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SmifSQb.

The effect of temperature on the micellar properties, 
in aqueous solution, of three non«»lonic detergents has 
been studied. The materials used were synthetic materials 
of the general formula CH^(CH2)^^(0nH2CH2)Q^0H where 
n » 7f 8f and 9; the detergents were abbreviated to 
Bh^f Eng and Hn^» The thesis was divided Into three parts 
Part 1$ Introduction.

A brief review of the general physico-chemical 
properties of non-ionic detergents In aqueous solution 
was given, dealing with mlcellar structure,, jcritlcal 
mlcellar concwtration and solubilisation together with 
a more detailed account of the effect of temperature on 
non-lonlc detergents In solution»

In the second section of the Introduction the theory 
of light-scattering was reviewed, together with the 
Interpretation of viscosity results and second vlrlal 
coefficients»
EaJrtuJUtf Matwials anA Biperlrowtal Methods.

The purification of hexadecyl bromide and the 
purification and preparation of octaoxyethylene glycol (Og) 
and the detergent Hhgwere described»
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Ther light-scattering apparatus and vapour pressure 
apparatus were described, and their use outlined, 
together with the measurement of specific refractive 
index increment, viscosity, densities imù. cloud points»

Mlcellar weights were determined at 15^C and 17«5̂ C 
for Hhy, between 15^ - for HUg and between 4$^ 57-5^C
for Hhg» Measurements of viscosities at suitable 
tenq)eratures wore made, and also measurements of vapour 
pressure over concentrated detergent solutions.. The. 
vapour pressure measurements ucro* used to give an idea 
of mlcellar hydration. Generally, it was found that 
mlcellar weights, hydrations and intrinsic viscosities 
increased with temperature»

Above a particular temperature, designated Tĵ,. which 
differed for each detergent, the mlcellar weights as 
measured from llght^scatterlng increased exponentially 
with tenq^erature. was found to be 22^C for Hny,
36»3^C for Hug and 48^  for Hn^» Also at these temperatures 
the micelles of the three detergents were found to have 
the earns number of monomers within experimental error»



Below tho mlcellos appeared to be spherical 
and the mlcellar weight Increased gradually with temperature. 
Above the micelles became asymmetric in shape* and 
fitted the oblate ellipsoid model.

The structure of the mlcolles was discussed below T^, 
at and above T^» A qualitative discussion of the 
Interpretation of second vlrlal coefficients obtained 
from- light-scattering was given»
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INTRODUCTION



INTRQDPCTIOHo
In spite of the large number of published papers on 

the oollold chemical properties of non-ionic detergents, 
few studies hove 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 entities, and their properties can be expected 
to be average ones, depending on the distribution of 
polyozyethylene chain length in the sample. Only a few9,16
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 on thes»# 
temperature effects, work on the mlcellar 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(CH2)i5(OCH2CH2)qOH where n « 7, 8, and 9# (These 
compounds will be abbreviated to Hny, Hng, and Hng where 
n denotes the number of ethylene oxide units in the chain.)

As an extensive review of the preparation and 
properties of non^lonic detergents has been undertaken by
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Wacfarlane , only a brief rcvipv of physical chomiotry Ic 
given here in ordur to indicate the général effects of 
detergent structure on mlcellar properties, together %,yith 
.fuller accounts of synthetic motliocis and temperatm*e effects 
relevant to this thesis.



SYMTHETIC METHODS OF PREPARING NON-IONIC DETERGENTSc
Synthetic methods of preparing polyoxyethylene ethers

have been aimed at eliminating the heterogenity which may
occur In commercial materialso 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 polyoxyethylene2glycols was that described by Perry and Hibbert who 
reacted the dichloride of a polyoxyethylene glycol with 
the monometallic salt of a polyoxyethylene glycol.
Thus : [cH2ICH, 

\ '

CHg
CHp 
\ ■ 0

- OCHgCHgCl

— CH2"CH2CI

- OCH2CH2OH

- CHoCHoOH (x+2y+4)

CH2
CH2
\0

- OCHgCHgOK

y  - CH2CH2ÔH

The monometallic salt was used to prevent the polymerisation 
which was likely to occur with a dimetalllc salt»

A modification of this method was used^ to prepare
hexadxyethylene glycol, H0(CH2CH20)gH^ octadecaoxyethylene 
glycol, HO(CII2CH2O) and dotetracontaoxyethylene glycol, 
H0(CH2CH2O)̂ ,2̂ .



Hexaoxyethylene glycol was made by reacting diethylene 
glycol monosodium salt with 2^2 -dichlorodiethyl ether 
and subsequent distillation» Octadecaoxyethylene glycol 
was prepared by reacting the monopotassimn salt of 
hexaoxyethylene glycol with hexaoxyethylene glycol dichloride 
Similarly the dotetracontaoxyethylene glycol was prepared 
by reacting octadecaoxyethylene glycol with hexaoxyethylene 
dichloride. Purification of the compounds was effected 
by repeated high vacuum distillation, a^d by crystallisation
for the higher members of the series» Methods similar 4
to the above have been used to prepare polyoxyethylene 
glycol monoethers of the type R.0(CH2CH20)gH where 
R a U—CjoHgl.,. n— ^*‘•̂14^29 Gucl p—iso—CgĤ ĈgHĵ 0»»CH2CH2'̂  
and di--ethers of the type R .0(032^^0)^  where R = n-CipH^i, 
and d-C^|^H29» The schœe of reactions may be represented 
as follows:

OCCHgCEgOa)^ HePNa,^ Na(0CE2GEg)20RI OCCHgCEgCDg 
HOCCHgCHgOgH

_____________________ K  I H _________________

K0(CH2CH20)gH + K0(CH2CH20)gK
1 RCi I 2RC1

RkOCCHgCHgO)^^ R.0( Œ 20B_0),R
R = n-CioH2j



5o
After completion of the reaction the residue remaining

after distillation Was separated by chromatography on a
silica gel column into the hexaoxyethylene glycol monodecyl
ether and the hexaoxyethylene glycol didecyl ether^

4Similarly, the same authors have reported the preparation 
of n-octylhexaoxyethylene glyœî ether, (CE^GRgO)gE,
emd hexaoxyethylene glycol monohoxadecyl ether,

jO (GEgCEgO)gS, and hexaoxyethylene glycol dihexadecyl 
ether, (GHgCHgO ) »

Monohexyl ethers linked with tim to six ethylene oxide
5units have been prepared using ^ght equivalents of the 

glycol to minimise the formation of dialkyl ethers.
These componnds were purified by extraction of the reaction 
mixture with petroleum ether, removal of this solvent 
and distillation®

Using Williamson ether syntheses these authors^have 
also prepared polyoxyethylene glycol monodecyl ether, 
polyoxyethylene glycol monododecyl ether and polyoxyothyleno 
•glycol monohexadecyl ether with the polyoxyethylene units 
ranging fror 2 - 6.

Low yields were obtained and reerystalllsation failed 
to resolve a difference in melting points from those

kf
quoted by Gingrns and Bayley- for hexaoxyethylene glycol 
monodecyl ether- and hexaoxyethylene glycol dodecyl ether.



6.
n-Butjrl, n-octyl, n-dodecyl and n-hexadecyl7monoethers have been prepared by two methods described by 

CorkiU et al*
1. ZNaCOCHgCHg)^^ + (ClCHgCHa^a® ■—  ̂  H0(CH2CH20)6H 

RCI RaO(CH2CT20_)^^ R.OCCHgCBgO)^^
2. RCI R.0(Cl2CH2O ) ^  8001;

R0(CH2CH20)2CH2CHgCl Nf^COT^CTgO)^ R.0(CH2CH20)gH
Tber n-octyl and n-hexadecyl ethers were prepared by method 
one, but the yields were small due to a large quantity* 
of unsaturated hydrocarbon being produced by 
dehydrohalogenation of the alkyl chloride» Difficulty 
was also experienced in separating the n-octyl monoether 
compound from the unreacted glycol by distillation» The 
second method gave better results and was used to prepare 
the n-butyl, n-octyl and n-dodecyl compoimds»

Monohexadecyl ethers have been prepared ^containing 
six, seven,nine, twelve,fifteen and twenty-one ethylene 
oxide units. Nonaoxyethylene and dodecaoxyethylwe 
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 obtained 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 recry*#111sed material was then 
chrcnsatographed on alumina and this treatment appears to 
give.pure conqjounds of 12^*
ie. Bhg and Bn^g* Chlorination of the terminal -OH of 

followed by oondœsatl(»i with the monoeodlum salt of 
hexaoxyethylene or. ntmaoxyethylwe glycols yielded Bh^f, 
and Hny,« The two smallest members of the series were 
pr^ared in the usual manner from hexaoxyethylene and 
septaoxyethylœe glycols*
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MICELLAE STRUCTURE OF NON-IONIC DETERGENTS.
The elucidation of the mlcellar 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» For example Kushner, Hubbard and Doane^^
fractionated a sample of Triton X 100, a polyoxyethylene
iso-octyl phenol ether, by molecular distillation to give
three fractions whose molecular weights in water were
208,000, 90,000, and 54,000 (the fractions having n = 8,

l410, and 12 respectively). Stauff and Rasper fractionated
a polyoxyethylene dodecyl ether, and found a similar
decrease in mlcellar 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 picture of the effects of monomer structure on
the micelles.

A number of authorl^^^^-^’have studied the effect of
increasing the polyoxyethylene chain length for the same
hydrophobic group, which gives a decrease In mlcellar size.
The aggregation number m, number of monomers per micelle,

13was shown to be related to the molar ratio of ethylene 
oxide to hydrophobic part of the condensate R, by

m «= 1^25 - 5#1 for lauryl alcohol derivatives
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and by m = - 22»S for nonyl phenol dorivativoc.

Similar reaolts were reported for polyoxyethylene
lOcondensates of n-octadeoanol, n-dodecanol, nonyl phenol ,

15and deoanol, and iso-octyl phenols, methoxy polyoxyethylene64,65deoanoates and dodeoanoates . Increase of the
hydrocarbon chain length increased the micellai" weight»

The general structure of the micelles in water is
one in which the hydrocarbon chains are in the interior,
and the i^lyozyethylene parts in an external layer.
The stability of the micelles is thought to be due to a
heavy hydration of the polyoxyethylene part, Kuahner 11and Hubbard found an intrinsic viscosity of 0o055 dl/g 
for Triton X 100 in solution. Using their observed 
molecular weight of 90,000, they calculated intrinsic 
viscosities of 0.029 dl/g for a disk shaped micelle, and
0.038 dl/g for a rod shaped one, neither figures fitting 
the observed Intrinsic viscosity. They attributed the 
deviation of from the Einstein value to be due to 
hydration, and on this basis calculated that. 43 wgter 
molecules were kinstically bound to each detergent mcmomer 
in the micelle. This value vas thought to be high, but 
it was suggested that two water molecules were bound to 
each ether linkage, accounting for twwty, and the 
remainder were trapped in the hydrophilic "tentacles” of 
polyoxyethylene chains. On this hasls the rtuUns 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 (I®9 g;̂ ater/ĝ  detergent)12was found for Cetomacragol 1000, a commercially 
produced detergent of structure CHg(CEg)iOCH^CHg)22^^  ̂
which has a micellar weight of 101,000 from light 
scattering, and 96,000 from diffusion and viscosity 
measurementso Large hydrations have also been found for

64,65methoxy polyoxyethylene decanoates and dodeoanoates «
The configuration of the polyoxyethylene chain in

the Outer layer of the micelles is not certain, and coiled9,10and random arrangements have been suggested *
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 10
suggested that 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

13ethers have been made , 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 oa the mlcellar structure of 

synthetic compounds. The micellar weights, chemical 
structure, and critical micelle concentrations are listed 
in Table 1.

TABLE 1*
Wleallar P 3P o n » t l . a  of S-mtlmtla Mbn-Ionle Patareanta,-5 o a.

Structure. MxlO Tsnq>. C ce.moles/l Ref
OH 12,3 25 1.6 zlO"^ 9

CHjCCH2 1̂5^°®2°®2̂ 7 1.37 20 ■i
CHjtCHg^ie^OCagCHa)^ OH 3^ 25 1.7 xlO"® n

CH^(CH2>i5(0CH2CH OH 1.4 25 2.0 xlO*^ n

CH3(O^) 3̂j(0CH CHgîiH®® 1.17 25 2.34x10** «1
CH^(CHg)^^(OCHgCH2)^gOH 25 3.09x10*® II

C H 3 ( C H 2 ) i 5 (0 C H 2 C H 2 )2 i 0 R 0.82 25 3.89x10*^ tt
CH^CCH^)^ (OCagCIL)g OH a. 0.1^5 25 9.8 x10"3jl 7

7.6 xl0”^B M
CH (cmg)^ cocHgCag)^ oh h . 25 9.3 HO'^i 19

16.8 xlO*3jj «
CH (CHg)^^(0CH2CHg)g OH m

Ssaple s 0.846 n

N d 0.714 It

M m 15 10.8 zlO*^L w

M » ' 0.715 25 8.7 X  10*5jl N

II o 35 7.2 %10*^t M

" V 0.84
Banpla f (la O.IWaCl) 0.60
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Structure. MzlO Tsmp. C. cmc.moles/1
_6

Ref
CH3(CH2)i5<CH2CH 0)gOH I.0x10 7
C H ^ ( (OCHgCHg)gOH 0.63 15 16

tl 0 ,84 18 tl

tt 1.8 25 n

vt 3 .2 30 i;

ft 6 .3 35 S3

It 10 .0 42 it

tl 18.0 45 S3

C6Hi3(OCH2CH2)^OH 
n « 3, 4, 5 or 6»

Probably in 
range
0.05 - OolI4

74

R € f 7 cmc from light-scattering.
X  cmc from surface tension at indicated teo^erature.

a, c, d, e, and f were freshly prepared samples»
b, sample stored for six months.
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A series of synthetic detergents, based on hexadecyl

alcohol, and containing from six to twenty-one ethylene
oxide units per molecule have been studied by light8,9scattering and viscosity methods » A decrease in aggreg—
ation number was found ad the series was asoendod, in line
with work on commercial materials. As the c/T against
c graphs obtained from light scattering shoved negative
gradiœts at low concentrations, it was considered that
as concentration Increased, small micelles aggregated to
form larger ones» A similar effect has been reported 16
by Balmbra at al, %Ao designated this second association 
concentration o%; it is much greater than the cmc.
Usually turbidities are too small to be measured in the 
region between und cmc, but in the case of and Huy 
at 2$^, it was found that was sufficiently large and 
the micellar sizes great enough for the measurements to 
be made. The aggregated species had micellar weights 
of 6»3 X 10 and 1.17 % 10^ for Hng and Hn^ respectively.
A someiAat similar result was reported earlier by Kushner, 
Hubbard, and Doane who found that the micellar size of 
molecularly distilled fractions of Triton X 100. was 
concentration dependent. However, as they m r e  unable 
to find a well defined erne it may be that their material 
had not been sufficiently purified#
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As the series of detergents was ascended micellar
asymmetry became less, while micellar hydration appeared

17to increaseo The same authors have 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 water,
within 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 sho\m in Table 1, reference 7, follow
the general trend ie- the micellar weight 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 10
size , but this does not fully explain the phenomena» 
Other factors which resist the fall in particle-solvent 
contact, and the resulting dehydration and entJropy 
changes are also thought to be of importance»

The entropy and energy changes taking place during 
micelle formation of non-ionic detergents in aqueous
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solutions have been studled^^#. The calculations were 
based on a simple model of coalescence of a hydrocarbon 
chain to a liquid.droplet and the fitting of ethylene 
oxide units over the surface. It was calculated thati- 

1® Micellar formation of non-ionic detergents in 
aqueous solution occurs at a distinct cmc.

2» Cmc decreases with an increase in the hydrophobic 
part.of the molecule»

3. For a given hydrophobic group the cmc increases 
with an increase in the ethylene oxide units 
present®

These three theoretical conclusions are generally 
in agreement with experimental work®

An attempt to apply statistical mechanics to the
19theory of micelle formation and shape has been made «

It was accepted that the reason for micelle formation is 
a decrease in the free energy of the system lAien the 
hydrocarbon portion of the detergent molecules aggregate 
leaving hydrophilic groups in the aqueous phase. It 
was assumed that geometrical restrictions in micelles are 

such that the micelle should have a fixed density and 
a limited hydrocarbon length# Bearing in mind these 
restrictions it was suggested that two shapes could be 
proposed for very large micelles viz# rod-like, with a 
circular cross-section, or plate-like.
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20Hecent work had attemptad by means of statistical 

mecha^cs to study the meaning of temperature variation 
of cmc, the effeot of intaraotion of micelles upon the 
distribution of mlcellar sises, the meaning of ldealj.ty, 
the nature of the spread of mlcellar siaes about the 
average value and whether or not a single mlcellar size 
can be used as the basis for the theoretical treatment 
of micelleso
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CmiTICAL MICgLLE CONCENTRATION AND SORFACS ACTIVITY.

The postulate of colloidal aggregates was first 
put forward by McBain^^to account for the combination of 
low osmotic activity iffith high electrical conductivity 
found in higher fatty acid soaps. These aggregates still 
retained considerable conductivity due to their high 
electrical charges, but behaved osmotically as single 
particles. McBain called these Aggregates ionic micelles 
and the concentration at %diich these molecules formed 
micelles he called the critical micelle concentration (cmc).

The cmc can be measured readily, as it appears that 
if almost any physical property of aqueous solutions of 
detergents is plotted against the concentration of the 
solution a break occurs at the cmc.

Initially, difficulty was experienced in deciding
if non-ionic detergents exhibited pronounced erne's. For

22example in an early paper , a cmc, determined by depression 
of freezing point, vas reported for Triton X 100, In 
a later paper^^ it was stated that a well defined cmc 
for Triton X 100 could not be obtained by light-scattering 
techniques.

15The same workers have been unable to establish a 
well defined cmc oh molecularly distilled fractions of 
Triton X 100,.
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However, the presence of a cmc In aqueous solutions

of non-lonlc detergents seems to have been established by23,2^,25
other workers , and later work assumes the existence
of cmc*8 and they have been reported widely for many 
different compounds. It has been noticed that cmc values 
obtained from different techniques for the same compound 
may differ considerably and it may be that a sharp value 
for the cmc is only an approximation, as has been26
suggested . The situation may also be complicated by the 
spread of chain lengths in the commercial detergentso 

The values of cmc'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 chain, and micellisation is not hindered by

23,25,7,63
electrical forces . For example the cmc of

63sodium dodecyl sulphate has been found to be O.OOBl moleAitrv
(no temperature quoted), whereas that of n-dodecyl
hexaoxyethylene glycol varies from 0.000108 mole/litre at

7i r  to 0.000072 mole/11 tre at 35° *
Also the value of the cmc has been found to 

depend on the hydrophilicity of the molecule. Omerally 
it has been accepted that an increase in cmc is brought 
about by an increase in hydrophilicity»

23For example it has been shown by Lorens for a series
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of commercial non-ipnic detergents based on a nonyl phenol 
hydrophobic portion and various chain lengths of ethylene 
oxide, that the increase in cmc with increasing ethylene 
oxide units is approximately given by In(cmc) = O0O56R + 3087 
where H represents the mole ratio of ethylene oxide to 
phenol. An increase in the positive value of R, ie. in 
the hydrophilic part of the molecule, is thought to Increase 
the total hydration, and thus the cmc, as hydrophilic 
properties of the molecule are increased. It was also

27noted by Lorenz and other workers that a decrease in the 
hydrophobic part of the molecule also increases the cmc. 
Conversely, an increase in the hydrophobic part of the28
molecule has been shown to lead to a decrease in the cmc 
as aggregation of the hydrophobic parts of the molecules 
ie brought about by the cohesive forces acting between them. 
These forces would increase on lengthening the hydrocarbon 
ehaiUo

The measurement of the lowering of the interfacial 
tension at the air / water surface, ie. surface tension 
provides a suitable method for the cmc. 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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dacreass In surface tsaslon appears «ô be among tha most 
sensitive and also enables tha measurement to be made 
without the addition of any other material

This lowering of the surface tension Is a general
property of su^ace active agents. The phenomoion of
surface activity la essentially one of adsorption and this61,62
may lead to several distinct effects .

1. There may be a lowering of one or more of the 
boundary tensions prevailing at the Interfaces of 
the system.

2. There may be stabilisation of one or more of the 
Interfaces by the formation of adsorbed layers which 
may oppose any tendency for these interfaces to be 
diminished In area or destroyed.

3* %ere may be formation of micelles le. molecular 
aggregates shove a certain concentration known as 
thy critical micelle concentration.

4. There may be solubilisation of water Insoluble 
substances Into the micelles.

From surface tension measurements It Is possible to calculate 
the area per molecule by an application of a simplified 
Olbbs equation relating surface excess, P, to surface tenslonV 

Several authors have published results of area par 
molecule measurements for a wide range of non*lonlo
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Generally It seams established that the- area per 

molecule Increases with Increasing chain length and that at 
the air / surface Interface the molecules are orientated 
with the hydrocarbon chain directed out of the surface 
of the solution and the polyoxyethylane chain colled in the 
solution.

75For ezastple Macfarlane and Slworthy have shown that 
the area per molecule for a series of synthetic polyozyethylene 
monohexadecyl ethers increases with increasing ethylene 
oxide unite varying from 38 rfor the ether with a 
hexaoxyethylene glycol hydrc^hllic group 'to 120 S for the 
ether with a heneieosanoxyethyloie glycol hydrophilic group. 
They also found that the area per ethylene oxide unit 
decreased with increasing chain length. As 'the areas per 
molecule were all larger than the cross-sectional area of 
the hydrocarbon chain it was thought that the polyoxyethylane 
chain determined the area per molecule»

Work on molecularly distilled commercial ethylene
76oxide condensates of aliphatic alcohols and alkyl phenols 

agrees with the above results in all respects. This work 
Is of particular Interest in that the areas per molecule 
were determined at 25°C and 55**G. It was noted that the 
areas found at 55̂ Ĉ tended to be smaller than those found 
at 25°C. An example of this change In area is shown b^Unr.
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Hydrophobic portion. Number of 

Ethylene oxide units. Area per molecule i 
in adsorbed o2 i surface film A _ 125^C 55^c

Nonyl Phenol 10 64 62
30 80 74
50 120 115

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

13Becher has quoted values for area per molecule at
the air / solution interface and in the micelle for
polyoxyethylene lauryl alcohol ethers and polyoxyethylane
nonyl phenol ethers with 8 to 2? and 10 to 20 ethylene
oxide units respectively» For the lauryl alcohol series
the area per molecule at the solution surface ranges from
^  to 7^ X ( ascending the series),and in the micelle the
increase was from ^9 to 58 X^. For the nonyl phenol
series the increase in area was found to range from 60 X^ 

o2to 107 A at the surface but for the areas measured in the 
micelles the areas per molecule werer found to be 60 X^
(10 Ethylene Oxide Units), 64 X^ (15 Ethylene Oxide Units),

q2
62 A (20 Ethylene Oxide (hiits). 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 commercial 23polyoxyethylane nonyl phenol ethers have been measured » 

For hydrophilic chain lengths varying from to 100 
ethylene oxide units, areas per molecule were found to 
vary from 55 X to 173 2^» It is interesting to compare 
the values for area per molecule obtained by the above 
authors for polyozyetbylene nonyl phenol ethers as far 
as they are comparable (Table 2).

2.
dumber of Ethylene 
Oxide tbits* Area per Molecu].e S Reference

10 60 13
10 (h 65
10.5 60 23
i5*.o 72 13
15-0 72 23
20 107 13
20 82 23
30 80 65
30 101 23

Solubility may also be convlently*mentioned here.
The solubility of po3yoxyethyl«ie type non-ionic detergent? 
is believed to be due to hydrogw bonding between the oxygen 
atoms of the ethylene oxide chain and water molecules.

ĉonveniently
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Increased solubility results from an increase in the

23,28,29,l{9number of ethylene oxide units in the detergent
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SOLUBXLISÀTIOgr».

It has been shown that materials which are not normally
soluble in water may be solubilised 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 studies are carried out above the cmc normally.30

It is generally believed that non-polar hydrocarbons
are solubilised into the interior of the micelle, partly
ionic compounds are adsorbed into the micellar surface
with the non-polar 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 polyoxyethylane

31chains has been suggested» It is thought to be more 
accurate to consider that these compounds are included in 
the polyoxyethylane 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 groupa»

The formation of complex phenolic substances with50,51polyoxyethylane groups has been reported and it has also



26».$2
been observed that many phenolic substances are readily
dissolved in concentrated solutions of polyoxyethylene
glycols and solubilised in aqueous solutions of
polyoxyethylane type non-ionic detergents*32It has been shown, using metho^octaoxyethylene 
decyl ether, (GH^CH^O)gCH^, and methoxynndeca-
oxyethylene decyl ether, ( 0 5 ^ 0 ^ 2 0 ) solutions,
and n-decane and n-decanol as solubilisâtes, that cmc 
decreases and micellar size increases with the addition 
of the water insoluble materials* The effect of added 
n-decane on the micellar weight of methozydodecaoxyethylene 
decyl^ether, CTQH^^O(CHgQHgO).|pCHg, has been observed at 
50^0 y by light-scattering* Again the cmc decreased and 
the micellar weight increased»

An interesting use to which the solubilising properties 
of non-ionic detergents have b e m  put is in the estimation 
of cmc#

Of particular interest is a method developed by Ross 
and Olivier using the absorption maxima of a coloured 
iodlne-micelle complex to give a measure of the cmc. A 
plot of percentage transmission against concentration

56gives a break at the cmc» This method has been used to 
measure the cmc's of solutions of commercial polyoxyethylene 
lauryl, stearyl, oleyl and trideeyl alcohols as well as 
commercial polyoxyethylene sorbltan monolauratr»
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SFFECT QF Tm pm A m tE  OK IN  m m a m *

Most of the work on température changes in solutions 
of non-ionic detergents has been conceraed with the effect 
of temperature on cmc, micellar size, cloud-point changes 
associated with solubilisation, and on viscosity, and 
these topics will be separately considered.
a). Stgwt .flfi-Tfimnflrame .%

In contrast to solutions of ionic detergents where
an increase in temperature brings about an increase in 34
cmc , the cmc of solutions of non-iohlc detergents appears 
to be decreased by a rise in t«i^eraturoc.

The cmc's of methoxypolyoxyetfcylene octanoate, 
gCOO(CH2GHgO)̂  , have been measured over the

temperature range of 10^ — 43°G, end have been found to
35•decrease with increase in temperature . The erne's 

were measured by the spectral colour change of pinacyanol 
chloride and by the solubilisation of Sudan 111.
Agreement between the results from the two methods was 
not good, but both showed the same general trœd.

Light-scattering estimations of the cmc of a 
methoxypolyoxyethylene decyl ether, ^^0^1 ̂ ^  
MPdl2, over a range of temperatures, were carried out 
by the same workers^^md again a decrease in cmc with
increase in temperature was found* Concurrent esqperiments
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on the cmc of sodlim dodecyl sulphate were carried out
and an increase in cmc was obtained with increasing
temperature as was expected with an Ionic detergent» The mf cel
lar heats of formation for the above non-ionic compounds
were found to be positive*. Later measurements on the
variation of cmc with temperature h&va been made by 

37Kurlyama on MPd iP, It was suggested by him that the
decrease in cmc found by increasing the temperature is
due to a decrease in the hydrophilicity of the ethylene
oxide chain as the t«qperature rises* The cohesive
force between the hydrophobic parts of the molecules
which counterbalance the hydrophilic ethylene oxide would
thus become predominant and the cmc would be lowered*

7Broadly similar results have been obtained from the 
measurement of the variation of cmc with temperature using 
n-dodecyl hexaoxyethylene glycol ether, ^^2% #  Again 
a decrease in cmc was obtained with increasing temperature» 

Positive values of 5-9 for A  Hm, molar beat of 
micelle formation, between Ij^ and 35^C and 5*9%*tmole'"̂ deg"'̂  
for A  S, entropy of micelle formation, were obtained from 
solutions of It ifas not thoughi; likely that a
gain iJ^Lntropy was caused by the molecules being less 
restricted in micelles than in water, and it was suggested 
by the magnitude of A  S, that the energetics of micellisation 
of non-ionic detergents is governed by partial dehydration
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of the monomer as It «iters the micelle* An Increase
in temperature, it was explained, would lead to a

37decreased hydration and as was stated previously to a 
decrease in cmc* 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 vh«i 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 also studied. Very little change 
in micellar weight was found, as compared to waller, in 
10**̂ M SDS, but in 10“^  SDS as a plot of Hc/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 
a change in micellar charge ie* a 'mixed* micelle of some 
typo had been formed.

Mixed micelles containing ionic and non-ionic 28
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 
species* With respect to the effect of temperature on 
cmc 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, 0 ^ 2 ^ 2 5 ^ ^ ^ 2 ® ^  1-12,
the cmc* s decrease with increasing temperature until the 
ratio of SDS to MP 1-12 reaches 1:4 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 is known as the cloud point. The cloud point
is affected by materials solubilised into the micelles in
the solution and also by electrolytes.

29It has been shown that the decrease in the cloud 
point of Triton X 100 solutions obtained by addition of 
electrolytes is a linear function of the ionic strengths 
of the added electrolytes. The addition 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



38reported * The Increase of mlcellar weight of Triton X 100
with temperature has been stated to be the dominant factor

39fpr cloud point formation and phase separation . A
msurked depression in the cloud point of polyo^ethylene
iso-octyl phenol ether has also been observed on the
addition of various polar phenolic compounds.

The cloud point of a methoxypolyoxyethylene decyl40
ether, (̂ iô 21 ̂ , 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 raised, 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 temperature.

Hm, calculated from an = RT^ where Hm Is the
r r n *

heat of mixing of a 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 cloud point was e:q>lained
by the fact that the micelles in solution greif so large
that they separate to form a distinct layer %dilch may
consist of large micelles solely, or of a complex mass
composed of surface active ag«nt, solubilisate and water
molecules randomly mixed or regularly arranged.

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

12, has been given by Kurlyama •
According to him the micellar weight increases with
temperature and at the cloud point opalescence occurs and
the micelle floats or sinks as the bouyoncy of the micelle
overwhelms the Browian movement and two layers are formed.
e). IemD.raiaire_on Mlcellar Weight.

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

The micellar weight variation of a methoxypolyoxyethylene
octanoate, C^^^OO(CH2CH20)^^gCH^, lias been observed^ 
between 10 - 43^0. Assuming a hydrated spherical 
molecule the molecular weights were calculated from 
diffusion - viscosity measurements. The length of the
monomer in the
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elongated state was found to be 38.9 of which the
hydmphoblc portion contributed 11.5 X and the hydrophilic
portion 27»4 2. However, the micelle radius at 43^0,
from diffusion measurements, was found to be considerably
larger than this showing that the assumption of a spherical
molecule was wrong. The effective volume per g. surface
active agent was found to decrease from 10° 38^0 and
this was explained as a progressive déhydration of the
hydrophilic part of the monomer with a rise in temperature.
An apparent increase in effective volume was obtained from

. oviscosity measurements at 43 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 decyl ether, C^QH2ltoCH2CH2 
MPd 12, has also been noted . The micellar weight was 
found to increase with temperature particularly near the 
cloud point and the second virial coefficient was found 
to decrease with increase in temperature.

37These results for MPd 12 have been substantiated .
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 1-12,have been observed 
to increase with temperature while the hydration was
thought to decrease with increasing temperature*.

39Results hove been obtained 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 - 76^0), 0.3M sodium chloride (30 - 70^0,
1 M sodium chloride (30 — 60^C), O.ÇM calcium chloride 
(30 - 64^0 and 1 M calcium chloride (30 - 60°C). At 
fixed temperatures the micellar weights of those compounds 
have been shown to increase on the addition of salts and 
the effect of the salts has been shown to be greater at 
higher temperatures* Also at a fixed salt concentration 
the mlcellar weight has been observed to increase with 
temperature. Light -scattering, solubilisation and 
viscosity measurements have been used at different 
temperatures to estimate the changé in micellar weight of
aqueous solutions of n-dodecyl hexaoxyethylene glycol 

• l6monoether The mlcellar weight was found to
increase with temperature* A plot of log. Micellar Weight 
V Temperature gave a straight line* However for the 
light-scattering results it was necessary to consider 
critical opalesoœoe 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 opaleaoence is dependent upon
the scattering angle and this effect was considered 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 molecules* Also as the ratios of 
solubilities of Orange OT in micellar solution 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 heptao^ethylene glycol 
monohexadecyl other, Bhy, has been shown to increase with 
temperature from 20 - 25^0. Micellar asymmetry is thought 
to develop as the temperature is raised, although very 
little change was noted in the dissymmetry 20^ 1.00,
2,̂ -0 25° 1.02),
d). Effect of TwnDm>atnre on Viscosity-

The effect of temperature on the viscosity of concentrated
33.solutions has been studied The materials used were
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p-t-t-octylphenyl polyoxyethylene ethanols, OPEn, where 
n is the weight average moles of ethylene oxide condensed 
per mole of octyl phenol* OPE 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 ^0^70% detergent, 
this phenomena decreasing with increasing temperature.
The formation of geJ s 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 
observed 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 glycol monohexadecyl ether, Hn«, has

9 / rr \been described . Values for I i sru were found to beV .Q
2»8 (20°C), 9»5 (25^C), and 29.4 (30^0). These viscosity 
results were interpreted as being due to a large micellar;'
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asymmetry developing with increase in temperature, but 
the dissymmetry measurements obtained from light-scattering 
at 20° and 25°C did not vary appreciably from unity.

Some preliminary viscosity studies ~^on n-dodecyl 
hexaoxyethylene glycol monoether, ^^2^6^ 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^ the 
viscosity results were thought to be consistent with an 
increase in asymmetry as molecular weight increased with 
temperature*
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THEORY OF LIGHT-SCATTFIRING.

It a beam of light falls cn natter, the electrical 
field associated with the light induces periodic oscillations 
of the electrons in the material» The material will then 
serve as a secondary source of light whose radiation will 
be scattered with a wave length equal to 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 material*

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

Two methods of calculating the intensity of scatter 
have been developed» 4l

The Rayleigh method may be used to calculate the
42

Intensity of scatter from dilute gases» Debye showed 
it could also be applied to dilute non-interacting solutions»

43The Fluctuation theory was developed by Einstein and
44

Schmolucltowskl
This method Is applicable to solutions and may be 

applied to pure liquids*
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Small Particle^»

a ) Rayleigh Treatment for Particles which are small 
compared with the Wavelength of Lî ht».
When the particles of an ideal gas are subjected to 

an electric field 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 that of the electric field.

The dipole induced in any particle is proportional 
to E or p E (1)
where d  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 = cos 2Tf (vt - x/X ) (2)
where is the maximum amplitude, t the time, X  the 
wavelength, v the frequency and x the position along the 
line of the light beam.

Combining (1) and (2) gives.
P = d  Eq cos 21T(vt - x/X ) (3)
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Equation (3) gives the magnitude of the oscillating
dipole induced by the incident 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

2 2radiation, is proportional to d p/dt .
At a distance r, where r is a great distance from

the dipole, the field strength is proportional to sin
where 9 is the angle between the axes of the dipole and the line
Joining the point of observation to the dipole^

2It can be shown, also, that E^ is proportional to the
2intensity, I, where I is the energy flowing per cm *

2From the law of conservation of energy, I varies as 1/r . 
Therefore Eg varies as 1/r.

2 2Differentiating equation (3) to get d p/dt gives
2 2 2 d p = 4Tf v d  E^ cos 2ir(vt ~ x/\ )

dt
2 2Substituting E^ for d p/dt , introducing sin 9^/r, and

2dividing by the square of the velocity of light (lET ), to 
make the dimensions correct gives

= cos ; W

The normal quantity measured experimentally is the
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intensl/cv of the light, which is proportional to the 
scfuare of the amplitude, or field strength, measured over 
one vibrational periods

The ratio of the intensity of the scattered light, i ,s
to that of the incident light, 1^, can be obtained from 
equations (2) and this ratio is

1, 16T ^ 8,
_ =  ^  <«

The wavelength,X, Is substituted for ^/v*
Equation ($) is Rayleigh*s equation.

An evaluation of À  ^ is necessary for experimental 
purposes0 It can be shown that the polarisabiiity of a 
medium can be related to its dielectric constant. If the 
molecules are in a vacuum 66^  - 1 = 4TTNol (6)
where S  Is the dielectric constant and N is the number 
of particles per cc.

Also E  = n^, where n is the refractive index
- 1 = (7)

As n is close to unity
- 1 = 2(n - 1)

2(n - 1) = 
so n - 1 = 2Tr ir«<
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Dividing by c,
n - 1 =: 2TTHc< 

c ' c
where c is the concentration in g/ral*

n 1 = dil 
c dc

ie, the change in refractive index with addition of gas 
moleculeso

âa = SJLSfiLdc c
015 c . ^

c\ = dc
2TfN (8)

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

2for d  gives
ie ^TT^c^(dn/dc)^ sin^ 0*1 . .= ______________________ Z (9)
Ig X

If M is the molecular weight of the particles and Na is
Avojadro’s Number, = c , N = cNa

Na N
Substituting for N in (9) gives

i^ _ ^7T ̂ (dn/dc)Sic sin^ 0^ qqj
XV :
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oTha term sin*" 0j_ gives the angular dependence of the 

scattered light. From Fig* l^page ^3A, it can be seen 
that the incident light wave is polarised in the ZX plane. 
At 0 the oscillating dipole radiates a secondary wave 
the intensity of which varies as the square of the sine 
of the angle between the observer and the Z axis*
In Figo 1 page ^3A, the lengths of the arrows are 
proportional to the intensity in any given direction*.
The intensity tends towards a maximum in the YX plane 
and towards zero along the 2 axis* The scatter is 
symmetrical about the Z axis*

Unpolarlsed light may bo considered to be a 
superposition of two plane-polarised beams with their 
planes of polarisation perpendicular to one another 
Figo lA page ^3A, shows the distribution of scattered 
light in this casoo the vertical ZX wave behaves
as in Figo 1 pag^e 43Ao The horizontal XY plane sets 
up a secondary wave$ the intensity of which goss to a 
maximum in the ZX plane, to sera on the Y axis and is 
symmetrical about the Y axis©

Therefore i^, the intensity of scatter of tha

unpolarised light represents the sum of two terms in 
equation 10



ANGULAR DEPENDENCE OF SCATTERED LIGHT. 
FIGURE 1.

43a

FIGURE la
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Each term represents the scattering from half the 

incident intensityo The left hand side of equation (10) 
will be ig for each of these terms* The terms will

be identical except that the angular distribution term
pwill differ* One term will contain sin 01, and the 

2other sin @2) vhere if the direction of the incident 
beam is designated as the x-axls of a rectangular coordinate 
system, and Qg represent the angles made by the line 
from the point of observation with the y and z axes 
respectively*

Therefore, for unpolarised light, equation (2.0) 
becomes

_ 27r^(dn/dc)Sîc ^^ 2 ^ ^ ^̂  2(sin 0^ + sin ©2) (11)
a

2 P 2Sin @2 sin Gg replaced by 1 + cos 0, where
0 is the angle between the line of observation and the
X axis*

1- _ 2ir^(l + cos^ 0)(dn/dc)Slc00 *"----------- ---- ---- -- ■■■■■■■» (12)
lo A \ r :

If this equation is applied to dilute solutions oC ^ must 
be redetermined*

Equation (7) becomes
= ifTTNot (13)
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where n is the refractive index of the solvent* o

If n is close to Hq
2nQ<n - n^) = 4 TN cA.

no(n -  n ) = 2TTNcA w o
n^(n  -  n g )/c  = 27TN cl/c  

le* n^dn/dc = 2TfrNcA/c
oC 2 = no^(dn/dc)2c^ (i4)

Insertion of tills new value ofc(  ̂into equation (5) 
leads to

1q ^ 21t2(i + coŝ  e)nQ̂ (dn/dc)S4c

lo
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 greatei than the distance 
between the pàrticles and when the light paths from A and B to 
an observer viewing at any angle 0 are different by one 
half wavelength*
c) Light-Scattering by Pure Liquids«.

Pure liquids may be considered to be intermediate 
between gases and transparent crystals* Order is 
present, but not complete order*

Two equal volume elements can be considered with 
dimensions X  5 separated by such a distance that the 
light paths to an observer differ by half a wavelengthc 
However, in a liquid the scattering 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 is therefore an excess of scattering 
from one, of any two pairs of volume elements, which is 
not cancelled out.

So pure liquids give a small scattering of light*
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d)o The Theory of Fluctuations as Applied to 

Macromolecular Solutions.
Lot the solution be made up of small elements of

volume yy , whose dimensions are very much less than the
wavelength of light so that each element 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«/mlo

/throughout the solution is considered to be e, the 
fluctuation concentration In Ij/ will equal c = c ^ 6 c, 
where Sc is the concentration fluctuation.

Also, due to the fluctuation in concentration, there 
will be fluctuation in the polarisabiiity of the solution* 
I f  is the average polarisabiiity U -  jC S<X ? 
ict being due to c«

Therefore equation (?) becomes
1 _ i6TT^(e(î + 64)^ sinf e.s = (16)
I. A

The expansion of {j! + &A is + ( <So4 )
The tJJ ^ term is zero as this term for any element is the 
same. Therefore a similar phenomenon takes place as
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occurs in transparent crystals which give no scattering*■ 
-Any term in has an equal chance of being positive
or negative and therefore this term disappears. As all 
terms in ( ) will be positive this terra remains and
is written ( 6 oL ) to signify the average value of a large 
number of elementsc

If there are N volume elements/mol», li is equal to 
1/y; 5 where Ij.; is the volume of each element *

cin2 a,
(17)

A V yo
Temperature, pressure and solute concentration will 

all affect the polarisabiiity of a volume elements
e

9 0

As the scatter from pure solvent will be subtracted 
from that of the solution, the first two terras in (l8 ) can 
be ignored, in dilute solutions, as similar terms are 
present in the corresponding equation for scatter by solvent 
Putting:

I
Substituting N = Liy

%  f i s  I =
^/T,P I o c /T,p
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= ü î î o / A i iA\ I 1 V « (19)® 'T,P 2‘n*\ d c
From equation (l8 )

Squaring this and introducing the value for ( ) into
equation (17) giv^s

i l6Tf^ sln^ 0̂  ( ̂  /<̂  c)? _ (6 c)^° K **■ A 5
I X ^ 2  ly
° N , . 2Introducing into this equation the value oi’ ( o<^/d c)TjP

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

2.,: «p_ 2ig _ 4ir Y  %  n/(A c) sln^ 9%̂ (X^) (20)
I A  Vo 2 2 where (%X) is the average ( 6  c) *

For unpolarised light equation (20) becomes
ig „ 2T ^ Y  ̂ ô̂ (<̂  n/cJc)^( 1 + cos^ @) (Tc)^ ^21)

I A V
2It is necessary to evaluate (XF)- • This quantity

depends on the variation of free energy of the macromolecular 
solution with concentration. The probability of a given
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fluctuation <5 c may be calculated by considering all 
volume elements with a given value of 6 c as individual 
chemical species. The quantity of elements of a particular 
kind, relative to elements with the average concentration 
c , has the form of an equilibrium constant equal to

G^/kT), where A  is difference in the free energy 
per element. If the standard state chosen is the state 
of unit mole fraction A  G^, which can be designated A  G,
jDecomes the difference of free energy between solutions

/ /of concentrations c *«• c and c e
The probability of a given value of ê c becomes 

proportional to ^t-^-^G/lcT) •
As neither large concentration fluctuations no(Marge 

A  G values will occurg A  G may be expanded as a Taylor 
series in which only the first two terras are retained.
i.e. A g = / 1 g W  4.

V ^ °ii,p ^4
The average concentration about which fluctuations

occur may be taken as the equilibrium concentration at
constant pressure. Therefore (6 G/^ c) = 0

- 6 G/lcT*Substituting the value got for a G in e gives
- -(.Ô ̂ G/è c^)(.S c)^/afr
® “ ® (22)



(23)

5lo
2

The average Value of ("5*c) from equation (22) can 
be shown to be k3 (̂ à ̂ G/à ĉ ),̂ , p.
Substitution of this value for (Xc*)^ in equation (21) 
gives

_ 2 TT^ynQ^(d n/<Ac)^(l + cos^ ©) T  IcS

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

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

^1^1 *̂2^2 “ ^  (24)

vrtiere.V^ and are the partial molar volumes of solvent 
and solute respectively in a volume element

dn^ = (25)
The free energy change accompanying any change in 

concentration at constant pressure and temperature can be 
shown to bo

dG = ^yUgdng (25a)

w h e r e a n d y i g  are the chemical potentials of solvent 
and solute respectively*

dG « dn^yi^ - (^2^1^1^ (26)
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The number of moles of solute per ml. = n«/u = c/MC. ^

t- dn^ = (Y  /%)dc

» 0

Differentiating with respect to c gives

'  -  W i £ i )

From Gibbs-Duhem equation
nqĈ ai *̂ 29̂ 2 “ ^

Equation (28) becomes

T,f

= uy lA ■> HgVa]. / w
M&, npVi / \<|o/ I

As ^^2^2^ ~ ^
So equation (29) becomes 

2_%
d t !

T.P cV. T.P

(27)

(28)

(29)

(30)

Insertion of Equation (30) into equation (23) gives
.2 2., , , t21

I

2TT Uq (d  n / j  c ) (1 + cos^ 0 )c

A^r^o -T(l/V̂ k̂T)»( °^T,â3
(31)

The dependence of chemical potential of the solvent on
the concentration of the solute is related by the following
equation*
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- 2Bc + 3Cc2)

where M Is the molecular weight of solute of concentration 
c and B and C are the second and third virial coefficients 
respectively* As Ic = R/N^

= îî„(l + -I' 3Co^ + ...) (32)a M
P9

Insertion of the right-hand sido of equation (32) into
equation (31) gives

t 2W^n^^(c)n/d c)^(I cos^ 9)c
= _____ 2________________________________  (33)

rr A  r^ClAl + 2Bc •}• 3Cc^)
In very ailute solutions equation (33) reduces to equation 
(15).
Equation (33) is often written as

1Rn = (3!»)

or «S r^i
*"* , which is independent of1^(1 cos 9)

the scattering angle, where ^ ^
l/H -}• 2Bc + 3Cc^
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where 2 ii'̂ n “(d n/c c)'*ii =  q__________

JSfi. = i  •'■ 2Bc + 3Cc^ + »... (35)
•' «0 M

It can be shown that the turbidity^ equals l6lTRr.

Substitution of this value into equation (35) gives
He = 1 2Bc + 3Cc^ 4. (36)
T M

where _ _ 32TT^n. ̂  à n/ t kc^

3ITaA‘'
The molecular weight obtained is the weipht average 
molecular weight*
e)a Optical Anisotropy of Scattcaririg Pa.rtxcle>s^

If the particles considered are anisotropic, a 
correction must be made for the possibility of increased 
scattering due to the fluctuations in the orientations*

In an isotropic particle the ratio of horizontally 
to vertically polarised light will be zero at 0 = 90°, 
because the induced dipole is parallol to the electric 
vector of the incident light* However, if the particle 
is not Isotropic the induced dipole is not parallel to 
the electric vector* Consequently, the ratio of horizontally
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polarised to vertically polarised light, P u, is not zero.

67This ratio has been sho\m by Cabannes to be related 
to the excess scattering due to anisotropy* The Cabannes 
factor is (6 -7yOu)/(6 + 6̂ u).

This correction factor must be applied to R or T, if 
an accuracy of IjS is wanted in molecular weight calculations*

Large Particles.
Li ght Sc a 11 ering_from Lazfie. Pai±i_c],aaj*.

% e n  the particle has a dimension which exceeds 
A/20, interference will occur between light waves 
scattered from different parts of the particle; the 
interference is greater at larger values of 9 than for 
small ones* There is thus a reduction of the light 
scattered other than at 9 = 0* The function P(0) is 
defined:
P(9) 5 scattered Intensity fo_y_. large particle (37) 

scattered intensity without interference 
P(9) can be related to molecular shape, and is also used 
to correct measured intensities for the effect of internal 
interferences. If the particle is divided into ^  

scattering points©



P W  = 4  i  ̂  f f V L f i l  (38)

where r^^ Is the distance from the 1 th to the ] th
scattering point, and u = 4irsin 0/2

A»
It can be shown that P(0) has a limiting form, which 

is related to the radius of gyration of the particles
1 + 16T^ R  2 s i n ^  0  (29)

P((̂ ) 3ÂF" P
where Aj is the wavclen^jth of the light in the medium* 
Using equations (36), (37)? and (39) gives

If the values of Kc/T are extrapolated to zero 
concentration at various values of 9, and the limiting

pvalues plotted against sin 6/2, then the molecular weight
and radius of gyration can be obtained.. This is the basis 

68of the Zimm method for treating the angular distribution
of scattered light*

A second method of treating data is the dissymmetry
method* It is possible to evaluate P(0) in terms of

69molecular properties for certain models 'eg. for flexible 
coils

P(0) = (2Af2) (e*''' + W - 1) (Ifl)
where W =
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69 70e Depressions for rods and spheres are also available.

P(0) 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 and distance

71of a coll), and tables are available of these functions 
The measured dissymmetry = li^j/i^^^) can be used
to calculate the characteristic dimension, and also the 
correction to be made to the 90° scattering to correct 
it for the effect of internal interference in the 
calculi*tion of molecular weight,, Equation (36) becomes

JiS =   + 2Bc (1̂.2)
T MP(8)

In the dissymmetry metlïod a choice of model for the 
particle had to be made, while in the Zimm method the 
radius of gyration is obtained without having to assign 
a model to the particle*

Interpretation of the Second Virial Coefficlf^^SuL.
It has been shown^^that the chemical potential of 

a non-electrolyte in solution for a non-ideal case can be 
expanded as a power series of the type.

/■X = -RTV^° Cgd/Mg Bcg + Ccg^ +...) (43)
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where is the molar volume of the solvent and C2 is 
the solute 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 
u, - = -RTV’.-.̂ co ( 1 UqUC2 )

where u is the excluded volume of the solute.
/. From equations (43) and (44) it can be seen that

2M2^
For spherical molecules the excluded volume can be 

sho\m to be (32/3)ir3̂  ̂or 8M2V2/%a» ^2 the specific
volume of the solute*
Hence g = Ifa8M2V2 _ ^  (l^)

2 ^ 2 %  «2
B is therefore related to the volume of the solute molecule 

For Vods u = 2M2V2L/N^d, where L is the length of
the rodo.

So B = (47)

Again B isSrelated to the volume of the solute molecule 
J
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For flexible polymers the calculations are more 

complex, but the rosult obtained is that
U = (3 2/3)11^  (48)

where g is a proportionality factor and Rq is the 
radius of gyration of .the polymer «

As B is determinable from light-scattering measurements 
an idea of the shape of the molecule may be obtained.
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r.ITERPRETATIÜN OF VISCOSITY RESULTS*
Experimentally viscosity is conveniently calculated 

as the specific viscosity gp where

= ... i' -I
“7 is the macroscopic viscosity of the solution and *7
is the viscosity of the solvent* 7 sp/©i where c is

the concentration, is independent of concentration at the 
limit of zero concentration* This value 7  sp'̂  ̂ is 
called the intrinsic viscosity |̂ 7j

[7j »  i .  (.9)
0 c=o

C’OIt was shoim by Einstein^^for any number of suspended 
particles, that the macroscopic viscosity, , of the 
suspension is

7 * = 7(1 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 Einsteirfs treatment to ellipsoids of 
revolution has been made by Slmha^^who obtained the result
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a

7 = 7 (1 , where V  is the shape factor* For
spheres V' is 2*5, and it is invariably larger for 
ellipsoids, and is a function of the axial ratio*

The volume fraction, cannot be readily determined 
practically (for a particle as it exists in solution) 
and is replaced by the concentration, c* If is the 
hydrodynamic volume of the dissolved macromolecules and 
c is the concentration in g/cc, then is the number
of particles/cco Therefore ̂  = Nĝ cV̂ ./M 
The combination of equations (4*9) and (503 gives

= (51)
M

It has been shown by Oneley^^that

'̂ h = (52)
where M is the molecular weight of the solute, is 
Avogadro"s Number, V 2 is the average specific voluue of 
solute particles, \1 is the amount of water associated with 
the solute particles le. the hydration, and '9%° is the 
average specific volume of water*
Introduction of equation (52) into (51) gives

[7] + w (53)

Equation (53) can be used to find the amount of 
hydration for solutes wljiere it can be assumed that the 
particles are spherical and v  has the theoretical value
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of 2c5o. Unless the hydration can be independently determined^ 
intrinsic viscosities can only be interpreted in terms 
of alternative axial ratios and hydrations* The approach 
outlined above is only applicable to rigid macromolecul^So 

It can D0 considered that flexible polymers behave 
like spheres with a radius related to the radius of 
gyration of the polymer by r^ = ^ Rq, whore ^  is a 
proportionality constant and r^ is the rqdius of a 
spheroid hydrodynamically equivalent to the polymer 
molecule*
Thus - 4 IT § and substituting in equation (51)
gives

.  i o t t ® 4 V (54)
3M

The radius of gyration can be expressed in. terms 
of the molecular weight of the monomer uhic the 
effective bond length ̂  , and the expansion factor of the 
polymer coil ie* Rq ^ oL ^  % / 6Mg 
Inserting into equation (54)

Ft I = (55)L J 3(6MQ)Va
has the value of one in an ideal sdlTsnt, and is
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proportional to good solvent* Hence, from
equation (55)» is proportional to 
depending on solvent*.
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MATERIALS AND EXPERIMENTAL METHODS
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M A T E R I A T . S

Reaction Scheme.

Ù MHO(CHoCHoQ)-H + Na— » HO(CH„CHoO),Na + excess
^ ^ -i «i i Triethylene

Trletbylehe Glycol Glycols

%.) 2H0(CH2CH20)-Na + CICHgCRgOCHgCH^l
2,2 - dlchloro diethyl ether

E0(CEgCE20)gH
Octaoxyethylene glycol ng

3.) W(OCH2CH2)gOH + Na
C (n-Hexadecyl Bromide) 

C,,H^(OCH,CE^)eOH
Octaoxy ethylene Glycol Honohexadecyl ether 

+ excess octaoxyethylene glycol



icatlion of Er!xadeGy]L_BrQm.i.de,,
T w  s^amples of eomniercial he^iadecyl bromide were 

used, viSo BoDoHo and Sastmann —  Kodako
Both batches were vacmm distilled twice at 125^0 

Oo25mm Hgc„ and the following physical constants were 
obtainedo

4 ° F.Pt. ^20°

1.4628 16.3°
1.4630 1 6.3° 1 .0049

1.4620 15.0° I..0000

B oDqHo
Eastmann - Kodak

?3HeUbron and Bunbnry
The Eastmann — Kodak pi^eparation was nsed in the 

subsequent preparation*. .
3s6y9yl2j)l5gl8s.21**^HeptaoxatricQsane”-l»-23«<iiol 

(octaoxyethylene glycol ng)*.
The starting material was triethylene glycol (Trigol, 

BoDoHo)o This material was vacuum distilled at 165^C 
Oo25mm Hg *.5 (nfP To the redistilled triethylen©
glycol (1500 g«.)s> at 70 '̂C, sodium (57o»5 geO was added 
piece by piece until completely dissolved* The temperature 
was raised to Approximately 120^0 to ensure complete 
solution of the sodium* Pour times the equivalent quantity

af triethylene glycol was used to ensure that the monosodium
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salt of triethylene glycol was formed*.

The temperature of the reaction was allowed to fall 
to below lOO^C and 2,2 -dlchloro diethyl ether (179 g**) was 
added slowly with stirring. The temperature of the 
reaction mixture was raised to 130 - l*fÔ C and the reaction 
was continued until sodium chloride was precipitated and 
the mixture was n e u t r a l I t  was filtered hot and the 
filtrate was vacuum distilled in small batches to r^ove 
excess triethylene glycol» If sodium chloride was 
precipitated in any of these small batches they were 
filtered hot and redistilled» Tha residues from the 
individual distillations were bulked and vacuum distilled 
at approximately 220^0(o.01mm Hg..,) Pure octagol (160 g») 
was distilled (n§° 1..4661, dg^o 1.4237,b.pt. 216°(0.01mm Hg^) 
Pound* C, $1»8; H, '9»2; 95**0̂ » ^16^3^^9 requires
C, 51-9; H, 9-3; CH^CH^o, 95-1^.

3i 6t 9» 12,15$18$21# 2>M)ctaoxatetracontane-l-ol 
I octaoxyethylene glycol monohexadecyl ether Hng). 
Octaoxyethylene glycol (75 g.)$ in excess, was heated to 
100 <*120̂ 0 and sodium (I»l8 g.) was added and dissolved» 
Hexadecyl bromide (16»3 g.) was added and the reaction was 
allowed to continue for four hours at 120^0. 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.^g.) which 
solidified on cooling* This solid was recrystallised from 
ether (l6.4g.) 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«8J?) 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 go (46!̂ ) of pure Hng, m.pt. 4l.5^C.
(Found: C, 64.23; Hg 11.13; CHgCH^O, 59ol2j5o
^32^66^9 i^G^nires C, 64.6; Ej, U^XX;
CHgCH^O; 59-24^).

Septaoxyethylene glycol monohexadecyl ether (Hn^)
and nonaoxyethylene glycol monohexadecyl ether (Hn^) were
gifts from Mr. C. B. Macfarlane, and had the physical

8,9constants already reported .
Water was twice distilled from permanganate in an 

all glass still.
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EXPERIMENTAI METHODS.

1. Llght»5catterliig.
a). Description of Light-Scatterer.

The llght-scatterer used was that described previously
45by Elworthy and McIntosh . A diagram of the apparatus 

Is shown In Figure 2. page 68a.
The light source, A, is a G.E.C« 2$0W 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 CVM)o. The light is passed through a Çcm 
focal length lens, B, and brought into focus on a narrow 
slit, C, to give a secondary source of light. Lons 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 isQ
reflected by a polished brass plate^to an E.M.I. type 25110 
photocellM)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
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Diagram of Light^cattGrer»
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for keeping the perspex standard block, used in turbidity 
measurements, in placée

The light 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 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 Parafitec 
In this way any stray fluctuations over the envelope of 
the tube are evened outo The photomultiplier is mounted 
on a flat tufnol arm resting on a tufnol plate and can 
move smoothly around the cell. The power for the 
photomultiplier is supplied by two Siemens Bdiswan R 1184 
power packs in series, each of which is capable of 
providing 3-00 - 1100 v. D.C.

Components D to L are enclosed in a light-proof box 
shown as a dotted line in Pig. 2. The floor of the box 
contains studs, every 10®, betweem $0® and 130® and also 
at 45® and 135^ with respect to the line of incident 
light onto the solution cell* A 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 

shoim in Figure 3> page 70a.
b). Description of Light-Scattering Solution Cell.

The cell is similar to that described by Elwrthy 
and Mclntosh^^. It is made of brass and consists of a 
brass shell of internal diameter 31mm^ and height 59mm.
It is circular except for two flattened portions ikj Figure 4, 
page 70b, I, to which the end windows are fixed. Two 
holes drilled horizontally at D and (Pig. 4, page 70b, I) 
connect with vertically drilled inter connecting holes at C 
and allow water to be circulated through the wall of the 
cell; a piece 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 
5mm. wide (Pig., 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 3o
Electronic Circuit of Light-»Scatter01 o
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FIGURE

Description of Light-Scattering Cell
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c). Measurement of Turbldlti^,

All glassware used was cleaned with chromic acid,
washed well with water, and finally with acetone vapouro
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 waterc The solutions were filtered through a
mllllpore membrane filter,mean pore size 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 lid. Visual Inspedtlon In the light
beam was found to be an efficient way of testing for
dust particles after filtration.

A polished perspex block, 84mm. x l^nm. x 54mm., was
used as a light-scattering standard. This block was

8calibrated from Ludox solutions by Macfarlane and McIntosh 
and gave a standard turbidity of 2.71 xlO~^cm~^o. As a
check on the calibration, the turbidity of benzene was

lf6
— Çdetermined, giving 27-3 ± 0.3 xiO cm mean of four

measurements, %*ich agrees well with a literature value 
of 27-5 X 10“'cm” .̂ and with the figure obtained after the
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Intlal Ludox calibration (27<̂ 2 ± % lO’̂ ĉra.*̂ ).

The block w q s  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 lined up to ensure that the light beam passed 
directly through the side windows of the cell. Readings 
were taken every 5 minutes, with the photomultiplier at 
right angles to the path of light entering .the cell, until 
a constant value for the ratio, Sgo^> of the reading for 
solution to that for the block was obtained. Cell and 
block were Interchanged to give a reading from each In 
obtaining 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 turbidity after this time. Dissymmetry was 
measured by taking a reading at 45^ and 135° for the 
solution and calculating the ratio Depolarisation
was measured by inserting a polarold 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 Interferometrlcally and dilutions were made by 
adding known quantities of water to the solution In a 
beakero
2. Measurement of <to/dc.

Measurements of dn/dc were made In a Hllger Rayleigh
. 4-7Interferometer^ type M 154*, using the method of Bauer et al..

With pure water In both halves of the interferometer 
cell, the zero drum reading, �q , was determined for green 
lighto, The water In one of the compartments was replaced 
by solution, and after allowing time for t«nperature 
equilibrium to be reached, the bands were brought Into 
coincidence and the drum reading r, was noted. The 
balance points were locate using white light, and the final 
reading was taken with the Interference filter In place, 
le. for the 5461 X wavelength.

The drum was then rotated slowly towards r^, the
number of bands, IT, passed being counted until coincidence
of bands was obtained at, r^, the nearest drum reading
above r . o

Invariably a fractional part of a band, f, is obtained 
by this method. This band fraction is calculated as follows.
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One band is equivalent to a band distance v v = P

N
/° the fractional part of a band is r - rg _ ^0 o

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

cell the refractive index change n - n^ at wavelength X 
is given by

(n - n^) = CA/S)(N + f)
ie. dn = (A/c^N + f)

dn = X (N + f ) 56
• 0

dc d • c

where c is the concentration of solute in solution in g./ml
In measuring dn/dc 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 - r^) V. concentration was made which was used for
finding the concentration of solutions which have been
filtered prior to light-scattering and which may have lost
some solute on the filter.
3*. Measurements of Vapour Pressure*

The apparatus used is sho\m in Figure 5, page 74a,
43being based on the design of Gibson and Adams , and



FIGURE 5.
Vapour Proçsure Apparatus
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1?described by Elworthy and Macfarlane • 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.Rg* Flasks 6, 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 i;ho 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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equillbriunie The difference between levels 1 and 11
of the manometer \ms 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 Macfarlane^)* Tests
for leaks of the apparatus were also carried out with
no wator 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

7 2reasonably with those in the literature *
Temperature* 15°C 25°C 35^0 4$°C
Literature Value. 1*2782 2*3753 4#2l80 7®190 cm.Eg
Found* 1.25 2#40 4.20 7.15 cm.Eg

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 auxiliary flask B to bring the manometer reading to 
roughly the value for the solution (which was roughly 
predetermined). 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 taired beaker, and weighed#
The weights of water and detergent in the sample were 
determined by drying to constant weight in a vacuum oven 
over 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 built 
up in this way*.

Because of difficulty in manipulating the apparatus 
it was not found possible to measure the vapour pressures 
at temperatures above 50^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. PerLSitle^.

Densities of glycols were determined in a 10 ml 
pycnometer* The densities of Hng and Hn^ were measured 
in a 1 ml* pycnometer above their melting points, but 
otherwise were determined from the known densities of



78 o
glycols and hexadecane, calculating the molar volume of 
detergent, and neglecting molar volume of hydrogen*
The experimentally determined densities agreed well with 
those calculated.
6). Cloud PointSc

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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RESULTSc

The light-scattering results are shown in Figures 
6, 7d8o{p * 79a , as plots of (c - Cĵ )/(T - T^) against
(c - c, ), where c is the soluter concentration in g,/ml.,

l6and T is the turbidity. It was noted by Balmbra et al 
that breaks in plots of c against T were obtained for the 
synthetic detergent hexaoxyethylene glycol monododecyl 
ether. These breaks had all the appearance of cmc*s, 
but occurred at concentrations much greater than the cmc*
The concentration ĉ . propably represents a higher association 
limit than the cmc. Below the turbidity of the 
solutions is the same as that of solvent, within 
experimental error, and values of Cj were obtained by 
extrapolating back large scale plots of c against T 
(using measurements made at low concentrations), to the 
solvent or to extremely dilute solution turbidityc The
values of c^ are given in Table 3; they increase with 
temperature, while the cmc*s of non-ionic detergents have 
been found generally to decrease with temporaturec

At 25°, the cmc*s of Hh^ and Hn^ were found to be 
0.957 % 10~^ and 1.33 x 10*^ g ../ml. respectively^, which 
are in the region of 10® times smaller than the values of



FIGURE 6 LIGHT SCATTERING Hh«,
Plot of c-ĉ '/T-'T-̂  against c
for Temperatures shown in C.

79a.
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FIGURE ? LIGHT SCATTERING Hn
Plot of c-c^^/T-Tj against c
for temperatures shovfn
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Concn. in g,/ ml* xJO



FIGURE 8 LIGHT SCATTERING Hn̂
Plot of against c
for Temperatures shovm in °Co

79c
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e_. The light-scattering results are summarised in 
1 8,9Table 3» along with relevant data from Elworthy and Macfarlane«

The micellar weights were calculated from equation (56)  ̂
using Debyes®^ procedure of substracting the turbidity 
and concentration at the association concentration, in 
this- case T^ and c^*-

HCc - c^) / (T - = 1/HP(0) + 2Bc (56)

The optical constant, H, and the other symbols have 
been defined on page 5̂ « The micellar weights given in 
Table 3 have been corrected for depolarisation and 
dissymmetry. At the lower temperatures^ values of 
close to unity were obtained, indicating that dust l%ad 
been satisfactorily renoved from the solutions, and that 
stray light was absent. At the higher temperatures, 
some dimension of the micelles appears to have become 
greater thsua X /20, and small values for 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 coils were used.
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TABLE

Light-Scattering Results and relevant data for Hru, Bhg
and Hn^ at9 various temperatures«

Tempo^*c MxlO"^ m ^ 5 dn/dc IfB X 10 c-i (G/ml 
X  lO-

Hny 15 0.90 164 1.03 0.002 0.1361 0.42 0.20
17.5 I.l4 207 1-03 0.002 0.1355 1*46 0.20
20 1-37 249 \.oo 0.012 0.1350 0.84 0.36

^ 25 3-27 594 1.02 0.015 0.1350 — 0.30

Hng 15 1.31 220 1-04 0.010 0.1331 2-42 0.20
25 1-43 240 1.01 0.008 0-1317 2-43 0,20
35 1,61 271 1.04 0.019 0.1305 1.56 0-125
3 7 A 3-98 668 1-11 0.002 0.1304 —0.04 0,40
39-3 6.02 1010 1.12 0.022 0.1300 -0.09 0,45
44,3 16.7 2800 1.17 0.007 0.1294 -0.1 0.50

Hn * 25 1.40 219 1-03 0.016 0.1353 3,28. 0.20
45 1.76 275 1-03 0.0 0.1324 1-95 0.20
50 3-50 549 1.007 0.010 0.1322 -0.14 0.40
53.5 5-29 827 1-11 0.008 0.1320 -0.17 0-52
57-5 8,8 1377 1.14 0.013 . 0.1310 -0.50 0.60

Q*  Quoted from Macfarlane and Blvorthy .
m = number of monomerSv Z = 'dissymmetry y/? = depolarisation 
dn/dc is quoted in ml/g.
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For all detergents studied^ the raicellr.r weights 

increased as temperature rose; the increase is gradual 
at low temperatures5 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 Hn^ is loss gradual than for the other 
detergnnts. The second virial coefficients decrease with 
incrr^asing temperature, and become negative at the 
highest temperature.

The viscosity results are shown in Figures 10, 11, 
and 12, (p, 82, b, c, d), as plots of 7 against c«
Reasonable straight lines were obtained in all cases#,
The intercept [-y] increases with temperature, as does the 
slope. Figure 13, (p# 82 e), shows a plot of log [jJ agains 
temperature, Tim straight lines are present which

• ftintersoct at temperatures of 22, 36,3, and 48 for En^,
Hng and Hn^ respectively. Similar effects are shown in 
Figure 9,(p# 79 d), for Hng and Hn^ using micellar weights 
from light-scattering. There appears to be a threshold 
temperature (called T^) above which both micellar weight 
and intrinsic viscosities rise exponentially with increasing
temperature. This rise in the Intrinsic viscosities may 
represent a large increase of micellar asymmetry or 
hydration, the former appearing to be more likely. As the 
series of detergents



FIGURE 9 c.
Log. M V. T°C for Hn^, Hn^ and En ,
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FIGURE 10 

VISCOSITY Eny
Plot of(̂ 7 against concentration 
at temperature shown.
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FIGURE il VISCOSITY Hn8 32c,
Plot of H  \against concentration temperaturos shown
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FIGURE 12 "vISODSÏTY Hn
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Plot of against concentration at temperatures sUcun
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FIGURE 13.

Variation of log of Intrinsic Viscosity, R j , with 
temperature for Hn^, Hn^ and Hn^.
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is ascended^ the slope of the lines above becomes less*

The vapour pressure results are shoim in Figures l4^
15, and 16 (p# 83 a, b, c)$ as plots of vapour pressure^ pj
(0m# Hg#) against concentration) a, (gcwater/g#detergent)#
Plots of a/% 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 sho\m in Figure l5a (p# 83d )
for Hng5 the graphs were linear above x = 0*85, and the
values of a at X = 1 are given in Table h as W(v*p#)#

17EliTorthy and Macfarlane  ̂suggested that the value of W 
obtained in this \my could be taken as an estimate of 
micellar hydration# It was thought that at this 
concentration, 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 tested^^ by 
calculating W (vise#) from equation (53) in cases where
the micelles were spherical; good agreement between this
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FIGURE I»»-,

Tap (Mir Pres sore Bo»»
Plot of Vapour Pressure (T.P.) la cm. Hg. against 
g.HgO/g..detergent at temperature shown
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FIGURE 15. 83b,
Vapour Pressure Hripo.

Plot of Vapour Pressure (VePe7 in cmo Hgo against
gc-H20/g»detergent at temperature shown»
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FIGURE 16.
Vapour Pressure Hzî

Plot of Vapour Pressure (V.Po) In cm.Eg, against 
goH^O/g«.detergent at temperature shown-
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FIGURE 15a.

Plot of a/x against x for Kn«« Where a Is 
goH,0/g«detergent and x is relative vapour pressure.
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value of hydration and that from vapour pressure was
obtained» Below the threshold temperature there is no
physical reason why the micelles should to asymmetric,
and a comparison of W (visco) calculated from equation (53)
is made with W (v.p.). The agreement is reasonable on

17the whole, especially as Macfarlane has shown that the 
limits of error in determining W (vise.) can be 5 - 15Ŝ<» 
There is some scatter of results for Bhy at the two lowest 
temperatures, pro|>ably due to the difficulties of 
accurately measuring small intrinsic viscosities and 
vapour pressures.
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TABLE 4.,

Variation of and hydration with temperature.
oTemp. Co 15 20**’ 25^ 30*

[7] 3-20 2.91 9.70 29-94
W (Vop.) 0.29 0.28 0.44 0.52
W (visCo) 0.23 0.l3

Tempo^Co 15 25 35 38 40 45
L7j 3.60 3.88 4.20 5-96 8,50 22.0

W (Vo.p.) 0.50 0.58 0.66 0.75
W (visCo) 0.1+2 0.52 0,64

Tempe-^Co 25"^ 35 45 50 55 59.8 65

w 4-29 4-50 4-69 6.03 10.1 18.7 34,9
W (v.p.) 0.65 0.83 0,88
W (vise») 0.72 0.77 0.83

is expressed in ml/go 
W is expressed in g.water/ g.detergent.

9* Prom Macfarlane and Elworthy
8f From Macfarlame and Elworthy

v»p* = vapour pressure vise. = viscosity,



c6uld be :
Hny W
Hng W
Hn W9

86c
Plots of hydration against temperature Figure 17, page 1 

presented by 
= OolOO + 0.011+ T 
= 0.315 + 0.0097 T 
= 0.500 + 0.0075 T

where W was the mean hydration in g.vater/g.detergent, and 
T was temperature in ®C. 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 5-0̂ 0 in the case of Hn^, it was 
assumed that W (v.p.) v. T° was a straight line for Hn^, 
and values of W (v.p.) were obtained at higher temperatures 
by extrapolation.

The vapour pressure results for HUq wore also usedo
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, using^^%

A H  = Êg _ = R /'à ln (P /P o ) l
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FIOÜRB 17,.
HYDRATIONo

Variation of hydration with temperature for 
Hng and Hn̂ ..
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and

A S  = Fg - 8], = i |a H - RTln(p/po)| (58)

where and are molar enthalpies and entropies of water, 
Hg and are partial molar enthalpies and entropies of 
the sorbate, and are the number of moles of sorbate 
and sorbent respectively, and p/p^ is the relative 
vapour pressure.

The differential partial molar enthalpies (AH) 
and entropies of hydration were calculated (Table 5).
A  H was calculated for the three temperature intervals 
(15^- 25  ̂ 25°- 35> and 35^- *+5) available from the vapour 
pressure results. Both A H  and A F  are positive in sign, 
and are of roughly the same sise as values determined for 
Hny by Elworthy and Macfarlane^^. Generally the 
thermodynamic properties decrease as a increases, and 
increase as the temperature is raised. Below a = 0.4 the 
scatter of results made the calculations unreliable.
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TABLE S.

Differential partial molar enthalpies and entropies of 
sorption of Hng»

a A H 20°c A  820°
O.h 1.5 1-8 2.0 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

A  H is expressed in Kcals. mol© . A 8 in .1calsomple deg
Cloud points are shown in Figure l8, page 8Ô3U Over 

the range studied they do not vary much with concentration, 
but increase as the poloxyethylene chain lengthens, being 
54°, 64^, and 76° for Hn^, Hn^, and Hn̂  ̂respectively.

It was necessary to determine the densities of the 
detergentso

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

oAs a check on this method the densities of Hn^ at 4Ç C
and of Hn^ at 45^0 and 53«5^C were measured directly in 
a 1mlo pycnometer, giving 0.950 g./ml. for Hng and O.968 g.f
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FIGURE 18,

Cloud Points of En t Hng and Hn^,
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and 0o9$4 g./ml. for Hn^ at and 53«5̂ C respectively.
The densities of hexadecane were obtained from the 

79literature y checks being made at two temperatures. 
Density values are shown in Table 6, and 6ao

TABLE 6.
Densities of glycols, hexadecane and detergents at the 
temperatures shown.
Hny

T°C
n g./ml.

Hng
T°C
ngd^ g./ml. 
d^ Hn» calc 
d^ Hng meas

%

T°C
n„d^ g./ml. 

Hn» calc
tr_  _____

15 20 25 30
1.130 1.127 1.123 1.119

g./ml. 0.949 0.946 0.942 0.939

15 25 35 45
1,170 1.168 1.153 1.137

g./ml. 0.978 0.973 0.963 0.952
g./ml. 0.950

45 50 53,5 57.5
1.148 1.135 1.132 1.131

g./ml. 0.968 0.961 0.957 0.955
. g./ml. 0.968 0.954



TABLE 6a.
Density of Hexadecane at Temperatures shown» 90

Sexadacansi.
T°C < (experimental)
15 0.7760
25 0.7699 0.7701
35 0.7639 0.7637
45 0.7570
50 0.7535
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DISCUSSION,

The Structure of the Micelles Below T^,

In the region below the threshold temperatures, 22®, 
36,3^, and 4S°C for Hn^, Hng, and Hn^ respectively, both 
molecular weights and viscosity Intercepts increase 
fairly slowly with increasing temperature. The latter 
are all fairly close to the Einstein value of 2,5 for 
unsolvated spheres. Values of micellar hydration 
calculated from both viscosity intercepts and vapour pressure 
results show an increase with temperature5 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, was calculated from

~ lifW (59)
where V is 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,
'h

r. T 1/33 X molecular volume hexadecane xh hexadecane x mj
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The difference between r^ and r^ is the radial length 

occupied by the polyoxyethylene chains, and is denoted r^. 
The results of the calculations are given in Table 7o

TABLE 7_,
Micellar properties of Detergents at various Temperatures 
below T^,
Detergent Temp.°C V X 10“  ̂(2^)

15° 2.03 36.4 26.7 9.7
17.5° 2.61 39.6 28,9 10.6
20° 3.25 42.7 30.7 12.0

Hng 15° 3.23 42.6 29.4 13.1
25° 3.76 44.8 30,4 14.4
35° 4.52 47.6 31.7 15.9

Hn^ 25° 3.93 45.4 29.5 15.9
45° 5.43 50.8 31.9 18.9

As the temperature rises, the radj61 length of the
polyoxyethylene chain increases. It is thought that at 
normal temperatures this chain may be arranged as an 
expanding s p i r a l ^ o r ,  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 54,4%,58»9 2, and 63*̂ 5% for 
Hn , Hn^, and Hn^ respectively, and the length of the

O y
hexadecane portion is 21,6%. It has been pointed out

84ego by Tanford that an increase in temperature decreases 
intramolecular and intermolecular attractive forces; as 
a result of this polymer coils expand. A similar process 
appears to occur with the non-ionic detergent micelles 
studied here, and due to this the possibility of trapping 
more v/ater molecules in the mesh of polyoxyethylene chains 
will be greater at a higher temperature than at a lower 
one* The positive values of A W  and A S  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 lower 
temperatures, which also fits in with the increase of 
micellar hydration.

Examination of other papers describing micellar 
hydration of non-ionic detergents revealed no ej^erimental 
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



In the micelles as temperature is raised.
It seems possible that the increase of molecular 

weight found up to may be due to geometrical factors. 
Remembering that the polyoxyethylene 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 paii 
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 Tĵ .
Values* of M at T were found by extrapolating, theh

linear parts of Figure % _ 82^elow the T^ to the value of 
The properties of the micelles at these temperatures 

were calculated and are shovm in Table 8.
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TABLE 8> 

Properties of Micelles at T^o

Hn^ Hng Hn^
M X 10*5 1,61 1.63 1.81

m 292 274 284
W ge/g o.4o 0.67 ' 0.86

V X 10“ (̂2)̂  3.90 4.62 5.74
1+5.3 48.0 51 -ô

rh 32.4 3 1 .8 32.3
12.9 16.2 19.3

V. 1.85 2 .0 2 2.14

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 Hn^ is the most heavily hydrated of the det-argents its 
micellar volume is the largest.

In calculating the dimensions of the hydrocarbon (.ore 
of the micelles a fluid interior was assumed, thus giving 
a greater vDlumeat than at lower temperatures. The 
polyoxyethylene chain is not fully extended at T^.
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The extended lengths are 2, 98#9 and 63»^ from 
molecular models* The radial length per ethylene oxide 
unit is seen to increase with detergent chain length#

doIt is also possible to calculate the end to end
length of hydrocarbon chains, L, from

y/l cos o\ (60)
\1 - cos wy \l - a/

where 6 » C * C bond length, y = number of links in the 
chain, 0 = supplement of the valwoy angle, and a is 
the average value of the cosine of the angle of rotation 
for one rotation.

When there is no hindnred rotational + q)^l ^ a^ 
becomes unity. For hexadecane L = 13.b S. 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 œds of 283 monomers 
(mean value), each with a cross-sectional area of 
approximately 16 (le. crystallographlc area of hydrocarbon 
c h a i n ). The radius of this space is 19 % and 
the radius of the hydrocarbon region is 19 13#8
ie. 32.8 2. The results from Table 8 and those calculated 
from equation (60) give approximately the same value for
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ft

8

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 2, for a polyoxyethylene chain, with 
the same number of linkages as a hydrocarbon^the following 
values of L are obtainedo
Temp. 22° Ha, 36.3° Hn
L 17.2 17.8
L (a = 0) 10.2 10.9
r (from Table 4 ) 12.9 16.2e

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

82in hydrocarbon chains greatly increases the flexibility .
o

For Hn^ the value for r^, 12#9 A, calculated from micellar 
volumes lies between the two values obtained from 
equation (60). The values of r^ for Hng and Hn^ 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 Is ascended, increased hydration

47.9 Hng
18.4
11.5 
19-3
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increases the interactions between chain and solvents 
and so increases the length..

Above micellar growth is very rapid and asymmetry 
develops. At the number of monomers present in the 
micelle may be the maximum possible number which can form 
a spherical shape. If this is $o it is 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 is 
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 elongate. 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#
Structure of Micelles above

Figure 9, (p# 62a) shows a sharp increase of M above 
followed by a slower rise, for Eng and Hn^, Log# M is 

linear \jlth temperature for Eng and Hn^ in this second 
region (37*4 ~ 44#3®C for HUg, ana $0 - 57.5^C for Hn^)o 

From a plot of log[̂ 7] against log M Figures 19, 20,
(p. 99 a, b), the slopes of the graphs are 0«90 and 1.07 
for Hhq and Hn^ respectively* Sinha*s .shape factors 
may be generalised, in the region of v of interest to

Oblate ellipsoids V  « I#45 + 0«6èl b/a (6la)
/ 1#2-1#5

Prolate ellipsoids vr = const, const# a/b (6lb)
For flexible coiled molecules Tanford gives

[7J ® c o n s t ( 6 l c )  
The axial fatio for ellipsoidal molecules is 

proportional to molecular weight, so for plots of leg. [7^
V. log# M a slope of 1 should be obtained for oblate 
ellipsoids, 1.2 • 1.5 for prolate ellipsoids and 0.5 for 
flexible coils tu poor solvœts where B « 0 or is 
negative.

The slopes obtained,(Figures 19 and 20)indicate that 
the micelles
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FIGURE 19.

Plots of and log v  against log M for Hng.
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log 'v'



99b c
FIGURE 20.

Plots of log[y] log V against log M for Hn^.
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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 V against 
log M plots are 0*85 and 0.33 for Hn^ and Hn^ respectively
Fi::s, 19 and 20 (p» 99a^ 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«

lABia:
Micellar Dimensions of Hn. and Hn^ between 37.^=* andU y
50 - respectively. a

Hng

Hriy

T V B/a vfix 10^ a b
37 A 3-12 2.5 1.14 48 120
39.3 4.37 4.5 1.74 45 203
44.3 10.9 14.2 4.98 44 620

50 3.13 2-5 1.12 47 118
53.5 4.62 4.8 1.71 43 209
57.5 7.22 8.7 3-93 47 414
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From Table 9 it can be seen that short semi-axes 

are reasonably constant, within experimental error, and 
are reasonably close to the fully extended mohbmer lengthso 
It would be seen therefore that above T^ the 
polyoxyethylene chains extend fairly rapidly» Thus a 
quick growth of disk-shaped micelles occurs which 
presumably continued with iApreasing temperature, until 
the micelles become so large that they are macro scopically 
visible» At the cloud point the micelles are of such 
dimensions that a second phase is' formed which could

hobe expected to contain the majority of the detergent 
The steeply rising parts of the graphs in Fig» 9 

are worth examination between T^ and for Hng and
T^ and 50®C for Hn^. From points interpolated from FlgSo 
and 13, (po 82 a, e) , the slope of l o g a g a i n s t  log» M 
graphs were OoM-5 for Hng and 0»50 for Hn^» 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 basis of exclud<=d volume

2from the equation B = » where V is the micellar
volume, M2 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 10o

Second Virial Coefficients for Spherical Micelles below T̂
ifB X 10

Temperature 0» 15 20 25 35 *̂ 5
Hn^ 0.56 0.if3
Hng 0.45 O.ifif 0.42
Hn^ 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 volume. A contribution to the 
chemical p o t e n t i a l ^ - i s  given by the excluded volume 
effect, and this contribution remains approximately the 
same 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 is 
changed, making no contribution t o “^l^> and this may 
not be correct. The decrease of B with increasing 
temperature must also be accounted for; it has been shown
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that as the temperature is increased the polyoxyethylene
85chain straightens. It has been stated that an 

extended chain is in a more ordered state than a coiled 
up onof The process of extension may provide a lowering 
of the entropy of the system which opposes the effects 
of excluded volume and A  H mix, and which predominates 
at higher temperatures to 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 T^. eg's. For Hn^ 3 = 0 at approx 
37°C (T^ is 3 6 . For Hn^ B = 0 at approx 49°C (T^ is 48® ) 

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

It should be noted.that the cloud points are roughly
o30 above T^ for all detergents, so phase separation does 

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