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ån Investlgatlon of the Dllute Solution Propertles of the

Bloek copolyroers of styrene and Methyl Methaerylate.

The dlLute solutlon propertles of four welL charaeter-

Lzeö", honogeneous bloek eopol¡ro.er sanples of styrene and

methyl methaerylate were examLned using the teehnlques of

turbldlmetrie tltratLon, vlseoslty, osmornetry and llght-

seetterf.ng, TLre bloek eopol¡m.er samples had an lnereaslng

moleeuLar welght eorresponrllng to an lncrease ln polystyrene

content fron 48 to 85ß styrene by welght. The turbldi¡retrlc

tltratlon studles showed eaeh sanpì.e to be uncontemlnated by

homopolymer and to possess a preelpltation polnt souewhere

between eaeh homopol¡mer. In methyl ethyl ketone the four

bl.ock eopoSyner samples l!-ere found to fraetionate aS some

fi¡nctlon of thelr overall moleeular welght.

VlscosÍty measurements on eaeh sample were earrled out

ln toluene, methyl ethyL ketone, earbon tetrachlorLde and

nltroethane. Ihe measurenents ln toluene anð methyl ethyl

lretone showed a more expanded. conflgìrratlon for the bloek

eopollnners than would, be expected, from the averaged behavlour

of the pure houopoLlmers. The detennl'natlon of the Huggins

vlseoslty slope constant gave a qualitatlve measute of the

lntennoleeular lnteractions present 1n solutlon' The
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results lndleated a greater repulslon between the block

copol¡mer Bolecules than þetween polystyrene-pol.ystyrenet

polyroethyL methacrylate-poI¡methyl nethacrylate or

polystyrene-pol¡p,ethyl methacrylate molecules .

The osmotle pressure measurem.ents 1n toluene showed

a d,ecreage in the second vlrLal coefflclent Âpr wlth

increaslng molecular welght of the bloek copolyaer sanples.

The seeond vlrial coefflclent .il' was determÍned at sereral

temperatures for one block eopoÏ¡mer saraple and. the Flory

or g -temperature obtatned from the extrapolation of these

varies to Ag = 0. The entropy of dllutlon parametet^y'1

and. the heat of dllutlon parameter l{1 ruere aLso caLeuLated

and forrnd. to be numerleally greater than the correspondfng

hounopol¡aner paraneters. The I'lory-Hugglns 1nÈeraetlon

constant /,twas ealeulated and' folmd. to be 0"445.

the l1ght-scatterlng measurentents ïvere carrled out ln

toluene " The seeond vlrLal coefflelent Ag was for¡nd to be

sllghtly lower than the eorrespondlng values deternrlned from

osmometry. llowever, the trend of At wlth molecu]'ar weight

was ln the same dlrectlon. The Ag YaLues for the bl'ock

eopol¡¡mer sanples ïrere for¡nd to be sllghtly higher tha¡t

those of elther homopolymer of slmllar moleeular welght,

suggestlng a tore expand.ed, egnflguratlon for the bloek

eopofymers. The radlus of gyratton and the root Ûean

square end,-to-end dlstance were ealeulated for each block
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eopollm,er se.Bple and the values for:nd- to be larger thart

those eaLculated. for homopol¡rners of slmller moLeeular

wetght. The l'lory unlversal paraneter Õ *"u also ealeul-

ated. for the bloek copolymer samples and. found to be

P.o x LozL.

The €xtenslon ratLos ar¡d the conflguratlonal parameters

(o5 - ",õ)^{å an¿ qfoPÆ)à }rere also deter.nlned. the exten-

slon ratlo o( was for¡nd, to lncrease with Lnereaslng moleeular

welght of the block copolymer samples. The unperturbed

displacement length paraneter {totÆ)å *", larger for each

bloek eopolynrer sanple than the values for each homopol¡mer.

The values of {ro'Æ>* showed no marked variation wlth bloek

eopolymer eonposltton" The pararieter (o<ã - ø.1>fiþ was

almost constant and lndependent of block copol¡rmer eomposlt-

Íon ln toLuene and ln earbon tetrachlorld"e. In methyl ethyl-

ketone the values of (o5 - oU)¡¡¿* dld. ehenge grad'ualIy from

the value for pure pol¡ruethyl methacrylate to that for

polystyrene.

In nany respects the dllute solutlon propertLes of the

block copollmer samples weE¿slmllar to the known þehavlour

of random eoPolYmêrs.
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CHAPT!]R I.

-

In reeent years, mueh work has been devoted to the

synthesls of block eopolyaers. 'I'he varlous methods of

preparation and atternpts to exa¡nlne the properties of these

polymers have been revlewed several tlmes durlng this

perlo¿.1-5 The need for a conprehenslve eoverage of the

preparatlve work and technlques of characterlzatlon of

bloek ancl graft eopolymers has at l-ast been uet by Ceresar6

whose reeent book l¡rcl.udes the synthesls of some 1r4O0

block copol¡mers. However, even though tLtls is a maJor

contrlbutlon to the êver grow1ng fleld of bloek and graft

eopolyuer studles, there 1s st1ll a dearth of lnformatlon

on the solutlon propertles of copol-ymers with rtlong-ranged

perlodlcities n ,7 'g
llurnett and co-workerS9 h"rr" reeently investigated the

dilute solution propertles of the þlock copolyners of styrene

and methyl methaerylate. thls recent study ls the most

eomprehenslve since the prellmlnary work of lioodward and

Smets.lO Several theoretlca] treatments predictlng the

dllute solutlon behavior¡r of block eopolymers have appeared

reeently ln the llterature.l-1-15 Howeverr a more detalled

stud.y must be made on the dllute solution propertles of

block copolyaers ln order to test the theories ro¿hich have
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been put forward.

The bloek copolymers of styrene and nethyl. methaerylate

were ehosen for thls study because a) the solutfon behavlour

of the two homopol¡rmers has been well eharaeterlzed ln a

varlety of solvents, b) mlxtures of both bouopolymers have

been stud1ed14r15 sn¿ c) the method. of preperatlon governed

the cholce of the rnonomers used. '

For a preelse study of solutlon þehavlour of bloek

copol¡nners, well deflned sarnples of pol¡rner are requfred.

These saæp1es nust be eonpletely ehatracterlzed as regards

thelr coüposltlon and molecular welght, Solutlon behevlour

of a poLyner can be govertred to a large extent by the degree

of heterogenelty of the sanple ìxlder lnvestlgatlon. It ls

therefore essentlal that the method of preparatlon yteJ'ds

a) polymer of narrorr ¡noleeular welght dlstrlbutfon, or b)

sufflclent materiaL to enaþle fractlonatlon to be earrled out.

The early s¡mtheses of bloek eopotyrners did not prod.uee

hlgh ylelds and ln many ceses the materLal produeed was

extreuely heterogeneous, both 1n composltlon and moleeular

weight. Since the lntroduetlon of the synthesls of nLlvlng-

polystyrenetr by Szware and co-rvorkersrl6-P0 the posstblllty

of produelng block copol¡mers of predetermlned. moleeular

weight and composl-tlon has been greatly lncreased. Thls

method, of synthesls has been shownl6 to produce material

virtually uncontamlnated by houopolyner and. furthernnore under
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careful experln€ntal condltlons matertal of nanow molecular

welght dlstrlbutlon 1s forned.21-25 The preparatlon of the

block eopolymers lnvestlgated ln thls work was earrled out

using a mod,lfleatlon of one of the above teehnlqu"r.21

By deflnltlonrG a bLock eopol}rmer results, when two

homopo).¡mers are Llnked together sueh that a macrotoleeule

with two or more unLnterrupted sequenees of the honopolymeric

speeles Ís f,ormed. If A denotes the seguent of one sequenee

and, B d,enotes the seggent of the other, then a l1near block

eopolymer ean be r€presented, as ln (f-f).

A.Â"AA^â.å,AAAAA.ABBBB BBBB BBB (r-r)

Verlatlons on this sehæatlc strueture can lead, to a block

eopollmer of the rsandwlehf type as shown ln (e-f ¡.

- 
AAAAA.A.AABBBBB.. rr rþS,f,ts8.4-ê,4,AAAAA 

- 
(U-r)

It ls essentlal ln the study of the solutlon behavtour

of a partleular bl.oek eopol¡nner that the arrangement of

speelfÍc Sequenees wlthln the chaLn be conpletely lorown.

The llnea¡ bloek eopolymers employed 1n thls study were

of the t sandwlcht type as represented sehematleally 1n (Z-f).

The reason for the use of the I sandwLeht type strueture ls due

to the method of preparation, whieh w111 be dlscussed fully ln

Chapter III.
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It was mentloned ear]-ler that several authorslt-L6

have atte'nptecl to predlet some of the soLutlon and fraetlon-

etl,on behavtour of bloek copol¡nners. Lautout-UagatXõ has

applled the Gugg"nhef¡rÊ6-27 seml-chemleaL method to the stucly

of the thernod.ynamic pxopertles of bLoek copollmers. The

flndlngs of thts authorl5 suggest that the approxLuatlons

obtalned by the Guggenheln method are no better than the more

slnp1e caleulatlon based. on the mean vaLue of the solubllity

lnclexes of the eonstÍtuent homopol¡noers. Kllb and Bueett"1l

have used. the Ilory-Hugglns?,8'8t lattlee model end' flnd that

the so1ublllty of e bLock copolymer should. be crltleally

d.ependent on the heat of lnteraetlon of the varlous polymer

segments wlth the solvent and. be independent of the dtstrlb-

utlon of these segments along the poLymer ehaLn. TheEe

authorslX suggest that tlre fractionatton of block copol¡mers

ean not be a funetlon of the overalL moleeular welght of the

pol)rmer, EvLdence to support the theorles of Kl1b and

Buechell hurr" been report,ed by several authors .LQ '32

However, from an exam,lnatlon of the €vlflÊnee presented, eLl

that can be said 1s that the solublLlty of a block copol¡mer

lles somewhere between that of the correspondlng pareut homo-

pol1æers. 0n the other hand, the reeent work of Sehrllck and

tevygõ oq* the bloek copolymers of styrene and' lsoprene seemg

to contradlet the theoretleaL caleulatlons of Kllb and

Bueehe.11 Selrllek and Levyõõ prepared bl"ock copolymers of
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u.nlforn uoleeular welght wlth varlable dLstrlbutlon of

sequences al,ong the pol¡rnerlc ehaln. Turbldlnetrle

tltratlon studles try these authorsõ3 showed that &8 the size

of the bloeks d.ecreased, the solublllty lnereased, evsn

thouglr the overall noleeular welght of the bloek copoly:ner

remained constant, ln contrast to the behavlour predleted by

Kl1b and Buech".11

Qulte obvlously a morÊ detalled lnvestlgatlon ls

requlred before any deflnlte concluslons can b,e reaehed.

F\rthermore, the nature of the monomers employed 1n the

synthesis of bloek eopol¡mers and the type of soLvent employ-

ed, ln the study of their solut.lon propertles may affect the

results obtalned. A serLous crltlclsm of work 1n the fle1d

of bloek and graft eopolymers ls that very few workers eare-

fu1Iy examlne the nature of thetr lend-produetr. Ïf progrsss

1s to be mad.e ln this fleLd, then more emphasls should be plaeed

on. a study of solutlon behavlour, ustng well defined polyrnerst

rather than the nethods of synthesls.

If a detalled lnvestlgatlon of the thernod.ynanle behavLour

of a dllute pollmer solutlon is to be earried out then lt ls

essentlatB8 tttat three main factors be determlned! (1) the

molecular welght, (¿) Èhe thermodynamie lnteractlon parameters

^+1, and tf, , or '.¡/, and I , whlch eharactetLze the segment-sol"-

vent fnteraetlon, and (S) the configuratlon, or I slzer of, the
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uoleoules ln solutlon. The mol.eoular welght of a block co-

poLymer uay be determf"ned from either osmotle pressure or

llght-seattorfng studies. The entropy of dtlutlon J, , the

heet of dllutlon K' and the Flory temperature 0 , ean be det-

ermlned frçm detalled osmotle pressure studles over å range

of teurperatures. The eonflguratlon, or f sl.zef of the bloelc

copohmrer molecules in solutlon may be dete¡mined by sultable

measurements of the li¡nltlng vlseoslty nr:mber or tuore d.lreet-

ly from llght-seatterLng neasuremenÈs. Thus for a detafled

lnvestlgatlon on dÍlute solution behavlour lt 1s essentlal

that vlscoslty, osmometry and Ught-seatterlng studles be

earrled. out on the bloek copol¡m.er samples. In orde¡ to

earry out an efftclent and. rapld fraetlonatlon on the bloek

copoì.ymer sauples, the ¡netlrod. of turbldl¡uetrlc tltratlon 1s

by f ar the better teehnf.que.

The appllcatlon of all four methoüs, osmometr]¡r vlscos-

ltyr ltght-seetterfng and turbldlnetrie tltratlon, to the

lnvestlgatlon of the dllute soLutlon behavÍour of bloek eo-

pol¡rmers ls d.iscussed 1n the next chapter. It ghould be

euphaslzed, however, that care should be taken 'nvhern attenpt-

1ng to Interpret the data obtafui.ed for block copolymers

using the above techniques. Although eertaln thennodynanle

parameters, which characterLze lnter:noleeular and. lntra nole-

cular lnteraetlon, may be valid for homopol¡nmers, the speelflc

applieatlon of these quantltles to bloek eopol¡nners ls at
present doubtful.9
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1. Aporoaeh to the Probleu.

Untll reeently6S lttt""est ln bloek eopolyuers has

eentred. around the problem of synthesis. Most of the

early syntheses of bfock eopolytners gave poor ylelds and

produeed rnaterl-al, polydtsperse ln moleeular uuelght and,

eomposltlon. For thls reason very lLttle work has been

done wlth the obJeet of obtalnlng exaet solutlon data.

The lSoLatlon of the bl.oek from homopol¡nner reo^uf.res a

rapld. method for analytlcal examlnatJ.on of the polymer.

I[fth this 1n mlnd., and wlth the 1d.ea of testlng reeent

theorlesõ1 o.r block eopol¡rmer fractlonatlon, the turbidl-
meürle tltratlon technfque was d,eveloped.

One of the obJeetlves of a study of d11ute solutlon

propertfes must be to dlseover whether the experlmental

d.ata ean be fltted lnto the exlsting theorles. All that

can be d.one 1s to flnd sultable approxlmatlons to flt the

data wlth a reasonabl.e degree of aeeuracy, and where a

partleular model ls used., to show that the behaviour is

sÍnitar to that found erperlmentally.

In a study of thls k1n.d one must recognize lntultlveLy

that tn a block copolymer, ln whlch long sequenees of two

dlstlnct homopolymers are ]lnked together, the soLutlon

behavlour wlLl be different fröu el,ther a mechanLeal

mlxture or a rand.om copoì-yrrer. In a mechanleaf mÍxture

of homopol)eers, lntermolecular lnteraetion between unlfke
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tr¡trc¡rtt rl.1ì þe rrdus¡ê soarLðcrably en dllutlo¡¡. Eomvor,

for ¡ ranéæ srpolyæcr the aunþo¡ of mltkr Polya¡¡r-polyæor

cEnÊrat¡ rl1l br þ¡tc. It rsct Èhor¡ferc be lrpcetcd

thtt tho¡r dtffrrta€aú ttll ræ¡þIo I ¡olt¡ttoa of, r blesk

eopoly¡rer to bc di¡Èt¡lgulthrð fron a raadæ eoPolyanr or I
tlnplo ul,xturc of rqr,ul ooæporftim.
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2. Turbldlmetrie lLtratlons.

a) Introductlon.

slnee the lntroduction of the technlquE of turbldl-

metrlc titratlon by Morey and Ta¡nblynrl thls method of

analysls of polymer solutlons has been wldeLy used .2 -L4

As a means of flndlng moleeular welght dlstrfbutton lt

has advantages oyer fractlon technlques. The quantlty

of materlaL necessary to carry out an analysÍs ls smell'

and wlth earefu.l. standardlaatlon of the experimental-

eondltlons, reproduclble results can be obtalned easlly

and quLckly.

The teehnlque of turbtdlnetrlc tltratlon has proved

useful ln the analysls of block and graft eopolynerE.2'44

It |s posslble to d.eteet smaLl traees of homopolymer pr€s'-

ent as lnpurlty wlth the block copolyner. the nethod ls

therefore valuable as a erltlcal anaÏytical cheek for the

synthesls of block eopol¡mers and ean also provld'e useful

lnformatLon on the solutlon behavlour of sueh block eo-

pol¡m,ers.

b) Some theoretleal aspeets of turbldlnetrlc tltratLons.

The d,evetopment sf the theory of turbldlnetrle

tltratlon was lnltlated by Oth and eo-workers, who have

applled the nethod wlth partlal suecess to the analysls

of potyvlnyl ehlorlderlõ ceÌlulose aeetatelz and nltro-

cellulos".11 The method ls ln prLnelpLe verï slmple;
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however, ln practlce !t ls only wlth dlfflculty that ühe

method. ean be applled quantitlvely.

The method Lnvolves the slow and contlnuous addltlon

of a preclpltant (non-solvent) to a dllute (ca.IO me/l.Ltre)

wel-I-stlrred solutlon of the polyuer. The pol¡m.er I's

dlssolved ln a sultable solvent that |s cogpletely

nlsclble wL'vh the preclpltant and should hat¡e approxlmately

the sane refraetlve index. As the volune of, preclpltant

is Lnereased,, polymer is preclpitated from solutlon ln the

foru of a gel strongly swollen by solvent, and remalns 1n

suspenslon. the turbldfty at any stage d,urlng the

titratlon 1s readlly measured photometrleally. Thls can

be done by an exanlnatlon of the loSs 1n transmisslon¡ or

an lncrease 1n scetterlng of llght at some flxed ang]e.

A eonbLnatlon of the neasured scattered llght and trans-

mLsslon Ís sometlmes used.lã It ls usual to relate the

meesured turbldlty to the auor¡nt of preelpltant ad'ðed à',

where

v= volume f nrecl-ol- ant
vol.r¡ne of solventfv olume of pree lpltant (t-u¡

the turbldlty, after correctlon for dllutlon of the

pol¡ro.er preclpltate, Ls taken as a dlrect measure of the

amoi.¡nt of polyner ln suspenslon at Any lnStant. It 1s

therefore necessary to flnd a relatlonshLp bet'seen t and

the measured. turbldlty for a glven polymerlc speeles '
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As mentioned, above, the experlmentaL applleetlon

of turbLdlnetrlc tÍtratl-ons often proves to be df-ffl-eult,

and beeausa of thts, quantltatlve lnterpretatlon of the

results 1s often of doubtful va1ue. There are several

faetors whlch llmJt the general' appllcatlon of the

turbldLnetrlc tltratlon technlque, and attention has becn

drawn to the followlng polnts by Morey and lau'b1yr,.1

1) There w111 be a refraetLve lnd-ex change for the

solvent/preelpltant medlr¡¡n rrnless both eomponents have

the samer or very nearly Èhe saner refraetlve lndex'

If there Ls a large ctrange ln refraetlve lndex, then a

Bayletgh refractlve lndex correetlon eust be applled to

the measured turbtdltles.
f|) The pol¡rmer Eust have a dlfferent refractive Lndex

from that of the solvent-preclpltant med'fu¡a.

11l) The scattering power of the polymer suspenslon

could be some fr¡nctl-on of mol.ecular weight due to a

depend,enee of partlcle swelllng on moleeular welght.

fv) The effect of coagulatlon, aglng or agglomeratÍon

of the precipltate ¡vlII cause varlatlons ln the turbidlty

r¡nrelated to the quanttty of preclpltate.

It ls posslble to control polnts f) and 11) by a

careful cholee of polyner and. sofvent-preelpÍtant system"

The degree of swalllng of a polyner ln a glven soLvent-
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preclpltant uixture appears to be lndependent of lts
moleeular welght, aecord.lng to the work of Boyer.22

the work of SchulzPõ and also Breltenbach and FrankP4

gives support to thls eÌalm. HoweYer, swelllng uay be

lnfLuenced, to a eertaln d.egree by varlatlons ln the

sol.vent-preeipltant eomposltlon. ff thls effect was

prominent then the relatlonship between ueasured turbldlty
and the mass of the polyuer suspenslon wouJd. be 1n error.

Perhaps the most serlous defect ln the teehnlque of

turbidlmetrle tltratlon ls the fact that ln many systems

the suspended polyuer Ls not stable, and aggregatlon takes

plaee. This Ls a serious defeet 1n the system polysty-

rene-benzene-methanol", &s has been shown reeently by

Hastlngs, ovenalL and Peaker,?,5'86 Erperlmentaf resuJts

reported ln Chapter V for polystyrene preelpLtated from

butanone by the careful. addLtlon of lsopropanol show that

aggregatlon ls not a problem tn thfs systen. However, a

ehange 1n partlele glze was observed, durfng the tltratlon.

Correctlon to the measured turbldlty must be made ln order

that the data may recelve quentltatlve lnterpretatlon.

It lE only possible to use the Raylelgh-Gans-Debye theory

on turbfdity Deasureruents for d,ete¡t¡Ínlng the mass of the

preclpltated pol¡runer, when the partlcles remaln small.

In Chapter V ls has been shown that lt ls possible to

obtaln a quantltatlve relatlonshlp between the eorrected
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turbtdlty and mâss of suspended pol3nner.

e) The relatlonshlp between turbldlty and the concentratlon

of the pol¡nner suspenslon.

In the deterurlnatlon of the mass of uaaterial suspen-

ded 1t Ls necessary to meesure the lntenslty of both the

transultted llght and of the scattered llght at flxed

angIrs.lã the usual angles chosen are 45, 90 end 1550.

Ihe measurement of the lntenslty at 45 and 1õ5o'enaþIes

the dlssyrnmetry fi¡netlon Z to be calcul.ated. A hrowledge

of Z then a]lows correction for the change ln s|ze of the

suspended pol¡nner part1eles to be dete¡ulned'

The turbldlty f , of a suspenslon of particles ln a

dlsperslng nedium of refraetlve lndex ner uay be expressed

by the reLatlonrlõ
Í = p.E/L ros ( Iollt) (s-Ir)

where L ls the length of the absorblng medLr¡n and. Io and

I¡ are the Lntensltles of the lncldent and transmitted

llght respectlvely. [he intensity of the scattered llght

ls related, to the turbldlty' bY

f (¿-rr)

*
wnere lfo ls the lntensity of the seaùtered llght at 9Oo

at a dlstanee r from a voh¡me of llquld V, reeeivlng an
*

lntensity of noh-polarized light Io-
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However, 1n a tltratlon eel], tn whieh the seatterfng

volume |s situated et the centre of the ee1L, the lfght

lntensfty reeelved by thls elernent of volume |s Less

than the lneldent lntensltf lor 80 that'

I Io e- rL/z (s-rr)

Slnl]arly, the neasured lntensfty at goo fs less than

th, so that
(rgg) mees. s rgo "-'L/z (e-rr)

Thus, sinee ro e- 'rL

t
o

I¡

to¡t; =(rss/r¡) lreas. (z-rr)

The measured turbid'lty 7 ls releted to the lntensltles of

the scattered Llght at ggo and the transmlsslon, by

f =f (rgo/rt) neas. (B-rr)

where K |s a csnstant to be dete¡rnined, (s"" Clrapters IY

and EII).
It Ls essenttal to ensure that the solvent end the

preotpltant have the såBe or Yery nearly the sau'e refract-

lve tndex, In the past lt has been "r*,*"d9'1õ that t'he

polyner partleles renaÍn spherleal ln shape, end that

their dlnenslons are smaIl eompared to the wavelength of

the llght !n the absorblng med.lum. Recent obserYatÍons
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25'26 have shown thet thls sltuetlon does not always

exlst. The precl"pltatlon of polystyrene ln the butanone-

lsopropasol system ls aecompanied by an lncrease Ln

partiele slze as the tltratlon proceeds, nettertheless ft

has been shown (Cfrapter V) that the partleTes are essen-

tta}ly sphe3lcal ln shape. As e result of the slze of

the swollen pol¡rmer partLcles, the lntenslty of the

scattered 1lght |s not s¡rmmetrleal, but dfininlshes as a

fr¡nctlon òf tne angle of obsematlon I . To correct for

thls dissymmetry, Debyel5 has Íntroduced the eoneept of

a partlcle scatterlng factor P(9Ì, whf-ch can be used to

correct the measured lntenslty at 90o. For spheres up

to one wavelength ln dlameter and whose refraetXve lnder

ls equal to or very nearly equaL to that of the surrou¡rd-

lng nned,lum,

P(0) (g-rr)

where x = ¿ T (o/lr) srn eft (ro-rr)

and * fs the waveLength of 1lght Ln the medlum. D ls the

diameter of the partlele and 0 !s the angle between the

d.lrectton of the lncLdent beam and. the dlrectlon of obser-

vatlon. rhus, from the measured dlssyuruetty z, where

I = (tu'o/trõão), the sLze of the preclpitated' partleles

ean be obtalned, and hence the obsenred lntenslty of

seatter at EÐo eorreeted by nultlplying by the partlele

= 
[*(s'' 

x - x "o, *)] 
t
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eorreetlon faeto¡. Lß(gO). the eorreeted. lntensity 1s

the lntenslty whÍch would have been obsertred had lnternal

interferenee due to partlele slze not been present.

Tabtes of (Ol¡\ and, the eorresponding Z values and elso

va}ues tor 1¡e(0) have been published by Doty and

Stelnerl6 and. also by Stacey.l? It should be polnted

out, holvever, that the requlrement that the refraetlve

lndex of the preclpltatod partlcles ls very nearly equel

to that of the med.ir:m d,oes not apply, and correctlons

based on the Mle theoryl? should' be used'.

consequentlyr âs a resul.t of the above eorrectlons,

the quantltatlve appl.lcatlon of the turbldlmetric tltra-

tlon technique has been further sinplffled by estabflsh-

lng the relatlonship between the correeted turbldlty and'

the eoncentratl,on of the pol¡mer suspenslon-

d) The relatlonshlp between so1ub1L1ty, moLeeular welght

and eoncentratlon.

The very early theoretleal work on the fractlon

propertles of hlgh poly"øers was lnitlated by Schulzr18t25

rvhose treatment consldered the dlstrlbutLon of polymer

between solutLon and preelpltate to be governed by the

rel.atLve energles 1n the two phases and the Boltzlrann

probablllty for sueh energles. Schul.z, however, dld not

take lnto consld,eratlon the entropy of uixlng of polytner
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and solvent m.oleeules. A thermodynanlc approaeh to

fraetlonal preeLpltation was thus devel'oped by FloryrP?

G"u28 and tlugglrrsPB based on the entroples and' heats of

mlxlng for the solutlon and preclpltate phases. A

thlrd approaeh to thls probì.em of fraetlonal- preelpltat-

ion was lnftlated by Mor"yõo ar¡d. IaÈer d.eveloped by Morey

and Tamb1yr,.1g This approaeh was based on the klnetlcs

of precl"pltatlon, 1n whieh the start of the aggregatlon

of the pol¡mer partleles 1s consldered. as a revêrslble

equllfbrium reactlon" Although open to crltlelsm, the

Schulzl8 treat¡uent of fractlonal preclpltatlon ls extreme-

ly useful, particuLarly 1n turbl,dLmetric tltratlon studlest

where extremely dilute so1utlons are used. The assunpt-

lon by Schul.z that the aetivÍtles 1n the Bronsted-Boltz-

rnann expresslon for the dlstrlbutlon of a substance ln

two {mrntss!þle sol.vents ean be replaeed by actua} concen-

trations, ls thus not greatly 1n etrror.

Schulz has Shonn that the saturatlon coneentratlon

c, of a potymer speeles, could be related to the polnt of

preclpltatlon I , by an equatlon of the fomr

1og C a - bY (u-rr)

It was a]so shownlS that at a eonstant eoncenttatlon the

relatlonshlp between the moleeular welght M and the

preclpltatlon polat f,, ls an equatlon of the form
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{ x+.g_
MN

(re-u¡

where x, y and n are constants for a glven polyaer

solvent-preelpltant system. 0ther relatlonshlps between

/ and the mol.ecuJar welght l{ have been establlshed by

seseral authorslgtL6 for varlous pol¡mer solvent-preeiPlt-

ant systems. For a turbidlnetrlc tltratlon stuily to be

qua¡tltat1ve, lt 1s necessary for the relatlonshlBEbetween

the polnt of preclpltatlon /, and the concentratlon and the

molecular welght to be dete¡'¡nlned for the system r¡nd.er

lnvestlgatlon. For polystyrene preclpltated from butan-

one by the slow anð contÍnuous addltlon of tsopropanol,

it has been shown (Cfrapter V) that the so1ublllty

relatlonshlP has the fonot

t .å +(g-D1oec) (rr-rr)
1

¡4ã

where ú ts the polnt of preclpltatlon corresponding to

half the welght of materi'a} suspended ln solutlon, M ls

the mofecular welght and, C the concentratlon. The pera-

Beters B and D are constants characterlstlc of the poly-

mer and the solvent-preclpLtant Eystem. fn the solubll-

ltylawsforpol¡r'nersolutl.onstheparanetersusually
chosen are the saùuratlon state values of concentratlon

and point of preclpltatlon. These perpmeters are chosen
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for corwenlence and, because they are read,lly neasurable.

In equatlon (ff-ff) the concentratlon C ls not the satur-

atlon state yalue, but the orl.glnal coneentration of the

polSnoer solutlon before the addltion of precJ.pltant' In

the eonstant voh.m,e type cell the polyuer Eolutlon 1S being

eontl¡ually dlluteü a¡rd also removed from lt as the pro-

cess contlnues. Thls lnvolves eorreetlng at each stage

of the tLtratlon for d,llut1on and, JoSs of pol¡rmer solut-

lon ln ord.er to obtaln the eoncentratlon at any lnstant'

The lnltlaI concentratlon ls a readlly determlned quantlty

and thus eorreetÍon factors are el'l¡rlnated' from the eal-

eulatlons. Ihe solublllty law was stlll for:nd to hoLd

anô the results obtalned were slnllar to those uslng the

saturatlon eoncentratlon values'

e) Calcu1atlon of molecular welght dlstrlbutlon funetlons

from the turblôl-uetrlc tltratlon data'

Havlng establlshed the solublllty relationshlps ln

sectlon (A), preferably uslng sharp fractlons of the

polymer whose moleeular welghts have been well establlshed'

lt ls then posslþle to construct the moleeular welght

dlstrlbutloncun'eforanypolynerofthesameserl.es.
Two ualn methods for establlshlng moleeular welght dlst-

ributloncul,Ireshavebeenoevelopedlndependentlyby

Morey and' TaJnbtyrrl and by Claesson'Po The nethod shown

ln Chapter Y ls perhaps st-mpler than both of these
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technlques. The soLubl1lty curye obtalned frou the

turbldluetry data ls a cì¡rre of I at the PolnÈ of preclp-

ltatlon plotted agalnst welght of materlal. The eurye

is corrected for loss of polymer preclpLtate (see Chapter

Y), and nolecular welghts at set lntervals of t are

deternlned, uslng an eguatlon establlshed by the technÍque

mentioned above (seetlon d). An lntegral cu¡1¡e of weight

versus mol"ecuLar welght ls then readlly eonstrueted' The

r¡nlts of weight are caleulated' assranlng that at conplete

preeLpltatlon unlt welght exlsts ln tire cell. the dlff-

erentlal moleeular welght dlstrlbutl'on curve ls then

obtalned by graphleal dlfferentlatlon. a curve flttlng

procedure uslng polynomlaLs was attempted, but the caleu-

Lation was for¡nd, to be too tedl0us and dld not warrant

the effort requlred.

f) AppLteatlon of turbldt¡letrlc tltratlon to the exantnatlon

of bloek eoPolYmer solutlons.

The applleatlon of the turbldlnetrle tltratlon to

the exanlnatlon of bloek eopolyrners has so far been of a

qualltatlve nature only. The naln purpose of the analy-

strs2t4-6 ls to d.eteet traces of homopolyner present' as

lmpurlty wtth the bloek copolymer. The basls of such

analysls ls the solubltlty rllffeFenee between the bloek

eopolymer and efther parent homopolyner' The fraetlon-

atlon behavlour of block copoJ.ymers h8s only reeently
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been exanl,ned on a small seale by Sehllek a¡rd t"vy81

wlth bLoek copolyrners of styrene and lsoprene. Fractlon-

atLon behavlour of bloek eopolyzners has, howeverr been

treated. theoretieally by Kl1b and, Bueche,õ1 These

authors examlned the solutlon and fraetlonatlon propertles

of bl.oek copol¡rners using the trlory-Hugginsãz-íÉ lattLce

nodel. KlIb and Bueeh"õl pred.leted that the so1ublllÙy

of a block eopolymer w&s malnly dependent on the heet of

lnteraction of the varlous polymer segments wl"th the

solvent. F\¡rthennore, they showed that bfoek eopolSaners

do not fraetlonate as a funetlon of overall moleeular

welght. By eontrast, Sehllek and Levyzf' for¡nd. that as

the sÍze of thelr bloek copol¡rmers decreased, the solubll-

lty lncreased, even though the overaLl moleeular weight

renalned constant. It ls evldent that more exporLmental

d.ata is requlred before the theoretfcal predletlons of

Kl]b and Bueeheõl can be substantlated.

It 1s otwlous that the type of polymers and the

solvents used 1n any lnvestlgatlon wll1 aff'eet markedly

the results obtalned. It seems dffflcult to predlet a

general type of behaviour for block eopol¡rmers wlthout a

more thorough lnvestlgatlon of both homopolymers used. to

synthesl ze f.l¡.ie block copol¡mers. Results of a qualf.tat-

lve natu"*õ6rõ? lndlcate solutlon propertfes for bl'ock

copolymers l"nteruedlate between eaeh homopoì.¡rner, ln
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agreenent wlth the theoretlcal predletloas of, Kll.b and

Bueche.õ1

The teehnlque of turbldlsetrlc tltratlon psovldEs

a fairly efflclent method for earrylng out a rapfd

fraetlonatlon of a pol¡rner speelEs. Itg appllcatlon to

the eramlnatlon of the block eopol¡mers of styrene and

nethyl. methacrylate was theref'ore irnresttgated. ft fs
essentlal, howerver, that the data obtalned be correlated

wlth that obtained from eaeh parent homopolytner, and that

the lnstrunent used 1s eapable of glvlng a quantttatlve

lnterpretatlon for a honologous polymer series.

the fraetlonatlon data for four,bloek copol¡nrers

of styrene and uethyl nethaerylate has been presented ln

Chapter V.
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5. Vfsoosltv.

a) Introd,uetlon.

the appllcatlon of vlscoslty measuremearts for the

determlnatlon of the po1eeuLar welght of bloelr copoly-

ners ls not an establlshed teehnlque. Howeverr for

random copolym.ers of styrene and methyl methaerylate

ln methyl ethyl ketone, Stoehrnayer and, eo-worke""41

have shourn that the log of the Lindttng vlseoslty

nr¡mber fs llnear wlth the log of moleeular weight.

The reeent work of Sehllck and LevyPl on the block

eopoì.1mers of styrene and lsoprene ln tol"uene and

toluene-methanol nlxtures, shows that as the slze of

the block eopolyrner decreases, the llnltlng vlscoslty

nu¡nber lncreases, although the overalÏ mol'ecuLar

welght renains constant. It ls evldent that the sol-

vent and the lncompatlþiflty of dlfferent pol¡r"nerle

speeles wlll affect the results obtalned from vlseoslty

measurements.

In order to explaln the vlscostrty þehavl"our of

polymer soLutlons lt ls neeessary to flnd sultable

approxlnatlons y'¡hiqh w111 represent the experlmental

deta wlth a reasonable degree of accurâc¡/r and, where

a theoretlcal model has been chosen, to show thet the

behavlour 1s slmllar to that forrnd experimentally.

In examlnlng the bLock copolymers used ln thls work,



õ0

the Fl.or¡¡-Foxõ9t4o dllute solutlon theory of vLseostty

was used as a means of expT.alnlng the behavlour of the

polymers.Howe\rerrthecaleul'ationsresultingfrom
thls lnvestlgatlon $rere carried. out wÍth some rese¡vat-

1on, because although applteable to homopol.yuer eofut-

ions, the Flory-Fox treatment has yet to be establlshed

for the examl-nation of tl-Loek copoÏytners '

The maln purpose of the vlscoslty study on the

block copol¡aner solutlons was to obtaln lnforrnatlon on

the lntra¡nolecular and lntermolecular forees goverrrlng

dllute solutlon behavlour, For thls purpose the llntt-

lng vlscoslty nr¡mber and the Hugglns constant were det-

erulned Ín a varlety of solvents. The vlseoslty meas-

urementswerealsocarrl'edoutgothatthedataeould
be comblned wlth that obtalned from llght-scatterlng

and os¡¡otic pressulle meâsurements, in order to enraLuate

thethermodyna¡nlcpararnetersgorrernlngpol.ymer*solvent

lnteraetlon.

b) The slgnlfieance of the llultlng vlscoslty nunber and"

the Hugglns eonstant.

The most general expresslon relatlng the vlssoslty

of a pol¡m.er so}utlon, /r| , the vlseoslty of the so}vent'

l¡o,andtbeeoncentratloncofthesolutlonlsglven
by the relation r42'46

"q sp/ e A + Bc + ccz+ Deõ + ... (t¿-n)
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where Isp/, ls the vlseosity number. Thls equatlon

has been for¡rrd. to fit the experi¡nental data remarlrabLy

weLl for a large nuBber polyner-solvent systems. I¡3

dllute solutlon the c6 term is negllglbtr-e, and, exeept

ln the cage of very hlgh moleeular welght pol¡rmers,

nreasurements ln dl]ute solutlon lndlcate a Jlnear

relatlsnship þetween1's'p/e and e, lnrilcating that the

"2 tenn Ls also negllgtble. Equatlon (f+-ff) now

becones,

nsp/e = n+tsc = Ln7 +Bc (rs-rr)

wrrere [a¡] =*l3o(q sp/e) - A- Equation (rs

famlllar Hugginsãg ecluatlon, where B = kH [d
Thus 

4l sp/c = tr¡l + rrs [1118 e

-II) 1s the
P

(re+r)

The fluggins viscoslty slope eonstant kg ls a dlmenslonless

parameter, vrhleh, aecorcllng to tluggins, should' be j-ndepen-

d.ent of the molecular weight of the polymer'

The d.etermlnatlon of the lf-nlting vlscosity nunber

and the e¿¡leulatlon of tl're t{ugg1-ns constant both serve as

a meåsure of the solvent power of a partlcular solvent

for a partleular polymerf-e specles. Iill-exlble polyner

mol.eeules are usually extended 1n good. solvents and w111

thus exrrlblt hlgh llnlttng vlscostty nr:mbers. The

Hugglns enplrieal constant kg Serl¡es as a Eieasure of

Eolvent po**"44-¿6 bï havlng hlgh values ln poor solvents

and low values ln good solvents'
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the Llmltlng viscoslty number, tql u has been the

subject of roalty lrrvestlgatlons 1n the last Ùwo or three

deead.es; its value aS a measUre of moLecular vrelght of

polymer speci-es, of solvent powerr and of shape and,

strueture of porymers 1s weLl establishecl-63^'44t4?'48

fn recent years. the Huggins slope constant, kH, has been

the subjeet of uany lnvestlgatlons .4'7r49-84 Essentlal1y,

the [luggins constant 1s dependent on polymer-polyner errd

polymer-solvent interactions; these 1n turn are affeeted

by the nature of the pol)ruerlc speciesr the solvent a¡1d

the temperature. The Huggins constant ha5 been shown

to be lnd.ependent of the moleeular weight |n a verlety

of good solvents6gt4gtï¿ and. thus has many advantages

over the li¡nltlng vlscosity number. As hi¿s Ì¡een polnted

out prevlously,4õ the Hugglns constant ls sensltive to

solvent power, whether the solvent be altered by changlng

from one solvent to another,44n6õ o" by altering the eom-

positlon of a rnlxed so1vent50t60'68 o" by alterlng the

teuperatrr"*.51 It is sensitlve to changes |n pol¡nner

structure, as ln the case of branehed polyners. I'or

brar¡ehed polyvlnyl ehl-orlde, kH has been founð54 to ln-

crease wlth lnereaslng complexlty of the polyuer structure.

llowever, kH has been for¡nd64 to be lnsensitlve to snall

degrees of branchlng, and varlatlons ln k¡1 are only

detected when the branchlng ls of the rbushyt typet
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partlcuLarly lf lt can lead, to gel fo¡rnatlorr.55t57'59t61

the lluggins constant has also been found to be

lnfluenced by the compositlon of eopoly*""rr5õ changlng

llnear]y from the kg value for one Pure homopolyrner to

the kg value for the seeond honopolymer-

the behavlour of kg ln eertaln systeus ean be pre-

dteted by theoreticaL reasonlng; however, there ere cases

where the behaviour of the Huggfns eonstant can only be

deternlned emplrlcally. The lnteraetLons responslble

for kg are not eonpletely ¿nderstood and very llttle

experlmental work has been done wlth thls 1n mfnd.

Perhaps the most useful data regarding the behavlour of

kg has co¡ne fron studles ln ternary systelns, where the

pol¡rmer solvent lnteraetLons have been varied' by ehanglng

the eomposltlon of a mLxed solventr5ot60t62 and' where

polymer-pol.ymer lnteractlonE have been varied by lntro-

duclng a second Polymer-4õ

") 
The behavlour of the Huggins eonstant ln mlxed pol¡nner

systems.

Inanattenpttopredletthebehavlourofkgln
ternary systergs composed, of two dlfferent poì.ymerlc

speci.es ln a eomnon solvent, Cragg a¡d Blgelow45 have

derlved an equatLon whLeh relates the k¡¡r the llnl.tlng

vlseosity number tll , and the welght fractlon, for eaeh
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polymerlc specles " rhls equatÍon has the forrut

(rr)n = (qrletql futu + (rslstr¡ì PuwpP + e(k¡¡)e(rcsþrnl ¡j"4¡lnw¡we

(tfl¿w¿ + Inlsws¡8
(rz-rr)

where (tglu fs the Flugglns constant for the ¡rlxture, and

the subserlpts A and B d.enote the dtfferent poL¡merlc

speeles.

Thts equatlon was derlved4õ for the ease where the

only lnteractlon between molecuLes ln solution 1S purely

hydrodynamle ln nature. lhe thernodynamlc lnteraetLons

between molecules Ln solutlon have been lgnored' ln the

derlvatlon of equatlon (fZ-ff¡, hence the ¿eternlnatlon

of (f¡¡)n could provLde lnformatlon on the nature of sueh

lnteractlonS" It ls aLso possLble to vary the nunþer

ofpol¡rrrer-poI.¡mercontaetsbyal.terlngthewelght
fractlon W, of one or both sPecles'

The flndings of Cragg and, Blgelo*4õ uslng a mlxture

ofpolysÙyreneand.pollæethylmethacrylatelnm.xylene,
lndleate negatlve der¡latlons of the (kfl) measured' value

of the mixture fron that ealeulated by equatlon (fZ-ff ) '

These negatlve devlatlons have been explaLned' as belng

d.ue ln part to repulslve forces exlsting between these

twopo}lmerslnn-xylelle.Thefactthatm-xylenelsa
bad. solvent for pol¡rmethyl methacrylate would cause

sei'ereaggregatÍonofthl.spolymer.lhetrueeffectof
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this, howø?er, on the calculeted value of (t<g)n wllt be

masked somewhat by the presenee of polystyrene. Although

lnformatlon ean be obtalned ln thls wey concernlng poly-

uer-pol.¡rmer lnteractlons, the data should be eorrelat"d4õ

with that obtalned f¡ou other thermodynamle data obtained

from osmotlc pressure and llght-seatterlng studles.

The applicatlon of equatlon (fZ-ff) to the ¿eteltln-

atlon of a cal.culated (tg)n for a bloek copolymer ls ln

ltself lnfor¡aatlve. Knowlng the mol.eeuLar welght and

welght fractlon of each specles present ln the bloek co-

po1¡m.er provldes a means of dete¡mlning (fn)m, Thls

value, howerer, agsumes a meehanleal mirture of both

homopolyrners and an absence of thermodyna¡nLc lnteraetLons.

It l-s posslble then to obtaln an arbltrary measure of the

thermodyna¡rlc lnteractlons resuÌtlng from the eomblnation

of two chemLcal distlnct polyaers. It must be reallzedt

however, that the Huggins constant glves a measure of

lntermolecular lnteractLonsr âs dlstlnct from the lnt¡a-

moleeular lnteraetlons, whlch affect tbe llnlttng vlscoslty

nr&ber.

It !s evldent that 1t becomes lncreaslngly dtfflcult

to apply the data from a uixed polymer system to the ease

of bloek eopol¡rmers where there 1s a permanent polyter-

polymer contact. tr'or a mlxture of two homopolyroers, a and

B, dlssolVed ln a conmon solvent, lt ls posslbLe to predlet



õ6

the resuÌtlng 11-ts1tlng vlscostty number by the equatlon4õ

lr¡lrnrx. = [tl]o*o + r'ùfs (ra-u)

Howeyer, thls equation asgurnes that combLnatlonr eggreg-

atlon or assoclatton of the polyuer moleeuLes 1S broken

ilown on dllutlon. the faet that ln a b]'ock eopolyner

both ckraLns cannot act lnd,ependently of each other ell-n-

lnates equatlon (rg-II) a3 a means of predletlng the

llnltlng vl-scoslty nunber. It ls thus enrldent that the

exanination of a block eopolJmer usr-ng the teehnique of

vlscometry has certaln restrlctlons. Tbe svaluatlon of

the llnLtlng vlseoslty number and the ltugglns constant

can both serve as a measure of solubillty ln a partlcrrlar

so].vent'lheHugginsconstanteanglveameasureofthe
lntermol.ecular lnteractlonS present ln solutlon ar¡d' ¿]So

actsasaguJ.delndlstlngulshlngthebloekcopol'ytner
frombothhomopol-¡rmers.TheHwglnseonstantforboth
random and block eopol¡¡ners appeArs to be 1ower65 than

that for elther houoPol¡rmer'

d) Souae espeets of the Flory-Fox treat"ment of vlscosity'

The Flory-porrõ9r40 treatment of the molecu1ar weight

d'ependenceonthevlseosltyofdl].utepolynersolutlons

lsperhapsthenostsuccessfultheoryputforwardtodate.
It is eertalnly a step forrn¡ard ln the establlshrnent of

the vlseoslty method as a üeans of determ'lnlng absoLute

molecularwelghts.Itlsbasedonanearllertheoretlcal

1l
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treatment put forward by Klrkwood and Blsenan.47

The po]¡mer molecu]es are represented as random col]

structures wlth a Gaussla¡¡ dlstrlbUtlon of chaln seg¡oents

abouù thelr mofecular centre of gravf.ty. The polyner

moleeules ere also eonsldered to be extended to dlfferent

degrees ln dlfferent solvents and, at dffferent temperatures'

due to thefr lnteractlon wlth the soLvent molecules. The

d.egree of extenslon ls deflned. by a f¡netlona(, where o<

ls reLated to the polyner d.lmensLons by the equatlon,

o( (Fì
(rg-rr)

2
2

(ro2)

É(; ) ls the uean square end-to-end dlstence for the poly-

ner ln a partleular solvent at a partleular temperature
.>

and (Fo") ls the unperturbed end-to-end dlstance measurod'

at the I or Flory temperature. The Flory tem¡rerature

represents the lowest temperature for complete nlsclblllty

ln a glven poor solvent at the llnit of lnflnfte molecular

welght. The extensLon fi¡netlon c( is erLtlea]ly dependent

on the entropy of dllutlon parameter v1 ana the heat of

dlLutLon parameter K1. The ertenslon factor o( ueasured

ås a fr¡nctlon of the above theru"odynas¡lc parameters ls

glven by the equatlont

* - o(õ = zcn^/r(1 - g¡:}vb (zo-n¡
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where Vr(f - g/t\ = {, - 111 and On ls a eonstant sueh

that,
CIn = 1.4 x to-24ë Nù { /T (Br-u}

Here I ts the partlaT, speclflc vo}¡me of the pol¡rmer, Y1

the molar voLr¡me of the solvent, { tfr" Flory-Fox eonstant

and K Ls a eonsta¡¡t such that

(% n{}
6/z (ee-rr)

The Flory-Fox reLatlo'nship between the llmltfng vlscoslty

nr¡mUer hl and the molecular welght M ls of the fonn,

Ed = r uå or5 (zs-rr)

Using equatlons (fg-ff) and (ee-ff¡ tt 1s possible to

write the F}ory-Fox equatlon 1n equlvalent foms such

that' hr = þ#h = q (#)t o(foI* (ee-n)

The Flory-tr'ox constant ü f" a unlversal- eonstant having

values from L,g5 x 1021 to p.G x Lozt wlth a welghted

mean of 2.1 x loPL.

From equation (Ze-ff) lt is possfble to determlne

values for the ltmltlng vlscoslty nr.¡nþer from lndependent

1lght-seatterlng neesurements, where the moleeular welght

and dimensions of the l.lnear rand.omty colled chaLn can be

d.etermlned. The nethod. also provld.es a means of eheeklng

2K =a
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the F}ory-Fox Q value for a partlcular polymer-solvent

systen; aÌthough evldenee suggestÍt that 1t ls lndependent

of pol¡nner, golvent or temperature.

Perhaps the most convlncLng teEt of tha Flory-Fox

treatnent has co6e frou measurements of the ll¡nltlng

viscoslty nrr4ber et the 0 or Flory temperaturer where o(

ls unlty, and bence from equatlon (rg-rr) tr2¡ = (Tot).

Thls means that the ll-nftlng vlseoslty n¡mber w1Ll be

proportlonaL to the square root of the moLecular welght

of the solute at the I -temperature. Thls fact has been

substantlated66-69 fo" a nusber of poÌ.¡mer-solvent systems

over ranges of noLecular wetght from several nllllon dorn

to 101000. Perhaps the erltleal facÈor 1n sueh measure-

ments 1s an aeeurate eval.uatfon of the I -temperature.

Aecurate osmotle pressure or llght-scatterlng stud'les ln

the particular solvent over e range of temperatures Ls a

method usually emPJ"oYed.

the applleatlon of the FloryJox theory to d.11ute

sotrutlons of bloek copol¡rmers mUst, however, be camled

out wlth some reser?atlon. A Gausslan dlstributlon of

chaln segurents about the molecular centre of gravlty may

not be strietly appllcable to block copoì.¡rua,ers. r|rese

flnltatlons must be consldered when lnterpreting the data

for block eopol¡nners uslng tbeory developed for homopoly-

mers.
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4. Osmotlg Pregsure.

a) Introduetlon.
The deterulnatlon of osmotlc pressure data for a

polynerlc specles Is essentlal, lf complete charaetetLz-

atlon of the material und"er lavestigatlon ls to be earrled

out. Thc measurement of the osmotlc Pressure provldes a

relatlveLy slnple teehnlque for moLeeular welght detern¡'1n-

atlon, provlded sultable seml-petmeable nemþranes ean be

obtalned, for the syste4 to be studled. The osmotle

pressure ls generally deternLned for two maln reasonst

a) to obtaln the numb€r average moleeular weight of a

pol¡noer, and b) to oþtaln lnforuation on the therzrodynamle

propertles of the pol¡nmer solutlon.

If Il ls the molecular welght of the soLute and c' the

coneentratlon of the solute 1n 8/ern5 of solutlon, then at

lnflnlte dil.ute the rel-atlonshlp between the number aver-

age molecular weight and. the osmotle pressure ls glven byt

(1i /.)e=o Rln{ (es-rr)

The redueed osmotlc pressure ln dllute Eolutlon Ís gener-

a1ly expanded Lnto a power serles ln eoneentratLont c -

Three equ.lvalent forms of thls expanslon are connonly

employed:

+,t /c RT/M+Be+Cc
clt

oaaa (eo-rr¡
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T/, = m(r^'r*a3e+Are2+'-...) (ffi-rll

rrd T/o = çÍrlclo (r + 12c + lgcz + o.. ) (?8-rI)

McMlu.an and Maye"?o h"t" gfven evldence to shov that

sueh a vlrtal expanslon 1s always posslble' the

coefflelents of the above expanslons B, Ag and T'2 are

all cornmonly referred to as second virlal coefflclents'

the theorles of polSrner solutlons are coneerned wlth

attempts to ðerlve values for these varl-ous eoeffÍelents

and to establlsh the lnterrelatlonshlps exlstlng between

them. The t,ro most promlslng theoretlcaL approaehes to

the treatnent of osmotlc pressure measure4ents are the

latt1ce theory of Hugglrrr?l and F1ory72 o'd the more

recent dllute solution theory of Flory and Krlgbr*.7õ

b) Some aspeets of the F1ory-Hugglns lattlee theory and' the

r,lory-Krlgbaum dl]ute so].utlon theory of osmotle pressure '

The Iattlce theory has been proposed' as a taeans of

calculating the conflguratlona] entropy' The theory

assuxEes that ln a polyner solutlon the chaln segments of

the poJ.ymer occupy the sa¡ne vo}:¡re as a solvent moleeule,

and. that solvent and polSmer chalns are arranged 1n sueh

a regular !Êanner as to be able to represent thelr spatlal

arrengeurents by a lattlee. The total conflguratlonal

entropy of the pol¡mer solutlon 1s ealeulated eonslderlng

the number of dlfferent ways of arranglng the solvent and
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polyEer moleeules. The heat of mlxlng Ls obtelned from

eonslderatl"on of the varl-ous types of interaetlon posslble

between a polyuer segment and lts solvent or segnent

nelghbours.Thefreeenergyofmf'xlngcanbeobtalned
onee the eonflguratlonal entropy and' heat of mlxing have

been estlmated..

From the Flory-HugglnS expresslon for the free energy

of mlxlng one ean obtaln an expresslon for the ehange of

ehemleal potentlal of the solvent on mlxlng as follows,

Rr = ,n ó" * (r - ål /, * n l"' (eg-rr)

where / a and /, are the voll.1¡ae fractlons of solvent and'

solutermlstheratloofthenol'arvolumesofpoÌ'¡¡ner
and solvent, and' )C ls a d'Lmenslonless parameter' the

Flory-Hugglns lnteractlon constant' By expand'lng the

l.ogarlthmle term ln powers of þ z (Øt = 1 ' Ør) and know-

lng that a'"tt'1 = -7iÍ1t where V1 ls the motr'ar volune of

the solsent, then

+þ =# +(å -:l.)/r'*t ø:..... (ao-rr)
RT I[

ï[rltlng equatlon (so-Ir) 1n terms of the concentratlon of

the solute c çg7enõ) r wê have

'-= If +RT = (å -*)o+-l!E..'-*8* 'or' (or-rr)
c M ur?r' wr?zo
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where fl, ls the d'enstty of the solute ' The equatlon was

orlglnally urrttten 1n thls foru by Hugglns '

Thelattlcetheoryassumesar¡ntform.coneentratlonof
poÌ¡mer se6ments throughout a dflute ¡:olylrer solutlon' In

very dl}ute solutlons, howe¡ver, lt seems reasonable to

expeet lndlvldual pollrmer molecules to become Separated

from each other by reg!-ons of pure solvent' If t'hls ls

the case, then the eoneentratlon of pol¡rmer segments must

then beeome non-unlforru ln the solutlon' tr'Jory and Krlg-

barrn?õ have treeted. sueh 011ute soLutlons as a dlsperslon

of approxlmately spherlcal elusters of polylaer segnentst

separated by regÍ-ons of pure soLvent ' Each spherleal

e]uster may be consld"ered to have an average densltyt

whlch has lts maxf¡.rrra at the eentre, but d'eereases as the

so].ventreglonlsapproaehed,.Thlseoneepthasbeenused
to derlve an elçpresslon for the eheml-eal potentlal of

mlxlngofthesofvent.Âthl-ghdllutlontheosmotle
pressìlreeanbeexpressedbyavlrlalexpanslonofthe

1form' T/" = RT/t-r [t * Tz" + gTr2"2 + . "' J (az-rr)

where 12 r, a paraneter, whleh depends on polpner-solvent

lnteractl0n a¡rd contains the r'l0ry-Hugglns constant ?ú -

TZ ls related ¡e lg of equatlon (eA-f f ) by the erpressi'on

l3 elzz (rs-n)



44

where g for non-lnterpenetratlng spheres Ls nu¡nerlcally

equa)- to l. However, Stoehayer and Casassa?4 huo"

shown that thls value of g !s too hlgh, and for polytners

ln a good soLvent g ls closer to å. If osmotle pressure

measurements are earrled out ln poor solvents, then the

second vlrlal eoefflelent wlt 1 d'eerease., &S the solvent

1s sade progressively poorer, Ihls means that the

eontrlbutl0n of the thlrd vlrlal eoeffLelent w111 d,eerease

as a consequence of equatlon (Ag-If) and the osnotl'e

pressure plots wl]t be charaeterlzed by a rapld deerease

ln eurvature. HOwever, f-n good sol.vents and 1n the

nomal eoncentratlon range usually employed, eurvature

mlght stil1 be expected, from ecluatlon (AZ-ff ¡ ' even tf

g ls *. flowever, 1f g f s å and lf hlgher terus 1n

equatlon (ez-il) are lgnored,ræ the.n

ffi* = u-å(r + Ir"l (a+-rr)

rt has been shown65, 15'76'?8'?9 trr"t tr ( iiTcnr)t fs

plotted agalnst c straight Llnes result, the lntereept !s

¡q-t and the slope åfdn-t.
It ls posslble to obtatn mueh rel-evant data f¡om the

FÌ.ory-Krl.gbaun dllute solutlon theory of osuotle presstlre '

Thls treatment overcornes the severe shortconlngs of the

Lattlee theory when applled to regions of low poi¡mer

eoncentratlon. Ilowever, there are stll'l some úlserepancles
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to be eleared up, partlcutrarly as regard.s the nirmerlcal

magnltude of g ln equatlons (ae-ff) and (er-ff).

c) Inforuatlon that can be obtelned. from osnotlc pressure

neesur€ments.

The osmotic pressure of a pol¡rrner sorutlon et

inflnlte dllutlon ls proportlonal to the number of uole-

eules of polymer and ls independent of thelr welght.

Thus an lnportant rðason for caryylng out osmotle press-

ure measurenents 1s to obtain lnformatlon on the homo-

genelty of a pol¡mer san¡:1e, that ls frou the ratio of

the wef-ght average nnoleeular wetght to the nr¡mber &verage

molecular welght.

Þ,Iory3P has shown from the therrodynarnlc üreatment

of dllute polymer solutlons that the temperature depend-

ence of the seeond vlrlal coeffleient Ag may be expressed

by the equatlon, 
z

A.2 = (F-zvr) vr(r - g/r\ r(x) (rs-rr)

where I is the speclfle voluru'e of the polymer, Vl the

mol-ar voJume of the sÖlventrr/1 the entropy of dllutlon

paraueter and, F(x) a fi¡nction of the degree of expanslon

of the coile¿ polyu,r.er moleeules. The fi¿netion f(x)

d.eereases slowly wlth d.ecreaslng molecular v'relght and at

the F1ory or I -temperature F(x) = L, The firnction f (x)

ls related to the exeluded. volr¡.me Q*) by the relatlon,
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_2
zt'L = =g- (lt, - ßr)uz ¡'(x) (re-rr)

Mr1

where N 1s Avogadros nu¡nber , 61, the heat of dllutlon
parameter and, M the lsolecular welght of the solute.

The function I'(x) is expressed by the relation,

r(x) = L-x/ztg1/Z +x2/zß6þ ...(3?-u)

where x is refated to the expanslon factor o( , by the

equatlons,

x = eçrs-r) = 4fo.:yr(l- e/r, q(ara¡õ/z (ss+r)
vtN

where (nC) ts the radius of gyratlon of the polymer

moleeu}es. Thus, lf {1 and g orVt and í1 are known, and

if (nC) can be detennlned, Èhen it ls posslble to ealcul-

ate the expanslon faetor c( .

of the root mean square end-t

the polyner coll to the unPer

characterlstlc of a polymer cofl at the 9 -temperature.

the FIory or g-temperature may be determlned from

the temperature depend.enee of the osmotle pressure. The

d.etermlnation of the second vlrlal eoefftclent AP at

severaL temperatures and the extrapolatlon of these

results to Ag =rO, allows I to be deternolned. the

fr¡netion r1øt} 6 Æf) may then be deterrolned from the

slope of the Ap versus T p1ot, If ã can be reliably

estlmated and v Ls knovçn, then Yl ean be determlned.
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Having d,etermfned the entropy of dl1utlon paraneter{L,

the heet of dllutlon paraneter ll1 uay be calculated fron,

tt1 = TIUT (re-il)

Havlng úeterulned (1, the heat of d11ut!on Ãil, uay be

d.etesnlned experLmental'ly from the relatlon,

aH RT IT -F
1v

(¿o-rr)
1

The osuotic pressure data alone can gJ've detalled lnform-

atlon on the thernodynanlc paraueters characterLzing poÏy-

mer-solvent Lnteractlons. In faet, Ll is not neeessÊry

to resort to llght-seatterlng measurenents ln order to

determlne the expanslon factor o( . From equatlon (AO-ff¡,

o.5 - o8 = Etu ^h 
(1 - e/fixt

wherecb =(,#,)( 
ü) (*)-6/z (+r-rr)

since the ltulting vlscoslty nr,rnber l-s gLven by equatf'on

(e+-rr¡, whete

h7

It ts posslble to combine equatlons (eO-ff¡, (ef-tt) and

(e¿-rr) to obtaln

zWt (r - elrllþrz

= ö (t\"k d,,* \M I

6,
M

2
o( 1

zuþ ,F&vt [rr]
(+e-rrla
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lhuso(maybecaleulated'fromtheüheroodyna¡glcdata

deternlned from osmotlc pressure measurements and the

measurement of the llm1tlng vlscosLty nunber. Eowevert

the method, relles on the fact that the Flory-Fox unlvers-

aL paramete" { ft a constant, whereas this paraueter may

be deternlneÖ frou llght-seatterlng ureasurements' The

ea]culatlon of o( allows the fr-¡nctlons 6s - o<õ)Æt and

(oot/}n)å to be readlly determined' The fr¡netlon

(o<5 - of¡7fUå should be independent of the molecular

welght for a partlcuLar pol¡roer-solvent system, and the
Ð.å

fr¡nctlon (To" /M'lz a constant lndependent of solvent or

temperature, but characterlstÍe of the unperturbed' dlmen-

sions of the Partf eular Pol'¡Per'

d) AppllcatLon of r¡smotlc pressure measurements to the

era¡[1n.atlon of bloek eopol¡tmers '
Untt] recently6S very llttLe experf-nental work on

thedi].utesolutl-onbehavlourofbloekcopol'¡mershas
appeared 1n the llterature' Although the proper obJeet-

lve of a physlcocheml-cal lnvestlgatlon of bloclr eopolymers

should, be to expl'aln the propertf-es of the systeur ln terms

ofthepropertlesofthepurecomponents,therehasbeen
Ilttle experlmental work d,one, to do more than speculate

on the behavlour of bloek copolymers ln solutl'on' Flory

and Krlgb.,-8? have, however, derlved a theoretleal value

for the seeond virlaL coefflelent 42, for multleomponent

systemscomposed'ofaslnglesolventandseveralpolymer
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homologs dlfferlng ln moleeular welght. For mlxtures

eontalnlng two separate po1¡nm,ers and one solvent the

equatlon lst

Lz = sI"2Ag.+Irv63Agp+TV"wu l-elÞ (h"- tllr+{a¡-41¡+)øs¡) F (xau)

v1
(¿a-rr) u

where the two pol¡mers are repres€nted by subscrlpts a

and b;)úab 1s the Hugglns Lnterastlon parameter for the

palr of pol¡rners, an¿ I(Xa¡) a frrnetlon of the exclu¿ed
65

voli"me of the polyrner palr, Recent appllcatlon of

thls equatlon to a mlxture of polystyrene and polynethyl

methaerylate ln toluene at 25oC suggests that AP reaehes

a maxlmun at about the mlddte of the composltlon scaf'e'

Thls eontrasts nlth the near constant Ag for¡nd by Burnett

and co-worlrers6S for thelr bLoek copollruers of varylng

couposltlon but near eonstant moleeula.r welght. FOr

bloek eopolyners of varytng moleeular welght and varylng

composltlon lt was for¡nd (Cnapter VI) that Ag decreased

wlth lncreaslng moÌeeular welght'

The determl-natlon of the osmotlc pressure ln the

exanlnatlon of bloek copol¡pers ls essentlal lf charaet-

erlzatlon of the polyurer ls to be carrled. out. It was

posslble to examLne the parent poLystyrene prepared 1n

the flrst stage of the bloek copolyruer synthesls (Cf¡apters

III and VI) to eheelt on the homogenelty of thls materlal '
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The homogenelty of the resulting block eopollmer ls

dependent on that of the parent polystyrene' The exan-

lnatlon of the btock copol'yner by osmotlc tressure

measureuents comblned wLth Ilght-seatterlng determinatf-onst

aLlows the homogeneity of the block co¿¡oll@er to be eStab-

11shed.

conslderable lntramolecular and' lnte¡noÌeeuÌar lnüer-

aetl0ns have been shoîrn to exLst 1n both rand'om a¡rd' b10ek

eopol¡rmer41r65 solutlons; sueh behavlour should be evldent

ln the seeond vlr1al eoefflclent and' the expanslon factor

o(,bothobtalnablefromosmotlcpressuremeasurements.

The most luportant lnfo¡uation regardlng thermodynen-

lc solutl0n behavl,our ls to be obtalned from osnÂotle

pressure studles. The eppl.leatlon to solutions of block

copolymersmust,however,bedonewlthgonereservatl-ott.

The dllute sol.utlon theory of Flory and Kr1gb'*72'?5,

although appÌlcable to dll.ute houopol¡rmer solutlons' n}ay

not, ln fts present fot-o, be appllcable to bloek copol'¡rmer

solutlons. The dllute solutlon theory ls based upon a

Gausslan dlstrlbutlon of chaln segments about the eentre

ofmass,andthlsdoesnotappeartobetheeasewlth
bloek copolyners. However, 1n order to eompare the

results obtalned for block copol-yaer solutlon behavlour

wlth homopol¡nners and theÍr mlxturesr lt seems reasonable

to assume Gausslan statlstles. Recent observatlons65
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shor¡r that Such an assumptlon may not be greatly in error.
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5. tleht-scatterine.
a) Introductlon.

The appll.cattoa of the llght-scatterlng technfque

to the determlnatlon of the moleeular welght of maero-

molecuTes has beeome standard proced'ure ln many pol'¡mer

Laboratorles. Slnee the very early developmentBl of

Ì,1ght-scatterlng, the appllcatlons to dlfferent poh¡ner-

solvent systems has greatly lnereased. Howervert Lts

spplicatlon to eopol.lmers, both randon and' bl'oelrt has

only recent1y4Lrg?-Bå been glven serfous conslderatlon.

The work of lrenbl.ay and co-workerg8z on a butedlene-

styrene eopolyrner seeraed. to suggest that the lntenslty

of the llght scattered by the copolymer ln dllute solut-

1on depended, on the welght aveTage moleeular welght of

thecopol¡m.erand'ontheheterogeneltyofcomposlùlonof
the varlous polyrner segmentS Ln the chaln. the accuracy

of these statements was later eonfimed by stoclanayer and

eo-workersr4l who were abLe to d'erlve an equatlon which

demonstrated how the fntensity of the lLght scattered by

a copoL¡rmer, after extrapolatlon to lnflnlte dtlutlon and'

zero scatterlng ang1e, varled wlth the eomposltlon of the

sau,p1e. The work of Stocloayer and eo-workers4l has

now been conflmed by the more reeent lnvestlgatlons of

Bushuk and' Beno1t85 and' Krau""'M
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b) Some theoretlcal eonsfderatlons of the llght-scetterlng

squation applled to þlock eopolymers'

It must be realized that when eonsiderl-ng the

seatterlng of light fro¡r a bloek eopolymer sample, there

wllL be two or more types of scatterlng efenents, depend-

lnÊ¡ofeourse,onhowlBanymofromertypesmakeuptheeo-
po]¡rner. It ls also necessary to d'eterrnlne the refraet-

lve lndex lncrenent, whleh for bloek and random eopolymers

ls a fr:nctlon of the eoDposftlon, 0n the assumptlon

that the refractlve lnd,ex lnerement of a eopolymer ehaln

ls proportlonal to lts eomposltfon, stoelmayer and eo-

workers4l derlved the followlng expresslon,

(#J e +o = (#)l m . rb(#)o(uar ; + u'(u(or)p) (¿s-u)
' 9--o

where Ig ls the ratio of the lntenslty of scattered Ìlght

meâsured at an angle I and. at a flxed distanee from the

seatterlng voTtme, to the lntenstty of the Lncld'ent llght;

c Ls the coneentration of the pol]mer solutlon, and

(¿n/¿c) o ls the measured refraetlve lndex of the copol¡mer-

solvent system; Kr = 2 if anozK/)oql where no ls the

refraetlve lndex of the solvent for lfght of wavelength

¡ o ln vaeuo, N f s Avogad.ros nr¡mber and. K ts a functlon of

e , whleh lncludes the lnstrument caLlbration eonstant'

The fi¡netlon b ln equatlon (+f-ff; 1s related to the
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d,lfferencè ln refraetlVe ind,er lncrenent between the

po]yner seguents couprlslng the copol¡mer ehaln, sueh

thatn (¿¿-rr)b

where the subserlBts A and B refer to the two honopoltrmers

of the copol¡rmer ehaln. It ean also be seen frqm equat-

lon (¿f-ff) that the scatterlng ls also dependent on the

eoaposltlon dlstrlbutlon of the copoL¡mer sa,npLe, where

(u ar) :

E /êB\ llb\
\dc/¡, Ide/n

çu6ar) 
P)

*tMl( a x) 1

wlMi(ox)r2anê

(¿s-rr)

(¿e-rr)

where w1 ls the welght fractlon of nolecules ln the

sa,mpLe havLng ¡noleeuÌar welght M1 and conposltlon X1r

wlth (af)1 = (-f - Io), where Io ls the averag€ composlt-

f.on of the coPolYmer s*nBPIe.

the ebsve equat!.ons have been lnvestigated separately

by the authorE Bushuk and BenoltS5 
"nd 

Krause#, and, thelr

results are in agreement wlth the orlglnal theory.4l

It thus seems that the detemLnatton of the noleeular

welght of a bfoek eopol¡nner ln e single so]'vent w111 only

yleld en apparent molecular weight Mapp. Ln aeeordanee

wlth the equatlon, M

(tÐ = MaPP'(uS (¿z-rr)
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1o obtaln the true r¡oleeular welght M; lt ls necessary to

eerry out llght seatterlng measurements ln at least three

solvents ln ord.er to d,eterplne the values of ffi, (Uar¡

and (U C¿fle) of equatlon (¿a-ff). The reeent work of

KrauseS4 hu, been aLmed. at determlning tbese three fr:net-

lons. The results fndleate that (Max1 and. (fe øx)3¡ are

valuable paråneters ln the lnvestlgatlon of tbe composlt-

lon dlstrlbutlon of eopollnner sauples'

Detal1ed studles by Bushult and, Benolt8õ for block

eopol¡mers ln a varlety of solvents of dlffering refraet-

lve lndlces, lndleate that bloek copol¡mers prepared by

the Szwa""85 technique are characterlzed by r¡nLform ehaln

co¡tposltlon. It was al"so for¡ndffi that ln soLvents, where

the refractlve lnder lncrement ls reasonably high, there

was elose agreeßent between the true (Mw) and apparent

(U.pp.) moleeulsr welghts for bloek eopol¡mers'

Thus, lf lt ean be shown that a block eopolymer ls

reasonably honogeneous both ln moleeular welght and eom-

posttion, then the llght-seatterlng behavlour w111 be

lrlentlcal wlth that for a homogeneous homopolyner and the

experlmental resuLts iray be treated' ln a slnllar manner'

e) Informatlon obtainable from Ilght-scatterlng studles'

Llght-seatterlng data, when comblned. wlth osmotle

pTessure neasurements, nake 1t possible to obtaln lnforu-
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atlon on the homogenelty of the block copol¡rmer from the

ratlo of the welght aver&ge and number average molecular

wel,ghts. Eavlng establlshed. the homogenelty, one can

proceed to aceurately appralse the remalning llght-seatt-

erlng üeasurements.

fhe second vl-rial coefflclents Ag and 1., nay be

obtatned, frou Z|EB86 plots ancl comp¿rred wlth the values

detesslned from osmotle pressure m.easure¡nentS. The

second. vlrlal coefflclerrt Ap may also provlde inforuatlon

on extre lntramoleeular and, internrol'eeular forces present.

Perhaps the most lmportant result to l¡e obtalned

from l.lght-seatterlng neåsì¡reÍients 1s the sLze and shape

of maerorool.eeules in solutlon. I'rom the Zln¡¡ plqt the

u-a¡7erage radlus of gyratlon (nO) can be obtalned. an¿

subsequently the expanslon factor o( may be e\raluated. from

equatlon (¿g-ff), provlded. the thermodynamle paraneters

Vf and |{1 or rft and I are known.

r = agP-1 -2) = 
fiF-vr(r- 

e/r> rñ' )5/z (¿a-rr)

where x ls related, to the excluded Yolu¡re of the pol¡rmer

lng determlned.o(, the f'r¡nctlons ("(5- *>rutsegments.
2

and (lo /l{}
Hav

can be d.eter"nined by applleatlon of the*

equatlons llsted ln seetlons 2 and ã of thls Chapter.
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Both broek and random eopol¡rners are charaeterlzed

by lntraehaln repulslons, '¡vhl-eh lead' to a ¡¡ore expand'ed'

eonflguratlon4l for the polylrer ehain. From the radfus

of gyratlon the 1aean Sû-uare end-to-end dlstanee may be

determlned for random colLs thus,
.)

(nc)s = G)" (¿g-rr)
Þ

2
where G) 

- ls the sean square end-to-end dlstanee. Con-

parl-son wlth homopol.ymels of the Same moleeular welght,

shows that the bloek-eopoì.ymer l-s eharaeterlzed' by a
ã

greater vafue of (Ð .

as has been pointed out by Floryr5g the thermodynamlc

behavlour of dllute polynner solutlons 1s charaeterlzeö by

1) the molecuLar wej.ght, 2) the thernodynamlc lntereetlon

parameters y'l and ñ 1 and "/1 and 0 , whlch eharacterLze

seguent-solvent lnteractlon, and 5) the conflguratlon sr

I slzet of the mofeeules in sol'utl-on.

It |s obnrtous that 1n order to aehl.eve a more complete

eharaeter'lzatlon of a 'bloek eopol-yruer 1t ls neeessary to

resort to an lnd,ependent method, other than osmotie press-

ure, to deterrnlne the sLze of the polSnner moleeule. A

value for the Flory-.Iox eonstant ÍÞ ean te assr-med' and

(ÐP determÍned by appllcatlon of equatLon (e+-ff¡.

Howeyer, Ilght-scattering nea.surements enable f, to u"

deterrnlned without resort to asspmptlons. The ealeulatlon
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of I for b].ock copolymers 1s in ltself lnstruetlve, slnee

1t shoulcl be a constant, lndependent cf the type of

pol¡merlc speeies belng examinecl.
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CHAPTEB III.

1,. Introductlon.

a) Sone aspects of the preparatfon of monodlsperse

polystyrene.

In the lnvestÍgation of the dflute sofutlon behav-

Iour of a po].¡rmerlc specles lt ls esseutlal that the

materLaL has a narrow moleeular welght distrlbutlon and

has been eonpletely charaeterized as regards nr¡mber and

arrang€msnt of dlfferent chemlcal groups and pol.¡nnerla

specles a1ong lts chaln length.

Many of tbe early synüheses of bloek copol¡rmers

produced materlal whlch was extremely heterogeneous,

both Ín uoleeular welght and chemlcal eomposltlon. Ihe

ylelds of these early sSrntheses were poor and henee

fractlonatlon was lmPosslble.

In hls recent book, ceresal has llsted the synthesls

of some 11400 bl.oek copol¡rmers. The general ¡nethods of

spthesÍs are lÍsted r¡nder: lransfer and ad,dltlon,

Chenleal, Radf.eal a¡rd frrad,latlon, Mechanlco-eheulcal,

Condensatlon and lonlc synthesls. For the cont¡oll'ed

preparatlon of the block copol¡mers of styrene and nethyl

uethaerylate, the anlonlc s¡rnthesis lntrod'ueed by Szwarc2

ls by far the best technlque. Thls method of preparatlor¡

ln whleh untel,4lnated polystyrene (rtlving polystyrener)
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ls forued, offers the best method. of preparlng block

eopoJ.yaers of predeterulned molecular welght and compos-

ltlon. The ylelds of thls anlonlc synthesls are quant-

ltative, and 1f eertaLn erltlcal preeautlons are observedt

sueh as the rl.g1d, purlflcatlon of both monomerE and sol-

vent, it 1E then posslble to preBare pol¡mers of extremel'y

narrow molecular welght dlstrtbutlon'

chaln length dlstrlbutlon of the Polsson type for

temlnatton free polyuerlzatlon ln the case of ethylene

oxld.er ï¡as first reeognlsed' ln l-940 by FLory? the

applleatlon to monomers of the styrene type was carrled

out ln 1956 by Szwarc? uslng the lnltLator sodlr¡¡1 naph-

thafene. Many of the propertles of sodlun naphthalene

had been lrrvestlgated Eome yearft before by seott ,o''

who for:nd that coloured, coupÌexes of sodlum and aromatic

hydrocarbons ln sultable solvents could fnltlate the

polynrerLzatlon of eonJugated hydrocarbons llke styr€net

butadlene and cYcloPentad'lene.

gzwarc8 postulated an el'ectron transfer process for

thls unlque pol¡rnerlZatlon proeess. In the case of

styrene nonomer and sodlr:m naphthalene inltlator, thls

has been repregented â5r

Naphthalene- * Styrene + Styrene- + I{aphthalene (f-fff)
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The negatlve Donomer lons, however, may be represented

by two equlval.ent forns,

¡cHX - cnp. (z-rrr) -CHX - CHgr (a-rII)

where X ls the aryl group,

Thus both ends of (a-rfr) or (a-fff¡ can eause the

propagatlon of polymerizatlon; one by e radleal maehanlsnt

the other by a carbanJ.on proeess. Szwarez postulated

that after the addltlon of the fl"rst mono¡ner unlt to
elther end, struetures (z-rrr¡ and (g-ril) become true

Lon radlcaLsj an aetual separatlon of electrons takes

plaee and. a new speeles (¿-fff) ls forrm.ed.

¡CIffi - CHg - CHf - CEZ' otr cCÐ( - CEB - CHZ - CËX'

(¿-ur)
At Low temperatureg the radlcal eerds dlmerLze, fornlng

the specles (s-rrr).
:CIÐ( - CHe - CHZ - CEÍ: (s-fff¡

Slnce there ls llttle llkel.lhood of termlnatlon r¡nder ths

eondltlons of the propagatlonn polynerlzatLon contlnues

untll all the monomer ls consr¡med and a lllvlng pollmerr

ls produced,

Szwarc6 showed thaù the nr¡mber everage noLecuÌar

welght of the tllvlng poly"oersf couLd be dete¡mlned by the

equatlon,

ç -4onomer (t¡r sreüs)
| [InltfatorJ (a-ru)
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Equatlon (A-fff) has subsequently been erlfLed by

sæeral authors . ?'8

Ihe preparatlon of pol¡¡mers urith a predetemlned

molecular welght ls therefore feaslble uslng thls tech-

nlque. îhe fact that the pol¡iuer remalns t¡nteruf'nated

under the approprlate experlmental eond,ltLons, lntroduces

the posslbtllty of belng able to pollmerLze a seaond

Itonomer. BLock eopot¡mers of sÈyrene and, lsoprene,

styrene a¡rd, br¡tadfene, styrene and methyl methaerylate,

and styrene and aerylonlürlle have been preparedg-Il'

using thls technLque' Although the preparatlon of mono-

dtsperse polymer uslng the abæe teehnlque ls feaslble,

1n praetlee, the reallzatlon 1s often ertremeÏy dlfflcr¡lt.
Íhe orfglaal work of Sswar"2'6 ht, recently been

crltfelzed by llengerrT'Lz the maln basls of Wengerf s

crltlclsm belng that on detalled analysls Lt was found

that on the sLow ad.dltlon of st¡rrene mononer to sod'lum

naphthalene i¡rbtrahyclrofuran aù -?8oC, the lnltlator
wss fou¡rd. to þe eonsged ohly gradually sYeT an extended

nonomer addltlon tLue. Thís behavlour of tt¡a lnltf.ator

vl.olates one of the requl,renents for the syntheels of a

nonodl.spers€ polyaer. Po1¡mers prePared, by wenger?

under these eondLtl0ns had, ratlos of between P.5

aad 4, and thus clalms that tn" U66 ratlos of L.06,

1.L2 and L.o6 for ttr¡ee samples of polystyrene pl'ÊIle¡ed

l

I

l

I

1.

I
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by Szwarc6, are lneonslstent wlth the Bresented d'ata.

Ssn 
"tc15 

has polnted. out, however, that sod,fi¡m naphthal-

ene 1s not completely soluble ln tetrahydrofuran at -?$oC

and henee pol¡¡uers of extren¡.ely nerroru msLecul'ar welght

dfstrlbutlon wouÌd be dlfftcult to prepale at thts teup-

erature. ås a seEu1t of his ffndlngs, Eenger? ht'

suggestsd a two stege pol¡rmerLzatl'on synthesls for

sodlr¡m naphthaÌ.ene a¡rd styrene. The sod,Lr-m nephthalene

ls reacted eompletely wlth a $trall anor¡nt of monomer at

an el6ysted ternperatrpe, OoC. l5e system ls then

cooled to the poÌ¡nnerÍzatlon temperature, -?$oC, and tþe

rest of the monoa€r added. The ehoice of a pol¡ruerlza-

tlon tew,perature being such that the depropagatlon

reaetlon is neg]lgtble. Wenger? cl-alms to have prÊPared'

polyu.er of nerrow molecular weight dlstrlbutlon enpl'oylng

this teehnlque.

The two stage pollmerlzetion technlque ean be

avold,ed lfn as Wenger? has shown, e more eleetronegatlve

lnltletor ls used.. Sodfu.u btphenyl was thus chosen by

Wenger?, amd. ln a one step pol¡¡nerlsstlon process for:nd

to produe6 polyst¡¡rene of very nerrorr molecular welght

dlstrlþutfon. Seng""? *"goed that ln order to prod'uee

a systeru that would, ylefd homogenoous polSrmers of predlct-

able nolecular welght, the¡r the equll.lbrfim of the

lnlttatlon step, whleh ls asEused to be e¡r electron trans-
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fer reaetlon, must be shlfted to the rlght qulckly and

completely. If i d,eaotes a negative aromatLe hydro-

carbon and S e styrene radlcal lon, then the lnltLatlon

step 1s represented by (Z-fff¡ of t1enge"rl2 seheme.

Ï+s
E+s
s+s

E.S * S
E'+.s-F
I + 'S -F

F-sn-E+s

+ I+8
Êrg-g
-+ s-s

s' 8a-g

-+ 5-F+r
--r E-sn+t-E

+

s-s+g

(z-rrr)
(s-rrr)
(g-¡rr)

(to-ur¡
(u-ur)
(r¿-rrr)
(rs-rrr)

The rad.lcal. a¡rions are assr¡med to dlsappear elther by

recomblnatlon (e-ffr¡ end (ro-rrf) or by an eleetron

transfer step (ff-fff) and (f¿-fff), after at least oae

monomer r:nlt has been added to glve dlanlons (g-fff ).

The propagatf-on step f,s the addlÈ1on of monomer to

dlanlons (rc-rrr).
In ord.er to slmplLfy the reactlon seheme WengerlP

has assuned. that recoroblnatlon es well as eleetron trang-

fer involves the dtmerle rad,lcal enlon only. It ls also

assumed that at least soue of the rad^Lcal a.nions w111

grow anlonleally before elther of the radleal te¡-alnatlon

reaetlons occìlr. The orlglnal- reaetfon seheme proposed

ît
by Wenger' has been altered es a result of Szwarcs$
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erlticls¡1. I¡t vlew of lilengers flndlngs lt was declded

that sodfu¡m blphenyL was the better lnltlator both from

a polnt of view of solublllty and el.ectronegativity.

b) The effect of' ünpurlty and the method of P,onomer addltlon

on the houogenelty of ùhe resulting anlonle polyuer.

It was essentlal that the polyst¡rene prepared ln

the flrst stage of the bloek copol¡nner synthesls should

be monodlsperse. If the fllvlng polystyrener ls heter-

ogeneous then the resultlng bLock eopollmer wllL show

wld.e dlspersity of moleer¡Iar welght and cqposltlon.

Twg lnportant factors control the heterogenel'ty of the

polystyrene, (") the level of Lmpurlty ln both solvent

and. monomer, and (u) the method, of Boaoner ad,dltlon.

the effeet of lmpurttles on the moleeular welght dlstrl-
butlon of anlonle pollmers has been exhaustlvely treated

by EerveraL authors .L4-L7 oroflno and î[engu"16 pofnt out

that ln the case of mono- and blfi¡netlonal anlonlo poly-

uers the molecular welght dlstrlbutlon wtlL broaden wlth

lnereaslng lmpurlty ln the monom€r supply. The mofeeu-

lar welght distrlbutlon for the monofi¡netlonal enlonfe

polymer wtÌ] be narrowen than the blfr¡nctional polymert

for correspond,lng levels of fmpurlty content. Oroflno

and. Tüenger16 dlstingulsh between batch polymerLsatlons,

where lnltlator and üononer are mixed ln a slngle
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operatlon and, contlnuous ¡Êonomer addltlon pol¡merl zalLons,

Ln whlch üoRomer 1s ad.ðed gradualÌy (".g. from the gas

prrase?) to the inltlator solutlon. 0n the basls of

i;hese ffn¿fngs16 lt appears that lt ls extremeLy erltÍcal

to red,uee the levef of J:npurltles 1n both monomer and

solvent to a nlnlmr¡m. If the reaetlon 1s fast, then a

blfr¡nct1onaI lnltlator shoufd þe used and the monomer

shoufd be added to the inltlator slowly and' preferebLy

fro¡o the gas Phase.

") 
the addltfon of uethyl nethacrylaùe to I llvlng polystyrelle r'

Although the attalr¡neÐt of nonodlsperse poLystyrgne

ln the flrst stage of the synthesls ls posslble, 1t ls

lmportant thet the addltlon of the methyl methacryLate

to the rllvlng polystyrener be slmllarl-y controLled', 8o

that a block copolymer of r¡¡rlform moleeular welght and

coBposl.tion Ls fo¡rned,. the precautlons taken for the

purfflcatlon of st¡rrene monomer nrust be applled. to the

nettrYl meÙhacrYlate lnononer '
It was orfglnallyg postulated that when methyl neth-

acrylate was added to tllvlng polystyrenel, the termln-

atlon of the reactlon was brought about by a rapld seLf-

tennlnatlng nechanlsm of the nethyl methacrylate. The

termtnatlon mechanism was assr¡med to be,
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prelfmlnary purtflcatlon of the mononer. It has been

pointed, out prgviousfyra0 that metlryl methaerylate ls

an extrenely dtffleult monomer to obtaln free from molst-

ure. Care 1n purlfleatlon and ln partleular eerefuL

drylng ls thus requlred.

d) Dlseusslon.

Consequentl.y to prepare a bLock eopol¡rner of styrene

and. methyl methacrylate, whlch ls r¡nlfomr Ín moLecular

welght and eounposltlon, usLng the eulonle method of s¡m-

thesis, requl-res skllful handllng arrd rLgorous control

of Lmpuritles ln both solvenü and. mono¡1ers. the purglng

proeess, orlglnally lntroduced by Elengerr22 t, whLeh a

sma]i amount of lnitiator ls reaeted wlth the styrene

monomer r¡ntfl the red col.our of the styryl lons ls noted

to slowly disappear, ls perhaps ttre beet way of red'uclng

the lnpurity level Ln the nonouer to a minimun.

The edditlon of the styr€ne nonomer to the lnltiator

nust then be caref'ully eontrolled. to ensur€ that the

rlght cond.ltlons exlst. If the reaetlon ls fast, as ls

the eas€ wlth sodlum blphenyl ln tetrehydrofurant thst

the nouomer should be ad,ded slowly and contlnuousl.yt

prefereblY from the vaPour Phase.

The addltlon of the methyl uethacrylate nolloEer to

the rllvlng polystyrenet must also be earefully controlled.

After rtgorogs purlfleatLon, the addltlon of nethyl neth*
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rürylrt¡ thoul¿ bl o¿trrt¡û out r,Ë r lo; tæperaÈurt
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gmator ooatrEl ef, oh¡la growliþ 1¡ ett¡lncd'
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e) purlfteation of the solvent (Tetrat¡yd,rofuran).

letrahydrofuran wes used as the solvent and thls was

obtalned as a l-aboretory grad,e (B.D.E.) reagent. The

golvent was flrst passed. through a colr¡mn of actlvated

chromatographle alr¡mlnâ (B.D.H. grad.e), whleh aeted as

a prel!.mlnary drylng agent and also helped remove any

peroxldes present as lmpurlties. The tetrahydrofuran

uras then refLr:xed for several hours over sodir¡m wlre and'

flnally dlstll1ed onto ealelum hydrlde (B.D.H. grad'e).

lhe solvent was then left oger calclr¡n hydrlde fot 24

hours and, then dtstllled onto freshly prepared sodLt¡u

wire and blphenyl (B.D.H. grade). Beflqxlng of the

solvent was then contlnued, over the Sodlum wlre a¡rd'

blphenyl r:ntlL the blue colour eharacterl"stle of sod'lum

blphenyl appeared. The tetrahydrofuran ryas then dls-

t111ed frora the sodlnn blphenyl r¡nder dry nltrogen press-

ure lnto storage buLbs of 500 ml. capaclty, whleh were

transferred to the vacUum flner where the solvent was

d,egassed, and evacuated to appro-imateLy 1 x 10-5 tt.

pressure of mercurnr. Before use, all storage bulbS

were thoroughly lbaked'l on the vacuum Ilne'

The hlphenyJ. (B.D.H. grade) 1¡as ea,refully reerystall-

lzed from purlfled dlethyl ether and drLed ln a vaeuum

dessicator over phosphorus pentoxlèe before 1¡so' FreShly
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eut sodlum and the drf,ed, recrystalllzed blpheayl were

placed 1n storage butbs on the vaeullm llne and enraer¡'ated'

to epproxlnate1y I x 1O-5 tt. Hg. It was for¡nd necess-

ary to cool the storage butb to stop subllmatlon of the

blphenyl. the purlftedtetrahydrofurau was theu cllsttl-

led onto the sodlr¡n and, blphenyl on the vacuum l1ne and

lefü rmtll the blue colour appeared. In some eases the

storage flasks were heated ln order to melt the sodlum

andvapotLzathebl-phenylandhenceexposealargerEur-
face area for thre actlon of the solvent' The foraatLon

of the blue eol.our charactertstle of the eomplex occurred'

almost lnmedl.ately. The tetrahyd'rofuran was stored over

sodir¡m blphenyl on the vacuum llne '

b) Purlfleatlon of the monomers'

lhe styrene mononer r,fas obtalned from colonlal Sugar

Refl.nerles Ltd. , and the nethyl methaerylate f roru

InperlaL chemlcal Ind.ustrleS. Both mononers contalned

a small amormt of an lnhlbltor whleh was removed by wash-

lng wlth a solutlon of tofi caustlc soda ln the ratlo 5

nonomer to 1 of caustlc soda' After renoval- of the

lnhlbltor, the mononers were thoroughLy washed wlth dls-

tfl,led water to remove excess alkal1. Prellminary dry-

lngofbothmononerswaseffeetedbystorageoYeranhyd.
rous sodlr¡m sulphate (B'D"H' grede) for P4 hours'
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The styrette Drononer was then carefully flltered from

the sodlum su}phate and. d¡led. over celclr¡l hydrtde for a

further P4 hours. Íhe styrene was then frectlonated' under

dry nltrogen through an efflclent eolunn" The fractlon

dtsttlllng tn the range 145.9 - 146.1oC at ?60 nm.pressuret

was collected ln a storage bulb fltted wlth a vaeuun taP

and transferred to the vaeuum llne, where lt was degassed

three tlnes by alternate freezLng and, meLtlng. The sty-'

rene monomer was flnally evacuated to l- x 1O-5 ¡¡¡n. [Ig.

The styrene ïuas then dlstLlled' lnto a second storage bulb

on the vacuttm 1lne, whleh contalned calclun hydrlde and

left for several hours, The styrene rvas agaln dlstlLled

from the calelun hydrlde to a thlrd storage bu1b, also

contalnlng eaLelrrm hyd.rld.e. Thls storage bulb, whÍeh

ÌryaS fltted wlth a vaeuum tap, Ìvas removed from the vaeutm

LLne and the styrene stored, ln the dark at -!OoC' Before

belng used, ln the preparatlon to be d.eserlbed the styrene

wefr öLstllled froru the storage bufb on the vacuum llne

onto freshly actlvated Llnde lÊoLecuLar sleves, type 5 A

(B.D,H. grade). The molecular slerses were actlvated by

heatlng to apl¡roxlnately 15OoC fn a roÌr¡Îd botüou ft'ask

under eontLnuous pumplDg from the vacur¡m l1ne punp.

After leaVlng cnFer Eolecular Sleves for several hours the

styrene was flnally dtstll]ed onto ca1c1r:m hydrlde once

more, ready to be dlstlLlecl lnto the reactLon YesseL'
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The nethyl methacrylate mononer was also carefully

flltered frou the prelLnlnary drylng agent (sodlu¡n sulph-

ate) and, d.rled for 24 hours over calch¡m hydride. 0n

fraetlonatlon, the portlon dlstllllng 1n the range 99.8 -
10O.1oC at ?60 nn. flg was colleeted and drled ln the

sams manner as the styrene mononetr above.

c) Preparatlon of the lnltlator.
The apparatus for preparLng the lnltlator (soallun

blphenyl) for the polynerlzatlon ls shown ln Flg.(1-III)-

Before assembl.y, the complete apparatus was thoroughly

eleaned ln ehromle acid solutlon, rlnsed wlth dtstllled

water sweral tlueS, and ftna}ly drled ln a vaeuìlm oven

at SOoC for 24 hours. 0n assembly, the apparatus was

baked on the vacutrm ]lne by heatlngr together wlth eon-

tlnuous pr.¡mplng of the vacuum pump. A stock solutlon

of purlfied blphenyl (sectlon a) thls Chapter) was pre-

pared ln purlfled tetrahyd.rofuran (t.tt.F,). Thls sol"-

utlon contalned 0.0860 Srams of blphenyl !n 100 mls. of

.T.H.I'. 20 ¡nls, of thls solutlon (O.ot?e grams of bl-
phenyl) lrere then Lntrodueed lnto seetlon A of the app-

aratus Flg.(r-rfr). Sectlon C of Ftg.(r-frr) nas

actualJ.y attached to seetlon A at B - 31, but has been

separated, for convenlence 1n Fig.(f-fff). The complete

apparatus was seaÌed off to the atmosphere and the T.H.F.

yery carefully dfstitled. from the blphenyl contalned. fu
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sectlon A. Seetlon A was cooled ln an lce-water bath

and, the alr ballast pump used to remove the T.ff.F. Dryt

oxygen free nltrogen was then fntrodueed lnto the appar-

atus et $, of sectl.on C. Sodlr¡n waE thst aclded to

seetlon C through F, r¡nder e eontl-nuous strean of nLtro-

gen. Before belng add,ed to the apparaÈus the sod'tum

(B.D.H. grad,e) Tres carefully purlfLed. It was heated

ln toÌuene (B.D.H. grade) for several hours at 95oC to

help remove the oxlde flIn and any excess parafff.n absorb-

ed durlng storage. The sodfi¡m was flltered under tolu-

ene snd qulekly removed, to the vscul¡!1 line, where the alr

baLlast pump removed the last traces of soLvent. Ttle

sodlun was stored on the l1ne under hlgh vacuum. Approx-

luately 1 to 2 gre^ns of sod.il¡m w€re lntrod.ueed through IÍ

Lnto sectlon C. The tube eontalnlng the sod'luß |n seet-

1on C was then heated. When the sodfiu nel-tedr the

nltrogen pressure $¡as sllghtly lncreased and the molten

sodlum forced. through the glass wool lnsert tn C. The

glass wool acted as a fllter and helped remOve any oxf-de

forned on the sod.lum durlng prevlous handllng processes.

Havlng foreed the eleaned sodfi¡n lnto tube 11 of section

C, the nltrogen pr,essure was stopped and seetLon C seåled

off at S1 and SP. SP acted as a by-pass for the nitrogÊn.

the whole apparatus was then evaeuated, care belng

talcen not to subl"Lne the blphenyl ln seetlon a. thls was
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achleved by cooÌlng. Havlng evaeuated the whole appar-

atus to approxlmately 1 x 10-ã @ llg the sodfu:n 1n 11

of seetlon c was eareful.l.y dlst,ll]ed lnto sectfon a.

Thls was accompllshed by eoollng seetlon A to I'lquld alr

temperature and heatlng the sodh.m to above lts neltlng

polnt. The sodfu¡m sLowl.y dlstllled lnto the tubes T1'

T,2 and T5 and flnal.ly lnto sectlon A, where a brlght

nlrror forned on the waLLs of the vessel. Itle traps T1,

T2 and Tõ were lncluded tn the apparatus to help eontrol

the dlstlLllng of the sod,lurn, and trap oxlde fllm not

eompletely reuloved by the ftlterlng proeess' When

excess sodfu¡m had. been dlstllIed lnto sectlon a, the

seetlon c assembly was seeled. off at B rurd'er vscuuEt.

Purlfled tetrahydrofitran, vhleh had been standlng

ovsr sodlum blphenyl r¡nder hlgh vaeuum, üta3 then s]ow]y

dlstllled lnto sectlon A. lhe blue eolour eharacterlstLc

ofsodlr.rgblphenylln¡nedlatelyappeared.Afterthe
addLtl0n af L20 mls. of T.H,F. the d1st11lat10n was

stopped,. The lnttlator was then left at goC for approx-

lnately an hour, then grad.ually allowed to rlse to roou

tewperature. lhe apparatus was eontinual.Ly kept r.¡nder

hlgh vaeuum. after aIlo¡vl,ng sufflclent tlue for the

sodlun and blphenyl to react completely, seetlon a was

slowly rotated and lnltlator allowed. to sLowly fllter

through a coarse slntered glass frlt lnto the graduated
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tube, G. The graduated tube G was fltted wtth a lÊag-

netleaLl,y operated glass vaÏve and had a eapaclty of

P0 nl (wtth the valve 1n posltlon) ' 0n openlng the

vaÌve, lnltiator solutlon slowly ra¡ through the opening

o, lnto a storage bulb, å.s shown !n sectlon I of Flg.

(f-f¡f ). The lnltlator storage bulb 'sas fltted wlth a

break-seal. and magnetf.c breaker at one end and was

attaehed to sectl.sn D at the other. Three sl-mlLar

vessels were attaehed to sectlon D at the remalnlng

posltlons,2'6and'4.Aftertheaddltlonofõ0n].s
of the lnltlator solutlon, sectlon I wes carefully

sealed. off and reuoved, from sectlon D. The seallng

off proeess was achleved rlnder hlgh vaeuuuìr whllst eool-

lngseetlonAandseetionltollqutdalrtemperature
to stop dlstl1latlon of the solvent. seetlon D was

then rotated., so that the openlng at 0 was now over e

second lnitlator storage bulb at posltlon P' The above

process was repeated and a second õ0 nl. of Lnltlator

solutlon obtalned. thls process was repeated for al-l

four storage buLbs. Ilhe advantage of thls technlque

ilas that f,our ldentlcal samplcs of tnltlator could be

prepared and removed, from the reactÍon vessel, wlthout

fear of contanlnatlon from the atmosphere. It was thus

posslbLe to keep the lnltlator concentratlon constant

and,varythequantltyofmonomer,toobtalnsamplesof
dlffe¡lng molecular welght ln accordance wlth equatLon

(e-rrr)
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d) Preparatlon of the block eopolymers from the unteruln-

ated polystyrene.

1) The apparatus for preparLng the block oopolymers 1s

shown dlagrernmattcally ln Flg.(g-rrr). the d,eslgn was

such that 1t was possible to prepare the parent rl{vlng

polystyrener and. also carry out the addltlon of the

methyt methacrylate, wlthout havlng to remove any of the

reaetents from the veSse]. The apparatus was so con-

structed that lt was posslble to carry out å1I' phases of

the preparatlon r¡nder htgh v&cuum and therefore wlthout

fear of eontemlnatlon from the atnosphere. The apparatus

wascarefullylbakedloutonthevacuumllnebeforethe
addltfon of the reactants and the ìrse of break-seals tn

the maln body of the apparatus avolded the posslble con-

ta¡nlnatlon from vacuum tap grease.

il) The prenaratlon pqocedure. Seetlon I (¡'fe. (f-fff))

contalnlng the lnttlator sodlu.ts blphenyl ' was carefuLly

sealed onto the apparatus at 11 (pte.(z-rrt))' Pre-

purffted nethyl methaerylate, whieh had been standlng

oyer ealclum hydrlde on the vaeuutr llne, was dlstlLled

into a preparatlon storage bulb, sectlon MMA Flg. (B*Ilt).

Furlfled Î.fl.F., whLch had been standlng ove¡ sodium

blphenyl, was also dlst1l1ed lnto sectlon MMA and the

bulb removed. from the vacuum llne at X. Seetlon MinfA,

contalnlng the nethyl nethaerylate and T.lI.F., was then
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carefully seeled onto the preparatlon apparatus gt U1

FÍg. (e-fff ). Ehe rytrole apparatus was then evaeuated

to hlgh vecuum (f * 10-5 nn. Eg) and earef,uJ1y rbaked,f

on the vacuum llne for 15 mfnutes. Purlfled styrenet

whleh had been stored over ealclr¡m hydrlde on the

vecuum llne, together with f.H.F.r was then dtstlIl'ed

into bulb B. After thorough evecuatlon to 1 x 10-5

tnm. Hg the apparatus (ffg.2JII) was removed. from the

våcuum 1.1ne, after closlng stopeock T- the bulbs B

and. A were cooled, t,o QoC and. when temperature equtltb-

rir¡m had been attalned, the break-seal' of sectlon I was

broken and. the lnltlator carefull.y rr¡n into bulb A.

The styrene 4onon¡er was then purged wlth a very snall

amount of the sod,fu¡m blphenyl from a. thls was d.one

by addlng very small- lncrements of the lnltiator to the

styrens &onomer, untll the red. colour due to the styryl

ions was noted to dlsappear very slowly. At thls stage

tt was deemed that the lnpurLty level ln the monomer had

been red,uced to a ml.nlmr:m. After allowing sufflelent

tlme for aLL the Lnpuritles to be used up, a smalJ

amorrnt of the purged styrene monomer wes distllled lnto

bul.b A. the tnitlator l¡nediately changed colour from

blue to the red colour charaeterLstfc of the styrene

anlons, Ilavlng lnltlated the polynerlzatlon, the soI-

utlon of short chaln polystyry] lons ln bulb A was Left
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et OoC for approxlnately 15 ufnutes, The bulbs A and'

B were then eooled to -?goc ln an alcohol dry ice bath

and the styrene üononer added sIowly to bulb A' thc

apBaratus was contlnually swlrLed to ensure mlxlng of,

lnltiated solutlon and monomer' the styrene Bono¡¡er

ü'as added sJ.owly and. contlnuously over a perlod of about

L hour.

After eompÌetlon of the polynrerlzatlon the newly

fo¡rned r ]lvlng polystyrenet was dlvlded lnto two sections.

Half of the aetlve pol5ruer was carefull'y run lnto bulb C

and the remalnder left ln bu1b .A' Bul'bs A, C and' D were

aII cooled to -?$oC. After cooling ttre methyl methecry-

late and. T.H.F. ln seetfon MMA to -?$oC, the break-seal

was opened, and the eontents carefully added to buLb D.

The urethy1 methacryLate tn T.H.F. from D was then added

to the actlve polystyrene ln b..¡lb C, at -?BoC. Swlrllng

of the apparatus ensured mlxlng of the tllvlng polysty-

rener and the add.ed. methyl methacrylate. On addltlon of

the methyl nethacrylate, the red eoLour due to the poÌy-

styryl lons dlsappeared. The eontents of bulb c were

left at -?ïoC for approxlmately õo nlnutes and then ell0w-

ed. to ïra.n4 to room temperatuTe. The apparatus eontalntng

the po]"¡mers was left r:¡rder vacuum et room temperature

for a fi¡¡ther õ0 nlnutes. The above proeess w¿g earrled'

out to ensure that chaln end deactlvatlon of the poly-
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Eethyl Bethacrylate dld not ocer¡r. Dt¡r1ng thls perlod

the parent polystyrene ln br¡l.b A ræalned' actlve ' Iert-

lnatlonofthepollmerlcspeclesÍntheapparatusTvas
effeetedbyal'lowlnstheentryofalr.Bothpol.¡rner
saJtrples urere then carefully remsved' and' added separateLy

to a large exeess of methanol'

Thepreparationproceduredescrlbedabovee}].oged

not only the preparatlon and lsolatlon of a bloek eopoly-

mer sarnple, but also the parent polystyrene used ln lts

synthesls. the preparatlon of four such bfoek eopollmers

reês earrted. out uslng the above technique. rn eaeh case

the concentratlon of the lnltlator was kept constant, but

thequantltyofmonomerwesvarledfnordertoobtaln
speclesofdlfferlngmolecularwelghtandeomposltlon.
The var10ì¡9 u,onomer and. lnftlator concentrationE fOr each

p¡eparatlon are llsted ln Table (f-ftf) '

Table (f-fff). The tnltfator concentratlon and the eon-

eentratlon of aonomerg, expressed ln grams,/t1tre, tOgether

wlth the total pol¡rrner yleld for the preparatlon of bloek

eopol¡noer saraples 81, 82, Bã a^nd 84'

Sampte Moles sf Intttator (Styrene) (lß{A) (rfera}f
e7t slL

81 0.280 x 104 lõ'ã L6'g g3

B2 n 15'O 10'0 94

Bõ tt ¿õ.5 1õ.5 95

84 n 22.5 10 '0 94
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Tl¡ctotal'polymeryloldforeêchpreparatlonwsgnot
qulte guantltetive ag shonm ln Teble (f-fff). AII poly-

ner sauples were tboroughly washed ln a large exeEss of

methenol and flnally drled ln a Yeeuug ûe€n at 6OoC. thÊ

ranples of polyat¡rreae (fSf, PSg, P8õ sfld PS4) togetber

wfth the bloek copol¡mer sanptras (gt, B8' Bg e¡rct 84) werG

then dlssolved ln bcnseae (4.R. grade) flltered through

a Ho. õ slntered. glass fllter and flnaLly reeæered by

freeze-dtyLdg.2ts îhe poÌ¡per sanpl.E were agaln drled

ln a vacì,r& oven for 5 hours et 60oC '
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a) Seleetlve Extraetlon.

The renoval of homopolyæer frou a block copol¡rmer

may be carrled out uslng a number of, varylng teehnlques,

a suurBary of wTrleh has reeently been publ.lshed by

Ceresa .2412á Perhaps the most wtdely used of these

technLques ls selectlve extraetlon. selectxve ertraetlon

ofabloekcopol'¡rnrerl.sonlypossibJ.ewhentwosolvents

are evallab]e, such that each solvent dlssolves only one

of the pol¡roerle specles, being e non-sol'vent for the

other. Both solvents utust be non-solvents for the bloek

copol¡naer. Szwarc6 has suggested that homopol¡raer can be

reæcued from the btoek eopolyaer of st¡rrene and nethyl

rnethaerylate by ertraetlon, flrstJ-y wlth cyelohexane and

then fol]owed by acetonttrlle. cyelohexene ls a solvent

for pol.ystyrene and acetonltrile a sofvent for pol'¡rmetf¡y]

methaerylate. This ¡nethod of extractíon ¡vas adopted ln

thls work uslng a soxhlet extractlon apperatus. fhe

flnely dfvlded pollzner, obt'alned by freeze-drylng fron

benzene, Ìvas flret extraeted wlth cyelohexane (B.D.H'

grade), to reEove the polystyrene. The extraction was

earrled out conttnuously for approxlmately 96 hours, fresh

solvent belng used after 48 hours. The polymer remaLnlng

ln the extractl0n thlroble was then exÙraeted wlth hot

bensene (B.D.H. grade) and the pol¡mer reccfve¡'ed by freeze-
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drylng. the f lnely dlvldeit pol¡mer was therr extraeted

for a further 96 hours wlth acetonltrLle (B.D.H. grade)

to remove the flee poÌ¡rmethyl methacrylate' The poI¡mer

remalnlng ln the thlmble was agaln extraeted wlth hot

benzene (B.D.E. grade) and recovered by freeze-drylng'

To test the efflclency of the extraetlon teehnlque the

bloek eopol¡mer sarnples were SUbJ eeted to a turbldlnetrlc

tltratlon. A d.escrlptlon of the prlnclples lnvolved'

the apparatus and the lnfomlatlon obtal'nable from thls

teahnlque are deserlbed 1n chapters IV and' v. very

brlefly, the method ls based on the fact that the solub-

llltyoftheblockcopolyaerÌlessomgwherebetweenthat
of the parent homopo])rBers. Non solvent 1S ad,ded to a

sofutlon of the bloek eopolymer and scattered llght used

to fwelght the specles preclpltated from solutlon' the

method. offers an excelfent means of d'etectlng not onl"y

honopotr,¡mer present ln a block eopol¡mer' but also the

amor'mtofeaehspeelespresent.Theturbldlnetrle
tltratl0n cu¡ve of bl0ck copol]æer sauple 84 ls shoïm ln

Flg.(r-fff). The ratLo of the scattered' llght at 9oo

and, the transml.tted llght has been pLotted agalnst the

volr.ue of non-.solvent added, f ' The aetual value of

(tgg/It) rneas. has been norual.lzed to the extent that at

complete preeipltatlon the val-ue of (fgg1f¡) t"u"' Tras

J

I
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I

i

I
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i

been put equal to unlty, Fron the tltratlon curys Lt ean
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be se€n that a snall am,ount of polystyeene Ls stllI

present wlth the bLock copol¡mer ' The polystyrene ls

preclpltated ln the reglon A - B and the bloek eopollruer

ln the reglon B - c. the amor¡nt of polystyTene present

is approxlnately 5f. Thus the extraetl'on technlque ütcl

notconpletelyremovethefreepolystyrene.Polyaet}ry].
methaerYlate wes not deteeted'

It has been suggestedP6 that dtrnethyl sulphoxlde and

carbon d.lsulphlde are better extraetion solvents for

rernovlngfreepolyroethylmethacrylateand'polystyrene

respeetlvely from the bl.ock copol¡¡ner. unfortr¡natelyr

dlnetlrylsutphoxldecanonlybeusedl.nthecofdastt
decomposes on heatlng. Grahan, Dr.mkelberger end Cohnl9

suggest eyclohexa¡re contalnlng LQf benzene for effLetent

remova] of free polystyrene from the bloek copol¡m'er '

ñowever, 1t seems essentlal to comblne seleettve extraet-

lon wlth an lndependent method, l¡l order to obtaln effLc-

lentremovalofa].lhonropoÏ'ymerlmpurityfromtheþloclc
copol¡mer.selectlvepreclpltatlonseensbyfarthe
better technlque.

b) Selectlve PreclpltatLon'
The technlque ls very slrullar to fractlonal preclpÍt-

atlon and the uethod, has been deserlbed ln detall by

Ceresa .P4r25 lhe block copoly¡er sarnples were dlssolved'
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ln bensene (4.R. grade) to glve a ú solutlon, whloh was

dlluted wlth en equal voL¿¡ao of äeetone (A.R' grad'e) '
Petroler:¡n ether (B.D.H. grad'e b.p. 60 - æoc) was' then

added s1ow1y to the solution wlth contlnusus stlrrlng'

care was needed tn the control of the stlrrl'ng rate to

ensure a ¡alnf-:nr¡n of turbuL€rrcêr As the ratlo of voLrme

of preetpltant to volme of sol.utlon approached 0.8o the

rate of addttlon of the petroler¡m ether wås eontrolled'

such that after 2 mI. addltlon Íntervals the preclpltatlon

was stopped, and the contents of the tltratlon flask

centrlf'uged for 1'5 ralnutes at 51000 g' All fractlons

$¡ere centrlfuged ln a serrall SS-,L angle head centrlfi¡get

using stalnless steel tubes. The supe¡nategt solutlon

was rmoved from the eentrlfuge tubesr ffid the tftratlon

contfnued at L nl. lntervals r¡ntil a polnt was reaehed sueh

that further additfon of petroler¡m ether produced no

further preclpitation of pol¡rmer. At thls Stage free

polymethyl. methacrylate had been rernqYed' frou the þloek

copoltrmer, feavlng free polystyrêne and. block copolJruer

in solutlon. This point qorresponded to a ratlo of

preclpltant to Solvent of o.98. rhe preclpltated polymer

was extracted, frors the eentrlf,uge tubes wlth benzene and

recoveredbyfreezedrytng.Afterdryingforõhoursln
a vacuuÍ¡ oyen at 6OoC, tho reeovered. po1¡¡mer was examLned

forpurlty,usingtheultra-vloletspeetrographlcnethod

I

i,

t
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(to Oe cleserlbed ln thlE Chapter). The anount of poTy-

ner reeörered ¡vas onl.y of the ord,er of ú of the totsl

end showed an average purÍty of about g& tn the four

sanples exa¡B1ned.

The free potystyrene and bloek eopoLymer ml¡ture

was reco7ered from the solutlon by freeze-drylng. After

drying ln a vaeutrm oyen at 6OoC for two hours the pollmer

mlxture was dl.ssolved. ln benzene (À.R. grade) to glve a

# soLutlon and dlluted wlth an equal vofr.noe of ehforo-

bensene (B.D.H. grad.e). MetÌranol (B.D.H' grad,e), whleh

hail been drled over calcfi.rn ehforlde and' freetlonally

dlstllled, rvas then added slowly vrlth earefuL stlrring to

the polyuer solutÍon. as the ratto of preelpltant to

solutlon approached O.8O the methanol was ad'ded tn P ml "

a¡d ffnaÌly I ml. lnterval.s, centrlfugfng the sofutlon

after eaeh addltton. The eentrifugate wes Left 1n the

centrLfuge tube each tine and the supernstant earefully

removed wlth a dry, elean plpette. The tltretlon ï¡as

contlnued ¡lntl} a polnt was reached' where no further

preelpttatlcn took plaee. lhe free poLystyrene Yfas

recovered from the centrlfuge cells by extraetlon with

benzene and f1na1Ly recovered by freeae-drylng. Exemla-

atton of the recovered polystyrene, after drytng Ln a

vaeutl1 oyen for 2 hours at 60oC, Showed' a purlty of appror-

lnately 97í Ln the four saurples exaufned. Ihe emor¡nt of
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po}ystyrene reecrered showed a ¡naxf-urm of 5f la the eetc

of bl.oek copol¡m.er sanple 84. Îhe aæount of free Poly-

nnethyl methaeryl.ate and free polysüyræe recotered f,roan

each block copolyæer ranple was v€ry small. and only

enough saterla1 was avatlabtre for qn€ eralninatlon ln
cagh gesG.

The bloek copolyner saæples s€re reeovered f¡on tho

bensene-chlorobennzene-methgnol ntxture by El.ow evaporatlon,

then f,lnaIly preclpftatlon lnto a large eleess of a wate¡-

methanol nrixture. .êfter recovery, the bloek copolyuer

sauples were drtEd 1n a racuun oren for õ hours at 6OoC.

lhe sawples we¡e then dlssolved ln benzene and reawered

by frcese-dryfurg, ffid agaln drled ln the vacuuü qvon f,or

õ hours at 6000.
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4. Chgae'teqlzatlon of the Dlock Copolw'er Sau'ples'

a) After reu.ovel of the homopol*er the bloek eopol¡mers

wereagalnsubJectedtotheturbtdlnetrletltratlon
analysls.Thedetalted'lrrvestlgatlonlsdtscussedln
ChapterV.Ana}yslsshowedtheb]'ockcopol¡nnerstobe

freefrompol'ystyreneand'pol¡methy}methaerylate.

îheblockeopol¡mersampleswerealsoshownnottobe
purery meehenleal mlxtures of polystyrene and pol¡nnethyl

methaerylate.Thlswasachlevedbythetitratlonofa
mlxtureofpolystyrene,blockcopol¡rmerandpol¡methyl
methacrylate. The exemlnatlon of the tltratlon curve

showed tlre preclpltatlon of three dlstlnct specles,

whosepreel'pltatlonpolnteouldbelocatedbyexanlnatlon
ofeachspeclesseparate}y.Thedetalledanalyslsof
thlslnvestlgatlonlsalsodlscussed.lnChapterV.

b) The analysls of the bloek copol¡per samples for pereent-

age poLystyrene and pollmethyl methaerylate was earrled

out uslng: 1) ultra-vlolet absorptlometry, 11) dlreet

o¡cygend'etermlnatl.on,andlll)theratloofthen¡mber-
evefagemoleeu].erwelghtsforpolystyreneand'thebloek

coPoL¡mer.

Theultra.{rl'oletabsorptloaetrymethodlsperhaps

themostrellablea¡rilthemostconvenlentoftheabove
teehnlques.
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" The speelflc extlnctlon coefflelent K, of a mlxture of

pol¡mers ls glven bY,

K = ds + (r - x)Ku (rs-rr¡)

For a mlxture of polystyrene and polyrnethyl methacrylate

K (re-rrr)
ce len8th x eone. )

K5 ls the speclflc extlnetlon ooefflelent for polystyrene'

Ey for potlmet'hyl nethacrylate, and' x ls the weight

fractlon of polystyrene. Chlorofo¡ro (4.R. grade) slas

used. as solvent and the optlcal denslty readlngs were

xleasured 1n a unlcam sP 5o0 spectrophotometer.

The use of the d.lrect oxygen determlnatlon for the

analysls of the block copolyuer samples was used as a

checkontheu.v.technlque.Pol'ystyrenedoesnot
eontainoxygen'whereaspolyneth}.lmethacrylatecontalns

32fi. Thus the pereentage oxygen ln the oopolymer ls

gfven bY,

ofr = õP(l - x) (rz-rrr)

where x is the welght fractlon of potystyrene ln equat!'on

(fS-fff) absve, lhe oxygen üeterml.natlon of the block

copollarer samples was carrled' out by Dr' K' I{' Zlmmeruarur

of the chenlstry Deparfuent of the unlverslty of Melbourne '

Thenr¡mbereveragemoleeularwelghtseanalsobe

used. to determLne the percentage porystyrene present ln the
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block copol¡rmer. the method of preparatlon al'lowed' the

lsolatlon of the polystyrene prepared ln the flrst st'age

of the synthesls. Thus the ratfo of ühe number averag€

molecular welght for the polystyrene to that Beasured' for

theblockcopolyroerglvesthepereentagepolygtyrene
present. th.e analysls by all three methods ls gl'ven ln

table (e-frr) below.

Table (B-III). Thê analysls of the block copolyuer

samples etrpressed. as a percentage of polystyrene present'

Sample

B1

B2

Bõ

B4

U,V. analysis

15. I
õ0.9

õ8.r

5.2.L

0-dete¡tlnatlon
16. ?

6?.,8

39.4

54.1

OEmotlc Pressure

13.0

Ê9.8

õ?.8

51.9

Thepereentagepolystyrenedetermlnedbythell.V,

rnethod, was used Ln alL subsequent calculations. The

method ls convenlent and. qutck and. does not suffer frou

soue of the dlsadvantages eonnected wlth combustlon

analysls a¡rd the extrapolatlon of osÌr^totle pressure

readlngs.
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Dlseusslon.

Four block eopol]mer sanples (Br, 82, Bõ and 84)

wer€preparedbyatechnlquedeslgned'togfveeontrol
of the heterogenelty of chafn length and eomposltlon.

The tech¡rlque of preparatlon also allowed for the lsol-

atlon of the four polystyrene sanples (egt, PS2t PSõ and

pS4) used ln the synthesls of each bloclc eopol¡nner' the

four bloeÌ< copol¡m,er samples rvere found to be eontamlnated

bysmallamountsofholropol¡¡merlmpurlty,theremovalof
whlch was carefully eontrolÌed by the technlque of turbl-

dlnetric tltratlon.
Theblockeopol¡rrrerswereshowntobepurepolymers

a¡rd not uecha¡rleal mlxtures of the parent homopolJmers

(ctrapter v). llle analysls of eaeh sample was earrÍed

out uslng three separate teehnlques to d'etermine the

percentage polystyrene and po1¡¡nethyL methaerylate

present. The three methoðs Save results, whlch wtthln

experlBental error, compared favourably wlth each other'

It sas eoneluded that the preparatlon and analysls were

completely satlsfaetory and that four well charaeterlzed'

sanples of polysùyrene-pollmethyl r'ethacrylate bloek

copol)mer had been PrePared'
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CTIAPTEB IV.

1. Introduetlon.

The turbldfunetrfc tltratlon apparatus was deslgned, and

bullt, flrstly to act as a eritlcal analytleal eheck on the

homogenelty of the bloek copol¡mer semples and of the parent

polystyrenest used !n the flrst stage of the bloek copol¡aer

synthesls. Seeondly, the lnstrr¡ment was developed' to

d,etermlne quantltatlvely the molecular weight and mol-ecular

welght dlstributLon.

The nethod of turbldfroetrlc titratLon offers an e¡ccel1-

ent means of d,etectlng smal] traces of homopol¡rmerltP

present as an fmpurlty wlth the bloek copolyner- The

complete removal of all houopoì.¡mer from the bloelc eopoly-

Bers ls essentlal before maklng a detalled study of dl1ute

solution behavlour. The nethod. of turbldlmetrlc tltratton

also off'ers a qulek and rellable means of effectlng t'he

f raetionatlon of a pol)rmerle speeles. Kll'b and Bueeheõ

have suggested. that the fractlonatlon of a bloek copolymer

w111 not be a fi.¡netlon of the overall mol.ecular welght of

the pol¡rmer. Kl1b and Bueeheõ have based thelr predletlons

on an extenslon of the Flory-HugglnE4-? lattlee model to

the dllute solutlon behavlour of bloek end graft eopolymers.

Turbldlnetrlc tltratlon offers an efflclent and rapld

teehnlque for testlng the above predletlons.
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the nethod. has proved to be effective ln gÍvtng a

qualltatlve gUlde to the moleeul-ar welght dlstrfbutlon of

a pol¡rnerlc speeles. Careful calLbratlon wlth po)-¡rn'ers of

known moleeuLar welght and na¡.row dtstrlbutlon can lead' to

the eonstnrctlon of a quantitatlve moLecular welght dlstrl-

butfon curye for a pol¡æer of the sau,e speeles. In prac-

tlee however, the quantltatlve appllcatlon of the turbldl-

metrLc titratton method !s often €xtreuely dlfflcult.

the polyrner and the nature of the Eolvent-preclpltant systeu

can affeet marked.ly the lnterpretatlon of the data obtalned'.

The quantltatlve appllcatLon 1s dLseussed more fu1ly ln

Chapter V"

Turbidinetrfc tltratlons have been uscd. prevlously to

deternlne the molecular welght dlstr|butlon of hlgh

- 8-14potymers, and for the characüerLzatlon of block and

graft eopolyme"rl' 2'L5

For the latter purpose the measurement of the lntensity

of the transmltted. 1lght fs usually enployed and lnstru¡rents

deslgneil specLfleally for this detenninatlon do not glve the

scattering patter¡I. For the deterulnatlon of molecular

welght dlstrlbutlon, however, lt 1s necessary to measure the

lntenslty of both the transmitted 1lght and the seattered

ltght at flxed aneles11t16 Such lnst¡¡ments have the

wld.er appllcatÍon to polyaer systems, and, are thus to be

preferrod. The lustrr:ment to be deserlbed rras therefore
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modelled, on the usual prlnclples of ltght-seatterlng
apparatus for the deterulnation of moleeular welght and

molecular welght dlstrlbr¡tlon. The lnstn¡ment enploys
a phoÈouultlp1ler, eoupled wl,th a sultebLe mlrro¡ optlcal
systeu, for the measurenent of the seattered. llght at three
flxed angles.

rt has reeently been polnted out17 that it ls essentl.aì-,

when determlning the intensltles of the seattered ll_ght,
fhat erperlmentally reproduelble results be obtalned, aad,

that resort ls not made to a no¡rual"lzlng procedure, whlch
may reduee the apparent error" To achleve reprod.uclbillty
lt ls essentle] to eorrect f,or optleal effeets, dllutlon
and ehanges ln the scatterLng pattern. trurtherrnore, lt ls
neeess&ry to controf aeeuratoly the ratq of additlon of the
nan-solvent, the te'mperature and tha rate of stlrrlng, and

to be abLe to observe the seatte¡1ng pattern durlng tltratlon.
the lnstrument to be d.escrlbed, was d,eslgned to work wlth

qufte dl1uùe solutlons so es to avoid the effeets of muitlple
seatterJ-ng and aggregatlon. The cel-L deslgn was based upon

the need to ¡ralntatn temperature equll1brlu.u and to elrnrlnate
lnternel refrectLons. the ampJ.lf ters aÌe reì"atlvely srruple

1n operatlon and the mlrror optleal systeu avold.s the use of
three separate photoaultlpriers ln the meaeuræent of the
lntenslty of the scatÈered 1leht.
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2. Deserlptloa of the Turbld.Lueter.

the layout of the lnstrr¡nent ls shown d,lagraumatleally

1n tr'1g.(r-W). the orlgLnallE ttgrrt source was a P50 watt

ME/D box-type mereury are Ia¡qp (ertttsh Thouson flouston),

whlch operated on 250 volts A.C. malns supply. Thls laup

has been replaeed by a Phlllps S.P, 500 watt water-cooled.

mereury arc lanp, whfch al.so operates on 250 vofts A.C.

malns supply. The reason for repLaclng the orlglnal" lamp

was to ellmlnat€ as far as possible fluetuatlons ln llght
f.ntensity, a charaeterlstle of the Mazda bor-type nereury

are Ianp. lhe Phlllps S.P. 500 nereury are le&p shows

negllglble varÍatlon ln Lleht lntenslty, although the l-lfe-
tlse ls eonslderably Less than the Mazda box-type 1aup.

To oryercone any fluctuatlons iryhich may oceur ln the

llght Lntenslty, a bean-splltter 1s enployed. ln whieh a

portlon of the lneldent bea¡n ls deflected snd all-owed. to

fall onto a reference photoeell, the output from whleh

controls the slide-wlre voltage of the recorder. The

effleleney of thls systen was cheeked by rapidly varylng

the voltage applfed to the lalap and observlng the output

voltage from the trensnlsslon photocelL' It was found

that there rras no obserr¡able change wl"th fiuetuetlons 1n

voltage up to LAfr.

ColLl¡¡atlon 1s achleved, by adJustlng the condenser

lens C, so that the luage of the mereuly erc ls ln the



Ff.g¡rre (f-ry). Dfagrrroati,e lcyout of tbo fnstnn€ût, L, li,ght rouroc¡

C, conðonger langt P, pLn-hole i L¡ lchrwat lms; I', gBXSg ttsnpehronatlc

fllter; E, 81, 3g, slltr¡ B.ñ., b*æe¡lllttcr; R.P.C.¡ refaronec pbotoaclt¡
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plane of the p1a-ho1e P. A mlrror 1s placed ln f¡ont of
the eehronat lens A and the lens adJusted to brlng the

reflected lmage lnto the plane of the pln-hole. trt wag

four¡d, that e good, paralle1 beam resulted. The beam is
then eut to 2.5 ru.. x 1? mm. by the sIlt S' The dlmen-

sf.ons of the aceepted transml.sslon bean ere 2.0 rm.x 10 nm.

and the aeeepted. scattered bea¡a is'1.5 um.N 10 rrrn. thc
fllters F are Zelss monoehromat glass fllters for use wlth
mereury and hellun Ilght. They are rnade from several-

optleally constant glasses eemented together wlth Canada

baLsam, They transmlt a partlcular wavølength wlth neglfg-

lble enounts of unwanted radlatlon. Gelatlne fllters were

found to be r¡nsatisfaetory.

The open type of cell has several dlsadvantages,

notably lts large capaelty and the dlffleulty of melntalnlng

proper temperature equfllbrlun. The totally enelosed

eonstant volume ce1l deserlbed by Oth and Desreuxll *r,
therefore ad.opted..

The eell has been fabrleated from brass, wlth optleally
flat quartz wlndows Eet 1n Wood.s metal " The 1n¡rer surfaee

fs flnl-shed 1n matt bleek nlckel to avold stray refleeted

radlatlon. A water Jacket Ls lneluded ln the ¡ralls and

base of the eeIl, ffid also ln the glass-head, ae shown Ln

Fig. (Z-fu¡. The metal. eell ensures rapld temperature

adJustuent, and the thermostat maintalns the teu.perature of
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the eell to wl.thln ;! O.OPoC durlng a run. For ease of

eentrallzatlon, three hardened steel plns have been set ln

ühe base of the eelL, and these plns ftt lnto holes ln a

plate nounted ebove the magnetlc stl-rrer motor- The out-

sld,e of the cel.1 ls also fltted wlth a blaek polythene

Jaeket for lnsulatlon. The eell ls tnsulated fron the

plate aþove the stlrrer motor by means of a perspeï dlse.

The volume of the cell was taken as the vol¡¡¡re wlth the

nagnetle stlrrer ln posltlon, the capl1lary of the dellvery

tube sealed off an{ llquld up to the outlet openlng ln the

glass-heed. The volu¡nes of the two eeLls used ln the app-

aratus ¡vere 55,9O m1. and 5õ.86 nl. These volumes were

obtalned by dlreet welghlng, uslng water as the solvent

medlurn. The nagnetlc stirrer ls eovered wlth a Teflon

Jaeket to reduce frlctton to a rnlnlmr¡m and to avold

seratehing the lnslde surfaee of the ee1l -

the lntenslty of tt¡e transnltted beam ls measured by

the photocell, T.P.C. (ffg.(t-W)). The seatter€d inten-

sltles at the flxed, angles, 45r 90 a¡d 1ã5o are neasured,

by the photomultlplter, P.M. (¡fe.(r-lV)). Rotatlon of

the eathod.e aloout the vertlcal axls produced no change ln

the output voltage. A Cambrldge multlpolnt nod,e1 D.E.

reeord6r, which was modlfled to sult the ampllflerst

reeord.s the data. Chart speeds from ån to lptr per hour

can be used. The A,C. ampllfiers were ðeslgned and bullt þy
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the Eleetronles Inst¡¡ment and tlghtlng Co.¡ Ad.e]a.|det

South AustreLla,

The inJeetlon plpette (¡'fe.(f-fV)) was constructed

from 1r d.lemeter precLslon bore glass tutrlng. The plunger

forees nereury lnto the vessel eontalnlng non-sol-Vent and

slnee lt 1s lroportant that there should þe no baek-leakage

the plunger ls fltted wlth two rubber 'nOn rlngs '

A varlable speed motor allows å eholee of the rate of

addltlon of non-solvent to be made. Speeds of the motor

corr€spondtng to a rate of additlon of l>etï¡een 0.010 and

0,Êâ5 ml./mln. have been enployed. A pln on the lead

screrÍ operates a ]luit swltch to the relay mounted on the

reeorder. The relay ln turn Ufts å pen runnlng on the

slde of the reeord.er chart. Thls all-ows the vol¡me of

non-solvent aclded. to be aeeurately reeorded. One turn of

the lead serew Ls equivalent to adding 0'651 ml' The

volune dellvered at varlous numbers of turns eompared wlth

the ealeulated, voLrrne sho¡ved a maxlmt¡n error of 0 .25fi'

A varlable speed motor mounted belovr the seatterlng

eetl (fte.(e-fV)) allows a cholce of the rate of stlrrlng

of the polyrner sol,utlon, speed,s from 0 to 500 r| .prÉ' arie

posslble. lIowenreT, e]r,perlmentati.on showed, that speeds of

õ?0 F.p.B. oould not be exeeeded without aggregatlon of the

po1¡rmer su.spenslon taklng pl-aee' The eomplete lnstrr¡ment

ls shown ln Photo.(f-rv)"



ÍO CELL

SINTER€O
F I LTER

RESERVOIR

SOLVENT It

MERCURY
RI NGS POLYIH€XE PIST(II

LEAO SCNEU

Fig. (r-fv). The injection pipette.
IVote. r lilon_solvent on ctiagram.



Ph,cto. (f -tV) . The ccmpì"ete lnstn¡rlqrt '

:
¡

a

Ð

t*



109

Gallbratlon of the transn¡ltted llght ls earried out

by setttng the reeorder seale at LOOfr transmÍsslon wlth

soLvent ln the ee1} and at 0É with the ]lght-bean extln-

gulshed. The transmLtted 11ght falls onto a photoeell,

(T.P.c. F1g. (f-fv)) 
' the output of whl'eh 1s ampllfled

and. the s1gna1 fed to the recorder. 11:e beam-splltter

(8.S. Flg.(f-fV)) defleets a portlon of the trean onto the

ref erenee photoeell (R. P. C. l1g , (f -fV) ) an6 the output

from thls 1s used to develop the slfde-wite referenee

voltage ln the recorder. A.ny change 1n the lntenslty

of the lncfd,ent ltght thus affeets both signal and refer-

ence voltage by the same ratlo and. therefore ls not

reeord.ed, provlCed (") the ehange {n 1lght lntenslty d'oes

not exeeed the worklng range of the system and" (¡) the

optieal system ls correetly adJusted'

The seattered, 1lght ls slml-larly reeord.ed, except that

in thls eåse a photomu1tlpller (P,M. Ftg.(f-fV)), eoupled'

wlth sultable mlrror optles ls used. Prlmary eallb¡atlon

Ís effeeted by uslng a refererrce seatterlng ruedlun sueh as

a perspex bloek or d.lluted eollo1dal slflea solutlon of

known turbldlty. It ls always neeessary to use turbtdltles

of the same order as the solut10ns to be neasured.

Controlled. relays (L.S. l-1g.(f-fV)) energized by a swlteh

nountedonthepenmecha¡rlsmoftherecord'erallowthe



110

lnstrr¡.nent to plot sueeesslvely the scattered llght at

4ö, 90 and 1õ5o to the lncld,ent bean. The switch sequence

has been arranged to reeord the f'ollowlng data suceesslvely:

transmisslon, 45o, tra¡smlsslon, 9Oo, transmtsslon, 1550, '

Thls sequence was adopted to allow the maxl-mr¡¡r tlme between

su.ceesslve scattered llght readlngsr 1n order to perm'lt the

assoclated anpllfier system to reach a steady state value

bef'ore recordlng the response.

. 1o avoid the effects of drlft ln the arnpllfler systemt

the 100 eycle per second. (e/s) alternatlng component of the

llght bea¡n has been used.. The output from the lncident

photoeell (R.P.C. !1g, (+-fV) ) leeds a parål-lel--T band pess

filter, centred on 100 c/ s vLa e eatho¿e follower. The

o-rrtpr¡t from the f'ltter is further ampllfled and fed to a'

detector, from whlch !s derlvecl a D.C. voltage proportlonal

to the lntenslty of the lncld'ent llght. Thls D'C' output

from tl:e detector 1s eoupled. to the reeorder by a cathode

fol-lower stage and. lncorporates eontroJs whlch set up the

operatlng cond.ltlons for the lnstrunent and provlde the

sllde-wlre refereneê voltage. A meterlng system Shorps the

l1near operatlng range of the equlpment enabLing the operator

to ensure that the lnst¡rnent is ln ad'Justment and that

sufflclent ltght 1s present tn the sl'stem. A further cheek

on 'ühe ¡rerfornance of the system can be made by eo¿neetlng

elther the seatter or transnlsslon channet ln para1le1 wlth



FLgure (¿-fV). Diagr+mrnatle sketeh of the anpllfier and, reeordlng system-

L.E. , l1ght bean; 8.S., beam splitter i C, llght-seatterlng eel-l; T'P'C' '
transmitted photocell; R.P.C.n reference photoeell-; P.M., the photonul-tlpller;

T, the test neehanlsn; E, the galn gsl.teh for the transrnltted ehannel;

C.I,., eathode follower; B.F.F., band pess fllter¡ Ar small, anpllfter elreult¡

M, meterlng system showing llnear operatlng range of the equlp'ent;

Vf, voJ.tage from reference photocell fed to sllde-wire of reeorder;

M.P., multlpoint sçltch in reeorder; S.A. r g6rro-ampllfler;

P, rnultlpoint reeord,ing P@n.
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the reference channel, whence a flxed ratlo of the two should

be obtalned on the recorder.

The transuLtted and. scattered eouponent anpllfler and

deteetor chalns are ldentical wlth the referenee channel, so

that as far as J.s posslbl.e, anpl1f1er chareeterlstLcs åre

ellnlnated from the measureuents. The auptrlfler equlpment

lneorporateq regulated power supplles, &d sufficlent
negatÍve feed-back has been lneluded to achleve aceeptable

lf.uearity. The general êrrangement of the complete systen

Ls shown in !1g.(¿-Iv).

4- The Constant Voh¡rne Cell and Dl-lutl-on Correetl-on.

Whatever the type of eell used., the mEasured turbtdity
nust be correeted for dllutlon. It ls usuaf to express

the eomposltlon of the suspendlng nedtum ln terus of the

firnetlon í , d.eflned by the ¡elatlon

y = v (r-¡v)
vo+v

where V Is the voh¡me of non-solvent added ln the m1xÙure

and Ve ls the orf.glnal volr¡me of solutlon. In the constant

vofr¡me ee11, f d,oes not changa accordlng to equatlon (f-fV)

slnee the sa¡ne yolume j-ncrement of soLutlon ls eJeeted as

ls added. The correet, rel"atlonshlp has been eetabllshed by

Blsehoff and D"s"",¡*16 as follows. If the system has the

composltlon f and a volr¡¡qe of non-solvent dV is added to the
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eonstent yoluno ce1l Ver then a volume lncrement /dV 1s

cJeeted fron the eefl and the aetual lnerease in volr¡ne of

non-sol.vent, dVpr ls glven by

ðvp a dv -/¿v
= dv(l -t)

(z-rv)

The change ln / te

dl = dVo
vo

dv (a-rv)

on lntegratlon
v - ve Ln (r - Y)

- rn (r -t)
(¿-rv)

(s-rv¡
vo

Beeause of the addltlon of non-solvent, the solutlon ln the

eonstant voLume ceLl" ls dl"Luted. If Cs ls the ori.gfnal

eoneentratfon, then the concentratLon C at a partleular

value of / ls glven by,

co (r -f) (e-rv)

vor

ff the Beer-Lambert Law holds, then r (turbldty) ls propor-

tlonaL to C (eoneentratlon) and equatlons (s-fv) and (e-fv)

nay be conþlned so thatt

- 2.3 log -3f-
4to

v
vo

(z-¡v)
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Tbe turbldlty and the volune of addltLon of non-solvent ean

be measu¡ed. dlrectly from the Lnstn¡ment. Thus a plot of

V/Vu vs. Iogl/",'o should glve a stralght l1ne of slope

2.8. Equatlon (Z-fV) has been verlfLed experlmentally by

dllutlng a so}¡tlon of 4.0 x LO-4ß fluoreseeln and. also an

approxtmate 0.5S solutlon of eolloldal slllea. The results

are shown ln Ftg.(S-fV). Good agreenent over a consld,erable

range of I was obtalned. The effeet of the rate of addltlon

of non-solvent on equatlons (r-rv) and (e-rv) ''rl¡es ehecked and

1t was for¡nd that there was Ro obserwable dLfference over the

range of addltlon rates euPloYed.

5. The Mea$¡.renent of the Turbldltv.

oth and Desreuxll h"o" shoym that 1t 1s necessary to

take lnto aceor:nt the l-ntensltLes of both the scattered and

transml-tted l1ght, slnce durlng a tl-tratlon the 1lght

lneldent to the seatterlng volune deereases as the solutlon

becomes more turbid" However, lf the seatterlng volume ls

at the eentre of the ce1l and the llght path ln the 90o

dlrectl-on ls equa)- to one half the length of the cell, then

rjoZri = (r"o/r.) measured (e-rv)

wnere 1f,0 ls the lntensity of the scattered 1leht at 9Oo and'

I; ls the fntenslty of the l1ght lncldent upon the seatter-

lng yoJ-urne. lgO and I¿ are the neasured. fntenslties of the

scattered. and transmftted l'lght respectlYely'
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Callbratlon of the tra¡rsmlsslon was achleved by measurement

of turbldlties deflned by,

r = roe-îL (g_fv)

for solutlons of eo1lo1dal s1llca at varlous eoncentratlons

and, at ssveral wavelengths. The values were eompared. wlth

those obtained uslng a Unicam photo-eleetrte absorptiomete¡

(S.P.500), and. the agreement qtas for:nd to be very good.

The co11oldal slliea was flrstly dLluted to approxlnata-

IV Sß wlth water, centrlfuged at 151000 r.p,E- for P hours

to remove d.ust and, lar6e aggregates and then dlluted to

requlred values of turbLdlty, The results measured on the

turbldfneter are shown ln I'1g. (O-fV) . the absolute coneen-

trations were not deterulned, but have been expressed on a

relatÍve seale 1n which the Etock solutlon hag been ealled

r¡¡rtt eoneentratlon. At levels of hlgh turbidlty the Beer-

Lambert 1aw !s not obeyed., however wtth the lfnits of

turbidlty normally eneountered. (¡cn-L10.1) there ts a

llnear relatlonshlp.

Col1o1da1 slllea was used to caflþrate the seattered

llght, slnce lt has been shovsn to e)cttlbLt no selectlve

absorptlon and. negllglble dissynmetry and d'epolarizatlotl9

The eaflbratlon constant !s deflned. by the expresslonst

(ro-rv¡f = C.SSO 2.603 D/L
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wherË C ls the catlbratlon constant, SgO 1s the readlng at
g0o reeord,ed, on the ehart, D ls the optlcal d,ensl,ty of the

solutlon obtalned from transmlsslon üI€sgurements and L ls

the length of the eelL ln cm. Before callbratlon eouLd

be effected., however, correctlons had Ùo be made to the

measurement of the lntenslty of the seatt€red ltght at

46, 90 and 1õ5o. These eorreetlons had to be appLled to

ensure that the three mlrror systems whleh reflect the

scattered Ìlght to the photo-nultlpller were eaah equlvalent.

the 1lght scatterlng eell was fllled wLth dllute

collold,al slllea and the photornultlpller assemby iotated to

brlng the 45o I1ght path tnto the 9Oo posltlon. The process

was repeated, for the 1350 positlon. The ratlo of the 45 and

1õ5o read.fngs to that at g0o was then applled as & corroetlon.

It was found that the correetlon factor at 45o was !.43 and'

that at 1550, 1.56. To test the valldlty of these eorreet-

lons several solutlons of colloldal sllLea of dlfferlng turb-

lclfty were plaeed lnto the llght-scatterl,ng eelL. The

lntensltles of the seattered Llght wexs reeorded and eorreet-

ed f,or volune and polarlzatlon effeets. The results of a

typleal erperlnent are shown 1n Table (f-fV).
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Tabte (f-fV). I ,ffi caleulatad. for the three angles

45r g0 and 1õ5o from ,.easurenents on colloldal s1l1ea at

\ = 4E5g 8. 1 ls the percentêge lntenslty of the

scattered llght as read' from the reeorder chart'

Angle I
l{easured. IntensltY (1)

Corrccted (r)

450

94.50

õ5.04

1ã50

?.2.60

55.10

goo

16.50

16.50

.. Æ 1g,50 16.5õ 16.50r' lleosre

The results lndleate that the eell deslgn and the geometry

of the optleal system are satlsfaetory'

Theturbldltymêaguredbytrensmlsslonshou]-dbe

related to the ratlo of the lntenstty of the scattered 1leht

at g0o and the lntenslty of the transmltted llghtt for a

symnetrlca}scatterlngmedlr¡m,suehascollold'alsi]-lea.
The relatLonship between (rrg/r1) measured. and turbLdfty has

beencheeked,andallnearrelatlonshtpdoesexlstatlow
turbldlty values as shovrn ln tr'Lg' (Z-fV) ' In eheeking thls

relationshlpltwasfor¡ndneeessarytocorrectthemeasured'
values for dlfferences 1n the spectral response of the photo-

nu].tlpIlerand'thephotocell.Itwasalsoneeessalyto
take lnto aeeo'nt the voltage depend.enee of the phòtomultl-

pllercharr¡relarrdtocallbratethereeorderscalesettlng
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accord¡¡gly (see Chapter VII). Slnce the photoceLl' and

the photonultlpller both had. naxinr¡m speetral response at

À= a558 t, thls wavelength was ehosen for all' subsequent

measurements. HavLng caLibrated' the fnstrr¡n'ent, the

reeorder scaLe ean then be checked uslng å standard scatter-

lng med1ræ sueh as the persper block, shown fn Photo (g-fV) '

This perspex bloclc has been uachtnecl and polLshed to the

etact dimensfons of the sení-oetagonal eel1 1n Ftg.(¿-fV)'

sllghìt varlatlons ln llght lntenslty and. voltage ean thus

be compensated for before an experlment ls begun.

6. Dlscusslon.

the turbldlnetrle tltratlon spparatus, whleh was

deslgned speeffleally for the study of dllute po1¡mer

solutlons, wes carefully callbrated before USe. The

results of this callbration shqwed that the optles and'

cel"l deslgned were satÍsfactory and that the operatlon

of the tltratlon system obeyed. the usual dl1utlon Laws '

The applfcatÍon of the nethod, to dllute polymer solutlons

ls deserlbe,l ln ChaPter V-
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CHAPTEA V.

a lurbtdf.aetrle Tltratlon stuoy on Polystyrene and tbe

tslock copot¡rners of, styrene and Methyl' MethaerTlatc'

1.

2.

5.

fntroduetlon.

Sise and Shapc of the Preelpltatcd Partlclee'

the Meagurenent of the Tr¡rbldlty of the Po3¡rner

Suspenlfon.

4. solublllty as a Fr¡nctlon of coneentratl'on and'
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1. Introductlon.
Îurbldl¡netrlc tltratlon has been used' wldeLy in reeent

years for both the qualltatlvel-5 and quantltatlve6-15

exa^ulnatlon of polyner solutfons. As a meens of d'et'ernrlnlng

moleeular wefght dlstrlbutlon, the ulethod has many advantages

over fractlonatlon technlques. The quantlty of materlaJ

necessery to cerry out an analysls ls smalI and reprod'uelb-

111,ty ean readlly be obtalned. the reproduclblllty of the

results, however, 1s determlned by the stand'ardlsatlon of

theerperf.uentaleondf-tlons,suchasthetemperature,rate
of stlrrlng, rate of addltlon of non-solvent and' a proper

eholee of the startlng eoncentratl'on. It ls also necessary

to correet for optlcal effects, dj.lutlon and changes ln the

scatterlng pattern of the polyuer suspenslon'

In the past, assr¡¡nptlqns as regard.S Shape and dlsperstty

of the preelpltated speeles have been rnade when Lnterpretlng

the results. 0n1y recentlyl6-18 have atteurpts been made to

elucldate the behavlour of polymer partleles preelpltated

from solutlon by the addltlon of non-solvent. The eholce

of the soLvent-preelpltant systen rv1lL, however, affect the

results.Thesystemmustbesufflclentl.yselectlvelnlts
abtllty to cause a good separatlon of the pol¡¡merlc speeies

andltmustnotprodueecoagul.atlon.Thelatterfaetorls
extremely lnportant, partleuÌar1y near the end of the

tltratlon, and 1s often contrlbutory to unsatlsfaetory results'
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It f.s deslrablc that the solvent and, the preclpltant

have the 98!Ie or very nearly the sane refraettve lndex' It

has been the practlee 1n turbldlnetrlc tltratlons to relate

the LntensÍty of the seattered llght fron the suspended pre-

clpltate to the actual amor¡nt of poÌ¡mer present. Howeiler,

the seatterfng power of a poì.¡¡mer preelpitate 1s a functíon

of the refractlve lnd"ex dlfferenee between it and the medlum

tn whlch lt 1s suspend,ed.. Thus, relatlng the measured' turb-

ld1ty directl.y to the mass of the suspended polyurer l-s onÌy

valld when the soLvent and the preclpf.tant have the ltane or

l7ery nearl.y the same refraetlve lndex. It was for thls

reeson that the followÍng studles ttrere earrled out usl-ng

buüanone aE the sofvent and lsopropa¡ol as the preeLpltant'

The refraetlve lnd.leas for butanone (n = L.374Oj and lgoprop-

anol (. = L.6166j have been measuredl9 at a wavelength of
o

5460 Ã. To reduee the effects of multlple seatüering and'

coagulatlon to a mlnlmr¡u, yery dllute solutlons (O'OOO¿ -

O. O0 Z S/fOO nf) were used tn all tltratlons. The rate of

ad.dLtlon of non-solvent was also r.edl¡ced to a mlnlnum

(O.Ot - O.OP p1/nh) to allow effeetive equlllbrir¡m to be

establlshed '
lhe turbldfmetrlc tltratlon studles were earrl'ed out ln

orde¡ to determlne whether the method could be applfed

quantltatlvely to the measurement of molecul'ar welght and

moleeular ç¡elght dlstrtbutlon. these Studles were carrled
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out on polystyrene sauples prepared' by an anLonlc technlquo

descriþêdPo clsÇwhere. Evldence w1ll' be presentcd to shor

that the ¡¡oleeular selght dlstrfbutloa of these polystyrGn€

seuples ls not as good as that obtaLned uslng the modlfled

purElngtechnlqueæployedlnthepreparatlonofthebloek

copol¡ruers (see Chapter III). lhe methoð ¡vag dereloped so

as to provlée a rapld chack on the heterogenelty of the

bloek copoÎ'lmers and the parent pol'ystyr€nos'
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The scatterlng pattern of the preelpltated' partleles

was examlned lndependently ln the earì'y stages of the

tltratlon and after complete preelpltatÍon, ln order to

show changes Ln slze and. Shape of the preelpltated Species'

It has been suggeste6?,2e23 that the slze of the partlcles

formed durlng a preelpltatlon Ls a fi¡nctlon of the detree

of saturatlon of the solutton, and not necessarlly the

moleeular welght. It was therefore d'eclded to }ceep the

startlng eoncentration as 1ow as posslble '

Forpartie].eswhlcharesmallcomparedtothewqre-
length of the llght ln the suspend'lng med'1um, the angular

variatfon of the scattered tntensLty for unpoLarLzeð' ltght

ls glven by the Raylelgh relatlonshlp'

tp = Kro(r+cosse) (r'v)

where K

lglsthelntensltyofthescatteredllghtmeasured.atan
angfegtothelneldentbeamlorandatadlstaneerfrom
lsotropleally su¿lL partlcles of polarlzablltty o( ; \ ls

the wavel.e,ngth of llght ln the medlum'

Forlargepartlclesthescatteredlntensltylsno
longer syrnmetrlea1 about 9 = goor but d.ecreases as a ftr¡¡'etlon

of the angle of obsewatlon e . 1o correct for thls loss of
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seettered lntenslty, the fi¡netlon p(e) ls lntrodueed lnùo

equatlon (r-V) r eo that

le = K ro(r+"or29). P(9) (e-v¡

p(9) 1s known as the partlele scatterlng faetor, and DebyeP4

haS ghown that for spheres up to one wavelength ln dlameter

and. whose refractlve lndex Ls very nearly equal to that of

the surror¡ndlng medltrm,

3

x6 (stu x - rco" ri t (s-v)

(¿-v)where

P(e)

x= zTr DlIr stn g/z

and À | ls the wavelength of 1lght ln the uedLr¡m. The

scatterlng at any angLe for a sphere of any glven D/Àt eaB

thus be calculated uslng equatlon (g-V). For large spher-

|ea1 partleles the asynnetry of scattering 1s usually etc-

pressed, by the dissymmetny functi-on Zr where

ry - ts (s-v¡- 
fili -e)

TabLes of the dlss¡rnnetry Z = t45o/L¡55o, a¡rd the corres-

pondlng eorrectlon factor p(g) &s a fi¡nctlon of the ehar-

acterlstle D/),r value have been evalueted'25tP,6 for spherlcal

partleles, rods, monodlsperce colls and polydisperse col]s'

Recent eaLcu}atlons by He1lerõ5 h*v. shorrn that uslng the

above equations and employlng the partlcLe scatterlng factor
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p(B), een Lead to large errors ln the flnal result, partle-

ularly when the dlss¡¡mneüry ls large. It ls erldent that

for very Iarge partlcles the Baylelgh-Gans-Debye treatment

has certain llmltatlons and the more conprlcated l'fle56

theoqy should' be ørPloyed'

A sanple of poì-ystyrene Gffi = ??t p00), whose lnltla1

conceatratlon (Co) Ln butanone was O.00lA g/100 nt, was

tltrated wlth lsopropanol at a rate of 0.Q2 u.l/t.ln at a

te¡cperature of 25 + .OPOC. Sanples were carefulLy remæed

from the tltratlon cell at aß an¿ at complete preclpltatlon'

lhe samples were re¡noved uslng dust-free plpettes and care-

fut.lyaddedtothellght-scatterlngce]'lofthePeaker
p.o.L. LÍght-seatterlng apparatus descrlbed ln chapter YII'

the l1ght-seatterlng ce1I was so desígned that lt eould be

effectlvely thernostated to 25 ! .OUoC. The angular dls-

trlbutlon of the intensity of the seattered Ìight was then

measured over the range of angles from 40 to l-40o at 10o

Lnteryals. the dlss¡rmnetry val'ues ealeulated fo¡ the pre-

clpltatedpollmerpartlclesandcorrectedforsolvent
scatterlng have been plotted agalnst the angle of observatlon

e as shown ln Flg-(t-v).

The sample taken durlng the early stages of the preclplt-

atlon has been eranlned anð the erpertuentrL polnts fall very

cl0se to the theoretleal cuÍve ealeulated' for a spherleeL

partlele of slze D/fr = 0.40. At complete preelpltetlon
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Fig,(f-v). The variatj-on of the crissymnetry (Zj

of' scatterec light rrltn angle (9] for po]-ystyrene

(M-v = ??rCOO) -oreei-crÍ.tated from butanorre by ad'dition

ofisopropanol.Theexperimentalresultsarecompared
wlth theoretiear_ values ealculated. for spheres of D.1Àt = 0.40

and C.50. o AFÍ€R ¡.r. PR€ctPtt^llt¡
+ C(t FI€IE PR€cre¡¡¡¡¡6¡
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there !s some devlatLon 1n the forward or Low angle scatter-

1ng reglon, where an lncrease 1n the dissynmetry was obser:Ved.

The dlssynmetry vaLues at eonplete preelpltatLon lle very

cLose to the theoretlcal. values caleulated for e spherlcal

partlcle of sLze Dlltr = O.50. Although thls treatment ls

only approrlnate, Lt aBpears tha¡r an lnerease ln partlele

sLze has taken pì.ace durlng the tltratlon. However, the

shape of the suspended pol¡ruer partlcles has r€ualned essent-

lalty spherleal. These results dlffer frou those obtaÍned'

by Hastlngs a¡rd Peakerrl? who condueted sltnllar studtes on

polystyrene, uslng the systen benzene-¡nethanol' these

authorslT found a d,eparture from the spherleal model. The

observed, dlss¡pmetrles were ¡oueh Jower than the calculated,

vêlues. Ifowever, Hastlngs and Peakerl? reeognlzed. that tf
the partiele slue exceeded one wavelength ln dlameter, then

the angular distrlbutlon wouLd ehange from a smooth fi¡nctlon

to one showlng maxl¡ta and mlnf^ma. ff aggregatlon were to

take place, then the lnerease ln partlele sLze would tentl to

shlft the naxlma lnto the very low forward, angle Ìeglont

eauslng a d,ecrease Ln the forward angle seatterlng and hence

a d,ecrease !n the measured dlssynnetry. the.reSultS of

Sloan2? seen to Verify these oþseryatlons. However, there

appears to be no obse¡vable aggregatlon of the pol¡runer

suspenslon |n the butanone-fsopropanol systen. fhls nay be

the result of uslng dllute solutlons and the Yery slow
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addltlon of the preelpltant ln wel'l' standardlzed eoað1tlong'

the stablllty of the poJ.ystyrene-butanone-lEopropanol systen

haE been dsuonstrated by the fect that afÈer 48 hours thera

wss ncg]lgtbIe change tn the scett€rlng pattern es shown ln

Flg. (f-V) . Dr.lrlng thf s ¡rerfod the polyner suspenElon wet

eonttnually stlrred and the¡uosteteð et 95 ! .08oe "

Dgrlng the axanlnatlon of the llght-seatterfng psttêrn

of the poI,¡rmer suspelxsl.on, the uost dtffieult operatlon wa¡

trangferrlng the saaple from the tltraÈfon eell wfthout

allowlng lt to be contamlnated by dust. ÀLthough every

precautlon was taken, the possibtLlty that sone contera{r1atlon

occurred eannot be entlrely overlooked'
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It has been the praetLce Ln turbldlaetrfc tltratlon to

relate the intenslty of the scattered tlght to the amount of

pol¡rmer 1n suspenslon at any gÍYen lnstant. Honrever, thts

ls on1.y va]ld. |f the polymer ls preclpltated as unlforu

spherlcal partLcl.es, whlch have a dlameter small (lt¡fO)

compared. to the wavelength of the llght (Àt) ln the med'lr¡m

und.er lnvestlgatlon. It !s aLso essentlal that the refraet-

lve index of the solvent and the preclpl'tant be very nearly

ldentleal. It was shoYvn Ln the prevlous sectlon (see 2l

that the suspend,ed polyruer partleles are essentlall.y spherle-

aI ln shape, although there ls a deflnLte change in thelr slze

es the tftratlon proceed.s. ObvlousLy, !t |s essentlal to

eorreet for ehange 1n sLze of the pol¡rner suspenslon before

the measured turbidlty ean be related to the quantlty of

materfal preeLpltated at any lnstant.

It ls posslble (see Clrapter IV) to relate the lntensity

of the seattered lleht at 90o (ft.) and the lntensity of the

transmÍtted 1lght (tt) to the turbldl.ty of a soLutlon' whtch

exhlblts s¡rrametrlcaÌ scatterlng. A ltnear relationshlp

between (f*/f¡) Eeas. end the concentratlon has been shonn

L5r?fl to be velfd for dllute solutlons of, collo1da1 sLllea.

Howerver, wlth lnereased partiele slae the lnternal Lnterfer-

ence must be taken lnto account.

If the dlss¡rmetry Z (I+S/trcS) 1s deterulned at eaeh
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stage of the tltratlon, lt 1s then posslbÌe to ealsulate the

value of x ln equatlon (¿-V), where

x = aÍD/lr sLn9/2

and. henee deteflßf.ne the partlcle seatterLng factor p(O) at
g - 90 of equatlon (s-v)

P(e) =

rewhe,

k (s,,, r - t"o, *f 2

The observed lntenslty of scatter at 90o nultlplled by the

reclproeal of P(gO) glves the value of the lntenslty that

would, have been obse¡ved had lnternal- Lnterferenee been

absent. It ls possible then to correet the ratlo (fgg/fa)

msas. at each stage of the tltratlon for the effect of part-

|e}e slze on the lntenslty of the scattered ]lght. Flg.

(z-V¡ is a plot of the funetlon r/p(so)' denoted Uy f(z)

agalnst the diss¡rmmetry (z meas-).

llowwer, the obsewed dlss¡nrmetry should be correeüed'

26r?9 for the reflectlon of llght at the glass/aLr and

llquld/glass lnterface. For syumetrical scatterlng the

Fresnel eorreetlon Ls negllgtble; howwer, 1t becomes appree-

labl.e whEn the dlss¡rmmetry becomes large, beeause the seatt-

ering at angl.es greater than 9Ûo fs auguented by the forward

seatterlng of thls reflected l|Sht. laklng both lnterfaces

lnto aceount, the coefficient I for the glass/atr lnterfaeE

R
1s,

(e s)
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where n = refractlve ladex for the gless.

For the llquld,/glass lnterfaee the eoeffl.elent r ls
glven by,

r= 2 (z-v)

where no ls the refraetlve lnd.ex for the llguld..

The correeted. value of the dlssynnetry, Z, then becomeg

Z' zobs.-(1 rÌ2R+r (rv¡
1 [Ct-"]2n*"]zobs.

o
Taklng the value of n f,or quarÈz glass at À = 4õ58 A as

L,48'l and the value for no as 1.58 for the butanone-lsoprop-

a.nol mixture, E beeomes

Z = Zobs. -O.03? (e-v)
1 - 0.0ã7obs.

Each value of Z observed was corrected ln thls manner. lha

true value of 7', eorreeted for Fresnel refleetLons and optlc-
al effeets due to the method of measurement (see ChapÈer IE),

has been designated ãneas. This val.ue ¡rras used ln FÍg.

(e-V¡ and. all subsequent measurements, It was not neeess-

ary to eorreet the obsewed dlss¡rmnetrles meesured on the

P.C.t. llght-seatterlng lnstrunent, as the eeLL was designed

to eÌlmlnate I'resnel eorrectlons (see Chapter VII) .

1o test whether the eomected value of (lgg/I¡)ne&s.

was ln faet proportlonaL to the auoi¡nt of poly:ner suspenslon

n/no - 1\

æ,t
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present at arry one gteg€, a3 has bcen proposed, a senple of

polystyrene (M* = ??1000) a¡rd havlng en lnltlal coneentratlsn

|n butanone of Q.OO]õ g/tOO mls was tltrated to conplete

preelpltatlon, end treated, as folÌ'ors. Â mlrtilre of butaa-

one end. lsopropanol of exaetly the sape cotsposltlon as t'hat

deternlned fron the point of preclpltatlon, was added as &

dLluent to the tltratlon cell. Care was taken tn preparÍng

the so1vent-preelpltant mixture free fron dr¡st and' the¡moE-

tatlng lt to the sa&e tenperature as the pol,yner suspenslon

ln the tltratlon ce1L. Ths value of the lntenslty of the

seatte1.ed Ilght sþ 0 = fÐo for the solvent-preclpltant

mlxtu¡e was subtracted. fron that of the polymer suspenslon.

The value for (lrg/I¡)neas. correeted for partl'e1e sLze has

beenplottedagalnstthepol¡rnerconcentratl.onegshownln
F1g. (g-S). It can be seen that over a consld.erabLe concen-

tratlon ranËe the corrected, (fgg/I¡)Inoas. value ls proport-

loual to the coneentratfon of the pol¡øer preclpltate'
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ÌIelsht.

In a turbidlnetrle tltratlon, preelpltatlon 1s brought

about by the .sLow and eontfnuous addltlon of non-'solvent to

a dlfute soLutlon of the pol¡mer. It ls usual to deslgnate

the eomposÍtlon of the solutlon at any point of precipitatlon

þy a funotlon,
t (ro-v)

where T ls the voh¡me of non-sol.vent edd.ed and Vo ls the

orlgínal volune of sofutl,on ln the eell" I{hen a ee1l of the

constänt volume type ls used., however, we have the rel'atlon: -

_-9,
vo

-tn (r - /) (rr-v¡

In d,eterrnlnlng the polnt of preelpltatlon for a polyner

of lcnown moleeular welght, the preelpltatlon polnt ls often

teken as that point at whLch turbldlty ls flrst detected.

However, evên when turbldl¡oetrlc tltratlons are earrLed out

on monodÍsperse pol¡rmer, the materlal l-s always preelpftated

over a small range of T " If the onset of turbtdtty ls taken

as the polnt of preclpltatlon, then thls polnt ¡1111 be

welghted toward, the hlgher uoLecuLar welght region. An

alternatlve proeed.ure ls to take the polnt correspondlng to

50É preelpitatlon as read from the tltratlon Gurye. Th|s



Lõ,4

method, also has lts lf-mltatlons as has been poLnted out ln

s€ctlon 6 of thls Chapter. However, !n thls study the

polnt of preclpitatlon was taken as that polnt corresponcllng

to the polnt oî flAfr preclpltatlon and has been desLgnated' fp'

In ord,er to obtaln quantitatLve data eoncsrrrlng molee-

ul.år welght and nol.ecular welght dlstrlbutlon ls ls essentlal

to establlsh an emplrical relatfonshtp þetween nol'eeular

welght, concentratlon and. the polnt of preetpltatlon. fhls

has been done uslng poÌ.yner saurples of kno¡vn noleeular welght

anil narrow dlstrlbutlon.
It was asst¡oed for the purpose of thls study thst the

moLeeular weight preelpitatlng at any polnt depends only

upon the stage of the tltratlon ( y ) and' the coneeatratlon

at sorne fked value of {, say at tr = loi where /o eorresponds

to a point before non-solvent has been added to the solutlon.

Let the eoneentratlon at thls polnt be Cyo. It was there-

fore si-uply necessery to detennlne the eoneentratlon of each

pol¡rmer specles before the ad.dltlon of preelpltant. It ls

courEon praetlee ln turbldlmetrfe tltratlons to add a hotnr

volume of preclpltant to the polyner sotutlon before begtn-

nl.ng the aetual tltratlon. The voh¡me of preelpttant added

ls so chosen as not to be too elose to the polnt of preeip-

itatlon, ln faet far enough removed to allow effeetlve tltra-

tlon to be cerrled out. The aetual value of f ean then be

calculated fronû the relstf-onshlp, 1õ
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(r - Ú)aetl¡af (r - y) htttal (1 - f lapparent (re-v¡

where the lnltlal value of t ts the vaLue after the lnlttaÌ

eddltlon of non-solvent before tltratlon, and the apparent,

the valu€ as d.etermlned, from the amount of non-solvent ad.d'ed

at any polnt of the tLtratlon. The concentration c ean then

be caleulated from the actual value of d, 1f Co f.s hrown,

fron the relatlon
c = co(1 *Y) (rs-v)

The val.ues of the concentratlon (CyJ at ttre flxed value of

f, = Úo ean thus be ealcu1at,ed.. These concentratl'ons here

been deslgnated Coo.

severel polystyrene samples 1n whleh the uaolecular

v,relghts were dete¡nlned from vlseoslty ueasurenents ln

toluene,tl *"r. tltrated ln the apparatus prevlously deserlb-

"dÊ8 
(see Chapter IV) e.nd the values o¡ Yn and Coo d'eterurlned

as outllned above. The molecular rJüèlght range covered waS

from 771000 to 920'000-

The val.ues o1' fn were plotted agalnst 1og Coo and. the

results sþown ln Flg.(¿-V). Extrapolatlon suggests that

there is a crltieal val.ue of Coe for whlch all molecular

welghts are preeipltated on reachl-ng solne erltlcal val'ue of

Up. Thus for the most efflelent separatlon of moleeular

welghts 1t ls essentlal that onJ.y Iow eoncentratlons be used.

From the d.ata shown ln Fig.(¿-V) the rel'atlonshlp between fp
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and, Coo 1s found to be of the fortnt

log Coo a-bfp (r¿-v)

where a and b are consta¡rts for a particular pol¡rner end

solvent-preelpttant system. lhe results show that a solub-

lltty rel.atlonshlp does hold, whlch !s slnllar to those

reported prwlousfy.30 The coneent¡atlon Coo of equatlon

(:-¿-V) 1s not, however, the pol¡rmer satrratlon eoncentretlon.

Frorn the data 1n Flg. (¿-V) lt was posslble to dete¡ulne

a relatlonshlp between the polnt of preclpltation f,p¡ the

lnltta] po3¡paer concentratlon Coo end the molecular weLght,

M. This was achlEved. by plottlng U n agalnst M+ for a

serles of lnltiaL pol¡æer coneentratlons Coo. Ihe results

of thls plot are shown ln Flg.(S-V). The relatlonship

betweenúp ana m+ appears to be Linear w1th 1og Coo as

parameter.' Howæer, lf emphasls ls plaeed. on the hlgh

mo]ecular weLght region of the curver 1t appears to be

slightly currred, |n the regl.on of M = 9N r0O0. ThLs arises

because of the d.ifffeulty in obtainlng the exact Ìocatlon

of the polnt of preelpíüatLon for hlgh molecular welght

samples. fhe hfgher the molecul.ar weLght the Less preelse

ts the point of PreciPltation.
From the d,ata 1n Flg. (f -V) 1t can be shown that the

relatlonshlp between f,', molecular welght M and the eoncen-

tratlon Cee Ls given by'
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'T

x+ïM- (rs-v)

v¡here x = 0.109" Y ls e funetlon of the concentratlonrcoo,

and may be evalua.ted from the slopes of the varlous coo lÍneg

of Fls. (s-.y) . These slopes werê plotted agalnst coo as

shown ln Fig.(A-V). The slope of thls TLne 1s Y. Art

equatlon flttlng proeedure was also used to evaLuate l'

F¡ou Flg.(c-V) lt was for¡¡rd' that,

P18.15 - 5?.85 1og (coo x ro5) (re -v)ï

Thus the relatlonship between the polnt of preelpltatlonlOr

the eoncentratlon coo and the ¡ooLecular welght M, turns out

to be

Úp = O.]08 + (rr-v)

Thus, knouring the poinü of preclpltatlon and the |nltlal

concentratÍon, lt 1s posslbl'e to determlne the nol'eculer

welght at any stage during a tltratlon' Havlng shown that

the lntenstty of the scattered light at 90o and the trens-

mlsslon can be related to the weight of materlal present in

the t,ltratlon ee]1 at any lnstant, lt 1s posslble to lnvest-

lgate quantitatlvely the d.etern¡Lrntlon of molecul'ar welght

and, nolecular welght dlstributlon. However, the¡e are

certaln correctlons and llmLtatlons whleh must be obealved

þefore quantltatfve emphasls ean be plaeed on the resul.ts,

M
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Perhaps the nost J-nportant preea,-ltions to be observed are

the eorrectlon for loss of polynrer preelpttate ln the

const¡int volume eeII and the exact Locatlon of the preclp-

ltatlon polnt.
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The constant volume cell haS several adVantages over

the open type of celL used, by some workers Ln the turbldf-

uetrlc tltratlon studles. Ihe relatlvely small Yolume'

êase of thermostating and the rapldlty of tltratlon are the

main advantages. Horsever, the d'lsadvantage ls tliat Some

of the pol¡æer suspenslon ls Lost by overflow as the

titratlon proceeds. Thls ueans ttrat ttre welght of materlaÏ

obsewed at any lnstant i-s not an aceumulatlve welght r¡¡hich

is requlred for quantltatlve lnterpretatlon of molecular

we|ght d.lstrlbutlon. It was therefore neeessary to coryeet

for loss of poÏ¡ruer preclpitate, and the fol1owlng proeedure

T{es adopted. Conslder a tLtratlon cunre of the type Shown

tn Ftg. (Z¡¡), where welght of precipltate 1n the ceLL ls

shovrm plotted agaLnst ttre stage of the tltratlon, Ú .

]¡i *p

r'1g * (z-v)

r ú+ dtr

In the lnterval lietween U and Ú+ dY an Fmount of preelplt-

ate vp w111 be reduced by (*p * Awn)af' Hence the aetual

loss of preelpltate ln thls lnterral Iles between these two

wI
LI+p p
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€xtr€tses. Denotlng thts Loss by d(5)fOSf, we havc

rodÚ <

fhus fn the Ltntt dÚ -. o

e(wr)r,osr = rndf (ro-r¡

Therefore the total Loss up to any stage 11 1s given by,

l"
(eo+¡. (wnltost wndf

Hence the totaL welght of preetpitete produeed uB to X1

(denotad by (wn)1) f.s glven by,

(wpll = (tplr

Ír

I
+ 5dÍ (er-v¡

where (rplf ls the au.or¡nt of polyrner left up to Yl.

The seqÌrenee denoted by (er-V¡ uay not coffrerge rapldly,

howwer the llnl.t of the sequênce ean be deteralned uslnel

Aftkens -dP proc"r".5¿ If the Last three values of the

scquenc€ are d.enoted by n, n-1 and lr-9n thm the LlnLt

denoted by (Wn)- 1s

[(*o]," - (*o)r-J "(wp)r,

[wn)r,-z 
(wp]o-r + (wp]¡r-l

(wu)""

(ee-v)
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T'hr qrarElæ €ee-*¡ beeswts æst aEeumto çhes Êhc

dç1ctf,o¡rs (wpl"" - (xdr f,otu a gooøotrie progrclsL@*

!o datcmfnc tlro lntçgral of equctlon (ef-f) tår rægr

ef Y <ror whieh thc Ët tratloc was esrrLed out wec iltvldcd

Lnto €qusl lntenalc" aY r givlns tihcn 
:

tÇrcsr
t-"f

,, tr/" (es*)å¿8
tt=o

tïrc aotn¡I tltratloa egrYe vr¡ correctcd for thc locs of,

golSracr preclglt¿to tn thla Eån¡¡ôr æá tll caleuletlsu¡

rcr€ earrled qut er¡ thc sorreotcù vaSscg.
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to llolseular lelrht.
Coaslder a nolecular relght dlstrlbutlon currc of thc

typo ¡hora l,n Ë1g. (e-V¡ .

Efg, (e-v¡ .

Iy

For e dlstrlbuttoa of thts typa there are three cheraeter-

lstfes, rhlah are relaüed to lts rhapc; a) the relght nnodal

¡aolecular welght, vhleh correrpondE to übe polnt x o¡r th;
dlstrlhrtl.oa eurv€. lhls polnt eorrclponds to the grrat¡ct

weltht of, materlat bavlng t ¡nolecutrar uelgbt ¡; b) the rctght

ncdlan reoleeular welght dcnoted by y, rhere the area undçr

the eurve ln Â ls aqual to the arsa r¡nder the eu¡vc ln Br anû

c) tÞe welght ssan uolecr¡lar relght, wtrlch eannot be Loeatcd.

by vlsr¡¿l l¡speetlo¿. For s eontlnuous dlstrlh¡tlo¡l of

uolseular relghts thc retght BËan qoleeular volght m r Eay

be dcf,lnd by,

r

¡-f

oo

llr WdH (e*-v)t:

_r_it
¡l

_2

Slnce I uae æcagurad la arbltrery t¡nltr ln ttre datq to bc
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descrlbed, lt 1s no longer true to eseume that the area tmder

the uolecular welght dl,strfbutlon eurÍe ls unlty¡ 1.3. ¡

*1 (ss-v)
@I

o

ËdM

oo

therefore 1t ls necessaqf to lntroduce

faetor, glvlng
I

Mw FIMdM

a

Sdl4 as a seale
o

o (ee-v)

srdM

If the mol,eeul.ar welght tlfstrfbutlon were syrnnetrieal, then

tho wel-ght ruodal, we1ght median and welght mean molecul.ar

welghts would be fd,enttcal. Shus tfie assr¡mptlon thet the

polnt of precipltatlon at helf wef.ght of material preelplt-
ated correspond.s to ttle moleeufar weÍght, as detemlned fron

viscoslty aeasuremgrrts, eould be ln error' Tho polnt thus

loceted. would correspond to the welght nedla¡r moleeular

welght for skewed dlstrlbutloa curres.

For aules of moderate skevmess lt l"s possible to

relate the wei.ght tnodalo weight nedlan and weight uean

n¡olesu1ar weights, by an assr:nptLon of the foru,

Bean - node õ(uean - nedtan) (er--v)

o

Thus lf the distrlbutlon eu'lrte ls uaoderatel.y skewed, ther¡ thc
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wefght mod.al. a¡rd welght medl,an molecular welghts may be

deternlned, and uslng the assì¡Eptlon of equatlon (Zl-V¡ the

weight mean molecular weLght mey be astlmated'.
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Dlstributlon' fron the Experimental Data.

Two sampÌes of polystyrene, sampl.e P1- (F = 1"98 x fO5)

and sample PP (frí = 4,A4 x fOs), were ehosen for ana1ysls.

The tftratlon eulve of sampJ.e P1 ts shown tn Flg. (9-V).

thls curÍe was corrected for loss of pol¡mer preclpttate

uslng the method outl.lned ln seetlon 5 of thfs Chapter.

Havtng d.ete¡ulned the lnltia1 concentratlon (Coo = 56.8 x 1f 5)

the mol.ecular weights at eonstant lnte¡vals of Ú were deter-

nlned from equetlon (fZ-V). Fron the arbltrary welght

values and the correspondlng molecul,ar weights the lntegral

moleeular welght dlstrlbutlon curve (ffg.lO-V) was constrrrct-

ed. Ihe dlfferentlal moleer¡Jar wefght dlstrlbutlon n¡as

obtaLned from the lntegral eun¡e by graphlcal dlfferentiatlon
(rue. lo-v) .

To determlne the weight mean moleeular welght from thls

data lt was necessary to eonstruct the curve of the produet

of welght by mol.eeular weight (çm) and plot thls a$alnst

molecul.ar welght M. AceordLng to the definltlon of welght

nean mol.eeular welght, equatlon (ee -V¡

r*
Mw = / Wl,IdM

o
oo

/
o

sdM

thus the area of the WM agalnst M culnr€, divlded by the area



Frg, tg*v). Tire iîtratlcn ctirve fcr P'l (r "ge r ro5)

.ï.riÐ4.;c "

f'{¿) plottecl agairrst the ioint of

creti-¡ritation Y ,

[to,r " I

00s

0.0 4

Ë o'oz
ò

0.01

0

N i
T

0.2 03 0.5 0.6

t



IU

w
0€0

0t

d.TT

dNI
x (e * ro5)

0f0

0n

0

0.10

80 10

grl0¡

Iig" (fO-V) " lhe inr-egra.l. ancl clifferentl¿il- noleeul¿.r
r¡r¡eight cìistribritlon eu'rve for sainl¡le I.1.



L4e

of the ff agalnst M cuare glves the welght mean moleeuLar

wefght. the arees Íere dete¡tLned uslng a planlmeter and

the welght nean moleeular weight for¡nd to be â.1O x 10ã.

thls ls wlthLn 6ß of the aetual value (t.9g x fo5) found by

vlscoslty.
Uslng the approxf.matlon of equatl-on (gg-V), where

Eeen - mod.e õ(nean - nedlan)

the welght mean molecular welght for P1 was formd. to be

2.20 x 1O5. This value Ls LAß hlgher than that dete¡mlned.

by vlsooslty &,eastrrements. Overegtluatton ls probably due

to the fact that the nolecular weight dlstrlbutlon eun¡e for
P1 ls Bore than moderately skewed.

the eufire of the dLstrtbutlon of molecuf.ar welghts by

nr¡mber of moles was al.so deteru,lned,, by dlvldtng eaeh weight

fraetlon Uy fts nolecular weight, end thls eurve Ls shorn ln
Flg.(ff-V). The number Eeên moleeular welght was detemtn-

ed ln s uar¡ßer sipllar to that outlfned, above for determlnÍng

the neJ.ght mean moLeeular wefght. The number mean molecuLar

welght, m, was for¡nd to be L.42 x 1,05. thus the ratÍo of

the welght nean to the nr¡nb€r mean mol eeuler wel,ght was found

to be 1.48, lndicatlng that sanplo P1 had a ¡ather broad

nolecular welght dlstrlbutlon.
For polystyrene sample P2 (frí = 4.04 x ro5) the

tltratlon curve ls shorvn tn Flg. (fe-V) . thls curre was
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converted to an lntegrel type curve arrd flnalIy to the

differentlal mol.eeular welght dlstribuÙlon eurve ln a manner

slnlIar to that outllned above for sa.nple Pl. Eowwer, the

rånge of molecular welghts felL outsld'e the ltult of eallbra-

tlon, e¡d the currres could only be construeted wlth any cert-

afnty up to the point shown ln Flg'(lõ-V)'

It ¡vas not possib]e to obtaln tbe welght mean mofecular

welght by the area method outllned for polystyrene sampl'e Pl'

Ilowever, uslng the approxlmatl-on uethod of equatlon (Zl-V} ,

the welght mean uoLeeular welghÙ was for¡nd to be 4'40 x 105,

whleh ls wtthln l:Ofi of the value deterulned by vlseoslty

(¿.0¿ x fO5). Conslderlng the assr¡mptlons made ln the

anal.ysls, the resul'ùs are reasonabl'y good '

It ts lnterestlng at thls stage to eompare the results

obtalned from an ultraeentri.fuge anaLysis on two polystyrene

serples prepared. anlonlcally, but uslng dlfferent technlques'

The results of thls qualltatlve analysls are shown ln

photos.(f-V¡ and (e-V). Both sanples (1n toluene, Chapter

VII) were spun f.n the sa¡ne rotor at 50r?40 r.p.Il. and a

wedge wLndow was used to dlsplaee the lmages. The top

iuage of Photo.(f-V1 and Photo.(e-V) 1s that for a polystyrene

sampLe prepared. ln a one step polymerizatlon proeedure using

sodfu¡m naphthalene, at -78aC, âs lnltiator. Thls sampLe had

a molecular welght from viseoslty measurenents of 2'ã0 x 105'

The bottom fmage |n both photos. !s that fqr e polystyr€ne



\

0.80

070

w (r. ro x :-05)
0'50

0.¿0

0..|

0

Mxto¡

Fig. (f¡-V) . The inte gral and cl"ifferentia.l mo-l-eer:f ar
we j-ght distribut-lon errves for sampÌe P2. The weight
d.istri'nution. eurve is ehar=acterized bi' tlie sea.le faetor
*(ovl7s¡a¡ x (e.ro x:-05).

0



Ilirl:'t.='(i 'V) i,l]i,:¡ ¿i-f1.-r,:t' -i !': tn-'i-iii,:i.t:r i.nil. T:'liuL,; {:: V) :,il'í'r't'
,j- !ri,r;r'r' .fOt' "!-lic c,;¡¡rf,r'if irge+ l-'ìtit ':f' 'ü,','J jrr-'¡l.i¡;it)¡l'cl-ii* ::l:.ìiiìjll sli
p,I'Êli:)¡-it.(i'úl ;,ri.-r-Lcrf iC:r-l ll)t; l-'ll'1, r-rS j-,-l g riif 1",.,'r'r:nt- i- i'e¡l'rI':'itir/e
-; l;'-: it.r:'! ,¿tt e :; .

qi 111

I
\

I
Ii l:':, t

Pir.,-:ti: (iZ -ti;

\

!Ì
ü ttr i



1*t

Grep¡c ffi - g.g0 r 1oã) pr.ptrd by Èhr ¡n¡p¡it3 tdalqer
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l{ett¡gl l{sthae rv}eto.
In tÈre prccedln6 seettons of tht ¡ Clrepter lt ha¡ bceu

shown that the fractfonetten of a hoaopol¡mer 1s erltlerlly
depend.ørü on tts coneætratlon a¡rd aoleeular retght. IÈ

has bcen suggcstedr¿L hoçæer, that e block eopolyrner ¡111

no longer fractlonsto as a funetlon of ovorall naolecular

welght. lo test thls hypothesls requlres a serles of çeLl

eharqeterlzod and homogeneous bloek eopolyuer sauples and

a laroçlertge of the solublllty behavlour of both honopolyuars.

Tro polystyrone samplce (fSf and P8{} prepared ln thc

flret stage of the syuthesl,s of bloek eopolyraers B3 and B{

flere titrated 1n the apparatus de¡erlbd, ueing butanonc Ér

the solvent and lsopropanol a¡ tlre preclpltent. the tltrat-
lon curves for PSõ and P8{ are shorn 1n Flg.(r¿-V}, thc

ratlo of, the scattered llght aü 9Oo a¡rd the tren$útted llght,
tbat l,s (f*/falneås., has been nsmallzed, eonplete preeip-

ltatlon belng put equal to r¡ntt turbldlty. Corrcetlons

norually applled to the ¡aeasured turbldlÈy have been lgnorcd,

as suelr constaats were not deternlned for polynethyl. nethac-

rylate or the bloek eopolymers. thc uslecular wclghüs

(p$g = 16â100O and PSd = 106r00t) n6re detenalned by vlseos-

1ty eeasr¡rEucnüs fn tol.uene, usfng the rclatton between

vt¡coslty .sad uoloeular rclght, derlved by Oreon.5l Îl¡a

startlng cqrcentratlon of PSõ ras 0.0OO76 g/1OO a1g end



I ig. (f+-Vi . The turbid.i¡tetric tj.tration curves for polysty_rene
sãäni** pSf and P-\4 ancl a poli¡¡l'ei;hyl neî,ilacrylate sample FlfiA -

10 P!ît P5r PMMA

t
0.50

I 0-70

8



150

PS4, O.O0O62U E/LOO mls. The preclpltatlon poJ.nts, eorros-

ponitlng to half tho weÍght of materiaL precipltated, were

fonnd to be O,õ8 for PS5 and 0.465 for PS4.

A sample of polymettryL methacrylate, also prepared

anÍontcat1y2o and rhl,eh had a rnolecular ¡¡elght of 8001000

determl.ned by viseosÍty measurement in toluener was aLso

tltrated. the pol.¡rnethyl methaerylate was found to be more

soluble ln butanone than pol.ystyrene' and the preelpltatlon

potnt was for¡nd. to be 0.5õ5. For a sample of polyrnethyl

methacrylate havlng the srme molecul.ar welght as the poly-

styrene sanples, the preclpltation polnt, X p, would' be

greater than 0,555. In order to obtaln tbe same lntenslty

of Seatter aE that measured for pol.ystyrene, lt waS n€eessary

to use a larger startLng coneentratlon for the pol¡æethyl

methacrylate. Íhe reason for this was that the refractlve

Índ.ex inerement for pol¡methyL methacrylate ln butanone ls

mueh snalLer tha¡r for polystyrene ln butanone. Tbe starting

concantratlon for the polymethyl methacrylate sample was

O.O0õ5 g/tOO nJs. From Flg.(f¿-V) !t ean be seen that the

polystyrene sam.ples are reagonably homogeneous and are

preelpttated over e smaLl renge of t . Ihe pol¡mettryl neth-

aerylate sanple (pm,¡A) was also preclpltated orter a seålL

range, but appeared. less homogeneous than the polystyrene

samples PSõ anó PS4'

It ls essentlal to dlsttngulsh between the bloek
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e6pollmers and m€ehanieaL ¡ofxtures of both homopol-3m'ers.

thls was clone by tltratlng a mlxture of polystyrene

(O.0OO3O e/tOO nls) block copoltrmer (O.oOO4t e/tOO nls)

and. po1¡rrnettryl methaerylate (O.OOOS1 e/tgO g1s). The

results of sueh a tltratlon wlth pol.ystyrene PS4, block

eopol¡mer B4 and. the pol¡ruethyJ methaeryl.ate sanple PMM,A

are showd ln Flg. (fS-V). The polystyrene, belng the least

soLuble of the three poÌymersr was preelpttated first and ls

shown as preclpltatlng tn the range A to B'on the tltratlon
eulve. Between B and C the bf oek copol]mer 84 preelpltated

and. between C andD the pol¡nnethyl methacryl'ate PMMA came out

of so1utlon. By eomparÍng the polnts of preclpltatÍon for

polystyrene and. pol¡rnethyì. nethacryl.ate from Flg. (fA-V) and

taktng the concentratlon lnto consideratlon, Lt ls thus

possible to deslgnate poLnts of precipttatlon for ühe pofy-

styrene and pol¡anethyT methacrylate samples. The block

eopo).¡mer sample 84 1s seen to have a solublLlty between that

of the pure homopol¡rmers,and. Lts preclpltatlon renge fs shown

to be between the lnflectlon polnts B and c on the tltratLon

curve.

The bl,ock copolyurer samples riüere then tttrated lndlv1cl-

ual1y and the tltratlon culryes for eaeh sample 81, 8p , Bõ

and. B4 are shown tn Ftg. (fe -V), the block copol¡rmers

preelpltated, as a slngle specles and. were unconta¡rlnated by

homopol¡zmer. Tb.e preclpltatlon pol"nt Úp was dete¡mlned for
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the bl,ock eopol¡mers ln e man¡xer enalogous to that for the

polystyrene samples. The potnt of preeípf-tatlon Yp,

together wlth block copol¡m.er composltlon, moleeuLar welght

and, the Hugglns constant kgr determlned from the vLseoslty

Beasurements fn Chapter VI' are llsted Ln 1abl.e (r-V).

Table (f-V). The polnt of preeLpltatlon t'pr moleeular welght'

composltLon a¡rd Huggins eonsta¡rt kg for block copol¡rmer

sarnples BL,P,2, B5 and 84 ln nethyl ethyl' ketone at 26

Sample ÞIol.wt.x 105 fr styrene Up kH

84 2.60 48 .5Pß .34

B5 9.86 6P .505 .37

92 5.',1o 70 .42L . õ8

81 4.',r.o 85 . õ 84 .47

o^

As ean be s€en from Tab]e (f-V)I ês the molecuLar welght

lncreases, the polnt of preelpltatlon fp deereases, and' the

Hugglns constant Lncreases. Obviously the Hugglns eonstant

may be used as a neesure of solubllity. Frou Table (f-V¡

1t can be seen that the greater the vaLue of k" the less

solubJe the bloek eopol¡mer and the smaller kgr the more

solubLe ls the block eopol¡mer ln methyl ethyl ketone. For

bloek eopol¡mer samples 81, 82, B5 and 84 the so1ubl11ty

lnereases as the moleeular welght deereases, whleh ls ln

aecord, with the nonnal solublllty laws of pol¡¡mer solutlons.

It appears that the pred,fetlon of KlLb e¡rd. Buecftezl that the
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f,reetlonatLon of bloek eopoÏyaers n'o Longer depends slnply

on the nunber of segnents ln the pol¡rurer, Ls not obeyed for
these bloek copolyuer samples. It uust ba realløed., howerer,

that aeeonpanylng the d.eercase 1n poleeular welght lc an

lnetcase tn polpetlryl methacrylate eontent. the cffeet of
Lowerlng the uoleeular welght l,s therefore enhanced by the

presenee of the eore solubLe poÌ)rnethyL uethaerylate segments,

especlally ln nethyÌ ethyL ketone.

Behllek and Levyõ4 for¡nd ttut çtth block eopolymers of

styrene end Lsoprene f.n toluene, the solublllty was enhansed

by dccreaslng the block size, the overelÌ molecuter welght

remalnlng constant. Thls also contrastg wlth KlIb and

Buecher"Pl predlettons. It ls obvlous, howtrer, ttrat the

type of nonomers uscd 1n the synthesls of bloek eopolymers

and the sslvents used, ln the lnvestlgatlon of thelr dllute
solutLon behavfour" wlll markeally affect the resultE obtelned.
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Dlscusslon.

The resufts lndlcate that the turbtdinetrle tltratÍon
method ts extremel.y useful as a gulde to an averege moleeular

welght and moleeular welght dlstrlbutlon. The quantltetlve

aspect of the resuLts lsn howerer, open to erltfel.sm. It

has been ass¿med that the seatterlng polrer of the pol¡m.er

suspenslon 1s lndependent of molecul.ar welght and dependent

only on the sofvent-preclpltant eomposltfon. The exact

rel.ationship betvreen uolecular welght and the seatterlng

power of a poly'aer zuspenslon ls not known, al.though obse¡v-

atlons by noyer6ã suggêst that tt ls not a large faetor.

Anal,ysls of the polystyrene samples used ln the orlgln-
aI eaLlbratlon suggeets that thelr molecular welght dlstrl-

butlon 1s not as nerrow as that for¡nd by other workers.20

Eowwer, qualf,tative analysfs of two samples, PS6 and PS4,

prepared by the nodlfled purging technlque (Cnapter IfI)'

showed then to be more homogeneous than the sanples used to

eaLlbrate the Lnstrument.

The nethod has the adva¡rtage that moleeular weight

dlstrlbutlon curyes ean be readlly constructedr and the vaLue

obtal.ned, for the welght mean moLeeular welght for sanple P1

only devlated from the viscoslty value by about 6ß. Although

1t was not posslbLe to compare the uoleeular welght dlstr1-

butlon culTe obtalned by the turbld.l-netrte nethodr wLth a

gravlnetric fraetlonatlon analysfs on the same polyner, the
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CEAPTER YI.

Ylscoalty, Osnwetr7 and Llght-Scatterlng Studler on

the Blooh Copolyuers of Polystyrono and Pol.ynethyl

nethacrylatc,

t Vlseoslty.

a) trntroduetlon.

b) Vlscoslty study on the block copolyrner sampJ.es

a¡d the waluatlon of tha Hugglns consta¡rt,

2. Osnometry.

a) osnotla presðure eeagurelnents on the polystyrene

and bloek eopol¡mer sauples.

b) Dete¡u.lnstlon of thermodyaamlc parara,eters from

osmotic prol sure measurements.

3. Llght-scatterlng.
a) Detertinatlon of the seeond vlrlal eoeffLclent

and ttre root mean lquere end-to-snd distqnce

for the block eopolyuer samPles.

b) Caleutatlon of ths expanslon factor d, and the

funetloas (o( 5 -oé)Nl and (toz/y.l¡t for the

bLoek eopol¡mer samples.

Dlseugglon.

Beferencss,
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CHA.PTER YI.

1. Vlscosltv.

a) Introductlon.

Four bl.ock copollruer sauples (gt, 82, B5 and 84) were

prepared, and lsofated, together wlth the parent poly-

styrene (eSf, PSp, PSõ and PS4) used ln eaoh synthesis.

The viscosLtfee of the polystyrene samples were detor-

mined ln toluene and tr¡s fr¡dtlng vLscostty numbers

eortrerted to nol.ecular welght, uslng the relattonship

between viscoslty antt mo}ecular wel.ght derlved by Greenl.

Ihe viseosltles of the bloek copolyrners were canled out

ln.four so]vents; toluene, uethyl ethyl ketone, carbon

tetrechl.orld.e and nltroethane. these solvents were

ehosen because they dlffer ln their behavlour towards

the parent homopol-¡ruers. Totr'uene ls a better solvent

for polystyrene than for polynethyl methaerylate; methyl

ethyl }retone f.s a falr solvent for polynethyl methacry-

late but a poorer solvent for polystyrene; earbon tetra-

chlorlde ls a good solvent for polystyrene but rather

poor for pol¡rmethyl methacryLate; and altroethane ls a

good. solvent for polynrethyl nethacrylate but a non-

so}vent for polystyrene. The results of these m€asure-

ments are shown ln Flgs.(r-vr) and' (g-vr).
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the osmotle pregsure neasurements on the polyst¡rrene

sanpl.es nere d.eterulned 1n toluene, &s were the osmotfc

pressure and llght-scatterlng studles on the bloek eo-

pol¡ruers. The resuLts shosed that the polystyrene

saapJ.es had a falrly nårrow moleeular welght dlsürlbutl,on.

the ratlos of the vlseoslty srerag€ molecular welght to

the nrruber average moleeular welght Ttere hlgher tha¡t

values reported previously by oühen authors2rõ uslng the

sam,e preparatlve technlque. The vlseosity average and

nr¡nber average nolecr¡Iar welghts together wlth thelr
¡atios are l.lsted. below 1n Table (f-'Vf ).

fabÌe (f-Vf). The molecular welghts of the polystyrene

sau,ples and ttre ratlo TÇIHF'.

Sample

PSt-

PSz

PS5

PS4

t.2?4

0.867

0.654

o.47P,

5.8õ

2.40

f .63

1.0õ

6.42

2.L2

1.40

0.9c)

1.IP

1.19

1.16

1.14

E ¡J aUs. ç x 1o-5 Ç x 1o-5 ÇÆ

The osnotie pressure and llght-seattering studles on

the block copol¡rmers Lndlcated that thelr nolecular welght

dlstrlbutlon was not as narrow as that of the parent poly-

styrene sauples. It must be polnted out, however, that

the moleeular welght for block eopoL¡mers dete¡ulned from
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ï.lght-scatterlng could be hlgh by a factor of approxf-u-

ately 1.1. The results of Bushr¡k and Benolt4 tndteete

that the }lght-saatterlng moleeuf.ar welght ln the case

of bloek eopol¡mers depend,s tr argely on the solvent and

the value of the refractlve lndex lncrenent. the larger

the refraetlve ludex lnerement, the closer are the tnre

and apparent molecu]ar welghts for bLoek copol¡rmers. The

welght average and nrmber average mol,ecular welghts for
the bloek eopollners are llsted ln lab1e (Z-Vf ¡.

Table (Z-Vf). The molecular welghts of the bloek

copol¡mers and the ratlo G¡qT.

Sample

B1

B2

Bõ

B4

É Ps.

g5

?0

6P

48

4.10

õ.?o

P.86

a.õ0

õ.90

õ.02

2.25

1.88

1.8L

1. eõ

1.27

7.22

Ç x ro-5(r.,/s) EH x 1o-5 ffi/6

U) VlseosLty study on the bloek copolyner samples and. the

evaluatlon of the llugglns constant.

the vÍseosity study on the four bloek eopol¡mer

sanples earried out ln toluene, methyl ethyl ketonet

carbon tetraehlorlde and nLtroethane eoul.d be satlsfaet-

orlIy represented by the Hugglns equatlonsS,
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(I sp/cj = E"ll * usf'll7?c (r-vr)

and, Inø1 re3/c = Er17 - utlrpz" (a-vr)

where k¡¡ + kf 0.50

In studylng the Hugglns constant for each block

eopot¡æer Ln the four soLvents usedr eomparLson was made

wlth the Eugglns conste¡rt for each homopol¡mer and the

measured value for the bLock copol¡zner. Cragg and

Bigelow6 h"o" shov¡n that the HuggLns constant can be

caleu1ated for a mlxture of pol¡rmers aceordlng to the

rel"atlonshlp,

(rs)n=(tH)¡ Ent\ wf *(uo)shl zB w¡p +e (xs) u (rnls tz|] ¡[4J sw¡wg

( tt¡luwu + E IJ nws) 
2

(s-vr)

where (fg)^ ana (kg)e are the HuggLns constants for eaeh

homopol¡nner a¡rd W¿ and Wg the welght fraetlon of each

pollmer present ln the nlxture. The llnltlng vlseoslty

numbers of eaeh homopolymer are denoted by Enl l, ana E'\f B.

lhls equatlon was der1ved.6 assr¡mlng the exlstenee of

hydrodynamle forces only; the exlstence of thermodynamle

interactlon Ín solutlon belng lgnored. The technfque of

preparatlon allowed for the isoLatLon of the parent poly-

styrene ln the flrst stage of the synthesls. The nolec-
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ulsr weight of the polynethyl methacrylate, attached to

each end. of the polystyrene ehaln, was ealguLated

assrning the dlfference between the Ðoleeular welght of

the bl.oek copolymer, determlned from llght-scatterlng
and. the molecular welght of the polystyrene from viseos-

lty measurements. The limltlng vlseoslty nunbers for
pol.læethyt methaeryLate ln toluene and netlryl ethyl

ketone were d.eterrorlned uslng the data of Ghlnal and

co-rorke"r?. For polystyrene Ín toluene and nethyl

ettryl ketone the equatf.ons of Greenl were used,. Thus

lt was posslbJ.e to determlne the (t<¡¡)u value for the

b]oek copolymer, assr:mfng lt to be a mechanleal mlxture

of homopolymers and that thennodynamle lnteraetlons were

non-exlstent. these values, together wlth aetual

measured. values for the bloek eopol¡p.ers and. the parent

honopolyrners ln toluene, are l1sted, ln Tabl.e (S-Vf).

The Llnltlng vlscoslty nunbers have been rÊeasured fn

deellltres/gra¡n and. the Hugglns eonstant for pol¡methyl

methaerylate was taken from the deta of Alfreyr Goldberg

and Prlee8.
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Table (g-V¡). The llnltlng vlseoslty n¡nber and the

Hugglns constant for the bÌ'ock copol¡mer and parent

hou,opol)rnersln toluene at U5oC.

sanpre S ps t"fl at/s (ks) ü6es. (kn)m fron (s-v¡)

Pî,1MA 0 0. õg

84 48 0. 88? o.2Z o .24

Bõ 6E 1. Oõ8 0.24 0 .27

BP, ?0 7.274 0 .2'l 0 . 99

81 85 1.496 0.50 0.66

PS1 100 \.274 0.õ5

{Ihe results of TabLe (g-Vf) a3e represented graphle-

ally in Flg, (g-Vf ), where (fn) rneasurea and, (f¡1)n caleul-

ated fron equatlon (g-vf), heve been Blotted agaLnst

percentage welght eomposltlon of polystyr€ne present |n

the bloek eopol¡nner. The values of (f<g)m ealculated',

have been r€presented by the solld Llne of best fftr the

actual polnts havE not been shown. the experlnental

values of kg are shown and a dashed llne of best fft has

been drawn through these polnts" No polnts were avall-

able between 0 an¿ 48É PS content, so that the shape of

both curves rematns r:neertaln ln thls reglon. lhe Valueg

of the Hugglns eonstent for the þloek copolyners measured

experlmentally are all lower than those of either houo-

polyner, or the values ca1culated from equatlon (g-Vf),
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the denrlatlons from the Cragg and Bigelon6 fi¡netfon are

negatlve and they appear to pass through a ulnlnr¡m value

at about 50ß PS conüent for the bloek eopol¡ruler. fhe

resul,ts fndLeete the exlstenee of theroodynarnle lnter'
actlons, whleh s'uggests a greater repul.sion between

bloek eopol¡nner molecules than between palrs of poly-

styrene or pairs of pol¡noethyl methaerylate moleeules.

the resul.ts al.so seem to lndleate a smaller posltlve

lnteractlon between bloek eopoÌ¡rmer molecules than

between poT.ystyrene and. pol¡methyl" methaerylate moleeuleg.

The same effect was obsenred ln nethyl ethyl ketone as

was o'pserved tn toluene. The data for the homopol¡rners

and the bloek copolyners ls llsted ln Table (¿-Vf). Ihe

data has been represented graphleally ln Flg.(¿-VI).

Tabl.e.(¿-Vf). The llmlting viscoslty mrmber and the

Hugglns eonstant for the bl.oek copolymors and parent

homopoL¡nmers ln rnethyl ethyl ketone at 25oC.

Sauple

PMMA

B4

B3

BP

BL

PS1

fips
o

1[8

62

70

a5

100

Cn)dt/e (ur¡) meas. (k¡¡)Ð.calc.

0.545

0.641

0. ?7õ

0,Íto4

0.665

0.44

0.ã1

0,53

0.55

o.47

0.50

0.õ4

0,õ?

0,õg

o.47
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In carbon tetrachlorlde the varlaÈfon of the

Hugglns constant wlth conposltlon 1s more marked, because

of the Large dlfference ln so1ublllty of the two homopoly-

ners ln thls partleular solvent. lhe results have been

tabulated ln Table (¿-Vf) and. graphed, 1n Flg.(S-Vf). The

Eugglns eonstant val.ues from equat!-on (g-Uf) were not

deterulned for the bLock eopol¡nner sa¡ßpLes Ln carbon

tetrachloride.

Iable (¿-Vf ). LinLtlng vlscoslty nr¡mber and Huggins

eonstant for the block copo]¡raaer and parent homopoÌSrmers

Ln carbon tetrachl.orlde at 25oC. The values of k¡¡ for
PMMA and PS are taken from the deta of Àlfrey, Goldberg

and PriceS,

Sanple I Ps Ed ar/e (h) meas.

PMMA O O.8O

B4 48 0.762 0.4L

B3 82 0.860 Q.4A

Bg 70 1.059 0.98

81 6 1.170 0.36

PS 100 0,ã9

From Flg.(S-Vf) lt can be seen that the k¡¡ vaLues

falL sharply to about óAF polystyrene eontent, then

remaLn falrIy constant up to tOOft polystyrerxe eontent for

the bloek eopoly4er. A qualltative explanatlon belng
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that fn earbon tetraehl.orlde, pol¡raethyl methaerylate

wflT tend to oeeupy a ninLur.¡¡t hydrodyna¡nl.e volune,

po1.¡rrner-pol.ymer conteets beLng favoured Boro than

pol¡nner-solvent eontaots. As the percentage polystyrene

eontent of the block eopoJ,yner ls lnereased, so wlÌl the

tencl"eney for poL¡rner-sol.vent eontaets be lncreesed. It
appears that at about õ0$ polystyrene eontent the

pol¡per-pol¡nrer and pol¡nner-solvent eontacts are ebout

egual and, lnereaolng the polystyrene eontent only has a

very saall effect on the value of the Eugglns eonstant.

In nltroetbane the effeet of the oonposltl.on of the

Eugglns constant 1s raore merked, st111. the resuÏts have

been tabuLated ln Teble (S-Vf¡ and the experimentaL val,ueg

are shown graphicalJ.y tn Flg.(e-Vl).

TabLe (s-Vf). The Ifus1t1ng vlscoslty aunber and Hugglns

eonstant for the bl.ock copoJ.ymers and pol¡methyì. methacry-

Late (reference 8) neasured ln nltroethane at 25oC.

Sanp}e # pS En7 dJ/e (tcg) Eeasured..

PMMA O O.õ,5

B4 48 0.551 0.50

B3 62 0.469 0.52

BP 70 0.õ46 0,55

81 85 0,198 0,63

Pg 100 Insoluble
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fn nltroethang 1t was fo¡¡rd that as the Llnltlng

vLseoslty number ðecreased, the Huggins constant lnereased,

tndicating lnereased aggregatlon of the block copol¡iuer

wLth fnereasing polystyrene content. lhe results 1n

Flg. (e-Vf) show that wlth increaslng polystyrene content

the kg values tend to rlse very sharply and perhaps

approaeh some limlting eonposltlon va1ue, beyond whleh

the bloek copoÌynrer will be lnsoÌuble ln nltroethane.

It must be reallsed, þowelFær, that not an lnconslder-

able error may be lnvolved |n the caleìrlatlon of the

Hugglns constant (see Chapter VII). For exampl.e, f or a

kg value of 0.4o the Error ln deteru.lnLng kg nay be as

hlgb as ! 0.0e. It ls essentlal that partieular eare

be üatcen, especlat ly wlth s¡rELL llnltlng vlseoslty

nrrubers. Thls ts the case wlth nltroethane and may

explatn the seatter of polnts 1n Flg. (e-Vf) . Though

suall errors may be lnvolved, the negatlve derylatlons for

the kg values tn Figs.(g-Vf) and (+-Vf) are too eonslfttent

to be d.lscor:nted. Atthough the Euggfns constants

caleulated from equatlon (g-Vf) were to aet o,lr]y as a

gulde, erldence for strong thernodynamLc interaotlon Ís

shown. The aetual shape of all four Guwes should be

interpreted wlth reservatlon, beeause of the few poi.nts

used Ín thefr d,etermlnatlon.
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