�r�a�l�l�y� �t�h�e� �s�u�m� �i�s� �o�n�l�y� �c�a�r�r�i�e�d� �o�u�t� 

�w�i�t�h� �t�h�e� �f�i�r�s�t� �3� �t�e�r�m�s�.� �T�h�e� �f�i�r�s�t� �t�w�o� �a�r�e� �r�e�l�a�t�e�d� �t�o� �p�a�r�a�-�P�s� �a�n�d� �u�n�b�o�u�n�d� �p�o�s�i�t�r�o�n� 

�a�n�n�i�h�i�l�a�t�i�o�n� �r�e�s�p�e�c�t�i�v�e�l�y� �a�n�d� �a�r�e� �n�o�t� �i�m�p�o�r�t�a�n�t� �f�o�r� �t�h�e� �s�t�u�d�y� �o�f� �f�r�e�e� �v�o�l�u�m�e�.� �N�o�t�e� �t�h�a�t� 

�w�i�t�h� �t�h�i�s� �p�r�o�c�e�d�u�r�e� �o�n�l�y� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �f�o�r� �T�;� �a�n�d� �I�;� �i�s� �d�e�t�e�r�m�i�n�e�d�.� �T�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �l�i�f�e�t�i�m�e�s�,� �J�e�a�n� �a�n�d� �c�o�w�o�r�k�e�r�s� �e�x�t�e�n�d�e�d� �(�2�.�2�-�2�1�)� �t�o� �i�n�c�l�u�d�e� �a� �c�o�n�t�i�n�u�o�u�s� 

�s�p�e�c�t�r�u�m� �o�f� �1 ��s�,� �>� 

�N�(�t�)� �=� �[� �I�(�t�)� �e�x�p�(�-�t�/� �t�)�d�t�+� �B� �(�2�.�2�-� �2�2�)� 
�e� 

�A�n� �e�x�a�m�p�l�e� �o�f� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�i�s� �e�q�u�a�t�i�o�n� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�-�2�3� �f�o�r� �p�o�l�y�p�r�o�p�y�l�e�n�e� 

�e�x�p�o�s�e�d� �t�o� �d�i�f�f�e�r�e�n�t� �l�e�v�e�l�s� �o�f� �h�y�d�r�o�s�t�a�t�i�c� �p�r�e�s�s�u�r�e�.� �C�l�e�a�r�l�y� �t�h�e� �p�r�e�s�s�u�r�e� �c�a�u�s�e�s� �a� 

�d�e�c�r�e�a�s�i�n�g� �a�v�e�r�a�g�e� �h�o�l�e� �s�i�z�e�,� �a�s� �e�x�p�e�c�t�e�d�,� �b�a�s�e�d� �o�n� �t�h�e� �c�h�a�n�g�e�s� �i�n� �t�h�e� �l�i�f�e�t�i�m�e�s�.� 

�B�e�f�o�r�e� �l�o�o�k�i�n�g� �a�t� �s�o�m�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �s�t�u�d�i�e�s�,� �i�t� �i�s� �f�i�r�s�t� �n�e�c�e�s�s�a�r�y� �t�o� �r�e�l�a�t�e� �1�;� �t�o� �t�h�e� 

�m�e�a�n� �h�o�l�e� �r�a�d�i�u�s�.� �T�h�i�s� �i�s� �d�o�n�e� �v�i�a� �a� �s�i�m�p�l�e� �q�u�a�n�t�u�m� �m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l� �w�h�i�c�h� �a�s�s�u�m�e�s� �a� 

�p�a�r�t�i�c�l�e� �i�n� �a� �s�p�h�e�r�i�c�a�l� �b�o�x�.� �B�y� �u�s�i�n�g� �z�e�o�l�i�t�e�s� �w�i�t�h� �k�n�o�w�n� �h�o�l�e� �s�i�z�e�s� �t�o� �f�i�t� �t�h�e� �e�m�p�i�r�i�c�a�l� 

�p�a�r�a�m�e�t�e�r�s�,� �o�n�e� �a�r�r�i�v�e�s� �a�t�? �� �! ��°� 

�R�o�,� �1�g� �7�m� �(�2�.�2�-� �2�3�)� �1� �t�,� �=�  ��[�1�- � � ��_� 
�2� �R�+� �1�.�6�6� �2�%� �R�+�1�.�6�6� 

�w�h�e�r�e� �7�;� �i�s� �i�n� �n�a�n�o�s�e�c�o�n�d�s� �a�n�d� �R� �i�s� �t�h�e� �h�o�l�e� �r�a�d�i�u�s�.� �A�l�t�h�o�u�g�h� �t�h�i�s� �e�q�u�a�t�i�o�n� �i�s� �b�a�s�e�d� �o�n� �a� 

�r�a�t�h�e�r� �c�r�u�d�e� �m�o�d�e�l�,� �m�o�r�e� �d�e�t�a�i�l�e�d� �m�o�d�e�l�s� �b�a�s�e�d� �o�n� �f�i�n�i�t�e� �p�o�t�e�n�t�i�a�l�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �i�t� �i�s� 
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�s�t�i�l�l� �v�a�l�i�d� �a�s� �l�o�n�g� �a�s� �t�h�e� �e�m�p�i�r�i�c�a�l� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �p�r�o�p�e�r�l�y� �c�u�r�v�e�-�f�i�t�t�e�d�.�'�"�*� �J�e�a�n� �a�n�d� �S�h�i� 

�h�a�v�e� �e�x�t�e�n�d�e�d� �t�h�i�s� �m�o�d�e�l� �f�u�r�t�h�e�r� �t�o� �a�c�c�o�u�n�t� �f�o�r� �e�l�l�i�p�t�i�c�a�l� �i�n�s�t�e�a�d� �o�f� �s�p�h�e�r�i�c�a�l� �h�o�l�e�s�.�' �� �T�h�e� 

�a�u�t�h�o�r�s� �f�o�u�n�d� �t�h�a�t� �a�n� �e�l�l�i�p�t�i�c�a�l� �h�o�l�e� �s�h�o�u�l�d� �h�a�v�e� �a� �s�h�o�r�t�e�r� �o�-�P�s� �l�i�f�e�t�i�m�e� �t�h�a�n� �a� �s�p�h�e�r�i�c�a�l� 

�h�o�l�e� �o�f� �t�h�e� �s�a�m�e� �v�o�l�u�m�e� �d�u�e� �t�o� �t�h�e� �e�n�h�a�n�c�e�d� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �p�i�c�k�-�o�f�f� �a�n�n�i�h�i�l�a�t�i�o�n� �o�c�c�u�r�r�i�n�g� 

�a�l�o�n�g� �t�h�e� �m�o�r�e� �n�a�r�r�o�w�,� �m�i�n�o�r� �a�x�i�s� �o�f� �t�h�e� �e�l�l�i�p�s�e�.� �T�h�i�s� �h�a�s� �p�r�a�c�t�i�c�a�l� �i�m�p�l�i�c�a�t�i�o�n�s� �s�i�n�c�e� �i�t� �i�s� 

�d�o�u�b�t�f�u�l� �t�h�a�t� �f�r�e�e� �v�o�l�u�m�e� �s�i�t�e�s� �a�r�e� �p�e�r�f�e�c�t�l�y� �r�o�u�n�d�.� �I�n� �a� �p�r�e�v�i�o�u�s� �p�a�p�e�r�,� �J�e�a�n� �a�n�d� 

�c�o�w�o�r�k�e�r�s �� �h�a�d� �a�p�p�l�i�e�d� �a�n�g�u�l�a�r� �c�o�r�r�e�l�a�t�i�o�n� �p�o�s�i�t�r�o�n� �a�n�n�i�h�i�l�a�t�i�o�n� �(�A�C�A�R�)� �t�o� �s�t�r�e�t�c�h�e�d� 

�P�E�E�K� �s�a�m�p�l�e�s�-�-�c�o�l�d� �d�r�a�w�n� �t�o� �a� �s�t�r�e�t�c�h� �r�a�t�i�o� �o�f� �2�.�6�-�-�a�n�d� �a�l�r�e�a�d�y� �s�h�o�w�n� �t�h�a�t� �t�h�e� �h�o�l�e�s� �h�a�d� 

�e�l�l�i�p�s�o�i�d�a�l� �g�e�o�m�e�t�r�i�e�s� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �a�s�p�e�c�t� �r�a�t�i�o� �o�f� �2�.�6�+�/�-�0�.�2�.� 

�T�h�e�r�e� �h�a�v�e� �b�e�e�n� �a� �n�u�m�b�e�r� �o�f� �a�p�p�l�i�c�a�t�i�o�n�s� �o�f� �P�A�L�S� �t�o� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �a�n�d� �m�e�c�h�a�n�i�c�a�l� 

�d�e�f�o�r�m�a�t�i�o�n�.� �G�e�n�e�r�a�l�l�y� �i�t� �i�s� �f�o�u�n�d� �t�h�a�t� �I�;� �d�e�c�r�e�a�s�e�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �w�h�i�l�e� �t�;� �c�h�a�n�g�e�s� 

�n�e�g�l�i�g�i�b�l�y� �w�i�t�h� �p�h�y�s�i�c�a�l� �a�g�i�n�g�.�'�®�!�°�?�-�! � �� �T�h�i�s� �i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� �a�v�e�r�a�g�e� �h�o�l�e� �d�i�a�m�e�t�e�r� �d�o�e�s� 

�n�o�t� �c�h�a�n�g�e�,� �o�n�l�y� �t�h�e� �n�u�m�b�e�r� �o�f� �h�o�l�e�s� �d�e�c�r�e�a�s�e�.� �F�i�g�u�r�e� �2�.�2�-�2�4� �s�h�o�w�s� �t�h�i�s� �b�e�h�a�v�i�o�r� �f�o�r� �b�i�s�-� 

�A� �p�o�l�y�c�a�r�b�o�n�a�t�e�.� �I�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �t�h�e� �l�a�c�k� �o�f� �a�c�c�o�u�n�t�i�n�g� �f�o�r� �t�h�e� �d�i�s�t�r�i�b�u�t�e�d� �n�a�t�u�r�e� �o�f� �t�h�e� 

�h�o�l�e� �s�i�z�e�s� �m�a�y� �b�e� �t�h�e� �c�a�u�s�e� �f�o�r� �t�h�e� �c�o�n�s�t�a�n�t�  ��m�e�a�n �� �v�a�l�u�e� �o�f� �T�;� �s�e�e�n� �d�u�r�i�n�g� �p�h�y�s�i�c�a�l� �a�g�i�n�g�.� 

�A�p�p�l�i�c�a�t�i�o�n� �o�f� �E�q�n�.� �(�2�.�2�-�2�2�)� �m�a�y� �h�e�l�p� �t�o� �b�e�t�t�e�r� �r�e�s�o�l�v�e� �t�h�i�s� �i�s�s�u�e�.� 

�J�e�a�n� �a�n�d� �c�o�w�o�r�k�e�r�s� �h�a�v�e� �a�p�p�l�i�e�d� �E�q�n� �(�2�.�2�-�2�2�)� �i�n� �o�r�d�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� 

 ��>� �T�h�e�i�r� �r�e�s�u�l�t�s� �a�r�e� �r�e�p�r�o�d�u�c�e�d� �i�n� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �p�o�l�y�s�t�y�r�e�n�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e�.� 

�F�i�g�u�r�e� �2�.�2�-�2�5�.� �N�o�t�e� �t�h�a�t� �t�h�e� �r�o�l�l�-�o�f�f� �a�t� �l�o�w� �f�r�e�e� �v�o�l�u�m�e� �i�s� �i�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �a� �1� �t�o� �2� 

�a�n�g�s�t�r�o�m� �h�o�l�e�,� �t�h�e� �l�i�m�i�t� �o�f� �d�e�t�e�c�t�i�o�n� �o�f� �t�h�e� �p�o�s�i�t�r�o�n� �t�e�c�h�n�i�q�u�e�.� �A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e�i�r� �d�a�t�a� 

�w�i�t�h� �t�h�e� �C�o�h�e�n�-�T�u�m�b�u�l�l� �t�h�e�o�r�y� �s�h�o�w�s� �l�a�r�g�e� �d�e�v�i�a�t�i�o�n�s� �a�t� �h�i�g�h�e�r� �v�o�l�u�m�e�s� �(� �>� �1�0�0� �c�u�b�i�c� 

�a�n�g�s�t�r�o�m�s�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �a� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �P�A�L�S� �d�a�t�a� �w�i�t�h� �r�e�s�u�l�t�s� �f�r�o�m� �a� �p�h�o�t�o�c�h�r�o�m�i�c� 

�p�r�o�b�e� �s�h�o�w� �t�h�a�t� �t�h�e� �P�A�L�S� �i�s� �l�e�s�s� �s�e�n�s�i�t�i�v�e� �t�o� �l�a�r�g�e�r� �d�i�a�m�e�t�e�r� �h�o�l�e�s�.� �U�s�i�n�g� �m�o�l�e�c�u�l�a�r� 

�d�y�n�a�m�i�c� �s�i�m�u�l�a�t�i�o�n�s�,� �R�o�e� �f�o�u�n�d� �t�h�a�t� �l�a�r�g�e�r� �v�o�i�d� �c�a�v�i�t�i�e�s� �i�n� �g�l�a�s�s�y� �p�o�l�y�e�t�h�y�l�e�n�e� �w�e�r�e� 

�c�o�n�s�t�a�n�t�l�y� �e�x�p�a�n�d�i�n�g� �a�n�d� �c�o�n�t�r�a�c�t�i�n�g� �w�i�t�h� �a� �p�e�r�i�o�d� �a�s� �s�h�o�r�t� �a�s� �5� �t�o� �1�0� �p�s�.�*�*� �T�h�e� 

�p�o�l�y�e�t�h�y�l�e�n�e� �i�s� �p�r�e�d�i�c�t�e�d� �t�o� �h�a�v�e� �a� �T�,� �b�e�t�w�e�e�n� �1�7�5� �a�n�d� �2�2�5� �K� �d�e�p�e�n�d�i�n�g� �o�n� �m�o�l�e�c�u�l�a�r� 

�w�e�i�g�h�t� �(�i�.�e�.� �n�u�m�b�e�r� �o�f� �s�e�g�m�e�n�t�s� �i�n� �t�h�e� �m�o�d�e�l�)� �a�n�d� �a�c�t�u�a�l� �c�o�o�l�i�n�g� �r�a�t�e�.� �I�f� �t�h�i�s� �e�x�p�a�n�s�i�o�n� 

�a�n�d� �c�o�n�t�r�a�c�t�i�o�n� �o�f� �f�r�e�e� �v�o�l�u�m�e� �i�s� �a�l�s�o� �o�c�c�u�r�r�i�n�g� �i�n� �t�h�e� �p�o�l�y�s�t�y�r�e�n�e� �g�l�a�s�s�,� �t�h�e�n� �i�t� �i�s� �p�o�s�s�i�b�l�e� 
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�t�h�a�t� �t�h�i�s� �f�l�u�c�t�u�a�t�i�o�n� �i�m� �t�h�e� �l�a�r�g�e�r� �h�o�l�e�s� �m�a�y� �b�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �l�a�c�k� �o�f� �P�A�L�S� �s�e�n�s�i�t�i�v�i�t�y� 

�t�o� �t�h�e� �l�a�r�g�e�r� �h�o�l�e�s�.� �K�e�e�p� �i�n� �m�i�n�d� �t�h�a�t� �t�h�e� �o�-�P�s� �l�i�f�e�t�i�m�e� �i�s� �1� �t�o� �2� �n�s� �w�h�e�r�e�a�s� �t�h�e� �h�o�l�e� 

�d�i�a�m�e�t�e�r�s� �a�r�e� �c�h�a�n�g�i�n�g� �o�n� �a� �p�i�c�o�s�e�c�o�n�d� �t�i�m�e� �s�c�a�l�e�.� �A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �d�a�t�a� �w�i�t�h� �t�h�e� 

�t�h�e�o�r�y� �o�f� �S�i�m�h�a� �a�n�d� �S�o�m�c�y�n�s�k�y� �g�i�v�e�s� �m�u�c�h� �b�e�t�t�e�r� �r�e�s�u�l�t�s�.� 

�K�r�i�s�t�i�a�k� �a�n�d� �c�o�w�o�r�k�e�r�s� �u�s�e�d� �P�A�L�S� �t�o� �p�r�o�b�e� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �m�i�c�r�o�s�t�r�u�c�t�u�r�e� �o�f� 

�p�o�l�y�c�a�r�b�o�n�a�t�e� �a�t� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s�.�  ��°� �T�h�e�i�r� �d�a�t�a� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�-�2�6� �a�s� �a� �f�u�n�c�t�i�o�n� 

�o�f� �t�e�m�p�e�r�a�t�u�r�e�.� �A� �t�r�a�n�s�i�t�i�o�n� �i�n� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �b�e�h�a�v�i�o�r� �w�a�s� �f�o�u�n�d� �t�o� �o�c�c�u�r� �a�t� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�3�0� �K� �a�s� �s�e�e�n� �i�n� �t�h�e� �c�h�a�n�g�e� �i�n� �s�l�o�p�e�s� �m� �F�i�g�u�r�e� �2�.�2�-�2�6�.� �T�h�e�y� �h�y�p�o�t�h�e�s�i�z�e�d� 

�t�h�a�t� �a� �p�a�r�t�i�a�l� �f�l�i�p�p�i�n�g� �m�o�t�i�o�n� �o�f� �t�h�e� �p�h�e�n�y�l� �r�i�n�g� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�i�s� �t�r�a�n�s�i�t�i�o�n�.� 

�R�u�a�n� �a�n�d� �c�o�w�o�r�k�e�r�s� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �s�t�a�t�i�c� �t�e�n�s�i�l�e� �d�e�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� 

�a�n�n�i�h�i�l�a�t�i�o�n� �b�e�h�a�v�i�o�r� �o�f� �p�o�l�y�c�a�r�b�o�n�a�t�e�.�'�*�°� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �t�h�e� �a�p�p�a�r�e�n�t� �f�r�e�e� �v�o�l�u�m�e�-�-� 

�b�a�s�e�d� �o�n� �T�,� �m�e�a�s�u�r�e�m�e�n�t�s�-�-�i�n�c�r�e�a�s�e�d� �w�i�t�h� �t�e�n�s�i�l�e� �s�t�r�a�i�n� �u�p� �t�o� �4�%� �a�t� �w�h�i�c�h� �p�o�i�n�t� �i�t� �l�e�v�e�l�e�d� 

�o�f�f� �(�t�h�e� �t�e�n�s�i�t�y�,� �o�r� �n�u�m�b�e�r� �o�f� �h�o�l�e�s�,� �r�e�m�a�i�n�e�d� �c�o�n�s�t�a�n�t� �h�o�w�e�v�e�r�)�.� �T�h�i�s� �i�s� �i�n� �a�p�p�a�r�e�n�t� 

�c�o�n�t�r�a�d�i�c�t�i�o�n� �t�o� �t�h�e� �d�e�n�s�i�t�y� �d�a�t�a� �f�o�r� �p�o�l�y�c�a�r�b�o�n�a�t�e�,� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�,� �w�h�e�r�e�i�n� �t�h�e� �d�e�n�s�i�t�y� 

�a�c�t�u�a�l�l�y� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �s�t�r�e�t�c�h�i�n�g�.� �I�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �n�o�t�e�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �t�h�e� �d�e�n�s�i�t�y� �d�a�t�a� 

�i�n�v�o�l�v�e�d� �s�t�r�a�m�s� �c�o�n�s�i�d�e�r�a�b�l�y� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �4�%� �i�n� �t�h�e� �P�A�L�S� �w�o�r�k� �a�n�d� �i�t� �i�s� �u�n�c�e�r�t�a�i�n� 

�w�h�a�t� �i�s� �h�a�p�p�e�n�i�n�g� �t�o� �t�h�e� �d�e�n�s�i�t�y� �a�t� �s�m�a�l�l�e�r� �s�t�r�a�i�n�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e�  ��l�e�v�e�l�i�n�g� �o�f�f �� �o�f� �t�h�e� 

�P�A�L�S� �f�r�e�e� �v�o�l�u�m�e� �a�t� �4�%� �m�a�y� �b�e� �i�n� �s�o�m�e� �w�a�y� �r�e�l�a�t�e�d� �t�o� �h�i�g�h� �s�t�r�a�i�n� �d�e�n�s�i�f�i�c�a�t�i�o�n�.� �T�h�e� 

�a�u�t�h�o�r�s� �a�l�s�o� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �o�n� �t�h�e� �s�t�r�a�i�n�e�d� �s�a�m�p�l�e�s�.� �T�h�e� �s�a�n�i�z�p�l�e�s� 

�w�e�r�e� �a�g�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �w�h�i�l�e� �b�e�i�n�g� �m�a�i�n�t�a�i�n�e�d� �a�t� �3�%� �s�t�r�a�i�n�.� �A�f�t�e�r� �2�0�0� �h�r�s�.�,� �t�h�e� 

�s�t�r�a�i�n� �w�a�s� �r�e�l�e�a�s�e�d� �a�n�d� �a�g�i�n�g� �a�l�l�o�w�e�d� �t�o� �c�o�n�t�i�n�u�e�.� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �f�r�a�c�t�i�o�n�a�l� �f�r�e�e� 

�v�o�l�u�m�e� �a�c�t�u�a�l�l�y� �d�r�o�p�p�e�d� �t�o� �a� �l�o�w�e�r� �v�a�l�u�e� �t�h�a�n� �t�h�e� �o�r�i�g�i�n�a�l� �u�n�s�t�r�a�i�n�e�d� �l�e�v�e�l� �a�f�t�e�r� 

�u�n�l�o�a�d�i�n�g�.� 

�L�i�u� �a�n�d� �c�o�w�o�r�k�e�r�s�!�* �� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �c�y�c�l�i�c� �s�t�r�e�s�s� �o�n� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �c�h�a�n�g�e�s� �i�n� 

�a�g�e�d� �p�o�l�y�c�a�r�b�o�n�a�t�e�.� �T�h�e�y� �f�o�u�n�d� �t�h�e� �l�i�f�e�t�i�m�e� �t�;� �m�c�r�e�a�s�e�d� �w�i�t�h� �c�y�c�l�i�c� �s�t�r�e�s�s�i�n�g� �a�s� �l�o�n�g� �a�s� 

�c�r�a�z�i�n�g� �d�i�d� �n�o�t� �o�c�c�u�r�.� �T�h�e� �i�n�t�e�n�s�i�t�y�,� �I�;�,� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �c�y�c�l�i�n�g�.� �T�h�e�y� �a�t�t�r�i�b�u�t�e�d� �t�h�e�s�e� 

�c�h�a�n�g�e�s� �t�o� �a�n� �i�n�c�r�e�a�s�e� �i�n� �s�t�r�u�c�t�u�r�a�l� �d�a�m�a�g�e� �i�n� �t�h�e� �s�a�m�p�l�e� �c�a�u�s�i�n�g� �l�a�r�g�e�r� �h�o�l�e� �s�i�z�e�s�,� �w�h�i�l�e� 
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�a�t� �t�h�e� �s�a�m�e� �t�i�m�e�,� �t�h�e� �p�o�s�s�i�b�l�i�l�i�t�y� �f�o�r� �h�o�l�e� �c�o�a�l�e�s�c�e�n�c�e� �w�h�i�c�h� �w�o�u�l�d� �e�x�p�l�a�i�n� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� 

�t�h�e� �t�e�n�s�i�t�y�,� �I�s�.� 

�E�v�e�n� �w�i�t�h� �t�h�e�s�e� �a�p�p�a�r�e�n�t� �s�u�c�c�e�s�s�e�s�,� �p�o�s�i�t�r�o�n� �a�n�n�i�h�i�l�a�t�i�o�n� �i�s� �s�t�i�l�l� �n�o�t� �w�i�t�h�o�u�t� �i�t�s� �s�h�a�r�e� 

�o�f� �c�o�n�t�r�o�v�e�r�s�y�.� �L�i� �a�n�d� �B�o�y�c�e �� �b�e�l�i�e�v�e� �t�h�a�t� �d�u�r�i�n�g� �e�x�t�e�n�d�e�d� �P�A� �t�e�s�t�i�n�g�,� �a�n� �e�l�e�c�t�r�i�c� �f�i�e�l�d� 

�w�i�l�l� �b�u�i�l�d� �u�p� �m� �t�h�e� �p�o�l�y�m�e�r� �p�o�s�s�i�b�l�y� �a�f�f�e�c�t�i�n�g� �t�h�e� �l�i�f�e�t�i�m�e� �m�e�a�s�u�r�e�m�e�n�t�s�.� �I�t� �h�a�s� �b�e�e�n� 

�s�h�o�w�n� �e�l�s�e�w�h�e�r�e� �t�h�a�t� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�n� �e�x�t�e�r�n�a�l� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �w�i�l�l� �d�e�c�r�e�a�s�e� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� 

�o�f� �o�-�P�s� �f�o�r�m�a�t�i�o�n� �i�n� �s�e�v�e�r�a�l� �p�o�l�y�m�e�r�s�. ��  � ��° ��'�* �� �T�h�e�r�e�f�o�r�e� �t�h�e� �o�b�s�e�r�v�e�d� �d�e�c�r�e�a�s�e� �i�n� �I�;� 

�w�o�u�l�d� �b�e� �u�n�r�e�l�a�t�e�d� �t�o� �s�t�r�u�c�t�u�r�a�l� �r�e�l�a�x�a�t�i�o�n�.� �T�h�i�s� �h�a�s� �o�b�v�i�o�u�s�l�y� �b�e�e�n� �v�e�r�y� �c�o�n�t�r�o�v�e�r�s�i�a�l�.� 

�H�o�w�e�v�e�r�,� �b�y� �n�o�t� �r�u�n�n�i�n�g� �e�x�t�e�n�d�e�d� �t�e�s�t�s� �w�i�t�h� �a�n�y� �g�i�v�e�n� �s�a�m�p�l�e�,� �t�h�i�s� �p�r�o�b�l�e�m� �c�a�n� �b�e� 

�a�v�o�i�d�e�d�.� 

�2�.�3� �O�r�i�e�n�t�a�t�i�o�n� �i�n� �P�o�l�y�m�e�r�s� 

�T�h�e�r�e� �a�r�e� �a� �n�u�m�b�e�r� �o�f� �e�x�c�e�l�l�e�n�t� �b�o�o�k�s� �a�n�d� �p�a�p�e�r�s� �a�v�a�i�l�a�b�l�e� �w�h�i�c�h� �d�e�s�c�r�i�b�e� �t�h�e� 

�c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �o�r�i�e�n�t�a�t�i�o�n� �i�n� �p�o�l�y�m�e�r�s�.�'�? ��'�?�*�' ��* ��'� �O�n�l�y� �t�h�e� �t�e�c�h�n�i�q�u�e�s� �m�o�s�t� 

�a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �s�t�u�d�y�i�n�g� �o�r�i�e�n�t�a�t�i�o�n� �i�n� �a�m�o�r�p�h�o�u�s� �g�l�a�s�s�e�s� �w�i�l�l� �b�e� �r�e�v�i�e�w�e�d�.� �T�h�i�s� �i�n�c�l�u�d�e�s� 

�t�h�e� �q�u�a�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �s�t�a�t�e� �b�y� �w�a�y� �o�f� �t�h�e� �H�e�r�m�a�n�s �� �o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n�.� 

�O�r�i�e�n�t�a�t�i�o�n� �i�s� �a�n� �i�m�p�o�r�t�a�n�t� �f�a�c�t� �o�f� �l�i�f�e� �f�o�r� �p�o�l�y�m�e�r�s�.� �I�t� �i�s� �p�r�e�s�e�n�t� �t�o� �s�o�m�e� �d�e�g�r�e�e� �i�n� 

�m�o�s�t� �e�n�d�-�u�s�e� �p�l�a�s�t�i�c� �p�r�o�d�u�c�t�s� �s�o� �i�t�s� �e�f�f�e�c�t�s� �o�n� �a�g�i�n�g� �s�h�o�u�l�d� �n�o�t� �b�e� �n�e�g�l�e�c�t�e�d�.� �M�a�n�y� �o�f� �t�h�e� 

�m�o�r�e� �c�o�m�m�o�n� �f�a�b�r�i�c�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �s�u�c�h� �a�s� �i�n�j�e�c�t�i�o�n� �m�o�l�d�i�n�g� �a�n�d� �e�x�t�r�u�s�i�o�n� �(�p�r�o�f�i�l�e�,� 

�s�h�e�e�t�,� �e�t�c�.�)� �i�n�t�r�o�d�u�c�e� �s�o�m�e� �l�e�v�e�l� �o�f� �o�r�i�e�n�t�a�t�i�o�n� �e�v�e�n� �w�h�e�n� �i�t� �i�s� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �d�e�s�i�r�a�b�l�e�.� 

�O�t�h�e�r�s� �s�u�c�h� �a�s� �t�h�e�r�m�o�f�o�r�m�i�n�g�,� �i�n�j�e�c�t�i�o�n� �a�n�d� �e�x�t�r�u�s�i�o�n� �b�l�o�w� �m�o�l�d�i�n�g�,� �c�a�l�e�n�d�e�r�i�n�g�,� �a�n�d� �f�i�l�m� 

�b�l�o�w�i�n�g� �i�n�t�r�o�d�u�c�e� �a� �g�r�e�a�t�e�r� �d�e�g�r�e�e� �o�f� �o�r�i�e�n�t�a�t�i�o�n� �w�h�i�c�h� �i�s� �u�s�u�a�l�l�y�,� �b�u�t� �n�o�t� �a�l�w�a�y�s�,� 

�b�e�n�e�f�i�c�i�a�l� �t�o� �t�h�e� �f�i�n�a�l� �p�r�o�d�u�c�t�.� �L�a�s�t�l�y�,� �t�h�e�r�e� �a�r�e� �o�t�h�e�r� �p�r�o�c�e�s�s�e�s� �s�u�c�h� �a�s� �f�i�b�e�r� �s�p�m�n�i�n�g�,� 

�f�i�l�m� �t�e�n�t�e�r�i�n�g�,� �s�t�r�e�t�c�h� �b�l�o�w� �m�o�l�d�i�n�g�,� �a�n�d� �d�o�u�b�l�e�-�b�u�b�b�l�e� �f�i�l�m� �b�l�o�w�i�n�g� �w�h�e�r�e� �h�i�g�h� 

�o�r�i�e�n�t�a�t�i�o�n� �i�s� �t�h�e� �g�o�a�l�.� �T�h�e�s�e� �p�r�o�c�e�s�s�e�s� �g�e�n�e�r�a�l�l�y� �i�n�v�o�l�v�e� �c�r�y�s�t�a�l�l�i�n�e� �o�r� �s�e�m�i�-�c�r�y�s�t�a�l�l�i�n�e� 

�p�o�l�y�m�e�r�s� �a�n�d� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �p�r�o�c�e�s�s� �c�a�n� �a�c�t� �t�o� �i�n�d�u�c�e� �o�r� �m�o�d�i�f�y� �t�h�e� �c�r�y�s�t�a�l� �f�o�r�m�a�t�i�o�n�.� �I�t� 

�i�s� �i�m�p�o�r�t�a�n�t� �t�o� �r�e�a�l�i�z�e� �t�h�a�t� �t�h�e� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e� �i�n� �p�o�l�y�m�e�r�s� �c�a�n� �a�n�d� �o�f�t�e�n� �d�o�e�s� �h�a�v�e� �a� 
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�d�i�f�f�e�r�e�n�t� �p�r�e�f�e�r�r�e�d� �o�r�i�e�n�t�a�t�i�o�n� �t�h�a�n� �t�h�e� �a�m�o�r�p�h�o�u�s� �c�h�a�i�n�s�.� �T�h�i�s� �a�d�d�s� �e�x�t�r�a� �c�o�m�p�l�i�c�a�t�i�o�n�s� 

�t�o� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �a�n�a�l�y�s�i�s�.� 

�2�.�3�.�1� �H�e�r�m�a�n�s �� �O�r�i�e�n�t�a�t�i�o�n� �F�u�n�c�t�i�o�n� 

�T�o� �a�i�d� �i�n� �e�x�p�l�a�i�n�i�n�g� �t�h�e� �c�o�n�c�e�p�t� �o�f� �o�r�i�e�n�t�a�t�i�o�n�,� �t�h�e� �r�e�a�d�e�r� �i�s� �r�e�f�e�r�r�e�d� �t�o� �F�i�g�u�r�e� �2�.�3�-�1�.� 

�T�h�i�s� �s�h�o�w�s� �a� �p�o�l�y�m�e�r� �c�h�a�i�n� �w�i�t�h� �e�n�d� �t�o� �e�n�d� �c�h�a�i�n� �d�i�s�t�a�n�c�e� �R�,� �o�r�i�e�n�t�e�d� �a�t� �a�n� �a�n�g�l�e� �9� �t�o� �t�h�e� 

�z� �a�x�i�s�.� �T�h�e� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �x�-�y�-�z� �r�e�p�r�e�s�e�n�t�s� �a� �l�a�b�o�r�a�t�o�r�y� �f�r�a�m�e� �o�f� �r�e�f�e�r�e�n�c�e� �w�h�i�c�h� �i�s� 

�f�i�x�e�d� �i�n� �s�p�a�c�e�.� �G�e�n�e�r�a�l�l�y� �t�h�e� �d�i�r�e�c�t�i�o�n�s� �a�r�e� �t�a�k�e�n� �t�o� �c�o�i�n�c�i�d�e� �w�i�t�h� �t�h�e� �m�a�c�h�i�n�e� �o�r� �p�r�i�m�a�r�y� 

�s�t�r�e�t�c�h� �d�i�r�e�c�t�i�o�n� �(�M�D�)�,� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �d�i�r�e�c�t�i�o�n� �(�T�D�)� �a�n�d� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�r� �n�o�r�m�a�l� �d�i�r�e�c�t�i�o�n� 

�o�f� �a� �s�t�r�e�t�c�h�e�d� �s�a�m�p�l�e�.� �F�o�r� �u�n�i�a�x�i�a�l� �o�r�i�e�n�t�a�t�i�o�n�,� �t�h�e� �H�e�r�m�a�n�s �� �o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n� �_�f�,� �i�s� 

�d�e�f�i�n�e�d� �a�s� �'�*� 

�_� �3� �<� �c�o�s �� �8� �>� �-�1� 
�f� �2� �(�2�.�3�-� �1�)� 

�w�h�e�r�e� �t�h�e� �a�n�g�l�e�d� �b�r�a�c�k�e�t�s� �r�e�p�r�e�s�e�n�t� �a�n� �a�v�e�r�a�g�e� �o�v�e�r� �a�l�l� �o�f� �t�h�e� �c�h�a�i�n�s� �i�n� �t�h�e� �s�y�s�t�e�m�.� �T�h�e� 

�o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n� �/� �c�a�n� �v�a�r�y� �b�e�t�w�e�e�n� �-�0�.�5� �a�n�d� �1� �w�i�t�h� �1� �r�e�p�r�e�s�e�n�t�i�n�g� �p�e�r�f�e�c�t� �o�r�i�e�n�t�a�t�i�o�n� 

�a�l�o�n�g� �t�h�e� �z�-�a�x�i�s� �(�6� �=� �0�°�)�,� �f�=� �0� �r�e�p�r�e�s�e�n�t�i�n�g� �a� �c�o�m�p�l�e�t�e�l�y� �r�a�n�d�o�m� �u�n�o�r�i�e�n�t�e�d� �s�t�a�t�e� �(�0� �=� 

�5�4�°�)�,� �a�n�d� �f�=� �-�1�/�2� �r�e�p�r�e�s�e�n�t�i�n�g� �p�e�r�f�e�c�t� �o�r�i�e�n�t�a�t�i�o�n� �a�t� �a�n� �a�n�g�l�e� �8� �=� �9�0�°�.� �N�o�t�e� �t�h�a�t� �i�n� 

�d�e�a�l�i�n�g� �w�i�t�h� �m�u�l�t�i�-�p�h�a�s�e� �s�y�s�t�e�m�s� �s�u�c�h� �a�s� �b�l�e�n�d�s� �o�r� �i�n� �c�r�y�s�t�a�l�l�i�n�e� �p�o�l�y�m�e�r�s�,� �a� �s�e�p�a�r�a�t�e� 

�f�u�n�c�t�i�o�n� �/�;�,� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �e�a�c�h� �p�h�a�s�e�.� �T�h�i�s� �c�o�m�p�l�i�c�a�t�e�s� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� 

�o�r�i�e�n�t�a�t�i�o�n� �s�i�n�c�e� �m�u�l�t�i�p�l�e� �a�n�a�l�y�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�s� �a�r�e� �u�s�u�a�l�l�y� �r�e�q�u�i�r�e�d� �t�o� �d�i�s�t�i�n�g�u�i�s�h� �e�a�c�h� 

�p�h�a�s�e�.� �A�p�p�l�i�c�a�t�i�o�n� �o�f� �o�n�e�  ��a�v�e�r�a�g�e �� �o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n� �t�o� �a� �m�u�l�t�i�c�o�m�p�o�n�e�n�t� �s�y�s�t�e�m� �i�s� 

�n�o�t� �g�e�n�e�r�a�l�l�y� �r�e�c�o�m�m�e�n�d�e�d�.� �A� �l�i�m�i�t�a�t�i�o�n� �o�f� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n� �i�s� �t�h�a�t� �i�t� �o�n�l�y� �c�o�n�v�e�y�s� 

�a� �s�e�c�o�n�d� �m�o�m�e�n�t� �a�v�e�r�a�g�e� �o�f� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �s�t�a�t�e� �i�n� �t�h�e� �p�o�l�y�m�e�r�.� �A� �m�o�r�e� �a�c�c�u�r�a�t�e� �m�e�a�n�s� 

�o�f� �d�e�s�c�r�i�b�i�n�g� �t�h�e� �s�t�a�t�e� �o�f� �o�r�i�e�n�t�a�t�i�o�n� �w�o�u�l�d� �b�e� �t�o� �d�e�f�i�n�e� �a�n� �o�r�i�e�n�t�a�t�i�o�n� �e�n�v�e�l�o�p�e� �o�r� �t�o� 

�i�n�c�l�u�d�e� �h�i�g�h�e�r� �o�r�d�e�r� �m�o�m�e�n�t�s�.� �I�n� �g�e�n�e�r�a�l�,� �h�o�w�e�v�e�r�,� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �o�t�h�e�r� 

�s�i�g�n�i�f�c�a�n�t� �q�u�a�n�t�i�t�i�e�s� �a�r�e� �o�f�t�e�n� �f�o�u�n�d� �t�o� �b�e� �a�d�e�q�u�a�t�e�l�y� �m�o�d�e�l�e�d� �b�y� �t�h�e� �s�e�c�o�n�d�-�m�o�m�e�n�t� 

�a�v�e�r�a�g�e�. �� �I�n� �a�d�d�i�t�i�o�n�,� �s�e�c�o�n�d� �m�o�m�e�n�t� �a�v�e�r�a�g�e�s� �a�r�e� �m�u�c�h� �e�a�s�i�e�r� �t�o� �o�b�t�a�i�n� 

�e�x�p�e�r�i�m�e�n�t�a�l�l�y�.� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �7�1



� � 
� � 

� � 
�F�i�g�u�r�e� �2�.�3�-�1�.� �O�r�i�e�n�t�a�t�i�o�n� �o�f� �p�o�l�y�m�e�r� �c�h�a�i�n� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �l�a�b�o�r�a�t�o�r�y� 

�f�r�a�m�e� �o�f� �r�e�f�e�r�e�n�c�e� �(�f�r�o�m� �[�1�4�2�]�)�.� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W



�2�.�3�.�1� �M�e�t�h�o�d�s� �f�o�r� �D�e�t�e�r�m�i�n�i�n�g� �O�r�i�e�n�t�a�t�i�o�n� 

�O�n�e� �o�f� �t�h�e� �m�o�r�e� �c�o�m�m�o�n� �m�e�t�h�o�d�s� �f�o�r� �m�e�a�s�u�r�i�n�g� �o�r�i�e�n�t�a�t�i�o�n� �i�n� �a�m�o�r�p�h�o�u�s� �p�o�l�y�m�e�r�s� 

�i�s� �v�i�a� �o�p�t�i�c�a�l� �b�i�r�e�f�r�i�n�g�e�n�c�e�.�  � � �� �T�h�e� �b�i�r�e�f�r�i�n�g�e�n�c�e� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �r�e�f�r�a�c�t�i�v�e� 

�i�n�d�e�x� �n�,� �b�e�t�w�e�e�n� �t�w�o� �o�r�t�h�o�g�o�n�a�l� �d�i�r�e�c�t�i�o�n�s� �i�n� �t�h�e� �m�a�t�e�r�i�a�l�.� �T�h�e� �r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �i�s� �d�e�f�i�n�e�d� 

�a�s� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �s�p�e�e�d� �o�f� �l�i�g�h�t� �i�n� �a� �v�a�c�u�u�m� �t�o� �t�h�e� �s�p�e�e�d� �o�f� �l�i�g�h�t� �i�n� �t�h�e� �m�a�t�e�r�i�a�l� �o�f� 

�i�n�t�e�r�e�s�t�.� �B�e�c�a�u�s�e� �t�h�e�r�e� �a�r�e� �3� �m�u�t�u�a�l�l�y� �o�r�t�h�o�g�o�n�a�l� �d�i�r�e�c�t�i�o�n�s�,� �t�h�e�r�e� �w�i�l�l� �b�e� �t�h�r�e�e� �v�a�l�u�e�s� �o�f� 

�b�i�r�e�f�r�i�n�g�e�n�c�e� �a�l�t�h�o�u�g�h� �o�n�l�y� �t�w�o� �a�r�e� �f�o�u�n�d� �t�o� �b�e� �i�n�d�e�p�e�n�d�e�n�t�.� 

�A�,� �=�n�,�  �� �N�n�,� 

�A�,� �=�n�,�  �� �2�M�,� �(�2�.�3�-� �2�)� 

�A�,�,� �=�n�,� �-�n�,� �=�A�,� �-�A�,� 

�F�o�r� �u�n�i�a�x�i�a�l�l�y� �o�r�i�e�n�t�e�d� �s�y�s�t�e�m�s� �(� �w�i�t�h� �t�h�e� �s�t�r�e�t�c�h� �d�i�r�e�c�t�i�o�n� �a�l�o�n�g� �t�h�e� �z�-�a�x�i�s�)�,� �o�n�l�y� �o�n�e� 

�v�a�l�u�e� �f�o�r� �t�h�e� �b�i�r�e�f�r�i�n�g�e�n�c�e� �i�s� �r�e�q�u�i�r�e�d� �s�i�n�c�e� �t�h�e� �r�e�f�r�a�c�t�i�v�e� �i�n�d�i�c�e�s� �i�n� �t�h�e� �t�w�o� �p�e�r�p�e�n�d�i�c�u�l�a�r� 

�d�i�r�e�c�t�i�o�n�s� �(�x� �a�n�d� �y�)� �a�r�e� �t�h�e� �s�a�m�e�.� �W�i�t�h� �g�l�a�s�s�y� �a�m�o�r�p�h�o�u�s� �s�y�s�t�e�m�s�,� �a�n� �a�d�d�i�t�i�o�n�a�l� �t�y�p�e� �o�f� 

�b�i�r�e�f�r�m�g�e�n�c�e� �k�n�o�w�n� �a�s� �d�i�s�t�o�r�t�i�o�n�a�l� �o�r� �g�l�a�s�s�y� �b�i�r�e�f�r�i�n�g�e�n�c�e� �c�a�n� �o�c�c�u�r�.� �T�h�i�s� �b�i�r�e�f�r�i�n�g�e�n�c�e� 

�i�s� �d�u�e� �t�o� �d�i�s�t�o�r�t�i�o�n� �o�f� �t�h�e� �b�o�n�d� �a�n�g�l�e�s� �a�n�d� �b�o�n�d� �l�e�n�g�t�h�s� �i�n� �t�h�e� �s�y�s�t�e�m�.� �I�t� �c�a�n� �a�r�i�s�e� �f�r�o�m� 

�t�h�e�r�m�a�l� �r�e�s�i�d�u�a�l� �s�t�r�e�s�s�e�s� �w�h�i�c�h� �o�c�c�u�r� �d�u�e� �t�o� �a� �r�a�p�i�d� �q�u�e�n�c�h�,� �o�r� �f�r�o�m� �s�t�r�e�s�s�i�n�g� �a� �g�l�a�s�s�y� 

�p�o�l�y�m�e�r� �i�n� �g�e�n�e�r�a�l�.� �C�o�l�d� �d�r�a�w�i�n�g� �w�o�u�l�d� �p�r�o�d�u�c�e� �s�o�m�e� �g�l�a�s�s�y� �b�i�r�e�f�r�i�n�g�e�n�c�e� �i�n� �a�d�d�i�t�i�o�n� �t�o� 

�n�o�r�m�a�l� �o�r�i�e�n�t�a�t�i�o�n�a�l� �b�i�r�e�f�r�i�n�g�e�n�c�e�.� �G�l�a�s�s�y� �b�i�r�e�f�r�i�n�g�e�n�c�e� �i�s� �o�f�t�e�n� �u�s�e�d� �b�y� �e�n�g�i�n�e�e�r�s� �i�n� �t�h�e� 

�a�r�e�a� �o�f� �p�h�o�t�o�e�l�a�s�t�i�c�i�t�y�,� �a�s� �a� �m�e�a�n�s� �t�o� �d�e�t�e�r�m�i�n�e� �s�t�r�e�s�s� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �a� �l�o�a�d�e�d� 

�c�o�m�p�o�n�e�n�t�.�'�* �� 

�B�i�r�e�f�r�i�n�g�e�n�c�e� �c�a�n� �b�e� �m�e�a�s�u�r�e�d� �i�n� �a� �n�u�m�b�e�r� �o�f� �w�a�y�s�.� �O�n�e� �m�e�t�h�o�d� �i�s� �t�o� �m�e�a�s�u�r�e� �t�h�e� 

�r�e�f�r�a�c�t�i�v�e� �i�n�d�i�c�e�s� �d�i�r�e�c�t�l�y� �a�s� �w�i�t�h� �a�n� �A�b�b�e �� �r�e�f�r�a�c�t�o�m�e�t�e�r�.� �A�n�o�t�h�e�r� �m�e�t�h�o�d� �i�s� �t�o� �p�l�a�c�e� �t�h�e� 

�s�a�m�p�l�e�,� �o�r�i�e�n�t�e�d� �a�p�p�r�o�p�r�i�a�t�e�l�y�,� �b�e�t�w�e�e�n� �c�r�o�s�s�e�d� �p�o�l�a�r�i�z�e�r�s� �a�n�d� �a�n�a�l�y�z�e� �t�h�e� �i�n�t�e�n�s�i�t�y� �o�f� 

�t�r�a�n�s�m�i�t�t�e�d� �l�i�g�h�t�.� �T�h�i�s� �c�a�n� �b�e� �d�o�n�e� �w�i�t�h� �a� �p�h�o�t�o�m�u�l�t�i�p�l�i�e�r� �o�r� �b�y� �u�s�i�n�g� �a� �c�o�m�p�e�n�s�a�t�o�r� �s�u�c�h� 

�a�s� �t�h�e� �c�o�m�m�o�n�l�y� �u�s�e�d� �B�a�b�i�n�e�t� �c�o�m�p�e�n�s�a�t�o�r�.� �T�h�e� �i�n�t�e�r�e�s�t�e�d� �r�e�a�d�e�r� �i�s� �r�e�f�e�r�r�e�d� �t�o� �t�h�e� 

�r�e�f�e�r�e�n�c�e�s� �c�i�t�e�d� �e�a�r�l�i�e�r� �f�o�r� �a� �c�o�m�p�l�e�t�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e�s�e� �m�e�t�h�o�d�s�.� 
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�T�o� �r�e�l�a�t�e� �t�h�e� �b�i�r�e�f�r�i�n�g�e�n�c�e� �o�f� �a�n� �a�m�o�r�p�h�o�u�s� �p�o�l�y�m�e�r� �t�o� �t�h�e� �H�e�r�m�a�n�s �� �o�r�i�e�n�t�a�t�i�o�n� 

�f�u�n�c�t�i�o�n� �r�e�q�u�i�r�e�s� �a�n� �a�d�d�i�t�i�o�n�a�l� �p�a�r�a�m�e�t�e�r� �A�°�,� �k�n�o�w�n� �a�s� �t�h�e� �m�t�r�i�n�s�i�c� �b�i�r�e�f�r�m�g�e�n�c�e�.� �T�h�i�s� �i�s� 

�t�h�e� �b�i�r�e�f�r�i�n�g�e�n�c�e� �f�o�r� �a� �p�o�l�y�m�e�r� �a�s�s�u�m�i�n�g� �i�t� �i�s� �p�e�r�f�e�c�t�l�y� �o�r�i�e�n�t�e�d� �(�f�=� �1�)�.� �T�h�i�s� �l�e�a�d�s� �t�o� �t�h�e� 

�r�e�l�a�t�i�o�n�,� 

�A� �=�<� �(�2�.�3�-� �3�)� �f� 

�P�o�l�y�c�a�r�b�o�n�a�t�e� �h�a�s� �a�n� �i�n�t�r�i�n�s�i�c� �b�i�r�e�f�r�i�n�g�e�n�c�e� �o�f� �0�.�2�3�6� �a�s� �m�e�a�s�u�r�e�d� �b�y� �B�i�a�n�g�a�r�d�i�,�'�*�*� �a� �v�a�l�u�e� 

�o�f� �0�.�0�6�2� �b�y� �S�t�r�u�i�k�,�' ��°� �a�n�d� �a� �v�a�l�u�e� �o�f� �0�.�1�0�6� �b�y� �P�i�e�t�r�a�l�l�a�.�' � �� �I�n� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �i�n�t�r�i�n�s�i�c� 

�b�i�r�e�f�r�i�n�g�e�n�c�e� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �0�.�1�6�.� �T�h�e�r�e� �a�r�e� �a� �n�u�m�b�e�r� �o�f� �w�a�y�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�i�s� 

�p�a�r�a�m�e�t�e�r�.� �T�h�e� �f�i�r�s�t� �i�n�v�o�l�v�e�s� �c�a�l�c�u�l�a�t�i�o�n� �u�s�i�n�g� �b�o�n�d� �p�o�l�a�r�i�z�a�b�i�l�i�t�i�e�s� �a�n�d� �f�o�l�l�o�w�s� �t�h�e� 

�p�r�o�c�e�d�u�r�e�s� �o�u�t�l�i�n�e�d� �b�y� �D�e�n�b�i�g�h�.�'�"�°� �T�h�i�s� �a�p�p�r�o�a�c�h� �n�e�g�l�e�c�t�s� �i�n�t�e�r�n�a�l� �f�i�e�l�d� �e�f�f�e�c�t�s� �w�h�i�c�h� �a�r�e� 

�o�f�t�e�n� �s�i�g�n�i�f�i�c�a�n�t�.�' ��* ��'�* �� �T�h�e� �a�l�t�e�r�n�a�t�e� �a�n�d� �m�o�r�e� �a�c�c�u�r�a�t�e� �m�e�t�h�o�d� �i�s� �t�o� �d�e�t�e�r�m�i�n�e� �A�°� �b�y� 

�e�x�t�r�a�p�o�l�a�t�i�o�n� �o�f� �e�x�p�e�r�i�m�e�n�t�a�l� �m�e�a�s�u�r�e�m�e�n�t�s�.� �T�h�i�s� �i�n�v�o�l�v�e�s� �c�o�m�b�i�n�i�n�g� �s�i�m�u�l�t�a�n�e�o�u�s� 

�b�i�r�e�f�r�m�g�e�n�c�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�i�t�h� �a�n�o�t�h�e�r� �t�e�c�h�n�i�q�u�e� �s�u�c�h� �a�s� �i�n�f�r�a�r�e�d� �d�i�c�h�r�o�i�s�m�,� �s�o�n�i�c� 

�v�e�l�o�c�i�t�y�,� �o�r� �x�-�r�a�y�.� �F�i�r�s�t�,� �t�h�e� �b�i�r�e�f�r�i�n�g�e�n�c�e� �i�s� �m�e�a�s�u�r�e�d� �f�o�r� �a� �s�e�r�i�e�s� �o�f� �s�a�m�p�l�e�s� �h�a�v�i�n�g� 

�d�i�f�f�e�r�i�n�g� �l�e�v�e�l�s� �o�f� �o�r�i�e�n�t�a�t�i�o�n�.� �N�e�x�t� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �t�h�e� �s�a�m�e� 

�s�e�r�i�e�s� �w�i�t�h� �a�n� �a�l�t�e�r�n�a�t�e� �t�e�c�h�n�i�q�u�e� �a�n�d� �t�h�e� �v�a�l�u�e�s� �p�l�o�t�t�e�d� �t�o�g�e�t�h�e�r�.� �B�y� �e�x�t�r�a�p�o�l�a�t�i�n�g� �t�h�e� 

�e�x�i�s�t�i�n�g� �d�a�t�a� �t�o� �t�h�e� �v�a�l�u�e� �f�=� �1�,� �t�h�e� �v�a�l�u�e� �f�o�r� �A�°� �i�s� �t�h�e�n� �d�e�t�e�r�m�i�n�e�d�.� 

�S�o�n�i�c� �v�e�l�o�c�i�t�y�,� �o�r� �s�o�n�i�c� �m�o�d�u�l�u�s� �m�e�a�s�u�r�e�m�e�n�t� �a�s� �i�t� �i�s� �a�l�s�o� �c�a�l�l�e�d�,� �i�n�v�o�l�v�e�s� �m�e�a�s�u�r�i�n�g� 

�t�h�e� �s�p�e�e�d� �o�f� �s�o�u�n�d� �t�h�r�o�u�g�h� �t�h�e� �s�a�m�p�l�e�.� �S�o�u�n�d� �w�a�v�e�s� �w�i�l�l�,� �i�n� �g�e�n�e�r�a�l�,� �t�r�a�v�e�l� �f�a�s�t�e�r� �d�o�w�n� 

�t�h�e� �c�h�a�i�n� �a�x�i�s� �t�h�a�n� �t�r�a�n�s�v�e�r�s�e� �t�o� �i�t�.� �T�h�e� �i�m�p�l�i�c�a�t�i�o�n�s� �t�o� �o�r�i�e�n�t�a�t�i�o�n� �m�e�a�s�u�r�e�m�e�n�t� �a�r�e� 

�o�b�v�i�o�u�s�.� �B�y� �c�o�m�p�a�r�i�n�g� �t�h�e� �s�o�n�i�c� �v�e�l�o�c�i�t�y� �o�f� �a�n� �o�r�i�e�n�t�e�d� �s�a�m�p�l�e� �t�o� �t�h�a�t� �o�f� �t�h�e� �u�n�o�r�i�e�n�t�e�d� 

�s�a�m�p�l�e�,� �o�n�e� �c�a�n� �d�e�t�e�r�m�i�n�e� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n� �b�y� �w�a�y� �o�f� �' �� 

� � �f�o�1�-�+� �(�2�.�3�-� �4�)� 

�w�h�e�r�e� �c�,� �i�s� �t�h�e� �u�n�o�r�i�e�n�t�e�d� �s�o�n�i�c� �v�e�l�o�c�i�t�y� �a�n�d� �c� �i�s� �t�h�e� �o�r�i�e�n�t�e�d� �s�o�n�i�c� �v�e�l�o�c�i�t�y�.� �B�e�c�a�u�s�e� �o�f� 

�s�o�m�e� �s�i�m�p�l�i�f�y�i�n�g� �a�s�s�u�m�p�t�i�o�n�s� �m�a�d�e� �d�u�r�i�n�g� �t�h�e� �d�e�r�i�v�a�t�i�o�n�,� �t�h�e� �a�b�o�v�e� �e�q�u�a�t�i�o�n� �b�r�e�a�k�s� 
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�d�o�w�n� �f�o�r� �h�i�g�h�l�y� �o�r�i�e�n�t�e�d� �s�y�s�t�e�m�s� �o�r� �a�s� �f� �a�p�p�r�o�a�c�h�e�s� �1�.� �I�f� �d�e�s�i�r�e�d�,� �t�h�e� �s�o�n�i�c� �m�o�d�u�l�u�s� �o�f� 

�t�h�e� �s�a�m�p�l�e� �c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �E� �=� �p�c �� �w�h�e�r�e� �p� �i�s� �t�h�e� �s�a�m�p�l�e� �d�e�n�s�i�t�y�.� �A�s� �w�i�t�h� 

�b�i�r�e�f�r�i�n�g�e�n�c�e� �m�e�a�s�u�r�e�m�e�n�t�s�,� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n�s� �f�o�r� �m�u�l�t�i�p�h�a�s�e� �s�y�s�t�e�m�s� 

�i�s� �m�o�r�e� �c�o�m�p�l�i�c�a�t�e�d� �a�n�d� �t�h�e� �r�e�a�d�e�r� �i�s� �r�e�f�e�r�r�e�d� �t�o� �t�h�e� �r�e�v�i�e�w�s� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r� �f�o�r� �m�o�r�e� 

�d�e�t�a�i�l�s�.� 

�O�t�h�e�r� �c�o�m�m�o�n� �m�e�t�h�o�d�s� �f�o�r� �m�e�a�s�u�r�i�n�g� �o�r�i�e�n�t�a�t�i�o�n� �i�n�c�l�u�d�e� �x�-�r�a�y� �a�n�d� �d�i�c�h�r�o�i�s�m� 

�m�e�a�s�u�r�e�m�e�n�t�s�.�' � � ��'�°�?� �X�-�r�a�y� �m�e�a�s�u�r�e�m�e�n�t�s� �a�r�e� �g�e�n�e�r�a�l�l�y� �m�o�s�t� �u�s�e�f�u�l� �f�o�r� �c�r�y�s�t�a�l� 

�o�r�i�e�n�t�a�t�i�o�n� �a�n�d� �s�e�e� �o�n�l�y� �l�i�m�i�t�e�d� �u�s�e� �i�n� �p�u�r�e�l�y� �a�m�o�r�p�h�o�u�s� �s�y�s�t�e�m�s�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� 

�i�n�f�r�a�r�e�d� �(�I�R�)� �d�i�c�h�r�o�i�s�m� �m�e�a�s�u�r�e�m�e�n�t�s� �h�a�v�e� �t�h�e� �a�d�v�a�n�t�a�g�e� �o�f� �o�f�t�e�n� �b�e�i�n�g� �a�b�l�e� �t�o� �d�e�t�e�r�m�i�n�e� 

�t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �b�o�t�h� �c�r�y�s�t�a�l�l�i�n�e� �a�n�d� �a�m�o�r�p�h�o�u�s� �p�h�a�s�e�s� �s�i�m�u�l�t�a�n�e�o�u�s�l�y�,� �a�s� �w�e�l�l� �a�s� �b�e�i�n�g� 

�a�b�l�e� �t�o� �e�a�s�i�l�y� �s�t�u�d�y� �m�u�l�t�i�p�h�a�s�e� �s�y�s�t�e�m�s�.� �I�R� �d�i�c�h�r�o�i�s�m� �i�n�v�o�l�v�e�s� �m�e�a�s�u�r�i�n�g� �t�h�e� �a�b�s�o�r�p�t�i�o�n� 

�s�p�e�c�t�r�a� �f�o�r� �a� �s�a�m�p�l�e� �u�s�i�n�g� �a� �p�o�l�a�r�i�z�e�d� �i�n�c�i�d�e�n�t� �m�f�r�a�r�e�d� �s�o�u�r�c�e�.� �S�a�m�p�l�e�s� �m�u�s�t� �b�e� �t�h�i�n� 

�e�n�o�u�g�h� �f�o�r� �a�c�c�u�r�a�t�e� �a�b�s�o�r�p�t�i�o�n� �m�e�a�s�u�r�e�m�e�n�t�s� �t�o� �b�e� �m�a�d�e�.� �T�h�e� �v�a�r�i�o�u�s� �p�h�a�s�e�s� �i�n� �t�h�e� 

�m�a�t�e�r�i�a�l� �w�i�l�l� �s�e�l�e�c�t�i�v�e�l�y� �a�b�s�o�r�b� �t�h�e� �r�a�d�i�a�t�i�o�n� �d�i�f�f�e�r�e�n�t�l�y� �s�o� �t�h�e�i�r� �o�r�i�e�n�t�a�t�i�o�n�s� �c�a�n� �b�e� 

�d�e�t�e�r�m�i�n�e�d� �i�n�d�e�p�e�n�d�e�n�t�l�y� �o�f� �o�n�e� �a�n�o�t�h�e�r�.� �P�o�l�y�m�e�r�i�c� �m�a�t�e�r�i�a�l�s� �a�b�s�o�r�b� �i�n� �t�h�e� �I�R� �r�a�n�g�e� 

�b�e�c�a�u�s�e� �o�f� �c�h�a�n�g�e�s� �i�m� �t�h�e� �v�i�b�r�a�t�i�o�n�a�l� �s�t�a�t�e�s� �o�f� �a�n�y� �m�d�u�c�e�d� �d�i�p�o�l�e�s�.� �D�e�p�e�n�d�i�n�g� �o�n� �f�i�e�l�d� 

�s�y�m�m�e�t�r�y�,� �e�a�c�h� �v�i�b�r�a�t�i�n�g� �d�i�p�o�l�e� �m�a�y� �c�o�n�t�r�i�b�u�t�e� �t�o� �o�n�e� �o�f� �t�h�e� �a�b�s�o�r�p�t�i�o�n� �p�e�a�k�s� �s�e�e�n� �i�n� �t�h�e� 

�s�p�e�c�t�r�a�.� �I�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �k�n�o�w� �t�h�e� �a�n�g�u�l�a�r� �o�r�i�e�n�t�a�t�i�o�n� �©� �o�f� �t�h�e� �c�h�r�o�m�o�p�h�o�r�e ��s� �t�r�a�n�s�i�t�i�o�n� 

�m�o�m�e�n�t� �w�i�t�h� �t�h�e� �c�h�a�i�n� �b�a�c�k�b�o�n�e� �i�n� �o�r�d�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n�.� �F�o�r� 

�e�x�a�m�p�l�e�,� �t�h�e�  ��s�t�r�e�t�c�h �� �o�f� �a� �c�a�r�b�o�n�y�l� �g�r�o�u�p� �h�a�s� �a� �t�r�a�n�s�i�t�i�o�n� �m�o�m�e�n�t� �w�h�i�c�h� �i�s� �n�e�a�r�l�y� 

�p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �c�h�a�i�n� �b�a�c�k�b�o�n�e� �(�i�.�e�.� �«� �~� �9�0�°�)�.� �T�h�i�s� �i�s� �o�n�e� �o�f� �t�h�e� �d�r�a�w�b�a�c�k�s� �o�f� �u�s�i�n�g� 

�d�i�c�h�r�o�i�s�m� �s�i�n�c�e� �t�h�e� �c�h�r�o�m�o�p�h�o�r�e�s� �c�o�n�t�r�i�b�u�t�i�n�g� �t�o� �a� �g�i�v�e�n� �a�b�s�o�r�p�t�i�o�n� �p�e�a�k� �m�a�y� �n�o�t� �b�e� 

�k�n�o�w�n� �f�o�r� �a� �g�i�v�e�n� �p�o�l�y�m�e�r� �(�h�o�w�e�v�e�r�,� �e�v�e�n� �k�n�o�w�i�n�g� �t�h�e� �c�h�r�o�m�o�p�h�o�r�e� �d�o�e�s� �n�o�t� �g�u�a�r�a�n�t�e�e� 

�t�h�a�t� �&� �i�s� �k�n�o�w�n�)�.� �T�o� �c�o�m�p�l�i�c�a�t�e� �m�a�t�t�e�r�s�,� �m�a�n�y� �o�f� �t�h�e� �a�b�s�o�r�p�t�i�o�n� �p�e�a�k�s� �m�a�y� �o�v�e�r�l�a�p� 

�m�a�k�i�n�g� �i�t� �d�i�f�f�i�c�u�l�t� �t�o� �f�i�n�d� �o�n�e� �w�h�i�c�h� �i�s� �a�c�c�e�p�t�a�b�l�e� �f�o�r� �q�u�a�n�t�i�t�a�t�i�v�e� �a�n�a�l�y�s�i�s�.� 

�T�h�e� �n�e�x�t� �s�t�e�p� �m� �d�i�c�h�r�o�i�s�m� �m�e�a�s�u�r�e�m�e�n�t�s� �i�s� �t�o� �m�e�a�s�u�r�e� �t�h�e� �a�b�s�o�r�p�t�i�o�n� �A� �(� �A� �=� 

�l�o�g�(�/�.�/�I�)� �w�h�e�r�e� �J� �a�n�d� �J�,� �a�r�e� �t�h�e� �t�r�a�n�s�m�i�t�t�e�d� �a�n�d� �i�n�c�i�d�e�n�t� �i�n�t�e�n�s�i�t�i�e�s� �r�e�s�p�e�c�t�i�v�e�l�y�)� �f�o�r� �t�h�e� 

�s�a�m�p�l�e� �w�i�t�h� �t�h�e� �p�o�l�a�r�i�z�e�r� �a�l�i�g�n�e�d� �p�a�r�a�l�l�e�l� �a�n�d� �t�h�e�n� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �m�a�c�h�i�n�e� �d�i�r�e�c�t�i�o�n�.� 
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�N�o�t�e� �t�h�a�t� �o�n�l�y� �o�n�e� �p�o�l�a�r�i�z�e�r� �i�s� �n�e�e�d�e�d� �u�n�l�i�k�e� �b�i�r�e�f�r�m�g�e�n�c�e� �m�e�a�u�r�e�m�e�n�t�s� �w�h�e�r�e� �t�w�o� 

�c�r�o�s�s�e�d� �p�o�l�a�r�i�z�e�r�s� �a�r�e� �g�e�n�e�r�a�l�l�y� �r�e�q�u�i�r�e�d�.� �T�h�e� �d�i�c�h�r�o�i�s�m� �D� �i�s� �d�e�f�i�n�e�d� �a�s� 

�D�=�A�,�,�,� �1� �A� �(�2�.�3�-� �5�)� �p�e�r�p� 

�a�n�d� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n� �b�y� 

�o�e� �A�y�o� �D�.� �(�2�.�3�-� �6�)� � � � � � � � �f� �=�(� 

�w�h�e�r�e� �D�,� �r�e�p�r�e�s�e�n�t�s� �2�c�o�t �� �a�.� �T�h�i�s� �t�e�r�m� �a�c�c�o�u�n�t�s� �f�o�r� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �c�h�r�o�m�o�p�h�o�r�e� 

�r�e�l�a�t�i�v�e� �t�o� �t�h�e� �c�h�a�i�n� �a�x�i�s�.� �T�h�e� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� �d�i�c�h�r�o�i�s�m� �t�e�c�h�n�i�q�u�e� �d�e�p�e�n�d�s� �o�n� �a�.� �I�f� �o� 

�e�q�u�a�l�s� �5�4�.�7�°�,� �t�h�e�n� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n� �c�a�n�n�o�t� �b�e� �d�e�t�e�r�m�i�n�e�d�.� 

�2�.�3�.�3� �S�h�r�i�n�k�a�g�e� �o�f� �O�r�i�e�n�t�e�d� �S�a�m�p�l�e�s� 

�S�t�r�u�i�k� �h�a�s� �p�r�e�s�e�n�t�e�d� �a� �v�e�r�y� �t�h�o�r�o�u�g�h� �m�e�t�h�o�d�o�l�o�g�y� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �s�h�r�i�n�k�a�g�e� �i�n� 

�p�o�l�y�m�e�r� �s�a�m�p�l�e�s� �a�f�t�e�r� �o�r�i�e�n�t�a�t�i�o�n� �a�n�d� �p�a�r�t�s� �o�f� �i�t� �w�i�l�l� �b�e� �r�e�v�i�e�w�e�d� �h�e�r�e�.�' � �� �T�h�i�s� �i�s� 

�i�m�p�o�r�t�a�n�t� �f�o�r� �t�h�i�s� �w�o�r�k� �s�i�n�c�e� �s�h�r�i�n�k�a�g�e� �b�e�h�a�v�i�o�r� �i�s� �o�n�e� �o�f� �t�h�e� �m�a�i�n� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� 

�s�a�m�p�l�e�s� �w�h�i�c�h� �h�a�v�e� �b�e�e�n� �c�o�l�d� �d�r�a�w�n� �a�n�d� �t�h�o�s�e� �w�h�i�c�h� �a�r�e� �h�o�t�-�d�r�a�w�n�.� �T�h�e� �p�r�o�c�e�s�s� �o�f�t�e�n� 

�i�n�v�o�l�v�e�s� �n�o�n�-�i�s�o�t�h�e�r�m�a�l� �c�r�e�e�p� �b�e�h�a�v�i�o�r� �s�o� �a�n� �e�f�f�e�c�t�i�v�e� �t�i�m�e�,� �A�.�¢�,� �h�a�s� �b�e�e�n� �d�e�f�i�n�e�d� �a�s� 

�A�g� �(�t�)� �=� �[� �a�T� �(�s�)�,�T�,�1�d�6� �(�2�.�3�-� �7�)� 

�w�h�e�r�e� �a� �i�s� �a� �s�h�i�f�t� �f�a�c�t�o�r� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �m�s�t�a�n�t�a�n�e�o�u�s� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�h�e� �r�e�f�e�r�e�n�c�e� 

�t�e�m�p�e�r�a�t�u�r�e� �T�,�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �C� �i�s� �a� �d�u�m�m�y� �v�a�r�i�a�b�l�e�.� �A�s� �w�i�t�h� �t�h�e� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �t�e�s�t�s�,� 

�t�h�e� �s�h�i�f�t� �f�a�c�t�o�r� �a�l�l�o�w�s� �f�o�r� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �a� �c�r�e�e�p� �c�u�r�v�e� �a�t� �s�o�m�e� �g�i�v�e�n� �t�e�m�p�e�r�a�t�u�r�e� 

�b�a�s�e�d� �o�n�l�y� �o�n� �a� �c�r�e�e�p� �c�u�r�v�e� �a�l�r�e�a�d�y� �k�n�o�w�n� �a�t� �s�o�m�e� �o�t�h�e�r� �r�e�f�e�r�e�n�c�e� �t�e�m�p�e�r�a�t�u�r�e�.� �I�t� �i�s� 

�a�s�s�u�m�e�d� �t�h�a�t� �t�e�m�p�e�r�a�t�u�r�e� �h�a�s� �n�o� �o�t�h�e�r� �e�f�f�e�c�t� �t�h�a�n� �t�o� �c�h�a�n�g�e� �t�h�e� �r�a�t�e� �o�f� �c�r�e�e�p� �a�n�d� 

�t�h�e�r�e�f�o�r�e� �s�h�i�f�t� �t�h�e� �r�e�f�e�r�e�n�c�e� �c�u�r�v�e� �h�o�r�i�z�o�n�t�a�l�l�y� �a�l�o�n�g� �t�h�e� �t�i�m�e� �a�x�i�s�.� �I�n� �m�o�s�t� �c�a�s�e�s�,� 

�B�o�l�t�z�m�a�n�n� �s�u�p�e�r�p�o�s�i�t�i�o�n� �a�p�p�l�i�e�s� �a�l�t�h�o�u�g�h� �m�o�r�e� �g�e�n�e�r�a�l� �d�e�r�i�v�a�t�i�o�n�s� �w�e�r�e� �p�r�e�s�e�n�t�e�d�.� �w�h�e�r�e� 

�t�h�i�s� �w�a�s� �n�o�t� �a�s�s�u�m�e�d�.� �T�h�e�s�e� �u�s�u�a�l�l�y� �p�r�o�v�i�d�e�d� �t�h�e� �s�a�m�e� �r�e�s�u�l�t�s�,� �h�o�w�e�v�e�r�.� �F�o�r� �s�i�m�p�l�i�c�i�t�y� 
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�o�f� �a�r�g�u�m�e�n�t�,� �i�t� �w�i�l�l� �b�e� �a�s�s�u�m�e�d� �t�h�a�t� �s�u�p�e�r�p�o�s�i�t�i�o�n� �h�o�l�d�s�.� �A�c�c�o�r�d�i�n�g�l�y�,� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� 

�p�r�o�c�e�s�s� �i�s� �t�r�e�a�t�e�d� �a�s� �a� �s�e�r�i�e�s� �o�f� �s�t�e�p� �l�o�a�d�i�n�g�s� �(�i�.�e�.� �s�t�r�e�s�s� �c�o�n�t�r�o�l�)� �i�n� �w�h�i�c�h� �t�h�e� �B�o�l�t�z�m�a�n�n� 

�i�n�t�e�g�r�a�l� �c�a�n� �b�e� �a�p�p�l�i�e�d�.� �B�y� �c�h�o�o�s�i�n�g� �a� �r�e�f�e�r�e�n�c�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�h�e�n� �s�h�i�f�t�i�n�g� �i�n�t�o� �t�h�e� 

�e�f�f�e�c�t�i�v�e� �t�i�m�e� �d�o�m�a�i�n� �(�A�)�,� �o�n�e� �c�a�n� �p�r�e�d�i�c�t� �s�h�r�i�n�k�a�g�e� �b�e�h�a�v�i�o�r� �a�s� �a� �m�u�l�t�i�-�s�t�e�p�p�e�d� �c�r�e�e�p� 

�p�r�o�c�e�s�s�.� 

�T�h�e� �f�i�r�s�t� �p�r�e�d�i�c�t�i�o�n� �p�r�e�s�e�n�t�e�d� �i�s� �t�h�e� �s�h�r�i�n�k�a�g�e� �w�h�i�c�h� �o�c�c�u�r�s� �a�f�t�e�r� �h�o�t� �d�r�a�w�i�n�g�.� 

�T�h�e� �s�a�m�p�l�e� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �s�t�r�e�t�c�h�e�d� �a�t� �s�o�m�e� �t�e�m�p�e�r�a�t�u�r�e� �T�,� �a�b�o�v�e� �T�,� �a�n�d� �a�t� �a� �s�t�r�e�s�s� �o�.�.� 

�A�f�t�e�r� �s�t�r�e�t�c�h�i�n�g�,� �t�h�e� �s�a�m�p�l�e� �i�s� �q�u�e�n�c�h�e�d� �t�o� �a� �t�e�m�p�e�r�a�t�u�r�e� �T�,� �i�n� �t�h�e� �g�l�a�s�s�.� �A�f�t�e�r� �a� �s�h�o�r�t� 

�w�a�i�t�i�n�g� �p�e�r�i�o�d�,� �t�h�e� �s�t�r�e�s�s� �i�s� �r�e�m�o�v�e�d� �a�n�d� �t�h�e� �r�e�c�o�v�e�r�y� �m�e�a�s�u�r�e�d�.� �I�f� �t�h�e� �l�o�a�d�i�n�g� �s�t�r�e�s�s� �0�,� 

�w�a�s� �s�m�a�l�l� �t�o� �b�e�g�i�n� �w�i�t�h�,� �t�h�e�n� �t�h�e� �s�h�r�i�n�k�a�g�e� �s�t�r�a�i�n� �c�a�n� �b�e� �a�c�c�u�r�a�t�e�l�y� �p�r�e�d�i�c�t�e�d� �b�y� 

 ¬�,�,�(�t�)� �=� �6�,�F�,�,�(�T�,�t�)� �=� �6�,�F�,�,�,�(�T�3�t�)� �(�2�.�3�-� �8�)� 

�w�h�e�r�e� �F�o�r�i�e�n�t� �A�N�d� �F�u�n�o�r� �a�r�e� �t�h�e� �o�r�i�e�n�t�e�d� �a�n�d� �u�n�o�r�i�e�n�t�e�d� �c�o�m�p�l�i�a�n�c�e�s�.� �N�o�t�e� �t�h�a�t� �s�m�a�l�l� 

�l�o�a�d�i�n�g� �s�t�r�e�s�s�e�s� �i�m�p�l�y� �s�m�a�l�l� �i�n�t�e�r�n�a�l� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �g�l�a�s�s� �a�n�d� �l�i�t�t�l�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� 

�c�o�m�p�l�i�a�n�c�e� �f�u�n�c�t�i�o�n� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �l�o�a�d�i�n�g�.� �T�h�i�s� �c�a�n� �b�e� �c�o�n�c�e�p�t�u�a�l�i�z�e�d� �t�h�r�o�u�g�h� �t�h�e� 

�s�p�r�i�n�g� �a�n�d� �d�a�s�h�p�o�t� �m�o�d�e�l� �i�n� �F�i�g�u�r�e� �2�.�3�-�2�.� �T�h�e� �d�a�s�h�p�o�t� �v�i�s�c�o�s�i�t�y� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a�l�m�o�s�t� 

�i�n�f�i�n�i�t�e� �b�e�l�o�w� �T�,� �a�n�d� �a�b�o�u�t� �z�e�r�o� �a�b�o�v�e� �T�,�.� �I�t� �i�s� �f�u�r�t�h�e�r� �a�s�s�u�m�e�d�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �t�h�e� 

�d�a�s�h�p�o�t� �v�i�s�c�o�s�i�t�y� �s�t�r�o�n�g�l�y� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �s�t�r�e�s�s�.� �A�s� �a�n� �e�x�a�m�p�l�e�,� �w�h�e�n� �a� 

�p�o�l�y�m�e�r� �i�s� �s�t�r�e�t�c�h�e�d� �a�b�o�v�e� �i�t�s� �T�,�,� �t�h�e� �d�a�s�h�p�o�t� �w�i�l�l� �f�l�o�w� �f�r�e�e�l�y� �a�n�d� �o�n�l�y� �o�r�i�e�n�t�a�t�i�o�n� �i�n� �t�h�e� 

�r�u�b�b�e�r�y� �s�p�r�i�n�g� �w�i�l�l� �o�c�c�u�r�.� �H�o�w�e�v�e�r�,� �u�p�o�n� �q�u�e�n�c�h�i�n�g�,� �t�h�e� �d�a�s�h�p�o�t� �l�o�c�k�s� �i�n� �p�l�a�c�e� �a�n�d� �t�h�e� 

�i�n�t�e�r�n�a�l� �s�t�r�e�s�s� �o�f� �t�h�e� �r�u�b�b�e�r�y� �s�p�r�i�n�g� �a�c�t�s� �a�g�a�i�n�s�t� �i�t�.� �F�o�r� �l�o�w� �i�n�t�e�r�n�a�l� �s�t�r�e�s�s�e�s�,� �l�i�t�t�l�e� �y�i�e�l�d�i�n�g� 

�o�f� �t�h�e� �g�l�a�s�s�y� �s�p�r�i�n�g�-�d�a�s�h�p�o�t� �c�o�m�b�i�n�a�t�i�o�n� �o�c�c�u�r�s� �a�n�d� �(�2�.�3�-�8�)� �h�o�l�d�s�.� �H�o�w�e�v�e�r�,� �f�o�r� �h�i�g�h�e�r� 

�i�n�t�e�r�n�a�l� �s�t�r�e�s�s�e�s� �(�o�r� �h�i�g�h�e�r� �o�,� �)�,� �t�h�e� �d�a�s�h�p�o�t� �w�i�l�l� �f�l�o�w� �m�o�r�e� �r�e�a�d�i�l�y� �a�n�d� �t�h�e� �s�h�r�i�n�k�a�g�e� �s�t�r�a�i�n� 

�i�n�c�r�e�a�s�e�s�.� �T�h�e� �e�q�u�a�l�i�t�y� �o�n� �t�h�e� �l�e�f�t� �h�a�n�d� �s�i�d�e� �o�f� �(�2�.�3�-�8�)� �i�s� �s�t�i�l�l� �a�p�p�l�i�c�a�b�l�e� �b�u�t� �t�h�e� 

�a�p�p�r�o�x�i�m�a�t�i�o�n� �t�o� �t�h�e� �r�i�g�h�t� �i�s� �n�o�t�.� �F�o�r�e�n� �W�i�l�l� �n�o�w� �b�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�e�s�s� �t�h�a�n� �t�h�e� �u�n�o�r�i�e�n�t�e�d� 

�c�o�m�p�l�i�a�n�c�e�.� �N�o�t�e� �t�h�a�t� �w�i�t�h� �h�i�g�h� �m�t�e�r�n�a�l� �s�t�r�e�s�s�e�s�,� �(�2�.�3�-�8�)� �o�n�l�y� �h�o�l�d�s� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �w�e�l�l� 

�b�e�l�o�w� �T�,�.� �F�o�r� �h�i�g�h� �i�n�t�e�r�n�a�l� �s�t�r�e�s�s�e�s� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�s� �a�p�p�r�o�a�c�h�i�n�g� �T�,�,� �w�e� �h�a�v�e� 
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�E�(�t�)� �>� �O�F�,� �(�T�t�)� �(�2�.�3�-� �9�)� 

�s�i�n�c�e� �e�x�c�e�s�s�i�v�e� �y�i�e�l�d�i�n�g� �a�n�d� �f�l�o�w� �i�s� �o�c�c�u�r�r�i�n�g� �i�n� �t�h�e� �d�a�s�h�p�o�t�.� 

�T�h�e� �s�a�m�e� �a�n�a�l�y�s�i�s� �c�a�n� �b�e� �e�x�t�e�n�d�e�d� �t�o� �c�o�l�d� �d�r�a�w�n� �s�a�m�p�l�e�s�.� �B�y� �s�t�r�e�t�c�h�i�n�g� �i�n� �t�h�e� �g�l�a�s�s�,� 

�m�u�c�h� �h�i�g�h�e�r� �i�n�t�e�r�n�a�l� �s�t�r�e�s�s�e�s� �a�r�e� �e�n�t�a�i�l�e�d� �i�n� �o�r�d�e�r� �f�o�r� �f�l�o�w� �a�n�d� �d�r�a�w�i�n�g� �t�o� �o�c�c�u�r�.� �T�h�e� 

�l�o�a�d�i�n�g� �s�t�r�e�s�s� �m�u�s�t� �e�x�c�e�e�d� �t�h�e� �y�i�e�l�d� �s�t�r�e�s�s� �i�n� �o�r�d�e�r� �f�o�r� �f�l�o�w� �t�o� �o�c�c�u�r�.� �A�f�t�e�r� �d�r�a�w�i�n�g�,� �t�h�e� 

�r�e�m�a�i�n�i�n�g� �i�n�t�e�r�n�a�l� �s�t�r�e�s�s� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l� �t�o� �t�h�e� �y�i�e�l�d� �s�t�r�e�s�s� �o�f� �t�h�e� �s�a�m�p�l�e� �a�t� �t�h�e� 

�s�t�r�e�t�c�h� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e�r�e�f�o�r�e� �t�h�e� �s�a�m�p�l�e� �i�s� �a�l�r�e�a�d�y� �m� �a� �n�e�a�r�l�y� �u�n�s�t�a�b�l�e� �s�t�a�t�e�.� �S�i�n�c�e� �t�h�e� 

�y�i�e�l�d� �s�t�r�e�s�s� �g�e�n�e�r�a�l�l�y� �d�r�o�p�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�-�-�t�h�i�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �s�l�i�g�h�t� 

�d�e�c�r�e�a�s�e� �i�n� �t�h�e� �v�i�s�c�o�s�i�t�y� �o�f� �t�h�e� �d�a�s�h�p�o�t�-�-�a�n�y� �a�t�t�e�m�p�t�s� �t�o� �r�a�i�s�e� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �w�i�l�l� �m�e�a�n� 

�t�h�a�t� �t�h�e� �i�n�t�e�r�n�a�l� �s�t�r�e�s�s� �b�e�c�o�m�e�s� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �y�i�e�l�d� �s�t�r�e�s�s� �a�n�d� �s�h�r�i�n�k�a�g�e� �o�c�c�u�r�s�.� 

�R�e�s�t�a�t�e�d�,� �c�o�l�d�-�d�r�a�w�n� �s�a�m�p�l�e�s� �w�i�l�l� �g�e�n�e�r�a�l�l�y� �s�h�o�w� �e�x�c�e�s�s�i�v�e� �s�h�r�i�n�k�a�g�e� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �j�u�s�t� 

�a�b�o�v�e� �t�h�e� �s�t�r�e�t�c�h� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�i�s� �i�s� �f�u�r�t�h�e�r� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3�-�3� �f�o�r� �p�o�l�y�c�a�r�b�o�n�a�t�e�.� 

�2�.�4� �R�e�v�i�e�w� �o�f� �A�g�i�n�g� �S�t�u�d�i�e�s� �o�n� �O�r�i�e�n�t�e�d� �P�o�l�y�m�e�r�s� 

�T�h�e�r�e� �h�a�v�e� �b�e�e�n� �a� �l�i�m�i�t�e�d� �n�u�m�b�e�r� �o�f� �s�t�u�d�i�e�s� �o�n� �t�h�e� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �b�e�h�a�v�i�o�r� �o�f� 

�o�r�i�e�n�t�e�d� �s�y�s�t�e�m�s�,� �m�o�s�t� �r�e�l�a�t�e�d� �t�o� �c�o�l�d� �d�r�a�w�i�n�g�.� �T�h�i�s� �s�e�c�t�i�o�n� �w�i�l�l� �r�e�v�i�e�w� �t�h�e�s�e� �s�t�u�d�i�e�s� 

�a�l�o�n�g� �w�i�t�h� �o�t�h�e�r� �p�a�p�e�r�s� �t�h�a�t� �e�x�a�m�i�n�e� �o�r�i�e�n�t�a�t�i�o�n�-�m�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y� �r�e�l�a�t�i�o�n�s� �i�n� �p�o�l�y�m�e�r�s�.� 

�E�m�p�h�a�s�i�s� �w�i�l�l� �b�e� �o�n� �p�o�l�y�c�a�r�b�o�n�a�t�e� �d�a�t�a� �w�h�e�n�e�v�e�r� �a�p�p�l�i�c�a�b�l�e�.� 

�O�n�e� �o�f� �t�h�e� �o�n�l�y� �m�e�l�t� �d�r�a�w�n� �s�t�u�d�i�e�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �b�y� �S�t�r�u�i�k�.�'�*� �H�e�r�e� �t�e�n�s�i�l�e� �c�r�e�e�p� 

�m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �o�n� �m�e�l�t� �o�r�i�e�n�t�e�d� �(�r�i�g�i�d�)� �P�V�C� �d�r�a�w�n� �a�t� �8�2�°�C�.� �T�h�e� �T�g� �w�a�s� �n�o�t� 

�s�p�e�c�i�f�i�e�d� �b�u�t� �t�h�e� �s�t�r�e�t�c�h� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �l�i�s�t�e�d� �a�s� �b�e�i�n�g� �a�b�o�v�e� �T�g� �(�a� �t�y�p�i�c�a�l� �T�g� �f�o�r� �r�i�g�i�d� 

�P�V�C� �i�s� �a�b�o�u�t� �8�0� �°�C�)�.� �S�a�m�p�l�e�s� �w�e�r�e� �d�r�a�w�n� �u�p� �t�o� �a� �m�a�x�i�m�u�m� �s�t�r�e�t�c�h� �r�a�t�i�o� �o�f� �2�.�2�X� �a�n�d� 

�t�h�e�n� �q�u�e�n�c�h�e�d� �t�o� �2�0�°�C� �a�t� �w�h�i�c�h� �p�o�i�n�t� �a�g�i�n�g� �c�o�m�m�e�n�c�e�d�.� �A�n�a�l�y�s�i�s� �o�f� �t�h�e� �s�h�i�f�t� �r�a�t�e�s� �f�r�o�m� 

�t�h�e� �c�r�e�e�p� �t�e�s�t�s� �a�t� �2�0�°�C� �s�h�o�w�e�d� �l�i�t�t�l�e� �c�h�a�n�g�e� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �s�t�r�e�t�c�h�i�n�g�.� �T�h�i�s� �d�a�t�a�,� �i�n� 

�a�d�d�i�t�i�o�n� �t�o� �t�h�e� �c�o�m�p�l�i�a�n�c�e� �v�a�l�u�e�s�,� �i�s� �r�e�p�r�o�d�u�c�e�d� �i�n� �F�i�g�u�r�e� �2�.�4�-�1�,� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�t�r�e�t�c�h� 

�r�a�t�i�o�.� �S�t�r�u�i�k� �b�e�l�i�e�v�e�s� �t�h�a�t�,� �b�e�c�a�u�s�e� �t�h�e� �l�e�v�e�l� �o�f� �m�o�l�e�c�u�l�a�r� �r�e�o�r�i�e�n�t�a�t�i�o�n� �i�s� �a�c�t�u�a�l�l�y� �v�e�r�y� 

�s�m�a�l�l� �i�n� �m�o�s�t� �o�r�i�e�n�t�e�d� �p�o�l�y�m�e�r�s� �(�i�.�e�.� �v�e�r�y� �l�o�w� �o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n�s�)�,� �t�h�e� �a�g�i�n�g� �b�e�h�a�v�i�o�r� 
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�F�i�g�u�r�e� �2�.�3�-�3�.� �F�r�a�c�t�i�o�n�a�l� �r�e�s�i�d�u�a�l� �l�e�n�g�t�h� �1 ��/�1� �a�n�d� �b�i�r�e�f�r�i�n�g�e�n�c�e� �A�n ��/�A�n� �f�o�r� 
�s�a�m�p�l�e�s� �o�f� �p�o�l�y�c�a�r�b�o�n�a�t�e� �c�o�l�d� �d�r�a�w�n� �a�t� �v�a�r�i�o�u�s� 
�t�e�m�p�e�r�a�t�u�r�e�s� �T�;�.� �R�e�c�o�v�e�r�y� �a�t� �T�2� �d�u�r�i�n�g� �1�/�2� �h�o�u�r� �(�f�r�o�m� 
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�s�h�o�u�l�d� �n�o�t� �b�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �a�f�f�e�c�t�e�d�.� �N�o� �d�a�t�a� �o�n� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n�s� �o�r� �p�o�s�s�i�b�l�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �c�r�y�s�t�a�l�l�i�n�i�t�y� �i�n� �t�h�e� �s�t�r�e�t�c�h� �s�a�m�p�l�e�s� �w�a�s� �p�r�e�s�e�n�t�e�d�.� 

�P�i�x�a� �a�n�d� �c�o�w�o�r�k�e�r�s � � �� �a�n�a�l�y�z�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �c�o�l�d� �d�r�a�w�i�n�g� �p�o�l�y�c�a�r�b�o�n�a�t�e� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e�.� �V�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e�s� �o�f� �t�h�e� �c�o�l�d� �d�r�a�w�n� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �w�i�t�h� 

�i�s�o�t�r�o�p�i�c� �s�a�m�p�l�e�s� �u�s�i�n�g� �v�o�l�u�m�e� �d�i�l�a�t�o�m�e�t�r�y�.� �S�t�r�e�t�c�h� �r�a�t�i�o�s� �w�e�r�e� �t�y�p�i�c�a�l�l�y� �1�.�7� �f�o�r� �a�l�l� 

�s�a�m�p�l�e�s� �t�e�s�t�e�d�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e�s� �w�e�r�e� �n�e�a�r�l�y� �2�.�5� �t�i�m�e�s� �h�i�g�h�e�r� �f�o�r� 

�t�h�e� �c�o�l�d� �d�r�a�w�n� �s�a�m�p�l�e�s� �t�h�a�n� �f�o�r� �t�h�e� �i�s�o�t�r�o�p�i�c� �s�a�m�p�l�e�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �A�n�o�t�h�e�r� 

�i�m�p�o�r�t�a�n�t� �f�i�n�d�i�n�g� �w�a�s� �t�h�a�t� �p�o�l�y�c�a�r�b�o�n�a�t�e� �a�c�t�u�a�l�l�y� �d�e�n�s�i�f�i�e�d� �u�p�o�n� �s�t�r�e�t�c�h�i�n�g�.� �N�o�n�e�t�h�e�l�e�s�s�,� 

�e�v�e�n� �w�i�t�h� �t�h�e� �m�i�t�i�a�l� �d�e�n�s�i�f�i�c�a�t�i�o�n�,� �t�h�e� �c�o�l�d� �d�r�a�w�n� �s�a�m�p�l�e�s� �s�t�i�l�l� �s�h�o�w�e�d� �f�a�s�t�e�r� �r�a�t�e�s� �o�f� 

�v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n�.� �T�h�i�s� �h�a�s� �i�m�p�o�r�t�a�n�t� �i�m�p�l�i�c�a�t�i�o�n�s� �f�o�r� �t�h�e� �c�o�n�c�e�p�t�s� �o�f� �f�r�e�e� �v�o�l�u�m�e� �a�n�d� 

�m�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y�.� �W�i�t�h� �t�h�e� �c�o�l�d� �d�r�a�w�n� �s�a�m�p�l�e�s�,� �t�h�e�i�r� �l�o�w�e�r� �s�p�e�c�i�f�i�c� �v�o�l�u�m�e� �w�o�u�l�d� 

�n�o�r�m�a�l�l�y� �i�n�d�i�c�a�t�e� �a� �l�o�w�e�r� �f�r�e�e� �v�o�l�u�m�e� �a�n�d� �t�h�e�r�e�f�o�r�e� �a� �l�o�w�e�r� �m�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y�.� �A� �l�o�w�e�r� 

�m�o�b�i�l�i�t�y�,� �o�n� �i�t�s� �o�w�n� �a�c�c�o�r�d�,� �s�h�o�u�l�d� �t�h�e�n� �r�e�s�u�l�t� �i�n� �a� �s�l�o�w�e�r� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e�.� �S�i�n�c�e� 

�t�h�e� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e� �w�a�s� �n�o�t� �s�l�o�w�e�r�,� �i�t� �i�s� �s�u�s�p�e�c�t�e�d� �t�h�a�t� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �t�h�e�o�r�y� �m�a�y� �b�e� 

�i�n�a�d�e�q�u�a�t�e�.� �A�l�s�o�,� �i�t� �m�a�y� �b�e� �p�o�s�s�i�b�l�e� �t�h�a�t� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �f�r�e�e� �v�o�l�u�m�e�,� �a�n�d� �n�o�t� �j�u�s�t� 

�t�h�e� �t�o�t�a�l� �a�m�o�u�n�t�,� �i�s� �t�h�e� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r�.� 

�T�h�a�t� �d�e�n�s�i�t�y� �i�n�c�r�e�a�s�e�s� �i�n� �p�o�l�y�c�a�r�b�o�n�a�t�e� �w�i�t�h� �s�t�r�e�t�c�h�i�n�g� �h�a�s� �a�l�s�o� �b�e�e�n� �o�b�s�e�r�v�e�d� �b�y� 

�o�t�h�e�r�s� �f�o�r� �c�o�l�d� �d�r�a�w�i�n�g�'�*�°�"�°�7� �'�°�*� �1�°� �a�n�d� �b�y� �I�t�o� �a�n�d� �c�o�w�o�r�k�e�r�s� �f�o�r� �h�o�t� �d�r�a�w�i�n�g�. �� 

�D�e�n�s�i�t�y� �d�a�t�a� �p�l�o�t�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�t�r�e�t�c�h� �r�a�t�i�o� �f�o�r� �t�h�e� �h�o�t� �d�r�a�w�n� �s�a�m�p�l�e�s� �i�s� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �2�.�4�-�2�.� �I�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �i�m�p�l�i�c�a�t�i�o�n�s� �o�f� �t�h�i�s� �d�e�n�s�i�t�y� �i�n�c�r�e�a�s�e�.� 

�N�o�r�m�a�l�l�y�,� �f�o�r� �a� �g�l�a�s�s�y� �c�o�n�t�i�n�u�u�m� �u�n�d�e�r�g�o�i�n�g� �m�e�c�h�a�n�i�c�a�l� �d�e�f�o�r�m�a�t�i�o�n�,� �t�h�e�r�e� �w�i�l�l� �b�e� �a� 

�s�l�i�g�h�t� �i�n�c�r�e�a�s�e� �i�n� �v�o�l�u�m�e�.� �T�h�i�s� �i�s� �t�r�u�e� �a�s� �l�o�n�g� �a�s� �t�h�e� �P�o�i�s�s�o�n�'�s� �r�a�t�i�o� �i�s� �l�e�s�s� �t�h�a�n� �0�.�5�,� �t�h�e� 

�i�n�c�o�m�p�r�e�s�s�i�b�l�e� �l�i�m�i�t�.� �R�u�b�b�e�r�y� �p�o�l�y�m�e�r�s� �a�p�p�r�o�a�c�h� �t�h�i�s� �l�i�m�i�t� �s�o� �h�o�t� �d�r�a�w�i�n�g� �i�s� �e�x�p�e�c�t�e�d� �t�o� 

�p�r�o�d�u�c�e� �v�e�r�y� �l�i�t�t�l�e� �v�o�l�u�m�e� �c�h�a�n�g�e� �(�b�u�t� �s�t�i�l�l� �a� �s�l�i�g�h�t� �i�n�c�r�e�a�s�e�)�.� �G�l�a�s�s�y� �p�o�l�y�m�e�r�s� �t�y�p�i�c�a�l�l�y� 

�h�a�v�e� �v�a�l�u�e�s� �i�n� �t�h�e� �n�e�i�g�h�b�o�r�h�o�o�d� �o�f� �0�.�3�5� �s�o� �c�o�l�d� �d�r�a�w�i�n�g� �s�h�o�u�l�d� �p�r�o�d�u�c�e� �s�i�g�n�i�f�i�c�a�n�t� 

�d�i�l�a�t�a�t�i�o�n�.� 
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�F�i�g�u�r�e� �2�.�4�-�1�.� �S�h�i�f�t� �f�a�c�t�o�r�s� �a�n�d� �t�e�n�s�i�l�e� �c�o�m�p�l�i�a�n�c�e� �f�o�r� �r�i�g�i�d� �P�V�C� �v�e�r�s�u�s� 
�t�h�e� �%� �s�t�r�e�t�c�h�.� �S�t�r�e�t�c�h�i�n�g� �p�e�r�f�o�r�m�e�d� �a�b�o�v�e� �T�g� �(�f�r�o�m� �[�1�5�4�]�)�.� 
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�A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �d�e�n�s�i�t�y� �d�a�t�a� �o�f� �P�i�x�a� �a�n�d� �c�o�w�o�r�k�e�r�s� �(�c�o�l�d� 

�d�r�a�w�n�)� �w�i�t�h� �t�h�a�t� �o�f� �I�t�o� �a�n�d� �c�o�w�o�r�k�e�r�s� �(�h�o�t� �d�r�a�w�n�)� �s�h�o�w�s� �a� �l�a�r�g�e�r� �i�n�c�r�e�a�s�e� �m� �d�e�n�s�i�t�y� �f�o�r� 

�t�h�e� �h�o�t� �d�r�a�w�n� �s�a�m�p�l�e�s� �w�i�t�h� �s�t�r�e�t�c�h�i�n�g�.� �T�h�e� �c�o�l�d� �d�r�a�w�n� �s�a�m�p�l�e�s� �s�h�o�w�e�d� �a� �d�e�n�s�i�t�y� �i�n�c�r�e�a�s�e� 

�o�f� �0�.�0�0�1�7� �t�o� �0�.�0�0�2�0� �g�/�c�c� �w�h�e�n� �d�r�a�w�n� �t�o� �a� �s�t�r�e�t�c�h� �r�a�t�i�o� �o�f� �1�.�7�.� �T�h�e� �h�o�t� �d�r�a�w�n� �s�a�m�p�l�e�s� 

�s�h�o�w�e�d� �a� �d�e�n�s�i�t�y� �i�n�c�r�e�a�s�e� �a�t� �t�h�e� �1�.�7� �d�r�a�w� �r�a�t�i�o� �o�f� �0�.�0�0�5� �g�/�c�c� �a�n�d� �a� �0�.�0�0�9� �g�/�c�c� �i�n�c�r�e�a�s�e� �a�t� 

�t�h�e� �3�.�0� �d�r�a�w� �r�a�t�i�o�.� �A� �"�n�o�r�m�a�l�"� �1�.�7�X� �c�o�l�d� �d�r�a�w�n� �s�a�m�p�l�e� �s�h�o�w�i�n�g� �n�o� �e�x�t�r�a�o�r�d�i�n�a�r�y� 

�d�e�n�s�i�f�i�c�a�t�i�o�n� �w�o�u�l�d� �u�n�d�e�r�g�o� �a� �d�e�n�s�i�t�y� �d�e�c�r�e�a�s�e� �o�f� �0�.�1�7� �g�/�c�c� �a�s�s�u�m�i�n�g� �a� �P�o�i�s�s�o�n�'�s� �r�a�t�i�o� �o�f� 

�0�.�3�5�!� �K�e�e�p� �m� �m�i�n�d� �t�h�a�t� �a� �d�i�r�e�c�t� �c�o�m�p�a�r�i�s�o�n� �i�s� �d�i�f�f�i�c�u�l�t� �s�i�n�c�e� �t�h�e� �s�t�r�e�t�c�h� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� 

�e�n�t�i�r�e�l�y� �d�i�f�f�e�r�e�n�t�.� 

�1�6�1� �B�a�r�t�o�s� �a�n�d� �c�o�w�o�r�k�e�r�s�  �� �s�t�u�d�i�e�d� �t�h�e� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �b�e�h�a�v�i�o�r� �o�f� �c�o�l�d� �d�r�a�w�n� 

�p�o�l�y�c�a�r�b�o�n�a�t�e� �u�s�i�n�g� �d�i�l�a�t�o�m�e�t�r�y�,� �X�-�r�a�y�,� �e�l�e�c�t�r�o�n� �s�p�i�n� �r�e�s�o�n�a�n�c�e� �(�E�S�R�)� �s�p�e�c�t�r�o�s�c�o�p�y� �a�n�d� 

�s�o�m�e� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �m�e�a�s�u�r�e�m�e�n�t�s�.� �S�a�m�p�l�e�s� �w�e�r�e� �c�o�l�d� �d�r�a�w�n� �u�p� �t�o� �8�0�%� �e�l�o�n�g�a�t�i�o�n� 

�a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e�y� �a�l�s�o� �e�x�p�e�r�i�e�n�c�e�d� �t�h�e� �s�a�m�e� �d�e�n�s�i�t�y� �i�n�c�r�e�a�s�e� �f�o�r� �p�o�l�y�c�a�r�b�o�n�a�t�e� 

�a�s� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�.� �V�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �a�b�o�u�t� �t�w�i�c�e� �a�s� �h�i�g�h� �f�o�r� �t�h�e� 

�c�o�l�d� �d�r�a�w�n� �s�a�m�p�l�e�s� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �u�n�d�r�a�w�n� �s�a�m�p�l�e�s�.� �I�n� �f�a�c�t�,� �i�t� �h�a�s� �b�e�e�n� �s�h�o�w�n� 

�t�h�a�t� �b�e�t�w�e�e�n� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �1�0�0�°�C�,� �t�h�e� �r�a�t�e� �o�f� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �w�i�l�l� �b�e� �r�o�u�g�h�l�y� 

�t�w�i�c�e� �t�h�a�t� �o�f� �i�s�o�t�r�o�p�i�c� �p�o�l�y�c�a�r�b�o�n�a�t�e�.�' �� �T�h�i�s� �i�s� �i�n� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �r�e�s�u�l�t�s� �o�f� 

�P�i�x�a� �a�n�d� �c�o�w�o�r�k�e�r�s �� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�.� �A�b�o�v�e� �1�0�0�°�C�,� �t�h�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e�s� �w�e�r�e� 

�a�b�o�u�t� �t�h�e� �s�a�m�e�.� �U�s�i�n�g� �t�h�e� �a�b�s�o�l�u�t�e� �s�m�a�l�l� �a�n�g�l�e� �X�-�r�a�y� �i�n�t�e�n�s�i�t�y� �i�n� �t�h�e� �s�m�a�l�l� �a�n�g�l�e� �r�e�g�i�m�e�,� 

�t�h�e� �p�a�r�t�i�c�l�e� �d�e�n�s�i�t�y� �f�l�u�c�t�u�a�t�i�o�n� �(�o�r� �v�o�l�u�m�e� �f�l�u�c�t�u�a�t�i�o�n�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �w�a�y� �o�f� 

�5�(�N�?�)� � �I�(�s�)� 
�(�N�)� �I� �o� 

�(�2�.�4�-�1�)� 

�w�h�e�r�e� �/�,� �i�s� �t�h�e� �p�r�i�m�a�r�y� �b�e�a�m� �i�n�t�e�n�s�i�t�y�,� �/�(�s�)� �i�s� �t�h�e� �b�e�a�m� �i�n�t�e�n�s�i�t�y� �a�t� �s�c�a�t�t�e�r�i�n�g� �v�e�c�t�o�r� �s�,� �a�n�d� 

�N� �i�s� �t�h�e� �p�a�r�t�i�c�l�e� �d�e�n�s�i�t�y�.� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n�c�r�e�a�s�e� �d�u�e� �t�o� �d�r�a�w�i�n�g�,� �e�v�e�n� 

�t�h�o�u�g�h� �t�h�e� �d�e�n�s�i�t�y� �i�s� �h�i�g�h�e�r� �m� �t�h�e� �s�t�r�e�t�c�h�e�d� �s�a�m�p�l�e� �(�s�e�e� �F�i�g�u�r�e� �2�.�4�-�3�)�.� �T�h�e�s�e� �l�a�r�g�e�r� 

�f�l�u�c�t�u�a�t�i�o�n�s� �c�o�r�r�e�l�a�t�e� �w�i�t�h� �t�h�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� �d�a�t�a�,� �d�i�s�s�a�p�p�e�a�r�i�n�g� �a�b�o�v�e� �1�0�0�°�C�.� �T�h�i�s� 

�d�i�s�s�a�p�e�a�r�a�n�c�e� �a�l�s�o� �c�o�r�r�e�l�a�t�e�s� �w�i�t�h� �a� �s�e�c�o�n�d�a�r�y� �t�r�a�n�s�i�t�i�o�n� �(�d�e�n�o�t�e�d� �t�h�e� �o �� �t�r�a�n�s�i�t�i�o�n�)� �w�h�i�c�h� 
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�[�1�6�0�]�)�.� 
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�o�c�c�u�r�s� �i�n� �P�C� �a�r�o�u�n�d� �8�0� �t�o� �1�0�0�°�C�.� �T�h�e� �h�i�g�h�e�r� �m�o�b�i�l�i�t�y� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�i�s� �t�r�a�n�s�i�t�i�o�n� �m�i�g�h�t� 

�b�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �n�a�r�r�o�w�i�n�g� �o�f� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �d�i�s�t�r�i�b�u�t�i�o�n� �a�n�d�/�o�r� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �o�f� 

�a�n�y� �i�n�t�e�r�n�a�l� �s�t�r�e�s�s�e�s�;� �e�i�t�h�e�r� �o�f� �w�h�i�c�h� �m�a�y� �b�e� �t�h�e� �c�a�u�s�e� �o�f� �t�h�e� �e�n�h�a�n�c�e�d� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n� 

�r�a�t�e�s�.� �I�n� �c�o�n�t�r�a�s�t�,� �E�S�R� �r�e�s�u�l�t�s� �d�i�d� �n�o�t� �a�g�r�e�e� �w�i�t�h� �t�h�e� �X�-�r�a�y� �d�a�t�a�.� �1�6�!� �I�n�s�t�e�a�d�,� �t�h�e� �E�S�R� 

�d�a�t�a� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �f�r�e�e� �h�o�l�e� �s�p�a�c�e� �a�v�a�i�l�a�b�l�e� �i�s� �d�e�c�r�e�a�s�i�n�g� �u�p�o�n� �s�t�r�e�t�c�h�i�n�g�.� �T�h�i�s� �m�a�y� �b�e� 

�p�a�r�t�i�a�l�l�y� �e�x�p�l�a�i�n�e�d� �b�y� �t�h�e� �l�a�r�g�e�r� �p�r�o�b�e� �s�i�z�e�.� �T�h�e� �E�S�R� �p�r�o�b�e� �i�s� �o�n�l�y� �s�a�m�p�l�i�n�g� �t�h�e� �l�a�r�g�e�r� 

�f�r�e�e� �v�o�l�u�m�e� �h�o�l�e�s� �w�h�i�c�h� �m�a�y� �b�e� �b�e�h�a�v�i�n�g� �d�i�f�f�e�r�e�n�t�l�y� �t�h�a�n� �t�h�e� �r�e�s�t� �o�f� �t�h�e� �h�o�l�e� �d�i�s�t�r�i�b�u�t�i�o�n�.� 

�T�h�e� �a�u�t�h�o�r�s� �t�h�e�o�r�i�z�e� �t�h�a�t� �a� �l�a�r�g�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �s�m�a�l�l�e�r� �h�o�l�e�s� �f�o�r�m�s� �u�p�o�n� �s�t�r�e�t�c�h�i�n�g� 

�w�h�e�r�e�a�s� �t�h�e� �l�a�r�g�e� �h�o�l�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �d�e�c�r�e�a�s�i�n�g� �s�l�i�g�h�t�l�y�.� �A�l�t�h�o�u�g�h� �t�h�e� �n�e�t� �f�r�e�e� �v�o�l�u�m�e� 

�w�o�u�l�d� �i�n�c�r�e�a�s�e�,� �t�h�e� �E�S�R� �d�a�t�a� �w�o�u�l�d� �"�s�e�e�"� �a� �d�e�c�r�e�a�s�e� �d�u�e� �t�o� �i�t�s� �l�i�m�i�t�e�d� �s�a�m�p�l�i�n�g� 

�c�a�p�a�b�i�l�i�t�y�.� �I�n� �a�d�d�i�t�i�o�n�,� �d�y�n�a�m�i�c� �s�h�e�a�r� �m�o�d�u�l�i� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �o�v�e�r� �a� �r�a�n�g�e� �o�f� 

�t�e�m�p�e�r�a�t�u�r�e�s� �f�o�r� �t�h�e� �o�r�i�e�n�t�e�d� �s�a�m�p�l�e�s� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �a�g�i�n�g�.� �T�h�i�s� �d�a�t�a� �i�s� �r�e�p�l�o�t�t�e�d� �i�n� 

�F�i�g�u�r�e� �2�.�4�-�4�.� �T�h�e� �i�m�p�o�r�t�a�n�t� �f�e�a�t�u�r�e� �i�s� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �t�a�n�d� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �a�g�i�n�g� �b�e�t�w�e�e�n� 

�0�°�C� �a�n�d� �1�0�0�°�C�.� �T�h�e� �h�i�g�h� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e�s� �h�e�r�e� �a�r�e� �m� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �h�i�g�h� �v�o�l�u�m�e� 

�r�e�l�a�x�a�t�i�o�n� �r�a�t�e�s� �d�i�s�c�u�s�s�e�d� �e�a�r�l�i�e�r�.� 

�T�r�z�n�a�d�e�l� �a�n�d� �c�o�w�o�r�k�e�r�s ��?� �'!"� �h�a�v�e� �f�o�l�l�o�w�e�d� �s�h�r�i�n�k�a�g�e� �s�t�r�e�s�s�e�s� �i�n� �c�o�l�d� �d�r�a�w�n� 

�p�o�l�y�c�a�r�b�o�n�a�t�e� �a�n�d� �p�o�l�y�e�s�t�e�r� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �a�g�i�n�g� �t�i�m�e�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �w�e�r�e� �c�o�u�p�l�e�d� �w�i�t�h� 

�D�S�C�,� �t�h�e�r�m�a�l� �e�x�p�a�n�s�i�o�n� �a�n�d� �b�i�r�e�f�r�i�n�g�e�n�c�e� �m�e�a�s�u�r�e�m�e�n�t�s�.� �F�o�r� �t�h�e�i�r� �f�i�r�s�t� �s�e�t� �o�f� 

�e�x�p�e�r�i�m�e�n�t�s�,� �s�a�m�p�l�e�s� �o�f� �P�C� �w�e�r�e� �c�o�l�d� �d�r�a�w�n� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �a� �d�r�a�w� �r�a�t�i�o� �o�f� �1�.�9�.� 

�T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �t�h�e�n� �a�l�l�o�w�e�d� �t�o� �a�g�e� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �w�h�i�l�e� �c�h�a�n�g�e�s� �i�n� �l�e�n�g�t�h�,� 

�b�i�r�e�f�r�i�n�g�e�n�c�e� �(�A�v�)�,� �a�n�d� �r�e�s�i�d�u�a�l� �s�h�r�m�k�a�g�e� �s�t�r�e�s�s� �(�o�,�,� �t�h�e� �m�a�x�i�m�u�m� �s�t�r�e�s�s� �o�b�t�a�i�n�e�d� �u�p�o�n� 

�r�a�m�p�i�n�g� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �a� �c�o�n�s�t�r�a�i�n�e�d� �s�a�m�p�l�e�)� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �a�g�i�n�g� 

�t�i�m�e�.� �T�h�e� �d�a�t�a� �i�s� �s�h�o�w�n� �i�m� �F�i�g�u�r�e� �2�.�4�-�5�.� �T�h�i�s� �d�a�t�a� �h�a�s� �b�e�e�n� �n�o�r�m�a�l�i�z�e�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� 

�t�h�e� �u�n�a�g�e�d� �v�a�l�u�e�s�.� �I�n� �t�h�e� �f�i�g�u�r�e�,� �s� �r�e�f�e�r�s� �t�o� �t�h�e� �r�e�s�i�d�u�a�l� �s�t�r�a�i�n� �a�n�d� �i�s� �d�e�f�i�n�e�d� �a�s� 

�_�A�-�1� 
�s�=�7� �-�_� �(�2�.�4�-�2�)� � � 
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�$�2�9�5� 

�(�3�0�5� 

�4�4�0�4� 

�3�5�)�4� 

�3�2�0�5� � � � � � � 
�2�0� �a�o� �8�0� �8�0� �1�0�0� �1�2�0�-�1�4�0� �1�2�9� �1�8�0�°�C� 

�F�i�g�u�r�e� �2�.�4�-�3�.� �X�-�r�a�y� �s�c�a�t�t�e�r�i�n�g� �i�n�t�e�n�s�i�t�y� �a�t� �s�=�0� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e�r�m�a�l� 
�d�e�n�s�i�t�y� �f�l�u�c�t�u�a�t�i�o�n�s�.� �C�i�r�c�l�e�s� �m�d�i�c�a�t�e� �i�s�o�t�r�o�p�i�c� �P�C� �a�n�d� 
�s�q�u�a�r�e�s� �r�e�p�r�e�s�e�n�t� �c�o�l�d� �d�r�a�w�n� �P�C� �(�f�r�o�m� �[�1�6�1�]�.� 
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�G �� �(�M�P�a�)� �t�a�n� �5� �(�x�1�0�°�)� 

�M�a�n�y� 

� � �e� 
�T�é�w�e�n�a�t�u�n�e�-� �(�°�C�)� 

�F�i�g�u�r�e� �2�.�4�-�4�.� �D�y�n�a�m�i�c� �s�h�e�a�r� �d�a�t�a� �f�o�r� �c�o�l�d�-�d�r�a�w�n� �p�o�l�y�c�a�r�b�o�n�a�t�e�.�  ��a�,�u �� 
�r�e�p�r�e�s�e�n�t�s� �a�n�i�s�o�t�r�o�p�i�c� �a�n�d� �u�n�a�g�e�d� �w�h�e�r�e�a�s�  ��a�,�a �� �r�e�p�r�e�s�e�n�t�s� 
�a�n�i�s�o�t�r�o�p�i�c� �a�n�d� �a�g�e�d� �a�t� �6�0�°�C� �f�o�r� �1�2� �d�a�y�s� �(�f�r�o�m� �[�1�6�1�]�)�.� 
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�w�h�e�r�e� �A� �i�s� �t�h�e� �i�n�s�t�a�n�t�a�n�e�o�u�s� �s�t�r�e�t�c�h� �r�a�t�i�o� �a�n�d� �A�,�,� �i�s� �t�h�e� �i�n�i�t�i�a�l� �u�n�a�g�e�d� �s�t�r�e�t�c�h� �r�a�t�i�o�.� �I�t� �i�s� 

�c�l�e�a�r� �t�h�a�t� �t�h�e� �r�a�t�e� �o�f� �b�i�r�e�f�r�i�n�g�e�n�c�e� �l�o�s�s� �i�s� �s�l�i�g�h�t�l�y� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �c�h�a�n�g�e� �i�n� �l�e�n�g�t�h�,� �w�h�e�r�e�a�s�,� 

�t�h�e� �l�o�s�s� �i�n� �r�e�s�i�d�u�a�l� �s�h�r�i�n�k�a�g�e� �s�t�r�e�s�s� �i�n�c�r�e�a�s�e�s� �a�t� �a�n� �e�v�e�n� �f�a�s�t�e�r� �r�a�t�e� �t�h�a�n� �b�i�r�e�f�r�i�n�g�e�n�c�e�.� 

�L�e�G�r�a�n�d�,� �s�t�u�d�y�i�n�g� �t�h�e� �e�f�f�e�c�t�s� �o�f� �r�e�s�i�d�u�a�l� �s�t�r�e�s�s�e�s� �i�n� �p�o�l�y�c�a�r�b�o�n�a�t�e� �b�a�r�s� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e�,� �a�l�s�o� �f�o�u�n�d� �t�h�e� �h�i�g�h� �r�e�s�i�d�u�a�l� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� �w�i�t�h� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�m�e�n�s�i�o�n�a�l� 

�c�h�a�n�g�e�s�. �� �T�h�e�s�e� �f�i�n�d�i�n�g�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �c�o�l�d� �d�r�a�w�n� �c�h�a�i�n�s� �a�r�e� �a�b�l�e� �t�o� �r�e�l�a�x� �b�y� 

�i�n�t�e�r�m�o�l�e�c�u�l�a�r� �s�l�i�p�p�i�n�g� �w�i�t�h�o�u�t� �n�e�c�e�s�s�a�r�i�l�y� �a�f�f�e�c�t�i�n�g� �t�h�e� �o�v�e�r�a�l�l� �d�i�m�e�n�s�i�o�n�s� �o�f� �t�h�e� �s�a�m�p�l�e�.� 

�T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� �i�m�p�o�r�t�a�n�t� �s�i�n�c�e� �t�h�e�y� �i�n�d�i�c�a�t�e� �s�i�g�n�i�f�i�c�a�n�t� �c�h�a�i�n� �m�o�b�i�l�i�t�y� �e�v�e�n� �i�n� �t�h�e� �g�l�a�s�s�y� 

�s�t�a�t�e�.� �B�o�t�h� �a�u�t�h�o�r�s� �c�o�n�c�l�u�d�e� �t�h�a�t� �m�u�c�h� �o�f� �w�h�a�t� �i�s� �o�c�c�u�r�i�n�g� �w�i�t�h� �t�h�e� �c�o�l�d� �d�r�a�w�n� �s�a�m�p�l�e�s� 

�d�u�r�i�n�g� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �o�f� �m�t�e�r�n�a�l� �s�t�r�e�s�s�e�s�.� 

�I�n� �a�n�o�t�h�e�r� �e�x�p�e�r�i�m�e�n�t�,� �T�r�z�n�a�d�e�l� �a�n�d� �c�o�w�o�r�k�e�r�s �� �f�o�l�l�o�w�e�d� �t�h�e� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� 

�s�h�r�i�n�k�a�g�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�i�t�h� �D�S�C� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �t�h�e� �s�a�m�e� �h�e�a�t�i�n�g� �r�a�t�e�.� �S�a�m�p�l�e�s� �w�e�r�e� 

�a�g�a�i�n� �a�g�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �d�i�f�f�e�r�e�n�t� �t�i�m�e�s� �a�n�d� �i�n� �b�o�t�h� �t�h�e� �c�o�l�d�-�d�r�a�w�n� �a�n�d�.� 

�i�s�o�t�r�o�p�i�c� �s�t�a�t�e�s�.� �D�S�C� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �e�a�c�h� �s�a�m�p�l�e� �b�o�t�h� �w�i�t�h� �t�h�e� �l�e�n�g�t�h� 

�c�o�n�s�t�r�a�i�n�e�d� �a�n�d� �a�l�l�o�w�i�n�g� �f�o�r� �f�r�e�e� �s�h�r�i�n�k�a�g�e� �o�f� �t�h�e� �s�a�m�p�l�e� �e�n�d�s�.� �A� �s�u�b�-�T�g� �e�n�d�o�t�h�e�r�m� 

�o�c�c�u�r�r�e�d� �i�n� �t�h�e� �c�o�l�d�-�d�r�a�w�n� �s�a�m�p�l�e�s� �w�h�i�c�h� �g�r�e�w� �i�n� �m�a�g�n�i�t�u�d�e� �a�n�d� �m�o�v�e�d� �t�o�w�a�r�d� �h�i�g�h�e�r� 

�t�e�m�p�e�r�a�t�u�r�e�s� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �a�g�i�n�g�.� �A� �p�l�o�t� �o�f� �t�h�e� �e�n�d�o�t�h�e�r�m�s� �f�o�r� �t�h�e� �u�n�c�o�n�s�t�r�a�i�n�e�d�,� �c�o�l�d�-� 

�d�r�a�w�n� �p�o�l�y�c�a�r�b�o�n�a�t�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�g�i�n�g� �t�i�m�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�4�-� 

�6�.� �T�h�i�s� �i�n�t�e�r�m�e�d�i�a�t�e� �e�n�d�o�t�h�e�r�m� �d�i�s�a�p�p�e�a�r�e�d� �u�p�o�n� �a�g�i�n�g� �i�n� �t�h�e� �i�s�o�t�r�o�p�i�c� �s�a�m�p�l�e�s�.� �I�t� �h�a�s� 

�b�e�e�n� �p�r�e�v�i�o�u�s�l�y� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �m�t�e�r�m�e�d�i�a�t�e� �e�n�d�o�t�h�e�r�m�s� �w�h�i�c�h� �o�c�c�u�r� �i�n�i�t�i�a�l�l�y� �i�n� 

�i�s�o�t�r�o�p�i�c� �s�a�m�p�l�e�s� �a�r�e� �d�u�e� �t�o� �n�o�n�-�r�e�l�a�x�e�d� �s�t�r�e�s�s�e�s� �m� �t�h�e� �s�a�m�p�l�e� �w�h�i�c�h� �q�u�i�c�k�l�y� �d�i�s�a�p�p�e�a�r� 

�w�i�t�h� �a�n�n�e�a�l�i�n�g�. �� �A� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �t�h�e� �s�h�r�i�n�k�a�g�e� �f�o�r�c�e� �m�e�a�s�u�r�e�m�e�n�t�s� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� 

�o�n�s�e�t� �o�f� �t�h�e� �D�S�C� �e�n�d�o�t�h�e�r�m� �c�o�r�r�e�l�a�t�e�d� �w�e�l�l� �w�i�t�h� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �s�t�r�e�s�s� �a�p�p�e�a�r�a�n�c�e�.� 

�A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �a�t� �w�h�i�c�h� �t�h�e� �s�h�r�i�n�k�a�g�e� �f�o�r�c�e� �i�s� �a� �m�a�x�i�m�u�m� �c�o�r�r�e�l�a�t�e�s� �w�i�t�h� 

�t�h�e� �p�e�a�k� �o�f� �t�h�e� �D�S�C� �e�n�d�o�t�h�e�r�m�.� �T�h�e� �a�u�t�h�o�r�s� �a�t�t�r�i�b�u�t�e�d� �t�h�i�s� �e�n�d�o�t�h�e�r�m� �t�o� �a� �c�o�m�b�i�n�a�t�i�o�n� 

�o�f� �e�n�t�r�o�p�y� �a�n�d� �e�n�e�r�g�y� �e�f�f�e�c�t�s� �w�h�i�c�h� �o�c�c�u�r� �d�u�r�i�n�g� �s�h�r�i�n�k�a�g�e�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �o�n�s�e�t� �a�n�d� 

�m�a�g�n�i�t�u�d�e� �o�f� �t�h�i�s� �s�h�r�i�n�k�a�g�e� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �r�e�s�i�d�u�a�l� �s�t�r�e�s�s�e�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �s�a�m�p�l�e� 
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�w�h�i�c�h� �a�r�e� �g�r�a�d�u�a�l�l�y� �d�i�s�a�p�p�e�a�r�i�n�g� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �a�g�i�n�g�.� �T�h�e�r�m�a�l� �s�h�r�i�n�k�a�g�e� �m�e�a�s�u�r�e�m�e�n�t�s� 

�h�a�v�e� �a�l�s�o� �b�e�e�n� �u�s�e�d� �b�y� �K�a�t�o� �a�n�d� �K�a�m�b�e � �� �t�o� �s�t�u�d�y� �c�o�l�d� �d�r�a�w�n� �p�o�l�y�c�a�r�b�o�n�a�t�e�.� 

�G�e�n�e�r�a�l�i�z�e�d� �c�r�e�e�p� �s�t�u�d�i�e�s� �h�a�v�e� �b�e�e�n� �p�e�r�f�o�r�m�e�d� �b�y� �L�u�n�d�b�e�r�g� �a�n�d� �J�a�n�s�s�o�n ��®� �o�n� �h�o�t� 

�d�r�a�w�n� �p�o�l�y�c�a�r�b�o�n�a�t�e� �s�a�m�p�l�e�s�.� �S�a�m�p�l�e�s� �w�e�r�e� �f�i�r�s�t� �a�g�e�d� �a�t� �1�2�0�°�C� �f�o�r� �2�4� �h�o�u�r�s� �i�n� �o�r�d�e�r� �t�o� 

�m�i�n�i�m�i�z�e� �a�n�y� �f�u�r�t�h�e�r� �c�h�a�n�g�e�s� �b�r�o�u�g�h�t� �a�b�o�u�t� �b�y� �p�h�y�s�i�c�a�l� �a�g�i�n�g�.� �L�i�m�e�a�r� �a�n�d� �n�o�n�l�i�n�e�a�r� 

�c�o�m�p�l�i�a�n�c�e� �v�a�l�u�e�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �t�h�e� �l�o�n�g�i�t�u�d�i�n�a�l� �a�n�d� �t�r�a�n�s�v�e�r�s�e� �d�i�r�e�c�t�i�o�n�s� �a�s� �w�e�l�l� 

�a�s� �f�o�r� �v�o�l�u�m�e� �s�t�r�a�i�n�i�n�g�.� �A�l�l� �v�a�l�u�e�s� �w�e�r�e� �f�o�u�n�d� �t�o� �d�e�c�r�e�a�s�e� �t�o� �s�o�m�e� �d�e�g�r�e�e� �w�i�t�h� �s�t�r�e�t�c�h� 

�r�a�t�i�o�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �1�0�0� �s�e�c�o�n�d� �i�s�o�c�h�r�o�n�o�u�s� �v�o�l�u�m�e� �c�o�m�p�l�i�a�n�c�e� 

�d�e�c�r�e�a�s�e�d� �l�i�n�e�a�r�l�y� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �s�t�r�e�t�c�h� �r�a�t�i�o�.� �I�n� �o�t�h�e�r� �w�o�r�d�s�,� �s�t�r�e�s�s� �d�i�l�a�t�a�t�i�o�n� �d�e�c�r�e�a�s�e�s� 

�w�i�t�h� �i�n�c�r�e�a�s�e�d� �o�r�i�e�n�t�a�t�i�o�n� �w�h�i�c�h� �m�a�k�e�s� �s�e�n�s�e�,� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �d�e�n�s�i�t�y� �i�s� �a�l�r�e�a�d�y� �h�i�g�h�e�r� �f�o�r� 

�t�h�e� �o�r�i�e�n�t�e�d� �s�a�m�p�l�e�s�.� 

�C�o�m�b�m�a�t�i�o�n�s� �o�f� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� �a�n�d� �d�y�n�a�m�i�c� �t�e�s�t�s� �o�n� �p�o�l�y�c�a�r�b�o�n�a�t�e� �f�i�l�m� �w�e�r�e� �u�s�e�d� 

�b�y� �H�a�i�d�a�r� �a�n�d� �S�m�i�t�h �� �t�o� �s�t�u�d�y� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �i�n� �p�o�l�y�c�a�r�b�o�n�a�t�e� �f�i�l�m�.� �F�i�l�m� �s�a�m�p�l�e�s� �w�e�r�e� 

�f�i�r�s�t� �a�g�e�d� �f�o�r� �1� �m�o�n�t�h� �a�t� �1�2�0�°�C�.� �N�e�x�t� �t�h�e�y� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �a� �s�t�a�t�i�c� �e�l�o�n�g�a�t�i�o�n� �o�f� �2�.�6�%� 

�a�t� �v�a�r�y�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �a� �s�m�a�l�l� �s�i�n�u�s�o�i�d�a�l� �s�t�r�a�i�n� �w�a�s� �s�u�p�e�r�i�m�p�o�s�e�d� �p�e�r�i�o�d�i�c�a�l�l�y�.� �T�h�e� 

�s�t�a�t�i�c� �e�l�o�n�g�a�t�i�o�n� �e�f�f�e�c�t�i�v�e�l�y� �r�e�j�u�v�e�n�t�a�t�e�d� �t�h�e� �s�a�m�p�l�e�.� �S�t�o�r�a�g�e� �m�o�d�u�l�i� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� 

�f�r�o�m� �t�h�e� �s�u�p�e�r�i�m�p�o�s�e�d� �s�i�n�u�s�o�i�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �a�g�i�n�g� �t�i�m�e�.� �T�h�e� �a�g�i�n�g� �r�a�t�e�,� �1�1�,� �w�a�s� �f�o�u�n�d� 

�t�o� �b�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� �s�i�n�u�s�o�i�d� �f�r�e�q�u�e�n�c�y�.� �H�o�w�e�v�e�r�,� �t�h�e� �a�g�i�n�g� �r�a�t�e� �w�a�s� �f�o�u�n�d� �t�o� 

�i�n�c�r�e�a�s�e� �l�i�n�e�a�r�l�y� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �s�t�a�t�i�c� �e�l�o�n�g�a�t�i�o�n� �t�o� �a� �v�a�l�u�e� �h�i�g�h�e�r� �t�h�a�n� �w�o�u�l�d� �n�o�r�m�a�l�l�y� �b�e� 

�f�o�u�n�d� �w�i�t�h� �c�o�n�v�e�n�t�i�o�n�a�l� �i�s�o�t�r�o�p�i�c� �s�a�m�p�l�e�s�.� 

�R�e�l�a�x�a�t�i�o�n�s� �i�n� �u�n�i�a�x�i�a�l�l�y� �c�o�l�d�-�d�r�a�w�n� �p�o�l�y�c�a�r�b�o�n�a�t�e� �w�e�r�e� �s�t�u�d�i�e�d� �b�y� �Y�i�a�n�a�k�o�p�o�l�o�u�s� 

�a�n�d� �c�o�w�o�r�k�e�r�s �� �u�s�i�n�g� �T�h�e�r�m�a�l�l�y� �S�t�i�m�u�l�a�t�e�d� �D�e�p�o�l�a�r�i�z�a�t�i�o�n� �a�n�d� �P�o�l�a�r�i�z�a�t�i�o�n� �C�u�r�r�e�n�t� 

�(�T�S�D�C�,� �T�S�P�C�)�.� �S�a�m�p�l�e�s� �w�e�r�e� �s�t�r�e�t�c�h�e�d� �t�o� �a� �d�r�a�w� �r�a�t�i�o� �o�f� �b�e�t�w�e�e�n� �1�.�6� �a�n�d� �2�.�1� �a�t� 

�t�e�m�p�e�r�a�t�u�r�e�s� �f�r�o�m� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �u�p� �t�o� �1�2�0�°�C� �(�a�n�d� �w�i�t�h� �v�a�r�y�i�n�g� �d�r�a�w�i�n�g� �r�a�t�e�s�)�.� �N�o� 

�s�p�o�n�t�a�n�e�o�u�s� �p�o�l�a�r�i�z�a�t�i�o�n� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �p�r�e�f�e�r�e�n�t�i�a�l� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �d�i�p�o�l�e�s� �w�a�s� �f�o�u�n�d� 

�t�o� �o�c�c�u�r� �i�n� �t�h�e� �c�o�l�d� �d�r�a�w�n� �s�a�m�p�l�e�s�.� �C�o�l�d� �d�r�a�w�i�n�g� �o�f� �a� �P�C� �t�h�e�r�m�o�e�l�e�c�t�r�e�t�,� �h�o�w�e�v�e�r�,� �w�a�s� 

�f�o�u�n�d� �t�o� �r�e�d�u�c�e� �m�o�s�t� �o�f� �t�h�e� �s�a�m�p�l�e�'�s� �c�h�a�r�g�e�.� �T�h�i�s� �n�o�r�m�a�l�l�y� �o�n�l�y� �c�a�n� �o�c�c�u�r� �b�y� �h�e�a�t�i�n�g� �t�h�e� 
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�F�i�g�u�r�e� �2�.�4�-�5�.� �D�i�m�e�n�s�i�o�n�a�l� �r�e�l�a�x�a�t�i�o�n�,� �s�,� �r�e�l�a�t�i�v�e� �b�i�r�e�f�r�m�g�e�n�c�e� �A�n�/�A�n�,�,� �a�n�d� 
�r�e�l�a�t�i�v�e� �v�a�l�u�e� �6�,� �o�f� �m�a�x�i�m�u�m� �s�h�r�i�n�k�a�g�e� �s�t�r�e�s�s� �p�l�o�t�t�e�d� 
�v�s�.�a�g�i�n�g� �t�i�m�e� �(�a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�)� �f�o�r� �o�r�i�e�n�t�e�d� �P�C� �(�f�r�o�m� 
�[�1�6�3�]�)�.� 
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�T�e�m�p�e�r�a�t�u�r�e� �(�°�C�)� 

�F�i�g�u�r�e� �2�.�4�-�6�.� �E�x�p�a�n�d�e�d� �v�i�e�w� �o�f� �s�u�b�-�T�g� �e�n�d�o�t�h�e�r�m�s� �i�m� �c�o�l�d�-�d�r�a�w�n� �P�C� �a�s� 
�a� �f�u�n�c�t�i�o�n� �o�f� �a�g�i�n�g� �t�i�m�e� �(�f�r�o�m� �[�1�6�4�]�)�.� 
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�s�a�m�p�l�e� �a�b�o�v�e� �T�,�.� �I�t� �i�s� �t�h�e�r�e�f�o�r�e� �s�p�e�c�u�l�a�t�e�d� �t�h�a�t� �t�h�i�s�  ��d�e�f�o�r�m�a�t�i�o�n� �a�c�t�i�v�a�t�e�d� �d�i�s�c�h�a�r�g�e�"� �i�s� 

�t�h�e� �r�e�s�u�l�t� �o�f� �e�n�h�a�n�c�e�d� �m�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y� �m� �t�h�e� �c�o�l�d� �d�r�a�w�n� �s�a�m�p�l�e�s�.� �T�S�P�C� �a�n�d� �T�S�D�C� 

�e�x�p�e�r�i�m�e�n�t�s� �a�l�s�o� �d�e�t�e�c�t�e�d� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� �t�r�a�n�s�i�t�i�o�n� �m� �t�h�e� �o�r�i�e�n�t�e�d� �s�a�m�p�l�e�s� �a�t� �a�r�o�u�n�d� �6�0� 

�t�o� �8�0�°�C� �w�h�i�c�h� �w�a�s� �n�o�t� �s�e�e�n� �i�n� �t�h�e� �i�s�o�t�r�o�p�i�c� �s�a�m�p�l�e�s�.� �T�h�e� �a�u�t�h�o�r�s� �a�t�t�r�i�b�u�t�e� �t�h�i�s� �t�r�a�n�s�i�t�i�o�n� 

�t�o� �f�i�e�l�d�-�i�n�d�u�c�e�d� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �a� �n�u�m�b�e�r� �o�f� �r�e�p�e�a�t� �u�n�i�t�s� �b�r�o�u�g�h�t� �a�b�o�u�t� �b�y� �t�h�e� �i�n�c�r�e�a�s�e�d� 

�f�r�e�e� �v�o�l�u�m�e� �a�n�d� �m�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y� �a�c�c�o�m�p�a�n�y�i�n�g� �t�h�e� �d�r�a�w�i�n�g� �p�r�o�c�e�s�s�.� 

�L�u�n�n� �a�n�d� �Y�a�n�n�a�s� �p�e�r�f�o�r�m�e�d� �a� �c�o�m�p�r�e�h�e�n�s�i�v�e� �s�t�u�d�y� �o�f� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �o�f� 

�p�o�l�y�c�a�r�b�o�n�a�t�e� �(�h�o�t� �a�n�d� �c�o�l�d� �d�r�a�w�i�n�g�)� �u�s�i�n�g� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�o�s�c�o�p�y�. �� �T�h�e�r�e� �w�e�r�e� �a� 

�n�u�m�b�e�r� �o�f� �i�m�p�o�r�t�a�n�t� �f�i�n�d�i�n�g�s� �r�e�l�a�t�i�n�g� �t�o� �t�h�e� �m�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y� �o�f� �o�r�i�e�n�t�e�d� �p�o�l�y�c�a�r�b�o�n�a�t�e�.� 

�T�h�e�i�r� �s�t�u�d�y� �i�n�v�o�l�v�e�d� �d�i�c�h�r�o�i�s�m� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �1�3�6�4� �a�n�d� �2�9�7�1� �c�m�!� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� 

�t�h�e� �i�n�-�p�h�a�s�e� �s�y�m�m�e�t�r�i�c� �b�e�n�d�i�n�g� �a�n�d� �a�s�y�m�m�e�t�r�i�c� �s�t�r�e�t�c�h�i�n�g� �o�f� �t�h�e� �t�w�o� �m�e�t�h�y�l� �g�r�o�u�p�s� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �F�i�r�s�t�,� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �d�i�m�e�n�s�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �d�r�a�w�n� �p�o�l�y�c�a�r�b�o�n�a�t�e� 

�i�n�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �s�t�r�e�t�c�h� �t�e�m�p�e�r�a�t�u�r�e�.� �S�a�m�p�l�e�s� �c�o�l�d� �d�r�a�w�n� �a�t� �a� �g�i�v�e�n� �t�e�m�p�e�r�a�t�u�r�e� 

�w�o�u�l�d� �b�e�g�i�n� �t�o� �l�o�s�e� �o�r�i�e�n�t�a�t�i�o�n� �w�i�t�h� �a�g�i�n�g� �t�i�m�e� �a�b�o�v�e� �a� �c�e�r�t�a�i�n� �t�h�r�e�s�h�o�l�d� �t�e�m�p�e�r�a�t�u�r�e�.� 

�T�h�i�s� �t�h�r�e�s�h�o�l�d� �t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �s�t�r�e�t�c�h� �t�e�m�p�e�r�a�t�u�r�e�.� �S�a�m�p�l�e�s� �h�o�t� 

�d�r�a�w�n� �a�t� �T�,�+�5�°�C� �d�i�d� �n�o�t� �r�e�a�c�h� �t�h�i�s� �t�h�r�e�s�h�o�l�d� �u�n�t�i�l� �a�b�o�u�t� �1�2�0�°�C�.� �T�h�i�s� �i�n� �s�o�m�e� �w�a�y�s� 

�c�o�n�t�r�a�d�i�c�t�s� �c�o�n�v�e�n�t�i�o�n�a�l� �w�i�s�d�o�m�.� �I�t� �i�s� �n�o�r�m�a�l�l�y� �a�s�s�u�m�e�d� �t�h�a�t� �a� �g�l�a�s�s�y� �p�o�l�y�m�e�r� �p�o�s�s�e�s�s�e�s� 

�i�n�s�u�f�f�i�c�i�e�n�t� �m�o�b�i�l�i�t�y� �f�o�r� �a� �s�i�g�n�i�f�i�c�a�n�t� �c�h�a�n�g�e� �i�n� �o�r�i�e�n�t�a�t�i�o�n� �t�o� �o�c�c�u�r� �(�i�.�e�.� �a� �t�r�u�e� �"�f�r�o�z�e�n�"� 

�s�t�a�t�e� �o�c�c�u�r�s�)�.� �T�h�i�s� �a�p�p�l�i�e�s� �a�n�y�w�h�e�r�e� �b�e�l�o�w� �T�,�.� �L�u�n�n�'�s� �d�a�t�a� �s�h�o�w�s�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �t�h�e�r�e� �i�s� 

�s�i�g�n�i�f�i�c�a�n�t� �m�o�b�i�l�i�t�y� �a�t� �e�v�e�n� �3�0�°�C� �b�e�l�o�w� �T�,� �f�o�r� �l�o�s�s� �o�f� �o�r�i�e�n�t�a�t�i�o�n� �t�o� �o�c�c�u�r�.� �T�h�e� �a�u�t�h�o�r�s �� 

�w�o�r�k� �a�l�s�o� �s�h�o�w�e�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �c�o�o�p�e�r�a�t�i�v�e� �m�o�t�i�o�n�s� �b�e�t�w�e�e�n� �c�h�a�i�n� �s�e�g�m�e�n�t�s� �a�n�d� �n�o� 

�c�h�a�n�g�e� �i�n� �i�n�t�e�r�c�h�a�i�n� �b�o�n�d�i�n�g� �w�i�t�h� �o�r�i�e�n�t�a�t�i�o�n�.� �I�t� �w�a�s� �f�o�u�n�d�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �t�h�e� �2�9�7�1� �c�m�7�!� 

�a�b�s�o�r�p�t�i�o�n� �p�e�a�k� �w�a�s� �l�o�w�e�r� �i�n� �f�r�e�q�u�e�n�c�y� �f�o�r� �t�h�e� �s�a�m�p�l�e�s� �w�i�t�h� �p�a�r�a�l�l�e�l� �p�o�l�a�r�i�z�a�t�i�o�n� �t�h�a�n� �f�o�r� 

�t�h�o�s�e� �w�i�t�h� �p�e�r�p�e�n�d�i�c�u�l�a�r� �p�o�l�a�r�i�z�a�t�i�o�n�.� �T�h�e�s�e� �f�r�e�q�u�e�n�c�y� �s�h�i�f�t�s� �w�e�r�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �s�t�r�e�t�c�h� 

�t�e�m�p�e�r�a�t�u�r�e�.� �S�i�n�c�e� �t�h�e� �p�a�r�a�l�l�e�l� �p�o�l�a�r�i�z�a�t�i�o�n� �c�o�r�r�e�s�p�o�n�d�s� �w�i�t�h� �t�h�e� �c�h�a�i�n�s� �a�l�i�g�n�e�d� �w�i�t�h� �t�h�e� 

�m�a�c�h�i�n�e� �d�i�r�e�c�t�i�o�n�,� �i�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�e� �s�l�i�g�h�t� �s�h�i�f�t� �i�n� �f�r�e�q�u�e�n�c�y� �w�a�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� 

�b�e�t�t�e�r� �p�a�c�k�i�n�g� �o�r�d�e�r� �o�f� �t�h�e�s�e� �o�r�i�e�n�t�e�d� �c�h�a�i�n�s�.� �T�h�e� �p�e�r�p�e�n�d�i�c�u�l�a�r� �p�o�l�a�r�i�z�a�t�i�o�n� �w�o�u�l�d� 

�c�o�n�s�t�i�t�u�t�e� �t�h�o�s�e� �c�h�a�m�s� �l�y�i�n�g� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �s�t�r�e�t�c�h� �d�i�r�e�c�t�i�o�n� �t�h�e�r�e�b�y� �h�a�v�i�n�g� �a� �l�o�w�e�r� 
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�p�a�c�k�i�n�g� �d�e�n�s�i�t�y� �a�n�d� �l�e�s�s� �v�i�b�r�a�t�i�o�n�a�l� �h�i�n�d�r�a�n�c�e�.� �T�h�e�s�e� �f�i�n�d�i�n�g�s� �a�l�s�o� �a�p�p�e�a�r� �t�o� �c�o�r�r�e�l�a�t�e� 

�w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�i�n�g� �d�e�n�s�i�t�y� �p�h�e�n�o�m�e�n�o�n� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�.� 

�I�n� �s�u�m�m�a�r�y�,� �t�h�e� �p�r�o�c�e�s�s� �o�f� �c�o�l�d� �d�r�a�w�i�n�g� �i�s� �f�o�u�n�d� �t�o� �h�a�v�e� �a� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �t�h�e� 

�m�o�b�i�l�i�t�y� �a�n�d� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �r�a�t�e� �o�f� �p�o�l�y�c�a�r�b�o�n�a�t�e� �a�n�d� �o�t�h�e�r� �p�o�l�y�m�e�r�s�.� �T�h�i�s� �i�s� �b�e�l�i�e�v�e�d� �t�o� 

�b�e� �d�u�e� �t�o� �t�h�e� �p�a�r�t�i�a�l� �r�e�l�a�x�a�t�i�o�n� �o�f� �r�e�s�i�d�u�a�l� �s�t�r�e�s�s�e�s� �a�l�t�h�o�u�g�h� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �i�s� 

�w�a�r�r�a�n�t�e�d�.� �I�n� �c�o�n�t�r�a�s�t�,� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �s�t�u�d�i�e�s� �w�e�r�e� �p�r�e�s�e�n�t� �o�n� �t�h�e� �e�f�f�e�c�t�s� �o�f� �h�o�t� �d�r�a�w�i�n�g� 

�e�x�c�e�p�t� �f�o�r� �S�t�r�u�i�k�'�s� �w�o�r�k� �w�i�t�h� �P�V�C�.�'�*� �S�t�r�u�i�k ��s� �d�a�t�a� �d�i�d� �n�o�t� �s�h�o�w� �a�n� �i�n�c�r�e�a�s�e� �i�n� �a�g�i�n�g� �r�a�t�e� 

�a�l�t�h�o�u�g�h� �t�h�e�r�e� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t� �s�c�a�t�t�e�r� �i�n� �t�h�e� �d�a�t�a�.� �S�t�r�u�i�k ��s� �d�a�t�a� �a�r�e� �m� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� 

�r�e�s�i�d�u�a�l� �s�t�r�e�s�s� �t�h�e�o�r�y� �s�i�n�c�e� �t�h�e� �h�o�t� �d�r�a�w�n� �s�a�m�p�l�e�s� �s�h�o�u�l�d� �h�a�v�e� �m�i�n�i�m�a�l� �r�e�s�i�d�u�a�l� �s�t�r�e�s�s�e�s�.� 

�N�o�n�e�t�h�e�l�e�s�s�,� �m�o�r�e� �w�o�r�k� �i�s� �n�e�e�d�e�d� �t�o� �f�u�l�l�y� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �a�g�i�n�g� �b�e�h�a�v�i�o�r�,� �p�a�r�t�i�c�u�l�a�r�l�y� 

�t�h�e� �v�o�l�u�m�e� �r�e�l�a�x�a�t�i�o�n�,� �b�e�f�o�r�e� �a�n�y� �c�o�m�p�a�r�i�s�o�n�s� �c�a�n� �b�e� �m�a�d�e�.� 

�2�.�6� �R�e�f�e�r�e�n�c�e�s� 

�'� �G�.� �B�.� �M�c�K�e�n�n�a�,� �C�o�m�p�r�e�h�e�n�s�i�v�e� �P�o�l�y�m�e�r� �S�c�i�e�n�c�e�,� �V�o�l� �2�.� �P�o�l�y�m�e�r� �P�r�o�p�e�r�t�i�e�s�,� �C�.� 
�B�o�o�t�h� �a�n�d� �C�.� �P�r�i�c�e�,� �E�d�s�.�,� �P�e�r�g�a�m�o�n�,� �O�x�f�o�r�d�,� �1�9�9�0�.� 

�2� �M�.� �R�.� �T�a�n�t� �a�n�d� �G�.� �L�.� �W�i�l�k�e�s�,� �P�o�l�y�m�.� �E�n�g�r�.� �S�c�i�.� �2�1�,� �8�7�4� �(�1�9�8�1�)�.� 

�M�.� �R�.� �T�a�n�t�,� �M�.� �S�.� �T�h�e�s�i�s�,� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�,� 
�B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�,� �1�9�7�9�.� 

�J�.� �J�.� �A�k�l�o�n�i�s� �a�n�d� �W�.� �J�.� �M�a�c�K�n�i�g�h�t�,� �/�n�t�r�o�d�u�c�t�i�o�n� �t�o� �P�o�l�y�m�e�r� �V�i�s�c�o�e�l�a�s�t�i�c�i�t�y�,� �J�o�h�n� 
�W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k� �1�9�8�3�.� 

�I�.� �M�.� �W�a�r�d�,� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �S�o�l�i�d� �P�o�l�y�m�e�r�s�,� �W�i�l�e�y�-�I�n�t�e�r�s�c�i�e�n�c�e�,� �N�e�w� 
�Y�o�r�k� �1�9�7�1�.� 

�J�.� �D�.� �F�e�r�r�y�,� �V�i�s�c�o�e�l�a�s�t�i�c� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s�,� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� 
�1�9�7�1�.� 

�7� �N�.� �G�.� �M�c�C�r�u�m�,� �B�.� �E�.� �R�e�a�d�,� �a�n�d� �G�.� �W�i�l�l�i�a�m�s�,� �A�n�e�l�a�s�t�i�c� �a�n�d� �D�i�e�l�e�c�t�r�i�c� �E�f�f�e�c�t�s� �i�n� 
�P�o�l�y�m�e�r�i�c� �S�o�l�i�d�s�,� �D�o�v�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�6�7�.� 

�R�.� �S�.� �P�o�r�t�e�r� �a�n�d� �J�.� �F�.� �J�o�h�n�s�o�n�,� �E�d�s�.�,� �A�n�a�l�y�t�i�c�a�l� �C�a�l�o�r�i�m�e�t�r�y�,� �P�l�e�n�u�m�,� �N�e�w� �Y�o�r�k�,� 
�1�9�6�9�.� 

�B�.� �W�u�n�d�e�r�l�i�c�h�,� �T�h�e�r�m�a�l� �A�n�a�l�y�s�i�s�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �B�o�s�t�o�n�,� �1�9�9�0�.� 
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�1�6� 

�1�7� 

�1�8� 

�1�9� 

�2�0� 

�2�1� 

�2�7� 

�2�8� 

�3�0� 

�3�1� 

�3�2� 

�P�.� �E�h�r�e�n�f�e�s�t�,� �P�r�o�c�.� �K�.� �N�e�d�.� �A�k�a�d�.� �W�e�t�.� �3�6�,� �1�5�3� �(�1�9�3�3�)�.� 

�R�.� �A�.� �S�w�a�l�i�n�,� �T�h�e�r�m�o�d�y�n�a�m�i�c�s� �o�f� �S�o�l�i�d�s�,� �2�n�d� �E�d�n�.�,� �W�i�l�e�y�,� �N�e�w� �Y�o�r�k�,� �1�9�7�2�.� 

�P�.� �G�.� �S�h�e�w�m�o�n�,� �T�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �i�n� �M�e�t�a�l�s�,� �M�c�G�r�a�w�-�H�i�l�l�,� �N�e�w� �Y�o�r�k�,� �1�9�6�9�.� 

�G�.� �R�e�h�a�g�e� �a�n�d� �W�.� �B�o�r�c�h�a�r�d� �i�n� �7�h�e� �P�h�y�s�i�c�s� �o�f� �G�l�a�s�s�y� �P�o�l�y�m�e�r�s�,� �R�.� �N�.� �H�a�y�w�o�r�d�,� 
�E�d�.�,� �W�i�l�e�y�,� �N�e�w� �Y�o�r�k�,� �5�4�,� �1�9�7�3�.� 

�W�.� �K�a�u�z�m�a�n�n�,� �C�h�e�m� �R�e�v�.� �4�3�,� �2�1�9� �(�1�9�4�8�)�.� 

�J�.� �H�.� �G�i�b�b�s�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �2�5�,� �1�8�5� �(�1�9�5�6�)�.� 

�J�.� �H�.� �G�i�b�b�s� �a�n�d� �E�.� �A�.� �D�i�M�a�r�z�i�o�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �2�8�,� �3�7�3� �(�1�9�5�8�)�.� 

�E�.� �A�.� �D�i�M�a�r�z�i�o� �a�n�d� �J�.� �H�.� �G�i�b�b�s�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �2�8�,� �8�0�7� �(�1�9�5�8�)�.� 

�P�.� �J�.� �F�l�o�r�y�,� �P�r�i�n�c�i�p�l�e�s� �o�f� �P�o�l�y�m�e�r� �C�h�e�m�i�s�t�r�y�,� �C�o�r�n�e�l�l� �U�n�i�v�e�r�s�i�t�y� �P�r�e�s�s�,� �I�t�h�a�c�a�,� 
�N�Y�,� �1�9�5�3�.� 

�M�.� �L�.� �H�u�g�g�i�n�s�,� �A�n�n�.� �N�.� �Y�.� �A�c�a�d�.� �S�c�i�.� �4�3�,� �1� �(�1�9�4�2�)�.� 

�J�.� �M�.� �G�.� �C�o�w�i�e� �a�n�d� �P�.� �M�.� �T�o�p�o�r�o�w�s�k�i�,� �E�u�r�.� �P�o�l�y�m�.� �J�.� �4�,� �6�2�1� �(�1�9�6�8�)�.� 

�J�.� �A�.� �F�a�u�c�h�e�r�,� �J�.� �P�o�l�y�m�.� �S�c�i�.� �P�t�.� �B�,� �3�,� �1�4�3� �(�1�9�6�5�)�.� 

�R�.� �B�.� �B�e�e�v�e�r�s� �a�n�d� �E�.� �F�.� �T�.� �W�h�i�t�e�,� �T�r�a�n�s�.� �F�a�r�a�d�a�y� �S�o�c�.� �5�6�,� �7�4�4� �(�1�9�6�0�)�.� 

�K�.� �U�e�b�r�r�e�i�t�e�r� �a�n�d� �G�.� �K�a�n�i�g�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �1�8�,� �3�9�9� �(�1�9�5�0�)�.� 

�E�.� �A�.� �D�i�M�a�r�z�i�o�,� �J�.� �R�e�s�.� �N�a�t�l�.� �B�u�r�.� �S�t�a�n�d�.�,� �S�e�c�t�.� �A� �6�8�A�,� �6�1�1� �(�1�9�6�4�)�.� 

�E�.� �A�.� �D�i�M�a�r�z�i�o� �a�n�d� �J�.� �H�.� �G�i�b�b�s�,� �J�.� �P�o�l�y�m�.� �S�c�i�.� �4�0�,� �1�2�1� �(�1�9�5�9�)�.� 

�J�.� �M�.� �G�o�r�d�o�n�,� �G�.� �B�.� �R�o�u�s�e�,� �J�.� �H�.� �G�i�b�b�s� �a�n�d� �W�.� �M�.� �R�i�s�e�n�,� �J�r�.�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �6�6�,� 
�4�9�7�1� �(�1�9�7�7�)�.� 

�T�.� �S�.� �C�h�o�w�,� �F�e�r�r�o�e�l�e�c�t�r�i�c�s� �3�0�,� �1�3�9� �(�1�9�8�0�)�.� 

�E�.� �A�.� �D�i�M�a�r�z�i�o� �a�n�d� �F�.� �D�o�w�e�l�l�,� �J�.� �A�p�p�l�.� �P�h�y�s�.� �5�0�,� �6�0�6�1� �(�1�9�7�9�)�.� 

�E�.� �A�.� �D�i�M�a�r�z�i�o�,� �J�.� �R�e�s�.� �N�a�t�l�.� �B�u�r�.� �S�t�a�n�d�.�,� �S�e�c�t�.� �A�,� �6�8�A�,� �6�1�1� �(�1�9�6�4�)�.� 

�G�.� �G�e�e�,� �P�.� �N�.� �H�a�r�t�l�e�y�,� �J�.� �B�.� �M�.� �H�e�r�b�e�r�t�,� �a�n�d� �H�.� �A�.� �L�a�n�c�e�l�e�y�,� �P�o�l�y�m�e�r� �1�,� �3�6�5� 
�(�1�9�6�0�)�.� 

�R�.� �S�.� �W�i�t�t�e� �a�n�d� �R�.� �L�.� �A�n�t�h�o�n�y�,� �J�.� �A�p�p�l�.� �P�h�y�s�.� �2�2�,� �6�8�9� �(�1�9�6�9�)�.� 

�P�.� �M�a�s�o�n�,� �T�r�a�n�s�.� �F�a�r�a�d�a�y� �S�o�c�.� �5�5�,� �1�4�6�1� �(�1�9�6�9�)�.� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �9�4
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�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� 

�W�.� �V�.� �J�o�h�n�s�t�o�n� �a�n�d� �M�.� �S�h�e�n�,� �J�.� �P�o�l�y�m�.� �S�c�i�.�,� �P�a�r�t� �A�-�2� �7�,� �1�9�8�3� �(�1�9�6�9�)�.� 

�G� �A�d�a�m�s� �a�n�d� �J�.� �H�.� �G�i�b�b�s�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �4�3�,� �1�3�9� �(�1�9�6�5�)�.� 

�S�.� �M�a�t�s�u�o�k�a�,� �R�e�l�a�x�a�t�i�o�n� �P�h�e�n�o�m�e�n�a� �i�n� �P�o�l�y�m�e�r�s�,� �H�a�n�s�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�9�7�2�.� 

�H�.� �V�o�g�e�l�,� �P�h�y�s�.� �Z�.� �2�2�,� �6�4�5� �(�1�9�2�1�)�.� 

�G�.� �S�.� �F�u�l�c�h�e�r�,� �J�.� �A�m�.� �C�e�r�a�m�.� �S�o�c�.� �8�,� �3�3�9� �(�1�9�2�5�)�.� 

�G�.� �T�a�m�m�a�n�n� �a�n�d� �W�.� �H�e�s�s�e�,� �Z�.� �A�n�o�r�g�.� �A�l�l�g�.� �C�h�e�m�.� �1�5�6�,� �2�4�5� �(�1�9�2�6�)�.� 

�R�.� �N�.� �H�a�w�a�r�d�,� �T�h�e� �P�h�y�s�i�c�s� �o�f� �G�l�a�s�s�y� �P�o�l�y�m�e�r�s�,� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� 
�2�6�,� �1�9�7�3�.� 

�A�.� �B�o�n�d�i�,� �J�.� �P�h�y�s�.� �C�h�e�m�.� �5�8�,� �9�2�9� �(�1�9�5�4�)�.� 

�M�.� �H�.� �C�o�h�e�n� �a�n�d� �D�.� �T�u�r�n�b�u�l�l�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �3�1�,� �1�1�6�4� �(�1�9�5�9�)�.� 

�D�.� �T�u�r�n�b�u�l�l� �a�n�d� �M�.� �H�.� �C�o�h�e�n�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �3�4�,� �1�2�0� �(�1�9�6�1�)�.� 

�R�.� �S�i�m�h�a� �a�n�d� �T�.� �S�o�m�c�y�n�s�k�y�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s� �2�,� �3�4�2� �(�1�9�6�9�)�.� 

�T�.� �S�o�m�c�y�n�s�k�y� �a�n�d� �R�.� �S�i�m�h�a�,� �J�.� �A�p�p�l�.� �P�h�y�s�.� �4�2�,� �4�5�4�5� �(�1�9�7�1�)�.� 

�J�.� �A�.� �F�a�u�c�h�e�r�,� �J�.� �P�o�l�y�m�.� �S�c�i�.� �,� �P�t�.� �B�,� �3�,� �1�4�3� �(�1�9�6�5�)�.� 

�G�.� �P�e�z�z�m�,� �F�.� �Z�i�l�l�i�o�-�G�r�a�n�d�i� �a�n�d� �P�.� �S�a�m�m�a�r�t�i�n�,� �E�u�r�.� �P�o�l�y�m�.� �J�.� �6�,� �1�0�5�3� �(�1�9�7�0�)�.� 

�S�.� �L�o�s�h�a�e�k�,� �J�.� �P�o�l�y�m�.� �S�c�i�.� �1�5�,� �3�9�1� �(�1�9�5�5�)�.� 

�T�.� �G�.� �F�o�x�,� �a�n�d� �S�.� �L�o�s�h�a�e�k�,� �J�.� �P�o�l�y�m�.� �S�c�i�.� �1�5�,� �3�7�1� �(�1�9�5�5�)�.� 

�M�.� �G�o�r�d�o�n� �a�n�d� �J�.� �S�.� �T�a�y�l�o�r�,� �J�.� �A�p�p�l�.� �C�h�e�m�.� �2�,� �4�9�3� �(�1�9�5�2�)�.� 

�G�.� �W�i�l�l�i�a�m�s�,� �T�r�a�n�s�.� �F�a�r�a�d�a�y� �S�o�c�.�,� �6�0�,� �1�5�5�6� �(�1�9�6�4�)�.� 

�L�.� �C�.� �E�.� �S�t�r�u�i�k�,� �P�h�y�s�i�c�a�l� �A�g�i�n�g� �i�n� �A�m�o�r�p�h�o�u�s� �P�o�l�y�m�e�r�s� �a�n�d� �O�t�h�e�r� �M�a�t�e�r�i�a�l�s�,� 
�E�l�s�e�v�i�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�7�8�.� 

�L�.� �C�.� �E�.� �S�t�r�u�i�k�,� �J�n�t�e�r�n�a�l� �S�t�r�e�s�s�,� �D�i�m�e�n�s�i�o�n�a�l� �I�n�s�t�a�b�i�l�i�t�i�e�s� �a�n�d� �M�o�l�e�c�u�l�a�r� 
�O�r�i�e�n�t�a�t�i�o�n�s� �i�n� �P�l�a�s�t�i�c�s�,� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� �7�7�,� �1�9�9�0�.� 

�L�.� �C�.� �E�.� �S�t�r�u�i�k�,� �P�h�y�s�i�c�a�l� �A�g�i�n�g� �i�n� �A�m�o�r�p�h�o�u�s� �P�o�l�y�m�e�r�s� �a�n�d� �O�t�h�e�r� �M�a�t�e�r�i�a�l�s�,� 
�E�l�s�e�v�i�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�7�8�.� 

�T�.� �A�.� �L�i�t�o�v�i�t�z� �a�n�d� �P�.� �M�a�c�e�d�o�,� �P�r�o�c�e�e�d�i�n�g�s� �I�n�t�e�r�n�a�t�i�o�n�a�l� �C�o�n�f�e�r�e�n�c�e� �o�n� �P�h�y�s�i�c�s� 
�o�f� �N�o�n�-�C�r�y�s�t�a�l�l�i�n�e� �S�o�l�i�d�s�,� �J�.� �A�.� �P�r�i�n�s�,� �E�d�.�,� �N�o�r�t�h� �H�o�l�l�a�n�d�,� �A�m�s�t�e�r�d�a�m�,� �1�9�6�5�.
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�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� 

�R�.� �N�.� �H�a�y�w�a�r�d�,� �J�.� �M�a�c�r�o�m�o�l�.� �S�c�i�.� �C�4�,� �1�9�1� �(�1�9�7�0�)�.� 

�F�.� �B�u�e�c�h�e�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �3�6�,� �2�9�4�0� �(�1�9�6�2�)�.� 

�R�.� �W�i�m�b�e�r�g�e�r�-�F�r�i�e�d�l� �a�n�d� �J�.� �G�.� �d�e� �B�r�u�i�n�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s� �2�9�,� �4�9�9�2� �(�1�9�9�6�)�.� 

�S�.� �M�a�t�s�u�o�k�a�,� �H�.� �E�.� �B�a�i�r�,� �S�.� �S�.� �B�e�a�r�d�e�r�,� �H�.� �E�.� �K�e�r�n�,� �a�n�d� �J�.� �T�.� �R�y�a�n�,� �P�o�l�y�m�.� �E�n�g�.� 
�S�c�i�.� �1�8�,� �1�0�7�3� �(�1�9�7�8�)�.� 

�S�.� �M�a�t�s�u�o�k�a� �a�n�d� �H�.� �E�.� �B�a�i�r�,� �J�.� �A�p�p�l�.� �P�h�y�s�.� �4�8�,� �4�0�5�8� �(�1�9�7�7�)�.� 

�N�.� �B�e�k�k�e�d�a�h�l�,� �J�.� �R�e�s�.� �N�a�t�l�.� �B�u�r�e�a�u� �S�t�d�s� �4�2�,� �1�4�5� �(�1�9�4�9�)�.� 

�P�.� �Z�o�l�l�e�r�,�  ��D�i�l�a�t�o�m�e�t�r�y �� �i�n� �E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �P�o�l�y�m�e�r� �S�c�i�e�n�c�e� �a�n�d� �E�n�g�i�n�e�e�r�i�n�g�,� 
�V�o�L� �5�,� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� �1�9�8�3�.� 

�O�.� �S�.� �T�y�a�g�i� �a�n�d� �D�.� �D�.� �D�e�s�h�p�a�n�d�e�,� �J�.� �A�p�p�l�.� �P�o�l�y�.� �S�c�i�.� �3�7�,� �2�0�4�1� �(�1�9�8�9�)�.� 

�J�.� �E�.� �M�c�K�i�n�n�e�y� �a�n�d� �M�.� �G�o�l�d�s�t�e�m�,� �J�.� �R�e�s�.� �N�a�t�l�.� �B�u�r�.� �S�t�a�n�d�.�,� �S�e�c�t�.� �A�,� �6�8�A�,� �2�7�3� 
�(�1�9�6�4�)�.� 

�H�.�.�-�J�.� �O�e�l�s� �a�n�d� �G�.� �R�e�h�a�g�e�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s� �1�0�,� �1�0�3�6� �(�1�9�7�7�)�.� 

�C�.� �A�.� �A�n�g�e�l�l� �a�n�d� �W�.� �S�i�c�h�i�n�a�,� �A�n�n�.� �N�.� �Y�.� �A�c�a�d�.� �S�c�i�.� �2�7�9�,� �5�3� �(�1�9�7�6�)�.� 

�A�.� �Q�u�a�c�h� �a�n�d� �R�.� �S�i�m�h�a�,� �J�.� �A�p�p�l�.� �P�h�y�s�.� �4�2�,� �4�5�9�2� �(�1�9�7�1�)�.� 

�A�.� �J�.� �K�o�v�a�c�s�,� �J�.� �P�o�l�y�m�.� �S�c�i�.� �3�0�,� �1�3�1� �(�1�9�5�8�)�.� 

�L�.� �C�.� �E�.� �S�t�r�u�i�k�,� �J�n�t�e�r�n�a�l� �S�t�r�e�s�s�,� �D�i�m�e�n�s�i�o�n�a�l� �I�n�s�t�a�b�i�l�i�t�i�e�s� �a�n�d� �M�o�l�e�c�u�l�a�r� 
�O�r�i�e�n�t�a�t�i�o�n�s� �i�n� �P�l�a�s�t�i�c�s�,� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� �7�,� �1�9�9�0�.� 

�R�.� �G�r�e�i�n�e�r� �a�n�d� �F�.� �R�.� �S�c�h�w�a�r�z�l�,� �R�h�e�o� �A�c�t�a� �2�3�,� �3�7�8� �(�1�9�8�4�)�.� 

�A�.� �J�.� �K�o�v�a�c�s�,� �F�o�r�t�s�c�h�r�.� �H�o�c�h�p�o�l�y�m�.�-�F�o�r�s�c�h�.� �3�,� �3�9�4� �(�1�9�6�3�)�.� 

�A�.� �J�.� �K�o�v�a�c�s�,� �J�.� �P�o�l�y�m�.� �S�c�i�.� �3�0�,� �1�3�1� �(�1�9�5�8�)�.� 

�A�.� �J�.� �K�o�v�a�c�s�,� �A�d�v�.� �P�o�l�y�m�.� �S�c�i�.� �3�,� �3�9�4� �(�1�9�6�3�)�.� 

�D�.� �N�g� �a�n�d� �J�.� �J�.� �A�k�l�o�n�i�s�,� �m� �R�e�l�a�x�a�t�i�o�n�s� �i�n� �C�o�m�p�l�e�x� �S�y�s�t�e�m�s�,� �E�d�s�.� �K�.� �L�.� �N�g�a�i� �a�n�d� 
�G�.� �B�.� �W�r�i�g�h�t�,� �U�.�S�.� �G�o�v�e�r�n�m�e�n�t� �P�r�i�n�t�i�n�g� �O�f�f�i�c�e�,� �W�a�s�h�i�n�g�t�o�n� �D�.�C�.�,� �1�9�8�5�.� 

�J�.� �M�i�j�o�v�i�c�,� �L�.� �N�i�c�o�l�a�i�s�,� �A�.� �D ��A�m�o�r�e� �a�n�d� �J�.� �M�.� �K�e�n�n�y�,� �P�o�l�y� �E�n�g�.� �S�c�i�.� �3�4�,� �3�8�1� 
�(�1�9�9�4�)�.� 

�A�.� �Q�.� �T�o�o�l� �a�n�d� �C�.� �G�.�E�i�c�h�l�i�n�,� �J�.� �A�m�.� �C�e�r�a�m�.� �S�o�c�.� �1�4�,� �2�7�6� �(�1�9�3�1�)�.� 

�A�.� �Q�.� �T�o�o�l�,� �J�.� �A�m�.� �C�e�r�a�m�.� �S�o�c�.� �2�9�,� �2�4�0� �(�1�9�4�6�)�.
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�8�0� �P�.� �B�.� �M�a�c�e�d�o� �a�n�d� �T�.� �A�.� �L�i�t�o�v�i�t�z�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �6�2�,� �2�4�5� �(�1�9�6�5�)�.� 

�S�t� �O�.� �V�.� �M�a�z�u�r�i�n�,� �P�.� �K�l�u�y�e�r�,� �a�n�d� �S�.� �V�.� �S�t�o�l�y�a�r�,� �G�l�a�s�t�e�c�h� �B�e�r�.� �5�6�,� �1�1�4�8� �(�1�9�8�3�)�.� 

�8�2� �F�.� �S�.� �H�o�w�e�l�l�,� �P�.�A�.� �B�o�s�e�,� �P�.� �B�.� �M�a�c�e�d�o�,� �a�n�d� �C�.� �T�.� �M�o�y�n�i�h�a�n�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �7�8�,� 
�6�3�9� �(�1�9�5�8�)�.� 

�8� �D�.� �J�.� �P�l�a�z�e�k� �a�n�d� �J�.� �H�.� �M�a�g�i�l�l�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �4�5�,� �3�0�3�8� �(�1�9�6�6�)�.� 

 ��4� �G�.� �W�.� �S�c�h�e�r�e�r�,� �J�.� �A�m�.� �C�e�r�a�m�.� �S�o�c�.� �6�7�,� �5�0�4� �(�1�9�8�6�)�.� 

�8� �S�.� �M�a�t�s�u�o�k�a�,� �J�.� �R�h�e�o�l�.� �3�0�,� �8�6�9� �(�1�9�8�6�)�.� 

�8�6� �I�.� �M�.� �H�o�d�g�e�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s� �2�0�,� �2�8�9�7� �(�1�9�8�7�)�.� 

�"�7� �W�.� �M�.� �P�r�e�s�t� �J�r�.�,� �J�.� �M�.� �O ��R�e�i�l�l�y�,� �F�.� �J�.� �R�o�b�e�r�t�s�,� �a�n�d� �R�.� �A�.� �M�o�s�h�e�r�,� �P�o�l�y�m�.� �E�n�g�.� �S�c�i�.� 
�2�1�,� �1�1�8�1� �(�1�9�8�1�)�.� 

�5�8� �G�.� �S�c�h�e�r�e�r�,� �R�e�l�a�x�a�t�i�o�n� �i�n� �G�l�a�s�s� �a�n�d� �C�o�m�p�o�s�i�t�e�s�,� �W�i�l�e�y�,� �N�e�w� �Y�o�r�k�,� �1�9�8�6�.� 

�8� �S�.� �M�a�t�s�u�o�k�a�,� �J�.� �R�h�e�o�l�.� �3�0�,� �8�6�9� �(�1�9�8�6�)�.� 

�*� �M�.� �G�o�l�d�s�t�e�i�n�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �6�4�,� �4�7�6�7� �(�1�9�7�6�)�.� 

�7�1� �B�.� �E�.� �R�e�a�d�,� �J�.� �R�h�e�o�l�.� �3�6�,� �1�7�1�9� �(�1�9�9�2�)�.� 

�7�2� �B�.� �E�.� �R�e�a�d�,� �J�.� �N�o�n�-�C�r�y�s�t�a�l�l�i�n�e� �S�o�l�i�d�s� �1�3�1�-�1�3�3�,� �4�0�8� �(�1�9�9�1�)�.� 

�8� �B�.� �E�.� �R�e�a�d�,� �P�.� �E�.� �T�o�m�l�i�n�s�,� �a�n�d� �G�.� �D�.� �D�e�a�n�,� �P�o�l�y�m�e�r� �3�1�,� �1�2�0�4� �(�1�9�9�0�)�.� 

�m�4� �S�.� �S�.� �S�t�e�r�n�s�t�e�i�n� �a�n�d� �T�.� �C�.� �H�o�,� �J�.� �A�p�p�l�.� �P�h�y�s�.� �4�3�,� �4�3�7�0� �(�1�9�7�2�)�.� 

�7�5� �S�.� �S�.� �S�t�e�r�n�s�t�e�i�n�,� �P�o�l�y�m�.� �P�r�e�p�r�.� �1�7�,� �1�3�6� �(�1�9�7�6�)�.� 

�*� �F�.� �A�.� �M�y�e�r�s� �a�n�d� �S�.� �S�.� �S�t�e�r�n�s�t�e�i�n�,� �P�r�o�c�e�e�d�i�n�g�s� �V�I�I�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� �C�o�n�g�r�e�s�s� �o�n� 
�R�h�e�o�l�o�g�y�,� �C�.� �K�l�a�s�o�n� �a�n�d� �J�.� �K�u�b�a�t� �E�d�s�.�,� �G�o�t�e�b�o�r�g�,� �2�6�0�,� �1�9�7�6�.� 

�7� �L�.� �C�.� �E�.� �S�t�r�u�i�k�,� �P�o�l�y�m�e�r� �2�1�,� �9�6�2� �(�1�9�8�0�)�.� 

�9�8� �G�.� �B�.� �M�c�K�e�n�n�a�,� �J�.� �N�o�n�C�r�y�s�t�a�l�l�i�n�e� �S�o�l�i�d�s�,� �i�m� �p�r�e�s�s�.� 

 �� �C�.� �G ��S�e�l�l� �a�n�d� �G�.� �B�.� �M�c�K�e�n�n�a�,� �P�o�l�y�m�e�r� �3�3�,� �2�1�0�3� �(�1�9�9�2�)�.� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� 

�R�.� �G�a�r�d�o�n� �a�n�d� �O�.� �S�.� �N�a�r�a�y�a�n�a�s�w�a�m�y�,� �J�.� �A�m� �C�e�r�a�m�.� �S�o�c�.� �5�3�,� �3�8�0� �(�1�9�7�0�)�.� 

�O�.� �S�.� �N�a�r�a�y�a�n�a�s�w�a�m�y�,� �J�.� �A�m�.� �C�e�r�a�m�.� �S�o�c�.� �5�4�,� �4�9�1� �(�1�9�7�1�)�.� 

�I�.� �M�.� �H�o�d�g�e�,� �J�.� �N�o�n�-�C�r�y�s�t�a�l�l�i�n�e� �S�o�l�i�d�s� �1�3�1�-�1�3�3�,� �4�3�5� �(�1�9�9�1�)�.
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�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� 

�M�.� �M�.� �S�a�n�t�o�r�e�,� �R�.� �S�.� �D�u�r�a�n�,� �a�n�d� �G�.� �B�.� �M�c�K�e�n�n�a�,� �P�o�l�y�m�e�r� �3�2�,� �2�3�7�7� �(�1�9�9�1�)�.� 

�A�.� �L�e�e� �a�n�d� �G�.� �B�.� �M�c�K�e�n�n�a�,� �P�o�l�y�m�e�r� �3�1�,� �4�2�3� �(�1�9�9�0�)�.� 

�G�.� �B�.� �M�c�K�e�n�n�a� �a�n�d� �L�.� �J�.� �Z�a�p�a�s�,� �P�o�l�y�.� �E�n�g�r�.� �S�c�i�.� �2�6�,� �7�2�5� �(�1�9�8�6�)�.� 

�K�.� �L�.� �N�g�a�i� �a�n�d� �A�.� �F�.� �Y�e�e�, ��N�o�n�l�i�n�e�a�r� �B�e�h�a�v�i�o�r� �o�f� �G�l�a�s�s�y� �P�o�l�y�m�e�r�s�, �� �i�n� 
�R�e�l�a�x�a�t�i�o�n�s� �i�n� �C�o�m�p�l�e�x� �S�y�s�t�e�m�s�,� �K�.� �L�.� �N�g�a�i� �a�n�d� �G�.� �B�.� �W�r�i�g�h�t�,� �E�d�s�.�,� �U�.�S�.� 
�G�o�v�e�r�n�m�e�n�t� �P�r�i�n�t�i�n�g� �O�f�f�i�c�e�,� �1�9�8�5�.� 

�T�.� �L�.� �S�m�i�t�h� �a�n�d� �T�.� �R�i�c�c�o�,� �P�a�p�e�r� �D�T�7�,� �D�i�v�i�s�i�o�n� �o�f� �H�i�g�h� �P�o�l�y�m�e�r� �P�h�y�s�i�c�s�,� �1�9�8�4� 
�M�e�e�t�i�n�g� �o�f� �t�h�e� �A�m�e�r�i�c�a�n� �P�h�y�s�i�c�a�l� �S�o�c�i�e�t�y�,� �D�e�t�r�o�i�t�,� �(�1�9�8�4�)�.� 

�H�.� �J�.� �K�o�l�m�a�n�,� �K�.� �A�r�d�,� �a�n�d� �C�.� �L�.� �B�e�a�t�t�y�,� �A�C�S� �O�r�g�.� �C�o�a�t�i�n�g�s� �P�l�a�s�t�i�c�s� �C�h�e�m�.� �4�5�,� 
�7�3�2� �(�1�9�8�1�)�.� 

�A�.� �F�.� �Y�e�e� �a�n�d� �M�.� �T�.� �T�a�k�e�m�o�r�i�,� �J�;� �P�o�l�y�m�.� �S�c�i�.� �P�o�l�y�m�.� �P�h�y�s�.� �E�d�.� �2�0�,� �2�0�5� �(�1�9�8�2�)�.� 

�B�.� �E�s�c�a�i�g�,� �P�o�l�y�m�.� �E�n�g�.� �S�c�i�.� �2�4�,� �7�3�7� �(�1�9�8�4�)�.� 

�D�.� �C�.� �W�a�t�t�s� �a�n�d� �E�.� �P�.� �P�e�r�r�y�,� �P�o�l�y�m�e�r� �1�9�,� �2�4�8� �(�1�9�7�8�)�.� 

�R�.� �A�.� �B�u�b�e�c�k�,� �S�.� �E�.� �B�a�l�e�s�,� �a�n�d� �H�.�-�D�.� �L�e�e�,� �P�o�l�y� �E�n�g�.� �S�c�i�.� �2�4�,� �1�1�4�2� �(�1�9�8�4�)�.� 

�I�.� �M�.� �H�o�d�g�e�,� �J�.� �N�o�n�-�C�r�y�s�t�a�l�l�i�n�e� �S�o�l�i�d�s� �1�6�9�,� �2�1�1� �(�1�9�9�4�)�.� 

�H�L�.� �E�.� �B�a�i�r�,�  ��G�l�a�s�s� �T�r�a�n�s�i�t�i�o�n� �M�e�a�s�u�r�e�m�e�n�t�s� �b�y� �D�S�C�, �� �i�n� �A�s�s�i�g�n�m�e�n�t� �o�f� �t�h�e� �G�l�a�s�s� 
�T�r�a�n�s�i�t�i�o�n�,� �A�S�T�M� �S�T�P� �1�2�4�9�,� �R�.� �J�.� �S�e�y�l�e�r�,� �E�d�.�,� �P�h�i�l�a�d�e�l�p�h�i�a� �5�0�-�7�4�,� �1�9�9�4�.� 

�B�.� �W�u�n�d�e�r�l�i�c�h�,� �7�h�e�r�m�a�l� �A�n�a�l�y�s�i�s�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �B�o�s�t�o�n�,� �1�9�9�0�.� 

�S�.� �E�.� �B�.� �P�e�t�r�i�e�,� �J�.� �P�o�l�y� �S�c�i�.� �A�-�2� �1�0�,� �1�2�5�5� �(�1�9�7�2�)�.� 

�L� �M�.� �H�o�d�g�e� �a�n�d� �A�.� �R�.� �B�e�r�e�n�s�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s� �1�5�,� �7�6�2� �(�1�9�8�2�)�.� 

�I� �M�.� �H�o�d�g�e� �a�n�d� �G�.� �S�.� �H�u�v�a�r�d�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s� �1�6�,� �3�7�1� �(�1�9�8�3�)�.� 

�A�.� �J�.� �K�o�v�a�c�s�,� �J�.�J�.� �A�K�l�o�n�i�s�,� �J�.� �M�.� �H�u�t�c�h�i�n�s�o�n�,� �a�n�d� �A�.� �R�.� �R�a�m�o�s�,� �J�.� �P�o�l�y�.� �S�c�i�.�,� �P�o�l�y�.� 
�P�h�y�s�i�c�s� �E�d�.� �1�7�,� �1�0�9�7� �(�1�9�7�9�)�.� 

�J�.� �M�.� �O ��R�e�i�l�l�y�,� �C�R�C� �C�r�i�t�i�c�a�l� �R�e�v�i�e�w�s� �i�n� �S�o�l�i�d� �S�t�a�t�e� �a�n�d� �M�a�t�e�r�i�a�l�s� �S�c�i�e�n�c�e� �1�3�,� 
�2�5�9� �(�1�9�8�7�)�.� 

�T�.� �S�.� �C�h�o�w� �a�n�d� �W�.� �M�.� �P�r�e�s�t� �J�r�.�,� �J�.� �A�p�p�l�.� �P�h�y�s�.� �5�3�,� �6�5�7�8� �(�1�9�8�2�)�.� 

�K�.� �A�d�a�c�h�i� �a�n�d� �T�.� �K�o�t�a�k�a�,� �P�o�l�y�m�.� �J�.� �1�4�,� �9�5�9� �(�1�9�8�2�)�.� 

�J�.� �M�i�j�o�v�i�c� �a�n�d� �T�.� �H�o�,� �P�o�l�y�m�e�r� �3�4�,� �3�8�6�5� �(�1�9�9�3�)�.
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�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� 

�H�.� �S�a�s�a�b�e� �a�n�d� �C�.� �T�.� �M�o�y�n�i�h�a�n�,� �J�.� �P�o�l�y�m�.� �S�c�i�.� �P�h�y�s�.� �E�d�.� �1�6�,� �1�4�4�7� �(�1�9�7�8�)�.� 

�J�.� �M�.� �O ��R�e�i�l�l�y� �a�n�d� �J�.� �S�.� �S�e�d�i�t�a�,� �J�.� �N�o�n�-�C�r�y�s�t�a�l�l�i�n�e� �S�o�l�i�d�s� �1�3�1�-�1�3�3�,� �1�1�4�0� �(�1�9�9�1�)�.� 

�A�.� �R�.� �B�e�r�e�n�s� �a�n�d� �I�.� �M�.� �H�o�d�g�e�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s� �1�5�,� �7�5�6� �(�1�9�8�2�)�.� 

�R�.� �E�.� �R�o�b�e�r�t�s�o�n�,� �J�.� �A�p�p�l�.� �P�h�y�s�.� �4�9�,� �5�0�4�8� �(�1�9�7�8�)�.� 

�Y�.� �C�.� �J�e�a�n� �a�n�d� �Q�.� �D�e�n�g�,� �J�.� �P�o�l�y�m�.� �S�c�i�.� �B�3�0�,� �1�3�5�9� �(�1�9�9�2�)�.� 

�P�.� �H�a�u�t�o�j�a�r�v�i� �a�n�d� �A�.� �V�e�h�a�n�e�n�,� �i�n� �P�o�s�i�t�r�o�n�s� �i�n� �S�o�l�i�d�s�,� �P�.� �H�a�u�t�o�j�a�r�v�i� �E�d�.�,� �S�p�r�i�n�g�e�r�-� 
�V�e�r�l�a�g�,� �B�e�r�l�i�n�,� �1�9�7�9�.� 

�J�.� �E�.� �K�l�u�i�n�,� �e�t� �a�l�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s� �2�6�,� �1�8�5�3� �(�1�9�9�3�)�.� 

�H�.� �N�a�k�a�n�i�s�h�,� �S�.� �J�.� �W�a�n�g� �a�n�d� �Y�.� �C�.� �J�e�a�n�,� �i�n� �P�o�s�i�t�r�o�n� �A�n�n�i�h�i�l�a�t�i�o�n� �S�t�u�d�i�e�s� �o�f� 
�F�l�u�i�d�s�,� �S�.� �C�.� �S�h�a�r�m�a�,� �E�d�.�,� �W�o�r�l�d� �S�c�i�e�n�c�e�,� �S�i�n�g�a�p�o�r�e� �2�9�2� �(�1�9�8�8�)�.� 

�Y�.� �C�.� �J�e�a�n� �a�n�d� �H�.� �S�h�i�,� �J�.� �o�f� �N�o�n�-�C�r�y�s�t�a�l�l�i�n�e� �S�o�l�i�d�s� �0�0�.� �4�0�3�2� �(�1�9�9�4�)�.� 

�Y�.� �C�.� �J�e�a�n�,� �H�.� �N�a�k�a�n�i�s�h�i�,� �L�.� �Y�.� �H�a�o�,� �a�n�d� �T�.� �C�.� �S�a�n�d�r�e�c�z�k�i�,� �P�h�y�s�i�c�a�l� �R�e�v�i�e�w� �B� �4�2�,� 
�9�7�0�5� �(�1�9�9�0�)�.� 

�A�.�J�.� �H�i�l�l�,� �P�.� �J�.� �J�o�n�e�s�,� �J�.� �H�.� �L�i�n�d�,� �a�n�d� �G�.� �W�.� �P�e�a�r�s�a�l�l�,� �J�.� �P�o�l�y�m�.� �S�c�i�.� �A�2�6�,� �1�5�4�1� 
�(�1�9�8�8�)�.� 

�A�.� �J�.� �H�i�l�l�,� �J�.� �K�.� �H�e�a�t�e�r�,� �a�n�d� �C�.� �M�.� �A�g�r�a�w�a�l�,� �J�.� �P�o�l�y�m�.� �S�c�i�.� �B�2�8�,� �3�8�7� �(�1�9�9�0�)�.� 

�J�.� �L�i�u�,� �Q�.� �D�e�n�g�,� �a�n�d� �Y�.� �C�.� �J�e�a�n�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s� �2�6�,� �7�1�4�9� �(�1�9�9�3�)�.� 

�R�.�-�J�.� �R�o�e�,� �i�n� �A�d�v�a�n�c�e�s� �i�n� �P�o�l�y�m�e�r� �S�c�i�e�n�c�e�,� �V�o�l�.� �1�1�6�.� �A�t�o�m�i�s�t�i�c� �M�o�d�e�l�i�n�g� �o�f� 
�P�h�y�s�i�c�a�l� �P�r�o�p�e�r�t�i�e�s�,� �L�.� �M�o�n�n�e�r�i�e� �a�n�d� �U�.� �W�.� �S�u�t�e�r�,� �E�d�s�.�,� �S�p�r�i�n�g�e�r�-�V�e�r�l�a�g�,� �B�e�r�l�i�n�,� 
�V�o�l� �1�1�6�,� �1�9�9�4�.� 

�J�.� �K�r�i�s�t�i�a�k�,� �J�.� �B�a�r�t�o�s�,� �K�.� �K�r�i�s�t�i�a�k�o�v�a�,� �O�.� �S�a�u�s�a�,� �a�n�d� �P�.� �B�a�n�d�z�u�c�h�,� �P�h�y�s�i�c�a�l� �R�e�v�i�e�w� 
�B� �4�9�,� �6�6�0�1� �(�1�9�9�4�)�.� 

�M�.� �Y�.� �R�u�a�n�,� �e�t� �a�l�.�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s� �2�5�,� �2�4�0�7� �(�1�9�9�2�)�.� 

�L�.� �B�.� �L�i�u�,� �D�.� �G�i�d�l�e�y� �a�n�d� �A�.� �F�.� �Y�e�e�,� �J�.� �P�o�l�y�m�.� �S�c�i�.� �B�3�0�,� �2�3�1� �(�1�9�9�2�)�.� 

�X�.�S�.� �L�i� �a�n�d� �M�.� �C�.� �B�o�y�c�e�,� �J�.� �P�o�l�y�.� �S�c�i�.� �B�3�1�,� �8�6�9� �(�1�9�9�3�)�.� 

�W�.� �B�r�a�n�d�t� �a�n�d� �H�.� �F�e�i�b�u�s�,� �P�h�y�s�.� �R�e�v�.� �1�7�4�,� �4�5�4� �(�1�9�6�8�)�.� 

�W�.� �B�r�a�n�d�t� �a�n�d� �J�.� �F�a�n�s�,� �P�h�y�s�.� �R�e�v�.� �B�2�,� �1�4�2�5� �(�1�9�7�0�)�.� 

�O�.� �E�.� �M�o�g�e�n�s�e�n�,� �A�p�p�l�.� �P�h�y�s�.� �6�,� �3�1�5� �(�1�9�7�5�)�.



�1�4�2� 

�1�4�3� 

�1�4�4� 

�1�4�5� 

�1�4�6� 

�1�4�7� 

�1�4�8� 

�1�4�9� 

�1�5�0� 

�1�5�1� 

�1�5�2� 

�1�5�3� 

�1�5�4� 

�1�5�5� 

�1�5�6� 

�1�5�7� 

�1�5�8� 

�G�.� �L�.� �W�i�l�k�e�s�,�  ��R�h�e�o�o�p�t�i�c�a�l� �P�r�o�p�e�r�t�i�e�s�, �� �i�n� �E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �P�o�l�y�m�e�r� �S�c�i�e�n�c�e� �a�n�d� 
�E�n�g�i�n�e�e�r�i�n�g�,� �V�o�l� �1�4�,� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� �5�4�2�,� �1�9�8�3�.� 

 ��S�t�r�u�c�t�u�r�e� �a�n�d� �P�r�o�p�e�r�t�i�e�s� �o�f� �O�r�i�e�n�t�e�d� �P�o�l�y�m�e�r�s�, �� �I�.� �M�.� �W�a�r�d�,� �E�d�.�,� �J�o�h�n� �W�i�l�e�y� 
�a�n�d� �S�o�n�s�,� �1�9�7�5�.� 

�R�.� �S�.� �S�t�e�i�n�,� �R�u�b�b�e�r� �C�h�e�m�i�s�t�r�y� �a�n�d� �T�e�c�h�n�o�l�o�g�y� �4�9�,� �4�5�9� �(�1�9�7�6�)�.� 

�L�.� �C�.� �E�.� �S�t�r�u�i�k�,� �J�n�t�e�r�n�a�l� �S�t�r�e�s�s�e�s�,� �D�i�m�e�n�s�i�o�n�a�l� �I�n�s�t�a�b�i�l�i�t�i�e�s� �a�n�d� �M�o�l�e�c�u�l�a�r� 
�O�r�i�e�n�t�a�t�i�o�n�s� �i�n� �P�l�a�s�t�i�c�s�,� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� �1�9�9�0�.� 

�R�.� �S�a�m�u�e�l�s�,� �S�t�r�u�c�t�u�r�e�d� �P�o�l�y�m�e�r� �P�r�o�p�e�r�t�i�e�s�,� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� 
�(�1�9�7�4�)�.� 

�H�.� �T�.� �J�e�s�s�u�p� �a�n�d� �F�.� �C�.� �H�a�r�r�i�s�,� �P�h�o�t�o�e�l�a�s�t�i�c�i�t�y�:� �P�r�i�n�c�i�p�l�e�s� �a�n�d� �M�e�t�h�o�d�s�,� �D�o�v�e�r�,� 
�N�e�w� �Y�o�r�k�,� �1�9�6�0�.� 

�H�.� �J�.� �B�i�n�a�g�a�r�d�i�,� �B�e�s�t�i�m�m�u�n�g� �d�e�r� �O�r�i�e�n�t�i�e�r�u�n�g� �u�n�d� �m�o�l�e�k�u�l�a�r�e�n� �O�r�d�n�u�n�g� �i�n� 
�P�o�l�y�m�e�r�e�n�,� �K�u�n�s�t�s�t�o�f�f� �F�o�r�s�c�h�u�n�g� �1�,� �H�.� �K�a�u�f�e�r�,� �E�d�.�,� �T�e�c�n� �U�n�.� �B�e�r�l�i�n�,� �1�9�8�0�.� 

�M�.� �P�i�e�t�r�a�l�l�a�,� �H�.� �r�.� �S�c�h�u�b�a�c�h�,� �H�.� �R�.� �D�e�t�t�e�n�m�a�i�e�r�,� �a�n�d� �B�.� �H�e�i�s�e�,� �P�r�o�g�.� �C�o�l�l�o�i�d� 
�P�o�l�y�m�e�r� �S�c�i�.� �7�1�,� �1�2�5� �(�1�9�8�5�)�.� 

�K�.� �G�.� �D�e�n�b�i�g�h�,� �T�r�a�n�s� �F�a�r�a�d�a�y� �S�o�c�.� �3�6�,� �9�3�6� �(�1�9�4�0�)�.� 

�R�.� �L�.� �L�o�w�e�l�l� �a�n�d� �R�.� �S�.� �S�t�e�i�n�,� �J�.� �C�h�e�m�.� �P�h�y�s�.� �4�7�,� �2�9�8�5� �(�1�9�6�7�)�.� 

�R�.� �S�.� �S�t�e�m� �a�n�d� �G�.� �L�.� �W�i�l�k�e�s�,�  ��P�h�y�s�i�c�o�-�C�h�e�m�i�c�a�l� �A�p�p�r�o�a�c�h�e�s� �t�o� �t�h�e� �M�e�a�s�u�r�e�m�e�n�t� 
�o�f� �A�n�i�s�o�t�r�o�p�y�, �� �i�n� �S�t�r�u�c�t�u�r�e� �a�n�d� �P�r�o�p�e�r�t�i�e�s� �o�f� �O�r�i�e�n�t�e�d� �P�o�l�y�m�e�r�s�,� �I�.� �M�.� �W�a�r�d�,� 
�E�d�.� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� �5�7�,� �1�9�7�5�.� 

�B�.� �E�.� �R�e�a�d�,�  ��U�l�t�r�a�-�V�i�o�l�e�t�,� �V�i�s�i�b�l�e� �a�n�d� �I�n�f�r�a�-�R�e�d� �D�i�c�h�r�o�i�s�m�, �� �i�n� �S�t�r�u�c�t�u�r�e� �a�n�d� 
�P�r�o�p�e�r�t�i�e�s� �o�f� �O�r�i�e�n�t�e�d� �P�o�l�y�m�e�r�s�,� �1�.� �M�.� �W�a�r�d�,� �E�d�.� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� 
�Y�o�r�k�,� �1�5�0�,� �1�9�7�5�.� 

�L�.� �C�.� �E�.� �S�t�r�u�i�k�,� �P�h�y�s�i�c�a�l� �A�g�i�n�g� �i�n� �A�m�o�r�p�h�o�u�s� �P�o�l�y�m�e�r�s� �a�n�d� �O�t�h�e�r� �M�a�t�e�r�i�a�l�s�,� 
�E�l�s�e�v�i�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�7�8�.� 

�R�.� �P�i�x�a�,� �e�t�.� �a�l�.�,� �P�o�l�y�m�e�r� �B�u�l�l�e�t�i�n� �1�6�,� �3�8�1�-�3�8�7� �(�1�9�8�6�)�.� 

�K�.� �H�.� �H�e�l�l�w�e�g�e�,� �J�.� �H�e�n�n�i�g� �a�n�d� �W�.� �K�n�a�p�p�e�,� �K�o�l�l�o�i�d�-�Z�.�u�Z�_�f� �P�o�l�y�m�e�r�e� �1�8�6�,� �2�9� 
�(�1�9�6�2�)�.� 

�T�.� �E�.� �B�r�a�d�y� �a�n�d� �G�.� �S�.� �Y�.� �Y�e�h�,� �J�.� �A�p�p�l�.� �P�h�y�s�.� �4�2�,� �4�6�2�2� �(�1�9�7�1�)�.� 

�D�.� �G�.� �L�e�G�r�a�n�d�,� �J�.� �A�p�p�l�.� �P�o�l�y�m�e�r� �S�c�i�.� �1�6�,� �1�3�6�7� �(�1�9�7�2�)�.� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �1�0�0



�1�5�9� 

�1�6�0� 

�1�6�1� 

�1�6�2� 

�1�6�3� 

�1�6�4� 

�1�6�5� 

�1�6�6� 

�1�6�7� 

�1�6�8� 

�1�6�9� 

�1�7�0� 

�1�7�1� 

�W�.� �A�.� �S�p�i�t�z�i�g� �a�n�d� �O�.� �R�i�c�h�m�o�n�d�,� �P�o�l�y�m�e�r� �E�n�g�.� �S�c�i�.� �1�9�,� �1�1�2�9� �(�1�9�7�9�)�.� 

�E�.� �I�t�o�,� �K�.� �S�a�w�a�m�u�r�a�,� �a�n�d� �S�.� �S�a�i�t�o�,� �C�o�l�l�o�i�d� �a�n�d� �P�o�l�y�m�e�r� �S�c�i�.� �2�5�3�,� �4�8�0�-�4�8�4� 
�(�1�9�7�5�)�.� 

�J�.� �B�a�r�t�o�s�,� �J�.� �M�u�l�l�e�r� �a�n�d� �J�.� �H�.� �W�e�n�d�o�r�f�f�,� �P�o�l�y�m�e�r�3�1�,� �1�6�7�8� �(�1�9�9�0�)�.� 

�J�.� �M�u�l�l�e�r�,� �J�.� �T�h�e�s�i�s�,� �D�e�u�t�s�c�h�e�s� �K�u�n�s�t�s�t�o�f�f�-� �I�n�s�t�i�t�u�t�,� �D�a�r�m�s�t�a�d�t�,� �(�1�9�8�9�)�.� 

�M�.� �T�r�z�n�a�d�e�l� �a�n�d� �M�.� �K�r�y�s�z�e�w�s�k�i�,� �P�o�l�y�m�e�r� �2�9�,� �4�1�8�-�4�2�5� �(�1�9�8�8�)�.� 

�M�.� �T�r�z�n�a�d�e�l�,� �T�.� �P�a�k�u�l�a�,� �a�n�d� �M�.� �K�r�y�s�z�e�w�s�k�i�,� �P�o�l�y�m�e�r� �2�9�,� �6�1�9�-�6�2�5� �(�1�9�8�8�)�.� 

�D�.� �G�.� �L�e�G�r�a�n�d�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �X�I� �I�n�t�e�r�n�a�t�i�o�n�a�l� �C�o�n�g�r�e�s�s� �o�n� �R�h�e�o�l�o�g�y�,� 
�B�r�u�s�s�e�l�s�,� �B�e�l�g�m�u�m� �(�1�9�9�2�)�.� 

�D�.� �C�.� �W�a�t�t�s� �a�n�d� �E�.� �P�.� �P�e�r�r�y�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s� �1�9�,� �2�4�8� �(�1�9�7�8�)�.� 

�T�.� �K�a�t�o� �a�n�d� �H�.� �K�a�m�b�e�,� �J�.� �A�p�p�l�.� �P�o�l�y�.� �S�c�i�.� �2�2�,� �1�7�6�7�-�1�7�7�4� �(�1�9�7�8�)�.� 

�L�.� �L�u�n�d�b�e�r�g� �a�n�d� �J�.� �F�.� �J�a�n�s�s�o�n�,� �P�o�l�y�m�e�r� �3�5�,� �2�0�8�4�-�2�0�8�9� �(�1�9�9�4�)�.� 

�B�.� �H�a�i�d�a�r� �a�n�d� �T�.� �L�.� �S�m�i�t�h�,� �P�o�l�y�m�e�r� �3�1�,� �1�9�0�4�-�1�9�0�8� �(�1�9�9�0�)�.� 

�G�.� �Y�i�a�n�a�k�o�p�o�u�l�o�s�,� �J�.� �V�a�n�d�e�r�s�c�h�u�e�r�e�n�,� �a�n�d� �J�.� �N�i�e�z�e�t�t�e�,� �J�E�E�E� �T�r�a�n�s�a�c�t�i�o�n�s� �o�n� 
�E�l�e�c�t�r�i�c�a�l� �I�n�s�u�l�a�t�i�o�n� �2�4�,� �4�2�9�-�4�3�8� �(�1�9�8�9�)�.� 

�A�.� �C�.� �L�u�n�n� �a�n�d� �I�.� �V�.� �Y�a�n�n�a�s�,� �J�.� �P�o�l�y�.� �S�c�i�.�,� �P�o�l�y�m�e�r� �P�h�y�s�i�c�s� �E�d�.�,� �1�0�,� �2�1�8�9�-�2�2�0�8� 
�(�1�9�7�2�)�.� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �1�0�1



�3�.�0� �D�I�L�A�T�O�M�E�T�R�I�C� �A�N�D� �M�E�C�H�A�N�I�C�A�L� �C�R�E�E�P� 
�B�E�H�A�V�I�O�R� �O�F� �H�O�T� �D�R�A�W�N� �A�T�A�C�T�I�C� �P�O�L�Y�S�T�Y�R�E�N�E� 

�A�N�D� �B�I�S�P�H�E�N�O�L�-�A� �P�O�L�Y�C�A�R�B�O�N�A�T�E� 

�3�.�1�.� �I�n�t�r�o�d�u�c�t�i�o�n� 

�P�h�y�s�i�c�a�l� �a�g�i�n�g� �i�s� �a� �w�e�l�l� �d�o�c�u�m�e�n�t�e�d� �a�n�d� �p�r�a�c�t�i�c�a�l�l�y� �i�m�p�o�r�t�a�n�t� �p�h�e�n�o�m�e�n�o�n� �w�h�i�c�h� 

�o�c�c�u�r�s� �i�n� �g�l�a�s�s�y� �m�a�t�e�r�i�a�l�s�.� �T�h�i�s� �i�s� �a�p�p�a�r�e�n�t� �f�r�o�m� �t�h�e� �n�u�m�b�e�r� �o�f� �r�e�v�i�e�w�s� �a�d�d�r�e�s�s�i�n�g� �t�h�i�s� 

�t�o�p�i�c� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.�'�*�* ��~ �� �I�n� �t�h�e� �c�a�s�e� �o�f� �a�m�o�r�p�h�o�u�s� �p�o�l�y�m�e�r�s�,� �q�u�e�n�c�h�i�n�g� �t�h�e� �s�a�m�p�l�e� 

�f�r�o�m� �a�b�o�v�e� �T�,� �i�n�t�o� �t�h�e� �g�l�a�s�s�y� �s�t�a�t�e� �i�n�t�r�o�d�u�c�e�s� �a� �n�o�n�-�e�q�u�i�l�i�b�r�i�u�m� �s�t�r�u�c�t�u�r�e� �w�h�e�r�e� �p�h�y�s�i�c�a�l� 

�p�r�o�p�e�r�t�i�e�s� �c�h�a�n�g�e� �w�i�t�h� �t�i�m�e�.� �T�h�e� �m�o�s�t� �c�o�m�m�o�n� �c�h�a�n�g�e�s� �a�r�e� �a� �d�e�n�s�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� 

�p�o�l�y�m�e�r� �a�n�d� �a� �g�r�a�d�u�a�l� �d�e�c�r�e�a�s�e� �i�n� �d�u�c�t�i�l�i�t�y�.� �T�h�e� �r�e�a�d�e�r� �s�h�o�u�l�d� �n�o�t� �c�o�n�f�u�s�e� �t�h�i�s� �w�i�t�h� 

�c�h�e�m�i�c�a�l� �a�g�i�n�g� �w�h�e�r�e� �c�h�e�m�i�c�a�l�/�c�o�m�p�o�s�i�t�i�o�n�a�l� �c�h�a�n�g�e�s� �s�u�c�h� �a�s� �U�V� �d�e�g�r�a�d�a�t�i�o�n�,� 

�c�r�o�s�s�l�i�n�k�i�n�g�,� �a�n�d� �h�y�d�r�o�l�y�s�i�s� �m�a�y� �o�c�c�u�r�.� �I�n�s�t�e�a�d�,� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �i�s� �c�o�m�p�l�e�t�e�l�y� �r�e�v�e�r�s�i�b�l�e� 

�a�n�d� �s�i�m�p�l�y� �h�e�a�t�i�n�g� �t�h�e� �m�a�t�e�r�i�a�l� �a�b�o�v�e� �T�,� �e�r�a�s�e�s� �a�n�y� �o�f� �t�h�e� �a�g�i�n�g�-�i�n�d�u�c�e�d� �p�r�o�p�e�r�t�y� 

�c�h�a�n�g�e�s�.� 

�T�h�e� �f�a�c�t� �t�h�a�t� �m�o�s�t� �a�m�o�r�p�h�o�u�s� �p�o�l�y�m�e�r�s� �a�r�e� �p�r�o�c�e�s�s�e�d� �a�b�o�v�e� �T�,� �a�n�d� �t�h�e�n� �q�u�e�n�c�h�e�d� 

�i�n�t�o� �t�h�e� �g�l�a�s�s� �m�a�k�e�s� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �a�n� �i�m�p�o�r�t�a�n�t� �c�o�n�c�e�r�n� �f�o�r� �a�n�y� �d�e�s�i�g�n�e�r�.� �C�o�u�p�l�e� �t�h�i�s� 

�w�i�t�h� �t�h�e� �f�a�c�t� �t�h�a�t� �m�o�s�t� �p�r�o�c�e�s�s�i�n�g� �m�e�t�h�o�d�s� �i�n�t�r�o�d�u�c�e� �a�t� �l�e�a�s�t� �s�o�m�e� �d�e�g�r�e�e� �o�f� �o�r�i�e�n�t�a�t�i�o�n�,�°� 

�i�n�t�e�n�t�i�o�n�a�l� �o�r� �n�o�t�,� �a�n�d� �o�n�e� �o�f� �t�h�e� �m�o�t�i�v�a�t�i�o�n�s� �f�o�r� �t�h�i�s� �s�t�u�d�y� �b�e�c�o�m�e�s� �c�l�e�a�r�.� �I�f� �o�r�i�e�n�t�a�t�i�o�n� 

�i�s� �i�n�d�e�e�d� �f�o�u�n�d� �t�o� �e�n�h�a�n�c�e�,� �o�r� �e�v�e�n� �a�l�t�e�r�,� �t�h�e� �a�g�i�n�g� �b�e�h�a�v�i�o�r� �o�f� �a�n� �a�m�o�r�p�h�o�u�s� �g�l�a�s�s�,� �t�h�e�n� 

�t�h�e� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a� �w�i�l�l� �n�e�e�d� �t�o� �b�e� �m�o�d�i�f�i�e�d� �a�c�c�o�r�d�i�n�g�l�y�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�e�r�e� �i�s� �v�e�r�y� �l�i�t�t�l�e� 

�d�a�t�a� �a�v�a�i�l�a�b�l�e� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �p�e�r�t�a�m�i�n�g� �t�o� �a�g�i�n�g� �m� �o�r�i�e�n�t�e�d� �s�y�s�t�e�m�s� �s�o� �t�h�e� �d�e�s�i�g�n�e�r� �m�u�s�t� 

�r�e�l�y� �o�n� �g�u�i�d�e�l�i�n�e�s� �d�e�v�e�l�o�p�e�d� �f�o�r� �i�s�o�t�r�o�p�i�c� �s�y�s�t�e�m�s�.� 

�I�d�e�a�l�l�y� �f�o�r� �t�h�i�s� �t�y�p�e� �o�f� �s�t�u�d�y�,� �o�n�e� �i�s� �i�n�t�e�r�e�s�t�e�d� �i�n� �t�h�e� �e�f�f�e�c�t�s� �o�f� �m�o�l�e�c�u�l�a�r� �o�r�i�e�n�t�a�t�i�o�n� 

�i�n� �p�u�r�e�l�y� �a�m�o�r�p�h�o�u�s� �s�y�s�t�e�m�s�.� �A� �f�e�w� �s�t�u�d�i�e�s� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �h�a�v�e� �b�e�e�n� �p�e�r�f�o�r�m�e�d� �o�n� �h�o�t� 

�d�r�a�w�n� �s�y�s�t�e�m�s �� �*� �(�i�.�e�.� �s�t�r�e�t�c�h�e�d� �a�b�o�v�e� �T�,�)� �h�o�w�e�v�e�r� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�s� �i�s� 
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