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Executive Summary
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Polyethylene (PE) is one of commodity polymers that are produced in large quantity in Thailand
and woridwide. Generally, it is used in low cost products. Some of it, high density PE (HDPE), goes into
rope, cordage and fishing net industries where it is turned into slightly stronger monofilament or fiber by
melt spinning and hot drawing before fabricated into appropriate products. The mechanical properties of
this fiber, although higher than isotropic PE, are stil much lower than that theoretically predicted. The
market size of this is, however, quite large and now manufacturers are competing for a lower price. To
escape from this market to a new market where price is of no concern, a stronger fiber is required. It is
known that the mechanical propetties of fiber can be higher if the amount of drawing, or draw ratio, is
increased. There is however a limit to which drawing can be done. At this limit severe defect is
developed in the material. This defect not only limits the maximum draw ratio but also limit the strength
of the fiber. In order to reduce, delay or even suppress the formation of this defect, it is essential to
understand the nature of it and, if possible, formation mechanism. In this project, the nature of this
defect was studied in some HDPEs of different molecular weights (MW) from local source. Various
techniques were used {o study the defect. The results indicate a very complex nature of drawing and
also structure of drawn HDPE. Molecules in HDPE with different MWs respond differently to drawing.
This information was used to deduce the mechanism of defect formation. The deduced mechanism was
tested by preparing continuous fiber from HDPE blend of high and low MWs. [t was found that this
HDPE blend could be drawn fo higher maximum draw ratio than neat HDPEs. As a result, fiber with
higher modulus and tensile strength was obtained. |n addition, aiternative method was used to suppress
the defect formation in the fiber. This was achieved by incorporating of organoclay into HDPE.
Composite fihers were drawn to much higher draw ratio than fiber from neat HDPE. Therefore fibars with
higher medutus and tensile strength were obtained. The most striking feature is that tensile strength of
the composite fiber is much higher than that of neat HDPE. The knowledge acquired from this project
has been put to test by making a sufficient amount of high modulus and tensile strength polyethylene
fibers for fabrication of bulletproof composite armour. The test was very satisfactory. 1t is believed that
by further investigating into the matter, many new products could be realised. It is optimistic that there is

a bright future for this high modulus and tensile strength polyethylene fiber.
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AFM Atomic Force Microscopy

“C NMR Carbon-13 Nuclear Magnetic Resonance
CcpP Cross polarisation

DP Direct polarisation

DSC Differential Scanning Calorimetry

GPa Giga Pascal

HDPE High Density Polyethylene

LLDPE Linear Low Density Polyethylene

MAS Magic angle spinning

MPa Mega Pascal

Mw Molecular weight

OMMT Organically Modified Montmorillonite

PE Polyethylene

ppm part per million

SEBS Styrene-ethylene-butylene-styrene block copolymer
SEM Scanning Electron Microscope

T Longitudinal or spin-lattice relaxation time
Toc Transverse or spin-spin relaxation time
XRD X-ray diffraction

A Draw ratio

E Modulus

a Tensile strength

Lm micrometer

s microsecond
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Abstract

This research project is an attempt to make more benefit on using high density polyethylene
{HDPE} in making strong fiber. Generally, drawing of HDPE into strong fiber is limited by the formation
of defect in the fiber. The defect not only Hmits the maximum draw ratio but also limits the strength of
the fiber. In order to reduce, delay or even suppress the formation of this defect, it is essential to
understand the nature of it and, if possible, formation mechanism. In this project, the nature of this
defect was studied in some HDPEs of different molecular weights (MW) from locat source. It was found
that the defect was formed in all HDPEs studied at a certain draw ratio, depending on MW. The higher
the MW, the lower the draw ratio at which defect was formed. The defect contains bands arienting
perpendicular to drawing direction and etched pockets between bands. At the formation peint, the bands
separation is about 4-5 um for all HDi:’Es. When the sample was further drawn, HDPE with higher MW
would have larger separation while for the lower MW the separation remains roughly constant, AFM was
used to study local mechanical properties of band and etched pocket. It is suggested that
heterogeneous deformation had occurred and etched pocket is the area the material deformed more.
Solid state "C-NMR was used to study average molecular dynamic of carbon atom in different regions in
the sample. It was found that, by using relaxation times as criterions, 7-8 components can be separated
depending upon draw ratio. A new component, which hasn’t been reported, was found in this work. Itis
proposed that this component is composed of chains that are stretched taut and traverse non-crystalline
region. In addition, it was also found that the tongitudinal relaxation time of crystalline region in high MW
HDPE increased sharply with increasing draw ratio. The change became less for lower MW. These
results indicate a very complex structure of drawn HDPE. Molecules in HDPE with different MWs
respond differently to drawing. This information was used to deduce the mechanism of defect formation.
The deduced mechanism was tested by preparing continuous fiber from HDPE blend of high and low
MWs. It was found that this HDPE blend could be drawn to higher maximum draw ratio than neat
HDPEs. As a result, fiber with higher modulus and tensile strength was obtained. in addition, alternative
method was used to suppress the defect formation in the fiber. This was achieved by incorporating of
organoclay into HDPE. Composite fibers were drawn to much higher draw ratic than fiber from neat
HDPE. Therefore fibers with higher modulus and tensile strength were obtained. The most striking
feature is that tensile strength of the composite fiber is much higher than that of neat HOPE. The
knowledgr:z acquired from this project has been put to test by making a sufficient amount of high modulus
and tensile strength polyethylene fibers for fabrication of bulletproof composite armour. The test was

very satisfactory.
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i’mlﬁﬁqﬂaanmnﬁuﬁ'z) wuaMBLandAdautantuudas A uasTagefifiadwil  Fenaw
U uasiunidederasudssiumingasnianTedl 7 dussdadaniuanduiudaudronnil il
Funsolfiunmeinalumsaianm force volume Fazdanlimunsoduunanifususazisionas
Fmitld N force volume AiasiwannslidussBasadmiudaatne 62008 fiada 9 i uaz 16
i uamaﬁagﬂﬁ 29 war 30 Wiy Feandiuldin dwmindmateiida 9 i wasdthifdmiliintu
%W N force volume dunanesgl srlifinesndoela 9 e usstfiatdSouifioy force curve
Mu,@ia:e‘nLm*tiouumwm'mgamasﬁﬁui’Ja (u?nm?iﬁmﬂ%ammu +) =AW force curve MIGIUET
1ila (Meluaed) vesudasdumbiiidnwasindpndanuun éuﬂumquah msﬂmmwﬁﬁwﬁuﬁﬂa&
fiswaziboala 9

& o . o e W v P AP
AN 7 anutuuaInTy contact force LLa:mmaﬁﬂm@mmnmmwmmo ) VBIWUNT
- ) nd‘ o J - .y A. = 1 "
viadamiiniieadulunadiafiiu 62008 ‘ﬂadﬂ@‘l 911 Uez 16 111

. . . wsetlafia
#1819 62008 ANVTU
- {Adhesion force) (nN)
9x 53 30.07
16x (band) 54 227.36
16x (pocket) 45 372.71
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FV Image

0 10000.0 nm
Dara type Height
Z range 86.52 nm
Z scan 10.00 pm
Z position 25.75 nm/div

TTip
’’’’’ vefiect
1 7.00
_T nm/fdiv

i - F - Y
0 10000.0 nm ; L) [ et et R R AR AT RE AT At St

Data Type H=ight 5

Z range 250.00 nm

250.00 nm Force Plot

86.52 nm

FV Image

0 10000.0 nm
Data type Height
Z range 86.32 rm
Z scan 10.00 pm

25.75 nm/div

Tip
peflect
o 7.00
L nm/di
. S.P.
Data Type Height
Z range 25¢.00 nm

AEM O 250.00 nm Force Plot

Fv 0 186.52 nm

e Pl M o a . as
7N 29 mwalsuidisuan AFM fildanmyiaanugs (height, 7o) uaz MW force volume
R P v ' a i 4 . et ar
(FV image, Y1) TIgHoanmildausiiiada (adhesion force) @1ati19 62008 NLAATIEIWNTT
| ar \ “¥M i a o a ' =ha Y @
faflatrinny 9 wih (Jaluitiadinil) Mwus uazas wEas force plot NRANH MBI BUNY F T

& o - % v A
LI IATaINANY +luuma:ﬂquadﬂ11u§3@1umqﬂwa

e
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] 100006.0 om

Data type Height
2 range 158.64 om
Z scan 10.00 pm
Z position 0.10 um/div

Tip
T peflect
T114.00
ane 1 LB nm/div

e R SR O W |5.P.
0 10000.0 am  --fFA--i- ; ; |

Data Type Height
Z range 600.00 nm

600.00 nm

153.64 nm

FV Image

0 10008.0 nm
Gata type Height
Zz range 158.64 nm
Z scan 10.00 um

Z position

S Tip
Deflect:
14.00

~ nm/div
;S.P.
0 10000.0 nm q
Data Type Height
Z range 600.00 nm
AFM 0 | 600,00 nm Force Plot
5
Fv O I 158.64 nm

gﬂﬁ 30 mwSuuiouan AFM ﬁ"l@‘fmnmﬁ@mmgo (height, §781) waz AW force volume
(FV image, 27) S9eaninmsidausefiafia (adhesion force) aaatns 62008 AdSaTEMANT
fefianrinny 16 vin (Radmiiudr) Mwun uasEns waae force plot AIfldnumzuansIiuang
30 EmFULTanateanang + 1wU3im band st pocket maaﬁmﬁﬁnﬁu’tmnwmmg\aﬁm

Frod
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o~ - L el s v A e a oo & . ar P
WINAIITINNIN force volume Tasiagwiialia 16 v Halidmiifeluud  dwusaaluznih
= L e A Lo & A a L
30 wWHEWHMMN force volume (MuUUY) ddnsmchraaadasiuawaNug (F1e) Fanwiasasiile
a - f a d - . o . o -l ]
MMAENNSTALANEIITK  uaziliafinnsa force curve tadudazuiimuadd il WHnmhirieTasmane
1 L 24 4 A i 1] g 1] | b
+) azNu force curve naduaIMia (Mulwasd) fAlduandrsinadwann Sadumanaldifunn
- -y Y ’ -~ ' . . e
u force volume Raidumstuduiteansolfanuuandzesusidedaluudazdrumislumssfianm
| [ [ [ . - o} s .
force volume fiseandasnunwanugld Faldvnsadanin force volume luiFiiniau 9 vasatng
a a4 P | A [ o -
fufiadmi Fanwinlduaasdanlii 31
A +* - 1 - A 1
Pinkafiuaas azrunsaagllai maunsald ArM lumsuenaauandrmassui@iGanaluud
P and a & a B a  ad - o P | . w o v "
szUTnrasdwinfatiuludaiawafiiefiduld Ssuidnuandrsnuinnnafiasyilvidiunin force
oo a 2 a § A A oo ow . P . A A A '
volume fifaiau fia usadada (uililumsGaiaia wisduialdngasenaniiuia) Fadisfinsid
A o sl o v Fa i a4 el a . “a A - & ' & o
wnefefuaasluaswd 7 srawualdi Wadedvgniddiidandmunsisdaiuiu dusbeda
& o & . R - ) a - -y a i a
WINTU ATUU AuLandrasiuRiedaluudssiiunsssdmiinafannmiiudasuiiugni
. . 4 e -~ P - A . Py - "
Wdnsenlivhiiu TasuSiamfidu band wiauoy azgniavasnituSvafiiiu pocket
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0 10000.0 nm

Data type Height
Z range 97.01 rnm
Z scan 10,06 pm
Z position 25.01 nm/div
gy - : T ET T T
Daflect:
“l19.00
L om/div
S.P.
[} 10000.0 nm
Data Type Height
2 range 250.00 nm
250.00 mm Force Plot
97.01 nm nattawut-pisalbx-050405.006
FV Image
0 10000.0 nm
Data type Height
Z range 94.99 nm
Z scan 10.00 um
Z pesition 15,00 nm/div
S i £ AT i 3 g e T . o T
TREh o L i T il R L peflect
i {5.00
! rm/div
sl
¢ 10000.0 nm
Data Type Height
. Z range 500.00 nm
AFM O 500.00 nm Force Plot
Fv 0 94.99 om

nattawut-pisaléxtrans-050506.001

Eﬂﬁ 31 mMwipufisuann AFM ﬁ‘lﬁmnmﬁﬂmmga (height, T188) W&z NN force volume
(FV image, 121} %aa_i"wmnnﬂﬂ-ﬁmusaﬁaﬁm (adhesion force) §1879 62008 NIIFATIHIUMS
Fabaindy 16 i1 (Aedniiug) Annans 9 viaaluhate Weuaedwifiwiaansaeie
1w Trce volume {usm'lﬁflué'nvmzlﬁmﬁ'uﬁ'uﬁuamlugﬂﬁ 30
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5 n13ANENEIBENTHWANIRIR Y solid-state °C NMR

lumslt solid-state °C NMR u‘i‘{aﬁnquﬁnﬁwaﬂuLaqa'luéhazhawa&aﬁ‘é‘uﬁgnﬁaﬁm&nfu
adasmsanmaninaresmsasdanisuaruulageng 9 ﬁtﬁ@‘i’mﬁuimaqa asendmiiiiiadn &
Mausaanudrineduin sudaluudszdumbmasdmituuandnotu was solid-state °C NMR Hwiu
mﬂﬁﬂﬁmm‘m'l.ﬁiagmﬁmﬁ'uamwwmé’amadmaqa wiadnvasluanald snhsulafiaziantdly
msdnw  dadiumssieanudilifugu  aldnandmannindesdufivnldmansald solid-state
¢ NMR Tumsfinwmg@nssavasluanadanaridradule

Taovialludy msld NMR st dmlngiiumstfiReduunsiievaslusaan wiamiuaw illass
shemaailodnls wazadwwuszegivezasusfiala naRldanmsld NMR da Tasssamaed ud
Fmiuwadiafisuud? Tmm"s”mmqmﬁf:’uﬂﬁuﬁuuﬂ'ﬁ'ﬂaguﬁ”: juilwlalasarfuaudud  waniluane
Tgass  adwlsfionn  winlansbumasianiulalesafuondudruunldass Fananefian aisesil
Fyanmvas °C NMR sadiditdia dyanmuamy CH, udluananiiusiudy wafiafiduvasudas ge
ﬁﬁnvuy'\mﬁﬂ'fuﬁnmuﬁmﬂm Wasnnamuuneday (madsznauiwiundn) wazgiliepasluana
(conformation) vasluianawadiafiiulundnudazsiia w?a‘luu%nmﬁtﬂuaﬁ'mgﬁu (amorphous) WHWAN
g Sdamsnfinadaduniiuesdyynm wia chemical shift TaudnumislddnsRgaiuddmiu
wollaiau dmiuninudszaiia uazluudasism el

HAnTHa Monoclinic (luianafijulinauuy afi-trans) Syanoinngi 342 ppm
wanziia Orthorhombic (Lutanaiizusiuty af-trans) fyonoulingd 33.0 ppm
Tulanaviiusasdanin-admgu (interfacial) fygnamlnngd 310 ppm
Tmaqau“‘mmaﬁmgm ﬁLﬂﬁuuuﬂaagﬂhmaaﬂnm (rubbery amorphous}) 30.5 ppm

3 1 d“d A‘ ar 13 1 a » o L . L
wannéumbidygnaulnnguiuiuginmadluegalusdasdunisdusasidunds e
o o v e o & YY) P . = = , oo ]
wuwasdygnainld  dedusgiudanimesaisidvasnnuduuimanyesfiuafomndiudndin &9
o a i i 13 ar a o et e
sunsadamulddallunuiadinenzan 307 32 ugay T C NMR aiUnady vaswedtefiduiiuiin
s v g . ar = I P ‘. v a X d. . e o '
anldsunsuiasiuandraiu Fseziuinsyganldluudscauneiufedunduniadions wdany
o ' -~ ' -« E Xa ar = . - 4
Wuvawmdssapnuandwnu - mbdiunanandannssaslusssnuduwiininuesiiiefoslu
wdazauniILandnaIny
o & o e Iy v a - s il Pzl
doun winlgluswnsaiadfiminzan  azansoduunmy CH, TuudastSinwesdiaing (wWan
ar | A A = ' s . v
admgu soude wiedu 9) sanidudim g aunwgdnTIvzemy CH, 1d
o ) 13 v .q' w = & A, ~
Wiadsnnmeand solid-state '€ NMR 1flaafiwwann  dsznauduiisvanniasilafidendns
P o & [y { o a . a A PP Y . o
e doun Taldrunuiinsnasaniios 3 dretny Ao wallefigudiiariinmsinadnfian (62008) ua:
a o da w H = & e ol i a o, i o O
wadefiaunfiarinmyinagefign (16000) Hfimsfedmiifidandumssbad wazgengamadidy
' - a a [ ' ad Ao o o X A -y a
atlsfienn  ldvnamassafadulasnsldwefiefitufiidsiinsInafiatudn iafidmdinluans
. A & a i A a @ ¥ W Y .
) (KM490K)  (Rafigaiauydguiifisadasdadumasssssmisznauduhwinluana lasdodng

waﬁLaﬁﬁuiﬂeﬁ'ummmi.mﬂ:ﬁmnﬁ’lwmmwﬁ Fumitaka Horii uvsuwingamnerla
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Polyethylene CP/IMAS

o

DP/MAS

(b)
wadatsasatas st sasadonasbassadanaata,
40 30 20
Carbon Chemicat Shift (ppem)

a 13 [y a A { 4 v [ — N as o 1%
A 32 Uc NMR munaiy gaanwelieffuiiuindnluunsuisdiuandain  Seecldaa
Wauvaasygulukdssiumisuanaeiu tasmunaduduunldlisunsuuuy CP ussduas DP

mIAnEneatinige solid-state 'C NMR ‘1@‘1’L‘§uﬁnmG'haLhaﬁﬁuuﬂﬁ'ulumnﬁmﬁmﬁga fia Woa
L@REuNga 62008 AikMuMTiusiauLy Q gﬂﬁ 33 ugad C NMR aanﬂ%’waaé"zamaﬁgnﬁuﬁﬂlﬁ’ﬁ
AANEmIUMIRIEAMINY O (DPE9) 12 (DPE12) Waz 16 vt (DPE16) UufindaslliunsuWaduuy CP
AW e ITF Y AR WWITBINANILIL orthorhombic gaann uazFanmedmgn (USnnlng
YN UDINA) aaaamué’@mmsﬁaﬁaﬁgaﬁu Tun1570 relaxation time vassmidunin wiaduniilass
ahadlwwuy afi-trans i chemical shift Indi@naiu Orthorhombic crystalline phase (33 ppm) dumunsa
uLiaena spindattice relaxation behaviour #3afn T, (oW 4 du ﬁauaﬂalugﬂﬁ 34 FnwaeTull Wy
1“Ylﬂﬁ’lﬂﬂ'ldﬁﬁﬂ‘n+’]’ﬂﬂd 62008 AEUMAANGIULY Q @D sadmmIasda 9 o 12 v wez 16
o dalasirluslunafieffulasialy  wieelilanadofiuandaiu  wdfiazmansnuoldifies 3
dawrinin 21-24] Tegdud 4 i aldhianadeliin ansesillaseairoihionals

waldaansauenasdsznatdns 9 ssnaniuldin Seldvhnisiadn °C spindattice refaxation
28InY CH, "ﬁaﬂﬂngﬁmmm 31.5 ppm wu lisansausnasdsznaufdumisitle GT@LLa@a'Lugﬂﬁ
35 uawinyiinsiasn C spin-spin relaxation v8Iny CH, luduniadmduunu aswuiaansousn
dwasstisznavdasiia °C spin-spin relaxation time fiuananarwle @Tauamlugﬂﬁ 36 G9uu 59813
na ey CH, Tudatnmmafefduihandnund swsniuwnesnilinasidsnavtsnagiatas
6 asLlsznauRfiwginssy wie dynamic uandratu laawgdnTsanguil wulunndan (Bavamnse
fin g i 12 uh uar 16 ) ialvmansomruasumisuaelaseaief 4 dowulwaidhedu Fole
naassiufinaunesusdy delay time swann g (flsvanduillian 7., Adunn 9) wefilddmivudas
fating uamlu;ﬂ'?'i 37 %w:tﬁu’l@‘\’*j*my: CH, '?'iflﬁ'umﬁwaoé’zgry'lmtﬁammﬁumuﬁa:‘ﬂuwﬁn (33
ppm) aunsafmm IWraidaladifnsiudmedugu @alngimaandefidumialszaanm 31 ppm)
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Magnetization

L 1 i 1 ' 1 A

0 200 400 600
Timels

- a 13 . . . ' = a oo A4 o o '
Eﬂﬂ 34 WHANTIY C Splﬂ-lattlce relaxation 'ﬂa#“g CH2 1““&”‘“6E‘Laﬂau‘ﬁﬂﬂﬂnﬂﬂ@lﬁluﬂu\j

1000

33 ppm Anmdat CPT1 pulse sequence 18IWaRLENAKNTA 62008 Hrumainliduduuy Q

= e o 0 & A k]
Llﬁ:ﬂﬂ'ﬁ&la@ﬁ’iﬂﬁuﬂ’l‘iﬂ{lﬂﬂ 16 1y

1.0 O O
0.8
S
= 0.6
1]
N
il
2
&5 0.4
(1]
=
0.2
0.0 i L
3 4
Timels

~ a 3 . . ) . . aa A H g '
Eﬂ'ﬂ 35 wWOANTIY Y spin-lattice relaxation ¥8J%3) CH, 1uwamamumﬂﬁngﬂmwua
31.5 ppm ANWNAIL saturation recovery pulse sequence 8IWaRLafifiuinTa 62008 Ak UM

o T =) et o v a4 . '
‘lmuumuuu Q uﬂ:ﬂﬂ'ﬁuaﬂ‘ﬂfﬂuﬂ'ﬁﬂdﬁﬁ 16 1
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T
N
Noal
[}] L
c o
o 3
m =
= L

1 1 P | L 1 L 1 i L PR |
0 200 400 600 800 1000 1200

Time /us

o a 13 . . . ' = a4 A o .
3Un 36 wn@nsIu C spin-spin relaxation 1831y CH, lunaSeffuasnngidumia
31.5 ppm ANWEE spin-echo pulse sequence TaIwadtafiauinsa 62008 firiun1m
Wifuduuy Q wazdeliidansaumsasiia 16 i

. = ' H P P G L e ' A = -~ . o
atiglsneny &uh 4 Aiwud a0 chemical shift gamwmmmmaawawamawﬁﬂumumﬂumﬁn
ol i I‘: e o~ = Qe . J L 1 ~ Qs
Uszanm 0.25 ppm uazlien T, Aaunnn g luseal 1 3wd nanwassui 30ldlimaanain Aads
- P e ' = . ' Py B & A A . ol
naviudumoleniiplnaiu aftrans udagluduihiiliunin  #isfie tauttie motecules Filou
sminin  mawudnraedindididu  ssnniuduldlesnmyhwmzdiine (ineshape analysis)
13 4 ' TR { o~ & 1 & A oa &
w849 fully refaxed  C spectrum 289028879 Naﬁ‘imuam‘lugﬂﬁ 38 FerslAwianUIm 33 ppm Ul
1 3 = . Iy a - S 1 =l & Lo
tsznauday 4 Anday AmsunaminmsialdnanfsinaTolusaurng
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(a)

(b)

ppm from Me Si

74 37 “C DD/MAS NMR snaiuuuy partially relaxed sufindneWadas 90 a9m (single
pulse) 19 recycle delay t¥innu 0.5 3w1Hi Uasweneie Lorentzian curve NIFNuwie 33.25 ppm

o a o 1 dﬂ s 1 - 1
fFmsudatandaanauniasia 9 (a) 12 (b) uas 16 11 (c)
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40 35 30 25
ppm from Me Si

| 1 1 2 £ 1 i i 1 L 1 i i i A - |

40 35 30 25
ppm from Me Si

P - ' 13 = el o
U 38 m‘nmﬂ:ﬁgﬂﬁwaa fully relaxed ~C spectrum Ya4WaRiafiRuinTe 62008 Vik1%
mavldiiumuny Q wasdldlidamaunisdeiia 9 (i (L) uaz 16 1in (814)

MINLEINR 4 %aﬁwuﬂu‘[maqaﬁﬁgﬂiw ali-trans Tusa ﬂﬂaﬁﬁwfﬁuﬁnTuaaqaga wazduualiulu
mﬂﬁﬂw‘imﬁgai{ mafimtaslunslammitatuninfiadni LL;&"ijwvluﬂnﬁdazi'mﬁv'oﬁé’rmﬁﬂ'a'hi
W (Fung bivkumeldndbaganssend) wiofidmiinannathaduiiudafan

Walwnstudubainuludiagns 62008 fusesthasu  Solddudunalesmsdinmfindnlud
ati19 16004 %oﬁﬁ"ﬁﬁmﬂuaqa 'l@"naéfmamlugﬂﬁ 40-43 zhwil wodnssuvasluanaludiadng
1600J ﬁé’num:ﬂﬁwﬁuﬁé'amq'lé‘luﬁdath 6200B fia Tmaqa’luw‘s’ané‘fﬁﬁlmaasﬁauuu all-trans Wud
aEnaNTNULIA spin-lattice relaxation behaviour w3adn T, laiflu 4 daw wwdsidulu 62008 (U3Ten
tﬁuugﬂﬁ 34 ﬁugﬁﬁ 39) ﬁlﬂ%'ua'rmﬁﬂuaé’mgmﬁgu fAnedinganssufiliuansdronu (Lﬂ?umﬁuugﬂﬁ
35 ﬁugﬂﬁ 40 i.l,za:?ﬂ"r’li 36 ﬁ’ugﬂ‘ﬁ 41) Mo wanesidsznaufiwuathelay 6 asissnauludasting

Yo - . .
16000 # Jalaouduldlasnmiamedzing (ineshape analysis) w84 fully relaxed C spectrum 8362
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. a . A v P = T D & [y '
adndingn  wafladusadlugud 42 Feexfuifefiolion 33 ppm wuilzneudas 4 Aades lu

dnwofnsasuiiwuludladng 62008 (3'1]'?% 38)

- P N = - oo A e i
319 39 Wn@anIw ¢ spin-lattice relaxation 18913 CH, TunBnwadlafidudssngidiunis
33 ppm ANWIGIY CPT1 pulse sequence TadWaalafiauinia 16004 s didudiuuy Q

Magnetization

A 1 L L M 1 A 1

600 800 1000 1200
Time /s

= v o } < M '
LLa:ﬂﬂﬂﬁJaﬂT’la‘l%ﬂﬁi@Nﬂﬂ 31

A - 13 i . ' a  aa d A . '
Eﬂﬂ 40 w@nssy C spin-lattice relaxation 189wy CH, TuneRiafitudnlrngndumi
Y a _ad A . N
31.5 ppm finwnene saturation recovery pulse sequence UBIWARLBNAWNTA 1600J MHTUNTTYIN
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e
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Magnetization
o
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Time Is

Widuauuy Q uwazlviidamaiunsasda 31 10

gy~
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Magnetization

0 200 400 600 800 1000 1200
Time /us

P - 3 . . , N = P ie .
31]1’1 41 WOANTIM e spin-spin retaxation W8Iy CH, 1uwamaﬂaumﬂﬁng]ﬁmtmm
31.5 ppm ANWAL spin-echo puise sequence 1aIWaFLENAUNTA 1600 TFHUNNTHN
Whiumiuuu Q uazdelwlisamaimmitebia 31 i

ppm from Me,Si

317 42 m3anzizsaTes fully relaxed TC spectrum T8awafiafifuinga 1600J Aiiu
msildlduaauy Q wssdldlidandunisadta 31 win.

ety -

o
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namMsdaTzAteyaen solid-state " 'C spectrum BaIwaiefiuiniad 9 (62008 16004 Laz
L v & 1 A L7 d.
KM490K) avldugaadaadnalugiin 38 waz 42 mansavnunuldduradluanf s-10

- - . o . < o
@13190 8 HaN 33 AITHIUI19184 fully relaxed spectra DaInadiafifninia 62008 fitiwnmai

v e s - L - ]
Tduduuy Q eazdsilldandmwnisdeiiad ¢

Line 1 Line 2 Line 3 Line 4 Line 5 Line § Line 7 Line 8

MCP Al Abwmss  OCPL  OCP2  OCP3  Inecfacal o0
amorphous

DRI
Chemical shiftppm 342 . BB BO B B A5 NS
Ticls X 1% 189 126 519 0% oM
Toc s : . . i - : 316 684
Falfwidhppm 076 : 13 08 0% 0% 22 i
Mass fraction 003 0 015 o0 0 025 08 oW
DR12
Chemical shiflppm 342 3365 325 B0 B R¥ 35 3
Tick x x 050 93 % 552 04 0H
Tchis i : . : : : 31 676
Hlf widhopm 080 061 W3 07 0% 0% 2% .
Mass raction 04 005 als 0oy 0 022 0 00
R 16
Chemical shitppm M2 3365 BB RW R\ RM H5 305
Ticks X 3 27 150 606 0% oM
T s : : ' : i : 2938 7%
HalEwidihfpprn 080 070 103 0% 0% 038 29 .
Mass Fastion 005 003 oM eM 0 02 0N 001

A3 191 9 Nan'lﬁl.ﬂﬂzﬁgﬂ%'lwaa fully relaxed spectra 2adwafiananinia 1600J NH 1AM

v & a =3 ey s s - 1
Tiandusy Q uazdsiiddaadimniasingg 9

Line 1 Line 2 Line 3 Line 4 Line 5 Line 6 Line 7 Line 8

MCP Alltrans  Alitrans  OCPI 0CP2 0P Inerfaciat LU0V
amorphous

TPEM 10

Chemical shiftppm~ 34.30 3357 3325 3380 33.00 3303 5 30,5
Ticls <200¢ <16? 116 142 110 499 0.36 0.36
Toc fis . . . ; - . 30.5 §02
Half-widthipprn 083 070 102 0.58 0.4 0.4 237 rAY)
Mass fraction 0.06 0.08 0.13 0.09 0.14 0.29 0.1 0.05
DPEM 20

Chemical shiftppm 3434 33.53 33.26 3360 3301 3300 315 05
Ticks <00 <16 1.30 16.1 138 565 036 £36
Tac fis ) - - - - - - 297 646
Half-widthippm 682 073 1.24 069 048 0.40 267 223
Mass fraction 0.05 0.10 0.15 0.16 0.17 019 0.14 004
DPEM 31

Chemical shiftppm 3430 3356 33.26 3300 3300 3301 315 305
Ticls <00° <1 108 147 140 598 0.37 037
Toc fjis . . ; . - . %7 745
Half-width/ppa 0.80 070 135 0.66 048 048 263 28
Mass Fraction 067 6.1t 0.14 0.15 0.18 0.21 0.11 0.03

25 these values Were estimated from the time of CPT1 specira at which the peak of MCP and afi-trams component (~33 55, respectively, disappear.
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E] e

@131971 10 4an13d31aTzv3U319u09 fully relaxed spectra vaInaftafidninia KM490K fiwnns

a1
ol A

a o e .
mnandnu Q uazfobiiaandmnifeiiade 9

Line 1 Line 2 Line.3 Lined Line 5 Line § Line 7 Line 8

MCP  Alltrans  Allans  OCP1  OCP2  OCP3 Interfacial X000V
amorphous

DPEL 15

Chernical shiftfppm 3425 3363 3326 3305 33.04 3303 315 305
Ticts . x 137 164 118 498 037 037
T s i . - i . . 276 a7
Half widthppr 087 069 12 o 662 0.58 248 2%
Mass Fraction 0.06 0.04 021 010 016 025 012 0,06
DPEL 28

Chemical shiftppm ~ M25 3O BA RV R 2% 315 05
Ticls % : 1 139 119 510 038 01
Toc s ) i . . . ) %1 645
Half-widthippm 085 067 153 08 062 058 209 298
Mass fraction 0.05 0.06 018 012 018 023 012 0.06
DPEL 47

Chemicalshifppm %27 35T B[ BM BM RB 315 %5
Tichs X ¥ 101 126 136 541 043 043
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