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The Alfre Prlce schemelfls oftfn used to correlate monomer struc

ture a P t|V|£y ree radical copo imatlton The central ass
tlon oft esciw1 |sthéxtthe rafe co st%[nt adding a monomer or t 8
speuethot ree radlical chain end of A monomer unft may be expresse

==k

I —PaQb exp {—eAen} (1)
Where ghe subscripted letters on the Jlght side are the quantities character-
the monomer s%eu saenoe

|st§

ecen m [ ternary copolymeyization of the monomers
dy C9h iown reiatlonagl p mare §|rect an FfSIb? mare

Hreuse eans thant sc eme” and as based on " loglcal and easily
Iscerniole concept,” 2
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Efn rePAbforexa ple |st e condition grobéibtlttgofa Ing & monomer
fo the gerowm It aqoven that t CONSIStS Of an {nlﬁnomer
unit. - The congitional probaoilities can be ex reﬁse In terms of the rate
constants and the mopomer  concentrat] ons eed4 Denoting the
concentration of A by [A] and S0 on, we ave or, say Pab,

Lk WA]_MB[B}_WC] - 2J704<[>]<] 1]

Where thei summatto(q méhteoﬁenomtne]wt extetnds over X = A B, and.C.

Ham also proposed3the following relations for terary copolymertzatton
pAB) = p(BA) (4a)
P(BC) = p(CB) (4h)
P(CA) = p(AC) (4

ere p(AB), for example, is the robabtltt that a ando seIe ed atr
of conse uttve ONnOmers I cpo me SIStSO anA

This pair uble ro e expressed In ter fthe
singlet pro ab| ity p con |t|0naI pro |ty PABas 0II

AB) p(A)PAB ()

ﬁm derived3eos. (4) using e 5? His t}ertvatton thereLore de endf
ont Va Wftyo e% S iven without a 5
here}ore Pt?(elgt#]eost ﬁrqs earte whet er eqs (2 anvt\:%lare more genera

It| We [an st tionary ra do nary copolymer of A
tG%at% c%r f

and B, e (‘455 hoqgs It asaso een (;J nte 0 e
eneral r% 10ns agpltcablze qbany stationary random ternary copo

are not egs. (4
p(AB) + p(AC) p(BA)p(CA) (&
pAB)+p(CB)  (60)

p

V(BA) + p(BC)
p(CA) + p(CB) (AC)p(BC) (@)

Note that the sum of any two of these reIattons Ives the third ope.
hese are cpnﬁequences of the genera ggperttes 0 ?tatlonar%/ rando
5 uences of three- component systems an ﬁvalt or any Stat |0ttat¥
ter cTorponomer distribution.” wpether Mar OV|an or non- Ma owa
%vwng We restrict OlLr dtscatasmn to st |0naryternar?/ ?P Y

mers orme ya |rsto Tater Mar Hon mechanism’as was n}o clt y
sttmed bothin t %reg/ Price O-e scheme and In the Ham ea]tton

|s IS the f en t dd|t| amonom rtoth rowm mer

cham |Econtro edpy th termtna omeruntt ut not ate

other unts mt% chain. A{n ssum t| nist att mer
Hatn 1S su#mtently ﬁong 50 that ttte effects of the chain |n|t|atPonyand

sPon In
ymer 0



PROBABILITY RELATIONS

termination. steps are ne Ilgtble cogt
In qrder to keegp the condItiSnal pro ﬂ
|zat|og thﬁ monomer com osmoﬁ It

aLed that of the rog)1
ave the te

apation step.
fle constantd In He q J?
(f IS required to re

an o tant,
ollowing tenary copolymer com-

5 : cwcum?tanc S, WE

posmon Inthe copolymer;
p{A) =
o) = lisd (%)
o(C) = dold

Where
d\ = PBPAAP. ... + PBPRA
dii = PAhPCA + PabPcB+ PAPB
e —PAPEC+ PACPBA+ PACPEC
d —da+ di+ @

The singlet propability distributjon re X B, and C as given
by eqs. 7 g& psah% est e norma fzau%h gon telon as exAp’ecteél J

(7o)

Another relation equé“y gené) g s eg C; Bobtatnedb y takin r%lthe

ral futing.eq- -, and its
anaPogs for the ofher condltlonaf proberthlllt V\)e obt%u i

Or, interms of the reactlvny ratlos s deflned byr

?ab = IcaalP ab
ea - "Bol"BA, etc.,
e have

P abP boP calP acP cbP ba — lacgbl'baliabl'bcl'ca (9)

\We note that eri ga and (9) hoIH irre ect|¥e of the mor]omer composition
and any eclal assumption such as thiat of the equimolar monomer con-
tfons | not necessary.
the condlitiona r0babI|ItIeSM %X}( A B Cgthe elves
re unct ns ofth monomrcom dt|0n| edor in'th COR F]
I t|c lar co |n |Qno SIx con tIO{W% proba |||t|esasg0|ve
l0e o ed. (8) or (9) Is independent of the monomer composition, that
IS, We have
p AbP BCP ca (10)

P acP cbP ba

where kis a constant characteristic of each ternary copolymerization sys-
tem (and temperatureg Irrespective of Its monomer ch)mt%smon ﬂ gne
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Side ofe? 83|sve£y small co Bare to the other Tive, kcan be v?{y

or very lar same conch sion can e reached with the le

eﬂ 10),  Since t?ere are no 8t er apriori restriction on the valuies 0
t the normalization condlitions

Pxa+ Pxo+ Pxc=1 X =ABC

of the rate constants in tqe numerator or in the denommator ontheri Yﬁy

Pxy

kcan ave in I’In(ilp|e an onne ([)vev ue betvv en zer and |nf|n|
re ousg pro o% M(‘,om medv%I as a poten-
t|a N% use means 0f co atmg copolymerization ataa

Ham's re ?IIO in two re? ﬁC'[S

fwstlgmtt;g Yalue 0 yﬂoesnoz(f]n haa? IS o spfe on one Set or threg

? B h 5 sefonrﬂ th|¥ common

value of kis HIW In or erto avet |sver%/ l;%ecta relation of Ham,

must obwous ave some restrictlon c(apthe or tﬂe rate constants (0
ne such restriction prese ts

{tes%ﬂerlat%hrg“? ? |nvge| e Aﬁra? Se e cheme.12 | fth|ss emes

{8, e can eadiy d i it t
Niore gereraly. 1f the ateeE'gﬁstea W uastuing . (3 ntoeg 8

= f(.IAg(JBR{KAB) 12
then \\e ﬁﬁt 0]

30, el A U
aso duce kto unity, An example IS Wlt
aced KALB+ LA(v ere nd L are erent e le
0ro [ly m or

1S, However, fo &) sically meanin sc eme ofsu
ohert an the Alfrey-Price ‘assumption has been roposed to our now

; ?? we try a modified Q-6 scheme,29

kAB = PaQo exp {-eA%B} (13)

ACh takes into afcount the di fference inthe efa&tors of tb\e free monomer
and of the terminal mono era ead Incorporated inthe chain, we see that
ki not equal to unity unless we ha B/pen to have

eA*eB + eB*ec + ec*eA = eAtec + ec*eB + e*BeA (14)

Once eq. (2) is established, we see immediately that
D(ABCA) = p(ACBA) (158)
arl)(/)h nr]eJ | ggﬁ@n% S%Ebwgltlplymg its both sices by p(A).  Simi-

o(BCAB) = p(BACB) (150)

furth ification wh ts to eliminating the bath
Sy i A ”Bﬁ'r%‘ e PO e e e T
ratio orp(A) to p? sing kqs. (7 (5



PROF,ABILITY RELAXIONS 581

p{A; Pa 1+ PbcPoa/PbaEPca+ Peng' 16
oB) Par 1+ PaPciPab{Pca+ Pen). (15
Now, if eq. (2) holds, we have

PocPvalPba = PacPu/Pab
Id%;trfrc tion rﬂ‘t(?rs e ualrt% In the econd facgor o tne right srlde ofe,%

Can mlg |ne nﬁo(?’ﬂ b

( and 3 Asrmr 3

&i requce f 5
\A)/aﬁgtnjgfgfeptrera/{o?% Yg?'ve”%?é rea%lﬂy ly derived if eqs. (4) are assumed,

\We first rewrite eqs. (4
D(A)/p(B) = PbalPar
JP(C) =

( PdIPbe (wn

oC)fiA) = PacPea
!

va\em ltiply.each side of these three equations together, we obtain e
Em r?u ngl;mﬁa)(rze weI te st see that, ?orqajn I statL % l Mr

da(w ernarg P

afrrst er Markovian éno omera tion meh

ave In.qgenera ea/ 6? and..(10) in addition to the compo |on equatlo

eVer, If We impose Speci re trictions u 2 €q.

nthe or fth rate const ts mvoved thene r?

3 an eg requce to egs amsreato

an 19 gred as matrc conse enc o

assu mani f yeq or eq.

tions re ore %ener thaH theor |naI a o theq

S ?me In the sense t % gy Can so errve P

a(r)rraosgst aetr resentwt ave’ no physrca Y Signifi cante amples of suc

§n milar conc?usros gn be drawn for hrgher multico g ent. copol nyr}rers.

if I Tour-

For an statroqa% rangom COMoNomer sequence distrinution
comporient copolyrers of A, B, C, and D, we have

p(AB)  + p(AC)+ p(AD) = P(BA)+ p(CA) + p(DA)
pBA) + p(BC)+ p(BD) = p(AB)+ p(CB) + p(DB)
p(CA) + p(CB)+p(CD) = p(AC)+ p(BC) + p(DC)
p(DA) + p(DB)+p(DC) = p(AD)+ p(BD) + p(CD)

an{?three of which are independent, corresponding to egs. (6) for the three-

cofmponent Case.
h omonomer sequence distribution is first-order Markovian, then

by using t%e four-component analogs or‘l eqg. (3)vve?rave
ParPbcPooPdal/P adPdPchPha = K (1%)

P ab-PbdP dcPca/H acPcdP dbP ba — (19b)
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PacP aPboPda/P aP dbPbP ca = 3 (19%)
PaPbPcalPaP dPha = K (19d)
PabPbP dalP adP dbPha = 15 (19)
PaP aPdal/PaPdPca = 6 (190
PbP P db/PbPdP b = ¥ (19)

\r'\é?leorg of tﬁe rate const sY)foarr?nH]v uaStr?{(])tnS s rr%:’ It O%hgteaé)pro%ggg
sevelr;] rell thons Of e(s. g ) ort e ternar R r\rlleeé

there |srl<
ere t k will take d
ever I We assume &g (1 {

c§ﬁ$§

i

correspon t?
ction on the for erate const t5|
erent vau an |n from zero to |n %9(/ How
oreg. (12 ort ate constants, we have

- 212 .7 ()

der to whetherV\ecar}obtm the 3|mp eIat|o sanaL ous {0
4) under the. assum t|Qn or £, sto the
Er Com osmone %IOHS fo the statui a |rst -0rder Mar owia

nee | t|o S in genera orma ize smg et

er Sequ
t ent -
i yeeae?“ on i el sl iy b
pA +pB) +pC) +pD =1

()Paa+ B T p(CPaa+t  p(D)Pae=
p(APab+ p(BPtb +  p(C)Pcr+  p(D)Pcbr
p(APac+ p(BJPc +  p(C)Pec+  p(D)Pnc=p(C)
The solution may bt' written as follows:
o(A = dald
P(B) = ans
P(C) = e (22)
PD) = inso
dat dn+ dC+ dn (220)
where
PBA Pa PDA
Pop*l PB  Pdb (20)
PR Pcc-1 Pac
Paa'l Pa PMA
B? Bcc-l E’[D% o
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Paa~ P.. Paa
P P

Pw BB - DIS 226
P Phc Puc )
Mmoo Pla Paa
PAB Pbbl PCB 2
P P.. Pcc-l 2

As an example, let us calculate p(A)/p(B) :
A) = (la = Pha(K + L
e S AN (23

K= (Pat P)Pac+ (I —Pcc)(PDA+ o) (230)

A= [PocPcall —Pdd) + PhoPda(l —Pcc) + PocPoPda
+ PBPACRAAJ/PBA (23)

M = [Pa<Pco(l —Pdd) + PacPdr(1—Pcc) + PadPdP b
+ PaPaPab]/Pab (230)

an Lsu ce sively to the four terms
]énd %Zlgd ), We oot arsn d
(4

if the rate onstants inv Ivedt ethe form of eg. (1) oreq. (12). .Thus,
wrth?n rameworko theA rey-Price Q esc en(ﬂe) e ﬁa ggarn

p(AB) = p(BA)
and similar calculations for all the other pairs lead toD

PXY) = p(YX) X Y=ABCD (B

corres ondrn 0e
%hoer;]ge e;a\glgnéul %Ho%op% yrgrg w?hza% ar?r?m 52 Itso (r)]r(r)rlgo]rcr%rn?snysrsr%ge

where

Br¥ t er ghé Sides of eqs

PAa= Pha=Pca= +1 = P(A), etc.
and
PAB) = p(AJp(B) = p(BA), et

c&se howevert problem drf usse bov becames iather triyi %
now 10 holds an ere reterea?nsot
z re Id, we have the fo ovvrng simplification in
nary a dh her rmu tr omponent copolymers. It often happens

(Dv
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that experimental techniques do not allow us to distinguish p(XY) and
P( X%X%(Ier? Y = A,Ilg,uC,S efc. and X 3 % an {Eéng\bj\;ﬁat[\)/ge ogserve
5 the ‘sum of the two

pXY.YX) = p(XY) + p(YX) @y

Even under thfse circumstances, however, if we have egs. (4) or (25), we
can immediate

Y write
PCXY) = p(YX) = VAP(XY.YX) @)
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Hiads of a Satic Hedric Rdd ypon Ddledric
ad Ryt Huoid®
S(Ij-ilGEYO HI. OSAKI SHINSAKlfJPUEVIURA

YOIC IDA rtment of Polymer Science,
De%?ty ToyonakayOsaka Japan

Dlele&tjrsllc Waasur\%e g\ RO!'}F y&yﬁsﬁ%ﬁﬁ% gmr\&wmligw r%saaérlrg
endin, the rate d ﬁf
ﬁgﬁ Ly 1 o

e othe| te Sk ga[é a‘@a %erefi | %;eﬁw
a@( L

Introduction
D|eI[ectrc easure[nents of polymers at higher temperatures resu#t in
anomaouag arﬂe values of t aq t",the real"and |ma | a [t) he
ci( lectic coiwstant a& ?vver re uenues encg 15
ma e ?som P y(rpers or msta Ce, g Q/m uorl e?
have. %mdta ast|cdcre eo a esalts henaséat
electrlf field 1s applied to pouy || |en uorlg 1S as[n et
ossible o meas e unambjquous 1eﬂ t mg ture re axa{
ro ess. Furthermore, vve dled ects eelectﬁ
nder various conditions an ave made S|m|Iar stuclies on” poly(viny

fluoride).

-8c
R
jab)
D

S
g@%
2%8
g?;%
20‘ D

(I'J

_?5"9'3%

Experimental

Polyfr\ﬂ nylidene ﬂélorlde Imwas su I|edb Kureha hemical Co,,
k e average degree o Po%mer the head-fo-
eadbndm(I} content eter r} to eaout 5/o NMR TAF
gaagﬁr(iacfon ained trace amounts of fonic Impurities such as Na, Ca, Al

© 1971 by John Wley &Sars, Ine.
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ecimens for dielectric measurements were prepared by remolding at
200p an quenchmgT Into Jiquid nitrogen. Tn En gtnesso t[t % ens

out 0 e esrtgvrgas etermrne to 1767 %
otatrg methog. Foraqu s rg metm
X ere tra scannm ca?nmete D 3exrre eas at

9 nnealing at 160°C jor 24 hr ¢ an nsrty
17799 cm3 and th 'DSC mea rements ngr J
Lonqﬁ annea Ing af the sa etemPerature dr nottur a ethe ens
and al ormwasrdentrfre st eaform

elting Famt 1 e CIYS

me ﬂS 0 i((a% N[

SIS
Iuorr ez f

N
&/ r? sed was Tedlar ( éracturedb vE I
du ot Nemours an The s ecr ens lelectr & measure-
en Were pre ared. anne In atl or one day In order to avoid
n ae Th rc nesswas out 0.

u rfaces o crmens vvgre sputtere Wi erver to form eI?
H he mu ua uctance rdge. was simi ar tg at orl '”a!}f
veoe KCoe an ros?4 Since” It accomgt ated three tefmin
trods the data were free from errors dle to edge and surface e
¥ve cap l ect Secra | care was ta ntﬁ vordtee
cto umr acn ec men tnaf ealed c% Wit l%‘trtrogen

esr ara 5 Deen revrorr 3/ escribed.In detai
After sta rce fric, fie

d be toas crm(fn at olrstant
temperature oracerta eriod, the fi ﬁ e]mr% % % ectric
g ure en\r 73 nr%ar(r)r%%Eut wrthout e Tield strength was var-

Mec al measurements or rn(ly luorice) were %arrred Qut bg
rneanso tedrrect -readin f ISC0elastomer,awhich Is simi art
eVrbron Instrument ma cture by Toyo Measuring Instrument Co,,

Results and Discussion
Poly vinylidene fluoride) shows three kinds of dielectric relaxation pro-

cesses The reh ot tem%erature reIaxat|on rocess IS, apt to eslu er-
posed uona ot er roess aresut the value of £ or t" at
re uencre ge ss own InF ures d1an 2 thrs [0CESS as
enera ﬂqsu dto (n% nr(f uction. If suc a]nrn or-
encer correct %ocfeﬁt/ e d ecte yastatrc glectric %8
\When a static field of 25 chwas%r) led'to a WRecrmen at 1 for
4 hr, sl nrrcantcganewaso g éss In Flqures 3 an
For Inst eeateg requced to 72an e al 6.5 Hzt 1/0q
As one of factors Use the decre eo e"and &' the effect of anneal-
m%shri e consl ere ecause €' and €' for ¢ stallmen merf%%nge
[a on annearn enas 8rmn annegle
ma Figs. 5 an t]gse ed. while a a‘Pgrb an £ Was ause

at is, t ee ect of annealing 15 negligible com are wit
at oft efreIJ YR i
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Fig. L Freguency dependence of ¢ atﬂv%%f fixed temperatures for polyfvinylicene

Fig. 2 Frequency cependence of ¢" a%vlka%s fixed temperatures for poly(vinylicene

On the other hand, tqe fileld effect is morg Bi}zgnificant af |IQV\{ﬁr fr &tﬁggsc&e&c

This tendency can be clearly demonstrated by plogting A€',
¢ fn 0, a alcnst ?requengglqn F?gure [T |E pllot gatlsﬂes tﬁe equation:
log A" = A - B log/

where A and B ar% constant. - The constant B was nearly equal to unity
and Independent of temperature.
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TR & 2T R e

TR & 2 o Ry

|t 1s expected that the rate of decreasF of €' or. ¢ will be reatgr if the
stren% IS Increased.

e The change of & with time undeht ree dl e;.ené
Ie sthen ths Wi measured,,gs |ﬁsown in Figure 8 The highest Tie]
strength Causes the most rapid change and gives the lowest asymptotic

Va{xl%enastatic field is applied to a specimen, &' and €' decrease rapil
but Increase again wgen t eIO |el% 15 rem%ved, asis shown in Figures 9 aR 1%’.
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Fig. 5 Conparison betvxe%nO I%%r% ﬁ]@lald'e%?n%t&static electric field for ¢ of

Fig. 0 Comparison between pérﬁn e&%&%}{&% g{qwatic electric field for t" of

These.changes agpear t? be inter retable Pter s.of We mlgcratlon of i I%P

rmaugﬂes lon |nt|agd|str| ute rwlntesp Imen_are
B fowards the electrodes by a static Tie dcoricentaed Fc%n
entration 0 Hresuts In reduc |on0 elr moh a result
contri ut|on of the 1ons to comp ex dielectric Ishes, and

i
hence decrease. ecgan es caused by the field cannot be
mstantaneous Since this Process is dugto the migration of ons,
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Fig. 7. Frequency deperdemegwg rtmr (T@Eby a static electric field; field

Fig. 8. Field strength depmderce tmtqecre?seﬁ);‘é with time; t() initial value;

I the decrease of ¢ or €' is atfriputable lo th ml ratign of jons in
statlcb ?ectnc ?d the removal o R '3 houI It the J USIOHO?
ons terma a |t%t|0nan Fore s,w n%;al re Over tot Initia
alge. Whe %tatlceecrlcfle 'S[f oved, the valug of ¢ or €'
ten S 10 InCrease, Wn In |?Léres Teraﬁeo recove |s
veﬁy OW compare WI'[ e rate ecre g rod % b teelectr
enhetwortesarcco Pare .on the |sot angelnt? 0}
hour, the rate of recovery ot owing to thermal agitation 13 only 1/20
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qe rate_of decrease causeolbey l}e field The h:ltlmate recovegé IS mcom

gn t%e sHeanmP tﬁelcstv %IC electrlc P dl(! and the tempera ﬂepte rst

the recove
PEor s bl
Step. eeectro#/? 5 of 07| Eipurl%es may account for tills behavior.
en a stronger Tield is applie igher temperature, the asymptotic

3=
53

08 AT o T SR il 2

Fg. 10 (H%%MF]% aoﬁﬁeg %e%rm&?% at 160°C 2, a

tniwnnfn««
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value of t* or t in the recovery process is smaller, possibly because of more

erective. el cHoI SIS,
o pur|t|es de(i)osne on the silver elt%c

We tried thert to identify IOH
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Synopsis
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INTRODUCTION
A number of literature reports1-9 outlme metths otﬁrtlile 3|ze analysis
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tos all chan es in % |terat re et IS numerous light
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tlie polarization ratio:s-1s (i.e,, the ratio of the intensities of the horizontal
and vertical components of scaftered light).  The intensity of light scat-
tered from an isotropic, spherical particle is dependent on the relative
refractive index in(i.., the ratio of the refractive indices of the sphere and
the medium in which it is |mmersed2 and the optical size a = Where
Dis the particle diameter and Xis the wavelenggh of light in the medium.
The Mie angular intensity functionss = for either the vertically or hori-
zontally polarized component of scattered light can be calculated for either
asinglé sphere of diameter Dor for a system of particles with a distribution
of S|zest characterized by an average’ diameter and a distribution-width
arameter.
P Maron et al+ utilized the polarization ratio method to evaluate the
particle size of polymer latex systems, whereas Kerker and La Mer studied
sulfur sols which have a higher relative refractive index titan the latex
systems. In a prelude to their paper dealing with this method of analysis,
Maron et al » compared ,exPerlmental polarization ratios at a scatterm[q
anPIe of 90° peo_from their laboratory and from the literature to pw cal-
culated from Mie theory for zero po (Y_dlspersny, and_m= 120 for poly-
styrene and m= 117 for 50:50 butadiene-styréne. The resulting lack of
agreement between experiment and theory was attributed to optical
anisotropy of polymer latex particles. However, the disagreement Is not
surprlsm? since in= 1.0 was incorrectly used for polystyrene at all wave
lengths of light from 271.1 nm to 519.3 nm (see Dezelic and Kratohvils for
correct mvalues); and, likewise, the use of mof 1.17 at all wavelengths for
50:50 butadiene-styrene is of dubious validity. In addition, the latex
systems,oossessed sufficient polydispersity for p to be appreciably different
from values calculated for zero po_I%/dlspersﬂy. Table | illustrates the
variation of pe with the polydispersity factor <o (defined below) and with
small change (0.01) in the relative refractive index. The size-distribution
Barameters assignedss to the Dow monodisperse polystyrene latex LS-
57-A, based on"computer analysiss of p for X = 409"nm are ame 1.SS
and 0 = 0.07. Note that from Table I (psq,.=aa/(psoxp=0lis 1-32 for in
= 120 and that there are aPpreuabIe difference mR with changes in in
Therefore, the conclusion of Maron et al » that the latex particles are
anisotropic because of the disagreement between theoretical (pso)n=0 and
experimental (p.o)<..> 0 (at incorrect or doubtful values of inin"some cases)
I without foundation.” A detailed stud¥1g of latexes has subsequently
demonstrated that the particles are optically isotropic. _
Maron et al 7 attempted to extend tire method of particle size analysis
based on the positions of the extrema of the vertically polarized comporient
of scattered light to the use of the extrema of the polarization ratio pe

02§ _ He 1

Mo~ Vg 0
where WA is the Rayleigh ratio for the vertically polarized companent
of the radiant scattered intensity per unit solid angle from an incident
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TABLE |
Pd X 10
m = 1.20, in= 121,
0 ain = 1.88 am=1.88
0.0 2.520 2.900
0.01 2.752 3.172
0.02 2.677 3.085
0.03 2.661 3.065
0.04 2.761 3.182
0.05 2.903 3.346
0.0G 3.083 3.354
0.07 3.304 3.809
0.08 3.357 4,101
0.00) 3.868 4.458
0.10 4427 4.870
0.11 4.637 5.339
0.12 5.072 5.836
0.13 5.588 6.423
0.14 6.155 1.066
0.15 6.772 1.763

vertically (subscript V) polarized beam of unit irradiance; the definition of
Hrg follows from that of V&:; The Mie angular intensity function:y
(ingfor the vertically polarized component of scattered light from a scatter-
ing system of finite polydispersity is given by

Me=f WepEdk )

where @ii)eis the intensity function at angle dfor a single sphere of gptical
size g, and p@) is the frequency function for the zeroth-order logarithmic
distributiono ~Therefore p@)da gives the fraction of particles with sizes
between aand a+ da A Similar exPresswn exists for the horizontally
polarized component of scattered light (fde.  This distribution function has
a slight positive skew and is expressed as

P(a) = Kexp[- (In« - Inam/(2v@®} )
where A is a normalization constant, arris the modal optical size, and <o

its_ a %istribution breadth parameter which is related to the standard devia-
jon by

37C04
0 anco 1t 91 + ~3-|- (4)

A number of other size distribution functions (e.g., Gaussian) would be
equally suitable - Therefore, pols considered to be a function of in d am
and (D whereas the previous treatments:-37y of this method considered
peto be a function of only to a and .. In addition, p,may be expressed as
either Hua/VU (subscript u denoting unpolarized incident light) or Hrgr
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Fig. 1. Theoretical values of sin(032) vs.oaoglfor m =117 (—)}o0=0, (~)io=

WIisince HUS= (HHi+ I—,Mizlz and Fug= (Wi + FM)/2 with Hrfi and
VHiboth zero for optically isotropic spheres.
Maron etaV used

asin @)= ./ (5a)
or

O sin G = i (5b)
to evaluate particle size from the location, of the position of the minima . i

in the angular p, scattering pattern while the angular positions of the
maxima on were related to particle size by

asin (coi) = L/ (fia)

or
@Nsin (co02) = Lt (fib)
In egs. (53 and (s) 2 It Lt and Ltwere considered constant for a given in
and i and were experimentally evaluated from plots of a-1 versus sin
) and sin 72 by using électron microscopy to evaluate particle size.
hese constants were also evaluated theoretically from Mie calculations for

@ = 0. The comparison of the experimentally’ @=0) and theoreticall
(Lo = o) determined constants, again on igndring the ‘change in mwit
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Fig. 2. Angular position of the extrema in pg, i = 1to i = 7, calculated from the Mie
theory for <0 — 0, m = 1.2L: ? ------ )minima; () maxima.

variation in X was reported- as satisfactory only for the first minimum. It
was further stated by Maron et al - that the lack of agreement could not be
due to polydispersity as both monodisperse and polydisperse samples be-
haved in @ similar manner and that, therefore, the disagreement must
be due to anisotropy.  For reasons discussed above, the disagreement be-
tween experiment and theo_rY IS reasonable and to be exPecte . Figure 1
based on Mie calculations, illustrates that for @ differen sl%pes and there-
fore different values of Lwrare obtained for ¢ = Oand % = 0.09. In addi-
tion, for an observed as from a sample of finite polydispersity (e.g., 00 =
0.092, the erroneous assumption of %6, =0 results in‘a diameter larger than
the true diameter.  This same figure illustrates the negligible effect of poly-
dispersity on the angular position of . t

EVALUATION OF SIZE-DISTRIBUTION PARAMETERS

The position of the extrema and the corresponding value of pofie., (-
(fi e{,were determined by use of an 1BM 360/65 computer from Mié cal-
culations for various size distribution parameters @m: 2.0 7(0.2) 135 and
00= 0(0_.023 0.15{atan%Ies 1° f(1°) 140° form= 121and L17. =~
At a fixed anpthe shitting of the minima with increased polydlspers;t¥ IS
limited to 3° or less in the forward direction if the anﬁular range is restricted
to less than 105°, whereas the maxima shift as much as 10° in the forward
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Fig. 3. Angular position of the extreme in pe as in Fig. 2 except thatm = 1.17: (=)
minima, (—) maxima;  *1)maximum fori = Land 40 = 0.11.

TABLE Il
Calculated Diameters from Eqs. (5) and (6) and the Extrema Positions from Mie Theory
Extrema position D from egs. (5)
from Mie theory* and (6), nm
69 @ From 5, From an

0.01 46 68 373 3713
0.03 46 67 373 378
0.05 46 67 373 3718
0.07 46 65 373 388
0.09 45 64 381 394
0.11 44 62 389 405
0.13 44 60 389 417
0.15 43 58 398 430

“m= 121 (X = 325nm), am = 3.6 (Dm= 373 nm).
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]
Fig. 4. Effect of the distribution-width paramezter q00n the extrema rho ratio for i = 1,
m = 121

Fig. 5. Effect of the distribution width rﬁaiar?%tfr on the extrema rho ratio fori = 2,
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Fig. 6. Effect of the distribution Wisdth paréinZ]%ter 40 on the extrema rho ratio fori =
1m =

Fig. 7. Effect of the distribution width p%rarrrr]]eterﬁolon the extrema rho ratio fori —4 and
I=5m=12
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Fig. 8. Effect, of the distribution width parameter ton the extrema rho ratio for i = 1,
m = 117.

"0
Fig. 9. Effect of the distribution widzth parar{]%er q0on the extrema rho ratio for i =
,m= L1
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gl

Fig. 10. Effect of the distribution width parameter <0on the extrema rho ratio for I = 3,
m = L17.

direction.  The insensitivity to pol¥,d_|sper3|ty of the position of the minima
in the angular pepattern may be utilized for particle-size determination in
an analogous manner to the recently reported methods based on ar@B
Figures 2°and 3 are ?Iots of the position of the extrema in yeversus andor
a= 0and mequal to 1.21 and 117, respectively. Such plots can be used
for evaluation of anrfrom observed 5 for sYste_ms of low polydispersity.
The relation 180/(5<+1 —5) ~ am(with angles in degrees) ﬁrevmusly sug-
gesteds in the G?emethod for the_estimation of arpand’ therefore 0f the
index i, is also safisfactory for p, That is, if the angular separation of two
consecutive minima (AS)"is known, anrcan be estimated and i = /A5,
Since in many cases, the maxima shift apéJremably as pogdlspe,rsﬁy,m-
creases, the calculation of particle size based on the observed maxima'(i.e.,
i) and eq. (5) can lead to erroneous results which can contradict the results
%tamed rom 5,and eg. (5). ~ This is illustrated in Table I1, which lists the
diameters calculated from’ these two equations and the positions of the
extrema from Mie calculations. Once aris evaluated from the minima,
\6 can be determined by comparison of the experimental extrema rho ratio
(pmax/Pmin)i to theoretical curves of the extrema rho ratio versus tofor a given
amand m(Figs. 4-11). These curves are similar to those used in the
methods based on the vertically polarized component of scattered light but
differ in one respect. The extrema intensity ratios was found to decrease
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60

Fig. 11. Effect of the distribution width parameter €0on the extreme rho ratio for | =4
and 1 =5, IN=J.17,

steadily with increasing . » at afixed .o While (o mx /o min)i May o through a
minimim and a maximum.  An example of tF]_IS behavior can’be found in
Figure 4 between am=2.s and arre 38, This complicates somewhat the
use of such curves which must be obtained at close intervals if interpolation
procedures are to be used.

APPLICATION OF METHOD

Polystyrene Latex, m = 1.21 (X = 325 nm)

Dow polystyrene latexes LS-1138-B and LS-449-E were used as model
scattering Systems. The electron microscopy results (EM), obtained b
the Dow Comgany, are Dem = 1011 nm («Em = 9.75), (dgem = 0.005;
and DEm = 796 nh ([aEl_\/I: 7.68), (ocr.. = 0,004, respectively. _
A Sofica light-scattering photometer was used to_ measure ‘the polariza-
tion ratio which is experimentally defined as the ratio of the ?alv_anometer
deflections for the two states of polarization corrected for sca terln? of the
water medium. The effects of multiple scattering at the concentrations
of ca 107 g/g{ and the reflection corrections for this instrument were found
to be negligible. - The experimental details are given elsewheres and in the
literature Cited., Based on the data and the results of the analyses of the
three extrema given in Table 111 for LS-1138-B, the size distribution pararn-
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TABLE [

Size-Distribution Analysis

Sample i s dn (PmacPmint &

Dow polystyrene latex L8-1138-B: 3 50° 955 1.7 0.05
Dum= 101 nm, C =5.18 X 10“7g/g 4 68° 100 2.1 0.04
5 90° 975 19 0.04

Dow polystyrene latex LS-449-E: 242 14 17 0.05
Dem =796 nm, C= 226 X 10-7g/g 3 68° 7.4 1.8 0.055
4 94 75 2.5 0.045

50:50 Butadiene-styrene latex" 249 6.8 13 0.08
3 190 6.7 13 0.07

“Data from Maron et al.7

eters assigned to this sample are am= 9.8 + 0.2 and 90= 0.040 £ 0.015.*
Previous resultss for this samBIe based on the use of the extrema i gu,
were reported as am=09.7 0.1 and a = 0.05 + op1. The large dis-
crepancies between these j=and (woem are discussed elsewhere The
results for sample LS-449-E indicate size-distribution parameters of am=
74 + 010 and a = 0.05 + 0.015. Since the fourth minimum at about
94° s considerably more shallow than the two minima in the more forward
glrectlon, there isa larger uncertainty in Sand therefore in a,, based on i =

50:50 Butadiene Styrene Latex

Experimental values of pewere obtained for \ = 271.1 nm from Figure 2
of reterence 7 (Sample 2715). The results from the analysis of the data
by the extrema method are given in Table 111 and indicate avera%e Size-
distribution parameters of a,, = 6.75 £ 0.10 @M=583 nm) and a =
0.075 + 0.015. Maron et al..7 utilizing four wavelengths of light, obtained
an average diameter of 541 nm hased on evaluation of eleven’ minima and
%ens%amma by egs. (5) and (). The 2L diameters ranged from 497 nm
0 590 nm.

Because of the questionable validity of m = 1.17 at X= 2711 nm, values
of peat 19 angles were compared by computer with theoretical values for
m=115 (0,.0%) 1.19 and a wide range of anand a in order to find the best
fit of experimént and theory. This fitting procedure is described else-
where i except that the previous Procedure Wwas extended to a third variable
mto produce a three-dimensional contour error map of anversus aoversus
m The best fit of experiment and theory was found at am= s.6; @ =
0.08 for 1.17 < m< 119 with the agreement improving at higher rm how-
ever, the deviation of experiment from theory even for the best fit (? =
1.19) was too high to place confidence in the results. That s, the volume

_*The + quantities represent subjective estimates of the uncertainty in assigning the
size-distribution parameters.
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of minimum error in the three-dimensional contour error map was so ab-
normally large for this set of data that the uncertainty in the assignment of
marvend «was unacceptably large.

CONCLUSION

Since at least one maximum and one minimum are required for analysis,
this method is restricted to arm> 4 for mvalues considered here. The
limiting value of @ decreases with increasing i from about, 0.13 for i =1
to 0.07 for 7=5. A detailed discussion of the strengths and limitations
of this type of extrema method was given previously.s

This study was initiated as a result of exposure to and discussions with Professor J. P,
Kratohvil of Clarkson College of Technology, Potsdam, New York. The author is
grateful to Bausch and Lomb for the generosity in providing the Sofica light scattering
photometer and to the University of Rochester for the use of their computing facilities.
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Synopsis

Difficulties have heen encountered in experimentally measuring the stress-relaxation
modulus for systems with steeﬁ slopes in the primary transition region. The usually
applied “factor-of-ten” rule is shown to apply in these cases as well as in cases where the
relaxation is slower; with the steep slope, however, the rule offers little help, since the
decay in the modulus is so fast that stresses are usually very small at times when direct
modulus calculations may be made. A techni(iue is suggested which allows calculation
of the modulus in this difficult region. A slow constant strain-rate deformation is
followed by a constant strain period. Modulus values for times during the constant
strain rate period are calculated using well known relationships.  Long-time values are
calculated from the definition of the modulus (the factor-of-ten rule being employed)
and a recursion relation is developed which is used for modulus calculations during the
constant strain period at relatively short times where effects of strain rate are important.
gpartipg values for the recursion relation are long-time moduli which can be calculated

irectly.

Experimental investigationsi-« of the stress-relaxation behavior of
amorphorus polymers in"the primary transition region have demonstrated
at least one very interesting fact. “The maximum value of the negative
slope of the stress-relaxation master curve in this region is not the same
for all polymers. For example, when comparing the relaxation behavior
of polyisobutylene (P1B) with that of polystyrene (PS), one notices that
maximum slopes on the usual log-log scales are about % for PIB; and & 2
for PS.2 In experimental time, account having been made for differences
In glass transition temperatures, PS experiences its giass-to-rubber transi-
tion about 10,000 times as rapidly as PIB. The molecular reasons for
these very differing behaviors are not yet understood. Thus, it seems
clear thaf additional measurements of the behavior of other polymers in
the primary transition region would be useful althou%h such experiments,
are usually relatively difficult. We_present here a technique which can
be used to' measure the stress relaxation of polymers in the primary transi-
tion region rather easily, o o O

A stiort discussion of the complications which arise in attempting direct

KD = <@ @)
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measurement of tins behavior may be beneficial. The tensile stress-
relaxation modulus E(t) may be defined by the equation

where a@®) is the stress at time tand eis the strain applied instantaneously
at zero time. In actual experiments, however, instantaneous strain ap-
plication is impossible. . Usually, the strain is applied rapidly and, as.a
rule, one uses eq. (1) with data”obtained at times greater than the strain
time by a factor of ten. Thus, for a one-second Strain, the first experi-
mental' modulus would be calculated at 1o Sec. N _

When attempting measurements in the primary transition region, how-
ever, the application of the “factor-of-ten” rule bécomes impossible. - Con-
Sicler attemptmg to measure a_modulus valug in_the range of 10s dyne/
cm2 at a time 10°sec after the initial strain application.  In‘order to do this,
the strain rate must vanish before one second has elapsed. ~ But, if the 10-
second modulus is about 109 dyne/cm2 the modulus at times < 1 Sec
will be correspondingly h|?her, perha|os in the neighborhood of 101w dyne/
cm2, i.e., approaching a glassy modulus value. Clearly, finite strain$ ap-
plied to glass¥ materials are not desirable. Among other drawbacks the
POSSIbIhtIeS of slippage from the clamps or fracture are maximized under
hese conditions, since very high forces must be employed to obtain mea-
surable strains. _ o , o

Since we are interested in examining the behavior of polymers with dif-
ferent slopes in the primary transition region, the factor-of-ten rule should
be examined in this light. ~ Perhaps the Tactor can be decreased for ma-
terials with slopes within certain bounds. One form of the Boltzmann
superposition principles allows the calculation of the time-dependent stress
from aknowledge of the strain history and the modulus:

W®=4f 45 Et—ixp @
A functional form for ) which will simplify 1his analysis is:
Kt) =Edl + @)+ B* (3)

where E\is the glassy modulus, E; is the rubbery plateau modulus, r is a
parameter which”places the transition on the timé axis, and mis the maxi-
mum value of the negative sI_oPe in this primary transition region. If m
has a value of 32 eq. (2) will generate a PS-like master curve, while a
value of V2 for mwill result i a PIB-like response. The solid line in
Figure 1 was calculated with E\ = 3.0 X 10n dyne/cm2 E. = 10 X 10r
dyne/cm2 r = 3.0 X 10™sec, and m= 32 _
Next, eq. QZ) was utilized to calculate the stress for a sample subjected
to a constant strain rate for 3 sec. This calculated stress was then in-
correctly substituted into eg. %) in an attempt to calculate the modulus
at times greater than 3 sec. ~ These modulus values we show as the dashed
line in Figure 1 It is apparent that eq. (1) is useful only at times greater
than 30 sec, the difference between the true modulus and that calculated
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Fig. 1. Examination of the factor-of-ten rule: (1) calculated by eq. (3) with 3\ T
cal-

)
3.0 X 100dyne/cm2 E2= 1.0 X 107dyne/em2r = 3.0 X 10-2sec,m = §/2 (—
culated by egs. (1), (2), and (3) for a 0.3 sec constant-strain-rate experiment.

via eq. (1) at times shorter than this being in excess of 5%. Similar re-
sults are obtained if values other than s . are used for the parameter m
ineq. (3); thus the factor-of-ten rule holds rather well, irrespective of the
exact shape of the curve in this area,

It is well known that E@t) may be computed from the slope of a stress-
strain experiment carried out at constant strain rate.  The equations

() =adlog trledlog s (4)

represents a particularly suitable expression to use in_ carrying out this
calculation. To limit Stress so as to avoid the experimental difficulties
mentioned above, it is clear that very slow strain rates are necessary. Yet
the extension must result in a measurable stress at short times. A strain
rate in the region of 1 X 10~2min is the best compromise to satisfy both
these considerations. To deal with linear viscoelastic materials, one
should limit the overall strain as much as possible. In the lower transi-
tion region, for example, strains of the order of 5% appear to be within
the region of Imearwscpelastl_ut%/. Thus, to limit overall strain to 5% at
a strain rate of 10 2/min indicates an experiment of 5 min duration and a
calculation of a 5-min modulus. Even smaller extensions, i.e., shorter
experiments, would be necessary in the ulpper transition region. So al-
though this_technique can be used, its inability to measure long-time modu-
|us values is definitely a limitation. Normally, stress relaxation experi-
ments are carried out to yield modulus values at about an hour.

In Figure 2 the results of a constant strain-rate experiment are presented.
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Fig. 2. Relaxlaion behavior of polystyr(e);[]ecd?\(}gsced to 106°C: See text for explanation

A polystyrene sample with Mw=2.74 X 10k furnished by Mr. R. F. Kratz
of the Ivone_rs Company, Inc., Monroeville, Pa., was elongated at the
constant strain rate of 1.74 X 10~2min at 106°C. The constant strain
rate was imposed for » min, after which constant strain was maintained.
E(%U&'[IOH_ (4) was used to calculate the modulus du,rlné; the constant strain-
rate portion of the experiment and resulted in the filled circles connected by
the dashed line at times shorter than two minutes, The data measured at
constant strain were utilized for modulus calculations by use of eq. (1) the
factor-of-ten rule being ignored. These data are repreSented by open cir-
cles and the solid ling, “The previous discussion indicates that modulus
values calculated for times ?reater than 20 min are within experimental
error while those calculated for times between » and 20 min are much too
high. ~ Clearly, then, a relaxation curve ma}/_ be measured; but approxi-
mately one décade of time in the central portion of the curve must be dis-
carded. Although the data measured do contain information about the
E(t) through this region, neither eg. (1) nor eq. (4) is suitable for the calcula-
tion of 3 from thése data. o o
~ Inthe light of this gap, further examination of the Boltzmann pr,|n0|?le IS
interesting. Under the condition of a constant strain rate applied for a
time ¢, eq. (2 ) becomes

t>c (5

A gproximation of the integral by a sum and subsequent rearrangement
yields:

Et- = ~ — ~A t>c O
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where nA = ¢._Thus, if one were to know the n—1 modulus values at the
relatively long times t— iA as well as i and a@), one could calculate the
modulus value at the shorter time t—c  Now with a value for E(t — o),
one could rewrite eg. (o) for a still shorter time and again calculate the
modulus, but now at an even shorter time. Thus one has a recursion rela-
tion for modulus values in terms of moduli which obtain at longer times.
The starting n—1: modulus values at long times are calculated where eq. (1)
I correct, and the recursion relation is then applied over and over to regress
back to short times where eq. (1) is no longer applicable. Such a regression
Is easily carried out on a computer. . .
This technique has been applied to synthesized data generated by using
eqs. (22 and (3) and is essentially exact.  Such synthesized data, however,
are not subject to the scatter inherent in experimental data, and such a test
is not conclusive proof of the applicability of this technique to real experi-
ments.  Still, the' complete success of this technique should be contrasted
with more limited success of previously suggested approximation tech-
niques,7 even in such an idealized situation. . _
critical test of eq. fa) may be realized by calculating from the experi-
mental data the modulus values in the interval 2—20"min in Figure 2.
Equation (5%IS strictly correct in the limit of infinitely small A~ Thus, this
technique “should be”most satisfactory for closely” spaced data points.
Rather than introduce roughly a thousand measured data points aﬁt) into the
computer for this experimental run, we have introduced about™30 data
points and used these to calculate the coefficients of a three-term power
series over small segments of the experimental run:

) =0+ 2+ 0

Ten sets of coefficients were used for the relaxation curve, These functions
were then used mternally to %enerate the closely spaced data points needed.
The values of the modulus at long times, which are the neges_sar_¥ input for
the Ir_ec%r.?j{)n relation, are obtained by using eq. (x) well within its range of
applicability.

IOIRhe _resu%s of this calculation are presented as the dash-dot line in Figure
2. It is reassuring that the modulus values calculated with eg. d(s)_ln the
region of 2 min match so well with the modulus values calculated with eq.

( )As a final examination of the validity of this Rrocedure for calculating the
stress relaxation modulus, we have méasured the modulus directly, using a
rapid strain application and the factor-of-ten rule. In this experiment the
temperature was decreased to 104°C to enable modulus values above 10r
dyne/cmo to be measured. It should be Poln_ted out, however, that this
rapid-strain, low-temperature measurement is just the experiment which is
not feasible when measuring the main portion of the primary transition re-
glon. In this case however, the temperature of the original run was selected
0 be hﬁb enough so that a rapid strain experiment could be done as a final
test.  The 1% Strain was applied in 0.02 min, and eq. (1) could then be em-
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ployed for times Ionger than 0.2 min. A horizontal shift factor @r=1.81)
was applied to the 104°C data to reduce them to 106°C. _The superposition
of these two curves over four decades of time is good, indicating the validity
of the three-part modulus calculation. _
_ This regression is not limited to experiments where e is a constant; non-
linear strains can be st,ralghtforwardly handled within this formalism.
The techniques outlined here enable one to measure the stress relaxation
modulus well Uﬁ_ into the primary transition region.s modulus valugs of 1Ds
dyne/cmz.and higher are easily accessible, ~ This measuring capacity exists
since one is neither forced to attempt rapid finite strain on glassy materials
(slow constant strain rates are employed) nor to work at temperatures too
close to the glass transition temperature {in Fig. » a 106°C exPerlment ata
constant strain rate resulted in modulus values equal in magnitude to those
measured at rapid strain at a test temperature of 104°C).
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Synopsis

A polymerization mechanism in which monomers and dimers add to a growing poly-
mer chain with different rate constants and different stereospecificity I1s considered.
A fraction of the dimers are in isotactic placement internally, and low conversion to
polymer is assumed. The stereoseguence distribution generated by this monomer-
dimer model is calculated and found to be non-Markovian in general. A method of
determining kinetic parameters of the mechanism from experimentally obtained place-
ment sequence probabilities and related experimental tests for the applicability of the
mechanism are also described. A few ramifications of the general monomer-dimer model
are then discussed. A case of special interest is the one in which all the dimers have a
single internal tacticity, a model recentlfl proposed by Blumstein, et. al., for a polymeriza-
tion involving the surface of certain aluminosilicate minerals. For the case where all
dimers are isotactic, it is found that although the propagation of consecutive syndiotactic
placements alone is simple Markovian, the overall stereosequence distribution is non-
Markovian. Another special case of interest is the limiting case with dimers only in the
feed. This case turns out to correspond to a special case of the cyclopolymerization
mechanism proposed previously by Reinmoller and Fox. Although the tacticity dis-
tribution of the placements created by the head (or tail) monomer units alone of the
dimers is Bernoullian, the composite stereosequence distribution is again non-Markovian.

Introduction

The stereochemical structure of a polymer chain is determined by the
polymerization mechanism by which it is produced. The polymer chain
stereoisomerism or configuration is completely described by the stereo-
sequence distribution, that is, by the sPeuflqa_tlon of the probability of
occurrence of every possible sequence of tacticity Tplacements formed by
consecutive monomer units. In a polymer chain formed by head-to-tail
addition polymerization of an unsymmetrical a-olefin (a ‘typical vinyl
pmymwchmq,meamawntmmmnmrummrnwmin+_1amﬁHMQﬂw
mth placement, which is_called isotactic (1) or syndiotactic QS,) accordingly
?mﬂmOmmmmummmmnmewmonmmmemMWemmmm-
igurations 2
gIf the probability of a given placement being I or S depends on the tac-

*Present, address: Department of Chemistry, Lowell Technological Institute,
Lowell, Massachusetts 015.54.
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ticity of a finite number n of immediately preceding placements but is
independent of the tacticity of any farther placements, the resulting stereo-
sequence s termed Markovian of nth order. A special case of a Markovian
distribution is given by a simple (i.e., flrst-o_rderg Markov chain (it = 1),
in which the tacticity of a given placement is affected only b% that of the
|mmed|_ate_lg preceding placement.  Another special case 15 the Bernoulli
trial distribution _SLe., zeroth-order Markovian distribution; n = (),
in which the tacticity of a given placement is completely independent of the
tacticity of all other placéments. If a stereosequence distribution is not
finite-order Markovian, it is called non-Markovian.

At present, the probability of occurrence of relatively short sequences of
placements can be determined by high-resolution nuclear magnetic reso-
nance spectroscopy.  Comparison of experimental placement seduence con-
centrations with' those predicted by assumed polymerization mechanisms
plays a central role in elucidation of polymerization kinetics.

In this paper, we consider a simplified mechanism in which monomers
and dimers in the feed add to a growing polymer chain with different rate
constants and different stereospecificity. A _fruven_ fraction of the dimers
are in preformed | placements internally. The individual steps are all
assumed to be Bernoullian.  The ratio of the monomer and dimer concen-
trations is taken to be constant by assuming that either concentration is
{nuch larger than the polymer concentration throughout the polymeriza-
jon.

By the word “dimer” we do not necessarily mean a chemical compound
formed from two monomer units. Any association of two monomers in the
feed may be regarded as a dimer for our purpose if the pair behave in the
following way. ~ A monomer associated in a “dimer” adds to the rowm%
Polymer chain end with a rate constant and stereospecificity differen
rom those for a “free” monomer, and once this addition is completed the
other monomer in the pair is attached to the chain end without fail with
its own stereospecificity. - Thus, a dimer can be, for example, a pair of
loosely held monomers adsorbed on a surface, or it can be a divinyl mono-
mer, as discussed below. S _

.We calculate the stereosequence distribution generated by this monomer-
dimer mechanism and then characterize the distribution” using the per-
sistence ratio; p, the B factorss and the generalized B factors.” We also
describe a meihod of determining the kinetic parameters of the model from
a few experimentally observed placement sequence probabilities and ex-
perimental tests for physical applicability of the ‘mechanism. Subse-
quently, we discuss some Special cases of the gengral monomer-dimer mech-
anismincluding two specific mechanisms previously proposed for cyclo-
polymerizationz and for insertion polymerization s

Model and Assumptions

We denote the concentrations of the monomeric and dimeric feed mole-
cules by [Mi] and [MZ], respectively. We make the usual low-conversion
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hypothesis and assume that the monomer-dimer concentration ratio is
substantially constant as the polymerization proceeds. A fraction 5of the
internal prlacements in the dimers is taken to be isotactic and 1 —s, syndio-
tactic. The rate constants for a_ddlrglg lggemes Mi and M to the qﬁ)]vwng-
E?]I;ymer chains are denoted by fo and” k22 respectively. If we use kri and

(n = 12) to denote the rate constants for addirig M,, to the polymer
chain ends to form an I or S placement respectively (in the case of M2, for
example, we refer to the placement formed by the monomer unit orginally
a%t) the %ham end and the monomer unit in the dimer directly connected to
it), we have

kit ks kn n 12 (1)

All these_ rate constants are assumed to be independent_of the length of
the growmlg chain, end effects bem% neglected. In adopting this nofation,
we have also im hpltly assumed that ki and kmare not affected by the
tacticity of the chain-€nd placement, that is, the individual stereoaddition

steps are taken to be Bernoullian. _ _

by anwe denote the fraction of M, being added to the polymer chain
ends ormln% | placements, then the fraction forming S placements is
1—<n Interms of the rate constants, we write

& kkn N1 ()
1 & kvkn '
Further, we introduce the following notation
fci[MXx]

h  h[vi] + k[M]
= f2[M 2] =
h  dMi] + K, [M?]

for the mole fractions of Mi and M. consumed, i.6., for the mole fractions
of monomers and dimers mcorPorat_ed into the polk//lmer chain. Ifk = 12
then/! and; 2 are also the mole fractions of Mi and M in the feed. ,

We represent, for example, the probability that a randomly picked pair
of successive placements along the chain form a sequence of XzXi, Xi
followed by X2 (where X* = I'or §; k:1,2)[ b E(XzX!),,follov_vmg the
convention used Prewously.z.e It is presumed that the chain is statistically
stationary, i.., that the occurrence of anY placement se_guence of finite
length is independent of its position along the chain provided the chain is
sufficiently long to permit neglect of end effects.

Singlet and Pair Placements

Suppose that we pick a monomer unit at random in the poIKmer chain
and consider the placement formed by this monomer unit and the succeed-
ing unit. The probability that a randomly chosen monomer unit came

©)
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from the first unit, of a dimer (to be called a unit of type B{ is00 The prob-
ability that it came from the other sources %monomer_ or the second unit of
a dimer; to be collectively called as units of type A) is then

1d=1 —<b (4)

|f the monomer unit picked at random from the polymer chains is of tyBe A
then it can be succeeded elther_b>[/ an Mi with the {condmonal) probanility
fxor by an M2 with the probabili Oly/ 2 In case the monomer unit picked is
of typé B, it is certainly succeeded by the second unit of the dimer.  There-
fore, the ;[)robablllty of occurrencé of either tacticity in the placement
formed between a randomly picked monomer unit and the succeeding one
Is, respectively,

o(1) = oalM + /:Q) + 066 5)
00) = Qaflll —°I) + M1 —u)] + 0b(L —9 )

The singlet tacticity distribution [egs. (5) and (s )] satisfies the normaliza-
tion condition

p(l) + ) = 1 (7
It can be easily shown that
0a= 1@ + fl)
Ob=h1l+ h ®
With eqs. (s), we rewrite egs. (5) and (s ) as follows
p(l) = (Fi+ B+ hgl(l + by ©)
pS) = 1 +F1 + /5 + h (10)
in which we have used the following notation:
T
'F :I(/ Al % ()
FI = j>(| ~<d),eI:1 —s.
Note that h
Fi+Fl=
F+Fl=h 1

In a similar way, we obtain the probability distribution for pairs of place-

ments ;
p(H) = [(Fi + F)E + /29 + ASY(L + 1) (L3)
p(SS) = [(Fi' + FI)(FI + /B) + F.,4]/(] + ) (14)
P(SI) = [(Fi + fe)(®! + FI) + Fe§ypn + M) (15)
p(1S) = [(Fi' + /5")(Fi+ FI + F'GJ(l + f) (16)
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As expected for anf/ stationary random sequences.. we can easily verify
with egs. (15) and (16) that
p(si) = p(is) = v*p(sivs)
where P(SIVIS) = p(SI) + p(IS) is the probability that a randomly selected
pair of consecutive placements is heterotactic (ifrespective of the order).
Stereosequence Distribution

The above method of calculating p(Xi) and p(X2X0 where Xk= 1 or
Sk= 1,2% can be extended to the calculation of p(XB. . ,X2Xi), the prob-
ability that a randomly selected sequence of n consecutive Placements IS
such that the first placement is of type Xi, the second of type X2 etc.,
{or anby prosmve integer n In matrix notation, we have, denoting the
race by Tr,

PQK,. . X¥Xi) = Tr(X,,. . XsXk» (17)
or alternatively
p(XnX'X]) = (1 i,X' I (»,|)(|
IfXt = I, the matrix X, = 12, ..., n)is|

ora Y (15
If X* = §, it becomes
S - A"50'\ <///i2((ll g ?ﬁu))lo 5\1 (19)
And the matrix i given by
e @

The matrix elements of | and S have simple physical meaning. = For ex-
ample, lab, the 1 » element of matrix I, is simply the probability of adding a
monomer unit of tyBe A in | placement to the immediately preceding mono-
mer unit of type B. This type of matrix notation was first used in a
study of the two-state mechanisms for homo?eneous jonic polymerization
tan_g ?_llows compact and convenient manipufation of stereosequence dis-
ributions.
With egs. (18)-(20), we have

I+ 9P=ki+s) =39 (21)
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With this and the obvious relations
TrA+ TrB = Tr(A + B)
Tr(AB) = Tr(BA)
we can easily verify that for a given sequence of placements U of any

length,
(U) 2)
P(IU) + p(SU) = p(V) 23)
Derivations of egs. (22) and (23) follows:
p(Ul) + p(Us) = Trtkb) + T5U5<j
(

P(UI) + p(US)

p
p

>
= TrU(+ §)d = T)f(U<j>) = p(V)
L)+ P02 T 2 SJl = T = p(U)

Equations (22) and (23z)together with eq, (7) verify that the stereosequence
distribution generated by €qs. (17)- 20) is indleed Statisticall ,s,tatlonar%z
_Using the matrix formulation of the Stereosequence probability distribu-
tion, we can also readily derive a recursion formula for p(1"), the probability
of finding nconsecutive | placements and its counterpart p(S') tor S place-
ments. “Since $has identical columns, X§>has identical rows for any 2 X
2 matrix X with all different elements.  Therefore, we write

"

Then, by multiplying this with | of eq. (18) from the left, we obtain suc-
cessively

P+hj» [FIA + A EiAi+ M2

V' FA FA )
" TFRIFAX + 3N) + FiBAI AEA\ + 5A2 + EDAN
3 " mEaA +)5A3 (ﬁé(F\A\AFasB) )

From the above three equalities, we see that
Tr(r 248 = ATKP+ct») + Fam (183
Thus, we obtain

p(Intd) = fiorpdne) + )
for any positive integer n- From egs. (9) and (13), we see that for n= 0
p(1) = lioip(l) + MiS (%)

The recursion formula, eq, (24) states that n+ 2 consecutive | placements
may be obtaingd by adding @ monomer in | placement to a sequence of
n+ 1 consecutive | placements or by adding an'internally isotactic dimer in
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| placement to a sequence of nconsecutive | placements. A parallel cal-
culation gives

p(Snd) = fi(l - <«)pOS™+Y) + MI - <X - Sp(iS)  (26)
p(SS) = fi(1 - <n)p(§) + (L - ) - 9 27)
with analogous implications.

Characterization of the Distribution

The probability distributions of the pair and triplet placements may be
conveniently characterized_by the persistence ratio. p and the Q factorss;
(3 and fis), respectively.  The former compares p(XeXi) = p(X.|X1%p(_X],'
with p(X2)p(X1), that 1s, the actual Pall’ distribution versus a hypothetica
Bernoullian pair distribution with the actual pQ4g) and p(XJ. In the
above, we have used p(X2|Xi) to denote the conditional probability of oc-
currence of placement X given that the placement immediately preceding
is Xi, The  factors contrast XXX?7 = pﬁX|XX2p(XX,) against. [
(,XX)/p(X)]p%XX) = ,p(X*_X) P X), that is, the actual triplet distribu-
fion versus a hypothetical first-order Markovian triplet distribution with
given p(XX) and p(X). The persistence ratio and the 3 factors may be
expressed as 23

:p(Dp(S) _ p()[I - pfflj = pS) [L - p(S)] )
" pEMS) p(l) - p(n) pE) - p(SS)
CIZPwnwn

72
SR )
(p(SS)12

For the monomer-dimer mechanism under consideration, we find, for
exam?Ie, by using the second expression for p in egs. (28) with egs. (9)

and (13).
= |- A+ Ftt m/( 1) _
P IT-JFi+R)F+f)- REYET R+m 1 |
This indicates that p> 1or not according to whether
(1+ MKFi + F*)(FI+ ) - A5 > (FX+ Fov 1)
or not. Therefore, except for special cases, we have p A 1 in general;
that is, the stereosequence distribution is generally not Bernoullian.
As for the o factors, we need p(111) and p(SSS) in addition, which may
be obtained from egs. (17)-(20) or from egs. (24)-(27)
p(I1) = [(FF + F(Fi + F2 + £5+ (L + [2)FiF5]/(1 + 12 (31)
PSSS) = [(Fro+ AAS)FE + Fi +/25) +
@+ FIFSTL +12 (32)
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We find

o (it P2t B S~  ~ i+ hW
9—1¢i5@ [ﬁ(ﬁf%xllr:iz+ 5+ (1+ ﬁjl%é]— (83

and a similar expression for tishy replacing I\, F2and $in eq. (33) by
Fj, FZ and S, respectively. 1f can alsobe seen that ifi, for example,
can be larger or smaller than unity according to Wh%t er A+ Rt £9
H + fib— FIJIT is larger or smaller than %1 + 1)F5 and therefore
iU.~Land ty, ~ 1 in general. This signifies that the stereosequence dis-
tribution i generally not simple Markovian. o

Thus, we have Seen that the stereosequence distribution generated
b?/ the general monomer-dimer mechanism is neither Bernoullian nor sim-
ple Markovian. - We now further show that the stereosequence distribution
does not in fact obey Markovian statistics of any finite order. For this
purpose, we define the following generalized o factors

p(IlP,+)  p(P+2p(P)
p(I) “ [p(Peuie (34)

Since Si() = 1 signifies that p(I\P+12 = p(I]I", p= land ih{) = 1 for
n—i,2, ..., Kis anecessary but not sufficient condition for the_distribu-
tion to be fcth-order Alarkovian, but fid-1  11is a sufficient condition that
the distribution is not nth-order Markovian. - Using the recursion formula,
eq. (24), we have

R \’}'\/t [p(I’)ZWm twon V¥IpCI1)]2 <)

for any positive integer n Since the second term on the right side of eq.
(35) does not vanish except for special cases, we see that the Stereosequence
IS non-Markovian.  Since F2=f22][eq. '(fll)]' We see from eq. &35) that

= ¢ if there are no dimers (2 = o), or If the dimers can add to the poly-
mer. chains only in S {)Iacement e ="0), or if all the dimers are syndiotac-

gcé)nternally G=0). Similar conclusions may be drawn by considering
stB.

Determination of the Parameters and Test of the Mechanism

_ There are four independent parameters/i (or. = 1 —ft), 9 €and S
in the general monomer-dimer mechanism and these can be determined at
least in' principle if we have four independent probabilities obtained from
NMR spectra. SupPose that we are given P(” ,D(S9), p(III?, and FZ 859).

SINS), p@), and pS ) for

rom egs. (24) and
and (2)7), We obtain ®

The first two give
n= 1 with eqs. (255)
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F = p(p(H) - p(HI)
1 b(iyj2- Pdi)

P = p(@i)p(m) - b(H)p )
2 bd)j2- pdi)
= PISJR(SS) - p(SSS)
1 b@12- p(ss) (37)
= PS)p(sss) - b(ss)2
2 b(S12- plss)
From these relations, we immediately obtain/i, /2 and ai through
fi =Fi +.FI' | %)
h=1—(F+ Fi
ai = Fi/(Fi + Fi) (39)
Furthermore, a=and 5may be obtained by solving
0= BI
and i —(—-5-8 )
where
i = F&I(l - Fx- Fiv
s2- F25(1 - . Fl) )

Solution of eqs. (40) gives
025 = y*[l + Bi - B2+ V(1 + ft - F22- 40!] (4

which indicates that the roles played by a and Sare interchangeable, that
Is, interchanging a and 5in all the expressions for the sequence Probabllltles
gives back the same expressions.  This conclusion is also expected from the
nature of the model itself. The four parameters thus obtained must of
course have positive values not exceeding unity. .

Suppose that we alter the monomer-dimer composition of the feed
without changing the various rate constants.  If we assume an equilibrium
between Mi and M2, this condition may be realized by simply changing the
monomer-feed concentration, since thén we have

[M.JM!] = KgAn] )

where K is the monomer-dimer equilibrium constant. In the case of in-
sertion polymerization,s this is achieved by controlling the concentration
of exchangeable cations on the mineral surface responsible for the forma-
tion of dimeric sorption complex, Therefore, if the sequence concentra-
tions of the ppIYmer prepared at different monomer-dimer compositions
yield substantially the same values for the parameters ah <€ and 5 and
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different values for/i and:» = . —fi, this will serve as a convincing evi-
dence for the applicability of the monomer-dimer mechanism.

Al_thou,?h the above method by itself provides a decisive test for the
aBlollcabl Ity of the mechanism, we can proceed further under some favor-
able circumstances, From the definition of j\and /2 given by eqs. 53),
|[t |vlls.]obwous that these involve only two ratios, k  f@/ci and n=[MZ]/

1k

n—11 & W)
h=W(L+

Therefore, in addition to the values of the parameters given by egs. 1(38),
(39), and (42), if we have knowledge of one of the twg Tatios, Say p, from
an independent source, this will detérmine the other ratio k _

So far we have concerned ourselves with the general monomer-dimer
mechanism. In the following, we will consider a few special cases of the
general model.

()

Monomers Only in the Feed

In the limit with the dimeric species present in the feed in negligible con-
centration, we expect to recover a completely Bernoullian stereosequence
distribution since the monomers are assumed to add to the '?OI mer chaing
by a Bernoulli trial process, In this almost trivial case with f, =0 (and
therefore/i = 1), eqs. (18)-(20) reduce to

1=(0 2)

B-(V 2

and we recover indeed a Bernoullian sequence distribution with

P(1) = W
ily)
9 =1- ®
and, of course,
p=fi=%= =1 (47)

Asis tWell known, this mechanism is consistent with free-radical homopolym-
erizations.

In this connection, we also note that even if both monomers and dimers
are present in the feed, we get a Bernoullian stereosequence distribution
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if tiie highly artificial assumption <1 = 02 = - is made.  If we denote ax=
02 = 5hy x | and S now read

S5/ ¥s-< O w

with $as given b){ eq. (20), which lead to a Bernoullian stereosequence dis-
tribution with %() = xand p@) = 1 —x regardless of the value of .
(orfi).  That this should be so Is obvious if we consider the physical sig-
nificance of the assumption.

Dimers Only in the Feed

If all the feed molecules are in the dimeric form, we have the opposite
extreme. _Interestingly, this case corresponds to a special case of & com-
P_Ietely different polymerization mechanism proposed for cyclopolymeriza-
jon..” If the intramolecular cyclization step is Bernoullian, it is immate-
rial whether the cyclization step occurs prior to or after the intermolecular
addition, as far as the resulting stereosequence distribution is concerned.
When the addition step is also Bernoullian, the cyclopolymerization mech-
anism becomes indistinguishable from the dimers-only case of the mo-
nomer-dimer mechanism.  Stereosequence concentration data obtained
by NMR measurements on the poly(methyl methacrylate) derived by hy-
droIKsm_ of poly(methacrylic anhydride) indicate the consistency of this
mechanism for" the cyclopolymerization' of methacrylic anhydride, except
at low temperatures s , ,

In this_limit of no monomer in the feed, we set £ = 11in egs. (18)-(20)
and obtain

0 5\
«-(® 0
0 1-
Viee o )
1/l A
=2 J

Tor any positive integer ry this leads to
p(1ZH) = [p(I]'="p(1), p(FG = [p(Hh1+ (50)
p(11) - 06

Relations analogous to egs. (50) and (51) hold for p(S*) &= 1 2, ...),
the only difference bemP replacement of o2 and = by 1 — o2 and 1 —5, re-
spectively. We have also

o(S1) = p(IS) = AMI - 5+ (- o¥] 52)
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The ghysical_ meaning| of egs. (50)-(52) is obvious. For example, [(I%
may be explained as follows. * If we pick'a monomer unit in the polymer a
random, the probability that it belongs to the head or the tail of the dimer
is'V, foreach case. T e(condltlonaﬁ pI’ObabI|ItY that a head of the dimer
is placed in I placement 1s € and that for the tail is 5. Therefore, p(l)
Is obtained b addln%, (72)e2and QR

The persistence ratio for this special case turns out to bed

2+ DL —q) + ¢ —¢ .
- (02 [0-2(1)[(—3 +gJ)(1 —(0-2)5]6)]

|t can be shown4that
*<P<l (%)
p = Lifoz=5 (55)
p->Vaifoz->0,5->Lor€->15->0 (56)

In_general,7the lower bound to pis 42and there is no upper bound. In
this respect, the upper bound of unity obtained for this case is of special
interest, SuPpose_ hat instead of redularly aIte_rnath the head and tail
monomer units of dimers, we generate a hypothetical polymer chain by add-
mq broken-off heads and tailS at random With equal numbers of heads and
tails, but still requiring the heads to connect the chain end with probability
g:and the tails with probability 5 for | placement.  Then, Pﬁ for this
ypothetical chain is the same as that glven ineq. (51), but p(l1) is no
longer <& but (y4(cr2 + 5)20r <1&I)] Thus_we have a Bernoullian
sequence distribution with pd) = @2+ 5)/2. Since the persistence ratio
is2the ratio of the actual mean’length of closed I (or S) sequences calculated
on the assumption of the Bernoullian distribution with' the same actual
n(l), eq. (54) indicates that the regular alternation of heads and tails of the
dimers tends to shorten the mean [ength of closed sequences.

The 0 factors for this special case are

= (024 5)2erd :
5—[1—0 + (L —54( —1(1 -9 )

1< fli,ix< o (59)
oios - Lif k=5 (59)
25— if (R—0, 5—>1or —»1 50 (60)

Again, the regular alternation of heads and tails makes the 2 factors larger
than the corresponding value of unity for Bernoullian distributions. The
generalized 0 factors defined by eq. {34) reduce to the following for m-=
1,2, ..

Giw«"-* = (02 + 5)Z4CI’5

it = KBl(0-2+ 5)2 (61)
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These ?eneralized 9 factors_are not equal to unity unless <a= 5 This
shows that r_egzu,lar alternation of two Bernoullian trials leads to a son-
Markovian distribution. We note that from egs. (61) we have

SHAM)S2i) = "SR+ = 1 (62)

o(emsiphem) = pIZp(IZy =1 (69

which apparently results from the fact that when we consider the stereo-
sequence distribution of placements created by the head (or tail) monomer
units of the dimers only, It is Bernoullian, ,

Finally the two parameters and . of this special model may be deter-
mined 4 1f two independent sequence probabilities such as p(1) and p(Il)

are given:
o= p(l) £ {b(D)]2- p(I)}1! (64)

As noted previously, <aand . play interchangeable roles in this model and
for unique_assignment of each, additional information besides the stereo-
sequence distribution is required.

or

Monomers and Dimers with Single Internal Tacticity

When all the dimers have_the same internal tacticity (either . = Lor
5= 0), the complete regularity in the internal tacticity of dimer is sharply
contrasted to the Bernoullian nature of the tacticity propagation resulting
from the addition step of the monomers and dimers to the growm%polymer
chain.  Since the algebra is parallel for 5=1 and 5 = 0, we report here only
the results for the case 5= 1 Recently, Blumstein, et al s proposed a
monomer-dimer model (the BMW mo_dePS in which all the dimers are in
isotactic internal follacements for the insertion polymerization of methyl
methacrylate involving the surface of an aluminosilicate mineral.

Substituting 5 = 1into egs. (18) and (19), we have

The matrix ¢>is the same as given by eq. (20). The singlet, pair, and trip-
let probability distributions are

p() = (Fi+ Fi+ fiy/(1 + fi) (66)

pe) = & + F)(I + H) (67)
p(ll) = A{R + Fi+ X1+ fi)+ A

=>(!) + A (68)
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p(SS)

p(S1)

=F'EFE +F)(L+])
= FXp(S) (69)
= p(lS)
= V*p(SITIS)
= (N + [0IF" + (i + P
= Rt o) (70)
p(ll) = (FR+ F)(Fx+ Ft+f)/Q+1ft) + FF,
= Fxpdl) + Fp(l) (1)
p(SSS) = Fi'ZFi' + FI)/(I + 1)
= Fi'p(SS) =Fi(9) (72)
p(SH) = p(lIS)
v« p(siiviis)
[Fx(Fi + 7 + Few s + F2)/(l + 1)
=[Fi(Fi + 12 + F2Jp(S) ()
p(SSI) = p(ISS)
\V>p(SSuss)
Ft re+ f)Ee + FJ)/( + )
(Fi + *)P(SS)
FIp(1S) = FXtFx + [j)p(S) (74)
(Fi + fiy~Fi +Frys+ /)
(Fx+ 1)p(1S) = @+ 123(5) (79)
P(SIS) = &Ft + FN)(FI + FO)(l +

P(ISI)

= (FxFl + F2)p(S) (76)
Further, for any sequence length n we have (since S* = (Fi,)"-15)
pSn = [ - “DnlpS) n=12 .. (1)

which indicates that as far as S-S propagation is concerned, the BMW model
behaves as a simple Markov Process. Equation (77) alsq conforms to the
obvious requirement that for the occurrence of nconsecutive S placements,
successive addition of at least n—1 monomers is necessary.  On the other
hand, for p(I”) we have

p(1BY) = NIpdn + | X72n(n (78)
with physical significance analogous to that of eq. (24).
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The persistence ratio pis found to be
P= (fieri + £.& + [D/(] + fi) (fieri + /2 (79)
and it can be seen that

W< P< 2 (80)
P> Lif @> I+ fi (81)
p< Lif @< fiCT + i (82)

From eq. 1(_79) it can be seen that pis a monotonically d_ecreasin?_ function
of (i for fixed €2 and /2 and a monotonically incréasing function of @
for fixed <vand /2 And, in the limits d'ai D and €2 "1 we have p =
2001 + /2. When/24 0(/2%>0f 1 — <), then p approaches its_upper
bound 2. * This limiting case may be visualized as an almost continuous
Sse(iuence arising from'the monomer addition occasionally interrupted by
an |1 sequence coming from rare dimer additions. Here, we have p; -4
2 and ps— 00, where pi and psare the mean lengths of closed | and 'S se-
quences, respectively. - Thus, we obtain7

p = PiPs/(pi + pg) ~ pi ~ 2
It is true that if .. is nonvanishingly small, then p; gets Ion(};_er_ than 2.
However, this is more than compensated by much shortened, Tinite value
of p§ together leading to p< 2. " For example, if <0 = 0.0L, we have p; =
201 and p8= 43.9, yielding the maximum value of p = 1.92 at > = 0.0218.
On the other hand, 1f we consider the limit of fi = 1, we have p = (1 +
<7,2¥2, corresponding to the case of dimers only in the feed [Eq. 53)}
with 5 = 1 Thus, as @+ 0<R2%>/2, p approaches its lower bound o

V.. Here we have almost regularly repeating sequence of SI occasionally
interrupted by an 11 sequence.  Obviously, we have p; « ps « Land hence

The 0 factors are given as follows

G —1+ 20Ul ~ <)+ fi(SI' <ri]fii<ri i) ~ 6] ®)

[l°i(liai + [srs + fi) + (L + [2/22)2
G=1 (84)
For Oi, we have further
0<0;< (85)
O > 1if/Ikn +/* > (86)
O < Lliffieri + ft < 87)

,mA Land /24 0, wesee thatalthough
, ~ y2but ‘I\II) f®0.whichlead to O « 0.
ezw 0 thenp(l) 7z, pFI) 2 0p(0) =0, p(IN T y
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which lead to 0, = p(I[I/p(I]l) ->  Asforils = 1 we note that this

e (SI59)  p(IISS)  p(S|SN  p(l]si)
p p p p(l]si) -

| p(JIS) CBIS)  n(SiS) (llS) ! (60)
The other ratios p(X2IXi)/p(X2) in terms of if; and p(X2) are7

PESIIN = P(IIS) = 1- p(llQ]

oS Pl plsl) &)
p(SIS)  T—=2p(l[l) + [p(Il) J=A
o lsl) b(s]i)]2
The generalized 3 factors are, for any positive integer n,
Os() = 1 (90)

iy - b(iK]2- FIP(nP(p-i) - fthKi-]]*
- + » . ”

i) = 1 8 2 ) + e - 31 &
Thus, the BMW mechanism6generates a stereosequence distribution which
is partially slmp_le Markovian in the sense of egs. (84) and (90) hut the
overall distribution is non-Markovian in general, as can be seen from e(i.
(9%). Obviously, if s = 0, then we have () = 1and SS(n?" 1 in general.
here are thrée independent parameters /i, <1 and <2in the BMW model,
which can be uniquely determined, at least in principle, if we have three
independent sequencé probabilities such as p(IIé, vsp SS), and p(ll).
Again, p(Il) and g(SS) completely determine p(ISv I,Tp(l), an Egs
| we solve egs. (6_2 and (171), we obtain the expressions for F\ and F2as

given by eg. (36) with 5replaced by unity. AsforFi, eq. (69) gives

Fi' = p(SS)/p(S (92)
From these, we obtain "= PESIRS)
fi = F1+ Fj
o= 1- Ft- Fi %
¢l = Fil(Fi + Fi) (94)
a4 = (1 —Fi - Fi) (95)

We can also subject the model to a stringent test if we have sequence prob-
ability data for different monomer-dimer concentration ratios, as discussed
In a previous sections.

Concluding Remarks

In the above, we have considered the monomer-dimer mechanism of
polymerization and the resulting stereosequence distribution (see Appen-
d|xf/. It is shown by means of the generalized U factors (and by other
results as well) that although the individual steps involved In the ‘mecha-
nism are all Bernoullian, the composite overall stereosequence distribution is,
in general, non-Markovian. A similar situation has already been found in
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the two-state_ mechanism6for ionic polymerization. We have also shown
how the four independent kinetic parameters of the monomer-dimer mech-
anism can be determined from four experimentally observed placement se-
quence concentrations. A convincing experimental test for physical ap-
plicability of the mechanism is also deScribed, .

. We recover a Bernoullian stereosequence distribution, as expected, in the
limit of monomers only in the feed. " Even when the dimer concentration
IS not negligible, we obtain a Bernoullian distribution indistinguishable
from that generated by the case of monomers only in the feed, if'a highly
artificial assumption is made that all three modes of forming placements
yield the same fraction of | (or Sa placement. o _

Another special case discussed Is the limiting case with dimers only in
the feed, which is equivalent to a special mechanism for cycIoRolklme_rllza-
tion proFosed reviously by Reinmoller and Fox.4 Although the tacticity
distribution of the heads (and tails) alone of the dimers is Bernoullian, the
overall stereosequence distribution 1s non-Markovian.

_Other cases of special interest arise if all the dimers in the monomer-
dimer mixture have a single internal tacticity. For the case where the
preformed dimer tacticity is isotactic as proposed by Blumstein, et al.5
In connection with the insertion polymerization invglving a mineral sur-
face, we have seen that, although thé propagation of consecutive syndio-
tactic placements alone is simple Markovian, the stereosequence distribu-
tion as a whole is non-Markovian, , _

It is seen in the above discussions that the persistence ratio and the 1
factors sometimes serve as convenient criteria for ruling out certain mech-
anisms. _For example if one of the following is found to hold, the limitin
case of dimers only Is ruled out: (L &]31, QL2<13)B<L @ 12(%
> 1 (65) 39> 1(6) 12]2(22) A, @7 Letc. Similarly, if we fin
experimentally either p> 2 or 3 1, then the BMW model cannot account
for the stereosequence, distribution. , _ o
~ Further generallzatlon of the monomer-dimer model in a few directions
is conceivable. . For example, the individual addition steps mu{;ht be as-
sumed to be simple Markovian instead of Bernoullian. ~Effects of rela-
tively slow monomer-dimer e%umbratlon maY, be required to be taken
into "account in some cases. Perhaps a prac |paIIK more important ex-
tension would be the removal of the low-conversion hypothesis.

APPENDIX

To illuminate the nature of the statistical processes involved in the
monomer-dimer mechanism, we present in this Appendix a simple analogue
in the form of a card game. . . _ ,

The stereosequence distribution resulting from_the monomer-dimer
mechanism may e reproduced by shuffling and drawing cards in four decks
each containing a large number of cards. ~Three decks are related to three
different types of monomer units (or ﬁlacements formed by adding three
different types of monomer units) In the polymer chain and each contains
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two Kinds of cards labeled I and S. Deck 1 is for the placement comjn%
from the addition of monomer molecules in the feed and a fraction <i 0
these cards are 1. Deck 2 is for the placement coming from the addition
of the head monomer units of the dimers in the feed and fraction Qof these
are |, Deck 3 s for the internal placement in the dimer molecules and ac-
cordingly a fraction sare labeled I.. ,

Drawing a card from deck 4 decides which of the two decks_ (decks 1 and
2) 10 use at one time. Naturally, a fraction /t of the cards in deck 4 are
labeled M and the remainder D. ~ If a card drawn from deck 4 is an M, we
draw a card from deck 1 Ifitis | (or S), we add a monomer unit to the
polymer chain in | (or S) placement. ~ Then we go back to deck 4 and draw
another card. If it'is a D, we draw a card from deck 2. We add a mono-
mer unit in | or S placement according to this outcome. Drawing of a
card from deck 2 is automatically followed by drawing a card from deck
3 without consulting deck 4. Again a mononier unit is added to the poly-
mer chain in the tacticity specified by the card drawn from deck 3.  Theén
We ([10 back to deck 4 to decide which of the two decks 1and 2 is to be used
next.  After each drawing of a card from a deck, it is replaced in the deck
which is then shuffled. o _

In the special case of no dimers in the feed, deck 4 consists of M cards
only and only deck 1is used to decide successive placements produced by the
addition of monomer units. If decks Lthrough 3have the same I-S composi-
tion, we may use any one of them disregarding all the other decks including
deck 4 (nres&ectlve of its M-D composition). In the dimers-only case,
there are no M cards in deck 4 and we draw cards alternately from decks
2 and 3. Therefore, only two decks are used in this case. In the special
case of the BMW model,” deck 3 contains only | cards. Therefore, in this
case, after drawing a card from deck 2 and a d_mq a monomer unit accord-
ing to the outcome of the drawing, we automatically add another monomer
unit always in_I placement. Thus we can play thé game with these three
decks eliminating deck 3.

This development was motivated by the work of Drs. A. Blumstein, S. L. Malhotra
and A. C. Watterson _ The present authors are greatly indebted to them for the op-
portunity of seeing their manuscript prior to publication.
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Synopsis

The kinetics of dissolution of five fractions of commercial poly(vinyl chloride) in cyclo-
hexanone was studied at temperatures from 20 to 70°C.. Good agréement was observed
between the experimental results and equations expressing the dependence of the induc-
tion periods and the rates of dissolution on temperature and molecular weight. It was
found that the apparent activation energy for the swelling Frocessllles in the range 9-14
kcal/mole and the apparent activation energy for the dissolution diffusion process in the
range 8-12 kcal/mole. The apparent dependence of activation energies on number-
average molecular weight indicates that the chain ends are more important in determining
the dissolution rate than the centers of the polymer chains.

Introduction

If a solid macromolecular film is in contact with a liquid solvent, the
movement of the optical boundary of solvent into the sample and the
“solid”-liquid interface in the opposite direction can_be observed.l The
|atter movement can be viewed as an intrinsic swelling and is known as
Kirkendall’s effect.2 The forward velacity of the optical boundary deter-
mines the rate of dissolution.3 The diffusion of solvent molecules into the
poIYmer Is caused by a gradient of chemical potential which depends on the
molecular size and chemical composition of the solvent.

The dissolution of macromolecular com?ounds_ usually does not take
place immediately after they come into contact with the solvent, but after
a definite induction period,”sq,4which depends on temperature, molecular
weight of polymer, kinetic properties of solvent, and also on the method of
preparation of the film,

Induction Period for Dissolution

_After the initial induction Eer_lod a steady state is reached in which. the

dissolution process becomes stationary. -~ According to Eyring’s transition-

state theory5of diffusion processes, the movement of thesolvent molecules

takes place throuPh local density fluctuations or “holes” which are produced

as a result of polymer segmental mobility. The movement of the optical

interface between solventand polymer determines the rate of dissolution.
633
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For the induction period, eq. (1) is valid:6
— 1 = 504kD (1)

where S is the tota] thickness of the swollen layer on the film surface, « is a
parameter appearing in the expression for the rate of movement of the
optlcal interface, D Is the diffusion coefficient of solvent, and r is the time
at which diffusion begins, which we set equal to zero. We discuss the
kinetic phenomena connected with the swelllnlg and dissolution of polymers
formally in terms of the simple classical model of an activated process.

According to Eyring and co-workers,6the diffusion coefficient for solvent
may be expressed as

D = K\2e(kT/h) exp{ ASt/Sj exp{-AEn/RT} )

where K is the transition cogfficient; Xis the average distance between two
consecutive equilibrium positions of solvent molectles; k, T, e, and R have
their usual sufmlfl_canc_e; /Dis the activation energy and AStis the activa-
tion entrop_z/ or diffusion. , T _

Ueberreiter and Asmussen,4 studying the dissolution of polystyrene in
various solvents, have found that the effective thickness of the” swollen
surface laver is temperature-dependent according to the empirical equation

(3):
8= Soexp{-A sT}) (3)

where Dis the thickness of the total swollen surface layer at infinite tem-
perature and A;, is an empirical constant. _ _

The thickness of the swollen surface layer plays a larger role in the dis-
solution and fractional dissolution of polymers. Assuming that eq. (3)
is valid for our case and taking account of Eyring’s transition state theory
of diffusion, we may rewrite eq. (1) in the form

h = X exp{kESRT} (4)
where o is given by
tQn = S02exp{ - A St/R M [4xK\2e(IcT/h) ] (5)
and AE s is the apparent activation energy of swelling defined as
Alis = AAds - 2 RA5s (6)

Here A™Ds and Ass are, resPectiver, the apparent activation energy of
diffusion connected with swelling and"an empirical constant. ~ The physical
meamng of A5swas explained inl our previous work.7 _

The dependence of swelling time /qhon molecular weight can be derived
from eq. (1) on the assumption that the total thickness of the swollen sur-
face layer can be represented by a uniform layerdof polymer coils of effective
mean-Square radius of gyration (32 Then, we have

S~ 2222 « (7)
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where n is the effective number of polymer cails across of the swollen surface
layer and yekis the effective diameter of a coil. _
For randomly coiled linear polymer molecules, the mean square radius of
%yratlon IS d_|rectI,¥ proFortlonaI {o the molecular weight, In"good solvents
is proportionality is lost.  This is due to expansion of the coils resulting
from strong solvent-solute interactions. Then, the relation between the
mean-square radius of gyration and molecular weight can be expressed by8

&) = k'M 4 8)

where eis a measure of the deviation from random coil stat:stics.

It can be supposed that the number of polymer coils included in the
swollen surface layer increases with increasing molecular weight as a con-
sequence of entanglement and then that

§« = k"M al2 9)

where k", a, and 0 are constants indege_ndent of molecular weight,
By substituting egs. (7), (8), and (9) in eq. (1) the expression (10) for the
depéndence of the induction period on molecular weight is obtained:

tQ= [(k"Y/+xD]Ma (10)
Rate of Dissolution

The rate of dissolution of macromolecular substances is determined pri-
man!}( by the diffusion of solvent molecules inside the polymer sample.
The diffusion rate depends on the molecular volume and the chemical struc-
ture of the solvent. o _ _ _
In the following, a polymer solution is considered as a binary system in
which the first comPonent consists of macromolecular coils solvatéd to dif-
ferent degrees and the second component is the solvent.  Throughout, J
denotes the local flow of solvent (IexPressed as grams per square centimeter
Per second) crossing a plane parallel to the film surface, and ¢ denotes the
ocal concentration of this component (in qrams Per cubic centimeter).
The flux density of solvent molecules in the Taboratory coordinate system
(9)c is related to the flux density (J)o referred to the optical plane, which is
defined by the maximum value_ of the refractive index gradient at the
boundarybetween the gel and infiltration layers, by eq. (11)°9

(J)C = (J)o + uocc (12)

Here, uoc is the velocity of frame 0 with respect to frame C, and ¢ is the
concentration of solvent molecules at the position and time considered.
For the steady state, the net flux density through the optical plane is zero;
.. (3)o = 0,'and the equation for the rate of dissolution can be obtained as

uoc = (J)cle((c = cf x = £) (12)
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With the assumJ)tio_n that the system does not change volume during
mixing, the flux density can be expressed as

(*)c —(j)V——Dy(dcldx) (13)

where (J)v and Dy are the flux density and the mutual diffusion coefficient
with respect to the fixed frame. By continuity (J)c must now be inde-
pendent of x; thus eq. (13) may be immediately Integrated:

Wee = Dy(0l — C)fsect (4)
or
Woe = Dy(ipi — (p))oe (15)
where
Dy =5 = [U(c] - CZ]JfCIDv(c)dc (16)

8 is the effective value of the thickness of the swollen surface layer, ¢ and
9 are concentrations and volume fractions of solvent molecules, and the
subscripts 1 and 2 refer to the outer and inner boundaries of the surface
layer, respectively. In the case of polymer dissolution with high polymer
concentration in the swollen surface layer we can further assume qi"= 1
and s = 0, and obtain from egs. (15) and (6)

Uoc — D/8eht (17)
which is identical with the equation derived by Ueberreiter and Asmus-

sen.l
The rate of dissolution obtained from the application of the absolute
rate theory and eg. (3) can be expressed as

woe = WoelexV{-AE diRT} (18)

where AEd is the activation energy for dissolution and wic® is the pre-ex-
ponential factor defined by L

woed = K \&(kT/h8o) exp{ AiSt/ff} (19

where 50is the thickness of swollen surface layer at infinite temperature and
the other symhols have their usual significance.
Equation (17) can be rewritten by means of eq. (7) in the form

woe = P2w(sAW5 (20)

provided that b and < are independent of the molecular weight of the
polymer.  With eg. (9), eq. (20) can be written

Woe = 0/k"<p()M ~al2 (20)

which expresses the dei)endence of the rate of dissolution at a given tem-
perature on the molecular weight.
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Experimental

For an investigation of the dissolution process it is necessary to follow
continuously the increase in concentration of dissolved macromolecules in
the solvent”without _dlsturbm? the process. As Ueberreiter and Asmus-
sen.-. pointed out, this seems fo be hest done b¥ measuring the increase in
refractive index of the solution. It is Possmle_o measure changes in con-
centration so small that one can regard the solution asa pure solvent,

The apg)aratus used jn this work is shown in Figure L The solvent is
supplied from a buret into the thermostatted vessel (AL and at the same
time the polymer sample is fixed in the dissolution chamber (B). The im-
mersion refractometer &D) is sealed in the measuring chamber (C]. After
. hr all the internal parts of the apparatus have come into thermal equilib-
rium and the kinetic measurement can be bequn. _

_The solvent is supplied from vessel (A) to the dissolution chamber and is
circulated by means of a stirring device. _

Kinetic studies were made on five fractions of PVC preRared by fractional
precipitation of a Czechoslovak commercial product. " T esamPI_es studied
were rectangular in shape (1.0 cm X 5.0 cm) and about | mm thick. The
samples were cut from films cast from tetrahydrofuran. The PVC films
were baked for several weeks (in a vacuum thérmostat) at 50°C to remove
residual solvent. o _

_ The limiting viscosity numbers for individual fractions and, correspand-
mg values of M n computed from the Mark-Houwink equation. .. F =
2.4 X 10 ilis (cyclohexanone, 25.0°C), are listed in Table .

77 =

TABLL |
Intrinsic Viscosities and Number-Average Molecular Weights of PVC Fractions
Intrinsic viscosity

Fraction 4, dlfg Mn
1 1.50 85,000
2 1.16 60,000
0 0.93 47,000
4 0.80 38,000
5 0.60 31,000

TPe )velocity of movement of the optical boundary was calculated from
e (-2):

uoc = (1/ps) (dm/dt) (22)
where dm/dt is the rate of dissolution ex‘pressed as a quantity of material
dissolved in grams per second from a surtace of area s.  The density ?of

the poI){mer and the surface area are temperature-independent in this
narrow temperature interval.  For dilute polymer solutions (our case) one

can write:
dm/dt = kn(drio/dt) (23)
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Fig. 1. Schematic drawing of equipment: (A) thermostatted vessel: (B) dissolution
chamber; (C) measurmg chamber; (D) immersion refractometer; (E) stirring device;
(F) polymeric sample; (G) rubber ring.

where dn*/dt is the rate of change of the refractive index of the solution
(NaD ling). The numerical value of the constant kn was determined from
eerrlmentaJ measurements. ,

reshly distilled cyclohexanone (Lachema, analytical grade) was used.

Results and Discussion

Relatively little information is available from the literature about
swelllng{ and dissolution of PVC, especially with respect to the influence of
molecular weight and molecular weight” distribution,  Corbiere et al.B3
studied the kinetics of dissolution of PVC in several solvents, but only
from a qualitative point of view. The first quantitative kinetic study of
dissolution of PVC was described in 19(56.1L

_Swelling and dissolution of polymers are likely to be controlled by the
diffusion of solvent molecules, Hence knowledge of the dependence of in-
duction periods and dissolution rates on temperature, molecular weight,
and molecular structure of solvent and polymer will be valuable in pro-
moting understanding of the swelling and ‘dissolution mechanism. The
appearance of an induction, period and the apparent dependence of the
dissolution rate on the swelling of a polymer film both imply that the rate-
determlnln? éj_roce_ss is the movement of segments of the polymer chain.
The rate of diffusion is slow until polymer molecules on the surface have
been solvated by the solvent. _ o

Plots of the dissolution data, obtained as the change, of refractive index
of the solution with time, gave the results illustrated in FI?UfGS 2 and 3.
After an initial induction period, which is dependent on molecular weight,
solvent activity, and temperature, linear plots were obtained. These are
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0 20 40 60 80 100
L[min]
Fig. 2. Kinetic curves of dissolution of PVC in cyclohexanone (fraction 1).

Fig. 3. Kinetic curves of dissolution of PVC in cyclohexanone (fraction 2).

in good aPreement with results obtained by Ueberreiter and Asmussendfor
the_dissolution, of polystyrene in amylacetate. _

During the induction”period the Change of the end-to-end distances of
macromolecular coils becomes large enough for macromolecular coils to
leave the rubberlike layer of amori)hpus polymer and go through the
polymer-solvent interface into the solution. ~ In order to understand swell-
Ing"and dissolution of polymers, it is important to distinguish between
molecular vibrations and rotations. -~ Since many modes of oscillation exist,
there are many types of vibrational energy governed by the force constants
and mass concentrations in the system. " In accordance with BuecheX we
shall assume that a polymer segment will be able to jump or rotate when-
ever the density of se?m_ents becomes smaller than a certain critical value.
A rotational reorientation process of macromolecular segments during
swelling incjudes local lattice expansion against the internal pressure, The
work associated with the activation volime is included in_the activation
enthalpy of swelling or dissolution of the polymer.7 The activation
enthalpy includes the energy differences between the original and activated
states due to very many horids in the molecule.

The induction period can be expected to disa Fear at a temperature
somewhere near the glass transition temperature of the polymer, i.e., above
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Fig. 4. Induction period of dissolution of PVC in cyclohexanone as a function of tempera-
ture: (0) fraction L; (¢) fraction 2; (®) fraction 3; (3) fraction 4; (O) fraction 5.

Fig. 5. Rate of dissolution of PVC in cyclohexanone as a function of temperature: (O)
fraction 1, () fraction 2; (®) fraction 3; (3) fraction 4; (O) fraction 5.

g?% gor PVC. This trend can also be observed from the data in Figures
and 3.

The experimentally determined defendence of the induction period Iq
for dissolution on temperature (Fig. 4) is.in good aﬁ_reement with eq. (4).
The calculated apparent activation energies of swelling for PVC in cyclo-
hexanone for the given ranges of molecular weight and temperature are
between 9and 14 kcal/mole. _

Comparatively good agreement of experimental results for the depen-
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Fig. 6. Apparent activation energy of swelling of PVC in cyclohexanone as a function
of molecular weight.

Fig. 7. Apparent activation energy of dissolution of PVC in cyclohexanone as a function
of molecular weight,

dence of the rate of dissolution on temperature. is evident from Figure 5.
The calculated apparent activation energies of dissolution of PVC in"cyclo-
hexanone are between 8 and 12 kcal/mole. _

The dependence of a?paren,t activation energies Aes and AEd on the
number-average molecular weight of PVC (FigS. 6 and 7) indicates that
the chain ends make a greater contribution to the swelling'and dissolution
than the interior of the polymer chains.

TABLE I
The Parameter a as a Function of Temperature
a
Temperature, °C Calcd fromtg = tg (M) Calcd from Moc =
30.0 2. 3.8
40.0 19 3.0
50.0 18 2.8
00.0 18 2.6
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Fig. 8. Induction period for dissolution of PVC in cyclohexanone as a function of mole
cular weight.

log Mn
Fig. 9. Rate of dissolution of PVC in cyclohexanone as a function of molecular weight
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_From_ the comparison of a,oparent activation energies of swelling and
dissolution of Roly_m_e_rs it follows that the latter are Smaller by about 0.8
keal/mole. The ‘initial arrangement of the macromolecular coils in the
surface of a sample may have a considerable effect on these quantities as
different values are somietimes obtained for the interior part of the samﬁle.
The dissolution of PYC, especially in poor solvents, varies with the method
of film preparation. . In going from poor solvents to ?ood solvents, the
polymer coil in solution expands. The deformation of the polymer chain
network produces changes in chain conformations with a concomitant
change in the potential _ener%y of this network. = The magnitude of the ap-
parent activation energies o SW6||I{1% and of dissolution, according to the
current viewpoint, are connected with the transition of polymer chain seg-
ments from a Iow-ener?y to a high-energy state. In the “swelling of the
polymer many segments of the polymer chain are displaced from their
original positions in the lattice by the solvent molecules. In the course of
thiS process, some of the displaced segments or their neighbors will be forced
to assume conformationally hl%her energy states.  This effect influences the
magnitude of the apparent activation energies of swelling and dissolution.
From Figures 6 and 7 it follows that the activation energy is constant or
independent of the molecular weight for M n> 100,000. =

Values of |og tQ and log uoc are plotted against Io?, Mn in Figures 8 and
9, respectively. However, the slope of the Straight Tine through the data
points represents a.  The temperature dependence of a is given'in Table I1.

We would like to thank Professor Vojteeh Kelld for his interest in this work and for the
facilities placed at our disposal. We wish to express our deep gratitude to Professor
H. Odani, Dr. L.-O. Sundelof and I)r. T. E. Gunter from the Institute of Physical Chem-
istry University of Uppsala for critical discussion of this paper.
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Phillips Petroleum Company, Bartlesville, Oklahoma 74003

Synopsis

The Fourier transform method of Vonk and Kortleve for the analysis of small-angle
x-ray diffraction (SAXRD) from semicrystalline polymers has been compared with a
modified direct method, originally due to Tsvankin. "SAXRD data for three m_elt-,cr,Ys-
tallized polyethylene samples have been analyzed in terms of the mean true periodicity
mean crystal length, and mean length of amorphous segments. The two methods of
anal;gszyleld substantially equivalent results for all three samples. Calibration curves
for the Tsvankin analysis are tabulated, and the relative merits of the two methods of
analysis are discussed.. With either method, information about the dlffractmgz_structure
may’ be deduced that is not available from a simple measurement of the position of the
SAXRD maximum. In fact, direct application of the Bragg law to any but the sharpest
maximum yields a spacing (the long period) that lacks direct physical Significance.

INTRODUCTION

The small-an(ile x-ray diffraction SSAXRD) pattern of a semicrystalline
polymer is usually characterized by the appearance of one, and sometimes
several, |nten_3|t¥, maxima at angles 26 between ca. 0.05and 2.0°.  Straight-
forward application of Bragg’s equation to the an,(I;_uIar_ positions of these
maxima leads to the concluSion that the periodicities in electron densit
that are responsible for the scattering correspond to units of size ca. 1500-
50 A.  Difficulties with this sn,ngle approach fall into two classes; first, the
sizes calculated do not agree with those inferred from other experiments, es-
Pemally electron microscopy, and often the same size cannot be calculated
rom what appear to be first-order and second-order diffraction maxima;1
second, utilization of only the position of the SAXRD maximum wastes the
other information inherént in the experiment, particularly that about the
distribution of intensity within the scattering E)attern.

These points were first, treated by Rheinhold et al. 2who showed that a
model based on the linear paracrystal3was able to ?redlct,SAXRD patterns
in which the _scattermgi maxima were shifted out of the POSIUOHS ?lvenlby the
Bragig equation.  With the use of an asymmetric distribution function for
the Tamellar thickness, scattering curves were calculated in which the posi-
tions of the first-order and second-order maxima differed by factors of other

*Present address: Phillips Fibers Corporation, Greenville, South Carolina 29602.
645
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than two. These results encouraged the expectatlon that physically realis-
tI|C 3|zdes mlghlt be obtained from experimental SAXRD data that were an-
alyzed properly.

yA p_rgc_egureyfor more complete analysis of experimental SAXRD inten-
sity distributions was developed by Tsvankin,4in which the scattering to be
expected from a variety of related supermolecular structures wascalcu-
lated. _ The theoretical curves were analyzed with respect to the positions
and widths_of the first-order maxima, and “calibration” curves were con-
structed.  These curves were used in con{unctlon with the same data from
experimental scattering curves to comi)ue average values of the true pe-
riodicity of a superlattice composed of alternating “crystalline” and “amor-
Fhous” segments, average lengths of the segments, and a one-dimensional
inear “crystallinity” for the superlattice. ~Crystal IenPths,caIcuIated in
this manner have Deen found to correspond qite closely with those esti-
mated from wide-angle x-ray diffraction profile broadening in oriented nylon
665and also with steP heights measured from electron micrographs of poly-
ethylene single-crystal mats.’ Such an analysis also has been applied to
other studies.7-9 _ _

An alternative treatment of SAXRD data involves calculation of the
Fourier transform of the experimental sca_ttermg[ curve to yield a correlation
function proportional to the self-convolution of the electron density fluctua-
tion within the samﬁle. Such a procedure has been investigated"by Vonk
and Kortleve,01lwno suggested that differences between experimental cor-
relation functions and those calculated from a model could be mare readily
interpreted in terms of the model than if the scattering curve itself were
used. The Vonk-|vortleve method differs from that of TSvankin principally
in the WaY in which the observed scattering curve is compared with the
theoretical scattering curve for an assumed model.

It is the §)urpose of this paper to. present calibration curves for the full
analysis of SAXRD data by a modified Tsvankin technique and to compare
the results obtained by this method with those obtained by the Vonk-Ivort-
leve dt_echmqge with the same data. The relative merits of the two methods
are discussed.

ANALYSIS OF THE DIRECTLY OBSERVED DIFFRACTION :
TSVANKIN METHOD

Tsvankind assumed the following model of the superlattice in oriented
pokmer fibers. o _ _
fiber is composed of parallel fibrils with the regions of higher and lower
electron density aIternatlng reqularly along the fibiil. The,reqlonslof lower
electron density correspond to amorphous se%ments of the fibril, while those
of higher electron densnr correspond to crystals. Scatterlnlg from such an
as_semblx may. be calculated from the projection of the efectron density
within the fioril onto the fiber axis. , o
The distribution of crystal sizes (as projected onto the fiber axis) is ree-
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tangular, with mean size (or length) a and limits of &a —Aand @+ A
A 1ong period c is defined as Ihe mean projected distance between crystal
centers, \k/)vhlle a mean length of noncrystalline material (amorphous length)
ISgiven oy ¢ —a. ) . )

?n gene_ral, the diffracted intensity from a system of N crystals of different
lengths (i.e., with different structure amplitudes F, where F is the Fourier
transform of the electron density distribution within a crystal) is given by

T-NOFR - F2+ R (o + EE expliszd) ()

Here [s| = 4x sin0/A is the diffraction vector, and zik is the vector from the
center of the 7th crystal to that of the 7th. In eq. (1) the first, term arises
from differences in‘scattering power among the individual crystals and was
assumed to be constant by Tsvankin.  The second term of eg. (1) describes
scattering from the lattice of crystalling and amorphous re(fnons, and is re-
sponsible for the occurrence of maxima in the scattering pattern at scatter-
ing angles other than zero.  Tsvankin showed that this second term can be
represented by

\Fl% = \F2("N + EE exp{is-zfA )

where

Ti=(PY + 8Y ~ SinZ3)sinZ + Py + PY
— 2py cosay SINPy + 2py- Sinay SinPy)  (3)

The following substitutions have been made in the derivation of (3):

y = si = 2itl sin20/A

a = all (3a)
P= Al

[=¢c—a

where the mean long period is represented by c, the mean crystal length by
a, the mean amorphous length by Z= ¢ —a, and the dispesion of Crystdl
lengths about the mean value bﬁ/ZA _ _ ,

In order to evaluate eq. (2), the scatterln? amplitude F must be obtained.
Tsvankin assumed that the projection onto the fiber axis of the electron
density within a crystal could be represented by a trapezoidal function such
as that shown in Figure L Ift = 5/,

*t Iy (I — )
F= | () explyzityaz + JIe(X  expiiyaiz

Jo
+ Jf(l-f)z [@ - z)/8]exv{iyz/l}dz (4)
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Fig. L Relative electron density p, within a crystal of length £.4

Since
F = (2R, Fe (%)

and
F = (4b)
the result was obtained that

iy - a2 { (sinBy Foor . . 2
2= tlayY ‘v{ I3y [COS(I eJay - O0%all + CRay ]))>

+ [sin(l —e)ay] + Sintay}> ()
(

Theoretical scattering curves can thus be computed from 9(13. 3) and (5)
as functions of y = 2irl sin0/X for variations of the parameters a = all,
3= All, and e It is, however, more convenient to vary /3/3, a, and ¢,
as these parameters may e interpreted more easily in terms of the model.
Thus, a is a measure of the crystal packin densn?/_ along the fiber axis,
[3/a = Ava characterizes the dispersion of crystallite lengths about the
mean value, and eis a measure of the sharpness of the transition between
crystalline and amorphous regions (cf. Fig. 1).  Moreover, it is convenient
to"choose c(sin20)/A = (1 + a)y/2ir as the independent variable in order to
facilitate comparisons of the mean long-period ¢ with the position of the
primary maximum. o o

Scattering curves calculated in this manner indicate that (L) for constant
i3/a, large values of a lead to the sharpest intensity maxima and also to sec-
ond-order maxima, while smaller values of a are associated with scattering
curves that show single, very broad, poorly defined maxima; (2) for con-
stant a, the sharpest'maxima occur for low values of ;3/a. In general, the
gosmon, of the primary maximum does not correspond to césm 0)A = 1,

ut is displaced to c(sin20)/A > 1 for most values of 53/& or sufficiently
large 3/a, the primary maximum is displaced.to ¢(sin20)/A < 1 For those
cases In which two maxima are observed, their positions usually are related
by factors other than exactly two.
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In order to establish relations between the calculated sgatterm([q curves
and experimental SAXRD data, 1t, is necessary to establish “calibration
curves” hased on the calculated scattering.  Tsvankin did this for j3/a =
0.2 and for several values of e He noted that the shape of the scattering
curve was relatively insensitive to_the value of e chosen; a nonzero valug,
however, seems necessary for consistency with morphological evidence that
sharp boundaries between crystalline and amorphous regions are unlikely.

The peak positions and widths based on the calculated scattering curves
are expressed in terms of a c(sin20)/X scale for the diffraction” vector.
Equivalent quantities may be obtained from experimental SAXRD data
which, however, are referred to a (sm20r),/X scale for the diffraction vector.
For consistency, a linear background, defined similarly to that for the calcu-
lated curves, i.e., from the points of tangenc?/ on either side of the maximum,
should be subtracted from the experimental data. In Tsvankin’s notation,
the calculated and experimental peak Rosmo_ns are Amand o, respectively,
while the calculated and experimental half-widths are p and g, respectively.
They are related by

and

p/Xm = dg = \p(p)

Thus, the quantity ifdp) relates the calculated and experimental curves.
This relation is accomplished through calibration curves which relate (1) f

t0b(p); (Qptok=al(l+ a); and (3)ptoXm Notethatk isa crysta
¥ﬂ|ty-llk%|%uantlty, expressing the linear crystallinity along the fibril axis.
ere wi

e a set of calibration curves for every value of the Farameter,
Pret.  If values of d and q are known from experiment and a value for ;3/a
IS assumed, then \p{p) is known, and p, X m, and k may be obtained from the
calibration curves.  From these parameters the mean long period ¢, the
{n_eandcfrystalllte length a, and the mean amorphous length I may be ob-
ained from

C=Xmd
a= A
| = C—a

It isevident that, in order to analyze an experimental scattering curve in
this manner, it is necessary to choose a Friori a value for [?/a, correspondlng
to the expected dispersion of crystal lengths about the mean value. In
some cases, information_necessary for this choice may be available from
other sources, such as W|de;angle x-ray diffraction (WAXRD) estimates of
size-average crystal length in the direction of the fiber axis,52or from elec-
tron microscopy.6*  In general, however, it is necessary to choose values for
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f3/a arbitrarily. Reasonable choices ag)é)ear to lie in the range 0.2 lo 0.5,
corresponding to size dispersions of 20-50% about the mean size.

ANALYSIS OF THE DIRECTLY OBSERVED DIFFRACTION :
MODIFIED TSVANKIN METHOD

In the Tsvankin treatment of diffraction from the crystalllne;amorﬁhous
superlattice, the first term of eq. (1) was neglected onthe hasis of the as-
sumption that it Was,essentlallfy constant throughout the angular interval in
the vicinity of the primary diffraction maximum, and, therefore, would have
no effect on the position gr the shape of the maximum.  In the course of as-
sessing the validity of this assumption, it has been found that a somewhat
differént expression for |i’[2from that, derived by Tsvankin was appropriate
for the calculation. Therefore, new expressions for |F2 and \Fi2and an
evaluation of the continuous scatterln% rom the assembly of crystals, pro-
portional to |F2 —|F\2 are presented below.

Calculation of |F|2

For the distribution of electron density within a crystal shown in Figure
F is given by eq. (4), F by eq. (4a), and \F\2by eq. (4b).  On substitution
of eqsS. (3a) into eq. (4) and with the additional felations

/52 = ale(ay)?2
and
exp{ik(A * B)} —exp{ik(A —B)} =2 sinkB(i CSfcA — SinfcA)
eq. (4b) becomes

sineat/

(6

This result clearly differs from that obtained by Tsvankin [eq. FSB]. The

extent of the différence is shown in Figure 2, in WhICh#F|2 calculated from

eqs. (5) and (6), is plotted as a function of c(sin 20)/X for selected values of

the parameters a and j3/a (e = 0.2 throu?hout)._ The discrepancy is larg-

est for large Ba and for small a, i.e., for farge dispersions of crystal leng

ﬁ?o%tbthle mean and/or for small crystal packing densities in the direction of
e fibril axis.*

*The size-average crYSIaI length and the mean (number-average) crystal length to-
%ether define the breadth of an assumed unimodal distribution function. It is shown
elow that the mean crystal length is relatively insensitive to changes in /?/« for a rec-
tangular distribution function.
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Fig. 2. |F|2as a function of ¢ (sin 29)/\ calculated from eq. (5), the original Tsvankin4
expression, and from eq. (6), a modified expression.

Calculation of F-\
Again, F is given by eg. (4). Integration and formation of the product
F -F* yields the result;
F2= o {4+ 2 cosftt(1 —2e)/T] —4 cos(yxe/l) — 4 cos[y.r(l —1)/1]
+ 2.cosyx/) 1 (7)
For \F2\ we have
IF2 = (LI2A) FANGILE (7a)

e(19d) tthe same substitutions used in the derivation of eq. (6) transform eg.
a) to;

Faz & 4 g%nlﬂ:-i%%%ﬁ)’_ P2 e T p— Sf?l(l_e)ﬁy

T[cnjy

Evaluation of the Continuous Scattering

The first term of eq. (1), \F2 — |E|2 is obtained from egs. (6) and (8).
It represents the continuous scattering from the assembly of crystals. ~In



©od © © © © © d ©

o

D. \. BUCITANAN

652

o T ©Xx =g S0 0 Lo 8 7T xx o x © b= X o =
x © © 3 x XXX © x x © x xX © Sox © b = XX X
Tso o x x I 8x o <82 0 xxox x o S o o x© x353
RS o %03 x00 xTx © B o ©©,wL ox0 © <o? o 28 o o =3
o8x o =<0 Xw©1._ x 0 © x50 © Bxo | 00% o c00 T E I x o 4
Bz o gx x©o . 0 o Sx0 © 0o T XxXx e x © 0 ot Zox Ixo
=<0% © 00x x X o x © XXX © x~0 © 00X O xOx © XX ix8 o M.:@@
=xx8 o i< <X . 038 o T x o ®slo I oox o ox © o © L x~T 0 X
005 © Sx0 | ®xx . o55 o xxo x8 o Toze x< o 8 % 00 9ox
pets (S oox 8% O ° B o xx o =sH o B o 3eo b 3
o o — ﬂ@xﬂ“ 50 ° X XxX3 0 © o coo X o b ° Sxo
X 3 k= N " o |
°B ¥ o- o= B o ©% T

]
©
B
3
5
o
e
-0

. 0004 B0, BFDY 0o88: F

00
T

©

©

© © © © © © © 0
Id

di X x

o



SMALL-AMGLE X-RAY DIFFRACTION 653

w! K|
[ —
« =10 #=100
/ \ /'/«=02 [?/« 92
A / \\ £02 -=>0 f-02
\F h & Pl H
\ t 0
- IN-ifi2 \ < h-EI2
11 ,
0 1 2 3 4 6 1 2 3 4
C SINeHA C 5INeH/X
0 1 2 3 4 0 1 2 3 4
C IN2v/X CAN2Wa

Fig. 3. Two components of the theoretical SAXRD curve, ]Fk’{i and EF2| —|F|2 cal-
culated as functions of ¢ (sin 20)/\ from egs. (3), (6), and (3).

Figzure 3, the contribution to the total scattering from this term is compared
with that from the second term of eg. gl), the diffraction from the crystal-
Ime-amorPhous superlattice obtained through egs. (3) and (6). It can be
observed that esp,euall}{ for Iar?e 0/4a, the continuous scattering represents
a3|[qn|f|cant fraction of the total scattering, even for large a. Since the
continuous scattering varies quite mgmﬂcanﬂy in the region of the primary
diffraction maximum, it will also contribute to the shape of the maximur
and should be included in the calculations which lead to the calibration
curves. Data for the construction of calibration curves with 3/a = 0.1,
0.2, 0.3, 0.4, and 0.5, all for e = 0.2, are presented in Table 1. They are
baae(és)n the complete form of eq. (1) and were calculated with egs. (3), (6),
and (8).

ANALYSIS OF THE FOURIER TRANSFORM OF THE
OBSERVED DIFFRACTION : VONK-KORTLEVE METHOD

Vonk and Kortleve (VIv) assumed a model of crystal-amorphous super-
molecular structure that is substantially identical with that assumed by
Tsvankin, 1., a structure consisting of alternating layers of “crystalline”
(hlé]h electron density) and “amorphous” (low electran density) material,
and considered small-angle scattering in the direction perpendicular to the
layers. In place of a rectangular crystal-length distribution, however, VK
assumed a log normal distribution. “(In both instances, the choice of dis-
tribution function apparently was made to facilitate computation, rather
than to express a fundamental preference for a particular form.)
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Although the fundamental concepts are similar, the VK technique differs
markedly'in execution from that of Tsvankin. VK proposed that the Fou-
rier transform of an experimental SAXRD curve would be more readily in-
terpretable, when analyzed in terms of a model, than would the dlrectl}/ 0b-
served curve. As a result, they compared the Fourier transform of the
observed scattering curve with a calculated correlation function given by
[eq. (14) of VK.

CAC

©)

In eq. (9), ¢ isthe mean thickness of crystalline layers, A is the mean thick-
ness of amorphous layers, and F = C/{C + A) |sacrys,taII|n|t¥-I|ke param-
eter. The quantl_tles, Pcac, Pcacac, €IC., are functions of convolution
Produgts of the distribution functions, Pc and P A, for the distribution of
he thickness of crystalline_layers and of amorphous layers, respectively,
about their mean values., There are four adjustable, parameters implicit
in eql. (9): ¢ and AC, which describe the log-normal distribution of crystal-
line layer thicknesses; and A and A, which describe the Io%-normal dis-
tribution of amorphous layer thicknesses. In practice, VK tound that a
ood fit with the experimental correlation function could be obtained if
An /A was assumed to be equal to Ac/c. In this case, the number of ad-
justable parameters implicit in eq. (9) is reduced to three. ~Also, the aver-
age PerIOdICI_ty,B = C+ A, may be obtained directly from the position of
the tirst maximum in the experimental correlation function.

COMPARISON OF METHODS

Data (Fig. 4) for three Marlex 6050 polyethylene samples (Phillips Pe-
troleum Company) reported by Vonk and Kortlevelthave been analyzed by
the modified Tsvankin technique and compared with the Fourier trans-
form analysis of VK. The SAXRD data were corrected for the effects of
sllt-smearln?.B A comparison of results is shown in Table 11, |

In ?en_era, the agreement between the two methods is quite good, es-
Pemal y if the difference in assumed crystal length distribution functions is
aken Into account. The mean crystal Ien(];ths derived by the Tsvankin
analysis are effectively independentof the value assumed for 13/a, and differ
froni those deduced by VK by 13, 6, and 3% for samples 1A, IB, and 1C, re-
spectively. The valtes for‘the other parameters, mean_long period and
mean amorphous length, depend significantly on /3/a in the Tsvankin
analysis.  The values of Ac/c from the VK analysis suggest that values for
13/a between 0.3 and 0.4 are most appropriate for these s_amﬁ)les. With this
assumption, fair agreement between the two methods i also observed for
the mean long periods and mean amorphous lengths, with best agreement
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Fig. 4. Experimental SAXRU curves from melt-crystallized polyethylene, corrected
for slit-smearing effecfs. .

for sample 1C. = Naturally this agreement also implies agreement for the
linear crystallinities derived by the two methods.

It should be noted that the two methods of analysis produce best agree-
ment for sample 1C, for which the broadest SAXRD maximum was ob-
served, and agree least well for sample 1A, for which the shariJest SAXRD
maximum was found. At least part of the discrepancy in results for sample
1A may be attributed to the difficulty of fitting the observed correlation
function for a sharp SAXRD maximum in terms of the VK model, as was
ilJustrated by VK in their Figure 5.1 That the Tsvankin method can pro-
vide accurate crystal lengths from a sharp SAXRD maximum has been
demonstrated for solutlo,n-girown polyethylene sm(glle crystals.6  However,
the mean crystal Iength in This case was Significantly smaller (110 A) than
that for sample 1A ﬁ 35 A), 50 that the effects of both a narrow maximum
and a long period as large as that for sample LA have not been evaluated for
the Tsvankin analysis.

DISCUSSION AND CONCLUSIONS

The two methods of analysis of SAXRD data discussed here differ not
only in execution, but also in a significant detail of the assumed model, the
shape of the distribution of crystal lengths. While the choice of direct or
Fourier analysis of the diffraction profilé would not he expected to affect the
results of such an analysis, at least in principle, it is indeed surprising that
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the choice of c_r¥stal-length distribution (rectangular versus log-normal)
should have so little influgnce on the values of the parameters.

There_seems to be_no fundamental reason to prefer one analysis over the
other. The Tsvankin technique is usable with or without a Computer, in
the latter case with calibration curves constructed from the data of Table I.
However, it suffers from the serious disadvantage that prior knowledge of
i3/a, the breadth of the crystal length distribution, is required for its full
utilization. On the other hand, reliable mean crystal lengths, which do not
varK appre0|abl¥ with 8/a in the _ran?e 0.1 to 0.5, may be obtained without
such an assumption. - On the hasis of this and previods work,6it seems rea-
sonable to expect /3/a to lie between 0.3 and 0.4 for most melt-crystallized
polg/mer samples. However, direct estimation of 0/a from a combination

f SAXRD and WAXRD data or from SAXRD and electron microscope
data isstill desirable, if possible. o _

A S|En|f|cant,advantage of the VK technique is that the equivalent of the
Tsvankin 13/a, i.e., AC/C, isestimated independently in this analysis. The
VIv technique does ,requne the use of a computer and, more importantly,
appears to be less reliable for sharp diffraction maxima than for broader max-
ima.. For many meIt-cr¥staII|zed polymers, however, sufficiently broad
maxima may be observed Tor the VK technique to be used without difficulty.
In such cases, the direct estimation of the breadth of the crystal-length dis-
tribution that can be obtained makes this a very powerful technique.”

With either the Tsvankin or the VK analysis, information about the dif-
fracting structure may be deduced that is not available from a simple mea-
surement of the position of the SAXRD maximum. In fact, direct applica-
tion of the Bragg law to ang_but the sharpest maximum yields a spacing
(the lon penod? that lacks direct physical squlcance. hile the Tsvan-
kin and VK methods of analysis are not sensitive enough to distinguish be-
tween different cr staI-IenP distributions, the agreement between struc-
tural parameters deduced from them, and the agreement previously noted
between parameters deduced from the Tsvankin analysis and from
WAXRD or electron microscopy, support the assertion that these param-
eters do have physical significance, and, therefore, have real value in the
characterization of semicrystalline polymers.

A Fortion of this work was done while I was employed by Chemstrand Research Cen-
ter, Inc. | wish to thank them, and also Phillips Petroleum Company, for permission
to publish this paper.
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Synopsis

Measurements are described of the strength of a model adhesive joint subjected to
(1) tensile rupture, with the interface containing a small unbonded region of varying size
and (2) pure shear deformation, in the form of a partly unbonded sheet. These, an
previous measurements of resistance to peeling separation, are all shown to be consistent
with an energy criterion for adhesive failure. ~ The characteristic failure energy per unit
area of interface has been determined for the model adhesive material as a function of the
effective rate of detachment, over a wide range covering almost the entire spectrum
of viscoelastic response. The values obtained are found to increase from levels only
slightly higher than thermodynamic considerations would Predlct, e, 1021_03er?s/
cm2 at low rates of crack propagation, up to a value of about 106ergs/cm2at high rates
when the material responds in a glasslike manner. These results suggest that the failure
energy has two components: the (reversible) work of adsorption and the (irreversible)
work of deformation of the adhesive in effecting separation.

INTRODUCTION

The resistance to seParat_lon by peeling and the breakmg stress in tension
have_recently been determined for a simple viscoelastic adhesive spread on
a rigid subsfrate.22 Both measures of adhesion have been shown to vary
with rate of deformation of the adhesive and with temperature in accor-
dance with the Williams, Landel, and Ferry rate-temperature equivalence,
indicating that the observed strength reflects a viscoelastic property of the
adhesive rather than a thermodynamic one, such as heat of wetfing the
substrate. However, the two méasures show striking differences at equiva-
lent rates of deformation of the adhesive.  The peel resistance is greater for
thicker adhesive layers, whereas the tensile strength is_lower. ~Also, the
ﬁeel strength is enhanced by high extensibility or” ductile flow of the ad-
esive buf the tensile stren%th_ IS much less influenced. These differences
have been shown to be qualitatively in accord with a single failure criterion,
that a critical strain ener_gY density is needed locally to Cause bond failure.2
This criterion is a special case of Griffith’s criterion for the fracture of
solids,3 which may be expressed as follows: fracture occurs when suffi-
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cient energy is released by growth of the fracture plane to supply the energy
requirements of the new fracture surfaces. _

he ener?y released comes, from stored elastic or potential energy of the
|oading systém and can in principle be calculated for any t¥pe of testpiece.
The energy required for fracture, per unit area of new surface, is found to
be largely independent of the type of testpiece and the way in which stresses
are applled to it, and ma>{ thus be regarded as a characferistic measure of
strength. It is not usually equal to the thermodynamic surface en_erg(Y,
as Griffith originally supposed, but is found to be some orders of magnitude
larger due to additional energy consumed in irreversible processes around
the fracture front.4-8 Indeed, for viscoelastic solids the fracture energy
depends strongly on the speed at which fracture propagates and upon tef-
perature, in the  same way that the mechanical energy absorption of these
materials depends upon rate of deformation and temperature.9,

We now examine_ the applicability of a similar energy criterion to, the
failure of adhesive joints, using, the” same combination of a S|mPIe Visco-
elastic adhesive and an inert rigid substrate as before, as a model adhesive
system.  Three types of testpiece have been employed: ‘1) simple ex-
tension, with a small non-adhering region of length 2c present initially as a
model flaw (Fig. 1) (2&,pure shear, ‘as shown schematically in Figure 2;
(3) peeling separation (Fig. 3). (The results obtained previously are used
In'this case.) These test arrangements have been chosen because althpuqh
the applied forces to cause bond failure are ?une different it is a relatively
simple matter to deduce the fracture energy from them in each case. They
are, in fact, virtually the same as those employed by Itivlin and Thomas5to
establish the validity of a fracture energy Criterion for the rupture of
vulcanized rubber. “Indeed, the relations derived by Rivlin and Thomas
for the fracture energy T per unit area of_Prowth of"a fracture plang need
little if any alteration to apply to the failure energy 6 of a soft adhesive
adhering to arigid substrate:

simple extension:

6= kWb (1)
pure shear:

6 = hoWb )
peeling:

0= Plto (3)

Here w b is the strain energy per unit volume at rthure; k 15 @ numerical
factor ?lven to good approXimation by where X is the extension
ratio a _ruRture; ho(to) IS the unstrained height ((jthlc,kness) of the adhesive,
and P is the peel force Per unit width of the adhesive layer. These rela-
tions do not require that the adhesive be lingarly elastic. T,he,Y are there-
fore more generally applicable than others (for example, Griffith’s griginal
r?la%_lo%?)ﬁor cohesive rupture in simple extension) which assume linearly
elastic behavior.
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. That an energy criterion applies to the failure of adhesive joints is not in
itself a novel proposal; it is implicit in Rivlin’s discussion of the work of
peelingILand has been stated explicitly by Williams in a treatment of stress
singularities at interfaces.l2B8 Experimental measurements of the failure
energy for epoxy adhesives have heen reported by Ripling et al.,1416
Malyshev and Salganik,and Jemain and Ventrice, 77 It is Partlcularly
noteworthy that Malyshev and Salganik obtained similar values for the
failure enérgy with the use of three different test arrangements, because
this strongly s_upﬁorts the proposed energy criterion for adhesive failure.
Apart from this, however, no critical examination of an energy criterion is
known to the present authors. Also, these earlier measurements were all
carried out under relatively uniform conditions so that the failure ener%y
itself was substantially constant. ~ Correlation with other properties of the
adhesive and substrate was therefore not feasiple.

In contrast, by suitably varying the rate of separation and the tempera-
ture of test, the strength of adhesion of the model viscoelastic substance
used in the grevmus investigations in this series can be altered by orders, of
magnitude.12 It is therefore in principle possible to test the applicability
of an enerPy criterion for failure over the entire experimentally accessible
range. Aloreover, the variation observed in the characteristic failure
energy with rate of separation and temperature should throw light on the
basi¢ mechanisms of adhesion, The experiments described below were
carried out with these aims in view.
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Fig.. 4. Representative relation hetween strain energy density W and fractional ex-
tension e. Rate of strain, 16 X 10-4 sec-1; temperature, "20°C. Note: ordinate
should read (ergs/em3).
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Constant-Load and Constant-Strain Experiments
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Fig. 5. Experimental relations between strain energiy density Wh at the start of crack
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plicabillty of an €nergy Criterion to the failure of an adhesive join

Peeling Separation; Effect of Rate and Temperature

utttt‘t“ e e Tt e tt' S

er oma M ar ubstrate. ave eenrcalc ated In

e Jailur ener me s 0 eq areas otte |n

ure against the ropa of the peel front, ca

The resentoaree vre wrt es ts oms peextensron
secetfort st va

g)%trreme(i?/rsﬁtﬁf peeﬁ torces of the orger of Tgan e D10 proba ?{rr%?ﬁgr in-
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accur te The Wa Jt#t?g%t%t}o(r)%es re Weglg)eg th?) L?Sauﬁ%% eelt}ﬂ% epartth

e, o C0 se
gae oenera ft [ emento tain patn betvveente alyes 0 atlure enerﬂg
at"equiva ][ates 0 cra%)opagatton gives Turther support to t
energy ‘criterion for adhesion ailure

DISCUSSION AND CONCLUSIONS

The a em uite different. methods of me suremen indi-
cat(?sthiat t%ttllure'olt/ o'?te |on8 tvveen[ rﬂt crossltnk Amertpoll 1513
ar ttmtsmgee overne Xanen g criterion. A characteristic
amourt of enero it area. Of Interface is required to brtng aboo<
ﬁeparﬁtton Wha ver the form of the testpiece.  Hg ¥vever revious wor
as shown that the aure nerg IS much smaller It the adhe ftvets re-
vente W efonﬂtn ueeger crfterto thus a ptes on
tmet vc¥vea3|m|ar z% L ??((i no the
e3|e|n evmmty the separation; e TI%JSILX the case
tesu Strate IS %tdangtea e3|ve ayer is thick, but it wll require
carefu examination fu er other circumstances.
5he wscoelasttc resPonse tOf the adhesive j gs sho t%

the deelmd%otggcgf?at Ure enerqy upon rate of propagation of the 1a

70ne aﬁol tem tat re, I ciosegggre%ment with Pt\ pV\%ﬁtams andel

E{r\y J at|o or e vistoelastic at lals. A3|m|Iar result ha %
em nstrat or the. dependence of S

e
ng friction. upon sPee
5|d|n%7an tem etaturezoh]t 1S case the enerqy expen eg [f In defo

ming a
viscoglastic materia Int at which.adhesive hon te a grs
t) rgtnﬁnt tgl%t Int et%served trtchonafvvork Similarly, Ptp m
ecog e ener ormgtrtog ﬁgglr\%/ 'Sutt IS con |u5|on IS
t {or gY ottﬁsltrt/ege r|Ttrespejct|ve otJ the moge of eormatton
The Wi Ure energy 6depends, upon th? effective rate of
ropa %tt n af the failure zone, Fitiure 6, 15 of art]tcu ar interest, Or}
em namic qroungs one would &x ect the wo 8 aration to he 0
the sam orqer flm esu aceenerg e, ab ut 10-1 ergs em2 The
experimenta resuF re seen to gecrease with ec easin rt of proga%t
reacht gava ue of onl 00er cm2att owe cttve rat
H/ present expe nts tc eo CPnenceo
até Js (far consmtenf ower Imit for thti erm l}/namtcal
gredtcte ount at still ower% gatl tougi er meg-

|ndant term 17 the olg-
ee

gr%)en Vadl 1SS1pation w
3} Wto{t

ur me] S are necessary o e?]ta ISE wt?etﬁ)r SUIC?]n %Wer IMit des exist

at its ma ntto1 mi
EJoans | curve in thure 6 represents the tear
erqu/ simifar o e present adhe tte against A e rate

%aroatto T e te [ ener so SedN 1o (lecrease
WI'[ e INg rate, approac ing ava ue only a out 10 times the theo-
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[)etical \ialue for breakln% carbon-carbon chain molecules in a typical rub-
e%yB mer, fabout 104 gs/cm 2 at tg e lowest rz%t W
s, both rcoheS|¥ f Tpture an ﬁlve all’nre the fénlure ener%

at extrelm Elowrates allure 15 noé much larcer t ?W? he expect
oneﬂ] briim thermodynamic grounas.  Ast rabeofé\ ure IS Inc easg
ure enr |n th. Cases Increases

Oraers orm nItL{

re uma erlecti y dissipation when de?/ormatlons take place
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OKII\/II HI YANO nd YASAKU .WADA, Depart eanApplled
Physics, Facutm(yE |neer Unlvers
Blnkyo- , Japan

Synopsis

Dgnamm mechanical and dielectric properties of various kinds of polystyrene, includ-
ingbulk-polymerized, monodisperse, isotactic, and thermally degraded samples, have
been measurad below the glass temperature to 4°K.  Five relaxation processes are found
demgnated s and ein order of descending temperature. The , peak (350°K
gt 1 kHz) i attributed to the local oscillation modg of backbone chains and the | peak
(180°K at 10 kHz) to rotation of phen Igroui)s The - peak (100°K at 10 kHzg 1S
observed only in dielectric properties of the bulk-polymerized sample and IS a35|%ne to
weak polar bonds, such as oxygen bonds in the chain. The - peak (55° Hz)
whichis prominent in d}/namm mechanical properties is interpreted in terms of lattice
defects due to a syndiotactic diad inserted befween isotactic sequences In a chain or
vice versa.  The epeak (ca. 25°K at 10 kHz) is first reported in

he present work, but
the mechanism involved is not yet clear.

Introductlon
Iaxat N PrOCESSES | amo hous gol%m Jsmthe% ate ave heen
stu foranum ero n] NAMIC Mec anlca lelectric,
Rtec nl ues. Below't %Fsstan |t|0P temperature where seq-
enta motion 1S rozer] acgﬁmdera mount of local' motign in the for
rotat|on|or rotational oscl Hon may De present, each mo?corres ona-
Ee at|0n rocess at characteristic temperature ;,“1 ¥ ?/
0ca %axa Ion mode, or anharmonic rotatjonal oscillation 2p As of
bac one(i ains, |?<the most gen rai among \iarlous mechanisms, 12an
assoclated loss pea dLeowt %asste Derature in most po
EMMwwm

ﬁodpears

QGFSW“ ogtg% a|a So\ met% P t ecC e) Tof exam or long

S| ec ains W|th mﬂﬁ fP é{e regs ofrpree(ii r%l ah [ atloﬁ IS Often sep

arate mtotvvo eaks.
tlo 8 mperatures, the refaxations due to metrwl agrou rotatl nare

Qserve In nY ﬁﬂ]lc mechanlca measurements

flon. et axation has ben theoretica IK analz

Tanabe et ah ban t|s ctor eement has eeﬁ att |n etweet

and ex anmentw Igect axation streng and re axatlonﬁme

10 o tese typical re aXEltIOH 00E3Ses, polymers in t
state ex e axatlons orl natlng ?rdpm mects InC égﬂ Z}i

It a varlety
© 1971 by John Wiley & Sons, Lie.
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structure 3uc|n thosrf assocrated witli chﬁrn ends, branches Hper ect tac-
trcr and also from Tow molecular weight impurities, nclucing absorbed

PoI n he obtained | atact c and |s0tact|c forms.  The molecu-
trnn 1S eas| rmeatjon chro ato raph
nd na ow |str| utron sam es an m e arwe tma
v ymerization, ese reasons nol st re
stitable o th vestioation 0 ectsofta ticl t eter-
unct ons, an ot olecular tactors on the re axatron avr
axati npro e S6s [n polyst ave heen mvestrgate namrc

ne
mec%anrca 620 ifctrrc 145 ng NMR tec?rnr% sze Acy cordin
Prevrous studies, at least t ree relaxatrons appear eowt e glass temp ra-

chordrng 0 SC Sv\%mreder and Wolfea mec anrc loss peak is found at
grzr?n K for 8 sterveg eemingly Imgorres ﬁﬂ; e eNé\/I eSInarerl(trwrn% at
5
ea In tg }ol% n. Tne asﬂeak IS se ar ed’a1 rom ‘R grl( fgr
relaxat) on a0 eth% tem eraure only at low rquen es
me r{es Into eapea at J re ue |es
7 peak, Was observ t13 orler nami mechag %al data
erssan accare(dsars on polystyrene an ara-su l{tute aloge

H rrvatr €s. correspond to the gracual narrowing o
ansorption sﬁ)ﬁtrarnrﬂse VICINI (f%zoo Ka J

tIempe atures below 70° Lv a 8ro Inent loss pe rﬁaﬁ desjgnated as the 8
Bea mthrspaﬁg has een observed in dynamic mechanica ﬁasure enta
v Sinnottis ahd Gy Woodward and co-workers.ma  This peak was foun
In both atac Ic andisotactl sam@ e%
Obhera 0rSas have In Olcate teeﬁrstegce of smal geaks Whl%hh
n? een gefinitely assigned to any of t eaob f ITication

the Various aut ors e often scattered, probably because varratrons |n

sam %gre?ara lon.
b eset study, V\xnamrc mechanical and drelectrrc measur]ements
have eerl made Qver a e 0 temgerature rom 4° tot H
tem erature on three Is ren nmel a hulk- oyrﬂe %
ata | mpIe a monodis ersea cone an Otactic one fo
serv re axano processe as esu lts | |terat re, are classifie
|nto Ve oups a or ero es en Ingtem gratur]
Mol cul echanrsm ove t 10cess Wilj b B pos
thrr eaks IS denoted ' hecause |t |so se ed onI or dyme |zeri
sam srn dielectric m as%r rements and seebms dasvvb escribed in deta
Ina atersectron to come trom weak polar bonds in backbone cnain.

Experimental Technrques

rre con]posrte oscillator metpod at Aa (n 7 Was Used ind Bfl r
[nec anical measurements. T Es)meth prove t? be very suitanle for
Ow-temperature measurements because of the small size of specimen re-
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uired. The met od ? P]snts essentially of measuring the re onant fr
Uenc an t WI th Jesonant curve of the com Slt 0sCl Iator

ce en ecnc ar rod specimen to quartztor ona [ sonator
esa 5 h ameter asthe s e0| en, Deta 1IS'0 pnnmpesan practice have
een escribed In a reV|os er$

vié guartz ) zitorswe sed &mm an?Smm| diameter fOL?A and
152 kHz, res e five ay Epo resin an% Icone o 10 centlst Bs Vh
osn%w\? dheswes bove and e w 100°K, res ectlv
fn teseumnvvasa us ed S0 as to hetereso ancer uenc
of f e%in 03|eosc Iator 00| Cl ewﬂh thato artz resonator dthl

r (naeasurements were performed In t un amental mode o

tes cime

S e g ot
me resonator rid egcnc It Was se |ch fhe caé) ﬂtor |an5
conductance sﬁlfter .could eso%ﬁiustedastc%ehmlnat eefon tora
It L T N
L L
eva?ueso and Al o the roéj B/emmen Were ca cu ated by using the

equations:
/:u~m-h 0
= [L+ (m-i/m)]A/2

where mis the maSﬁ subscn s 1 and 2 stand for the artz resona(gr and
the comP03|eos? ator, resEecnve uantities |th]out a subscrip
represent values for the J?en aone 1e complex shear mo us

the specimen isthen ca cuiate rom the equations :

G = clfnYp ()
G" = (G
where |is the length f'[h de numb t th
ety g

ensi
m er ture Wases g#nq/ valu at room temperatur and the
expan3|on COgTI ept reg a| etaly
D|e ecénc onstant ana loss at req des ro‘n A Hz to 10R kHz were
easure wit atrans onﬂer ndﬁ Ando Den (J R-10). The specimen
silver electrodes, 5.3 cmzm area, were

In thi
i ungtregﬁjsrltegfotn éocte PLsed Ty et measurements Ot 0°K
has been escribed elsewnere.z . The cell was Immersed | a
and the te eratureo t esr%eumenwas measure br¥ nstantan
anol- Dry |ce mixture

emmmuenwﬁMsmmen Water and met
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(D QUILETS

Fig. 2. Schematic drawmg of the c%/

ostat; (A) specimen; uartz resonator; (C)
thermocouple; (D) copper bloc

S g (BZ
k with"heater winding, %Teﬂon plate.

vver? used as the bath media above and below room temperature, respec-
§3fo 258 K, the cryostat illustrated i |n F| ure2 used for both

(ﬁanlca an dleleﬁtrlc measur me fs, earran ent or
ecomﬁosne osi tor met ISl ustrate he ac et surroun
ecimen was sealed with Woo s metal and hel

% jum v]yaﬁmtro uce mto
I 10 Insu e ermal contact. Tire terPgeratu e of the specimen was
measu% Pnstantant ermocou

Mec anlca ectric megsuremgnts were carrjed out with tempera-
ture Increasing, the eatmg rate peing about 1°C per 3-10 min,
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Samples
Sam Iesasllsted in Table | were_used in this study.  Sample APS
?argd rom Stﬁ/ron 666, (. ASWT? (i Rem ogyby 8( P|tat|(r]gmﬁS
mer feveral es with methano from agegz ne”solution and"then
oroughly drying the precipitate In vacuo at 100°
TABLE |
Polystyrene Samples
Molecular Densit |
Symbol Type weight Mv— g/em3(25°C)
APS Atactic 2.4 X 105 1.050
MPS Monodisper.se 4.1 X 105 1.051
IPS Isotactic 9.2 X 105 1071
AngS Atactic Foly p-fluorostyrene
DPS-1 Therma ¥deé1raded af
280°C Tor
DPS-2 Thermall¥ degqraded at
280°C tor

Sam IMPS obtained f om Pressure C emical Co, was characteszed b

el taveraget | er average ecular weight ratio MwM
Icatin are atlve nargow distri t|on

Isota%tlc rene oyme |ze ro mo omer dissolved jn «-hex-

ane. wi 31]Cl3

The polymer thus obtained wa
ur|f|e an ction |n ube| M K tpsoybemtoﬁueewsuseg

R R A L
0I gfluorost*rene was bul poXmerlzed at 80°C without initiator.
A rﬁ f ﬂtEdg Xmerw USEd aS S

pared'e [)m%eatmg APS sg zf raetnggbs(aﬁgre&) gndIS%quBrgsrgsgg% e[y

Fig. 3. Molecular weight distribution of atactic polys%rene (APS) and thermally
degraded polystyrenes (DPS-1 and DPS-2).
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Tlhe heat treatment was effecte |na lass eln which a|rh d been re
Hace ymtrogen as. The é ste evacuate tol 3mm g
Imin eatttr tment o avg hee ecto |d| and P
ldg the tu eoa Sige the furnace, atr ce 8Iat| atenﬁ
0Siteq. Inthecaseo eat treatment for 35 hr, the epos qh
viScous liquid.,  The residug was used as the sample. Th oecHarwe I
distribution %fsamPIes Aﬁ |ssﬁ81 and. DPS-2, as measured y the ¢

perrHeatlone f0mato a own|n |%uref
The samples were dedl In vacuo Into_Circular rods o[ pressed | |r] tP J|Im
ove the asstem erature. sam e Was molce

presse(fjust anove th melting pomt and then sfovvly cooled.

Overall Behavior

F|%ure 4 represents the relaxation map. of olxsty ene, 1N which [re
ueE Ies correspondin tot eratures of mechanical and ?Ie ectric Joss
eai NMR narrowing, |n\mumo the spin- Ia§ Ice relaxation t“ng
repotted agalnst rec roca ? te tem erature.  Sixre axatlon?c 3
a,0,y,y, 5and emteor ro ef%en n te erat aecear
cated: “Activation ener?< ? romte pes 8 d;e Ines In Figure
4are30 9, 2.7, and 1o kcal/mole or the 0, Y, ¥, and 0processes, respec-

ove the r%alssmemperat re, the a relaxation |sthe H(I)Tga%% \axatlon

a}esampe il e
| |gh temp rgk

ent study.

0SS at ures are srown. the primar reIaxatlon IS 0b erve
E e 393 samf NIPS |saiah| er tem eraturetﬁa
samP &\N ec t co oBen a%; asapastl
clze ﬁgtnc osspea duF t0 sor ater oserved petween the
and 7 amoto et al. ashut this peak was not tound In the pres-
0 and Okamoto et hut t k t 10

Fig. 4. Relaxation map of polystyrene: (%) ).mechanical loss peaks, (' 1 ) dielectric
loss peaks, and (A/A) NMR narrowing and 21-minima, for (0,D,A) atactic and (*jHiA)
%%t%crtelsceﬁm ghers Numbers refer to references. Points without numbers are from
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Fig. 5. Dielectric constant and dielectric loss of samples (0) APS, 110 Hz; ( MPS,
110 Hz; (+) IPS 300 Hz,

The 3Relaxation

Polystyrene has aBreIaxatrgn immediately belowlhe prrr(paLy relaxatlon-
R refaxation aﬁ ears B off) dynamic me%hanr aﬂ electric loss.
eNMRnarrowr around 350°Kma beatér t1p eBprocess The
peak mertlresmtp ea eakwhﬁnm asured at rgn raen Ies
Some authors have a Pne t rr])rocess 0 ﬂatr n of r}y
ous Plers r] %enc 7.am a)grot ers, i]questedt at the m %cu a‘
otron responsible for the ation IS thé Totation of so I3 rp p
pos essr ess steric rn ranc an the ma ority, ? eshter}
rs Co- or rs WhO measure R n ITOWin ctrao
uorine nuc rr Uoros re es, 0 erve e narrowi ﬁ ro sUp-
stituted an we strtute mers ut onarrowrng the para-suly-
trtute pQ mer rnt mp at re an eo the i3relaxation.  This result
avors retatro ers anaJ
\rert re IS evr rndrcatrn at rotatronaH vibratign of back-
onec rnsoccursrnte re Ftronre jon. Asisre senm lqure 5
%e ((%r axaron ap a] p ec ric 10ss gt 340°K f ound
ulcer optea ea Rotatrc(rp p rouR
lelectric

would resu m noc ange In polarizatior and hence no {0



YANO AND WADA

%the C0 tr r¥ the rot tion of a segment fdpn |back one chain resulfs i a
aneo rzatronr the vector sumo poeso Hrrousrn he
qent esno vanish,  This assumption IS con |st act that
In ?ota%trp] PS, 1 eﬁrelaxa)éon JS ot pronounced, sFr ure. 5 shows. A
perfect 3 helix i rP Isotactic PS might exhibit nores tant ole. .

mounH narrowin ofthe seco momento sor tro
th rnt e 5 relaxatl nrﬁg nis ahout 2-

g 5525 IS reari ?%
terotatronot ackhone chain. Accdrdin %p anaka eta 2t
arrowrn Was 0 serve In the NMR speprao uorine nuclel In' poly-p-
uoros% ne, In cont rasttot e data of Vol ’kenshtein.

een m ntro above manyrp lymersw But Ionﬁ side-chains

exrrt |n ane ar axatr et the rofation ackboese ents,
oca reIaxatro mode %g Ifude

rotar\ a vr ratr ns 0 ac bone segments eC ehrn onerent amon%
Orr tpolly I 15 Straineq, te Istance hetwee
ns rsc drstrr tfon rotatrona displace r]t oestoa
equill Yvrt aco res onding re axatro time. T ation 0
s renet moae r axatro |str] pe ore atfrib Li'[e tot eaga<

0 ercccharacter o ernterc ain potential for rotational motion of bac
Accor rnPto Moraglio and Danusso,za euIrarvarratron IS ob erved n
etherma exp nsion, of 0I|¥]st reearon % Blanchi an Rossi
ound an rrreguarr\tx/rnt tra re sure In etmeratur interva
p uner han Bgryzs 50 oun apasospe
cIfic eat 0r po F Tene at2 and 52°C.~ These res s seem. owever )
ave no direct r pto the Brefaxation, chau when It 'f 'measured at
tﬁ% Srfrequency the relaxation Is observed below these anomalous tempera-

The 7 Relaxation

nbprrara i arna' %\”pds'mn%'”a%ﬁarﬁ%"f t ec°”‘£'pea%“ue§é
0 gorrespons ot e 7ore at on. Pr E

er a%g Wolsa 133K ata trcP an yI ers an
g .cd"e%r”%‘esarﬁee% ] ‘3‘%‘&%‘? e
cogrmjnonhs 8n]Pattlche axatrrgrﬁ) trrme at Zag(%lv obsenreg y Hunt et aP
met[ilp and Jenciels ave é\ttﬂlppt ac% ea to the tor ron motion

Jene:[leﬁ

I)(Fene uence ormed | ore ¢ arnb ea to ead qr tail-
to-fa gup ont ebasrs at this p% oes not exrtrn IS
tactic P e present resptrevea ver that sample %whrc

p]vasrpe are yanr%nrc ymenﬁ tlron a hence i expected to have no
etero) nctrons exnibits tire 7 peak clearly.
The fact that the 7 peak does not appear in dielectric loss suggests the
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Fig. 6. Complex shear modulus vs. temperature for sample APS at 34 kHz.

Fig. 7. Complex shear modulus vs. temperature for sample MPS at 34 kHz.

Fig. 8. Complex shear modulus vs. temperature for sample IPS at 34 kHz.
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Fig. 9. Dielectric constant and dielectric loss vs. temperature for sample APS at various
frequencies,

sk el o e oo dthe bond
e baidote ré?r%’ sl A% o e P

electric loss (F Ff gure

1 eNM [)(f go PS | \n the}/reglon amounts to boutlgaus 23

which IS reasonanle eny otat on, Accordin %lt? aima’et a 3

th narrowmg 0ccurs, In ra Su sﬂtute% ren snot In
?Qdeq]eca%egu stitute polymers pro causeo mderlnge ect
eme%hanls of the mecganlcal relaxation due to phenyl gr %)roa

tion similar to tpat Ug 0 m %rou rot |0nd (hr ?3 év

Tan eet 5 The m tude of fliation. O hen¥ P

g o e e

echalr?yn% eak e| tgissm aller |n IS0t ctlc g alactic PS,
%rob ﬁ(nan i actlcc [N exer stron%mte t|oH

onechains, T 3|sa?osu orted by t
mum n 1sotactic PS shitts to lowe emperature.

ausep en
en groups
act t at e loss-maxi
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Fig. 10. Dielectric loss at 10 kHz for sAam;%Ies: () APS; (+) IPS; (6) MPS; (O)
Ppfs

Tht ture for the v peak in PS is higher than that for methyl gr
llons i s 6t o s Bk 1 et oy T
than the methyl group.

The 7' Relaxation

ure 9 regres nts the d electric constapt and delectréc loss af. vanoua
%enme unction o tlgm? rature for sample AP lgure
g S the |eechcloss at 10 or APS, MPS, 'IPS, and AP S On
%E‘é‘?ﬁ] £ ofots & pompet 6 pﬁa'ﬁr%r%“” L

erma Eydpsﬂraged FPS |Pd|cate tlhat theg7 1f<wp ostg(}[ ISap ears WI'[
eattr taf /8 30 min,. gurin a5|ss own i |gure3
emo ecu arwe| td|str ution shifts on |yt0 lower values.

%\ eak vvas no serve In ynamlc me han Ca
Sectan be seen In FIQure e.

o e e
r\]/ﬁg é) in Up?

measurement even OI'

T S TR
X}lr? neraP Suc ﬁ efect nﬁyp veapl og moment an resur]t in a dlielec-
tric relaxation.  The strength of the relaxation

Ae=to—w
is given according to the two-state model asa

AiAme (ril+ 202/ 3o\ K 9
Ao~ AT\ 3 ) \2eote, (L+K)2
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Fig. 11 Dielectric loss at 10 kHz for samples: (¢) DPS-1; (O) DPS-2.

where. eoand areihe dielectric co stan tsuﬁrcrentl Iowand high L
8ue cres respecé}_/fe s the nu ero fects éperu it volume, UIs t

joment difference petween the two states{l ressed ast emom%
In vacug an n IS the refractive index.  The equilibrium constant K
fween the two states IS expressed y

= exp{-AG°/RT\ (4

ere sthe standard f ener% difference b?tween tPe two st te
The va eo Aewas estimated from the experimental curve of ¢ versus \/T
by the approximate equation, =
e « (AT e, (5)
wher T AH i tpe activation energy and  and T2are temperatures at which
g" asto halt e’
eterobunctronswere tr]e cause of the y' relaxation, N would have toB
ver %? ecause. the (lipole moment of gheny gro 'an enc% nhg
small for a hetero) unc jon. . This contr Icts'the o servatront at t
pea rsap ears aftey sl tde?rad ron heattra tment.

L ettheose ed st eng % ' pe d}APSum thaken
to arr rge I ursa%r to be 23D, Which IS reasona e 0r g
ond densr of defects is calculated from eq. (3 asone BF
Agttomer unrts which m afreas nable est mate | thrs c% ation,
1S estimat das N ca moI ronn edepen ce of Aeon T observed in
ure a{t tﬁ nkecr fact rnfrared ng
h P Oft evo te omponents rom the th maI egradatron revealed

the existence ofcar ony 0roups.
The SRelaxation
As, illystrated in Fr ures oIs reng_exhibifs a prominent
r]anrca lioss e des naed t%%p at 10 Iv Tee astence Hﬂ
refaxation Irst gort rnnotlrs eorte asma
agmum or tact ng free oscil ton o torsio enEu urﬂ
h9 Hz, 38° K rissmal an cCammon14 ave found t e8 eaK Wit
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F n%ltudmal vkbr?tlon aPparat s (62% Hz, 48°3 The st -laftice re-
of polystyrene has been meastred by Hunt ef al» as a

unctlono ergture. 5fweT Versus temperature curve exhll&tsamm

|mu aro Jn f (5 whic roi)a corre onsto% q ? as ||Lus

ate mte axatlo ma ammon et al = found that
In %eectnc 0SS

e ect of tacticity 0 e |caI5 eak IS %tsoa em%le tiut

2 an be seen in Fi Lir 86 8, ea |sHar h t1s low

In the Isot ct|c sa e Similar esu ts have been 0 ta| rssman,

oo vvar a
re&tes modul s and loss modul sofsampIeAP%at 15&

I%Hﬁare Itcan seen com arls nW|t Flgaurgehthat

shifts to hi W(i er tem erature with ncrea Ing requency tepea

mcreases |n re temperate‘re -

In F ure rvedG value as a function edwth
the the ret|c curve ?or asingle rejlaxatlon time V\(}hmA Was Ca B [ated l)

the equations,
G' = Gr'[2cor/(l + coV)] (6)
.. &Xp [aTIRRT]

where rowas determined sothaé etthe temper ture of the Pss ax-

Im m?ndAHwast? nas% gagmo TherSLi s Indicate that t
H atacfic sam jw roa lstr ution of refaxation times utte
|str|th|on |?

a{ the Jsotact ICF £s

chanica axat|ons are in %enera |f|eg into thergwal relaxathons
volume re annons:s The t Lm volume™ nas a [1 eaning nere
an incluaes volume change and other types of strain stich as shear.

= ‘0
° O EBRIREXK) ™

Fig. 12. Complex shear modulus of sample APS vs. temperature at 152 kHz.
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Fig. 13. Shape of the Speak for samples: F ----- ) APS and (- 1-) IPS compared with
- [))theoretlcal curve for a single relaxation.

The thermal relaxz%tlon IS caus%db the relaxatlon of § (Pecmc p)eat of?
eqreg o* (J@grees of refdom Int eszfstem IT we consider a vi raémna
e@reeo reéclom of polystyrene withfrequency v, the speuflc heat QUe to
mode IS given by
L g
where h is Planc sc nstan tandkﬁBoItzm nns cons Fnt At Io tem
geratures where t ’Eez%occura

Fﬁr to iccciunt or t eIve Oﬂeﬁg{ tof seuas eak n eba5|s
Bterma aL<at|ono avi r% qdh ?ﬂuen t};ﬁe ave fo

eiassu ed as lowas 10 ¢m *1 IS an order 0 agnitlide t0o Jow to, he
reall e(g Furtnermore, the factt att e 8peak occurs'n shear deformation

Ich temperature is kept constant is evidence that the re axatlon IS not

tH %
fects

e following we consider a(Yo ﬁrelaxatlon cause ym%tlon ofde
ee? states, 1 zemo state mocel). The general
theory of volume relaxatlonzeglves relaxation strengt
= (Q,- &G,
= (NGAKT){Awy[K/(\ + K)-] (S)

where G, are instantanequs and equilibrium modU| respectively, N
S tﬁe num% a(j ?fefects Der #mt V0 umeq and AV is th dlefom%\tlon of the

S Tstem en t moves from state Tto state 2 and K has the same sig-
Fcc?rn %?lgfumtl%n gér the following approximation, similar to that of e
(5), was e I ’ k

AG= G —@« AKAGMC(I2D - (Y]

From the data in Fiqur and values frforsa le APS at twq tem-

geratures can%e obt ” ?)6 § [ at 7’BPK anolS é) 1 at

Since van me e’ temperatur% Sn CONSe-
quentIyKareo taine asAG° ca moleand K = 0.1 at 70°K
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Fig. 14. Schematic representation of disorder in the vicinity of a syndiotact.ic diad
in the isotactic chain. Numbers Land 2 represent states Zand 2, réspectively.

o A P s i

d
MR B e
fhree orszg roups are successively arranged, and a stron
e oe d mltre rt CtloassXIShase tueggrr\é%n egnt/\r/naas 4 gga ethﬁe
Partoth urPtec st%J yenadeeet ft gtetrcTtt suchyb% XI
S introy uce nto atn roc sso o zatton the he Ica co
am mt phase tc esensea(ste efect

ormation o
[%?]Int thh a resu ttn mlﬁ to rou swth surroun

chains.
nvl group InXhe lisord reoP % a nacom | te%1 oten-
ttafﬁe] Zn(? ha\?e therefore, one or ore gtas alble stettép Wh porre
spond t ostate2|n thea ove two-state mogel.  The transit |ono éaenl
oup bﬁtvvee he stat standz %onlh Ies the deformation oft
one he ecetes ain.of t ks tem Fiqure 14re resents
SC emattcR ythe ISordered region:; te rou IS assumeg f emosJ
Eta leatt P%?tttont ere the Intrac |rt ot ntl ||satam|n|muman
ave a metastanle state.> where the Interchain potential Is at a minimum
Wi carénot ay an mg unttattve out Og‘n ecu arara ement of
e e 8hm té’ S'?% o {tt" ko
mono eruns Séxp yr%%pThtsY\% &h eoserve%lvaﬁ
UeS Of I an %‘) 24 CMafrom eg 2 i correspons t8
Qne-sixth thevolttmeo phen¥]| %rou& % g an
Abe @an 150 acttie le H de ecftOrt %O/FC ncentration.

nyl po
The tacficity qetec n? sented ah axatlon can ex-
E al %Iétaigtot/{g |cﬂl:%n(t)§Fe mcvf/tftetctsthaestr ﬁct dengtzy ma esmg ht I?
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tro ta oyt ron mteracAto etweenB roups
'%atr N |s observed In dielectric ecatse the a/

sasma |0 oment accordingt Frosrm n Wood
max stretce ovvs a sma en tvvrste

Styrene
aroun ﬁ e strefc mqp astty IS aﬂ) ars reasona% lPECaUS In the res

the8 ak |s ecfrctobpolgtst rene andrsdegrvatrves ecauFe the rela>®

ent mo erans ono roup results In a eorma]t
thec N axis Flv% en etoérojt e chain axis IS esse
ecr\re cou led Wi he otionInt eectr |on

rrs? taI 7 Nave 0 served echamcal ss geakfs similar to the8
ea 0 tyrene In polxsw vatrves at 50°K for PO -0-methyl-
t(){ren f<for ouene rrch Ethe meta-substituént, and “at
20°K o o amt Is ene The pea hedﬂ]trs %reatest P dpo‘xst
rene an ases m ove order. ~ Accor % gr model f r\

and 5 ea WEVET, tere axations alre relatedl to

struc re troduced In the course o P 3/ erization; ﬁ ence, a rrect
corre |on fween monomer structu peak height or peak position

xnected

enera d%? cfts or drs?rder In chemic struc ure of Pr?l ers ma re-
a v¥]e rat re_relaxations. 'ﬂtemoecuar am %/

%t) s defecg stuay relaxatron may afford a newtoo orp ysrca anaysrs

tﬁts of ¢ emr

TABLE Il
Relaxation processes in polystyrene
Tem-
perature  Activation _
at 10kHz, ~ energy Me-  Dielec-
Symbol K kcal/mole  NMR chanical tric Mechanism
a 400 WLF-type + + + Segmental
motion of
backbone
chain
D 350 30 ¥ ¥ + Local
oscillation
mode of
backhone
chain
I 180 9 + + 0 Rotation
of phenyl
tiroup
y' 97 2.1 0 0 + Polar
defects
such as
oXygen
R bon%
0 5% 1.6 + + 0 Defects in
tacticity
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Arecent stud for monodrs rse polystyrenes by Connorzreveale
thatamrltrmu o?T\ ears n arpt %/xa}(ron re onand thesren tﬂ
IS INVerse ropgrtara ot reeo ofymer zatr amec
tat e 0pose en rouPn rs erse ys rege rs[]
e or the T\ mrn a Et owe er, Tefated to t
ak In tne present st ecause t e ope da appears in samples APS and
Ich have no buty roups at chain

The eRelaxation

The cu esrnF Ures e-s indicate a new ktheepeak whrcha
a shoulder on the low t erauresre fthe &peak _ The exist

this peak 15 also confi rme r e asymmetry of the 5 pea serve b

Crissman et al..z ent ssmo IS re Iotte ingt

seen In Fr re 12, the t peak shifts to high temper ture Ith rncreasrn re
uenrlzye aﬂ< merges Int te5peak e molecular motion giving rise to

IS not et clear.

Conclusions

onc lons of the present work are listed in Table 1. A plus sign ip the
tab tes t[tat the rePaxatron IS rJrstrnct and the zerot at tft repaxa
tion rs wea O MISsing.

The authors wish to express their thanks to Y. Kawamura of this laboratory for his
assistance in obtaining some of the data and to Dr. K. limura of the Science University of
Tokyo for providing Us with the Zielger-Natta catalyst.
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Tranodranic ad Gyianaia | Rgoates o
Rihayae lll. Diue Sduion S.desan
Badad Riyhas

G. C. BERRY, Mellon Institute, Carnegie-Mellon University, Pittsburgh,
ennsylvgrerlrra ngy y ’

Synopsis

Light-scattering and viscometrie measurements on dilute solutions of five branched
?olystyrene polymers are regorted The data include studies in decalin as a function of
emperature inclyding the theta temperature, and in toluene.  The results for the radius
of gyration and the second virial coefficient are not i accord with the two Parameter
random- flrgﬂht model. Possible causes of this descrepancy are considered. 1T is shown
Br]r%t ;Qe olrrr] rinsic viscosity of branched chains is not uniquely determined by the radius

yratl

INTRODUCTION
s gsugatrrns on bfanched p)% g/mers afford a degree of frefeeL ml ckrn

1es7on Jinear polymers; erage seqment densi e o
or can ered |n e end |tsf‘1 % ? 8 troxby varfatr r&of
olecules,. T |sa
e .

r?n ¥ eCtuerao ﬁreaemgrtnrS Ocrg eIcratneC naﬁCr f experimenta
gut?t caﬂr Fsoo er an a gﬂro n]pf)r ror erﬁ?rlgsﬁ aﬁggl N
e ol A
Ban be}?gund on the ut solutl o ertreso I cY]varat rized. mo eF

ﬁanc

lymers.1 om arat more exam 6 eths {0
characterre ranc g rs of Unknown structur s of
eorre? o) dhute solytion r pertrescnbe un Int |s mvestrgat!(on
garts Which Were disclissed In an ear rpre ? tanﬁe(?
x}en our prevjous fstu ,es Parts | an II o erre the dilute
F propertres 0
Incil
star or

[ene p (fa[ P/ nrc errzatro to
% Rrvogy eso [anche yme e]rentr
c omprising several arms of Ingt e wrth
one en conn cte f0 @ comnion ranc Noce; erent
random-com ranched c[rarns eac w bragr sofe aI eng
tached . at ran Htervas t0 .2 much one m ecue |egt
sc%tterrn% ata on the ra 'U?f raPon rg %n peratur
and on the temperature coefficie thescon vrrra oefticient A for
667

© 1971 by John Wiley & Sons, Ine.
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tem §rat:ries near 9 will be resented.  In addr“on i ht sca errn data

lhtergrrper tur reater th rn r1nsic
r/elfncgelrt 7] of the branc ed poymersvvr 250 0 €0 sr red at9an at

greater than 9

THEORETICAL BACKGROUND

For convenience, we have . gathered in the foll sections certai
theoretrcaq consrderatrons ertrr? nt {0 (ﬁwg anaq SIS o? atg be consiaere
I-} eVer, teese flons §en f Intended to s?rveasan exnaustive review
oft ematerr erné)rg gctcarn model asbeen use to calculate
E a8f)ertres of un e(tur ranched chains Including the mean squar
rrctron a rI-b91317 an certain

us of gyration (Saase- 5the rnl(I ;ﬂqrc VISCOSI [r%grﬁthe trang| atrona?
IIovvrn the subscript
ture cha u%d

scatterin ertleSFJﬁm Here
enots resor 1rrndp
ndrtrossuc atteseo virial coeffi
zrs er rst or er erturh tr ntheor 02 has been use
d erms o etvvo arameters n
ere n rs e ectrvesatrstrcal cha se)?r]rentsc frrac
errze Oyamean uare ent ISF mutu% ge VO dme
In addi ntdt aram erfr%(z cacuatrono joand HInvolves
asegmenta rrctronfctor

Random-Flight Chain Parameters

Presentlkl aval ablf theories have n?t reIated ft n, b®@ar foinan saérs%ac
0 molecular garameterso the real chain It ds assum

rnt rchaYn fgn rntracr (J” rnt]eractrons are_characterjze ? the same
arameter rf]eec ed volume Integral 3 IVen iormﬁl In terms o
E )P?teenrtrlr%rlegraf or the pairwise rnteract nso th random-flight segments

8=1 [L—exp {=u(r)kT}dr (1)

Althoughfsssometrme thoughtofonlyrnterms ofr[)ol er-polymer rPter-
ctions; the function EP ds%ntr gthe meg aerage orce
efween tw se ments Separate vector sance rnclu BS p \)/ r
vent an so vent -solvent Interactions as well, and may not'e
cen S mm tric

1 eise an arbj trarg centros?/ rc fun fiQn for the potential u(r)
with a har corev W it § In rnrt uforr<rf, ana a
weak attraction such that vv(r f 5royre ds

. (2)
with
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Where
X =r/r0
Attemg*s to use a more precise formulation for u ﬁ

N to dedgce9 r(bn%
molecular parameters, or 1o assess the te j ?Lh (g)(er] ence 0

(frp]r T» oare ng/og tescoeo? eran{) can eobtamed fr 6ﬂ

mple temperat dence of d give
%heﬁg(r)neno? 0% g’: aCtOQE eéatlons ce amP ??i?d pen . nlg VeIV near

lgnggach?grthteerp v?ge JSrefWas It% %thﬁloo "K' has recenﬁ{/pbegﬁtycrﬁgf
s

at|n
d= doffl - Q)+ 250 (ef)] 0

su ge%g asubstltuefrthat stem on the con3|derat|on that thehre
Wer CH'[I(i 50 utlon te eeratuge at T m(e ere.in §

V|cm|t oftecrltlc em eat re 0 g%aa Deflmtlve ﬁcrlmmatlon

BSEVVI?nn d(e)gs ”% asis of the data on linear polystyrene In

rp
T §§e"e'°f.‘n§;ﬁeegee e

Wlt som ar me r.such ese ent densty techa

n grang %q S 0SS ntw{mc |susuaII Ignore L
con3| red urther In trie follo larly, n and' & dre"Usually taken
as Invariants or t echalncon atlon

Rad|us of Gyration
Random-fli TII nght chain S'[(T[IS'[I%S &rzedict that for a branched chain with n
segments of mean-square lengt
(120= (j(si0 @
where, as usual,
(S20= Bk

e L e e
and_ linear chains, respectively. ~Subscripts will be stppressed where
confusion is possible. " For. reqular- stara random-como branched poy
mers, It has been showns tha

g= X+ 21- X1+ (L- X3 - 22 ()

Wlth( the number of br. ?nches rmoI cule, adl i(the fr ctlogl of ma-

: gl ST E R
S m t a%Z dﬁ‘ieH] % g(;saount%17

ecue |t hou eraF
merohb E ﬁont onec uring the actual ¢
ngstep Utt |s cat|on1215 as negligiole e ecto

e estlmate or
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B TS % B i o o A e S s

g= x+ (1- XV@ - 2 (6)

Here, and in the followin Il reserve the s mbol denote th

arameter Cﬂlcréfaterj %Xe Egnd mvi érht statrstrcs ag ogr)os%rs a ratio o%
C

erjmentally determi ration. s he nym-
P } arn !)a orm usg?ul @r t@ anaﬂ gg P%Nta 8%

Segg(]? grvelrrr] rtnh%nca ternate

o palyme
(6820 = o[l + X Kl - )1/8(3/ 2)I-2] (79)

Where tpe Fscn trrefers to t ackjnn% mer Thus, er e}ar
A e

L bl s
ration ?F ?re branc e%m& rﬁn grs%gzla?rnﬁ e(afeu %e

i
[k rangrra H e e
H f n} e %n agérc

SINCe. |
eXpecte value

re se ara before the gra ",]ﬁ
%? acu te rt out re eto olecular weight mea rements
re trn between g 0an %fl Mo eove an ects of mp ecuiar
rspersr (Ec one mer %ewaﬁ §e (mined
gh sc tte n re%j presse COMPArS nofféag VS

In a similarway, fo star polymers, We can write

Vo= <),[(3 - 2)l (7o)
Wwhere s‘?Ors the radius of gyration of a single branch determined before
the coupling reaction,

The rrst%r gerperturba on% (Mﬁhas be nusdto calcurate e effect
oﬁsmal excluced volume /3on (s 5 aresutana ogous to that Tor near
chainsazs

(=N + et ...) (8
Wwhere
2 = (2m&D!V|8 9

The con fa t U Qepen s on %e brancheqd chain structurr? Rut is not a
single- vaue function of g Thus, approximate relations of the typeie

@3 (5208(02) (10)

vWere F ds some function unspec ff d her ca not ex ected to ener

Srncg aM> qu, It oIovvs esrosou {10 ex-

Pr? ore rzﬁn With r creasrn zfor ranc arn an or near

%?u 6s, at [eas| ors m aterelatron ora= (52 (82)0
estahlished experrmenta y31 and rca

a2= 1+ ar(z/aah( aa (11)
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with
h(z/a3 = 0.508{I + 0.969[1 + 7.84ai("/«3] &}
ﬁ y not necesganl¥ be ex ected to hold fo nched chain tht}
unchang con orma on averag afa ue of the radius o
gratt n given Dy eq. ( 15wasca|cu ated fromr'the relation
sZFs exp {- E(s9/kTds2
S fF(s ( )aexpp{{E (S(ZalkT}}dw
with
E( = 2dcTp+ PArs)dr

t”t‘ee’%"ftﬁt ;gttaa P i

the Un chain. - An dpproximate fuinCtion F§ designed toh
0 uc% Irst few average ﬁm)owas usetitn ca %el ns of() for t
r% ction was taken to

nearc an. T ewetghtt
E(s9 = <rakTz(s)WB&~i
where 9 1 = i

33o—s (sJ0/4s, 1yocal b culated from the a r

mate fynction % aru) %5 or |n ar c(natns To tﬁp it

apgromma 10 ttatton ofs n]e mi ttr to use the sa e
tion F Edpged for |IR r chains, “ut use the, values of a
hain IP] £ as

S ate
ppropriate t 6ne btancrﬁ %essment oft ewetghtthg Ltﬂe
ttonEzﬁ I essence, és means that, tot ?approm ation, & shou
given by eq. (x1) provided the correct value of ar'is use

Second Virial Coefficient

The second virial coefficient can be given in terms of the two parameters
in the random- tlltgent moJ ﬁ) J P

A2= {NNZ2M2F() (12)

F{) = 1-blz+ .. (13)
gn 6l IS constant that de en on ct\at struc ure eq. ||near or
ranc eal? he aramet l% een calculat or ce ar nd
comp- nchedcatni %te enefr resutt at bIM > é %at
DI 1S notasmq -\Va ue uncti -1 TNIS result indicates that

?étWt e zi 0 A2, at least for sma
tﬂuatton %&; is Timited to small values of z but ca euseftasan aid in

%efte Inin m erature en ence of the exclyded volym |nt] ﬁ]ral
or?%nea Z€10, t?]1 1S orTn%art e Flory temperature 0. Inthisli
Y cah assume Wi generality tha

0=o0(l - el)
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ere /b d0are independent of temperature and molecular weight,
WHus for(%Tnear unity P/vewrre d J

im B Q/T)

where, for convenience, We have defined the arameter B?fo Ie]ter USe.
Fstrm tes of B0 etermrne rnt 1S Way ca 5 ocalcuaev gs of 7
?r eac Eihperatureo meﬁsuremen an érna values of F(2) gmeans

of a Sult aprt)ro Imate t eor¥ ese ata can then be used to obtain
a refined estimate of i)y use of the relation

a'At-’-F--%,)Qy = b wego )
rs ro edure Whrc h o remove S0 e f the ¢ rvature from tﬂ
rcrnrt T) near zero, en use revru the
na srso tao near srene In €75 eca|n7 rr ah esr
rn ? eter mednt a}r er by 10-30%, depending on
temoec ar wel tan Eeo anc n%
rt)}r]oxrmate theories mast be used to cOrrelate A2rf hiz erceeds ca
h e serles F rsverY poorlY conver ente# exact ca%ulatroR oIQ Its
? er 0|erm p[esenstu rmountable difficulties.  These theories
oenerally lead to a relation of the type
AM V rV = a\Wal/agF (/a3 (159)

Of these, the expression
(z/adF(z/ad = OARIpAr7) (L - exp {-2&ip(z/a3}]  (15h)

ere p = (a/agswith as a5 —a arelatron hat has
Hfa)und sefl mt?e correlatronrgi/El e?hnlrneazza mers P%e
Lj 0 Unity). Here, a eaverﬁgee pansion coro i

Ua
|meggsro a chain’i a rmoIecHllarcu er mand e are the coefhcrents
rntro uced above, and k! Is a coefficient that depends on chain configura-

lon
| the limit of large s (very good solvent) egs. (5) reduce to the result:

JimAMz6y-v2= ¥ = 4r/NalZpbtt (Ih)
P ar//cr rnthe limit of lar ehz A'valére of 40 X 10«has been
or Ir ear rene vrng f v u(e P a first aBproxr
atro | ent of molecular strlcture,
etar ed ca ronso however S owt
hiM <

where the equality holds only in the limit for certain lightly branched
structures, zaqSO that In gener/al s epenés on the ahrangn dv structure.
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Moregver T cannot bﬁ a smgle -valued f m} ion of g, since biis not.  These
considerations mean that correlations of the type

AIMALL = (5al(s2)

sometimes su g fed 13(1 (the ratios taken at constant molecular weight)
cannot be gererally vall

Hydrodynamic Properties

In hydrodeyn]amlcs of the random- ﬁhg t branched chains_have been
%evored less éxhaustively thap have t d;er oc&namlcg The steagy-
Intr n5|c viscosity of nondraining random-tlight star-branched chains

IS gIven y16
= 3]/2T31W6(S’\XA \i(' (17

Whiere he X[ are ? % nval s different for eagh branched polymer. Numer-
ical calculation 0 g/ ha Reen carried out for four ran&hed stni
tLires: one ns frical’ ang three ymrne%ncal star- rar]che molecules
as Well as for finear chains, 0 ourse IT these numerical results are ex-
ressed in terms of the theoretical parameter g as

S(IX*) = 0.586"
e, such that
hsr]o/hilo = gy (18)

}henyls apprOX|mateI 44for the sym etnclstar ers and 0.54

or the one uns c% e Invest] te enu en resu ts wyere

n|n te Wlt ethat eexoent MIght be Jnvariant
ranc str ctu ﬁ

ested t /omlgnt be the
estc 0ICe for Use wit ranc st cturesjsor hat

[rado = [vijt>gUl (19)

B con*ras subse (ﬂuent caIcuIat|orﬁ f t etranalat|o]nal friction. coef-

ficient Eo Tor the non a|n|n? random-flight chain show that Eos/E0zis not

ro ort|onat ?]lwn a value of n in vanan to the branch structure %17
n Tact, sowar orc mb ranch V\yn&ersast erat|o

ranc tot bone en o (i = Vo 8 g

ﬂ“' aent om= ut n%ecgns ntv ue ofycou correlate the dat

eymswqcath%tr sm ar s ;ﬁmers | eX|stf r the ratlo h lo/rma

VY]” |srt|o war the |m|to bmoe
t branche o es 1) a uteo]ual or star- ranche
W mers, an so e

een these Timits for other structures,
a value sen t|ve t0 deta SOt

e chain con guratlon
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First-order perturbation calculations of branched random-fl_iﬁzht. chains
have not been carried out, but one can anticipate that these will yield the
type of relation found for linear chains..

07 = foJo[l + p(h)z + eee] (o)
with pﬁh) dependent on branching and the hydrodynamic interaction
parameter

= (s/67rrd)(21(s:)0)-IIW (1)

h
We must assume that p(h), like ax, will not be a unique function of ! As
with linear chains. we can eliminate z between expressions for b7/b?)o
and 2= (<)/(S-)0 . to obtain the result

(Mffolo -+ = [2p(i)3fices - ) (2)

where terms of order (a. — |, . are suppressed. Of course, one hopes that
e% (-2 ) will be adequate for a wider range in z than either eq, (8? or (zo).
The random-flight model yields 0.8 for zp(7/| [ di in the limit of large .
Data on linear polystyrene su? est that 2p(77)/30i increases with increas-
ing M to a value near unity af high m?

Exclusion Chromatography

It is generally accepted that the separation mechanism in exclusion
chromatography depends on the size of the pores in the porous substrate
relative to some dimension of the macromolecule. It has heen suggestedss
on the basis of empirical evidence that the product [y]fM will charcterize
data on the elution volume v to give a [)M versus v function for a given
chromatographic column that is independent of molecular weight, chain
branching, or the chemical nature of the pQIYmer or solvent. Data to sup-
Bort this conclusion are available for a variety of linear polymers and some

ranched polymers in thermodynamlcallﬁ good, solvents. ‘In a theoretical
treatment of star-shaﬁed random-flight chains, it was found that the parti-
tion function K, and hence the elution volume, could not be precisely repre-
sented as any simple relation involving g, but that the quantity (si20l
appeared to correlate the data as well as any such function Since

Jo~ [IviW » for random-flight star-branched molecules, this RredICtI.O_n
agrées well with the observed correlation of v with M [{7] (albeit the empiri-
cal correlation was made in good solvents). In particular, the parame-
ter (5..»0 was not found to correlate with K for the diverse star-hranched
structures investigated theoretically.

EXPERIMENTAL

M aterials

Solvents were prepared as described in Part I The A branched poly-
mers were preﬁared by Mr. T. Altares, utilizing the synthesis procedure
outlined elsewnhere, ‘In this method, preparation of the star and comb
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polymers is accomplished b{ coupling f)olystyr)FIIlthlum to a previously
prepared multiply chlorome h?{lated molectile,” Thus, star-branched i)oly-
Mmers were prepared bﬁ coupling poIYstYrylllthlum to chloromethylated
benzene.  An anionically prepared po ¥s yrene was lightly chloromethyl-
ated to make the backbone molecule of the comb polymer. An excess of
the polystyryllithium was used in all preparations to ensure complete con-
version“of the chloromethylated groups. "In consequence, the final product
was always contaminated with uncoupled linear polymer with the molecu-
lar weigfit of the branches on the branched polymef. The linear polymer
was separated from the branched polymer by a fractional 1prempltatlon
using benzene as the solvent and methanol as the nonsolvent. The branched
Folym_er was then further fractionated to remove the hlqh and low molecu-
ar welght_ “tails” from its distribution, the midale fraction beln% used for
these sfudies. . The molecular weights of the companent molecules of the
branched _chain and other paraméters determined in dilute solution are
given in Table . The sedimentation velocity profile of the chloromethyl-
ated backbone precursor molecule was compared with that of the unfrac-
t.jonated PolYm,er to be certain that no degradation occurred during the
chloromethylation reaction. In addition, the sedimentation velocity pro-
file was very useful in showing that sample A-48; . was not contaminated
by moleculés with 2, 3, 5, or more arms as the presence of these is easily
distinguished in the ultracentrifuge.

. _TABLE |. .
Lingar Polymers Used in éeparatlon of Branched Species
Pre-  Usedin

p%ﬁ';r/?}(w)gr tEJrgﬂ/Cmgg Mw X 10-4 l(ﬁ) c>n(120 g W, dligb M
A8 % 18 99d 098 (285 —

ARG A w43 - - =
ﬁ%; - . - -
ARE A

=2 T g
5 SaSldFe%%%cF:'?n

TP

3 2 2 T s ik
8 mg%ae temperature in cyclohexane.
ealce . mtoj e and the correlations in Part |1, . .
! vaﬂue O{%]ﬁ(s = gef cmavvou?(f %e expecte(ﬂn toluene according to the data in
I educed from mwand the correlation in Part 1.
Light Scattering

Light-scattering measurements were carried out with the apparatus and
methods described in Part | . Calculations with the random-flight chain
model., show- that in cases of interest here the simple Debye expression from
the reciprocal scattering function P~1(u) for linear chains is an adequate
approximation to the more complicated relation for P~ 1(u), provided that
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<12 is used in place of nb~/s in the definition of u. Thus, P '(u) can be
approximated by

P~I{u) = (2ud[u - 1+ exp {—w}] (23)
Wwhere
U = @M /\Y(Sbr') sz (0/2)

The form of eq. (23) sug?ests that plots of [c/R{u,c?_}l/- versus u and con-
centration c be extrapolated to u = 0and ¢ = 0, as first proposed in Part |
of this series, to aid ‘in the calculation of the derivatives dfcllz(o C)]12dc
and d[c/.ft(w,0)]Wydw that yield the second virial  coefficient T. =" A->m
and the mean-s?uare radius of,?yr,atlon (52, respectively. ,

. The effect of the heterogeneity in molecular weight caused by the varia-
tion in the number of brariches per molecule on the comb-branched chains
does not seriously affect (s21s in this case, although

2 MW (M) (&)

Is usually very sensitive to heterogeneity. We have
(2 « kM

where M ' is the molecular wei(]]ht of the backbone molecule of the fth
species. Since the backbone polymers are narrowly distributed anionic
polymers, (s21s is approximately ‘given by

(s)1s K kM
irrespective of the polydispersity in the number of branches per molecule.

Intrinsic Viscosity

Viscometric measurements were_carried out with the apparatus de-
scribed in Part 1. The concentric cylinder viscometer was used with
samples A-53; . and A-.« ;4. The suspended-level Ubbelohde viscometer
was used with sample A-48; .. The double extrapolation of risv/c and In
Treilc described in Part [ was used to analyze these data.

Exclusion Chromatography

The Waters gel-permeation chromatograph was used with columns with
3 X 106 15 X 10° 104 and 10 A ratings. The columns were placed. in
the order given, with the 3 X 10, A column at the efHux end. The elution
volume Ppesk corresponding to the maximum in the refractive index was
determined from the recorder output and correlated with logpim for
linear polystyrenes in both toluene and - -butanone (the latter beln% on(lﬁ
a moderafely good solvent3). In all cases, 0.1 ml injections of a 0.5 g/

solution were used with a . ml/min flow rate. Measurements were made
on the 4X attenuation scale and peak height averaged .. % of full scale.
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Repeated injections over the time period used for these studies gave re-
producible €lution volumes to within ... ml or better for some of the
samples. All elution volumes represent avera%es of at_least three sepa-
rate injections, and sometimes more. One sample was injected at intervals
to be Certain the column did not change. No appreciable effect on ¢ pex
was noted when the flow rate was reduced to 0.5 ml/min.

RESULTS

Data at the Flory Temperature

_Molecular parameters of the various precursor molecules used to synthe-
size the branched chains are collected in Table |, The structural parame-
ters of the various polymers studied are glven in Table II, topether with
some theoretical parameters specific to each structure, Unless sfated other-
wise, all molecular weights were determined from light scattermg studies
at the Flory temperature. As with linear polymers, we define the Flory
temperature operationally as the temperature at which A2 vanishes.
Values of 9, [p]0 and. (s, are recorded in Table 11, together with the
parameters measured in toluene. (Here the subscripts zero denote values
at 7 = 9.) Values of Boin cfs-decalin are also included in Table I11.

The exRerlme_ntaI values of (S.0 are compared with values calculated
with the theoretical ﬁarameter gin Table IV. "Equation (7b), the measured
value of (5520 and the number of branches per molecule, / = M /M s, were
used to comi)ute (5,120 for the star polymer A-48; .. Equation (7a), the
measured values of (S0 X= MM, and

[ = (M- M9IMs

were used to compute ﬁs . for the comb polymers. _
The exponents m _ca culated from experimental molecular size data ac-

cording to the relation
[>%rJohijo = (('V2ol(sidg)m (29)

for three comb poIYmers and one star golymer are given in Table IV, We
remark that the value of , from eq. (18) and experimental intrinsic viscosi-
ties is smaller than m and close to . - in those cases where (s6r20/q is found
to exceed (. for chains with the same molecular weight. We do not
regard this as of fundamental significance, however, since in most cases. the
?rommlty of . to .. appears to be the result of compensating deviations
rom the prediction of the random-flight theory. Since m appears to_be
sensitive to the detailed molecular structure, it"appears that a correlation
of the type of eq. (25) should be used only as a rough approximation.

Data in Good Solvents

The dependence of T2 (52)11530 and [-] of the branched polymers in
m-decalin on temperature is illustrated in"Figures 1, 2, and 3. "As with
linear polymers, the rate of increase of T2 (52, and ] with T decreases as
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: . . TABLE IV . :
Comparison of Dilute Solution ;arameters of Branched and Linear Chains
Bolr (Sbao [%rlo

Polymer Structure. @r-si Bt sside Mo m
ow tar 0 0.62 - 0.85 _
A-48; 2 tar 0 1.00 1.08 0.75 0.60
A-51 tar -2 0.90 - -

A-53; 2 VTE 0 0.59 1.33 0.73 1.06
A-68; 4 m +2 0.36 1.55 0.60 1.03
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To 0 30 40 50 a0 70 &8 9 100 u0

Temperature (C°)

R R e e

cis-decalin. “Symbols are Cefined in the caption tor Figure
Fig. 3 Intr|n5|ch|Sf05|tyS%gslafuncdn?n (gte eratFl)Jr.e fO{ brlgngched folystyrene in

T increases, but in some cases the temperature coefficient did not become
as small at 100°C as that for linear polystyrene in this solvent. Further
increase in T would not appreciably increase the factor (1 —9;7) impor-
tant in determining the interaction parameter .. AsinPart 1,7 we have ex-



102 G. C. BERRY

plicitly neglected any temperature dependence of the unperturbed radius
of gyration (s0 and’set (S equal to the value of (s at T =, forall 7.
Similarly, 015 set equal to h]fat T = 9forall 7. _

Values of 12 (s2, and [.-] Tor solutions of the branched polymers in
toluene are given in Table I1l. As with linear polystyrene., we expect
these parameters to be independent of temperature since’9 for polystyrene
in toluene is far below our range of measurement,

DISCUSSION

Random-Flight Parameters and the Unperturbed Dimension

Values of B0 listed in Table 11 were computed with eq. (14) b¥ using
the relation given in eq. (16) and the values of .. appropriate Tor the
branched structure..... {0 calculate F'(z). The values of Boare unexpect-
edly different from each other, and most are smaller than the value 2.03
X "10.. cm=-mole./g. found for linear polystyrene in m-decalin. The
exFerlmentaI_ values of (stm0 are generally not in accord with estimates
calculated with the random-flight model; n only one instance in Table IV
are the calculated and experimental values of ((136,z>0 identical within experi-
mental error. Moreover, the values of 9 and B0 found for this polymer
are also equal to values found for linear chains. In all other instances,
Rypr is less than B, Esm_ Is greater than that calculated, and for two
Bo|ymers_the 91 S|I%h I}/ different from that for linear polymers. It will
e noted in Table IV that although 9 is relatively unaffected by branching,
B0 is markedly lower than the value for linear chains for some of the
branched chains, Similar behavior has been reported previously for a
star-ranched polystyrene polymer . By contrast, studiess, on some comb-
branched poly(methyl methacrylate) gave a 10°C depression of 9. In
another study. of comb-branched polystl/rene,_e 9 was found to increase
monotonically from a value 10°C below 9* for linear chains to a value near
9. as the molecular weight of the branches increased. In the latter two
cases the frequency of branching was much greater than in our work.
Values of B0 were not ?lven, for the comb Bolymers, but the data on the
pol¥styrene suggest that B s decreased by branching.

It appears that the correlation between calculated and measured values
of (s620and, to some extent, between oM and B0,i bears a close relation to
the fraction of segments near branch nodes in the molecule. That is,
(S20 and Bo are within experimental error of their “expected” value for the
star-branched sample A-48; ., which has long branches, whereas B0 is
|arger than expected for the star-branched polymers A-51 and OW . which
have relatively short branches. The values of Boand %sm for the polymers
appear to approach the expected values as the length of the branches is
decreased, with other structural parameters of the chain held &nearly) con-
stant. As we have seen, in terms of the random-flight model, the observed
decrease.in Bu can be traced to one, or both, of the parameters n and R of
the e%wvalent random-flight chain. It appears probable that the en-
hanced segment density of the branched structures relative to their linear



PROPERTIES OF POLYSTYRENE. IlI 103

homologs is the source of the observed effect. The responsible structural
feature of branched chains may be the concentration of segments in_the
vicinity of branch nodes that cannot be “diluted” to a value characteristic
of linear chains. The data suggest that in the cases examined here at least,
this enhanced segment conceéntration may not appreciably affect the
longer-range features of the intersegmental’ potential u ér?] inasmuch as 9
is not affected strong(ljy by the kind of branching studied nere (although 9
apparentl}/_ is affected by branched structures with still greater segment
concentrations about branch nodes53. o
It is of interest at this point to note that d might, in principle, be de-
pendent on details of the chain conformation not usually considered.  Thus,
u(qh could depend on the instantaneous density of segments in the nel%h-
borhood of the segment pair under consideration, THis raises the specter
of an average d for intramolecular interactions (affectln?, say, the radius
of gyration) that differs in magnitude from the average d for intermolecular
interactions. We note that data on a linear homopolymer in a binary
solvent have been interpreted to mean that d for intrachain and interchain
interactions differ, presumably owing to preferential solvent absorption -
The deviation between measured and calculated values of (sir20 mlﬁ:]t
also be understood on the basis of the increased segment densnY of the
branched molecules in the vicinity of the branch node, We do not believe
that (s4201s augmented by short-range interference effects on the potential
for rotational isomers of groups in fhe immediate vicinity of the branch
node, but rather that the augmented segment density in a fairly large
(say, 30 A radius) volume about each branch node causes a chain expan-
sion. The Flory temperature, after all, represents the temperature for
which a delicate balance between repulsive and attractive interchain inter-
actions has been achieved. There isno a OFriori reason to believe that the
chain dimensions must necessarily be independent of chain structure at
this temPerature even though this is a consequence for the two parameter
random- Ilght model). .
Although the effects on Boand on (S.,. appear to be related to, details
of the segment denS|t¥, we do not know how fo correlate this relation in a
general way. In the Tollowing, we will assume that a random-flight model
still obtains for the branched™ chain, but that the segment length bo is al-
tered by the augmented segment density.  We will also assume that do is
unaltered by chain expansion in_resporise to an increase in temperature,
although thére is no reason to believe this must be the case. It might even
be more reasonable to supPose that boyr and dyé& should tend toward
boi and doi, respectively, as the chain expands and relieves some, if not all,
of the effects of the augimen,ted segment density. o
The Kuhn equivalent chain., is Sometimes used to evaluate the individual
Parameters n, 70, and bo from the observable parameters %2b and nboz
n this model, the length nbois made to correspond to the actual “stretched-
out” molecular length. This condition can be restated as

borbotr = nibo.l
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for branched and linear chains of the same mass chains.  With this con-
straint, it is easy to show that

o N
bO, | Shr 9 (Slz) 0

where (sr,o i the radius of a linear chain with the same molecular weight
as the branched chains. Thus, in this interpretation the equivalent
branched chain must have fewer, but I_on%er, serents than its linear homo-
log with the same molecular weight if the lasf term on the right is exPerg-
mentally greater than unity. According to this model, the phénomenalogi-
cal pardmeter B0 « n.f3 must be decreased by branching if (S0 IS In-
creased, and bY the factor ir_]i/an'Z if dois unaffected by branching. The
data in Table 1V are in partial agreement with this prediction, suggestmg
Ehaé the rr]1_ard-core excluded volume do itself may indeed be little aifecte
y branching.

Behavior of A>and (s2

Analysis of the data in m-decalin for T > , is complicated by the uncer-
tainties in the evaluation of n23and nne2appropriate at these temperatures.
This problem is more severe than the similar one encountered in studies
on linear polystyrene, since here there is no comparable way to assess the
assumed temperature dependence of ¢ Data for A.M..versus .~ —
Q/T) could be tested for uniqueness for a range of M and T with lingar
samples without regard to the functional form of the correlation. For
branched chains, however, the relation between these two variables de-
pends on chain structure. In the following, two of the methods hy which
we shall examine the data minimize the Tmportance of the assignments
of n2l and wha2  This analysis is meant to show that branching does indeed
augment the chain expansion and depress the second virial coefficient as
predicted theoretlcallkl for the random-ﬂl%ht chain. , _

Elimination of , between egs. 82 and E\Z) yields a relation that is found
to apply farther from theta conditions than does either relation alone for
linear chains and which avoids the need to know 223 (but not nb@:

‘330 =1 4irV\Na((ié|iaold/)3 i ¥ (2)

Here the onl){W parameter in the_ coefficient of AJsiz2 formally dependent
on the branched structure is ai. Values of cq have been calculated for
symmetrical combs (comb polymers with / branches of equal Ieng\tlh
spaced eqmdlstantlx{ along the backbone) and for star molecules ... We
assume that the calculation of ¢ can be used with negligible error_here.
Plots of measured values of gssrz)/(s&z@versus_ are Shown in Figure
4, Va_IueTs %ﬁ Iand hi calculated for symmetrical branched structures are
iven in Table 1.
9 The data lie approximately on st,ralg}ht lines, and show that (sbr2)/(sbr20
is larger than the corresponding ratio for linear chains at given AJi172 in
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alm/z
L PR e e e
perlmenta correfation found tor linear poly. tyrenelne -0ecallll,

accord with theory. Quantitative agreement of the data with the |inear
relation between (sz)/(sm and A ,vusing theoretical values of ai is not
quite achieved, however, in contrast with the behavior of linear poly-
styrene, (cf. Table V). For example, estimates of (gsz)/ 20 — 1 from
by use of eq. ( 61) are resi)ectlvely ca. 15% and 5% less than experi-
mental determinations for samples A-53: ., and A-.S; 4, whereas the calcu-
lated and experimental values for sample A-48; 2 are in reasonable agree-
ment. It is not clear whether these deviations are caused by the neglect of
higher-order terms in eg. QZG), or by other effects related t0 the deviation
of (strgo/g and BoM from their anficipated values. We remark that the
closest  agreement between observed and calculated values of the slope
in Figure 4 is achieved if (sigam is taken as the value found in Part I for
linear chains, rather than as Jst,rZ)O/(jM . This suggests that the unexpected
chain expansion encountered at the Flory temperature maK be compen-
sated as the temperature is increased; but it isnot altogether consistent
to use (siaoM in computing the slope on the right-hand side of eq. (26)
and (-(r20 on the left-hand side in computing (s)/{s20
The data on A2and (s as functions of temperature for temperatures
above the Flory temperature can be used to estimate Bo(saam )* 32if (1)
a temperature”dependence for B is assumed, and (2) relations between
(5.)/(s:,0 and - and between A 2and z are used. In the following analysis
We wil assume that the simple relation B_= BOB\ —0/7") can be Used
for our analysis, and that egs. (11) and (15) can be used to correlate (s2
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: TABLE V : :
Comparison of Observed and (fg]%blgted Constants in Equation (26)
OiffdeV'NAWW M)

Polymer Structure Qbs. Calcda Caledo
Bk
A far 10, I S

Inear . . —

DR O REET = caaqn

and A. with z. Clearly, such an analysis is not definitive, since we have no
certain procedure to assess either assumption.  Our purpose will be satisfied
If the analysis confirms the peculiar behavior of B0 found by analysis of
the temperature dePendence of A 2near 9. _ o
In the analysis o (SE}/(SZQ one need only determine the proportionalit
constant between . an M\/%(l —9/T) 10 achieve a “best” fit of eq. (1
with the data. The values of axgiven in Table Il were used in this correla-
tion. This is a trial-and-error procedure, but the result converges rapidly.
The proportionality constant so determined is the interaction” parameter
BO((S|2}Q/A|2-a/a_ sought, The curves in Figure 5 were computed in this
way with the interaction parameters listed in column 3 of Table VI.

TABLE V.

o e g e
10z

_elly n0,61((S'2)0/ Bo,br(.(Sbr2)o/

Polymer  Structure  Fromeq. (1) Fromeq. 2)  10% IS

mokoa bl g

aBorfrom Table 111,

Similarly, a trial-and-error numerical analYSB with e(is. (15) together with
the experimental values of a can be used to_analyze the data on A 2to de-
termine the interaction parameter. [Equation (..) was used to calculate
values of a for sample A-51, since none could be determined directly by
light scatering.] Thus, recasting in a form more suitable for analysis,
ed. (15) Is

AMa  AeWa((SIW M )yw exf’TJwib]” 3 on)
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F Fio. 5. Expangion factor (s2/(s0versus L—0 /1), for various branched polystyrenes
Bne tc\t%gﬁczaﬁrﬁ a%ei r\LesQ /T?e“%?ec lﬁtﬁé y ét f% 8113) an t%e proportlor%m actors

where a. is determined from the experimental values of a according to the

relation
. — A= = (kvai)(as —ad (27h)

Values of b\ and m g&ven in Table 11 were used in the analysis, together
with Esu [d] = 76X 10- qlven in Part I, Here, h/ax is'treated as an
adjustable parameter. Its value can be estimated from the data in the
good solvent toluene, since at large . the relation for  reduces to

Ijrp AM xh = o IWaksk)/M )v,as(fc/a.) 4V h (28)

and so allows an estimate of ki/a\. The value k = 3.10 was found for linear
polystyrene in Part . The curves in Figure . were computed with the
Intéraction parameters listed in Table VI™(column 4), together with the
values of Agai listed in Table VII.

TABLE VI . : :
Molecular Parameters Used in tﬁe %nalysm of v with Equation (27)
Polymer  Structure Ix h hiai g VXIoA

AREEEE
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._Fig. 6. Plots of the function VS, (L —0/T)-for variqus branched palystyrenes
pike e e R
II; respectively.

.The_data on the interaction parameter deduced from egs. (11) and (27)
given in column 3 and 4 of Table VI are in qualitative agreement with the
results obtained from the analysis_of the temgerature dependence of A2
near the Flory temperature given in columns 5 and 0 of Table VI. For
example, all three methods show that the interaction Farameter for sample
A-.S; 4is considerably less than the value for linear polystyrene.  The over-
all results suggest that the interaction parameter of the branched polymers
may tend to the value observed for linear chains as the temperature in-
credses. Thus, the values deduced from eq. (11) tend to be the Iar?est
values determined, and the use of eq. (..) tends to emphasize the values
of (sz?/(sao at temperatures above . . _

Values of k\, k\/a\, and 'P Lsee eq. (162]_ deduced by the analysis of the
data on A 2are gathered in Table VII. " 1{’is seen that both ki and the ratio
kilai depend on chain structure according to our analysis. That is, the
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exgansmn of the molecular dimensions of chains in a bimolecular cluster is
enhanced more by branching than is the expansion due only to intra-
molecular interaction. Like 0, ki is not a unique function of g, although
the ratio h/ai might nearly be so. The data in Table YU can be corre-
lated by kijai = 243 g-°-Dt0 ?Jve ka to within + 10%. The deviation of
T from’its value 4.0 X 10.. for Tinear polymers is, in part,, a consequence of
the deviation of /g/fli from 2.43. . .
It is of interest to examine the use of egs. (11) and (15) with data in very
ood solvents, such as toluene. Values of a can be calculated from eq.
26) by using measured values of A 2 and from eg. (..) by using the pro-
()/ortlonallty constant z/M v. = 53 X 10.. found for linear polystyrene.

alues of a so determined agree with exg)erlmental values within 3% for
samples A-48; 2 and A-53; 2, and within 7% for sami)le A-co:4. It may be
that the proportionality constant 5.3 X 10.. is too large in the latter case.
For large z, the function h(z/a3 attains its limiting value 0.508 for both
branched and linear chains, so, according to eq. (..), a should be given by

@)

Experimental values of afmai in toluene agree reasonably with those cal-
culated with eq. (29), with the largest deviation (10%? again found for
sample A-.. 4. Similarly, use of eq. (28) in the limit of farge z yields

lim (A2t A 2i) = 117 aifsibigoa2.

Even this approximate relation will not have ?eneral utility, since IS
ntot atunlque function of g and is only known for a limited class of branched
structures.

Intrinsic Viscosity

The data in Table IV show that the exponent m in eq. (252 IS not invari-
ant with the branched-chain structure. This result does nof disagree with
calculations of [§,, based, on the random-fll(t;ht chain model since the exist-
ing calculations all pertain to one class of structure. The data seem to be
in"accord with the sug?estlon made above that m should tend toward 12
for star-branched structures, and toward « . for comb-branched structures
with very short branches. Further, it seems that an appropriate m might
well be nearer unity than g 2for randomly branched polymers such as those
prepared by high Conversion of free radlcaIIY Pol merized polymers.

he data in “m-decalin with T > . are plotted in Figure 7-according to
E_%. 0(2,2). Reasonably linear plots are obtained, giving values of 2p(h)/a\
listed in Table V111, which are all less than the value "1.0 found for linear
Polystyrene and 0.81 predicted by first-order perturbation calculations for
he random-fl_l%ht model. Values of p(h) calculated with a\ ?lven in Table
I are also listed in Table VIII. According to these estimates, chain
branching never increases p (h) as much as it does oq, and can actually cause
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" polysty ylg tsreonfetshienfglrs]C Ie%gll EWDOIS are de“n the c?ptllg%rf\(l)?r lgjar%rq_mhed

a (ecrease in péh). In other words, insofar as the excluded volume is con-
cerned the h rodynamlc radius is not augmented as much by branching
as is th era |us of % yration.
Values of in toluene can be computed with eq. (.. ), the experi-
mental values of a, and the values of p (hkal deduced from the dafa in cjs-
decalin, These results are comPared with the measured values of b]/h]o
in Table VIII. The reason for the Iar e (25%) discrepancy between méa-
sured and calculated values of fr]]/;‘ orsampIeA53 2 isunknown.
A correlation of [q) with AJ\115Nas been Suggested as an element in a
method of estimating chain branching... This Correlation is obtained by

: . TABLEVIII
Viscometric Parameters of%ranched Polystyrene
(M/Mo)

Polymer  Structure 2’.é>a]\/\h p(h)b Cgé?d(%th Meastred0

Bl ok OB OB M

r

d ‘%%ﬂurw?oug{% ée 10 for high molecular weight linear polystyrene in dec-

|n0
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P A B s

%he elimination of z between series expansions of [v)/[vlo and A iM i{si)0~v
0 give

MIMo - 1= {p(h)/[*3Wa((s"UM r"]}A M * (31)

where hlgiher_order terms in A M 16 are suppressed.  Figure 8 shows that
such a plot is not linear, rend_erln% it unsatisfactory for purposes,of ex-
trapolation. The light lines give the initial tangents calculated with the
values Ofp(h% listed In Table VI and (shom ="7.6 X 10~87
Curiously, (h]/bJo) — 1 does seem to be linear in Azm 1! for values of
AJ\1.. (reater than ca. 0.1 However, extrapolation of these data to
AzM1h = 0 would yield low values of {»}0 _

Another type of correlation is of interest for the data in toluene. We
assume that’in this. (nearly) athermal solvent, a varies only slowly with z,
s0 that anY deviation between a for branched and linear chains can be
neglected, to allow a direct comparison to be made of [ibr] and (strd with
thé respective parameters for linear chains. If we represent this correlation
as

W ifoi] = (M i(sr)Y @)

v should be greater than m, inasmuch as (salgsao IS augmented more b?{
branching than is « ]/ w0 Further, v should be greater for those branc
structures that give farger ax In effect, v combines diverse, and perhafs
opposing, effects in to one parameter. Values of v are of the order 1.1-14
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for the polymers mvestlgated here, compared to values of m between 0.6
and 11 (cf Table V). Examples of studies on model branched structures,
for which hoth and (s62/(sr) are determined in good soIvents
are sparse. Data on some comb-branched poly(t\)/myl acetate ) polymers
are dlspla?/ed in Figure 9, together with the data obtained in this study and
curves calculated with v ="1% 1, and 32 Lack of correlation W|th any

o et
etateg‘) magoodsovenf v w)

o RS

= vo, \"7Jv—1; (=== V=

single value of v is evident, and it is also evident that v = ¥ 2would prowde
a very poor fit to the data. By contrast correlatlon of [uryipviy With cftis
best made with » = 0.67 fof the data on no 1y vinyl acetate5 data on
(Sbraw (si2po are not available for this system).  These Tesults perhaps illus-
trate the futility of attempts to corrélate U’Bq [vi] with (st ({sii) alone.
Apparently considerably more information on the detailed chain structure
IS required than is afforded by the radius of gyration.
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Exclusion Chromatography

Plots of qu [q]M versus Fpesk and_log (s21s versus Fpeak for branched
and linear polystyrenes are given in Figure 10. It is clear that no choice
can be made Detween M [g]and (59 as correl,atln? parameters with F pesk
based on,these data. This Implies that m [jj] is a Tunction of (s%,for these
data, which is verified in Figure 11. Data Othq] versus (s on linear and
comb-branched poly (vinyl acetates) are also shown in Figlre 11 Since
log M[q] is linear in"log (53 for both the polystyrene and the poly (vinyl

Fig. 10. Plots of log M 14 and log (s21s.vs, the peak elution volume F rea for lingar and
! gl abran(c)ﬂe( 2)ﬁolystyrengsé}n dlecaﬁn. Rk

acetatei samples, it is tempting to assume that such a relation might be
enerally valid in %;ood solvents. (Such a correlation does not obfain at
e Flory temperature.) However, data of Chiang6on branched poly-
styrene do not exhibit this behavior: these polymers generally contain
many. more branches per molecule than is characteristic of thé samples
used"in Flgure 11 In addition, for these highly branched polymers, log
Mt [a] COLlé| be correlated with Fpeakby the relation used for linear poly-
styrene.
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log M [77]

Fig. 11 Plots of log M%)V[S)bly &s%[ogclel?gt%s rgnqrﬁe?gpeerg oiymers: () polystyrene;

CONCLUSIONS

This investigation on a r_eIatlveI)( few branched poI}/mers lias not led to
definitive, general correlations, It has been shown that the ﬂarameters
Bo and nb( are not necessarily independent of chain branching for a
homologous series, but may depend in some unspecified way on the Segment
density of the coil. The theoretical prediction that excluded volume effects
cause greater expansion of branched chains than of linear chains at equiva-
lent thiermodynamic conditions, appears to be qualitatively, and nearly
quantitatively, corroborated.  Similarly, the_Rredlcted decrease in A2
caused by branching is in reasonable accord with experiment. It appears
that in both of these correlations the effect depends on more details of the
chain structure than are held in the single parameter o. _

Similarly, the reduction of [7710 caused by chain br_anchln% does not
correlate simply with g, contrary 1o many attempts to find such a correla-
tion. Moreovér, it appears that effects of chain expansion do not affect
M /M o as much as they affect (stra/(stT20. A correlation between these
parameters is discussed. In toluene solution M[rj] is a single-valued func-
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tion of (s for the samples studied, so that no discrimination can be made
TWypor (s as controllmg parameters in exclusion chromatography.

g@m R R i e
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Laser-Raman Spectra of Vinyl Chloride-Vinylidene
Chloride Copolymers

M. MEEKS, Dow Chemical Company, Midland, Michigan 486A0
and J. L. KOENIG, Division of Macrornolecular Science,
Case Western Reserve University, Cleveland, Ohio 44-106

Synopsis

Several ¢o as el ashomo mers of vinylidene chloride and vinyl hlorrde

have been e>P0 nt{rrrreer% Fpe an sp (p sco E’ a)olldres concegtrla'tron mono-

Mer sequences have been calculated srom ovvn reactivity ratios ace ca ering

Intensitles at some fre uenc swer ound 0 eIrnea'rr§ ortronal ospecr IC rps ro
d

structur econcen ra o rma |zat |on of scatterin i égg AL V\% scom
ound 10 the C ncﬁnt atlons of
denotes

Introduction

using.tne ensr rrcs etcnin
mon to a sam sexa@tg é
vrny (BT chofce and mP for
Laser-excited Raman spectrometers have recently been used in the stud
of problems in the vibrational spectroscopy of a number of polymers.
the chlorine containing polymers polgl (vinyl chlorice) KPV% and
pol Srrnylrdene chlori ez (PVDC) studres ave Deen reporte oenrg
and Druesedow1have obtained Raman spectra and have observed polarize
lines in PYC consistent with its extended syndiotactic conformation.
Raman scattering of PVDC has been studied by Hendra and Mackenzie2
and they have confirmed the structyre of this polymer as proposed by Miya-
zawa and Ide%uch|3 The infrared spectra of several of these cop opmers
have been published bg Narita eta 4who found good correlation between
the absorbance at 1206 cm-1 and the vinyl chloride content of the copoly-
mers below 25%. The CH deformation mode of the vinyl chloride in the
infrared has been found by Enomotobto appear at various frequencies. de-
pﬁlrrdrgg upotn the combindtion of monomer units on either side of the vinyl
chloride uni

Raman scattering patterns of these copolymers have not hitherto been ob-
tained nor lias a study of the relation between concentratrons of monomer
sequences and scattering intensities been undertaken. It is the purpose o
this paper to present laser-Raman scattering spectra of PVC, PVDC, and
several copolymers of the monomer pair and show the existence of linear re-
lations between concentrations of monomer Sequences in these copolymers
and scattering intensities at certain frequencies.

n
© 1971 by John Wley & Sons, Inc.
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Experimental

The Raman patterns were excited with the 4880 A ling of an argon ion
|aser by using a filter of bandwidth 30 A. - Frequency scanning was done by a
Sloex 1400 double monochromator. A pulse countmg system with thermo-
electrically cooled photomultiplier tube served as a detection system. In-
tensities of scattering were recorded on a strip-chart recorder.” The peak
heights at particular frequencies were measured under the following condi-
tions; source, 0,168 gﬂo%? W: scan speed, 45 cm_Umin; slit,”0.110
(mechanical), 5.4 cm-1 (spectral, 5145 A): time constaft, 4 sec,

Amﬁh_fler gain was set as a compromise between excess noise level and
peak neight acceptable for accurate measurement. These settings, while
not the same for each sample examined, were the same for pairs of peaks
whose intensity ratios were used in the_correlation. The scattering ratios
were found to he independent of amplifier gain for the above conditions.
The greatest dIffICU|t¥ in making accurate peak hel%ht measurements was
the instability of the Taser beam mt_ensn?{. The scatter of data ﬁpmts ob-
tained in the following correlations is believed due primarily to this factor,

Both homapolymers and all copolymers used in this study were prepared
by free-radical initiation with isopropyl peroxydicarbonaté and monomers
suspended in water at 52°C in a small batch reactor. The resulting powder
was screened through a 100-mesh sieve and pressed into an opaque disk at
40,000 psi at room temperature. Front-surface scattering patterns were
obtained with a defocused laser beam.  Since fluorescence was not a prob-
lem in these measurements, no other sample preparation or treatment was
necessary. Any fluorgscence which did occur could be eliminated br ex-
posure for a short period of time to the laser beam. No heat stabilizers
were used to prevent thermal degradation.

Calculation of Copolymer Microstructures

A theory for the prediction of comonomer sequence distributions from
copolymerization kinetics has been developed by Ito and Yamashita.6 This
method was used by Yamashita et al.7to calculate probabilities of oc-
currence (concentration), of various dyad and tetrad sequences in copoly-
mers of vinylidene chloride and vinyl chloride, They found good correla-
tion between the calculated values of dyad and tetrad"sequences and values
obtained by NMR.  These investigators found no evidence for a copoly-
merization mechanism involving the Penultlmate_ group in the chain end.
For the terminal model, they have calculated, usmg the NMR data, reac-
tivity ratios of 4.5 + 0.5 for vinylidene chloride and 0.16 0,03 for vm%l
chlofide.  These ratios are in excellent agreement with reactivity ratios ob-
tained8 by an independent method. = Therefore, the values 4.0"for vinyli-
dene chloride and 0.20 for vinyl chloride will be used in our calculations.

In another paper, Yamashita et al.9also report good agreement between
calculated and NMR results on dyads and tetradS in vifylidene chloride-
vinyl acetate polymers. Their method will therefore beconsidered suffi-
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ciently accurate for our calculations and will be used in the following dis-
cussions.  While these authors report no calculations for triads, because
NMR is not sensitive to these sequences for these polymers, the concentra-
tion of triads will be calculated here and a relation shown with Raman scat-
tering intensities, , _

_ The method of Meyer and LowryDgives the relation between mole frac-
tion of total monomers converted to polymer at a given time to the instan-
taneous mole-fraction composition, /Aglln lidene” chloride) and /v (vinyl
chlorldef of unreacted monomer. A plot of this relation for /b is shown n
Figure L The value of x defined by

* = Jallb (1)

can be readilfy obtained at any degree of conversion. The probability of
occurrence cfthe sequence BA s

PSIBA} = P{B}P{A/B}

where P{A/B] denotes the probability that an A follows a B and P{ B} is
the instantaneous vm%l chloride content of the copolymer being formed for
the terminal model.  The conditional probabilities are given by

P{k/iB\ = 1- P{A/A] = (1 + IAX) )
P{B/A} = 1- P{B/B} = U[l + @wrx) (3)

where monomer unit rAand rB are the reactivity coefficients for chain end-
ing in A and B respectively.  The instantaneous copolymer composition is
easily determined by use ‘of the familiar copolymerization equation from
the known monomer composition. However the terminal model requires
that P{A/xB]|, P{A/fo, P{B/xAj, P{B/xB} all be independent of

Fi%. |, Calculated mole fraction converted, ins ntape?us Coﬁd mer €0 Bos(!tion
and verg%%o%o(f)r% r Composition as a (functlon_ racth of/ ride n

vinyl ¢
unreacte . Initial monomer feed composition, 5%vmy ch onde}./
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Fig. 2. Instantaneous dyad concentrationgs}%function of mole fraction converted (/u° =

Fig. 3. Instantaneous dyad concent(?éi)orl %s 6% function of mole fraction converted

whether x represents A or B.  Thus in the case of triads the probability of
the triad AAA hecomes

{AAA} = P{A}P{AIA}2

In a similar manner, the instantaneous probability or concentration of any
sequence can be calculated. A plot of the instantaneous concentration of

Fig. 4. Instantaneous dyad concent(;ation 858 2a5 function of mole fraction converted
b° = 0.825).
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the sequence versus mole fraction conversion, when integrated over the en-
tire course of reaction and divided by the total mole fraction of monomer
converted, will give the total sequence concentration at any degree of con-
version for the copolymer. The total mole fraction will be distinguished
from the instantaneous concentrations by a horizontal bar (Fn{...}).
Three such curves for various initial monomer comF03|_tlons are shown n
_Flgiures 2-4 In which the total concentrations are also indicated. At low
initial concentration of vinyl chloride (22 mole-%) the curve rises sharply
at high conversions for thé BB dyad.  The high' initial concentration of
vinylidene chloride prevents formation of long vinyl chloride sequences in-

TABLE | ,
o P S

[ Conv.  PiB} /MBB! p3bbb} pXbal PXAA) p4aaaa}

:'652' .:%5
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Fig. 6. Raman spectra of po%vin dI 1c }gride%amo(r:%olyrmrs containing 89, 69, 49,

) d vin

itially.  However, at higher initial vinyl chloride concentration ﬂ82'5%)’
the vinylidene chloride i§ consumed early in the polymerization so that the
vinyl chloride dyad concentration a[)prpaches unity at 80% conversion.
Theé calculated total sequence concentrations of the various copglymers dis-
cussed in this paper are summarized in Table 1. For any given iriitial mon-
omer concentration the total sequence concentrations are deﬁendent upon
the totalmole fraction of monomers converted to polgmer. The conversion
for each copolymerization is therefore noted in the table. .

_ The dyad probability P[BA} shows an interesting trend. The Frobabll-
ity of its formation inCreases as the second monomer is added to the poly-
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PVDC

Fig. 7. Raman spectrum of pon(vinyIri%el(r)]re] chloride), carbon-hydrogen stretching

merization and a maximum in concentration would he expected. This is
seen to occur at about 0.5 mole fraction of vinyl chloride in the copolymer.

Raman Spectra of VDC-VC Copolymers

~The scatten% pattern of the homopolymer, vinylidene chloride, is shown
in FI%UfG 5, Those for poly(vinyl chloride) and Some copolymers studied
are shown in Figure 6, in which"are plotted scattering intensities a?amst
Raman shifts, Some of the stronger lines observed inall of these paiterns
are the C—Cl stretch frequencies (600-700 cm-l&- Of great importance in
this study is the CH2stretching region (2900-3000 cm=-1), of which three
examples are showanlgiures 79, _ , _

We cannot determine the number of scattering units by thickness mea-
surements as in_conventional infrared spectroscoRy, since in this work Ra-
man scattering is measured from the surface of the samP_Ies. ‘The number
of sqattermt{; units must be known if quantitative relationships are to be
studied by this method. An internal standard in the soatterjn? material
would serve as a reference for the normalization of scattering intensities of
peaks used in this quantitative study. Fortunately, the materials ex-
amined contain such reference in the CH2group which s present in the same
molar ratio in vinyl chloride, vinylidene chloride and all the copolymers.
The CH2deformation mode is seen at 1404 cm-1in PVDC but incredses by
about 20 cm-1 in some of the copolymers, its position being apparently iri-
fluenced bY the number of chlorine atoms on adjacent carbon atoms. This
shift has also been observed by Enomoto and Satoh in the infrared. 1l The
CH2asymmetric stretchm% frequency is seen at 2926 cm-1 and, remains at
that frequency in all the homopolymers and copolymers examined. It is
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2926

Fig. 8 Raman spectrum of copolyr&erg tcc?ﬁ}]adnr'engq 04}]9% vinyl chloride, carbon-hydrogen

2906

Fig. 9. Raman spectrum of poly(vinyl chloridg), carbon-hydrogen stretching region

therefore the frequency of choice as a scattering reference in these observa-
tions.A That is, the scattering intensity S at each analytical frequency was
divided by the intensity s. at 2926 ¢m-1 for the particular scan of each
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sample.  The method of measuring the reference intensity S is shown in
Figure 7. Scattering intensities at other frequencies are measured by using
a baseline method in‘a similar manner!

Results and Discussion

It is expected from 1he0r¥ that the scattering intensity will be linear with
respect to concentration of the specific. scatterlngi comonomer Sequences.
Careful examination of the patterns obtained revealed several such relations
with the calculated comonomer sequence concentration. _

The first of the correlations to be discussed is that with the total vinyl
chloride content of the polymers. It is shown in Figure 10 for the peak at
2906 cm-1 in the carbon-Rydrogen stretching region. - This ling is not ob-
served in the infrared, but the Infrared absorption at 1205 cm-1 has been
found to correlate with vinyl chloride content of the copolélme_rs only up.to
25%.4 Figure 10 clearly Shows a linear relation to 100% vinyl chloride
content.  All of the poinits shown on this and following curves are averages
of four measurements, the uncertainty for the ratios was calculated from the
expression

+(SIST)[(ASIS) + (ASrISt)] ()

where AS and ASr denote the total (an?es of the sets of four measurements.
It is noteworthy that the point indicated by the triangle falls on the line.
Polymerization of this samf)le was accomplished at constant monomer com-
i)osmon _throu%hou,t the polymerization by continuous addition of monomer.
ntegration of the instantaneous concentration of the sequences in this sam-
ple is thus avoided. No peaks in the spectra could be observed with inten-
Sity proportional to the vm%hde_ne chloride content of the polymers.  This
Is 0f no consequence, given the vinyl chloride content,

The dyad concentration P.{BB} deduced from kinetics was also found to
be ﬁropo_rtlonal to scattering, as is shown in Figure 11 for the 1320 cnrl
peak, which results from the CH2wagging motion. . This ling has not been
observed in the infrared but does show good correlation in the Raman.

_ The Raman peak at a frequency of 1167 cm-1 is due to the C—C stretch-
ing mode.  In some papers on the infrared absorption of PVC, this mode is
not reported, in others It is observed as very weak. Its intensity in Raman

scattering is proportional to the calculated PgiBBB} in these copoI){mers, a
i readily seen in FI?UI’@ 12, NMR does not have sufficient resolution to
permit observation of this triad. , ,

In all of the spectra examined no correlation was found with sequences
contamm% both A and B in any combination. It has been pointed out in

Table | that the dyad concentration P{BA} increases from zero in each
h_omopolxmer to a maximum in the copolymer containing equal mole frac-
tions of the two. No scattering peak was found to respond in this manner.
However, a carbon-chlorine stretching line at 687 cm-1 goes through a min-
imum at this copolymer composition.” This rather trivial relation"is shown
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Fig. 10. Raman scattering intensi% 618' %ch%gf total vinyl chloride content of the

Fig. 10 Total vinyl chloride dyad concentration (PZBBj vs. Raman scattering intensity.

Fig. 12 Total vinyl chloride trlad concergrﬁg%is a function of Ralan scattering

|n Flgure 13, where the scattering ratios are plotted against 1 —P XAB}.
PVDC FP{A| = 1), the ratio is high (here plotted as circles) and e-
creases with icreased P{B} to about 50%, at which point the ratio_in-
creases (here Plotted as S uares% to a maximum in PVC EP{BJ =0). The

S|gn|f|cance0 1 —P§AB} is obvious from the relation
K{aa| + pXZbb}+ pdab| + pXba}=. (6)

in which PAB} = PZ#BA} In spite of the rather poor quantitative as-
pect of this plot, values Tor 2P2{AB} can be readily obtained from the total
of PAAA} and PXBB}. Apparently, the scattering coefficients for the

PZAA} and P. %BBJ are sufficiently different for this mode to reflect the
comblnatlon of the dimer,
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Fig. 13. The function 1-2P2iABj vs. intensity of Raman line at 687 cm*“1

Linear plots for some vin Ildene chloride sequences have been observed,

as shown in Fi ure 14 for AAa\% an% the carbong drogen shretch fre-
uency at 2979 m-1. T(Tnsa st ethe eak o |nt e Raman
spectrm b Hendra an Ma enzie2and reported at From

tms Curve and the one for PABB ? alu%s for 2PXAB}, can be obtalned
econstatcom ﬁé% ?
No corre atlon ould be fou for evmylldene chloride triad AAA, but

a_qood relatlonshl for the tetrad concentration P AﬁAA hown in
iure%S |%am the constant- comﬁosmon %o g son the
Ine. Three 0 te oRonmers examined avesolttle ese etrad se-
uences that they do nof appear on th? c#rv |s catten as a fre-
uenc of 88/ ¢m' kcha acterisfic of the homon cear carbon-carbon
% mg for which the Raman? ect 1550 well suitea.

The scattering ratios are specific for a given sequence, as is illustrated in

F| ure. 16 in which PgA n PszAA are all plotted against
sc tterm at %979 cr%l} % daoii con entr t| n.Is seeﬁ to be Mnear,
whereas the ot ts dewate gre rom nean

Ane orth Q descr J reC|5| measur ments oft 8 Varioys Se-
uences In this stu |3|| strate |n esoeso heP,,
ersuS S CUMVeSs are eg eerro 1S in S are the averages of
Pomts on the curve angd hase on e ave a%e eV| (%from e average 0
our measurements.  The errors in S are

B Knto determine
the sensitivity APry{.. .} of the meaurements of

TABLE 11
Calculated Errors of Measurement for Various Microstructures

K, AP, {
Pi{B} 1.36 +0.02
p2Abb} 0.56 +0.12
p3bbb} 0.46 +0.10
p2Xaat}l 0.52 +0.05

p#aaaa} 1.24 +0.06
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Fig. 14. Raman scattering intensity as a function of the vinylidene chloride dyad con-
centration P2AA).

Fig. 15. P4]AAAA) +s. Raman scattering intensity.

Fig. 16. Vinylidene chloride sequence concentrations PjfAJ, P2AA) and P3{AAA]j.
plotted against Raman scattering at 2979 cm-1.

Conclusions

. The first st }/of ch %mersb Raman scattering has shown tha qtlan
t|tat|ve corre at 0ns ex|s etvvee certain scatterm |nten3|Hes an acu-
ﬁted C(incentratmg P microstructures n c%p%/ ers.. | de Qlﬁre ICfs
gese r? |or}s to be [inear gr}d ex ﬁrlments this is me t? g
ome ort % Uencies us s|% are not %bserved Int rare
Had concentra lons are detected which cannot ﬁ easur ﬁ

Thi su9 ests that Raman sgfectrosco may generally eapp Icable to the
stualy of the microstructure of copolymers,
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Determination of the Pressure Coefficient
and Pressure Effects in Capillary Flow

RICHARD C, PENWELL and ROGER S. PORTER ”
Polyrrrer Screpce and Enﬁrneegan an STANLEY MIDDLEMAN,
Cnemical E neerrg Olym ﬁ Science and En rn er| g

University o Massachusetts, Amherst, Massachuse

Synopsis

General expressions for determining the pressure coefficient and axial distribution of
the viscosity and pressure in capillary flow are derived for Newtonian and shear-thinning
fluids. The pressure-dependent viscosity model is obtained from the WLF equation
as derived from Doolittle’s free volume theory. The model has also been derived from
Eyring’s hole theory for viscosity. Poiseuille’s equation is modified to correct for the
pressure effect on viscosity. A Newtonian, low-molecular-weight polystyrene and a
shear-thinning, high-molecular-weight polystyrene were tested in an Instron capillary
rheometer. The axial velocity distribution was found to be negligibly affected by pres-
sure whereas the viscosity was shown to increase markedly with a decrease in volume.
The resulting pressure effects on the viscosity of both samples were analyzed by using
the derived expressions.

INTRODUCTION

R T

mers.1:8 The phenomenon, generall ggr ars Pr r}_?xgect
re Se In Pressure 0 %tr SS Wit ]r reasing shear rate.  The e etbecomes
more pro ounce the use of lo %rerc aries and Iower ettem era-
urei partrcua e Increase 1 appa dent VISCosity rncr sr
Lrg shear rat or Ne onn forasearthrnnr eys
rene ha Fz%ttrr uteg tot effect of pressure in ecreasrngt reg \/
ume aval a or flow.I2
Afor Ehe WLF eg uation derrvgble from Daolrttlgsfree volume, ex-
pression has been used to determine t Pressure naence ofvscost(y)
At a particular shear rate an tf erature, an aver evscosr ase N
an a erF% Pressure ce(rp be calculated. o determi et e ay rler% res-
SPﬁ INea pressure rop down the ¢ argwasassu ver
the VIscosity i Rressure de% nde,rt the axial pressure rstrr r1 é fﬁ
ected to enoq ear.& eca culat(ed aver %pressuie N de-
end on the nonlinearity ofthe pressure arop over the capillary Iengt
731
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The'nresen work 1S an atte pt to aIcuI the ffec of ressure in ca
|Ilaw]f an toappl\y e resu st eca ystr e of|
m0ﬁcula lont. Inrtra end nt fort
VISCOSITY IS ChOSen an he o me WLFe atron an
Enn eth ory ]1]2an an om |n wrth the menu
e % err areasonab t|on tot rob éerp enera metho
efermin| tepessurecoe ICle tJnth el IS n It 1S thus
osspetoc uatet e pressure an vrscosr at an osrtron |n a
p an teaveraﬁ dpressure and viscos rate
n done or oth d low (Newtonian) a a seart mnrngg g
molecu ar Weg E Xst)(r{ene essure- orrected verS|on of Poigeull
equation is alsd presented and compared with experimental data.

EXPERIMENTAL

Samples

8 %arrow distribution (pol st rene samples used in the tests were qb-
m the Pressure %nr %mpan%Pfértts urgh Penns vanra

ne
ﬂq sargp esamp?oootn 67C n\%e l|$sa

Capillary Measurements
or the study on the low-molecular-weight polystyrene, a tungsten car
hi ecag? % 030'In. In drameter ndl 7prnyotn/ Was used’n an In-
strnncp rr]feo eter, (iarra 000|n| drameter and 1964
In. long was U Wke hi hmo

e Tor erg test tem
tUres Wwere 1 °C

s\térene 13%1 th(gSS@S Iﬂ th p%zyr Y%r%rr]]ed atrt]]e ﬁﬁ%@% foernt : 7C ﬁectlr
S

%70) as M Mn<

[ene 58 te {s.2 Anen correc |o se on a en\rv
ther ¢ Was app led to the data o e high mo ecu ar vrer
sample

Cone-and-Plate Measurements

AWerssenber rheogpnrometer gModeI No, 1 wasusert to measure the
anp(paren VISCOS nction of Shear rate for etwoR yst%/renes atlat

penc [€5S e leasurements were mara ﬂ 0.cm plate
an coean Thesam eswerﬁrn It wt fhe Meo ondo eter at
t rres ctrve dt res.  Therefore, the time required Tor ther-
ma equr ibration ha |ttee ect on degradation. 3

DISCUSSION

Ietmneast htéeep OVplre(;/ Oaunsnlgr % ggesteq a]ndrsrllrust:rgteﬁt that rgssg{e can |n5
fu the test temperature |s|?nare8|on/ ere the tow sdeter%lrne% %
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robab||| of sufficient free volume hein
on can. e sign |cant ed at high pressures. is2o LFeu
t|on has heen se succ pre ICt an average VIScosity increase

ressyre ms rt|o ass fransition temperature, Ta
he shift | nca ate b us ng an av rae ressureo an as-
e
g Permmqng the va%agaon In tﬂe averagg BressuPe ?sto se{gc

ﬁ$ndent VI 005| mocel and solve the appropriate componen
entum equation.

Model for a Pressure-Dependent Viscosity

The model (ilecged or the Pressur de en(%ent VISCo ||%/ shouw be the

%;vallable then tp lass transi-

0ssible way of
Pressure de
of the mo-

simplest possiole e realistic solu the WLF

8 gueon Ras been useé greveiousy to ca cuqate the p ssure depen ence of
apparent viscosity. It

lgV\e=—Ci(T- T,)m +T-Tg) (1)

where T, is the glass transition temﬁg rature, T isthe tesf or refer nce, tem-
Eeratur QIS the VISCOSIIV at Tgand Crand Czare usually consl ered con-

tantsu%afve?o g\}ﬁﬂae uatjon for the pressure dependence of T an
|Sncr ase I the apparen wgcosny can be cgfcufated V\ft% Increasing pres-
| Ty = T+ AJP Q)
wh re TMis the glass transition at atmospheric pressure, A\ = 0Tg/oP,
nd P isthe pre iﬁre
Insertmg 0] ? into eq. (L) gives:
7= \geP 230342 + AP)/(A4—AiP)} )

where A2= -C &( ). A3z VEan?A« Q+ T — Attlow

DIESLES (tP < 70 bars), AiP will easmezg %rcent?ﬁ ?fA4aq$I gaf st

pproximation can be ighored. - Equation (3) then simplifies to the form
V = VoeiP m

where o and b = 2303 AR4 To obtain an esti ateof
bconsnd1 gjwﬁ!oﬁl%vgnn valuesf%r f%w molecula CXvelg%t o‘ys?rene
« 1
O&b evaueép an%)are?o dtobe436>%04 DOISE AN 107X
ars &4res ectlye ezeos ear VISCOSI this sam

|c iSin eqng agrﬁementW| Iuec cu atﬁd for
mce 1S pressure-q g ent "t eexgressmn or |nd|catest at It

de rease I v Iwi WIth Incre ger ture and pressyre.
Arealone UIva at to eﬂ [] thl angl Independently
derived through consideratio eEyrln ole t Or VISCOSItY. 1112
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Eheﬁ) rameterbrrheq |se%a||tovh/RT wherevhe aIsthevqu g

. Using t o (essibility data. for pcw tYI
tsurgF Hirai_and E rrn eva ate VD va
1S oun 10 be 443 X 1083 rs -1at 140°C whrchs oud be consrdere

only an estrﬂaa]
quation 4 should thus be a reasona roximation describing the pres
sure de gence o? VISCOs| (P rJ ﬁ? em nrca? form has %je FErsed

revrou rthis rose%?822 20 At extreme pressures, it would
ﬁ)toets derrvatron fr(h e V\ftn-equ trona fom e

ected to fa
ssumptions made In the Eyring hole theory. 112 For high pressures, &
%n% preiupgs@%ybe used?/ ﬁrg noted t ?tzytA4may also grarB vr?itH Fncregs-

Continuity Constitutive and Momentum Equations

uatron %g 4) has been est Irst?ed a reasonable ?del or pres re- de
en ent ISC It can refore e used for plro nrs of |so erma
n}nress eN nran and shear-t mnrng Heat g en
erat(i H its effect on the tem er?ture an veocrt |es in t%ottbt
radial and axia drrectrons ofac plla% have be sc ssed for poth
Ne onrag ﬂ” non- Nevvtonhan Cons rrng fse prevhous
restr ts r] e condlitions of epre enttests the assumption of an Isother-
ma pearshaccep able

rrar i Ahave drécu%?ed the adiabatic an 0[s,otherma(! flowof a
Nevvtonranfurfl They used a tluid wrthanrevrous etermined pressure-
temBerat re relation. One COnse uerc]ceo elr numerical so Utlo wasthg
a nonlj ngar] ressure drgp dqwn the ¢ rM ]p fvaﬂr an
L<ern ave stu Pressuree ectn tne cap| oW o |yeda
X/ W ressurevscostyre ation of eq. %x essr were de-
rve ear stress att e entrance ana e twhrc res uent
used to d term ne tf ressure oe icient. As ressure coe |ent
ﬁcosr ty Tor po ethy ers muc less than th at or
aheto ncorpora tea |m|t|n Series expansion

ﬁgene t eiéwere
nvolvin ﬂ ssron SIS, Bens and Kl
LISed eq. i rntr\err et %mr ation ofjegé ssure oe |crentan oft e eryor

rnvolv neglecting the pressure enceo r\scosr An Iterative
tecn loue Was s one’ means o etermrnrn sure coefficl nt
unt evoI me ¢ ane to the co es W the metrs

rns rcant en consr errn ssr (P ssuree ect onte oW rate.
resent |scu3sron tﬁ mpt to determine enera ﬁpress ons for
ssure dependent. flow be ﬁart lnnrn
#e efo (iWIn

Womrgonsrderatrons of tﬁe symmetry) ; and vr =0 (fully deve opea

h/ e{s Whose Yrscostrtre are grv%ft’vg\)r/ g%) S\Ntfrqt ngh
% gné)rosapp seaysa 0 avraror]ag jscog(r) g

|n tefms of cvlindri
i i
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The equation of continuity is represented by;
Dp/Dt = —pv-v) ()
where tPeDt is the materjal derrvezsve the density, and v the velocity field.

given assumptions, g, (5) realices to
a(pv)laz = 0 (6)
By rearranging eg. (6), the following equivalent form is obtained:
d(inp = d(nw) (6a)

ds IS states that the reIatrve axral change eg

te 1%.Z Theretore, the axial velocity distribution

. For styrene te J

ento re sure eassum tion‘of Incom s
atron eocr olystyrene |s reason

To etermr et ere u ecto press re onvr ostyasrrnr ar proce ure
atl

can e % % + 13P, where'i3Is the compressioil-
Ity coe ent the relative ¢ ange rnvrscosrtywrt ensity IS;

d(iny) = (-0if3p)d(in p) 0
ménsertrn averr]age values ter the, rr])arameters of 8%%tyrene into eri @)

equal to the relatrve chane
v7}1ang In er]sr Press

Icates F r]elatrve C angier viscosity would e approximately
trmsthe relative change In dens
The momentum equation is re resented by;
pDy/Dt = - Vip - [V-t] -pg ©
where t isth %tres tensor rsthe ravrtatronal field, and ¢ eoher param-
eters are as define prevrou zcomponent eg. (9 re uces 0
__ 0P, 10
0=- @ " For . d

The constitutive equation for a Newtonian fluid is
* = 26QA2Vv + y 2/VvT) ( /\N)"‘ k)(V )8 (10

where ,0is the zer hea vrscosrlt}/ IS theb lk tsc Si and the other
Balr\r/rggters are as erne previous ly In cyrn rcac ordinates, eg, (Pt&

tiz = vo(dvz/dr) (1)
when the given assumptions are applied _
He sugstretut?on or eqs. (4 S r%) (11) into eq. (9) and separation of the
varrables OIVeS;

b o ror\ ord (12)
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With atmospheric pressure as a reference, Cis given by

C=-(l/bML)(l - e~b® (13)
Fromegs. (12) and (Id), the velocity distribution is found to be
- APRZI - (r2/?
1< B ] B.( ] ()

The veloci dlstrlbutlo IS mod|f|eg from the cl?]ssmal result b thg 8res—
sure c?rre tion term @ — e~p)/bA 5 also applicaol
Poiseutlle’s Iawasgwen elow:;

= (IrAPRABLO)[L - e~LPIbAP] ()

With ecs. (12) and (13) the following expression for the axial pressure
dlstribut?gn |§o tzﬁned( ) g exp p

P=In[etP+ (1- e~tPz/LI-D (16)
From this, the pressure gradient is given as
dP/dz = -(1 - e~IAPAbL[e~tP+ (L- e~PzL]) (17
The average pressure is given by

Substituting eg. (L6) for P and defining£ z/L and 8 = e —1gjives

p=pp—d [+ 5 (19
By expansion of the logarithm and mtegratlon eq. (IS) becomes
HA-1Y
P= AF”’Of*1||+1 &)

Eq ation go |svaldonl when bAP < 1 nd the nurEber ofterrp%mcluded
R eserlsdeené owmuhlesst uPhy AP IS
PmustbeXoun bgnumerlcaimie t|o thie P versus.z curve.

The Fveraq * can be calc g{ ompared to erther the mea-
sured flowate or the tlowrate C’cl cu ate rom the plunger motion.

Q=R - e-DP/SrlL &)

Determination of the Pressure Coefficient b
AT [EPTEe A e e o
r? % uﬁl% %gs% rAP g

T ee\%fume f?%SI at1e] %an QIEQIPLY ate romte plunger spee Vvan

Cross section WR
m= APRS/ZLIiIV, (22)
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ere the subscripts cand p refer respectively to the capillary and reservoir
gmmensmns Fu t|on38 6can ed‘e¥mg iy

0 = Volv° (23)

0=20102

Where [)he. subscri E refeJ 0. capillaries and reservoirs of different sizes.
om mmgeqs.? J 23) qlves

d=0U02

= VIv2

A2LaVnRARd
“ APi L, VRR R U

= KCiVvB
where K = AP2AP;,
the ratio of plunger speeds is

= V]V
and
= LnR,fRd
LcIRER d
is a geometrical factor.
Combining egs. (15) and (23) yields
6= K[(1- e-bAPl)/{I - e~DKAPI) (%)
and equating egs. (24) and (25) gives
o - EaRty (%

t|on 20 lsa aI expressmn or determining,the gress%re coeffi-

C|en aNe oman one ca aryl used In"fhe same rheometer

als un| and b can be etem ovvm manner.  For conve
encet ressure requ or ovva the st ear rate can be use
mren eﬁres ureA Eom ear |e lons, an estimate 0
aa|a Therefore, a Suitable ran eo va e or bAPI can. esel

eraneovaakuescn 50 be d ermlne r the ex erlme? ata

e reference ressekre For re t values of K

sing APi as t
cgn% alaulatedasa unction Pcet eve 0Ci ratlos %re re
et ermme It 1s convenlent 10 plot thls n ormatloq with K
ariables, & sho ure 1~ From experimenta Iueso Kan VR

n.= 137 bAPI an tl!lereL rebcap be determin | u[%h one curvebll
fficient to determine Ty several can be used to calculate any possible
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chanae in tbwrthr creasing pressure. Forlg)wmolecu’]arvver t polystyrene
R e tntttt

Was found | 551 X 10-3 bars &0 e var A Ver

e resslre range tu?red roxrma% 0, Asecond means o de
termining his to cacu ate Ing eq Zﬁandthen

b = In (v/vo)/P 2N

Modifications for a Shear- Thrnnrng Polymer

asep [atio ?fthg ressure anit shear rate dependence of the agparent
150 Slrl%essro rnr comes Similar to the Ne Onian case.  The power

aw ex
t =K'y” (8
tsasumed Irc le at atmogptterrc pressure. Tne corre? ?g shea[ rate

|so arne? tje measured shear Tate times a factor 0 [4n!
Equation (4) now becomes
\E e = K'y"~'etP (29
%% followin gthe same procedure as hefore, eg. (9) can be solved and eg,
) oW becomes
C = (e~b®P- DKL (30)
For asingle capillary, the expression for determining his
= (1~ e-DH)/(1 - e-IKw) 30

Where VRrséh atroo the plun ehspeedsandK AP- AN\ The expres-
sronﬁforP [z, and P remajr the same
ep ceclure for etermrnrrﬁ] gress re ¢0 ﬁrcrentbrs identical tg
ta the Newtonian case,  The \Weissenber reogorlrorneterwasuse
tarn edata at atmospheric ressur re re to ca ?%8 MVF
ﬁwex onent n. _Fi ure ths oc cu va eo or
the pressure coefficie toft e high mo ecu arwerg tpo ystyrene.

RESULTS

A f the | lecul t 140°C
tormeséudr(ar(t) Instero OV}/hgg)oneecttéra\anf]erg (faé) ?g Sty(SO e0 ?n |1n dramve/?jege

?I At this temperature a e"shear rate ran estg
ne %Bée capillary end correction and extrudate expansion have been Te-

pore
va|:0ers t7§ 5Ig\{v )rno{%([ Iar anegdt )rzo% rege {hgs r)ﬁraescsmrieteoo%f(trcrentﬁzé?

nzb [€S grve Frgurlee resents, the axja refsure stributio
grve e% rious shear raes.  The de lation 110 nea[ Rres
ure drg Cleases with | Rcreasrng ear r%te e qreater the non-linear-
ity In the pressure drop, t

e greater s the evratron or the average pressure
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Fig. 1 General curve for the determination of the pressure coefficient of Newtonian
and shear-thinning fluids.

REIU'CEL" ._rG-iGTH, Z/i_

Fdg. 2. Axial pressure distribution of the low molecular weight (20,400) polystyrene
(20.4K) for sevedal shear rates at 140°C; capillary length = 0.922 in., diameter 0.030

rt\ dz The mag ude_will affect the value of the avera ewsr}?‘%
te b using eq; Z The variatjon mtTwe averag gres reW|t
tota pressu is flustrated in Figure 3 At low pressure, the average is
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Oor

TOTAL PRESSURE, AP  |bars|

Fig. 3. Average pressure as a function of the total pressure drop for the 20.4K poly-
styrene at 140°C.

ad ﬁ?l reg urreessented by AP/2 but decreases significantly from this value
V\ﬁtha pressure- d?P(Fnde twscosny an appreciable (fha%e in viscosi
ntota gressure axia P03| lon‘Can.be ntﬁn ate e magnifuce
of this variation 1.l ust” nFlg&Jre4 n %parent VIS osﬁy |s
gotte asabunctmn of t stance at various she rﬁates These
urves may be integrated toot Ban aver gDeV|5003| Ich can be com-
%re totewsco acuat yvﬁﬂ usin naerag ress re,
IS, comparison I aemTa e 'wnich als mcuesthews 0S cacu-
|ated as the stress/shear rate.
TABLE 1|
Pressure-Dependent. Viscosity for Low Molecular Weight

Polystyrene at 140°0
\h, X 10 4 poises

Caled from From Fig. From eq.

7,sec 1 AFTotal» bars AP Ara~-, bars Thi (4)
1.34 6.71 3.34 3.95 4.02 4.02
2.68 13.86 6.84 4.08 4.10 4.10
5.36 28.57 13.91 4.20 4.27 4.27

13.4 82.57 38.1S 4.86 4,90 4.88
26. 8 205.7 83.95 6.05 6.47 6.29

" Capillary diameter = 0.030 in., length = 0.922 in.
INumerically integrated.

The corrected version of Poiseyille’s equation presented in e (15
preJ] cts the Newtonian %e?]awor o¥ a polyﬂwr Wlthpa pressure- de&né n)[
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Fig. 4. Axial variation in viscosity at several shear rates for the 20.4K polystyrene at
140°C; capillary length = 0.022 in., diameter = 0.030 in.

B5

> O WEISSENBERG D .
A CAPILLARY DATA éLen th=0922 Hi, Diameter*0030 IN)
— CALCULATED USING PRESSURE CORRECTED
Eld POISEUILLE EQUATION
lg' L } 1 L- 1
i 10 10 ol (07 i

Shear Rate, /[seconds'l

Fig. 5. Comparison of (A) Instron and (O) Weissenberg data with (------ ) data calculated
from the pressure-corrected Poiseuille equation; 20.4K polystyrene at 140°C.

Iscosity.  Figure 5 is @ comparison of the viscosity calculated from eq,
Yl%i a[X the%lscosnyo taln(Jch1 from meastrements in the Instr nan(qﬁI ngs-
sen erg rheometers. Tpe elssenberg ata, taken at .Tfmos eng Bres-
?ure,aeNevvto lan witnin § e.rangesu led. | ecaﬁl aR/ ﬁta eviate
Jom ewtonian behavior with incr aS\n% shear rate, reflecting the [Pres ure
ependence of the viscosity. The calculated curve 1s Newtonian with a
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/i
3 1C 12 14 5 18 20 22 24 26 28 36 32
Shear Rate, | [seconds’]
Fig. 6. Comparison of (.he flow rate (------) calculated from the plunger motion and (- -)
the pre: ected flow rate equation: 20.4K polystyrene at. 140°C.
Ji |h%re se in viscosity at the hest shear rates. ﬁh devigtion ofe
I1 rat er shear rate |s acort eoft tatrons stat d
ure

se%0 (Jt
Vi the ressure epe tvrscosr trom
| rhg IS0 eh gressu e- corrected err 2%%
and eﬂovvrate calculate fro t Mn er motrono tro heq
Eter |t has heen |revrous rve t recra Ifference exrsts
%tWﬁen measure owrates an %ca cu ate romt pun Jer motion.2
owrate calculated ert ) (m ho deviate at ers ear rates,
agarn Indicating that the |m|ts0
nw e r8asona yassrgn
shear thinni g Thu aon molecufar tpo Xsty ene
be.treatéd ¥the arr])Proac Use ort e Newt nran Data rom
teWerss noerg th q eter were used to eva atet ovver W ex-
gon?tn avl gavaueo 0.9, Frgure aqr | re esentat on o

W usdtoevaluatetegre sude ﬁrcent % av ueP
te end correction had beer previously

a (L@é 0) ebc%rsrla 2IO o
pr% aéraq1 e rarrstrrhutron IF ven in Frgurgrﬁor several shear rates

ave Deen exce
ﬁress ree ct |s |n ep ndent of

ah F e evratr Inear ressu IS nat, as as
ow olecular wel #P rene. This IS g CONSeque ce teo r
vaueot ress rece c éxrned ort ehig {n cu arwel X
styrene. T eva e of AP2 Use Brevrous In Calculations inv vr n
average ressure 06S Rot anpear to CaUSe Serfous error.
Frq_ representst |aI varratr no vrscosrtX at shear rates
and 150 sec.-1 Wrt t(t?twtﬂ]e ecy rwer t po st ree evrs

cosr Vares o dera
Average F Ptsh VIscasity obtain

la posr on a res%
T 8 R Trf)fromF lqure 8 are wit |n1/oo
values calculated with eq. 4 and the calcu

ated average pressure.
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Fig. 7. Axial pressure distribution of the high molecular weight (670,000) polystyrene
(670K) at 165°C for various shear rates; capillary length = 1.964 in., diameter = 0.050

n.

Fig. 8. Axial variation in viscosity at several shear rates for the 670K polystyrene at
16500; capillary length = 1.964 in., diameter = 0.050 In.
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SUMMARY

The inflyence of pressure on thﬁ ViSCosify in caplllarg f\o¥v has been ds-
cussed for Newtonian an sheart mmPﬂ w?s or ressurg
Een en sc sity. derivaole from Doo IE %Iu e equation and t
rmg ete r}/ 0r VISCOSI ?508 ined with the momentum c‘
i n% enveP eral expressions J e%ermlmng the pressure coefficlent
and the axial pressyre and vis 03| istributions. ™ From these, an average
ressurean scosﬂycan be determineg.
eres t| exp £SSI0NS, Were Iledh ﬁNewto an, low mol cular
Wel ene ashear th| molecu ar Wel ajeo -
reng cons er the con Ul eua lon, the
oun to ene ect y presstre ﬁt st cop Itjons use.
The |a ressur uﬂong or oth the owand molecular wel
Pamp re qon mear at moderate shear rates, resultl n average capil-
Iypre sures less than AP/2. The vi cosmesaverag Ver several Inter-
SOft eca{)J arg gree well with ewscgﬁltles aIcF ate wsm g
averaq% epress [e representi ﬁthe entire cag Ues calcu Y

Va
Using the pressuire- ccirrecte ow rate and Poiseufl r%/Ie equations agreea
with'the expenmenta data
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Electronic Stales at Defects in Infinite Polyenes

A H. BEGG and D..PU epartment of Pure and Applied Chemist
Un?versrty ?Stra[hd? Ok, Gasgowu AIQRJ s

Synopsis

The electronic states localized at defects in a polyene chain with alternating bond
lengths have been investigated in the Hiickel approximation by direct computation on
large rings. The defects considered include substitutional impurities and bond dis-
tortions. None of the cases treated seem likely to be thermally activated donor or ac
ceptor centers, but several examples of deep or shallow traps for electrons in the conduc-
tion band are found.

INTRODUCTION

The s strfem —CH CH I) exhrbrts behavior which is Probabl char-
tenst ide cIas mers Asa consequepc% of the alternation
the ond leng thst ronrc eneﬁ fates' of 1

e ir- electron arg
rou |nto oener separated by an ener}/ aP
eing ful heu onee states e ereseme i)
oun ms emrco rs T

Simi an J)
icial t an t an InTinite S stem 0 510 a

g ew arent

fal. The po I|t|e o tort on of a linear s ste %n emt
sta es |e rm dones are bvrousl ons derableZ3an
roba ey ate e een suc man a.metal. In
ecas aItern trn ver no Itres arise near the
Fermi 3 ace, an |t ee to eacc pt eto appytot e System concepts
derjved from the theorY 5 |con Uctors.

ne su conceplt IS that 0 aneectr?rkstate Iocakzed at a defect in the
chain wit ener%y \(rnr% In the region qf t nerg spectrum

the pe gl rfect% 0d e

In relation (eﬁectronrcrtjrdnjsfort ?Igrrr:nm Or%ha%?r Ofssgfear ané hJ’ e%gc?é
conbrf 0 (g)etiqe can again be Seen front analogles with conventronal seml-

Asrm e Case fsuchd fect state reated py Pople and Walmsle
ang MOIe rec ntyana Ication 0 thﬁs Cgree sPt}nctrrgn metno Pg'a%r
and. Ivoster Hhas bee aeto th ’noyeecarn in the an DproXI-
matron Vt/ents Ivrug kb’ The aat named aut ors erive
vanousc |t|ons the xisterice of localjze st'rttes ut restncb their

tment to % re on eres nance |Hte ral or the Coulom |ne

Ut not (?t es at a de ethod of Iwentsel%
rug ak8 cou oub extende to more complicated cases

7

© 1971 by John Wiley & Sons, Inc.
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C o -—t=(—
3 S v 2 34

Schematic representation of polyene chain. The limits of a unit cell are shown by the
broken line. X andY denote the C and H positions at which substitutions are made and
the labels 1+ etc. are used to denote nearby atoms.

only at the expense of a difficult mathematical analysis of each particular

Cailt the p%esen vY<orkvve ive v% %ccount of some comguter calc*latlons
based on the Hiickel met(f IC atte sto reprfe nt the defects 'Q
ﬁccordance with the normal usage of H| th o rsubst Uents an
eteroz1toms It IS th N NECess oc a ou oln esonance
|ntegra S|mu|taneous an t|s so ou Inclusion f an aUXI
Ea \)é Inductive Rarame er es a Consiae | erencet erFsu Its
NS0, aSWI most thula lons, t eresL1ts can onﬁ ecamﬁd
to be sy uan v ut It IS hope thattheg/ serve to Iustlrate
(yegg(s: g st te can arise as a consequenc Of the presence of various

PERFECT LINEAR CHAIN WITH ALTERNATING BOND LENGTHS

Seve(al t(!yqﬁments o |s s?vstem in terms 0 {the I-\nckel ar%)r X|mat|?

et e ecul-leredV(\ileflsngl thseI tep [%/mo 0 o

ortepecaseote Inife % ¥ e USed.
ave sli eus a treatmentb mtrou n% Iatthce
ruanta, arepea n|t n% fain. — [his
enables us to ? ewa Yectorkﬁ the first Brilloun zone in a
ma ne]$ exactly analogous to so

The limits 0 tlwe unit cell areégflsﬁa%ast%%dgomtsofthe onger
The_lon ﬁ) oa ﬁ

ﬁan short bonas have reson 0(1 Inte raf
esﬁec %X The It cg e shown/that the Hiickel energy levels of t
perfect chain are given by
0 = a + (fi2+ ft2+ 2tft coska)'h (1)
where k is the parameter h cifies the irreducible representation of
th? Aransf e |c% ?Pe Pamc far e?geml r]ctm% %ﬁon R
-state theory k IS the, wave vector and hk the trystal momen IC

\10n rouiﬂtlo
f]coseg/ [ ate tob fnea momentum of ) %e fron. . Jt IS goun
the eigentunction obtained when ks changed by a positive or negat|ve
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muItr le of 2|r/ 5 rdentrceh with that fork Lrs therefore sufficient to
onsr er only sfurons ||n erane —11/ < Irfa. This region of
c-Space” Is'the first Brillouin zon ofthec arn

LOCALIZED STATES

Localjzed states can exist only if there is some defect in the perfe
transfatrjonal erfod c? iwh%hﬁhe be Ioca g Sue h]adef%ct vvm
tnecessarr&oro uce a Jocalized s ateaa tt)ma% osorf tvhe perturbatjon

apﬁpe%rﬁgten h o%erua t%{r?rngthng I Finctio t the ten IsatatIS

I
exten(? It a regian FOIEl 1N NaS rev rted o Its trans ‘%

mmetrg/ In this, %ﬂ cafrze tateeeq unctro mustsatrs
éuatrori etermrnrngt solution In t ﬁ(p Ct errogrcc

Wa Utlons corres Onﬁ

i

ﬁatt e exponentia a(h%rotrc?rn?ﬁ 1ve§ 15 Rrvays o rns rom
e e e Ll el dhit
hntererot?o Earteowrlgluded th focglr gstates In the eneré V 0ap vvrn a%rvays

ave
k = {ia) + I\ ¥
and those above or b%’ow the entrFe band system will ve h

The arameter etermines the rat calized
rrsctlhe at | ar¢r ’rfstan 8s (J rom the c? tee %er given %yex ere

distange from 8 ch
The energy unctron outsicle the bands can be written in terms of Xas,
X = a £ (fi2T ft2+ 23d? cosh X 2 )
giving
cosh Xa= T(t—a)2z (32+ ft23iR2 @

owt elo or above

In.the < «< over this range of t cosh Xa
has rt um va ewhe e- a There ore, ero test and he
tat ed over the sma est regron aﬁ the cente 9R Ta
oca |zatron %ets less to a%st eedg S of the gap, until X= e ban
edges. At the center ort

cosh Xa (ft2+ ftd/2ftft
fl nd the valug of Xdetermrneﬁl this e uatrong0 es the reatefst degree of
oc lization for any stafe In Eiap rrre%)ectrve the natlre or the er‘ecI
AR e B f e M e
Wat the glboundary conditions™ when t e so ion ¢ ends Into the ur-

ere the ugﬁer sr N refers to tates |n he gap and the lower to states
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disturbed region ar? satisfied. POP|e ang Walmsle 4h?ve solved the
roblem In this wa or\ e case Where the efect 0NSIStS 0 apa!)ro

onas,  In more general cases, W en the re ? erturbation eCiJ
htte le [arger and't %s mmetry | notasag equattons Involv

the diret a roac eco erat er complicated Tesm) \tz

atrix element (Teﬂ% ﬁn a transcendent %atlon
%Ceumntrertes |sota|ne Imi ar culties occur |nt reen’s
e, have maeadtrect f”tg“tat'on on f|n| rings of Ztﬂto%atoms
con alntn%vartoust eso fS Theseu Icatjon f the parameters
at the defects can r}]accor ance with t % rue
Huee theo W|tt]outr ar t0 the extent of the pertu ation fr
perfect trans ational symmetry.

CHOICE OF PARAMETERS FOR THE PERFECT CHAIN

An avergge value of 0 aggro?rtae for use In calculations o{ ﬁxctted
?tates can t% Ined trom data Tor the lowest t- u*transm wst
B mem erso epo r\ﬁene %ertes Strel |e er rec mmen va Ue 0
Sq 1S re tlge |m|t ue othe
|rtrr tran or |n Ite ch nIe #em? ttmate
va ueo 219¢eV or this \%tép \ty Too f1|n tan tseparaé Ulres
ore equation. entg/ must lie etwe?n ft an %a It
| wore eems reasonable to relate O to Some kind of average of Tt and fa-
| the arithmetic mean
0= (fa+ ft)2

IS used, we obtain

ft = -3.17

ft = -2.07
If the geometric mean
_ fa = ftft
I5 Used, we get

ft = -3.23

ft = -2.13
The particular kin verage used does nof thergfore seem 1o
crttlcalp lh eason?st %fftere ce, Ft —tt IS Tairly sma # tﬁ
compared o, t eaveraevau vec?soen tg S te €0 eh

smcethhm llesa stron erdgqen ence o O(f A‘(t]

geﬁect 0131 In therefore th

\ eV, resp ectlve? u% ose g¥eth s (t)% (tj ggﬂ 3re
Tecom uter torm e yu3| cacu ateteener
un IS rtns ena enva ues were found to Tre
Wlt mt mltso the asglvenaone
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TYPES OF DEFECT AND CHOICE OF PARAMETERS

We are o cerged malnlg with 3|tua lons where the h/ene chains are in
?me kind of soll ither ¢ sta Ine0r nonc nthis typ 8
of situatl ?vvesou ‘expect trat the intro LiC on o Separate
‘noint” gefects mtotesstmwoul aveﬂ t[Jranee %ﬁs on the
structure of the chain. ave therefore thou asonanle toas-
sume.in a %aseée al changes In parameters are ¢ med to the Immediate

VICInI
%3 %%sgﬁ e T R
: ?§ misfits” in tre alfem or

ating system (three short or three Tong honds
In se é g sysem J

ence and two
eg %at\g Q 8 )Pt the scheme su ilzed byr trejtwieser8
for ch Iy’ a het oatom %ankl calculation. “The Coulom
Integral on eheteroatom 1S glven ERE f

=« & Po ()
We take th = 262 eV, .
On e\toms close to the heteroatom we make corrections to the Coulomb
integrals via an auxiliary Inductive parameter, 16,
h, = Shx (6)

Wrﬁre n is_the number of honds between >1 and the atQm | estion.
Following S'[redt\Nl ser wetake 0= 0L Only the. c%rre tion 10 ggase
rl] IS"found to have an appreuable effect "but it has been |nc
the ca culatlon forn = ]]2

(ﬂ@ onance mte rals for the bonds ending on the heteroatom are
moditied yteequaon

eredlsdl ordﬁfor substlt t|o mt@ e chain and dbfor an H substitution
kareta nro fr

The parameter EIWIESE,

Inc e e assum tion tha (5[) ﬁVEI’a system of hond alternations

Longt TLIS HOA terruP (f H ttu?on IS dependent on th%

Chal belnge edded in a solia matrix and therefore Su Ject to externa
TABLE |

Hiickel Parameters for Substituents*

X f 0 d  f f fiy

NI EE S I

S o0 04 52 33 213 L5

“a' is the Coulomb integral on the substituent X and ft' and ft/ are the modified values
of the resonance integrals for the bonds ending on X. The last line refers to a substitu-
tion in the Y position, when X = C. The @ value then refers to the Y position.
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constraints which marntaHn theh overall conformatror] Under these cir-
cu stances We can regard the Troatom as a simp ﬁubstrttétron for
on atom wrthout ny large-scale rearrangement of the honding in the

e]values of the Paramet IS US dare hovvﬂ rhTabIe |, the energy Jevels

% e Corm sRonqncq Xv ueotrne Imum rrn Size In

ectron-density distri utrons |nT e I1I., Some com-

nts ortt ere&u lts %re made In en?xt section. T eca?eo the oxygen
su stitution is described in more detail as a typical example

TABLE II
Energy and Extension of States Localized at Substituents*

States below the full band States in the gap

Substituent 6 Xa e a
N - - 1.02 0.16
(0] -7.35 1.7 0.47 0.36
B - — -0.63 0.34
Cl —5.86 0.88 — —

0Xa is calculated from eq. (4).

TABLE 111
7r-Eleetron Densities near Substituents

Atom*

uent Y X U 2+ 3+ 1 2 3
N - 1.25 0.82 1.00 0.94 1.02 0.98 1.00
(0] — 1.72 0.83 1.02 1.00 1.05 1.00 1.00
B — -0.33 0.98 0.97 0.97 0.98 0.98 1.00
Cl 1.99 0.86 0.94 0.97 0.99 0.69 0.85 0.92

* The atoms are specified in the notation illustrated in Fig. 1

Two Ioc lized stat S are fOérnd one in the %ap %t 047 eV and the other

thelowthe owergan at —.35e\V. The o gr} ce of these er]er es on
the valuyes guoted as the rin srz? Increase ni f?Gatoms toa
| r?jlrr?tg cJﬁrarn%raest?enmeStrlenro%ocetﬁe accuracy with which the resu ts or an
AU e o e
gg rtyassptlo‘t‘iEl lower ba BH!Q/ttte p%rt tgatro andt at e State
at 047 eV is'split off the U an ands contain ong fewer

state.  Since ﬂen contr tieS one extra Lﬁectron the conjugated
?Xstemt e étater the gag %)nt In one electron. T r%1arp state IS t00
r removed from ?rthe fthe 'S 10 act as a dorior or Fccegtor
state. However It we are 'Q erested. in the common case where electronic

ran o1t pro rtresaestu |ed mecrn electrons Injo. the conaition
ptr H% rP olymer rom ameta é gthen theahalg frﬁed 0ap state
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uId have an important role & a |ow-lying frap for conluction electron
This state might there ore%e aassmedn gh sFtate termlnollogy asa(?eep

Phe electron denS|R/ metric bout the 0 atom asa consenuen?e of
reserva 1N |nte t|on 0 the funda en al asymmet é
atln a|n It sho enotedt atto ca atete e ctro
hn utton IS necessary to nowthewave unctlono e full localize state

ow the lower band.
N|trogen

A localj zet(ti state s roduced in the ga g gfpear the o
ﬁeay e ﬁtomtc orbtal uent? andt
Jen aue with ing size ave eeH |nvestlﬂat%n Close
that this Is a genuine locall tatea esnoh
and The state IS empty ana therefore provides a s

Chlorine
Onexorblt from the chlonn ato tedt%lacm Pld atom is.included | |(r]

h Cotﬁju b%é ch 1S ll?t tt?thncase an adéltlonaTdtwgtgtgn a%E%%%‘r%%
atest etwo extraxeectros No st e ?gpe s nt Rag I %rdtng
%%ngeﬁ) tmtgirn

Ike Cl mi

N
to [voster and Stftter h 8 vior can, r]t
esonance Integrals ﬁ fect a ﬁtmut Neous
h ? at an electrgp %ht also
|tyznas
ame’ con-

ttom of the u‘pﬁer
e varlation
e S o oo
al?ow?rap
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TABLE IV
Bond Distortions
Type of distortioni Energies of localized states, eV

1 1.003,-1.003

2 1.026, -1.026

3 -0.956, 0.956

%/pe 1, two equal bonds with resonance integral do! type 2, three equal short bonds;
type 3, three equal long bonds,



154 BEGG AND PUGH

gtarrs as a result of external | Iu ences on the chain, a ¥\ehavg
begorec 0sen what we consider to be three extre e examples o altere
onds to examine the maximum effects wnich, mrge fose ed,

In the first case we have taken two successrve ual bonds with a reso-

nance rnte ral equal to 2 2eV In the secoR We assume that there
e hree &qual shor on rn ifequence In the third case we assume that

ere are t eee
_ Theresu ts arﬁ ovvnr Ta elV Ir]eac case apair of localized states
ced in eneg about e = a each

grt?erlrjrgiecal%tlg ?r%n¥ One 0 tfral gaﬁ S, Th e enerqy drﬁerfenceé
etvveen 0ca rzedftat]e an Hd eageaeo e S eor er a5 those foun

H’P gmse ort ISmatch. owever tseems
Ikely that ong Istort Qnsb oudn%rmg fy emuc ma] %rthant 0SE e
av cons 88 ThiS 15 hecause § eectsc ere are stric IX
ized an onotnce srtateadr acemento ole chain as Jnt
eo Po ean ams ex ere ores tvarra lons rnt
rch INear c ans to tre rmensrona

staIs re su ect Wil Bro% ceas ctru oca ze states In_the
%eraxo ap exten ing from the hand edges to an energy 0 about 0.1eVinto

CONCLUSION

ol S S A B
lengt ne Oqt ftructures considered h %g l{f ates tarv
occ pied an surtab E drne(n agzsto actast t¥e Btrvgteé onors

traps close tO {

iav(el)accegtors anrtW rng t caseero? 0, a.deepira near the migd eqe tahe
egreeo trno sae a rs
eermr acto BX rves erae 0 deca
entero . o dhatt 6s com utations will serve t
e es

for mare Aol sel e srstent calculations on polymer molecu
alternating bond Tengths

References

1 1. A. Pohl, in Electrical Conduction Properties of Polymers (J. Polym. Sci. C, 17),
A. Rembaum and R. F. Landel, Eds., Interscience, New York, 1967, p. 13.
2. 1d. C. Longuet-Higgins and L. Salem, Proc. Roy Soc. (London), A251, 172 (19.19).
3. Y. Ooshika, J. Phys. Soc. Japan, 14, 747 (1959).
4. 1 A. Popleand S. Id. Walmsley, Mol. Phys., 5, 15 (1962).
5. G. F. Koster and J. C. Slater, Phys. Rev., 95, 1167 (1954).
6. G. F. Kventsel and Y. A. Kruglyak, Theoret. Chem. Acta, 12, 1 (1968).
7. 1,. Salem, Molecular Orbital Theory of Conjugated Systems, Benjamin, New York,
1966.
8. A. Streitwieser, Molecular Orbital Theory for Organic Chemists, Wiley, New York,
1961.

Received September 11 1970
e Novpe her 101070



JOURNAL OF POLYMER SCIENCE: PART A2 \OL. 9, 755-758 (1971)

Generalizations of the Diffusion Equation

P. P. LESSE, C.S.L.R.O. Division ?J‘ Forest Products,
Melbourne, Victoria, Australia 3205

Synopsis

The mass flux entering the Pick’s diffusion equation is considered as an arbitrary
analytical function of concentration, concentration gradient, and of the gradient of
concentration gradient. The restrictions imposed on the flux by the principle of ma-
terial objectivity are stated and briefly discussed.

INTRODUCTION

The transport of small or anlc ecules In ersa ears o de[p%nd
ery stron & dp temPeri ean eact|V| pes

ja b Te)

etrant
hee su? Ste Pnetra civiti & ge Vaﬁures
?oncet tlon-lnd EPen ent éF ean onuua ta ereas

Q activitie eratures ow the gr% er flre case

ITTusion is 0 aerve e req ns are se arate 0 ans
nqmalqus 8 #1 Md ntg Usio once ration-d ene g
usion (. g élsmn descn ed c ec atR ‘h
usIvit nt on tlrge or co centhau esc e the ¢harac-
tefrls fea es ofcasell Iffusion there ?S en rPJORO% Penerall%atlog
Em [mTusion equationadwnich was solved4and tne s utonwaf oyn
to he In da%fee nt with experimental Investigations.h enﬁra Ization
%onsmte g a term clependent on co centratmn to Pickean mass
luxJ sothat the newfluxJ' s
J'=~D(c ) N+ B(c)Se

Where ¢ is concentratlon of penetrant D( ), B(c) are functions of concen-
trﬁuoqﬁs ae?ﬁons a?o find the restrictions imposed by the princ
materla chtlwt%gl Sﬁor mater al. n#?ﬁerencg on ar%ass fIB vvhp c%

concerne TI (jjg/\ unction of concentratlon COﬂ
centration gradient an t of concentration gracient,

General Form of Objective Flux of Mass

Pick’s diffusion e(%uatlon is obtained by combining the equation of con-
servation of mass with an assumption

paua= —Dgrad pa

© 1971 by John Wiley & Sons, Inc.
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vqurcet paal hs dtBe t%ans% J ue \t}l{ﬁu&ng component a, uais its diffusion

uant atscae e flux of mass of componenta.
he flux of mass of I
|no CONSENV, |on of mass sLbject 10 thI sual assumptions
H} 3|on theogl Stvtnt orm total density and negligible mean velocity
e mixturedcan e written:

(dealdt) + divJa= 0

Where a = %)a{ OPatst ec ncentra ofc onent a.

Fr mthe init ft efuxJatt} t |t|san oﬂ ?ttve uanti
WhIC IS Invariant W|t respect £0 changes of the frame o ren? or ob-
server. The regwr?ments of mvarla c? Wit T 8ect {0.the frame oI
re erence \]A_/fas formu atedasaprlnupeo material Objectivity or materia
frame Indifference

Let us assume that the flux J,, in a very g O(1eral th%p% of dlﬁu%Jon 15
function 0 concegtratton concentration gradient, and of the gradient
concentration gradient;

Ja = Ja(ea, grad ca, grad grad ca) (].)
The principle of material frame indifference requires that the equation

QJa = Ja(ca, Qqrad e, Qgrad grad caQT)

e valid for a tho onal tensor Q and its transpose QT.  Vector-valued
Puncttons avux 8 P/arec J éj 1S0tr0 |C%%Q
Any Isotropic unctton t e type (1) canbe epresented in the form@)

Ja= )+ $grad gradua+ a-[gadgrad @y grad @ (9

V\{}tate/ IS the unit tensor a the functio s f concentration
1 Ethree mvartants oft e tenso ra rad (aan mvartanés (grad

clgr ad caigr 8 ﬂa% ra cal(grad grad ca)2«gra
e usa{re eo vy)l 0 conclusio
qA objective Tunction Jagiven yequattonﬁ 1) can be represented by
Discussion
Let us consider a special case
J=J(corad0 )

Fromeg,. (2) it follows:
= fa (C, grad cegrad c) +grad ¢
If fa can be developed in power series in grade-grad cwe obtain:

j = [A(0) + fa(c) grade-grade
+ fa(c)(grad c-grad c)2+ .. .Jgrad ¢ (4)
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If cais a function of only one coordinate X, sy,
Jx = io(c)(ac/ax) + ii(c)(0c/o.n3+ "»(Maclo.N5+ ... (4a)

Q Rrst term obwou?% corresponds to Fickean diffusion; on the other
hand, the assumptions of the type

Jx = i/(c)(ac/ax)n n=23. (4
can also ge found in the literature, and the corresponding process was
namefis P | ¥5|on
It lows from eg. (4a) that only odd n are compatible with material

?hﬁ%lélta/erahfatmns ?f FAC se% ;uo Oas(fcgon equations of the type (3)

nomjal «-QITfLsIo
Ont eotﬁeryhan a(%luxJ of the type
J" = Me) grad ¢ + Me)

ﬁannot be obtame? from a and hence it should be incompatible with
the re wremerH matena 0 ectlv caz
L t 5 consider the more general case including the dependence on grad

B develo ing the functions vo, <4, \ein eg. (2) in power series in the
above mention mvanantsvve V%téﬁn 1 @np

= W(c) grad ¢ + wc) grad grad c-grad ¢
+ 1130) tr (grad grad ¢)egrad ¢+ ... (more complicated terms) ()

wherer the tr () term denotes the trace (Sum of diagonal components) of a
Tﬁlé becomes in the one dimensional case

= 1i(Q gy + [K40) + mid] G Iy *
(more complicated terms)  (5a)
WhICh |s a dlgerent t enerallzat
ion ogse

e ead on n|| ear era|| tions of
Fick® sdﬁ‘?ﬁs Uatl vr?i’El BDI |(¥ % o% cﬁ (ﬁ)
V&nntranon We re t0 conclude that t jectlve X

{”aad to mear ITfusion equations 1S the * c ﬁ —D
Rra cand t e5| p eneralizat ons ase 0 e at ons of t Ezlcpeé
ence not ve eous.  On the other hand. there are ex ﬂ era
|ons of t Wa F|c se uation gerived gyu n the laws :% rational me-
anlcs and thermodynamics to be foundin theliterature.
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NOTES

Calculation of Long-Chain Branching Distribution
rom Combined CPC, Sedimentation, and
Intrinsic Viscosity Experiments

We have presented a methodl1for the determination of long-chain branching distribu-
tion from concurrent gel-permeation chromatography (GPC) and sedimentation velocity
experiments. In the method, a two-dimensional distribution function is used; the
calculation is therefore cumbersome and tedious. For a special class of branched samples
this long method can be avoided. We describe in the following a simplified calculation
scheme.

In sedimentation velocity experiments the relation among sedimentation constant
S, hydrodynamic radius at theta temperature R, and molecular weight M , is given by

S =KMIR @

where K , isa constant. For linear molecules at the theta temperature, M is proportional

tobr- .

m=Kr- 1]
and hence

= ALAV'AIT 5 (3)

Equation (3) is the relation used for correlating molecular weight and sedimentation
constant of linear molecules. If the polymer contains branches we may only obtain an
apparent molecular weight M S from this relation, thus:

Ms = svavAa'r (4)

In GPC experiments the retention volume is a measure of the hydrodynamic volume2of
the chains in solution. We shall assume as we did beforelthat there is a one-to-one
correspondence between the hydrodynamic volume in a good solvent and that in a theta
solvent regardless of the degree of branching. Using the calibration curve for linear
molecules, if the chains are branched, we may obtain from GPC another apparent
molecular weight M ,:

Mr = KrR- (5)

The hydrodynamic radius in eq. (5) now is the hydrodynamic radius for the branched
chain in a theta solvent. If the sample is monodisperse, we may thus obtain from sedi-
mentation velocity and GPC experiments two distinct apparent molecular weights.
Substituting egs. (4) and (5) in eg. (1) we obtain the true molecular weight M, for the
sample

M=MMfs (6)
For linear samples we have the identities
Mr=M =M,
and for branched samples
Mr<M < Ms
759
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A parameter n used by Stockmayer and Fixman3 to relate experimental results to
bran&e(mam s'fatlstms ?gt%e ratio Y P

h = R/Ri, (7)

where RI1 is the hydrodynamic radius of a linear chain having the same molecular
weight as the branched chain. From egs. (2) and (6) we find that

Ri* = (M,M,Y*/K, (8)

By combining egs. (5), (7), and (8) we obtain
IF = (VIM3S 9

For a polydisperse sample we obtain from GPC a distribution of apparent molecular
weight Mt. Let F(Mr) denote such a distribution function. Similarly from sedimenta-
tion velocity measurement we obtain a distribution G(Ms) of the apparent molecular
weight Afs. For linear polydisperse samples these two distribution functions are the
same and identical with the true molecular weight distribution W(M). For branched
samples these three distribution functions are different.

We may construct two integral distributions, Fi(M,) and Gi(Ms), for the apparent
molecular weigh!sMrand M s

FI(MT) J.[ F(Mr)cIMp (10)

Gi(M?)) = J.E G(MS)dMS cD

As the distribution functions F(M,) and G(M g are normalized, F\(Mr) and G'i(Ms) both
vary from Oto 1 Let subscript 1 and 2 represent two incremental amounts of material
in the sample. If we have for any two incremental amounts when

(V) > (M),

the relation
(Ms), > (M~

then each and every point on Fi(Mr) will represent the same increment of material as that
represented by the corresponding point on Gi(M 3. This condition is likely to be satisfied
for samples in which the degree of branching increases monotonically with molecular
weight. If branching does not increase monotonically with molecular weight then we
will definitely find in the sample incremental amounts of material for which the order of
the apparent molecular weights is reversed.

If the above condition is satisfied then we may compute, using egs. (6) and (9), the
corresponding true molecular weight M and the parameter h2 for every point on the
integral distribution curves. The relation between h2and M is thus obtained. From
the chain statistics provided by Stockmayer and Fixman we may obtain the distribution
of branching as a function of M. an integral distribution of true molecular weight can
also be easily constructed as illustrated in Figure 1 The distribution of true molecular
weight W(M) can be obtained by differentiation.

Recently, GPC units equipped with automatic viscometers have been reported by
Meyerhoff4and by Goedhard and Opschoor.5 The formulation given above can be used
to calculate branching distribution from concurrent intrinsic viscosity and GPC experi-
ments. For linear chains the relationship between molecular weight and intrinsic viscos-
ity is given by the Mark-Houwink relation

hi = KM' (12)
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Fig. 1 Method of constructing the integral molecular weight distribution
function Wi{M).

An apparent molecular weight il/0 can be computed from eq. (12) for monodisperse
branched samples,

M* = (MIA) (13)

In GPC experiments Grubisic, llempp, and Benoit2have shown that the product d/[rj] is
a function of the retention volume. " For linear chains this product can be expressed as
KMa+1. For branched samples the relation between the apparent GPC molecular
weight M, and the true molecular weight is thus

M = KMra+l/M (14)
From egs. (13) and (14) we obtain
M = Mr(Mr/M e)a (15)
For linear chains we have now the identities
M = Mr =Me
and for branched chains
M > Mr> Me

For the present data system it is more convenient to use the parameter g to relate
experimental data with branched chain statistics. Theé)arameter g is defined as the
ratio of the unperturbed mean square radii of the branched and linear chains of identical
molecutlar weight.  Zimm and Kilb6have derived the relation between g and intrinsic
VISCosity as

gh = MIM I (16)

where g1, is the intrinsic viscosity of a linear chain having the same molecular weight as
the branched chain.  Combining egs. (12), (13), and (15), we obtain

g1 = (ilie/Mr) 4" (1)

For the polydisperse samples we may construct the integral distributions of the GPC
apparent molecular weight Mrand the viscosity apparent molecular weight Me it the
degree of branching in the sample increases monotonically with molecular weight wre may
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again have the one-to-one correspondence between the two integral distributions.
Equations ﬁlS) and (17% can now be used to construct the distribution of branching and
the true molecular weight distribution function. o

_ The condition required for a branched sample to be treated by this simplified method
i not a very restrictive one. Many chain-branching mechanisms do promote more
branches for chains of higher molecular weight in the sample.  Low-density polyethylene
is an excellent example.
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Ultrasonic Propagation in the Vicinity of the Class
Transition of a Poly(Carborane Siloxane)

Measurements were made of ultrasonic propagation in a poly(metacarborane silox-
ane) as a function of temperature and frequency. The polymer used in these measure-

ments had the structure:
reH 3 h3 gh3i
- -it?BCB,OH’OC_E]_EO_EiT\_O- -
aJ

The polymer was crosslinked but had no fillers.

Two sPemmenswere used, one 5 X 5 X 1.34 cm in size and the other 5 X 5 X 2.67
cm.  Ultrasonic measurements were made by usm? the liquid-immersion technique.1
The specimen was held between two transducers, all immersed in an eth%Iene glycol-
water mixture. Pulses of ultrasound were sent from one transducer to the other and
measurements were made of the time of flight and amEInude of the Pulses with and with-
out the specimen in the Fath of the sound beam. From a knowledge of the speed of
sound in the immersion liquid, the longitudinal speed of sound and absorption in the
specimen were calculated. _ .

_Results of these measurements as a function of temperature at 650 kHz are shown in
Figure L. Two changes in slope of the speed of sound curve are observed. The lower
temperature change 15 observed at —38°C, close to the reported2 dilatometric glass
transition temﬂ_erature. The position of this chan%e in slope did not vary with fre-
quency. The |(t;hertemperature change in Figure I occurs at 2°C and shifts to —1°C
at 240 kHz and to —9°C at 92 kHz. U5|.n? these values on an Arrhenius Elot of logr
frequency versus reciprocal temperature yields an activation energy of 25 kcal/mole.
While the result is not as accurate, a similar plot using the absorption peak yields an
activation energy of 20 kcal/mole. _ _ _

The lower temperature change in slope is related to the change in thermal expansion
coefficient at the glass transition temﬁerature, as pointed out b?/ Work.3 It has been
shown34that the temperature at which the slope changes is the glass transition tempera-
ture and is independent of frequency. _ .

As clearly pointed out for liquids,6the bulk modulus is made uF of two parts: alattice
spacing part and a structural rearrangement part.  Structural rearrangements take a
finite amount of time (the relaxation time) to occur, and therefore this Fart of the mod-
ulus is frequency deﬂendent._ Furthermore, the structural relaxation time _dePends on
the temperature of the material. The higher temperature change in slope is the point
at which the structural relaxation time becomes small compared to the period of the
sound wave. Thus, the frequency de/gender]ce of this point is related to the temperature
dependence of the relaxation time.  Assuming the relationship is of the Arrhenius type,
our measurements above yield the activation energy for structural rearrangements. ~

Although the data below the glass transition is scarce (because the immersion Ilgmd
solidified In this region), we can estimate the slope of the sound speed below —38°C.
Below the ggass transition, the slope of the sound speed is apPrommately —4.3 m/sec
°C, while above 2°C the slope is —6.95 m/sec °C. We define p, thé temperature
coefficient of the sound speed u, as

= (WX duldT?, 1)

We recall that. Raobfound a simple relation between p and the thermal expansion coeffi-
cient, a.  Rao found empirically that for many liquids

n= pla =3 (2)
In applying Rao’s rule to polymers, Wada4found that while n might, be greater than 10,
© 1971 by John Wiley & Sons, Inc.
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Fig. 1. Ultrasonic properties of a poly(carborane siloxane) at 650 kHz: (0) 1.34 era
thick specimen; () 2.67 cm thick specimen.

it had the same value just above the glass transition, n+ and just below, n~. Wada’s
rule is therefore

N~ =n+ (3)

Table I illustrates Wada’s rule. Data for the first four polymers were taken from Wada’s
paper. The n values are apprommatelg the same above and below the glass transition
even thouqh they vary by a factor of three from ﬁolfmer. to polymer. FSehuyer_?has
suggested that high values of n result from using the on]gltudmal speed of sound in e?.
§1 rather than the bulk speed of sound, as Kao used. These considerations do not af-
ect the results here, as we are not interested in the magnitude of n, onlg in the compari-
son of n above and below the glass transition.]  Also in'Table I are our 0 values obtained
from measurements on isotactic polypropylene, which measurements were made to check

TABLE |
Values of n for Various Polymers*

Polymer R X104deg da X 104deg 1 n = R/a
Polystyrene 9.4 2.2 4.3
Poly (methyl methacrylate) ﬁg SZ’ Zlg
oly (methyl methacrylate : . :

ymety y 24.2 5.1 4.7
Nylon 6 32 2.6 125
. . 49 3.9 12.5
Poly(vinyl chloride) 28 34 8.3
Polypropy! % 92 %83
olypropylene : :
oy 58 6.8 8.5
Carborane 18 4.3 4.2
30 8.3 3.6

“For each pol¥mer, the ut)per row gives the values below the glass transition and the

lower row the values above the glass fransition.
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oar experimental technique. The glass transition temperature we determined for poly-
propylene was 15°C, in ?qod agreement with the value of approximately 20°C deter-
mined8 for the noncrystallized isotactic chains in polyf)ropy ene. Also, the measured
sound speed as a function of temperature for Eolyprop{y ene 1s in satisfactory agreement
with measurements made by Wada8and by Eby.9 The a values for pol}/propylene in
Table | are literatureX values for atactic ‘polypropylene. The values of n are fairly
close, showing that Polypro ¥Iene is another polymer which obeYs Wada’s rule.

Qur measured values of 0 for the Carborane are given in the fast line of Table I, ann?
with literature values2for a.  The 0 values were calculated by using the sound speed a
the glass transition temperature, 2350 m/sec, and the slopes below —38°C and above
2°C." As can be seen, the carborane polymer also obeys Wada’s rule.

The specimens used were supplied by the Olin Mathieson Chemical Corporation, New
Haven, Connecticut.  This work was sponsored by the Office of Naval Research.
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TEXTBOOK OF POLYMER SCIENCE
Second Edition

By FRED W. BILLMEYER, JR., Rensselaer Polytechnic Institute
In the last 50 years, the field of polymer science has developed into
a discipline essential to most aspects of our modern technology. Be-
cause this development has been so rapid, it has been difficult for edu-
cational systems and texts to keep pace. Textbook of Polymer Science
was originally published in 1962 to help fill this gap, and this new
Second Edition continues to supply up-to-date information on the field.
To up-date the original treatment of the theory and practice of all
major phases of polymer science, engineering, and technology, the
author has made extensive revisions and additions throughout the
entire work.
Part I:
An introduction to concepts and characteristics of macromolecules, Part
I now includes material on solubility parameters, free-volume theories
of polymer solution thermodynamics, gel-permeation chromatography,
vapor-phase osometry, and scanning electron microscopy.
Part Il:
The advances gained from new data on the crystalline nature of poly-
mers are now treated in a thorough discussion of the structure and
properties of bulk polymers.
Part Ill:
The format and content of Part Ill, concerned with polymerization
kinetics, have been revised to include recent advances and new refer-
ences, as well as further data and explanations of recently discovered
processes.
Part IV:
The material on commercially important polymers has been rearranged,
and now includes information on aromatic heterochain, heterocyclic,
ladder, and inorganic polymers.
Part V:
The comprehensive discussion of polymer processing in Part V now
includes many new references for plastics, fiber, and elastomer tech-
nology. 1971 In Press
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