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A ba n ct Ò 1e sm zcturd pE E mete - m a semic® , tallme polymeT Ëm + phase ® , tem have been evaluated using m all m d e X-ray

scattezt ng techniqu e . Ç ze cÇ , tall imi ty and the h el lz h i d mess m M £onsistent with tho-e in w fFphaw m tem . 'IEe anal ysis of

somp ½micT7Rtal l ine polm m sm ples indicate, that the Braa lone period ap?maches to the sum d the ££Ðelat ion b ECti on l0218 Ped od

and the th ickEBegs d the »mmition laye - I t is also consistent wiÉ the eonelusion É at the inteµ hó e layem m ist m semicryBtall ine

polymem.

m d 1¤md e X-ray sea tm-iÖ , cry- taI petmzer , thzee-phase sM ctm , £om lation h muon

1 IIn t r o d u c" on phase stm ctUEü samples frequently . A t pmsent theoE7 and

experi ment show the concl usion that a crystal -amorphous

Smal l and e X -ray scatted ng ( SA XS ) is a powed ul i nterp hase exi sts i n lamel lar semicry stal l i ne polym-

tool to mseaR h the st ructure d semi cE7 stal l i ne polymem eõ Õ ] - TE e wOEt of Zhang Hongfang et d from SAXS

since the fundamental work d Pomd IJ and Debye et analysis al so m pPOEt ed É ± a cI7 stall ine amo× hous inter -

alM] . 111e determi nati on procedure of semi cIÃst all ine phase exists i n the lamel lae of semi cE7 8td l ine pol ymers ,

polymer , s stmetuml pammetem was dependent on specif lc Ù ö ± a thEeF phase model instead of the tIYEdi t i onal two-

model i n the pç t . Tsvanlt i nU] compared model scatted ng phase model should be used [ IOJ ] - When usi ng a three-

cun m to m peEt mental data . Vonk [4] developed fl tt i ng phase model M É m interphase of l inear electmn densi ty

procedures for the coÐelation funCHon . Unti l Stmbl and variati on to m investigate the woµ , i t i s found that moet

sehneider u ] found a model- independent method , the cor - Þ ncepts in two-phase system em be appl ied wi thout m y

Eü lati on function can di ÓCtl y yiel d by using a simple geo¤ chm ge, but the CE7stall inity and the avemge lamel l ar

metrical con8truction the fol lowi ng stm ctuml pammetem : thickness need new considemtion8¤

the 8peci fl c inner 8UIf ace , the cE7 stal l i nity , the average Some parametem em be derived ei ther fmm the Å at-

l amel l ar thickness , the long spaci ng and , i f scatted ng i E1¤ tering cun e of a sample di n ed y or , after Fouri er transfor -

tensi t ies am meaSIZEüd in absolute val ues , the elecÇ£n Enation , from the conªElation functi on . Such as the long

densi ty d iEemnee between eE7stal l i ne and aIIEOIp hot28 Ó ¤ spacing - i t cm be obt ai ned fmm the scatteri ng cuIVe by

g om - Nowadays the cormlation hmCHon i s one of the using Bmgg l aw , or fmm the corEü lation function . Never -

most appli ed methods for the eval uati on of the stm eturd theless long spacing obtai ned fmm the two methods aI¸e m-

pammetem of semicE7 8tal l ine polymem . mazt ably digemnt . Ê mi r digemnce is successfull y inter-

Stmbl and k hneider ' 8 work ori gi nall y ai med a the preted wi É SAXS . h the same time , i t also shows É ó

" corI¾ " ndi ng ideal two- phase system " ì th shaEp the interp hase l ayer i ndeed exists .

boundad es, though thei r ÓSUIts am appl ied to three-
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2 The corr elation funct ion of thr ee- phase sys¤

t eEZE

'IEe lamellar three-phase stm ctum model is used to

descd be the l amel lar stm ctum sample . 'IEi s model con-

si sts d aItemaHng Paz-d el cÇ stall i ne and amoEp hous la-

EEBellae connected by tmnsi t ion layem whi ch are placed i n

stacks large enough not to pen uEb the small angi e X - ray

scatter ing . We assume that the electmn densi ty vad ati on

occur pmdominantl y along the di meti on perpendicul ar to

the lamel lae , as long as we stay wi thin a lamell ar stack .

A HEmp hous region8 wi th density q . and crystal l ites wiÉ a

densi ty qc i n the Þ Ó aitem ate along the lamellar dime-

tion wi th interlayem , density of which changes l i neari y

fm m q. to ¶ , between them . Ú Ee pma le of elecuwn den-

sity for the model i s shown in Fig . 1 . In this case , the

density di std buti on along the di meHon nonnai to lamel lae

z cm be mpmsented by

Å J z| ´ Ö

,. - ë ÷ -1

4 ´ |z| ´

q. ,? + E ´ | ·

, (z + L)

, (z) -
-

71( z ) .

H eEü E i s the i n tezp hase w i d th , d th e l am el l ar t h i ck ness ,

an d L th e long per iod . Ò 1e aver age d en si ty wi t h i n a stac k

( an d th at d the whol e system ) i s ´ 71µ . 111erefom , ou r

d i sc us8i on i s Ó St r i c ted to one d i m ensi ona l el ec tron densi ty

cor Eü l at i on f un CHon k ( z )

K ( z ) = ´ [ Ô z ' ) - ´ ? µ ] [ Ø( z ' + z ) - ´ 71µ ] µ ,

q t , J/ j j LF æ:
i l i i Ê E lû

- zf l ¹ ¹ - r r2 ¤ 2 2 ¤»

Fig . 1 . Elect un density pmEIe d tbe lg ael Iar É meMphase

,uuct® ® ' c UEd ¡ am the eleebm densities d the

mw u l line and amoµ hous pha e- re-peeti vely .

Ï ï á ¹ Î ý ¡ Ç Xä ß Õä Öö 1035Ô" È : ý à µ ' EJ¿ Ö á § Ò

wtzem the angular brackets i ndi cate averag ng over all Þ -

oM inates z ' wi thi n a lamell ar stack . This h nCHon wÄ

evaluated fmm the smal l - and e 8catted ng inù m i ty di str i -

buti on J ( q ) , th± i s

| J ( q ) qzcosqzd q
K ( z ) = JO R. , ( 3 )

| J ( q ) qzd q

q denotes the scatteri ng wector

4 7T s i n O
q = - z » , ( 4 )

À Eem A and O m the wavelength and the Bragg angi e m -

specti vel y . In order M obtai n the coÐelati on function , we

evaluate the integ À

K ( z ) = ¥ j þ [ É ' ) - ´ q µ ] [ 71( z' + Z) - ´ Ý z'

( 5 )
denot es the aveme ns range for z ' . h gi ves

t (ë - ë)2[Âi ý +d+3E-
{ d + E 7¤1
Ô k 4 | , | z | ´ E Z

lî ½I47 ¤Ð - z+ d + E- (d : E)2] ,

E Æl |zj ´ d;

ó õ( qe , õ i ¤ - d Y - ò ¤¤ d ) +

3 E 2( d + E ) 21
L | , 4 ´ |z| ´ 4 + z
I 6 E Z ( d + E Y 1 3

6E M tU JJ 2 7 + d d - L l

Hem A

~

ê2 .´

K(z) -

-

~

2 ´ d + E)2' Z ( ú þ , . ) L

L
2 'd +2E ´ |z| ´

onl y when d + 2 E ´

K ( L + z ) = K ( z ) .

111e msuI t is shmÊ in Fig . 2 . h thi s case

straight l ine segment in the central seCHon of

slope is Eül ated to the speciac inner sud ace 0 . by

d k Ï ,¯ = - 3 1( qe - 71. ) Z.

Ah er eª Ö £lati on dm l ine maches z = O at the invad ant

Q = w ( 1 - ze ) ( Øe -

L
2 .

(6 )

theEü is a

k ( z ) . IU

(7)

, . )z (S)



F i g . 2 . Schemati c p lot d the een ª laUon h nc6 0n d

th e tkz ee phase sm cu lm m tem - Q , E , d and L

m É e in vaztan t , th e t m mu on d zich ess , th e lam el -

l ar d Ii ch ess and dEe l ong per i od reep ecti vely .

. d + E / 2m t tz w = » - z » - wh i ch doee nd m p m sen t the crystalI i n -

iÉ Wc= f d the m ple " 0¤phÑ m etumyetM]

TE i s sh ou l d be ad veEt en t . W e noti ce th at ex t rapo l at ion d

th e other sid e of th e l i ne does not i nt emeet th e base l i n e

A B ± the abed sea n d . A c cord i ng to Eq . ( 6 ) , i t i s the

second end poi nt d the stm i gh t --l i ne segment in the com -

l at i on h BEECHon c uzv e wh ose abee i ssa denotes th e l m zel l ar

th i c k ness d . Fm m the d ra wi ng , we c m al so ob ta i n th e

tm n si t ion t h ic k n ess E , wh ic h i s th e abed ssa of the fI mt

end poi nt of th e st rai gh t - l i ne segm ent , an d th e l ong per iod

L , wh ic h i s th e p osi t ion of th e S m t peak .

3 ExperiEnents

× 1e polymer samples used for experi ments wem ob-

tai ned fmm Beij ing Reseamh Insti tute of Chemical Indus-

try , whi ch wen neat i sotactic polyp mpenes pmpamd ÷ ×

diEem t metal locene catalyst system ( i - PP ) . Ò 1e Sam-

PIes wem extm ded into sl ices ÷ × a th ickness of h m ±

220 æ . Al l sl im wem found to be macroecopied ly homo-

geneous and to eÍ ibi t excel lent opti cal elari ty .

SAXS expert ments were peEf ormed wiÉ a long-sl i t

coHimation system a Beaml i ne 4 B9A of Beij ing Synehm -

tmn Radiati on Faci l i ty . Ú Ee incident X - ray wavelength

W± 0 . 154nEL m d the ä ¢ ed ng angl e range was 00- T

approxi mately . × 1e di stm ee between the sample cham² er

and the detector was 1 . 52m . Two ionizati on chambers

wem used tO IIl easuÓ the sample transmission . 111e scat -

temd X - ray i ntem i ti e8 weÓ reeorede using the image plate

detector . The absorp ti on of the sample and the back -

F und scattedng was cor E@cted [12]

111e long period can be obtai ned dimetly h m the

scatteri ng eurve . A n intmf emnee maxi mum em be seen

on the scattering curve of the semi cEystal li ne polymer -

Fmm the angle poeiti on d the maxi mum , the long spacing

cm be obtained ÷ × Bragg l ­ , which is cali ed the Bragg

A s m example , the SAXS cuw e of

No 7 is sho,m in Fi g . 3 . The inteEf eEü EEee peak
coÐesponds to scatter vector q = 0 . 4 l nm - 1¤ " Ee Bragg

long period L b i s 15 . 3nm .

8

6

I 4
2

0.6 0.9
q/nm- l

Fig.3 . TTm wah rtÖ Cï Te d sample No 7 .

Th e cormepond ng conªEl at ion function CUR e of Sam-

ple No 7 i s shown in Fi g .4 . When using coÐel at ion func -

tion method to determi ne stm cture parametem of a MITE-

ple , al l owance must be made for the fact that the corm la-

Hon h nction in the orig n i8 veÉ sensi t i ve to experi mental

eÐ£m in the tai l of the scattering cuw d n] . h order to

deemase the eHect of em m at l arge values of q , Pomd ' s

law is used to com et the data . Pomd ' s law for smm ±

data in the case d sl it coHi mat ion is J ( q ) = K P q - 3 exp

, ¤¤¢

H
¢ . ,

hd

Fig.4 . 1TM OOITelation h zeÉ m e® e of saµ le No 7 .
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U Me1. EvdÄ"£a md mú ú d a , eam Rm­ am d pû Ô, . Ä" " (m).
×. , - NeLJA 1 2 3 4 5 É ò, S

E 2.15 2.18 1.m 102 2.19 156 143 2."
É 11." 11.¤4 11.70 14.33 15.17 2¤ ." Ä .19 12."

E + L- IS.- 1 14.a ES .S 16.35 17.36 : 11 17 14 .61 15.M

É 14.63 14 .43 14.a 15 ." " .¤6 17.43 153 2 16. 16

( - Ò2q2) , hm K P m h md ' s eonstant , and e is a p¤¤ ô Øi ty , whi le a the hid z aEEd e , the intenï ty di st ibut ion

mmeter peEtai ning to the thi ckness d transi t ion layem . Obeys pomd ' s law , ± Ed deemases i n pEWPOEt ion to q - 3 for

Ä is law is eEµ lomyed to pmdiet the scatter ing data d a the sli t coHi mation s" tem - E a platfom em Õ , the plat -

sample at hid E and es - o n the od zer hm d , si noe we h m wi l l lower i ts heid Et h m rt d 1t Ø Id on É e ä ± ter -

blocked the central mys up m the exped mental prom ¤ ing CUR e . 1Tmmfore , we onl y see a peak on the scan ed ng

dum , the scattering data amund O deF e wÃ loet . Th is cur ve instead of the pladbrm . At the same ti me , the pealE

pazt d data was extrapolated to makeup by using Guinier mw µ ­ the left abØ t E . A s using BEam , s Iaw to ealeu -

law[14] . Fm m Fi g . 4 , some stmcturd parametem cm be late the long ped od , the Bma long period wi l l be longer ,

got : the cormlati on hmction long ped od L e = 12 . 19nm , and approaches to the sum or tbe corzªElation function long

and the transiHon layer thickness E = 2 . 42 nm . Compar. period mzd E .

ing L e wi th L b, it i s found É ± they am nÃ £ê la1. AIl

experimental samples - msui ts m l i sted in table 1 . From S C o n c h M o n

the results , it is found É ± the Bmgg l ong ped od d the

san× les am cl oee to the sum d i ts eorEª,l at ion fun .
Using the corzªElation amCHon to eval uate stm cturd

l ong ped od and the thicknegs d the tmm i ti on layers . pararaetem d semi cE78taAl i ne POlymer , al thoud 1 mo- t m -
'ITm existence of the transi tion layers i n a periodi c SUIts ÷ × the th e-phase model are the same Ä tho-e

POlymer wi l l broaden the in ted eEenee peak or even E
÷ × the two- phase mod el , t he cw etd I i n i ty in th e tIZE e-

h id E p latfom on th e scat ted ng cu¼ e . Ò 1e th i c k er the
d + E / 2

t r a n s i t i o n l a y e r , t h e w i d e r t h e i n t e r f e r e n m p e a l E m t h e P h a s e sy s t e m s h o u l d b e r e p l a c e d b y w = - þ r » . A t t h e

pladornz on the scatteri ng curve wtl l be[3] . W hen the same u mh the lamel lar thickness d h equal to the ab-

th icknegs of transition layers is E , the i nteEfem me peak scissa d the second end point d the straid zb li ne segment

or the pladom m l l bmaden to k E . However , the hid E ô the eom lati on functi on cu rve - U e Bmg long peri od or

platfom or the bmadm ing peak is not seen on the m ± ­ F a semicE781d ine polp zzer Ê E104 equal to its conªElation

i ng eum . 111i s i s because the pId orm cm oml y be funct ion long period because d the exi stence d m inter -

fom ed wiÉ a unifoEm di std M Uon d X - ray scatted ng in- phase layer . It appmaches to L e + E .
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