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Abstract The aggregation of 
dodecyltrimethylammonium 
hydroxide (DTAOH) in aqueous 
NaOH solutions was studied as 
a function of NaOH concentration. 
As in NaOH-free DTAOH aqueous 
solutions, the surfactant underwent 
a stepwise aggregation mechanism. 
Changes in the structure of aggregates 
produced an increase of the concen- 

tration at which premicellar aggre- 
gates could solubilize hydrophobic 
dyes and also in the concentration at 
which hydroxide ions join the 
aggregates. 
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Introduction 

Knowledge of the properties of hydroxide surfactants is of 
great interest in the theoretical interpretation of micellar 
catalysis [1, 2]. There is some counterintuitive information 
about the behavior of hydroxide surfactants [3], and the 
properties of their micelles differ strongly from that of 
other surfactants with different counterions [4]. In a 
previous paper [5], we found that dodecyltrimethylam- 
monium hydroxide (DTAOH)-water solutions undergo 
a stepwise aggregation process. Here, we studied the ag- 
gregation behavior of DTAOH with aggregated NaOH. 
As in the previous paper, in this work the DTAOH ag- 
gregation was studied by methods that measure properties 
of the system as a whole (conductivity), properties mainly 
depending on the single-dissolved species activity (surface 
tension, DTA § ion-selective electrode, pH electrode) and 
on the micelles (dye Solubilization, density, changes in 
Rhodamine 6G fluorescence and colour). 

LTAOH solution was used to prepare dilutions with 
a fixed NaOH concentration in double-distilled, CO2-free 
water. Much care was taken to avoid contamination with 
atmospheric CO2 in this work. Details may be found in 
ref. [5]. 

The study of the aggregation steps on the DTAOH 
solutions was performed in the same way as in the pre- 
vious paper [5], and only the modifications are reported 
here. Only Sudan Black B was employed in the dye 
solubilization measurements, because Sudan Red III is 
soluble in NaOH aqueous solutions. All runs were per, 
formed at 25.0 _+ 0.1~ by water circulation from a 
thermostat. 

When straight lines were obtained, they were treated 
using the least squares method. Averages were ob- 
tained with the minimum variance linear unbiased es- 
timation method [6]. A confidence level of 0.90 and 
Student's t distribution function was employed in all error 
estimations. 

Experimental 

The preparation on dodecyltrimethylammonium hydrox- 
ide (DTAOH) was reported elsewhere [5]. A concentrated 

Results 

The plots of the density, dye solubilization, surface tension 
and glass electrode measurements were similar to that in 
NaOH-free aqueous DTAOH solutions [5]. 
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Fig. 3 Equivalent conductivity of aqueous DTAOH + 0.01 mol- din- 3 
NaOH 
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Fig. 2 Specific conductivity of aqueous DTAOH + 0.01 mol' dm- 3 
NaOH 

Here, we report only the figures which show some 
substantial differences with that shown in the previous 
paper E5]. 

Figure 1 shows DTA + ion-selective electrode results in 
D T A O H  aqueous solutions with a) 0.0001tool-din -3 
N a O H  and b) 0.05 tool. d m -  3 NaOH.  

Figures 2 and 3 show the specific and equivalent con- 
ductivity of aqueous D T A O H  + 0.01 tool. dm -3 NaOH.  

The determined critical points are reported in Table 1, 
and average values were plotted in Fig. 4. 

Discuss ion  

The interpretation of the density, dye solubilization, sur- 
face tension and glass electrode measurements was similar 
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Fig. 4 Average critical points of DTAOH aqueous solutions vs. 
concentration of added NaOH 

to that in NaOH-ffee  aqueous D T A O H  solutions [5]. We 
shall discuss in some detail the data which showed differ- 
ences with that in NaOH-free  aqueous D T A O H  solutions. 

The DTA + ion-selective electrode, which is Sensitive 
to single DTA + ions activity, indicates that the aggre- 
gation of these ions starts at point "a". For  0 and 
0.000t tool. din-3 of added N a O H  the curves are smooth 
after the break, but for larger N a O H  concentrations 
several breaks may be seen (Fig. 1). These breaks occur at 
concentrations in which other methods also show critical 
points. 

The conductivity and surface tension data obtained are 
similar to those of Zimmels et al. [7, 8]. According to these 
authors, this type of behavior corresponds to a stepwise 
aggregation. 

Many  authors have reported on systems which have 
multiple critical concentrations (see ref. [8] and refs. 
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Table 1 Critical aggrega t ion  po in t s  de te rmined  with different m e t h o d s  on  a q u e o u s  so lu t ions  of  D T A O H  + N a O H  (mol" d i n -  3) 

[ N a O H ]  = 0 
M e t h o d  P o i n t  a P o in t  b Po in t  c Po in t  d 

Li te ra ture  
da ta  

Average  values  

[ N a O H ]  = 10 - 4  M 
M e t h o d  

7.7 x 10 -4  [21, 27] 

2.506 x 10 - 4  !.896 x 10 . 3  1.108 x 10 -2  
_+ 0 .099x  10 - 4  + 0 . 0 7 1  x 10 -3  • 0 .010x  10 -2  

2.506 x 10 . 4  1.896 x 10 -3  1.108 x 10 -2  
• 0.099 x 10 . 4  • 0.071 x 10 .3  • 0.010 x 10 . 2  

0.0305 • 
0.0030 [21] 
0.0295 • 
0.0020 [213 

0.033 [3] 
0.0302 • 
0.0028 [53 

0.03199 • 
0.00082 

P o i n t  a P o in t  b Po in t  c Po in t  d 

Surface 
tens ion  
Conduc t iv i ty  

Glass  
electrode 
D T A + - i o n  
selective electrode 
Solubili ty 
(Sudan  Black B) 
Dens i ty  

Average  values 

[ N a O H ]  = 1 0  - 2  M 
M e t h o d  Po in t  a 

1 .5x  10 -3  8.9 x 10 -3  
_+ 1.4x  10 - a  •  10 -a  

1.9 x 10 .3  8.9 x 10 -3  
•  10 -3  •  10 -3  

2.4 x 10 -3  
! 0 . 7 x  10 -3  

2.4 x 10-3  
+ 1.4 x 10 -3  

1.90 x 10 - 3 
• 0.09 x 10-3  

Po in t  b 

6.4 x 10-3  
• 2.1 x 10 -3  

6.943 x 10-3  
• 0.004 x 10-3  

Po in t  c 

0.03 

0.04 

0.026 

0.039 
• 0.007 

Po in t  d Po in t  e 

Surface 
t ens ion  
Conduc t iv i ty  

Glass  
electrode 
D T A  +-ion 
selective electrode 
Solubili ty 
(Sudan  Black B) 
R h o d a m i n e  6G  

Dens i ty  

Average  values  

[ N a O H ]  = 5 x 10 -2  M 
M e t h o d  

2.0 x 10 -4  
• 0.1 x 10 - 4  

2.1 x 10 5 
• 0.1 x 10 -5  

9.1 x 10 - s  
_+ 0.1 x 10 - 4  

Poin t  a 

8.2 x 10 - 4  

• 1.4 x 10 . 4  

9.3 x 10 - 4  

• 0.1 X 10 - 4  

9.30 x 10 - 4  
• 0.01 x 10 - 4  

Po in t  b 

4.5 x 10 -3  
-}- 0.1 x 10 -3  

1.5 x 10 -3  
_ 1.0 x 10 -3  

4.23 x 10-  3 
• 0.07 x 10-3  

Po in t  c 

0.02206 
• 0.00033 

0.0171 
• 0.0014 

0.0104 
• 0.0093 

0.0218 
• 0.0003 

Po in t  d 

0.03 
+ 0.44 

0.030 
• 0.001 

0.05 
• 0.01 

0.039 
_ 0.015 

0.030 
_ 0.001 

Po in t  e 

Surface 
t ens ion  
Conduc t iv i ty  

Glass  
electrode 
D T A + - i o n  
selective electrode 
Solubili ty 

1.0 x 10 -4  
__ 0 . 1 x  10 -4  

1.0 x 10 - 4  

_+ 0.1 x 10 -4  

1.3 x 10-3  
-4-_ 2.3 x 10-  3 

5.5 x 10 -4  
• 0.2 x 10 - 4  

5.02 x 10-  3 
+ 0.01 x 10-  3 

2.5 x 10-  3 
+ 1.0 x 10 - 3  

4.0 x 10 -3  
_+ 0.1 x 10 -3  

4.6 x 10-3  

0.0322 
+ 0.0007 

0.033 
+ 0.015 

0.030 
4- 0.001 

0.05 
+_0.12 
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Table 1 Continued 

Method Point a Point b Point c Pointd Point e 

(Sudan Black B) ,+ 0.9 x 10 -3 
Rhodamine 6G 0.03 

,+ 0.01 
Density 0.030 

,+ 0.002 

Average values 1.01 • 10 . 4  5.5 X 10 . 4  4.0 x 10-3 0.0313 0.05 
,+ 0.07 x 10 . 4  ,+ 0.7 x 10 . 4  "+ 0.1 x 10 - 3  ,+ 0.0006 ,+ 0.12 

[NaOH] = 10-1 M 
Method Point a Point b Point c Point d Point e 

Surface 0.008 0.036 
tension ,+ 0.007 ,+ 0.018 
Conductivity 2.0 x 10-4 8.9 x 10-4 0.0226 

,+ 0.1 x 10 -4 ,+ 0.1 x 10 .4 ,+ 0.0012 
Glass 0.028 
electrode _+ 0.014 
DTA+-ion 1.0 x 10 -4 4.0 x 10 .3 0.050 
selective electrode _+ 0.1 x 10 - 4  ~ 0.1 X 10 -a ,+ 0.001 
Solubility 4.1 x 10 .3 
(Sudan Black B) ,+ 0.1 x 10 -3 
Rhodamine 6G 0.03 

_+ 0.01 
Density 0.040 

,+ 0.035 

Average values 1.49 x 10 -4 8.9 X 10 . 4  4.1 x 10 -3 0.0223 0.050 
,+ 0.07 x 10 .4 i_ 0.1 x 10 -4 + 0.9 x 10 .3 -!-_ 0.0012 ,+ 0.001 

therein, [9]). In particular, there is conclusive evidence 
about  the formation of premicellar aggregates as dimers 
[7, 10, 11] and larger aggregates [13, 14]. 

Small, fully ionized aggregates formed at point "a"; 
these cannot solubilize hydrophobic molecules, like the 
aggregates proposed by Bunton et al. [3]. 

At this point the equivalent conductivity rises because 
the fully ionized aggregates are better conductors  than the 
separate monomers.  Points "a" shifted to lower concentra- 
tions when the N a O H  concentration was raised. 

At point "b" another transformation occurred. With 
0 and 0 .0001mol .dm -3 N a O H  the aggregates can 
solubilize Sudan Black B molecules, which are uncharged 
in alkaline solutions. However, at higher N a O H  concen- 
trations, the dye solubilization occurs at point "c". Point 
"b" shifted to lower concentrations when the N a O H  con- 
centration was raised. Point "b" may be the minimum 
multimerization concentration (MMC) defined by 
Funasaki  [15] as the concentration at which aggregates 
with more than three monomers  form. 

Bunton et al. [16] found that hexadecyltrimethylam- 
monium hydroxide (CTAOH) and fluoride (CTAF) sys- 
tems show a large range of aggregate sizes. There are small 
aggregates at low concentration, but their size increases 

with surfactant concentration until they become true 
micelles, 

Point "c" also shifted to lower concentrations when the 
N a O H  concentration was raised. If no N a O H  is added, at 
this point the aggregation ofcounterions to the aggregates 
to form common micelles will start (i.e., large aggrega tes  
with counterions which are part  of the kinetic entity), but 
when N a O H  is added, this aggregation of counterions 
shifted to point "d ' .  Since at this point the micelles are 
small (n = 20 [4]) and highly charged (~ = 0 . 7 4 -  0.63 
[2, 4], 0.80 [5]), their contribution to the total conductivity 
of the system must be high. The conductivity of the O H -  
counterions (which are predominantly non-micellized) is 
very high, so the real C M C  is almost undetectable by 
conductivity measurements. 

In the absence of N a O H ,  point "d" corresponds 
to a change in micelle structure [5], and this may 
be the interpretation of point "e", at N a O H  concentrations 
higher than 0 . 0 1 m o l . d m  -3, following the model pro- 
posed by Zimmels and Lin [9b, 17]. The specific conduct- 
ivity showed a break, which may indicate the presence of 
almost uncharged micelles, as in NaOH-free  D T A O H  
solutions [5]. Rhodamine 6G, which has a positive charge, 
detects micelles at this point. This is probably due to its 



858 Colloid & Polymer Science, Vol. 274, No. 9 (1996) 
�9 Steinkopff Verlag 1996 

adsorption on the micelle surface when the (positive) sur- 
face potential is small enough. Density changes also occur 
at this point. 

As was pointed out in the literature, the structure of 
micelles changes with the counterion concentration [18]. 
This change occurs in a wide range of concentrations with 
hydrophilic ions such as OH-  or F -  [19,20], and in 
a narrower one with hydrophobic ions as Br- [-16]. 
Paredes et al. determined the heat of micellization of 
CTAC, CTAF and CTAB in water, this monotonically 
increases with surfactant concentration, whereas that of 
CTAOH has a maximum (Figs. 2-5 of the paper of 
Paredes et al. [21]). This may indicate postmicellar cha- 
nges in structure with increasing concentration. 

Many other systems (soaps, bite salts, bolaform am- 
phiphiles) show evidence of postmicellar critical points 
[%-%, 22]. 

In Fig. 4, curves "a", "b", "c", "d" and "e" represent 
steps in the stepwise aggregation process of DTAOH. 
Curve "a" is the concentration at which the aggregation 
starts. Curve I represents the concentration at which the 
fully ionized aggregates are able to solubilize hydrophobic 
molecules. Curve II is the concentration at which the 
counterions join the aggregates, forming "classical" 
micelles which includes counterions in the Stern layer. 

Curves I and II rise with NaOH concentration. In 
many ways, the behavior of hydroxide surfactants is 
counterintuitive [3]. The CMC determined by Paredes 
et al. for tetradecyltrimethylammonium hydroxide 
(TTAOH) and CTAOH decreased with increasing 
counterion concentration [21]. They determined the CMC 
of these surfactants by surface tension measurements, 
which corresponds to our points "b". As can be seen in 
Fig. 4, point "b" also decreased with increasing NaOH 
concentration, but may not be interpreted as the CMC of 
the surfactant. 

There are different CMC definitions [23], and this is 
a source of difficulties when systems with stepwise ag- 
gregation are studied. In addition, the value of the CMC 
for a surfactant system depends on the experimental tech- 
nique, its analysis and the concentration range [,15]. Curve 
II is probably the phenomenon closest to the "classical" 
CMC in the DTAOH-water system. 

Some thermodynamic properties of RTAOH solutions 
in the literature may be related to the unusual behavior of 
curves I and II. The specificity of the binding of counter- 
ions to micelles is related to the enthalpic contribution to 
the total free energy for the transference of a given counter- 
ion from water to the micellar interface. The dehydration 
and location of the counterion in the Stern layer play an 
important role in this contribution [21]. 

The heat of micellization of alkyltrimethylammonium 
salts as a function of the concentration of added counter- 

ions monotonically increases for CTAC, CTANO3 and 
CTAB, whereas that of CTAF, CTAOH and TTAOH 
decreases with the increase of F -  or OH- concentration, 
and passes through a slight minimum (see Fig. 6 of Par- 
edes et al. [21]). 

In the case of CTAOH, the entropy of micellization has 
a maximum when the NaOH concentration increases (see 
Table I of Paredes et al. [,21]). This entropy can be sepa- 
rated into two contributions: one constant contribution 
independent of the counterion concentration due to the 
hydrophobic effect produced by the transfer of the hydro- 
carbon chain from water to the micelle and other due to 
the binding of the counterion to the micellar charged 
surface [21]. Thus, the variation of the micellization en- 
tropy is probably due to a different mode of counterion 
binding. The maximum is at 0.005 M of added NaOH. The 
decrease in ASm at larger NaOH concentrations may be 
due to a decrease in the counterion binding. 

In the above results, it may be seen that on increasing 
the NaOH concentration, the thermodynamic properties 
of RTAOH micelles behave differently from that of RTAX 
with X- addition. These thermodynamic properties are 
closely related to aggregation, and similar unusual behav- 
ior was observed in our results. 

The interaction of DTAOH aggregates with OH - ions 
is qualitatively different from that of RTAX with X- ions. 
The hydroxide radical must be located, on average, about 
0.4 nm further out from the charged surfactant head group 
than for the bromides [3]. This is a consequence of the 
extreme hydrophilic nature of the hydroxyl anion in water. 
The resulting increased Coulombic repulsion between the 
surfactant head groups gives increased head-group area, 
increased surface curvature, and decreased aggregation 
number. The concentration of HO-  ions in the RTAOH 
micelle Stern layer is well below that of Br- in the same 
region in RTAB micelles [-4]. 

As a consequence of this difference, the properties of 
RTAOH micelles are unusual. The micelle aggregation 
number for tetradecyltrimethylammonium hydroxide cha- 
nges only from 45 to 70 over the concentration range 
0-1 mol. dm-3 NaOH. The effective volume fraction of 
micelles in this system was almost constant on addition of 
NaOH. Large changes in micelle size and charge are not 
observed when NaOH is added to DTAOH aqueous solu- 
tions, unlike the DTAB solutions behavior [3]. 

Curve II may reflect these unusual interactions be- 
tween micelles and hydroxide ions. The phenomena may 
represent changes in micellar structure as well as ionic 
distribution [-24]. 

The behavior of curve I may be due to changes in the 
structure of aggregates with NaOH addition. RTAOH 
micelles are small and spherical. This suggests that the 
alkyl chains in the micelle are ordered in different manner 
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in R T A O H  than in RTAX micelles [4]. In agreement with 
this view, the microviscosity of R T A O H  micelles was 
found to be two- to threefold larger than that of RTAB 
micelles [25]. Hydrodynamic  results on hydroxide surfac- 
tants suggest that there is rapid exchange between species 
in solution [3]. Whatever small hydroxide surfactant ag- 
gregates are formed must be extremely labile [3]. Added 
O H  may interact with D T A O H  micelles or other submic- 
roscopic aggregates to change their structure [16, 26]. 
Thus, changes in structure instead of changes in size, may 
be responsible for the changes in the solubilization 
capacity of aggregates. 

Conclusions 

The aggregation of Dodecyltr imethylammonium hy- 
droxide in aqueous N a O H  solutions follows a stepwise 
mechanism. 

Changes in the structure of aggregates may cause an 
increase of the concentrations at which premiceltar aggre- 
gates can solubilize hydrophobic dyes and the concentra- 
tion in which hydroxide ions joint the aggregates. 

In view of the results of this work and the preceding 
paper  [5] about  the complex multiple-step aggregation 
process of D T A O H  aqueous solutions, the question arises 
of whether the pseudophase separation model of micelliz- 
ation is applicable or not to this and other related systems. 
This assertion has been made by Bunton et al. [-16, 24] and 
is of great importance in the interpretation of micellar 
catalysis results. 

Work  is in progress to elucidate the structure of 
micelles and premicellar aggregates. 
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