VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

SUMMARY .

The effect of temperature on the micellar properties,
in aqueous solution, of three non-ionic detergents has
been studied. The materiels used were synthetic materials
of the general formula CH,(CH,),s(OCHZCHp),O0H where
n=7, 8, and 93 the detergents were abbreviated to
Hn7, Hng and Hng. The thesls was divided into three parts.
Part I: Iptrodunction,

A brief review of the general physico-chemical
properties of non-ionic detergents in aqueous solution
vas given, dealing with micellar structure,..critical
micellar concentration and solubilisation together with
a more detalled gccount of the effect of temperature on
non~ionic detergents in solution.

In the second section of the introduction the theory
of light-gscattering was reviewed, together with <he

interpretation of viscosity results and second virial

coefficients.

The purification of hexadecyl bromide and the
purification and preparation of octaoxyethylene glycol (na)
and the detergent Hhawero dascribed.
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The light-scattering apparatus and vapour pressure
apparatus were desceribed, and their use outlined,
rogether with the measurement of specific refractive
Index increment, viscosity, densities und cloud points.
Part 1l1: Resyltg and Diggussion.

Micellar weights were determined at 15°C and 17,500
for Hn7, between 15° -~ 45°C for Hng end vetween 45° - 57.5°C
for Eng. Heasurements of viscosities at suitable
temperatures were made; end also measurcments of vapour
pressure over concentrated detergent solutione. The.
vapour pressure measurcments were used to give an idea
of micellar hydration. Generally, 1t was found that
micellar weigﬁts, hydrations and inirinsic wviscosities
increased with temperature.

Above & particular temperature, designated Ty, which
differed for each detergent, the micellar welghts as
measured from lightescattering increased exponentially
with temperature. T, was found to Be 22°C for Hng,
36.3°C for Hne and h8db sz~nn9. Also at these temperetures
the micaelles of the three detergents were found to have

the same nomber 0f monomers within experimental srror.



Below Th the micelles appeared to be spherical
and the micellar welght increased gradually with temperature.
Above Ty the micelles became asymmetric In shape and
fitted the oblate ellipsold model.

The structure of the micelles was dlascussed bslow Th’
at Ips &nd above Th' A qualitative discussion of the
interpretation of second virial coefficients obtained

from- light-scattering was glven.
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INTRODUCTION .
In spite of the large number of published papers on

the colloid chemical properties of non-ionic detergents,
few studies have been made on the effect of temperature
on micellisation. Most work has been done on commercial
detergents, which are prepared by polymerising ethylene
oxide in the presence of, say, a long chain alcohol, and
thus contain a range of ethylene oxide chain lengths
attached to the hydrophobic group. These materials are not
chemical entitles, and their properties can be expected
to be average ones, depending on the distribution of
polyoxyfzgylene chain length in the sampls. Only a few
papers have been published on temperature effects of
pure (synthetic) detergents in solution. No studies on
how temperature might effect the properties of detergents
in a homologous series have been made.

In an attempt to obtain more information onn thes:
temperature effects, work on the micellar size and shape
of three synthetic detergents, all based on hexadecyl
alcohol, but containing seven, eight, and nine ethylene
oxide units has been undertaken eg. using
CH3(CH,)1 5(0CH,CH)nOH where n = 7, 8, and 9.  (These.
compounds will be abbreviated to Hn,, Hng, and Hng vhere
n denotes the number of ethylene oxide units in the chain.)

As an extensive review of the preparation and
properties of noneionic detergents has been undertaken by
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Mecfoarlene , only 'a byief zeview of physieal chemlistzry is
given here in order %o indlcate the general cffeets of
delexrgent structure on micellar properities, Togsethoy with
fuller accounts of synthetic methods and temperature eff'ects

relevant to this thecis.
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SYNTHETIC METHODS OF PREPARING NON-IONIC DETERGENTS.
Synthetic methods of preparing polyoxyethylene ethers

have been aimed at eliminating the heterogenity which may
occur in commercial materilals. The normal approach has
been to prepare the polyoxyethylene glycols by means of
Williamson ether syntheses and to link these glycols to
the hydrocarbon parts of the molecules.

The first direct synthesis of higher polyoxyethylene
glycols was that described by Perry and Hibbert2 who
reacted the dichloride of a polyoxyethylene glycol with
the monometallic salt of a polyoxyethylene glycol.

- s ) ¢ ®
Thus: c‘:HQ - OCH,CH,C1 CHp| =~ OCH,CH,OK
%fa + 2 %Fa
0 [ = CHy=CHoCl 0 |y ~ CHoCHpOH
CHy | = OCH,CHoOH
CHp S
\
L J(xt2y+h)

The monometallic salt was used to prevent the polymerisation
which was likely to occur with a dimetallic salt.
3
A modification of this method was used to prepare

hexaoxyethylene glycol, HO(CH,CH,0)¢H, octadecaoxyethylene
glycol, HO(CHyCH,0)ygH and dotetracontaoxyethylene glycol,
HO(CHp€H50)y, ,He
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Hexaoxyethylene glycol was made by reacting dlethylene
glycol monosodium salt with 2,2 =dichlorodiethyl ether
and subsequent distillation, Octadecaoxyethylene glycol
was praepared by reacting the monopotassium salt of
hexaoxyethylene glyecol with hexaoxyethylene glycol dichloride.
Similarly the dotetracontaoxyethylene glycol was prepared
by reacting octadecaoxyathylene gl&col with hexmoxyethylene
dichlorids. Purificetion of the eompounds was effected

by repeated high vacuum distillation, a”d by crystallisation
for the highgr members of the serises. Methods similar

to the above have been used to prepare polyoxyethylene
glycol monoethers of the type R.0(CHoCH,0)gH wvhere

R = n=C;plz1, n=CyoHo5, n-CilHsg and poiso-CBH].?C@i)‘_OwCHQCHZW
and di-ethers of the type R.O(CH,CH,0)¢R where R = n=C,,Hoy,
and n'°1h§29' The scheme of reactions may be represented

as follows:

O(CH,CH,OR), }eONay, Na(OCH,CH,)20H

\L O(CHpCH,C1),,
HO(CH,CH,0) gH
sl 5
J /
KO(CH,CH20) H % KO(CH,CH,0) (K
[ scs [
RvO(CH,CH,0) cH R.0(CH,CH,0) (R

R = n-cloﬂ



Fe
After completion of the reactlion the vesidue remaining
after distillation wvas separated by chrometogrepny on &
silica gel column into the hexesoxyethylene glycol monogecyl
‘@ther and the hexaoxyethylenw glycol didecyl ether.
S8imilarly, the same amtharshhava raoporied the preparation
of n-octylhexsoxyethylene glycel sthar, 083170((}320}!20)6!19
and hexaoxyethylene glycol monohexadenyl ether,
0163330(0526320)6H, and hexaoxyethylene glycol dihexadecyl
ether, 0163330(0520320)66165339
Monohexyl sthers linked with tuwo to six sthvlene oxide
units have been preparedsusing gight eguivelsnts of the
glycol to minimise the formation of diaikyl ethers.,
These coumpounds were purified by extraction of ths reaction
mixture with petroleum ether, removal of this solvent
and distillation. |
Using Williamson ether syntheses these authorséhave
also prepared polyoxyethylens glycol monodecyl ether,
polyoxyethylene glycol monododecyl ether and polyoxyocthylene
glycol monohexadecyl ether with ihe~polyoxyethylene units
ranging fror 2 - 6. ,
Low ylelds were obtained and recrystzallisation failed
to resolve & difference in melting poimts from those
quoted by ﬂﬁnzras and BayleyF for hexaoxyethylsne glycol
monodecyl ether and hexsoxyethylene glycol dodecyl etcher.
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n-Butyl, n-octyl, n-dodecyl and n-hexadecyl
monoethers have been prepared 7by two methods described by
Corkill et al.
1. 2Na(OCH,CH,),0H + (C1CH;CH,)50 . HO(CH5CH,0)gH

oy NeOCCHACHR0)6H ¢ o(cm,cH,0)4H

2. poy SeOlCH2CH003¥ R.o(CH,CHN0)3E SOCI2

RO(CH,CH,,0),,CH,,CH,c1 N&0(CH2CR0) o g o(ch,cm,0) 68

The n-octyl and n-hexadecyl ethers were prepared by method
one, but the yields were small due to a large guantity
of unsatﬁrated hydrocarbon being produced by
dehydrohalogenation of the alkyl chloride. Difficulty
was also experienced in separating the n-octyl monocether
compound from the unreacted glycol by distillatica. The
second method gave better results and was used to prepare
the n-butyl, n-octyl and n-dodecyl compounds.
Monohexadecyl ethers have been prepared °»9containing
six, seven,nine, twelve,fifteen and twenty=-one ethylene
oxide units. Nonaoxyethylene and dodecaoxyethylene
glycols were synthesised by a Williamson ether synthesis
and, in excess, were reacted with hexadecyl bromide.
The reaction mixture was extracted with ether and the
residue obtalned after evaporation of the solvent, was
re-extracted with petroleum ether,60°-80°, and the residue

after evaporation of the petroleum ether was recrystallised
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from ether. The recrystallised material was then
chromatographed on alumine and this treatment appears to
glve pure compounds of CHS(Cﬁz)lg'(CHQGHZQ)gor 120H.
ie. Hn9 and Hnq,+. Chlorination of the terminal ~OH of
Bng, followed by condensation with the monogodium salt of
hexaoxyethylene or nonaoxyethylene glycols ylelded Bnlg,
and En,;. The two smallest members of the series wers
prepared in the usual manner from hexaoxyethylene and

septaoxyethylene glycols,
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The elucidation of the micellar structure of non-ionic
detergents is an extremely difficult problem. It has been
complicated by the fact that most studies have been made
on detergents containing a range of ethylene oxide chain
length. TFor example Kushner, Hubbard and Doane15
fractionated a sample of Triton X 100, & polyoxyethylene
iso-octyl phenol ether, by molecular distillation to give
three fractions whose molecular weights in water were
208,000, 90,000, and 5%,000 (the fractions having n = 8,
10, and 12 respectively). Stauff and Rasperlkfractionated
a polyoxyethylene dodecyl ether, and found a similar
decreass in micellar weight with increasing ethylene oxide
content. Presumably the properties of these commercial
materials are average ones. The behaviour of this type
of detergent in solution will be discussed to give a
general pilcture of the effects of monomer structure on
the micelles.

A number of authora°?13%have studied the effect of
increasing the polyoryethylene chain length for the same
hydrophoblic group, which gives a decrease in micellar size.
The aggregation number m, number of monomers per micelle,

13

was shown “to be related to the molar ratio of ethylene
oxide to hydrophoblc part of the condensate R, by

m = xgzi - 5.1 for lauryl alcohol derivatives



e
and by m =‘;§15_- 22.5 for nonyl phenol derivatives.
Similar results were reported for polyoxyethylene 10
condensates of n=octadecanol, n~dodecanol, nonyl phenol .,
and decanol, and isc-octyl g&fgg}s,l methoxy polyoxyethylens
decanoates and dodecancates « Increase of the
hydrocarbon chain length increased the micellsir welght.

The general structure of the micelles in water is
one in which the hydrocardbon chains are in the interior,
and the polyoxyethylene parts in an extarnsl layer.

The stabllity of the micelles 1z thought To be due to o
heevy hydration of the polyoxyethylene pzit. Kushner
and Hnbbardllfonnd an intrinsic wviscoslty of 0,055 di/g
for Triton X 100 in solution. Using thelr obgerved
molecular weight of 90,000, they caleculated intrinsic
viscosities of 0.029 d1/g for a disk shaped micelle, aud
0.038 d1/g for a rod shaped ong, melther figures fitting
the observed intrinsic viscosity. They attributed the
deviation of Ei] from the Einstein value to be due to
hydration, and on this basis calcunlated that 43 wgter
molecules were kinetically hound to sach detergent monomer
in the micelle. This value was thought to be high, but
it was suggested that two water molecules were bound %o
each ether linkage, accounting for twenty, and the

remainder vere trappad in the hydrophilic."tentacloc“
polyoxyethylene chains. On this basia the radius of the
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micelle was found to be equal to the length of the nearly
completely extended monomer.

A large amount of hydration (1.9 gwater/g detergent)
was found 12for Cetomacragol 1000, a commercially
produced detergent of structure CH;(CH,);5(0CH,CH,),,0H,
wvhich has a micellar weight of 101,000 from light
scattering, and 96,000 from diffusion and viscosity
measurements. Large hydrations have alsc been found for
methoxy polyoxyethylene decanoates and dodecanoateséh’ss°

The configuration of the polyoxyethylene chain in
the outer layer of the micelles 1s not certaln, and coiled
and random arrangements have been suggestedg’loo

Normally, having obtained the molecular weight of
the micelle; an attempt is made to fit the experimental
results to some particular geometric shape. It has been
suggestedlothat micelles of molecular weight 45,000 ~ 100,000
are spherical in shape and that micelles with higher
molecular weights are either disk or rod shaped, but it is
possible that these limits are too narrow. The difficulty
in assessing shape is that hydration must be known in order
to calculate the total micellar volume, and to interpret
viscosity results in terms of shape. Calculations of
micellar shape of polyoxyethylene lauryl and nonyl phenol
ethers have been made13, but in view of.the uncertainty of

the micellar hydration, it is not felt that their
reliability is high.
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Less work has been done on the micellar structure of
synthetic compounds. The micellar weights, chemical

structure, and critical micelle concentrations are listed
in Table 1.

L

Btructure. Mx10 | :ramp.°c coe.moles/1l  Ref.
r b
033(cn2)15(0c32032)6 OH 12.3 25 I.6 x10 9
°n3<°“z)15(°cnz°nz)7 OB 1.37 20 I n
CB3(CH,), (OCH,CH,), OB 3.2 25 "I
caa(cnz)]_s(ocnzcnz)g OH 1.4 25 2.0 x10 "
CH3(CBa); 5(OCH OHy) 500 1.37 25 2.3#:10:2 "
cas(cnz)ls(ocnzcxz)lsou 25 3.09:10-6 "
CH3(CH, ), 5(OCH,CH,),,, OH 0.82 25 3.89x10 n

CH3(CHp), (OCH,CH,)s OH a. 0.1245 25 9.8 x1073¢+ 7
706 xlO-3l2 ”

CH, (CH,), (OCH,CH,)q OH b. 25 9.3 x10™1  »
16.8 x10™3g
canBZ)n(ocnzcnz)s OH "
Semple ¢ 0.846 "
" a 0,714 "
" @ 15 10.8 310 % "
w e 0.715 25 8.7 x 10~91 m
n e 35 7.2 210-5& "
“ g 0.8%

Sample £ (in D.1MNaCl) 0,60
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Structure,. 1Mx10 Temp »°C. cmc.moles/l ReZ.

CHy (CH, ) ; 5(CH,CH,,0) (OH 1.0x10° 7
CHy(CHy)y, (OCH,CH,)gOH  0.63 15 16
" 0.8% 18 "
" 1.8 25 "
" 3.2 30 . "
. 6.3 35 %
» 10.0 42 g
. 18.0 45 v
CeH, 5(OCH,CH,), 0R iraggzbly in 7%
n=3, &% 5 or 6. 0.05 - 0.1l

- Gt WD R T S D B A Gt TS D Gy S G SB € s Bt o S G G S B D G Gy B S G e a8 TG S s SIS G v M AP SN U D G &6 ol €D B ED o 3 M <O @ @ O O W =B

Ref T # cme from light-scattering.
L ecme from surface tension at indicated temperature.
&y €y dy @, and f were freshly prepared samples.
by sample stored for six months.

D G BB S0 AT AW FY ED T Beo ST @O OGN @F S0 oD B9 D G S0 M D S am BP Fb P EREE SU SV A WE T P ED ) OSSP oW i A B SIS S0 v T BB T D ¢ S GTTLN M & W 0B @ A%
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A series of synthetic detergents, based on hexadecyl
alcohol, and contalning from six ta twenty-ohe othylene
oxide units per molecule have begr:gstudied by light
scattering and viscosity methods - A decrease in aggreg=
ation number was found asg the Eeries was asganded, in line
with work on commercial materials. As the ¢/T against
¢ graphs obtained from light scattoering showed negative
gradients at low concentrations, it was considered that
ag concentration increased,small micaelles aggrepgated %o
form larger ones. A similar effect has been rsported
by Balnbral6et al, who fesignated this sesond association
concentration o33 1t i8 much greater than the cme.
Usunally turbidities are too small to be measured in thy
region between ¢y and cmc, but in the case of Hng and Bo,,
at 257, it vas found that ¢, was sufficiently large and
the micellar sizes great enough for the msasurements to
be made. The aggregated species had micellar weights
of 6.3 x 106 and 1.17 x 106 for Hng and Bh7 respectively.
A somewhat similar result was reported earlier by Kushner,
Hubbard, and Doanals;ho found that the micellar siss of
molecularly distilled fractions of Triton X 1IOD. wvas
concentration dependent. Howgver, as they were unable
to find a well defined cmc it may be that their material

bad not been sufficiently purified.
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Ag the series of detergents was ascended micellar
asymmetry became less, while micellar hydration appeared
to increase. The same authorsl7have developed an
empirical method for determining micellar hydration,
consisting of determining the concentration of a solution
of detergent which has the same vapour pressure as wataer,
wvithin experimental error, water being progressively
added to the solid detergent. The hydration obtained
from this method agreed well with that calculated from
intrinsic viscosity for spherical micelles.

The results shown in Table 1, reference 7, follow
the general trend le. the micellar welight increases with
increasing hydrophobicity of the hydrocarbon chain.

The theory of formation of micelles and micelle
size has not been fully developed for non-ionic detergents.
It has been suggested that in the course of aggregation
with increasing concentration there is a temporary
inflection of the free energy of the total system, which
halts the formation of a new phase at a given micellar
sizelo, but this does not fully explain the phenomena.
Other factors which resist the fall in particle-solvent
contact, and the resulting dehydration and entropy
changes are also thought to be of importancs.

The entropy and energy changes taking place during

micelle formation of non=-lionic detergents in aqueous
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solutions have been studiedlaw Thae calculations wers

based ou a simple model of coalescence cf & hydrocarboun
chain to a liquid.droplet and the fitting of ethylens
oxide units over the surface. It was calewlated thatsi-

1. Micellar formation of non-ionic detergents in
agqueous solution occurs at a distinet cme.

2. Cmec decreases with an increase in the hydrophobic
part of the moleculs.

3. For a given hydrophobilc group the cme inereases
with an incresse in the ethylene oxide units
present.

These ‘three theoretical conclusions are generally
in agreement with experimental work.

An attempt to apply statlistical mechanics o the
theory of micelle formation and'shape has bsen madelg.
It was accepted that the reason for micelle formation is
a decrease .in the free energy of the system when the
hydrocarbon portion of the detergent molecules aggregate
leaving hydrophilic groups in the aqusous pﬁase. It
was assumed fhat geometrical restrictions in micelles are

such that the micelle should have a fixed deusify and

a limited hydrocarbon length. Bearing in mind these
restrictions 1t was suggested that two shapes could be
proposed for voryilarge-micelles viz. rod-like, with a

circular cross-section, or plate-like,
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Recent work ~‘hae attempted by means of stetistical
mechanics to study the meaning of teuperature variation
of cmc, the affect of intaeraction of micelles upomn the
distribution of micellar sizes, the meaning of idealily,
the nature of the gpread of micellar gizes about the
avarage value and whevher or not a single micellar size
can be usged as the basls for the theoreticel treatment

of micelles.



The postulate of colloidal aggregates was first

put forward by McBain®lto account for the combination of
low osmotic activity with high electrical conductivity
found in higher fatty acid spapa. These aggregates still
retained considerable conductivity due tTo their high
electrical charges; but behaved osmotlically as single
particles. . MeBain called these aggregates lonic milcelles
and the concentration at which these molecules formed
micelles he called the critical micelle concentraticn (cmc).

The omc can be measured readily, as 1t appears that
if almost any physical property of aquecue solutions of
detergents is plotted against the concentration of the
solution & break occurs at the cmec.

Initially, difficulty was experienced in deciding
if non-~ionic detergents exhibited pronounced cmc's. For
example in an early paporzz,.a eme, determined by depression
of freezing point, wes fepdrted for Triton X 100, In
~a later paperll it was stated that & well defined cme
for Triton X 100 could not be obtained by light-scattering
techniques.

5 .

The same workers have been unable to establish a
wall defined cmc on molecularly distilled fractions of
Iriton X 100.
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However, the presence of a cmc in aqueous solutions
of non-ionic detergents seems to have been established by
other worker323’2h’25, and later work assumes the existence
of cmc's and they have been reported widely for many
different compounds. It has been noticed that cmec values
obtained from different techniques for the same compound
may differ éonslderably and it may be that a sharp value
for the cgg is only an approximation, as has been
suggested . The situation may also be complicated by the
spread of chain lengths in the commercial detergents.

The values of cme's of non-ionics have been found
to be much lower than those of ionic detergents. This
is to be expected as the non~ionic materials have
hydrophilic groups which are about the same length as the
hydrocarbon chainy and micellisation is not hindered by
electrical forc9323’25’7’63. For example the cme of
sodium dodecyl sulphate has been found63to be 0.0081 mole/litre
(no temperature quoted), whereas that of n-dodecyl
hexaoxyethylene glycol varies from 0.000108 mole/litre at
1%° to 0.000072 mole/litre at 35°7.

Also the value of the cme has been found to
depend on the hydrophilicity of the molecule. Generally
it has been accepted that an increase in cme is brought
about by an increase in hydrophilicity.

23
For example 1t has been shown by Lorens for a series
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of commercial none~ionic detergents based on a nonyl phenol
hydrophobic portion and various chain lengths of ethylene
oxlde, that the increase in cmc with increasing ethylene
oxide units is approximately given by ln(emec) = 0.056R + 3.87
where R represents the mole ratio of ethylene oxide to
phenol. An increase in the positive value of R, 1e. in
the hydrophilic part of the molecule, 1s thought to increase
the total hydration, and thus the cme, a8 hydrophilic
properties of the molecule are increased. It was also
noted By Lorenz and other worker327that a decrease in the
hydrophobic part of the molecule alsc increases the cmc.
Conversely, an inorease in the hydrophobic part of the
molecule has been shownzato lead to a decrease in the cmc
ag aggregation of the hydrophobic parts of the molecules
is brought gbout by the cohesive forces acting between them.
These forces would increase on lengthening the hydrocarbon
chain.

The measurement of the lowering of the interfacial
tension at the air / weter surface, ie. surface tension
provides a suitable method for the emc. A plot of log
concentration v. surface tension (dynes cm™~) gives an
inflection at what is thought to be the cmc. A plot of
almost any physical property against concentration
gives a similar inflection,but the measurement of the
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decreass in surface tension appears © be among the most
gsensitive and also enables the measursment to be made

without the addition of any other material

This lowering of the surface tension i3 a general
property of sufface active agents. The phenomenon of
surface activity is essentially one of adsorption and this
may lead to several distinct effects61’62.

l. There may be & lovwering of one or more of the
boundary tensions prevailing at the interfaces of
the system. |

2 There may be atablilisation of one or more of the
interfaces by the formation of adsorbed layexs which
may oppose any taendency for these interfaces to bg
diminished in area or destroyed.

3. There mey be formation of micelles le.. molecular
aggregataes gbove a certain concentration known as
the critical micelle concentration.

4. There may be solubilisation of water insoluble
substances into the micelles.

From surface tension measurements it is possible to caloulate
the area per molecule by an application of a simplified
Gibbs equation relating surface excess, [, to surface tem:lonx "

Beveral authors have published results of area per

molecule measurements for a wide range of noneionie

detorgmto75' 76’13’23,
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Generally it ssems establighed that the.area per
molecule increases with increasing chain length and that at
the air / surface interface the molecules are orientated
with the hydrocarbon chﬁin direscted out of the surface
of the solution and the polyoxyethylene chain coiled in the
solution.

For example Macfarlane and Elﬁorthyysiave shoun that
the area per molecunle for a series of synthetic polyoxyethylene
monohexadecyl others increases with increasing sthylene
oxide units varying from 38 xafbr the ether with &
hexaoxyethylene glycol hydrophilie group to 120 £2 for the
gther with a heneicosanoxyethylene glycol hydrophilic group.
They also found that the ares per ethylene oxide unit
decreased with increasing chain length. As’the areas psr
molecule were all larger than the cross-sectional aresa of
the hydrocarbdbon chain it was thought that the polycxyethylene
chain determined the area per molecule.

Work on molecularly distilled commercial ethylene
oxide condensates of alipbatic alcohols and alkyl phm1576
agrees with the above results in all respects. This work
is of particular interest in that the areas per molecule
vere determined at 25°C and 55°C. It was noted that the
areas found at 55°C tended to be smaller than those found
at 25°C. An example of this change in area is shown below.



22,

Hydrophobic portion. Number of Area per molecule-;
Ethylene oxide units. |in adsorbed o2
Nonyl Phenol 10 6% 62
30 80 Yars
50 120 115

It can be seen that there is a small difference in the
areas measured at the different temperatures. It is
thought that this is due to a variation in the mode of
packing of the molecules due to hydration changes as the
temperature rises.

Becher13has quoted values for area per molecule at
the air / solution interface and in the micelle for
polyoxyethylene lauryl alcohol ethers and polyoxyethylene
nonyl phenol ethers with 8 to 27 and 10 to 20 ethylene
oxide mnits respectively. For the lauryl alcohol series
the area per molecule at the solution surface ranges from
46 82 to 74 32( ascending the series)and in the micelle the
increase was from 49 £ to 58 . Por the nonyl phenol
series the increase in area was found to range from 60 Rz
to 107 22 at the surface but for the areas measured in the

micelles the areas per molecule were found to be 60 g=

(10 Ethylene Oxide Units), 64 32 (15 Ethylene Oxide Units),

62 22 (20 Bthylene Oxide Units). However as the hydrations
of the micelles were assumed, some doubt is thrown on the
areas per molecule calculated for the monomers of the micelles

in the solution.
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The areas per molecule of a series of commerelal
polyoxyethylene nonyl phenol gthers have bsen meaﬁured23o
For hydrophilic chain lengths varying from $.5 to 100
ethylene oxide units, areas per molecule were found %o
vary from 55 22 to 173 32° It is interesting to ccmpare
the values for area per molecule obtained by the above

authors for polyoxyethylene nonyl phenol ethers as far

ag they are comparable (Table 2).
IABLE 2.

Number of Ethylene Area per Mblecule'gz Ref'erence
loxide Units.
10 60 13 |
10 &% 65 Ill
10.5 60 23
I5.0 72 13
15.0 72 23
20 107 13
20 82 23
30 80 65
30 101 23

Solubility may also be conviently*mentioned here.
The soinbility of polyoxyethylene type non=-ionic detergents
is believed to be due to hydrogen bonding between the oxygen
atoms of the ethylene oxide chain and water molecules.

*#copveniently
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Increased solubility results from an increase in the

23,28,29,49
number of ethylene oxide units in the detergent o
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SOLUBILISATION.

It has been shown that materials which are not normally
soluble in water may be solubllised in solutions of non-ionic
detergents. Although it is thought that below the cme
solubilisate may in some way become attached to molecules
of detergent it is not always possible to detect this and
solubilisation studles are caggied out above the ¢me normally.

It is generally believed that non-polar hydrocarbons
gre solubilised into the interior of the micelle, partly
ionic compounds are adsorbed into the micellar surface
with the nonepolar group inside the micelle and the polar
group outside. Water soluble polar compounds such as
glycerol are taken up on the exterior of the micelle and
may act as peptising agents.

Another method of incorporating partly polar compounds
such as phenol into non-ionic micelles with polyoyethylene
chains has been suggestedél It 1s thought to be more
accurate to consider that these compounds are included in
the polyoxyethylene chain layer of the micelle rather than
to consider that they are adsorbed onto the micellar surface.

For example the hydroxyl group of phenol is thought to form
hydrogen bonding with the ether oxygens of the ethylene

oxide groups.
The formation of complex phenolic substances with

0,51
polyoxyethylene groups has been reported E and it has also
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been observed that meny phenclic substapces are readily
dissolved in concentrated sclwtions of polyoxyethylens
glycols and sclublilised in agneous solutions of
polyoxyethylene type non-ionic  detergents.

It has been shown,32 using methoxyoctaoxyethylene
decyl ether, 0103210(0526820)863 s and methoxyundeca=
oxyethylene decyl ether, 0105210(0520329)11033,solutions,
and n-decane and nedecanol as solubilisates, that cmc
decreases and micellar size lncreases with the sddition
of the water insoluble materials. The effect of added
n-decane on the micellar weight of methoxydodecaoxyethylene
decy13ethor, Cloﬂzlo(G32032Q)lch3, has been observed at
50°C" , by light-scattering. Again the cme dacreassd and
the micellar weight increased.

4n interesting use to which the solnbllising properties
of non-ionic detergents have been put is in the estimation
of cmo.

Of particular interest is a method developed by Roas
and Oliviers using the absorption maxima of a coloured
iodine~micelle complex %0 give & measure of the cmc. A
plot of percentage transmission against concentration
gives a break at the cmc., This method has been used to
measure the cme's of solutions of commercial polyoxyethylene
lauryl, stearyl, oleyl and tridecyl alcohola'as well as

commereial polyoxyethylene sorbitan monolaurate.




Most of the work on temperzture changes in scoliutions

of non-ionic detergents has been concerned with the effect
of temperature on cme, micellar size, cloudepoint changes
assoclated with solubilisation, and on viscogity, and
these topics willl be separately considered.

a). Effect of Temperature on CeM.C.

In contrast to solutions of ionic detergents where
an 1ﬂcredse in temperature brings about an increzse in
cmc3 s the cme of solutions of non-ionic datergenits appears
to be decreased by a rise in tempevaiure..

The cme's of methoxypolyoxyethylene octancate,

7H15L00(0320H 0) CH.4 s heve been measured over the
temperature rangs of 10 -43009 snd have been found to
decrease with increase in temperature 5. The cme's
wvere measured by the spectral colour change of pingcyanol
chloride and by the solubilisation of Sudan 113,
Agreement Sétwean the results from the two methods was
not good, bﬁt both showed the same general trend.

Light-scattering estimations of the eme of &
methoxypolyoxyethylene decyl ether, CIOH21(OCBZCH2)120653,
MPdl2, over a range of temperatures, werec carried ocut
by the same workers36¢m1 again a decrease In cmc with

increase in temperature was found. Concurrent experiments
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on the cme of sodium dodecyl sulphate were carried out
and an increase in cmec was obtained with increasing
temperature as was expected with an ionic detergent. The micel-
lar heats of formation for the above non-ionic compounds
were found to be positive. Later measurements on the
variation of cmc with temperature have been made by
Kuriyama37on MPd 12. It was suggested by him that the
decrease in cme found by increasing the temperature is
due to a decrease in the hydrophilicity of the ethylene
oxide chain as the temperature rises. The coheslvs
force between the hydrophobic parts of the molecules
which counterbalance the hydrophilic ethylene oxide would
thus become predominent and the cme would be lowered.
Broadly similar results have been ob’cained7 from the
measurement of the variation of cmc with temperature using
n-dodecyl hexaoxysthylene glycol ether, °12"5-- Again
a decreese in cmc- was obtained with increasing temperaturs.
Pogitive values of 5.9 }T for A Hm, molar heat of
micelle formation, between 15° and 35°C and 5.9Hmole"ldeg'1
for A 8, entropy of micelle formation, were obtained from
solutions of 012"5‘ It was not thought likely that a
gain 1:5@ntropy was caused by the molocules being less
restricted in micelles than in water, and it was suggested
by the magnitude of A 8, that the energetics of micellisation
of non-ionic detergents is governed by partial dehydration
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of the monomer as i1t enters the micelle. An incrcase
in temperature; it was explained, would leed to a
decreased hydration and as was stated previously37 to a
decrease in emc. This gain in entropy was thought to be
the result of a change in the orientation of some or all
of the water molecules in the vicinity of a monomer of
detergent when the monomer became incorporated into a
micelle.

The formation of micelles of n-dodecyl hexaoxyethylene
glycol in solutions of sodium dodecyl sulphate (SDS) an
ionic detergent, was alsc studied. Very little change
in micellar welght was found, as compared to water, in
10'“M 8DS, but in 10™3M 8DS as a plot of He/T gave a higher
intercept than that found in water, so either a decrease
in micellar weight or an increase in micellar charge had
occurred. It was thought that this change was due to
a2 change in micellar charge ie. 2 'mixed' micelle of some
t¥pe had been formed.

Mixed micelles containing ionic and non-ionic -
detergents have also been reported by Kuriyama .et al .
These micelles have been shown to have properties which
depend on the relative proportions of ionic to non-ionic
speciess With respect to the effect of temperature on
cme of these micelles it was shown that in solutions

containing various concentrations of sodium dodecyl
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sulphate, and constant concentrations of methoxypolyoxy-
ethylene dodecyl ether, 012H25(0032632l120033, MP 1-12,
the cme's decrease with increasing temperature until the
ratio of SDS to MP 1-12 reaches l:4 whereupon ionic
behaviour is exhibited by the micelles and the cmc rises
with temperature.

b). The Cloud Point,

When solutions of non-ionic detergents are heated,
at a certain temperature precipitation of the detergent
and phase separation occurs. The temperature at which
this occurs 1s known as the cloud point. The cloud point
is affected by materials solubilised into the micelles in
the solution and also by electrolytes.

It has been shown29that the decrease in the cloud
point of Triton X 100 solutions obtalned by additinn of
electrolytes is a linear function of the ionic strengths
of the added electrolytes. The addjtion of nonpolar
organic compounds and anionic detergents to Triton X 100
solutions was found to increase the cloud point. If the
polarity of the organic solubilisate was increased by the
introduction of more polar groups the increase in cloud
point was found to be less pronounced. The cloud point
of Triton X 100 was greatly decreased by the addition of
polar aliphatic compounds and also by the addition of polar

aromatic compounds, a fact which had been previously
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reported . The increase of micellar weight of Triton X 100
with temperature has been stated to be the dominant factor
fqor cloud point formation and phase separation39. A
marked depression in the cloud point of polyo;iethylene
iso-octyl phenol ether has also been observed on the
addition of various polar phenolic compounds.

The cloud point of a methoxypolyoxyethylenﬁodecyl
ether, C10H21(OCBZCHZ)1OOCH3, was found to rise on the
addition of n-octane, decane and dodecane, which are
non=-polar substances. As the concentration of the
solubilisate was raisedy the cloud point was also raised
until at a particular concentration of solubilisate,emulsion
drops of the added compound were formed, indicating that
a saturation concentration had been reached. Conversely,
it was shown that the cloud point was decreased by the
addition of n-octanol, decanol, and dodecanol which are
more polar compounds. By increasing the concentration of

the solubilisate it was found possible to decrease the

cloud point to room temperaturae..

Hm, calculated from Hm = RT2 (2)‘%9_% where Hm is the
3T p

heat of mixing of & solubilisate in a surfactant and Cs the
saturation amount of solubilisation, was found to be positive

for hydrocarbon solubilisation and to be almost zero for
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alcohols.

Phase separation above the c¢loud point was explained
by the fact that the micelles in solution grewv so large
that they separate to form a distinct layer which may
consist of large micelles solely, or of a complex mass
composed of surface active agenty, solubilisate and water
molecules randomly nmixed or regularly arranged.

A similar explanation of cloud point formation in
solutions of a methoxypolyoxyethylene decyl ether,

37
ocC 0 °
CIOH (OCH,CH )y ,OCH

21 2712%H3s MPd 12, has been given by Kuriyama
According to him the micellar weight increases with
temperature and at the cloud point opalescence occurs and
the micelle floats or sinks as the bouyancy of the micelle
overwhelms the Browian movement and two layers are formed.
¢). Effect of Temperature oun Micellar Waight,

It has been mentioned that the micellar weights of
non-ionic¢ detergents increase with increasing temperature.
Soveral papers have been published in which this effect

has been studied.
The micellar weight variation of a methoxypolyoxyethylene

octanoate, 67H15000(CHQCB20)7.6CH3, has been observod35.
between 10 - 43%, Assuming a hydrated spherical

molecule the molecular weights were calculated from
diffusion ~ viscosity measurements. The length of the

mnononer in the
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elongated state was found to be 38.9 %, of which the
hydaphobic portion contributed 11l.5 % and the hydrophilic
portion 27.4 1. ‘However, the micelle radius at 43°C,
from diffusion measurements, was found to be considerably
larger than this showing that the assumption of a spherical
moclecule was wrong. The offective volume per g. surface
active agent was found to decrease from 10° - 38°C and
this was explained as a progressive dehydration of the
hydrophilic part of the monomer with a rise in temperature.
An apparent increase in effective volume was obtained from
viscosity measurements at h3°C. These conclusions are
somewhat uncertain as the micelles were assumed to be
spherical over the whole temperature range.

The effect of temperature on solutions of
methoxypolyoxyethylene decgé ether, 01052100682052)120033,
MPd 12,has also been noted . The micellar weight was
found to increase with temperature particularly near the
cloud point and the second wvirial coefficient was found
to decrease with increase in temperature.

These results for MPAd 12 have been substantiated37.
The decrease in second virial coefficient which was obtained

has been attributed to a decrease in hydration as the

temperature is raised.

Similarly the micellar weights of solutions of a
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polyoxyethylene dodecyl ether ,MP 1-1l2,have been observed
to increase with temperature while the hydration was
thought to decrease with increasing temperature..

Results have been obtained3 for the effect of
temperature on the micellar weights of a_methoxypolyoxy-
ethylene dodecyl ether, MP 1-12, and Triton X 100 in
water (20 ~ 76°C), 0.3M sodium chloride (30 -~ 70°C),

1 M sodium chloride (30 - 60°C), 0.5M calcium chloride

(30 - 6%00) and 1 M calcium chloride(30 - 60°C). At
fixed temperatures the micellar weights of those compounds
have beren shown to increase on the addition of salts and
the effect of the salts has beon shown to be grecater at
higher temperatures. Also at a fixed salt concentration
the micellar weight has been observed to increase with
temperature. Light ~scattering, solubilisation and
viscosity measurements have been used at different
temperatures to estimate the change in micellar weight of
aqueous solutions og n~dodecyl hexaoxyethylene glycol
monoethex (clzns).l The micellar weight was found to
increase with temperature. A plot of log. Micellar Weight
v Temperature gave a atraight line. However for the
light-scattering-resuits it was necessary to consider
eritical Opaiescence as a factor affecting micellar weight

as this phenomenon may occur as far as 30° from a phase
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boundary. The critical opalescence is dependent upon
the scattering angle and this effect was considerad to be
small as unit dissymmetries were obtained. It was suggested
that the increase in micellar size with temperature is
an entropy effect associated with a temperature dependent
dehydration of single molscules. Also as the ratios of
solubilities of Orange OT in migellar éolution and in pure
liquid detergents were found to be independent of temperature,
it was considered that the increase in micellar size is
not accompanied by any radical change in micellar shape..

From the light-scattering results the micelles are
not thought to be spherical above 25°C, but if the micelles
were considered to be rod-like shapes, the rod length
would be below that necessary to produce any dissymmetry of
scattered light.

The molecular weight of heptaoxyethylene glycol
monohexadecyl ether, Hny, has been shown to increase with
temperature from 20 = 25°C. Micellar asymmetry is thought
to develop as the temperature is raised, although very
little change was noted in the dissymmetry (2o 20° 1.00,
Zu50'25° 1.02).

d). Effect of Temperature on Viscositv.
The effect of temperature on the viscosity of concentrated

solutions has been studied The materials used were
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p-t-t-octylphenyl polyoxyethyleae ethancls, OPEn, where
n is the weight average moles of ethylene oxide condensed
per mole of octyl phenol. OPE 7.5, OPE 9.7 and OPE 12.3
were used.. An iso~-octyl methyl phenol OMPEn, where
n = 9,7 was also used. Gelling or high viscosities
were obtained in the concentration range 50-70% detergent,
this phenomena decreasing with increasing temperature..
The formation of gels at high concentrations of detergent
was prevented by the addition of salts and the viscosities
of more dilute solutions were increased by the addition
of salts.

The effect of salts at higher concentrations was
stated to be due to a decrease in the hydration of the
ether links, thus giving more aqueous phase and making
the deformation of the micelles formed easier

This dehydration was considered to be responsible
for both the positive temperature coefficient of viscosity
observaed for all compounds but OPE 7.5, and the increased
viscosity brought about in more dilute solutions by salts.

The effect of temperature on the viscosity of solutions
of heptaoxyethylene glyeol monohexadecyl ether, Bn7, has
been described . Values for ( _’é;_p} 5 were found to be

2.8 (20°C), 9.5 (25°C), and 29.4 (30°C). These viscosity

results were interpreted as being due to a lérge micellar)
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asymmetry developing with increase in temperature, but
the dissymmetry measurements abtained from light-scattering
at 20° and 25°C did not vary appreciably from unity.

Some preliminary viscosity studies léon n-dodecyl
hexaoxyethylene glycol monoether, 012n6, have shown that
the intrinsic viscosity was increased by increasing the
temperature. As It was assumed that this increase in
temperature brought about a decreased hydration, “he
viscosity results were thought to be consistent with an
increase in asymmetry as molecular weight increased with

temperature.
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THECGRY OF LIGHT-~SCATTIZRING.

If a beam of light falls cn matier, the electrical
field associated with the light induces pericdic cscillations
of the electrons in the material. The material will then
serve as a seconilery source of light whose radiagtion will
be scattered with a wave length equal toc that of the
incident light. The intensity, angular distribution and
polarization of the scattered radiation are determined by
the size, shape, optical constants and interactions of
the molecules present in the materlal.

The earlier theories of light-scattering were mainly
concerned with small independent particles such as would
be found in gases. Later thecriegc have been applied to
interacting systems such as solutlions in which the particles
cannot be considéred to be independent.

Two methods of calculating the intensity of scatter
have bheen developed. i

The Raylelgh method*lmay be used to calculﬁte the
intensity of scatter from dilute gases. Debye 2showed
it could also be applied:to dilute non-interacting solutions.

The Fluct;uﬁtion theory wvas develapcd by Einstei%f 3and
Schﬁbluch@wski& “

This method is applicable to solutions and may be

applied to pure liquids.
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Small Particles.

a) Rayleigh Treatment for Particles which are small

compared with the Wavelength of Light,

When the particles of an lideal gas are subjected to
an electric fleld of force E;, a dipole moment p is set up,
as the electrons of the particles are subjected to a force
in one direction, while the nuclei of the particles are
subject to a force in the opposite direction.

If the particles are optically isotropic the direction
of the dipole is parallel to thai of the electric field.

The dipole induced 1ln any particle is proportional
to B or p=d BE (1)
where &4 is the polarisability of the particle.

If the particle is considered to be in the path of
a plane polarised beam of light the general equation for
the electric field of. the light wave is

E = B, cos 2T (vt ~ 3/X\) (2)
vhere E, is the maximum amplitude, t the time, A the
wavelength, v the frequency and x the position along the
line of the light beam.

Combining (1) and (2) gives.

p = By cos 2W(ve — x/X) (3
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Equation (3) gives the magnitude of the oscillating
dipole induced by the incldent electric field. An
oscillating dipole can be shown to be a source of
electromagnetic radiation which, in this case, is the
scattered radiation. The field strength of this scattered

radiation, E_, is proportional to dzp/dtz°

s
At a distance r, where r 1s a great dlstance from
the dipole, the fleld strength is proportionsl to sin %,
where 9 is the angle between the axes of the divole and the line
joining the point of observation to the dipole.
It can be shown, also, that Eg 1s proportional to the
intensity, I; where I is the energy f{lowing per cm2o
From the law of conservation of energy, I varies as 1/r20

Therefore Eg varies as 1/r.

2 2
Differentiating equration (3) to get d p/dt gives

2 w2 2 :
d B = W "vel By cos 2W (vt ~ =/} )
at

Substituting E, for dzp/dtz, introducing sin 6/r, and
dividing by the square of the veloecity of light (62), to
make the dimensions correct gives

B = 1«-77-2v2d; E, sin ©

s
2
C

1 cos 27 (vE - /™ ) (%)

The normal quantity measured experimentally is the
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intensixy of the light, which is proportional to the
square of the amplitude, or field strength; measured over
one vibrational period.

The ratlio of the intensity of the scattered light, is,
to that of the incident light, I,, can be obtained from
equations (2) and (4), this ratio is
£, 16’;1‘“4 2 gin? 0,

S

i kkrz

o

(5)

The wavelength,>\, is substituted for c/v.
Equation (5) is Rayleigh®s equation.

An evaluation of < 2 i.8 necessary for experimental
purposes, It can be shown that the polarisability of a
medium can be related to its dielectric constant. If the

molecules are in a vacuun
€ -1 = LTN . (6)
where E: is the dielectric constant and ¥ i1s the number
of particles per cc.
Also E: = n2, where n is the refractive index
So 0% -1 =hWNA (7
As n 1s close to unity
n? -1=2(n ~ 1)
2(n ~ 1) = BT NA

S0 n-1 =204
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Dividing by c,

n =1 = 2WHd_
C S

where ¢ 1s the concentration in g/ml.

&"1::(111
c dc

le. the change in refractive index wlith addition of gas

molecules.

0" g..r.l. = gILM.
de c

oxy 4 = c.g%
21N (8)

Equation (5) was derived for one particle. Multiplying
by N; where N is the number of particles, and substituting
for & " gives

2 2
i, l+Ti'2«.‘:‘2(<3.11/<1c:) sin Oy

I0 }\l}l‘ r2

(9)

If M is the molecular weight of the particles and Na is

Avogadro's Number, M_=¢ , se N = gNa

——

Na N M
Substituting for N in (9) gives
2 2
i - L3} (an/de)Me sin 9

L 2
Io >\ Nar

(10
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The terh sin2 Gl gives the angular dependence of the
scattered light. From Fig. l,page 434, it can be seen
that the lncident light wave 1s polarised in the ZX plane.
At O the oscillating dipole radiates a secondary wave
the intensity of which varies as the 8SQUare of the sine
of the angle between the observer and the 2 axls.

In Fig. 1 page W3A; the lengths of the arrows arve
proportional to the intensity in any glven direction.
The intensity tends towards a maximum in the ¥YX planec
and towards zero along the Z axis. The scatter is
symmetrical about the Z axis.

Unpolarised light may be considered to te a
superposition of two plane-polarised beams with their
plenes of polarisation perpendicular tc one another
Flg. 1A pege 43A, shows the distribution of scattered
light in this case. EHerey the vertical ZX wave behoves
as in Fig. 1 page 434, The horizental XY plane sets
up a secondary waves the inteusity of waich goss to a
maximum in the ZX plane, to zZero on the ¥ axis and is
symmeirical about ths Y axisc

Therefore io’ the intensity of scatter of tha

unpolarised light represents the sum of two terms in

equation 10
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ANGULAR DEPENDENCE OF SCATTERED LIGHT.
FIGURE 1.

Z

! ~

FIGUR® 1a.
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Each term represents the scattering from half the
incident intensity. The left hand side of equation (10)
will be 1ig for each of these terms. The terms will
i,
be identical except that the angular distribution term
will differ. One term will contain sin® 97, and the
other sin2 @5, where if the direction of the incf{dent
beam 1s designated as the x-axls of a rectangular coordinate
system, ©; and 02 represent the angles made by lhe line
from the point of observation with the y and z axes
respectively.
Therefore, for unpolarised light, equation (10)
becomes
1y _ 272(an/de)?Me

-2 = - 2 (sin® 9y + sin2 82) {11)
'..
1 )\ N,

9, + sin?® 92 may be replaced by 1 + c052 @, where

sin?

¢ 1s the angle between the line of observation and the

X axis.

2 2
. 1 _ 27 “(1 + cos 9)(dn/dc)2Mc
g 9 = (12)

I ‘APNar2

o

If this equation is applied to dilute solutions ol 2 must

be redetermined.

Equation (7) becomes
n2 - n02 = LTTNeL (13)
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where n, is the refractive index of the solvent.
If n is close to ng

2ng(n - ng) = LWN A
ngln = n ) = 2WNel
n,(n - ny)/e = 27Nl /e

ie. n dn/de = 2N Nek/c

L2 o mllavan®t ()

TN

Insertion of this new value of <l 2 into equation (5)

leads to
1o - 221 + cos® 0©)n %(an/de) e (15)
' b 2
Io )\ N,r

This equation applies to very dilute solutions only,
and is only strictly true at infinite dilution.
b) Light-Scattering by Transparent Crystals.

Whereas, in the treatment given before for gases,
the scattering points were considered to be independent,
for transparent solids this is not so.

In the latter case the scattering points are fixed
rigidly in space. For any volume element A, another, B,
can be found, with the same number of scattering points,
which destructively interferes with the scatter from A

and cancels out any radiation. This occurs where the
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wavelength of light is much greater than the dilstance
between the particles and when the light paths from Aard B to
an obhserver viewing at any angle @ are different by one
half wavelength.

c¢) Light-Scattering by Pure Liguids.

Pure liquids may be considered to be intermediate
between gases and transparent crysials. Order is
present, but not ccmplete order.

Two equal volume elements can be considered with
dimensions &£ ) , separated by such a distance that the
light paths to an observer dlffer by half a wavelength.
However, in a liquid the scatlering points in any volume
element do not remain constant because of the partially
random movement of the particles. Therefore, no two
volume elements can be considered to have the same number
of scattering particles at any particular time. The
difference in the number of scattering particles gives
rise to fluctuations in the density or refractive index
of the liquid. There 1s therefore an excess of scattering
from one, of any two pairs of volumg elements, which is

not cancelled out.

So pure liquids give a small scattering of light.
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d}. The Theory of Fluctuations as fpplied t

Macromolecular Solutions.

Lat the solution be made up of small elcments of
volune \!/ s wWhose dimensions are very much less than the
wavelength of light so that each clement can be considered
as a single source of scattering, but such that each
element contains a large number of solvent molecules and
a few solute molecules.

If the concentration of the solute is considered to
be variable, and if the average value of this in g/mle
throughout the solution is considered to be -g, the
fluctuation concentration in ki’ will equal c¢ = c/w'- & C,
where de is the concentration fluctuation.

Also, due to the fluctuation in concentraticn, there
will be fluctuation in the polarisabllity of the solution,
It ff 41s the average polarisability ol = + S,
SA being due to J c.

Therefore equation (5) becomes

- 16T el + 8k)? sin® 6,
1 At

0

The expansion of (! =+ &/\)2 1s L'% + 20('&:‘\ + (A )2

!
The c£ 2 term is zero as this term for any element is the

(16)

same. Therefore a similar phenomenon takes place as
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occurs in transparent crystals whlech give no scattering..
Any term in édh has an equal chance of being positive
or negative and therefore this term disappears. Ag all
terms in ( &k )2 will be positive this term remains and
is written (3L )2 to signify the average value of a large
number of elements.

If there are N volume elements/mol., N is equal to
lﬂy s where QJ is the volume of eack element.
_ 16T (??'" 2 sin® 8y

"°° 1 A2y

0

(17)

Temperature, pressure and solute concentration will

all affect the peolarisability of a2 volume element.

Ry e (_gé_ P + )PST ( )éc (18)

Ags the scatter from pure solvent will be subtracted
from that of the solution, the first two terms in (18) can
be ignored; in dilute solutions, as similar terms are
present ln the correspondlng ecguation for scatter by solvent,

Putting:

w(32), =3+

Substituting N = LAV
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(3&) =L|)n°[3n\\§ (19)
TP

de 2'ﬂ'l de Ip,p

Frem equation (18)
(FL) =(.<le£_)réc
ac oP

e
Squaring this and introducing the value for ( &L ) into
equation (17) gives
1. 16T" s1n? 9, (S /8 32 _ (§ )2

s s
I }\‘L}I‘:2 ({}

(@] \ po
Introducing into this egquation the value of ( Sk /S c)T

o P

obtained by squaring the right-hand side of equation (19)

gives
1. wT2yn? (d wd o) sin” o, (92
S = (‘P o - 3 (20)
1 >\ l+r2
5 2
where (& c)2 is the average (&e¢) .
For unpclarised light eguation (20) becomes
2 2.4 74 38 ) 2 -2
2T “Yn, (A n/de) (1 + cos” 8) (& e) (21)

A2

- 2
It is necesgsary to evaluate (fc) . This quantity

i
_gz
IO

depends on the variation of fres energy of the macromolecular

soluticn with concentration. The preobabllity of a given
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fluctuation 5 ¢ may be caleculated by considering all
vélume slements with a given value of & ¢ as individual
chemical species. The guantity of elements of a particular
kind, relative to elements with the &verage concentration
c' s has the form of an equilibrium constant equal to

al-A 6°/xT), where A G° is difference in the free energy

per element. If the standard state chosen is the state
of unit mole fraction 4 Go, vhich can be tiesignated A G,
becomes the difference of free epergy between solutions
of concentrations ¢ -+ c’ and c/o

The probabllity of a given value of & ¢ becomes
proportional to @{-4G6/%T),

As nelther large concentration fluctuations noflarge
A G values will occury; A G may be expanded as a Taylor
series in whlich only the first two terms are retained.

2
ie. AG -{d¢ e + l_!—-ézg gC)
de) 2'.{‘ de?

I',P TQP
The average concentration about which fluctuations
occur may be taken as the equilibrium concentration at

constant pressure. Therefore (3 G/ ¢c) ‘;: SIT
A -~ oG/k
Substituting the value got for & G in e gives

- SOAT  —(3%6/d (6 )Yy -
& = g (22)



51o
— 2
The average value of (4 ¢) from equation (22) can

be shown to be XIY(d26/d c2).l, pe
?
Substitution of this value for (S ¢)? in egquation (21)

glves
2 2 2 2
i, = 2 Wn, (d)\nidc) (1 + cos” @) KX (23
2 2 2
Io r (3 G/de )T,P

As free energy has now been incorporated in this equation
it can be related to the colligative properties of the
solution.

ir n, and n, are the number of moles of solvent and
solute respectively, in a volume element of the solution

n'lvl S n2V2 = \V (24)

where.vl and V2 are the partial molar volumes of solvent
and solute respectively in a volume element
o o dnl = (-szvl)dnz (25)
The {ree energy change accompanying any change in
concentration at constant pressure and temperature can be

shown to bhe

dG = u,dny +},12dnz (2%a)
where and are the chemical potentials of solvent
Sy BERS

and solute respectively.
S, 4G = d.n?_(/l2 - (szvl))ll) (26)

\



1
N

c/M

i

The number of molzss cf solute per ml. = nz/f;'.r
> dn2 = (v /Mde
( é G) - W ?'.\ 1 h“
L] : : Y dage ) =45 4
Xy M v
ir,p TR
Differentiating with respect to c gives

3% .y ()1/‘.1% v Eﬁﬁl\} 7 (28)

‘ @
ac T,P ML_\dc T,P bb | bc/T;_Iij
From Gibbs-Duhem equation
By * AR B0
Equation (28) becomes >
2 ¢ .7\ Iy i
3¢ = A g"f’l i navﬂo ( é/“li (29)

2 o< \ ,
éc TQP M n2Vl GCI rcap '

As n2M/61171 +n2v 2) = c

So equation (29) becomes

326 _ —fom
5 = .:L e A (30)
Ac T, P eV de 7,P
Insertion of Equation (30) into equation (23) gives
f.! = 2W2n02(d n/d 0)2(1 + cos? @)c (31)
Io /\hrzo -{(1/"7 1k'.!')e( o }11/ 3 C)T,P]

The dependence of chemical potential of the solvent on
the concentration of the solute is related by the following

equation,



J 1 :-—".: g . 2
dzm amvl(%%» 2B¢ + 3Ce<)
¢ 4P
vhere M 1s the molecular welght of soluvte of concentration

c and B and C are the second and third virial coerficionts

regpectively. &s k = R/Na

1 [

V. kT de r»

L2
n
S’

= § (1 + 2Be + 3002 ¥ soe) (
&M

Ingsertion of the right-hand side of equation (32) into
equation (31) gives

i 2‘5‘?211 z(d a/d c)z(I + ecog® Qe ,
6 = o 033)

xo N‘a)\hrz(l/ﬁ 4+ 2Bec + 3Cc2)

in very dilute solutions equation (33) veducaes tc eguation
(15)
Equation (33) is often written as

2
1
Rg = =2 (34)
© I

o

or as _ pzie
Re - - - , which is independent of
I, (1 + cos® Q)

the scattering angle, where R. = Ke

1/M + 2Bc + 3Cc® oo
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vhere X = 21r2n0“(d n/ce)”
i
Né,\
¢ Kg =1 % 2Bc + 30c° + weos (35)
L R M
8
It can be shown that the turbidity, T, equals 16TfR@
3
Substitution of this value into equation (35) gives
Be = L + 2B + 3Cc2 AT (36)
z M
where , _ 32““31162( dn/dc )2
T
3N, A

The molecular weighit obtained i5 the weight average
molecular weight.

2). Optical Anisotrooy of Scattering Partilcliesa

I the particles considered are anisotroplc, a
correction must be made for the possiblliity of increased
scattering due to the fluctuations in the orientaticns.

In an lsotropic particle the ratio of horizontally
to vertically polarised light will be zZero at 0 = 900,
because the induced dipole is parallel to the electric
vector of the incident light. Howvever, if the particle
1s not isotropic the induced dipole is not parallel to

the electric vector. Consequently, the ratio of horizontally



55
polarised to vertically polarised light, f’u, is not zero.
This ratio has bsen shown by Cabanne567to be related
to the excess scattering due to anisotropy. The Cabannes
factor is (6 -7f9u)/(6 + éyou).

This correction factor must be applied to R9 or T, if

an accuracy of 1% is wanted in molecular weight calculations.

Large Particles,
Light Scatterin m_Lag Particles.
When the particle has & dimension whch exceeds

A/20, interference will occur betwesn light waves
scattered from differeanct parts of the particle; the
interference is greater at larger values of @ than for
small ones. There 1s thus a reduction of the light
scattered other than at @ = 0. The function P(9) is
defined:
P(9) = _scatter ntensi or 1 artic (37)

scattered intensity without interference
P(@) can be related to molecular shape, and is also used
to correct measured lntensities for the effect of internal

interferences. If the particle is divided into &

scattering points,



56¢

§ ¢
P(O) = _1 éé_ﬁg_ sin u Ty 4 (38)
62 st 30 P Ty

where 1'1:l is the distance from the 1 th to the j th
scattering point, and _au = %?VSin 8/2
1
It can be shown tha%t P(®) has a limiting form, which

is related to the yadius of gyration of the particles

) 2 2
ada® L% IBW™ R = gin” @ ;
Sy —-—2—3}\' el = (39

where )‘\, is the wavelenth of the light in the medium.
Using equations (36), (37), and (39) gives

it (.H.S = _J_.. ‘“’---( i iél(lpﬁ Stn ___.) (40)

=0 L M P) M 3N

If the values of He/T are sxtrapolated to zero
concentration at varicus wvalues of 0, and the limiting
values plotted against sin2 /2, then the molecular weight
and radius of gyration can be obtained.. This is the basis
of the Zimm68method for treating the angular distribution
of scattered light.

A second method of treating data is the dissymmetry
method. It is possible to evaluate P(R) in terms of
molecular properties for certailn models699g. for flexible
coils

P(O) = (2/M2) (&7 + W - 1) (41)

where W =/n2R =
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expressions for rods and spheres are also available.

P(O) can thus be calculated as a function of the
characteristic dimension for particular models (eg.
diameter of a sphere, length of a rod, end to end distance
of a coil), and tables are available of these functions7l.
The measured dissymmetry (245 = 1%5/1135) can be used

to calculate the characteristic dimension, and alsc the
correction to be made to the 90° scattering to correct

it ror the effect of internal iriterference in the

calcul2tion of moleculer weight. TEquation (36) becomes
He = I + 2Bc (%2)
T MP(Q)

In the dissynmetry metliod a choice of model for the
particle had to be made, while in the Zimm method the
radius of gyration is cobtained without having to assign

a model to the particles

Interpretation of the Sgcond Virial Coefficient B.
60that the chemical potential of

It has been shown
2 non-electrolyte in solution for a non-idecal case can be

expanded as a power series of the type.

o)
)x.” "’/ulo b= -RTVI 02(1/M2 s Bcz < 0022 +ooo)

(43)
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where Vlo 1s the molar volume of the solvent and c, is
the snlute concentration in moles per litre. The
deviation from ideality is attributed to the virial
coefficients B and C which are interpreted as molecular
properties,

The chemical potential may also be expressed as

My =my° = =BTV, %, ( 1+ Naucp )

1'12 21‘422 (H4)
where u is the excluded volume of the solute.
.. From equations (43) and (k%) it can be seen that
B = N_.u
ol < (45)
2Mp

For spherical molecules the excluded volume can be
shown to be (32/3)1‘,"1'_3 or 8MoV,/li,, where v, is the specific
volume of the solute.

Hence B = Ng8iov, =-EZ§ (46)
24,8, M,
B is therefore related to the volume of the solute molecule.

For Pods u = 2M2v2L/Nad9 where L is the length of

the rod..

So B = 322 47)
od

Again B iégelated to the volume of the solute molecule.
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For flexible poliymers the calculationg are more
complex, but the rnsult obtained is that
u = (32/3)1?}).." 3, (48)
where X’ 1s a proportionality factor and RG is the
radius of gyration of the polymer.
As B 1s determinable from Iizght-scattering measurements

an idea .of ths shape of the molecule may be obtained.
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LITERPRETATION OF VISCOSITY RLSULTS.

Experimentally viscosity is conveniently calculated
as the specific viscosity 7 sp where
Tsp = LZJJ:;Z 0w :Zf - |
7 7
'7‘ 1s the macroscoplc viscosity of the solution and 7/
is the viscosity of the solvent. =yg/c, where c is
the concentration, is independent oif ~oncentration at the
limit of zero concentration. This value 7sp/° is

called the intrinsic viscosity[jq

- % Ite fp 2217
[7] ;ﬁ‘; : ::Z,z L (49)

it was shown by Einsteins?for any anumber of suspended
particles, that the macroscopic viscosity, 7” . of the
suspension is
7' = 7@+ 2.5 (50)
where 7 = solvent viscosity, and § is the volume fraction
of the particles in the total volume of the solution.
This equation is only valid for spherical particles.

An extension of Einstein's treatment to ellipsoids of

revé@lution hes been made by Simhasawho cbtained the result
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§'= 7 (1 +u@), wvhere is the shape factor. For
spheres v 1s 2.5, and it is invariably larger for
ellipsoids, and is a funetion of the axial ratio,

The volume fraction,‘ﬁ, cannot be readily determined
practically (for a particle as it exists in solution)
and 1s replaced by the concentration, c. i Vh is the
hydrodynamic volume of the dlissolved macromolecules and
¢ is the concentration in g/ce, then N&M is the number
of particles/cc. Therefore’ﬁ = Nacvh/M
The combination of equations {(49) and (50} gives

[7 ‘V“"' Vh (51)
It has been shown by Oncley59that
_ M¥, + W ©)
A b (52)

where M is the moletular welght of the solute, Nj is
Avogadro's Number, ¥V, is the average specific voluae of
solute particles, ' is the amount of water associated with
the solute perticles ig. the hydration, and ¥1° is the
average specific volume of water. |

Introduction of equation (52) into (51) gives
e 0
[ =wEp + w5 (53)
' Equation (53) can be used to find the amount of

hydration for solutes wHere it can be assumed that the

particles are spherical and 1, has the theoretical value
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of 2.9 Unless the hydration can be lndependently determined,
intrinsic viscosities can cnly be interpreted in tarms
of alternative axial ratios and hydrations. The approsch
outlined above is only applicable to rigld macromoleculrs.
It can pe considered that flexible polymers behave
1ike spheres with a radiuns related to the radius of

gyration of the polymer by =, = '&Z Rgy where § is a

e
proportionality constant and s is the radius of a
spherold hydrcdynamically egulvalgnt to the polymer
molecule,

Thus Vh % %W§3RG3/3 and substituting in equaticn (51)

gives

[.7] . 1o7ri83R.° (5)
3M
The radius of gyration can be expressed in terms
of the molecular weight of the monomer uvnise M , the
effective bond 1ength/9 s and the expausion factor of the
polymer coilsl dle. RG2 = ol zﬁ ZM/(JMO
Inserting into équation (54%)g-

[ = 10 med3 B35 o (55)

- 3(eM,) Ve

¢{ has the value of one in an ideal sal¥ent,and is
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proportional to Mo S 0°1in good solvent. Hence, from
. 0.8
equation (55),[37 is proporticnal o u° X M

depending on solvent.



PART 1.

MATFRIALS AND EXPERIMENTAL METHODS.



MATERIALS.,
Reactlon Scheme.
) LHO(CH CH-Q) H + Na——>» HO(CH.CH,0).Na <+ excess
‘ &g 27273 Triethylene
Triethylene Glycol Glycol.

2)  28O(CH,CHz0),Na + CICH,CH,0CH,CH,C1

3
242 = dichloro diethyl ether

HO(CHz_CﬂZO) gh
Octaoxyethylene glycol ng

3) #H(OCH,CH,)g0H + Na

C1 gHq 1B ( n-Hexadecyl Bromide )

33

c. H,,(OCH.CH,),O0H
C1633(OCHCH)g
Octzoxyethylene Glycol Monohexadecyl ether

+ @xcess octaoxyethylene glycol



Porification of Hexadecyl Bromide..

-ac

‘“wo zamples of commercial hexadecyl bromide were
ased, viz., BoD.Ho, end Nastmann - Kedak.

Both batches were vacuum distilled twice at 125°C
0.25mm Hg., and the following physical constants were
obtained.

ny’ FoPt. d,,0
B.D.H. 1.h628 16..3°
Eastmann = Kodak 1.4630 16.3° 1.00k9
Hefibron and Bunbury73 1.4620 15m0° 1..0000

The Eastmann - Kodaek preparation was used in the

subsequent preparation.. .

35659,12,15,18; Zl«Heptaoxatricosane-l~23=diol

(octaoxyethylene glycol ng)..

The starting material was triethylene glycol (Teigol,
B.D.Ho). This material was vacuum distilled at 165°C
0.25mm Hg., (niP 1.4550).. To: the redistilled triethylene
glycol (1500 g.), at 709C, sodium (%7.5 g.) was added
piece by piece until completely dissolved. The temperature
was raised to approximately 120°C to ensure complete

solution of the sodium. Four times the equivalent guantity

of triethyleune glycol wag used to ensure that the monosodium
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salt of triethylsne glycol was formed..

The temperature nf the reaction was allowed to fall
to below 100°C and 2,2 -dichlore diethyl ether (179 g.) was
added slowly with stirring. The temperature of the
reaction mixture was raised to 130 - 140°C and the reaction
wag continued until sodium chloride was precipitated and
the mixture was neutral. It was filtered hot and the
filtrate was vacuum distilled in small batches to remove
excess triethylene glycvul. If gsodium chloride was
precipitated in any of these small batches they were
filtered hot and redistilled. The residues from the
individual distillations were bulked and vacuum distilled
at approximately 220°¢(0.01mm Hg.,) Pure octagol (160 g.)
vas distilled (n3° 1.4661, d,50 1.1237,b.pt. 216°(0.01mm Hg))
Found: C, 51.8; H, 9.2; CH,CH,0, 95.0%. C16H3,05 requires

C, 51.9; H, 9.3; CH,CH,0, 95.1%.

3,6,9,12,15,18,21,2%-0ctaoxatetracontane-1-ol
(octaoxyethylene glycol monohexadecyl ether Hns).

Octaoxyethylene glycol (75 g.), in excess, was heated to

100 =120°C and sodimm (1.18 g.) was added and dissolved..
Hexadecyl bromide (16.3 g.) was added and the reaction was
allowed to continue for four hours at 120°C, On completion

of the reaction, the mixture was shaken with three portions
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of hot petroleum ether.

The petroleum ether extracts were bulked and
evaporated to dryness leaving an oily liquid (36.4g.) which
solidified on cooling. This solid was recrystallised from
ether (16.4g.) and then from acetone, giving 10.0 g.
crude Hng. 4.3 g. of the crude material were dissolved
in dry benzene and put on a column of dried alumina (75 g.).
The column was washed with 250mls 1:9 Acetone: Benzene
solution. 1.66 g. (37.8%) impurity were washed off by
this process.

The column was then eluted with 800mls acetone:
methanol: benzene (25: 1: 24). Evaporation of the solvent
and subsequent recrystallisation of the residue from ether
gave 1.98 g. (46%) of pure Hng, m.pt. 41.5%C.

(Found: C, 64.23; H; 11.18; CH,CH,0, 59.12%.
c32H66°9 requires C, ok%.6; I, 11,113
CH,CH,0; 59.24%).

Septaoxyethylene glycol monochexadecyl ether (Hn7)
and nonaoxyethyleme glycol mor.ohexadecyl ether (Hn9) were
gifts from Mr. C. B, Macfarlane, and had the physical
constants already reported8’9.

Water was twice distilled from permanganate in an

all glass still.
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EXPERIMENTAf, METHODS.

1. h tt
a). Description of Light-Scatterer,
The light-scatterer used was that described previously

by Elworthy and McIntoshhso A diagram of the apparatus

is shown in Figure 2. pege 68a.

The light source, 4, is a G.E.C. 250W Mercury Vapour
lamp, type ME/D. The voltage supply to the lamp was
stabilised to 1% by an Advance Constant Voltage Transformer
(250 W, type CUN). The light is passed through a Scm
focal length lens, B, and brought into focus on a narrow
slit, C, to give a secondary source of light. Lens D is
placed at its focal length from C to give a parallel beam
of light through the slits. A Barr and Stroud interference
filter, E, which transmits the 5461 2 green line was used.
To.eliminate the last traces of yellow light the beam
passes through a neodymium glass, F. Part of the beam 1is
reflected by a polished brass plateﬁto an E.M.I. type 25110
photocellH,which monitors instant beam intensity.

Final collimation of the beam is brought about by passing
it through two slits (I and J).

The cell-holder, K, contains seating for allowing the

cell to be firmly fixed in place and also a plastic wedge



FIGURE 2.
Diagram of LightLScatterer,

N

S G ﬁy = =
w1 Yy

u

68a.
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for keeping the perspex standard block, used in turbldity
measurements, in placeo

The 1ight from the cell is scattered to an EMI 6097 B
eleven stage photomultiplier, L. The signal from the
photomultiplier goes to a Cambridge D'arsonval spot
galvanometer which has a sensitivity of O.Jn amps for full
scale deflection.

The surface of the photomultiplier is coated with
an aluminium paint, held at cathode potential, and
supported, inside a metal container, by layers of Parafila.
In this way any stray fluctuations over the envelope of
the tube are evened out. The photomultiplier is mounted
on a flat tufnol arm resting orn a tuyfnoel plate and can
move smoothly around the cell. The power for the
photomultiplier is supplied by two Siemens Ediswan R 118%
power packs in series, each of which 1s capable of
providing 300 - 1100 v. D.C.

Components D to L are enclosed in a light-proof box
shown as a dotted line in Fig. 2. The floor of the box
contains studs, every 10°, betweem 50° and 130° and also
at 45° and :I.35'o with respect to the line of incident
light onto the solution cell. 4 metal rod fitted to the
end of the photomultiplier allows it to be brought to the

required angle.
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The electrical circuit for the photomultiplier is
shown in Figure 3, page 70a.
b). Description of Light-Scattering Solution Cell.

The cell is similar to that described by Elworthy
and McIntoshus- It is made of brass and consists of a
breass shell of internal diameter 3lmm, and height 55mm.
It is eircular except for two flattened portions (A, Figure 4,
page 70b, I, to which the end windows are fixed. Two
holes drilled horizontally at D and Dy (Fig. 4, page 70b, I)
connact with vertically drilled inter connecting holes at C
and allow water to be circulated through the wall of the
cell; a plece of brass. is. fixed over C with Araldite
after the holes are drilled. The end windows are made
from microscope slide glass and are stuck to the cell
with Araldite.. The light passes through the end windows
and thence through a slit in the cell wall 33mm. high and
Smm. wide (Fig. page 70 b, 11 ). The front window is
made from pyrex glass tubing, examined visually for any
flaws, cut to a suitable size and again'fixed in place with
Araldite. The inside of the cell is blackened by the

Relanol process to cut down stray light.
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FIGURE 3.
Blectronic Circult of Light=~Hcattereis
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FIGURE %.
Description of Light-Scattering Cell.
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c)- Measurement of Turbdditv..

All glassware used was cleaned with chromic acid,
washed well with water, and finally with acetone vapour.
The light-scattering solution cell was cleaned with
teepol, washed with water, and then with acetone vapour.

Solutions for measurement were made up with filtered
distilled water. The solutions were filtered through a
millipore membrane filter,mean pore size Oahju, to remove
extraneous matter. Normally the solutions were filtered
twice into a suitable glass container protected from the
atmosphere, and then directly into the cell which was
covered with a brass 1lid. Visual inspedtion in the light
beam was found to be an efficient way of testing for
dust particles after filtration.

A polished perspex block, 84mm, x 15mm. x Skmm., was
used as a light-scattering standard. This block was
calibrated from Ludox solutions by Macfarlaneaand McIntoshhs
h -1

and gave a standard turbidity of 2.7l x10 'em . As &

check on the calibration, the turbidity of benzene was

determined, giving 27.3 & 0.3 x].(li'scm"1

«9 mean of four
measurements, which agrees well with a literature value

of 27.5 x 10~%em™l. and with the figure obtained after the
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intial Ludox calibration (27.2 * 0.4 x 10"5cm.'1).

The block wgs fitted into the cell-holder, the
galvanometer was switched into the circuit, and a reading
of the scattering from the block taken. The block was
removed and the cell was inserted into the holder.

The thermostat attachment, which consisted of rubber tubes
from and to a thermostat bath, was fixed to the cell and
the cell was lin~d up to ensure that the light beam passed
directly through the side windows of the cell. Readings
were taken every 9 minutes, with the photomultiplier at
right angles to the path of light entering .the cell, until
a constant value for the ratio, Sgg°, of the reading for
solution to that for the block was oubtained. Cell and
block were interchanged to give a reading from each in
obtaining Sgq° values. It was found that 30 minutes

was sufficient time to allow equilibrium to be reached
even at the higher temperatures, there being no further
change of turblidity after this time. Dissymmetry was
measured by taking a reading at 45° and 135° for the
solution and calculating the ratio Zyg7135°. Depolarisation
was measured by inserting a polaroild square between the
solution and the photomultiplier, in positions. to transmit

the horizontal and vertical components of the scattered light.
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Concentrations of solutions after filtration were
measured interferometrically and dilutions were made by
adding known quantities of water to the solution in a
beaker.
2. Measurement of dn/dgc,
Measurements of dn/dc were made in a Hilger Rayleigh

47 et al.

interferometery type M 154, using the method of Bauer

With pure water in both halves of the interferometer
cell, the zero drum reading, r,, was determined for green
light.. The water in one of the compartments was replaced
by solution, and after allowing time for temperature
equilibrium to be reached, the bands were brought into
coincidence and the drum reading r, was noted. The
balance points were located using white light, and the final
reading was taken with the interfeorence filter in place,
ie. for the 54él 2 wavelength.

The drum was then rotated slowly towards Tys the
number of bands, N, passed being counted until coincidence
of bands was obtaincd at, f’, the nearest drum reading
above L

Invariably a fractional part of a band, f, is obtained

by this method. This band fraction is calculated as follows.




/’
One band is egquivalent to a band distance r = r = P

N

4
oo the fractional part of a band 1s r =~ ry . ¢

P
The total number of bands is therefore N + f.
If d is the path -~ 1length of light through the

cell the refractive index change n ~ n_ at wavelength A

o)
is given by
(n -n,) = Ckﬁﬂ(N + 1)
1e. dn = (A/AKN + £)
dn = JM(n+g) 56
de d » ¢

where ¢ is the concentration of solute in solution in g./ml.
In measuring dn/de for any particular system three
solutions of varying concentrations were made up accurately

and the measurements ware taken as above. Also a plot

of (r - ro) v. concentration was made which was uced for
finding the concentration of solutions which have been
filtered prior to light-scattering and which may have lost
some solute on the filter.

ke Measurements of Vapour Pressure,

The apparatus used is shown in Figure 5, page 74a,

being hased on the design of Gibson and Adams , and



FIGURE 5.

Vepour Pregsure Apparatus.

74a.
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described by Elworthy and‘Macfarlanel7. The flasks used
were ground to fit their particular joints, and seals
obtained using high vacuum grease.

Gels were prepared by warming approximately measured
amounts of detergent and water together in flask A, which
contained a magnetic follower, until a homogenous mixture
was obtained. The mixture was first outgassed on a water
pump, the flask attached to the apparatus, and outgassed
for at least 30 minutes at 0.01 mm.Hg. Flasks By C, and D
contained water, and were outgassed by pumping. The whole
apparatus was immersed in a thermostatically controlled
water bath, and allowed to come to temperature equilibrium.

To. measure the vapour pressure of water tap 3 was
adjusted to cut the left hand side of the apparatus off
from the vacuum line, and tap 1 closed. The right hand
side of the apparatus was evacuated. Water vapour from flask
C was allowed to enter the system, the tap to this flask
then being closed, and tap 3 opened to allow water vapour
from flask D to enter the apparatus. This procedure
of injecting most of the required vapour from a subsidiary
flask, prevents too much cooling by evaporation of the

sample flask, and the consequent slow approach to
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equilibrium. The difference between levels 1 and 11
of the manometer was read to 0,01 cm from a mirror scale
fitted behind it. Readings were taken for some time
to ensure equilibrium had been reached. (Most solutions
equilibrated within 2 hours, see Macfarlanel)° Tests
for leaks of the apparatus were also carried out with
no water vapour in the system, pumping out from each side
in turn, and observing the manometer; any leaks were
stopped by cleaning and regreasing taps and joints.

The values for the vapour pressure of water agreed

reasonably with those in the literature72.

Temperature. 15°¢ 25°¢ 35°C %45°C
Literature Value. 1.2782 2.3753 4,2180 7.190 cm.Hg.
Found. 1.25 2.40 4,20 7.15 cm.Hg.

To read the vapour pressure of the solution, the left
hand side of the apparatus was evacuated, tap 2 shut off
from the vacuum line, tap 1 closed, vapour admitted from
the auxillary flask B to bring the manometer reading to
roughly the value for the solution (which was roughly
pred etermined). Tap 5 was shut, and tap 4 opened, connecting
the solution flask to the manometer, and readings taken
over a 2 -4 hour period.

Tap 4 was closed, tap 1 opened, and the apparatus
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removed from the bath, and a. sample of the gel removed
from the flask A to a tajxred beaker, and welghed.

The weights of water and detergent in the sample were
determined by drying to constant welght in a vecuum oven
over onsm Water was added to the remaining gel in
flask A, the mixture warmed and stirred as before; and

the procedure repeated to obtain a further result. A set
of resulks of vapour pressure and concentration was bullt
up in this wvaye.

Because of difficulty in manipulating the apparatus
it was not found possible to measure the vapour pressures
at temperatures above 58°C.

4, Viscosity..

Viscosities were measured in a suspended level
viscometer. Solutions were filtered through a No 3
sintered glass filter prior to use. The viscometer was
immersed in a thermostatically controlled water bath (+ 0.05%).
5. Dansities.

Densitles of glycols were determined in a 10 ml
pycnometer. The densities of Hn8 and Hn9 were measured
in a 1 ml, pycnometer above their melting points, but

otherwise were determined from the known densities of
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glycols and hexadecane, calculating the meclar vcolume of
detergent, and neglecting molar volume ol hydrogen.

The experimentally determined densities agreed weoll with
those calculated.
6). Cloud Points.

Cloud points were measured by heating aqueous
solutions of known concentrations of detergents gently
in a test~tube immersed in a beaker of water. The solutions
were stirred continuously and the temperature of clouding
was read from a thermometer in the test-tube. After
a reading was taken the solution was removed from the
test-tube, allowed to cool and diluted to a known
concentration with water and the process was repeated

until sufficient readings were obtained.
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RESULTS .

The light~scattering results are shown in Filgures
6, 7,8.(;). 79n,b,c) as plots of (¢ = ¢;)/(T = Ty) against
(e - ¢;), where ¢ is the solute concentration in ge/M1e,
and T is the turbidity. It was noted by Balmbra et a116
that breaks in plots of c¢ against T were obtained for the
synthetic detergent hexaoxyethylene glycol monodedecyl
ether, These breaks had all the appearance of cme's,
but occurred at concentrations much greater than the cmc.
The concentration Cy propably represents a higher association
limit than the cme. Below ¢, the turbidity of the
solutions 1s the same as that of solvent, within
experimental error, and values of Cy were obtained by
extrapolating back large scale plots of ¢ against T
(using measuraments made at low concentrations), to the
solvent or to extremely dilute solution turbidity. The

values of ¢, are given in Table 3; they increase with

1
temperature, while the cme's of non-ionlc detergents have
been found generally to decrease with temperature.

At 25°, the cme's of Hn, and Hng were found to be
0.957 x 1.0"'6

and 1.33 x :I.O"6 g+/ml, reSpectivelyg, which
are in the region of 10a times smaller than the values of
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FIGURE 6 LIGHT SCATTERING Eh?o

Plot of c-c,/T-~T; against c

for Temperatures shown in %.
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FIGURE 7 LIGHT SCATTERING EhB
Plot of cmcllTuTl against ¢

for temperatures shown
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FIGURE 8 LIGHT SCATTERING Hn9
Plot of cmcl/T~$l agalnst ¢

for Temperatures shown in “C.
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cl. The light-scattering results are summariseﬁ in 8.5
Table 3, along with relevant data from Elworthy and Macfarlane.
The micellar weights were calculated from equation (56),
using Debyé§83 procedure of substracting the turbidity
and concentration at the association cong¢entration, in

this- case T, and cyt-

1
H(c - °1) / (T - Tl) = 1/MP(Q) + 2Bec ... (56)
The optical constant, H, and the other symbols have
been defined on page S4. The micellar weights given in
Table 3 have been corrected for depolarisation and
dissymmetry. At the lower temperatures,values of zks
close to unity were obtained, indicating that dust kad
been satisfactorily removed from the solutions, and that
stray light was absent. At the higher temperatures,
some dimension of the micelles appears to have become
greater than A /20, and small values for 2,5 were obtained.
As there is very little difference between the values of
the particle scattering factors for the various molecular
shapes in this range of dissymmetry, the values for

monodisperse colls were used.
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TABLE 3.

Light-Scattering Results and relevant data for Hn7, Hn8

and Hn9 at various temperatures.

o - u

Temp.°Chx10> m %, O  dn/dc B x 10 cliG(éj.
Hn, 15 0,90 164 1.03 0.002 0.1361 0.42 0.20
17.5 I.1% 207 1.03 0,002 0.1355 1.46 0.20

# 20 1.37 249 %.00 0.012 0.1350 0.8% 0.36

* 25 3.27 59% 1,02 0.0I% 0.1350 ~— 0.30
Hng: 15 1.31 220 1.0% 0,010 0.1331 2.42 0.20
25 T.43 240 1.01 0.008 0,1317 2.43 0,20

35 1,61 271 1.04% 0.019 0.1305 1.56 0+25

37.4 3.98 668 1.11 0.002 0.130% -0.0% .10

39..3 6,02 1010 1,12 0.022 0.1300 =0.09 VR

4.3  16.7 2800 1.17 0.007 0,129% =0.1 0,50

Hn % 25 1,40 219 I.03 0.016 0.1353 3.28 0.20
45 1.76 275 1.03 0.0  0.132% 1.95 0.20

50 3,50 549 1,087 0.010 0.1322 =0,14 040

53..5 5.29 827 1,11 0.008 0.,1320 -0.17 0,52

575 8.8 1377 1.1% 0.013 0.1310 =0.50 0460

% Quoted from Macfarlane and Elworthy9o
m = number of monomers, Z = dissymmetry , = depolarisation

dn/dc is quoted in ml/g.
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Por all detergents studiedy the micell-r weights

increased as temperature rose; the increase 1s gradual
at low temperatures, but becomes more rapid at higher
temperatures, as is shown by a plot of log M against
temperature, (Figure 9, p. 82a), although the rise in M
with temperature for Hn7 is less gradual than for the other
detergernts, The second virial coefficients decrcase with
iner~asing temperature, and become negative at the
highest temperature.

The viscosity results are shown in Figures 10, 11,
and 12, (p. 82, by ¢y d)y as plots of 9 sp/. against c.
Reasonable straight lines were obtained in all casese.
Thé 1ntercept[}7] increases with temperature, as does the
slope. Figure 13, (p. 82 @), shows a plot of log[7] agains
?emperatureo Twa straight lines are present which
ihtersoct at temperatures of 22, 36.3, and 43°% for Hn7,
Hn8 and Hn9 respectively. Similar effects are shown in
Figure 9,(p. 79 d), for Hng and Hn9 using micellar weights
from lightescattering. There appears to be a threshold
temperature (called Ty,) above which both micellar weight
;pd intrinsie viscosities'rise exponentially with increasing

temperature. This rise in the intrinsic viscosities may
gepresent a large increase of micellar asymmetry or

hydration, the former apnearing to be more likely. As the

gseries of detergents
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FIGURE 10
VISCOSITY Bn7
Plot of(7 gp) @gainst concentration

at temperature shown.
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FIGURE 11  VISCOSITY fing 82¢c.

Plot of{?’s \against concentration at temperatures shown
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FIGURE 12 VIETOSITY Bn

Plot of (7 [ sp against concentration gt Lomperatures shouwn.
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FIGURE 13,
Variation of log of Intrinsie vzseosity,fj], with

temperature for Hn7, Hn8 and Hn9q
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is ascended, the slope of the lines above Th becomes less.

The vapour pressure results are shown in Figures 1k,
15, and 16 (p. 83 a, by ¢)y, as plots of vapour pressure, p;
(am. Hg.) against conceatration, a, (g.water/g.detergent).
Plots of a/x against x, where x is the relative vapour
pressure, were used for extrapolation to x = 1, and
determination of concentration at this point. Examples
of the extrapolation are shown in Figure 15a (p. 834 )

for Hn the graphs were linear above x = 0,85, and the

8;
values of a at x = 1 are given in Table % as W(vep.).

Elworthy and Macfarlanel7

suggested that the value of W
obtained in this way could be taken as am estimate of
micellar hydration. It was thought that at this
concentrationy, sufficient water was present to solvate

the polyoxyethylene chains fully, and give a system 6f
particles, which although concentrated, would have a vapour
pressure indistinguishable from that of pure water within
experimental error, due to the inherent largeness of the

micelles. The extrapolation to x = 1 gives a concentration

at which the micelles have Just become separate from one
another., This empirical procedure was testedl? by

calculating W (visc.) from equastion (53) in cases wvhere

the micelles wvere sphericaly good agreement between this
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FIGURE 1h.
Vapour Pressure Hny.
Plot of Vapour Pressure (V.P.) in cm. Hg. sgainst
g.H20/g.deturgent at temperature shown
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FIGURE 15, 83b.

Vapour Pressure Hn,.
Plot of Vapour Pressure (V.P.7 in cm. Hg. against

g-Ho0/g.detergent at temperature shown.
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FiGURE J.0. 83c.

Vapour Pressure Hn9

Plot of Yapour Pressure (V.P.) in cm.Hg. against
g.HQO/g.detergent at temperature shown.
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63d..
FIGURE 1l3%s.
Plot of a/x against x for Eng.  Where a is

g,HZO/godetergent and x is relative vapour pressure.
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value of hydration and that from vapour pressure was
obtalined. Below the thresheld temperature there is no
physical reason why the micelles should te asymmetric,
and a comparison of W {visec.) calculated from equation (53)
is made with W (v.p.). The agreement 1s reasonable on
the whole, especially as Macfarlanel7has shown that the
limits of error in determining W (visc.) can be 5 - 15%.
There is some scatter of results for Bn7 at the two lowest
temperatures, probably due to the difficulties of
accurately measuring small intrinsic viscosities and

vapour pressures.




TABLE b,
Variation of [70 and hydration with temperature.
Temp. Co 15 20% 5%k 3o
20 2,91 «70 29,94
Hn,, [7& 3 91 9 9

W (v.p.) 0.29 0.28 O.4%  0.52
W (visec.) 0.23 0.18

Hng Temp. C. 15 25 35 38 40 L5
[ 7] 3.60 3,88 4,20 5.96 8.50 22.0
W (vep.)  0.50 0,58 0.66 0.75

W (visec.) O-42 0.52 0.6k

Hn. Temp. C. 25+ 35 45 50 55 59.8 65
| 7] 4.29  %.50 4.69 6,03 10,1 18.7 3.9

W (vep.)  0.65 0,83 0.88

W (visc.) 0.72 0.77 0.83

[:ﬂ is expressed in ml/g.

W 1s expressed in g.water/ g.detergent.
#% From Macfarlane and Elworthy9

+ From Macfarlane and Elworthy8

V.p» = Vapour pressure visc. = viscositye.
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Plots of hydration against temperature Figure 17, page’
86d , cduld be represented by

Hn7 W = 0,100 + 0.014 T
Hn8 W = 0e315 + 0.0097 T
Bin W = 0,500 + 0,0075 T

where W was the mean hydration in g.water/g.detergent, and
T was temperature in %, From these equations it appears
that the longer the polyoxyethylene chain becomes, the
smaller is the rise of W with temperature.

Although with Hng, there was a large change of [‘]]
and M with temperature at 36.3°, no apparent break was
found in W (v.p.) against temperature, a good straight line
being achieved. Since it was found impossible to measure
vapour pressure above $6°C in the case of Hng, 1t was
assumed that W (v.p.) v. T° was a straight line for Hng,
and values of W (v.p.) were obtained at higher temperatures
by extrapolation.

The wvapour pressure results for Bn8 were also used
to provide a rough idea of some of the thermodynamic
properties of the system. The results were treated as
adsorption isotherms, from plots of a against x, using78:

AR = By -H, = R(Aln(p/Po)\
dasr) / PNy,

(57)




86a.
FIQURE 17.

EYDRATION,

Variation of hydration with temperature for Hn7,
Hna and B.n9¢-

detergent.)
o5

o4
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and

L

AS = s -8, = l(A.H-RTln(p/p09 (58)

S -
/<

where Ti—]. and Sl are molar enthalplies and entropies of water,

- mace

Hy and S, are partial molar enthalpies and entropies of

the sorbate, Nl and N2 are the number of moles of sorbate
and sorbent respectively, and p/po is the relative
vapour pressure.

The differential partial molar enthalpies (AH)
and entropies of hydration were calculated (Table 5).
A-ﬁ was calculated for the three temperature intervals
(15° - 255 25 - 353 and 35.- 1&5% available from the vapour
pressure results, Both AH and AT are positive in sign,
and are of roughly the same size as values determined for
Hn,;, by Elwortixy and Macfarlane]'?a Generally the
thermodynamic properties decreass as a increases, and

increase as the temperature 1s raised. Below a = O.4% the

scatter of results made the calculations unreliable,
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TABLE 9.

Differential partial molar enthalpies and entropies of
sorption of Hnaw

s OHx’ ARP ARS A5° Au
0.4 1.5 1.8 248 5.6 10,2
0.45 1.2 1.4 2.3 4.6 7.6
0.50 1.3 1.5 2.3 4,5 7.8

il 1

ZS'E is expressed in Kcals.mole . AS in calspmplo‘ deg”™

1

Cloud points are shown in Figure 18, page 88a. Over

o

the range studied they do not wvary much with concentration,

but increase as the poloxyethylene chain lengthens, being

54°, 64°, and 76° for Hn7, Hns, and Hn  respectively.

9
It was necessary to determine the densities of the

detergents.

Because of the difficulty in finding a liquid in
which the detergents were insoluble, the densitles were
calculated from the molar volumes of the glycols and of
hexadecane, neglecting the molar volumes of hydrogen.

o
As a check on this method the densities of Hn8 at 45 C

o
and of Hn9 at hSOC and 53.% C were measured directly in

a lml. pycnometer, giving 0.950 g./ml. for Hng and 0.968 g.|

ml.
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FPIGURE 18.

Cloud Points of Hn7, Hng and Hn9u
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and 0.95% g./ml. for Hn

89.

at 45°C and 53.5°C respectively.

The densitlies of hexadecane were obtained from the

79

literature’ checks being made at two temperatures.

Density values are shown in Table 6, and 6a.

TABLE 6.

Densities of glycols, hexadecane and detergents at the

temperatures shown.
.
¢
t
n_d), g./ml,

d), Hn_ calcul. g./ml.

7
Hing

;'
t
ngdy, g./ml.
dﬁ Hn8 calcul. g./ml.
dz Hn8 measured g./ml.

|5

7°¢
Y.
ngdl'_ e mlo
dz Hn9 calcul. g./ml.
dﬁ Hn9 measured g./ml.

15
1.130
0.94%9

15
1,170
0.978

45
1.148
0.968
0.968

20
1.127
0.946

1.168
0.973

50
1+135
0,961

25
1.123
0.942

35
1,153
0.963

53.5
1,132
0.957
0.95%

30
1.119
0.939

L5
1.137
0.952
0.950

57-5
1.131

0.955



TABLE 6a,

Density of Hexadecane at Temperatures shown.

Hexadecana.

% dz dﬁ (experimental)
15 0,7760

25 0.7699 00,7701

35 0.7639 0.7637

45 0,7570

50 0.7535

90,
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DISCUSSION.
The Structure of the Micelles Below Th'

In the r.eg_j..on below the threshold temperatures, 22°,
36.3°, and 48°¢ for Hn7, Hng, and Hn9 respectively, both
molecular weights and viscosity intercepts increase
fairly slowly with increasing temperature; The latter
are all fairly close to the Einscein value of 2.5 for
unsolvated spheres. Values of micellar hydration
calculated from both viscosity intercepts and vapour pressure
results show an ilncrease with temperature; this increase
will be discussed later. From the values of m;, W, and M
and the densities of detergent and water, assuming the
micelles are spherical, the micellar dimensions were
calculated.

The radius of the micelle, r;, was calculated from

o . 1/3
i LT (59)

where V 1s the total micellar volume, including the
hydrating water. The micellar interior is likely to be
liquid in nature, and the radius of the hexadecane region,

r L ]
a 1/3

r, = [Lmﬂmxg%mﬂmM_u}
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The difference between ry and v, 1s the radial 1length

h

occupied by the polyoxyethylene chains, and is denoted L

The results of the calculations are given in Table 7.
TEBZE 7

Micellar properties of Detergents at various Temperatures

below Tho

Detergent Temp.oc V x 10"5 (23) rig th reﬁ

Hn,, 15° 2.03 364 26.7 9.7
17.5° 2.61 39.6 28.9 10.6
20 3025 42,7 30,7 12.0
Bng 15° 3.23 42.6 29.4% 13.1
259 3.76 W8 30.% 1.k
35° %.52 47,6 31.7 15.9
Hng 25° 3.93 L5.4 29.5 15.9
L5 5,43 50,8 31.9 18.9

As the temperature rises, the radiel length of the
polyoxyethylene chain 1increases. It is thought that at
normal temperatures this chain may be arranged as an
expanding spiralg’lo, or, at any rate, in some similar
arrangement whereby the length of the chain is less than
the fully extended length. From catalin models, the fully
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extended monomer lengths are 5#0M3,58.9 3, and 63.58 for
respectiyvely, and the length of the

3 9
hexadecane portion is 21.63. It has been pointed out

Hn 4 Hn,, and Hn
7

eg. by 'I'zami‘ords!+ that an increase in temperature decreases

intramolecular and intermolecular attractive forces; as

a result of this polymer colils expand. A similar process

appears to occur with the non-ionic detergent micelles

studied here, and due to this the possibility of tranping

more water molecules in the mesh of polyoxyethylene chains

will be greater at a higher temperature than at a lower

one. The positive values of AH and AS found (Table 5)

increase with temperature, indicating that a mixing

process is predominating over any specific arrangement

of water molecules around the polyoxyethylene chains,

and that the mixing is greater at higher than at lowver

temperatures, which also fits in with the increase of

micellar hydration.

Examination of other papers describing micellar
hydration of non-ionic detergents revealed no experimental
evidence of a decrease in hydration with increasing
temperature. The present work indicates that an increase
in hydration with temperature occurs, this increase being

consistent with the extension of polyoxyethylene chain
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in the micelles as temperature is raised.
It seems possible that the increase of molecular

welght found up to T, may be due to geometrical factors.

Remembering that thehpolyoxyethylene part of the molecule

is contracted, the monomer has a wedge shape, which

means that only a certain number could be placed into a
spherical shape. Increase of temperature extends the
polyoxyethylene chain, decreases the width of the widest par
of the wedge, and may allow more monomers to be placed

in the spherical shape. It is unlikely that this is a

complete explanation, but it seems a reasonable hypothesis.

The Structure of the Micelles at Th'

Values of M at '1‘h were found by extrapolating, the

linear parts of Figure 9p.82dbelow the T to the value of

h
Th. The properties of the micelles at these temperatures

were calculated and are shown in Table 8.
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TABLE 8.

Properties of Micelles at Tjpe

Hn7 HnB Hn9
M x 1077 1,61 1.63 1.81
n 292 274 o8L
W ge/ge 0,40 0,67 ~ 0.86
v x 1079(8)3 3.90 .62  5.74
r 45.3 43,0 52 .6
rh 32.4 31..8 32.3
re 12,9 16.2 19.3
£!~ 1.8% 2.02 2.1k
n

n . = number of ethylene oxide units.

Within the limits of experimental error, it appears
that the numbers of monomers in the micelles, at the
threshold temperature, are the same for each detergent.
As Hn9 is the most heavily hydrated of the det-rgents 1its
micellar volume is the largest.

In calculating the dimensions of the hydrocarbon sore
of the micelles a fluid interior was assumedy; thus giving

a greater wlumeat Ty than at lower temperatures. The

polyoxyethylene chain is not fully extended at Th'
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The extended lengths are Sh.4 8, 98.9 R, and 63.§ from
molecular models. The radial length per ethylene oxide
unit is seen to increase with detorgent chain lengthe.
It 1s also possible to calculate 8oth« end to end
length of hydrocarbon chains, L, from

12 = &2 yf1+ cos 0} /L+a (60)
l -cos @/ \1 - a

vhere § =( -C bond length, y = number of links in the
chain, © = supplement of the valency angle, and a is

the average value of the cosine of the angle of rotation
for one rotation.

When there is no hindered rotation(l + a)(1 ~ a)
becomes unity. For hexadecane L = 13.H 2. As the ends
of the hydrocarbon chains cannot all be in the micelle
centre, it is assumed that a space must be present there,
its surface being covered by the ends of 283 monomers
(mean value), each with a cross~sectional area of
approzimately 16 22.(19. crystallographic area of hydrocarbon
chain &1 ) The radius of this space is 19 R and
the radius of the hydrocarbon region 1s 19 + 13.8
1e. 32.8 &. The resnlts from Table 8 and those calculated
from equation (60) give approximately the same value for
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the radius of the hydrocarbon part of the micelles.

Because of a lack of knowledge of rotational energy
barriers equation (60) cannot be used to calculate the
lengths of the polyoxyethylene chains. However, as the
ether bond angle is close to the C - C angle, and as the
bond length is 1.42 3, for a polyoxyethylene chain, with
the same number of linkages as a hydrocarbongthe following

values of L are obtained.

Temp. 22° Hn, 36.3° Hng W7.9° Hn,
L 172 17.8 18. 4
L (a = 0) 10.2 10.9 11.5
o (from Table 4% ) 12.9 16.2 19.3

The lengths of the polyoxyethylene chains are too
small when calculated for freely rotating bonds (a = 0).

It has been stated that the presence of ether linkages
82

in hydrocarbon chains greatly increases the flexibility .
o
For Hn7 the value for ry, 12.9 A, calculated from micellar

volumes lies between the two values obtained from
equation (60). The values of T for Hng and Hn9 are close
to the value of L calculated for an equivalent hydrocarbon
chain in the presence of restricted rotation, It may

be that, as the series i1s ascoaded, increased hydration
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increases the interactions between chain and solvents
and so increases the length..

Above Th micellar growth 1s very rapid and asymmetry
develops. At Th the number of monomers present in the
micelle may be the maximum possible number which can form
a spherical shape. If this is 50 1t 1is possible that
the addition of further monomers as the temperature
increases would alter the shape of the micelle. It has
been shown that the parts of a polyoxyethylene chain
close to the surface of the hydrocarbon part are very
closely packed at normal temperatures and that they may
therefore prevent water from coming into contact with
that region. As temperature increases the area of the
hydrocarbon region increases (m increases) and there 1is
a lengthening of the polyoxyethylene chains. These
effects may decrease the protective shielding by the
innermost part of the polyoxyethylene chains of the
hydrocarbon region from the effects of water, It may
be that water comes into contact with the surface of the
hydrocarbon region causing an increase in interfacial
tension at some point on the hydrocarbon/chain boundary,
which would have a contracting effect and cause the micelle

to elongata. Although this cannot be proved it does at
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least suggest a basis for understanding the sudden growth
of molecular weight at a particular temperature.

8truecture of Micelles above Th'

Pigure 9, (pe. 62a) shows a sharp increase of M above

Ty followed by a slcwer risey for Hng and Hn Loge M is

linear with temperature for Bn8 and Hn9 in this gecond

region (37.4 =~ L4,39C for Hng, and 50 = 57.5°C for Hn9)°
From a plot of 1og['{] against log M Figures 19, 20,

(p. 99 &, b), the slopes of the graphs are 0.90 and 1.07

for Hng and Hn respectively. 8imha's shape factors

9
may be generalised, in the region of v of interest to
Oblate ellipsoids ¥ = L5 + 0.661 bv/a (61a)
Prolate ellipsoids v = const. + const, a/b (61b)

For flexible colled molecules Tanford gives
[7] = const. M¥ (61¢)
The axial *atio for ellipsoidal molecules is
proportional to molecular weight, so for plots of log. [7]
Ve 1l0ge M & slope of 1 should be obtained for oblate
ellipsoids, 1.2 = 1.5 for prolate ellipsoids and 0.5 for

flexible coil® im poor solvents where B = O or is

negntive.

The slopes obtalned,(Figures 19 and 20) indicate that
the micelles
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FIGURE 19.
Plots of log]'j] and log v against log M for Hng.
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FIGURE 20.
Plots of log and log ‘v against log M for Hng.
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resemble oblate ellipsoids more than any other model shape.

It has been assumed that hydration W is constant for
the above treatment. However values of v may be calculated
using W values from Table 4%, and the slopes of log Vv against
log M plots are 0.85 and 0.38 for Hn3 and Hn9 respectively
Figs. 19 and 20 (p. 99ay b), indicating that the oblate model
fits the particle best.

Using the oblate model, calculation of micellar

dimensions are given in this temperature region in Table 9.

TABLE 9.
Micellar Dimensions of Hn, and Hn, between 37.4 = W, 39C ana
50 « 57.5°C respectively. R
3 | ——
Hng T v b/a vRx 10° a b

37.% 3.12 Z:5 1.14% 48 120
39.3  4.37 4,5 1.74% 45 203
44,3 10.9 14,2 %.98 Ll 620

Hn 50 3.13 2.5 1.12 47 118
53.5 4.62 4.8 1.71 L3 209
57+5 722 8.7 3.93 47 L1k
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Fror Table 9 it can be seen that short semi-axes
are reasonably constant, within experimental error, and
are reasonably close to the fully extended moromer lengths.
It would be seen therefore that above Th'the
polyoxyethylene chains extend fairly rapidly. Thus a
quick growth of disk-shaped micelles occurs which
presumably continued with increasing temperature; until
the micelles become so large that fhey are macroscopically
visible. At the cloud point the micelles are of such
dimensions that a second phase is formed which could
be expected to contain the majority of the detergentuo.
The steeply rising parts of the graphs in Fig. 9
are worth examination between T, and 37.4°C for Hng and
Th and 50°C for Hng. From points interpolated from Figs. 9
and 13, (p. 82 a, e) , the slope of 1og{?ilagainst log. M
graphs were 0.45 for Hng and 0.50 for Hng. Results
from this small temperature range where M increases very
rapidly with temperature are tentative, But they do
suggest that the micelles resemble coils rather than the
other models in this region. The micelles have not yet

bedome very asymmetric, and consist of a hydrocarbon core

surrounded by reasonably flexible polyoxyethylene chains.
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Provided that this type of structure remains spherical
it resembles a coiled molecule. An increase in the
molecular weight of say, a polystyrene molecule in solution,
means that the volume of solution pervaded by the molecule
increases spherically about the centre of mass. However,
an increase in micellar weight is subject to the condition
that all the hydrocarbon chains must remain in the interior
of the micelle, and so micellar expansion can only occur
in two dimensions. The results show that this appears
to be the case, and the micelles take on oblate shape.
Other considerations.

Second- virial coefficients for spherical micelles

below T, were calculated on the hasis of excluded volume

h
from the equation B = hV/Mza, where V is the micellar
volume, M, is the molecular weight of the micelle and B is
the second virial coefficient. The values calculated

are shown in Table 10.
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TABLE 10,
Second Virial Coefficients for Spherical Micelles below Th”
B x I0 “
Temperature °C. 15 20 25 35 45
Hn7 0.56 0.43
Hn8 00"’5 Oom+ Ool'|'2
Hn9 0.48 0.43

The agreement with values calculated from light-

scattering results, Table 3, is not close. It would
~ seem that other factors must introduce non-ideality as

well as the excluded vo}ume. A contribution to the
chemical potentia{/ql-)nlo, is given by the excluded volume
effect, and this contribution remains approximately the
sameg as temperature increases.

At low temperatures B experimental is greater than
B calculated, and hence other factors must contribute to
the non-ideality. The derivation of the excluded volume
assumes that A H mix is constant as concentration 1is
changed, making no contribution to/pl -/plo, and this may
not be correct. The decrease of B with increasing

temperature must also be accounted for; 1t has been shown
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that as the temperature is increased the polyoxyethylene
chain straightens. It has been stated85 that an
extended chain is in a more ordered state than a coiled
up one, The process of extension way provide a lowering
of the entropy of the system which apposes the effects
of excluded volume and A B mix, and which predominates
at higher temperatures td give a negative second virial
coefficient. The micellar structure, with its
hydrocarbon region, and its regions of mixing between
water and polyoxyethylene chains, is a complex one, and
it is felt that only a qualitative discussion of the
various thermodynamic effects can be attempted at the
present time.

The temperature at which B = 0, corresponds quite
closely to the value of Th' eg's. For Hn8 3 = 0 at approx
37°%c (1, 1s 36.%). For En B = 0 at approx 49°c (z, 1s 48° )

However it is not considered that the solution is
truly i1deal at this temperature, but that a balance of
factors 1s at work. .

It should be noted. that the cloud points are roughly

o
30 above T, for all detergents, so phase separation does

h
not occur when B = 0, but at a considerably higher

temperature.
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