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SUMMARY.

Part 1.

In the first part of the thesis a review of the
chemlstry of the ﬁolyoxyethylene type non—~ionic detergents
is glven.

The preparation by ethylene oxlde polymerisation
and other synthetic routes of the polyoxyethylene glycols
and their monoalkyl ether condensates 1s reported, and a
resumé made of the existing work on the formatlon and
structure of the micelles of these detergents 1In aqueous
solution, the effects of temperature, electrolytes, and
solubilisates on these properties, and thelr surface
activity.

The theory of the determination of molecular welghis
of both large and small partlicles by lightescattering,
and the relatlonship between the viscosity of solutions
of macromolecules and solute shape and solvatlion, is

outlined.

Part 2.

The synthesls of a series of non-~ionic detergents,
based 6n hexadecyl alcohol, contalning a definite
oxyethylene chain length ls descrilibed. The series has the

general formula GHS(CHE)ls(OCH.gGHQ)nOHﬂ and six members,



having n = 6, 7, 9, 18, 15, and 21 respectively, have
been prepared (for ease of handling the names of these
compounds have been abbreviated to Hng, angooa,QOQanl),
Some of their physical properties are reported.

The critical micellar concentrations (ecme's.) of
these materlales in aqueous solution have heen investigated
using the Wilhelmy plate method for measuring surfeace
tension; cme's. were determined from plots of surface
tension ve. log. concentration. Very small critical
micellar concentrations wereobtained.

A light-scattering photometer has been construcied
and calibrated. Usling the Hng detergent and the results
from the callbration of the photometer, & statistlcal
anglysis of most of the ervors in the measurement of
molecular welght by light-scatiering has been carried out,
and 1t is shoun that the lavgest part of the error arises
in the measurement of the turbiditlies of the solubtlons
rather than from the measurement of the speclfic refractive
index increment or depolarization.

A study of agueous solutions of the syntheslised
detergents has been made at 25°¢ Results obtained from
viscositly measurements have been used in conJunction with
data from light-scattering to elucidate the micellar

gtructures of the various members of the series.



In general the micellar weight and aggregation
number falls as the serles is ascended; the mlcellar
weight of Hng 18 1.23 x 106; of Hng,, 0.82 x 1059 The
first two members of the series, Hns and Hn?g formed
asymmetric micelles and showed aggregation of the
smaller micelles, formed at low concentrations, into
larger micelles ag the Qonaentration was Increased; a
mass action law has been applied to this aggregation to
give an idea of the slze of the aggregated species. The
other four members of the series appeared to form
reasonably spherical micelles. Using the viscosity
results possible micellar shapes and hydration are
discussed.

As disentanglement of the effects of asymmetry
and hydration on the intrinsic viscosity is very difficult
without an independent determination of one of these
properties, an attempt has been made to develop an
empirical method for determining micellar hydration
using vapour pressure measurements of concentrated
solutions and gels of the detergents. This method gave
veluers of hydration which agreed well with values
calculated from viscosity results for the higher members
of the series which appeared to glve spherical micelles.

Results showed micellar hydration increased as the poly-



oxyethylene chain became longer.

Calculations of micellar dimensions have been made
and it appears that in the micelle the polyoxyethylene
chain exlsts in a curled up form, as its measured length
was significantly less than that of the fully extended
chaln.

The effect of temperature between 20° and 30° on
solutions of one of the compounds, Hn79 has alsoc heen
Investigated; results indicating that both micellar size

and hydration increase with increasing temperature.
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INTRODUCTION

Synthetic detergents, as we know them today, are of
falirly recent lnnovation but the value of neturally
Qccurring substances exhibiting surface actlive properties
was realised in prehistoric times. When puddiing clay
primitive man added wvarious organic compounds to his
slurry to facllitate handling, and gums, saponins, and
protelns have been used empirically for centuries. The
Tirst preparation of soap is shrouded in the anonymity
of time, yet the basic principles by which it is made
have never fundamentally changed, although refinecments
in starting materlals and methods have resulted in end
products Parely compardble with the earlier efforis.

The coming of the Industrial Revolution, focussing
attention on the instability of socap in acid solution
and the insolubility of its calecium and magnesium salts,
stimulated the development of synthetic detergents to
overcome these deficiencles. From these first detergents,
prepared by the action of sulphuric acid on castor oil,
there has arisen, particularly in the last halfl century,
the vast array of synthetic detergents avallsble on the
market today.

Generally, surface active agents are classified into
three main groups according to whether the surface actlive

unit in agueous solution is an anion, cation, Oor an




Bo
unionised molecule. There are ciceptions to these gener—
alisations and some campaunds'c@ntain both cationic and
anionic groups, or ionic_an@ non-1onic groupns.

It is with some of the properties in agueous solutlion
of a series of compounds of the non-ionie type that this
thesis is concerned 1.e, the monohexadecyl ethers of
polyoxyethylene glycols of various chain lengthe.

As their name implies, non=ionic detergents do not
ionise Iin agqueous solution, and thus have many sdvantages
both in detergent properities and for physical-chemical
studies. RFurthermore, in a series of coumpounds a8 has
been studied, a range of compounds with a constant hydro-
phobic portion, but a varying hydrophilie moiety, can be
obtained without fTundamentally altering the chemical
structure of the detergent, thus enabling a fuller and
more comprehensive study to be made than is p@ssiblé in
an ionic series, where the hydrophlilic portion can only
be altered by changing the lon with the consequent
inherent disadvahﬁages of such a ste®p.

Although pelymers of ethylene oxide of up to six
units were first synthesised over one hundred years agel’g
it was not until around 1930 that thelr commercial pot-
ential (and particularly that of their derivatives) was
realised. Since then a wide range of compounds incorpors
ating the polyoxyethylene glycols have been produced for

a multitude of purposes, renging frmm alds in drilling



S0 phaymaceutical prepavations, where their weitting,
devergent, Lfoeming, dispersing, or cmusifying propertics
are vwiilisedo

Bren to this day much of the knowledgs of the
usefulness and properties of these compounds has besn
obtained empirically, and, wnitil a nore complete insight
0 their beheviour, strueture, and oprisntation in
golution has been procured, o more rational scisntific

approach o thelr use will remaln difficult,.




o

Ethylene Oxide Adducts.
Ethylene oxide is a colourless gas with an ether-

like odour, prepared on a small scale by heating 2~chloro-
ethyl acetate with potassium hydroxideg, on & commercial
scale by the chlorohydrin processé, or by direct oxidation
of ethylene. Highly inflammable, llable to undergo exo-
thermic veaction with iteelf, and of a toxicity similar
to carbon monoxide, it is however the fundamental unit
in the producetion of polyoxyethylens polymers and hereln
lies 1is wvalue in the chemical industry. Although early
polyoxyethylene glycols were made as a byproduct of
diethylene glycol syntheses, all ethylene oxide adducts
made on a comaercisal basis today arve prepared by the
polymerisation of ethylene oxide in the presence of a
suitable @atalyst19“9bm&$
Various schemes have been suggested for the polymex:
leation mechaniem; several of which appear to be influenced

by the wype of catalyst used. Ge@l&

suggested the follow-
ing reastion sequence when an alkoxide ion e.g. sodium

methoxide is used as initiatorie

- n(CH,CH,)
RO 4 CH, c%? ~» ROCH,CH,0” \\Q&}}/a
R(OGHBGHQ) ne19

Various other catalysts, alkaline and acid, have

been mentioned in the literature; as & general rouie

for the polymerisation Fin@5 propoesed that the epoxide



?ing of the ethylene oxide opened, combined with an
active hydvogen atom contained in o functional group
of the second reaebant then combined with the latter

o form 1ts hydroxyethyl devivative.

(“m’ ("H . .,
ROH + CH_OH. .~ RO™ + TG _CH_0H ——y ROCH, .CH_OH ——$—
/R I - fomon,
i iyl f e
@ N )

¢
= o %mmq@%mm‘m“’

_ RO(CHCHA0),,. o1

The active hydvogen of the hydroxyethyl group
was then avai;abla_f@ﬁ reaction with an additional
apoxide group, end, by repetition of this process, the
polyoxyethylens compound was bLuils ups the degree of
polymerisation belng controlled by the eamount of
ethylene oxide made availableQ

Alecochols, ph@noiag carboxylic aclds, amines, amides,
alkyl and aryl sugap é@riv&%iveﬁg and mercaptans are
among the compounds most csommonly conmbined with a
polyoxyethylene ehaing the properéies and stability of
the @@sult@ng compounds being intluenced by the cboice of
hydrophobe, the type of linkage, and the extent of
p@lym@@isaﬁioﬁs

When polyoxyethylene chaing are builit up ldeally,
from a fixed nunber of propagating uniss by a segquence
of kinetically identical additions of monower, size

16

distribution of chain lengiths has been shown 0 be

described by Poiaﬂ@nvﬁ-f@rmula%ﬁ

Althoogh the conditions producing Polsson distribution



6o
are found in the reaction of ethylene glycol with ethy-

lene oxidel’

¢ complications are encountered when the
rate of the initiasl step of the reaction is differegt
from that of further steps, or the subsequent addiﬁions
themselves wvary in rate with chain lengthening. Complex
formulae have been derived for reactions where all steps

18

are kinetiecally different™,; but are very cumbersome to

use. As a compromise, Weibull and Nycanderl?

produced

a simplified formulg based on the asswoption that the
rate of ethylene oxide addltions were egial, but differed
from that of the initial reaction of ethylene @xiéﬁ'wiﬁn
the parent hydrophobe.

Fractional distillation of compoundg prepared by
Wrigley, Smith, and Stirton’> showed a distribution of
chain lengths which agreed with Welbull and Nycender's
equation, rather than with the Polsson distribution.
This work was however limited to long chain fatty
aleohol adducis. On the other hand, the Flory-Polsson
distribution has been found valid for the oxyethylation

179 phenols§°9gl and stearic aci ggg

of ethylene glycol
in the last case fresumably becauvse of preferential
combination of the parent compound with ethylene oxlde
before significant further reaction of the ethey alcohols
took place}o”lggaﬁ
Industrially an alkaline.@atalygt seems to be

,pnef@ﬁyedzé although the ereaction may alsoe he catalysed
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?@

by acid, or even proceed wmeadalysed Acid catalyscs

are used if low bemperatuve conditions are waquiw@ﬁgﬁo
The cholee of catelyst and the puriby of the su&@&lng
mebterials have guite a gtriking effeet on the end
product. For obvious reasons manuiacivnreds Ao nob
diseloge thelr pertlsrlar rountes, ﬁu@ work by Drevw,

Howard, end Scheeffer -

illustrates whia point. In
thele experimenis they f@unﬁ aeid catalysed raactions
gave vise 0 byproducts; the amount of vhich incroased
with the degree of polymevisation, and the presence. oF
treces of water (elther by contanination or by formation
during the veachion) resulied in the formation of
giyecols. The concentration and type of catelyes, ahd
the reaction conditlons affesgted the distribution oF

lwgdf 28

chaln lengihs) and in practlice, veriation oF

these is often used $0 obtaln the type of produet moss
sultable for the purpose to which it is to be applied.
It would therefore eppesr that there is a great
riation in the possible distribution of the ethylene
oxide chala lengths in a glycol or devorgent; the
yroperiies identified with the various eomnercial
products avre influenced by this distridbution eas well as
he average molecular »atlo of evhylene oxide 4o hydvo~
phdb@gi 89
In an adtempt 60 obbaln a cleaver view of the

properties of this type of compound various means have
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been tried 4o obtain a homogeneous preparation, i.e.
one which did not contain a distribution of chain lengtho.

Fractionntion of the polymerised products by @i@%i&l&%&@@gi

and chromatographic 50,31

technigues have been tried, bub
as yet has only succeeded in narrowing the chain length
distribution. Alternative roultes of bullding up the
chains have also been investigated. As mentioned
previously, snort length polyoxyethylene glycols were
first descrived by Lauranco%9 and by Wurtggg the former
prapared them by reacting ethylens gliyeol with elther
ethylene dibromide or ethylens bromohydvin, the latter
by reaciting ethylene oxide with ethylene glyecol o by
hydration of ethylene oxide, whereas M@hﬁ%gﬁgg 8t a
slightly later date, heated ethylens glyeol monoaceiaie
with the monosodlium derivative of ethylene glycol.
Although certain early workers suggesited a cyelic

atruetupeg

for the polyoxyethylene glycols, much of the
data supporting this was of a negative nature, and the
detection of hydroxyl groups was taken as evidence of an
cpen cnain§4955
The first direct methoed of synthesising a single
rolyoxyethylene glycol, devised by Perry and ﬂiﬁb@rt§6
used & Williamson type ether reaction of the . ()dichloro
derivative of a pure lower glycol with two melecules of

the monosodivm salt of another or the same glycol.



D
2)

GIGHQGHQQQGEEGHB} n@@ﬁgcif;g@l 4 m\'s‘a@(@ﬁg&ﬂg@} .

H@(GHQG%@) e g )
Using this procedure Fordyece, Lovell, aund Hibbevﬁuﬁ

gynbnesised glycols containing up to 186 ethylene oxide
wilts. The compounds containing uwp to six ethylens oxide
units were distilled, but the Longer ones had to be
purified by extraction and srystallisation; the final
_puri%y_b@ing ass@ﬁs@ﬂfhy time/temperature @@mlimg
curves. Erxomination of these synthesised polyoxyethylene
glycols by Xvay difff&GtiO‘g? showed, that ap far as
could be detected by that technligue, there was ne
sssential difference between them and products of ethylens
oxlde polymerisation, substantiating the claims of other
workers as to the ldentity of the two end pv@du@t8?69§%
Synthesis of hgmgg@n@@ué glycol derivatives presentis
an even more Lformidable prablem, parviticularly when &
compound with & hydrophobiec radisal at one end only is
requlred. Certain workers have ducked round this problem

by vsing a short sodium &1koxid@§8”5g

So o Bodium methoxide,
to inltiate the polynerisation rescition, obtaining a
m@thmxypalyoxy@thyien@ glycol, fractionabting this, apnd
@anvewting the reguired fraction to its sodium s8lb.

Thence, by the Willilamson reaction with the hydrophobe
halide, they obtained the desired compound. Such a
c@m@@und_iﬂ based on the produet of the polymerisation

reaction; and hence a uwaiform chalin length is extremely



10,
aifficult to obﬁ&in?igﬁg Moreover the compound must be
used as its methoxy dervivetive; removel of this group
without bresking the hydrophobe-glycol link is virtually
impossible.

A Few eports heave appeared. in'ﬁh@ 1iterature
describing synthegisad @@ﬂp@m@d@%ﬁm%@ but the majority
have contained short polyoxyethyleme chains of up o slx

ethylene oride vnits. Lamg@go

has reportad & monohexs-

dacyl ether of decgoxyethylene glycol, bubt as his Meliing

point is some six degrees lower than thet generally
accepted for the monohenxadecyl ether of hexaoxyethylene
gilycol, it would appear that the purity of the Pformer 1a
in doubb.

For detergents the synthetiec route used hag alse been
via Willlamson ether synthesis type reactions, wo ways
belng availableg-

a) bulilding up the glycol by the mathod of Perry and Hibbert,
gonverting it 0o its monosodivm salt and by wreacting
this wish the hydrophobe hallde.

Na + H@(GH&@HQQ)EH wm%%’a@)wﬂg@ﬁ%()) o
RX 4 mo(cﬁgﬁﬁgmnﬁ ww}ﬁ@(eﬁggﬁga) o

b) by preparing a short chain compound as above,
chlorinating the teﬂminal hydvroxyl geoup with thionyl
chloride, then reacting this compound with a 1monosodl.umn

d@mivmtive of a glycol.




ii,
VYields by either rouvie ayre not particularly good
and side reactions such as dehydrohalogenation of the

chloro compound have been f@p@ﬁted%ﬁ Alkyl tosylates

have also been described as intermsdiates%l

and reesnitly,
the stepwlise synthesis of the monodesyl ethers of mono
0 tetra oxyethylene glycols by acld catalysed addition
of ethylene oxlde has been reporte ?3
The difficulities encountered in the purification and
separatlion of the end products from the reaction mixbure
has been one of the main causes of delaying the syntheses
of longer chain compounds. A relatively short oxyethylens
chain compound, such as the monohexadecyl ether of
hexaoxyethylene glyccl, forms the limit for normal
distillation, and, even under high vacuum, the conditions
required ave wather rigorous for an orgenic compound of

RN,

this nature (b.p. 236°/10 pnmu)o Neither do the actual

digstillation procedures used seem o produce an entirely .
satisflactory compound, as oxlidised byproduets have beenéﬁpéﬁ
reported in the distillate, and subsequent chromatography
on silica was requived o remove them. Traces of glycols
gre one of the most common contaminents and ervystalllsation
and other purification techniques are hempered by the
similarity of their properties to these of the adduct,

particularly when the glycol chains become large. Furiher

complications are encountered due +t0 the surface acivive
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properties of the derivatives cauvsing emulsions when
partition techniques are used. To overcoms this
parbition between ethyl acetate and saturated sodium
chloride s@luﬁionﬁg has been used, or heating an agueous
solution of the mixture to about 100° and geparating the
detergeni-rich phasesgg in both cases the glycol and auy
other water soluble products of the P@aeti@n wera rotained
in the agueous phase.

Analysis

In estimating the purlty of synthesised compounds
it has been shown that although standerd snalyses
{percentages of C,H, and Q) gave figures indlicabing
satisfactory purity, such analyses were not sulfliciently
gsensitive to detect impurities in this type of compound
as minime occurred in the surface tenslon/conceniratlon
curv&s%ﬁ Estimation of the hydroxyl group by acetylation
or other technigues also loses its sensitivity when only
small samples arve avallable and the hydroxyl group is
only eguivalent to some 1-2% of the molecular weight.

Various assays have been ﬁ@velaﬁgﬁ %0 estimate the
ethylene oxlde content of the adducts. Most of thaese
have been dependent on degradation of the chaln, or a
complex formation; the complexes being Cormed by reacting
the ethylene oxide derivetives with heteropoly inorganlc
aclds, svueh as silicomﬁunga%1¢§3m55 o ph@@phom@ly%dﬁ@?ﬁﬁﬁ?

acids, oy with tannins, potassium Lerrocyenlds, or obther



18,
sultable waagenﬁa?aﬁ@g These comploxes were then
quantitatively estimated elther by gravimebric,
volumetrie,or absorpiiometric technigues, and a dlvect
relationship could be established with the particular
surfactant being determined.

Dichromste oxidation has been advoeated by Eﬂkimgﬁa@ﬁ%
and others,but lacked the specificity for ethylens oxide
units Gesired. M@fgaméﬁ using a m@difiea 2lkoxyl epparatus,
decomposed the ethylens oxide residve to gthylene iodlde
and ethylene with constant boilinghydriedie aeid, The
latter mathod has been developed by Siggia et @1966 by
refluring th@ polyoxyethylene adduct with excass hydviodic
acid under am atmosphera of carbon diomide, and sitrating
the libeyaﬁ@@ ilodine with @@@@@m thiesulphat@e

This remetion has the adventage over the other
chemical methods thet it is ap gdbsoluie mathod; 0o
atandard curve need be prepared for a given compound
mder gpecified condibions.

ALY the gbove methods estimate the total ewmounts of
ethylene @xid@'yyaﬁanﬁg thus the presence of glycols will
affect the result. Several m@th@ﬁﬁ‘@f aegbimating the
amount of glycol present have been d@v1@@@§?3539§?
generally involviang the sepavasion of ﬁh@-giyeml from vhe
é@terg@gxgbmﬁ racently correlation of total ethylens oxlds
content, obtained by the hydriodic ncid enelysis with the

percentags of hydroxyl groups found by acetylation, has



14,
Peen waed to caleulate the guantity of glyeol in the

adductga

Properties in Aqueous S@;ution;
Zhe Formation of Micelles.

In contrast ﬁith the copious work on ionic detergents,
8e L Treferences 69-79, the number of'papers on the micellar
structure in agqueous solution of non-ionic detergents is
relatively amall, no doubt influenced by the discovery of
goap micelles some ﬁwentymfive yearg?o"aa before the first
work advocating that micellisation was exhiblited by the

84 nethod

non—ionics was Lorthecoming. Using the Scatchard
of determining Lfreezing peoint depressions, CGonick snd
M@Bﬁiﬁgﬁ found resulte obiained for both Triton X 100,

& commerclael octyl-phenyl oxyethylene adduet, and a
monolaurate of nonaoxyethylene glycol, in agqueouns solution
bore a striking f@g@Mblan@e‘t@ those obitained for
colloidal electTolyiss. Correlating this work with
previous resulits on solubilisation of benzene and various
dyes by the 1auryl ad@ugﬁga and Xray diffraetion@? in
agqueous solution, they concluded that non-ioniec detergenis
also Pormed micelles. This deduction has since beén
confirmed @y other workers using Xray and solublilisation
techniques, and by viscosity and turbidimebtric datarosS8=9%
Many theorieg have been put forward for the foéﬁati&n

69,71.,93-=108

of ionic surfactant micelles and on the
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thermodynamics entailed, mostly based on two standpointas-
the law of mmsg action, and the phase rule (the micelles
are considered as a separate phase). In one of the

simpler theories, Deberl

proposed that as the number of
long chain ions sggregated to form a dropleot or core of
hydrophobic¢ tails, the number of charges per aggregate
increased. The cherge density at the periphery rose and
with it the electrostatic freec energy of the growing
aggregate. An equilibrium was reached when the drop in
energy due to aggregation of hydrophobilic groups was
balanced by the rise in energy due to electrostatic
repulsion. Criticism has been levelled at Debye's
treatment as 1t was based on minimising the free energy
of the micelle rather than the entire syﬁtem?ﬁ”g&

It is evident Trom knowledge of the non-lonice that
ovher factors must also be at work im the process of
micelle formation; these factors may e operational Lor
micelles of lonlcy, as well as non-ionic detergents and
mey pley a large part in micelliisation over and above
the more readlly understood electrostatic respulsion.

Such additional fectors atabiliaing'an @quilibrium

gize distribution of micellar aggregates, must be of the
nature of forces resisting the dscline in particle-sgolvent
contact end the concomitent dehydration and entropy
changes,

The necessity of looking for additional opposing
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additional opposing Lactors which cowld balance the drop
in energy due 4o aggregation of hydvophoble groupn, and
thus the need to look at éh@ behaviouwr of all other
components hag been stweascd bY R@i@hgg who caleulated
the equilibrium micellar size Lrom energy and enbropy
changes talking place during micelle fommation. IHis
calculation was based on a simple model gf coalesgence
of hydrocarbon tails teo a liquid droplet, and Litiing
the ethylens oxide chalus ovewr th@i@.@urfa@@s@ On the
basis of his theory, Rsich also postulated that micelle
formation of non-ionic surfactants occcurs at a distinet
critical micellar concentration (cme.), the ecme. decreases
with increasing hydrocarbon ehaln, and. increases with
increasing the ethylene oxide chain.

Kuehner, Hubbard, and Deanlog have pointed oub that
the sherpness of the micelle appearance forveesast by Reich
was dependant on the values essigned o the entrapy and
energy chenge associated with micells formation; his
agsignment of a high negative value (=20 keal.) for the
entropy change was probably wnwarranted sincs it was
based primarily on considerations of the heat of
vaporisation of dodecane, smd neglects the posltive
ccntribuﬁiqg of the total entropy chenge which resulis
Lrom the uncurling of the hydwaearbgn portion of the

molecule when 1t enters the mieeglle, Cholce of a smallewr

value for NS would have reduced the predicied sharpness
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of micelle Tormation. Calculation of the entropy of

97,98

micellisation for a synthesised monododacyl ether of

4,
hexaoxyethyleng glye@lgg
surfactanﬁs%ig Prom measurements of cne. 88 a Ffunchion

gnd for a serlies of comerclal

of temperature appears to support Xushner's criticlsm,

as values of + 5.9 kealo mo1>* i

d 1

deg. ", and 7.6 to 18,4

keal. mol. ~deg. —, were obitained. This, asccording Lo
the authors, was unlikely to be caused by the molecules
being less restricted in the micelles than in water, the
magnitude of AS strongly suggesting that the energellcs
of micellisation of these compounds was governed almost
entirely by the p&rtial desolvation of the monomer és i%
entered the micelle. Thus 1t was possible that the;gain
in entropy resulited from the orientetion of some or all
of the Wat@r molecules in the vieinity of a single
monomer, ghanging to a freer orientation on micelle
formation.

Hoeve and Bensgg%gﬁ in an extensive statistical
mechanical treatment, extended Reich's approach and also
polinted out that dehydration phenomena had to be btaken
into account. The simple shielding of hydrocarbon talls
from water by ethylene oxide used in Reich's ealeulation
accounted for only “complete micelles® i.e. where the
hydrocarbon core was entirely covered by ethylene oxide
chains. It has also heen polnted out that, unfcrtunite&y.
wndefined parameters in Hoeve and Benson’s theory makes

comparigon with practical regvlts somewhat difficulﬁ%livll&
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A theory, postulated by Nskagawa anﬂ.ﬁuriyama%&&
considered the main factors preventing assoclation are
the heat of hydration and the configurational entropy
terms of the flexible hydrophilic chain. It gave
gquantitative predictions for the cmec., micellar weight
and other properties in solution, but could not reasonably
‘explain temperature effects and clouding phenomena.'

108 has come down heavily

A recent paper by Mukergee
in favour of the mass action approach and attempted. to
point out some of the difficulties and inaccuracles of
the two phase theory; but the latest paper*®’ on the
thermodynanics of micelle formatlon reanalysed Reich's
model from the two phase approach and developed a theory
of micellar statistical meghanics from the extended
theory of dilute 3olgtiona}14 the dlelectric continuum
model of the solvent, and the statistical mechanical
treatment of physical clusters at constant preesure}ls
and formulated a more general theory by eliminationfof

the first two.

Critical Micellar Concentration.

Formatlon of micelles causes abrupt changes in;many
of the physical properties of a solution of a aurfaetant115
and measurement of the concentration where these changes
toke place is generally taken as indieative of the
coalescence of the monomers. ?hili@@gﬁ has proposed

shat the cme. covld conveniently be defined mathematleally
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as the total concentration (¢) at which some colligative
property @ gave %gg = 0 bubt the choice of the colligatlive
property for defining the cme. generally depended on
factors of convenience. The exact location of the cmc.
is thns to some extent subjective, but can'be!recorded
with sufficient meaning in most cases.

Absence of electrical effeets, althgﬁgn advantageous
in many weys, has its disadvantages when obtaining a-cmcog
as it precludes the use of any method based upon these
Qrmp@rtiaa G.go conductivity; morecover, due to the absence
of elecirostatic repulsion, non=ionics tend to form

117,118

migalles av mnch lower concentrations than their

ionie @@uaﬁ@mparts%lgﬁlgq thus other common methods are
not sufficiently sensitive. Technlgues have therefore
heen developed in ap sffort o overcome these difficulties.

Ross and Oliviewigl

have reporied a phctametrig method
for the determination of the cmec. of polyoxyethylene adducts
in both agueous and nonaqueous solutiona, based on the
formation af’a'mmleeu;ar complex between lodine and: the
nonmiogi@ micelle which showed an ahsorptiﬁn maximu@ at

360 mp, and Becherisg haa shown good agreement betw§en

the resulis of this method and values obtained from light
seattering with a range of comaercial non-=lonie dstérgentge
Elwor%hylgg followed uwp this work using eetomacragoig a
commercial polyoxyethylene monocetyl @ther contalining

an average of 22 ethylene oxide uwnits, and obtained
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congistont rosulte Lor three methodsi:«~ the iodine method.
solubilication of a dye (dimethyl yellow)., and a surface

119,124,125 o0 yery

tension technique. Japanese workers
as using conventional swrface tenslon and solubilisation
methods, have auggeaﬁeﬁ.pclarographis and other t@chnigpeB®
Surface potential m&a@urements%ga show;ng similar résults
to those obtained from surface tension%lo have been;
described vecently. .

As slvesdy meniioned, the abschice of electrosigbic

repulsive forees resulis in the formation of micelles
' 6

at very low concenbrations, and figuvres ﬁowg o 107
m@laﬂéﬁ appear in the literature. The cne., as migh%

be expecied,has been interpreted as a funetion of ﬁﬁ@
hydrophobe-hydrophile balance of the molecule, and Reich® s
ﬁugg@a@iomgg_@haﬁvfgr a given hydrophobic moiety the

CMCo W@ll increase with increasing ethylene oxide chaln
lengih, has beon demonstrated by several workera%gg”igﬁmiﬁﬁ
Formulae Loy their relationship, om lines parallel to

that off Kl@venslgg for a homologous. series of ionie

44282,129

suprfactants,; have been publishe 1.00

dog cme, = A 4 Bn
where A and B were constanis for e glven hydrophobe and
n = the nuiber of ethylene oxide unite per molecules
This equation may only hold over a limited rangs of
ebthylene oxlide chelin lengths, as comparison of octadecyl

gthers conbtaining fourteen and one hundred ethylene oxide
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units per molecule, rospectively, have chowi on VPG
dlctably lover cma. fop the l@ﬂt@ﬂ%ﬁﬁ@i@ﬁﬁ&gﬁ while with
short compounds Mulley;a@ hag claimed that inereasing
the glycol chain iengihs had little effect on the ¢me.

(up to siz ethylene oxide wnits per molecule).

As far as alteration of the hydrophobie group was
concerned the nunber of carbon atome, even in a aat@rate@
hydrocarbon chalin, 4id not necessarily direectly influence
the hydpephoble weighting of that molety as fapr as one.
was concerned. The overall npunber of carbon atoms in a
seraight @h@in appeared to be the mein factor as eocmparinon

120 end n-dodeeyl adducto,

of the emes. of branched tridecyld
with the same nunber of othylene oxide valbe, showed the
latter o be spproximaitely hald that of the formeyr.
Experimenss with &yn%h@@isaﬂ%S and eomnercial @@mwauﬂ@ﬁ%%cglgg
have shown that for a given ethylene oxide chein the emg,
decreased with lnereased lengih of the hydrophobie molety.

Sehiels

10 however found Little difference in the emes. of
Tractionated octadecyl and dodecyl monoethers contalning
Pourteen ethylene oxide wnits, and Lange found the
generally accepted behaviour vas invalid with polyoxy—
ethylene ethers of pareffin chain alcobols greater than
dodeecyl, but his compounds wWere by nOo mMeans purd.
Atbtempts at corvelation between the valves of cmes,

122

f@ﬁ different commercial @l@@h@l adduets showed the

slopes of graphs of log cme. 6. ethylens oxide contentd
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decreased with inerease of the number of eorbon atomg in
the stralght chain of the hydrophobie group, and the sepiea
had a common intercept at a hypothetical zero ethylens
oxide content. Unlike the maejority of other published
cme. results concentrations in this worlk were based on
% va,s conversion of these results to the move common
moles/litre designation of coneontration heve shown theb
the cmes. Tor the lauryl and siearyl adducts now desreased
with ethylene oxide chain length, although those of the
oxo=process produced tridecyl alcohol adduets still
ingreased. Despite this, for a given ethylene oxlde chaln,
the ome.(moles/Litre) decreased with lengthening of the
aliphatic chain. BSBuch resulita furither stress the unsabio-
Factory nature of working with heberogensoug compounds.

The presence of a shavply defined cme. has been
aasum@d in the mejority of the previous mentioned work on
this subjeet, but Kushner @b @1?0 elaimaﬁg'f@@m surhldi-
metrie results on a sample of Triton X 100, that there was
no well defined cme. but a gradual inerenge in the Crastion
of added detergent foming micelles wp 6 & congentrablon
of ebout 0.8 G/41, where virtvally all of sach incremant
added to the solution beceme miceller. The authors
suggested that this mey heve besn cauveed by the effects
of the chaln lengith distributiong ﬁh@ ghopter gbthylens
oxide sdduets Lorming micelles ot lower concenbratilons.

109

Later work in molecularly distilled fracgtiong &till
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ghowed no sharp cmc. The concentration where the
concentration/turbidity ve. concentration graph settled
4o a straight line was lower 1n the case of the Lraction
with the shorier mean ethylene oxide chain length. ‘When
considering these latter results it must be borne in
mind that molecular distillation does not give a series
of clear cut chemical entities, but at the best merely
increases the incidence of molecules having an ethylens
oxide content close to that of tho mean. It has been
sugpested that this monomeyr saturaition @@nﬁ@ﬁﬁratiag is
an avtifact arising from non=gouilibrated ﬁaluﬁi@ng%@ﬁ
ut this time dependance of micellar breakdown h&@_in
uen been avtributed to the prepence of impuritie@%ﬁ
and did not oceur when chemically pure synthetic compounds
were studisd. Recend wpfk on a syanthetic dodeeyl ether

gflhgga@xyeﬁhylem@ glyeallaﬁ

gives yet avother angle on
this problei. Comparison of the cme. obtained from surface
tension plots (Co) with that spperent £rom %ufhidiﬁy

(C1) showed the latter to be much highewr, The consbtant
value for the surface tension observed at concentrations
greater then Cp was teken to indicate that the activity

of the monomers in equilibrium with the surface phase
romained constant, O3 being caused by the micellar uwniits
betwean Cg and Gl having such low aggr&gétien numbers

that the solutlon turbidities ars too swalld %0 be

distinguished experimentally from the solvent turLLALGY,
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and only abt concentrations greater than G docse the
micellar welght become appreeiable and constant.
Size. Shene, snd, Hydrabion.

The fundamsnial properties of delergents in solution
of moat intevest ave obviously their surface and micelley
behaviour, and the Tactors which affect them. Agueous
solutions of the non-ionies are colloidal in nature and
thus the techmigues applied in thelr study have been
similar to those generally used in collold secience.

Surface tenslon, viscosity, and light-pecabiering
procedures have perhaps been used most commonly 4o date,
but sedimentation, diffusion, and other technigues
appear in the 13 seratuper-ro 187148

it hes now been generally accepted that,provided
the polyoxyethylene chain is sulfficiently large %0
produce water solubllity of a given hydvophobe, non-
ionie surfacvants of this type orvienvate themselves in
micelles, with the hydérophobic molety internally and the
glycol chains to the ouitside. The gliyeol cheln confers
water solubility by trapping water melecules in some
way?gﬂ&%g The exact amount and methed of this brappilog
is however subjest $O conjeeturs, as, as yei, N0 inde-
pendent method of measuring the agueous co-volume of the

micelle has been published. Hydroxonium iong, hydrogen
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bonding and various types of avrangement of the water
moloenlaes avound the other oxygens or within the glycol

d§§91%6912§@l%%m&é9

strueture have been suggeste Firom

vincoslsy and micgllar studies, Kuénn@ﬁ aﬁd.ﬂubbardge
caleulated 43 molecules per polyoxyethylene chelin in a
micelle of Teiton X 200 (n = 10). OFf this, they
suggested 20 molecules of water were held by hydrogen
bonding o the ethewr axyg@maQWith the rest physically

142

trapped by the chain. Nekagaws and Inouve” ghowed the

number of hydvrated water molecules per oxygen atom
inereased wilth chain length, and other papews?gﬁl@?gl@ﬁ@lﬁ&ml&g
uaing data from viscosity, polarimetyry, and heat of
hydration, heve given 1, 2, 3, or 4 water molecules per
ether oxygen, depending on the chain length snd the workers
CONCRrned. |

As with most of the work on non—iomiecs, the majority
of the studise of micellar sbtructure has been carried
oui on comnerelal detergenits,snd much of th@ conflicting
data which has eppeared in the literature can be Dlamed
on the bateh variation of the nominally similar
@@m@@unésgﬁ?”&5891539154 (See Table 1). A4s already
discussed,the polymerisation synﬁhés&g result in products
conbtaining a range of ethylene oxide c¢hain lengihs; a rangse

which even veries depending on the experimental condltions
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ueed, and, deopite what @@?ﬁa&%.W@?Rﬁﬁﬁ glaim congerning
Spoprodusible h@ﬁar@g@n@i@yﬁggﬁ such compounds awe not
ddeald Tor physical-choemlieald atudy.

The offeet of fractionation of thesse materials has
been studiod and Turther illusbrated this y@int%ﬁg”lﬁﬁ
Molecular distillation of a sample of Triton X 100 gave
two fractions ong of whieh goave a clear solution in
vater, the other was classed as "lasolubleY. PFurthew
redistillation of the two fractions pave one insoluble and
one soluble subfraction from each. Consequent molecunlar
velight situdies by lighit-~geattoring of the two soeluble

subfractions gave the miceller weights tebulated.

M 0 Aggpegation
Tumber
Lower Distilling Fraction 208 z 10° 8 575
Undistilied 90 = 10° 10 159
Higher Distilling Fraction B3 x 10° 13 79

{(Whers M,is the micellaer weight and ﬁoth@ moan number
of ethylene oxide units per molecule)
Recombination of the soluble and insoluble fractions gave
a moleculay weight the same as that of the undistilled
COMPOoOVRG.

These values, although obtained by some rather nalve
assumpeions, indleate e trend which has been shown O

occur with all polyoxyesthylene btype suriachanis ot a



doble 1.

Micellar Welshis of Various Non-ionic

Surface Active Agents_in Agueous Solution.
4

Hydrophobile o) Temp. 10 M Agg.No. Ref.
group
08 6 18 1.28 32 45
012 6 18 7. 80 i78 4.5
032 6 i8 8. 40 191 136
612 6 25 i8.0 411 136
Cio 6 30 32,0 730 136
Glg 8 6. 82 123 1656
ng 9 25 4,03 o7 181
N &
Gla 4%/ 2D 5,16 86 287
612 9.5 3. 85 63 156
612 i8 3,20 4.5 156
G&B 12 5. 89 81 155
012 14 25 10,0 125 111
612 i8 5,06 51 165
Cig T 20.8 25 6. 17 56 210
Clﬁ 23 4. 88 40 1656
012 30 25, 8. 20 55 1ii
618 14 25 33.0 370 111
018 100 25 46.5 465 313
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given temperatures~ the micellar aggregaition nuuber fop
o given hydwrophobic group decreases with increasing
polyoxyethylene chain l@ﬂgtﬁ?g’&ogs&il’lﬁﬁmlﬁ? and
similerly, with a stendard polyoxyethylene chain lengbh,
the aggregation number increases with increasing the
length of the hydrophobic part of the molecule €oge
by the inereasing the length of the paraffin chains
(See Table 1)

Strelght line relationships between the aggregation
number and the veciprocal of the number of ethylene
oxide unibs pew molecule have been obtained for the
Tormer serlies, which would appear to predict an aggro-
gation number of unity for a given hydrophobe. Whether
shis in Yact bappens has not been proved as 1ittle work
hes been done on detergents with ethylene oxide ehaing
avound the hypothesical lengih Por monomer dispersion,

but 1% has been shown for soms 1@@@@@111

compounds that,
although s8%ill showing & decressed eggregation number,
the micellar welght bad risen appreciably over that of
the shovber compounds. This, coupled with a lower cme.

then expecied, has been atiribuied %o a decroasing
solubility of the ethylene oxide poriion as 1ts molecular

welght was increased in this Peglon oF may e coused

by a steric hindrance of micellar packing. Unfortunaiely

B8,48,158



Hydrophobic
group

CaPho
G 8]?11 N
C 81331.9
GaPhn

Aty

3 we
OBLhe

CBPhQ

GaPho

N
CQPhg

GgPha

GgPho

b
Cgth

C.Ph, ™
9 3 L3

CgPho

GgPha

CgPho

CgPh@
GgPhe

CgPh.e

Table 1 (contd, ).

o

2.5
10.0
10,0
12.0

9.5
10,0
10,0
10. 3
10,3
15

20
30
30
50

Temp.

20
26
26
25
20
30
5
20

)
25

2b

10~%1  Agg.No.
20.8 373
8,13 135
6.67 11l
6.3L 100
9,00 139
10.5 162
5o 55 3
6.9 265
6.63 100
18.2 276
8.50 185
7,95 147
7, 00 80
4,50 52
6. 80 62
6. 70 44
2,97 19
4,80 20

Ref.

109
isl1
287
138
109
158
109
138
1556
133
138
137
11l
155
111
111
155
111
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there is insufficient data to show whether a graph of
aggregation number va. ethylene oxide units per molecule
passes through a minimum or merely flattens.

To correlate data obiained by different technigues
the shape of the micelle is a further factor which has
t0 be determined. Three models most frequently referrad
to for micellar aggg@gates in the concentrations bheing
studied are spheres, discs,or ro@aa It has been put
Porward thabt, in ﬁil@t@ solution, small micelles of
jonic detergents with molecular welghts in the region
of 10 %0 BO & 105?39?9 are sphericel ,whereas large
micelles ,with aggregate molecular welghis of greater than
800 = 10% ave rod shaped.

From intrinsic viscoslty numberg,sedimentation
constanits,and lighi-scattering dissymmetry ratios on a
range of compounds, Schick et al%%i clained arsmmilar
vattern for non-ionics i.® In the range 456 - 100 x &05
spheres gppear the most probable, with ﬁig@s or rods for
large micelles. PFor Triton X 100 (M = 90,000),

Kushner and Hﬁbb&r&go suggested a spherical micelle
Lrom light-seatteoring and viscosity warkg and Nakngaws
and In@u@%&g the same for & series of compounds of
miceller welght from 40 ~ 60 = 20° on the basis of

constant effective spscific volune, B@@h@@%ﬁﬁ on the



Table 1 {contd. ).

Hydrophobic = Temp. 1Q®4M Agg.No, Ref,

group

GEQWMM@ 8 30 4, 31 83 39
Cio—ile 21 80  4.B1 65 B9
QldeMQ i2 29 Jo Tl 53 1786
G,’! O”‘“’“ﬁ\ﬁ@ 21.2 250 59 ?‘u 53 158
Glgwwme- 18 20 5. 687 80 38
GlémmM@ 12 30 6o 11 86 174

Cging == Ggﬂin(GEQGHgg)gﬁ
OaPhnlgaﬁ @851?65H%0(GH%C380)10ﬂ
G, oRglle = czmﬁmo(cﬁac%o) aClg
M = Micellar Weight
Agg.No. = the mumber of monomers in the milecelle
synbhesised compounds _
All wicellar walghts 1n the table were determined
by Light-gsecattering except those merkeds
T = diffusion-viscosity

N

a = ulitragenitrifuge
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other hand, pointed out that these micelles are so emall
that the light-seattering dissymnetery values of one which
are obtalined o not give much @;u@ as o the shape of
the micslles. Ilis calculations, based on surface area
measurements and the hydrated volume of the micelle,
guggested that, for micelles @@nﬁ&ining'mgl@eul@@ with
Lfairly short ethylene oxide chain lengths, the assumpiion
of a rod-Llike micelle was to be favoured. It is to be
noticed however that he mede no allowence for variance
of the hydrophobic group and based his deduvetions on
certain rather disputable assumptionsse

a) the molecuvle was in the fully extended stute.

b) the hydrophobes in the core dld not overlap.

¢) the crogss—-seetional area of the molecule in
the micelle was the same as that at the air-
water interface.

é) the so-volume of water was the &a&@ as that
obtained by Kuahn@?go for Triton X 100 - g
figures itsalfiobtain@ﬂ on the assumpsion
that the micslle was spherical.

The use of viscosity studies in the determinaition

of micellar shape is compliceted by %h@ presenco of the
co=-volume of water in the mi@@ll@g,and? wntil a method of

disentengling the two effects is found, no dedusbions
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from date obisined by this method can be made without
making ceriain assumptions about one property or the
other. Viscosity has therefore been mainly ueed in
conjunciion with other technigues but, @eap;t@ this,

work don@igg

aid atv least indicate a trend, as, though
the viscosity of a given molay concentration of an
adduet decveased with the decreasing ethylene oxide
chain length, (presumebly due %o decreased micellar
hydration), it passed through a mininum, after which an
increased asymnetry eand micellar size outwelghed these

gffacts of hydeation causing an increase in viscosiity.

Configuratclion of the Eithvlene Oxide Chaing.
Due to the lack of knowledge of micellar dimensions

mueh of the early speculation as %o the configuration of

the oxyethylens chaln in the micelle was based on

viscoslty and Xeray diffraction data of the glycols

themselves, Lower molecular waight chains i.e. with not

more than ten ethylene oxide units, appeared to exlstd

in the regular extended "zlg-zag® or trams siructure,

whereas longer chains occured as @he more condensed

“meandery or gauche formaﬁo Coils, ‘and “erumpled helical®

and"highly convoluted® structures, particularly fov

very long chains, have been suggested as W@11§?91%891499161m16@

Roach@ﬁé hes claimed the meander form ie the most
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dikely im aqueous solubiony a splral chain bheing formed
due to carbon-oxygen dipoies (forces which are said to be
acecentuated in water due to the presence of en onium
strueture) where each oxygen approached closely and was
abtracted to a carbon atom separated Lfrom it by three other
carbon atoms end one oxygen atom. Despite its steric
possibllity, the meander form has been described 88
somewhat “@fawdeawlﬁﬁ and may require stabllisation by a
ghain of hydrogen bond linked water molecules hetween the
adjacent chain oxygens. The poﬁbxyeﬁhylan@ chein might
even be a random mixture of both configucations, (tvens ow
gauche) as Pound in dloxene solution by dipole snd
Infra-red measurcmentes o +06-168
An expending coll siructure has been described fram

i
neasurements of mieellar volumal 1

hut vhe dimensions of
the colls ware dependeant on the volume sssigned o the
hydrophobic core of the micelle; that of an 0il dropled
being considerad the moest probable. j

Although 0ot strictly comparable with micellawr
perusture, application of the Gibbe sguation o suwiace
tenslon Aata han chown that the sizse of the polyoxyethylons

oxide chaln was the controlling Tactor in the packing of
' .

110,188, 180, ,
the molecules in the int@?fa@@gieaigﬁgi 20265 put the

increment of aves pe? gthylone oxide wnit decressed as tho
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nunber of ethylene oxide units increessed. Coupled with
a similar effect for surface potential m@asurement@%gﬁ
this has been interpreted as a coil formation of the
polyoxyethylene chain in the agqueous phase, the slze of
the coils in@?e&sing as the chaln lengthensd without
reaching complete randomness éven with vhe longest chaine
studied by this techunigue, (containing up to one hundred

ethylens oxide uniis).

The Effects of Temperaturs.

Solubillity of surfactant compounds, evenr in dlilute
golutions, is often limited to ceritain temperature ranges
i.8. only between a Lower "Krafft Polnt® and an upper "Cloud
Point" can o solution exist without phase separation. Thus,
outwith these temperatures, the detergent loges many of 1lie
mest important pr@pertiea%ﬁg Little worlk appears ©o have
been done on the Krafft point as few illustrate this
phenomenon but the cloud point has begen studied extensively.

As has been discussed, micellar properties are influ-
enced by the hydrophilic properties of the molecule, which,
in turn, appear o be a function of the length of the
polyoxyethylene chain and the amount of water "trappedf,

The cloud point has generally been assumed as beling caused
by a thermal dehydration of the micelle reaching a stage
where the bydwophilic properities of the mleellse were
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reduced to such a level that the surfactant was thrown
out of solution. Above the cloud ﬁoint a phase, rich in

surfactant, separated out of aolntion}vo’lvl

leaving a
concentration of surfactant in the co-existing aqueous
phase in the region of the cme.; the detergent, in the
latter phase, appearing to be dissolved as a monomer
dispersion with virtually no micelles present.

Illere, as with the other solution properties,
altering the length of the polyoxyethylene chain for a
given hydrophobe affected. this behaviour; the cloud point
rising on Iincreasing the number of ethylene oxide units
in the chaini®?*17® por ether linked adducts of constant
glycol chain length 1t fell with increasing the size of
the hydrophobic group by ascending a homologous series.
Though cloud points are reasonably constant over a fairly

wide range of eoncentration%71

vary with eoncentration%aa

some have been shown to
and certain discrepancies in
the literature have been blamed on not taking results from
comparable parts of the curves of cloud point vs.
concentration%42
Provided the compound 1s pure,the cloud point of
polyoxyethylene ether adducts appedrs as a sharp change
in turbidity, but as the hydrophilic chaln is lengthened,

the cloud point reaches a stage where it is greater



°¢/T o308 Zag®T(0%mouoyoTenlls
"gCT °zoy mmumﬁ ommcmmov@mmmm.mu
061 crem £m0° 4 (o%momn)con® Tubo
94T *308 B Ot(omolmn)otm ol B0
‘961 *3ow  B2(0%mo%ED)0 e o

isini=Ng
0 09 0§ G 0g oc 0T

< @ O M E

MYy

§ ! ¥ 8 i

R°3o1

UOTANTOS Snosndy
T aﬂmawa ZeTTeoTH o
sangeledme], JO 209II¥W oUL -




7

2]

o

€

shan xoaﬁ Po measure these highor eloud points insreass
in pressure has been used o obtain higher temperatures,
oy addition of a range of consentrations of a substonce
which loweved the cloud point ©o a more cagily measured
temperature, followed by extrapolation of the values
obtained to zewo additive ecneentratian%yl
Clouvding fow non-—ionle supfactants is a reversible
procedure, & clear splublon being re-obbtained when the
temperiaure is allowed to drop below the eritical one.
It is of use in following the polymerisation of ethylens
oxide onto a hydrophoble group as it cen he adapied o
give a quick idea of h@w‘faﬁ Phe reaction has progresssd.

Bteele and B@@g@@iwa

have uvsed eloud poinits as a means
of charvacterising non-ionie detergents from plobs of
cloud points ve. appervent density. These showed values
for a particular type of svefactant fell into a cher-
acterintic band on the plots which could be wsed as @
method @f identification.

In direet contrast o many ionic ﬁ@t@ﬁg@nﬁ@%ﬁsﬂlvé
it nas been shown that vthe micellar weights of pPOLYCLY-
gthylene type non-ionic detergents increass with rising
%empe&atur&%ﬁﬁﬂl@?ﬂl?@ the »ate of increase beeoming
greater as the cloud point is apppe&eh@ﬂ?aplga@i?@

(See Pigure 1.) It is therefore cbvious that one must
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also consider the effects of bLemperaturs on micellar
welght and struceture in conjuncti@ﬁ with the original
ideas of mi@@liar dehydration when seeking an explanatien
of clouding.

Kuriyam&ﬁﬁg

analysed micellar welights and apparent
second viriel coefficlents (obtained from lighte
geabtering of a methoxydodecyl polyoxyethylene glycol
over a renge of temperatures up 0 the eleud.p@int)lﬁa
and of phase separation. He found the solute-solvent
Interaevion decveased with temperature elevation, the rate
of decrease inersasing as the cloud point was approached,
and coneluded that the phase sepavation occurred not as
a simple debydratlion of small micelles bhul rather as &
result off the decreased interaction hetween water and
micelles which have grown very laprge.

Diffusion-riscoslty experiments on & methoxy-

1 5
176 showed the increase in

polyoxyethylense octanoate
micellar weight with temperature wes accompanied by an
inereane in micellar radius and a decrease in hydration,
wish the developunent of asymnetry neay the cloud point.
Balunbra et %1%56 have alsgo pogiulated an increase in
micellar asymmetry with temperature and micellar weight
ingrease; thelr eompound, a synthesised monododecyl

ethar of hexsoxyethylene glycol, giving an exponential
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increase in mieellav welght over the range studled.

Critical micelle concentration Followed a
complenoncary trend to micellar behaviour and decreased
a8 the Gemperaturse was ralse ?55110 On the assumphion
that the micellay phase eould be treated as a separate
phase and its composition remained constent over the
range of temperature studled, this effect has been uvsed
o galeulate the partial molal heats of micelle

'5 [} il@@ :aua

. 15
f@ﬁm&tigmﬁ 76,176 by use of an ocquation oL the

Clapeyron-Clansius typ@§69g?91??g&?3

din emg. = AMa
m&mﬁﬁﬁfm‘wm L %ﬁ?ﬁ:@g

and thence, from AS = Aﬁm the corraesponding values
m /é

of the perivial molsl enitropy change wers obbained.

Bffect of Llechbrolyies,

One of the advanitages often quoted Loy non-ionic
detergents is their stabllity even in waelatively high
alectrolyte concentration: this bowever does not mean
by any mamner of speaking thaﬁ vhey. are waffected by

B8, 371,179

sa .
the presence of eleatrolyitessy Eorly work by

Doscher eb &1%80 showed that sodivm chlorids strikingly
raised the viscosibty and turbidity of agueocus solutions
of mon~ionic dstergents, wherees celeium chlowride had o
mueh smellew @ffect. Bimilarly the surface tension ine-

sreased gradually with increape of the ratic of caleium
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chloride to surfactant, wherees it decreased with
- sodlum chloride. Theose elffests, wers interpreted as
sodivm chloride “aaitimg out" the non=lonic detergent
whereas caleium salts "salted in% i.e. hydrated
calelun lons eo~ordinated in seme way with the ether
Qrygens. Further svbstantiation of this theory wae the
isolation o a 3uﬁ£a§tam$w@a1@ium}@hl@fid@ somplox.
M&@l&&%?g and @%h@?&%?g in en examination of the factors
affecting solubility of non-ionic addueibe, showed thatb
in dilute solution the lowering of the eloud point by
electrolyies is a Linear function of the lonie strength,
and the obsevved saliting out effect for allkall mebtals
and multivalent eations is roughly’in,%h@ 0raer oF
deereasing lon hydration. Kuriyama%ﬁs on the other hewnd,
pointed out thet although calecium chloride exhibited a
smeller offget on the cloud poinit when eemgaﬁad with
sodiuvm chloride at the same lonisc strengith, if compared
at the same moler sirengith they are virtually eoually
effeetive. The effect of electrolyies on the cloud
points is obviouvsly in@@g§@%@@ vith the complex networlk
affesting micellay strucbure, hydratlon, and sgeregation

number at different temporatures,bud whether one ocan
obtaln an indication of the effesis of elecivolytes at

Jower t@mpefaﬁuﬁgﬁ from thelr effects on cloud points



is dovbesful, perticvlarly in the Light of studies
on tho effects of salte on micellar wolghts atb

56844 30°, aadition of sodium

different temporatures.
ehloride to o methoxy polyoxyethylene dodecyl ethor

(n = 18) gave a 1lncar incroase in micellar weightb

with increase of salt concentration wheress with calalium
shlorido, although the micellar weight increased
initially, 4% wves nearly consitant over & vange of 0.8

o 1,0 molar. A% SQ@GQ the effeet of sodiuvm chloride

uas greaber than at the lowey temperature, bhut at this
nigher temperature addition of equimolecular congentrat=
ions of celcium chloride was egqual or mowe potent im 1ts
effect on micellar weight than sodivwm chloride. A
further complication of 3he_issu@ is thav other workers
have clalmed that addision of elecirolytes ab a glven
temperatura. does now n@e@sgarily give an incereasge in

miaellaﬁlllgléﬁgial welghto - B@eh@ﬁ%ﬁﬁ

vorking on & series
0Ff eommnercial ﬂﬂﬁ@@&l.@thﬁrﬁ showad that although a

slight increase in miceller welght was found fo@ the

lovwgr memhers of the series, the lavger molecvles showed,
s anything, & slight decrease in micellar weight. 8chick
at al%li have shown similar effeects with an octadacyl
@ather series but the decrzase 1o micellayr welght with

added salt 4id not .appear tntil o much longer volyoxyethylene
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chain was present in the adducet (n = 100). I% has been
suggested that the increased length of the @@lyﬁﬁyaﬁ s
lene chaln enhanced the adsorption of @1@@%@@1y3@ ©O
guch an extent that it increased the overall @alu%iliﬁyili
of the detergent, bubt it would appear that much dopends
on the particular series belng studled.

In & further attempt to elucidate saliing owt, the
effect of added electrolyte on the cme, bas been studied,
mﬁd here the order of effectiveness Iin lowering the ome.
was in line with & decrease in lyotropie numh@&%igg@g%ﬁ&ﬁg
Peing more pronounced with the more hydrophilic longew
oxyethylene cheins. A change in the lyotrople number oF
the anions had a larger effect than that of the cations.
Surface moment and surface tension studies have suggested
a collapse of the ethylene oxide colil sitructure on the
addition of sodiuvm chloride in a manner similayr to vthat
observed for the glycols by Bailey and Callapar®®
Addition of a proton donor op acceptor also affecte tﬁ@

1826
Gmee @ g for a nonylphenyl adduct (n =:15),

Solvent emne
0. B¢ :

86M HCA 150 mlero-mold /1itre
Water

110 micre-mol/litre

0. 861 NaOH 80 micre-mol/1itre



o
H@ai@&gg et 8l. have abttribubted this shifs o
oxonive lom formatlion in the polyoxyethylenc chaing,
added. pr@ﬁ@n@ inereass the ionie characiter of the none
jonie detergents and consequently the eme. is iﬁ@?é&ﬂ@ﬁ@
snd viee versas This has been taken by the authors bo
indicate that non-ionics are w&é&ly gationic in agqueous
solution, and, by Becherso® to explain the electrolyte
effects in ﬁhe‘ﬁerma of a poslitive double leyer in the
outer layer of the micelle., Recent eanﬁu@ﬁiﬁiiy

B
:xgeﬁimentsl“/

0 try te celear up this last point appeaw
0o be somewhat masked by the presence of p@lymépis&%i@ﬂ
catalysts in the substancg. Sivangely, no atitempt was
wmade o femove this befovehand.

£ Theowy has been pob fowwawﬁ£gj

" thaet the lowering
of the ame. in Lthe presence of e%?tﬁﬁlyﬁe does not occur
due to any specific electrical property of the slecteolyse
Tut faﬁher to its effect on the solvente On the basis
thet susrose would markedly lower the sevivity withoub

affecling the electrical properties, experiments have

becn earried out messuring ome. in different concentrations

] 180
of suerese ﬁ@lﬂﬂiﬁﬂﬁ@g

These howsver showed 1ittle variance,
and coupled with the magnitude of the effects at given
electrolyte conesntrations,. apd the apparent speclliclty

of the aniens, did not polnt o the activity @ffecﬁ as o
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likely sxplanatilone
Parhaps the most complete picture of this topic was

that obtained from micellar and surface studies by
Schick et &1%%891119126 and, on the Eaais of thelr resulbs,
they have postulated the following meechanism £or “saliing
out® of non—ionic deterpgentsse salting out of neutrael
molecules depends on the conceontravion and 1@ﬂi@_radiﬁ
of the eletrolyte, and the dielectric cepstent ol the

1.4,
ﬁ@m@l@@@@@lﬁ%@% ©

Small hydrated ions {low kyotropic
nouber) are mowe effeective in salting out than large hydr
ated ions (high Iyveitropic nuwmber). This was éh@wn o
follow with the non-ionic surfactants studied; the

salting out inereased with lncressing elessirolyte
econcentration enud with Gecreasing vradii of hydeated 1008
The hydration of the snions was mewe important thar that
of the eations. Thus, they élaim@ﬁ@ thers ip fivetly the

Femoval of bydrogen bondzd water m&l&euleagg@ia@

Trom the
ether oxygens of the ethylene oexide chain by the
increased elestrelyite conecentration, and secondly, the
extent of the dehydration of the ethylene oxide chain

is then d@t@rmin@ﬁ,by the closeness of a@p@@a&h of the
cations vo the ether oxygens, but s pavritially
counteracted by the tendency of the cowiter aniong to be

hydrateds
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The abllity of detergent solublions do dissolve
organis compounds which are insoluble, or only slightly
solubie in water, is one of their mest striking yroperties,
and is termmed solubllisetion. For lonics, 1% is genewrally
béli@@@ﬁ whet with non-polar hydrocarbons uptake eccurs
inte the lnterlor of the micelle; pertially miscible
'palﬁw componnds, such as octanol and phenole, by
edsorption en The micellis surface with the hydrecarbon
inplde and he polar group of the solubilisate in the
agueous phasg. Wabtewr soluble polay substonces, such ag
gly@er@l and cerialn dyes, which ave insolobls in
bydrocarbons, are thought 40 be adsorbed onto the szterior
of the mi&allea%aﬁ@i@ﬁ With non=lionie¢ surfactants of the
polyoxyathylens twype there 1s an additionsl poasible
mode of incorporation i.e. into the pelyoxzyethylens
canin part of the miesllar strueture.

In the study of selubllisstion, os with elechiolyies,
much of the work and conclusions obtained have been bassd
on the effects of solubilisates on cloud p@imﬁa§?19&?99ia@$&a?
The eloud point of Triton X 100%' > has been shown o be
gignifieantly raised by anilonle detervgents and allvhatie

hydrocarbons, but, ag the polarity of the solivbilisate

wae inereased by the introduction of douvble honds or
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polar ccostituents, the effeets on cloud points was
wuck less marked. Aranptic end polay aliphatie additives
aansed the cloud polats 40 be sharply ﬁ@@ﬁ@&@@&%?i

The mede of loeorporation may cccomwms for the

dlfferense in whe effeets on clovd points of such o
pounds. Dodecane is inseluble in & polyoxyethylene
glyeod and will be taken into the bhydrophoble cors oF
nicelley henzens however, is miseible with the hydrophobic
meiety, with polyozryethylense glyeols, and wiith concenis
ratod agueous seolutions of the glyveols, and may thus be
partially present in the glyeol structure, thereby
decreaning the hydeephilic proporties of the micelle.

m@g@@

fWelden and Nows ptteibuted the lowering of ¢the

glowd point by benssne and phepol o decrensing of the
hydsophilic properties of the mieelles, bud Liwing@ﬁ@ﬁ@&%?
gugeestaed pH might alse »lay an important paet in the
gffeet of phenols sithough this latter idea was refuiled

7
Vi Such effects heve been weed in attonpts

By later W@Eﬁ%
o developn methods of assay Loy non—ionies in aguecus
golution, sither to ascertein the length of the oxyethylens
ghaln of the addust or 0 galin on idsa of 448 proporties
in a@luti@m%ﬁap&gg

The solvkilisavion of phenol and its enalogues has

also been sald to oceuwy by binding of the phenolie
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hydroxyl groups with the ether oxygens of the polyexy-

ethylense chains by hyd?@g@m‘banﬁﬁng§9®9191

084198

Hﬁ,g‘mhﬁ,
Qb &1% have reporied complen f@mmaﬁi@n 6F phon=
olie subsitences with polyoxyeitbylene groups, and it has
 been observed that mauy phepolic substances were readily

dissolved in concentrated solutions of polyoxyethylene

gﬂy@alﬁ%g%glgﬁ
The molubilisation of lodime™ 0 200 and varlous
ayost=B00 1un thelr concomltent epechtral changes,

have similavly been the subject of much varying opinione

Examination of phase @hamge@g@?
87 ,1.84,136,808,209

and construction of
phase dlagrems in the presence of
-different solubilisates have also b@éﬁ carpied out to
tey 0 cbtaln a clearar insight to this pf@bl@m@.bmﬁg
as far as can be seeng No work on perhaps one of the most
suitable techniguss Loy sueh a problem i.8. diffusion
hes been cavried outo

Light-scattering measurcnents have been made in o
- Btudy of the efieet of n=dccene and n-dscanol on the

mlcollar woights of two methoxypolyexyethylene glyeol

3

monodecyL @%h@w@ by_Kuriy&m@ at &1@9 These have shovwn

that the mieellar weisghts inereased with the addition
of solubilisates within the saturation 1imlé of the

Bolubilisate, the increase originating not only £from
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the simpie incorporation of solubllisote molecules inde
the exisiting mlceelle, but also Lyrom the nunber of
purfactand molgcules in the miecelle increasing with
added solubllisate. The soclvbilissgtion pf@@@és wan thergs
Lore pocompanied by a reconstlivtution of the wmicelles in
a mamer gnalogous o that coneluded from other teche
ni@ﬁsmglaﬁgig The wvate of increase in miseller weight
being. more Tapid wiﬁh ashorser 63&@%%&1@@3 chain comnpoundse

The covcapt of "no solublilisstion when there eve noe
micellen® (though addition of a third component mey
lower the concenbdration at vhich micellss ave formed),
is also illustrated by this wvork. Peaks in the plots of
Rap (Rayleipgh®s ratio) vs. concentration below the cma
{@1) for the pure @@mﬁomnég which inereased as the raiio
of solubllisaite to surlactent was raised, were intevpretad
as being eaused by solubilisate o a solubllissbex
purfasctant @@mylﬁxg ejeacted into thoe @guﬁéu@ @hém@ by
dilution below the @ic., forming small &yaplgﬁg‘whi@ﬁ
increassd the smouwnt of scabiered light. The aan@@ntﬁaﬁi@n.
at which this pesgk started to develop praduslily decreased
with the addlitlon of solubilisate in @‘mmﬁu@r siniler o
that found for lonic ﬁ@%@?g@ﬁ%@?iﬁ@gl&
losreasing the temperature of bevnary systems, sual

&8

as n=geeane or n-decanod in an sgueous nonedonie




&
golution, showed the nicellay welghto o inorease with
vamperature, bat the patterns of inerease vaeried from
each other, reflecting the diffevent effacts on the
gloud polnt of the two compounds,
Addi%ién of an anionie ﬂ@ﬁ@?@@ﬁ%mf& +t0 a non-ionic
gove a mixed micslle, the micellar welight snowinp
vivrtually a stralght line relationship between the
miesllar weights {at 30°) of the two pure coapounds in
agueous solutiony, and inerease of mlecellar welight with
wemperature elevation of the non-~ionic was progressively
sappressed by incresgling addition of ionic suxfactant,
wntil a stape was peached vwhen the micellar welght

decreased on heating.

Surfaece Activibtve

The adsorption of sueface actlve agenita abt an
Interface causes a weduction in the suvface tension; tha
gurface tenslon dropping vapildly with increasing
concentratlion until & constant minimom valve is reached
at the cme., The peneral theory of adsorption of sueh
compouvnds at the interlfaces is that 1% is ﬁﬁ@ o the
mppésing tendencien of the hydrophobic and hydrophilie
groups, the foroer tending to escape £rom the surface
of the waber, provided dthe esxternal phase iz sullTiciently

sympathetle, the latiter group tending to pull the moleculs



inbte solubione
With non=lonie detergents oFf the type under

@@n@id@r&%i@n it has becn shown fﬁ? a given hydrophobe
group that the surface tension at the air-water interface
above the ome., increases with ineressing glyecl lengith,
the aetual value of the surface tension belng a Properiy
of the hydrophobe in quesﬁ¢@n9 9130o3136169,169,810=-218
and the temperaturd; ﬁh@ surface %ension decreasing with

wige in tewperature over modsrate Pamg@a@b

Measurcaent of the surface tension has beepn empleyed

for the detevmination of the @M@“gﬁi@g@i?ﬁﬁgsg

having the
advanbage that the solutlon may b@ examin@ﬂ wi thout the
n@@d for the addition of any exbrs component vhich may
itsell effeet the value obitained, and spplication of the
Gibbs’ Equation to measuvements below this concentration
have been used to caleulaite the avea per molceule 8%

110,128,120

the Intevrfaces These measuvements have shown

whet the ethylene oxide chaln is the detemmining Lactor

- in the packing of the interface, the ares per molepule
ineressed with the length of the glycol chain, but the
inerement per ethyléne uxide decrsased. Simlilay resulis,
ogbtainaed from surface potential studies, have been used

in an attempt to diseern the orientation of the glyveol

ahal &26
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Surface aging, though sald to be sbsent with showrier

184 10" ‘
aﬁmp@mna$@§% has been reporited by S@hi@m%ggﬁigﬁ @tt@WﬁlE%ﬁ
and @ﬁh@f@%gaﬁig@ﬁgg@ partlenlarly as the soncentration

of the soluition came near the cme, Times alloted for
attalpnent of eguilibrivm vary vastly with diffevent
workess and slithough up to three hours ab iﬁm@ molar ean
be expected from consideration of diffuveion of the

Y - . L 821,282
molecvles to the alr-wateyr interface, geveral days
were reqguired for a monchexadecyl ether of hexmoxyethylene

glycoel at coneentrations lese than the @m@§§ whichy, in

gonjuoction with other ?@Sulﬁﬂ%gﬁ sugaoaest Turther factors
are invelved.

Other methods of observing adsorptlion have beon rop-
orted B0 8B88:R8% pos with a great deal of variance
ogeuring in the resulis, depenrding on the interfacieal
eonditions and the mode of analysisy selective adsowption
of shorter length ethylene oxide chain adducts often
influvencing the resulis te differvent extents.

Interfaciel tenslions of aguecus solutions of

polyoxyethylone ether adduets against sueh subgtances

as vegseiable ails%oﬁlﬁggglg‘benzen@@ and toluene, gave
minima with ethylene oxide contents of 1480 unitay0r289
248 |

and =312 unlitse respectively, but hexane followed a

patiern similar o the alre-water interiace. Lipophllic
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substances, such asg @aﬁb@@‘hl&@k%gé gave a Loangmuir
type adsorption forp a ranpge oF nonylephenol adducts;
but for a hydrophilic powder, such as calcecium @aﬁbanateggg
the type of adsorption depended on the compound examined
and was very sensitive to change in chaln lengih.
Compounds with less thean four and more ﬁhan'nin@ ethyleng
oxide unlts per molecule showed no adsorpbtion onto
calecium carbonate, those with five and six gave Langmulp
i¥ype, whereas seven and seven point Pive ethylene axide

mits showed multi=layer adsorptioh.
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Th@ present lack of published work on pure synthesised
@@M@@ﬂﬁﬂﬁ_ﬁﬁk@g correlation of the information eppearing
in the literature exbtremely difficult. The use of
polymerised mixtures, prepared under varying condlitionsg,
sowmetines Cractionated, coupled often with inad@ﬁnaﬁa
definition of the experimental conditions and'varying‘
methodsa of intevpretation, have led to the widsly
diverging results for nomivally similar compounds.

It would eppear at the present stege thait the
formulatlon of generalised miles for the é@li@id@l PEQ=
perties of polyoxyethylene mono alkyl/sryl ethers would
Q?esenﬁ a Fformidable task as their b@h&?iouﬁ‘in selution
is not merely a simple efifest of varying the ethylene
oxide c@ntenﬁ but the product of a much wore conplox
combination of the effects of meny variables, both
paysical smd chemical on the hydrophilic and hydwophdbi@

moieties.
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Light-5cattering by Pariticles whose Dimensions are

1 with the Wavelength of Light, ({A/20).

(i.e. for non-~interfering, optically isotropic, randomly
located particles).

If any particle in space is subjected to an electric
£ield of strength év its constituent elsctrons become
subjected to an electric force in one direction and its
constituent nuclel to a force in the opposite directlion;
a dipole moment, p, is thus induced in the partlcle, which,
if the particle is optically isotropic, will be parallel
to the direction of the electric field. The magnltude of
the dipole moment is proportional to the eleciric field
strength; the proportionality constant,.L ; known as the
polarizabllity of the particle, represents the degree Lo
which the electrons and nuclel respond to the fleld:

p =t (1)

A periodic electric field, such as is produced by
a parallel beam of plane-polarized light (the general
~equation for which is given by:-

’ = éOGOBzﬁfvﬁ w T/ (2)
wher@‘ﬁqw is the maximum amplitude;?V , the frequency;
%@,the wavelength measured in the medium of propegation;

t, the time; and x, the location along the line of
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pmoyggaﬁion) will thus induce an cseillating. dipole
in any perticle in 1ts-path sﬁ@h “that
B o, 008810 6 - x/2) (3}
The osecillating dipole produces an gsclllating
magnetle field, in turn asccompanied by an oscillating
alectric fﬁ,lﬂsﬁ% the combination of both constituting
an electromegnetic wave {(seatiered Lipght).
The soatbered radiation is a spherical wave extending
an saiﬂ,lg directions with a field strength proporbtional tos-
a) aggfd‘i;g@ (The Pirst derivative represents an elegtric
current),
hH) sin @ﬂ 3 where @ﬁ ig the angle between the dipole
| axis and the line Jolning the point of
observation to the dipoles
e) 3‘/@ ; vhere » is the distance between the dipole and
the observer and must be large. (The total
energy flux per unit area must vary as 3‘/@2
but since the :’E,n‘i;ensi'&y is proporéional to
286
2%29 % must vary with X/, o
Differentiating equation 8. o obtain ¢ P/ 4520
introducing this and the other proportlionallty factors,
and dividing the product by the square of the veloclty
of 1ight é?«.‘é"g) o Por dimensional correciness, one obiains

aPoPL g 0108, conmivs = /)
to = (4)

s
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where ﬁ s is used to designate the field strength of the
scattered radistion.

The experimental measure of the energy in a light

wave 1s the intensity, (the energy which falls on 1 em?

of area per second) and, as mentioned on the previous
page, by Poyntingb th.em:nem?g6 this quantity is proport-
ional toﬁgg averaged over a period of the vibration,
hence, from equation 4. the intensity of the scattered
light, 169 is given by
EE 1619 %€ %5100, cos®[2r(ve - x/0) ] )
3 8 -&éécxﬁ

and from equation 2, the intensity of the incident be&mglop
L2 2 .2
1o = 6% = B, %00s®[2Hrt ~ x/p)] (6)
may be calculated. Substituting Lékfor W?é'g the ratio

of the two intensities then glves

i leﬁ‘i’ot,gexmg@ﬂ
T = 4B (7)
o AT

This equation was fivst derlved by Rayleigh?ga

its
most significant feature bheing the Iinverse fourth power
dependance on the wavelength of the incident light. A
factor which has been used in the explanation of several
natural phenonena including the blueness of the sky.

As everything in equation 7. can be evaluated

except the polarizability,d., a substitution for this in




5o
serms of measurable quantities is indicated.
The polarizablility of a medium is related to its

dielectric constant, which is, in turn, egual %o

6?2?
the aquare of the refractive index at the same
freguency, i.e. 1f the molecules are in & vacuwmni-

6 =1 = 4N (8)
where N s the number of particles per cG., and as
ém:ngg So nfed = AN (9)
Now, nPel = (n+1)(n=1), and as n is close to unlty in
the systems under consideration;

21 & 8(n-1) (10)
co Dol om 2N (11.)
Dividing by ¢ {(concentration in gms./cc.) gives

ped, . 2Nl
G G

but @%é represents the change in refractive index with
addition of gas molecules from zero concentration to

concentration ¢, il.e. dn/de.

dn . 2uld.
de = € (18)
0P, by rearrangement and squaring,
B¢ A 2
&2 e euldnlde). (13)

éwﬁ%i
Rayleigh's equation (7) was only calculated for ong

particle, 8o for N particles; provided they are entirely
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independant of one another and randomly located,
1, 16w alein®Oy

I@ 3&@3

Gombination of equations 13, and 14. with
oflf’

gubstitution of %F’ for N (where «I’is Avagadro's number

(14)

and M is the molecular welght of the particle) gives
1 4n(anfae) e ssing@”

2

ey
===

As the angulay dependance of scatiering is given

by the verm sinzé%g it can be seen that 1Ff vertically
polarized light is used and observations are made in &
horizontal plane the scattered intensity will be constant
( @, is comstant) buit in any other plane the in‘tensity‘

will be dependant on sin® 1o

Figure 2,

Scattering from & small particle with polevized light.
The scattered intensity is indicated by the length of
the vectors.
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In practice, an unpolarized beam is generally used
as the source of the incildent beem; this may however be
taken as equivalent to two superimposed plane-polarized
beams, independant in phase, and of equal intensity,
with their planes of polarization perpendicular to one
another. The intensity‘ of scattering, 199 18 therefore
the sum of terms of the two forms of equation 15,

For the vertical componentie

i 810”0, (an/dc) e
75 = i3 (18)
S 2&p
and for the horizontal componentie
efi:r sin®0 (dn/d@)gMe
EQ) ( l'?)
LT
270 J° ?\ 1’?
where @g and Qg, are the angles made by the line of
observation with the y and z azxes, respectively.
Thus i 81!‘3(&11/@@)2&%3(31212 @n s aing%,)
I ig (18)
o N 2E
But the resultant of sj.ng@ 4+ 8in @ % '308299

whepe B is the angle between the line of cbservation and
the direction of the 1light beam (in the xy plane), ‘Thus
equation 18. may be expressed in the simpler form of
:l;,@ 211‘2(&11/6;@) Iﬂe(l .30339)
I o S ;\.,.

(19)

The angular dependance of the intensity of scatbiered
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1ight, For an umpolarized incident beem 16 given in
figure 3.

Figuwa 3.

8 ¥

'

&y

Seattering from a emall pavticle (umz;@fﬂ,sammé& incldent
dight). The intensity of the sedttersed light, indicated
by the leangths of the veetors, is symnetrical about

thd x axls.
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Scattering of Transparent Crystals.

Unlike the conditions considered in the previcus
section, where random location and complete independance
of the scattering points was assumed, in & crystalline
80lid the opposite situation prevails. The individual
scattering particles are rigidly fixed in space relative
to one asnother resulting ln destructive interference
between the light ecattered from individual particles,
The interference being complete when the wavelength of
light vsed is considerably greater than the interparticle
distance, as the particles in the crystal can always be
paired off in such a way that the light paths from the
two pariticles to an observer at any particular value or 0

will differ by half a wavelength.

A ligulid, though ordered to a greater extent than
& gas, 1ls not completely so, the molecules being
continually on the move. Thus if a liquid is treated
as a seriegs of small, equal volume elem@nt&%zawggg
(dimensions Q(?k) and one considers two such elements
separated by the right distance for the light paths to
an observer to dilffer by half a wavelength, whereas in

a crystal one would get complete destruction of the
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acattered light, in a liguid the number of seattering
particles in each volume elem@nt is the same only when
averaged over a period of time. AL any given instant
the partially rendom motlon of the particles in the liquid
gives rise to flustuations in the density at any particular
peint so that the number of particles in the first volume
element dififers from that of the second. There is thus
@n‘ﬁxaﬁsg of seattering of light from the one which is

not cancelled by the other element?go

Seattering from Solutlons of lMasromolecular Substances.

The Ideal Solution.

On the assumption that the scattering by the solute
is ldeal 1.6, the effects of the molecules, and the
molecules themselves, are quite independant, & derivation
similar to that used for caleulating the scattering
from o gas can be used, the main difference being the
molecules arve now immersed in a medium of refractive

index, n

o? instead of the free space Lor which the

vefractive index is unlsy.
Correaponding to eguation 19, one cobialns from thisgs-
19 87 + cos%p)(an/dc)®n P

Ié‘ = S ?\J@‘"ﬁg :

where M, is the molecular weight of the solute and ¢, its

(=0)
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goncentration in gm./cc.

Macromolecular solutions do not, however behave
ideally and the preceding equation would only apply at
infinlite dilutions. A clearer insight to the problem
is that developed by the adaptation of Smoluchowski's

fluctuation theory to solutions by Einateinzsl and
Debye?sg’zss

Fluetuation Theory.

As with pure liguids the solution is considered as
being made up of small volume elementagyﬁg of dimensions
gmaller than /20 so that the entire element can be
considered a single scattering source bui is large
enough to contaln many solvent molecules and a few
solute molecules.

Being a two component system, only a single varigble
of composition, the concentration of the solute, {(gm./cc.)
is required; the fluctuating concentration,c,is desipgnated
Dy ¢ = c"&gcsWMﬂre eﬁ is the average concentration over
the entire solution, and §c, the concentration fluctuation
(which may be positive or negative and will occur in a
completely random Manner) .

Corresponding to the fluctuations in concentration

there are Tluctuations in polarizability end refractive
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index, Thus if a{,/ igs the sverage polarizability of a
volune element, d_ = o(,,’ + Sol. represents the polarizability
of a given olement at any instant, & being the
contribution due to mm concentration fluctuation, {'c.
Prom equation 7. the light scattered by a single

volume element at a pavrticular instant 1s

4. 1.6‘7{'@" (> &) Rgin® B,

=B = (21)

I o ?\‘4?3
and for N volume elements (where N = }%’*)
i@ﬁé‘“ (L % &) 2;3133.2@! N
?\é‘a-xﬁ
But as (L + &-,L)% %@L’g + 8 8L + (64)% (22)

the contribution of oL’ 2 18 zero for the same reason as

g

m@:«w
©

the sgattering of a periect crystal is zero and any
terms in £J_must cancel out each other as there is an
equal chance of their being positive or negative, one is
thus left for the scattering per unit volume containing

N volume elementss

1 167 (8L gﬁsinga

e

(=5)

ot

Yo Adp® W
where (Sj_,)g is the average value for a lapge number of

elements at any instant.

Temperature, pressure, snd concentration will also
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affect], thus the Ffluctuation, cgoL,, can be expressed in
terins of fluctuations of theée variables:-

S (7w (3 (e (20)
For dilute soluilons, the first two terms on the right
hand side of eg;é;t;icn 24, can be assumed to be the same as
for the solveni, and, as in practice the solvent secatter
is deducted from that measured for a solution, these two
terms may he ignored.
In a manner analagous to equation 8. one can obitain

debde in terms of dn/dci-

n\éx‘;) PP BN (%)T,P | (=5)
o (%), B, .

Hence, by squaring the remnants of equation 24. and

substituting thils into equation 23. gives
1 f&'ﬁ W ‘?’(éw’é@)gmnzg (EJ‘EQ

oEsTne

IQ j\&ie 2

where (&¢) is the average value for the concentration
fluctuation.
Similarly for unpolarized Lightse

éﬂgvnp(bn/éc)a(l + cose@)i\?} (27)
0 PP
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caleulation of (5¢)®

in a gystem at eguiliberiuvm, the change in a
thermodynamic guantity from its mean value, K, to any
othey value, x, wmust involve some sort of change in
Prae @nargyg 1.0 NG = £(x) -~ £(X);: the probebility
of this change occurring is given by ¢ “Aﬁ/kme Ag
lavge fluctuations in concentrat ion are not oxpected to
oecur one can expand §G in a Taylor geries and m@tain
only the Lirst two Herms.

§6 = (ag)gg 3 —g-é(%é%)g@&? (28)
TP
but the avervage csoncentration about which Ffluctustions
are occurring is the equilibriuvm concentration at constant
M - o

PrEsSsure, therefore §o

The probability of a given valuc of § ¢ then becomes

Iy P
= ( }“S@
U]

which makes positive and negative values of &6 equally

2k (29)
@

probable. The expression for the average value of (5@)3

iz obtained Lfrom eguabion 29. and gives on invegration

— &wﬁﬁw :
(8ec)® G G/Mg) (30)
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Calculation of 0 gﬁéag o

Taking D and ng as the number of moles of solvent
and solute respectively, in a volume element,
niﬁl @ néﬁaﬂa the total volume of the element @:y%g
or dng = m(vafﬁl)ﬂngg where ?1 and, Wé are the partial
molal volumes of solvent and solute.

At constant temperature and pressure any free

gnergy chenge accompanying change in concentration is

ac m/{)l.ldnl "P*}Lgdng

(32.)

wher@}bl ﬁnéjbﬁ are the chemical potentlals of solvent
and solute respectively.

v @ .
The number of solute moles per €c. is Q}V - ﬁg‘

= (Y /M)de

(%é‘),i. p M Eta f%] (82)

Differentiation of equation 32, with respect 0 ¢ gives

), R AL o

But by the Gilbbs—Duhem Equation
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80 equation 383, becomes

( Fa 62) - ;:g(*hvl + 1975 (E’}":z.)
S A 0¢/p p

and since

00
?3/ 3 o = @
nivi*%-ngv?)

(&2/ ) = ‘;’/ oF ("’?S“’”)T 5 (84)

Introducing this into equation 50, end hence into equetion

‘mﬁaéﬁ 2)®(3, - cos™B)e (35)
_@%m ”"%@} j

The dependence of the chemical potentlal of the

87. producesg

Hﬁkﬁ

solvent on the concentration of the solute can be

expressed as

Ot 3, 2
(a T Z?m 'WRWV,i /{ﬁ QBG + 3@@ oo BB o ?}

where B and C are the second and third virial coefflicienis

respectively.

Bus a8 k = /)
o
o ( f.*'l) N{% 2Be + B0 } (56)

l}T
Introducing thisg into equation &b.

Pﬁgn {dggﬁ%)g(1 - cos°0) e 3
L@ -JV}% {%@ + 2Be + 5@@2 ew{} (&)
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For dilute solutions the difference between ‘n' and the
refractive inden of the solvent becomes negligible, so
that n° may generally be replaced by n@%o At %nfiniﬁé
dilution this equatlon reduces to the theoretical
equation (20). B can be related to molecular size and
shapa?s%

EBquation Jd7. has also been calculated by the exset
molecular theory of Fixman?ﬁS

As '»' (experimentally the distance between the
centre of the solutlon cell and the light detector ugit)
varies with the apparatus uwsed, a more sultable method

of determining a compareble value for the light scattered

2
15 by Rayleigh's ratioc, © 19/1 s O more conveniently
©
by the ratlo g
2

n i@
== R
I@(& %+ co&gg} 6
givingQ
Be ...
Rgi% 1N = 2?3@ % &G@goaoo (33}

K, being an optical constant given by

Qﬂgn ?(an/ac)®
N7

J S
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An alternative experimental procedure is to
interpret the light scattered as the turbidity, | , of
the gubstance; the relationship between T and i@‘being
found by integrating the scattered 1light, 189 over whe

areg of the surface of a sphere of radius, v, givings
T = Al (59)

One thus obtains, anslagous to equation 38,

Re 4 &2

m;}_ R@ M + 2Be + 808 cco0ocone (&O}
vhere . ﬁﬁﬁﬁnagﬁdn/d@)a
YT (42)

The gmantityQT”Q is ordinarily too small o be
measured but experimental results are Lrequently reported
in the form of %gg when ggg hes actually been measured.

Experimentally, for perticles with dimensions less
than %7209 1t is necessary to determine 18 ag a funciion
of(y only in so Tar as to show there is no asymmetry 1n
the scattering envelope. Subsequent measurenents are
genepally made at 90° to the incident besm end the

turpidity at this angle determined for varioua concens-

trations of the solute, and the solvent; & plot of
He

T=Tg

solution at conceniration, ¢ gm./ml. and'rgg the

V8. G, (where T, is the turbidisy of the
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turbldity of the solvent), extrapolated to zerc solute
concentration giving an intercept equal to 1/M and the

limiﬁing slope & measure of the second viriasl coefficient.

¥ and Depqlarizationa

In the preceding derivations it has been assumed
that the scattering particles in all cases were optically
isotropic, and, as discussed, when the incldent beam
is unpolarized, there is. induced in the particle two
independant oscillating dipoles, both perpendicular to
the divection of the incldent beam; one at 90° %o the
horizontal plane and one at 00° to the vertical plane,
‘The former will obviously contribute nothing to the
radiation in the line E)m 90° in the horizontal plané
(see figures 2. and 3.) , thus the light viewed along
this line will be completely polarized in the vertical
plene and the ratio of horizontally to vertically
polarized scattered light will be zero.

In an anisotropic particle the induced dipole
moment is not necessarily parellel to the eleciric
vector oFf the incldent light, thus the ratio of
hovizontally to vertically polarized light will not be
zero. This vatio is known as the depolarization ratio, [, o

Where anisotroplic effects are present the valvue of

i@ observed is ﬁherefore'greatar than the theoretical
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value obteined from concentration fluctuations as there
is also the possibility of additional scattering due to
fluctuations in the orientation of the scattering particles.
This excess scattering can however be related to the
depolarization ratio?ss and a correctlon factor§57

ealculated from the latter, 6 + 6pu applied to the
Gmp?Pf,&

observed value for the lighi scattered.

Cauvtion must be exercised in the interpretation of
depolarizatlion, as 1t may also arise Lfrom secondary
secattering, and this does not affect the intensity ﬁf
scattering appreciably; G@idusehek§38 has gone so far
as to say that in most cases where non-zero values of P

have been reported, it is not at all certaln whether

the measured values oflph,really reflect anisotropy at all.

Light=8cattering by Larger Pariicles.

Particles of dimensions less than'?yﬁe have been
considered as point scatterers or, in other words,
equivalent o single dipoles, whereas in weality, they
are made wp of & series of dipoles. For these particles
the separation between the dipoles is small compared
with the wavelength of the inecident 1light, and the
combined vadiation is coherent because the phase

differences between the individuel conitribubtions apre 00
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small to cause interference. VWhen one dimension of the
particle under examination exceeds ﬁVEO, the particle
‘can no longer be considered a single scattering source
as the differences in phase between the scattering of
dipoles in various parts of the particle has bhecome
large enocugh for destructive interference to occur.

This is illustrated in figure 4.

Plgure 4.

Pi and Pj are two points on a large scatvitering
particle. O0,is a reference plane where all of the
ineident light is in phase, and A, & second reference

plane perpendicular to the scattered beam at viewing
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angl@ggo The distance OPiA is clearly considerably
less than the distance OP3A9 80 that light scattered
from Pjg will reach the observer out of phase with thet
scatbered Lrom Eig thus causing interference and
diminution of the scattered intensity. Comparison with
a third reference plane, B, perpendicular o the view-
ing angle, @5 s @ smaller angle than @ o shows that the
difference between OPiB and OPjB is less than the
differance beitween OPiA and OPQA; consequently there will
be less inteprference and less diminution of intensity ab
the smaller angle. The path difference, and subsequent
interfarence, dlisappears alitogether at the zero angle.

(See figure 5.)

HP&rtiele Diameter

Figure B. The angulayr distribution of ﬁh@'varﬁieally
polavized component of spherical paprticles.
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The effect of decreased scattered intensity is

generally described by & function P(Q) where

This Pfunction has been derived? 9

by dividing the
particle up into ¢- scattering elements and thence
evalueting it in terms of the distance beiween two
gseattering elements, rijp and a function of the angls

of observation and the wavelength;

)= 3qﬂ%n/§ (42)
where f\,is the wavelength in the scatitering mediuvm.
This gives & value for P(P) based on random orientation
of the scaittering particle which may be used for boih

polarized and unpolarized light.

o o
-;‘39&__., B n}{bx"
P(Q)m pu- Z é T (43)
Il J=1

where Pij is the distance from the i-th to the Jj~th
scanvtering polnts.
One of the most important results of equation 43.,

rat recognised by Gu&nﬁergéo i

is that, although the
boheviour of P(F) as a Punction of sngle depends upon.

the shape of the particle, it becomes independant of
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parﬁie%e shape as €§approachea Zero and, undey these
1imiting conditions, becomes a measure of the radius
of gyratlon.
By expansion of the sine term under the summation
sign of equation 43. in terms of a power series, and
o g~

since éi i 3, scr?, on retaining only the £irst

two terms of the expansion one obtains
& g~ O
2 o
@ﬁ PO) = 1 - 508 é 13 (24)
8“&}0 A=l J=L

RFrom calculations on the confiligurations of partlicles

divided in O~ elements it can be shown thaﬁ?élﬂg@z

S
J - 3 2 | L
é ixij = 20 Rg (45)

i=sl  J=1
where Rg ig the average radlius of gyration.
Substituting equations 42, and 45. into equation

44, glvesg

S ' 2

L, 2(@) =1 -3 g gsinE@/ (48)
& L e =l
9;35 5Ny 8 ¢

As the usual notation for this function is P~ (0), ana
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as 1/1-x Tor small velues of = can be taken as ogqual %o
4%
_ - ﬂ.ﬁﬁ? 2 2aig? O .
uicz gy = - 2 8 Rg 920" 25 (47)
0-0 o4
For large particles the decreased turbidity dve to
interference uvpsets the values obtained for m@leeu;ar
waeights 1 the resulits are analysed by equation 40.
From the definition of PG@) the measured value may be

corrected by introducling this funcibion into the eguation

J“oHe b {28)
c=0 T ME©)
or in the fuller form, From equation 47,3
H@ 16 3 2
( 5 R Pe10® 8z + ) (49)
60 | 67\ &

but as the equation for PE) is only valid at very high
dilution it is necessary o extrapolate the data atb
sach angle to zZero concentration before one can periorm
the extrapolation indicated by equation 49, At the samne
time 4t ils necessary o exitrapolate the data ab éach
concentration to zero angle so that Mw and B can be
determnined by equation 40. (this equation ie only valild
for large particles at zere angle, see pags Ti).

Zimm's method for analysis of light—geattering

2N

A3 H 0)
result@@ achleves this by plotting ﬁ% T8o @in(@/é) + ke,
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where k, is an arblirary constant chosen to give the
plot a convenient spread. ’

From the extrapolations to zero angle one obtalns
a plot of %% V8. ke, which, on extrapolation to ¢ = O
gives an intercept of %@ with 2Bk as the limiting slopa;
and, from the extrapolatlions to zero concenﬁraﬁionp a
plot of %g TSe singgiég which (frcem equation 49.) gives
the seme intercept as & = 0 plot. The limiting slope
is a measure of Rga

It should be noted that the extrapolation method
lg applicable only over & limlted range of dimensions
le8o Quaaaéhagéaf\ﬁaﬁﬁ Ir Rg fallp below the lowey
Limit PC@@ vecomes too small for accuraile estimation,
and above the upper limit, it is impossible to measure
values @f’@ small enough ©to give an accurate extrapolation.

The radius of gyration can be interpreted in tewms
of molecular dimeunsions by comparison with standerd

medels: the dlmensions of the models beling related o

the radiue of gyration byie

)
Spheve: R, = 3D° /20 (50)
Rod: Rgg = L2/19 (51)
Codls Rgg = 276 (52)

whers D, is the diameter of the sphere; L, is the
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length of the rod; and r, is the root mean square
distance across the coll.

The correct choice of model can often be made by
fitting the zero concentration line of the Zimm plot,
end using the cbserved radius of gyration actually
obtained as the basis for calculating the theoretical
values for P(0) froﬁiequations which have been

developed for the varilous models:=

33911@2'(98%49245 P(©) :a[mgf(sj.n X = X cos xﬂ # (53)
*

where X = §%§ ain@?é
Co1ls?0% P(Q) = (w%)(@mw 4+ W= 1) (B54)
\i}
where W = ju,zR gg
246 = ox®
Red.ﬂd P(@) m 1 e “”‘§"‘” P 325’000@0 (55)

where x = (&%)sm@/g

By comparing the limiting line of the Zimm plot with
the lines obtained from the theoretical values,an ldea
of the most sultable model can be gained. The appropriate
dimensions can then be calculated from eguations 50-=52,
A second means of treating data is by the dissymmetry
method. In addition o measuring the light scattered ai

9009 measurements are also made at two angles symmetrical
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about 9099 @o o 489 and 1352 The values of the
dissymmetry, % z:%ééiam ££é§3) have been tabulatede?

138" P(135°)
as a function of P(QOQ) and of the ratlio of aﬁaraeteriatic
particle dimensions to the wavelength of the light used.
From measurements of Z, and choice of a suitable model
for the particle, iy, may be corrected for internal
interference to enable M, to be calculated, and the
charecteristic dimension of the particle determined.
This procedure invelves preconcelved ideas as to the
type of model which begt fits the particle, but for
small values of Z ({:1@2)9 1little error is introduced
in calculation of M, as the values of P(90°) for the

different models in this region are similar.

ispersivity and Molecular Weight.

The extrapolation method from eguations 40. and 49.
is limited to molecular dimensions below ?>§m
These equations give, within their limits, a weight
average molecular weight, M = i@imi/ é@i whereas the
radius of gyration is & z average. Davelopments Ifrom
investilgations of molecular weight distribution for
polydisperse samples, where the radius of gyration

becomes large (Rgz??SOOﬁ)§48 introduced into the light



78,

sgatvhering equations have evolved, for large colled

mcleeul@sgég
P 2
He _ila, R (56)
Y(G&a@) o m&l mﬁ “ S
250

and for large rod molecules

fie 1 ]2 = (mr) .. 9
i) e Py - Y L Slﬂ. (5'7
J* { e=0) My E;B T A /é] )

Thus if ‘the molecules are large encugh a numbey
average molecular weight and particle dimensions are
obtained; thils condition occurring on the asymptote 0
the limiting line to the Zimm plot which, for these
large particles, may be a curve. The lower pert (assuming
that measurements could be made at very low angles)

giving ng and the upper part a function of Mno
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The Interpretabion of Viscosiiy Results.

The inecrease ;n viscosity accompanying the soluition
of a macromolecule, soap, oy other substance Lforming a
golloldel solution is a fairly readily measured effect,
and consequently has heen the foecus of considerable
effort to derive information as to the nature of the
solution and the smluﬁa?vs ‘

On the basis that the inerease in viscosity arose
from distortion of Tlow lines around the particles,

Einsﬁ@in3519gﬁg

caleculated for a suspension of rigid,
completely wetted spheres,suificlenily far apart so as
%0 prevent overlap of the distortion of the flow lines
producaed by eeach individual particle:s

M =M (1 + 2.50) ~ (s8)
where 4?’9 is the viscosity of the suspemsion; ?) , the
viscosity of the solvent: and @, %@@ volune £raction of
the disperse phase.

This approach has been adapted for use in the inter-
pretation of viscosity of colloldal or macromolecular
solutions on the assumption that such a solution can be
taken as equivalent to a suspension of particles within
the limits defined by Einstein.

EBxtension of Binstein's treatment to asymmetric

particles leads to complicatlons due to orientation of
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the particles with the stream lines, but at sufflclently
low velocity gradients, this effeet 1s negligible and

abad , 264

Simha derived Lfor particles which are ellipsolds

of revolutlons:

/?? /}?(“i . ?}ﬁ) o /)? sp yg (59)
wher@‘Q7spg the specific viscosity is equal to (ﬂ?/%?‘”jj
and )}, Simha's factor, is a function of axial ratio and
shape.

The Binsbein and Simha equations sake no account of

solvation of the particles, l.e.

& = Volume of Solute - o
Totel Volume of Solution ~ °'2

where ¢, is the solute concentration in gm./ml.; &nd‘vgﬁ
the specific volume of the solute = the reciprocal of il
density. If however the particle is hydreated 1ts effective
volume is increased by the co-volume of water assoclated
with it~
Hydrated Volume of Solute = Volume of Solute -+

Volune of Hydrating Water

& aﬁg + ¥y i

where W, is the water of hydration expressed as gm. waber/
g solute; and'ﬁlg the specific volume of the water
{(assumed. to have the same value as the unbound water).

The volume fraction of a hydrated solute, ﬂﬂg is thusze

o Volume of Hydrated Solute
B ¥ Total Volume of Solution
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mﬁ es &Vg +¢g¢v1

= aV,, (1 " ‘*’VJ/{?"@)

- ﬁ(\g, - mﬁ;@/(‘fg‘) (60)

which, on introduction into Simha's equation gives

Map =V E(,L - “ﬁsﬁgﬂ (61)

Equatlions 61, 59, and 58, can only be applied to
infinitely dilute solutions to satisfy the conditlons of
non-interference specified by Einstein, thus Ffor practical

255

purposes the form suggested by Oncley has been adopteds

cli uﬂfi%ﬁ = \)(1, N “vs/%2> (62)
;6d90

Thils treatment can be used for colloidal particles
which can be considered as fairly compact entities but
for such things as flexible polymers other interpretations
must be used?vv |

Further, in the Oncley eqguatlon, as the volume fraction

uwsed is the unhydrated value, the intercept(ﬂgga)” s Obtalned
=0

. 7
by extrapolation of a plot of Q%Q'vso # is a Punction of both
rarticle shape and hydration; one of which must be known

before the Intercepl can be fully anslysed.
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Fractionation of commercial adducts of ethylene
oxide has, as yet, only produced compounds with a

€
nerrower chein length distribution e 9082

but Likewise,
attempts at synthesis of a pure compound of this t¥ype,
with an unamblguous number of ethylene oxide units per
molecule, have been Lfraught with difficulties, stemming
from the very nature of the compounds concerncd.
Similarity of linkages throughout the compound, and
gimilarity of the chemiocal propertics and solubilities
of the desired product, the starting materials, possible
contaminants, and products of side reactions, coupled
with a strong tendency 4o form emulsions and the fact
that most of the compounds wanted are beyond the range
of distillation by normal procedures, have made- the
isolation and purification of synthesised detergents
a very 4ifficult problem. This, without doubt, accounts
Lor the lack of published results on this “oplc.
Preliminary Experiments.

As mentioned in the intwoduction, the route Lop
synthesis mainly used has been a Williamaon Liher

reaction of an alkyl halide with the monosodium salb

of & glycol; the latter compound being prepared by
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dissolving metallic sedium in a four molar excess of
the appropriate glycol?sﬂas Using this method the
syntheses of monohexadecyl ethers with up to six
ethylene oxlide units have beemn described by direct op
stepwise addition of the glycol unitsi2e49

In an attempt to bypass the rather tedious build
up of oxyethylene glycols from di- and tri- ethylene
glycols, samples of P.E.G. 300 (a Shell, polymerised
polyoxyethylene glycol with a mean molecular welght
equivalent to about 6.4 ethylene oxide units) were
fractionally distilled, several times, up & Blx inch
fractlonating column packed with Dixon gauze rings.
Prom physlcal characteristics and hydroxyl analyses
the appropriate cuts appeared Lo have been reasonably
fractionated, but conversion of the apparent
hexgoxyethylene glycol to its monchexadecyl ether by
the Williamson reaction synthesis, and subsequent
purification by published.methada?ﬁgQQ gave a compound
with a melting point some 3°- 5° lower than that
described by other workers%sﬁé@ The presence of
glycol wes initially suspecied as causing the depressed

melting point but the application of published>

2 and
other techniques for 1ts removel had little effect

on the end product.



Diagrams of the Reactlon Routes followed

in Synthesising the Deterpent Series.

Figure 6.
Ho(cﬂzcﬁgg)gﬁ
Ne
CLCH ,CH o 0CHACHACL | Gl(cﬁagngp)gcﬂgcﬂggl
% mao(cﬁagﬁgo)gg é
v v
HQ(CHaQﬁEQ)ﬁﬂ HO(Gﬂggﬂgg)?H
Na = | %@Na
vV
Naﬂ(cuggﬁgp)aﬁ Nao(cﬂggﬁgg)?ﬁ
Giﬁﬁ@SB?"Ti 7~80C1, jfwciﬁnggﬂr
GlﬁH530(GHgGH2Q)§§ Géﬁﬂggo(eﬁggﬁgQ)Wﬂ
W/

GL(GHEGng)SGHECHBGl

Vmﬂ&@(@ﬁggﬁgp)ﬁﬁ\
HD(GﬁgﬂﬁgQ)lgH

e
A4

N&O(Gﬂagﬁgp)lgﬁ

&mclﬁﬂgsBr

G%ﬁﬂgsD(GﬁaQHgQ)%gE

ey




84,

Several variations on the mode of distillation
and redistillation of the glycol, reaction conditions,
and purification were tried but the final compounds
were always unsatisfactory. Efforts to produce a
long chaln compound by bullding it up from the
fractionated glycols met with a similar lack of
BUCCEBS.

It was therefore necessary to £fall back on the
alternative route from short length glycols.

Reactlon Routes.

The routes used in synthetic work are shown in
Figures 6 andT. Glycols of up %o twelve units were
synthesised by reaction of one mol., of the JL W=dlchloro
derivative of one glycol with two mols. of the
monosodium salt of the same or another glycel. The
subseguent glycol was then converited to its monosodium
derivative (by dissolving 1 mol. sodium in 4 mols.
glycol) and condensing this compound with hexadecyl
bromide to give the appropriaste monohexadecyl ether,

Dodecaoxyethylene glycol forms the limit for
distilletion, even in a molecular still, thus longer
compounds were prepared by condensation of the
monosodium derivative of the glycol with the monochloro

derivative of Hng (obtained by chlorinating the
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terminal hydroxyl group of Hng with thionyl chloride).

Initlal runs were made using the compounds shown
in the diagrams but yields were not particularly good,
@spe@iﬂlly with the final addition of glycol to the -
alkyl halide, and, in an attempt to produce betier
yields, substitution of the other halogens,except
fiuerinegin the varlous reactants, in place of those
primaﬁily tried, was lnvestigated, These however did
not improve the yields in any way, nor 4did attempis at
reversing the position of the alkall metal and halogen
radicels in the reactants. Thus, comparing the labour
involved, the route first explored, being the most
gasily handled, was adopted. |

It 1Is of interest to note that when meking glycols
although oll¥dichlorodiethyl ether reacts quite
satisfactorily with the monosodium derivatives of other
glycols, lzzmdichlqroethane under similar experimsntal
conditions, although giving the theoretical amount of
salt, did not show any sign of formation of a higher
glycol; and various unsaturated compounds were produced.

Extraction and Purificatlon.

Glycols,
Unlike polymerisation products synthetic glycols

have a gap of at least two ethylene oxide uvnits between
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possible contaminanis, and the incidence of these
compounds is much less than in the commercial product,
hence effective fractional distillation is much easier.
Hexa and hepta oxyethylene glycols presented no
problem as they could be Lfractionally distilled by
normal vacuum technigques., Nona and dodeca oxyeithylene
glycols would have required excessively high temper-
atures for & similar treatment and were therefore
molecularly distilled, after removal of lower distilling
glycols by normal procedures; the end producte belng
pale atraw coloured liguids which solidified at room
temperature to form needle lilike clusters.

Detergentt.

Hnﬁg the only compound of interest in this series
o0 far described was purifled by aistillationﬁﬁﬂ%g but
the temperature of distillation (235% at 0,0L mm,)
does not seem to improve the compound and subsequent
chrometography was required. It was therefore clear that
another means of isolation of the detergenis was required
for the longer compounds.
Extraction.

Over and above any products of side reacitlong, the
mixture contalns the desired product, excess glycol,

and salt. Comparison of the properiies of the glycol
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and iﬁé hexadecyl ether showed that, of the commoner
organic solvents only with two, diethyl and petroleum
ethers, did they show any variation in solvent
properties; the former being slightly soluble in
ether and virtually insoluble in petroleum ether.
Portition between organic solvents and water is baulked
by emulsion formation and although various suggestions
have been made to overcome ﬁhis?g”lg? practical dise
advantages ountwelgh their usefulness.

Diethyl ether was more efficlent for extracting
the detergent from the reaction mixture but at the same
time tendsd to extract some glycol, Thé method used
was therefore to extract the reaction mixture with
successive portions of diethyl ether, evaporate off
the ether and re~extract the residue with petroleum
ether, The second extraction effectively getting rid

of much of the glycol.
Purification.

Crystallisation.
Crystallisation from ether, methyl and ethyl
alcohols, aceitone, and other solvents, mixtures,

snd series of solvents was examined but although a

pure compound could be obltained the number of

crystallisations required, with losses incurred, did
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not leave a reasonabls guanitlty of product for physicele

chemical measurements.
Chromatography.
The use of silica Yor fractionation of comparable

compounds has been d@serib@d%oQ@ﬁ@lg?

ut application
of similar systems to the compounds under examination
did not give satisfactory separation, nor did othew
golvent systems investipgated.

Aluming showed more promise, and eventually, after
srying several solvent systems, the most suitable
conditions for the varlious aomp@unds_ware found and are

detalled in the appropriste synthetic deseripiions.

Materials snd Syntheses.

Diethylene Glycol.

Redistilled Digol BoDelo, Bope 126°/10 mm., noo

D
Curme and Johnsbont®® give: Depo 1287/90 wan, , n%g 1o 4478

1, 4470

Founds CI CH,0, 88,8, Cale. for C N 0032 GHQGH 05 83, %

Triethylene Glycol.
Redistilled Trigol BoDeHo, bope 164°/10 mm., nae 1.4565
Curme and Jmhnstan;éé gives Vo Po 162@f1@ 1111 PN m?o

Pound: GHQGH

1, 4569
BQQ 87. 8. GCalc, for Gﬁﬁi@Q%S GHQGHQOQ 88, 0%
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Hexadecyl Bromide.

Redistilled BoD.H. material, meps 34°, nae 1.4632
Heilbron and Bumbury® C give: m.p. 16%, 020 1.4680

Gas chromatographic examination on a column of silicone

oil distributed on Celits showed only one peak.

356, 9,18, 15=-Pentaoraneptadecans=1, 17-d10l (haxa-
oxyethylene glycol), Bgo

This was prepared by the method of Fordyce et al?ﬁ
from redistilled diethylens glycol (848 g.; Bop. 106°%/
0ol 1o, n%%..:.%’?%) godium (46 g.), and 2,2 =
dichlorodiethyl ether (143 g3 Bep. P6°/15 mm.). The
glycol and dichlorodiethyl ether weve redistilled ime
mediately before use. After removal of ithe excess of
glycol, the hexaoxyethylene glycol was distilled; it
(140 g.) had bep. 182°/0,0L mme, 001, 4689

(Found: C, 50.9; H,% 1; GHQQHEQQ 98,5, Calc. fovr

C, oftog0ns Cp Blol; Hy, 9.83 Gazpﬁa@g 05, 6%),

1, B=Dichloro=3, G-~dioxzaoctane (olW-dichlorctriethylenec
glyeol)o

This was preparved by chlorinating the terminal hydroxyl
groups of triethylene glycol (800 g.) by reaction with
ercess thionyl chlorid@‘(ﬁﬁo go) in the presence of
eridin@ (860 go)o After the reaction was complete the
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gxeess thionyl chlorids was removed by distillation
under reduced pressure, followed by distilling 3 £ 50 ml.
portions of bemzene from the residue. The reaction
mixture was neutrelised with saturated sodium bicar-
bonate solution and solid sodium bicarbonate, and the
dichlorotriethylene glycol extracted into chloroform.
This extract was washed with hyé?ochloric aclid, water,
godium carbonate solution, and water, dried, and the
chloroform distilled. off. Vacuum distillation of the
residue gave the dichloro compound (250 g.); bop. 124°/
18 mm., 0 50 1.4588. (Founds G, 38,73 H, 6.5; CL, 87,8
Cglly 00l Tequives: G, 38.5; Hy, 6.5; GL, 38,0% ).

1, A7=Dichloro=8,6,9,12,18-pentaoxaheptadecane (d LJ-—
dichlorohexaoxyethylene glycol).

Hexaoxyethylene glycol (140 g.) and thionyl chloride

(160 g.), in the presence of pyridine (95 g.) gave, by
the method described for JW=dichlorotriethylene glycol,
a product (80 g.) which had b.p. 164°/0.1 mm., n3° 1.4598.
(Found: C, 45,53 H, 7.7; Cl, 23,1, Gﬁzﬁgécﬁclg_requiregz

Cp, 45,85 H, 7.6; Cl, 23,4%).

3,6,9,12,15,18-Hexaoxacicosane~1,20~diol (heptaoxyethylene
glycol), ng. Sodium (46 g.) was slowly dissolved in
redistilled diethylene glycol (848 g.) by stirring under
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a layer of light petroleum (b.ps 10@@180?)at 70°,
Ethylene bise{2-choroethyl ether) (187 g.) was added
and the mixture stivred at 115° until neutral (4 hv. ).
Precipltated salt was filtered off and the exceass of
triethylene glycol removed by diétillationo Vacuume=

distillation of the residue gave heptaoxyethylene
38

glycol (103 go), bPop. 20170.01 mm., g 104600, (Founds
Cy 51.63 Hy 9,33 GHQGHBOQ Voo B GlﬁﬁﬁQOB reguires

Co 5153 H, 9.3; CH,CH,0, 94.5%).

3,6,9,12,15,18,81,24-0ctaoxahexacosane-1,26-41i01
{nonaoxyethylene glycol, ng)o

Sodium (46 g.) was dissolved slowly at @& temperature
not exceedling 75 in redistiiled triethylens glycol
(1200 g.): by stivring under a layer of light petroleum
(bops 100-120%). J ) =Dichlorotriethylene glycol (187 g.)
was added, and stirring continued at 116° until the
reaction mixture was neutral (4 hr,), Precipitated sali
was filtered off, and the excess of triethylene glycol
r@movgd'by aistillation under reduced pPressure. The
residue was distilled in a short-path still, glving
nonaoxyetbylens glycol (185 g.), m.Po 16°, nge Lo 4612,
(Founds G, 52.0; H, 9.1; OH, 8.1; CH,CI, 0, 95.4,

2 a2

G, glzg0qp Pequives C, 52.2; H, 9.8; OH, 8,8; cagcﬁgcgg5oﬁ%an
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Bp609,12,45,18,21,24,27,30,38-Undccaoxapeniatriacontone-1,36-
di0l (dodecaoxyeibylene glycel, nlg)o
The dodecaoxyethylene glycol was prepared Lrom sgodlum
(23 g.), redistilled triethylene glycol (600 g.), end
Jl=aichlorohexaoxyethylene glycol (159,56 go) by the
method described on the previous page Tor Ngyo Short=paith
distillation gave 123 g. of product, M.pP. 24@9 nga 1,48615,

{(Founds G, 52,63 H, 9.43 OH, 6,15 CH CHp0, 96050

2
CoyB500; 5 FeQuires G, 52,75 Hy 923 OH, 6085 CHOHL0, 96.7%)o

3,6,9,18,1.6,18,81,24,87-Nongozatritetracontan=i=cl
(nonaoxyethylene glycol monohexadecyl ethewr, ng)m
Sodium (2.3 g.) wes dissolved in the nonaoxyethylenc
glycol (166 g.) as before, hexadecyl bromide (30,7 go)
added, and the mixture sbtirred at 136° until wneutwval
(i hvo)o Afber cooling it was extracted with ether

(3 = 180 ml,), end the vesidue after evaporation of the
ether re-extracted with warm dry light petroleum (b.po
60-80% 3 = 50 ml.), This procedure removed the
unchanged glycol present in the original e¢xtract. The
vesidue (21 g.) obtained on evaporation of the
petroleum was recrystallised from ether, then from

acestona,

This material (1.5 g.) was adsorbed Ffrom benzenc
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on alumina {25 g.), and the column washed with 1 3 4
acetone-benzene unitll no further material wasveluﬁéd
(200 ml. ). About 15% of the initial colummn losd was
removed in this step, the eluamts being a water-insoluble
fractlion, possibly the dihexedecyl ether of the
nonacxyethylene glycol. Further elution with acetone-
methenol-benzene (300 ml.; 25 s 1 : 24) gave the
monohexadecyl ether (0.9 g.) which, recrystallised
£rom ether, then from agaton@ had m,p. 45° (Found:
C, 63.4; I, 10,93 Oll, 873 CH,CH,0, 68,2, G

28
reqguires G, 68.9; H, 11.03 OH, 8.73 CH

3at70030
EGHBQQ 620 1%) o
306,9,18,156,18-Hexaoxatetratriacontan-1-0l (hexaoxyethylene
glycol monohexadecyl ether, Ené)o

Sodium (2.3 go), hexaoxyethylene glycol (112 g.), and
hexadeecyl bromide (30.5 g.) geve, by the method described
sarller for Hng, a product (18 g.) that, crystallised

and chromatographed in the same way, had m.p. 57 (Founds
Cy 66c13 Hy, 11.5; GHgQHQQQ 52,3, Cale. for 628H56073

Cy, 66.43 Hy, 1L.55 CH,CHL0, 530 2%) o

1

3,6,9,12,15,18,21-Heptacxaheptairiacontan=i-0l (hepta-
oxyethylene glycol monohexadecyl ether, En?)o

Sodium (1,55 g.), neptaoxyetbylene glycol (88 g.), and
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hexadecyl bromide (20.6 g.) gave, by the method
described for Hng, a product (14 g.) that, crystallised
and chromatographed in the same way, had m.D. 599
(Founds C, 06.43 H, 11.33 CH GHQQQ 86,0, G, H,..0

P 3076278

vequires C; 68043 Holl.B3 CH,CHL0, 550 9%) o

3,6,9,12,15,18,81.,24,27,30,33,36-Dodecaoxadopentacontan=i-ol
(dodecaoxyethylene glycol monohexadecyl ether, Hnlz)o

Sodium (1.15 g.), dodecaoxyethylene glycol (110 g.),

and hexadecyl bromide (15.35 g.) gave, by the method
described for Hng, a product (11 g.) that, crystallised

and chromatographed in the same way, had m.p. 45,55

(Found: C, 62.13; H, 10.53; OH, 2.0; CH,CH,0, 68,6,

640382915 requires C, 62.3; H, 10.7; OH, 2.2;

GH39H209 68, 6%)

1=Chloro=3,6,9,12,15,18,21,24,27-nonaoxatritetracontane.
The monohexadecyl ether of noneoxyethylene glycol was
prepared as described previously. This compound (10 g.)
was heated wder reflux with an excess of thionyl
chloride (2,20 go) for & hrs. The volatile by-producits
of the reactlon and excess of thionyl chloride were
vemoved by heating the mixture under reduced pressureg
and then by distilling three 15 ml. portions of henzene

from the residue. The final residue was dissolved in
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benzene (26 ml.) and washed with water (3 x 5 mi.).
The washings were shaken with ether (10 mig)p end this
ethereal layer was added to the benzene extract. Alter
removal of the solvents, the residuve (10 g.) was dried
over phosphorus pentoxide. This material (5 g.) was
adsorbed from benzene on to alumina (100 g.), and the
column washed with 4 : 5 acetone-benzene until no
further matépial was eluted (600 m1o)0 LTvaporation
of the eluate and recrystallisation of the residus Lrom
ether gave the chloro-derivative (4065 go), MoPe 59.5°
(Found: C, 62:,0; Hy, 10.73 Gl, B.bo CoflaoCl0, requires

Cp, 62013 H, 10.8; Cl, 5.4%),

Bp699,12,15,18,81,24,87,380,35,36,39,482,46~-Pentadecaoza-
heneihexacontan=1-0l {(pentadecaoxyethylene glycol
monohexadecyl ether, Hnls)o

Sodium (0.48 g.) was dissolved in hexaoxyethylene
glycol (22.6 g.) under a layer of light petroleum

(bopo 100=120°) at ;ﬂF 90°, the above-mentioned chloride
(13.1 g.) was added, and the mixture was stirred ab
125% until neutral (3 hes.) and extracted with ether
and light petroleum. The residue fr@m‘th@ extract

was recrystallised twice from ether and twice Ffrom

acetone. The substance (2 g.) was adsorbed from i 3 20
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acebona-benzene on o alumnina (B0 g.) and the column
washed with 1 ¢ 1 acetone-benzene (600 mi.). This
removed 1.3 g. of the initial load. Elution with
3 3 182 3 12 methanol-acetone-benzene (300 ml.) and
recrystallisation of the eluted material from acetons
gave the ether; Hn, (0,45 g.), mop. 47° (Pounds G,
60,95 Hy 10.73 GHQQHQO@ T30 2o Géaﬁgéagﬁ ragquires
Cy 61.85 Hy 31.0.8;3 CHoCHH0, T3o %) o

Be6pDpl8,18,18,81,84,87,80,35,86,89,42,45,46,81,64,57,

60 ,68=-Heneicosanoxanonaheptacontan=1-01 (heneicosan-
oxyethylene glycol monohexadecyl ethew, ngi)@

Bodium (0.23 g.) was dlssolved in dodscaoxyethylene
glyeol (22 g.), and the ebove-mentionsd chlovide (6.6 go)
wvas added. The mixture was heated, extracted, and
chromatographed ag Lor H@lﬁo Here @ Dotiter percentage
of the initial column load was obitained as Hnglw
poesibly because of bhetiter separation owing to whe
inereansd diffevence in chain length. The produet had
mopo 497 (Founds G, 69,85 H, 10.2. CHOH0, 794

Csgtls 0p0pp Tequires G, 59.6; H, 10.8; CHgCHO, 790 B%) o

CoPoGoBe B4.

The C.P.Go.Es 24 used was a commercial sample of a

polyoxyethylene glyceol moncalkyl ether based on caetyl
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alcohol. Before use, the sample (5 g.), dissolved in
methanol, was run down a 10" long by 17 diemeter

columnn of mixed anion and cation exchange resins
(Biodenminrolit) which hed been previously well exbtraciad
with methanol. The detergent was washed off with 200 mls.
of methanol, the eluate concentrated, and the residus
thoroughly dried in & vacuum oven over phosphorus
pentoxide. A 0,5% solution of this material had the

seme conductence as distilled water (ssi x 10”° mho.),
and the material, a mean molecular weight (ethylene

oxide assay) of 1295 (theory; 1300).

Benzens, Toluene, and Carbon Tetrachloride.
"AnalaR" materials were used for light-scattering
measuremenis. The solvents were drlied and freshly

distilled before use, having:-

ngﬁ Measured Timm@mmansgaﬁ

Benzene 1. 4979 1. 4981

Toluene 10,4940 1o 4941,

Carbon Tetrachloride  1.4604 3., 4803
Ludox.

A fresh commercial sample was used.
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Puplty of Gompounds.

Carbon and Hydrogen analysis are not particularly
sensltive to traces of impurity, nor are acestyl values
as only smaell quantities are available for the 1 arg@w
detergents, thervefore, as a furither test, a modification

66 and Mbrgan“sﬁs hydriodic acid assay for the

of Siggie
oxyethylene content of detergents was carried out on
the synthesised compounds. This assay is quite

sensitive to differences in ethylene oxide eonten$l58

oy the presencs of glyael?a
The principle of the assay 1ls the breask-down of
the ethylens oxide sitructure by refluxing a sample of
the detergent with excess of hydriodic acid for 1%
bours at 136° in em inert atmosphere (0‘02)o The

suggested mechanism 1s illustrated by the following

@quations§6
m(cﬁgﬁﬁgo)ﬁ + 2n HI —n IGHQQHQ; IR HQQ
’ﬂﬂwéycﬂacﬂax + Ig
excess HI
IGHQGE8I~1“
:'GﬁgaCHg b 12

As mey be seen, ne mabtter which wvoute the
1.2=dliodoethane breaks down by, we are in effect

obtaining two atoms of iodine for every ethylens
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oxide uwnit in the chain.

By addition of potessium ilodide solubion, after
destruction ig complete, and by rumning & blank assay,
the smounit of lodine veleased was obtained by tiitration
with sodiuwn thiosulphate. The assay was tested using
eompounds of known ethylene oxide content and conditions
arranged untlil sstisfactory resulits were obtained. Use
of the assay on the synihesised compounds gave excellent
agreement with theoretical results (See syntheses of
eompounds) .

Deapite precautions taken to try to ensure pure
compounds and the fact thet anslyses performed indicated
that the material was at least 99% pure, Ottewlll et al%ﬁ
when synthesising a similar series of compounds, still
cbtained small minima in the surface tension vs. log,
concentration plote near the cme, of some of their
compounds; a factor often indiecative of traces of
impurity. This effeect, as will be ssen later, did
not occur with the compounds Jjust described nor could
any trace be found, either in the glycols or the

detergents, of the carbonyl pesks in infrawfad spectra

mentioned by other workers%ﬁ
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Determipation of Critiesl Micelle Concentraijon (eme.).

The majority of the published methods for invest—
lgating the concentrations at which micelles ave formsed
by non-ionlie detergents depend on elither solubilisation
or Interfacial tension measuremenits. A mathod based on
the latter, having the advantage of not reguiring the
introduction of a third component into the system, and
at the same time producing further informmtion as o
the properties in agueous solution of the synthesised
compounda, was smployed in the determination of the
cmes. of the six surfactants.

With Increasing detergent concentration, the
surface tension at the sair-water interface first fell
repidly, uwntil, at a concentration characteristic of
the glven devergent, & sharp transition occurred;
gubaequent increase in the concentration of the solute
cauvsed little Turther effect on the surface tension.
The coneentration at which this transitlion took place
wag taken as the cmc.

As surface aging, perticularly avound and below

d§591199328 & mathod of

the eme. has been reporte
determining surface tension was chosen which allowed

a geries of readings 10 be taken over a period of time
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Diagram of Surface Tension Apparatus.

B = Balance

C - Clanp

P < Flashk

G = Gut

N = Logvelling Needles

P = Platinum Plateo
R « Rack and Pinion
S - Solution

T < Thermostat

W o Wall

L = Flask Level Adjusting Screw
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wnHtll eguilibrium was veached, yet produced minimal

disturbance of the interface.

Apparvatus and Method.

Surface tension measurements were made using the
Wilhelmy plate method as deseribed by Harkins and
Anﬁe@a@ ?5? A depolished platinum plate, perimeter,

1 = 6,048 em., was suspended from the arm of a torsion
balance, senslistivity ¢ 0.2 mg. The flésk containing

the solubion was Lified by e rack and pinion device

untll the plate Just touched the surface of the solution.
The weight required to 1ift the plate from the interiow
of the ligquid te this polint in the surface was determined.
To ensure zero contact angle, all measurements were made
by lifting the plate in this mannsr. A saturated
atmosphere was maintained above the solution., The
gpparatus is shown in figure 8.

?he difference between the weight of the plate in
air and in the surface, W, is related to the surface
tension, 3’9 by

Y = wg/i
HMeasuremenits were made at 25 g,OOOlg
A check of the gpparatus was carried out by

measuring the surface ténsion of water;
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8 sives 72.0 aynes
266

V= #2.0, 72,1 dynes cmo~Y (Harking®®

oo " ) and methenol, 22.5 dynes em.~~ (Timnermens
gives 22,2 dynes @maml}a

ALl glass ware and the plate were cleamned bewween
measurements with chromie acid, followed by thorough
rinsing in distilled waler.

As the eritical miceller concentrations were very
small, very dilute solutions had o be handled with the
eonseguent risk of gpprecliable adsorption of dstergents
from solution. To compensate for this a method similer

4o that deseribed by Pethica>®

was followed: all
flesks containing solutions were set aside for thrae
hoursg, the flesks thoroughly drained, and Lresh

solutions made uwp in the seme Llasks. -

Resulis.

Aging effects were noted for all but the moseh
concenbrated solutions studied; for a .89 x 1@“9?
mole/iitre sclution of Hrg the resulis were:

Time, hro O i 2 8 &

’2{ » Gynes/cm. Tiod BL.B 49,7 S4:4 8101

Time, hr. B Y 9 10 | 26

’XQ dynes/cm. 39,7 38,8 88,8 88,83 88,3

This effect would appear o be due o0 a slow
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diffuslon Lrom the bulk to the surface together with
the possibllity thet considerable ovientation of the
molecules had to Seke place in the surface layer
before equilibrivm was reached.

In figures 9. and 10, the surface tension of the
detergenits have been plotted against log.concentraition
(moles/litre) and from these graphs the cmes. were
determined (see table 8.). From these results it was
seen that o lengthening of the polyoxyethylene chain,
with the concomitant inerease of the hydrophilic powers
of whe molecule, incrsased the eme. and this effect

could be represented by ths equations

log. cmee = =593 <+ 0,0248n
where ny is the number of ethylene oxide units in the
detergent molscule,

The ome. was thus more than doubled on addling
Tifteen ethylene oxi&e units to the molecule., This
trend agreed with the £indings of other workers on
compovnds of a similar naturelso=132

The value obtained for Hns is near that given by
Ottewlill et al%ﬁ but comparison of the cme. obteined

for Hng,, with those published for eetomecrogol, a

commercial pré@u@t with n = 20 40 24, showad the cmg.



Table 2o

D%m‘@ﬂnﬁ z’gﬁem@" X moﬁzi{@ cﬁggﬁgo
Hig lo6g 31.9 38 6.3
H:Ex,,? o7 4 33,2 Al 6.3
g 2o Qg 36,2 53 6.9
Eﬁgﬁ BBy 39, 2 72 6,0
Hn, g 3o 0g 40, & 81 6.4
Hog,, 8. 8, 46,0 120 8.7

Y 18 the surface tension above the cmc.:

Q » g
eme’s are in moles/l.; and areas in 2.
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of the Latbesr 209040 ve much higher them the

synthesised meterial (scetomacrogol 8 to BO = 1@“6
moles/litre). This difference may be due to the

polydisperse nabure of the comnereial producHe

Aves per Molecule.
Having measured the suprfece tension as a function
of concentration (Pigures® and 10.) it was aleo
possible to obbain the surface excess and hence the
arca per molecule adsorbed at the interface by application
of & simplified form of the Glbbs eguaitlon.
In dilute solutions of non-electrolyite colloildasl

gubstances this egquation mey be reduced ﬁogﬁl

[=—w s @
wh@@@fﬁ o s the surface excess of the solute 3 and
2y, 18 1t aebtlivivy.
Moreover for solutions of uwnionised surface active
compounds such as were being investigated, it was
sufficiently accurate to replace acbivities by

concentrations s0 that equation l. then becans

2, BOBRT d fog.c | ®
By measuring the gradients of the plots of 2{

against log.c Jjust below the amnc., values Lfor
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dﬂf/a log.¢ were oObtainad for each sysitem. The surfaco
excens was caloulated from equation 2. and hence the

avea/molecule determined.

Discussion. _

As the areas/molecule (table 2.) were all lavger
than the cross-sgectional areas of the hydvoecarbon chain
(20,5 ﬁg) and as the ares/molecule inerveased with incresape
of the ethylene oxide content, it appeared the
polyoxyethylene chain was vhe determining factor in the
packing at the interface. It was also shown from the
parts of the graphs parellel to the coneentratlion axes
in Ligeres 9. and 10, that the compounds with the
ghopter ethylene oxide chains were more effTicient Iin
lowering the surface tension than the longer ones.

The areas/molecule measured gave reasonable
agreemends with obther published vesults (Figure 11.)
particularly for the shorter compounds dut tended to be
larger for the compounds with longer oxyethylene chalns.
It may be however that these upper resulis for the
commercial materials ave affected by the selective
adsorption of shorter length molecules into the
interface; these smallér compounds exerting a greater
influence on the calculated ares/molecule as the mean

ethylene oxide content increased.
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The actual arrengement of the oxyethylene chains
at the interface 1s a matter for conjecture. Comparison
of the measured areas with the dimensions of the fully
extended chains suggested the hydrophilic parte may
well have been in a curled up form analagous to that
suggested by measurements on micelles (sce final section),
further the areas/ethylene oxide unit, (see table 2)
showed a tendency to decrease aa the chain length was
increased. One end of the glycol chain would be anchored
in the surface hy the presence of the hydrocarbon molety
vhile the other, belng less strongly adsorbed, mey have
found i1t posslble to tend away from the surface giving this

effect on the aresa.
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Dageriptlon of the Lishi-Scatitering

Photemetero.

A lighit—scaittering photometer has been sonstrucied
on & similer besis 0 previously d@&e@ib@ﬂ.mgd@1&§6gﬂgﬁﬁ
but incorporating & considerable number of modificaitlons
in its desighe

The three main factors which had to be considered
in assembling en apparatus of this type weres: the
production of a suitable, collimated beam of incident
light, the aésign of a cell to contain the liguid under
exemination, and a methed of measuring the smount of
Light segttered over a range of angles to the incident
beam. Although there must obviousgly be some overlap
between such headings, the description of the apparvebus
has been aﬁ@&ﬁg@é t0o Tollow 2 similar patitern o
1llusbirate how the various diffieulties encountered

in easch section have besn Mme&bo

The Incident Beam.

Normally, scattered light was of very low intenslty
thus a powerful 1light source of the Gorrsct wavai@ngﬁh
was Necessary; mercury vepour lamps, giving much of
their output concenitrated in the green, yellow, and

blue. Lines have been considered whe most sultable. By
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using a lamp of this type (Osvam, QBGWQ.MB/D@_c@m@a@%
gource mercury vapour lemp) and pessing 158 emiesion
through the lens and slit system illustrated (Lfigure 12.),
g perallel beam of 1ight of known dimensions (transverse
gection 2 mm x 25 mm) Was,db%ain@d@ The regulred
wavelength (green line, 5461 £) was isolaited by
introducing an interference Filter (Berr end Strouvd)
into the opiieal system imnedistely afiter the collime
ating lens; this position giving maximum protection o
the filter from deleterious effects of heat from the
lamp. Any residual traces of yéllaw 11@5% WOre Iemoveds.
by a neodyniuwin~-glass filter, mounted lmmediately after
the interference Lilter,

As the consisbency of the intensity of a narrow
b@am of Light of the btype produced is very susceptible
O any flu@tu&ﬁi@ns‘in the light sourcee, a voltage
stabilising wnit was incorporated in the lamp eireunid
(Advence, 250W). PFurther, in addition to measuring
seattered light, simultansous measurement of the
incldent light by deflectlon of part of the beam into
a photocell (B.M.I.,type 26110) could be used 4o
produes g compensetory civrcuit which helped to balance

out variations in beam intensity.
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The Cello
A cell similar to that mentioned by Elworthy and
Maelntashgeé has been useds Cylindrical in shape,

(Pigure 13.) except for two, parallel, diametrically
opposite, flattened faces, (to accomodate the windows
of the inclident beam entrance and exit slits) the esll
was consbtructed of brass, blackened by the Relonol
process. The curved observation window was madse from
a eylinder of glass of a suitable radius to esllow 1t
to be fitted concentrically to the cell. Araldite
resin, cured ab 37° o minimise strains and eracking
of the glass from differences in coefficlents of
gxpansion, was employed as the adhesive for the windows.
As may be seen from Ligure 14, the cell has been
designed to allow scattering envelopes to be measured
between 45° and 138° to the incident besm. The channel
surronnding the exit and entyry ports of the beam in and
out of the cell, prevented stray light from the points
of entry and exit being viewed through the curved
wlndow. The significance of this is discussed later.
Thermostatic control of the liquid in the cell was
achieved by circulation of water through the pipe
system (figure 15.) between the inner and cuter Ffaces

of the back wall of the cell.



Pigure 1k

Thermostating Channels.

Thermostating Water
Inlet

Thermostating Water
OCutlet

Side Windows

Beam Entrance Channel

Beam Exit Channel

Incldent Beam

Viewing Window

P.¥o Viewing Slits

Photomaltiplier Tube

“poeEEe Q@ S
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For reproducibllity and comperability of results it
was imporitent that the cell was repia@@d in exactly the
same position for ecach set of readings. To @nsur@'ﬁhi@
a 7 mme deep seabing, into which the cell fitted neatly,
was buils into the apparatus. Final adjustments in
aligonment to the Incident beam were made by rotating
the cell in its seating until the reflections of the
incldent beam from the entrance and exit slit windows
goincided with the final slit of the optical system
(811% 3, figure 12.). A slotted piece of perspex Ffor
malntaining the reference block in a constant position

was incorporated into the cell seating.

Veasurement of Scaitered Light.

Scattered Light was detected by an eleven stage
photomultiplier tube (B.M.I., type 6097B) and the
gignal it produced measured on a Cambridge d'Arsonvel
galvenometer (type 41148/2; FoS.Do at 0.5 pamp.).

The photomultiplier tube and its resistance chain
were mouwnted on a tufnol arm, fixed to, and rotating
round, a point immediately below the centre of the cellg
allowing the detector wnit to sweep round the viewing
window at a constant distance Lrom the centre of the

eell. A system of two 5 mm. wide by 20 mm, high slite,
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set B em. apart, mounted in front of the photomuliiplier
tube (see figure i4.) controlled the area of the hesm
geen by the photomulitipliem.

The aensiﬁivity or overall gain of a photomultipllier
tube increases with the velfag@ across the dynodes.

This gave a means of controlling the signal to the
galvanometer 0 within the limits of the scale used,
bat im@r@a@@ in the v@lﬁag@ was accompanlied by inerscased
daﬁk‘@urr@nﬁ and sensitivity o stray electromagnetic
efiscts, and a general decreased stabllity within the
tube ‘iteell. To combat this all electrical leads near
the photomulitiplier tube were of screened cable, the
resistance chain encased in a plastic box, and the side
walls of the photomulitiplier tube were painted with
condusting aluminium paint and brought to cathode
potential. The tube itself was mounted in a metal
eylinder and kept clear of the walls of this cylindew
by layers of paralilm.

The voltagse acress the photomulitiplier was controlled
and stabilised by two Siemen~Ediswan Power Packs (type
R11.84) Jjoined in serles. These wers capeble of produclng
up $0 2,200v. but in practice not more than 1,700v. were

gver used as gbove this voltage the stabllity of the
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readings showed rapild deterioration.
Repld response of the galvenomebter o varying
voltage pulses, with conecomitent jumping of the
galvanometer spot, was damped down by Jjoining a 5,000 ohms.

resistence In parallel with the galvanometer.

Stray Scatiering.

Stray reflsections and other sources of uwnwanted
light form a very significant source of error in lighte
scattering measuvements, particularly at low turbidities
when the apparatus is working at full sensitivity. Theiwr
elimination was therefore paresmount. FPreliminery
breceuiions such as enclosing the cell, photomultipliew,
etc. im a 1ight proof bow, (see figure 18. and photograph )
painting the box internally with matte black paint and
ergction of a light opague shield between the photo=
meléiplier eand the incident beam, minimised the chancs
of any source of styay light from outside the. cell.

| The presence of dust, alr bubbles, scratches, or
marks on the gless at the aivx/gless, metal/liquid,
or glass/liguid interfaces tend to cause pinpoints of
light, stray scattering, and distortion of the beam.
The matte black internal suriface of the cell in ibsell

reduced stray reflections, and alr bubbles, trapped
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when £illing the cell, could escape via the two small
holes dfilled in the »oof of the cell beam channels
(Pigure 13.). Morveover as previously mentioned, the
design of the cell and scanning set-up was such that
the photomultiplier, even at 1ts widest angles, {457
and 135° to the incident besm) never saw the beam as

1t entered or left the cell.

Preparation of Materiasls for Light-Scattering.

The complete removal of extraneous matter from
liguids used in lightescattering experimenta is extremely
important as traces of unwanted suspended particles can
Wreak-havoc on results.

Organic solvanté c¢leaned falrly easily but agueous
solutions, par%icularlj of surface active compounds with
their inherent suspending powers, were the most difficuli.
Various methods of cleaning solutions have been suggested,
mostly based on centrifuging or £ilteringoo=208 poin
techniques were investigated and from an evaluation of
ease of handling coupled with efficiency in cleaning,
Filtration through a seasenedg No. 8, scintered glass
dise in the form of a gas filter tube, using positive
pressure of up to 8 om., appeared the best. Criticlsm

has been levelled at this technique on the grounds of
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adsorption of the solute onto the filter pad, but, as
solution concentrations were determined interferometrically
after scattering, such effects did not apply in the

experimenits reported.

Clarification and Cleaning Technigues.

Solvents.

Organlic solvents were dried, carefully redistilled,
and filtered twice through a No.5 scintered glass disc
before examination.

Water, for making up solutions, wes distilled three
times from potassium permanganate solution via a standard
Quickfit splash-head. Only freshly distilled water was
used for making solutions.

A sample prepered in this way, and filtered three

times through a No.d disc, gave an Rgo of 1,01 x i@mﬁsmfl
(cofs Goring and Napier?ﬁg 1,02 x l@gaemfig and Fessenden
and. Stein='° 0,973 x 10"%m>ty,

Solutes.

Before the final crystallisations, the ethereal
solutions were filtered through a No.5 glass filter.
Solutions.

Solutions were clarified by passing them three times

through a No.b disc; final filtrates being collected
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directly into the scattering cell. Tests on dilute
solutions of potassium chloride in water, ?rep&red in
this way, gave a 345 of 1..08.

Cells.,

Cells were serubbed periodically with a detergent
solution then washed out with coplous volumes of water.
Between each solution the cells wé?e cleaned by blowing
a stream of acetone vapour through the cell and rinsing
.with the condensed wvapour.

Filters.

Pilters were cleaned after every six solutions with
potasgsium permanganate and sulphuric acid followed by
acldified hydrogen peroxide, washed free of acid with
redistillied water, and dried, either in an oven or by
percolation of redistilled acetone and ether through the
filter. The latter solvents being removed by sucking

filtered air through the disc,

Measurement of dn/de.

Accurate measurement of the change of refractive
index bBetween solution and solvent (dn/dc) was necessary
as 1t appeared as a sguered term in the light-scatitering
eguation. A Hilgeﬁ Interference Refractometer (%yp@
M154), thermostated to the appropriate temperature,

4 6301@9 was employed.
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This apparatus is based on two intersecting light
beams from the same source made to produce a set of
interference bands in the plane of intersection. If
a transparent substance of refractive index, n, is
placed in the path of one beam and an equal lengith of
another substance with a different refracitive index,
nyy in the path of the other beam, there is &
displacement of the interference bands. The interfepr-
ometer provides a method of obitaining the difference in
refractive index, (n - no)g by measuring the shift in
position of the interference bands.

Water, used here as the reference liguid, was put
into both compartments of the c¢ell and, after temper-
ature equilibration, the interference patterns (the
reference pattern and that through the liquids) were
aligned using white light to a position where the zero
order bands were coincident. An interference filter
was introduced into the optical system of the apparatus
to isolate the green line before £inal adjustments o
the alignment were made. A mean value of six scale
readings was taken, Pye Substitution of a8 solution,
concentration, ¢ g./ml,, in one of the compartments
displaced the upper pattern; realignment of the zero

order bands, using the green line as before, gave the
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second scale reading, Poo The scale was then screwed
back to & positionp Pgo where the bands coinclded
within one band width of Pqo and the number of bands

displaced between ry and ¥, counted (a).

Py =
Fr@m.méngmmég the meen band width, d, was calculated
and hence the exact number of bands displaced by the

solution, £, was obtained f£rom:

Repetition of thls procedure at varlious
gonsentrations, and plotting the nunmber of bands displaced
agalnst concentration, gave .a straight line. From this
graph the number of bhands displaced, flg at the concentraition,
Gy o could be determined and the speeclfic refractive index

inerement was calculated from:

an  ME = %y

de & Ifc=T6q)

where £, is the nunber of bands displaced at concentration,

¢ Bo/mlog and 1, is the thickness of the cell.
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Calibratlion of the Lighi-Heattering Photometer.

As values obtained from readings of the detector
unit for scattered light were only relative to the cop-
ditiong of & given experiment, calibration of the
gpparatus to a known standard was required. A polished
perspex block was chosen as the secondary standard fov
experimental purposes. Being solld, it did not have the
inhervent disadvantages of a liguid standard, gave a
scatter in a similar vange 4o the majority of systems
under invesvigation and, provided the block was kept
clean and scratch free, gave a constant intensity of
1ight scettered at 90° to the incident beam. Absoluie
rvalues for scattering at other angles in the envelope
were Lound by rveference to the 90° secatter.

An absolute method of calibration, belug preferable
t0 a comparative one, Ludox, & colloidal suspension of
small silica spheres, was used for determining the
calibration constant: these measuremenits on Ludox being
carvied out Jjointly with D°S°M@Intosh??l

Organic solvents of known turbidity were used to

check the value obtained.

Bxperimental.

[

A fresh sample of Ludox was spun for twenty minutes
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at 84,000 g., the supernatant suspension decanted off
and a series of solutions made Lfrom it. Each solution
was, in turn, filtered through a No.H scintered glass
disc until dust free, and its optical density and the
amount of light it scattered at 90° to the incident
beam determined: the fonme§:% e, cells in an S.P,600
spectrophotometer, using the same wavelength as that
Lo 1ightmseatterihgg the latter with reference to the
perspex block. Scattering envelopes and depolarization
of the Ludox were also measured.

Values for C_ were then calculated for each solution

D
£roms

7= Ry BB R g
where GD” is the value obitained for the calibration
constant from & solution of Ludox of opitical density,
D: ¥, is the turbidity of the solutiong Rgqo 18 Rayleigh's
vatios L, is the length of the optical density cell; and
Sgog is the ratio of the light scattered by the solution
at 90° to the incident beam o that scattered by the
perspex block at the same angle. |

Due to the high optical density of Ludox and other
factors interfering with the light beam, as the concen~

tration of Ludox increases, the 890 measured becomes
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less than the true value, hence values Qf GD obtalned
from the equation on the previous page increase wilth
concentration (and optical density). Maron and Lou“ag?g
procedure of extrapolation to zero concentration to
obtain the itrve calibration constant was therefore

used (Pigure 16.): giving C = 2,71 x 10~ %em=2

with a
3%5 of 1,04 and a depeolarvization of 0.011.

Although Ludox is perheps the most commonly used
method of calibration the procedure did involve several
practical difficulties. The Ludox had to be carefully
handled, 1t tended to degenerate if not stored under the
correct conditions, and lelt deposits on glass surfaces
which had to be scrupulously cleaned to avold affécting
the resulis. A scolution where the optlcal densiiy was
readily measured gave an excessively high scattering for
accurate comparison with the perspex block, but optical
densitles, being a function of the path length through
the sclution, could only be increased by increasing the
length of the cell. This however was limited by the
apparatus used, 4 cm. cells being the longest avallable.

The light scattering problem was overcome by the
use of a series of three standards, made of thin perspex,

or of glasgss partly coated with aluminivm paint, each

giving a scatter some six times greaier than the one
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lower in the serles, and comparing the Ludox solutions
with the most suitable standard. Comparison of the
ptandards with sach other gave converslion factors to
the perspex blocl, which, on analysis of some twenty
resulis, showed limits of error of only + 0.8% (P = 0.95)3
a value glving a considerably smaller source of erropr
than would have been produced by direct comparison of
the perspex block with the more concentrated solutions.

Measurements of the turbidities of benzene, toluens,
and carvon tetrachloride, cone angle correcited for
Interfacial refraction%vg@gvﬁ were uged to check the
calibration constant obitained from Ludox. The values
from the solvents showed excellent agreement with the

best literature Ligures.

Measured FPublished
Solvent T%10° L Two® o Res,
Benzene .2 0,42 BY.4 0,40 262
Carbon Tetrachloride 2.6 Qudk 2D

Toluene 29,6 0. 42 29 5 0,40 2610



122,

Measurement of Depolarizatlon.

Depolarvizeatlon was measured by inserting a polaroid
filter between ithe photomuliiplier tube and the curved
window of the cell (see Ffigure 14.) and detevmining the
intenslty of the vertical and horizontal components of
whe gscattered light. The degree of depola?ization W&S‘
calculated from the ratio of these two quentities.

To obtain the depolarvization due to micelles
required further measurements as contributions of solvent
and Tree monomers had to be removed. The horizontal (Sﬂe)
and vertical (Svg) componenis of the light s@atﬁeﬁed by
a solution of a concentration, ¢, greater than ¢, were
measured, this time with reference to the vertical
component of the light scattered by the standard perspex
lock (Bv)o Sinllar measurements were made for a solutlon
of conecentration, Gy o Thus, by subtracting the latier
values from the former, the depolarization ratioc 9@) due

t0 micelles alone was obtained.

s Sy

THe 0L . Ey;czwi"_;izmv p=1
By By R By v

As unpolarized light was used in the incident beam the

approprilate correction factor for the 1ightwseatteringexﬁ&tion

was then calculated from Cabannes fo:vzrrrru.ilz.agg""y ( %m%m%%ﬁ
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Brrors in the Bstimation of a Micellar

Nolecular Weleht by Light-Scattering,
(Hng at 25°)

In the determination of the micellar weight in a
system such as has been studied, it appeared that the
most probable sources of error in the value obitained,
originated in the measurement of the concentration/
turblidity ratio, (¢ - cl/“rm'rl)g the depolarization,
ﬁk the specific refractive index increment, dn/de; the
dissymmetry, %3 and the calibration constant, C.

Dissymmetries observed in the majority of systems
investigated were slight, giving only a small correction
to Hie = al)/ﬁ*m’Tig hence the error in these measure-
ments was not assessed. The other four factors have
been congidered.

All calculations were determined to 98% confidence
Jimits and, in the analysis of measurements of detergent
solutions, as the concentration of the detergent could
be accurately determined, errors in the value of

concentrations were assumed te be negligible.

Congcentration/Turbidity Ratio.
! i
Examination of graphs of (e « @T/ﬁﬂw‘Ti) vao (6 = cl)

B
¥ (F caloulated from the mean value of the calibration consient)



Teblg o,

Depolarizations of ng Solutionsg.
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of Hunyg (see Pigureig; facing page 181 ) showed & significant
corralation between these two quantities, thus to assess
the 1limits of error in the concentraition/turbidity ratio
estimate it was necessary to calculate the variance of
both the mean valus of (¢ = cl/ﬂwm’Ti) and that of the
slope of the graph. The calculation for this is glven
in Appendlix 1.

This gave a‘valus for the intercept on the ordinate
(ﬁh@re (¢ - @l) o q> of 3.806 with limits of error of
& 0.2684 (4 8.1%).

A figure similar to this (& 7%) Por the assessed
error in c/ﬁafor lysolecithin sols has been given by

Robinson and Saundersg?g

The results obtseined for this (table 8.) were tested
for correlation between concentration and depolarization;
the calculated correlation cogfficient, To CEme Lo
0. 27, while the theoretical E 0,50, No correlation
exists between O and (o = el)o

The mean value of)O was 09016? & 0.0044.




Speciflic Refraciive Index Increment.
Table 4.
Values of dn/de for ling solutlons,

10%(0 = €))ecos 10686 1,848 8,460 2615 2,944
dnfﬁ@;oooaeoooo 0:.1388 0031341 0,4351 0.1840 0.1367
103(0 @ @l)ooom 5. 884 4,398 4,882 860420 6. 384
dﬂ/d@oaoooooeoo 0. 1350 Q1347 0,1844 0,1337 0.1366
where ¢ i8 in gnml?1§ and. dn/de in ml.got
{?The refractive index at Gy Was subtracted from the
refractive index of each solution in the calculation of
dn/de. )

A test on the above resulits (table 4.) showed no
correlation between dn/de and (¢ - @l)g Py = =0088;
Py = 0. 63,

The mean value of dn/dc was 0.1353 ¢ 0.0011 mlogfl

Galibration Constani.

As hoth varlables in the estimation of C are subject
t0 error, the analysis was performed by dividing the
results into three nonoverlapping groups and analysing

as described by Davies?ao

The calculatlion is given in
Appendix 2.
ol o
This gave the limits of error of G as ¢ 0,10 x 10 ey

or 4 Bo 8%,
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Micellar Weight.
A sumnary of the errors and thelr influence on the
components of the Debye equation is given in table 5.
Table 5.

Mean Value, Limits of Error % Evrror
abowt mean,

¢ = Cy/T= Ty ... 3, 506 + 0,284 + 8.1
P 0, 0167 4+ 0. 0048 P 2867
Cabannes facton. 0. 964 + 0,011 4 Lod
AN/AC.. s s rnee.  0,1365 + 0.0011 + 0,81
Hoeuooreeeeeeeeeenans 2,008 x 10°% 4 0,082 x 10°° 4+ 1.6
Coveerreennnerreiene 272 2 0% 4 001 x 20°% 4 8.8

The chserved dissymmetry, Z%B” Tor the ng was 1,03,
giving, after consideratlion of the calculated limits of
error, a value for the micellar welght of 140,000
4 18,700 (4 15.4%).

This error was much larger than expected and the main
part of 1t came from the measurement of the turbidlty of
the detergent solutions.

In spite of the great carve taken Iin cleaning cells
and filters, and in filtering solutions, traces of dust
may have been responsible for this variatlion, but there

was certalnly not an excessive amount present as observed
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dlgsymmetries were close o unity. It is possible that
the tendency of the detergent to suspend extrancous
mgtter, and also its non-ionlic character, could have
been respénﬁible for the variations in (¢ - el)/Tﬁ’m’Ti)g
Stacey states that aqueous solutions containing salt
are relatively easy to clarify283

9
of this size arve inherent in the study of this class of

and it may be that errors

compound by lighit-seattering.

The calibratlion constant 1s the other large
contributor to the @rrof in the micellar weight and the
limits of error for this could perhaps he reduced by a
more precise determination of the optlical densities

using longer absorptiometer cells.
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The Meagurement of Viscosity.

Apparaitug.

Viscosities of solutlions relative to water were
determined in a suspendsd level dllution viscomeier
(Polymer Comsuliants Ltd.) and in the case of Hog, @

881,282

Couette apparatus wag used to check that Newtonian

£low was obtalned.

Egtimatlon of Limits of Brror

of the Intercept {pﬁﬁfﬁ(ﬁéoli

The limits of error of the viscosity intercepts
wore calculated in a similar menner to that used Lfor

the error in ¢ « @%/ﬁrm for Hng. Again

T
1
(@:m Cq = 0)

the errors in concentration, and consequently ¥, were
taken as negligible.

A% 259 the limits of error for Hng and longer
compounds weve around i 3%, but shorier chain compounds,
due to the greatly inereased gradlient of the plot
4?@pfﬁ v8. @, had a somewhat larger error (+ 10%).

At 20°, Hn,, showed a very slight increase of W ap/U
with ¥, hence results near zero concentration were
diffieult to obiain. The consequent long extrapolation

raised the limivs of ervor of this intercept to + 18%.
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Densliies.

Densities @ﬁ whe ethers Hniﬁp and Hna&g Were
determined by the displacement of pure APy -NCXaNo}
neither of these compounds being apprecigbly seluble in
this. The shorter chain detergents on the other hand
tend to dissolve ﬁo a larger extent in n-hexane, thus
for compounds between Hn6 and.Hnm9 the densities of
the respective glycols were measured and those ol the
devergents calculated from the molar volumes of the

glycols, water, and cetyl alcohol,

No. of ethylene oxide Density (g./nl.) 256°
unlts per molecule. Datergent Glycol
6 0. 971. 1o 324
(i 0. 282 1,126
9 1,001 1,128
12 1. 03% 102383
18 1. 078
21 10142
Temperature,

With the exceptlon of Hn?m all measurements were made
at 28°, Thermogtating was to within ¢ 009199 other than
the lighit-geattering measurements where the uncertainty

was + 00190

-ty
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Light-Scatiering.

Results.

In the interpretation of the lightescattering of
micelle forming solutes, where the micellar dimensions
are <:5720, the procedure generally adopted ig to use
Debye's equatlion: |

H(c = ¢ _) ‘
o e

where T, 18 the turbidlity at concentration; ¢ g./ml.y and

Too the turbidity at ¢,y the eme.

The measurenent of the cme. by a surface tension
tecimique has been described, but the plots of
H(e = ¢ )/ T= Ty v8. (¢ = ¢ ), where ¢,, is the cme,
from surface tensicn showed a slight upswing of the line
at low concentrations, particularly as the axyethylene
chain length of the detergent was decreased.

Examination of T'= T o ¥vS. ¢ = ¢ graphs for Hng
and Hnig showad that the plot was linear over the
concentrations gstudied but the intercept of the concen~
tration axis was not through the origin but at a value
several times greater than cg. This larger concentration
has been designated, Gy e

Fozr Hn99 Hnlag and Hngg, the turbidities around the
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Cq reglon were too small for any quantitative interpretation
of this effect, and, as the observed dlssymmetry (1.03)
indicated that no dimensions of the micelles exoeeded'ﬁ'ﬂc,
the micellar welghts were consequently calculated from:

’{, il L S ) (8)
ey . = o o g G = Q X
Y (¢ = ¢y)=50 T=Ty M 1

Famd

with the intercept H(ec = cl)/ﬁ”w"rl corrected for
dspolarizaﬁion and the particle scattering factor (obtalned

from the mean 345)0

The resulis for these compounds apre shown as plots of

G o @l/ﬁ”@'rl VE. € = Oy (figure 18.,) and in table 6.

The two smallest compounds, Hnﬁp and, Hn79 behaved
pomewhat differently to Hng and above; plots of
¢ = cQ/T’w'TO V8o & = G (figure 19.) showed a considerable
upswing of the line at lower concentrations. The poslition
of the intercept ¢ = @Q/T”w Tb was fixed by making & large
scale ¢ vs. T plot, which must pass %hrough'ro at ¢ o and
interpolating values of the two gquantities at very low
concentrations, converting them to ¢ = eQ/T“m Ty and
plotting on the graph of ¢ « co/”rm"ro V8o € = G 3 this
procedure gave o reasonably accurate measure of the

intercept. Solutions of Hn6 and an also developed

appreciable 245 values at higher concentrations, (figure 20)
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indicating that some dimension of the micelle had become
larger than.97%0° The micellar welghts for Hn, and Hn,,
given in table 6 are those obtalned by extrapolation of
the lighit~geattering resulis to the critical micellar
concentrations, but the £fall in the ¢ = cg/j'm'rg figures,
and the development of 345 values represent an aggregation
of these units into larger ones as the concentration
increases. The amount of light scattered by these systems
over this range (eomﬁ>el) was however sufficiently large
10 give a measure of the micellar sizes.

An attempt to analyse these results for the two
shorter detergents has thus been made on the ssgsumption
that the mass—goetion law, without activity coefflcilients,
applies to the aggregation:

10go Gy = M 10goG, = K (B)

where Cap in the concentration of large micelles; and Cq
is that of small micelles; my, is the number of small
micelles agpregating to give one large oneg and X, is a
constant. The fraction, x, of small micelles aggregated
will egual cg/él + Ggo

A solution of small micelles will have a turbildlity,

'?; = HM161, while for a solution of large micelles,

'Té @ HMBQQP(Q)Q where E(@) is the particle scattering
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Tactor; and M& and Mgg the micellar welghts of the small
end large micelles respectively. The 245 values ior
small micelles were so close to unity that Pﬁg) has been
neglected in the expression forj”lo The seme optical
constant, H, was used for both species (i.e. that
determined expeﬁmentally) as the concentratlions where
small micelles exist in solutlion were too minute for
dn/dc to be measured accurately. M, is that obtasined from

o The

exbtrapolation of the light-scatltering resulits €0 G,

excess turbidity of a solution of concentration,

c, = (Gl + 02)9 is?”t = T e Téo For the larger micelles,
P(B) was obtained from the maximum Z,5 Values (shown in
figure 20, ).

Two models were explored, a rod, and a c¢oil, and a
guccessive approximatlion procedure used. A value of m
having been chosen (the molecular weight of the aggregated
species, My, was thus li) suitable values of ¢, were

substituted in equation B K being chosen to give ¢, in

0

the correct region. X and m were adjusted uwntil the total
calculated turbidity for a scolubion agreed as closely as
possible with the experimental value when a ¢, vmuﬁft
(observed) plot was used for comparison.

Por Hn? an eguation of

1ogo@2 e B, 5 10ggel = T,48



Table 7.

BRI

Assoclation of Smell intp Large Micalles, Hﬁ? at 259,

. anB. B . a8

1.0 Q& 10 @g 10 @t b 1.0 T% 1@“Tﬁ &
{obs) eale.

Qe &0 0.0L3 Q0.81L3 0.048 2:82 2.8 1,02 1.02

0,60 0.082 0,582 0,941 5.0 5.1 1,02 15.08

%

ohs cale

0.70 0. 8%7 0.997 0,284 2.8 10,6 1.06 1.1l
090 0.684 1.584 0,488 18,8 20,86 1.09 1.13
.00 1,000 2,000 0,500 88.86 87,9 1.18 1.8
1,30 1.4086 2.606 0,861 36,8 3.8 1,16 1,16
1o80 RB.B65 H.866 0,664 6B.T 63,0 .17 L.1%
1,60 4,810 bBoB8lO0 0,748 101.0 10i.% 1,186 1,18

1,60 o430 F.080 0.772 18H.1 136.4 1.1

iR

8
1.686 068 To703 0,786 18R 0 139.1 1,18 1.18

o
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was obtained using this procedure, but, when the 345 valuesg
were calculated for the flat portion of figure 20., a
valve of 1.16 instead of 1,18 was obtained. This error
was due to the first approximation of taking all the light
scattered at 45° and 135% to be due to the large micelles,
wheréas in fact, some of it is due to the small micelles.
The whole procedure was repeated until, wlth a Z45 of 1,821
for the large micelles, a reasonable it to the experimental
Z,p 00 the ¢, vs. T, curve was obtained; the final @quation
helugse

Logety = 8.6 Llogecy = 7.80 (C)

The finel value for M, is thus 1,2 x 105,
Theoretlical and calculated resulits are given in table 7,
and, 1o view of the approximations o6f the treatment; .o

neglect of Qg

terms and virial coefficlents in calculating
turbidities of thé solutlons, the aggreement belween
calculated and observed values is good.

As the P(O) values for a rod and coll were almost
identical for the theoretical 245g the £it applied for
elther model and no differentiation as to the most likely
model could be mede from these resulis.

For Hn6 the analysis was much more difficult for the

rod=1ike model. A small change in 2%5 caused a large

change in P(0), end, as the precision of 2,5 Measurements
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was about 1-8%, very large errors in P(®) were liable to be
obtained. The best £it to the experimental resulis,
calculated in a similar menner to that oubtlined for Hng,
was by the eguation:

10gocg'm 18.% 6g = 6%. 5

The lengith of a rod from the calculatbted 245 value for
the larger micellar specles would be 129000.R with a
mleellar welight of 23 x 1@6° The exbtreme lengith of such
a rod makes this model seem unlikely.

n order to decide which model was more reallsiic a
crude Zimm plot was made. There is a reasonably sharp
bresk in the ¢ vs. J° plot of Hng vepresenting o critlcal
micellar concentration, (@l) between the large and small
mlcelles (ofs ¢, Tor Hng and above), and thus, in a manner
analagous 4o that uwsed for Hng of subtracting the
turbidity at thls concenitratlon from the total turbidiity,
and el‘fﬁom the total concentration. By dolng this at
all angles, affordsthe information for & Zimm plot for
I (figure 21.). This procedure is a simplificatlon
a8 the mass-—action law governing the aggregation allows
Gy and?”l to increase slighitly above the critical
concentration. The micellar size was so large that the

asymptote to the (Bmv%)egﬁ line was obtained down to

= 90 giving an intercept Of"%(g:Mng but, for an equilibrium
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system of this type, Mn = Mw’ and & micellar welght much
amgller than that found for the rod-like model was obtained:
M, = 5.2 x 20% An attempt to plot (He/p), , esains®
aina/zg a8 is required for equation 57 for a large rod,
gave a curve which did not give an intercept on 1its
e/ axise

Thé results Lfor Hn6 were then examined in greater
detail for the coll model and a much better agreement
h@ﬁweenfrﬁ(observed)anﬂf?% (caleulated) for the mass-—sction
law £it was obtained (see table 8) by using the equations-

logecy = Bold logocy = 1407 (D)

The micellar welight for the larger species was thus

6,28 = 106, a reasonable agreement with that from the

crude Zimm plot, and from the ratlo;

Limiting Slope of Asymptote 36ﬁ9 R
Intercept of (He/y =0 2 gn

Rgn was found to be TB6 ﬁp and the root mean sguare end %0

end distence of the coil to be 1925 2.
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The viscosity resulits are given in Lipures 22,835, and
24, asfbsp/w'vsa @y wh@r@’b@p i8 the specific viscosity and
@, the volume Fraction solute. The behaviour of the longer
chaln detergents followed the expected pattern; the intereept
(?sp/ﬁ)ﬁﬁg ineressing with chaln length between Hog end
Hng, (see table8), Hng and Ho, solutions were very
viscous, and while a sitraight line plot resulied for Hn?
(figure 24 ) exbrapolation for Hn6 was uncertaln under
these condlitions. The intercept for Hn6 was obbtalned rom
a graph of Pep/f ve., (F + ﬁg}g which was linear below
# = 0.0010.

It was thought that the curvature of the original plot
for Hne was due to non-Newionlan flow, 80 several solutions
were examined in s Couetie viscometer. In all cases the
flow wes found to be Newtonisn, and values of D ap/@
obtalned from this instrument, Titted in well with the

resulits found in the cgplllary viscometer.
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Discussion.
It iIs interesting 10 note there appears to he two
association concentrations for these detergents. The

critical micellar concentration, c¢., as determined Lrom

0
surface tension measurements, cccurs st very low
concentrations; with a second associatlion limit at Cys

in the region of 0.2 « 0.3 x 1079 g./ml. The constant
value for surface tension between o and Cq indicates

that the activity of the monomeric detergent in
equilibriun with the surface phase remains constant,bub
for Hng and above, using the present techniques,this
reglon 18 inaccessible for accurate measurement of the
arrvangement of the solute molecules in the solution bulk.
The two shortest detergents studied did however contain
large enough aggregates to give some ides of the changes
occurying in the micellar structure. The micelles flrst
Tormed appear to aggregaite into larger wmolecular welght
gpecies as the concentration 1s increased which may
indicate that the larger species are more stable. Over
whaﬁ range thils larger micellar species may remnain constant
in size has not, as yet, been investigated but other

workers%Sa

using ultracentrifugal measuremenis, have
shown & constant mlcellar size between 0.5 and 1,0 %

ffor three different non-lonlc detergents; unfortunately
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thelr technlgue was not suitable for lower concentrations.
" Although Cq follows the expeeted pattern of

increasing with increase of the length of the hydrophilic
moiety, Sy tends to decrease as the number of oxyethylene
units in the molecule 1lsg increased. For Hnglg no real
indication for c, could be obtained i.e. o5 as €., (see
table 6 ). This decrease in ¢y may well provide a
possible answer 1o the seemingly anomalous results for

.22 and. others128

certain compounds published by Becher
of a decrease in the critical micellar concentration with
the increase of the oxyethylene chain; experiments on
Hng and Hnlggaa using the iodine method employed by
Becher, have given values very similar to that obtained
as the light-scattering Cq o suggesting that it was this
higher aggregation point that he was detecting.

Examinetion of table 6 shows there is a large
decrease in micellar welght as the detergent series is
ascended: more than likely due (o the increasing
hydrophillic powers of the molecule.

Hng is insoluble in water;® and Hng is probably in
g metastable state; 1t is soluble only over an g°
ﬁemperafure range, dissolving at 24° and clouding at
32°. The light scattered by solutions of Hn6 increased

with time after solution unitll an equilibrium maximum
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value was &t%aih@é af'ter about 8 hours. Reproducible
values for the light scattered by a solutlion of a glven
concentration coﬁld however be obtained by eaquilibratling
the solutlon at 25° for 12 hours before examination.
Hog, equlilibrated much more quickly (£ 0.5 hours after
being brought to 250)9 and the longer compounds could
be used imnediately.

Data for both ﬁn6 and ﬁn? suggest the micelles in
aqueouns solutlion are asymnetrle,; but, for Hng and. agbove
bhe mieellar dimensions are less than ijO and Light-
seabtering does not give much idea of micellar shape,

To disentangle the effects of hydration and
asymmetry on the micelles is a complicated problem
as the hydration will depend not only on the lengih
of the polyoxyethylene chalin but also on the shape of
the micelles. I the micelles are spherical, hydration
would be expected to be a function of the polyocxyethylene
chain length, as this part of the micelle provides the
space ILor trapping water. If the micelles are rode-
shaped, the volume per monomer in which water can be
trapped is smaller than in the spherica; case as the
chalns must bé ﬁe&rly parallel o one another along the
long axis of the rod and the main possiblity for hydration

lies around the cross section of the micelle, where the
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chains occupy a wedge=-shaped sector of space. The
inherent assunption in such a reasoning ie that the
degree of extension of the polyoxyethylene chains is the
same for & spherical or a rod-shaped micelle.

The viscosity results have been examined in the
light of these considerations. If one assumes that the
deviation of the viscosity intercept from the value for
unhydrated spheres is solely due to hydration, this

hydration, & g. water/ g. detergent can be calculated

W,
G0

Ve

LTroms

Prom the very large value forp Hn6 (too large to be
included on Figure 28) the hydration, calculated in
this manner, passed through a minimum, then Increased
ag the polyoxyethylene chaln became longer. As the
hydration would be expected to decrease with decreasing
oxyethylene chain length, the very large values for the
hydration obtained for Hnﬁ anad Hn? were consldered to be
due to asymmetry of the micelles which decreased as the
sevies was ascended; substantiating the conclusions
from the lightescattering data. The increase in the
calceulated hydratlion wlith éhain lengih, shown by Hng

and above, arose because the effects of hydratlion on the



Toble 9.

Minimum Hydveblon.

Dotergens 10T a/b a b A
Ho 21,10  13.8 468 33 0O
Hi,{207) 2, 61, %02 45 87  0.18

(25%) Bo 24 7.0 193 288 0,13
(30°) . 1505 = - 0,13
Hn, 3,18 208 78 B2 0,37
Hi, o Bo B4 107 62 B4 0,75
H, e G0l - e 203
Hngg 3.TS 1.0 45 485 1.86

Mauzimum Hydration.

Detevgent 2.0” Oy a/b a B N
un 27,01  11.8 448 88 0,29
Hi( 207) - = - - -

(259) 7o 74, 5.7 182 32 0,40
(30%) - 18.5 = = 0,40
Ha, Bo T4 105 57 40  0.61
Hnlg 35.68 1.4 4% 43 0. 92
B, - 100 - e 1,82
Hog, B 7B 1,0 45 45  1.88

* ¥ = the micellar volume (@?}g and a, and b (R) arve

the long and ghort semi-axes, respectlively.
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micelles of these compounds outweighed any effects of
decreasing asymnetry.

There ls no physical reason why the lonpger=chain
detergents should give asymmetric micelles and, on the
assumption that Hngl was hydrated but not asymmetric,
the effects of hydration and asymmetry have been
examined by choosing two limlting cases for the
hydration. A minimum level was Tixed by letting Hr;,,6
be unhydrated and Hngl be fully hydrated, and an upper
limit of Hn15 and Hngi fully hydrated, and an asymptote
drawn to the curve (see figure 856 ). Substitution of

these values into the generalised form of the Oncley

equationsge

where ) is Simha's factor, gave the results tebulated
(table 9 ). The mlcelles have been treated as prolate
ellipsoids, as calculation for lln, and Hn, showed that,
when reasonable values were taken for the ¢rosse
gsecitlional area per molecule and molecular lengths, and
when the number of monomers In the micelle were those
Tound by lightescattering, bthe oblate model did not £it
the viscoplty resulis.

Although the differeince between Hn6 and Hn7 is
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only one ethylene oxide unit this has a most remarkable
effect on the micelle indicating that the balance between
the hydrophlilic and the hydrophoblc parts of the molecules
is in some critical state in this region.

Whether Hn6 was treated as hydrated or unhydrated,
the cross-sectional ares of the micelle was greater
than that of Hn? at 256° indicating that the molecule,
most likely the polyoxyethylene chain, was more exiended
in the Torvmer compound; this may have a bearing on the
atabllity of the micelles in that less of a mesh structure
exists to contaln the hydrating water than in the other
detergent micelles.

Some further ideas of_the structure of the large
micelles formed by these two shoriest detergents can also
be obtained from these results.

The mass~actlon law treatment showed that for Hn?
the lavger micelles ave 3.6 times the size of the small
ones, with a volume, on the minimom hydration assumpiion,
of 1,73 x 10° 8%, ¥rom the light-scaltering results
the rod=1lke model hag a length of 10656 ], 1Ir this rod ie
allowed to approximate 4o a prolate ellipsoid, a = H33 o
80 b = 88.ﬁ5 in agreement with the value of b for small
micelles, Although this calculation was crude it did imply
that the small micelles grew in the direction of thelr long

axes on aggregation.
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Pt H

The lighte~scattering results suggested that Hn6
flitted the coil modelibetter than the rod oneg the
basic structural unit of the micelle may however bhe
rod-like. If Hn, was in a fairly extended state the
polyoxyethylene chain would be very flexible and,
by taking the b value from table 9 for Hn

6
volume of the large micelles (=10.8 x 106 ﬁg)g a value

and the

of 4700 8 was calculated for 28, This length would be
great enough for the rod to coll. In contrast, the
greater hydration and shorter overall Ilength of the an
would tend to promote, a rod.mlike.micclleﬁ owing, on a
mechaenical model, 1o the presence of water molecules
driven like wedges between the {lexible polyoxyethylene
chaing.

The calculated micellar dimensions of the larger
detergents also indicates a curling up of the monomer in
the micelle; the relative degree of overall shortening
of length increasing as the series is ascended. This is

dealt with in more detall on p. 186 et seq.

ghe Effects of Temperature on Micellar Structure.

As the effect of temperature was not the main
objective of thlis thesis, only a Lfew measurements have

been made (on Hn7) in an attempt to elucidate the
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transition between the properties of the longer and
shorter detergents; the results are summarised in
table 8.  Unfortunately Hng could not be studled at
lowery temperatures than 259 due to phase separation around
23°,

At 20@9 the measurements on the an solutlions
sended to follow a pattern morve llke the longer detergents
at 25@5 no appreciable dissymmetry was observed at this
temperature and the micellar welght was 1,37 x l@ﬁg and,
1€ the viscosity intercept is teken as being caused by
hydration alone, W = 0,15 g. water/g. detergent.

Raising the temperature by five degrees mere then
doubled the micellar welght of the detergent, and, combinaed
with the Z,, values obiained (Pigure 20), the increase in
the viascoslty intereepis (Pigure 24) and the general
pattern of éhe plots of Map/ ve. @ sugpested asymmeLyy
of the micelles developed as the temperaturs was

inereased,
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The Tgtimation of Mlceller Hydratilon.

In the previous section light-scattering and viscoslity
results were combined to calculate the micellar shapes and
sizes of the series of detergents under investigation., It
appeared from these results that, at a given temperature,
the aggregation number and asymnetry of the micelles
decreased whereas the hydratlion increased with increase of

ethylene oxide content of the monomef, and for Hn, the

7
micellar size and asymmetry increased over the range of
temperatures studied (20% 30°), but, as no independeni
method of determining micellar hydration was available, the
Oncley treatmentgﬁs had to be used. Unfortunately, as
dlscussed, this method only interprets the joint effects
of hydration and asymmetry, and although methods of studying
‘\hydration using polarimetry, heats of solution, and viscosity
maximse have been ﬂeported?591@?91489150”152 none sppeared to
be very satisfactory.

A method of assessing the hydration has therefore bheen
investigated in which the vapour pressure over gels and
solutlons of non-—ionics was measured. Thils procedure is
based on the assumption that as water is added to the solid
detergent, breakdovm of the crystal structure occurs and a
gel is formed. The actlvity of the solvent, which would be

expected to be related to the mixing effects by an equatlon
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akin to the Flory-Hugging type for gels with low water
content, rises as the water content ls increased; the
conceniration of water for this to apply being such that
it is only the mixing of water with the polyoxyethylene
chainsg that 1s occurring at this stage. A concentration
1s however reached when the polyoxyethylene chains arve
fully solvated, and further added water no longer mixes
with them as before. Above this concentratlon due to the
dual nature of the molecule it is thought that separation
inte micelles takes place. The system whilch now exists,
in effect consists of very large particles mixed with a
solutlion of concentration egulivalent to the eme., which,
for practical purposes can he consldered as water. The
entropy effects (and hence their influence on the solvent
activity) eve now very small emd the vapour pressure of the
gystem thus becomes, within experimental error, eguivalent
to that of pure water.

Extrapolation of the relative vapour pressure o a
value of one to determine the ratio of water to devergent
at which the point of separvation of the micelles occurs,
ghould thus give a measure of the water required to hydrvate

the polyoxyethylene chains,
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Diagram of Vapour Pressurg Apparatusg.

>
AN N N\

@\

A = Manomeser

B ~ Jolvent Flask

C = Gel Flask

D =« Two-way vacuw stopcock
I = Threesway vacuum stopeocck

V « To vacuum pump
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Experimental..

The vapour pressuire measurements were made by the
‘direct menometric method in an apparatus simllar to that
of Gibson and Ad&ma?sg (figure 288 ) The manometer liguids
used were high vacuum pump oll (Edwards No. 18) when
working atl 20° ana 8509 and mercury at 50°,

Between B5-~10 g, of gels ov solutlonz of detergent in
water were introduced into the apparatus and ocuigassed ab
0,001 mm. The apparatus was transferred to a thermostat
controlled at the desired temperature and left until ﬁhe
gel/water vapour phases had equilibrated (1-3 hours). The
vapour pressure of the gel and that of pure water were
measured; a sample of the gel removed and anslysed for
water content by deying to constant weight in a vacuum
oven at 50° over phosphorus pentoxidéo

The appakatus was tested by measuring the vapouwr
prassure of water at 2009 %509 and 30° and gave good

agreement with literature figuﬁes§84

Vapour Pressure (mm. Hg)

Temperature Observed Literaturs
20 17. 60 17 H4:
25 B3. 782 23,76

30 81,80 31,82




Pipurs 8%,

VoPo
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Q 850 .00 .50 200 280

G waber/100 g, deotergento.

Vapour Pressure of Detergent Gels (oms. 0il) at 25 o
b = I:'m@ |
G = Emm
D= E{ﬁ%
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In practice, after a few readings had been taken for
8 given system, an spprozimate idea of the reading. could
be Torecast. Using this, before taking the gel reading,
the manometer levels were adjusted to wiﬁhin some two cmg.
of 0ll below the expected reading by cautlious release of
vapour from the water flask, then the tap of the gel flask
opened, and the levels read after the system had come to
egquilibrium (eirca 5 mins.). This procedure reduced any
Jocal cooling effects due bo evaporation from the gel and
decreased the time required before the system atitained
equilibrium after opening of the gel {lask tap.

Tests were also carried out on the time teken for the
gel/water vepour system to equilibrate after preparation
and outgassing to ensure that no variation occurred after
the gels had been prepared for some time. In sll cases

the gels egullibrated within about 2-3 hours.

Vapour pressure agalnst time of a gel of Hngé

contalining 160 g. water/100 g. detergent.
Time (hours) 0.5 1 1.5 2 3 4 6 8
Vapour Pressure B34a8 B3B3 3bod 35,5 35.6 3b.H 35.6 35.6
Time (days) 2 3 4 0 10 41 17 28
Vapour Pressure O8: 86 85,6 35.6 35,7 35,6 36,3 3H.7 35,6



Figure 28.
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Simliler tests to the above were made on the other
detergents for perliods of one week; in all cases
equilibrium was reached within 2-3 hours.

Furthermore, exemination of a range of gel
concentrations above and below the critlcal concentratlon
where the vapour pressure of the gel approached that of
watenr, ﬁy general physical appearance,and microscopleally,
using polaerized discs, showed no apparent phase change

occceurring in this reglion.

Besulis.

Plots of vapour pressure (p) against g. water,100 g.
detergent (q) given in figuves 27 & 28 wshow that the
particular concentration,w , at which the vapour pressurs,
wilthin experimental error, becomes equal to that of pure
water increases steadily with polyoxyethylene chain
length. The actuél values of W measured, were obtalned
by construeting isotherms of q/'z?v9 agalinst L where P
is the relative vapour pressure; the isotherms being linesay
ahove ?% = 0.8, enabling extrapolation to Ty = i. (figures
29 & 30).

The values of L so obtained are given in the following

vable.
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Detorgent..... Hnﬁ Hn? ng Hnlz Hna4 Hng Hng
(207) (307)
(Sriieirennenes 039 0.44 0.68 0,96 2,18 0,88 0,52

& G@ PoGo e 24 was used.

When these resulits ware plotted as g. waier per mola
detergent =x no. of ethylene oxide wnive”t (y) against
the no. of ethylene oxide uniits in each detergent (x) a
stralght line was obtained (figure 832 ) having the
equations

V = 48 4 4.T3%

Values of (J for Hn, e end Hang, were interpolated from
this graph as insuif’ficient of these synthesised compounds
remalned afier the'other WOrko

The resulbs fow Hny show that hydration increases
with temperature, From plots of q against r, (analagous
to Ysorption" isotherms) the differentisl heats of hydration
(Z&H)g assumed to be linear over the 20-30° temperature
interval, and the dAifferential entropy of hydration

(AB) at 25° were obtalned using the equations~cls

ez o [ Dlnﬂ (p/p )
Al‘l = ( Q

H =, =R s
LRI )pmlﬁmg

and. AB = ‘§@ e g:i, = (1/7) [A'I_Ti = RTLu, (p/};:z@)]

where H, and gi are the molar enthalples and entroples of

e



Figure 30,

0.8 0.9 1.0

Extrapolations of q/ﬁv 60 ry = 1

Lor Hm? at tenperatures marked.
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water, ﬁg and;§g gre the partial molar enthalples and
entropies of the sorbate, and Nl and N2 aye ‘the number

of moles of sorbate and sorbent, respectively.

a (8-Hg0/100g.Hn,,) 5 10 16 20 25 30

AE (k. calomole™) Tol ol 108 265 1B 1.5

AT (calomole™t) 405  4e8 4.8 503 BeB 4O
Discussion.

As there 1s no apparent physical reason why detergents
containing polyoxyethylene chains should form other than
sphericdl micelles at normal temperatures, calculations
from the Oncley equation made on this assumption, for the
compounds under the conditions which did not show any
appreciable light-scattering dissymmetry have been used
ag a method of comparison of the values of & from vapour

Pressure measurements.

Tabledd,
2 L 2 i oy : ot T O
Detergent Hog Hngg Hngy Hng' Hogg an(aa )

W(vap. press.) 065 0,96 1.2¢ 1.86 1,986 0,28
e(viscosity) 0,72 0,95 1,25 21,85 1.96 0,18

0 (vap. press.) are interpolated values from figure Bi.

?ana was @ commercisl sample studied previouslyro?
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Plot of g.waver per mole detergent ¥ mﬁ% against n.

(n = the number of ethylene oxide units per molecule)
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The only aystem showing a significant difference 1is
Hn? 8t 29@5 this system however had & viscosity luntercept
of 2,86 and from the 1limits of error caleulated Loy this
intercept (p. 188) the error in (3 (viscosity) is very bhigh
(0.8 + 0.18 g.water/g.detergent) which satisfactorily
aecounts Lor the differences in the resulits for the two
methods.

In spite of viscosities being measured on dilute
golutions and vapour pressures on concentrated ones, the
overall agreement between the two sets of resulits appears
gufficiently good to support the vapour pressure technilgue
a8 a method which can be used (if oniy empirically) to

determine the hydration of non-ionic detergents.
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On the basis of the hydrvation determined by the
water vapour method it would thus appear that the only
compounds whose mlcellar structures ave signlficantly
agymmetric at 25° are Hns and. Hn7° Using the value for
the hydration obitalned by the vapour pressure meagsuremenhs;
the number of mﬁﬁom@rs in the micelle, N; and the molecular
volume of the monomer: the major (a) and minor axes (b)
for a prolate ellipsoidal model of the smaller micelles
of these detergents are now, at 25%

Hxy

gt & =442 8, b =40 8, Higs o = 182 £, b = 32 &,

Similarly, using the mean value of & from table 11
cgalceulations of the tobal m;eellar volume and radius,
B0 WEre made for the Four Jergest synthesised detergents.

The proportion of the radlus avallable %o the
polyoxyethylene chaln obviously depends on the rsdius of
the hydrocarbon moietyg In interpreting this, 6ne has
two alternatives; whether the radius of the latter region
is taken ag the length of the extended hexadecyl chailn,
which implles an arrangement similar to that of a solid,
or whether the radius is calculated from:

A D
o = | Blmolecular volume of hexadecene x N)\°
h ™ &r

whers Py e is the radius of the hydrocarbon portion of the
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micelle. The second method seemed more reasonable, a&s the
bydrocarbon reglon was most likely to be a liguid phase,

and was used to calculate ?ho

Table 12,

5 5. 08 _ X ) , -
w°y 109 2 wm‘ﬁ zh.g g hid /0 2

Hay, (20%) 1o B7 3,95 42,7 80,7 18,0 1.71
Hig, (25°) 1040 8.9, 454 29.4 16,0 Lo 77
Hnla(zﬁg) 137 BoTy 447 86,0 1B.¥  1.56
Me,
Hnlﬁ(aﬁg) 108" 8.7, 446 88,6 21,0 1,40
O ‘
Hay,, (259) 082  BoTy 4406 20,1 245 Lol¥

L

%int@ygalated from & graph of M egainst 1/n.

By = the radius of the micelle occupled by the
polyoxyethylene chain

fé/ﬁ = the radial lengith occupled per oxyethylene unit

V = hydrated volume of the micellie

Further, using these micellar volumes, and the micellar
welghts from light-scattering, the second virial coefficients

of the various solute sysitems were calculated usinggaas

B = 4V/M°
Comparison of the values from this, and those obiained Ffrom

light-peattering, showsd an agreement between the two sets
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of results of the correct order (table 13).

Zable 13
loéﬁabgm 10@5@&130
Hag, (20°) 0. 8¢ 0,42
Hng (25%) 3,28 0. 48
Hn, ,(25°) 0. 85 0. 66
Hn,, (257) 1040 1033

A significant feature which emerges from table 13 is
that the volume of the hydreated micelles at 252 ig remavkably
constant, provided the detergenis possess a sulfficient
nunber of ethylene oxide uvnlits to produce a micelle with a
apherical shepe. Such a property, if general, suggests the
vogsibllity of a gquick method of determining the micellar
welght of & series of polyoxyethylene detergents. AL &
given temperature, provided the relevant volume (V) is
known, and provided the detergents are within the range
which formed spherical micelles, by simply using viscosity
measurements to obbtain &), end knowing the density of the
detergents, the micellar weight could easily be calculateds

While the radial length of the polyoxyethylene part of
the micelle increased with chain lengith, the length occupled

per oxyethylene wailt decreaseds
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To explain this pattern of behaviour two types of

chain orientation heve been suggested; a random arrangemend
and an expanding spiral. Practical difficulities prevented
the theoretical calceulation of an end to end distance for
the Tormer as the chains were not long enough for the
application of the statisties of linear polymers and also
@@rtagn.n@@egsary information was lacking. The expanding

splral concept has however been supported by recent papers
110,111,126

rapers and molecular models werse constructed to
investigate posslible orientations.

From the volume of the micelle, its surface area and
hence the surface area per monomer (a) were calculated.
Like the area per molgcule deiermined from the surface
tension resulis at the alr/water interface, the area per
monomer at the surface of the micelle increased as the

oxyethylene chain of the detergent increased. The latter

areas were however considerably larger than those of the

seme detergent at the alr/water interface. Two interpretations

of these micellar areas were investigated:~
1) The spirvals did not in any way overlap with adjacent
spirels the cross-sectional area per monomer at vhe

micellar surface was taken &aTT@%9~wher@ By = %a%
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8) The cross—s8ectional ares per monomeyr at the micellar

surface was 8 circle of area = & ices Py = (aﬁﬁ)%o
)

This allows Tor a ceritaln degree of overlap between

the adjacent spirals.

Although the area, a, was originally obtalned from a
curved surface, calculation of the other dimensions on the
basle of a flat surface did not introduce any significant
error to the values obtained.

Complementary values were calculated for the areas
at the surface of the hydrocarbon core.

Ixperiments £itting Catalin molecular models into

cones, manufactured to scale from the calculated



Catalin Models constructed to dimaisions

A = Hn B = C = D ®"21



159,

Yeble 14.
a T Taae) Tao Ta(u/se)
Hng 116.5 5.4 3.5 601 4,0
Hn, 165,65 6.4 3,7 7o 3 4.2
Hn, g 219.5 Pl 3.9 8.3 bo bl
 Hng, 3570 5 9, 5 4,3  10.6 4.8

ri(ﬂ/b) and ra(H/C) are the radii calculated at
the hydrocarbon core surface corresponding to

r, and ry respectively. (“A).

dimensions (tables 12 and 14) and assuming the spirals’
axes came out vertically from the hydrocarbon surface,
showed that the structures based on Py il.e. those
allowing no overlap between adjacent spirals produced the
more satlsfactory steric arrangement and provided adequate
space for trapping water molecules both inside and hetween
the colils. (See photographs).

The actual arrangement of water molecules relative
to the polyoxyethyleﬂe chains 1s still subject to speculation.
Various types of orientation and bonding have been

suggesteddds+86,189,144-152

, but a specific arrangement of
water molecules around the ether oxygens is not in accord

with the experimental resulis.



Catalin Models constructed to "r*" dimensions

A = Hng B = Hn”g C = Hn”c D =
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Near the surface of the hydrocarbon core there 1s less
space for the water molecules than further out in the
micelle, thus the proportion of water molecules for each
unit will increase as the chain lengihens. This is shown
by the hydration values obtained (table 11). Kushner and
Hubbardgop found forty-three water molecules assoclated wiih
a ten unlt polyoxyethylene chaln in Triton X 100 micelles,
and proposed that twenty of these were hydrogen bonded to
the ether oxygens, while the remainder were physically
trapped by the polyoxyethylene chains. The endothermilc
AH and the positive AT values found, (p.152) suggest that
the interaction of the water with the chains 1s rather
similar to a mixing process, than to any specific
arrangement of water molecules around the ether oxygens;
or at any rate the mixing process predominates over sny
orientatlion effects.

The length of the short semi axis of the ellipsoid
representing the micelle is greater for Hnﬁ than for
an and the former compound glves less stable solutions
than the latter.

It has been suggeatedl58

that hydration decreased with
increasing temperature:; the results on Hn? show the

opposite effect in the 20-30° temperature range but, despite
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this, the increasing & is accompanied by an increasing
micellar weight indicating that the extra water molecules
trapped do not in any way enhance the solubllity of the
chain,

At 20° the polyoxyethylene chains form tighter
spirals than at 25° (me, table 12) thus the decreased
stability, as reflected by an increase in micellar welght,
occurring with increase in temperature or decrease 1in the
number of units per oxyethylene chain 1s accompanied by
the agsumption of a more extended configuration by the
cha_in° On the spiral model, this would imply that the
straightening of the chein causes a diminution of' the
protection afforded to the hydrocarbon core by the spiral
structure and/or a decrease of the "hydrophilic powers'

of the oxyethylene chain.
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The Variance of a predicted value of y for a given

value of x, (xa)s, is

2.2

Vyg) = kK20 2/N + (x = V(Db + booz?

% (1 + 1/N)
Thus for the intercept of the y axis (where x, = 0)

V(y,) = 0,008667

and the standerd error = 0.9310 x 107+

The 95% confidence limits for the intercept on the
v axis = 4,325 + 0,0931 x 1.7k
= 4,325 ¢ 0,162

But Lf6325 2 10 logm 10%@3

b
C = 2,707 x 10T

Limits of ervor of C = 2,71 + 0.10
& 2,71 + 3.8%



