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This thesis deals with an lovestigation into the propertles of aguecus
M
golublons of non-ionic detergents of the polyoxyethylene mono-alkyl ether

elags, and comprises of an inbrodwuctory and an exparimental sgeetlion, part I
elags, and comprises of an inbrodwctory and an expavimental secbion, parht T
and part I respectively.

Part I contains a review of previocus work on the synbhesls and purifica

kB

¥ homogeneous non~ionic debergentg end on their solubion propertles. The
theoretical basis of micelle formation is then trested and a section is
devobed to the structure and struchuring of water, as thils is an ilmportany
factor in micelle formaéion@ Congiderable inverest has wecenbly heen
shown in the thermodynamice of micellisstion of non-ionlc detergents, and
the work done to dabe on this topic 1s discussed. The penulitimabe section
of the Introduction deals with agusous non-elactrolyte solublong with
particular reference to hydvation and itz effect on solube acgbivity -
concenbration relationehips.

The theory of the technigues used in the investlgeation (surface temsior
light-ageattering, viscosity and vapour presgsuve techniques) ls dealt with
brlefly, and concludes part L.

The effect of branching the hydrocarbon chain of non-lionie detergents

as studied by synthesising a new serleg of branched-hydrosarbon chain
compounds of general formula, R,.CH. GBQ(Ocﬁaﬁﬁg) OH with n = 6 or 9 and
B = Gy 4 Gyl Qa83ﬁ79 gwﬁ&ﬂg . Three straight chain compounds were alao

prepared for comperabive studies, these being CH,(CH,)_ (OGCH,CH ) 01 with
VTR

2
x =1, 3, and 5 and n = 6,
The surface chemistry of these compounds in aguecus solublon was sbudic

ab thiee temperatures. The temperature varilatlon of the critical micelle



concenbration yielded the enthalpies and enbroples of giealligation by the
use of an equsbion of the Clauwslus-Clapeyron type,

High eribical micelle concentratlons were evident in some of the system
and this afforded an opportunity of sbudying pre-micellar bzhaviour,
Vliseosity and vapour pressuve measurements gave sn indlecation of the hydrati
of the debergent monomers and of three polyowxyebhylene glycols. Vigeosity
norgurenenhs on nicellar golubicons ylelded hydration values for the mivelles
and an incvesse ip hydretion of the glycol portion of the moncmars wasg
indicated on micelle formetion. The positlve enbropy veluves may be explain
by the loss of wabteyr sbtructure avound the alkyl chalng as they enter the
micellss,

Mlicellar pizes and aggragation numbers were obtained by lighbescebtterin,
but the smallness of the micelles precluded any inference as %o thelr shape
beling drvawn from tha dabta. IT% wes concluded, hovever, that the mlcelles
were, in general, symmebrical bult for those formed by the debergent,

(G 4 g)20?}1 CH,, (0@i )60H which, on inberpretebion of viscosilty weasurenent
and Hoggine® constents were sssumed Ho become asymmetric as the bemperature
of the system was ralsed.

Vapour pressure sbudies on agueous solutions of three glycols ( with
6, 9 and 12 ethylepre oxide unitas) showed a pegablve deviatlion from Baohli'e
Lavw, interpretable in the case of Lhe first two glyeols en the basig of
hydration. Obher explaonabions of the deviatlion of solube activily from
ideal behsaviour were bested and the results discussed. Similar meagurement
were aloo made on bhree detergent sysbems., It was shown bthat the activity o
the debergent increased above the erdiical micelle concentrevion, in
agreement with the behavlouy predicted by the Law of Mess Action approach Yo
micalle formatlon, although &t varlence with the predictions of the peeudo-

whape aobeoach.,
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SOME_ABBREVIATIONS USED XN THE TEXT
acbivity of solube

achiviby of solvend

activity cesflicilent

gurface tension (dynes/em)

surfoce presauvre (Gynes/em)
avas/molecule (8'2 )

aolaliby

exitionl mieolle concentwabion

polyoryebhylons glyeol

Cinbrinsie viscoeity (concentration In gun/ml)

imbrinpie viscosity (comsembratilon in gu/l00ml)
eoncenbration

pole Craction

Abbravintions vsed for deterxgents svre as followss Conmercial preducte,

for example an ostyl phenol adduwet with z ethylene oxide updis has been

writbon (Pry - Nomyl pbenol adducts hove baem demoted by Wp,. Pure

shralght chaln debergente, such as hewadecans mnonohexzoxyebhylens glyee.

obiiaw, have bsen wrltten as Cygng. The byanched chain detergents used

in this thesls ave demobed by Rgong where R io the allyl ebaln in bhe

gbrucbure Ry, o Cly (0CH, CHy )6 OH
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Tbic thcnic deals liith en investigation into the properties of r.quooas
solutions of non-ionic detergents of the %x)lyox*ethylcnz mono-alkyl ether
class, and comprises of an introductory an experimental section, i%art I
and pcit II respectively,

Parc I coritaii's a review of proviens work cn tho synthesis and pnrific* L'
of homogeneous non-ionic detergents end on their solution properties, The
tlieorcticcl basis of micelle formation is then treated and a section is
devoted (O the structure and structuring of water, as this is an importent
factor in micelle formation. Considerable interest has recently bean
shown in the thermodynamics of micellisation of non-ionic detergents, and
the work dons to date on this topic is discussed. The penultimate section
of the Introduction deals with aqueous non-electrolyte solutio'-a with
particular refol'anee to hydration and i1ts effect on acluto activity -
ooneentl'ction relationships.

The theory of the techniques used in the investigation (eurfcee tension,
light-sccttcring, viscosity and vapeur pressure techniques) is dealt with
briefly, and concludes part I.

The effect of branching tho hydrocarbon chain of non-ionic detergent*.’
was stuliicd by synthesising a neu scries of branchcd-hydrocarbon chain
compounds of general formula, (OChpCh*) (H with n - 6 or 9 one
R= (1 j iy-CJ:U, n-C*H" Three straight chain compounds were also
prepared for comparative studies, these being GI;\I(GHA)KA:(QCI%CIL)ﬁ(H with
X=1, 3, siiu 5 and n - 6.

The surface chemistry of these compounds in aqueous solution vas studied

r.t three tomoeraturcs. The température variation of the critical micelle
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eonconbranlon yielded the enthalples and entropies of wmicelligetion by bhe
vae of o 1 equation of the Olauslop-Clapeyvon typsa.

High eridical micells conconbratlons wevre evident In powe of the systems,
and this afforded sn opportunity of shudying pre-mlosilar behaviowr.
Viscosity and vapour pressnve measurements gave an indicablon of the hydzetion
of the detevgent menomers and of thwee polyoxyebhylene glycols, Vigeoslty
nonguremenys on wleellar solubions ylelded hydestion valusg for the micelles,
and an incvsase in hydrstion of the glycol porbion of the monomara was
indicaved on micelle formetion. The positive enbropy valuves may be explalned
by the losa of vaber shruchure eround the allkyl chaine asg they sunber the
micelles,

Miceldar nizes and aggregsiion uumba%s wera obtalined by light-scabiering,
but the smallness of the micelles precluded any infevence az bo thelr shape
being dvewn L{rom the dabta. 1§ uag comcluded, however, that the micelles
vere, In genexval, symmetrical byt for those fovmed by bhe detergent,

{ﬁéﬁg) CH. GH (Ocﬁ GH )6OH which, on interpretation of viscousity wsesursuends
and Hugging® cousbania vere agsumed o become asymmebrie as the temperatuvs
of the aysben wvas ralsed.

Vapour pressure sbudies on aqueous solubions of Hhiree glycols ( with
6, 9 and 12 ethylere oxide vnits) showed a pegetive deviation from Raonlt's
Lav, ivterpretabie in the case of the first two glycols on the basis of
hydrabion.,  Obhor explanabions of bthe devietion of solute activiiy from
ideal bDehaviour werc tested and the rezulbs discuased, Similar mesgurenents
were alse nade on Three detergent aystema. I6 was shown that the ascehblviby of
the detergent increaged above the crliitical micelle concentration, in
agraemexnt wibh bthe behsviocvxr predicted by the Imw of Magse Actlon approach to

micelle Tormation, sithough of varience with the predichlops of the pseudo-phege
& CEOC oV






Only a linlteod nunber of sbudies have been wada on synbhebic non-lopic
detergents, Iin gpibte of the luverast theov hos duen shovi in commoreinl
produchs wvhich awa chemleally inhomogeneovns. There is o benie inborest
in the suwface chemieal and micellar properties of these matewials which
ave wged oxtennlvely in pharmeey es suspending, solublllsing and
emulsifying ogenbs. The problem of the hoterogeneity of the eommereial
dotorgonts 18 overcone by the use of puve, gynthebis meberials ia
physiead studies.

Synthetie non-ionie dotezgents with branched hydrocorbon chsinp heve
wot bheen propored previeuwsly. The non-lonie detezgents avaeillable fora
pleelles, In genewnld, ot very lovw concentzabions precluding imva@tigaﬁiaﬂ
of the ponomew opecien in golution. The synbhesis of o serlss of compound
wibh shoxt branchod-hydroearbon chalms was Ghought to bs a veluable sbep
wovardn elvsldoting the offecta of ehain branching erd, at the same biwme,
providing dotorgents mieellising ot concomirations laﬁge gnough Lo paxalt
acourate mpasurenonts Go be made on monomeric solutlons. As the
propexbles of the micelles may be obtained xoadily, a knovliedgo of tha
sbate of the monomesr providen deta fox the overall chabges in propertles
which ocour ap the monomers aggragebe, ond thoge cen be correlated with

the verious thermodyvamic pavameters of the devexgeont sywsben.
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Unbil recently mueh of the published work on non-lonic detergents
was caryrled oul on compounds preopaved by econdensation of othylene oxide
with fabtiy alechels or alkyl phenols In the presence of cabalysbs. -
Such condensates have a dlgbribublon of polyozyethylens chaln 1angﬁhﬁ'WJ
and, albhough B@ch@m§ hag Deen gl palns to pelint oub thabt thess compounds
are "reproduclbly heterogeneous,® they ave not ideal for work in which
axact iuberpretations of physical properties are dssired,

§lthopgh the problens iavelved are formidable, abbenbion has now
boan burned towards the synbhegis of homogenoons non-lonic deteorgents.
This sumpary deals with some of bhe work earried oub in the preparation
of polyozyebhylers alkyl gﬁh@rag as thege ave velevant bto this thesia.

Crook and eo-workers heve recembly compsved single-npeoies non~lonic
d@&afgémma with those conlaining a disbribubion of PEG chain lengthas
Thelr resulbe show the Alfficulties lovolved In working with heberogeneons
substances, for albthough these compounds showed bthe same qualitative
properbies {such as critical micelle comcenvration increasing with
imeyenplog glyeol chaln lenghbh) rigld interpratations were made AifTficyli
becanse of the range of polyoxyebhylens chain lengbhs present and the
congegient differences 1ln envface actbivity, eolubility and other propariie:
within one semple. Aveas per molecule evd critlcal micelle concenbrabions
are thug only mean waluse whoge valldity dopends on t%a dlstribution of
chaln gizes., AMbeapts to fractionate thess pr@ﬂmcﬁ@‘ puccsedsd only In

veducing the gpread of propsriles.

The Willlampor ebther synbhesis has been widely vsed to prepare pure



d@ﬁergeﬂ$ao Early examples g@fﬁ whe symbhesle of wvarlous glycol

ethers by Turner snd Saundera and by Cooper and Earwrmdgsv who prapared
avhylena glyccl mono-p-dodecyl ebher and the G5, €6, O7 and 8 sbraighb
carbop=chaln homologies.

Two mebhods have besn employed in aywihesising compounds with long
polyoxyethylone chalvs. Tu the fivet metheod (1) the eppropriate allkyl
browide iz condensed wilth the mono sodiuwm derivative of the glyeol of

dasived chaln lemgith. A zablo of glycol Yo sodium of 4 Yo 1 13 used
wo minimige the formablon of the genewally waltev-insoluble dialkyl stherss
Ro By Naﬂ{(ﬁﬂg(}ﬁéO)m} s %00({33{26;{20)@111
R = alkyl group and n = 1 %o 9
The second method entails the bhudlding vp of the glycel ether in
atops by means of various inbermediates followling Elworthy and
8
Maclarlane s
2001,

) R{OCH., G ). O ~———s R{OCH.CH

)c
= Pyridine

2

b) R(QGHEGI-IE,)“GLL - N&(DGHZGHE)XOH e R(OGI-IECI:IE)W%OJ

In this mauner Blworthy and Macfarlane prepared a serles of purve
non-lonle detergents based on p-hexadecene with glyeol chainﬂ of 6, 7,
9, 15 and 2L uwnllts. Highew polyozyethylene glycols (ovew 100 units)
can be prepared by the method of Fordyce, lovell and Hibbertg which s
aimilar,

10

Using the firgt webhod Corkill, Goodwsn and Ottewill  have

synibhesiged a geries of pure detergents based on hexaoxysbhylene glycol



fyo

wlih hydeocarbon ehaing lengths of 4 Lo 10 carbon atows, but the yields

N
were Lows yields improved fow G&” Gy and Gy comporiids when the second
wethod, with trloxyethylens intermedicbes, wos emploayed. Trioxyeibbylene

glycold de avellsble commareisily and enables lavge quantitiesn of sueh
13
inbermediates to be sybbhesiged. Mulley also desoribes the preparstion

of G Cﬁn. and Gﬁwé from diethylene glycel and twisthyliens glyeel sthevs.

W

Weller has detailed the preparab’

nz

2

on of pure glycsol ethersg, Gioni.m

e
ey

from glycoles oblained k{ fractlonation of a commercisl product, Shell
UPEG 2007,  Maef ?1ammu3 athenpled this but found bhe mebhod vnssbiafactory
and ebandoned it in favour of stopwise synbhetic mebhods. Weller has calles
such procedurves wediong, bub 3% seems that bis own wmeithod of repested
fractlonabion and monitoring of the cubs by ges-liguid ﬁh?ﬁmﬂuﬂg;ayhy is
agually tirvesoms, and it is doubbful even in the face of the chromwato-
geaphie ovidence whebher thers are no conbaminablng treses of lowexr on
higher homologues.

1.4,

The work of Glugras and Bayley , who described the gynthesis of p,o-
cetyl phenol wlith seven ethylepe oxide vnits, by veactlon of hexaoxyethyle:
glyeol witli. pyt-cobyl phenyl chlozo-cihyl ether, has recently been

15

exvended using three gynthetic roubes To oblain a series with L %o 10

abhylene oxides unitg., The flrst of the series (n ) were obtained by

13
redisbillation of fractiong isolebed by distillabion of owyethylabed

sebylphencl, The totra- and hexe-oxyebhylene derivatives were synthesieed
by condensablon of vecrystalised cctyl phemol with the appropriate glycel
mono chloride, purified by repeated dilstilistion. OPyp 5o WE¥e prepared

by method II frowm hexasoxyethylene glycol and the appropriate chlorides,



The finald. producte were all chwomatographed on gilliecas
b
In 1956 Chekbovehoy eb al.  veviewed the main synthebie rovles

Tor mone-glkyl glyeol ebhevd and pointed out that an sliewmabive to

the Williamson ether gynthesle wag the reaction of the mono-zodium maldb

L

of a pure glyecel with the p-toluene sulphonyl ester of an aliphetlc aleohol.

The Hilllemson syndhesls fuvolved Falrly dvastle heating eondiilions wibh

5]

the resnld thet congiderable guenbtibies of
17
formad o Reactlions betwaen p-toluene sulphonyl esbers, however
A2
anoothly wiith good yields ab lover bempevabures - wolch may be responaible

augabirated by produsts ave
procesd

)

foxr the abzenve of carbonyl imporities in non-lonics Lfreshly pmpara%iehy
whils route, The high yields of AD Yo 55 % mp@v&md for this mebhod m
have not alusys haen achleved by obher workers,  Chekhovekoy ol al. oblainad
only 20 4 yield in the prepawstion of et 5 from the tosylate of (36332»
ai.ﬂ,hmmgh Welsleoy has obbalved a 50 % yield for g’ﬂ{-ﬁﬂjm
The wonomnebhyl ebther of GLE.G"?‘MJ way prepared 'm Light scettewing studies
by condensing molecularly dishilled coumereiel OH 0((‘& GH 0) H wibh
20

oyl ehlorido(Williamson obher esyntheslsd) ‘21;%@ nono-nebhyl ebhers of

c:.q o™ and Gy oy have been similarly nmpamde' However, while thin type
of “genl). synbhesis? ig valugble, becaunse of the Jifficulbies inberent in
the pucification, ib is bstber, whevever possible, %o sbtart a synthesis

wibh pure monedisperse compounds.

Popificabion and Assesament of Purliy The debergenbs ave nowmally

SRR E X LN N R, A TN

axbrached fyom the eaction mixbure by a suitable debergent—aselacbive

solvendy asuch np wurm pebroleum ebher (BPL 60-80Y) and the crude enbrach
dlebliled. Home dmpuritics wemain, however enrefully the exbrach Lo
dlebilled, Bub dlstillation cen only be carried oub on compounds with

glvasl achaing of v to oix obhviene oxlde widts. for with higher chain



SR

lengthn rapid bregkdown oours.

Whera ﬁhaa@@m@ﬁund in golid, it can be vecrystallised. Bluworbhy
and Maggarlﬁn@ reerysballised Gygng from ebher and acebone and Carleas
ab glauﬁ repaatedly recrystellised the same compound from petroleum ebher

fesTEen

anka

at room btemporature and from ebhanol ab 0%C,  Fweon when guch proceduraes
are possible the detergent is sbill nelt pure ensugh for phyeicel measura-
mente, This iz shown bo bs truve, aparv from any chromstographlc
gvidenca, fLrom the discrepasncies In the eritical micelle concenbzatlions
bobwaen the mnchromatographed bub wserysballiged product of Garless el gi.
and bhe recrystallised end chromsbographed former product, The (MG's
wore 9.9 X 40 K Molesa/1l and 2,09 X 3046 Moles/l. vespechbively,
Chromgbography obn alvming or pilicic acld had been wbtilised by m
8,10,15,32,26
ngmber of Inveabigators. it is @ %ﬁﬁ@@f@l process in Lemng
yield, bub is easentlael. . A disadvantege of slumine ip 1ts cabalyties
aghion oun scebone, & common polvent, oanslog the formation of insoluble
27
diacetone aleohol which s wery Aifficult to remove fyom the product.
Togaturated producte end csvbonyl contelning compounds were the wmain
ilmpuritlies Pound bub these wave successfully removed by chromsbography.
Minor fractione eonbaiving the impurities wers generally £B§ﬁd w0 precede
0
the main ecubs, Chlovoform-acetons mixbures bhave been usad bl
Mecfarlans used sluming, adsorbing the detergents from bensene and
elubing with acelone~bangene mixtures, Mebhanol-bengens-scebone
nixbures were employed %o elube coumpounds wilh longer glycol chaing (nlﬁ
and above).
A Togent papeyr hag described a general column chromatographle mebhod
of separating non-ionle eurfachants from each other and from related

28
nop~ionle mreberlals, Sillea gel was used ag an adsorbent ond resuld



e
vare oblained with a nember of thres end Ffour component detsvgent
ninGuredo

The xemowal of jonlc agents from non-ionles iAo convenleubly
29,30
accomplished by lop-exchangs in selubion.
Infra-ved spechrosaepy v a ussful means of yapidly detecbing

-

lapuritles in bhe detervgents before and sifter chromsbogravhy., Tnsatorvaied
10,37
produess arve readily deteched and the frachlons of a chromatography

ron bhus readily characherised.

N

The principles snd whility of nuclear mepgnetic resongneae in sbhincture

determinatlon of purfactent chemlcals hag wegenbly been digoussed by
30 R 23

Crobehficld and lvant. Flanagan oy al. and obher workers have
dlocvesed ibs guentitabive applicebion, especislly in bhe Lleld of
commercial ebhylene oxide adducts. FPropervies sueh ag average molecnlar
welghta, degres and Jiind of branching of alkyl chains and average Jlenghhp
of ebthylene oxide cheing een bs determined, ©bthe accuraey belng in the
ovdsy of © 2% of the Hobal nydrogen in egtinstions of ethylene vxlde contes

Thin-layer chromatography is ugeind a8 an iniggai means of aspessing
the purity of the final product. However, Wellewx ’ hgs found bthe method
ingufficlenbly sengliive bo revead the Ilmpuribles that cansed winima In
surface tension - concantrabion ownvves. Using silica plabtes Spl. guanbibic

15
of 1% solubiona lv methanol were nsed, Manselield sud locke wore able

]

in ainilar faahi@n‘ta debact 5% of impurities in samples of octyl phenol
ebhors. In seporaebe experiments sanples were dilubed with 5% of vavrious
other hownolognes and applied to the plates. The golvent sysven was AD:060
acebonehenzene and the spobe were developed with agquecus polasalum
pe?mangfmm%mu In thin way 0Py, OFrg and OFng were woll separated.

LYY
Obzuaba ) has alpo employed the techoigue.

Gag-diguld chrorabography has bean usad by & nunber of workers op
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lower meleculer waight compounds and recently 30 hes been exbendsd
. :g’?
to compounds with olx ebhylene oxlde mmiﬁ@;& higher composnds belug
precluded becauro of thelw high bolling pointe. FPuve compewads arhdblt
only one peslk in the elubilon diagwam.
Batimabion of hydexyl groups by conventlonsl mebhods veguives lLavge
gamplas 4 the resulie ave o be of a high degree of acenrany, as tha
«0H growp is o apall part of the tobel molecwle. Hany assays have been

doveloped ho estimate the ebhylene exide conbendt of the detergent. Some

29
involve complex formablon, Ffor example with silico-tungetic acld o
40
with phosphomolybdice acid, and bhe determination of the couplex,
&3
Sgrie gb al., using a modificavlon of the hydriedic acld wethed of
)

F .
Morgan, have produced a sgpecific and abpolube method for the ebhylena

oxide conbont which ip aceurabe wo within + 0.6%, The cbhylens oxide
sonbent can also be waplidly debevmined vsing iﬂfwamre& abaoppbilon ab
2488 wp wibh carbon vetrachloride as ﬁ@lwemﬁagz Using a standazd plob
of exblncblon ve. ¥ ethylene oxide, Voogh obtained a shapndezd deviahion
of 0.4% fov compounds with more then 30-35% glycol cenbent. Tno and

bdy
2 N ) v -3 e 0 »,
Miyajima obbalned an scourscy of & 3% with o volumsbrie nmebhod

.

Involving soddum bebraphenyl bowabe on nov-lonie debevgenbs with move
whan ven ebhylene oxide onlba,

Hummaléﬁ han vecenbly reviewed obhew mobhods of annlysis of detar-
gantg,

Foan-frachionation has been euployed Lo sepavate an iao-cabyl phanol
condangabe Inbo fractions with diffeving obhylene oxide chain lamg%hg46
and 1% may be uvsed, also, +to sepavabe impurlities fron homogeneous

57 548 18
f

LORPEOENIS Sehott™™ used a bubwlar eellophane membrane 0f sverage
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pore gize of 48 A vhat dg, ey than the wivellar dicwmcter of 05

the devergent used, dodecancl nyp.  Waber goluble lmpuritles end

«.

non-aggociated devergent molecules were chlef congtituents of the uliva-

Tiltrate and thils has permiiied the removal of ivorgenlc and oirganic
imprrities, Inciuding oxldation products of the detergents, With low
GMOYs the leps of detergent s smsil,

Gounter-current distribubion has elgo been suggesied as o wathod of

P » . %, 'tf:rg
onalysing fatty scid ethylene oxide adduchn wh bhe method is comples,

.-.
»«J
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A Table of veferences in tha Literabure o synthetle non-ionic detergent:
A

o glven below. The deovth of compounds wibh ethylene ounlde chodn lengbha o

9 wolts or more ig & weflection of the Aifficulty involved in thelr gynbhesis,

Livevature Nefervences to Syntheble Non-lonles

Bihvlepne Oxlde Unitg 3 % 2 3 b 8 & 7 8 % Others
Garbon Glain Length.,

4 16 10 10
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Miloolligetion in Scolubiong of Syntheble Nop-ilonle Debergenta

80 g%
3051 on the commercial

Sinee the indtisl wovk of Gonlck and MeBain
non-ionic detergent. Triton ¥-100, mlceelle formation in non-lonle
surfacbant solutiong has been studled sxtensively. Much of the work has
dealt with commerecial products bub lately there has been a blasg towards
suudies on gynbhetlc compounds. As the eavlier work has been covered in
e recent reviews§2953 the pregent account deals wainly with pure,
homogeneons nop-ionlc debeorgents.

The standard Gechnlgues of gurface %englon, lLight-acatiering sad
viscoaity have been commonly employed., Obhewr Hechniques esed inclvde

» » & & ¢
osmsme%ryﬁgﬁﬁg mltrae@mtrifuga%ionmJAQ)G dye @@lubiliﬂatien%ﬁ diffm@ion§7

and ulbrafiltrablon.’
The pichure thet has energed frowm eavlier studies is that, above a
cerbain concenbration in agueous soluvion {the GMG), *he monomers orlent
themgolves with thelr hydvophoble chains in a liguld sbate in the inberlor
of the micelle and with their PRG cheing divected out into the bullk of the
golubion, wabter being trapped in the mesh of these chalns, The PEG chalns
ave nob fully extended in the micelles, being coiled in sone mamner,
Rosch’® claimed that a contracted gauche form’? of the chain wes mosb

60 .,
&

likely and ib wans suggeabed hat thip configuwation ves ebabllised by

hydrogen honding bstwesn water molecules and adjacent ebher oxygens.

. \ . B
Micellaxr Size, oheape and Hydratlon in fguecus Solutlong. Several auihors

have sgtudied homologous sgeries of synthebic detergents.  FKlwozbthy and

8,16,62 . P
FEEOMY worked with a zexles bassd on hexndecane with vazying

. e . 10,63,64
polyoxyebhylene chaln lengith. Corkill and Goodman end co-workers 263,04

Vacfarlaune
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on bthe othey hand, invesbigsbed the aeffect of hydrocavbon chain lenghbh
on compoundy baged on h@x&uxy@%hyi@m@ glyeol,

The effech of hydrophobs sud hydrophile on the critical micelle
concenbrabion and micells aize of these detergents is shown in Figures 1
and 2. Iociease in hydrocavbon chaln lengbh resulta in an increase in
micellar welght and decressma in OMC. TInereasge in the glycol chaln lengih
resulbe in Increased solublliby and hence a degcvrease In mlcellear welight and
an increase in (M0, the formey offech bLelung less proncunced for compounds
with more bthan nine ethylene oxlde uvniits.,

Micelles foxmed by deborgenbs wilth short alkyl chains of up to 12
xavbon aboms are welatively small and, as & resuls, light-seebbering
digymmetry studies do not indicate asymmetyy of the aggregabtes. The work
n the hexadecane serles, h@wmvéws provided definite infovmation on
micellay shape. Gy gy andl Gyeityq had mlcellar welghve of 140,000 and
117,000 rvegpectively and weys sphevical ab 25930619 Cyeng and Cyeng
showed appreciable 2@5 valuea ab higher concenbratiouns, Iindicsbing theb
some dimension of the micells had become greater than iﬁﬁze g

Light-gcatibering sbudles on the compounds G.n. and Gy g7 have
indicated a £alld in o/ valuse with imereasing comcenbration, This
suggested that tho debexgenta vere forming larger vulbs as the boval
concenvration vas ineveased. &n sbltesplt was made Lo enalyse the vesulis
uplog bhe law of mags-action in the form,

K= log ey~ mlog ey
where ¢p was bhe conceubration of lavge micalles and cy the concemyiatlox
of gmall micelles , m belng the number of the latter aggregating Lo form

the lavgew wnite. Using the ewpressions Ty = HMjey and | o= MWien for
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Figure l: Bffect of Hydroearbon chaln lengbh on the micellar welghts
and eriticel micellar concentratlons in the hexadecans serles.
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Pt

awwbidities of the amall and lazge unite rvespegobtively, sabtisfachormy
agroenant was obbained bebueon obsexved and caleulabed tnrbidities fow
Go 0, and C.
1676 1677

It is not known whebher sgpregation of small micelles inbto lerger

L] hd ' o ‘}' L] 1’?
micelles is a uwiversal phencmenon. Gyghg le insoluble in weter™ ;
3 e own e ] - " .. iB e g ta + n E S

Urphg 18 soluble onrly over an &Y Gemperature range, and the hephbroxyethylei
glyecol dexlvabive hag a zelablvely lov clowd polmt, Tt i thua to bs
sxpected that thely golubions are, to gome extent, atyplcal. However
Debye plote for ths Qgﬁﬁé and @1Pné dotergents were also fomnd Lo have
an upward curvabure ab lower comcentrations buh only when the criblesl micel
concenbration derived from surface tension measurements (o) was uvsed in

place of the light-scabiering value (G.) imthe calewlation of (G/7) .

N2
Halmbra gl gméj also iunbespreted bthese wvesulte sp indicetling a wiceller

walght inervease wibth incveaslng concembrebion, TP seems unrsasonable,
howaver, bo ose (o, &8 there ave nlwaye discrspancies bebtween the two valuves
although it wonld appear that ithey should be egnal.

€, has in wopt cages been found to be greater than Co, It has been

.u"‘, 7 », an - A,
suggeshed™ that in the region bebtween CGo and O, smell aggregabes arxe

Pormed with solution turbidities almost indistinguishable from thet of the
sulvent, This indicates e gradual formation of mlcelleg, vhersas curbidity
concenbration plots geverally shew a sharp break asvound the exiblical micelle
eovcerhration, aa do surface tension - concembwotion cuvves. I6 may be
that the resson fox the uwpewling of the Debyae plote at lower consentratlons
in gome systens - 1t seems gennlne in compounds with very large oggregation
numbers and very Low CMO's - is bthe Ansccurascy of the burbidity dote st low
coneentrations combined with the error resulting from the choige of (IG

From ezperinsabal turbidily - concembration grephs. Ab very low tuwrbiditl
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gall ehanges in concentzatlon have a great effect on the value of
(G=0)/ =) o

Unwdld, the problem i3 golved it geems logleal Ho unse G, vealusa
fox the msﬁamar gorraction thus obtaluing the concentration of the main
oolloidal speeies, GO0, , aud ibe turkidity Ve V.
Hydration: The solubllily of these mon lonle detergemta Is due bo the
hydration of the PEG chain, The estlmation of the degree of hydvation

e,

is o complicated mattew hecause of The AAffienlLy in sepavating the effects

of asyamebry and hydrabion in resulbe of hydrodynamiec ezpevimentes. However
tl’
Dochwuke and Hauseh%* on the basls of viscosily vesulibs, suggested that 4

waber moleculen were acscclated with each ether omygen., Inshner and Hubbaw
eptimated that theve wers A3 molecvles of waber for sach glyeol chain in

micelles of Triton X100, eguivalent to 4 moleeules pew ebher ozygen, bub
older deta of Grasnwald and Bfﬁwmé? apggasts that 2 waber molecwles are
ageociabed with each wnit, Other values obbtalined by vavious means ave 1,

3 .ar
GE-70 and varions

2, 3 and 4 water moleanlen par ebhylene oxide unib
arvangemsnts of this hydrating water have been propesed with exopniuvm foxmabil
op hydrogen bonding as the primavy cause, While suggesting that 4 wolecnle
of water wera associabed with cach oxygen atem Kushner snd Hobbard state
that of these only twoe couvld bs hydrogen bonded, She west belng physleslly
Leappeds,

That trapping of bhe water molecules oscuws in the mesh of PIG chsing
aid comtribubes o the hydwation i3 also suggested by The resulibe of
Zlworthy and M&efarlan&a who found bhat the hydvation per ethyleme oxide
unlt Inciressed with dncresaing glycol chaln length, but depended alaso en

the degree of cosdraction  and conflguration of the chain and on the

geomebryy of the micella,



Thepe subhors developed an empizicel methed of estimating hydeatlon

baged on vepour pressure Reaguvements on detergent gels and selublong,

In whad gesms bo be bthe Diregt dlrect mebhod of measuring wiecellayr hydrablon,
the aubhoxrs found that a specific avrangoment of water wolecules was nob

in accord with the thermodynamic results, Lrdotheymic AH values and
positive AS values indicated that the inbersclion belween water and

glyeol chalng wepresented s wmixing process rather than a npeeilic

ordering in concenbirebed solutlons,

Effect of Temperabure in incresse in bemperaburs reselis ln an lucressc
agag 963

in micellar welight and docrease in GMC snd in the enbhalpy and

- 04,
eutropy of micelligatlon, 4

A% a certaln vemperattwe, hermed the
aloud peint, phase gepaxebion occurs. The existence of cloud poluts hag
goenerally been explined by a deerease in bthe hydration of the glyeol ahaln

Bl

as the Lemporabture is valged and the changes in the thermodymarlc

rarvomebers have been gimdllaxiy @zplainedoé$

Thare appears Ho be two typss of Lemparabuve-dependent hehaviour,
Some eysbems exhiblht a slow lncrease in mlcellar welght wibth insressing
hemperabure; obthevs show a rapld increase above a threshold btemperature,
T, o Resendly it was found™~ theb the micellar welghts and imbringle
viseogitiss of thyee non-ioniecs, Qlén?g Glénaﬂ and Gméﬁg incrensed with
tepperabure. It was coneloded bthet the hydration, esbimsted independently
by viscosiby and vapour pressure, alse Alncveased, A3 the Temperabure
wag reised there was a peneral exbenglon of the glycol chaln and it is
poseible, ag the auvthors wrote, to Yvipuallise a sbtete of affalire where
webor may come into combach with the gurface of the hydwvocarbon, glving

rige o a spdden inesease in interfacisl bension...whiceh wourld have s

copbracting effect ceuging the micelle o clongate.®  Albbough tentetlve,
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this piebure provides o ebovbing polind iun dthe undewpbanding of the
sudden growkh of the micelles of this sexiesn ab Tie  The elond point
is heve iiwaﬁisaﬁ ag baivg due to the growib of momnobh micelles,

wiglbls to the nsked eye,

Soms gystens do not show this sudden exponential growbh, and this
undoubhedly dus o the delicate halsnce bstwesn hydeophobs and
hydzophile.

3 an
Lo

The growth Iun systems of Cyeng and Gy i wog lews mavied

o sueh i

Shnn 'j’ ":.L s OF H . TP AN 1 _-‘§" wd Ty LY R v
han dn thosas of &16ﬁ7 sreape was found In Glbﬁé

“10%
Uynme ow GE? Y, albhough Cgig vhowed Tho behavieur %o gome exbent (&

Figuve 3.)

Cang,
Log M¥

e
2. e 7C
Behaviowur of Micellax Height wivth Temporature -
rupe 3

63
Balmbzs et ad. ~ explaluved micellay growbh o be due %o The decreased

¥,

overall hydration of the monomer reguliin

i

’-‘..w

in lueveaged hydvophobiclbys
vhis sooms

Likely to bs Ghe case.

gy

[ﬂ.& 2
Ruvdyama, — doveabigating the effecha of

1

temperabure An golutiong of
Gy oting (OCﬁqbﬁojk ﬂ(Hz in the pregence of np-decane and p-decancl found

the micellay waight to Ipcwroase wiith vempevatire and the appavend second
viziald cosfficlent %o decreamne, Compavdgon wish other sysbema ig mads
difflenldy, however

as vhe numbar of oil molecwles solubillsed por wicelle

e ' . e 4 g 3 20 = .
alpn Increaped. Fiworthy ard Melonseld™® algo nobed Ghis decrease in
second vivial ceelfielent  and they obtalned negative valuea ahove Ty,



:gué &

Befeat of Additivaes The offect of olsabrolybe on micellnr solubions

was ghudied du order o elugidate gome aspects of bhe hydwablon of the
debavgents. While there ave, ab preseat, only lgolabed ragulbe an

Re) a‘?‘ng & ) M v )
pura non~lonies,  moselio have bazen reporhed by sthmiﬁ:?j o 14 B@c&zw@

and E'-';‘,m:v;*;i,g,ramal?fi on comwerelal conpounds vhich show bhet an incieage in
podivn ehloride copcenbzabion Jlowsved the GMC, ©he effacht being more
pronouncad the more hydeophille the compound, | The neonyl phenol gibew,
BPg e  bhos on aggregablon number of 100 in waber, 113 in 0.3N Nall and
126 in 0.5H Hall. iﬁﬁgﬁamg however, has aggregablon numbers of 52, §5
and 53 in the pams solvenbs, Cozkill gb gﬁ’ﬂ found the sgpregabion
number of Ophg dn 0.1 Nafl %o be 133 compared whih 160 lo pure waber.
The ploture is far from ¢leaw though it would nppeaw, from lowewed
cloud poinbs ond GHE® @ggg} bhat the effect of electrolybeo is grentewr on
Yhe momomer then on the wmleslle, veducing its hydvation and vesulbing io
2 graater tendewney be migellise.
The sero glops of the Dobye plots da elsctrolybe solubions spupgosbed
. . . . 6
that there was 1ibtle chavge on the micelles.
0.5M vren was fouvnd 4o lower the eribieal wmicello concentvabion of o
nonyl phenol adduch bubt o heve Livtle offect on the sgevegabe s;:iﬁeea%
The sewme authoy vrecently showad! | Thab the GMC of prdofesmnol, ngq wan
inereased in M uxea. This was abiribubed vo an increase in vhe hydrablon
of the obhyleme oxide chains. Ussa, however, hasg a generally aroepted
action of dlsrupbing the structure of waber 0219 gng i 4e di8fieult bo
gae how bthis conld wasuld in an incvease in hydratlon,

Furbher expevimente aorve obvlouvsly essenblal bo wiravel the offasibs of

both aleobrolyte and urea.
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Phase Fouliibrin. Phape diagrany heve bsen cobbained for only a fow

e, “ " - -~ R 8 », 2
gynthetic von-ionica in aqueouns media, Iwlley end Mobealf © gibundied

, . 81 .
the sysbam Gyove® waver, and Naimbra and eo=yorkers the syshem

ﬁlgmé + yaber, (see Flgures 4 and 5) Binexy gyotens of monchexyl

7

polyethers have also been inwvesbigaled by Ghakhavakaygg
The glunilarity bobueen Figures 4 and 5 g eovidenb. Tt is apparvenhiy

vnngual to Tind veadiiy chavacterised middle snd meat mesomorphic phases

saparabed by a navvow viscous nigre wegion all exisbing at the same coon

. 81,83 ,8
bemparabure +83584

an van found for Uyqkigo

The e¢lovd polnt maxkding the bonndary bebween waglons A and B ds
shown Bo be concenbration dependent, TH ls genevally agreed thed thae
exigbence of a eloud point (lover consulabe temperature) in agueows medin
is a emmaeqmﬁﬁca of hydrogen bonding bebween avlule and watew,  Copp and
EV@Eﬁ%ﬁgg have euggesbed that the pevturbation of the hydrogen bonded
golvent system by the “inachbive! povilons of the sgolute molecules such as
the hydvocarhon cheins ig algo an imporbant fackor, However in the
Glamﬁ * wyater gystem most of the detergent Is in micellar foxm at %he cloud
podnt and bthe influence of hydrophobe is thuas limlted,

It has been stated before that the elouwd point hes been regarded as el
due to the dehydration of the glyeol chaing with increasing temperabure with
vhe eventual @aparatian of the detergent, The vesulis of Blworthy and
86

g_;:?; " 2, 4
YieDomald™™ appear Yo indieate theb this is pot the cage, Carrel™ hag

aleo pointed oul Lhat it is nob nacegsary to vefer to hvdrahion of the
Y

L)

moleculs nor vo dehydration ap an osplanation of the seperation of the
dotevgent on heatlng, Non-lonic detergents form micelles ab low

concentrations { in genecal } and share with the inert gaoes, bhydroearbons
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Fleure 4: Phase Diagram of Cyone in water, afler Balmbza et al.
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Nobea:s A = 2 igobropic ligulds; B = one igobrople liguids
¢ = middle phase; D = neat phase; § = solld + lee; $§ = solld

LG = llguid crystal.
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and many calelun salbs, vho fact that they are more soloble alt lover
temparatures than higher onsa.

Garret goes on to gey thal since compounds are known with cloud poinhs
ranging Crom nearly 0% %o 200%¢ 1t would bo Wodd indeed if a
dehydration mechanism had o be invoked which regulred a different
tempevature for each of a series of compounds homologous in elthewr
hydroecarbon or polyether parts of the molecule.?

The hydrophobic characber of isomeyic alkyl phenol has beem found
to depend to a large extent on the numbsy of methyl groups in the molecule,
the clowd poind decromsing In a regulsr way wilth inereasing numnbsr of thege
IPOUDB.  2,4,0 trlegeg bublyl phenol regulred double the number of
ebbylene oxide groups to give the came cloud point es the gbraight chaln
analogue; ©his eeems bto give substence vo the arguments of Garreb and
Bluorthy and Mebonald.

Solubilisatien of Ovange O (I-o-Golyl-azo-2-naphtbhol) has besen

81,

investigeted in a nom-lonic sysbem. Otvher subhovrs have studied the

golubility of benzene, n-ochanol, and 4d-chlove-3,5-xylencl in agueous
a 9o b k4

80,8

¥
SyHLens / Changes in the MG In these Ternery sysbems webe small in

the presence of additivze, eupportipg the suggesbion of Fkwall thalt only

o . s &
when fonic effeots aye important do large changes occur in the GMGBJ!

Mulley and M@tealﬂgmga? suggesbed that the 1iguid crysbtalline phase
gonglated of laminor mlcelles in an ordered arvangement; Harbly regezded
this phese as the only weplon in which leminar micelles exrisbed, Inm
bernnry gysbens the liguld crystalline phase is found ab extremely low

concenbrabions of detergemt.  Shord chelin detergeuts (e.g. Gé) do nob

exhlblb the phase at all,



9.
% was thought that bthere wes some connschblon bebween the deereage
in turbidity with eoncenbration above certain concenbrablona and the
phage bshaviour of two non=-ionic systems, dodecylamine-oxlde + water and
613&6 * water, The firgt mesomorphic phase formed by the former sysbem

90

hag the microstopic appesvance of & typlesl middle phese, shown 4o be

&4

‘due Yo irvegulay hemagopal avrangements of aylindergog Hovever iy first
appears ab 34% w/v; the tuebidity weximum is at 9%. Similarly, fowv
the Glgné pysben the mesomorphic phase hegins at 308 wheveap the torbidity
begina to fall ab 5%.

There iz apparently no evidence f{rom phase dlagrams for the exlgtoence
of simple complexes bsiwveen glycols and vaxlous 8@1@$ES§Q albhough such

mgl“ Evanagg Found thet the evidencs

complexes have heen puggested
welghed agalinst specific intevachblon between bemznle acid esbers and
polyoxyeihylene ethera. Higuchi and Lack?l however, avggested aamplémm
atlon of polyglycols and bengole, salicylic end p-hydroxy bemmole seids.
Complexation bstween phenols and pon-ionics has been puh Lovward as an
explanstion of %he inscilvation of preservatives by the debergenvs, the
inberachtion arising from protonabion of an ebhew @ﬁygenQQB A move
probable explanation is the golubiligstion of the preseyvative in the
detergens micelles, although vecenbt wovk hag preasnted evidence againsh

K o " LY A ol L4 ~ - f, ii
the miceliar golubilisablon of iodine in an lodine-cetomacrogol aya@emag*

i3

An ivberesting study has been made of bensens solubilised in agueocus

o
95 which zhowed that the benzene molecules woere

guriactant sysgtbens
congbanbly exchanged bebtween micellay and agueoung phases. A rabhey
surpripiong resalt, however, was that the lifelime of the solubilised

molecule in the micelle was in the ovder of 10“4 BeConNds. This wag
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Lound Ho bhe reagonable on account of Broweisn wovensnh snd diffasion

copfficilonty, aud the wesult g gseful in clerifving ldeas on golublliged
Bysthamg,
Mixed Migelle Formgiion  Kuwlyams eb al.”! heave debermined the

aggrogabe molecnlar weights of a vonelonde (mebhoxy dodecyloxyebhylens
dodecyl ether) aud an ilonic detergent (sodium dodecyl suliphate) mixture
4t various Lemperashures. With incwease in vemperatiure the aggregabe
wolecnlar welght Increased, Uuh the non-lonic charvecher wan prograssively
suppressed 5y further addition of the lonie debergent wnbtil, when the
conceptrabion of the labbter reached 20%, the mleelles bebaved as ilonie
nieellen.  Corkill, Goodman and Otﬁewil%la ghudioed Cyaty, at a consbant
concantrablon of sodivm dodscyi sulphete (9DS). The wmolar wabio,
Cynntg / 808, vevied from 33 to 2 over the eoncentrablon wonge. The
congequent large alteration ln micellar cherge which eceurred was uvsged
bo explain bhe mavked increage in the values of the Debye plote at lousy

concenteahiong, Qualitatively it appeared thet the wesulta could be
P

i wedified Pring-Hermoans eguablon gg if the chavge on the

iy

axplainad vals
wlcella was aspumed te bs directly proporblonal to the awsunt of dodecyl
suiphate abgorbed by the micellar phase, eand AL the vemaining SIS was
assuned o fanctlon ag an ordinary electrolybe in the system,
I% hag alszo bsen fow éﬁé that the progressive wedsebion in chavge
dengiby which oeours ag the rabic of lonle %o non-londe decreases resulbs
in an iocwesge in the degres of disgoeiation of Lhe ldonic component in the

mixed micelle,

Han~Aqusoun Systemg Thewre have been few gbudies on non-ionic detergenis

in nop-gagusous solventa,  Sirdent and &gnrva@g! Lound Gromg and Gy .0y

BN



2%,

in monomeric and dimeric stotes in bensene ab 30° by a TOPORY Prefsure
vechnigue, bub Rechex’’? found an ageregabion gumbexr of 99 for the very
slmilar compouad, Cy.Bg by light-gpeatiering. A similer vestlt with an
highly branched G153 homologuo indicated that the glzes of the micellen
were lavgely dictated by the preperbies of the “solvophobie® paxt of the
detergent molecule waking up the migelie»iﬂﬂariarao

Micellar welghba of 48,000 and 89,000 at 257 and 45° respeshively

5
were found for sovbiban mono-ghearate in h&ﬁﬁ@ﬂﬁg& However, no

vetemabic work hag been carrled oub in non-aguecus solvents and 1% i
dif€ionlt to draw conclugions az to the neburs of the forces affesting

aggregation in these sgystems.
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Eha, Strveturive of Hobav

e R F D AT S B AL O R R P TP

The sbrushural wspests of waber and bhe gvrncburing offeetn of
by drocarbons and obhew solutes in squeons solubion arxe of Fundeamental
impoztance in the digeunssion of micellisation in waber, egpesially in
alveldsbing the energeblices of mleello Pormeblon of both lonic and now-ionlc
debargents.

Water is the exbrewe case of a hydzogen bonded liguld. Iha strucbove
ig largely detorained by n betrahedral co-oxdination imposed by she
hydvogen bonds, and thie glves rise to ibs anconious peopsrbies. The
vabey wolocules can parbicipate in four hydrogen bonds, two of them
invelving the hyfrogen atoms, and twe the lone palr of elesbrons of tha
onyren and the hydrogeng of two nolghbouving molectles, This dabzehedraily
arranged bonding algo obbalnsg in lce sbrusbuve.

Theve hag bsen mech dlgonssion ln recont yeawrs on the struobure of

(] 2 g g . U & v 1 "”‘E Pr
water and of 4iinge soluwions of clecbrolybes and non-elegtrolytes, C0=206

Teaulk and u@m?91 fivgt popgented thet the disbinebive structurael feaburss
of wabew woere “poughly® explained by the sbabement that it (waber) vebaing
a8 eevbaln plullarxiby ov anslogy ¢ dce, This amownd of Yige-iilnegsh,
indeod, has bsem The basis of weuy of the dlscugeions. Ib can be albowsd
by chenges in bemparature and @f@@ﬁmre and by the presence of solule

. 1L02
mal&&miGGQBO

107 . . s - .
Wada presénted a sivpla nodel for the sbtyuchurs of water, and
puggeosbed Thabt wber 4o an equilibvivn mivbure of lea-~iike sbyostuwes and
close-pasked gbrusbures, the welatlve mmouwnbs chapglog continvously wibh

Gouparatire. The mole fraction of lee shrnstuve, X, he debormined using
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roing expansividy daba. % wae fouwnd Lo be 0.2 ab 100°C and 0.4246 ob
029G, In the packed sbate of liguild waber the Lireh neighbour digtance

in 3.46 § 3 An jee-like sbruchurves it o 2.76 2 . The observed velne of

hEatsd
3.1 & puggosted the onistence of Lobh states in wabter. Fraok and Quiﬁtieg

prepared o stoblsbleal thevmodynamic twreatment of the moedel for llquid
1 ' .

yaber proposed by Pauling 07 an toxns of a variable digtribublon of wehew

molecules beluesn two phbates, "iramswork apd “intersblibisl? water.

08,1
108,109 has frameworks of ordeved vater so erranged as bo eonbain

The model
voids in which non-hydvrophilic molecules ean be trapped. The Lrameveorks
are penbagonsl dodecchedra of twenty wober molecules (ges figure 6), the

volid belng 5 & in dlometer. Fronk ond Quist considored the inborsbitial

A penbagonal dodecahadron of 20 wvater wmolecules.

Figure 6.

SRR DR

molacules - the wnbonded wabor bebween the framewozrks « b0 bs vobabiomally
mrestrictad. They also propoged & bhird sbabe, parsly onbonded bub
otheruise withoub speelfications, bo furnish an explenation for the

deviation of the obgerved results Lrom slmple model hehavionr.

110

Other subhors” have written of bthe Yguasi-erystallinity® of waber.

Ono of the diffienliblss in producing o well=foumded theory of liguid

103

watey is veflected by the facht that no reliable valwes exist for the

enevgy of byeaking the OH...0 hydrogen bond in waber, althovgh a value of

11

9
405 K cals/mole hap bsen qa@ﬁadlﬁg and Torslind ™" gives a walue of

hobd K calu/mole for the assoslabtion energy of the hydrogen bond in
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watew,
T L ‘* 2 ", 103 2 Ry 4 :
I their model Nemethy and Scshevaga bilt on She one suggested

X )
by Prank end Wew  ?o 00

whose consepts of a charge sepavation avising in
the resonence geheme of the hydrogen bond and the comseguent co-operative
charvaster of hydvogen bonding weve employed. Those foreds , in twem, lead
%0 the Formelion and dimolution of clusters of hydrogen bonded molecules
which ave shoyt~1lived and do not exbend beyond a FPew molacular dismeters,
Iee-like clusters -~ awbonslvely hydrogen bonded ~ were congldered to
forin,  The term Wice~like®, as Nomebhy and Scherage poinbed oub,

roffows only to the extent of hydrogen bonding oand does nob imply thab
clugbers hove the tridymive arvangement of ovdinexry iez, Calewlation
by the proponents of %hiS'mgdél have shown thet aboub 2/3vds. of the
molecules can participate, abt any given instant, in the formation of
clugbers, The wnbonded wolecwles thus vcowpy, in this model, aboub

one o two suxface leyers swound the elmatewb‘

Hovever, the oxect nabure of these clusbers is sbill wicertaln as
Mysgels haa pointed out afber comslderation of the light-sgcatteriag
behaviour of pure w&ﬁex%gs Deapite the difficulties in the determingtion
of burbldity it seemed to Wysels that the excess turblidity due to strwebural
hetorogenaiby above bthat due to pressure Clucbvstions wes very swell, ond
did not geem compabtible with a wodel which invelved compact Yieebergs®
separabed by a "liguid® nor wibh o large voluse fraction of moleeulazxly
pined random vacaneies, A wetwerk axvengement with cavibties which was

pradominantly £illed would be acceptable, he sbated, thus coming down inv

favouy of o modified form of Pouling's and Frank and Quisi'!s model,
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beree concephually move preciss Horbsblh g found thet cewbaln praperbier
of golubion indicated a pbrucbure increanss and others a8 decrease In the

nunber of hydrogen bends in solubion, and coneludsd Ghat the structure
increage must be such that it ls accompanied by vupture ov defevaabion of
hydrogan bfi&géaa

More relovant to the sbudy of mleelligation la the effect of
bydzocazbong and other vor-poisy golobes on wober,

Aguecus solublons of non-poler substonces show an apporently

anomalove thermedynanie behaviour, The partisl molal heat espacity, fov
y, 0L, 104

7

expuple, 18 much highew in solublon then in the puve liguld aiabe

% was Frank and Bvans™ 12

who lubroduced the covncept of "lesberg® Lformotion
avound nob-polar solubes, aceording to wvhich the wabter moleciles wars
morae ondored erxound the golube, with an inevecsilng preponderance of

hydrogen bonding in this reglon. The "melbing® of these leoberge wiih
£ %] N2

increaeing bemperatuvre would accomnt for the high parbial molal hsatb

Frank and Wen postulated that the formetion of hydrogen bonds in walew
was a co-opevablve phenomenon suceh that when ons bond fowmed, several Tormed,
and whon ons broks, whole clusters “dlssolved?  From this follows the
picture of flickering clusters of half life 16 &e@ndan

Support for the ordersd avrepgement of waber eams from bhe exlsbenece
ol exystalline hydrates of several non-poler geses and llguids abt vavious

temperabures and pregeures, sbove 09C.  Even non-polar side chaling of

1 ths

Py

laxge long such a8 the tebre-p-bubyl apmonlum salba cen partlelpate

i ‘L:}J ) 116

Tormatlon of cxystalline bydrates, end dn an apglogouns way non polay

golubes cen be expschaed to stablliise s near reglon of water molecules,



Figure 8: Schematic drawing of two hydvophoblc, non-polar molecules
with a glngle layer of watewr molecules bebtwsen their enda.
The single layer comsbitubes AAABC., Region D has unbonded
wvater molecules., 4, B and C are tetva-, t¥i~, and di-
hydrogen bonded water molecules respectively. Drawing
afber Nemebhy and Scheraga.



Clugbers cone inve existonce as in pufe waber, bub bhe dlsrugilve
Iutioencen, ouch ag the weblon of thermally disordersd wetew molesule
Belghbours, ore nob trandnitbed Lo the cluster by the now~polor molecile.
Theg, ap tho clugber ig probected, an ive-like patch exisbyg for.e louger
Yime; & veglon of ineressed Jce-likensss ardees In bhe wieinity of the
aolobe ir vea B.)o H@ﬁxingﬁ@aﬂli? affer sindying bhe molubllisy

of avemable hydvocazhong, fovmed the opinion that avomatls sysbems do wob
fovm leebargs in wabtew,

Feant 02 uged the dava of Hagpis, Hﬂnh@ﬁ and Bashaman&“g

relomablon bires of vavious @1@etrclyt@a and non~alogbzolybes in water as

on dislechwic

s

supporh for the above plobture. IF exdbra les~Llikencos is chavacherioed by
Jengbbengd half=life of the clusbers, nou-polay golubes ghovld lengthen
bhe relexabion times of the solubion, Thie hos beon found in the ease of
Qﬁﬁg}éyﬁﬁg vhich has & dlelectyie relazatlon time of +4, i@gﬁ&Péﬁﬂi with
a bime of +30, p-propenol wibh 35, dsc-propanol +30 and I4CL with mlﬂmilﬁg
The negabive vains for lithium chloxlde lndicates the sbrustbure brosking
agtion of the long.

&l@wlsﬁ hag weltbon a detailed aceownt of the solubllity of methane
i vabor and a survey of the solubilities of othew gases which form
hydrates. He showed thab the shendazd enthalpy changes for the transiiion
from Llqnid gorgbion to liguid weber and gaeedus solube wems very eloss Lo
thoge fovw the transition From selid hydrates be dee and gageous aolube,
for o lerge range of solutes, This was luoberprebed as meaning that the
aviute molecuies in the liguid selution weve sveroundad by hydration ghells

conbaining no broken hydsogen bonds. (previows inberprebabtions hed

neceanibabed broken bhonds.) The shells were considered plmilax do the
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pelyhedra of solid ges hydrates.

103=105 106

The plebures pregented by Nemathy and Scherage and Glew

‘are very aiffervent, Glew's viev seomns conasistent with that of Poplalog
in which there 1s bending vebher than breaking of hydrogen bonds i.e. in
ﬁha presence of golute the hydrogen bonds are not broken bub form a cage
avound the solute, The loss of Ffreedom of Yibrabion or hydvogen -~ bond
bendlng must sccount For the entropy change which is 1&?@@ and negotive.
Bayk@g;lg has Tound the accounts of Frank and Wen amd-Namethy and Scheraga
of the origin of the stabiliseblon of clustors “unconvincing® for he
writes, %.., 46 18 not cleer why an unbonded water m&léeule eould nobt play
exactly vhe seme ¥ole as a gpolute molecule im aﬁahiliaing.a glustery,
Howevexr this criticism appears ill-fomnded as the solute molecules which
are non-polax comot pariticipate in the same 1ﬁhar&etiomﬁ éa the water
molecules and hence the stabilisation avises through a form of proteetion,

ButLer =0

hes viewed the procesa of bringlng & solute molecule into
a golvent ag involving 4) the produoction of a caviby in the solvent large
enough for the soiuta and 1) the iubtroduction of the solute into the
cavity. In the case of water, the energy vequived to bring the sgolute
feom vapowr into solution was ciupressed ass

M= 2 Ve - 2 Y (a-u)
where the fivst term represented the cnergy o sepavabe the waler molscules
and the second represented the Interaction energy of the solute (A) and
water. () Whewve theve ave m weber molecules involvad, Qitﬁ a molecules
of water adjacent to the group{sclube)

AR = B2y (-W) «28Y (A-H)

Butler caleulsbed values for the heet of hydration using these éimple

equations and found excellent sgreement, with experimentel values. He
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adiwites , howevewr, bhab this theory (based on the breakivg of hydrogen
bonds) should not be teken too libterally as it was guite possible bthab
swall cavities could be made without such an exbensive breakage of honds

ag vigsaliged. It has been ﬂmgg@aﬁedlzl

that bthe energy regquived %o
make swall cavities in water at low temperabunres was indeed mevro, o
vory swall, siuce cavities either existed already or eould be mede by
soall expangiong of existing holes, The beat of solublon would,

accoifiing to this view, bs mainly the London iwbtervactlon energy of the

solube with the surrounding webexr molecules,

Bydzophoblce Bondine

2,
v

Uhatever bhe Timer polnts of waber sgtrucbure might be, the evidence
is ovezuhelmlng that gbructuring exlebs and thaet hydrophoble bonding is
an imporbant phenomenon in biolegical and macromolecular systeng,

Hemathy and Scheraga based thels treatmsni of hydrophobic bonding
in probein solubions on the bshevicur of aguecus hydrocerbon golubiong.

An hydrophobic bond 0o 20

vap congldered o be formed when two or mOre
novepelar groups came inteo conbach, bherveby decreasing the exbeudb of the
inberachion with the survounding waber., The bonds owe bhelr existence
madnly to the entropy chenge connected with chengas in water ghruebuve
axound the side cheins (figure 8); +the endobhermic neture of this procesgs
makag the bonds sbronger wibh incressing temperature up o 50° or 6070,

It is perhaps welevandt at this polnt to indicate that nov-lonic micelles
increasge in sime with increesing temperature (gee sawrliser seetlona) and
to suggest that dverease in temperature would encourage dimerisation

below the MC.

The Lree ensrgy of formabion of the hydrophoble bond mey be abtribubed



Table I
ALHREISSENIL T

Trengfor of nop-polay side chalns from water %0 s nog-polar region ab 259¢®
Side Chain Structuwes Nb _ﬁ,ﬂ&’mﬂﬂ(ﬁcalomol@“'l)_, A3, n mi
Ala ~(H4 & Lol Dol
Val ~CH{CH5)y i2 2o 13.7
Lew = CHy CH{Clg ) 13 Rod 2403
Lleu ~(H(CRy )Gl 0l 13 Rob 145
Mat = (lin (il SCH 15 2.7 16,0
CySH =Gl SH 10 168 13,4
Pro 12 2o 140
Phe =Gl CgHg i3 - 2.7 16.1

2. Lrom veforegnce 105,
hoe N dg the number of waber molecnles agssgoclated with vhe struchure.
e, eala.mole “ﬂ@gree”'l

ereng

Tronafer of Hydyocazhbons from Water o Non-Polay
hoglon

Structure Agmcalg.snoléld@gmaml Ref,
(’3336}52%3 23 122
ot ¥ o
CH gﬁ(ﬂig(lﬁg Gﬁz 83 12!«»
Cellg 14, T8
Cﬁﬁ%ﬁg 16 78
GHEG‘ﬁg Géﬁfj 19 78

CH5CaH,, iy 20 78



Tebla T1%

ABTEIE IR GRS

Travsfer of Hydrocarbong from Waler to Hydrocazion
Rogiont

Praves - vt
Struchure AH nglemmléml AS cal moldtdes™t
iy, %97 15.3
CHy il 1,85 18,8
GHBGEQGHB Ladd 2.2
Gﬁgﬂﬂgﬁﬁgﬁﬁz 1.8 23.0

Taseq,.
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almogh exblyrely Lo the zeduction AIn the number of contachs the novepolaz
alltyl chaln has with watex molecules, The thermedynsmie values of
hydrophoble bondlong ave small as the bond does not lnvolve the compleie
removal of the hydrocarbon from the solvent,

In nigelle formatlon the non-polar grouvp ls removed completely Lrom
any conbact with water, Vaitlous thermedynamic values have been compubed

3 122 por the sransfer

by Hemebhy and Sﬁhe?ﬁg&%ﬁﬁ by Kangmeaon' " and by Wisghnia
of non-polar compounds from waler to a non-agueous onvirowmedt and these
values are ezbremely uasful in the elueidation of the hydrophobic
contribution to micelle Lormablion by surface asebive apgents, These values
arve given in Tables I, Il,and IIi,

The values of N in Table I are much greater than those suggested
123

5
»
X

120 .
by Busler.™ However, in a later paper Schevaga eb u] use N/2 in a
discussion of digerisation,

Yo will be seenr from bable I thab ﬁsﬁk

hesome g wmo Lt
PRnE 8 more poegitive

with Increasing chain length, while, fyom Table ITI, The opposite trend

ig obaserved. Table I hag valuea malinly for branched chaing and the

oxvent of the contoeb betveen hydrvophobes increases with size more slowly

then for sbralght chaingy also the effect of the protein backbone, whiech a
does not participate in the bond but has a vesivailning effect, has been

taken into secount and these values would be more applieable to micelligetion
If ome dvew an analogy bebween the probein backbone and the polyoxye

ebhylene chain, (mes figuve 9)

£ NS

Ch (N

= - - R

(P i

L. iy Lffi AR i = hydeocaclion dhan.

Qﬁﬁ%ﬁ@ White porbon represents

=N P?:ﬂ"t nok pacte 3?5@:'03 i
probein polyoryethylene hudeophobie Bondin

backbens chain arephomc. Bonding

Figure 9: Analogy between probein beokhona and PRE shadn
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Althoopgh Scheraga et al tarcled oub & veappralanl of thelw
eavlier calceulobions on hydvoptioble bond formstion this did not affect
the wvalumes of table I nor the pregent argoments.  Indeed further
thernodynanic evidence for the process ves obieined by considerstion of the
tranafer of normel alcohols from agueons soluifoninto hexame snd bensens
at 2070 (Table ¥7); consideration of these values reveals That Bhe wain pawd

of the entropy of the process arises from the conbribution of the hydvocsribon

While one amoeh boware of ablemvting to explain every thermodynamlc

valus on the bagls of hydwogen bondlng and hydvophoble bonding and the

5

sflect of uater wolectles, +whege coneaptr arve useful in ouvyr undewstanding

wy

-

of the factors Invelved ln micollisabion. The theories of Nesebhy and
Scheraga have, ab least, suceeeded in giving values for comparisons wiith

other data and processad,

The Dasortance of Waber Strocbure in Azgregation

Dimerigation invelves the approach of 0 hydvocazbon ahalng and the
removal of a nomber of wobter molecules from Thelir wielmity. Miecelllsabion
involves the complebe Temoval of a numbsr of hydrccarbon chelns from the
soivent and thelr plaocement in an enwirvoument of allyl chalne, bheyeby
regulting in the vemovael of all the water molscules assogiabed with the
chain,

125

Mukewjes and Ray fnvestligated the effcet of uvren on migelle foxuntion
and hydrophobic bondliang. Umes wadergoea hydwogen bonding in waber but has
1ittle sffact on the polaxity of the water. #% high concenbrabions i34

raduees the co-operebive structuvre of watew, which s vespoosible fov the

bt
g
prs
]
be
]
14

sclvens strizshure effects, vithouh waduly affeching

G

cial snevgloa.

shot urea affects walnly the enivopy change on mlcelllgation,



Thaormodynemic Values for the transfer of 1 Molg of Aleohol
from fouveoos Sotublon inbo Hope-poler Solublons
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Tlosane Benzens

2

Al an' Ag? AG Al AS

Mahhanol, i §% o2 = - 5.8 e
Bbhanol, 1.8 8::5 22.6 1.2 6o§ 18,1
Propanol, 0.9 2.0 27,8 0.3 Tom 23.7
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although ibs offect is swsll, xalsing the critlceal micells concentzatlon.
b dooxesse in bHhe chaln lengbh of allkyl pyeidindum chlorldes of only two
G, groups wolged the GMC by a Zactor of 45 this auggeﬁtealgﬁ that weber
effoots wight nob be the whole canse of micelle fommslion aud 1% was
proposed thet imberfaclal effeche and enbwople effects asacclated with
the hydrocavbon chaing wore also imporbamb. They cited evidence bhat the
addivlon of short chain ovgenlc compounds such as mevhanel and ethanol
{6-8 Molar) had a greater effect on the (MC than vrea, the offect no doubb
being the loweming of bthe inlterfaclal enargy between hydvcecarbon and solveut.
Solvent structure pleyse an important part in the apsociation eof éyaﬁ%gé
Although the detelled thermodynamice of asgoclsbtion have nolb been sebislewt-

12

orily worked oub Lov any dye sysbem, Rabimowiteh and Hpatedn 7 devived

heat and emtropy valusa for the dimerisabtion of thilonine, bhe ewtvopy
being approxivately 1 cal.mole™t é@gf@efl Congidering thet the assocleblon
of Hwo simllarly cherged egpecies should wesult in o loss of enbtropy, due

to chavge compachlion over and sbove the loss of sranglational energy of

one ion, the neb positive result would auggest a lagge enbyopy contribution

LTS

from o gource which ig most likely the wabter strucburve effech.

Tadaira apd ﬁ&ﬂaifﬁlzg Tovnd that sucrose bad a considerable effecy
on the gssoeiasblon of two dyes even in low concenbratlons (up beo 3% auevesa).
Ao pucroge is hydrabed with aboub 4A~5 water molecules per molscule, 1t
affsot on the waber sbyuctuve around the hydrocarbon chalns was again
pub Porward as an explanstion of its offect, ospeclelly as the moxe
hydrophoble dye was affected,

The diggociation of inpdin dimers provides fnrbther evidense of golvent

129

offacts. Tho large ertropy loas on digsociation miagh only arlege from

the dmmobiligablion of waber molecnles., VUsibng o valve of 4.8 @alsﬁdegﬁaaml
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fop the entzropy loss per mole of bowund water, the digavclavlon vas
mzs_:-mmd to be repwesented by,

Tap ¥ 2% Wa0 & @ ¥n + 12 Hpo
Un dlapoglation, +the avses previcusly protected each booome apsncigbed

with twelve nolecules of water.

Enbropy of Hydvahlon

The pavbial molaw entropy of & substance in a golublon includes nob

only the exbropy of the solube bub aleo awy changes of eutyopy which the
120

solube brings abowt in ite actlon on Bhe solvent. Thus the parbial
rolar enbropy of a soluve In weber mey be vewry low 1L, by elbher fozwing
a cavity or wasbriebing the waber molecules! ablliby bo wobale, it lowews
the embxopy of the wabew,

The presence of grouns which fowm hydvogen bonds with wabter ebill
furbher reduces the enbropy of vaporisablon and wresulis in a decwresse iu
the embropy of the sclute. Thece entwopy differences have a predominony

affech on the solubiliby of any sexies of cospounds. Fronk apd Bvang

have poivbad oub thab A%y& for methanol is about the same as for ethave.

o

The enbropy drop In the case of Ghe methanol la duse vo the lcebaxy formabion
around the @-13 grovp end hydrogen bonding evomnd the hydroxyl gvoup, bub

the enbropy effech is eguivalent. Hydwogen bonding, bhovever, produces e
congiderabily laxper veluns of wﬁﬂgmﬁ The relative lwportence of hydwrogen
bonding snd icebeiy formabion ghifis In favour of the latier ag the lengih

i

of the hydrophobe imevesses. Benjamin also coneluded that, albhough

o

entropy chonges provide +tThe dviving foree Low picelle fommotlon with shoxd
chain conpounds, with lovger chaln dewivatives the onbhalpy bern predeminatec

{poa Tigure 10)
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Yhe Theorsbiopl Bagis of Miselle Formation

Micsllleatlon 1p a complex phenomencn brought aboub by the inberplay
of a wmulblplicisy of Lorees, It waé realiged early bthat, o distingulsh
batwean micelle formation and a complete sepavabion of bhe detergent fzom
sgolubion, the ccheslve forces Jeading to aggregatlon nust be balanced by

130

ovher forces., lsbye argued that the deczease in free enexgy avising

from hydmocarhon-hydvocarbon interactiony was eventivally overcoms by
electbrosbatic wepulsion. Hlg theowy has, howvever, baon @fi@i&i@@é}gl@lBg
the fovdaponbtal cyiticlism being bhe Lfact that the ecelculations wers bags
on mininising the free enewrgy of the micelle uwhereas the sbtable micelle
meat be bhat which wesulbts in bthe minimvm free onergy of bthe Hobal system.
Redeh™?2 avbenpbed b0 explain the sbability of pon-lonic micelles
wheve thers were no electyosbabice effecbs, For oxdinawvy selubes the
anergy of the pysbem decreases indefinitely =g bthe degree of aggregabion
incraases. With debergents, the enevgy of the sysbtem reaches s minlmum
and no lopger deerveases afber Tthe micelles weach o corbain size.
Consequensly, Relch explained, further micellar grovth will not cccur, as
thic wvould result in an enbropy chavge. The plebure of the aon-lonic
alcelle drawa by Releh is thab the hydrocarbon tails, curied up in the
intezior, ave packed btogether until the hydrocaerhon purface ig completely
coverad and probected from the waber by the polyocxyethylene chalms. Tow

Al

the formsbion of

2

thisg = the “complote? micelle - the aggregatlon number

18 given by N whon

SUIT W ¥ PSR N
(Ams>(‘l“ Rﬁé) = L

where A ig tho total surfece of the hydrocarbon wolecule, 8 is the avea
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sovored by the polar group ln the monomer and, thewefors A8 ls the euposed
hydrocarhon suiface, A Ycompleve’ micelle may nob always be abbained,
£ the polar growp sereens off a amall enough portion of the molesecule the
aggregate may grovw to itg fullest oxbeut before the surface is completely
Filled, and furthey growth would then involve flabbening the aggregabte.
Such a change would not decreass the fraction of hydvecarbon elimlnabed
fram bthe solvent and hence would not be favoursd, Heich wap also able
to postulate, corvectly, that the (MG would decrease wibh lucreasing
hydeosarbon chain lengdh and incvease with Increasinvg glycol chain lengih,
Hoave aund H@ﬂ&@ﬁlﬁ@ labexr propoged a sistlisbical mechavnical btheory
of micelle foxmabion in which the vepulesive fovces prevenbing micellipation
appeared as a "erowding® tevm, depending on the volume to suvface wravio.
The inbterior of the micelle wap agaim treated s r liguid and the reghb of
tha cobsgive fovces were placed in bthe partitlon Tunction of the monomer,
which conbained a go-ecalled “hydfaphébie inbterachlon® batweon the wabex
and alkyl ckhaing,
Weber shructuring in micelle formablon has been sald to have a lavgely
antroplc ¥0la. Hi@hniﬁlﬁﬁ bae shows this %0 be emphasgized by the

. .o . 136-138
valatively low heabs of micellisation estimabed calorimebzleally, I6-13

by temperabure dependence of Ghe Qﬁﬁ%gg91&o

LAY

o from vapour preggure
neasuyenenito. The heats of trangfer of hydrocarbong from agueous bo

a nov-polar phese diascuesed in the previons geclion aveyhowever, ot
incongiderable. The low measnrved hesbs of micellisation are vexy Aikely
to e due vo the camcelling, and nob the non-existence, of enchalpy effechs

by oppoging fovces sweh as those dus bo bthe polyoxyethylene chain in the

gage oFf the non=ionica.
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The walin condribution Go poasibive enbwopy changes pust comne from
whe hydvosarbon chaln oy from ite Juborsctions with the solveni. Whpkrade o7
obbained values fox the tremefer of shoxk alkanss Lrom waber ho migelles
of sodion dodecyld salphate (Table V). I% appesro that the indorasiion
bebweon selvent aud solabe is the maln conbelbubor vo vhe enbwopy chango,

Tor it ip difficeld bo lwsgine any signiflicant conigwwatlional enbropy

change, ag vestrichbion of tranglstionsl, wotational and vibyrabional wmotions
for vthese allaues will be limited in waber. The decrease in AS with
chain leugbh (Pable V) seoms 41fficult bo wndersbsnd, T ia possible,

hovever, that bthe enbropy of mizing offecth of the shoxt alkones with

bhe defecyl chaing of the deborgent is signifiecaub,

Fheznodvasnicn of Wicelle Foranbion

Therse hove been tuo moln approaches to the theorsbical deseripblon of
micelle foxpation. On the one hand bhewe is the mase-acbion approaeh in
vhich the micelle is conpidered as a product of the reachion babucen
pingle molsculesn, these bsing in eguillbrium with bhe mlcells. On The obher
hand thera i the buo=phase theory in which the miecclies awe congldersd %o

be o different phage, and the themmodyoemice of a phase equilibrivm ave

ainployeds
The Two-phasa Hhaoty. In vecent years many of the theovies have beon

baged on this appveash. The model treabs the wicelle as a separabe, bub

"

soluble, phease whieh bsglus to form at the @0, which is regaried as bhe

LAR=144,

sabuarabion coucentyablion Lfor vwhe single solube gpesles. Shinoda

and Hubehingon ™ have diasuegsed micellay “paeudo=phage® fozmation. (The
barn Ypseudo-phane® wasz weed hecanga of the provise, manbtlonad eavliew

of a liwlbed aggregation and mnov o cowplete phase separabtion,
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Dimezlisabion, which io known 0 ocour In some detergent sysiemns

146 ‘s ‘e ,
below the GMGg‘LQ is oot compabible with The theovy. However, 1v has
L3 L3 1 ﬁ, LY 2 - » - 2 L3 s
been pointed out é@ that acetle agld vapour separates inbo liguid aceblie acid

ab a geburabion vapour pregsuve althougbh dimezlsation cccurg in the vapounw
beforehand, the liquld phase bslng in equilibriwa with bobth monomer and
dimsr wolacnles., This analogy hag boen draun in‘ﬂefena@ of the two-phage
approach.

The model aleo pecedaltates thal the activiiy of the detergent above

' : - 14
the (MG is constaenb. Gibbs’ Adsorption Eguation may be wrilten, 45

I \ o .
- FPTY = ‘i,wﬁﬁm ; = 04 [ b

0la ap S 1o Wy, S in a,
a 2

v
where 4 ie the purface tension and N, and a, the mole £rection and gobivity
of! the solube, yeﬁ@ectivelya Pxperimeuns involving radiobracors have

shown th&ﬁ (3 haaln@awly constant values over a wide range of concentrations

14
in excess of Lhe CMC. 7

12 S /d1a W, is mevo, 1% follows bhat
c&lﬁ.ﬂg/%ﬁﬁiﬂﬁ% i8 0lso sexo. This bes been said to be "impressive
evidence of the phﬁsm sepavation model,® as it is eqguivalent to the
atatement thet the activity of the solote 1s independent of concenbraibion
ahove the (MC. The basgle assumption hews Is that the surface temgion, g’ »

‘is indspendent @fiﬁa above the CMGQ and albhough this has been found bo

bg true for ove ox Hwo systemg, It 1s by no means a posltive fact. Indeed,

dlalysis experiments have ghown thet monomer activiby ineresses with

2 150

. AP A Y
concenbration above the (Mgs-48s149

Eluworthy and Mysels found that

the surfece tension of vllrapwrs modium dodecyl sulphate changsd with

g,

congentration above the MG, Rocent work on non=ionlec surfactants of the

- - ‘-s
glocoeyl alkyl bensencand glucoeyl alkena elasg“)l and on polyoxyebbylena
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152
7% dndicate, directly by measurement of activity by

alkyl ethers
veezing poinl depression in the foxmer case and indizectly by
ultrafiltration studies In the letter, that the activity of the non-ionie
increases above the CMC.
The application of the phase rnle to micalla?h@yﬁtemﬁ has also

been dlscusved by Pethica™ 153,154

who congldered the inclusion of weter
in the eguilibriom thua

nROH ¢ BH,0 == Micelle
{where h represents the difference im hydzation between monomeric and
micellar stetem). The number of degrees of fvecdom becomes 2, he says,
irregpective of whether the micelle is comsiderved a separste pgaae o
not. From thils Pethice concluded thet, when applying the phase rmlegiﬁ
is permisgible to consider the micelle as a separate phase only if the
woter of hydretienm ( not icebexg water) is taken into account. As the
equilibrivm of & solute between two liqaié phases is debermined by the
chemical potentlal of the solute, the micelle Fformatiom equilibyium ig

.
determined by the chemical potewiial of the wateroljj

Ry

Danlellson

pointed oub that this dees not imply thet the vapour pressure of water

above the twe phases remains constant as concentration incresses, bui only

—

that the waler getiviiy vardes in a siniler manner in bobth micelle

and intev-micellar liguid,

Foe
Both Pethieal)ﬂ and Shinoda and Hobg hluson 45 have assumed that the

osmotic pressure is vesrly conghant above the GMC but wapour pressure

megsurenents have ghown a decwvesse in water activity ebove the eritical
16

nicelle concentrabion, slthough this is often nob pman@mneed%’é

Aecording o the classicel phase rule, the wapour pressure of solube



39

showld change suddohly alh the eribileal micelle concentration and then e
independent of bthe amouvnt of the micellar phase. Vapour pressuve chapges
above the (MG ave, therafors, not in agveement with the phase rule approach.

On the esswapblon thet micelles may be considered as forming a separate
phasa, Hutohingon, and later Matijevie end Pethicaglgé dexivaed an equabion
0f the Clavgius-OClapeyron type, for the determination of the heat of

micelle Fformation from the temperatuve dependency of the MG

Olm o ,E&? (G
RU= ar

AHtm 18 the bheat of transier of delergent from the standerd state in
golubion to the micelle, k is vnidy for non=-lonic delergenta. The
eguation igunoves deviations from ldeallty, bub it has been used in a nunber
of investipabions,

Mags-Acblon Aoproach. The law of masg-acblon was Fixet applied to nicelle

mrylﬁ?”lﬁs 159

formablon by B and by Hazrtley.

The law shows the existence
of a shavp CMC whenthe agpregablon number is aufliciently laxge. Murray
aad H@?ﬁleylég have ezplained the Kvaffi phenomenon on the basis of he

law, although the Keafft poini, which has been imberpreted ag the point ab

which solid hydrated detergent and micelles sre in egunilibrlum wiith monchners,
Gy

haes algo been veconelled with the phase rule.

The law of mags-gebion appreach differs from the pseudo-phage model in
that 1t implies an lncreazse in monomer achivity above the (MC. VWhere G is
the total concentration of detergent, m ig the concentration of wicelles and
1n the aggregation numbexr, for the simple eguilibriom

n{mononars) === (micells)

fl .
K= - if C=x+ om  vheve x 18 the concentration

OF BOnomers.
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There is an additional complicebion of

s e 161 . .
micelles, lysels, =~ taking into account double layer inbteractions

charge effects with lonle

and micellar charge in the term,"p givea for the equllibrium

o)

n{mononeric ions) ¢ (0 = p) counter iona =2 micelles

m

= {aprpm) P

i

with m and X wmolar concentratlons., Activity coefficlents were neglected
on the assumpbion thalt the walues chosen for p vook mon-ideality lubo
actouhi. &angelﬁa hag shown that the application of the law of nass
action o micelle formabion indieabes thal the agblvlty coefficlient of
the wmicelles hag almost no effect on Hhe CMC,

A problem in analyeing bheoretleal masg—sction cuvves is the delerslps-
ation of the (0, espeelally with systems with low aggregabion numbers,
éefined the (MC as the "Sobel concembration of long chain
electrolyte ab which, for compounds conteinling the ssme polar group,
enall ond consbont number of lons are in aggregated form,® Philiipaléé
defived it ag bthe concenbrabion at which dgﬁ / dg? = 0 where @ is some
meaporeable propevhy.

Thave ave obher difficwlvies, In many sysbens the magnliudes
invelwved in the equation aye conaiderable, and K thus veriea by large
fecborg, depending on small changes in activity or concentration, imééedg
Hutchingon ef g%aléé vwere of the opinlon that the values Involved were
such that the mass-action model simply did not apply in some systems.
Pebhlea regarded bhis judgement as "over asbrong.”

For large aggregation numbare the mass-actlon and phase rule approsches

givae aluost idendical plotures. Tt should be rememberved, however, in the

endeavour to Lind the correct treabment that perheps nelbher is complebely



Alo
applicable avd, at bagt, both may be approximsbions.

Becauge of the uncerbainty in debermining the equilibriuvm consgbaut (K),
the woe of the eguabion,

A, = «RT, Ink
o give the standaxd frse energy of micells formation Is dangerons,
although 1t can yield usgeful informatlon on the effects of varicus variables
on xﬁﬁgg variables such ag aggvegablon number or hydrasion,

While the effect of charge must bs vaken inbo account when formaulating
the equilibricm bebween lonic detexgeuis and their micelles, this
complication doos nob ariga im nop-lonic agysbems, However, a problem
common to both ilonde and non-lonic gyebems which is stlll wnsolvwed ls the
Incorporaticn of the water of hydration In the equilibrivm. Recent work
has shown thet the degrse of hydestlon of bobth types of micelles ie highiﬁﬁ
and it ip to be expecbed that webter will play an importent pard in the

equilibriom,

Thermodynaples of Micelle Fowmation of Non-lonle Dobergenia.

A number of papers have appeared since 1962 dealing with the enbhalpy
and entyopy of micelle formatien of non-ioniec detergents. This sechien
gontaing a brief review of this work and the conclupions based on it.

Mogt workexrs have used the temperature dependsnce of the (MG and the

equatbiong,
& By gl“RTE.ji%%ggi
D8y = D /T,
ot ian. TR IR AT ot L 8 o msnomznarmd & e o1 M R nmﬂ-m,.h,-;_,_ e ol

formasion, éﬁﬂm im the partial molal heat of tranafer of the detergent

FTormablon, &KHM is the partial molal heat of travsfer of the detergent
monomer from its standard sbate in poltblon to the micelle. The heabt of

micellisatlon obbainad by cnlorimetry, denobed hewe ANY, iz the whole



haot of foymetion. Calovimetry has been used in only one laboxatory ae

Tox, aud this work i discussed Livet.

. 64, s
Gozkill, Goodman and Tata,é uelng a celorineter capable of detecting

hegh changes of abouy 0,01 calories, meapured vthe heat of micelle Fformablion

3
(AH™Yor Ggng, Cgng and Gy 2% 25° and 40°6, (fable VI)  They assumed
that the beat of dilution wvas negligibly small and that the heabv of
nicelligation vas independent of copcentrabtion. The volumeg of the final
solution wvag agsumed to be the sum of The Initial solution and dlluent,

varistions in partial molel volume belng ignored.

« .
Thermodynanics of Micelle Foymeblon s Calorimebzic
fteanita

TSRO

Conpound AGP AHP TA ASP

350 G@E)ﬁ s 307 505 9@2 3009 (&2007)
Cahyg « Bl bo8 9.9 33.2 (320.5)
Gy % = 645 346 10,1 33.9  (35.9)

4’00 06)’-16 il é.oj!. 65}03 80‘% 2609
Camé s {506 3»,55 c}cl Egcl

CroMg < 7ol 2.4 R 30,4,

S EIIAT 3 PERATRCALY

1 N ) - - " [ ™ “
Prom veforonce G4. HG° and AH® inleals.nole”

and AS® in ealg.mole degreed

"
The hest of dilublon is not negligible in sysbems wibh high GMC'z.  In bthe
case of Gy and G- i1g 0 Por example, 1t wonld appear Hhat thls factor was
4 ;

he

=

significant, cowbribubing to the enbhalpy valvs, In those syshens

voglect of volums effscbe wonld algo be lmportent; a8 working concentrabiong



ave pecessorly high. In an ideal systﬁmﬁﬁm m&ﬂ? and a mensure
0of non-idesliby wonld be the discwepancies bebueen these walusg, The
enbropy change in Tabl ie VI i obbained from AL = f{@ﬁ -:a‘f&(?s@) /o

The resulis indicate a devrease in enthalpy snd increage in enizopy
with inevessing alkyl chain and a reductlon of these values with

benperabiure, Ba&jam&;lég

in a vecent gbudy of allyl emine oxide
aurfactant g, found calorimetyric data too lmprecise vo show whether Ag”
acbually incresses ov decreapes wibh chailn lengih or not, The values
of AL at 25°C in the brackets im Table VI have been computed Lov
comparison using the enthalpy vslue from the variatlon of surface tension
with temperature.

Theze are numevons diffleuliles in worlking with compounds of low
aggrogatlon number. The velation AG, = BT In CMC, with CMC in mele

"

fraction unitp, ls strictly true only for solutions with high eggregation

numbers. A more aceuraie relatlon haa bLeen obleined by Beunjamin 165

AGY = m[%%ji») Tn CMC * (;,;-%@)B

where ¢ ig a function of » and varies from 0.485 a2t n = 5 4o 0,041 for
where ¢ 1g a function of n and varies from 0.455 at n = 5 to 0,041 for
13 300, With values of n over 50 this expression is eguivalent to the

where

slupler one nenblconed earlier,

Temperature Vavistion of the OMG: Ope of the earliest papers was that

of Ginn, Kioney amd Harrgﬁmgg who, vging @ dye - solublligation method

for the debermination of the OMC, lmvestigabed a series of mon-lonic
ethylene oxide adduchs { 5 - 30 wnits) with tridecanel, nonylphenol,
dodecyliphenol and decancl hydrophobes, ot thres temperstures. They found

that the critical micellor concentrabion fell with increasing temperabure



o
o
[+

the sengitiviiy of the MO to bemperature falling with ipecrease in
athylene oxlde chain length and with increage in tewmpersture.  Althongh
the enthalpies and entropies of micellisation were not caleulated the
vesulbs impilied a fall in AH and AS vwilh increaging ethylene oxids chsin
length and a fall in AR with increasing temperature.  Since then
nupexors invesbigations have heen carvied coub on the bempersture veristion
of gynbhetle non-ionie detergents. The resulla are collected in Table Vil
In overy case, Dby, and A5y will be goen to be positive and gemerally
of a low mognitude. As the aggregetlon of the moncmers iubto micelles
resulits in a decvsase In the randompess of the system, the positive entzopy
chapge most be expleinad by the enbropic effechs of bthe lose of water

168

structure avound the hydrocarbon chalns of the monowersg.,  Schick aned

16?‘&

Hufgon and Pethica ave hovth bermed this loss a Ydegolwation,® bub this

is confusing eg the hydwvophobe is nob solvated in the normel sonae of the
WORd ,
1 ﬁg 2] :i-(:”g { . L M o L. ] Mo 2
Sehielk™ hag explained his resulba on the basis of the diszupbion
of the Pleeherg" fovmablions arovnd the alkyl chains and & congomibant
partial dehydrebion of the other oxygens of the glycel cehains, Hudagon and
Pebhiea have similarly stabed thad "desolvation® of bobth hydrocarbon and
ethylene oxide chain occurs in nicelle formation bub they present no conerate

Ry P

ovidence o gupport the shabement,. Resulits for Glﬁm? end GJQBBO ghow bhat

L s
AH. ig 8.0 and 2.7 Ea 1 . . 168 e _ .
Ol dg 5.0 and 3.7 Eeals mole™: regpectivelys Ageuming thet ronowers of
both have Tthe ssme nusbsk of water moleculesd assoslated with the alkyl chalims

it i difficuly %o sea how qum7 wondd be more dehydrated than the lovger

adduct as the explanablon suggests. The resulbs of Elworbhy and Ma@farlana@

clearly show that the lomger the glyeol chain,the greater lta hydration in

A o * T 11 WY 2 4 a2 a, s
the wicelle, Bvans 1e nag estinnted thet theva are 41 molecules of waber



Heate and Fubroples of Mlcelle Pormabtlon of Nep-ionies

Compound Tomp. G, Aty Kealo.mole ™ A8, calsemalgié@éﬁ Reference
G@nﬁ 28 Fo3 166
Cgny 25 307 166
Cang 25 hod 166
Ggng 25 377 166
Gy gtig as 2.3 166
Gy iy, g 6.8 28,6 167
10 A 2byody 167
20 363 1i.1 167
&10m5 g 6.2 167
a0 5.5 167
18 3.0 167
20 1.8 167
010m5 25 boe 166
Gy 0t 5 2.9 35.8 167
0 8.8 3.2 167
20 5.6 18,9 167
30 3.6 11,9 167
GlDﬂﬁ a5 1o6 166
G2, 25 305 117 10
25 3.9 166
Cyntiy 2745 5,0 16.6 168
CyaPage 2705 3o 12.3 168
Cie™a0e 27,5 6.6 21,9 165

+ commerclal products. continued over page.
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sontsiued

Compound Temp, °C  AH Keala.mols: NS, @mlaamgiﬁ'éagreéﬁ Reforenge
GpHyg000RpsC0H; 27 oy 169
Gy ollyg C00my (il 27 3.3 370
Glaﬂgﬁﬂﬁﬁﬂj)aﬁ ] 1.9 6.3 A7
Ciaf30 275

in 0.43M Nall 6.0 19:.9 168

in 0,86M NaGl fo5 2L.6 168

in 0,86M NaCNS dol 13.6 168

in 0086M%ma3&0, Dol 30.2 7,68

+ gommereial product



faid e
per monomer in picellen of 02*3‘3% 5 Rophner and Hmﬁbﬁm‘ﬁﬁé have caloulated
That there ave 43 moleculss of waber pon monomer of 0Pnyn. Thess veluss
mosh cortalnly do nob vepresent dehydrabed shabea.

The eothalpy of micellisabion inereases in the pregense of slectwolyte.
Schick svgresbed that this was evidence that bthe obhylene oxide desolvation
wag & major ceubyibubing foctoer Lo the enbropy change. This premips, ab
Firgh wight, geens veagenabls as the nom-lonic (;1.,»,&&?.\?‘((*%{?) f\maa wWhich ig
hydzated with ten molecrles of waber psr nonomsy in the m:i.mﬁ.la“:m bag a
mueh lowsr cmbropy end enthalpy of misellisablon ab 25°C then any of the
i"w o Lroayethylene ebherp, On the other hand, White aud B@Mﬁﬂma?mf*
have found a decrease In Ay with incrsasing salb concenbrabion fox fonie
dotergents and have abtdribobed thile vo the ¥polvent depolymevising effect
of the added salb.n

I% may be melevant %o examine the effectn of elagbrolybe on now-ionia
dobenpont bohaviour. Unfortunately, there ave no vesulbs on the migellap

raen

welghbts of (‘“392130 in elscbrolyte solublons, bub in Teble VIIY the effech

of elesctrolyben on mmz;«@ in bexma of eggregation number end (RIC ave
compared with the @3‘?5:”@% of the came cleetxolybes on the enthelpy valves

of the former compound.

f3

o, VEEL

o)
Lol S st At S g a2 zez

The Effech of lectrolvihes on Nou-Tonics

Compound  Solvend Al Compound  Solveny Aep Mo, GG
p peles
Cygiag Hn0 307 BPDg, H,,0 20 280
Cob3M HaCl 6.0 Q.42 HaCl 9 200
0.86M NaCl 6.5 0. 86M NaCl 26 150
0,86M HalNS 4.1 0086M NaGHS i9 R
0, 86M3Na,, SO ), 9 ] Qeﬁé?:%%iﬁagm 3 32 Vi

1. Keale pnata”? n. sremnbon fhben
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46,
Thase elecbrolyten had 1ittle effect on the eowpound HFnlg but the

3
effoct wos prouounced on compounde with higher chain lamqﬁhﬁo?é AL and
th < 1]

Ay increase as the GG decveages (Table VIIL). JIowewing of the GG

is bwoughd ab@uﬁ by an ineresse in hydrophobleity, which nmay vesullh frowm
either depolvabion of the polyoxyethylene chaln or an increasge in
inberfacial tension bebween the hydrocarbon chein and water in the wonomar.
Henceo, the posgibiliby of desolvabion of the glycol chains as they eaber
the micelle 18 reduced, and one is thus bound o dissgree with Johick's
explanabion of the incresse In enbropy.

The ethylens oxlde chaing in vthe mlecelle awve in the foxm of a
bruneabed eon&%ﬁ Shelr eonfigerabion In the monomeric stebe belng vnknoun.
The configuvational enbropy change on mlcellisatlon Lo thorefors alse
&mkméwna With compounds having long hydrecerbon chalmn thews will be an
ineveasne in conffigurationnl enbropy a8 the contracted hydrosarbon Linds
Lbeelsd in the freer envizonment of the micelle intevior, The daba of
Corkild, Gooflisan and Tateéé showed that there ip a signifiecant envhalpy
contelbudion, presumably reflachbing a change in coheslonal eneipy of the
hydrogarbon chains on micellisation. Avanow and Withen®s swgg&s@ianlga
what this is entlrely avn enbrople chapge is thus placed in doubi.

The fegrsasing enbropy inerement which is geen as the series s
apoendsd (aoge ey, o §10m6> has been esplalned av dus o the desveane
in the surface/volune wvabio of the hydrosarbon chain in solubion which
decrogges the proportlon of bthe mopomer in conbact wibh the waber,
Lempexuture Dopendence of AHm and Adn

The chenge in bhe thermodynomlc paramebers with temperabure appears
B0 reflest ap albtoration in the extent of the hydwosarbobeaolvent inbezs

aehion, A dha bomorobnre visan the iceboerry clughers braank doum.



PV

reduning bhe enbwopy dacresse on micelllsatlion.,  Hudson and ?eﬁhie&ié?

e o

agsauned, conbravy %o bthe evidemce of Elworthy and MeDonaldy™ that bthe
gdycol cheln in the micelle was debhydvrabed with incresse in Gempexabdbire,

and that this led vo smaller envhalples and entroples. Deerease of

ANy, and OGSy with tempervature also oseurs with the lonie detargenbyg,
dodeeyl pyridinivm chlovide (DEC) 75 und sedien dodecyl ﬁulphataalvé

T vould seem that the water structbore effech is agslin prominent,

The inerease in conitiguratlonal entropy of the slkyl chaln in the nicells
virtleh cccurs wlth temperalure musd alan have pome Jnflvence on the

. . 176,135
therpodynamic valvss obbained.” 7° K

Ag vhe savlrvopment of the
polysxyebhylene chaln in both mononer and micelle is wabter, this pazk
of the devergent molecule might bo expected to conbribube o smallew
amovnt Lo the emrpebies of the micelllsation prosess.
Hoab CGapacity

Alpp, Tthe heat capasiiy of detevgent ln a micellar gystem, has
167

rogently baen calenlated for a gerles of non-ionle debeigents, Leom

the changes in the onthalpy of wleellz formatlon with bemperatuvie as

.. | &{AHm
&1 P
Heab espacibles have nleo been obtained for DPC over o wange of bemperabures

n, and
86

indicate

and these valuen, vogsvher with some caleuleted velues fox 36n69 ¢
Uy oty axe llsbed in ¥able X, Hudpon and Pethica’s Wﬁﬁuﬁtﬁlév
a larpe oxcess heat capselibty which may be eyploined by Gthe breakdewn of
the weber sbructhure around the slkyl chaing es the tempevebure ls malsed,
canaing cxibrs healh Yo be absorbed. The heat capaciby of tebra-n-butyl

1

© . - q, & 2 . - EERE N :n'q
ammonion bromide in aquecus selobion is =270 cals mole “degres  wherean

withoul solvent strooturing , ap the hest eppaciby le approximately =10



cnlories per wmole pex Gy ov (Hg,dt should be Detwesn -320 end =150

-'i)?o . 13 ) # « 2t
Alp {ice bo Llguid water) ip +9 eals degres 1

"

cale dogre smola™,

B

&1@1«:3";’:“ therefove ineveased log-likensgs vasulis in a largewr, wmore negabvive,
heat capacity £lguve. Besxzjam:mlw hag receubly oblelned for the alkyl
amlne oxide detergents & valuve of <28 cals nola G@gme""l per (Hy, agein
@mph.afs:mﬁ.ﬁg tho oxcess heat capacity.

The heab capaecity falls with incvensing tempsrature as is shoun
é:a,ear:ty by the Tosulis for DPC ab 20° and 25%, and presumsbly this is
the cxplababtion Loz the discropavsy between the hoab capnolty resulis
for the Gyon, detengonbs ab 5%-20%nd those calenlobed for Oygng In bhe
259:40% vange, Lrom the resulbs of Coxkill gy g_;iﬁ!“ A plod of = Oy
vE. veppsrabure for DO oxhiblie a minimum axouni 509¢, A minimum hag
algo been obsewrved in the value of —~ ACp for the lonisabion of cyano-
zzéer&s:}.c seld, and explained by the chenge in the strucbure and propevties
of water ab 307 to 40°, for vhich there Lo considerable fivj.degl(}@aj}’??”‘
Acourebe messuvementve of hast capaelby of varlbus solubes In agusons

i . 18,
golubion by Gimnings ond Furskawa 2

confizm that thewels a well maxked
eininum near 35%.  Simller offechs ave no doubb in evidence in the vesulbe
of Toble IX, 1% is poseible thet micellar chapges wbleh appear uwlbh
Inorveased Gewporature pesult Lfrom the effect of the “meliing® of the wabex

shrvebore ab :',5.‘5@ apd obher facbors ocongeguent on this change.

Covralabion of Thezmodvhamie Daba

sriniconimes

There ig, ag yob, insuflicient eslosimetrie daba on non-lonlc detexgonis
for a deballed comparisen to beo mads with dada obbhained by obher means,
Pathica believed that there are fuadamenval dirficuliies in comparing puch
repulbs, an AH® (catozdmetry) messuves the whole head of formation and A

x

£ e s rrmnn Dt atman e SMOAYT 30 Mhe oot of Snanoafoams of thoa heodmatiodd
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Howpapan songirested the following bwriabgle wrelating the dllferens

phandazd shabes of the deberzent with the coxrespondiag enthelpy awd
oubropy chongen for the pop-ilonic dimebhyl dodecylamive owmide, for the
Adonl came whexs AN, = AH® pr Al = 0,

- m‘
=G.1 Keals.mole %
+1,.9 Keals.mole™ 4

+26.6 cols.nole” "t degras™t
SOLYATED MOBOMER oo =2 SOLVATEDR MICELLE
{,Na = 1) lm {2\351 = 1)

\k

m{ﬂl\\\

B

oy

D

R, ﬁ%gﬁc
i

-
"

i

- &

OBy =0 AN M
£ 8a = tR0.3 \%S O 8y B 48.3
Y

SOLVATED HONOMER
(i, = CMC)

The solvabed novomes (K

2%

= 1) i & hypothetlesl shabe, which may he
looked upon as the dehergeudt with just sufficlent wabex 0 hydrave 1t
When tho sysbem 18 wnot idsal thewe will be some heat of dllublon offseta
ag the monmer s diluted from thig elabe ab Ny= 1 to B MG, ¥ woudd
appeaxr thad the velues ef Allpm nnd AS, are wore valuable, as they veflesd
echanges in the monomer ag 4% enters the micalls, wheveas calovlmetele dnba
gives the thewvmodypamie picture over a wider wange = thweough dilution do
the exibticel micelle comcentrablon and subaeguent micellizaition - and the
rasuilbs are congequently wmowe Aifficult to Inberpreb.
SUERary

Woexe the debergent has o high sggregation number, the bwe=phage nodal
and tha wags-aebion model glva ginllar reasulvs; thornodyeawic values
palewdabed from eibther caloximetry o temperatnre vardablon of the CMC

in guch o cape should colneide. Mhexe the (MG ip Loy, thewe lo 1dsality



Tobie IX

RS TR AN

Heah Copsedblen of Sume Debamsente
- . i
Gompound ~ Teuperature Hange ANy Haeference
Gy ot 5 = 207 =2 30 Hudaon & ?Pa‘th:i.@&m?
: o s o
Gldmﬁ 5w 20 =250 Fhid.
Gy P 5 - 20° =290 Ibid,
Gﬁﬂﬂﬁ 25 o 40° =0 Galeulated from 6
v o roaulbs of CorkiliPh
” ‘uﬁr Hory ) & &1: 2
Gg'ﬂ’ﬁm 25 _ &0- 87 &gt ale
0
Cey, 25 « 40 <80  Ybid,
o . A
PG 25 2}.50 Addergon & Taylow 75
0 .
DPG 20 =390 ¥hid.
S

p 4!.’.‘1 o« £
in calerles wole @agraaal
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vy bo tho poind of miceile formmobion. I6 1o in symbems with iou
ngpregavion numbers avd the congequent pucerialoby of the ackivity of
the solute 0P bhe applicebllity of many of bhe relationships wsed, bthat
inbexprehatlon beaomes diffieunls,

Perther orlovinebiric studien aze oszenblel, ospeeially to dobexmine
the hent of dilution of non-iondes wibth high (MG'e so that the txiangle
of vaswlis Alln, AR, aud AH° may be interprobed cozrechly. Lack of
speeliic information on the hydvatlon and coulliguvation of the debergent
monomaws has, in the past, hamporsd the developmend of move precise
explanabionn of the themmodynamice of micelligation., Tho exporimenbal
segblon of this thesis outlines cone work whlch was done in an atbempb

b0 clapify the glbvabion,



Table X
€3] TRAALTITN

KSR DT an Lol

Bydzation Humbaxa of Vone-alectrolybes in Agueous Solublon

Gompound  Temp. G Hydyation No. Mathed Hefeveuse

Sueroge 0 10,5 Viacosity 1ae
0 6.0 Preeging P&, 213
10 { 2 "4’} Vapour Pires. 212
N
25 5.0 Vapour Pres. 206
25 5,0 Vapour Preg. 208
5 6.0 Viscogity 189
25 ho'l Diffusion 191
25 7.7 Viscosity 191
25 7.0 Viascogity 1988
% {100 Goowrriee 2u
225 5.0 Vapour Pres. 214
5 & %“0} Vapour Pres. 219
5.0
30 560 Osmotic Pr. 215
85,7 4o Q Ogmotie Pr. 215
100 bo O Vapour Pres. 215
100 2ok Viseosity 189
Glycarol, 0 3.0 Proazing Ph. 215
25 3.0 Tapour Preg. 215
25 1.0 Vapour Prea, 215
25 1.2 Vapour Pres. 191
25 1.0 Viscoslty 191
Erytheibol 0 Ao O Freazing Pt. 215

eonbinuad



conbinged. Table X

AREDILIEAR RIS

Hydration Nunbers of Wom-elevtvolvies in Aausous golubion

Compotnd  Ponp, 0 Bydrabion No. Method Reference
Mabhyi~ 0 . 3.0 Vaponr P, 215
glucoside

0 G0} Vapour Pr. 215
Glucose 20 PN Adiabatic 196

compressibility

Raf?i 90 Ry -
affinoga ¢ U o P, 204
/i 8.4, Vapoux Px 04
GO 5.0 Vapour P 2085
Glucoge? 20 bold Tlizasonic 197

inverferonebyy

Malhoge’ 20 3.0 " 199
Daxhrose' 20 4o 0 L 197
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Ron=REloctrolytes Soluiiong

The influence of clechrolybes aod nom-alegtrolytes on the properties
of wabter has slready been discussed. Tb dg not wienpsabed that
non-alectrolytes, especially those with hydroxyl grovps, are solvated
in sgueons selublon and many attempba have been made To explain the behaviouw
of auch golutdons on the bagis of thely deviabvion from ideal sgolublon
ehaviour as exempllified by Rooulb’a Law,

New=alecbrolyte solutiong have & comprehensive libtervaturve and it is
woe vash 50 veview here, Hildebraud and Scobt have dealb abt lengbh with

182 . ot . . 3
and obher accounds inelode thet by Moeluyn |« HugheGDSJ

the sbbject
This thasle i covcszned wilh agueons sysbewms and especlally with the
phenomena of agsociablion and solvetion, In the Lollowing sécﬁion the
meaaurenent of hydwa%icﬂ? éﬂd ita thermodynanle consequenses ave dlscussed,

Moo polar subsbances abe anly alightly solubls in water, A eursovy
exaninabion of golnbilities, however, indicabes that apprecieble solubility
is conferved by hkydvoxyl, carbouyl and similer groups which can fovm hydrogen
bonds with waber,

In a series of aliphotlic aleohols, asmines and ecids the lowest members
may be complebely wabter soluble bub the solubillty decveases aa the lengih

: o 20
of hydrosarbon Inereases, which, according to B&mie?sl

is a conseqguence
of the dncreasing activity in the dilube solutions.

The existence or nop-suisbence of hydrates in solptlon is of considerable
“Hydwabion im this secblon ig to be undersbood seg the binding of water molecules

bo the solubte wmolecwle thvough hydrogen bonding ebc. to ebher or hydvoxyl
groups and nob clupber of “iceberg" watex.



524
importance o an wndsratending of solutlon pbencmena.  However, even o
simple sysbom such as susroge-waberw hos neb lent Iiselds Ho a diveckh
detexmination of vhe degreo of hydravion and numerong indirect methods have
heen doveloped, Qome of bhe Tesulbs thelt have been obbaleed from these
are listed in Table X: thelr divergence refleots the difficulity dnvolved
in the measvrvement of hydration,
RN 7 R . . .
Faillip ™ determined the degree of hydration of sucroge molecules
from hig vesults on the solubllity of hydrogen in agueons solutlong.
J o 11‘855 L) K} 2]
ones gv &l obgerved the brvoadening of absovpbion bande of cobalt salbs
with varying conceniration of solution end deduvsed from this. the smowod
ok golvation,
: 3 kS DE U Tr g de S o . 2 Py 186 , - 3
Using the wlbrafilbration method of MeBaln and Jeunldns™ , MeBaln angd
lﬁr o '} ]
Kigbler™  olaimed to have made the firgt divect measurements of the hydeation
of sucrose, They added a small quaptity of raference substance, and Toreed
the solution through s membrane of sulffislent fineness Lo webain solute,
Tha water not avallable oz solvent cowrld then be astimabed,
More widely uzed mebhoda are discussed below.

&

Vigeosivy  The vse of viecosity iu debermiving the hydretion of mneromoleciles
willl be breated in a lebter gection of the thesls, Mosgt Interpretations of
solubion viscosity atbtempl o explsin deviabions from the Finstein egustion

for wgolvated, rigld spheves in dilute solutlons meny abiempt Yo meagure the
so=galled “hydrodynemle volume® which is the volume of solube plug the volums

oA ¥ o " 8w :E,.Sg ]
of the bound wvater. Hlnabels goneluded that there were seven wober molecunles

attached to each wmolecule of suerogo, IL it was assumed that the smucrose
moleaules were spheres, lewge hen cowparxed with the solveant modleculed.

. & e
Fand 89 agsumed thet the sucrose molecules behaved mé a suspenslon of rigld

v N ) \ : . O
parbicles resembling ellipgolds of axial ratio 1L.84 epd Pound that atv 00



) 530
h owag 40,54 and ot 100°C. h vap 2.43 ,and the energy wequived o be overcoms
#0 allow the xelease of the hydrabing wetem 2.58 Keals moleo A
An equation oF the fown,

ﬁn m't"":’ 3" & -& ‘?wé i H 2
» »” L A > br L] 2 "CQ
wps emploved by Jones and Talley to exploin nop-—electrolyie solution bahwmw‘%}

A less exach Fovr,
A_g .G
j‘mﬁg fd‘}“ﬂ a4 €509 ST AR DML (A
:!. b Qﬁ O

s 2 5 %y -t i - ¢ - 1::‘)1,
whareg ‘&'3 @ 51'53{:6;; and Q' = QF, ¥ belng the offective molar volume {R.mele )
oo .

and Q' an avbitracy consvanst, has been employed to debermine ¥ for suorose
and glycorol, and hencs B0 estinabe the degres of hydrablon, fLrom a krowledge
of the wohydrvated volume, Values of 7.7 and L.2 noles/mole were found for

sucroge and plveerol seppectivelys, The hydeation of a golleldal wnilt haes
BLyY ¥ ¥

)

haen egbimobed from the hydrvodynsmie volums defined by {40/ 2,53 for fevosol
2

M A thie ls L.02 indiceting 368 by volume of kinetlcally assosiaved @01%&3";;5’%

Boll ond Magdin 3 have similerly dobermined the melal volvme of laotose ond
sUsTose, nging a viscosivy concentration relationshiplto give hydration.

Diffuadion  The diffusion wethod ip said Yo be weighted in faveour of Liznly
191

boupd watew,”™ W wdll thus bend H0 woveal the lower limite of hydzatlon.

I

Suerose heg o Limibing diffusion coefficient of 52,206 = 10”'] @moc-sa@'”l afy 257

avd o Stokes Lov zediue of 4.69 &, M hy@rciyrarde volume of 0.30% l.mol o

waa obbained Lyom thig, cowvesponding to 4.7 woles of bound waber pew mola,
":a_(q"',h 4n :;L +r357 Bl ay " "j I et B @ ANNGEE 'ﬂ'i ?D‘? 3 evaalnm T ,1‘? ""“E "'g
rather lower than some viscosiby estimates, bhough agreelng welld with the
thormedynanle valus of 5.

Sompregeibility  The parbisl compressibility of elther component (1) in a

LR RT AL TR 22 Raks BT Fa T

binawy golucion may be dafived ap ;.183

- V-

A
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wherve ¥ ip the parvial melesdlar volume and R 4o Yhe presswrs. Vhen 0 ig
tha concsenbration In moleculern por ml., then
‘é.;*:;!umn:g o 1 * iﬁ Zf'im/(ﬁl)n?,v{%

(2 ond 2 vofor to solvent and solube respeehively)
In elecerolyte solublons 3% i assumad bhat bthe moleocwles of hydrabing vabew
arg compressed bo thelr mazimim exbent by the lubense alectzieal foneop
around the lon and Shat, an dmowveasing the prespure, 1t ig the remaladew of
the solvend bhab is compreased. The mathod is proving valusble beoavss of
advances in the bechuigue of measuring the veloolly of wlbrasomle waves, this
being the bapis of tho mebhed as ;@ = 3,/1?2@1 vhere v in the velosity of the
wavern and 4 the denalty of the solublon,

It hep boan shown bhab, whero b is the hydweblon in gm. vaber per gn.
of polube and g s Ghe concembrabtion in gu per M00gw, 4 andBe the compress-

b » * L ¥, L3 0y -~ " :L@!{,p 1@5
Ibilitlen of solublon and molvent wespectively,

S Ny
g

183

A gimilar welatvlonship baes been given by Moslwyn-Hushes. Addababic

aonpressibllity of non-olecbrolyte polutionn alse ylolds values of h ¢

&

\ 104
glueope, svcroge, melioge and galactose have been ghudied in this wey.~’”

YMonognechaside molecnles wore Lomnd bo be hydveted with 4 waber moleetvles.
Ag bhe polyeaccharide wnite were, appavently, alge hydrated with the same
nunber of weber molecwlos thile sugpesgbed that some hydrogyl grouvps wera
Involved in lnbra-moleculay hydrogen bonding, The hydwmetion of glueosae,
maltope and dexbrose hos boen debermingd in & gimilazy way in woatew-obthamol
) ig
mlEbures. 4
crag . 7 1@8 L n, A PR} -
Syraikov and Tao have discussed the problem of the compressibility

of agueots non-glectrolyte sclutions and have poabulataed that the solube



Wiy
RS
)

arfechs the shruchure of waber and theb the new sbrusture is in thermodynamic

aquilibrive wibh the free solvend,
159,200

Dielochrie Mobhods — The dielectwie dlspmrgion mebhod hag hesn uzad

in the ebudy of solvabion, although 1% has nob yob boen employed exbensively.
It g based, briefly, on the fack that bound vator molecnles axe wmazble bo
wohate vnder Ghe influence of vhe gpplied alvernablng £ilsld, and the
digpereion patlern is Shus albeved,

Ovher mothoeds Heolear magnetic resonance sbndies ave galning proninence

with the ava:li&zab:ﬁ.:!,:é.i’:,y of commeseial specbeomebors, bub the intewxprebtablon of
raaalbs 48 difflcult, Fhe grogbeadb volume ol work has stommed Lrom
meastiranente of bthe colligabive properbles of agueons non-slectrolybe
nolubions apd calenlaticn of btheesbivity of he solubte o obbaln a measure
of the mon-ideadiby of the solubion.

e 201 .
Godlisnslive Mebbodg Seabehard Yound cvldence of o houabydrebe in svoroso

golublong from opnotle prospurs MeaBUTSKERLE, ﬁm:tbarga?* aloe agstmed whab
hydzablon accombed for the oswoble dota of sweroge golublons, Using the
enuablon WV « b) = #F ond Saklng hydzation as the oxcesy of h over the
voluae of whydvated polid (0.214 :ﬂ,ummih@ml) he obbtained an hydration nusbar
of 6, at molalibies of 0.0 end over,

03

2 . | ;
Poynting asvbribubed deviations from Rooult's Lay in agueous golubions

LT

o be due bo the fevwnblon of involabile hydrebes. If cach of By solube
roleocnlern is regorded as being permapently solivated with h molecules of solvent,

The conventional wmole fraction of volvewt is redused %o,

iy e Filpe
W, =080k .
Ea:ll‘m }A‘ﬁg J.k '3 2%

. . BO4A o 204 . -
Ponman and R@;&ae‘“e‘i’ and Callandas™ * were thug ablo bo Inberprot vapouw

prossure daba on the basls of hydeabion ns the wvabewx aebiviby, a4, may bs
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wrlbbon, 63 = p/o, =luy « bodfy - g npje  Much debor, Stokes and

L Tat A
Robingon 00 enployed oa sgeatlion which is divesily dexlived from thigs
o = e hse, = e honafoy o d - 0,008.hm -
1, = imﬁ 5P 1 = h nefiy v ngfiy 1 = 0,018{h~1).m
" e Bt m.ﬁ _
ag 1000 na .. y
it ® ROLALIGY, WM.
18,00 my Vo
In the same nmenner,
e [ o)
T ==t tn(po e &
Vq g 0)
ﬁ“ﬁm 3!@ Ema > mn——wln-gm N eﬁ%;
‘if‘}. I i\]l & hf‘ig | [

Uping equabtion 4 Callanden obvained en hydrabion numbse of § for suerons.
Bowevew, the dlffisulby in veconelling ewperimental vesulbo with such slsple
squabtions or emplangibiong of non-ideality is omphasiped by bthe divevgence of
goma of the remulis in Table 3 .

The lesa divech theymodynanie mebhod of deterninipg hydration invelves
the calenlation of the aacz%‘z;ﬁ;r:ﬁ.ﬁy soefficient of the solube,, , and fitbing
the resulte vith valmes obtalned from welationships ageribing the sourse
of nop-idenlity o hydvetion (see balow).

There are three main equations used in the Lreatment of non-clecizolyle
polutions of gmall molecules which welabe the aeblvity coelficient of the
solube to h, the hydretlon oumbeny; b, bthe heat of mindng snd v, the ratio of

the molar volumes of the componenis, respeetively. These equablons ave:

WY, = -hdn {1~ 0.08m] ¢ (b= 1).0n[2 = 0.018( - Vaj...

~

- an [2 + 0,008m) B

T fJaOfR,Sr(r = 1)m
- L+ 0,018xm

. . b T i} o -
sad I, = g G oo :aa.B - 10 {3 «0,0180]. ...7
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Fauabion B was devived intbially for cohcentrabed elschvolyte solubions
by Stokes and lobi t,mmaam by making allowance for the hydration of the long
in golubicn, an spproach neglected by obhexs bub similar %o the ideas of
Poynning and of Gallavder fox non-elecitrolytes. Robinson and Stoked™ 191
devivation has bsen folloved fov the pregent cage of nov~electrolydes.
Congidar & moles of melvent, 1, h molea of which arxe asaocleted with

ohite mole of anhydvous solube, 2. The tolkal free enexgy of the vohydrabed

G " w?‘;‘ 4 i}‘a‘ . P oc %‘.
and for the hydrated stata

. s Eaend e §

G o= (S=h)G + @, (G = cefg)

These muat ho equal. Reavrvanging we obtain from those equations,

Wi, « G, = G » oo 40
Substitubing (Y + RP.in a) Tor (; we obbaln,
Wi+ hRP.Inm e, v Gf * RibIn e, ® G+ BP.0n a) . |
Leae HGY ¢ WRE.In a, * Gf * Wl.dn N, ¢ HP.in £,
= G+ Rida g+ W.a @, ,.42

PO

Dividing by KV and zearyavglng we aveive at,

nee L. B0 . e o Na . §
213 N ) P L ... % . i 3 = 9
T hin a, 0 X oy RRRC U In £ N

since W, = 1/{8+ 1) and W)= 1/(5-hel) we have,
0

'f{'la, '-:‘ au E,;k? &2 - X A
-§.§' bttty hinoa, ¢ In S?;%%w:mw +ln g, = Img, N 4

.

Ag Infinibe dilubion is appreached, theb in ag S—» o0 , the gysben approaches
) g

ddeality snd vhug bhe logarithmic berms dissppeay, in dxbremely Qllube
solubions Gy = G end G = 0. Therefove
. § S eh 4+ 1
=+ N 3
in £, n £, hin a, ¥ 1In Qw..:}mrﬂfm> .5

It ean be geem from oguablon & Theb:
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In ap = In |1~ 0,088hm] - In {1~ 0,008(h-)n]. .. 6
By definition £, = Y, ﬂ(:z, + 0,018m) ced 7
and 8§ = 1000fwlm = 1/0,018u.

Therefore, combluing equations (15) and (17) and neglecting sgquared Lerma,
assuning that the achivity of the hydrated species is ideal (ln £' = 0) the

Linal equation is obitained

Y

Y, = <holn [L - 0.008hm] ¢ (a-1).ln [T - 0,018(k-1)m]

Thisp equation exploina the behaviour of sucrose and glycerol in agueous
solubion even up to concenbrations of 3 wolal, with h = 5 and 1.2, respeciively.
Expansion of In ay (eqmation (2) ) in a merics, and converbing to osmoble
coefficient, one obtalns when higher terme of m ave neglecbed the expresslon:

b= 1+ 0.018(heBm ¢ (0.008)% (hPhe u 48
which shows that there ig a corbribubion of 00,0048 to the comotic coeffliclent
which camnol bs accounted for by hydrvabion, Neverbheless, the hydrshilon
hypothesis can be used %o obbaln § = L.17 ab 2M sucrose agalnst ¢ = 1.188
calouletbed by equabion (18). Therofore the major canse ofngg;aiitya at leasy
u@ bo 2 ox 3 M, can ba ascribaed bo hydrablon.

The second of the main equations is derived uslng the concepis of athermal
golubions in which the molecular volumes of solute end solvent are veken into
account in a texm Yr" , the ratio . of the freec volumss of solute and solvent,
Vg/Vla The entropy of mixing of athermal solutlons composed of molecules

of diffevent size 1s descgibed by

i 4] gt PO
AS = =R | piln—t— * n.in G
mx gﬂ& 1. fl“':" ma‘ ?2 n“ £ 2?1‘.12 ¢ o o ﬂa?
A&B &H[ﬂi’:{ = 0 AGW% = "”Té’;\\smﬁ‘x o 3 & a@
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. n N
* lﬁi\Gﬁut“ = ﬁ;j? mi wlur;i --mm\g—-ﬂx—u '3. 33?, 11'3 n*--'m»"'?v:*m [ 3 2"{!’
o By ¥ TR - Dyt 25,
- L
and a1 e D5 | -
t‘/ﬁ%ﬁ = .}A.S}wm_llm + 1 et o 0 o Bk
ol 2 I, R Y By ¥ 0%
AAG :
2 f oo o - FoE s X <
Since (sﬂn S e 0 ® Klna, ® RPlnd, ¢+ BT la W,
o ? »
- Hl]
. = 2, (L = %) vln, *n,) ‘ 29
in i‘{?’ - A AT e :i.n LE——— DR 2 5 @ Jl
u, s OPe B, * l.’lall’

Lt infiplte dilubion By 60 and bhe actlvity coefficient of the selube, fg

= 1. Converblng ©o molality and the corvesponding acbiviby coefficient,

vhers In €, = 3"y, * in (L + 0.0k8m),one obialns the exprosaions

0, 018w (x=1)m
1+ 0,018

in Y, = dn (1 + 0,038zm), R

Thip equabtlon can also he obbained from the relationship obialined by Glueckaud

209

for elecbrolybe solubions placiog h = 0 and v =1 in hig equabion,
The sygbom water-gusrose required a volume wabio of 5 o account Loy the
observed acbividy coefiiclents, whercas the true mole volume xatlo ig

A0 et 4% 4 en overadmplification 4o

approzimately 12, I% has been sald
besal agusous gysbems in terma solely of . Ib ig possibleo bhat the strusbure-
braaking offect of the solube wolecules ig yeb anobher actor vo be considersd.
Tolume fraction sbablsbics heve, howevew, been puccessful in treating ron-
aguenus sygbems such ag bensene-diphenyl and high-polymer systemsg. ¥ is
squivalent to the @ 0f the Flozy-Hugglns Yreatient.

The thiyd eguabilon, on Hhe other hand, ig based on bhe concepis of
regurlay soluoblons Iin vhich an energy parameter, ingbead of a volume xatio op

hydzation nember, is employed. The excess freo eneygy of mlxing of none

alectrolybe golutions gvising fvom heat of nixlng effects may be vepresenbed



GO,

by
= [ARErS £} N
JAX: P B;N‘?b = .tllmy_f._ b. o B
' nyE Ny

d??.ll 183

b is glven varlously in obher texts as AC (Tanfor JR A}f (Van Leax™ 7)) and

iz vthe heat of mixing of one mole of component with a large amount of the
obher. It is a congbant depending only on the natvre of the solube-golvent
inberaction and ig independent of the slize of the solube molecules.

In wegulay solutions the entwropy of mizing is defined by the ldeal case:

' - n ¥ " g
ﬁ Stf\rﬁ - "’R [D. \ :},?’1 ""‘“—-wl\}ur .3 X‘;? :Ln —--«r.ma:‘m—..n | .o e ‘,2:’;
- Ny® g ; Bt

And, ag AG = AH -~ TAS

n P2

F P ) oy
AL §“,._L,.~; jb + RU{nydo.n, e ngdnn- (0, 0y)la(nge n,) |- &

LI o
3 - B ‘ n 27
-S;:éff; = 't) vmxn-nu-mr‘ e 9 + R‘lﬂ l;.‘l ﬁ"“’iﬁ"" Lo 2!;?
dn, (o + gy v
1’&1 - -
1 A
. D 1, . 2,
lo€e dna, F Bl * o ln ToT——_ Lo B
g’.ﬂ“ d 1'3;[.{ l’.’.‘ ¥ E.!.;?'
b 1’1@2’ -Il
or n g, = oo T Y
T SR -

Converbing to melalidy end consldering ab inflnite dllution ©Hr= 1 then

b 1

R E (1 + Oﬁ()lﬁm)'?’

w Ll o= In (L * 0,038m). (

o
b ds unegebive for a good solvent and poslitive for a poow one, HMeeluyn-Hughes,

neing the egustion obbtained by Van Laaw for hydrabed non~electrolytes,

2 Ml /RT i
8y % N’g@(lﬂml) o ca. 30

found That &° wag «7.06 I for agqueous sueross solubtions, This compares

3, L (] . o ) ‘:').! -
with the value of b obkalned by Robinson and Stokea 7~ foxr the gamz sysien

whleh wag «8%.4 BT, Howevewr, there stlll appears to be some dubsiiy as o



Y

the sigpificance of b ordw and ag to whather bhey wepresent the hest of
aixing or nob, A regular poledhion with b = Rl will affect the acbivity
cooffloicnd of golube bo bthe some exbend as would the hydwation of cach
polute wmolecule wikth h wabter molecules.

The paramebers h, b and » are obviously velated. Hydrablon zesulis
in negabive values of b which, ln buen, reswlt in an Jncrease In activliy
with incveaging congentizabion. However, no qongbant veluwe of b or »
oxplaing the oxperimsubal resulds for agveous solublons of small none
oclectzolybon, slbhough all trasbments glve clope epproximations inm the eage
of glyce®ol whewe The dovigblous are not greet i eny came. Ivem in Hhis
eage the "best" valwe of » ip mush lover them the veal valus of 4. In
pelymer solubiong the picture I8 somewhetb alvexed, bub o discusmsion of this
35 beyond the goope of this thesis,

It g vhus apparent thet one con obbain o number of wathematlegl
Felavionghips to descerlbe the bohaviour of solubions of non-electrolybes.
Whova the solute molecules ave not oo lorge, hydention appears to offer the
bast eoxplensbion of acbiviby coefficlents. The hydrabion nuabers obbalined
£ron equation (4§ ) agree woll wlbh the hydrodynamic values from viscogily
193

apd diffasion mebthods, even up b0 5 Molaw comcendrablon™”™, which lendo

subabance o the belief vhat hydzabion i an adeguabe explanstlion for nov-idaal
babavionr, In polymer golutions 1% is possible thed volume rablo effocis
foar ocubweldph bhe offests of hydravion and that equabions invelivivg » would

£iv the exzpewimental dabta.

Polvethylens Glyeel Solublogn

Ho atbompbs o measvra bthe hydraetion of glyeols iun solublon are weporbad
&

In vhe litergbuwe. Mosbh of the work on polyebbylens glycol solubions heg



652
baoon concovoed with bhe elucidabion of whe confignrebion of the glyaol
roleculed in solubion.

oe 216 " " . s .

Davipon eongludsd from Infra-ved sbudies on polyebhylene glyeol in
molbon and eryavalline form bthabd the sonfigmration of the chalng was.
espexbinily Yganche,® bhis belng conglsbent with dthe highly crumpled helienl

)
LV

217,238 . 2R
9o Gbher workors hawve

3

gbruebure suggested by Xelgy measiPencubi.
Lound evidence of hoth bymug and gagehe forng of the ~0-(li,-CHy~0 growps.
The bellceal piructove of higher wembsrs changes to o less regwlar struchurs
in the loweowr mewhews of the seriesn.

Fron vigsoalby and dipole msasnremente in ham;camago 46 wap fowad thaeh
the glycols (fxom dlebhylens glyeol upwarde) congisbed of a helleal chain
with poasibilibies of ereilistion about the gguche poaltlon, malking the
nolectle Lloxible snd capable of windlng uvp on Atself, Dipole neasurencnia
of shorber glyeols (mp., By) An dloxene wexa inconsisbenth wibth bhe helieal
ﬁ%ﬁmi‘lﬁﬁ.a |

In agreong golution, R@@ei&zm claimed that the wore condensed gaushe
0r “meaider? form of the chelns was mowve Likely, the compast avvangemeit
baing sbabilised by cavhon~ozygen Jdipolen, with cach osygen wwbyasved to o
carhoy aten whres Chibong and ons ORYEEHR OVRY. E‘ech@?ﬁéo fouwrd bhis foza
Ugonoungd orowded? and supgeshed that the configeration requived gbabllisabion
with a chain of hydvogon-bondad waber molocules bebwoen adjacout ehain
oxygens. A cousbamt of 0,72 = 0.%6 in the MapkHowsdnlk equobion lndicabed
that nove of the glyeols with moleculay welghts over 1000 wera gpherigal

\ 239
enbibies in vnber, 33

ph!

mvbowan ACD, houwsver, can be rogarded oo balng

a4,

ephendeal in agueons solutlon. In a2 poor golvend such as toluene evon

Javbovaz 1000 had an awial rabio ologe o walby ( wping the welabione of



Puggine, Kuhn or Simba). The awiel rabdo of Gawbowax ACD0 was 12.9,
wovaallng £be highly conbraoted fowm In aguecns aolublon, es ibs entended
. ey PR

rabdo 18 of the ovder of 380,°°"

A gbudy har been made mogently of bhe foetora affectiung the assosilabion

il

. 225
of polyebhylene glyeol and polyaczylic acld in wabexw, ?

The hydsogen

bonding affindhy of the ether cuygens vas veed Ho explain the complexstion
botwaen the polyeihers and polymerlc neids. Wellber the addition of wvroa,

pof the application of heab was eifechlive in dleruwpting the complex, albhough
sodivn chlerdds ab pH condiblong above 7 eppenblally slimingteod the ossociabion,
The offect of lnovesse in tempareature on the viscosity of loug chain glycols

In caxbon betzachloride and in dloxans kes been regawvded as balng a depolvobien,
although the effech in dioxane was sm&llag%° Highe® wolecular waeighh

glyeols have am inverse solubliliy-bemperature welationship in veber. |

By @’i;eidy:mg intringle vigeopiby tomperevure charasterletics of & pomple of

4227

high molsculaw welght glyeel, Ballsy and Callaw sera able o deduce dome

thernodynamdc valves for Ghe gystem: nogabive embwopy of dilubion and heabs

of golubion weve found which luwplied a high degres of polvent-polude

4,

Iuberaction. The vepour presgsuves, heabs of miwlng and themwodynanic

dllubion functions of Jow moleculay walght polyoxyebhylens end polypropylone

ST N N ) o 2’ il 3 n
glyeols have heen debermined. 25 pogtn of dilubion wewo negabive and

ozhibited o emall positive boumpevabure coefiicient.
The beats of wixing ab Infinite dllublom of polypropylene glycol and
G £ » B c:\'a
Apropylene glycol have been fornd to he -2.3 Keals mole 1 sna ol Keals mole,”

239 230

Teapecsively. Guoninghan and Maleolm™

X8

obtalned a valw 0fF =i5.8 Kealp
mole ™ Por polypropylene 400 « bhe theoretieal velue, calewlated on the
agpumpbion thab vhe compound had an avewage of 6.5 ebher Links peyr moleenle,

i » 4.0 Keals mols, Polypropylens glyoeel 400 snd polyebhyiens glyeel



o4,

200 have the mame numbey of chain unibts pe¥ molecuvle snd 1L might be "
expected Tthat the heat of mixing with water would be move. |
nagabiva for the polysbhylene glyeol, bDub this is not boxne out. I% has
been guggoesbed Ho ezplain the value of -l2 Keals malewl what the terminal
by dvoxyls are involved in intramolecular hydrogen bondlng with obher groups.
Thie is not feasible in Ghe polypvopylens compornds.

Al@xaﬂdrwwiaﬁgél hag debeemived the osmotle actividty of glycol golublons
{of Garbowaz 6000} by light-scatitering neosuremenis, and has found the
ogmotie coefficlents o be unuseally high. The second virial ceoefficienis
of polyebthylene glycol { in Lenmene and ebhylene dlchlowide) have been oblained

o, " > . EQN
ag a function of molecular weight. 2

In both solvents negetive values of
vivial cosgfiiclent wareobbained for compounda of molecwlar weight from 210
W 560, and the values incveased with incressing molsculer weights, bub
voither the lattice model theoxy not the exeluded volume theory of soluiiong

gonld explain this behaviouw.




17 2N

Sneface Tonston : Drop Velume Mathaod

A copmoyn nethod of measuring guriace tension involves the debormination
of the volune op welght of drops of solublion whish ave allowed to Tall
plovly from the tip of a wexbleal tube., An eerly, crude Lormula relates
he welght of She dzop (W) %o the surface tension 4 s

W o= 20T &
where » ig the zadiuve of the dvopping bip, bub iz ervoneouns because 3.)
the edge of the drop at the vip is rarely vextleal and ii) only a pazd
of the dvop {2lls. In pracbiee it is found thet approximabely 40% of
the dyop doea f.‘al@.fm

Albhough no ssvlsglachory siisple covrections can be made, the wvork of
Haxking and BT@H&?3B hag wade It a practical mebhod of gome accurasy.
These authorg found, by sarefully measuring vhe welight of falling éz*apm
from tubss of different diamebers, $hat the volght of a dvop is a fnochbion
of v/a i » iz the wading of the bube and a the sguare zooh of the
capiliary congtant, Thus,

W o= Napslefa)
£{x/a) ie dobarmined uniquely by the valus of m/a. g is wnkeowvn bub is
a functian of »/V”, V being the volume of the drop. Hence

W= 2w, %U(x’/vgi')
The surface tensicn is readily calcwlated from the welght ox volume of o
falling dvop as ¥, 4 (the denslty) and » ave known. The corvecbion

; . " a2
Ffactor, ¥, has been dotewalned by Harkine and Brown®3 vwhexra B = ::;"W/xﬁ}
. A
sueh thet ¥ = 141 [y (2/09)] ang

o= Mefs
(z{ %?f?& .}:; Fu



Experinenhal walnes of /‘w are obbtained and I volken from a standazd

235 - hel

CRIVE Ezporinental orror ig wibhin 0.1% when V/x? lies between

2.637 snd 1,209, When V/%? is betweon 10.29 and 0,865 the ervor o
inereased bo 0,8%., A tip wadius is theveforas chesen Lo give values of
V/x? within the £irst growp.

Avens new Moleacule

Aveas per melecule of adsorbed debergent wers obbeined uslug the
gimple fowm of the Gibba' Adsorpblien equation,

r' 2 o m?.,,. mﬁw:m
2’ ﬂ.'f? dlil Qf;

Y,
WROTO E& is the surfaee excoss Lo gu.mol legfen.® and R is in arge mﬁle

degree.™ I A i in guare Augabrons and is tho avea per wolegule ab

whe indexrface,

The area por molecnle is Lhusp veadlly obtained from these eguations, -

a)/ dln.co being calenlated from plobs of surface tension ve. log c.

Viscosily measucements weve employed %o aseess bhe degree of hydration

and asymnetry of the debergents awd gycols in selubion, FEingbein'a

original velabionship for suspevsions of rigld, complebely webied non-

¢ L) ;?- 6
interachlag sgnaragnﬁ

{7l 12 the visceplty of the solublon welaetive to waber and § ie the

volume I racm?mn of the particles) applies only %o dilute solutlong,

-~

For practical vre resulis muet he extrapolsted to laflibe dlldbion whers

A o
*ﬂfgvm == :'-?.o}

et



6%,
A%

The wvalidley ol this relavlonship has been confiymed by Bilwrich gt al.
Shepe and hydeanion factorg vesuldt in aa inovease in the vlscoality
incerceph above 2.5, and the eguatlong explainlng the increase ave the
basia of ita vpe in macyomeleculor snd micellar systems. Onalayggg
obiained for gpherical particles vhere ¥ was the number of gus. of
hydrabing waber per gr. of compound the relabion,

r» -
i.ﬂi& = 2.5 (1 & ,g}i)
@ [t

% * (;6-;;0 &
V, and ¥, axe the apecific volumes of solvent and solvie respeciively.

In verms of concentvatlon, ¢, in g, pey ml.,

4 PR T 7
(“@%j sz fgﬁ = 2,5 E:V&_ s WU:‘J

20 )
oR, more generally

(&g) »[]= v [« o

whers ¥ is Simha's shepe Lachor, a function of axial watip Lor ellipsoidal

moleeules and equal Lo 2.5 for gpheves. The facbor has baen obtalned fov

& 24
both prolate end cblate @111@@@&&3»“39”?fu

p B A
Jeifie fg)%{}l Kmhn;'?‘!ﬁa 3.\.,,‘{1,3

Gobl and Kixkvood ond Riseman®’é have, anong
othors, developsd egwations which oxbond the application of these mebthods
be the treatment of flexibile polymers.

The Huggina Constant, Ky.

£, ‘)

The eosfflelent Ky was ubroduced by H@gginmzé5?g&6 and independently

TE 12f!8 ) n, 3,
by Kebn™" ag o hydredyoamie corvechlon fachor. It was shoun that

A = ] »f)kge
7o g M R A
vhere ¢ 18 the eoncenbrablon in gm. per L00mls. B, appeare a8 a
negperical ceafflelent of the sguave term, and 18 o conagtant depending om
the polvant end shape or configuration of the macwomolecule, Tor solid

mcharged spheras in solubion Ky o epprozimebely 2.0, in thoory and in



Ws,

prectloe. For flexible pulymorg in geod solvenhs Ky do ofben neaw 0,33,

highesr valuas being found in poor solvenbs. The inbexdependency of shepe

and polvbion offecte on Ky has been dlscussed ab longbh by Eiwich and
a47 Ry

Rigamnn. Gubh and Simb obtainad an expression for mpheren in the
forn,

s/ B = 2.5 + M4 H,
TS’? .i,i warm K E@Yg 3o o 2 pach y N By 3
30 BeTm BopdlT An bhe Hugging eguablion can ke considered to be anclogous
H0 the agulvalent teum in this eguablon, then it wmay be lnbewproved in
bormn of polute~golvent inberschlons. As E’iﬂ 16 voughly a meapure of
molesulayr sise In polymers, the presence of [{f?j in ¢the Interpebion torm is
guplicable., Obher simllor empizieal eguebions euxpresnlng viscooiby
aoncrubration rolavicnshins have bean dexived ond neny wveduse %0 the

248

Hugging eguabtlon,

Meht Seatteorine Thooxy

47 and

The theory of light-scatiering bas bsen reviewed by Tanford
. 250
by Stacey M in vacent yoard. The treatment howve is therefove bedef

and deals only wibth smell-paxdicle theoxy,

Seabiberine by Porblelea swaller than A/20 The simpleot ease bo congldar

s

ig that of a nolecwle 1n a dilute gos. Uhen placed im bhe path of a wave
whose guuation ig:
B .. L - n
& = @g. aos 211 {vh « =/A ) -

"3} ) ", . 8, 2
{with i“m the maximen amplibvde, M the wavelengith, v the frequeney,
% bhe distance alonmg the line of propagabion and + the bime)

the melacule is subjeched o a pevicdic elechbyle £ield.
T hon induced dn 3% am ogelilabing dipole of mowent p uwhich aebs as
secondary light songee oF geatbersy, and ig propeorbional to é{ o Thus
p = ol .. 32

AT o dp the polaxleability of the particle.
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Thereiore,

1 " N ok
p Bl @ﬂ@@w 2w {ve - w/A) co O
The field stvength of the secablered 1ight can be shoun teo be proporbionsl

bo bhe gine of the angle bebween 1he sxls of the dipols and the line of
observabion of the acatterved Aight ( 8), to 1/r ( the reeiproeal of the
digtance Teom the dipole to the observer) and to cﬁ‘)p/ 33 Notilpng bthis,

one obboing for the field sbrengih of the scavbexed light,

?és o] v ¥ !-
SE
9 . ) .
(™ 15 in the devigor to correct the dimenaions of the equabien.)

The freguenoy of the scatbered light is identlcal to Thet of the
Ingident 1ight end Jts Intenmily is proporvilonal vo the squaze of the
amplitudes

2 Y L T
i = !§3 c L 36T Ah LS By sin™0Lcon® 2TV (W6 = x/A ) 25
2 DC LN e

B it A ’
? b, %
§ 251, ot . n
Rayleligh's equabion gives the welatiomship, devived from
aquation (35 )2, betwesn the lunbenglibty of the sestbered 1light and dthe ineldend

light (i,) for ons parbiele:

Ly w 617w sin' g, 36
o= nin i ", g ae°
ig A

ag ¢fv = A , Fhe polavimability,o, caanot be directly ewvalvated so o

suheblbutlon is made with weasuveable terms. O is veleted to the dleleobzric

-

the medlun and mey be oxprosasd in Jexmg of the specific

Pyl

conshant of

rafractive indes increment, dn/de.

o = ﬁp(ﬁ()\ 7 AT Y

W is the mumber of moleswles psr ce., ¢ ip the concenbrablon in gr. /M.

Introducing the molecwlar welght, M, and Avogadwoln numbexr, N,
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£

2ew plane polaxissed light,

se . All"e (an/ae)” M. ouds, a3

io A fifs
as ¥ = /M, For uopolardged light, a super-iuposlilon of Hwo
plapa=-polavisad beang of squal dunbengiby,

ig 2% gc:, (ﬂxlf&u)g M. {3+ c::tmg@) .39

. i oo D

1(3 f'\ { ‘Kgf .2'.1;)
wheve © ig the awngle bebween the line of obgexvebion and the dizectlon of
the incident ldght,

Seavbording by Solubiong

In digeids there is wore oxder vhan in dilubo gesses where thewa 3s a
Tanden motion of the moleeulos. Vhere complote oxdering exisha, as in
exysvals, no pcabbewing occeurs beeawse of desbeuctive inberfereonse boltueen
the fixed volune olemenbs., I we consider n solubion ap a gerdles of Pixzed
volune elements we Tind that there ave Fflustunblons in demsiby, vefraghive
inden obo.,within these mybhlcal elewents which resulbe in the light
oxviving av Hhe obssrvew passing Crom vnit Ho wnit end ned belng desbroyed.
Fluechuabions in golvent ave secountad for by subbracting the solvent peatier,

In a medivm of veflractive inder ng, we obtain for an ldeal golubion,
vsing equation (89)

R 2’@,’53%2 (an/de)® M e (0 ¢ cos?0) 40

Iy A“Q"' /@/}’ P

The Fiuchuablions in concenbrabion (&) and polavisabilivy (Sot) thab

oeeuy in non-ideal solublons (concentrabed solubions) can bo vogawvded ag
balog reopnuaible fox the scgbberivg, I one considexs a volums slenent

of solubion (U euch theb U = /4,  then

2T 2 2 b e 3 2
g, ATPynf (anfe)® (1« eos®e) (50" 4



(»
e being the aversgs walus of the Tlucbusbiong ovew & lavge uwmbolr of
elenents, velated %o the change in free ecnergy wibth concenbrablon, 66/ §eo

*,

Thig, in bown, in velebed %o the chemleal pobential ( 5?.)&52& the pasbial molal

voluie (’f"' ) of the solvenb., That is,

de? = m(ﬁ@éﬁ%p

2
(&g w4 (OB
sz, p c‘il ba oD

Therefova ig 2end  (an/de)™ (1 + cos 20).q

L) A9
1, Flrat E {1/ ) {&}A;/Je)spp] oA

The relationghip betueen golvent chemieal potenbtinl end sgolube
comgenbratdon 4s g, = p% o HF Ve (AM ¢ Be ¢ @ + suoo) , Band O
being vhe second and thixd viviald coefflclents rvaspecblvely.
Substitubion in equabion (A2) yields the melation,

PN ?'ﬁ“"u? (Gn/dc)® (1 + corr@).a

o 54?’\)
o ”(fWQ (174 + 2B + 306% 4 ooo)

Ta dilute selubtions the diffexence bebween i, and n ia negligible.

Hayleigh's zatio ip defined ap

&3
Ry = £
o &@ﬁ, * og™e) e

The Hupbldity of the solubion ig defined ag

T = MNR,

Eauadlon (43) thovefore simplifies o

e .. - L« 2+ 306?

T M

where H i the optleal congtont,

1 n,” (anfie)? 45

3ASAY
T is measured hy the lighb-sesbierdng photomeber, H caleuvleted at Linlte

. ‘Q’d
Y poacoe ° o0 Ng




e
soncerbration ond M obbained by esbrapolablon o ¢ = 0, In plote of
Hm&vﬁr v, concepbrabion. B wey ba obbelned from the als#a of these
plots, O being neglecbed in most eases.

Dopolarisation

Feals 2

% hes boen assumed thet the seabtering paxbicle s opbleally
lgobyopic. However, vhen this dg not teee bhexe is an additlonal segtter
due to fluctuations in bhe oxlentation of the paxitlcies, so that the Lrue
valie of By is less than vhe observed valuvs. Gabamnaﬂgﬁg has shown bhat
vhe oxcess seaviering which is due Yo anleobropy may be welated b0 the
depolurigation ravlo o and the correction factow for Ry s E“%“%§%°
Panord®4? o pointed ous thab in most oages whers non-zexy Fulues of
A bove been obseived, 1t is nob cexbaln whether the valuss of © welloch

enipotropy ab all.

axing Cvom farger Farticles

The breabment of pasblcles sweller than N/20 depends on he fach Shab
bhey can be congldered as polnt scabterevs. A levger paxvicle mush bs
thought of as a continuous sexies of seabieving elements with a destvustlve
luberforence bebween light soatitersd Lrom soparabe poinbe, due bo phase

dlfferoncen In the sepavebe light vaves. A Yumeblon, P{0) iz used to

descwribe the offeeh, and is deflined Ly

pr Tt K1 e

p(o) = ooobbered Antenglby fop o lagge varilele
geavteved intensibty withouwt interfowence

9 in the angle of obsevvavion of the scetberad 1ighi. £b angles groptey
s & 13

than sere, light scattered by a larger pezdicle Lo diminished by a fachow

0
. p(45 ) 1459
P{e Valusg of the Alaymmetyy %,. wheve Z,, B Sfdad = 340
€ )0 Syiaeexy Jig.f? her Z,t!s-f) P (3-356) ‘E";‘f :}”:ﬁ,,ﬂfbf’)g
have been babulated ag a fumeblon of P(90°) Vrom measuvensnts of Z?g

and the cholee of a suilablao m@ﬁ@lﬂigo may be corvected for interhal
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Loborferance and M ey be enleunlabed and the principle partilcele dipension
evalunved. For values of 2 A legs than L.2 1ittle ervey ig inbroduced

into the caleulation of M

Yopour Preasurs Meagevements and the CGaleuvlsbtlon of fchlviby

Measurernenss of the vapour pressures of binavy solubions show that
thare ave two maln dypes of deviablion from ideal. behaviour, ag exemplificd
by Raoults law, namely poeitive and nepgative devigtions., 1In both cases
ideality is appvoached in dilube aolubion, 3 meubionad in the seoblon
on pon-olecbrolytes, the actlvity and achbivisy coefficlents can be
enployed o asgers hydzation. The waber activiky, ay, is zeadlly weaswured.
I% iz espenbiel to be able bo obbalin from water acbivity valves, the agtivity
of vhe gecond componenb, Beyo

The Glbba-Duhen equavion enables bhe activity cuxve Lo the soeond
acompenent of & binery solubion Go be obbained fyom the activity-composiblon
eurve of the fiveb. Ib can bs ghoun thab

S$GF -V ap v mlly = 0
whera 1y lodieabes the number of moles of vhe ith specles present in solublen
Whexra the nysben ig abt congtank temperabure and preastre

T K [} w Ly ll""m .' z\:—g’
33.1&@1 T Eﬁa@(z’g 7‘33(3(}:3 ¥ seo000 o

Ia

In o solubion witbh one soluba,

R i
mliaul @ mgﬁixz

I7 both pides of the eymablon are muliiplisd by 10004 Iy ve pat for an
aguecns syebem whewe W = 18.0L,

2000

AR ':_

1600 Gy =< mdl, vheve m 18 the molallby.

e

oP }3}@*&«1 ¢ MW, =0 {GAbbe=Duhan) .
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The osmobic cosfficlent, ¢, has been defined previously as

¢§)

= 2000 I3 a9 =

A 5505}1 11‘1 G.'l

3] lm

n

Algo, as dliy = KT din ag, the Gibbe-Duhem equation may be writien,

dlnay =~

ox - BG.61
ioe v fjﬁnﬁj
However, 58453,

3 3 hd y
Thus m din Yﬁ,‘ +
op a7y, v

On inbegratilon this gives

W0 ogmotle coefficlent:
in '}E, =

Seatchard, BHamer and Wood”

aueroge solubionsg.

from =0 %o m = m of a plob of (O - 1) vs. ln(moleldiy)

dln 8y

din ay

dln i,

3

mdln m

aln m

M2

arphrors

ain g
Ny 2

n aln

8y

~m @l (Ym)

s

i
3

a(jm)
a{fm)

Gt am » an

by definitiocn,

ss

o

the egrabion relabing solube activity ceeificlent

M
(fp - 1) * f((p - 1) din m,
plgﬁ- s by ? & ? e G
nged this equatilon with isoplestic daba on

The integral is gilven by the avea under the surve

hevivity

coefTiclontg may tvhen be weadily caleunlated,
J Y
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AP ERTMERTAL

Materials and Mathods of Syplhesis

The Williemgon ebher reaction, employed in sarllexr studies in this
laboratory, wag chosen for the reachion of the appropylete alkyl bromidesg
with mono-godivm glycol salia.

As no commercial souree wag avallable Loy the highex branched alkyl
browides, these were prepared by the Tellowlng route uslug diebhyl malﬁﬁﬂate

as a starting point:
Jﬂ'\ £

RR.Br * G, ((}00«‘%) S R f,,c{coom-u)p«ma- R, . G(CGOOK ) 5
U __S;Q% - AT HEO;‘E LiAtBa

Ry Gl COOH 5 AN m? B+ CH. GOOGH SR
R, . CGH. GOl b, R, .CH.CH_Br + Na{OCH_ CK.) OR
27T 50y, - S 2 2'n

e B CHL (‘,H {om CH, ) OH
2 2 2 n

where R = Py, Bu, Pt and He., and n 5 6 or 9

Bouta for hweparablon of branched alkyl browides and debergenis

Wig. 31,

Pk

The glycols, hexsoxyebbylenc glycol and nonaoxyeuhylene glycol, were
1
prepaved Trom dlethylens and triethylene glycols ns bofoves
a) 2HO{CH_CH_0) Na -+ CLOH_CH_OCH CH (A —-->HO{CH CIl 0) H + 2Wa(l
) RBOLG U0 E R R M (G, t,004 Ao

monovsogita digol dichlorodiethyl hexagol .
athey

b) RI{Oi(ii-i,)Cii,‘}O)aL\Ka + LN Gil,, ow u OCH_ CH_ 8 ememmrrsy Ho(m CH o) Ao 2BeC)

2 22
monogodivm trigold ﬂiahlorairiethylen@ nonagol
glycol

Proparabion of Glyeols
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IS wag oxigloelly intended %o prepave and siudy a serles of compounds
of varying alkyl chain lepgth, based on hexa- and nons=oxyethylene glycola.
However, the first two compounds prepared, fbH {cr.) ] Gl CH_(ocH_GH_ )} OH,

-3 Re2 2 2 2'n

n =6 and 9, proved to be insocluble in weter., This wes the firet indication
off the affect of branching the hydrocarbon chain, as the equivalent stralighi-
chain detergenta were aolvble in water av novmal Lemperatures., Altempibs
to prepare the dipentyl compound (R = Pi, n = 9) and the dlbuiyl compound
(R = Ba, n = 12) vere abandoned due to Llow yields snd difficuliy in purificetion
and the £irst useful compounds preparved were the branched tem carbon detergents
with 8iz and nioe ethylens oxlide uvnits,

Unlike the longexr gtraight chaln compounds, all the branched detevgents
vere liquid and this proved to be a difficuliy as recrystallissbion had been
a useful preliminary fesbure in the purificetion of the hexadecane series by
Maefarlane%a Because of this difficuliy and becauge of the low ylelds of
branched alkyl bromidesg obbained, attention was directed o a series based on

hextagol, with the detergent | o, (ciL,) 3] , CH.CH,( OCH,CH,) OH as its higheat

2
meiher. The lower homologusg could be prepavsd more readily and distilled
prilor o chromnavography.

The folloving non=ionlc debevrgents were synthesised,

Hydrocarbon Chain No, of Carborn  Mo. of Ethyleue Repreopentailve
Avomn Ozide Uuite Symbola
CH, CH, 2 _ 6 G,
GH30H20H20H2 A 3,6 64@6
0113 CH o C’HZCH2 GH . CH2 g 6 G .
(Mo L1, GHip- & 3,6 He,
(b )0, CHpe 6 6 6, m,
(P)0n, Cilp- 3 6 Py,

(Bﬁéﬁﬂgﬂﬁzm 10 &,9 _ Buzn6
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Hydrocaxrbon Choin Bo,_ of Carbon Ho. of Bthyleke Repregentative
Aboma fxide Ualto Symhols
e, ) S
(35 Gl CHp=- 12 3 LI
m-&:)}_acf-xa(:ﬂpm 16 6,9 m?%
Yieglds. Ag the eritleal micelle concenbrations of the short alkyl chaimn

detevgents weve high, lovge guantliies were vegulrved in a pure staie for

phyaical measturenents. In the divect veaction bebtween alkyl bromide and
hexaoxyethylens glycol moncgodivm selt one ls limited by the quantities of

glyeol available ag the glyeol is present in four wolar excess. Thewvefore
when large quanbilies of produet weve required the veaction involving the
brioxyebhylene glycol intermedlote was employed, whieh, although yields per
gm. of bromide were ool slgnificatly higher, wasg useful because of the
avallability of commercial “trigol® which wen essily purlfied,

Ylelds in mogl cases were low in the Williamson ether vreaction, being of
the order of 20 -~ 30%. Alkyl bromide are veadily dehydro-halogensted and
unsatoreted productbs ave also formedy Linal products arve curlougly suscepbible
to oxidation and hrealkdown,  Some dialkyl ether dexivetives will be Foymed
Tyom traces of disodlum glycol salis. These factors contribube to the sven

smaller overall yield of pure detergent,

Extractlon of Crude Detergent, Waver wes added to the reaction mixturen,

vhich were then treated with successive portions of hot petroleum ether
(B.P, 60° jEO ’¢) unbil no more detergent wag extracted. For dotexgenbn with

ghorl chaing dlethyl ethezx=petroleum aether mixtures were employed.

Purification. The solvent wag distilled off, leaving exrude detergent,

which, for compounds wlith ethylene oxlde chainsg ef gix wnlig ox less, wag

then distilled pnder vacuoum., Iun longew—chain compounds distillation indvces
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oxidation and breakdown, and even with detevgents with lower bolling pointe
the produst La gblll nob in a sulfficlently puve state for physico-chemical
studles, probably beeause many of the by produets ave structurally similaw,

Alumina proved less successiful as a chromatographic adsorbent thes a
2737 gilicic seld- cellite mixtuve. The molvent sysbems employed were similax
to those used befo?e}g ln each case the debergent {~2g) beiug adgorbed From
bengene onto columvs (Rem dlemeter) contalning adsovbent mixture (30g).
Acetone~benzene mixbtureg were rim down the columa vndew a slight positive
pressure, The acetone content wap increased by degrees (2%, 5%, 7.5% cbe.)
ungil the impurities had been renoved. Caveful elutlon with a 2435253l
acetone shenzene smevhanol mixture gave purve detergent (e. lg), fras from
vagaturated impurlities.

Infra=-rad apectra of chromabography preruns Indicated that carbonyls
convalining products and mone~chlorvo~derivatives of btrioxyethylene glyecol
gthersg {method II) vere elubed before the main detergent fraction. Unveached
glycol wvas held firmly on the coluun.

Lasay. The debengente were all hygrescopic, Before assay or analysis
the compounds were drded In a vacuum oven st 30° « 4070 over phosphoraous
pentoxlde for 48 hours. (¢ and H analyses were carried out by Drs. Wellley

and Strause, Onford, eand the Mlcroanalytical leboratory of the University,

] 4 3 LY 5, 1, ) n A s
For determinatlion of ethylene oxide content the method of Sipgie gt gé’]
was aemnployed.
Aasgy for ethyleme oxide conbent,  The principle of the assay ls the

breakdoun of ethylene oxide chainsg by excess hydriodic acid and titration

of the lodine rveleaged, The suggested maehaniﬁmAl of the proceas is
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{CH CHE Q) » * 20 HY —p 0TCHE G 1 + apf
{cH,,CH,0) - > WIGH,O,T + a0

o y Exeass T o T
Z,I(..H‘,a(}‘ﬁgl" T 2~CHBGH21 g l;g

op 2ICH E‘:H [ -~ aon w ooy + 2T
2 W R 2 2

s
A semple of detervgent (e 0.3g) 1ls refluxed with excess hydricdic acid (25 mls.)
(BaDoH. fAnalar Grade) for R hours ab 135% « 140° in an inext atmosphere of
G0y.  ATher completion  of the weactlon Lhe amownd of lodine veleased,
compared with s blank conbaining no debexrgent, 18 obbained on addibion of
potags, lodide solution and vitwabion with godium thiosulphate.

Yaterialy

Silicic fcids Mallincrodks Brend,

Oelites Iivang Medical Lid., washed with acetone and bengene and drled
fov Rihws. 1n vacuum oven over Gaclpo

Acetone and Benzens were yedistilled and deled befowe usa,

Synchegia of Alleyl Bromideg,

Lo lebromg=2-mathyl propeps (@imebhyld bromo~ethene) was vedistilled BIM
maberiol having BP. 91-92°, 0¥ 1.A347.

(Literabure values:91°, o5 1.43475)

2.  l=bromo-R-sihyl botene (diebhyl bromo-cthane). Redistilled parent
aleohol, BP 147-249° (383mis) was treated with 48% Hydrobromic acld and
asulphurie acid by the method of Vogel, 253 and he product was bwlee dlabilled
to give l-bromo-2-ebhyl butane (260g), BP 950/18mm9 n%? L4812, m@f 1 A482 .
Litovatave values, nix 1.4512, rﬁf 1.4495. G, HaBe veguives C, 43.6%;

s ToO%: Br, 48.4%. TFound G, 44.1%; H, 8.1%; Bz, 48.0%.

3o l=brome-2-propyl penbane {dipropyl bromOWethan@) was prepared by the

Zmarzan

roube desoribed ia Flgure 11, startlog from dlethyl malonabe as follows
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dipropyd dletbyl malonabe: Sodium { 29z } was dissclived in dvy ethanel

{300 mls.) and diethyl malobabe (200g.) added and sbirred, a-propyl byomide
(155g.) vas added slowly. A second portlon of sodlum (29g.) was dissolved
in dry ebhenol (300mis.) and added to the mizbure. p-propyl bromlde (L55g.)
was thenr added slowly. The mixbure was refluxed (1 houwr) snd the residue,
afber filtration and yemovel of ethanol geve, on distillatbion, dipropyl

a 2 {Q o i’%’ T fo r
malonate {160g.) BP 1306/13um,0y 1.4300. Idtevature value: BP 248/760m;

o

125-6 /1m0,

Dlnvopyl aceble acid. The above product (150g.) wes treated with ethanolic

AT

solubion of godium hydromide (200g.NaOH) and bolled for several hours.

After cooling, the mixlure wag neuwbraelised with soncentrated suwlphuric seid
(130-150mls, ), An upper semi~zolid layer sepaweted and wag vemoved, dispolved
in chlovoforn end washed with water, Removal of chloroform end dlsbtlllation
of the wesidue (the dicarboxyliec acid) on a Wood's metal babh st atmospheric
presaure (280%300°C) gave dipropyl acetic scid (52g.) AP 220°G/760mm, 27
LoA234 Lib.value BP 219-222°C, Tound C, 66,98%; H, 11.3%; Ggll, (O, vequives
G, 66.6%3 H, 11.2%.

Dinropvl scetic sold. methvl sster. Dipropyl ssetic acid (52g.) was
i D p g

treated with an exsess of methyl slceohol (400mls.) end concentrated H,Sqé
{(8mla,) end refluxed on a wabter bath (8 howrs). Half of the methanol was
yemoved and aqueous sodium carbonate added to neutralise the mixbture.
Yater (300mls.) was added and the ester extracted with ebher (3xR200mls, )},

the extract belng woshed with water, dried over sodium awlphate and distilled

to give dipropyl scetic acid, methyl ester (38g.) EP 1700/760mmﬂﬁ§ 1.4124,

#Thia prepavation is glven In detall.  Subssquent analogous preparationsg
are outlined only,
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Literature vadues BP vag/iéomﬁ 118-122 /14mn.  Infza ved spectra showed

no broad band ab 3.3, indicating absence of acld.

Dipzopyl diethyd aleohol. Xithiuvm sluminivm hydride (42g.) in dry
gther (200mls.) was reacted with the above ester (3158g.) in ether (200mle.)
the latter mixﬁure being added alouly to the firast, and the vhole refluxed
afher the initlal remctlon ceased (R hours), Water was added (50mis.) and
pufficient cong, HGL to dissolve The gel. The material was extwvacted with

gther, and on distilletion gave dipropyl diethyl aleohol (26.1g.) BP 1809/?6Omwg

Y L.429L.  Idberature value BP 180°/760mm. Tound G, 72.8%s 1, 13.95%;
GS.H.J 8 X E)C_!_lli?f(i%%‘ ‘Gg 73 npi%ls Hg 3031,\ g;gn

Dipropyl bramemethango Gencontratod Hy30, (Fuls.) was added to 48%

HBp (33.8g.) in poxtions, and dipropyd diethyl alcohol added (R26g.). A&

further gquaniity of HBSDA vas added (bml.) and the mixmture vefluxed (20 houvs)
Theﬂproduct was extracted with ether, washed with water and sodivm carbonate
golution end deied over godlum sulphate. 0Oa distillation dipwropyl browo-
ebhane (20g.) wag obtained BP 182wi900/ﬁéoma9 S 14518,  No literature Piguares
could bs tyaced

4o 3 broms-2 butyl hexane {dibutyl bromo ethane)

dibubyl dlebhvi melonates Sodium (32g.) in dry ethenol uwss reacted with

Alethyl malopate (222g.) and p-butyl bromide (190g.) added as desaribed for
the dipropyl dexivatlve., Sodium {32g.) in dry ethenol (160mls,) was added
to the mixture and p-bubyl bromide (190g.) added. Distillation of crude
product gave dlbutyl diethyl malonate (R00g.), P 144°/12me>1. 4340,

. . 2‘6 ,
Llkerature value 0% pp 153-154° /1 4o

dibutvl egetic agld: The above producht (190z.) was hydrolysed with NalH

{167g in 400mle. of a 1} waters obhanol mizbure) by refluxing for 2 hours.
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Diptillntion ot atmosphevic pressure gave dibubyl acebtlc acld (95g),

254

| o . ’ | o ‘
BP 238-240°/760mn, nf 1.4341. Iiteroture values, #2790 gp 254° fenrracted,

n3 14365, Fownd G, T0.40%3 H, M.7% Oy ofag0s reyudzen O, 69.72%;

H, 3L.74%.

Dibobyl acebic acld. methyl amtens Dibutyl acetic acid (93g) wes

sgverified with wmebhyl aleohel (230nls.) snd sulphnrle acid (13mls.), as

before.  Disbillabtlon of the product gave the ester (457g), BP 2050/76Gmm9
tg - -~ ) . XY 256 » * L3

Bp L4212, Literature figure, BP 158-9/18um. Infra- eed Bpachrom

showed ne broad band ab 3u, discinguishing it from the parent acid.

Dibubyl ebhyl aleohol: The mebhyl ester (57g) was reduced with lithium

aluminiom hydeide (13g) in ebher ag before. Op disgtillation the aleohol,

1o ‘ . &0
dibubtyl ebhyl aleohol (40g) was obbained with BP 208°/60mm end By hed333,
1 .; ' g e Py 25‘!5 ¢ Q
Idteratnre value: BP 218" /eorrected, abnospheric.

Dibubyd bromo-ebhane: The above aleochol (45g) wes brominated using
48% Hydrobromle acld (48g) and concentrabed sulphurle acld (15uls) following
the usual procedure,>o- Digbdliabil whe produed ;

L px luve. Letiliation of the product gave pure dibubyl
< L'} 37 ‘?é

bromo-ethane (A1g) with BP 194°/760mm and nfg’lo45420 No literabure figures
vere fouwad,

5.  Jebrong-2-penbtyl heptane (dipentyl bromo-ethane)

Moncopentyl molonde acid, diethyl estey: was prepaved Lxom dlethyl

malonate (400g), sodivm {46g) end n-penmbyl bromide(378g) and othemol (800ula)
as befove., The produst gave, on distillabion, monopsntyl diebhyl nalonic
acid (350g), BP 240-242°/760mm, n%y 1.4240, literabure values BP 134-136°/
Ldmm, n%? 1. 4283,

Moonbyl dlethyl malovate was prepared from Yhe above compound (250g),

n-peutyl bromide{R75g) end sodium (42g) in doy obhanol {650mls). Distillatlon
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gove dipentyl dlethyl malomabe (274g), having BP 163-168°f13mn, nle 1.4362,

258,

r}' !: -4 4, * - 2-513
s L4348,  Liberabure values™”®: BP 358-161/1lmn, np L.4343.

Dipentyld aceblic aeids  Dipentyl dilebhyl malonabe (240g) wag hydrolysed

wibh a golubion of godium hydrexide (192z inm a 1:l ebhenclswater mixbure) by

refluxing for 7 hours. The cyude dicarboxylic acid (200g) was distilled

on a Woods metal badth av atmeogphevie pregouve to give dlpentyl acetic acld
(132g), BP 258-260°/760mm, n : Therabure Plenves, 98 Bp 141-143"
A32g), BP 258-260" /760mm, B L3P, Llberature filguves, BP 141=143"/1Lsuw
an )

Ry dokd381.

Divenivl acetie acid, methyl esier: Dipenbyl acetic scid (132g) was

agberified with methyl aleohol (277g) and consentrabed sulphuric acid (8.5g).
Troatment as hefore gave dipentyl acebilc seld, methyl ester, (90g), BP 237=240¢

at T60mn.,

Dipenbyd ethyl sleohel: The methyl eaber (136g), in ebher, vas veduced
vith Lithiur aluminium hydride (27g) in ethew, as befoxe. Distillation gave
the aleohcl (44g), BP 196/760mu, n%? 1o A4l8,  Basay by the Pharmecoposial
m@thadgﬁg gove woleeulayr welght 187.4 (theoretic value, 186.4).

Dventyl bromo-ebhone: Dipentyl ethyl aleohol {(42g) was treabed with

pext

48% HBr (43g) and eoncentrabed W80, (25g). On distillabion the ecompound
I-bromo-R-pertyl hepbase was obbaived (32g), BP 146°/ 20um, n;: Lo 4571,

6. lebromo-2-hepbyl nonane (diheptyl bromo-ethane).

Diheptyl diebhyl malonabe was prepared by rasctlon of l-breomo hepbaue,

nﬁf L.4506 {360g) with diebhyl melonete (160g) end sodivm (46g) in dzy ebhenol.

The product, diheptyl dicthyl malonate (180g) had BP 152°/0,005mm, wa Lo4432.
Lit@xaturegég fipuxas BP 176m1800/3mmo

Dihepbyl acatic acld: The above compound (350gz) was hydrolysed with a

et

spodimm hydvoxide solubion (240g NalH inm a 1:} ethamol:waber mixbure) and

refluxing for 6 hourz. HNewbrallsatilon with concentrated HGL caused bthe
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dicarboxylic acld (160g) to sepervebe. This, when heated ab 300° on o
Wood's metal babh fowmed diheptyl acetic seid (70g) BP 213°/15mm, nﬁ% LodldH.

Literatuve values: BP 13?m189?}£mm9 200°/13mm, ag? 1:.4497.

Diheptyd acetic aeid, ebhyl eater: Dihepiyl aceblc acid (50g) was

esborified with etbyl silcohol (100g) and concenbtyated H, 80, (3g) avé

refluning. On Giebillabion the ester (45g) had BP 180°/L3mm, v 1.4378.

£
261

Litevoture Ligures 181-182° /1. 5um,

Dihepbyl ebhyi aleohol: The ester (45g) was btreated with lithium

aloninive hydeide (6.3g) in ether ag before. On digtilistion the produch
Y 0
(33g) had BP. 280 /12mm, ng L.4485. Cox ond Roid O give BR 181°/15mm,

m%? L.4470, Foumd G, 79.3%; H, 14.1%. 0 vequires G, 80.1%; H, 13.9%.

616H30
Dihepbyl bromo-sthane was propaved, ss before, from Alheptyl ethyl

aleohol (10g), concenbrabted HESOA (4.7g) and 489 HBr (B.6g). On distilleblon,
the erude produst gove l-bromo-2=-heptyl nonane (8g), BP Z?.’?’5%’.8()",/*:“E:()rnm:za
ni’ L4612, No Lteraturve flgures were found., Ges chromabography ehoved the

pregence of only one compound,

Freparablon of the Glveols,

o 3. Oispesdene-l..5-diol (dlethylene glycol) wes vedisbilled Beitish Drug

. . ; 20 ) 5
Houwaed "Digol,® I‘JP.,,!,Z&’.?';"flE)mm.zp iy 1.446%9.  Covme and Johnabone” X glve

BP. 128%/10mm, nly L.A472,

2. 3,6 Dioxacctane-1.8-diol (briethylena glycol) was redistilled British

0 N i ) &
Drug Housed "Tilgol," BP. 154°/1lum, ag' 1,4550. Curme and Johnsbone”’

g 20
give NP, 162°/10mm, né L4559,  Pound GH?GK 0, 87.,97%. Celewlated for

o o

Cgll 0y CHoCHA0 , £8.00%,

3¢ 3,6.9.12,15 Pontacxaheptedecane=l,i7-diol (hexacxyethyleve glyeol) was




&5
prrepared by the method of Fordyee gf g}} from redisolliled diethylens glyeol

{840g) , codlum (46g) and o dichlovo-diethyd ebher (143g). Exceas diobhylene

glycol was vemoved, and the hexacxethylene gilycol disbilled (L44g) BP. 1847 /0,02
Fovnd G, 49.4%3 H, 9.3%; CHaCHs0, 93.05%. Caleulabed fow OyoBogly € 5L.1%3

}(ig 99:"}%:‘} ci'};_‘;(}z‘lgag 93 06%0
fo 340:9.32,15,18.21 .24 Qehacrahexacoganged,26-diol (mm onyethylena glyeol)

.9

2
wes prepared by the wethod of Porxdyce gt al.” and of Mas e_:;‘a:elma,,l"’ Sodium {40g)

uaa Qispolved slowly in triethylene glyeol (1200g) ond ¢wdichlorve-trievhylene

glycol (see below) (187g) added. The mixture was heated and sblrred at 115°

vnbld newntral, then filbewrad and the excens triebhylene glycold disbilled off,

The erude product wag disbilled in a shoxb pabh sbill, givipg ponsoxyebbylewe

glyeold (180g), Pfy‘?{n‘"’/o O2mm, n% 3 L4672, Y L.40l6. Macforlane glvas
"" 104002, Voond G, 52.4%5 Hy, 9.9%;5 CHoCHa0, 95.6%. Gmﬁaaomﬁ:'aqvimw

Gy S2.2%3 H, 9.2%; (i, (a0, 03 6%

5. 1.8 Dichlore=3,6-~dlommoctane (o .0 Aichloro-telebhylene glycol.) wap

13

prepared by the mebhod of Macfarlane. Thionyl ehloride (520g) was reacted

”

with triethylene giyeol (300gz) in pyridise (350g). Excess whlomyl chlovide

wag vemoved by disbillation and the vesldue exbracted with obher (2.51i%zes).
Tha ebhor layer vas washed with 4illube HOL (2 X 100mls.), waber, sodium

carbenate solublon and vaber and dvied over sodium sulphatve. Disbillabion of

the wealdue gave ol dlchlore-briethylens glycol (300g), BP, 114 flamno

a8 _
nifb 1. 4530, ng 1.4615, Maciavlaone gives mi;‘\ L4528, BP, ?2!;‘7 1 Smm
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Svpthanda of Deboreants

»
TR LT IS LETERPAG L

In the prepavebion of 3,6,9,12,15,18 hexaozaeleopane-i-o}, the divect
veaction of l-bromo-ethane with the mone-godivm derdvabtive of tilethyleno
glyeol vould bhove met with difficuliles in extreotion and purification
bacauge of bthe similavity Letween the glycol and the product. The Lollowing
iﬁ@ﬁh@d wag thevefore employed, using the commercial product ethyl troxliitol

ag a shartiang point,

Lo 3.6,9 trioxavndecane~l=ol (C?gx:zB) Eohyl drioxibeld (Shelld Chemicels) wap
5 a4 e 3t O ’, n i
buice distilled and had BP, 110 /1lmm, n ff) Lo42385,  Shaell Chenleals quote Pow
Ypure® produeh, DR, 2&5"/’7605% x:.ff" 104390, Found GH?GH?OD TholO0% .
; PG 41, G Gy
csumoé raquives CH,CH,0, V4o 205

20 A-chblono-=3.0,9 tricrasndecana: 3,6,9 trloxoundecone-i-ol (100g) im

pyridine (4A4g) was treated with thiomyl chlovide (136g) and the produst
obtalined as for « ,w-dichlovotriethylene -glycalo Dlatillation gave the
producth fl.mcshlommﬁ,,6996&;?10:1&@&@0&&19 (70g), BP. 130%/1lwmm, n’iﬁ” L4340,
Fouwnd, €L, 18.6%. (gly 70401 requives CI, 18.9%, Infva-ved gpeobroseopy
ghowad the absence of hydroxyl grotps.

36 _3/&,,9,,12&_1555,18 henaoxaalcogang—l=0l, gﬁpzzé) Sodiwa (7g) wes reacted

with drlethylene glysol (183g) as before, and 1 chlowo-3,6,9-bvioxaundecans
{60g) added. The mixbure was gblrred and heobed wibil neubxzal (1Zhours),

aud the peoduct exbracted with a 90§ obhew- 107 petroleum ebher (BP 60-80°)
mlxbore, Disbillehion of the rasidus goave 3,0,9,12,15,18 hexaorasicopans-l-pl
(30g), BP, 160°/0.05mm, o 1.4541. Tound G, 53.99%3 H, 9.60%; GHaGHL0, 84.92%.
Gy plagly Peauwizes G, 540173 H, 9.78; GH,CH,0, 850.16%.

ho  3:5009,12.35,18 bersoxadocosane~l-ol (G n, ) Sodtun (11.4g) was dlssolved

JAR
in bhexsoxyethylene glyeol (490g) as bofore, and ne-bubyl bromide (80z) added.
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The mixbure way stizred ab 110° for 16 houws > ond bhe debavgent vaa
exbrached into an ebher-petroloum ebher mixbure, Aletilled (glving 17g)
and chyomabographed. On a gmall seale, the waberial (2.2g) vas adsoxhed
Lrom bonsene onbo ﬁi‘licameauu@ {30g) as demr Lbed befora, an& the puve
meterial (1.3g) oblained lmd BP. 170°/0, 03w, :,1»@ 1.4499, n "”‘@ 104432,
Found G, 57.0%s Hy, 10.0%; (Al Clin0, 77.9 5% Calewlated for Gg}gﬂg 40,7,,

G, 56.8%; H, 10,1k, Ci, (H,0,78.1%.  Coxkill of gl. quobe nY L.4440.

5o 3.0,9.12.15.38 hennoxabebracosanesl-ok (!‘36316) : Sodium (1.64g) ves

diopolved in hexmoxyethylene glyeol as before, n-hexyl bromide {11.8g) added
and the minture heeted and stivred wunbll neviral. The deterpent was
axbrached and distilled in vhe wswal vay giviang 19.7g bsfore chromabography.
Thie dlgtilled maberlal (2.7g) was chromabographed on silica-selite and pore
3:6,9,12,15,18 hemmoxatetracosane-i-oLl {1.Bz) obtained, BP, 180°/0,05mm,
n‘,}, 14519, m;‘; L4442, Tound C, 58.64%3 H, 10.22%; GHQGHE% TR oR%
Calenlatod for GyglgaOy 5 Gy 58.99%; H, 10.45; CH,GH,0 T2.12%.

6o 356:9.12,35.18 hexsoxahezacosana-i-ol (Ggug): wag a sample prepared

by Mys. M. MeCobbin, Pound G, 00,560%; M, 10.87%; Caleuwlated for Coglra0q,
Cg 60@865‘%; 119 :a.O(?'?-:.}ng(h

7o 3,6,9 brioxe-11 seibyl-dodegane=l=ol (Megn,):  Sodium (7.7g) wan dlasolved

in brloxyethylens glycol (200g), and 2-nebhyl l-bromo propene (46.3g) odded.

On completion of the weacbion (I2houvs) the detergent was extracted with ebhew
and distilled to give 3,6,9 brioxe-1l methyl-dodecane-i~0l (l4g), BP. 2007 /0,058
n;;) L4378, Tound C, 48.7%; H, 10.81%. Calculated fow G@ﬁ&@n(}f‘: G, 58.2%;

1, 10,75%.

8.  l-ghloro=3.6.9 trioxa-li-mebhyl-dodecang 3  3,6,9 triloxa-1l mebhyl-

.....

dodecane-l-0l (30g) in pyridine (12g) was treated with thionyl chilorids (36g



8g,
ag previously c‘ic—:mm:ib{-z&o On gighiilat .;.(mg the compound lechlowe=3,6,%-
trloma-11 mevhyl-dodocone (R7g) was obbalned with BP 100 ° /0,07, 33“5 104400,
ny 14386,  Tomnd G, 53.9%3 Uy 9.7% . Caleulabed for Gyghay050L, G, 53e4%,

o YudFe Iniva~ved gpectvoscopy showed no trace of hydvoxyl groups.

%o 3:649.32,15,38 howaonra-20 nethyi-honeicomane-l=ol (Me,ng)

Method 3. Sodivm (2.84g) was dissolved ia triomyebhyleme glycol (74g), and
the compound le-chlore-3,6,9, trloxa~1l methyl-dodecane (R8gz) added. The
mizbure was heated for 8 houws ab 140°. The detovgent; afber exiraction
with petrolemwn ebher and ether, and dlstillabion gave 9.6g. Chromabography
on silica-celite gave pure debergent having BP 188°/0,05mm, o 1.4516.
Poumd C, 57.44%; H, 10.27%; G}igf}ﬁgog 77.92%, Unaleulated for Gy, H3407,

Gy 56.8%3 H, 10,13%; GilyCHa0, 78.1%.

Mevhod il. Sodlem (R.3z) wae dlasolved in hexsaxyethylone (113g), l-bromo-
2 mebhyl propane {20g) sdded, and the misdure treated as befora.
Digtillation gave 4.3g 0f 3,6,9,12,15,18 hexnoxa-20 methyl-henelcognna=l-0l
bofore chromatography.

0. 3,06.9.12,25,38 hoxaoxe-20 ethvi-docogane=leol (Eﬁax@é)s Soddvm (2.3z)

hz:x(._-.ﬁa...

wap dissolvad in hexaoxyethylens glycol (113g) avd l<bromo-2 ebhyl bubene (16.5z)
added, The mimburs vas heabed overmight at 100°C , ard the dotezgent

oxbracted ag before, The erode compound (8g) wae istilled glviog 7g.

Gavomet ography (2g) gave pure Rbyng (ig), BP 177°/0,008mm, wl 1.4532

Found Oy 59.4%3 W, 30,4955 CH,C0H.0, 72,38,  Calewlobed for 03.81{;%530’79

G, 58.99%5 H, 10.45%;5 CH,CH,0 72,128,

1. 3,6,9,32,15,.18 hoxaone=20 propyl-tricogone=i-ol (r= né) Sodiun
{2.6g) wep dispolved in hemmoxyethylene glveol (125g) and l-bromo-2 propyl

penbane (22z) added. The mixinrve was hoated apd sticved for 6 hovrs ab 1207



Lo léDu@Q The erede extraet {15g.) was Alstilled ond chromatogmaphed.,

The pure detergendh Pe.n e had PP 198m3029/0005mm@n§ 1.4529, Yound G, 61.01%;

Hy 10.64%; CH,CHy0 67.2%.  Caleulated for Gyl 0, G 60.86%; i, 10.73%
272 L2T

(3%1,,(:5, 0 67,03%

2 356,9.12.15,18 hoxsoxa =20 hubyl-teiracogans «l-0l (Bupn

Sodiom (2.3g.) wem disgolved in hexaoxyethylene glyeol (112g.) and l=bromo-
2=butyd bhewane (2L.7g.) added and Bhe mixture trested a8 before, The ewvude
datergent (8g.) was dlstilled {6.5g.) Chromatography of a povtion (lg.)
gave pure Buyne (0.5g.), BP 210 /OQOOHum@m; 1.4532, Fowmd G, 62.5%%; H, 1070%;

(39 67"0 %9 1'19 1()09?{93 (Ell Gﬂ 0 6?09[90

3 ) 594
angcag 62.51%. Cailculated for C H/é 5

079

130 3,0.9.32,15,18.23,24.,27 nonsora=29-bubyil-trisriacontang ~l-03, (Bu?mg}

Sodium (L.7g.) was dissolved in uonaury@bhylan@ glyeol (120g.) and J=brome-

R-bubyd hexene (16g.) added. The mixbtore wes heated and stirred ab 140°

for 16 hourg, Ixbraction ag bafore gave erude detevgent (7.7g.) bub thie

wag not distilled, Choomabography of a poviion (4.dg.) gave puve produch
ﬁ : g on o

{2.3g0) 057 14550, Foumd (HoCHA0 T1.03%. (aloulated for 02$H§80109

O, CH,0; o475

o 32609,12.15,38 hemaoze=20 hepbyl-heptacogans=1-0l (HL?HQ)

Ty

Sodium {L.2g.) was dipmolved in hexaoxyethylene glyeol (56g.}, I~bwromo-

2 hepbyl nonane (15g.) added and the miztuve sbivved ab 140° ovarnight.

The evufe produch (ﬁbgo) wag not digbilled bub chwomatography {(Wlg.) meve puze

datorgent {c. 0,%g.) n® 104520, Found UH,0H,0 51.6%. Coleulated £0v GyoHeoOys
CHo G0 52,168

15, 3,6.9.12.15.38.21.24.27 nonaoxa=29 hepivi-hewstriacontang-i-ol (Ht.n

::::: ?}9
Sodinm (1.2g.) was diseolved in nonaoxyethyleme glycol {82g.) as before

and l=bromo~2 heptyl nonane (15.2g.) added and the wixbure hested and shirred

for A2 hours at 140°C,  Exbrectlon ylelded crude detergent (16.6g.)o



0.

o g & . . A0 -
Chzomebography of L.5g on aluniva gave pure detexgent {L.5g), o, 1.4559.

Gt 1.6%. Caleulated for G
Foond 13203203 6i.06%. Calenlated fox 03&370010

6. 3,0.9 twloxa-1i venbvl-hemadecane«l..ol (?bgﬁB)

; CUL,GH,0, 62,05,

Sodiem (4.1p) vap dissolved in triomsebhylens glycol (106g), l-byomoe

2-penbyl hepbane (44g) 2dded, and the mixbuve hested fox 6 hours ab 140°.

o
The crude detergent was eubracted with ether and dlsbllled to give Plong
. . 12 : - :
{Aﬁl@}g pe 210 /Oq()li{iﬁh,p%l@ lcrf-‘{ '9390 Pound Gg 6?485503 Hg »L—?.:oﬁ.‘:'}%o

0

1550, G 67.80%,5 B, 12.03%.

Galenlated fox © 8%

18

Some Obrezvations om the Synbhetle Woxd:

Trpuritles In Nop-londe Dotespents

S

The infra-rsd spectrum of a pure non-lenid detergent is given in
Flpgure 13, Tuo prineliple lspueibles which ave Jebected by puch specitzs
arg cavhonyl-conteining compounds, absorbing abt 5.8 = 5.9 p, and
unsaborated products, vhich absorb at 6.1 p.

Conventlonal tepts on the detewgent Bugng which had'be@n ghorad lu
a cloged flagk Zor gome months alter preparation showed thet 1t contalned
atdehydic impuvitics, The infya-ied apectrum of this ssmple 1l shown In
Figure ld4. Oxidation of tha compound had oscwsred, the most iikely
gbructure of the oxddation producht belng (Qéﬂg)QCﬁoGHQ§OQHQGH2)300H2GHan
Traces of uasstoretion wewe alee proaent.

The impuritiecg weoxe wot completely wvemoved fyrom dlstilled products
by chromabography on alusdua. Inltial work on alvains-purifled watewials
had thus bo ba wvepeaved, bul this yielded gome interesving fabo. Tho
cloud polas ~ concenbration curves of Buyn, and Bmgrg aften chromatography

on aluwina exhiblted dlpe in the zeglon of the eriiticel micelle concentration,
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a numher of mowvhs after preparation, showlng carbouyl absovpbiop,

shown by convenbtloneld tenbs to be due to aldehydic lmpurities.



Gl
yhioh suaggoesbed bhot the jnscluble lmpurities weve solubilised in the
micelles are woye bolng veleoagad on dilubion below the CMC. (Figurs 15).

The compounds afber chyomatography on silisca-cellte 14 nob exhibib this
anomalons bebavicur, and the cloud points vexe ralsed pignifiesntly over bhe
whole concenbzabion range.

Ozideblon of the product tekes place on avovage even afbor ehvomabography.
The diffevence in svate of puavity of two samples of P?zné aro wndoubhedly
mellected in the lighbt-scattowving behaviour of their solubiong, The older
nample had lazpew 590 values bubt the Debye plobs of both saaples wers almogh
idenbleal. Similax behaviovr hag been nobed by Coxrkill and co-workers with
different sanples of gbraight-chain nov-lonic de%ergaﬁbsolo° The 5@0 e
concenbravion plots of the two samples ave givaﬁ'in the light-peatiering
gecbion,

Suxfece propevbles ave most sensibive o lapuriltes. In lmpure surfass-
agbive agents minima eve observed avound the OMC in surface tenslon -
log (concenbration) plote, Ao dupure semple of Piphy, gave o sexles of
surface tenslon curves ot diffevend bemperatores whiech wore enbirely errovseuns,
showing low (MC's and small aveas/molecule, Purification of the samples on
gllica=colitie led bo much highew (M0 valunes, higher limiting surface Lenslons
and an absence of minima ab the GG, (Figurs 16) Tupurities, generally
lese goluble than the puve detergent, ave adsoxbad prefevenbially at the
alr/waber inberfoce and lower the suvface tension,

Yields in the msactlons bolween allyl bromidss and glycols were lou,
becange of the compelting reachbions in which vnsaturated compounds and Al-alkyl
Gerivatives wers formed.  Branched-=chain bromides, egpaclally thogse wiith
ghort alkyl chaing; wndergo dehydrohnlogenatlon smuch wore readily than thelr

7

- g - :in L]
straight chain isomers, although Mulley™' wxaported the formation of wnsaburates



80 T

e g

70 | |

N

I5

after shica-celite.: Bug

€3

H

60

e Mn@ s Bigrer a%{'.@qh é}%ﬂﬁ‘ﬁnﬁﬂ@ ¢ @Uggﬁg
A

W
o
e Y e

'
€2 L
Q9 t1
o3 1]
t_fl t
e,(g oyl

0, l!
T’f; 2 ;
S 30 ‘%ﬁﬂﬁm

e p u«-{,}t_ J{@—_—g,&:;r:’@'&m@vmu.”wd@

i after slica-celite : Buan,,
:
b
§
20 3%
‘f
| /ﬂﬂ@ after aluming @ Bu,ng.
5 o
; ) L
4 e

0

% el
L

! )] 1 R

2 VS 6 8
concenbrabion % vy

Wisuve 152 Cleoud Point Dlagwams fow Buyw, and Buyng after chronabography
R At L Tt ] 2_, g\b (5] ¢«)

on alumine and afber chrowatography on silieca-celive.



o, ‘r.-(] (¢4} ,:l,,‘)
A

YL B R
@ =4 m%
- [od

- B el v

&) S

] {31 @

7 kA

{ ] o . i i fuf £ &
o & g.t 6y €y
Bres G gy %’3“‘ w5 oy,

ol



92,

in the gynbhesis of sbraight chain non-lonic detergenta. In the preparation
of 3,6,9 trioxn~11 methyl-tridecanesl~ol (Bbgng), for exemple, 2-ebbhyl~l-bubtene
wap Laolated (Wound BP ﬁ?ﬁ/?éomm9 mi? 1.3985. Litevature values, BP 67.2°/760u
mﬁf 20,3990,  Infra-wved spectrum in Nujol had -C=0- peaks al 6.1 p and 1L.25 p,
with smeller vinyl absorpiblon ab lﬁa&‘pa) Bxcess bromide has thus to be used
in the reaction.

Two woutes vere invesbligated ir the gynthesis of Buang, ince Coxleild
o% al. 10 pag reported betver ylelds for gbralght chaln non~lonles when an
Interacdiate step was employed. The f£ivet method uveed was the straight-
foiward veaction of dibutyl bromo-ethane with the mono-godiuvm galt of
nepaoxyebhylens glycol; ©he sscond method involved the intermediate Buanﬁo
Bmgng ls readlly separatied from the Tinal produeh, Bugmg s Whorsas Bupng
and wonacxyevhylane glycol, which would be the constliuente of the reacilon
mixbuve if the £lrxgl mebhod was used, ave more alike chemically. However,
as the hydwocarbon geoup is relatively laxge In the prasent case the difference
lg sufficient for thelwm successful sepavation. In practice, nalther method
held the advanbage, asg the yields caleulated on the bagls of stavting bromide
were 21% and 208 vespectively. The second method probably minimises the
formablon of dialkyl glycol ethevs, bub it inereases the poseibllity of
conbamination with the alkyl glycol chlowvides. Howevex, both dialkyl eshers
and glycol chiorides ave elubed in the pre-rbong of a chromatiographic separation.

-

Tigure 17 shows the gpectrwi of the Livgt frastion of a chroustography wun

g Lo446%) of o dotergent prepaved thuss Hyng-CL + mono-sodivm hexagol.

(s
Tt oppeavs to conslst chiefly of the chloride (n% 20 1,44858). TFigure 18 is
the spectrum of bhe first fraction of Gymng , prepared by dlrect reachion

of bromlde with the sodium aals of hexagol. The fraction is most likely

to be maluly bthe dialkyl ebher, GgH,; 3(OF‘H cﬂ?)éooéujgn
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The occuvence of cavhonyl-conbaloning impurities wag detected duving
the digbillation of the detexgent Prong. The Hirsh fraction was of low
bolling polnt aud conbalned some Liaces of carbonyl compounds, which
lndicated thal gome oxidation had oceured during bthe aynthesle, during which
long perlods of heating ot high temperatures ave essential.  Alvhough the
erude exbracht had mo prominent carbonyl pesk in its infre-ved spechrum, the
diguillatlon realdues showed pronouxnced carbonyl absorpilon. The heating
Involved in the digtillation induced further oxidation in the detengani.
Digpillation pre-pune of hexaoxyethylene glycol also absorbed at O.1 p , the
pesglble structures belng HOQCR%CHb(Ocﬂchg)goﬂ and CH xcﬁo(ocﬁgcﬂg)ﬁoﬂa

Some of these resulis ave 1llustrated in Figures 19 and 20.
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SURFACE CHEMISTRY AND THERMODYNAWICS



Seyface Chemieal Shudies

Surface tension data ou non-ionie detergents with branched hydrocarhon

4ip'13 ;262

chailng are avellable eonly for tvidecanol condensales and fow

. - 263
commoreial brauched alkyl phenols, although there ave o number of
o : - Eek 4 g o i ; 55,10,62,87
surface~chemlcal studles on gynbhebic straight-chain non-lonlecas. !
Bgseaugs of this and bscavse of the intrinsic linbovest in the surfoce
chanigbry end the informaticn obtalnable from surface-Lengion - goncenirat -
lon enrves, an investigabion of the surface-chemlcal propeyiies of the

‘]

pragenty sexiesn of bhranched chain compounds was wndexbaken.

Apparatus and Mabhod

- ﬁ?- 5 E N s, 3
The apparatus hes been degcribed in Weissbergev, 35 It 1s dllustrated
in Flgure 21, A bxass dvopplng tlp, of radins 0.3434cm., which waz large

snough Go give o reasopably slszed drep yeb mmall enough o ensure vhst

-?

rebblog was no problem, was goldered onto on ordinary gyringe needls.
The %ip could therefore be wemovsed fox cleawning., To ensuve complebe
webthing of the tip, it was occaplonally rubbed vith an abrasive surface.
The test of complete wobllng was consisteny consecubive readlogs end
vigual obsexvation of the dropa,

The apparatns was iemersed in a thermosbat bath controlled to » 0,017,
Whon teabed with wober digtilled from pohassivm permangmnebe, the surface
venslon of waher was found %o bas alt 20° G, 7R.67 dynes/em. {(Literabure

”‘q 1 [3 ¥ ‘?p 'ngi:‘}ﬁs 2T . o " ' el g o+ (3 T s ?”'3
ALle Ao ) end sk 300 G, TL.11l {Litewature value

o
.

71.18 dynes/ci. )
Reproducibility of sny result was 1n the regicn of * 0,09 dynos/em., and ab
one filling of the syringe (0.5mls) Ffour congecuilive readings conld be made

on dilute solutions and wp to 12 or move on solutlons with low surface

vensliong,
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Figove 21: Diagram of Surface Terslon Drop-Volume AppRraties.
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The Agles micvometer gyringe, on which the apvaratus ls basmed, can
be read to ¢ 0,0002 mls,
Hebhod:  Solutions wewve prepared in glang-uwore eleaned wibth chromlc acid
and ringed with several changes of distilled water. Precautlons were
taken with dllute solutionsg to minimise adzorptlion of the dotevgent on the

lass swfaces, by prepsving soluvions in glags-ware that had alwvaady

e

convalned noa-ionic debergent golutions and which had been thoroughly

drainad,
The syringe was filled with the solubion and the avssmbled apperadus

alloved to equilibrate in Hhe thermostet bath fovr up to 30 minuites,
Initial measurements were made o determine the approxzimate npize of the
drops, and subsequent reaadings were obbtained by Formlng e dvop Ho
approzinately 0% of its finel slze, The drvops wers allowel %o equilibrate
with the saturated stmosphere in the welighling hottle, which vas pzoducaed
by a layer of solubion at the fool of the bottle. After 5 Yo 30 minubes,
the drop vag alowly complebted and allowed wo fall, the final operation
taling not move than 60 gsesonds., The dnlédal and final micromeber
readings gave the velums of each drop.

Ageing offacts have been repoxrted,by other workers, in solubions of

.o 10,62,73.
of straighi-chain non-ionic detergents,” 7 ° 3

but tesho on repressnt-
ative solublong ol each detorgent sysiem showed no significant agelng

afver 20 ninutoes, The absencae of such effects in these solubions s

[

perhaps due Ho thelr wvelatively short alkyl chaing, for agelng ls most
pronouwncaed in the hexadecsne sewvlea. Had there been agy ageling, the
drop-voluna apparatug wonld nol have been ideal ag avaporablon and
condensation aceurs {especially ab higher temperebures) and would tend

w0 upsel the behavicur of the drop.
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The surfoce tenslon, [ , was calounlabted using the equation:

w W@ o o '
§ = =B X¥, dynesfom.

where m % mass of the drop, obtainsd from volume and density,
g = 981 dymen/on,
r s 0031&3@‘1‘

233

= coprechion factor of Havking a PO
I = corrvecvion factor of Haxkins and Brown

Serface bension-concenbrabion graphs were obbalned for each dehergent
ab three temperatures {(where pogsible) snd the eriticel mlcellar cuncentrab-
ions obbained fwom bhe shazp break in the plots of [ va. logleoncentrailon).
The arens of the debergent moleculas ab the ale-uaber interface were
calenlated from the slmple foxm of the Glbbs egunbion., From the
temperabura variation of the CMG, the cuthalplas and entropies of mlcelle

formation wore caleulated uping the equations descwibad in the Introduction,

Resulibs ond Discusplon

Ploba of surface tension vs. leg(concentrablon) exe shown in Flghwes
22 and 23. No minima wers found in these cuvves for any of the detergents
gbedied, whiech, in the past, has been bLaken to ba sn Indisation of the
purity of the solubte. Above the eritical mlcelle concenbrvation, therse
appears to be po vaxdation of the surface tenpion wibth increasniuvg deteygeunt
goncenbration.  Obhew warkersi%% have considered Hhis bo mean vhat bhe
acbivliiy of the solube ig comgbant above ths (MG, bub douby has been plesed
on bhis beling aojég This aspschb s deald wilbh more fully in the lasgt sectlon
of the vhesig,

The branched chain delexgents have hipher CMC's than sbralight ehain
detergents having the sams nvmber of caxbon atoms in the alkyl chain,
{fable XI). This is to be expected, as byonched hydrophobes are more

compact than thelir straigh® chain aneslogues and thup present o smaller
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Table XX

=
Pt pecha

s '_?‘923._@30 ﬁ?‘f‘ (MG o Wiuh bﬂim‘il@ #?{IMUJ"EI ‘273.& ] ().bh-‘a.] 13.,..43 fi‘ﬂfi )fi"i.rli"ﬁ’) 73{3
i T AN s ) RN
of Mﬂvellxaaﬁﬁom

2
Dotergont Temporaburs (MO (Moles/l.) AH?{L Ady
6,9, 20 7096 X 40 0.8 267
¥ 20 7,60 X 107F
40 2,10 X 1g-+
Crz 20 Toh X 1O 242 Vol
N 30 6.5 X 1077
40 5.2 ¥ 1077
Ha,n, 20 9.0 K 1L ‘“’:} 0.6 2,2
30 3. 8 X 1.,0‘“’:I
40 B.5 X 1074
Eb,n, 20 10,0 T 107° ) 4o 0
“ 30 9.3 % wﬁ
40 8.7 X 107
Pz, 0 20 2.3 X 1077 2,0 6.7
276 20 2.0 ¥ 10°%
Bu,n, 15 3.36 ¥ 1072 .9 9.7
“ 20 3,10 % 1073
25 2,84 X 1073
Buyn, 20 3.20 % 1073 2.3 To'?
- 30 2.79 X 1073
40 2.43 X 1073
-1,

1. Keals moli°

2. calg.mols 2

dagree =
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sopface arena Ho bhe water, veaulbing In 8 smaller intevfaclal enexgy
change on micellisation.

. 164 264,
Phillips = ond Overbeak o awrived ob an equetion welablng AGH,

bhe sbandaxrd frae enevgy change per mole of monomex on micellisation, bo
the (MG

NGp = AHD - TASY =2 W laie
The expressicn is vallid so long as the monomer activiity cosgffielent
approximates vo wolby. é&&% may be obbtalned from plots of the logaribhn
of the MG va. hydrocarbon chain lengih (see Flgure 24) ag:s

dn MG = zx.c * consbant

where x ig the gradient of the line and ¢ is the numbsr of carbonm atons
in the alkyl chain,

dAE,
des

Foe the brapched-chaln deberpents a value of 0,97 K (508 calorles)

#

o 50

per methylene grovp vas obltained for the free enexgy change, compared

with .11 BT (644 calowles) per mebhylena group for the stralght chaln
dobargenta, The diffevence in bhe valusg fox the “wo types of compound
probably xeflects the diffewxences ln Inberxfacianl energy betweon breunched
and straight hydrocarbons end waber. The value of AGn depends on She
hydrophobe glone, and not on the nature of the vast of the detergent
molecule ~ as g borne oub by the pimilay resvlts obbained by obher workezms

143

on devergenta of varded molecular strucbure., Shinoda found a valve of

. : 265
L.09 RT psr mebhylene group for non-ionicss Stibger and Overbeek’™ " found

VL o

1.0 B¥ per methylense gréoup fov sodium alkyl sulphates; Hezmann ained
1.10 BT fox dimethyl alkyl oxides, The ewxitieal micelle concentrations

o . . 266 -
of brapched chain sodium sulphogucelinabes wvere highar then those of

thalr ahyadloehd chain smalospes: this was explained by the Fash that the
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Nombay of earvbon atoms in alkyl chain

FPlot of logarithm (GMG) vs. alkyl chain leogbh, £rom which

sbandord free onevgy was obtained (see texh).



Table XIL

Areag wper moleaoi)

lag alb alr-uabey iuberface

apd sueface bengs

iong _above CMG at 20°

Gompouod  Azen/melecule (B%)  Suwface T
G;tf‘. 3 70 3!»}0 3
Cang o2 35.0

Nanng, X 35.0
Boong T 33.6
PE’ ané 66 31 [} 7
BuEné ol 28.3
By yal 32,6

1. suvface teneion above (MC in dynes/cm.

3
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Lree enexgy decrvease due to aggregablon of a branched delergeni iz leass
whan thah Lfox a gtraight chaln one.

fAeaas per molecule were caleoulated for the delevgonts velng the
gimple form of the Gibbs® equation, in which setivivies vere weplacsd by
concentrabions. The liniting avess/molecule were obtained Tvom the
gradient, of the surface Tengion curve just prior to the GMC, avd bthe
values waried hetween 60 ond G0 §* With the exception of Meyn. thewe i
a general decreasa of limiting avea/molecule sg the hydvocazbon chain
length increages (zec Teble XIX), The aveas axs graater vhan tha
erogsp-gactional avea 0f ons hydyocarbon chain in the vase of the straight
chain gericas, and greater than two hydrocearbon chaing in the case of the
branched detewpgont pewleg. This iundicatesn, as has been suggested b@f@fe?z
that the polyoxyebhylene chain is the prineiple svsa~detexmining part of the
molaecule. Howevewr, 40 is obviows from the resultg that the hydrocarbon
influences the avea alse. A survey of obher worls on non-icnies shows the
game trend, This lsg emphasized pavtlcularly by the resulie for the
dodecyl ond hexadecyl serles of Lange and Rluworthy and Macfavlaene,vespech-

ively, which are shown in Table XI{IX

fable RLIL

?b'
Aranp/oleonle of Non-ionle Detergents 3

Gompound __ Aven(RY) __Gomponnd_Avea (RM)
Giomg 54 Gyghy 38
Gravy 59 Cighy 44
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The restlsp in Table XITT algo shoy the

o=

nerease im aven/molecule ot the

tivewater Interface wibth Incrsaslng glveol cheln length. This increass

rales ouh an exbeonded orienteblon of the PEG, and colling of this paxh of
tho molecule hap beek auggested, with the ecoily presvmed to increase in

croge-gentlon ag the uoabey of ebhylene onide snits Ancwveased. Tho

G
influence of the water of hydeabion is, no doubt, also Lelt., Crook et ol

EITIRS et foaty

5
S

A 8 2 E [y 5
obtoinsd a value of 2 3 8 fov tho oross—sne wwhioonl aren of ﬁ:ps ng .jy'i 1}'EO»§!C§=='“.

which, op the avea of o bonzens molesule is approximaely 25R% euggeshs
a porpendicnlar adsorption b the ounrface,

Az the dovergente shudled here wexe baesed on hemacxyethylene glyeol,
the infiucnce of the hydrophile may be considerad egual in all cases, Ao
the scarbon chain lengih i increased, the abtractlon bobween the chain
ineresses, vedueing the ersa/melecule. This abiractlon hetween bhe
hydrocavbon chains may, in some way, cange the PEG Lo olongete. I
Follows thet the arern per molecule of vhe branched detergemba will be
highew, bacause of the sphorter affective lenpth of thelr allkyl chalne at
the intewface, The valuo Jox Me i, might bave been expected vo be largen

1

bab &% ig possible bhat the Loy valve found for the arvea ab the luderface

.

i due b0 the compacl gtrucsture of the head gxoup, whieh allows s closer

packing ab the suxface at high suwlace presauzres. IV 1s posgliblo Ghat,

A.da

puder Ghese conditiong of high surface prespuxe the nolseules swe arzangod

-

as depilobed An Flgurs 2%,

From the sevfacs tension = concenbratlon cuxves and aregs per woloculc

.,‘ﬁ

18 vs. Tl curves were ecuastrusted {11 = surface pressure In dyuesfom and
in B2 o : .
A = prea pey molocule dn A%). Fxamples of these cwrves sve showa in

Piguras 26a and 26bh, dbove 10 dynes/en. surface pragnure, thega avre

m i' LS

asonably linsocw and may be e by an eguatlion of the typs,



5

Pigure 29s Possible arrangement of the hydrocarbon chalng
of Megyhe 8% the alv-vaber inierface ab high
surface pressuvesn; vesulting in lovy aveas pewr
molaewle.
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100,
WA = 4,) = conghant.
For surface pressuves above 2 dymes/cm the espsrimental veswlin wexs
repregenied hy an equation
([i=-To)a~ 25 = 6
where C is o consbant. The values of T, A, ond C ave given in Table
Xiv,

-".f.‘he Talues In Table XIV suggest that the $ilme are lignid expandaed,
alvhough the consbants for each aystem do nobt seem vo Lollow any trond.
.&dmmaaﬁ?%‘?;ﬁs stabed that A, and Ty ave essentislly empivical constenis and
that values of A, found in obher eystems bave been unexpectedly small
compared ho the aspace acbvally ccoupled by the molseuwles, Howewew, Ay »

268
which 48 tesmed %the Peo-area® in thought %o be the theowetical crosg-
sechbional awvsa of the adgorbed moleenle., Ay 38 20.5 33’” Lor a Lfabiy acid
in a condensed state. In noxmel condibions, and in Ghe present experimnenis
bhe molecules ave ¥t in this gtata., The values of Ay agaln sesn to
indicabe that the PEG chein is the meln doterminani of the area per
moleoules I this were nobt 80, one would expect eignificant differenceq
botuean the stralght aad bravnched chain detexmgents. The value for Mayng
ig again low, albhough it is pevhaps signifisant that ab gopstand surface
prapsure (W= 20 dypes/om.) the ares per molecule of Ma,m,, 18 grosten
than the avea oscupled by any obher compownd in the perles. (See Table XIV)

There ip evidence to suggest thab A, is higher in adsorbed solubls
£llme, as ve have hers, then in spread or in less-goluble adgoxrbad £llus.
P@'Fg,hi.ca%? hos vsed a waluwe of 31 2 for the co-ares of the lanryl sulphabo
lon, while Coolr and Tmlbo‘t‘gzgtggest a Llgure as high as 50 ﬁf’ Gﬁal-:bainzﬂ'
suggested that the veasotn Lov the large co-avea 1s the colling of the

ydrocarbon and ibn exbension Anto The agueocvs phase. This tepdemey will
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Suzface, Propsure, aka

Daboergans G ~Tio. da (33) A gt T= 20 dynas/on.
Gaitg, T2h 0,7 &5 8
Cod, 938 0.9 20 %
Mooty 1520 5,0 20 &4,
Bhaty, 99 7.0 45 e2
Pryng, 1192 3.2 35 82
Briiag, L40 Lod 40 70

1. dyves/om,



Inerenss of tha chain lengbh Iucresssgy this might well sxplain the
highay co-areas of The straisghi cheln delergenta GAné and (g compa R R
Bo bhat of Moot o

The conghant Tl 1 & weasure of the attracticn bebween tha hydxo-
carhon chaing at bhe inbexface; volues of betusen 1~10 dyneafem Tor o

o 272
o 8 bn? onain have been rvepovbed,

Oy chain and -22 dynes/em.
The wvalues for G/nr and C(a,, bowsver, ave amall (0.7 and 0.9 ﬂyn@s/am
ragpectively) and -, decreagen with inereasing chalnlemgih in the
branched sexles. More exach Intexpretatlons of ﬁnﬂae repulbs requlies a
wore Getalled dnvestigabion of the avess per molecule and Ghelrvardaticn

wibh surface prosEule.

Bxact Fowxm of the Glbbhis Fauvablon

In tha'ﬁyﬁﬁem@ Yaong and Gémé bhe eoeblvity coefflelenis of the soluis
avg nebh palty, and 1t is thsrofore nobt permissible to gubsbiivbe cobesnbrah~
jon fop achivity. The omaet values of actlviiy and actlvity coeffliclepnia
of thopa deievgonts hovs bsen determined fron vapour pressure mearRremeits
(980 Seotion 4), aad vhese were subsbituted in the oxsot forxm of bhe
Gdbba' eqguation,

-y

B 20303 BT d degleg

~ oLt ay

awnd the limiting aves for G n,ond Me_n, weibg this wera found to dilffex

&0 20
plgnificantly from Hhose determined without the activitiss, The 1limibing

-

Zh

aven/molocule for Monng was raised fxom OL 2 o 5 A and fox Gﬁnf £rom
3% e G2 ﬁma The erwor entalled dn the naglech of actlvitleg In the
Biong is in bhe order of 0.4% in the calculatlon of 4 leg ¢, and the
ragltling error dAn A ig well within ths licits of sxpewimental erzoz.
the effect of the covrected values of aren on the W A plet of Me.n,

Allogbroted dn Flgure 26¢.
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locule of bhe dolergenss ave plodied gs a

In Flgure 27 the cwveas per mo
Tunehblion of hydrocarbon chaln lengih, uslag the wevised walues of A Lep

he GA detorgonba, The low value of Mapné ghill o evldent, and the

sxplopation pub forwverd before still holds,

LThe Themmodynenicn of Wicelle Foymation, Pazh ¥

In the Xutroduction o review of the published work on the thexmodynamles

of nleellisation @? nopeilonle detorgents wasg glven. This dincusplon of
the enthalyy and entropy wvesulis {(Table XT) will be divided lnto two pardhs.
Thig gection will desl with the resulis obieinsd From the suwrfoce Henslou

plotg, and the pecond perd wlll discuss the regulba in the Light of

hydrabion changes on micelle formatileon as asaeaged by vopour prepasuka and

vigcosity messurementa., Part IT is incloded in the lagh section of the

whesls.
micelle formatlon were celouleted ascovding
4 f‘.{.

twljevie and Pebhlen 3

2 {4 IntMG

u.wR’}?pi. AT TR TR T

The beats and entyoples of

w0 the equatlong of M

™
Bl
J

3

:

HU ar o

A8, = Al /7,

The resulis ave ldsted along with the CMO daba in Table HI.

Inorense in alkyl chaln Jengbh for a constant PEG chalin resulied in

an inereags in Al and AS.., In both ebraight and branched-chain series.

Popitive valuas of AS, have been sugpested to be dus o the loge of the

"icenargs? or “clusters’ of water arvowund the hydrecarbon chalns on micells

forwoblon, The present restlig gseen to beay this cub. The bravehed
aablon, vhich

choin componnds bhad lower enbrepies and exthalples of mieelld

may be explained by the ewnller area of 1y&rumn1bmn gurface which these
comptunds preseut B0 the water.  Thers ave, howsved, many factors ab work.
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Dno can ligh the changes resulbing in positive ov negabive entropy chavges
on mieollisation thus:

‘Yo _onbropy chanse «7e_enbiropy, changa

1o lozs of wabew gtvuchbuve 1. Increased solvation of PUG

2. oxbensicn of hydroecarbon 2. contractlon of hydrocavbon
chain anain

3. extenaion of PEG chain 3. coubraecbion of FEG chain,

4. Gagolvabion of PLG chaln

Mony of these factowrs Gppose one anobher. MBension of the polyoxyebhylene
chaln (+ve AS) lends 1o increassd mleellar hydwetion {(oveAf)s The neb
contribubion of the PEG chain in many ceages Lo negabives Asm for

Buang Lo 7.7 ealories mola * c}egmgful whewens Bhet of Beyng ig 9.7 calorles
nole™* dagsfeca“’m;

The hydrocarbon chaing of debergents ave highly conbracbed in sqQueols
fmlmf*,:l@n%w and vould be expacted o extend when placed in the nsu-agusers
nicelle inberior. The contractlon of the PEG would nob bo axpectoed to
alter much as iun bhoth monomexis and micellar sbates its onviremment is
agueous, In the branched serles the configuwabional, changss will be lsas
then dn the sbralght chain series, for gama tobal Corbon atoms end it pocmn
Peasonable o puppose that the weterw gbructuring and hydrobtion chenges
aceound Lo the lager part of vhe heat and enbropy effects, Wishnia
ghoved that bthe eubropy change in transfexving pebibane from agueons
golubion into a 1igquid alken vhase (equivalent to amicellisation) le

. s::“ "-’"1 2 s
23 calorles degros™ moles A8 ANSy Tor Gng ls 2.7 calerles mole 2

5*'@531’63&?1 sonsiderable oxder producing chenges must be operating in the

trangition of a2 monomar into 8 wicelle. Ineveaged solvation of the
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polyoxyethylens chain would resulh in o negetivae enbropy chenge.
Thig in lavesbigseted in pections 2 and 4.
The calormotele data of Goxklll and hig co-workers shou lavge eniropy

o3,

* = 031 )
valves » in the order 0f +30 caleries mole d@@?@@ol These reprosent ©

the eubtropy change ASY) which results from the transition of the hydrobed
menomar in the hypotheitical state éﬁg = 1) inbo the miecelis. The
difference botuween A andlf, ils represented by AS g4, bhe entropy of
dilubion frxom Np = L %o Mo = (MG, 4As Thip is a mixing process the enbzopy
change 18 popitlve,

Values of AG® ave glven in Teble XV. Bacange of the low ewitical
micelle concenbtration of Prong, Bupiy and Bugngiﬁ.ia quite legliimate Lo
plase Ay = ABY  Using the values of AGY and AHp, thevefore, it is
possible to calenlate the covresponding valuves of AS? Tor these detergenta,

These ave for Prang, AS® = 22,3 ealovies mola™> degres™s Bugng 29,2

.

and fox Bugng, 87.2 calories mola=t degma@“ln

calories Y degrae
The magnitvde of the values of pome oxdexr as thoge derived calormebrle—
ally by Coxkill o al.0' Dobh AS® and ASy follow the same trend of
inereasing wibh inorvessing alkyld chain lengbh, Tha seme trend is evidend
in the serisa Cgug - Qlemé and the recent resulis of Banjaminléﬁ for the
nop-ionle dimethyl p-slkylomine oxides seem to cmnfiim'ﬁhese rosrlis.
{(Dinethyl Gaﬁﬂﬂ A = 25.23 DGlQA@ giﬁg = 28,4 calovies mole ™t ﬁ@gr@@ml
Diyph® ASY = 29,2 calories mols™ dogree™ )

X% must be concluded, theoxvefore, thet asg hobb calvrmebric snd other

deta  indicabe an increasing eutropy chenge on mleelllisation asg a serled

Thip should be congldered as an array of hydreted monomers with no
Ufvea? waber available,



Toble XV

SATLELAITA NS

Tree Eneigy Changes on Micelle
Foxmabion

3.
Dobergent CMC {(Mole femction) AGE

Gyny,  Redd X 2077 o 37

Gy L.33 X 2077 =319

.&iﬁﬂa‘.ﬂb ..§~;,» 6}:, X J,..{) ‘“’}..c,n _:}3;.

Eiyng  1.79 % 3207 w3015
o o

?2?@&@ 4o ll:\, x> e H4

Bi,ng 6,09 X 1070 5+65

Bughg 5076 X 3107° 5o 68

. wed,
L. Xeals. mole 7. The moxe oxach form
of sguabion ig nsed for the Lirsh fouv
debergents viws

A = B b oug + o)
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is apconded the positive enbropy change s due Lo the lops of wetew
ghructuwe avound the alkyl chalns of the mopomers. Thia would agree

with the smaller onbropy change obbained when a branched-hydrocarbon

chain dotorgent micelllimea couparad with the change fomnd wilbh ity stzaight
Tho differancs belbween branched-cheln snd gbreight-chaln

chaln analogus.

n

anbropy offecks iv illustrabed in Mpuwse 27a.

EEnERa RS A D T RotTTR T
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Section 3

LIGHT~SCATTERTNG AND VISCOSITY
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Taeght Seqitberine and Viscosivy Studles

[}E 2,

This gectlon deseribes the luvesbigatlon of micellar size and hydvation
by light scatiering eud viscoalby bechnignes.

Appazatus_and Methoda

The Iicht Scaitering Phobomelors The Light scatbering photometer used in
- . - 274 -
this work has been described by MeInbosh’s '™  Light from a 250 wabh mereucy

vapour lamp (Osram ME/D) passed through an optical gystem of pliits and
lensoa, the green lime (54618) being isolated by mesms of an inbarference
filter snd a neodymium glags which removed all trace of yellow light.
The beam wag collimabed befors veaching the cell by means of two 2 x 25mm
8live, 32cma apart, and the wesguliting hesm passing through the cell meesered
2 % R6mm,

To minimice lamp intenelty flucbuations, the light souvee puover
wag sbabilised by an “Advanse® Volistat voltage contwol,

The Lighv peattered was recolved by an oleven sbage phobonulbiplies
(1L tuba, bype 6097 B) and the signal was recovded by a 4'Avsonval
galvanometes and a 50cm, scale. Voltege was aupplled to the ?h@t@mmlﬁiplier
through two power wits (Sleomens Bdiswan, type R 1184) in sevies, and the
total outpub was resbricted to 1500 volige. Ab higher volbages daxlk currens
effacts from the photomulbipliey made resadings dlfTicult to obtaln,

The 1ight reéching the phovomultiplier pessed through two 3 x» 10am siits,
8em apaxrb to ensuve the correet viewing of the beam, The photoumnliiplies
andt was mounted on a tufnol arm, pivoted benmeath the centre of tha cell,

allowing & emoobh wovement of the vnit avound the cell. (Figuve 28)
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Thae gedl was made from o golld eylinder of brops vwhieh had buwe pavallel
Flattened faces to ascomedaite The windows thyreugh which the ineldent beam
passed, These windous were mude Prom microscope slide glass (lmm thick},
und the curved viewing windows from vebing havipg ithe same curvstuve as the

cell, The broad window allowed vesdings to be made at 435° and 135Y to the

ineldsnt beam S0 obbain 245 values. (Flgure 29)

Thermostatting of the cell was earried owl by passling water from &
conbrolled bemperature bath throvgh a series of chumnels drllled in the sell
wallg. The enbire cell was blockened by the Relomol process. The windows
vere gttached by "lraldite" mesin. The cell capaciiy was aboui ASula,

Duet was removed from golublong by three successive L1lérabloneg through
a "HMillipowe™ filber, weing filter membrane of mean ﬁora dlanater 0.45 Jio
Glagsware apd cells veve waéhed and deled in a styeam of agebone vapour,
caxre being taken to exclude dugh, The solubion was first filteved inbo a
clean flask, bhen veflliered, and filteved a thlerd time ivto the eell, the
the Flreb few mleg. being used to ringe the cell and then discarded. A
blackened lid prevented ac@ésn of dust to bthe cell during nesabrenents.,

Deternination of Melecular HWaeleht

The three prinelpal factors to be measured In bhe deterqination of
moleculay velght by lighl sestiering ave 1} The spscific refractive ilndex
increnent , 2) the depolarisetion of the sestbered Light and 3) the Rayleigh
vatie o Lturbldity.

Specific RNofrsctive Index In@ar@memtﬁ_dg/dc s Thig mast be detevmined

EEvcr)

precisely aa 4% appears as n gquared term luv the optlaesl constant, Ho

Meaguremenhs weve thus carried oub in a Rayleigh interfevenca Refvactomster

with lem. eslls (Oilger nnd Wabtt, type M 154) the ¢ells heing themmostatied
'iﬁ'

to the degired bempsratire * Q.0L7, The Ligh% souwree was a "Polntolited

Ry
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lamp, the 1ight pagsing through filters similar o Lhose in the light scetierer,
dolubiong were compared wilth solvent or anothew mclution of kuown
coneentrstion, ag the concentration difference had o be less than 2%,  This

enabled the zero-opder band to be located with ease, and fsciliteted the

%

L, - - ‘7§
connting of banda. The method used follows the procedurs of Bauew eh alg

With solvent in both half-cells the zero yeading was obbained by
maphehing the zero order band of the wpper and lower patiterng, usivg white light
and ingerting £iliters before final adjustment, One of the coumpaztmente of
the cell was £illed with golubticon and the hands were approximeitely mabtched
with white Llight, and accurately with fillters, to give ».  The micrometer
wag reburited vheough F complebe bands vatil the reglon of ¥y wag appreached,
and the bandapatterns mebched exactly ab #f.

o

The seale reading equivalent to L band = ' F M

The fraction of a band beluween ¥ and », = et = ¢
& TP

The toval ntmber of bands r@émltimg from the refractive index diffevencs,
du, g P+ £ = AP
sdnee bhe refractive index difference ls glven by

By = my = Q‘%} PaN
A = the wavelength of light in ems., and ¢ ip vhe opbicsl pabh of the cell
in cms.

W = g6y 1 1070 LF

ey

“de 38
vhove e is the solube concenbmablion dlfference botwesn the half-cells in g./wl,

Nepolarisations vore obbtainsd by lsslebing and measuring the hozigonbally and
A255E : A ) ) )

vertleslly polarised componends of bhe scattered light by Inserting a polarcid

dige, oub with ong edge pawallsl to one axis of trensmloslon, In the path of
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bhe seabberad light. The solvent contmibubion do hobh horisonbal and
versienl compovenhsd wap subbracted from these valves.

The horisonbal (Ho ) and verbieal (Vs ) componento of the lighdh scatiexad
by a molubion of concenbration o wevae moaguved with mefowvence o the verbleal
component of Aight coabbered by the standard pevspen Bloak (Th). Hnllaw
mpaourenents vere wade ou golntions of coneenviublon oy and the depoleorisabion

Fa6lo, M was obiained from

- N8 He, g = M8 Vo

s Vo b ¥h
In the present study no corvechions for depolaviseblion wexe applied
hacauga of the gwall valuas of A aund bthe lueccurasy of bHhe valuen,

Measuvenanth of Moleowley Walshba

LR} J il @ I3 n
The Yight geabbowed ab 907, 39 0° wao mansnvaed wibth refezcuge %o a

gvandard perepex block, and bthe Surbidity, T, enlenlated by means of the

gatibvatlon faghor, G

T =06 Hgg/s = Gugy = 2.303 D/

vhave D = opbisal densliy, L = path length. A valus of G = 2,71 X 107 g

274, 274,

obbained for the appavatnd. The pwoceduva has been deseriliad by Melmbosiy

. o 3 s e ] 2, 3 £
axd by Meefarlaus. 3 Twonsy ILudeox solublons vere used in the ealibpation of

the Inshrument vo obteln O ab mewe vurbidiity, cccokding to Mpxon and Low's

25" : By . oy ﬂ;
7 T o= S% X 2.%L X 10 'f“@rn 4

procedure
The degres of accurney In wolocular welght deborminatlon by light.

bt s P 3 e 50 250y L w2 hahdaan:

seabiboriug haa been sbabed veriovgly to ba * 5% (Stacey™ ), + 7% (Beobinason

ond Savadoxe”™ ') and & 10F for solublons of noneionie debergenbs (Blwvorbhy

L 3 - LY L3
and Mocfarlane ). The ersor in measuving deborgent solubions o doubbless



accertuated by bhe dlfficuldy dn removing the lagh traces of dugw from

these golublons.
The songentraticn of e solution afler Liliretion wes cheched uslng
gsandard graphs of concentration ageinst vefractive index, and an Abba
refrachometer for concentrsted solutions snd & Hilger-Rayleigh inbtezferometern
for dilute soludlong, Come angle correctlons were applied o 3

a0

neagurement 3,88 these were significant in the more eoncentreited solubionss

fo .?;U‘:HE; n ?
&, w5 ; oy
90 20 Lo

refractive index of the gsoluviion and Ry, = pagfrective inderx of solvent.

et
=
I

Micellayr weights vere caleulated using Deolyw’s equebions

B {@ == @aﬂ} 1 .
T = =+ 2B{e - ¢}
Q i '\g.!g,,. E‘Pl%] =

in which T is the turbidity ab concexmtration o snd Ty the turbidity ab o,
whieh ig the concentration gorrasponding te the (MG, The obserwved Jdisymaebzis
were all In the meglon of 1 = L.04 Jndiesting thet no dimension of the
nicelles euceeded A/20, The mleellar welightse were obboined Ffrom piotd

ne wesiprocal of

=3

of Hie = ey} / {T="TT.) w8, (e - o} ab {¢ - e}
Hie - @M)?

the intercept, Ty =5
i b/ mmrmh¢@

the seecond virvial coefficient B.

glves My, the slope of the phot gilving

Visgoslty Mensuremsuhp vere made in o suspended level dilution wiscomaterw

. a . a0 - . " o
b temperatures controlled to 2 Q017 Por nom-nicellar solutions e,

A

was the wiseogity relative Lo water, With debergent solutions i, vez the
Bime of flow melative ﬁn the time of flow al the GHGA The vigeoslly of
the micellar specles wes thus obtaiwed, and the intercepd Eﬁ? obtalned from
plote of Mg/ (6 = cglo

Regulbs, The light scatbering results for C ﬂG are given as a plot of Sgg

va, concentration in Figure 30, The breal in the plot corregpond Lo the CGMG.
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It is seen tlist a maxilmurlii occurs in the curves, the turbidity decreasing
with increasing concentration above this pointe Similar effects have been
found by Coi'klll and Herrraann™" in solutions of the noii-ionlc dimethyl
dodcylawlns oxide, which they explains on the basis of X-rey date, to be
due to steric interference between the micelles* In a 4-00 w/w solution
which ia approximstoly the concentration at which the turbidity uiaxiniim of
the aystem occurs, the hydrated micelles occupy approxlmotoly 70% of
the total volume of aolutiono Close«pseked spheres occupy of the voluae
of Q conteinero Preaumably this interference results in the decrease in
scattered light at high concentrations in these systems. For the calculation
of micellar weighty, the part of the T - ¢ curve between the (OMC and the
nexiniuiD vac usedo

The concentration graphii for the other compounds are con%-entional
end are shown in Figures 31 and 3%. The resu].ts are summarised in Table XYI

The first member of both straight and branched chain series and

have low aggregation numbers and the "micelles" forced these
detergent# ore sxtrremaly small and probably represent only Loose aggregotioni?
of monomerSo  Ac the alkyl chyiins ore lengthened the micsllar weights and
the aggregation numbers increase, Differences between straight end branched
series are however, not marked although the latter appears to form slightly
larger aggregations,

The obseri/ed oiicellar weight of Ggo" at (13,300) agrees wall with
thet found by Goodman et oio at JS*C (12,SCO).

Increase In aggregation number occureo with increase in temperature

(15~ * 2570) in EupU" solution-, bat the system could not be inveertlgeted at

higher temperatures because of Itj; low cloud point (2770).



Xable IV

Light-Scabbering Reaulis

Compound dn/fdc fie M Pemp.®C  Mpprepation no.
¥ ' 0, Q. 134 0,0611 1,200 20 A
Gémé 0.132 0.0649 4,800 20 i3
G 0.130 0.0593 13,300 20 34
Mepné 0,135 0,0697 1,500 20 “v,
E’ba e 0,133 00,0433 4, 970 20 14
Fr2n6 0.133 00,0319 15,900 20 40
Buyng 0.132 0.0420 22,000 15 53
Bu?n-() O [ 132 0 © 0@56 26 k] 700 2'0 69
Bugng 0.132 0.0561 38,200 25 oL
an/de in nl/gs L = depolarigation - M = miecellar welght Z 45 values

vere in the reglon of 1.00 to L.04.




2;«»:

Eagnq Pormp micelles ab 2090 with fever monomers (65) than does Bugué at
20° (69) ap would be expected by the move hydroph#lic chavacter of the former
compound,

(MG debermined from Light gcattering {C,) are compared with (MCla
found from surface tension (Co) and interferomebyry in Table XVIL,
The interfercmetric method of debermining CMG, from the chaunge in alope of
refractive index with conceuntratlon, nas been deseribed by Donbrow and
2T L —
Jan In systemz wiih low eggregation numbers the method is insufficiently
aceurate as the change slope above the CHMO in of%en hardly dJdiscornabls,
This was so In the case of MﬁgﬂG and Cpug.o Where the CMC ie high the specific
refractive index -dncervement hag to be measured against another golution
and further ingceuvracles are thus lnbtroduced, in gystems with extremely
low CMG's, on the other hand, it Is difficull to obisin readings below the CMC
and adsorbition of detergeat on to the cell walls can resull in anomalouns
yeadingg%?a

In wost cages agreement: beiween (¢ and Co is mood and in no case does
any discrepancy approach the reglon of "several times® asn veported for the
13

hexadecane gerlesy”  The larger concentration has in the past bsen

found to be G . & has beer suggested by Dalmbra gt gl. that this is dus
Lo & sgecond gonoclablon limit.  Althongh the differences bheltwsen G and (o
in this series are nol greab it may be theh ¢ euveeds Co signlficently as
the hydrocarhon chaln increasses, and the xesulis show a tendensy in This
dlvection although, beeause €y ia asubject to a signifiecast ecrror; no yesl
conclugicns ecan ée drawn at This stages

Viascoslty regults ave glven as plots of ?k@ﬁﬁ = Co) vB. G - (o

{(Piguves 35 and 36) for the micellay systews., Systems with high (IC te

oxhibited ¢ bresk in relative wiscogity - concenbration plets ab CMC (Figurae 27



fable FVIL

Cribical Mlecelle Gonsentrations (Moles/litve)

o o) . ) Talug
Gompound ~ Temp."¢ 8.1 Value (Cy) e Value (Gp) Interfovomebrle
G,z;.*":é 20 7.9 x 1074 5,9 X 107k
6656 20 T4 X 107% 8.56 % 1072 9.4 X 1072
Ggng 20 2.0 X 1072 Lo45 X 1072 1.0 X 1077
Meyng 20 9,1 % 107% 10.6 X 10°*
B0, 20 1.0 X 107t 0.8 % 107k 1.0 % 1o~*
Pr,yn, 20 2.3 X 107? 2,28 % 1072
Buym, 15 3.36 X 107 3.50 X 1073
20 3,10 X 1072 3,50 X 1073
25 3,00 X 107 3,40 X 2072

By, 20 3,20 X 1077 40 X 1073
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For the determinetion of micellar characterigtics M, was calenlated
relative Lo the soletion ab the CMC and W wam obtalned from this value,
tly » “he bydration in gio/gn of detergent wes evelusted assuming micellew
gphexrieity from,

al = . o

uhore [ iﬂ(ﬂéf%% and V, = gpecific wolume of the solute and V;° the

T g g 20
specific volumme of the solvent., In Table XVIII, h is the number of water

woleculen associated with esch monomer in the wicelle, The Sisha shape
factor, ¥ , and exial ratiog for prolate ellipsolds are listed and derived
on the assumption thet the deviatlon of fﬂ]ﬁ@@m 2,5 was due L0 apyanebry
and not hydretion, In Teble XVIIY there are, therefore, values of maximum
hydration and maximum asymmebiy.

The Intrinsic vigceogiiysof Brgmé at 209 and 25@ were 5,41 and 7,98
rappectively, and the vesullg ave discussed latew,

Huggine consbantas, Ky, wers derlved from viscosity plots uslng the
relationship,

I I )

whove Mgp and [ ave the volues vecorded in Table XVIIT x 1077 ag G is
in this cese gn/100mls, These walues ave lisbed im Table XTI

The high critical micelles concentrations of the Q4 and Gg detergenis
has allowed viscosilty mensurements 40 be made on premicellar solutions
Lo debermine hydration, These results ave glven in Table XX and way be
sompared with the viscosity reauwite of three glycol solutions in Table XXI1,
Dlecusglon

RBecauvse of the small slze of the micelles in this serles, light scatiering
gives no indiestion of micellar shapeg Z,5 values were all close to wndty.

Baefors discussing micellar stroeture we thus heve to deeide which micelles



Table YVLTT

Daevarrent Viscoaity Resulibe

Dompound__ Temp. 9 i} th no o a/b
Cong 20 3040 043 T3 3.65 2.95
Gug 20 5RO 0.7 13.9  4o38 3,72
Cgng 20 570 0,89 18 46 4210

Mﬂzné 20 bo b9 0,84 15.8 bioTL 4o 05
Ente 20 &e 08 0.88 17,8 Lol 4008
Px’zné 20 5032 .12 Rbe b 529 4056
5‘5‘2‘-’-‘5 11.5 &0 02 0.49 13.8 3.95
| 5 4016 0,64, Lha 409
1762 4030 0,71 16.6 $o22
Bugng 20 b kdy 0.63 19.4 4o 06 2.41
25 o 40 074, 22.8 b 37 3.72

Cong did nob form wicelles in aqueous soluvbion over the concentration rangs
studied (up %o 3 molal).
Lo« in g. water per go detevgent. 2. no. of water molecules per monomsw.
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CRAA T

Hugping Gongtanhs

gpqumnd »Tempa Kg" Gompound Tomp. KH
Gone 20 2.7 Buot, 11,5 3.6
G&pé 20 Lol % 5.0 3.8
Geig 20 0.3 " 172 3.9
M, i, 20 2.8 o 19,0 500
R0 20 0.3 o 20 1.6
Pron, 20 1.3 “ 25 7.3
Bu, g 20 202 Bmzmg 25 302




R T, R AN

Dehergent  Temn. °0 Eﬂm : téﬁ' B
Mag g, 20 3025 0.35 0o5
Bt 1, 20 3.30 0.34 6,85
Gyt 20 Bo40 0s43 7.3
G0 20 3026 0.35 6.5

1, g. water pey g. devergent, assuming ephopleity of unlis
in golubion,

fable RXL

Glyeod Viscogliy Daba

L
113
it it

2

Qlyeol  Temp, °C il W h Ja? o p/b
Hoxaged. 20 3.2 0,38 6 (6.9) 3,61 2,90
30 3011 0.38 5.5 (3.8)  3.49 2,79

Honagol, 20 341 0.48 11,0 (IR.8)  3.85 3.18
30 3,28 QudR 9.7 370 3,02

Dodacagol 20 3,60  0.56 17,0 (18,7} AN Fodd.

Values of kb in brackets (h') weve oblalped using the welationship,

log Qe ® A-c/(I-Q%¢) vhove Q' = QV is an arbitracy consbant. V is

the molar volume of golube inecluding any water of hydratlion,

A = 2.5Y/2.303.

1. Calevlated assuming sphewleliy 2+ caleulated sssuming no hydrablon,
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axe gywemebrical and which micelles ave not on other avidense avallable.

22

Previoug work by Blworthy and MeDonald™™ on the hexodecyl series

916n79 Gygitg and Glémg has given some elues 83 to how ome may debect sggymmevEy.
In this series micellar agymmebry developed as the temperaturs was valsed

above a sertain threshold tempervature, Ty, , gpecific for cach sysbem.  Sysbems
with asymmebric micelles gave lavge viscosity lntercepts., Caleulabion of

the Hoggins consbanta from the vesults of Elworithy and M@Donal&Bz ghousd bhab,
in the region of Tp, Wy increased greabtly. Table XXIL contalns some values
for the hexsdecare series. It ig ovident from these valuss that when
agymnebric micelles abs presemt there is & lawge Huggins Constant. For

polid, uvncharged spheves Kﬁ ig approximately 2.0, both in theoxy and in

2['&:? 9 2’79

practice. iy valuss above shoubt 6 are duve t0 two-dimensionally

n 207
axpanded pazbicies, 7 280 2oy

Alexander and Grey., example, obtained a
Hugping congtant of 10 for fiat aluminium soap micelles,

From Table XI¥ it ean be seen that only Busng ab 1@@9 20° and 25° has
large K valuea (11.3, 7.3 at 20° ang 25° respectively), the values ab lower
bemperatures belng in the region of 3.8, From thisz one way bentablvely
conalede thab asymmebzy is present ab 20° apd gﬁoa

There ie other evidence. The viscosity intevcept of Bu,n, ab 207 ig
gyaator than that of Buamg at, the some bemperabire. A8 micellar hydration
increases with PEG chain length, 1% seems likely that whe greater Inmbwinale
vigcosity of Bupng mash be abbrlbubed to micellar asymmetry,

A thizd indlcation of asymmedry i given by the sign of the second virial
coefficient, B. Ib has bsen found bthat, as the temperabvre lum non-ionie
debergent systens was radsed, B decreased and became negabive wien asymmebrie

22,77,

micellss wore preosent. There may be regeyvations aboub wsing the valve



Toble XEIT

SRR R T ST,

Hugping Gongbantg of the Hexadecyl Sories

Gompovnd  Tewp.-G 25 35 48 50 85 59.8 65
@ﬁﬁ 0.043 0,045 0,047 0.06 0.10L 0,387 0,35
Ky 2.6 1.9 3.7 3.7 19,5 10.9 5.3
. Gemee gpherdeal - memaos QEYARELILE cmmoed
Temnp. °¢ i 25 25 38 40 b3
4] 0,036 0,038 0,042 0,059 0,085 0,22
3.0 2.8 19.3 3.8 27,0 7.2

Au Constont Temperaburve

(25°
Compound Huppins Congtbond
6163?2 1, 1.39 (spherical)
Cetomacrogel  1.52 "
1000
Gy 2y 1.70 o
cléng Eu ] ?G 1

Grgthy 34030 (apymmetrical)




of B as an indicabion of asymmebiy, eg o wod-ghaped molecule hap a highew
second vizial coefficlent then o sphewical particle of the game volume,
The sibunbion ls different in non-ionic gystems, however, as factevs obhewr
than the excluded volume affech the chemical pobenbial of the &@1&%5022
Hevervhelearn, on a purely ewpivical basis, nepgetive values of B ean 08
conpelated with the sxisbevse of asymnebyicul micelleg. In bthe promonh
pories, ag the hydrophobs is leugthened, B dsozcases and is negabive Ffow

Bughyg ab 20%and 25° (Figure 34),

From the above azguments 1t ssema iikely tha® Bu,ngfozms aseymmetrie
micalles ab 20° end 25% .  There s o possdbllidy thet Pryn, micelles ab
20%are on the hovderline of beconing agymmetrie, fox this sysbem hes a
alightly negative sesond virdal coefficient - bub b has 2 lov Huggins
congbonb. The valivs of B ig subject to conmsiderable experimental error,

and, beranse of thls, no speclfic values are guoted. Tn view of this the

=

micallea of Peong and of the remeinder of the serles, excepd Buymg  ebove
$18.5%C, ave likely to be spherical.
Sphordeal Migelles

Av 20%C the wicellaw sgpregation auwnbey incveases eas the hydrocavhon
ghain is lengbheped, for o cousbawnt polyoxysthylome chaln length, In order
%0 galin forther dngight luvo bhe stvuctura of bhe micellae, wes of o wodel
gant ke Ingbructive. Eoowlng the eggregetion numbsy from light-acabboring
and bhe Jdensiby of the alkane portion of bthe molecule, one can debermine
the radivng of the hydrocavbon interlor of the micells (?&) 42 it is assuvmed

o be diovid. There is nuch aviderce o besr ovd this assumption,
q Iy

3 gy -
z, = ; {molectler volume of alkane) X 3

AY égg-ﬁ
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The total volume of the micella (V) was calewlated by adding the total
volume of the debergent monomers and the Soval volume of hydvablng waber,

the latter being deduced from Table XVITIL,

e . 3
Vintor = B XnX30R
v&eﬁgke = o X molecular volume of monomer,
Vateelle © Vymter ?ﬂetaﬁg@nt

md  w = jf§T§;?Fz§?
The madial lengbh occupied by the glycol chain (Té) may be obbained from
X, F oE, 0 ®y

This fs a vory sluple model, but one whigh secems %o be useful in explaining
wicellar bahaviouwr. The dinengions caleulated agcording to the model ave
eollected in Table XXITIL,

The figures (Table XXIIL) show that an increase in aggregsiion number
io aceompanied by an Increasse in the radial lenglth cecupied by the
polyoxyethylene chain (et constent temperature), This is the vame brend

13

ag was noted in the hexadesyl series,”™ whieh ves explained on sbevic
grownds when laxge numbers of monomers had o be packed into a gpheviesl
shapea.

The aves per monomer ab the hydrocarbon surface of the micelle was
calenlobed by dividing the surface svea of the miceller inberior by the
aggragation number, The area is seen o decrease with incressing
aggrogation number -~ agaln emphasising the packing eoffeet. Constriction
of tha monomer forces the glycol ehain to expané in the micelle, r, 48
6,73 & in Bt ne wicelles and 9.82 £ in Pryy micelles. Ab the air/water
inbewfoee the area per monomer was gehexally greatver for the branchsd-chaln

detergents, bub the differcucesare lost iv the mieslle ~ whish would appear

to suggest bthe fluld nature of the micelle interior,



Miceller Volvumes, Hadil a ag.;::‘

XXc!

!Hn—b-.

{,EWZ

g JEETL_

A Sueface Avens for Sphevienl Miselles {?G@)

A
302 L A 1 &ma/m@mm;f { )

Gompound  Wa X 30°(a7) By By B Fmen, ‘fyggggg §§’m 3i0/6,0

G&ﬂé 3 [+) 3»5 @a ?EL 5 [ 35 *?C'o 36 9.;0 890 9 {T;}i

Cehg 15,02 15,27 8,70 6.57 30 732 G2
Mosug loo OF 990 5040 4050 20.5 Nob 75
Ea}g% 3.6 93.6 :E.fj 968 8 o ‘:,’)5 66 ‘?3 30 06 ?3—0 9 ?F?
PE’EQ{.’ Ejlﬁ. o % 293 o 59 13 o 7‘? ‘% 82 é&g&n 53 5@@ 6 (’36
Bugng (15763.99 24,81 15,81 9,00 40,9
Bi;*,qmg ﬂ&g <] G&? g?e 6 l?a 03} 3,00 5‘? 310 Es 56 °© 0 ?3‘

o Fmax. 48 the porcenbage of the exbtendsd schain lengbh of glycol, based

m; 22,0 & for heusgol
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&t has been proposed bafore”°8 3

that the PEG chain is most likely
arvenged as an expanding spival in the micells, and thils arvangement would
be conslatent with bhe presént resulis, ab least og far ag the spherienl
micelles eve concexied. For the pmaller aggregaben of G&?ﬁ and Mﬁa 4
another awrmngamen$ of the monomers is pogsible, Ewemination of
molecular models ghows that 4 or § monomers can be arvanged with the
polyoxyethylene glyaol chaln wrapped arownd the hydrocarbon chalns, ap
deplcbed in Yiguve 38, The width of on extended PEG chain is 4.3 - 4.5 &
(Catalin wodels), This £igure agrees well with the values of ¥, quobted
in Table XXITY for Magng and Cang aggréga@ean The exbtended length of a
mononer of Meone i 7.0 £ Two of bhese monomers, ploced end %o ond can
civeamgeribs a spherical hydrosarbon loberior of radiuve 504 B, S0 one
cak picture thess emall aggregetes aes baing rather leass ordered tham the
lavger micelles, with the PEG choln nob in a gpival form bub vather drapad
around the hydwrophobe. The valuss of vy, e and ¥y, in any case, seon
o be guite reallistie.

ngé 4id not form wicelles dn aqueous golution over the concentrabtion
range sbudied, which was up vo 408 v/,

The micelles appear to be héavily hydeated, the hydration incwesslng
with incpeasing aggregatilon number and extension of the glyeol chain, the
labber wresulbing in an incroased cepaciby for the physical itrapping of waber
woleenlen, The wesulis in Tables XX and XXI on the glyeol and wmonomnsrs
Indicabe thet thehydsation of these uwnilts is much lower - in the veoglon of
6 - 7 wvater molecules per wonomer., Thim is borne oul by the hydration
nomber of 7.3 Tov Gpng. It appeawrs that the glycol chein is hydrated
along ite length, and that the atbachiment of an allkyl grovp 4o one ond doen

not decyvease vthe hydration, In inberpretving the resulis for bobth monomers
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and glyeols on the basis of hydeatlon AU has bsen assomed bhat bhey not ag
spherical entities In agusous selution, This Lo weasonable as the hydretlon
velues obtained for both hemagol and xronagol agree with the estimeies of
hydration hy tho vapour pressure mebhod (pection 4), and as the effect of
vemperabure ig to reduce the intercepb. If assymmetyy wes the primary
doterninant of the viscosity lubtewrcept, an inerease in tempareburve would tend
%0 increase bhisg valve. Weo can thus deaw two concluplons: 1. the hydration
caleulated peyr obhylene oxlde unih . Incwesses ss the chaln lenghbhens, ii.
the hydvetion of the monomers -decrenses with increase in bemparabure, Thig
will be digcwssed later in the vapour pregevre section of the thesis.
Apymrebrie Micolles

Bugtlg, neaving ite limit of solublliity ab 20%nd 25@9 might be
oxpacted Ho fovm asymmobirilc micelleos 1T only by anclegy with the case of
Gygig which, belng almost insoluble, formed xod-~like micelles with high
aggregation nuebers ab nopmal HORPATALIRes.

A plot of E@] agalngb bemperatuve Low Busng (Figure 39) shows a
pronounced breal ab 18&5069 whlch way bthus be congldeved to be the threshold
temperabuve, Tp.  Below - Ty, [1)] inezonses alowly with Lempazature, bhis

22 -,
Thue valves

being most likely due bo an inereage in misellarx hydrablon.
of ﬁ@]smxy be exteapolated to 20° and 25° to debermine w, and h for Ghe
micellow, wcompliceted by shope factors. Below Thﬁﬁﬂ is low. Above the
thireshald t@mp@ﬁa%awagﬁQ] ivcrenses xepidly snd K, is large, folloulng the
vrand of vepulvs fov the hexadeeyl -serles. The lnexease mugt be dus bo

bhe sudden development of asymmatry ob ). The dosveane in the Huggins
congbanb which way be geen afber it hap reaghed ita meximvem ab the thryresheld
temparature 10 probably due Bo the olongation of the wicelles and the

epprnsch of polymer dimensions. (The Hugglng conshant Loy long rod-like
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Fippzs 39 3 Diagram showlng varlation of istrinsie viseopity of
Buopng with temperatura. Shazp beesk (Ty) in threshold temperebere.
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molecules showld fall to the veglenm of 0.5.) A plot of logln] againet
log(micellar wolghb) for Bu,n, bas a slope of l.4; d.e. {in] = koo d,
Sveh o valus is consigbent with the existence of rod-shaped paxticles.

The method of Elwvorbhy ond MacPfarlane, devised for the empirical
determination of hydratlon without the complicabion of micellaxr shape
probably depends on the presence of lawge mieslleg, sueh as are present in
the hexadecyl series, and it wao vob applied to Buon, solutlons, Heuevar,
ngdng vhe exbrapgolation menbloned above, hydration wes esbtimated ab 20@ and

25°

and various dimenslonp of the micelles of Buyn, at those bempsrabures
wore culceulated, ov the basis of a prolete ellipsoid model, The reswlis
axe pummarised ln Table ZAIV,

Th@ volume of the micelle, V,, wap compubed as bofore, by addlong the
volume of monomers and volime of hydvabing water. The shape factow, ¥
wag obbained from

W= v (v, ~w,7,0)
w)y wag bhe exbrapolated value ond the azial ratie a/b was obltaived from

24,0

the tables of Mehl, Onclay and Simhs, The semi~axzes a2 ond b veve then

caleulated from 4,189 ab® = ¥ ov, where R ig the axial rabio,

4o189 B =
as g = Rb, The volume of the hydrocarbon imﬁ@?uoé yag taken b0 be m X the
molecular volume of the alkane, and the values of v, were ndjusted so thab
the volune of the ellipsoid's inberior was egual to this walus., 1% doems

rapsonable to assume that bhe polyoxyethylene chain has an equal exwkeaeion

over bhe whole micelle; =, wap teken 4o be consbant. The volume of

the hydrocarbhon interiowr was glven by
Vi, = 4,189 {a ~ f&)(b e Eé)g = n ¥ (mol.volume sikane)

% L) s 2 », X, “3 Lo Winil
fhe waewlis in Table LIV show that ¥, is nearly consbant ab 20° apd 257 ,
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in gpite of the b axls boeoming swaller. IV lag, therefove, the hydwoeavrhon
intexdior wirleh 1z thimning or lengbhening more qulskly as the tempewatuse i
valoed, ard 1t seems that 1t s the hydrophobe and i%s inVevastions with
the sgolvent which ave the primary cause of the dovelopment ef agymmetry ond
eventual cloud polnt developmont.

The axial lengbh ovcvpled by bthe glycol ehaing (9.2 - 9,3 B) compayes
vell with the velue of ¥, obiained for the spherical micelles of Buyng,
(9.0 8), the slight imewease in ¥, bsing due to the temperature increase,
and connisteny with the explanation of ineveased hydvation by trapping of

waber molecvles in the reglon of the PEG chalna,

Lable XXTY

Dimenslons of Bupng micelles above Ty

Temp. & [W] w,® h i a/b a b X ¥, X 10°
20 &ol@l Oo?&: 1.-';?01&- 3(3 07 2020 !&6@!} 2101 9020 86920
25 460 0,82 19.2 4.33 3.68 2.7 19,86 9,30 118.70

# exbreplated from results for gpherical micelles at lower temperatures
Po ip the axial length oscupied by the PEG, assumed to be constant ovew
whele micslle.

Tonbabive Pletuxe of Cloud Polnt Formabion and Ocewyence of Migollax
Asymmebry |

The shaxp eppearance of asymnetry depends to a layge exbtent; as
menbloned in the inbroduction, on the hydrophobe-hydrophlile balance which,
of couvss, governs the aggregation numbar. TFor a partleular hydrocarbon

ehain, there lg a mexinum number of monomers vhish can be paciked iuto a
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a spherdioal shepe. Thls number increases as the hydroserbon chein length
iverguses, fvon simple geomebrle congliderations. For a gbrealight chain

'l Ry 4
dodecanol dervivative, Reioh gave the number as 04 m@mumafﬁgljﬂ Fox the

"2 Yp the

hoxadecyl sexies Lt appears 4o be in the vegion of 274-292.
aves per monomer abt bthe hydvocarbon-polyoxyethylens boundarwy in the micelle
is caloulated, one obbaine for vadiup of ench moncmeyr the values listed

in Pablae XTIV,

table XXV

Gompounds |Megn, Bt Pr.me Bugme (15%)  (20° )’ Ceire  Cygita

4t

Redius (\g.) f:’m?; t‘%cg Z}o&« 449035 4-9 8 f:;o&% 398,{5

Ve if sphevigal.

The misinem vedivs et the alv-weter interface for the branched-chain non-
Hmi@mia ig in She vrdor of 4.4fl, whilie fox the plraight-chain detergents ii
in conslderably less, boing aboub 3.5 8. One mey bentetively state thab,
1T packing of the moncmer into the micelle is to cause The monomer to oseupy
leas than this minimum, then a gpherical shape will pot suffice, and the

mieolle will becowe asymmetizle. It is perhaps significant that Bupng ab
.zﬁgg consideed by the earxlier avguments Yo be asymmebrlc, oceuples, in the
sphorical model, an avee eigoificantly Jese  Shen the minimum, {® = 4,184
compared with the conpidered minimum of Aok £o)e Gléng = af ite threchold
bonperature-ocoupies an area Juet grester bhan the mindimum for the stwalghd
chain series.

The exbension of the FEG chaln alge plays some part in the eused of

agymnetry, a9 Blworthy and MeDonald have ﬁaggsauvﬁq?p Inereasing
temperatave will meeulh la an oxbension of the PEG chain snd a veduction in

the erea of hydrecarbon surface "protected " pnbll ab soms sbage (Th) wabey



Spherical Micelle Monomer displaced Asymmetric micelle with

uith cavity to fill cavity cavity reduced
CloVBmCg
Further asymmetry, no cavity Cloud Point

Figure AQ; Diagrammatic representation of asymmetry and cloud point
fonnation in solutions of non-ionic detergenta*
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comed Inbo combach wibh the hydrecarbon chedng end sesulds in a change of
phapa. IL geems, however, bhat the geomebtile argument lg wore 1likely,

for, ag the bemperature is inereaped, the hydration of the monomew decresses
rendering it Jeass hydrophilic end indueing in it a greater tendency to
micellise. The sggregablon number will thes incwrgase wilbh tempersbure uvnbil
the sggregabion limiy is reached. The micells then becomes eagymmebric.

Anobher possibiliby is thiss the ealowlatied radial lengths for the
hydvocarbon core of the micelles ave, not infwequently, greaber then bthe
exbendad lengbhs of the alkawns groups, which msong bhat bhere ds a tendsuey
%0 foxm a “hole® in the cenbtws of the micells., The space occupled by this
hypothetical hole must ba £1lled by the digplosemeut of one 0r move monoRers
inbo the wlcelle Interior. This necessliates the sonbact of hydwabted
gbhylene oxide chains and hydrosarbon, which i not energebically favourable.
Ingreasged temperabure militetes agalngt thie end the micelle wlll tend to
olongate bo raduce the bendency to cavidy formabion. FExamination of
projabe ellipsold models showus that the cavity Jg mush vedused; elongabion
of bhe miselle will completely eliminate 1%, (Piguve 40)

Broochad-chain non-ionie debergeonts bosome agymmetyle at Iwmser
bemperatyres than Ao straighb-chein debergents (Gﬁ)mﬁ ig spherical ab 20°
and 25°  whereas Buy e, A not) probsbly becanse of the bulky besd groups and
the cousequent difficulty im pucking a lavge number of monomers inte &

spiexionl shaps.

TR AT NI LS
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dntroduction: The vapour presgure of water in equililbrium with an agreous

RN R

solubion can be dobermined diveotly by either stabis or dynamic wmebheds,
The divect sbabic webhod s illugtrated by tha method of Gibgon and Adams 28
and Shapkmen aund Gexﬁum'%g whoge meagurencnits of waber achlvily counld bo
veproduced ho vne part in 2000, Ths transpiratlon method of debermining
waber acbivity lovélves the saturation of an lnert ges by water Lrom an
afgheons 2olubtion, Meapuremenis by Bsclkbold and New@anzg@ indicate a
probable evryor of one part in 10,000. Recently, 8 method depending on the
temperabure Aifference bobtween solvent and solubtion has been employed,

the temperature effect compensabing Ffor the vapour pressure diffevencs.

A very mengiblve differential manomeber was vsed Lo obgerve the null poind.
The isgoplestic mm@h@ﬂagﬁgggﬁ is a simple, lndizect mebhod invelving the
abbainment of equllibzivm of a solubion with a solutdon of known water
activity (e.g NaCl or suorose solublens), bub up to four days ave pomeiimes
required hofore egquilibrium is atiained,

In waing water activiby measuremente to determine bthe actlviby of the
golube, it i nscessary, especlally in dilute smolubions, o have g hign
degree of accuracy, Lor the acbivity of the melvent may nob dlffer greatly
from unity while that of the solube does, The emmobic coefficient, 0,
defined eanller, hag bsen introduced Ho express the deviation of solvent
activity from ideal behavliour., TFor an ideal soluvbion, @ e waltyo
Extrapolabion can thus be made from finibe concentrations Ho @ L ab m= 0
thereby minimlaing the sffect of experimenbtal orvor onr the seatter of
rapulbe,

Tor very dilvhke solublons obher mebthods must be veed, There axe a



nuopbay of experimental difficulbies still varesolved.in meaguring

aceuygvely the Osmobic offect ox webey activivy ab low solube concenivahlons.
-~

3

A
Framer and Pabricl overcame the diffiewlby of finding a suitable ceml~
permeghile menbrang Foy ogmotlec pressure measuvemencs by equilibrabtlng
golubion and gelvend thyough the vapour phase, with a porovs dime supporbing

the preasuve diffemence, The tempersture must be conbtrolled %o Line limiis,

=

and thie hes been achieved by Hillimmﬁcmgwm within millionths of o degree.
It is pyrobably wibh suveh an svparetug vhat fuvther progress will be made,

enabling studluvs o bs nndextaken In debergent solutlons above and below

the (MO, evern whaxe the (MC is very lou.

Amparatns and Mebhod

In the presgent invenblgation, an apparatus based roughly on bhe demign
of Glbaen and Adam@ggl waz seb up, The aystems to be sindied wers, in
gonexal, o be over 0.2 molal in concentrablen, and thls appavetvs sacmed
%0 combine aecuvacy in this reglon wlth ease of operatlon. The appsratus
ja depicted in Figere 41,

The manomeber iz approximately 100 cms. long, this being casential
to give the lerger displacements ehvisaged Lo wateyx av higher temperabures.
Wabor, ab 25%0, gave a displacement of 36.49 cmg of oil (Bdwards "Hyvae®,
density ab 25° = 0,88068.).

A mivroved geale was abtached o %h@ menometer bo Lacilitate weadings.
These were cbbtaluable %o £ 0.0l em. oll. The manoweber was jolned to the
main ring of the apparstug by mesns of flexlible rubber jolnbm., The side
amms cavrying the selublion flagks and polvent flaske were also atiasched by
flexible jolubs. Diffliculby was expexienced inltiaelly from the leaksge
of volatlle substances fyom the rubbswr, but boiling in wvater end subasguent

use tnder vaguum vomaedied this Lfavli.

d o W) p.224



5 g‘ & N
s, g:i’ Q} f:"
NE\‘: d“g = top,
¢
ey
\E::}’ {s
flon vigw of ring : mt ta scola,
t0 vacuug
tenperature £ /*" [:’}
o Lop
egulatol L i 2 suirrer mobor
heating element jjl g & /
o /
: /
3 / .
watber level
lagged bonk , _J—. e
0T
)
. AV i~
Pubber joink ] j &
\\m ﬂj = ]
o T F};&:z‘:ﬁvﬁmﬂﬁi W&i&@iﬂiighi) ﬂle@ve

glass tube

nanonebe

e e B

mirrored ssale

R

e

ey

ootz

ﬁ_
e

| punp

Plgure £1: Vapour Pressure Apparatuvs (dravn Ho scale).



T
S
o
o

Seeurabe control of teuperabvre wes an essenbial featwya of the
technigue. The wvhole apparaitg wes lupersed in a thermoghat banl «
vhich was well lagped - heated by an element conbtrolled by o meveury-
toluens themmoregulator, o valve melsy and a propoxtlonatlog head. A
e@miing aoil and gbizrer vere present in the tanks bthe water wag
elreuiabed by neans of a pump bhrough the tube containing the wmancmeber
baek inbo the bank (see dlagram.) A Bockmann thermoneter, sbandardised
against an N.P.L thermomeber, was umed, and bhe bempovature counld be
conbrolled %0 + 0.001°C over long periods, Plnal readings of vapous
prassere were always made ab the sepe bemperacwrs on the Bsclmann to
mimimia@ AETOTo

The ground glass jolnbs of bhe sppazebus wvere breaved with Apleson
EPen88.

Plagks &, B and G held de~gopmsed distllled water. IFlask D centained
the solutlon uvnder. sbudy. The slds axm conneating D and @ ©0 tho mein
wing could be vemoved ond the solution and weboer de-gosged by cooling and
thawing mader vacuvm, outeide bthe gpparabug., Afber the lasb bwrages of
gas were vemaved, bhe bap bebuveen the elde amm and Tlack vas cloged, the
arm abtachad %0 the appavabus, and the whole cpparatus evasusbted. The
wméam_laval wag then ralged and brought bo btenperabtuva.

For direch measursmenhy of the vapour pressura of the golubion, the
bap betueen D and the slde arm was opened, tap "h¥ was tuvned bo conveeb
the pide azm o the Ting, tap Ya" was btuwed to shub off A and B and tap
g yas closed. In this way, one arm of the maonometey wasg counesbed 4o
the flask and vhe obther to the vacuum, Agltabion of flasgk D vesnited in
shorbered squllibzation bimes.

When the vapour prossbre was Lilbttle different Lzom thab of waber, the



126,

golvent flagk ¢ was opened momendtavlly to the manomeler bofore opening
the solutlon £lask, this partially f£illing the syetem with water vapour.
This procedure gpeeded vp equilibration by laessening the degrse of conling
in the solubtlon flask when this wes opened.

In concentrated solubions, or in aolublons where the difference in
vapour pressure between golvent and solatlon wag lavge, the T"difference!
wethod was employed. In thig method, flesgk & or B wag opensd to one gide
of the manomeber through tap "a¥ =  with the solutlon flask D open to
the other gide., The xeading obtained was thus the difference in vapour
pregaurs, p” - p = Ap. Eguilibration times by this methoed tended to be
axceasively long, often besing in execsss of 12 houvrs,

Mogt of the measurements were mads by the direct methed. Readlngs
of wapour pressure vere made ab lIntexvals and plotted agalnst fime vntll
pe further incresse In vapour pressuve was evident.  After this poink
had been reached, sevexal furbher readings were taken at Intexvals o check
thad equilibxivm had, in fact, been achleved. Ab 20° o 3 = 5 hours were
genewally wequlved for eguillibhratlon.

Afbes the vapour pressure had been measured, the concentration of each
solublon was determined by removing 3 X 1 ml. samples of solublon, weighing
them and drying o congtant welght in a vacuum oven ovex phogphorus pentoxlde.

The actlvity of water, ay, 1s the watio of the vapour pressure of
solubion o the vepour pressuve of water. Tests vere made with caleivm
chioride solutions of known acbivity, and the following readings wers
obtained at 25°C: For a 1.375 molal nolubion,

mn. oil
Hater(p®)  36.49

Solubion(p)s3d.bd
"Diffevence® 2.94
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p :,;1,0 hes AF’ X3
By B wewge T wggmon e ~ 3 Uheme bthwee alternsbtlves gave
B P [ AN
0,9192, 00,9194, and 0.9194 respectively (Mean 0.09093) The Liseratuwa
3; - o 2
value 71 ia 0.9193, b 6oR6L molal solubion of salelum chlowide gave

0.3678, 00,3072 sad 0,3676 for the three veadings, a mean of 0,3675 «
184

idenkical with dthe Literature fligura.
The values for waber werse asg Followss

Lemparature mine 01l mm. He.  Lib, mm He

TS SR LIS, o) frrbimra WS ey d»&wunvmmmmne‘g\
20,0° 26,89 .51 17,915
25,07 36048 23,95 23,734,
30,0° 48,18 3,82 30797

Proparabion of Solubionss  Solutions of polyoxyeothylene glycols and

dabergents wera Ffound bo have a slgnlficent electrical reslpiance, even
afber the pharbilng raberial bhad been dlgbilled twlce., Solubions of
purifiad hexagol had arpesistance of 91,120 in a sell of caell congbsanb
lol. Bocovsge electrolyte would have affecbed the actlviity measuvements,
dilute agueons solubions wore ron down columns of PBlo-demlperolit? wmtil
the specific resimbmnee approached that of dlsbilled watex (440,0008L ).
The golublon was then concentrabed bo the reglon degived, and eut-grosed
prior o use. The likely sounree of the electolybe coubamlnation is The
godiva chloride oy bromide produced in the gynbthesls of the sompowvnda,
Regulis: Vepour pressurs measurements were made on hexagol and nonagol
solutions ab 20° and ﬁoﬂg on dedesagol at 20% and on Cang » Ggnig, Magite
and Blone ab 20° and on Moo i, and Q&ua &b 30°.

Weber activity -~ concenbrablon {molality) cuvves were obtalned for all
gvabens. Thess ave weprodused in Figures 42 and 45,

y

Feom tho waber acbivity values, valves of § wexs caloulated (§ =

~1000 In a, /i8.0In ) and the acbivily coefficlents of the sclubes wore
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obbalined apiag bhe Glbba-Dvber welublonship in the fovm,
W R

MW= (1) ¢ j{ = 1) dla
Mad
The ares, j (@ = 1) din m wvan obbaloed from plote of (0 - 1) wg. o n by
[4]
graphical Integrabion. Eaparimental volues of § wore plotted as a
frncbion of molallity, and smoobhed curved weze Jdvewn bhrough the ezperimeni-
al poluba. The values of § from the “anoobhed" eurves wews vsed in the
evaluatlon of apbivity coefficlents., Some representative plots of
ogmobic coefficliewh ave shown In Figoves 44 ond 45. The sebtivitios and
aoblvity coeffinients obialiod ave listed in Tables XUVI aund WKUII.
Inerease of (@) abova 1 ig dee Yo solvablon and decrease below 1 bo
aggoslablon., Hubehingon gh },%§J° found the osmotile coefficlent of various
glucosyl alkyl bevgene surfectants below the MG 4o bs greater then welty,

abtribubing this Yo expexdmental exyror. The glusose poxbion of the
RONCEETH, howevewy, will bs solvabed avnd bthis will result in bthe pbegerved
valuee of O, though the values guoped by those nubhors ave probably
axaggerabed through exporimenbal ewrown.

The experinental vaber nobivities of bhe glycol soluticws (hemagel

and nonagol) can be £ithed weing an eguabion

. 4= 0,018 hm

L 0,008 (e i

Aibh b= 6 fopr hexegol and h = 14 for nonagel. T Pable XAVITI, ezperimen

=0l water achivites ave compared with bthoge caloulated using vthis equabion

The welationship appears bo hold well, oven up S0 2 molal cencentration.
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Tabio LXUY
AT AT NN R

Loaflicionta and Aovivikien

Compound  molallby Vo By % fn
T et g‘( i -“....500 Tegli¥ et od ot
Hoxagold 0,10 3.018 0.3008 1,008 0.3.008
(.20 1,088 0.2076 1.020 0.2040
0.50 1.102 0.5510 1.042 0.5210
0.7 1,160 0,8365 1,079 0.7615
1 e Gg :g; [} 2!&6 .1 ai”;&.ﬂi} 1 [ 109 1 1 1039
1,50 1.408 203120 1212 1.6628
2,00 1627 3.2540 Lo 377 27540
3.00 20305 6. 9150 1.629 504870
Nenagod 0,10 1,049 0,305 1,031 6,103
0.20 1. 080 0.216 1.069 0,214
0.50 L.R44, 0,622 1,208 0,604
Qe 75 L. 4TS 1,09 1.399 1.049
1,00 1..724 Lo'R24, 1.623 1.623
1,80 2,600 3.900 2,351 A58
2.00 Ao 406 5.812 3,387 6,754,
Dodacagol 0,30 1,360 0,138
QBBO 10 ?fgs{!' 0939‘9
0,30 2,500 0,750
0.40 3.690 1476
0,50 5,610 3.305
0,60 F.400 ho b0
0 n‘?f§ lﬁaﬁfﬁ%@ g() 6*&}0
Q.80 13.200 10,560

1.00 220241 RBo 21




Table XXVIT

Aobivity Deefficlente and Activities

Compound  Temperabure  Molslity 4 82

Magng, 20° 0.25 10029 0,257
0,50 1,098 0.549

0075 16239 0.9R9

1,00 Lo 248 La248

1,50 1078 L6137

2.00 0.962 Lo GR4,

2.50 0,885 24213

Elbong, 20° 0.25 0. 482 0.1R1
0,50 0,306 0,153

0.75 0,233 0.175

1,00 0,192 0.192

5 50 0. 157, 06226

2,00 0,127 0.254,

.50 0,312 0,279

3.00 0,202 05306

G 20° 0,20 1,020 0204
0040 1,065 00426

0.60 1,233 0,679

0,80 10232 0.985

1,00 1.256 Lo 256

Lo 40 1,185 1,658

la. 60 1 & 1!&3 lo 829

2,00 1,057 2,113

Ro40 0.972 2330,

6&% (?;{)Q Oo ?sf's 19(:}62 00266
0,50 o137 0,569

0.75 1225 0.919

1,00 1.335 1.335

4o 50 1646 2.469

2,00 20137 bR

2,50 20862 7,158




Table XXVIL {conblnnad)

Setivity Ceofficients and Acbivities

™
S TS SR TIN,

Comupound Teauparatire Molality Vo, an
Magng 30° 0620 0,985 0,197
0,50 0,953 0,470,

0.%5 0,69 0,671

1,00 0,836 - 0,836

L.50 0,753 10129

1075 0,695 1,215

2,00 0.643 1,286

2,50 0,556 1.389

3,00 00494, 10481

8,0, 30° 0,20 0,994 0,199
y 0.40 0,990 0,395
0,60 0,983 0,590

0.80 0,974 0,779

100 0,960 0,960

1020 0,926 Lo11L

.40 0,833 1.166

1,60 0.772 1.236

1,80 0,745 1.288




Table XXVILL

Oalevlabed and Bxpervimental Water Actiwidles

n, ] jr-ﬂ
Compound  Tempevature  Molaliby tq (oapt, ) a4 (caled. )

Hexagol 20” 0,258 0.9952 0.9952
0.155 09905 0.9903
0.898 0,9828 0.9824,
10350 0.972) 0.9723
1494, 0.9684, 0.9689
2,210 0.9503 0.9505
2540 0.9363 0.9398
3,190 0,967 0.91.93
Wonagol. 20° 0o 424, 0, 9917 0,991
0.630 09674, 0.9867
1..000 0,9762 0,9765
2,376 0,961.3 0.9635
1,528 00 9554 0.9573
2,053 0.9256 0.9288
2,389 0.9013 0,904,

Using the eguation meleting a , b and w. h = & Lor hexagol and
h = 14 for nonggol.




Galewliatod and Bxpevimented Acblvity Cosfficlents for (lveols {re)

Hexagol 207 Molality  Exptl, h=6 bo-0,02 0 »s 477

0s 1,018 1,022
0.2 1,038 1044
Qcb 1102 12208
1.0 1.240 Lo2dd
2,0 1.62% Lo 89%
3.0 2,308 2173

@
8

L.024
1.048
1,120
1.240
1.483
1,720

Lo -

Sl Bt B B fmed B
o
OO DI O

B o? S et
RN DG 8O

& ®

Hexagol 307  Molality Bapbl.  hbe5 b=« 4,07 ¥ x

"
34

5o 38

0.2 1. 020 1.038
o5 1,042 1,078 1,067 Lo 094,
0.75 1. 079 1,117 1,104 1.140
1.0 1.109 1,164 1145 1,186
0 1277 Lo 382 Lo 37 1,368
0 1.829 1,681 1.438 Le545

(cateolated vatwes chosen to {ik ot m=20)
Nonagol 20° Molality  Eapbl. h=13 b=«l5.03 B 2=6.95

0.1 1.049 Lo Q47
05 2 «1 & 08‘@ 10098
0.4 Lo 244, L2779 1,326 L2294
0.7% L 478 Lo &7
1.0 Lo 724 1725 L.T22 LeT24,
5 =.600 2o 514
0 4o 406 bolRd, 2,631 2,694

Nonagol  30%  Molality  Expbl. h=lle8 bw=~l4.33 B 7=6.62

0.2 1o 069 1,087

0.5 1,208 1247 1.278 Lo294,
00 .10 6:‘?-3 1@ 621 1:, 623 106245:.
-0 30387 30349 2550 2:436

B =t

Dodecagol 20°  Molality  Empbl. h=37.5 bh==89,03 K ©=16.0

Oa E» la 380 :ﬁ.o 374» 1-:3 4!&?{}
Qo2 1,994 1o 345 1.884 Zoddl
003 2.500 25861

O!M’&r 3@6§0 Bo ﬁ;?-?

0o 5,610 Lo &7L Lo 815 5eTP3
0.6 7. 400 7O
0.%5  LL.520 Boh24 10404 11.802
1,00 22,843 22 L5 22241 22202

i r 2 - 1 g. - * - L. 2 g P
AL walves bhozen %o £1% at wolality of L, except hexegel at 307 {w=2)
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2

In bhe sams way ouperimental agblvity eccefficlend ~ concsnbration
cuxves have been £itted wibth data obbaived fvom eguations 5,6 and7
Lrom bhe Introductlons
In ¥, = ehin (1e 0,0180m) ¢ (h=1) n {1 = 0.018(k-1)u}s
in %

#

B

b A
RZ?Eb(l + %ﬁoggﬁzﬁm E = in {1+ 0.018r];

3,32, lf}g’. o Q"Q’&} 3.“‘(:_&? ws 1.)“] @ 1t_§ Eva 0 0181;‘_@]
L+ 0.018m

The dexivation and uge of these equablons is digcussed 1ln the lnbroductony
gecbion on non~electyolybe golubions. The resulbs ave glven in Table E¥IL,
and & mopresentative diogram, compaving the behaviour of the thrae eguabions
with hy b avfl » chogen to Li% the experimental vesulia ab a wolelivy of 1,

is given Pfor hewmagol in Figura 40,

Diggueaion

The £irsh object of this iaveatigation was o obtaln goms infozmation
on the hydration of the glycols and detergent monomers.
Glycolss The glycol water acbivity -~ concenvratlon curves all show a
negative deviatlon from the behaviowr predicbed by Raoult's Lew. It can
be peen from Figure 46 and Tables XXVIIY and IXIX thab hydzation can best
account for the deviabion of hexagoel and nonagol solutlons from ideal
behaviour. No reagonable value of b or of » conld be found which
patisfachorily vepressnbed the activity coeffliclent of the solute through-
oub the whole concenbratlon vangs, although at lov conenebretions (m = 0.2
or losa) there is litble to choose bebweeon the different approaches. This
was bthe findlng, also, of Sbtokes and H@bina@nlgl for glyeerol and sucrose

clubions.
The best values of h, b and » which were found for the three glycols

aye sumparised in Table XZX.



2,0

4.8

L6

19 ﬂ!;:

1.0

el

Experluental

h=6

o3

b = méaéﬁiﬂ?

oo W
o6

Qo

= AT

o 1 . ) B 1 §

EPS I

1 2
molalivy
Plovra 46:  Vaviabtion of activity coefflcient of hexagel with molality.

rrporimental vepults 3 A, Idnes B, G and D drgwn from equabions 5,06 and
7 (woo Inbrodustion); D gives the best £it,



table JEX
Values of b. b and ®

AT A TSR TR

Glycol Temp. h 2 w

Hexagol 20" 6 =G.062 BT 477

30°

405 “&ol? BT éazg
Nonagol 20 13 - 15,03 Bt 6,95
307 13,8 =14.33 BT  6.62

Dﬁﬂ@eﬁgﬂl 20 (3705) w89a03 HT 16@00
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The hydration valve for dedegagod in Table XXX is brackeled beacaugs i
does nob represent bhe experimental values alb all well, albthough chogen
ho £it ab wm = 1.  In this case the best ©£ib ig obitained with the volume-
fracbion equation involving Wz¥, the wabio of free volumes of solube and
solvent molecules. This ia probably because of the sglze of the dodecagol
molecule s HO(CHLGH0)p B ., Molecular weight 552. Nonmoxyethylene glyco?
(Molecular weight 419) pwobably wepresents the Limit Lor the applicability
of the eguations used. No velue of h £its the waler asgtivity - melality
eurves for dedecagol, although bexagol and nonagol solutlons are well
vepresented in vthis wvay.

It s interesbtlng to compare the volume wratlos of the three glycols
with thoge fouvnd o give the best £ib l.e with ¥, These values axe
compared in Table XXX, where it will bs scon that only in the case of
dodecagol does the true ratle of volume of wnsolvated specles to volume of
water molecules agree wilih w.

Table XAXT

L e e

Comparigon of Trve Volvme Rablo and o

3 . 4
Glycol M Voluome of wusolvated unis

[aeot T PR 'g‘:

Volume of water molecule

Hoxogol 282 8.5 bo'TT
i Qﬁﬁg(’l !;,19 .LB o c.’,c- 6 o 955
Dodecagol 552 16.3 16,00

The valugs of hydration from viscosity end from these vapour pressure
meapurenents agree well dn the case of hexegol and nmonagol, buh do not for
the lavrgest glycel, the viscosibty vesult beivg 17.0 watey molecules pew
noleoule of glycol. This is in spite of the fact vhat the vlscosivy

wesuly wounld be mogt likely to be an over-egtimate of bydration, bscaunse
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o7 the powadbility of the molecule being agypmetzie in solubion., The
vapour presgure resulh for my, dn terme of hydretion elone i8, Ghevefove,
ammai_:mmeo The lueweasling hydvation per ebhylene oxide unit evidamy
for the thres glycols (h/h is 1.0, .22 and L.42 respectbively £rom viscesity
reaulte} probably reflechs the effect of inoveasing collivg of the chaim
in golubion o the chaln lepgbh Inereases.

Honomaras The deterninetion of the hydretion of the detergent moncmers
from nebivity ond activiby ccefficiont dete is move Aifficult beenuss of
the limibted pre-nicellaw coneenbration range avallable. Howeverm, Lfvom
the vesults on the nov-micellarw Gang , and fxom the exporimental deta on
Capg and Mesbe, with (GiG's in the reglon of 1 molel, @ﬂ@keam dedusa Yhe
nunbsr of waber noleculesn associoted wibth the movomers in the some way a8
for the glysols. The uaber activity data fow Gagﬁ and Magmé agrees uivh
a value of h=b, a valus close to that obteined from the viscoalty meesuzse-
menbe, desoribaed in seebiomn 3. The resvlis arxa glven in Table XXKIT,

v ds obvicus Lfrom thoss reoulis, sid Lrom the resulbs on misellaw
hydzabion {(Sechbion 3, Table XVILI) that theve is en inewrsage in the hydrebicn
of thoe polyoxyethyleve chaing on micellisabion., In the monomer, the allkyl
chains appea® to have litvle influence on the hydwetion of tha FEG shalnn.
The significanee of this hydsation inevease i dlgcuseed wore fully latew.
Effect of Temparabure: The vesnlte in Table XXX shov the effect of
vempereture on the hydrabion of the @ﬂy@ﬁl,éﬁ@i.o A9 might bs oxpached,
the number of water molocwles agsoclated wlth cach chain falls glightly on
rolsing the bemperabure from 20° o 30°. This conbrastso with the offech of
bomperature on micellay hydration §3° previous z&@uﬂ&&gg and the prosend

rosults Lor Buyn, indicate that thers ig a definibe incwssse in hydrabion


mailto:ooa0@ntratS.on

Hable JOLT

sese ]

Pre=plcellay Uator Activities for Cung ond Meon, ab 207,

2‘

2.

Holality ay (calenlated) A @lzﬁ@m& @l:M@£@@
0.2 0.9963 - 09965
0.4 0.9925 0.9921 0.9926
0.6 0,9886 0.9883 0.9881
0.8 0.9845 0.9835 0.9843
1.0 0.9802 0.9797 0.9800

1o for b = 6
2. from experimeomtal curves
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of the micellay uults - due 4o the exbenslon of the glyeol chalns.

Migellay Solublong ¢ Exaningblon of the water activity - molality ploda

of the debergenbs (Figures 42 and 43) reveals that ab 207, before the

onget of mlecelligavion av the (MO, bhe water actlviby follows the behaviour
of monoweric Cpng or hexagol solutlions, thet is, it shows negetive devlatloxn
from Raoult's losw,  Ab the (MG the curve allers couvrge and shows a poegibive
deviation from Raocnlt's law behavionr, The former type of behaviour isg
aggoclated with scolubte ~ golvent inberactions, while the latter is evidence
of solube-solube interacilon or assocletion.

In non-lonic detevgent solubicns a compllieation in avy abthtempt o
explain the results ie the fact that, ebove the MO, there is both solvetlor
and asgoclation, the two offects opposing each obher in thelr effect on
actilvioy.

Dolegelelk avtempbed in 1908 %o acecount for a number of non-ldeal
golutions by assuning assoclation gud solvatlon, with all apeciles obeylng

! 288

Racult's Law. He attempted, according to Hildebwand, to explain
too many deviatlong on thils basis and was led %o postulate impossible
polymerisations vo £it bhe exparimental data. In the gystenm aniline-hexane
the sssampbion of extyremely complex aniline molecules is lasufficlent %o
describe the solubion behaviomrozgg The main objection %0 the se=called

"almple chemlical theory® of sssociation, which accounta for lavge posiitive
deviations from Raoullts Law, ig thab the applicablon of Reoult's Lew to the
wrue gpeeles in solutlon lg incorzect, due bo the non-ideallby of the
entropy of mixing of muliiple molecules and solvent.,

In the present ease It io obvlous thadt association is occurling, and

thab this ls largely cauging the deviatloms from ldeal behavlour abowe the

(MG ¢ hy a ywregabilon the number of osmotleally setive molecules ia
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faat

reduced se that the Yirwue® molality is lower than the measured concentivate
lon, and the watew mcbivity will coxrespond to this ¥orue" concentrablon.
Hydrabion influences the resull also, by reducing the nwaber of free
wabar nolecnles,

From plovs of (O - L) va. molality, the setivity coefficlents of the
solute molecules were calculated (ag for the glyeols) and the activity (a?}
evaluated ab each concentration. Ses Table XY¥ILI. Tor the Gy iy, andd )
Meony detergents the solute activity shows a delinite ivcrease above the
(MG, in agrecment with the behaviouvr predicitsd by the law of mass actlon.
The detergent HEiphng , which has an aggregatlion number of 14, has & poze
pronounced break at the CGMC apnd the Jlncrease in solube asvivliby above this
concentratlon is less marked, (Flgurs 47), The wesulis seen to nnderiine
the validlty of the law of massg action in desewibing the wlcelllsatlon
process ag an equilibrium between monomers and wicelles, in prefersence
to the pseudo-phage tvestment, which predicto a congtent sctivity in
micellay soluvlons.

A review of the properiies of socap golutlons by ?ethigalﬁg ravealed
that the ogmotic pressure, end heunce osmobic achivity, of bthe water was
negrly coansgtant above the (MG for g number of detergents.  Obher
neasurenents, howevaer, have shown thalt the vapour pressure decreases with
inereaging concentration of asgoglstlon colleld in the vegion vhers

° Lo
290,291,292, Dmnielamemgg found the decveage in

aggregates are presenb.
vapour pressurs of detergent solutions to be slow lmmedlistely above the
CMG, but more pronounced et higher concentrxabiona., It i obwiong Trom
ouy pregent results that the degree of vapour pressure lowering above the
GMG depends on aggregatlion numbey and hydvation.

64,166

The wapour pressure data of Coxklll and co-workers For Cgug, and
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Bigurve 472 Plots of golute acblvity ve. consenbzaiion for Cong, Capg
Mosng and Eﬁpngg ghowing clenvly the increage in polube achbivity abovoe
the cribical micelle consenbrablion.
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igily, aleo demonsteahes @ change in achbividy of the solute above the CMC,

in accoxd with the present resulis, However, thelr surface tehslon-
concentratlon plots exhibit a congtenl surface tension above the GMG which
lmplies, iF [1 lg congtant, bthet the solube activiiy does not albsy above
thls concentration. The position,then, is obscurs. If the solute

activity increases above The (MC, ap The vapour pressure resullts indicate,

ﬂé mugl decrease to keep Tthe suvface tension consbant. This desorpblon
A48T
E N

is unlikely physically snd la contravy to the behaviour of obher detergeniz,
The discrepancy may more Likely be explained by the fach thal values of
actlvity aze oblained from a bull property and valveg of ) from a surface
property s trace dmpurdtles which may be present wonld affect the surface
properbies o a greater exbent thav the bulk properties and wonld tend Lo
meslk any decreage in suvface Lenslon above the GMG%ﬁO@ The situation is
one which can only be resolved by furihey experiments svch ag deteynination
of auxface tension aftey purificatlon of the detergent by extensive foauing.
I% 19 essenbial, algo, whera bherxe is g discrepancy betuween bull and
gurfoce properbtles Lo bs able to delermine the (MC by measurement of a
bulk property. Bxpevimenba of this type arve heceassary bub were ouvbside
the scope of this thesis,

TH dis dntended to lnvestigete the applicatlon of the law of mass action
H0 the equilibrium botween hydrated monomers and hydrated micelles in the
near fubure, wvaing a compuler.

Effach of Tempsrabure on Micslilax Solutionsg : The systems Cary, a0d Moy g

'Y “o» A & ¢ a4 = o aon Hame
vare investigabed at 307. The ecbivity ccefficients and osmotic coeffin-
ients fall gilgnificavily below uwniby below the CMG. Water activitles axe
extremely Aifflculi Yo measure at low concmnbrations, especially ab

elevated senperaturess q is senglbive w0 small activity changes .



Therafore the vesulbs may be due o experimental ervor. 0On the other

hand they may be due to dimerigatlion prioy %o aggregablon at the M.

Above the (MU, the watey asctivities ave higher than thowse ab 20° .
Increased hydeation resulita in a more negative deviation fLyom Raculi's Law
inoreaned aggregation resulis ln a wore poslbtive devigtion. As increase
in temperature resulis in larger micelles in obher non-ionie detergent
syst@mazg it is likely that the aggregatlon number hag increased., This
may bs deducsd, algo, Trom Fliguve 47 for the activiity - molallity cuvrves
for the two detergents av 30° £all bebween those for an aggregation number
of & and of 4. Franks and Smithggh have recently found evidence of
dimerisation of godium dodecyl sulphete in the swbmicellaw concenbration
reglon. Mgﬁainggﬁ found deviationg from normal behaviour (thet ig,
normel l-l electrolybe bebaviour) in dilute solublons of lenic surfachanis.
It is veasonable to suppose that no dimerisation occurs ab 20° in %he
pragent gystems, becanse of the slmllarity of the glycol and detergent
actlviby-concentration curven below & molaliby of 1. Hydwrophoblce bonding
becomes move Lfavonrable as bthe temperabure 0f a gysbem 18 raised, and,
therefore, dimerisation may well be encouraged at higher tewperaburaes.
This would explaln the actbivity coelficlents below the CMC for the two
detargents (Peble XXVIT)

The hehaviour of the osmotle coeffieient above the critical micelle
eoncentration follows the expecied couvsge in bobh cases, with a sherp
dovnward fall beginnlng eb the CMC.

Tt would be peasible to cplenlate the partilal enbhalpies of hexagol,
nonagols Cpxy, and Heyng gystems from a lknowledge of the soluve acbivitles
at 20° and 30°, bub it is felt that, in wiow of the limlbed temperature

range stodied, fuller data over a wider range would be necessary
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bofore full usa could be made of the infovmation. For this reagpon the

calenlabions ave not pregented.

Thezmodynanics of Micells Formsghlon, Paxb IT

LR

Jnplications of the Ineresse In hydrablon of the polvoxvebhylens chalns

on Micellipabion ¢ The thermodynsmics of micellisation have already heen

diacussed iun the surface chemistyy secltion vhence the ezperimental resulhs
for the enthalpy and entropy changes were dewived. The wesulis from the
Tapouy pressure sbudiss throw Iuyther 1light on the problem of explaining
these thermodynsmic changes,

The viegcosity and vapour pregsure results for the hydrevion of the
monauerdc end micellay specles indieate & definite linerease in the hydratio
of the polyoxyethylenie chain on mlcellisation. This eoncept of increased
hydration in the micellar shate &8 not wareagonable IF the hydrabing
water 18 conslideved to be waler bobth asgocisbed loogely with the PEG shajin
and water molecules bownd o the chain, It is possible that the bound
water vemalng consbanbt, and thet the Incerease in hydratlon is dus to the
brapping of exbra vaeber molectles in the mieellar sbabe. This has nod
been entertained by some workerm, Hudgon and Pebthica , for example, speak
of the dasolvation of bhe monomer g8 it enters the micelle. From the
thermodypnanic evidence it Iis obvious that theve is an gvexall desolvebtion.
Iy is interesbling to consider the process uging sone experimenbal valves of
hydration for both monomewr énd micollised monomer. Hemethy and Seheyage
have Listed some valuss for the transfer of a nov-polar gide chalin Tfrom
waber into & non~-polar zeglon based on N, the number of weler molecules
agsociated with sach hydrocarbon chain lost on bonding., Using these value
one way plebuve Tthe chavges en micelle foimatlon as consisting of a)

hy@rophobie "desolvabion? (loes of water shruchure) and b) lnereaped glveol
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golvablon.  Tor Mayng, Tov exawple, the process ig envlsaged ag feollowss

A AN
3 \
%

Senciy © AMANN é}m Chy o /‘\/\!\(\N\/\/\

. e Ny ”“‘aﬂ‘ e
i ki o & ‘

wobed @mals, waler ool wal, 7ok s
{(Met refuctlon on micellisabion = 4 Hy0 aolecnles/monomey)

MONOMER MICELLE

Eipure 48

w. 202105 . . . _
Hemebhy and Schevaga's rosuwlis ghow that bhe enbhalpy of tranefer

is equivelent to 0.16 Keals. mole = pe? vater molecule removed from the
hydvocaybon.  The net reduehion deplebed in Flgure 45 resulis, therefore,
in an enbhalpy of bransfer of 0.72 Keals m@lé?l which ig close to the
experinental velus for the enbhalpy of mlselle Fformabion, 0.60 Keals. mole.

Simdlar ealeulatlons were made Lo egtimate AN

a:,'h_‘ ""»')"*, o
eng LOF Yhe obher detergenin

and the wesulbs ave given in Table XAXITL.
In gpite of the spsumpblows ilnvolved, and the expevimenbal orroy in

bhe esbimation of hydwation, the corrsspendence betwesn AN and AH
2 E (¥ i

rans
is very good. The enthalpy end entropy chenges on the formablon of a
lovcing-jae-lancine hydrophobie bond falls with increasing temperabure.
Bxpevinental evidence shows bhat AL, oand ASm also decrease with increas
ing t@mpaﬁatureolév This may be expleived on the basis of the ideas abova,
as loevensed vompexabure will weswlt in a vaedection of the hydrabion of bthe
nenome®, and an ipereased hydzation of the polyoxyethylene chein in the
nicelliged nonomer, wesulbing ln a smaller oversll hydration decreage
and a lowsr enbhalpy change. Bushg gives zﬁﬁtr&na = 2.7 Keals mole™t ol

a ) Ua T ) - Y ry
207, which falls %o 2,2 Koals. mole L oat 259 {iptber calenlated on the

bagls of hy({monomer) = 6, by (mieelle) = 19, as found) which is im lime



Table JXELTY

Somerison of caloulabed SEibatpiod and _azperimental
suthalplies of pigellisaticn

BORONGE: micelle? ovarall loss® ealed.%
Datexgent hy, Iy hg = Al Ay e OV
AN %7 34 7 12 0.8
Géné - 7 ig 7 1.2 2.2
Vaqng 37 16 4 0.7 0.6
Eﬁgmﬁ & 9 18 6 el L.2
Prgn, 2L 7 19 9 Lo6 2.0
Bugng Y 7 15 267 20,9

Lo B = no. of water molecules asgsociated with hydrophobe, based oun
Nemethy and Sheraga's estiwabtes. h, = no. of water wolecules assoe-
iated with ebhylene oxlde chains,

Re by, = ﬁ?f@ in m n%aellaa(* )

33 h“"’ h h 3

boo gkﬁamu h A&hex§‘318 chlafamﬂﬁe -1

S @mﬁﬁapalab@d valuie a8 experimental value ascemed Voo high compared Lo
yesh of goyies,

1. That the value of 0,18 Keals. per mole of watexr removed iz correct.

2. That bthe enthalpy involved in losing one water moleculs osgocigbed with
the hydrzocarbon chain is the same ms thab involved in losling one water
molecule from the reglon of bhe PEG chain, Thip ia veaseonable as the
change in hydration of the PEG on micellisation musi be largely duve bo
the "prapped! = nolb hydrogen~bondsd - wabter molscules.

3. That the values of by, ave sorvech.
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with the experimental results of other workers.

The above obgervations, while supporting the impoxbence of bthe
inereage In hydvation that cccuvs in glyeol portion of the monomers,
indleate that the contribubion of configurabional chavges and obher

subsidisry thermodynanle effects ave small,

R R et T S
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