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Abstract 
This pape r  describes the effect of a homologous 

series of polyoxyethylene n-dodecanols on the 
critical mieelle concentration (CMC) of sodium 
n-dodecyl alcohol sulfate as a hmct ion  of compo- 
sition of the mixtures and temperature.  The CMC 
of tit(; nonionic component of the mixed micelles 
is about one-hundredth of that  of the anionic. 
Only a gradual  increase in the CMC values of 
the mixed micelles above the vahles of the non- 
ionic components was observed in the composi- 
tion range of 0--90 nmle % anionic detergent.  This 
is followed by an abrup t  transit ion to the high 
C MC values of the anionic component. The grad- 
ual increase of the ChiC values in the range below 
90 mole % anionic detergent of n-dodeeanol + 
4 EO exceeds that  of the higher homologs con- 
taining 7, 23 and 30 ethylene oxide units. I t  is 
postulated that  the degree of ionic repulsion of 
the ionic component in mixed micelles is markedly 
decreased as the proport ion of nonionic compo- 
nellt reaches a threshold range of 10 mole %. This 
effect is more pronounced with large ethylene 
oxide coils operat ing at the per iphery  of the mi- 
celle core than with short  ethylene oxide (;oils. 
Thermodynamic  data have been included. 

Introduction 

Wt H~R~.:AS .mJcn Is KXOWX about micelle forma- 
ion in systems of a single nonionie or anionic 

component, there has been relatively little work re- 
ported on micelle formation in mixtures of nonionie 
and anionic detergents (I-9). A study of mieelle 
formation of ,nixtures of nonionic and anionic de- 
tergents with comparable hydrophobie groups holds, 
however, promise of shedding light upon the struc- 
ture of mixed mi(~elles. Nakagawa and lnouc (3,4) 
were the first to confirm definitely the existence of 
mixed mieelles in an electrophoretic and diffusion 
study of mixtures of ionic and nonionic detergents in 
aqueous solutions. At all mixing ratios single peal~s 
we, re observed in the electrophoresis diagrams. The 
trend in the change in mobility from a high value to 
ahnost zero as a function of the mole fraction of the 
mixture agrees with our expectations, in fur ther  work 
l(uriyama, Inoue and Nakagawa (7) have investigated 
the tempera ture  dependence of the micellar weights 
of mixtures of a nonionic and an anionic detergent 
as a funct ion of mixing ratio. These authors have 
demonstrated that  the micellar weight of the nonionic 
(letergent inerease.s with rising temperature,  whereas 
that  of the ionic detergei~t decreases. In mixtures the 
increase in micellar weight of the nonionic detergent 
due to the tempera ture  increase is progressively sup- 
pressed by increased addition of ionic detergent,  and 
at a definite mixing ratio 20:80 (wt %)  the tempera-  
ture dependence reverses. Corkill, Goodman and Tatc 
(8) describe a detailed investigation of the effect of 
a nonionie detergent,  n-dodeeanol + 6 EO, on the mi- 
celle format ion of sodium dodecyl sulfonate, part icu- 

lar at tention having been paid to changes in the degree 
of dissociation of the anionic detergent  brought  about 
by its incorporation ill micellcs. Below a critical con- 
centration the surface-active anions are adsorbed by 
the nonionic mieelles, while above this critical con- 
centration mixed mieelles of constant composition are 
found as evidenc.ed by electrophoresis, conductivity,  
cmf and other type of measurements.  A relevant point 
has been raised by Mysels and Otter (10) in their  de- 
velopment of an empirical method for the determina- 
tion of the composition of mixed anionic mieelles. 
Namely, in the pure  system the composition of mi- 
celles and monomers is the same and nmst remain con- 
stant  since only one component is present, whereas in 
the mixed system the compositions of mieclles and 
monomers are different and change with overall 
concentration. 

Whereas these investigations (3-9) dealt with nil- 
celle format ion of mixtures  consisting of a single non- 
ionic and a single anionic detergent,  Yoda, Meguro, 
Kondo and Ino (1) investigated mixtures of a single 
anionic detergent  with a homologous series of poly- 
oxyethylene n-dodeeanols. These authors determined 
the CMC from electrical conductivi ty vs. concentra- 
tion curves. For  each honmlog the break points in the 
specific or equivalent conductivity curves become 
progressively more ambiguous with increasing mole 
ratio of nonionic detergent.  

The object of this investigation was an experimental  
s tudy of mieelle formation in mixtures  of a homol- 
ogous series of a polyoxyethylene type nonionic de- 
tergent  with a single anionic detergent  by means of 
experimental  procedures, which are amenable to ac- 
curate measurement  of the CMC over the entire range 
of mole ratios. 

Experimental 
Molecularly distilled ethylene oxide (EO) eonden- 

sates of n-dodecanol have been obtained from General 
Aniline and Fi lm Corporation. The average chain 
length of the ethylene oxide adduets has been deter- 
mined from their  hydroxyl  values. The homogeneity 
of the nonionic detergents has been assessed f rom the 
observed sharp breaks in the surface tension vs. log- 
ar i thm of concentration plots; only samples exhibiting 
sharp breaks have bc.en used. Sodium n-dodeeyl sul- 
fate was prepared  by the method of Dreger  et al. (11), 
recrystallized several times f rom ethanol, and ex- 
t racted with petroleum ether. The pur i ty  of this ma- 
terial was readily checked f rom the shape of the sur- 
face tension vs. logari thm of concentration plots near  
the CMC. The water  was redistilled f rom alkaline 
permanganate .  Fo r  the procedure of the surface ten- 
sion measurements  see our previous communica- 
tion (12). 

Results 
A convenient way of assessing the balance of forces, 

i.e., van der Waals  and opposing electrostatic or hy- 
dration forces to which micelle formation is ascribed, 
is the determina~vn of the concentration of max imum 
molecular dispersion or, in other words, the CMC. 
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Fro.  1. CMC of sodium n-dodecyl alcohol sulfate,  sodium 
n-dodecyl ether alcohol sulfates and polyoxyethylene n-dodecanol 
in aqueous solutions as a function of temperature. Data  taken 
from reference (12). 

Since at this particular concentration the interaction 
between micelles is negligible, CMC data permit in- 
terpretation os experimentally measured behavior of 
micelles in terms of their structures. Therefore, CMC 
values of single detergents or mixtures thereof have 
been determined throughout this investigation, which 
were taken from the sharp breaks in the surface ten- 
sion vs. logarithm of detergent concentration plots 
(12-14). I t  is worth noting that these plots exhibited 
equally sharp breaks for mixtures and for single com- 
ponents. All measurements have been carried out in 
aqueous solutions at 5,25 or 45C (___0.1). 

Figure I shows that the temperature dependence 
of the CMC of sodium n-dodecyl ether alcohol sulfate 
with a short polyether group follows the pattern of 
sodium n-dodecyl alcohol sulfate (SDS) ; in contrast, 
the corresponding data of the homolog with a long 
polyether group follow that of polyoxyethylene n- 
dodecanol (]2). These findings have now been ampli- 
fied by this investigation of the CMC's of mixtures of 
nonionic and anionic detergents with comparable hy- 
drophobic groups as a function of composition of the 
mixtures and temperature. 

Let us first examine the temperature dependence 
of the CMC os the single components of the mixtures 
of nonionic and anionic detergents. The familiar plot 
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:Fire 2. Plot  of l o g  CMC vs. 1 /T  of polyoxyethylene n- 
dodecanols in aqueous solutions. Data  also taken from ref- 
erences (12) and (14). 
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:FIG. 3. CI~C Of SDS and n-dodeeanol + 4 EO mixtures in 
uqueous solutions as a funct ion of mixing ratio and  temperature. 

of log CMC vs. 1 /T for a homologous series of poly- 
oxyethylene n-dodecanol is given in Figure 2. These 
plots are linear and show a marked increase in CMC 
values on lowering the temperature. The latter is in 
line with the inverse temperature solubility relation 
of nonionic detergents. At a specific temperature, the 
CMC increases with increasing length of the ethylene 
oxide chain. This is attributed to the increased hydra- 
tion of the hydrophilic group resisting aggregation. 
In contrast to the nonionic detergent, the CMC of 
SDS passes through a minimum at 25C and increases 
with increasing temperature in the range from 25 to 
45C, as shown in Figure 1. The latter is attributed to 
decreased hydrocarbon chain attraction resulting 
from increased Brownian motion. 

The effect of a homologous series of polyoxyethylene 
n-dodecanols on the CMC of SDS is illustrated in 
Figures 3 to 6 as a function of composition and tem- 
perature. Variations in the number of ethylene oxide 
units (i.e., 4,7,23, and 30) and in temperature (i.e., 4, 
25 and 45C) have been studied. The CMC of the non- 
ionic component of the mixed micelles is about one- 
hundredth of that of the anionic. Whereas the CMC 
os the nonionic component decreases markedly on in- 
creasing the temperature from 5 to 45C, the CMC of 
the anionic changes only slightly in the reverse direc- 
tion. With the four  homologous polyoxyethylene n- 
dodecanols, only a gradual increase in the CMC values 
of the mixed micelles above the values of the nonionic 
components was observed in the composition range of 
0-90 mole % anionic detergent. This is followed by 
an abrupt transition to the high CMC values of the 
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PIG. 4. CMC of SDS and n-dodecanol + 7 EO mixtures in 
aqueous solutions as a function of mixing ratio a n d  temperature. 
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Fro. 5. CMC of SDS and n-dodecanol + 23 EO mixtures in 
aqueous solutions as a funct ion of mixing ratio and temperature.  

anionic component. The gradual increase in the range 
below 90 mole % anionic detergent of n-dodecanol + 
4 EO exceeds that  of the higher homologs containing 
7, 23 and 30 ethylene oxide units. A clearer picture 
of the temperature  dependence of the CMC of these 
mixtures is presented in Figures 7 and 8. From these 
figures, the transition from a plot characteristic of 
SDS with a minimum of 25C and negligible tempera- 
ture dependence to the linear plot of n-dodecanol + n 
EO with a marked temperature  dependence is appar-  
ent. This transition is more pronounced for  mixtures 
containing n-dodecanol + 4 EO than for those with 
n-dodecanol + 30 EO. 

Discuss ion 

] t  is generally accepted that  with ionic detergents 
mieelle formation is ascribed to a balance between 
hydrocarbon-chain attractions and electrostatic repul- 
sions, whereas with nonionic detergents the hydro- 
carbon-chain attractions are opposed by the hydrat ion 
and space requirement of the ethylene oxide chains 
(13). Consequently, it is expected that  this balance 
between cohesive and opposing electrostatic or hydra-  
tion forces, respectively, varies in mixed ionic- 
nonionic miceltes as a function of the mixing ratio. 
This is borne out by our results on CMC values of 
mixtures of anionic and nonionic detergents. The con- 
t inuous decrease from the high CMC value of SDS 
to the low values of polyoxyethylene n-dodecanols may 
be at t r ibuted to the increased suppression of the re- 
pulsive forces between the ionic head groups by the 
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Fro. 6. CMC of SDS and n-dodecanol + 30 EO mixtures  in 
aqueous solutions as a funct ion of mixing ratio and temperature.  
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FIG. '7 .  Plot of log CMC vs. 1 / T  of SDS and n-dodecanol 4- 

4 EO mixtures  as a funct ion of mixing ratio. 

incorporation of the nonionie head groups into the 
micellar/solution interface. 

In  the light of these general considerations and two 
specific phenomena, i.e. (1) the abrupt  transit ion at 
a composition of 90 mole % anionic detergent from 
the low CMC values corresponding to the nonionic 
component to the high CMC values of the anionic com- 
ponent, and (2) the larger increase of the CMC values 
of n-dodecanol + 4 EO in the range below 90 mole % 
anionic detergent  as compared to the higher homologs 
containing 7, 23 and 30 ethylene oxide units, it is 
postulated that  the degree of ionic repulsion of the 
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T A B L E  I 

P a r t i a l  Molal H e a t s  of Micelle F o r m a t i o n  of Mix tu res  of 
S D S  a n d  n-Dodecanol  + n E O  

n-Dodec- 
S D S ,  anol  + nEO,  D e t e r g e n t  mole % mole % 

AHm, k c a l / m o l e  

Temp 

5 - 2 5 C  OC 2 5 - 4 5 C  

S D S  100 O 0.4 0 - -0 .6  
90 10 1.0 4.9 
75 25 1.9 6.4 
50 50 2.0 4.1 
25 75 2.2 5.1 

n-Dodecanol  + 4 E O  0 100 (-5.5-0 

S D S  10O 0 0.4 0 - -0 .6  
90 10 3.3 4.2 
75 25 5.6 5.5 
50 50 4.8 4.9 
25 75 5.0 5.5 

n-Dodecanol  + 7EO 0 100 ~-5.0-~ 

S D S  100 0 0.4 0 - -0 .6  
90 10 4.1 7.4 
75 25 5.8 7.6 
50 50 4.1 4 . 0  
25 75 4.1 5.7 

n-Dodecanol  + 2 3 E 0  0 100 (-4.5-> 

S D S  1O0 O 0.4 0 - -0 .6  
90 10 3.5 6.2 
75 25 3.8 4.7 
50 50 4.6 3.8 
25 75 (-3.7-0 

n-Dodecanol  + 3OEO 0 100 (-3.7-0 

ionic component in mixed mieelles is markedly de- 
creased as the proport ion of nonionic component 
reaches a threshold range of 10 mole %. This effect 
is more prounounced with large ethylene oxide coils 
operating at the per iphery of the micellar core than 
with short ethylene oxide coils. 

This contention is supported by considerations of 
the dimensions reported for micellar models of non- 
ionic and ionic detergents, respectively. First ,  let us 
examine the mode of packing of the ethylene oxide 
chains in the outer shell of nonionic micelles as shown 
by Schick, Atlas and Eirich (13). A comparison of 
the experimental area available to one ethylene oxide 
chain at the per iphery of the spherical oil droplet ;  
i.e., 25 A 2 (calculated on the assumption of extended 
hydrocarbon chains in the core) or 44 A 2 (calculated 
on the assumption of an oil droplet  of density one) 
for  n-dodecanol + 14 E 0 ,  with that  at the micellar 
periphery,  i.e., 117 A e for  n-dodecanol + 14 EO, in- 
dicates that the volume encompassed between is that  
of a t runcated cone. The cross-sectional area of the 
corresponding undistorted ethylene oxide coil amounts 
to 142 A 2, which exceeds by far  the mean area of this 
t runcated cone (half height).  I t  is concluded that  the 
ethylene oxide chains in the outer spherical shell of 
the nonionic micelle are appreciably compressed to a 
volume much smaller than required for the undis- 
tor ted polymer coil. The increased space requirement 
on increasing the length of the ethylene oxide chain 
from 14 to 30 ethylene oxide units is demonstrated 
by the concomitant increase of the cross-sectional area 
of the undistorted ethylene oxide coils of the cor- 
responding n-dodecanol condensates from 142 A 2 to 
303 A e. These conclusions are supported by the vol- 
umes of the ethylene oxide unit  in the outer shell, 
which increase with increasing ethylene oxide chain 
length of the nonionic detergents, as anticipated from 
the increased hydration. 

Secondly, let us consider the mode of packing in 
ionic micelles. In the absence of electrostatic repul- 

sions the minimum space requirement for the polar 
head groups at t h e  periphery of the oil droplet 
amounts to 20 A 2. T a r t a r  (15) estimated the area of 
the dissociated polar  head groups to be 66 A 2. Inter- 
mediate values are expected in mixed mieelles. The 
ethylene oxide coils in the outer shell of mixed mi- 
celles may have the shape of either undistorted coils 
or t runcated cones depending on the mixing ratio. I t  
follows from these considerations that  one ethylene" 
oxide chain in e i ther  of these two forms will solubilize 
several polar head groups,  and eonsequently suppress 
ionie repulsion. Th is  effect beeomes more pronounced 
with increasing l eng th  o.f the ethylene oxide chain. 

Thirdly,  hydrogen bonding forces between ionic and 
nonionic head groups  may also play a vital role in sup- 
pressing ionic repuls ion (2,5). This may result in un- 
coiling of the e thylene  oxide chain at the micellar pe- 
riphery. For  example,  a coil containing 30 ethylene 
oxide units may be extended to 75 A. In  the light of 
these arguments the predominantly nonionic charac- 
ter of the mixed mieelles is easily understood. 

Finally,  the thermodynamics of mixed micelle 
formation is briefly covered (12,16,17). Molyneux, 
Rhodes and Swarbr ick  have recently critically re- 
viewed the general problem of the thermodynamics 
of mieelle format ion (18). The temperature  variation 
of the CMC for mixtures  of anionic and nonionic de- 
detergents has been converted into part ial  molal heats 
of micelle format ion AH .... and these have been com- 
pared with the corresponding values obtained for the 
components (12). The pert inent  data are given in 
Table I. SDS exhibits  a reversal in sign of • at 
25C, which has been explained by Goddard and Ben- 
son in terms of the " i c e b e r g "  picture of water (19). 
In contrast, the AI-Im values of nonionic detergents 
and mixtures of anionic and nonionie de tergents  con- 
taining at least 10 mole % of the nonionic component 
are always positive. These results signify the impor- 
tance of desolvation of the ethylene oxide chains on 
aggregation in all t he  mixtures (12), which is in line 
with the model postulated for the mixed micelles. 
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