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Calorimétrie	-	Cristallisation	
	

(nicolas.candau@epfl.ch)	
	
1. Introduction	

Les	 propriétés	 mécaniques	 et	 physiques	 des	 polymères	 semi-cristallins	 dépendent	
fortement	de	leur	microstructure,	elle-même	dépendante	des	conditions	de	cristallisation	
subies	 par	 le	 matériau	 (vitesse,	 température	 de	 cristallisation).	 Afin	 de	 contrôler	 la	
structure	 cristalline	 (morphologie,	 cristallinité)	 et	 d’obtenir	 les	 propriétés	 souhaitées,	
une	étude	de	la	cinétique	de	cristallisation	est	alors	indispensable.	Dans	ce	but,	un	grand	
nombre	de	techniques	expérimentales	ont	été	utilisées,	comme	la	diffraction	des	rayons	
X,	la	dilatométrie,	la	spectroscopie	infra-rouge,	la	diffusion	de	la	lumière,	etc.	Parmi	ces	
techniques,	la	calorimétrie	différentielle	à	balayage	(DSC)	se	révèle	être	un	outil	simple	et	
efficace.	

Le	polymère	étudié	lors	de	cette	séance	est	le	Polyéthylène	Téréphtalate	(PET).	Il	figure	
parmi	 l’un	 des	 matériaux	 polymères	 les	 plus	 couramment	 utilisés	 dans	 l’industrie,	
notamment	dans	l’agroalimentaire	(bouteilles	recyclables,	emballages).	Les	bouteilles	en	
PET	sont	fabriquées	par	étirage-soufflage	(figure	1).	Elles	sont	transparentes,	recyclables	
et	présentent	de	bonnes	propriétés	mécaniques	et	propriétés	de	barrière.	

	

Figure	1.	Vue	schématique	du	procédé	d’étirage-soufflage	d’une	bouteille	de	PET.	

Lors	de	cette	séance	de	travaux	pratiques,	nous	caractériserons	les	propriétés	cristallines	
du	PET	–	telles	que	la	cinétique	de	cristallisation,	les	températures	de	cristallisation	et	de	
fusion	 –	 via	 la	 technique	 de	 calorimétrie	 différentielle	 à	 balayage	 (DSC).	 Deux	 types	
d’expériences	seront	réalisées	:	des	cycles	thermiques	et	des	isothermes.	A	l’issue	de	la	
séance,	vous	serez	capables	de	caractériser	expérimentalement	les	propriétés	cristallines	
d’un	matériau	polymère	usuel	et	de	maîtriser	quelques	outils	théoriques	vous	permettant	
d’interpréter	les	données	que	vous	aurez	mesurées.	
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2. Partie	théorique	
	
Cinétique	de	cristallisation	
	
Le	modèle	d’Avrami	est	l’un	des	plus	utilisés	afin	de	décrire	la	cinétique	de	cristallisation	
des	matériaux.	 Ce	modèle	 est	 semi-empirique	 car	 la	 détermination	de	 ses	 paramètres	
physiques	se	fait	par	identification	aux	courbes	expérimentales.	Dans	sa	version	la	plus	
simple,	le	modèle	d’Avrami	repose	sur	les	hypothèses	suivantes	:	
	

- La	germination	apparaît	aléatoirement	et	uniformément	dans	la	phase	amorphe	
- La	vitesse	de	croissance	ne	dépend	pas	du	taux	de	transformation	
- La	croissance	est	identique	dans	toutes	les	directions	
- Absence	de	germination	secondaire	

	
La	cristallinité	! " 	est	alors	défini	comme	suit:	
	

! " = !$(1 − ()*+,)																																																	(1)	
	
!$	est	la	valeur	maximale	de	fraction	cristalline	atteinte	pour	des	temps	infinis.	K	est	une	
constante	 cinétique,	 dépendant	 de	 la	 vitesse	 de	 germination	 et	 de	 croissance	 ;	 n	 est	
l’exposant	d’Avrami,	un	entier	compris	entre	1	et	4	correspondant	à	la	somme	de	deux	
termes	:	le	premier	prend	en	compte	le	type	de	germination	(homogène	ou	hétérogène,	
i.e.	1	ou	0)	et	le	second	le	nombre	de	directions	de	croissance	cristalline	(croissance	uni,	
bi,	tri-dimensionnelle,	de	1	à	3).		

Fusion		
	
Un	paramètre	d’importance	 associé	 à	 l’étude	de	 la	 cristallisation	des	polymères	 est	 la	
taille	des	lamelles	cristallines.	Une	épaisseur	suffisante	permet	aux	lamelles	cristallines	
de	 rentrer	dans	un	état	 thermodynamique	stable.	La	 température	de	 fusion	sera	alors	
d’autant	 plus	 élevée	 que	 l’épaisseur	 des	 lamelles	 est	 grande	 (équation	 de	 Gibbs-
Thomson).	Il	est	commun	de	définir	un	facteur	d’épaississement	b=L/L0	avec	L	la	taille	
des	 lamelles	 juste	 avant	 la	 fusion	 et	 L0	 la	 taille	 des	 lamelles	 initiale,	 i.e.	 lors	 de	 la	
cristallisation	 à	 la	 température	 de	 cristallisation	 Tc.	 L’équation	 de	 Hoffman-Weeks	 ci-
après	suggère	une	relation	linéaire	entre	la	température	de	fusion	et	la	température	de	
cristallisation,	dépendant	du	facteur	d’épaississement	:	
	

./ = 01
2 + ./,$(1 −

5
2)                                     (2) 

	
./,$	est	la	température	de	fusion	d’équilibre,	c’est	à	dire	celle	d’un	cristal	de	taille	infinie.	
Il	 s’agit	 de	 l’un	 des	 paramètres	 thermodynamiques	 des	 systèmes	 polymères	 les	 plus	
importants.	 Il	peut	être	déterminé	par	extrapolation	de	 la	 température	de	 fusion	Tm	à	
partir	de	l’équation	de	Hoffman-Weeks.		
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3. Partie	expérimentale	
	
Principe	de	la	DSC	
	
La	 calorimétrie	 différentielle	 à	 balayage	 (Differential	 Scanning	 Calorimetry)	 est	 une	
technique	 d’analyse	 thermique	 permettant	 de	 déterminer	 les	 transitions	 de	 phase	 :	
transition	 vitreuse	 (Tg),	 températures	 de	 fusion	 (Tm)	 et	 de	 cristallisation	 (Tc).	 La	 DSC	
mesure	 les	différences	des	échanges	de	chaleur	entre	 le	milieu	(four)	et	 l’échantillon	à	
analyser	d’une	part	et	le	milieu	et	un	échantillon	référence	d’autre	part.	L’échantillon	de	
référence	 est	 généralement	 une	 capsule	 vide.	 Cette	 différence	 d’échanges	 permet	 de	
mesurer	précisément	 le	 flux	de	chaleur	absorbé	par	 l’échantillon	de	polymère	 lors	des	
différentes	transitions.	Les	courbes	de	DSC	représentent	classiquement	ce	flux	de	chaleur	
dH/dt	(en	W/g)	en	fonction	de	la	température	imposée	dans	l’enceinte.	
	

												
Figure	2.	Machine	de	DSC	Q100	(TA	Instrument).	

	
Mesure	de	la	cristallinité	
	
D’un	point	de	vue	expérimental,	la	cristallinité	(fraction	massique	de	phase	cristalline)	est	
généralement	calculée	à	partir	des	courbes	de	fusion	:	
	

				! " = ∆89
∆89,:

= (;89/;+);+=
>
(;89/;+);+:

>
																																	(3)	

	
∆?/	 est	 l’aire	 sous	 le	 pic	 de	 fusion	 (enthalpie	 de	 fusion	 en	 J/g).	 Cette	 quantité	 est	
proportionnelle	 à	 la	 masse	 de	 molécules	 cristallines	 sujettes	 à	 la	 fusion.	 ∆?/,$est	
l’enthalpie	 de	 fusion	 d’un	 échantillon	 100	%	 cristallin.	 dH/dt	 (en	W/g)	 est	 le	 flux	 de	
chaleur,	et	correspond	à	la	variation	d’énergie	(enthalpie)	dissipée	sous	forme	de	chaleur	
par	rapport	au	temps.		
	
De	façon	équivalente	à	l’équation	(3),	il	est	également	possible	de	définir	une	cristallinité	
relative	! " /!$	 en	 fonction	 du	 temps	 de	 cristallisation	 à	 température	 fixée	 (i.e.	 lors	
d’une	isotherme).	Dans	ce	cas,	l’intégrale	supérieure	est	l’aire	sous	la	courbe	de	flux	de	
chaleur	associé	à	la	cristallisation	isotherme.	L’intégrale	inférieure	est	la	valeur	de	cette	
aire	lorsque	le	processus	de	cristallisation	est	supposé	terminé.	
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Préparation	d’un	échantillon	
	

• Prélevez	un	échantillon	 sur	 la	bouteille	de	PET.	La	masse	de	 l’échantillon	doit	être	
comprise	entre	5	et	10mg	;	

• Pesez	la	masse	de	l’échantillon	grâce	à	une	balance	de	précision	;	
• Encapsulez	l’échantillon	grâce	à	la	sertisseuse	;	
• Disposez	l’échantillon	serti	dans	le	four	de	la	DSC	;	

																																																			
Expériences	
	
Lors	de	 cette	 séance	de	TP,	 vous	 effectuerez	deux	 types	d’essais	 :	1	cycle	 thermique	
(chauffe-refroidissement-chauffe)	et	3	ou	4	isothermes.	

	
• Réalisez	un	cycle	thermique	à	la	vitesse	de	rampe	standard	de	10°C.min-1.	Justifiez	le	

choix	des	limites	de	température	basses	et	hautes	du	cycle	en	vous	appuyant	sur	les	
annexes.		
	

• Au	regard	des	cycles	thermiques,	effectuez	3	isothermes	à	des	températures	qui	vous	
semblent	convenables	à	étudier	dans	le	temps	imparti	pour	cette	séance	de	TP.	Des	
isothermes	réalisés	au	préalable	de	cette	séance	viendront	compléter	cette	série.	
	

• En	 vous	 aidant	 de	 l’équation	 (3),	 tracez	 les	 courbes	 de	 cristallinité	 en	 fonction	 du	
temps	de	cristallisation.	La	cristallinité	sera	normalisée	en	supposant	que	100%	de	la	
cristallisation	 est	 atteinte	 après	 4t1/2,	 t1/2	 étant	 le	 demi	 temps	 de	 cristallisation.	
Estimez,	 à	 partir	 des	 courbes	 de	 cristallinité	 normalisée,	 les	 demi	 temps	 de	
cristallisation.	

	
• Représentez	 graphiquement	 les	 demi	 temps	 de	 cristallisation	 en	 fonction	 de	 la	

température	de	l’isotherme.	
	
• Linéarisez	 l’équation	d’Avrami	 et	 représentez	 l’évolution	de	 la	 fonction	 linéaire	 en	

fonction	 du	 temps.	 Faites	 alors	 une	 régression	 linéaire	 dans	 le	 but	 d’extraire	 les	
valeurs	des	paramètres	K	et	n	(équation	1).		

	
• Tracez	 l’évolution	 de	 la	 température	 de	 fusion	 en	 fonction	 de	 la	 température	 de	

cristallisation	isotherme.	Appliquez	l’équation	de	Hoffman-Weeks	et	déduisez-en	les	
valeurs	de	b	(équation	2).	

	
• Calculez	la	cristallinité	des	échantillons	ayant	subi	les	différentes	isothermes.	Tracez	

son	évolution	en	fonction	de	la	température	de	cristallisation	isotherme.	
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4. Discussion	
	
1. Identifiez	les	différentes	températures	de	transition	du	PET	lors	du	cycle	thermique.	

Discutez	notamment	le	caractère	endothermique	ou	exothermique	de	ces	transitions.	
Citez	 d’autres	 techniques	 expérimentales	 vous	 permettant	 de	 caractériser	 ces	
transitions.	

	
2. Deux	 cycles	 thermiques	 préalablement	 réalisés	 aux	 vitesses	 de	 rampe	 5K.min-1	 et	

20K.min-1	 vous	 seront	 fournis.	 Commentez	 l’effet	 de	 la	 vitesse	 de	 rampe	 de	
température	sur	les	valeurs	des	températures	de	transitions.	Justifiez	alors	la	suite	de	
l’étude.	

	
3. Commentez	 l’évolution	 des	 demi	 temps	 de	 cristallisation	 t1/2	 en	 fonction	 de	 la	

température	des	isothermes.	Quel	paramètre	thermodynamique	limite	la	cinétique	de	
cristallisation	à	haute	température	?	

	
4. En	 vous	 appuyant	 sur	 la	 littérature,	 quelles	 sont	 les	 caractéristiques	 possibles	 du	

processus	 de	 cristallisation	 (nature	 de	 la	 nucléation,	 nombre	 de	 directions	 de	
croissance)	 que	 l’on	 peut	 déduire	 des	 valeurs	 de	 n	 et	 K	 dans	 le	 cadre	 de	 la	
théorie	d’Avrami	?	

	
5. Commentez	 l’évolution	 de	 la	 température	 de	 fusion	 en	 fonction	 de	 la	 température	

d’isotherme.	Que	suggère	la	valeur	de	b	estimée	via	l’équation	(3).	Constatez-vous	un	
écart	à	la	loi	de	Hofmann-Weeks	?	qu’en	déduisez	–vous	?	

	
6. Quelle-est	selon	vous	l’effet	d’une	augmentation	de	la	température	de	cristallisation	

isotherme	sur	les	propriétés	mécaniques	du	PET	?			
	
7. Vous	aurez	à	votre	disposition	deux	films	de	PET	cristallisés	à	partir	de	l’état	fondu	

avec	deux	vitesses	de	cristallisation	(lente	et	rapide).	Quel	est	selon	vous	la	cristallinité	
de	ces	deux	matériaux	(précisez	simplement	élevée	ou	faible)	?	Comment	expliquez-
vous	leur	degré	de	transparence	ou	d’opacité	?	

	
8. La	bouteille	 de	PET	 est–elle	 amorphe	ou	 semi-cristalline	 ?	 	 Comment,	 dans	 ce	 cas,	

expliquez-vous	son	aspect	transparent	?		
	
5. Annexes	
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ABSTRACT: The crystallization behavior of a commercial chain-extended PET (foam
grade) was evaluated and compared to that of bottle-grade PET. Cold and melt iso-
thermal crystallization were analyzed by using the Avrami model. The foam grade
PET showed a slower crystallization kinetic compared to the bottle-grade PET. The
Hoffman-Lauritzen analysis showed that the energetic barriers to nucleation and
molecular mobility were higher for the chain-extended PET. This resulted in a lower
nucleation rate in both cold and melt crystallization. VVC 2005 Wiley Periodicals, Inc. J

Polym Sci Part B: Polym Phys 43: 1966–1972, 2005
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INTRODUCTION

The polymer crystallization phenomena are very
important from different points of view. The
molecules dimensions prevent the complete
packing of chains, leaving a variable amount of
amorphous phase. The presence of crystalline
phase leads to materials with enhanced mechan-
ical and gas barrier properties. Amorphous poly-
mers are needed in those applications where it
is necessary to ensure the absence of crystals for
the postprocessing of intermediate manufacts
(e.g., blow molding and thermoforming). It is
therefore of great importance to know the crys-
tallization kinetics to optimize the different
steps of the overall process. In particular, the
thermoforming process of PET is performed on
amorphous sheets at temperature above Tg and
close to the crystallization temperature of the
materials. The optimization of the entire process
can be achieved by using appropriate models
able to predict the evolution of crystallinity as a
function of the thermal history and temperature

profile in the sheets. Another application that
requires the knowledge of the crystallization
kinetics of PET is foaming. In this case, chain-
extended PET are utilized because one of the
critical properties for foamibility is the presence
of strain hardening elongational viscosity, which
can be obtained by increasing the molecular
weight (MW) and molecular weight distribution
(MWD) of the polymer or by using branched
macromolecules.1–3

The crystallization kinetics of linear PET
(both isothermal4,5 and nonisothermal6–8) has
been widely studied. The Avrami equation is the
first (empirical) equation used to accomplish the
crystallization growth. It correlates the volumet-
ric fraction of crystalline phase !v

c(t) in function
of time in an isothermal process:9–11

!c
vðtÞ ¼ 1$ expð$ktnÞ ð1Þ

where k is the kinetic constant, function of
nucleation and growth rates, and n is the
Avrami exponent, an integer from 0 to 4, which
is the sum of two terms: one takes into account
the nucleation type (homogeneous or heteroge-
neous, 1 or 0, respectively) and another the
number of crystal growth directions (one-, bi-, or
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three-dimensional growth, from 1 to 3). This
equation is in good agreement with isothermal
crystallization data only for short times (depend-
ing by the crystallization temperature), due to
some model simplifications such as constant
polymeric phase density, constant nuclei density
and crystal shape, constant radial growth rate,
or no secondary crystallization. However, in
addition to primary aggregation processes as in
LDPE,12,13 secondary crystallization occurs in
PET14–16 as well as in other common and engi-
neering polymers.17–22

For some time many efforts have been made
to exceed these limits, taking into account the
incomplete crystallization,23,24 the different phase
density of amorphous and crystalline phases,25,26

variations of crystal growth rate,27 the two differ-
ent nucleation mechanisms,28 and the contact of
the spherulities.29,30

The equation obtained by this corrections is
formerly similar to eq 1, but the terms have a
different meaning:

XcðtÞ ¼ 1$ exp½$kðt$ t0Þn& ð2Þ

where Xc(t) is the relative crystallinity, that is,
the ratio between crystal fraction at time t and
final crystal fraction, k is the kinetic constant, n
is the Avrami constant, now not an integer, and
t0 is the induction time, that is, the time
between the stabilization of the temperature
and the time at which the crystallization starts.

In this work, the crystallization behavior of a
commercial chain-extended PET with high
molecular (foam grade) weight was experimen-
tally evaluated and modeled by using the
Avrami model (eq. 2). The cold and melt isother-
mal crystallization were analyzed by using the

theory of Hoffman-Lauritzen, which allowed the
determination of the main thermodynamic prop-
erties involved in the nucleation and growth
mechanism of the crystals.31 The results were
compared to those relative to the crystallization
phenomena occurring in bottle grade PET,
which were taken from Lu et al.4

MATERIALS AND METHODS

The commercial chain extended PET (MPET)
with an intrinsic viscosity of 1.25 dL/g was
kindly supplied by Mossi & Ghisolfi S.p.A. The
reported molecular weight distribution was
characterized by a Mw ¼ 160,000 with high poly-
dispersity (Mn ¼ 22,000).

Dynamic DSC scans were performed on dried
samples (110 8C for 12 h in a vacuum oven) to
identify the temperature ranges for isothermal
tests. The samples were heated from 25 to
290 8C at 10 8C/min (I scan) and then taken at
290 8C for 4 min to cancel previous thermal
history effects. The materials were then cooled
to 25 8C at 10 8C/min (II scan) and then
reheated again to 290 8C at 10 8C/min (III scan).

Before all the isothermal cold crystallization
tests, PET samples were first melted at 290 8C
for 4 min in the DSC cell to clear the previous
thermal history, and then quenched in liquid
nitrogen to avoid crystal nucleation. The sam-
ples were kept in anydrous conditions before the
isothermal test. For all melt crystallization
experiments the samples were melted at 290 8C
for 4 min and then quickly cooled at 40 8C in
the DSC cell to the test temperature.

All the tests were performed in a purge flow
of nitrogen to avoid the hydrolysis effects of oxy-
gen by using a TA Instruments DSC 2920.

RESULTS AND DISCUSSION

PET molecular structure is represented in
Figure 1(A). Chain extension agents are used to
enhance the molecular weight, linking end
groups of two macromolecular chains. The chain
extender used to produce the analyzed polymer
is pyromellitic dianhydride, PMDA [Fig. 1(B)],
that reacts with the hydroxylic end group of two
different PET macromolecules and forms two
carboxylic groups. But at high temperatures
these carboxylic groups can react with $$OH

Figure 1. Structures of PET (A), PMDA (B). and a
branched structure obtained by their reaction.
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groups leading to a branched structure and pro-
ducing one H2O molecule, as in Figure 1(C).32–35

The cooling (II scan) and heating (III scan)
DSC curves of chain extended PET are reported
in Figure 2. As shown in Figure 2(A), MPET
crystallized during the cooling scan with an exo-
thermal peak ranging from 205 to 125 8C. The
isothermal melt crystallization kinetics were
investigated at temperatures ranging from 190
to 209 8C [gray area in Fig. 2(A)]. As shown in
Figure 2(B), the crystallization was not complete
and further crystallization occurred during the
subsequent heating scan. The isothermal cold
crystallization was evaluated at temperatures
ranging from 125 and 145 8C [gray area in the
Fig. 2(B)]. Both ranges were chosen to assure
that the heat flow and the evolution of relative
crystallinity could be slow enough to be pre-
cisely measured, as verified by curves in Figures
3 and 4 for the cold crystallization and Figures
5 and 6 for the melt crystallization.

Using the heat flow data, the relative crystal-
linity was evaluated using eq 3:

XC;relðtÞ ¼ !HðtÞ=!HTOT ð3Þ

where DH(t) is the heat of crystallization at time
t, and DHTOT is the total heat of crystallization.
In the cold crystallization temperature range,
the high undercooling of polymer melt leads to a
high nucleation rate, but the overall crystalliza-
tion process is hindered by the low chain folding
mobility. The increase of temperature leads to a
faster crystallization rate (Figs. 3 and 4) due to
the increase of macromolecular mobility. As
expected, an opposite behavior was observed in
the melt crystallization temperature range
(Fig. 5 and 6). At a temperature near the melt-
ing temperature, the molecular mobility is very
high, but the limiting phenomenon is now the
low nucleation rate because of the low under-
cooling. In this case, an increase of temperature

Figure 3. Heat flows versus time of low-tempera-
ture isotherms, between 125 and 145 8C.

Figure 4. Relative crystallinity curve of low-temper-
ature isotherms, between 125 and 145 8C.

Figure 2. DSC thermograms during II scan (A) and III scan (B) at 10 8C/min.
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lowers the overall crystallization rate and the
polymer crystallization takes place at longer
times.

A good agreement between the Avrami model
(eq. 2) and the experimental data was observed,
as shown in Figures 3–6. The good fitting is an
indirect evidence that secondary crystallization
is negligible and, as described below, the Avrami
parameters can be used to analyze the crystalli-
zation mechanism of the high molecular weight
PET studied in this work.

As listed in Table 1, the Avrami exponent n,
which represents the nucleation mechanism and
the number of growth directions, is nearly 3.
Most of the data varied from a maximum of 3.2
to a minimum of 2.8 except for one testing con-
dition (206 8C) where n was 2.2. These results
are sligthly higher than those reported by Lu
et al.,4 as listed in Table 2, suggesting that the
nucleation and growth mechanisms were slightly
influenced by the modification of the macromo-
lecular structure induced by the chain exten-
sion/branching reaction.

The induction time decreased with tempera-
ture in the cold crystallization range, due to the
raising of the molecular mobility. On the con-

trary, in melt crystallization temperature range
the induction time grows because of the diffi-
culty to nucleate a high number of stable nuclei.
The low undercooling induces a weak thermody-
namical instability and increases the critical
radius of the nucleus. For this reason, according
to experimental data, in the cold crystallization
range t0 is less sensitive to temperature respect
to the melt crystallization range.

To compare the crystallization rates of MPET
with the bottle grade PET from ref.4, the crys-
tallization half-time t1/2 (the time at which the
relative crystallinity reaches the 50%), instead
of the crystal growth rate G according to ref.36,
was used to evaluate the Hoffman-Lauritzen
thermodynamical parameters U and Kg (eq 4):

t$1
1=2¼t$1

1=2;0exp½$U=RðT$TCÞ&exp½$Kg=fTC!T&;
ð4Þ

where t1/2,0 is a preexponential factor, TC is the
crystallization temperature, DT (melt undercool-
ing) is the difference between the thermody-
namic melt temperature Tm

0 and the actual tem-
perature T, f is a corrective factor equal to 2TC/
(TCþTm

0 ). The U parameter is the heat of activa-

Figure 6. Relative crystallinity curve of high-tem-
perature isotherms, between 190 and 209 8C.

Figure 5. Heat flows versus time of high-tempera-
ture isotherms, between 190 and 209 8C.

Table 1. Values of Avrami Model Parameters Chain-Extended PET (MPET)

Parameter Cold Crystallization Melt Crystallization

Temperature (8C) 125 130 135 140 145 190 195 200 206 209
t0 (min) 3.6 2.6 1.6 1.4 1.2 1.6 3.8 10.7 9.5 12.8
n 2.8 2.8 3.0 3.2 3.0 2.9 2.8 2.9 2.2 3.1
K * 103 (min$n) 0.12 0.46 0.77 1.10 4.00 12.00 1.90 0.12 0.049 0.029
t1/2 (min) 22.1 13.2 9.55 7.3 5.4 3.75 7.2 21 25 28
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tion of the chain diffusion, while the Kg parame-
ter is related to the free energy of formation of a
nucleus of critical size.

In Figure 7 the experimental data (square
marks) and the fitting values of 1/t1/2 (solid line)
versus crystallization temperature are compared
to those of bottle grade PET, taken from Lu et al.4

The curve of the chain-extended PET exhib-
ited a peak value that was one-third of the bot-
tle-grade PET, confirming the lower crystalliza-
tion rate of the MPET at every temperature.
The energetic term U, related to the molecular
mobility, was evaluated from the experimental
data obtained at lower temperatures (T ¼ 125–
145 8C) while the nucleation term Kg from the
data at higher temperatures (T ¼ 190–209 8C).
As reported in Table 3, the curve of the MPET
is characterized by higher values of U and Kg.

The value of U shows that the diffusional
motions of chains from the amorphous phase to
the growing nuclei (crystalline phase) are
reduced by the increased MW, MWD, and even-
tual presence of branched macromolecules, as
also reported in ref.37 The rheological behavior
of chain-extended and bottle-grade PET are com-
pared in Figure 8. The complex viscosity of the
MPET is higher in the whole frequency range
and does not display the typical Newtonian

behavior at low frequency, as observed in bottle-
grade PET. This behavior can be related not
only to an increase of molecular weight of PET
but also to the presence of irregularities along
the macromolecules that modify the dependence
of complex viscosity "* with frequency.39–41 The
modification of rheological properties is, in fact,
associated to the increase in average relaxation
time and broadening of relaxation time distribu-
tion as a result of chain extension and branch-
ing, as already reported by Xanthos et al.1–3

The theoretical expression of Kg can be used
to make some considerations about the effect of
modification of the polymer on the structural
characteristics of crystals (eq. 5).

Kg ¼ ð4b##eT
0
mÞ=ð!H0

f kÞ ð5Þ

The slight increase of Kg observed in MPET
can be due to several factors related to the ther-
modynamic properties of the crystals. The equili-
brium melting point Tm

0 of MPET was evaluated
by using the well known Hoffman-Weeks42 analy-
sis and reported in Figure 9. The melting point of
the MPET (Tm

0 ¼ 271 8C) was found to be signifi-
cantly lower than that of bottle grade PET4 (Tm

0

¼ 2908C). For this reason, the slight increase of
Kg can be attributed to the increase of the free
surface energies # and #e (respectively, the energy
of the chain folding side and of its end) probably
caused by the presence of some structural irregu-
larities along the MPET macromolecule.

X-ray analysis showed that the crystal mor-
phology of the MPET and bottle-grade PET
were characterized by the same diffraction peaks
(Fig. 10), suggesting that the chemical modifica-
tion did not affect the packing distance in crystals.

Table 2. Values of Avrami Model Parameters, Bottle Grade PET (from ref. 4)

Parameter Cold Crystallization Melt Crystallization

Temperature (8C) 117.9 119.8 121.7 123.6 125.5 127.5 211.8 213.7 215.7 217.6 219.5 221.4
n 2.6 2.5 2.6 2.7 2.6 2.5 2.7 2.7 2.7 2.5 2.5 2.4
K * 103 (min$n) 1.24 2.66 5.19 7.24 18.60 68.00 12.60 7.99 4.75 4.20 3.49 2.71
t1/2 (min) 11.4 9.26 6.57 5.42 4.25 3.45 4.41 5.22 6.33 7.71 8.72 10.1

Figure 7. Crystallization rate curves of modified
(solid line) and bottle-grade (dashed line) PET.

Table 3. Energetic Barrier Values

Polymer Type U J mol$1 Kg 8C2

Chain extended PET 80589 4.75 105

Bottle grade PET 50669 4.39 105
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The heat of fusion DHf is therefore expected to be
the same in both MPET and bottle-grade PET.

These variations can be justified if branching
occurred during chemical modifications with
PMDA, that, influencing the perfection degree of
crystals leads to crystalline phase structure alter-
ations. In this way the growing nucleus, to form
a stable aggregate, meets a higher energy bar-
rier to overcome in the chain extended PET
respect to that of the standard polymer.

The effect of broadening of the molecular
weight on crystallization of foaming grade PET
has not been studied in detail so far; therefore, it
is difficult to establish clear correlations between
the MWD and the crystallization behavior of the
PET studied in this work. On the contrary, the
effect of polydispersity on crystallization kinetics
was recently investigated on HDPE.43 The
authors found that the isothermal crystallization

behavior of materials with broad MWD followed
same trends as crystallization of materials with
narrow MWD, even if some small differences
caused by the broad MWD were observed. Due to
the lack of literature data on PET more work on
this issue should be done to clarify the role of the
MWD versus branching on the crystallization
behavior of these foaming-grade PET.

CONCLUSIONS

The crystallization behavior of a commercial
chain-extended PET with high molecular weight
was evaluated and compared to that of bottle-
grade PET. The commercial chain-extended PET
showed slower crystallization kinetics in the
temperature ranges analyzed. The energetic bar-
riers to nucleation (Kg) and molecular mobility
(U) of the chain foldings moving from the melt
to the growing crystals were higher for the
chain-extended PET, suggesting that the chain-
extending reactions introduced some variations
in the macromolecular structure, probably due
to partial branching, as also suggested by other
authors.1–3,32–35 This resulted in a lower nuclea-
tion rate in both cold and melt crystallization.
More work should be done to clarify the role of
the MWD versus branching on the crystalliza-
tion behavior of foaming grade PET.
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R&'& +)*-3')$&1 3, "$)/1)'1 R&-2%$ )/1 )/ -/$&'6)+&1 NM
+#(75$&' '&+#'1&1 $%& '&"7#/"& #6 ")(7*&" $# $%& )77*-&1
*#)1;

7) 84#.6$# &+- -/#'.##/,+#

DE=E 01) '*.$%#""&F#%&-6 -3 !<0

P%& -"#$%&'()* +',"$)**-.)$-#/ &[#$%&'(" #6 NOP>
#3$)-/&1 )" 1&"+'-3&1 )3#4&> )'& "%#R/ -/ <-2"; H )/1 D;
P%& R&-2%$ 6')+$-#/ +',"$)**-/-$,> G%> R)" #3$)-/&1 6'#( $%&
')$-# #6 $%& )'&) #6 $%& &/1#$%&'( 57$# $-(& % 1-4-1&1 3, $%&

$#$)* &/1#$%&'(> -;&;

G% !

!%

G
"1H"1%# 1%

!!

G
"1H"1%# 1%

"H#

R%&'& 1H"1% -" $%& %&)$ a#R ')$&; P%& 1&4&*#7(&/$ #6 $%&
R&-2%$ 6')+$-#/ +',"$)**-/-$, R-$% $-(& 6#' +#*1S )/1 %#$S
+',"$)**-.)$-#/ #6 NOP -" "%#R/ -/ <-2"; E )/1 V; F**
-"#$%&'(" &[%-3-$&1 ) "-2(#-1 1&7&/1&/+& R-$% $-(&; P%&
1&7&/1&/+& #6 $%& #4&')** +',"$)**-.)$-#/ ')$& #/ $&(7&')S
$5'& +)/ 3& "&&/ 6'#( $%& %)*6S*-4&" -/ <-2; X; P%& 1&7&/S
1&/+& #6 $%& #4&')** +',"$)**-.)$-#/ ')$& #/ $&(7&')$5'& +)/
3& "&&/ 6'#( $%& 4)'-)$-#/ -/ $%& %)*6S*-4&" -/ <-2; X; P%-"
6#**#R&1 $%& +#/4&/$-#/)* 3&**S"%)7&1 +5'4& R-$% $%& 6)"$&"$
')$& #6 +',"$)**-.)$-#/ -/ $%& '&2-#/ #6 VEGUVXG Q;

F "*#R -/+'&)"& #6 +',"$)**-/-$, R-$% $-(& )6$&' (#"$ #6
$%& +',"$)**-.)$-#/ %)1 $)0&/ 7*)+& R)" #3"&'4&1 )/1 $%-"
R)" )$$'-35$&1 $# $%& 7'&"&/+& #6 "&+#/1)', +',"$)**-.)$-#/
^DH>DX`; P%& $-(& 1&7&/1&/+& R)" )/)*,"&1 )""5(-/2 $%&
7'&"&/+& #6 $R# +',"$)**-.)$-#/ 7'#+&""&"> 7'-()', )/1
"&+#/1)',> )/1 5"-/2 ) (#1-T&1 F4')(- &]5)$-#/ ^DY` 6#'

GEIE +4/ JEKE H#. L !-".;)* M? N?OO=P QM?DRQMD=WVDV

<-2; H; KLM &[#$%&'(" #6 $%& -"#$%&'()* +#*1S+',"$)**-.)$-#/ #6 NOP;

<-2; D; KLM &[#$%&'(" #6 $%& -"#$%&'()* %#$S+',"$)**-.)$-#/ #6 NOP;



R%-+%

G% ! G7#!$H! &[7"!S%6#% "D#

R%&'& G% )/1 G7>! )'& $%& 6')+$-#/)* &[$&/$ #6 +',"$)**-/-$, )$
$-(& %> )/1 )$ $%& &/1 #6 $%& 7'-()', 7'#+&""; S -" $%& 7'-()',
+#(7#"-$& ')$& +#/"$)/$ )/1 6 ) +#/"$)/$ R%#"& 4)*5& 4)'-&"
)++#'1-/2 $# $%& 7'-()', +',"$)**-.)$-#/ (&+%)/-"(;

O]; 8D9 +)/ 3& 1-66&'&/$-)$&1 )/1 '&)'')/2&1 $# 2-4& $%& 6
4)*5& 6#' $%& 7'-()', 7'#+&"">

6 ! !%
1G%

1%

" #

" "G7#! ! G%# */ H!
G%

G7#!

$ %& '

"E#

O]; 8E9 '&a&+$" -/"$)/$)/&#5" 4)*5&" #6 6 )" ) 65/+$-#/ #6
+',"$)**-/-$,> G%; O(7-'-+)**,> $%& 7'-()', )/1 "&+#/1)',
+',"$)**-.)$-#/ 7'#+&""&" %)4& 3&&/ +#/"-1&'&1 $# #++5'
&-$%&' +#/"&+5$-4&*, #' +#/+5''&/$*, 35$ $%& 6 4)*5& R-**
7'&1-+$ $%& +%)/2& 6'#( 7'-()', $# "&+#/1)', ^DY>Dg`;
P%& '&"#*5$-#/ #6 $%& $R# 7'#+&""&" 3&+#(&" $%)$ #6 1&$&'S
(-/-/2 ) +'-$-+)* 4)*5& #6 G7>! R%-+% ()'0" $%& +#(7*&$-#/
#6 $%& 7'-()', +',"$)**-.)$-#/; P%-" R)" )+%-&4&1 3, )1d5"$S

-/2 G7>! 5/$-* $%& 4)*5& #6 6 '&()-/" &""&/$-)**, +#/"$)/$ )$
$%& &/1 #6 $%& 7'-()', 7'#+&"";

!/"$)/$)/&#5" 4)'-)$-#/ -/ 6 4)*5& R-$% &[$&/$ #6 +',"$)*S
*-/-$, -" "%#R/ $,7-+)**, -/ <-2; Y; !$ +)/ 3& "&&/ $%)$ $%&
F4')(- &[7#/&/$ +%)/2&1 7'#2'&""-4&*, 6'#( G;X $# D;Y
15'-/2 $%& -/-$-)* 1&4&*#7(&/$ #6 +',"$)**-/-$,> 35$ '&()-/&1
)$ D!Y! G!D #4&' $%& ')/2& EGUWGf #6 $%& 7'#+&""; Z&,#/1
WGf> -$ "511&/*, '#"& $#R)'1" V;G -(7*,-/2 $%& (&+%)/-"(
#6 +',"$)**-.)$-#/ +%)/2&1 3&,#/1 $%& $')/"-$-#/ 7#-/$ +#''&S
"7#/1-/2 $# $%& &/1 #6 $%& 7'-()', 7'#+&""> -;&; )$ G7>!; P%&
4)*5&" #6 G7>! 6#' +#*1S )/1 %#$S+',"$)**-.)$-#/ )$ 1-66&'&/$
$&(7&')$5'&" R&'& #3$)-/&1 -/ $%-" ()//&' )/1 )'& "%#R/ -/
P)3*& H;

<#' +#*1S+',"$)**-.)$-#/> G7>! 1&+'&)"&1 R-$% -/+'&)"& -/
$&(7&')$5'&> )/1 )$ $%& ")(& $-(& $%& ')$& +#/"$)/$ #6
7'-()', +',"$)**-.)$-#/ -/+'&)"&1; <#' $%& %#$S+',"$)**-.)$-#/
#6 NOP> G7>! -/+'&)"&1 R-$% $%& -/+'&)"-/2 $&(7&')$5'&> )/1
$%& ')$& +#/"$)/$ #6 7'-()', +',"$)**-.)$-#/ 1&+'&)"&1; !$
R#5*1 )77&)' $%)$ ) 6)"$&' 7'-()', +',"$)**-.)$-#/ 7'#+&""
R)" )++#(7)/-&1 R-$% )/ -/+'&)"& -/ $%& )(#5/$ #6 "&+#/1S
)', +',"$)**-.)$-#/ 7'&"&/$;

GEIE +4/ JEKE H#. L !-".;)* M? N?OO=P QM?DRQMD= WVDX

<-2; V; K&4&*#7(&/$ #6 +',"$)**-/-$, R-$% $-(& 15'-/2 %#$S+',"$)**-.)$-#/;

<-2; X; P%& #4&')** +',"$)**-.)$-#/ ')$& #6 NOP )" ) 65/+$-#/ #6 +',"$)**-.)$-#/
$&(7&')$5'&;<-2; E; K&4&*#7(&/$ #6 +',"$)**-/-$, R-$% $-(& 15'-/2 +#*1S+',"$)**-.)$-#/;

<-2; Y; h)'-)$-#/ -/ 6 4)*5& 15'-/2 NOP -"#$%&'()* +',"$)**-.)$-#/;



DE?E !*&;#*. '*.$%#""&F#%&-6

P%& F4')(- 0-/&$-+ )/)*,"-" #6 $%& 7'-()', +',"$)**-.)$-#/
7'#+&"" -" "%#R/ -/ <-2"; g )/1 _ 6#' +#*1S )/1 %#$S+',"$)*S
*-.)$-#/ '&"7&+$-4&*,; F "&'-&" #6 "$')-2%$ *-/&" R&'& #3$)-/&1
6'#( 7*#$" #6 "!*/"H! $G%"G!%## )2)-/"$ */8%9 6#' R%-+% $%&
"*#7& -" &]5)* $# $%& F4')(- &[7#/&/$> 6H )/1 $%& -/$&'+&7$ )$
*/"%# ! G -" */"SH#! h)*5&" #6 6H> SH )/1 $%& +#''&"7#/1-/2
%)*6S*-6&> %HbD>H 6#' +#*1S )/1 %#$S+',"$)**-.)$-#/ )'& *-"$&1 -/
P)3*&" D )/1 E> '&"7&+$-4&*,;

!$ +)/ 3& "&&/ 6'#( P)3*&" D )/1 E $%)$ $%& 6 4)*5&" R&'&
&""&/$-)**, +#/"$)/$ )$ D!Y! G!D 6#' 3#$% +#*1S )/1 %#$S+',"S
$)**-.)$-#/ )/1 )'& /#$ $%& -/$&2&' 4)*5&" '&]5-'&1 3, $%&
+',"$)**-.)$-#/ (&+%)/-"(" +#/"-1&'&1 3, F4')(-; P%&
4)*5&" )'& +#/"-"$&/$ R-$% #$%&' 7#*,(&' +',"$)**-.)$-#/
0-/&$-+ "$51-&" 6#' R%-+% $%& (&+%)/-"( -" #/& #6 2'#R$%
#6 "7%&'5*-$&" 6'#( %&$&'#2&/-#5" /5+*&-; !/1&&1> ) "7%&'5S
*-$-+ (#'7%#*#2, R)" #3"&'4&1 3, LOJ -/ $%&"& +',"$)**-/&
")(7*&" )6$&' &$+%-/2 R-$% (&$%)/#*-+ QiA> "&& <-2; W;

DEDE 2)'-67#*. '*.$%#""&F#%&-6

J)/, '&"&)'+% R#'0&'" ^D_UEG` %)4& )$$'-35$&1 $%&
1&4-)$-#/ $# $%& 7'&"&/+& #6 ) "&+#/1)', 7'#+&""; A#R&4&'>
57 $# /#R> $%& &[)+$ (&+%)/-"( #6 $%& "&+#/1)', +',"$)*S
*-.)$-#/ %)" /#$ 3&&/ +*&)'> $%5" $%& )/)*,"-" #6 "&+#/1)',
+',"$)**-.)$-#/ %)" 3&&/ 3)"&1 #/ +&'$)-/ )77'#[-()$-#/";

<#**#R-/2 A-**-&'j" $R#S"$)2& +',"$)**-.)$-#/ #6 "7%&'5S

*-$&" -/ R%-+% "&+#/1)', +',"$)**-.)$-#/ 1&4&*#7" R-$%-/
$%& 3#5/1)'-&" #6 $%& "7%&'5*-$&> h&'%#,&/ )/1 +#R#'0&'"
^EH` +#/"-1&' $%)$ $%& "&+#/1)', +',"$)**-.)$-#/ #++5'" R&**
)6$&' $%& 7'-()', %)" "$#77&1 )/1 $%& $R# 6#**#R $%&-' #R/
F4')(- 0-/&$-+ &]5)$-#/;

P%5" 6#' $%& 7'-()', +',"$)**-.)$-#/>

G7 ! AH$H! &!SH"%!%G#H#6H % "V#

R%&'& %G>H -" )/ -/15+$-#/ $-(& 6#' $%& 7'-()', +',"$)**-.)S
$-#/> )/1 SH )/1 6H '&7'&"&/$ $%& F4')(- +#/"$)/$ )/1 ')$&
+#/"$)/$> '&"7&+$-4&*,;

<#' $%& "&+#/1)', +',"$)**-.)$-#/>

G" ! AD$H! &!SD"%!%G#D#6D % "X#

R%&'& %G>D -" $%& -/15+$-#/ $-(& 6#' $%& "&+#/1)', +',"$)*S
*-.)$-#/; P%& &""&/$-)* )/1 /&+&"")', +#/1-$-#/ 6#' $%& (#1&*
-" %G#D ! %G#H! 6D )/1 SD '&7'&"&/$ $%& F4')(- +#/"$)/$ )/1
')$& +#/"$)/$ #6 $%& "&+#/1)', 7'#+&""> '&"7&+$-4&*,; AH )/1
AD '&7'&"&/$ $%& '&*)$-4& -(7#'$)/+& #6 $%& $R# 7'#+&""&"
)/1 AH # AD ! H! P%& $#$)* +',"$)**-/-$, 1&4&*#7-/2 R-$%
$-(& -" $%5" 2-4&/ 3,

G% ! AH$H! &!SH"%!%G#H#6H %# AD$H! &!SD"%!%G#D#6D % "Y#

P%-" &]5)$-#/ R)" 5"&1 $# )/)*,"& $%& +',"$)**-.)$-#/ #6
NOP -/ $%-" "$51,; P%& '&*)$-4& -(7#'$)/+& #6 $%& $R#
7'#+&""&"> AH )/1 AD> -" '&a&+$&1 3, $%& '&*)$-4& 1&2'&& #6
+',"$)**-/-$, )$ $%& &/1 #6 7'-()', +',"$)**-.)$-#/> G7>!> )/1
$%& "&+#/1)', 7'#+&""> G">!> '&"7&+$-4&*,; F/ )11-$-#/)*
)""5(7$-#/ R)" ()1& $%)$ $%& "&+#/1)', 7'#+&"" "$)'$&1 )$
$%& &/1 #6 $%& 7'-()', 7'#+&""; P%5"> %G>D R)" "&$ )" $%& $-(&

GEIE +4/ JEKE H#. L !-".;)* M? N?OO=P QM?DRQMD=WVDY

<-2; g; F4')(- )/)*,"-" 6#' $%& 7'-()', "$)2& #6 +#*1S+',"$)**-.)$-#/ #6 NOP;

<-2; _; F4')(- )/)*,"-" 6#' $%& 7'-()', "$)2& #6 %#$S+',"$)**-.)$-#/ #6 NOP;

P)3*& H
G7>! 6#' NOP -"#$%&'()* +',"$)**-.)$-#/

M#*1S+',"$)**-.)$-#/ A#$S+',"$)**-.)$-#/

P&(7&')$5'& 8Q9 G7>! P&(7&')$5'& 8Q9 G7>!

EWH;G G;W_ V_V;W G;WH
EWD;W G;Wg V_Y;_ G;WX
EWV;_ G;WY V__;_ G;WD
EWY;g G;WE VWG;g G;WX
EW_;Y G;WX VWD;Y G;WY
VGG;Y G;WH VWV;X G;Wg

P)3*& D
P%& F4')(- ')$& 7)')(&$&'" 6#' NOP 8N'-()', "$)2& #6 +#*1S+',"$)**-.)$-#/9

0+ 8Q9 EWH;G EWD;W EWV;_ EWY;g EW_;Y VGG;Y
6H ! G!H D;Y D;X D;Y D;g D;Y D;X
SH " HGE 8(-/!6H9 H;DV D;YY X;HW g;DV H_;Y Y_;G
%HbD>H 8(-/9 HH;V W;DY Y;Xg X;VD V;DX E;VX



R%&/ $%& 7'-()', 7'#+&"" T/-"%&1 )/1 $%& "&+#/1)',
7'#+&"" "$)'$&1;

P%& $#$)* +',"$)**-/-$, )$ $-(&> %> %)" $R# $-(& 1&7&/S
1&/+&"> -;&; -/-$-)**, R%&/> G% $ G7#!#

G% ! G7 ! G7#!$H! &!SH"%!%G#H#6H % "g#

)/1 R%&/> G% % G7#!#

G% ! G7#! # G" ! G7#! # G"#!$H! &!SD"%!%G#D#6D % "_#

P%& +#*1S )/1 (&*$S+',"$)**-.)$-#/ ')$&" R&'& )/)*,"&1 -/
$&'(" #6 $%&"& $R# '&2-#/" )/1 $%& 0-/&$-+ 7)')(&$&'" #6 $%&
"&+#/1)', +',"$)**-.)$-#/> -;&; $%& F4')(- +#/"$)/$> 6D> ')$&
+#/"$)/$> SD> )/1 $%& %)*6S*-6&> %HbD> #3$)-/&1; P%&"& )'& *-"$&1
-/ P)3*&" V )/1 X> '&"7&+$-4&*,;

<'#( P)3*&" V )/1 X -$ +)/ 3& "&&/ $%)$ $%& 6D 4)*5&" R&'&
)3#5$ H;D> "522&"$-/2 $%)$ #/& 1-(&/"-#/)* +',"$)* 2'#R$% -"
#++5''-/2 -/ $%& T/)* "$)2& #6 $%& +',"$)**-.)$-#/; P%& 4)*5&"
#6 SD )/1 %HbD )'& 1&7&/1&/$ #/ $&(7&')$5'& )/1 +%)/2-/2 -/
$%& ")(& '&*)$-4& R), )" $%& 4)*5&" 6#' 7'-()', +',"$)**-.)S
$-#/; !/ $%& $&(7&')$5'& '&2-#/ #6 +#*1S+',"$)**-.)$-#/> $%&
')$& #6 $%& "&+#/1)', 7'#+&"" 1&+'&)"&1 R-$% 1&+'&)"-/2
$&(7&')$5'& +#/"-"$&/$ R-$% $%& -/+'&)"& -/ (&*$ 4-"+#"-$,
)" $%& 2*)"" $')/"-$-#/ -" )77'#)+%&1; !/ $%& $&(7&')$5'&
'&2-#/ #6 %#$S+',"$)**-.)$-#/> $%& ')$& +#/"$)/$ 1&+'&)"&1
R-$% -/+'&)"-/2 $&(7&')$5'& +#/"-"$&/$ R-$% /5+*&)$-#/
+#/$'#* #6 +',"$)**-.)$-#/;

L&+#/1)', +',"$)**-.)$-#/ 1&4&*#7" )6$&' WGf #6 $%& +',"S
$)**-.)$-#/ 7'#+&"" %)" $)0&/ 7*)+& )/1 $%& 0-/&$-+ )/)*,"-" -"
"&4&'&*, '&"$'-+$&1 3, $%& *-(-$&1 "&/"-$-4-$, #6 $%& KLM;
L&+#/1)', +',"$)**-.)$-#/ +#/$-/5&" $# 1&4&*#7 R&** 3&,#/1

$%& 1&$&+$)3*& *-(-$ #6 %&)$ a#R (&)"5'&(&/$" -/ $%& KLM
)/1 $%-" '&15+&" $%& )++5')+, #6 1&$&'(-/-/2 $%& ')$&
+#/"$)/$" )/1 6 4)*5&;

DEME K4'")#%&-6 '1#*#'%)*&$%&'$

P%& +',"$)**-.)$-#/ +%)')+$&'-"$-+" #6 $%-/ T*(" #6 NOP
R&'& "$51-&1 3, %#$ "$)2& (-+'#"+#7,; C&"#*4)3*& "7%&'5S
*-$&" R&'& #3"&'4&1 -/ $%& $&(7&')$5'& ')/2& HHG $# HYG"M;
P%& ')1-- #6 $%& "7%&'5*-$&" R&'& #3"&'4&1 $# 2'#R *-/&)'*,
R-$% $-(& 57 $# -(7-/2&(&/$ )/1 $%& /5+*&)$-#/ 1&/"-$, R)"
(&)"5'&1 6'#( $%& /5(3&' #6 "7%&'5*-$&" -/ $%& T&*1 #6
4-&R; C)1-)* 2'#R$% ')$&" -/+'&)"&1 )/1 /5+*&)$-#/ 1&/"-$-&"
1&+'&)"&1 R-$% +',"$)**-.)$-#/ $&(7&')$5'& -/ $%& ')/2& #6
+#*1S+',"$)**-.)$-#/> )" +)/ 3& "&&/ -/ <-2; HG; @5+*&)$-#/
R)" %&$&'#2&/&#5" )" $%& "7%&'5*-$&" '&6#'(&1 -/ ")(&
7*)+& R-$%-/ $%& NOP ")(7*& #/ (&*$-/2 )/1 +',"$)**-.)$-#/;
A&$&'#2&/&#5" /5+*&- )'& (#"$ *-0&*, $# 6#'( #/ ) ')/2&
#6 1-66&'&/$ "-.& 7)'$-+*&" R-$% 7'#2'&""-4&*, "()**&' #/&"
3&+#(-/2 &66&+$-4& R-$% 1&+'&)"-/2 $&(7&')$5'&; P%&
1&/"-$, #6 /5+*&- "%#5*1 -/+'&)"& R-$% 1&+'&)"-/2 +',"$)*S
*-.)$-#/ )" $%& (#'& /5(&'#5" "()** 7)'$-+*&" 3&+#(&
)+$-4)$&1;

DE>E ()"%&65 #67 %1) )T4&"&,*&4; ;)"%&65 U-&6%

!/ #'1&' $# 5/1&'"$)/1 $%& $&(7&')$5'& 1&7&/1&/+& #6 $%&
+',"$)**-.)$-#/ ')$&" -$ R)" -(7#'$)/$ $# (&)"5'& $%& &]5-*-S
3'-5( (&*$-/2 $&(7&')$5'& #6 NOP 3, &"$)3*-"%-/2 $%& ')$&
1&7&/1&/+& #/ $%& 1&2'&& #6 "57&'S+##*-/2> !0 ! 0( ! 0+!
F" 1&"+'-3&1 )3#4&> NOP +)/ 3& +',"$)**-.&1 #4&' ) R-1&
$&(7&')$5'& ')/2& 3&$R&&/ $%& 2*)"" $')/"-$-#/ )/1 $%& (&*$S
-/2 7#-/$; P%& 1-66&'&/$ $%&'()* %-"$#', *&)1" $# 1-66&'&/$
(#'7%#*#2-&" )" &4-1&/+&1 3, $%& 7'&"&/+& #6 (5*$-7*&
(&*$-/2 &/1#$%&'(" ^EDUEX`; F R&)0 1&7&/1&/+& #6 (&*$S
-/2 7#-/$ #/ +',"$)**-.)$-#/ $&(7&')$5'& -" $%&/ #3"&'4&1 )" )
'&"5*$ #6 (&*$-/2 )/1 '&S+',"$)**-.)$-#/ #' )//&)*-/2 #6 $%&
")(7*& 15'-/2 $%& %&)$-/2 $# $%& (&*$-/2 7#-/$; P%-"
7'#15+&" 65'$%&' "$'5+$5')* +%)/2&" R-$%-/ $%& ")(7*&; !/
-/4&"$-2)$-/2 $%& &66&+$ #6 %&)$-/2 ')$& #/ $%-" '&+',"$)**-.)S
$-#/ )/1 "53"&]5&/$ +%)/2&" -/ (&*$-/2 3&%)4-#5'> NOP R)"

GEIE +4/ JEKE H#. L !-".;)* M? N?OO=P QM?DRQMD= WVDg

P)3*& E
F4')(- ')$& 7)')(&$&'" 6#' NOP 8N'-()', "$)2& #6 %#$S+',"$)**-.)$-#/9

0+ 8Q9 V_V;W V_Y;_ V__;_ VWG;g VWD;Y VWV;X
6H ! G!H D;g D;g D;g D;X D;V D;V
SH " HGE 8(-/!6H9 HD;Y g;WW V;gX V;DG E;VW D;gH
%HbD>H 8(-/9 V;VH X;DD Y;EE g;gH _;gD HG;H

<-2; W; L7%&'5*-$&" #6 NOP )6$&' +',"$)**-.)$-#/ )$ HDG"M 6#' H % )/1 QiA
&$+%-/2;

P)3*& V
F4')(- ')$& 7)')(&$&'" 6#' NOP 8L&+#/1)', 7'#+&"" #6 +#*1S+',"$)**-.)$-#/9

0+ 8Q9 EWH;G EWD;W EWV;_ EWY;g EW_;Y VGG;Y
6D ! G!H H;E H;E H;D H;D H;D H;D
SD 8(-/!6D9 G;Hg G;DX G;D_ G;ED G;EW G;V_
%HbD>D 8(-/9 V;H E;E D;X D;D H;_ H;X

P)3*& X
F4')(- ')$& 7)')(&$&'" 6#' NOP 8L&+#/1)', 7'#+&"" #6 %#$S+',"$)**-.)$-#/9

0+ 8Q9 V_V;W V_Y;_ V__;_ VWG;g VWD;Y VWV;X
6D ! G!H H;D H;E H;D H;G H;E H;E
kD 8(-/!6D9 G;D_ G;DV G;DD G;H_ G;HY G;HX
%HbD>D 8(-/9 D;V D;_ E;D E;_ V;E V;g



-"#$%&'()**, %#$ +',"$)**-.&1 )$ V_X Q 6#' 4)'-#5" 7&'-#1" 57
$# +#(7*&$& +',"$)**-.)$-#/; P%& ")(7*&" R&'& $%&/ (&*$&1 )$
1-66&'&/$ %&)$-/2 ')$&" 6'#( X;G $# DG Q (-/!H; P%'&& (&*$S
-/2 &/1#$%&'(" R&'& #3"&'4&1 -/ $%&"& ")(7*&"> )" "%#R/ -/
<-2; HH> *)3&**&1 H> D )/1 E R-$% -/+'&)"-/2 $&(7&')$5'&;
O/1#$%&'( H "$)'$&1 )3#5$ HG Q )3#4& $%& +',"$)**-.)$-#/
$&(7&')$5'& 35$ "%-6$&1 $# -/+'&)"-/2 $&(7&')$5'& R-$% %&)$S
-/2 ')$&; !6 $%-" -" 15& $# $%& (&*$-/2 #6 $%& "()**&"$ *)(&**)&
7'#15+&1 3, "&+#/1)', +',"$)**-.)$-#/ )/1 $# -/$&'S*)(&**)'
2'#R$% -$ "%#5*1 /#$ 1&4&*#7 5/$-* )6$&' $%& 7'-()', "$)2& -"
+#(7*&$&;

O/1#$%&'( D R)" -/1&7&/1&/$ #6 $%& %&)$-/2 ')$& )/1
+#/"-1&'&1 $# 3& +%)')+$&'-"$-+ #6 $%& (&*$-/2 #6 $%& +',"$)*"
6#'(&1 -/ $%& 7'-()', +',"$)**-.)$-#/; O/1#$%&'( E '&"5*$&1
6'#( $%& (&*$-/2 )/1 '&+',"$)**-.)$-#/ #6 &/1#$%&'(" H )/1
D; F++#'1-/2*, -$ -/+'&)"&1 -/ -/$&/"-$, R-$% $%& "*#R&' %&)$S
-/2 ')$&" R-$% $%& 2'&)$&' )(#5/$ #6 $-(& 6#' (&*$-/2 )/1
'&S+',"$)**-.)$-#/; !/+'&)"-/2 $%& ')$& #6 %&)$-/2 15'-/2 (&*$S
-/2 (-/-(-.&1 $%& &66&+$ #6 '&S+',"$)**-.)$-#/ )/1> 6#' )
"7&+-T+ %&)$-/2 ')$&> '&S+',"$)**-.)$-#/ -" '&15+&1 3, +',"$)*S
*-.-/2 $%& ")(7*& )$ %-2%&' $&(7&')$5'&"; C&*-)3*& (&)"5'&S
(&/$ #6 (&*$-/2 7#-/$ "%#5*1 #/*, 3& ()1& 3, 5"-/2 %-2%
+',"$)**-.)$-#/ $&(7&')$5'&" )/1 ')7-1 (&*$-/2 ')$&";

M#/4&/$-#/)**, $%& (&*$-/2 7#-/$ )" (&)"5'&1 3, KLM -"
1&T/&1 )" $%& $&(7&')$5'& +#''&"7#/1-/2 $# $%& ()[-(5(
')$& #6 (&*$-/2> 0()[; !/"$&)1> $%& $&(7&')$5'& +#''&"7#/1-/2
$# $%& *)"$ $')+& #6 +',"$)**-/-$, #6 $%& ")(7*& ^EY` R)"
)1#7$&1 )" 0(8#3"9; <-2; HD "%#R" $%& (&*$-/2 &/1#$%&'("
)$ ) %&)$-/2 ')$& #6 DG Q (-/!H #6 NOP -"#$%&'()* +',"$)*S
*-.)$-#/ 6'#( XHH $# XDH Q 6#' DV %; <5'$%&' )//&)*-/2 #6 $%&
")(7*&" "%#R&1 $%)$ ) "$)3*& +',"$)* "$'5+$5'& %)1 6#'(&1
)/1 $%& #3"&'4&1 (&*$-/2 7#-/$"> 0(8#3"9 1-1 /#$ -/+'&)"& R-$%
65'$%&' -/+'&)"-/2 $-(&> "522&"$-/2 $%)$ +',"$)* 7&'6&+$-#/
1-1 /#$ #++5' $# )/, )77'&+-)3*& &[$&/$; !/ )11-$-#/> ) "-/2*&
(&*$-/2 &/1#$%&'( #/*, R)" #3"&'4&1 )/1 -$ "%-6$&1 $#
%-2%&' (&*$-/2 7#-/$" R-$% $%& -/+'&)"-/2 +',"$)**-.)$-#/
$&(7&')$5'&; P%& #3"&'4&1 (&*$-/2 7#-/$" R&'& +%)')+$&'-"S
$-+ #6 $%& *)'2& "$)3*& +',"$)*" 7'#15+&1 )$ $%& +',"$)**-.)$-#/
$&(7&')$5'&;

l"-/2 $%&"& 4)*5&"> +#''&+$&1 6#' $%&'()* *)2> $%& 7'#+&S
15'& "522&"$&1 3, A#66()/ &$ )*; ^Eg` R)" )1#7$&1 #6 7*#$S
$-/2 0(8#3"9> )2)-/"$ 0+ $# 1&$&'(-/& $%& &]5-*-3'-5( (&*$-/2
7#-/$> 0 "

(! P%& 7*#$ R)" *-/&)'> "&& <-2; HE> )/1 +#5*1 3&
-/$&'7#*)$&1 $# -/$&'"&+$ $%& *-/& #6 0( ! 0+ )$ ) 4)*5& 6#' 0

G
(

GEIE +4/ JEKE H#. L !-".;)* M? N?OO=P QM?DRQMD=WVD_

<-2; HG; M%)/2&" -/ /5+*&)$-#/ 1&/"-$, )/1 +',"$)* 2'#R$% ')$& R-$%
$&(7&')$5'&;

<-2; HH; O66&+$ #6 %&)$-/2 ')$& #/ NOP (&*$-/2 3&%)4-#5';

<-2; HD; P%& 1&4&*#7(&/$ #6 $%& (&*$-/2 7#-/$ #/ +',"$)**-.)$-#/ $&(7&')S
$5'& #6 NOP;

<-2; HE; P%& 1&$&'(-/)$-#/ #6 $%& &]5-*-3'-5( (&*$-/2 7#-/$;



#6 XYV!G! D!G Q! P%& "*#7& #6 $%& *-/&> -;&; H"D" R)" &]5)*
$# G!XG! G!H# 2-4-/2 " ! H!G! P%-" +#/T'(&1 $%)$ /# +',"$)*
7&'6&+$-#/ )/1 '&+',"$)**-.)$-#/ %)1 #++5''&1 )/1 +)5"&1 $%&
$%-+0/&"" #6 *)(&**)& $# -/+'&)"& )" NOP R)" 65'$%&'
)//&)*&1> #' R%-*& -$ R)" 3&-/2 %&)$&1 15'-/2 $%& (&*$-/2
'5/;

DEVE 01) %);U)*#%4*) 7)U)67)6') -3 U*&;#*. #67 $)'-67#*.
'*.$%#""&F#%&-6 *#%)$

P%& 7'-()', )/1 "&+#/1)', +',"$)**-.)$-#/ ')$&" )$ 1-66&'S
&/$ $&(7&')$5'&" R&'& &[7'&""&1 -/ $%& 6#'( #6 '&+-7'#+)*
+',"$)**-.)$-#/ %)*6S*-6&> H"%H"D# 5"-/2 A#66()/U=)5'-$.&/
'&*)$-#/"%-7 ^E_` )/1 6#**#R-/2 M%)/ )/1 !"),&4 ^EW`>
"H"%H"D# )/1 "H"%H"D#G R&'& 5"&1 $# "53"$-$5$& 6#' 5 )/1 5G>
'&"7&+$-4&*,; P%& $&(7&')$5'& 1&7&/1&/+& #6 $%& +',"$)**-S
.)$-#/ %)*6 *-6& "H"%H"D# -" 2-4&/ 3,

H

%H"D

" #

! H

%H"D

" #

G
&[7

!8!

W"0 ! 0!#

& '

&[7
!@2

0"!0#3

( )

"W#

N*#$" #6 */$"H"%H"D## 8!"W"0 ! 0!#% )2)-/"$ H""0!03 # )'&
"%#R/ -/ <-2; HV 6#' 3#$% 7'-()', )/1 "&+#/1)', +',"$)*S
*-.)$-#/; P%& 1)$) -" +#/"-"$&/$ R-$% $R# *-/&)' '&*)$-#/"%-7"
6#' 3#$% 7'-()', )/1 "&+#/1)', 7'#+&""&"> +#''&"7#/1-/2 $#
$R# /5+*&)$-#/ '&2-(&">

!$ -" +#/"-1&'&1 $%)$ )$ %-2% +',"$)**-.)$-#/ $&(7&')$5'&">
+#''&"7#/1-/2 $# "()** 1&2'&&" #6 "57&'S+##*-/2> '&2-(& !
0-/&$-+" )'& #7&')$-4&; !/ $%-" +)"&> "5'6)+& /5+*&)$-#/
-/4#*4&1 -/ +',"$)* 2'#R$% *&)1" $# ')7-1 +#(7*&$-#/ #4&'
$%& "5'6)+& #6 $%& /&R 7%)"& 7'-#' $# $%& /&[$ /5+*&)$-#/
&4&/$; P%&'&6#'&> "&+#/1)', /5+*&)$-#/ 1#(-/)$&" +',"$)*
2'#R$% )/1 6#' 7'-()', )/1 "&+#/1)', +',"$)**-.)$-#/>

@2#! !
V,##&0

G
(

!H3 X
! X!G " HGX QD

F$ *)'2& 1&2'&&" #6 "57&'S+##*-/2> -;&; 3&*#R VWG Q>
'&2-(& !! 0-/&$-+" )'& #7&')$-4&> R%&'& $%& ')$&" #6 $%&
"&+#/1)', /5+*&)$-#/ )/1 $%& "7'&)1 #6 $%& (#*&+5*)' "$'-7
)*#/2 $%& 2'#R-/2 6)+& )'& +#(7)')3*&;

L$51-&" R-$% 7#*,&$%,*&/& ^E_>VG` )*"# +*&)'*, "%#R )
1&T/&1 $')/"-$-#/ 6'#( '&2-(& ! $# !! )++#(7)/-&1 3, )
(#'7%#*#2, +%)/2& 6'#( )[-)*-$&" $# "7%&'5*-$&"; NOP )*"#
&[%-3-$" "7%&'5*-$& (#'7%#*#2, )$ *#R $&(7&')$5'& +#/"-"S
$&/$ R-$% $%& '&2-(& !! 0-/&$-+"> )77*-+)3*& $# NOP +',"$)*S
*-.)$-#/ )$ *)'2& "57&'S+##*-/2; !/ $%-" +)"&> $%& 7'-()', )/1
"&+#/1)', 7'#+&""&" %)4& $%& ")(& @2 4)*5&> -;&;

@2#! !
D,##&0

G
(

!H3 X
! D!X " HGX QD

R%&'& , -" $%& (#/#(#*&+5*)' *),&' $%-+0/&""> $)0&/ $# 3&
$%& 7&'7&/1-+5*)' "&7)')$-#/ #6 8GHG9 7*)/&"; P%-" -" X;XE Fm

^VH`; # -" $%& "-1& "5'6)+& 6'&& &/&'2, #6 $%& 7#*,(&' +',"$)*>
R%-+% -" #6$&/ &"$-()$&1 )" ^E_>VG>VD`>

# ! $!H3 "#G,G#H"D "HG#

n%&'& $ R)" 1&'-4&1 &(7-'-+)**, $# 3& G;HH 3, )/)*#2, R-$%
$%& 0/#R/ 3&%)4-#5' #6 %,1'#+)'3#/" ^VE`;

P%& 5/-$ +&** 1-(&/"-#/"> #G )/1 ,G 6#' NOP 5"&1 -/ $%&
)/)*,"-" )'& V;Xg )/1 X;WX Fm > '&"7&+$-4&*, ^VV`; F++#'1S
-/2*,> 6#' NOP -"#$%&'()* +',"$)**-.)$-#/> # ! H!GW "
HG!D ? (!D l"-/2 0G

( ! XYV! D Q )/1 $%& '&+#((&/1&1

GEIE +4/ JEKE H#. L !-".;)* M? N?OO=P QM?DRQMD= WVDW

<-2; HV; $*/$*/$"H"%H"D## 8!"W"0 ! 0!#% 4&'"5" H""0!03 #!

<-2; HX; nF:K 1-66')+$#2')(" #6 EGf +',"$)**-.&1 )/1 )(#'7%#5" NOP;

<-2; HY; P%& +',"$)**-/& 1-66')+$#2')( #6 EGf +',"$)**-.&1 NOP )6$&'
"53$')+$-#/ #6 $%& )(#'7%#5" 3)+02'#5/1;



4)*5&" ^E_` 8! ! YD_V ? (#*!H )/1 ^X` !H3 ! D!H "
HG_ ? (!E $%& 4)*5& #6 # & R)" #3$)-/&1 )" #& ! G!HGY!
G!GD ? (!D F/ )*$&'/)$-4& (&$%#1 6#' 1&$&'(-/-/2 $%& 6#*1
"5'6)+& 6'&& &/&'2,> # & %)" 3&&/ )77*-&1 3,n*#+%#R-+. )/1
N'.,2#+0- ^VX`> 6'#( "()**S)/2*& :S'), 1-66')+$-#/ $#
(&)"5'& $%& 6#*1 7&'-#1 -/ NOP +',"$)* )$ 0/#R/ (&*$-/2
7#-/$"; F++#'1-/2 $# $%& 0-/&$-+ $%&#', #6 +%)-/ 6#*1-/2 ^E_`
$%&, +)*+5*)$&1 # & 6#' NOP +',"$)**-.&1 -/ $&(7&')$5'& ')/2&
VDgUVgE Q $# 3& WG;WUWE;Y " HG!E ? (!D;

i34-#5"*,> $%& 4)*5&" 6#' # & #3$)-/&1 -/ $%& 7'&"&/$ "$51,
)'& -/ 4&', +*#"& )2'&&(&/$ R-$% $%&"& '&"5*$"> )*$%#52% )
4&', 1-66&'&/$ (&$%#1 R)" 5"&1 -/ $%&-' +)*+5*)$-#/;

DEYE 01) )33)'% -3 '*.$%#""&6&%. -6 %1) %)6$&") U*-U)*%&)$ -3
!<0

NOP R)" )//&)*&1 )$ HDG"M 6#' 1-66&'&/$ $-(&" $# 7'#15+&
")(7*&" #6 1-66&'&/$ 1&2'&&" #6 +',"$)**-/-$, )/1 $%&-' "$'&""U
"$')-/ 3&%)4-#5' -/4&"$-2)$&1; nF:L )/1 KLM R&'& 5"&1 $#
(&)"5'& $%& 1&2'&& #6 +',"$)**-/-$,; nF:L (&)"5'&" $%&
4#*5(& 6')+$-#/ +',"$)**-/-$,> G+>4; P%& )(#'7%#5" "+)$$&'-/2
+5'4& R)" "+)*&1 )++#'1-/2 $# $%& )(#'7%#5" +#/$&/$> )/1
$%& +',"$)**-/& 7&)0" #3$)-/&1 3, "53$')+$-#/; P%& ')$-# #6

$%& )'&) #6 $%& +',"$)**-/& 3)/1"> Z+ $# $%& $#$)* )'&)> "Z+ #
Z)## )" "%#R/ -/ <-2"; HX )/1 HY> R)" 1&$&'(-/&1 )/1 5"&1
$# 1&T/& $%& 4#*5(& 6')+$-#/ +',"$)**-/-$,> -;&;

G+#4 !
Z+

Z+ # Z)

"HH#

P%&"& ")(7*&" R&'& "53d&+$&1 $# "$'&""U"$')-/ )/)*,"-" )"
+)/ 3& "&&/ -/ <-2; Hg; P%& $&/"-*& +%)')+$&'-"$-+" )'&
"5(()'-.&1 -/ P)3*& Y; P%&'& R)" ) 7'#2'&""-4& -/+'&)"&
-/ $%& "$')-/ )$ ,-&*1 R-$% -/+'&)"-/2 +',"$)**-/-$, )" R&** )"
)/ )*(#"$ *-/&)' -/+'&)"& -/ ,-&*1 "$'&"" R-$% +',"$)**-/-$,>
"&& <-2; H_; !$ R#5*1 )77&)' $%)$ $%& +',"$)**-/& 7%)"& -"
'&-/6#'+-/2 )(#'7%#5" '&2-#/"; A#R&4&'> )" $%& 1&2'&& #6
+',"$)**-/-$, -/+'&)"&1 "%)7& #6 $%& /&+0 3&+#(&" (#'&
1-665"& )/1 ) '&2-#/ #6 5/-6#'( 1')R-/2 &4&/$5)**, #++5'";
F$ $%-" "$)2& 6')+$5'& #++5'" )$ ) *#R&' "$)-/; M',"$)**-.)$-#/
R#5*1 )77&)' $# ()0& NOP (#'& 3'-$$*& )" ) '&"5*$ #6
-/+'&)"-/2 $%& ,-&*1 "$'&"" )/1 ) +%)/2& -/ 6')+$5'& (&+%)/S
-"( 6'#( 15+$-*& "%&)' ,-&*1-/2 $# +').& +')+0 2'#R$%;

9) :,+'6.#/,+#

NOP -"#$%&'()* +',"$)**-.)$-#/ 0-/&$-+"> -/+*51-/2 +#*1S
)/1 %#$S+',"$)**-.)$-#/ R&'& (&)"5'&1 3, 5"-/2 KLM; !$
R)" #3"&'4&1 $%)$ $%& #4&')** +',"$)**-.)$-#/ -/+*51&1 $R#
1-66&'&/$ "$&7" -;&; 7'-()', )/1 "&+#/1)', +',"$)**-.)$-#/>
)/1 $%& $R# #++5''&1 +#/"&+5$-4&*,; P%& $R# 7'#+&""&"
R&'& "&7)')$&1 )$ ) +'-$-+)* 4)*5& #6 $%& 1&2'&& #6 +',"$)*S
*-/-$,> G7>!> R%&/ $%&'& R)" ) "511&/ +%)/2& -/ $%& 4)*5& #6
$%& F4')(- &[7#/&/$> 6> 6'#( D;Y $# H;D> +#/"-"$&/$ R-$% $%-"
$')/"-$-#/ 6'#( 7'-()', $# "&+#/1)',;

P%& F4')(- )/)*,"-" -/1-+)$&1 $%)$ $%& 7'-()', +',"$)*S
*-.)$-#/ #6 NOP 6#**#R&1 $%& (&+%)/-"( #6 $%'&&S1-(&/"-#/
"7%&'-+)* 2'#R$% #/ %&$&'#2&/&#5" /5+*&-> R%-*& $%& "&+#/1S
)', +',"$)**-.)$-#/ R)" *-/&)' 2'#R$% R-$%-/ 6#'(&1
"7%&'5*-$&"; P%& '&*&4)/$ 0-/&$-+" 7)')(&$&'" )$ 4)'-#5"
$&(7&')$5'&" 8EWGUVGG )/1 V_GUXGG Q9> 6#' 7'-()', )/1
"&+#/1)', +',"$)**-.)$-#/" R&'& #3$)-/&1 "&7)')$&*,;

P%& "$51, #/ NOP (&*$-/2 3&%)4-#5' 6#+5"&1 #/ $%&
1&$&'(-/)$-#/ #6 $%& &]5-*-3'-5( (&*$-/2 7#-/$; P%& (5*$-S
7*& (&*$-/2 7&)0" R&'& )"+'-3&1 $# +',"$)* 7&'6&+$-#/ )/1
'&+',"$)**-.)$-#/ )" $%& 7#*,(&' R)" 65'$%&' )//&)*&1> #'
R%-*& -$ R)" 3&-/2 %&)$&1 15'-/2 $%& (&*$-/2 '5/; P%& &66&+$"
#6 +',"$)* 7&'6&+$-#/ )/1 '&+',"$)**-.)$-#/ R&'& (-/-(-.&1

GEIE +4/ JEKE H#. L !-".;)* M? N?OO=P QM?DRQMD=WVEG

P)3*& Y
P%& &66&+$ #6 +',"$)**-/-$, #/ $%& $&/"-*& 7'#7&'$-&" #6 NOP 8DWX! H Q )$
"$')-/ ')$& V;G " HG!E (-/!H9

f M',"$)**-/-$, o-&*1 "$'&"" 8JN)9 o-&*1 "$')-/ 8f9

G E_! D E!_! G!X
g! E VE! D V!E! G!X
HX! E XH! E X!E! G!X
DD! E Xg! D Y!X! G!X
EG! E YG! D g!G! G!X

<-2; Hg; P%& "$'&""U"$')-/ +5'4&" #6 NOP R-$% 4)'-#5" 1&2'&& #6 +',"$)**-/-$,;

<-2; H_; P%& '&*)$-#/"%-7 3&$R&&/ ,-&*1 "$'&"" )/1 +',"$)**-/-$, #6 NOP )$
DE"M;



3, -/+'&)"-/2 $%& +',"$)**-.)$-#/ $&(7&')$5'& )" +*#"& )"
7#""-3*& $# $%& (&*$-/2 7#-/$ $&(7&')$5'&> )/1 3, -/+'&)"-/2
$%& ')$& #6 %&)$-/2 15'-/2 $%& (&*$-/2 '5/; F++#'1-/2 $#
A#66()/ )/1 n&&0" &]5)$-#/> $%& &]5-*-3'-5( (&*$-/2
7#-/$ #6 NOP> 0G

( R)" 1&$&'(-/&1 $# 3& XYV! D Q )/1 "
R)" H!G! G!D! P%& 4)*5& #6 " +#/T'(&1 $%&'& R&'& /#
65'$%&' +',"$)* 7&'6&+$-#/ )/1 '&+',"$)**-.)$-#/ &[-"$-/2
15'-/2 $%& (&*$-/2 (&)"5'&(&/$";

F/)*,"-" 5"-/2 =)5'-$.&/UA#66()/ &]5)$-#/ -/1-+)$&1
$%)$ )$ $&(7&')$5'&" )3#4& VWG Q> NOP +',"$)**-.)$-#/
6#**#R&1 '&2-(& ! 0-/&$-+"> R%-*& 3&*#R VWG Q> '&2-(& !!
0-/&$-+" R)" #7&')$-4&; P%& 6#*1 "5'6)+& &/&'2-&"> # & 6#'
NOP 7'-()', )/1 "&+#/1)', +',"$)**-.)$-#/" %)1 $%& ")(&
4)*5&> G!HGY! G!GD ? (!D# R%-+% R)" $&/ $-(&" *)'2&' $%)/
$%& "-1& "5'6)+& &/&'2, # ;

P%& -/+'&)"& -/ $%& ,-&*1 "$'&""> )/1 1&+'&)"& -/ &*#/2)S
$-#/ )$ 3'&)0 R-$% 1&2'&& #6 +',"$)**-/-$, R)" )$$'-35$&1 $#
$%& '&-/6#'+-/2 &66&+$ #6 +',"$)**-/& '&2-#/" #/ $%& )(#'S
7%#5" ()$'-[> R%-*& $%&'& R)" ) 2')15)* +%)/2& -/ (&+%)/S
-"( #6 $&/"-*& 1&6#'()$-#/ 6'#( 15+$-*& "%&)' ,-&*1-/2 $#
+').&S+')+0 2'#R$% R-$% $%& -/+'&)"-/2 +',"$)**-/-$,;

!';+,<64-=454+$#

n&R#5*1 *-0& $# $%)/0J' <')/0 Z-11*&"$#/& 6#' $&+%/-+)*
"577#'$; :;<;=; )+0/#R*&12&" $%& )R)'1 #6 )/ i4&'"&)"
C&"&)'+% L$51&/$ FR)'1 15'-/2 $%& $&/5'& #6 $%-" R#'0

84>4%4+'4#

^H` M#33" nA ?'> Z5'$#/ C=; ? N#*,( L+- HWXEI:8E9\DgX;
^D` Q&**&' F> =&"$&' pC> J#'2)/ =Z; N'#+ C#, L#+ F HWXVIDVg\H;
^E` A)'$*&, <K> =#'1 <n> J#'2)/ =Z; N'#+ C#, L#+ F HWXVIDVg\D;
^V` h)/ F/$R&'7&/ <> h)/ Q'&4&*&/ Kn; ? N#*,( L+-> N#*,( N%," O1

HWgDIHG\DVDE;
^X` J&%$) F> p)5' l> n5/1&'*-+% Z; ? N#*,( L+-> N#*,( N%," O1

HWg_IHY\D_W;
^Y` p5q($%&' Z> k)+%()// Ap; N#*,(&' HW_EIDV\HGG_;
^g` A)3)'-/ LF; ? F77* N#*,( L+- HW_gIEV\Wg;

^_` J),%)/ Qp> ?)(&" n?> Z#"+% n; ? F77* N#*,( L+- HWYXIW\

EYGX;
^W` J-$"5-"%- o> !0&1) J; ? N#*,( L+-> N)'$ FD HWYYIV\D_E;
^HG` i.)R) P; N#*,(&' HWgHIHD\HXG;
^HH` J-"') F> L$&-/ CL; ? N#*,( L+-> N#*,( =&$$ HWgDIHG\VgE;
^HD` L$&-/ CL> J-"') F; ? N#*,( L+-> N#*,( N%," O1 HWgEIHH\HGW;
^HE` L#5$% <L> L$&R)'1 CK; N#*,(&' HWgVIHX\D_E;
^HV` <')/0 nN> k)+%()// Ap; M#**#-1 N#*,( L+- HWggIYD\__;
^HX` C&-/"+% hO> C&3&/6&*1 =; ? F77* N#*,( L+- HWWVIXD\YVW;
^HY` ?)+0"#/ ?Z> =#/2()/ pn; N#*,(&' HWYWIHG\_gE;
^Hg` h)/ F/$R&'7&/ <> Q'&4&*&/ Kn; ? N#*,( L+-> N)'$ M HWgGIEG\DgH;
^H_` p5/$&' Z> k)+%()// Ap; N#*,(&' HW_EIDV\HGG_;
^HW` N'-+& <N; O/+,+* N#*,( L+- P&+%/#* HWY_I_\YE;
^DG` Z##$% F> A), ?@; N#*,(&' HWYWIHG\WX;
^DH` A), ?@> J-**" N?; N#*,(&' HW_DIDE\HE_G;
^DD` h)/ F/$R&'7&/ <> h)/ Q'&4&*&/ Kn; ? N#*,( L+-> N#*,( N%," O1

HWgDIHG\DVDE;
^DE` J&%$) F> p)5' l> n5/1&'*-+% Z; ? N#*,( L+-> N#*,( N%," O1

HWg_IHY\D_W;
^DV` MCM %)/13##0 #6 +%&(-"$', )/1 7%,"-+"; XE'1 &1; lLF\ MCM 7'&"">

HWgD; 7; ZSDVH;
^DX` n5/1&'*-+% Z; J)+'#(#*&+5*)' 7%,"-+"> 4#*; D HWgY;
^DY` A), ?@; Z' N#*,( ? HWgHIE\gV;
^Dg` Z)/0" n> p#'1&/ J> C#& CS?> L%)'7*&" F; N#*,(&' HWYEIV\D_W;
^D_` Z)/0" n> L%)'7*&" F> A), ?@; ? N#*,( L+- HWYVIFSD8D9\VGXW;
^DW` A-**-&' !A; ? N#*,( L+-> N)'$ F HWYXIE\EGYg;
^EG` N'-+& <N; ? N#*,( L+-> N)'$ F HWYXIE\EGgW;
^EH` h&'%#,&/ i> K57'&$ <> =&2')" C; N#*,( O/2/2 L+- HWW_IE_\HXWV;
^ED` Z&** ?N> J5'),)() P; ? N#*,( L+- HWYWIFSD8g9\HGXW;
^EE` C#3&'$" CM; N#*,( =#/1#/ HWYWIHG\HHg;
^EV` LR&&$ pO> Z&** ?N; ? N#*,( L+-> FSD HWgDIHG\HDgE;
^EX` K#5-**)'1 F> K5().&$ N%> M%)3&'$ Z> p5-**&$ ?; N#*,(&' HWWEI

EV\HgGD;
^EY` <*#', N?; ? M%&( N%," HWVWIHg\DDE;
^Eg` A#66()/ ?K> n&&0" ??; ? C&" @)$* Z5' L$)/1 HWYDIFgE\YV;
^E_` A#66()/ ?K> K)4-" pP> =)5'-$.&/ ?!; !/\ A)//), ?Z> &1-$#'; P'&)$-"&

#/ "#*-1 "$)$& +%&(-"$',\ +',"$)**-/& )/1 /#/S+',"$)**-/& "#*-1"> 4#*; E;

@&R o#'0\ N*&/5( N'&""> HWgY;
^EW` M%)/ Pn> !"),&4 F!; N#*,( O/2/2 L+- HWWVIEV\VYH;
^VG` A#66()/ ?K> <'#*&/ =?> C#"" pL> =)5'-$.&/ ?!!'; ? C&" @ZL HWgXI

gWF8Y9\YgH;
^VH` N*)," =A> N%-**-7" N?; ? N#*,( L+- HW_GIH_\_DW;
^VD` J-**&' C=> Z#,&' C<; ? N#*,( L+-> N#*,( N%," O1 HWggIHX\HVgX;
^VE` K)53&/, C K& N> Z5// Mn; N'#+ C L#+ =#/1#/ F HWXVIDDY\XEH;
^VV` P5'/35** K> M#'(-) C=; ? M%&( N%," HWYHIEV\_DG;
^VX` n*#+%#R-+. F> N'.,2#+0- n; ? F77* N#*,( L+- HWgEIHg\HHWg;

GEIE +4/ JEKE H#. L !-".;)* M? N?OO=P QM?DRQMD= WVEH


