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J. MACROMOL. SCZ-CKEM., A 7 ( 3 ) ,  pp. 601-622 (1973) 

Nonionic Micelles* 

EMS-GEORG ELLAS 

hilidland Macromolecular hst i tute  
Midland, Michigan 48640 

A B S T R A C T  

Current theories and recent results on the thermodynamics of 
micelle formation and the structure of micelles of nonionic 
surfacznts  in water a re .  reviewed. The experimental results 
a r e  in faror of the mass-action model of micelle formation. 
This model predicts the existence of rnicelles below the  
cri t ical  rnicelle concentration ( cmc) and a gradual transition 
at the cmc. The cmc, as determined conventionally, de- 
pends on both the association number, h', and the equilibrium 
constant, kc, of closed association on a mole basis. Empiri- 
cairelationships between N and "K have been found for  n- 

octyl- 13-D- glucoside ( OG) and two nonylphenol (ethylene 
glycol)x ethers ( N P )  at various temperatures as well as for 
four different ethylene glycol acrylamides (EMA) 

The equilibrium constants of association can be determined 
by different molecular weight methods, even in the case of 
po lpo lecu la r  unimers. Extrathermodynamic reiationships 
exist between the enthalpies and entropies of association. 

C 

CH2 =C(CH, )-CO--NR-(CH,),o-CO-(OCH,C~ )ls-OCH,. 

'Presented at the symposium on "Emulsion Polymerization" at the 
6th Great Lakes Regional Meeting of the American Chemical Society, 
Michigan Technological University, Houghton, Michigan, June 22-23,1972. 
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602 E L M  

The micelles a r e  spherical. Intrinsic viscosites of ;he 
micelles can be cdculated from the concentration depend- 
ence of reduced viscosities, but not from extrapolation to 
the intercept. From the intrinsic viscosities the amount of 
water in the micelles can be evaluated and thus the dimen- 
sions of the micelles. The micelles of XP C M  be pictured 
as consisting of a hydrophobic core and a hydrophilic shell 
of interrupted helices of poly( ethylene glycol) residues. The 
dimensions of the OG micelles indicate a duplex micelle, 
i.e., a micelle wi th  a water core. 

I N T R O D U C T I O N  

Monographs and research papers on emulsion polymerization rely 
heavily on polymerization kinetics. In contrast, the colloidal aspects 
of emulsion polymerization a r e  largely neglected. Of course, all 
people believe in the role of micelles in emulsion polymerization: 
the emulsifier forms micelles which solubilize monomer. Radicals 
enter  the micelles and start a polymerization there. Additional 
monomer diffuses from emulsified monomer droplets into the 
micelles. The micelles grow and finally become latex particles. 

According to this picture, little room is left for a specific role 
for  the emulsifier. It is merely the vehicle to solubilize the monomer 
and stabilize the growing micelles, the monomer droplets, and the 
latex particles. It i s  apparently widely believed that the emulsifier 
can exert this action only above a certain crftical concentration, the 
so-called cri t ical  micelle concentration (crnc). It has been stated that 
"it is now fairly videly believed that below a crit ical  concentration 
the solute is present as single molecules or ions and that above this 
concentration micelles begin to form'' [ 11. Similar statements can 
be found in other monographs and research papers. It has  also been 
said that "further increases in concentration of surfactant beyond 
this point increase the number of rnicelles while the concentration of 
simple surfactant species remain constant" [ 21. These statements imply 
that there are no micelles below the cmc. On the other hand, there are 
some findings that emulsion polymerization takes place even below 
the cmc [ 3, 11. For Instance, it has been found that "the number of 
particles generated in emulsion polymerization above cmc is in general 
one to tvo  orders  of magnitude larger than in reaction mixtures in 
which the initial surfactant concentration is below the cmc" [ 31.  It 
thus seems of interest to invesrigate what the real meaning of the 
cmc is. 

micelles formed from then presents another problem. There are 
The structure of the surfactant molecules and the structure of the 
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PiOPr'IONIC MICELLES 603 

q d i t a t i v e  findings of an lnfluence of the chemical structure of the 
ernulsifier on emulsion polymerization [ 51. The chemical structure 
of the emulsifier may or  may not influence the shape of the micelles. 
Practically all geometrical arrangements have been suggested for the 
snape of micelles in soiution, in particular spheres,  rods, disks (for 
nonionic micelles see,  e.g., Ref. 20). Very few experiments give 
unequivocal information about the shape of micelles in solution. One 
can speculate that the shape of the micelles may influence at least the 
initial stages of polymerization. Indeed, it has been found that the 
polymerization rate depends on the number of ethylene oxide residues 
in nonglphenolfpolgethylene glycol) ethers [ 14 . There are findings 
of an interfacial resistance by the surfactant 1 9-11], and theoretical 
considerations emphasize its role in a retardation of the polymerization 
[ 121. On the other hand, "some authors believe that the apparent 
iaportance of emulsifier micelles in the initiation of emulsion polymer- 
ization is coincidental" [ 131. The shape of micelles will thus be 
reviewed, too. 

For theoretical and experimental reasons, the following discussion 
will be restricted to  nonionic micelles. The association of nonionic 
micelles is easier  to t reat  theoretically because of the absence of the 
additional association/dissociation of the ioric groups. Furthermore, 
the critical micelle concentrations are i n  general higher for nonionic 
detergents than for  ionic suriactants. Higher cmc vill allow a more 
complete measurement of the concentration dependence of properties 
! e. g., apparent molecular weights) because of t h e  decreasing sensitiv- 
i ty of the methods to  decreasing concentration. 

T H E  M S A K I N G  O F  T H E  c m c  

The concentration dependence of certain properties of surfactant 
siolutions in water is known to show a more o r  less pronounced ttbend't 
a.t a certain "cmc", e. g., the surface tension and the  electrical con- 
clucrivity (ionic micelles only). The appearance of this crnc has been 
explained by two theories: 

The pseudochemical tineory of micelle formation [ 61 assumes an 
zssociation equilibrium between S unimeric surfactant molecules (with 
molzcular weight M,) and 5-mers with the particle weight (MI)?j = (MN). 
This equili'crim cari be treated by t h e  mass law: 

is the equilibrium constant on a mole basis. A shortcoming of 
this theory is that it offers no explanation of why N - and only N - 
imimers form a micelle. 
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604 E L M  

The younger theory of phase separation [ 71 postulates the begin- 
ning of a phase separation at  the cmc. The micelles € o m  single 
distinct phases, dispersed in the solution. It is difficult to see,  
however, why the single phases do not unite t o  form one big phase. 

All the experimental results found thus far and reported below 
support the pseudochemicd equilibrium theory. One can thus in- 
vestigate the predictions of this theory. It is another problem, hom- 
ever ,  to show whether the model is really applicable to the 
experimental results. 

cI, and N-rner concentrations, c vi th  increasing total suriactant 
concentration, c (Fig. I). This vras known to Jones and Bury [ 61 in 
the 1920s but has apparently since been forgotten. aecause of the 
exponent in Eq. (11, a log c N 

The mass law predicts an increase of both unimer concentrations, 
” 

vs c plot is more appropriate than a cN 

-20 4 
0 5 10 lG? g/mi 

FIG. 1. Dependence of unimer concentrations, cI, and N-mer con- 
centrations, cN, on total concentration, c. Calculations for N = 20, ”Kc = 

SO, and (MI)n = 100 dalton. 
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NONIONIC MICELLES 605 

'JS c plot [the same applies to c - f ( c  I ] .  A break is apparent only 1-  
f o r  the cN = f ( c )  and c = f (  c )  functions. The theory thus predicts 
che existence of micelles below the cmc. The cmc may be identified 
in this context with the "break" in either the cN = f ( c )  o r  c = f (  c )  
functions. According to the theory, the micelles have the same 
structure below and above this cmc. Only the fraction of the micelles 
changes with the total concentration c. 

Figure 1 shows that there is no s h a r p  break in the curve, e.g., the 
cN = f ( c )  function. c does not become constant above the crnc but in- 
creases  slowly with increasing c. Furthermore, attempts to determine 
cmc by extrapolating the  two branches of these functions to an inter- 
cept must be highly subjective because the two branches of the cN = f ( c )  
function above and below the cmc a r e  not linear. The same reasoning 

I 

I 

I 

FIG. 2. Concentration dependence of normalized reciprocal ap- 
parent molecular weights MI/(M- ) 

tions for a closed association of molecular homogeneous unirner 
assuming h' = 20, kc = 50, ( M  ) = 100 dalton for number-average Tw 
( r  = n)  and weight-average methods ( r  = w). The weight fraction W 
of N-mers is given in per cent. (--): M * / M ~  

in the theta state. Calcula- 
r ~ P P ,  6 

N 
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606 ELMS 

applies to  other plots. e-g., the concentration dependence of apparent 
molecular weights (Fig. 2). 

average molecular weight methods lead to different cmc's ,  which  as 
first pointed out by Becher (81. His approach to demonstnte  this 
effect might be subject to criticism because he started vnth the as- 
sumption of a sharp onset of micelle formation on the weight fraction 
scale. It can be shown [ 191. that this assumption influences the shape 
of the M = f ( c )  functions 'but not his main conclusion: the inrluence 

aPP 
of the method on the magnitude of the cmc. In general, one would thus 
expect different cmc' s by different methods. I know, however, of no 
theoretical investigation of this problem for  methods other than 
molecular weight determinations (see Refs. 19 and 2l), e .g ,  for 
surface tension and electrical conductivity. 

There are thus t-rvo problems with the conventional definition of the 
cmc: 1) the method of determining crnc is highly subjective; 2 )  the result 
depends on the averaging of the method. Whereas the avera,ging prob- 
lem is not serious and can he solved by adequate methods, there remains 
a need for a better definition of the cmc in order to avoid the subjectivity 
in its conventional determination. 

ideal colligative property E with respect to concentration a s  a measure 
for  the cmc. At the cmc, then, by definition 

Furthermore, Fig. 2 shows that number-average and weight- 

Phillips (151 thus proposed the use of the third derivative of an 

(d' E/dc' )cmc = 0 ( 2 )  

"Ideal," in this context, means a solution where the second virial co- 
efficient 4 = 0. It must be mentioned that the second v i r ia l  coefficient 
used in association studies has a different meaning from the one normally 
used in macromolecular science because it contains, as us-, all 
polymer/solvent, solvent/solvent, polymer/polymer interactions and 
shape factors but excludes intermolecular polymer interactions [ 211. 

The Phillips definition of the cmc has the advantage that it is an 
unequivocal definition for colligative properties. The concentration 
dependence of these properties is-at least in principle-easily acces- 
sible. The disadvantage is that the cmc as defined by Eq. (2 )  depends 
in a very complicated manner on other than colligative properties. 

tive of the unimer o r  N-mer  concentration with respect to concentration 
a s  a definition of cznc: 

Watterson and Elias ( 1 9 1  thus suggested the use of the third d e r i n -  

For the molar Concentration [>IYITlcrnc of the unimers a t  the cmc, they 
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NONIONIC MICELLES 607 

obtained a very simple relationship between [MI] cmc, the association 
number N, and the molar equilibrium constant "KO of the open associa- 
tion (to be more exact: end-to-end open association, see Ref. 22) 

1 

where the equilibrium constant %, is related to the molar  equilibrium 
constant ?Sc of the closed association via 

n Kc = (k,)"' 

For infinitely high association numbers,  Eq. ( 4 )  approaches 

The function f ( X )  has values of f ( N )  = 0.91 for N = 100 m d  f ( N )  = 0.95 
for  N = 200. In the l imit  of N - a, f ( N )  approaches 1. At infinite high 
asgociation numbers the equilibrium constant of open association can 
thus be calculated from the molar unimer concentration at cmc (see 
the s imi la r  conclusion for  the Phillips definition of the cmc [ 15, IS]). 

As has been shown above, the crnc is by neither definirion the con- 
centration a t  which the f i r s t  micelles appear. The cmc is thus of 
phenomenological importance only, i. e., it shows the concentration 
where a sufficient micelle concentration has been built up to be 
derected by the method used.  

This  means that the cmc cannot be used to make any predictions 
about processes  happening above and below the cmc. For instance, it 
is in general not permissiiile to calculate heats of micellization from 
the temperature dependence of the crnc because the cmc depends not 
only on the equilibrium constants but on the association number N as 
well (see Refs. 19  and 21). Only in the case  of very high N can the cmc 
be used to calculate thermodynamic quantities [ 15, 16, 191. Both the 
equilibrium constant of association and the association number can w r y  
with temperature which h a s  been found for water solutions of n- octyl-!3- 
D-glucoside [ 231 and two nonylphenol (poly( ethylene glycol)x)ethers [ 241. 

It is, however, of interest  that there  a r e  relationships between the associ-  
ation numbers and the equilibrium constants of association for the two 
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608 E L M  

FIG. 3. Dependence of association number ?I on the logarithm of the 
equilibrium constant "K of association for n-octyl-:-O-@ucoside (OG) 

in water at  different temperatures ( 3 1, for ethylene glycol methacryl 
amides CN, =C( CR3)-CO--NR-(CFL),,-CO-(OCH2CH2)L, -OCH, 
(EMX)  witti different akyl groups R at  40 C ( s ), and for  ncnyiphen- 
ol(ethylene glycol) e thers  (YP) in water at different cemperatures for 
x = 42 ( a )  and 62 ( a) (data from Refs. 23y23,Xd 37). 

C 

x 

different types of surfactants ( Fig. 3 1. It remains to be shown how this 
interdependence is related to the chemical structure of the surfactant 
molecules and/or the physical structure o i  the rnicelles. No sufficient 
experimentaa? data a r e  available a t  present for a hypothesis. 

T H E  T H E R M O D Y N A M I C S  O F  M I C E L L E  F O R M A T I O N  

x11 the conclusions d r a m  thus far a r e  based on the predictions of the 
=ass-action model. Yet to be shown is chat this model is really applicable 
to the study oi micelles in solution. Because there are two variables (N 
and kc) in this model, both have to be determined in order  to demonstrate 
the applicability of the model. A scan of the literature shows some de- 
terminations of ?J, but none of the equilibrium constant. The feelings of 
some prominent workers in this field have recently been expressed in an 
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NOKIONIC MICELLES 609 

authoritative text [ 251 : “However, for the model to be of any use, the 
K values for each equilibrium must be known, and there is at present 
no means available of fhding them.’’ This statement is false. 

The mass-action model predicts an influence of the association 
number K and the equilibrium constant nKC of association on the con- 
centration dependence of apparent molecular weights in the theta state. 
It should thus allow the determination of N and kc from this concen- 
tration dependence, and exactly this nas  been done in a recent series 
of papers by Elias and co-workers [ 23, 2.11. In order  to  determine 
the equilibrium constant, the whole concentration envelope of ap- 
parent molecular weights must be determined, especially at  low 
concentrations. This is easier done with number-average molecular 
weight methods than with weight-average methods. Furthermore,  
~ n l y  certain surfactants with a sufficiently high cmc can be investigated 
because of the limits of sensitivity of the present methods. 

Typical examples of the concentration dependence of apparent 
number-average molecular weights of two nonionic surfactants a r e  
shown in Fig. 4. In both cases the curve drawn corresponds to  the best 

OC 

0.05 01 015 

NP 

C 0.01 a52 m3 g Iml 

; \  ‘ c r ” ? _  - m 0 

1 

/ 

FIG. 4. Concentration dependence of normalized re/ciprocal ap- 
parent number-average molecular weights at 20“ C of !n-octyl-&D- 
Iglucoside (OG) and a nonylphenol( ethylene glycol),,ether ( N P )  in 
‘mter  (data from Refs. 23 and 24). 
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610 ELUS 

curve fit using the model of closed association and an iteration pro- 
cedure. Several observations may be made with r e g a d  to these curves: 

1. The curve fit is better for the n-octyl-r?-D-glucoside than for the 
nonylphenol[ poly (ethylene gl;l?col)] ether. The reason is very probably 
the molecular Teight distribution of the latter surfactant (n-octyl-2-D- 
ducoside i s  molecular homogeneous). As has been recenrly shown by 
Zolc and EUas [ 221, the foilowin, - simple relationships e-uist betmeen 
the number-average molecular weight (>Iv) of the N-mer, the number- 
average molecular weight ( 
molecular weight (MI)v of the unimer and the association number S: 

~n 
of the unimer, the weight-average 

If N is high, even a very broad molecular weight distribution (in t e rms  
of (MYlr)w/(T)nJ  would not show up in polydispersity of the micelles 

(Fig. 5). An ( Mx)J( 3%) < 1.05 is hardly detectabie by the present 
molecular weight techniques. For N = 20, (Mr)d (?d I )n  can thus be a s  
big as 2. Most technical nonionic surfactants have ( MI)J( of less 
than 2. 

The determination of N by weizht- and number-average molecular 
weight methods should thus give the same figure, even in the case of 
polymolecularity of the surfactants. At the limit of high concentrations, 
both (Mw)app/(XI)v and (M ) /(MI)n will thus lead to the same N. 
However, a t  finite concentntions an error is introduced if one applies 
equations derived for a molecular-homogeneous surfactant to a poly- 
molecular one because the method averages over both the unimers and 
N-rners. This wil l  cause a dev;,ation from the curve fit in the S-shaped 
region of the concontration envelope of the apparent molecular weights. 

2. At least for the nonylphenol[ poly( ethylene @ycol)]ether, the 
values of (M+n/(?41)n a 
stead, they pass through a weak minimum with increasing concentration 

I n  

n aPP 

do not level off at high concentrations. In- 
t PP 
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I - 1  
I 

FIG. 5. Dependence of the polydispersity of the micelles [as ex- 
pressed by ( h$)w/(MN)n] on the polpmolecularity of the unirners [ as 
expressed by (RII),Jd( hlI)n] for different association nxmbers N. 

and increase again. A similar behavior has been found recently and 
was; interpreted a s  a change of association number N with concensra- 
tion [ 391. In ou r  model, however, N is considered to be constant and 
independent of concentration. Curves with a minimum a r e  typical for 
a positive second virial coefficient which has to be considered in the 
iteration procedure. As a consequence, the apparent levelling-off re- 
ported in some published papers will then lead to a too low association 
number. For the examples shown in Fig. 4, one would assume an as- 
sociation number of approximately 10 for the n-octgl-3 -D-glucoside 
€rom mere inspection of the d iagraa  whereas the computer calcula- 
tion shows the true association number to be 83.51 For the non- 
ylphenol[ poly( ethylene glycol jether] the corresponding figures a r e  
:about 1.6 (from the diagram) and 21.6 (computer). The discrepancy 
is caused by both the existence of positive virial coefficients and the 
very slow approach of (MI)n/(M ) 

quantitatively. They shcw the typical S-shape with a "sharp" break 
a t  low concentration and smooth transition at  higher concentration. If 
the mass-action model is valid, one would expect to get the same 
;issociation nunbers  and equilibrium constants from different molecu- 
1.ar weight averaging methods. This p r e d i c t i o n m e e n  tested for the 
11-octyl- ;ZD-glucoside and two nonylphenol[ poIy( ethylene g1lpcol)lethers 

with c toward 1/N. 
a aPP,d 

3. The curves fulfill the predictions of the mass-action models 
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612 E L M  

at  differect temperarures using vapor pressure osEornetrg (giv;ag 
number averages) and light scattering and ultrxentrtfugation (both 
giving weight averages). As can be seen from Table 1, the 3gree- 
ment is very good in all cases. We can thus conc!ude that the mass- 
action model is indeed adequate to describe the micellization of 
nonionic surfactants. 

TABLE 1. Association Numbers N and.Equilibrium Constants wKc of 
Closed Association on a >lass Basis for n-Octyl-3-D-giucoside [ 231 
and Two Nonylphenol (ethylene Glycol)nethers [ 241 a s  Determined by 
Light Scattering (LS), Sedimentation Equiiibriurn (SE), and Vapor 
Phase Osmometry (VPO) 

Sample 

Temp. N log ''kc 
("C) Ls SE VPO LS SE 

n-Octyl-+D-glucoside 50 72 - 154 154 - 
20 68 - 135 144 - 30 84 83 178 179 175 

Nonylphenol( ethylene glycol),, ether 30 25 - 79 69 - 
30 21 22 63 57 56  
20 19 - 50 51 - 

Nonylphenol( ethylene glycol) B a  ether 50 15 - 43 40 - 
30 14 12 36 37 32 
20 11 - 25 28 - 

Because the concentration dependence of apparent molecular 
weights can be described by a single equilibrium c o n s t a t  over the 
whole experimental concentration r w y e ,  there is consequendy a con- 
stant (standard) Gibbs free enthalpy l G x  of micelle formation. 
Contrary to  what has  occasionally appeared in the literature, there is 
no need to assume that the enthalpy of association 2% and entropy of 
association AS change with concentration. Both enthalpy and entropy 
of association a r e  available from the temperature dependence of A . 

A S ,  A%, and ASN al l  vary with temperature [ 23, 241. Both 
enthalpy and entropy of association are positive, indicating the entropy 
of association as the driving force for the rnicelle formation. This 
finding can be explained [ 171 satisfactorily by an iceberg formation 
(181 around the sum-actant molecules and the micelles. 

* 

N 
GN 
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NONIONC MICELLES 613 

The e.xtratherrnodynamic relationships between the enthalpies and 
entropies of association a r e  interesting (Figs. 6 and 7) .  For the n-octyl- 
3 -D-glucoside and. the two nonylphenol[ poly( ethylene glycol)] e thers  two 
separate  l inear relationships each between AHI and ASI have been 
found (Fig.. 6). The slope corresponds to a compensation tempera- 
tu re  of 300-K, which is a bit suspect because it is near  the average 

FIG. 6. Relationships between the enthalpies A€$ and entropies 

I A S  of association p e r  unimer for n-octyl-;3-D-glucosiae ( * )  and two 
nonylphenol(ethy1ene glycol)xethers with x = 42 ( 2 )  and 62 ( z )  in water 
at different temperatures  (from Ref. 23). 

temperature of the measurements. Because the temperature  range is 
relatively mrrow (293-323'K), none of the c r i te r ia  worked out as a 
test for the reality of extrathermodynamic relationships can be 
applied. There  are, however, arguments available in favor of 
extrathermodynamic relationships even i f  the compensation temper- 
a ture  is near  the average experimental temperature (cf. Ref. 26). 

THE S H A P E  OF M I C E L L E S  

Very few methods a r e  available for the determination of the 
s t ructure  oi micelles. X-ray measurements require his!  concentrations 
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AHN 

500 

LOO 

300 

200 

kcallmole 

FIG. 7. Relationship between the enthalpies A% and entropies ASx 
of association per N-mer for  n-octyl-3-D-glucoside ( 0  ) and t-ro nonyl- 
phenol( ethylene glycol)xethers with x = 42 ( 3 )  and 62 ( 3 )  in water at 
different temperatures (from Ref. 23). 

for sufficient intensity. It is 'known that the shape of micellar associ- 
ations is different at high and low concentrations (see the fiber forma- 
tion of soap solutions at high concentrations). One may thus suspect 
that s-ray measurements have been carried out in the past at too high 
concentrations. Any conclusions drawn from results of x-ray measure- 
ments are thus subject to critfcism. 

The angular dependence of reduced light-scattering intensity can be 
used to get information about the dimensions of micellea. The presence 
of small amounts of dust is a tremendous problem. It can be shown that 
even the finding of a correct unimer molecular weight or N-mer 
molecular weight is no proof of the correctness of the dimensions cal- 
culated from the angular dependence of reduced light-scattering in- 
tensity because of the different aversglng for  molecular weigkt and 
dimensions [ 241. Furthermore, the dimensions oC small micelles cannot 
be determined at all by light scattering On the other hand, little use 
h a s  been made of the information provided by depolarization OP scnrtered 
lig&t. X Cabannes factor of 1 indicates isotropic panicles, i. e., spheres 
in the case of micelles. 

Viscometry h a s  been used leas frequently for  the deterinination of 
micelle structures. These measurements have to be carried out at very 
low shear  rates in order to prevent the destruction of the micelles. X 
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~0i”iIOT;IC MTCELLES 615 

Zimm-Crothers r i s c o n e t e r  [ 271 has been found very useful for this 
purpose [ 301. Viscomerric measurements a r e  normally evaluated 
by applying the Huggbs equation 

o r  s imilar  relationships. Sut,  in the case of closed associations, any  
evaluations based on this relationship a r e  not valid ( s e e  Ref. 28). For 
instance, it can be s h o r n  that the extrapolation of the l inear part  of 
a qSp/c = f ( c )  function does not lead to the intrinsic viscosity [ qIx  of 
the micelles ( see ,  e.g., Fig. a). Instead, one has to analyze the 

9 mlg 
7 n15 
; mlq 
3 mlig 

ni /g  

- 
I: 2 L S 8 IS% gimi 

FIG. 8. Concentration dependence of reduced viscosit ies 77 / c  
SP 

calculated for unimers undergoing closed associations assuming 

( M  ) = 312 daltons, n = 60, “K = I n  C 
(kH)I = 1, (kH)x = 2 ,  and r2rious intrinsic viscosities [ 7 7 ]  of the 
criimers (from Ref. 28). 

( l i ter /mole)  ’, [ 77Ix = 5 ml/g, 

I 

function 7 )  

a model with certain assumptions has to  be applied. The model used 
for the calcdation of datz in Fig. 9 assumes a closed association and 

/c = f ( c )  by an iteration procedure. Ir, order  to  do this, 
SP 
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FIG. 9. Concentration dependence of reduced viscosities 7 /c 
of n-octyl-,%D-glucoside in water at different temperatures ( fro= 
Ref. 28). 

SP 

the absence of thermodynamic and hydrodynamic cross-interaction 
of micelles and unimers. The experimental results show a stri!A.ng 
similari ty to the model curves (Fig. 9). 

coefficient ( +)x *nries between 1.77 and 2.46 for  n-octyl- 3-D- 
glucoside and b ~ o  nonylphenol[ poly( ethylene glycol)] ethers between 
20 and 50°C. No significznt dependence of % on temperature o r  
surfactant structure could be found. The average of 2.07 2 0.08 
agrees remarkably vell m t h  the k = 2.26 predicted for spheres [ 291. H 
We can thus assume that the surfactants investigated form spherical  
micelles in 'rater. . 

intrinsic viscosity [ '71 ~ of the miceiles and the second viriai co- 
efficient of The micellar soiurions. Unsalvated spheres should exhibit 
ad intrinsic viscosity of 

The model permits the evaluation oi [ q ]  and (k ) The Huggins N H N. 

Lf the rnicelles are spherical, dimensions can he calculated from the 
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NOLU‘IONC MICELLES 617 

The dry surfactants possess  densities p2 between 1.142 and 1.196 g/’m1 
[ 301. The intrinsic viscosities of d r y  micelles must thus lie between 
2.19 and 2.09 ml/g. Experimentally, intrinsic viscosities between 
4.27 and 11.43 have been found (Table 2). The d i c e l l e s ,  therefore,  

TABLE 2. Intrinsic Viscosities [ ? I N ,  Solvation Parameters  r, and 
Radii ( in  A )  of Micelles 

r Radius from 
Temp [‘IN ( g w a t e r / g  

Compounds ( ‘ C )  ( m l i g )  surfactant)  [v] A, 

n- Oct yl- + D- glucoside 50 4.27 
30 5.14 
20 5.19 

Nonylphenol( ethylene 50 8.04 
glycol),, e ther  30 8.29 

20 9.95 

Nonylphenol (ethylene 50 10.12 
glycol),, e ther  30 10.81 

20 11.43 

0.83 
1.18 
1.20 

2.29 
2.41 
3.08 

3.23 
3.53 
3 .79  

41.6 
46.2 
26.9 

40.7 
38.8 
39.7 

41. 9 
41. 6 
39.6 

40.3 
40.6 
36.0 

65 .3  
58.0 
72.6 

61. 0 
65.2 
62.0 

must contain aI! appreciable amoxnt of water,  by solvation and/or by 
inclusion. The aiiount r of water within the  micelle can be calculated 
from [30]  

where T2 and Yl a r e  the specific volumes of the dry  surfactant and 
water,  respectively. Specific volumes can be used instead of partial  
specific volumes because of the similari ty of the data from density 
measurements of surfactant solutions and of dry surfactant (281. 

The r-values range between 0.83 and 3.79 g water/g surfactant. 
The micelles n u s t  thus contain an appreciable amount of water. Be- 
cause of the h o r n  association number li, radii of micelles can be 
calculated, assuming additivity of volumes. For n-octyl- Z-D- 
glucoside these radii  are by far higher than the 1engf.h of the octyl 
glucoside molecule, which is 15.2 A, i f  the methylene groups a r e  as- 
sumed to be in trans-conformations. Similar resul ts  were obtained 
from the excluded volumes of micelles calculated from the second 
tirial coefficients (Table 2) .  
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618 ELUS 

Because a firmly bound water shell  of 2 5  around the exterior of 
the micelles is rather unlikely, we are forced to assume a water core 
in the interior of the octyl .glucoside micells. This water core must 
have a diameter of -45 -4 for octyl glucoside micelles in water at 
30°C. With such a large diameter it seems unreasonable to assume 
that all glucose residues face the exterior and all octyl group the 
interior exclusively. A micelle structure wnere the glucose groups 
alternate appears more reasonable (Fig. 10). This micelle structure 
may be calied a duplex micelle. 

--LS,l A- 

-02 A- 

FIG. 10. Model of a duplex micelle of n-octyl-2-D-glucoside in 
water a t  30'C (from Ref. 281, dram to scale. 

The situation is different for the nonylphenol[ poly( ethylene 
giycol)]ethers. The methylene groups are probably in the all- 
trans-conformation, because alkanes H( C€g )YH show this conforma- 
tion in the crystalline state [ 311, in the meft ( y  < 8) 1321, and even 
in aromatic solvents (y < 16) [ 331. The ethylene oxide units a r e  
known to be in the conformation of a 72 -helLu in the crystalline state 
[ 341 and, according to  XMR measurements, are predominantly so 
in water solutions [ 351. The maximal lengths are thus 134 A (12 - 
EO units) and 191 (62 EO units). These lengths are larger  than the 
experimentally found radii (Table 2) .  The ethylene units must thus 
exist in the conformation of interrupted helices. The overall shape 
of the polyethylene $1~01 residues will thus correspond to  a random 
coillike structure vhich agrees  vith the conclusion drawn from the 
molecular weight dependence of second virial coefficients of 
poly( ethylene a i d e s )  in water solutions [ 361. 

A possible micelle structure of the nonylphenol[ poly(ethy1ene 
glycol)]ethers is shown in Fig. 11. In this structure the nonyl resi- 
dues form a hydrophobic nucleus, whereas the hydrophilic ethylene 
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NONIOXIC MICELLES 619 

-39 A- 

116A - 
FIG. 11. Model of a micelle of nonylphenol(ethy1ene g!ycol),,ether 

at 30’C in water, based on dimensicns from the second virial co- 
efficient and drawn to scale (from Ref. 28). 

oside units constitute a ioose, water-filled shell. One cannot exclude, 
however, a dupleslike s t ructure  s imilar  t o  the one proposed for the n- 
octyl- 3-D- glucoside. 

C O N C L U S I O N S  

The resul ts  reported above show that under certain conditions the 
whole concentration dependence of apparent molecular weights can be 
determined. Because this concentration dependence can be analyzed 
for molecular homogeneous and inhomogeneous unimers, equilibrium 
constants of micelle formation can be determined even €or  small 
association numbers X. Thus we now have the toals to investigate the 
therrnodqmamics of formation of nonionic micelles. 

measurements a t  very low shear  rates seem suitable i f  association 
numbers and equilibrium constants a r e  known. Most promising here 
a r e  investigations on rigid ampnipathic rnoiecules. because of the then 
possible direct comparison of the calculated molecule length with the 
experimentally found diameter of the micelles. We have thus s tar ted 
to extend our investigations to  other awl Slucosides. 

There remains a need for additional methods for the investigation 
of micelle shapes and structures.  All methods must be applicable at 

The resul ts  on micelle s t ructure  a r e  less certain. Viscosity 
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62 0 E L M  

very dilute surfactant solutions because of the possible structural  
c h a n p s  a t  higher surfactant concentrations. This ruies  out most of 
the spectroscopic methods. 

micelles by polymerization. This  can be done if the surfactant bears  
a polymerizable group. We have recently prepared monomers of the 
acrylamide type 

Interesting in this respect are attempts to  ~LK the s t ructure  of 

where R = methyl, ethyl, n-propyl, and i-propyl [ 371. These com- 
pounds could be polymerized in dilute water solution above their  
cmc. The electron microscope examination of the polymerized 
miceiles showed spherical entities which a r e  apparently showin, 0 some 
sort of a w a l l  (Fig. 12). Because fairly high surfactant concentrations 
(about 20 t imes cmc) have been wed ,  these pictures can, at  present, 
be considered only as a proof that the polymerization of micelles is 
possible. A quantitative e.amination has to await fur ther  experiments. 

Y l $ *  . 

0 

FTG. l2. Electron micrograph of polymerized micelles of 
CH,= C (CH, )-CO-XCR, -( CH,), -CO- (OCH,CB,), , --OCH, (from 
Ref. 37). 
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KOKIONC MICELLES 62 1 

We a r e  at present engaged in preparing glucosides containing sty- 
rene residues [ 381. 

The investigation of the thermodynamics of nicelle formation and 
,ihe s t ructure  of micelles is only the f i r s t  s tep in a better elucidation 
o f  emulsion polymerization. Little is known about the process  of 
:jolubilization of monomers. Xobody knows whether the solubilization 
is accompanied by a change of micelle structure.  There  a r e  certainly 
competitive equilibria between molecular dispersed surfactant 
inolecules, empty micelles,  solubilized monomer, and monomer drop- 
lets. All this is awaiting a quantitiative investigation, 
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