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The aqueous solutions of mixtures of various conventional sur-
factants and dimeric anionic and cationic surfactants have been
investigated by electrical conductivity, spectrofluorometry, and
time-resolved fluorescence quenching to determine the critical
micelle concentrations and the micelle aggregation numbers in
these mixtures. The following systems have been investigated: 12-
2-12/DTAB, 12-2-12/C12E6, 12-2-12/C12E8, 12-3-12/C12E8, Dim3/
C12E8, and Dim4/C12E8 (12-2-12 and 12-3-12= dimethylene-1,2-
and trimethylene-1,3-bis(dodecyldimethylammonium bromide),
respectively; C12E6 and C12E8= hexa- and octaethyleneglycol mon-
ododecylethers, respectively; Dim3 and Dim4= anionic dimeric
surfactants of the disodium sulfonate type, Scheme 1; DTAB=
dodecyltrimethylammonium bromide). For the sake of comparison
the conventional surfactant mixtures DTAB/C12E8 and SDS/C12E8

(SDS= sodium dodecylsulfate) have also been investigated (refer-
ence systems). Synergism in micelle formation (presence of a min-
imum in the cmc vs composition plot) has been observed for the
Dim4/C12E8 mixture but not for other dimeric surfactant/nonionic
surfactant mixtures investigated. The aggregation numbers of
the mixed reference systems DTAB/C12E8 and SDS/C12E8 vary
monotonously with composition from the value of the aggregation
number of the pure C12E8 to that of the pure ionic component. In
contrast, the aggregation number of the dimeric surfactant/C12E8

mixtures goes through a minimum at a low value of the dimeric
surfactant mole fraction. This minimum does not appear to be
correlated to the existence of synergism in micelle formation. The
initial decrease of the aggregation number of the nonionic surfac-
tant upon addition of ionic surfactant, up to a mole fraction of
ionic surfactant of about 0.2 (in equivalent per total equivalent), de-
pends little on the nature the surfactant, whether conventional or
dimeric. The results also show that the microviscosity of the systems
containing dimeric surfactants is larger than that of the reference
systems. C© 2001 Academic Press
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gregation numbers; time-resolved fluorescence quenching.
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INTRODUCTION

Dimeric (gemini) surfactants are attracting considerable int
est in both academic and industrial research laboratories ow
to their low cmc values and their stronger efficacy in decreas
the surface tension of water (lowerp20 values) than the corre-
sponding conventional surfactants (1–3). These surfactants
expected to be commercially used in the near future, pro
bly as specialist surfactants. The German company Conde
already proposing formulations based on anionic dimeric s
factants. Since most formulations generally use complex m
tures of different surfactants, anionic, nonionic, and eventua
cationic, we have undertaken a systematic study of mixed
cellization in mixtures of conventional surfactants and dime
surfactants in aqueous solution. The mixtures are character
by their critical micellization concentration (cmc) and total m
celle aggregation numbers (NT, total number of surfactant chains
per micelle) determined as a function of the mixture compo
tion. In Part I in this series (4) we reported on the cmc a
micelle aggregation number in mixtures of the nonionic surfa
tants C12E5 and C12E8 (penta- and octaethyleneglycol mono
dodecylethers, respectively) and the anionic dimeric surfact
disodium 1,11-didecyl-3,6,9-trioxaundecane-1,11-disulfate (
ferred to as Dim1). Synergism in micelle formation was e
idenced in these mixtures by the presence of a minimum
the cmc vs composition plot. The results for the micelle a
gregation number of the mixtures showed a nonideal mixi
behavior with a shallow minimum in the variation ofNT with
the mixture composition at a Dim1 mole fraction around 0.
Synergism in formation of micelles and monolayers by mi
tures of nonionic conventional surfactants and anionic dime
0021-9797/01 $35.00
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surfactants has been investigated by Rosenet al. (5–7). The
literature reports many measurements of micelle aggrega
number in solutions of surfactant mixtures (8–24). Most of the
measurements have been performed at a finite total surfa
concentration using fluorescence probing techniques (12
24). Indeed, the variation of the mixed micelle aggregation nu
ber with both concentration and composition introduces di
culties in the interpretation of the results obtained using c
ventional methods of measurements, such as light scatte
or methods based on colligative properties (25). Measurem
involving mixtures of conventional and dimeric surfactants a
much less numerous (4, 11, 24).

The work described in Part I has been expanded by stud
mixtures of several dimeric surfactants (both cationic and
ionic) with conventional surfactants (ionic and nonionic). F
the sake of comparison we have also investigated mixture
nonionic conventional surfactants with ionic surfactants that
be considered as the monomers of the dimeric surfactants u
The cmc and micelle aggregation numbers in the mixtures h
been systematically measured and are reported below.

EXPERIMENTAL

Materials

The surfactants used in this study are the conventio
(monomeric) surfactants C12E6 (hexaethyleneglycol monodo
decylether, from Nikko, Japan; cmc= 0.12 mM (25)), C12E8

(octaethyleneglycol monododecylether, from Nikko, Jap
cmc= 0.08 mM (11)), DTAB (dodecyltrimethylammonium
bromide, from Aldrich; cmc= 15 mM (26)), and SDS
(sodium dodecylsulfate, from Touzart-Matignon, Franc
cmc= 8 mM (27)), and the cationic dimeric surfactan
12-2-12 (dimethylene-1,2-bis(dodecyldimethylammonium b
mide), synthesized by us; cmc= 0.84 mM (27) and 12-
3-12 (trimethylene-1,3-bis(dodecyldimethylammonium br
mide), synthesized by us; cmc= 0.93 mM (28)) and two anionic
dimeric surfactants referred to as Dim3 (cmc= 5.7 mM, this
work) and Dim4 (cmc= 0.13 mM, this work), synthesized an
purified as described below. The origin or synthesis and purifi
tion of the conventional and cationic dimeric surfactants are
ported in the references given with each surfactant cmc (25–

The synthesis of the dimeric surfactant Dim3 (see chem
structure in Scheme 1) was realized in two steps. First, a/1
mixture of C8 and C10 fatty acid methylesters was reacted with
mixture of sulfur trioxide and air (7% vol/vol) at 45◦C, in a glass
falling film reactor (length 1.56 m, diameter 0.014 m). The re
tion mixture (8 kg) was stirred for 30 min at 80◦C. A 13C NMR
analysis showed that 90 mol% of the resulting product was
requiredα-sulfo fatty acid methyl ester. The rest was identifi
as its sulfo ester, resulting from the insertion of sulfur trioxi
into the ester bond. The second step consisted in a transes
cation of theα-sulfo fatty acid methyl ester (1 mol) with ethylen

glycol (1 mol). Upon the mixing of the reactants the temperatu
rose to 50◦C, and it was further increased to 140◦C. The reaction
A ET AL.
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Scheme 1. Structure of the two anionic dimeric surfactants.

produces methanol and ethylene glycol, according to

CH3−(CH2)5−7−CHSO3H−COO−CH3+ HOCH2CH2OH

→CH3−(CH2)5–7−CHSO3H−COO−CH2−CH2OH

+CH3OH→ 0.5CH3−(CH2)5−7−CH(SO3H)−COO

−CH2−CH2−OOC−CH(SO3H)−(CH2)5−7−CH3

+ 0.5HOCH2CH2OH+ CH3OH. [1]

The ethylene glycol and methanol were removed under vacu
The resulting product was dark brown and highly viscous
was neutralized with a 2 Nsodium bicarbonate solution at 60◦C,
yielding the raw Dim3 surfactant, which was further purifie
by column chromatography, on Kieselgel 60 with ethylaceta
methanol (4/1 vol/vol) as solvent. The elemental analysis ga
satisfactory results.

The Dim4 surfactant (disodium salt of di-α-sulfosebacinic
acid di-decanol ester, see chemical structure in Scheme 1)
also synthesized in two steps. In the first step sebacinic a
dimethyl ester (5 kg) was reacted with a sulfur trioxide/air mi
ture (7% vol/vol) at 70◦C, in a 10-liter batch reactor with cool
ing coils and a gas inlet. Once the addition of sulfur trioxid
was complete, the viscous mixture was stirred for 30 min
90◦C. The di-α-sulfosebacinic acid di-methanol ester thus pr
duced was identified using13C NMR (90 MHz, in dimethyl-
sulfoxide). In the second step, the di-α-sulfosebacinic acid di-
methanol ester was heated to 85◦C and slowly added (0.15 mo
in 2 h) to 0.9 mol dodecanol at 120◦C. After 6 h the produced
methanol and the excess dodecanol were removed under
uum. The reaction mixture was cooled and neutralized with 2
sodium bicarbonate solution. Extraction with diethylether a
removal of the solvent led to the raw Dim4 (purity≈70%), with

rea yield of 70%. It was further purified by column chromatogra-
phy on Kieselgel 60 with ethyl acetate/methanol (4 : 1 vol/vol) as
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solvent. The elemental analysis of the purified Dim4 was sa
factory. The overall yield was 20%.

The samples of pyrene (fluorescent probe) and of do
cylpyridinium and hexadecylpyridinium chlorides (quenche
of the pyrene fluorescence) were the same as in previous st
(4). The water used throughout this work was purified usin
Millipore apparatus Milli-RO 3Plus.

Concentrated stock solutions of the surfactants were use
preparing the samples of surfactant mixtures for time-resol
fluorescence quenching. Some turbidity developed in the 20
Dim4 stock solution, 12–24 h after its preparation. This solut
was therefore filtered using a 100-nm hollow fiber filter and u
right after filtration. The Dim4 concentration in the filtrate w
determined by measuring its dry content. The filtration decrea
the Dim4 concentration by 5–10%.

Methods

The cmc’s were determined by spectrofluorometry from
variation of the pyrene intensity ratioI1/I3 with the surfactant
concentration (4, 29). The fluorescence emission spectra
recorded using a Hitachi 4010 spectrofluorometer, operated
excitation wavelength of 335 nm, with a bandpass of 1.5 nm b
at the excitation and emission. The cmc’s of the DTAB/12-2
mixture were determined by the electrical conductivity meth
The conductances were measured using an automated bal
conductivity bridge Wayne–Kerr B905. These measureme
were carried out at 25◦C.

The micelle aggregation numbers were determined by me
of the time-resolved fluorescence quenching technique usin
previously described single-photon counting apparatus (30,
The measurements were performed at 25, 40, and 55◦C with all
mixtures except 12-2-12/C12E6, where the measurements we
performed at 15, 20, and 25◦C. The fluorescence decay curv
were recorded in the absence and in the presence of quen
The former yielded the pyrene fluorescence lifetimeτ in the
micellar environment. In most instances the fluorescence de
curves in the presence of quencher were found to have a
time slope which was identical to that in the absence of quenc
within the experimental error. This behavior indicated that
probe and quencher distributions were frozen on the fluo
cence time scale (32–35). In this case the usual four-param
decay equation was fitted to the decay curves. This fitting dire
yielded the pyrene fluorescence lifetimeτ in the micellar envi-
ronment, the rate constantkq for intramicellar quenching, and th
ratio R= [Q]/[M] where [Q] and [M] are the quencher and m
celle molar concentrations (32–35). For the solutions of C12E6 at
20 and 25◦C and of C12E8 at 55◦C the long time part of the deca
curve showed a slope larger in the presence than in the abs
of quencher. This behavior indicated that probe and/or quen
migration between micelles occurred on the fluorescence
scale as was noted in a previous TRFQ investigation of th
two surfactants (36). The equations appropriate to this situa

(32–35) were used for the analysis of the decay curves,
again yielded the values ofτ , R, andkq. The total numberNT of
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surfactant chains per micelle was obtained from the equation

NT = R(2CD + CCS− cmc)/[Q], [2]

whereCD andCCS are the molar concentrations of the dimer
and of the conventional surfactants (ionic or nonionic). No
that the present measurements used values ofCD + CCS

much larger than the cmc of the mixtures. Thus, the mice
composition was always close to the weighing-in compositi
of the surfactant mixture. The aggregation numbers of t
dimeric surfactant and of the conventional surfactant in t
mixed micelles,ND andNCS, respectively, were obtained from

ND = 2NT XD/(1+ XD) and

NCS= NT(1− XD)/(1+ XD), [3]

where XD = CD/(CD + CCS) is the dimeric surfactant mole
fraction in the surfactant mixture. For mixtures of two conve
tional surfactants, the factor 2 in Eqs. [2] and [3] is removed

Another problem occurred with Dim4, possibly connecte
with the problem of turbidity discussed above. The Dim4 sol
tions containing pyrene but no quencher showed nonlinear de
curves. This behavior cannot be satisfactorily explained at
present time. Similar nonlinear decays have been sometimes
served with surfactant-containing systems (37). Neverthele
it was possible to fit the usual four-parameter decay equat
to these curves and to obtain an apparent occupation num
Rp, and an apparent quenching rate constant in the absenc
quencher,kq,p. These values were used to correct the values
the occupancy number determined for the same solution in
presence of quencher,Rq. The aggregation numbers were ob
tained by inserting in Eq. [2] a corrected value ofRq taken as

Rq,corr = Rq− Rp[kq,p/(kq,p+ kq,q)], [4]

wherekq,q is the quenching rate constant determined in the pr
ence of quencher. Equation [4] has no rigorous basis. Howe
it correctly predicts thatRq,corr→ Rq as kq,p/kq,q→ 0 or as
Rp→ 0. Other methods of correcting the data in a situati
similar to ours, i.e., when the decay found for the system co
taining only pyrene and no quencher is not linear, have be
used (37).

The solutions for TRFQ studies were prepared as previou
described (28, 30, 38). The fluorescence decay curves w
recorded after complete removal of the air solubilized in t
solution by three freeze–pump–thaw cycles. This was follow
by a saturation of the solution with nitrogen, in order to avoid
boiling during measurements at 40 or 55◦C. The fluorescence
cell which permits the complete removal of the air saturating t
solutions and their regassing has been described (38).

The mixed micelle aggregation numbers were measured in
mixtures, keeping the total molar surfactant concentrationCT
andconstant while varying the molar fraction of the ionic compo-
nent. This mole fraction is referred to asXD for both the dimeric
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and the conventional surfactants, below. The investigated m
tures and the values ofCT were as follows: DTAB/C12E8 and
SDS/C12E8,CT = 100 mM; 12-2-12/C12E8, 12-3-12/C12E8, and
Dim4/C12E8, CT = 20 mM; and 12-2-12/C12E6, CT = 10 mM.
For all these mixtures the value ofCT is well above the value of
the cmc of the pure surfactants or of the surfactant mixtures

RESULTS AND DISCUSSION

Cmc

Figures 1A and 1B show the variations of the electrical co
ductivity and of theI1/I3 ratio with the surfactant concentration
CD, for Dim3 and Dim4, respectively. For Dim3 the conductivi
plot in Fig. 1A yields a cmc value of 5.7 mM, which correspon
to the break in the plot. This concentration is seen to corresp
to the end of the decrease inI1/I3 vsCD plot, as it has been ob
served in previous studies of surfactants with high cmc val
(29). The conductivity plot in Fig. 1B shows that the cmc of Dim

FIG. 1. Cmc determination by measurements of conductivityK (d) and

fluorescence intensity ratioI1/I3(s) for Dim3 (A) and Dim4 (B) at 25◦C. In
each figure the vertical line corresponds to the cmc.
A ET AL.
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FIG. 2. Variation of the cmcM of the Dim3/C12E8 (d) and the Dim4/C12E8

(m) mixtures with the dimeric surfactant mole fraction at 25◦C. The solid lines
are guides to the eyes.

is relatively low, around 0.13 mM. This concentration close
corresponds to the midpoint of the decrease in theI1/I3 vs CD

plot. A similar result was already reported in previous stud
which compared the cmc values obtained from the variation
conductivity and ofI1/I3 for surfactants or surfactant mixture
of low cmc value (4, 39). The lower cmc value of Dim4 wit
respect to Dim3 mainly reflects the longer alkyl chain of Dim
The difference in the nature of the spacer groups of the two s
factants (hydrophilic for Dim3 and hydrophobic for Dim4) ma
also contribute to this difference.

Most of the mixtures investigated in the present study co
tained the nonionic surfactants C12E6 or C12E8. The pyrene flu-
orescence probing method was therefore used since the
ductivity method is not operative for determining the cmc
these surfactants and surfactant mixtures at low ionic sur
tant content. The cmc value of these mixtures was taken as
concentration corresponding to the midpoint of the decreas
the I1/I3 vs concentration plot. This procedure resulted in
error on the cmc values of up to±10%, i.e., larger than if the
cmc was obtained by conductivity. The conductivity method w
used only for the 12-2-12/DTAB mixture as it involves two ion
surfactants.

Table 1 lists the cmc values of the six investigated mixtures
25◦C. Figure 2 shows the composition dependence of the c
of the Dim3/C12E8 and Dim4/C12E8 mixtures as an illustration
of the type of data obtained. The Dim4/C12E8 mixture was the
only one that showed synergism, i.e., where the cmc’s of so
mixed systems are lower than the cmc’s of the pure surfacta

The cmc’s of the mixtures have been analyzed using Eqs.
and [6] derived for nonideal surfactant mixtures (40), in ord
to extract the parameter of interaction between surfactants,β,

2

D

(1− xD)2
D D D D

log[(1− XD)cmcM/(1− xD)cmcD]
= 1 [5]
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TABLE 1
Cmc Values in the Investigated Mixtures at 25◦C as a Function of Compositiona

Dim3/C12E8
bβ = −1.3

XD (M/M) 1.00 0.953 0.894 0.760 0.509 0.265 0.00
cmcM (mM) 5.7 2.19 1.11 0.228 0.205 0.131 0.115

Dim4/C12E8
bβ = −1.7

XD (M/M) 1.00 0.75 0.605 0.495 0.248 0.117 0.052 0.0
cmcM (mM) 0.13 0.11 0.08 0.09 0.08 0.08 0.08 0.11

DTAB/C12E8
bβ = −1.7

XD (M/M) 1.00 0.924 0.668 0.533 0.348 0.00
cmcM (mM) 14 2.15 0.484 0.275 0.196 0.125

12-2-12/DTABcβ = −2.2
XD (M/M) 1.00 0.819 0.479 0.326 0.112 0.0536 0.00
cmcM (mM) 0.90 1.006 1.59 2.04 2.77 3.89 15.5

12-2-12/C12E8
bβ = −0.9

XD (M/M) 1.00 0.92 0.75 0.50 0.25 0.00
cmcM (mM) 0.85 0.532 0.295 0.165 0.127 0.12

12-3-12/C12E8
bβ = −0.8

XD (M/M) 1.00 0.92 0.75 0.50 0.25 0.00
cmcM (mM) 0.858 0.555 0.28 0.179 0.125 0.12

a XD (M/M) = CD/(CD + CCS), mole fraction in mole per mole. Mole fraction in eq/eq:XD,eq= 2XD/(1+ XD). Cmc of the mixture in equivalent per liter:
cmcM,eq= cmcM(1+ XD).
b From fluorescence.
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and

β =
[

log
XDcmcM

xDcmcD

]/
(1− xD)2. [6]

In these equationsXD and xD are the mole fractions of the
dimeric surfactant in the mixture and in the micelles, resp
tively, cmcD is the cmc of the dimeric surfactant, and cmcM is
that of the mixture of compositionXD.

Table 1 gives the average values ofβ for the different mix-
tures. The error on these values is rather large and is estim
to be±1.5, owing to the relative inaccuracy of the cmc determ
nations. Recently, several papers discussed the approxima
involved in using a single value ofβ to account for the cmc of
binary surfactant mixtures in the whole range of compositi
(22, 41–44). For mixtures of an ionic and a nonionic surfacta
it has been argued that the interaction parameter must be a f
tion of the composition because the electrostatic contribut
to β varies much with composition (44). Large differences
surfactant head group size can also result in a composit
dependent interaction parameter (43). However, the quality
our data does not warrant analysis based on a composit
dependent value ofβ.

The values ofβ for the mixtures of Dim3 and Dim4 with
C12E8 are rather close. They are somewhat less negative than
values measured for the mixtures of the anionic dimeric surf
tant Dim1 with C12E5 and C12E8 (4). Theβ values for the three
anionic dimeric surfactant/C12E8 mixtures are all less negative
than for the reference mixture SDS/C12E8 for whichβ = −3.9

(45). Note, however, that the much less negative value of−2.7
has been reported for the mixture SDS/C12E6 (23). The val-
c-

ated
i-
tion

on
nt

unc-
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on-
of

ion-

the
ac-

ues ofβ for the mixtures of DTAB, 12-2-12 and 12-3-12, wit
C12E8 are all quite close. The value for the 12-2-12/C12E6 mix-
ture has been reported to be−2.2 (11), still in the error range.
A last comment concerns the monomer/dimer mixture DTA
12-2-12. Mixed micellization in this mixture has been evidenc
by transmission electron microscopy at cryogenic tempera
(46). Small-angle neutron scattering (47) has been used to c
acterize the formation of mixed micelles in this mixture. T
valueβ =−2.2 found for this mixture is larger than the value
reported for other binary mixtures of surfactants of like cha
which often behave as nearly ideal mixtures (47, 48). This d
ferent behavior of the monomer/dimer mixture may be due
the dimeric nature of one component of the mixture.

Micelle Aggregation Numbers in Cationic Dimeric/Nonionic
Surfactant Mixtures

The measurements of aggregation numbers involved mixtu
of surfactants that all contained the dodecyl chain, 12-2-
C12E6, 12-2-12/C12E8, 12-3-12/C12E8, and DTAB/C12E8. These
mixtures were selected as they permit the investigation of the
fect of the spacer length of the dimeric surfactant and of the h
group of the nonionic surfactant on the mixed micelle aggre
tion number. They also permit one to compare the behavior
monomeric conventional surfactant (DTAB) to that of a dime
surfactant (12-2-12 or 12-3-12) when mixed to the same n
ionic surfactant (C12E8). Indeed, DTAB can be formally con
sidered as the monomer of 12-2-12 and 12-3-12. The effec
temperature was also investigated. The values of the cmc us

the calculation of the aggregation numbers by means of Eq. [2]
are those listed in Table 1. The values reported by Esumiet al.
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FIG. 3. Variation of the total aggregation number of the mixed micel
with the mole fraction of the ionic surfactant in the mixture: DTAB/C12E8

(d; CT = 100 mM); 12-2-12/C12E8 (s; CT = 20 mM); 12-2-12/C12E6 (h;
CT = 10 mM); and 12-3-12/C12E8 (n; CT = 20 mM). T = 25◦C. The solid
lines are guides to the eyes.

(11) were used for the 12-2-12/C12E6 mixtures. All these values
refer to 25◦C while some measurements of aggregation numb
were performed at other temperatures. However, the surfac
concentrations used were much larger than the cmc’s. Thu
change of cmc with temperature resulted in a negligible erro
the aggregation numbers.

Effect of the mixture composition on the mixed micelle
gregation number. In the representation of the resultsNT,
the number of surfactant chains per micelle, was preferre
NS = NT/(1+ XD), the number of surfactants per micelle. I
deed, theNT values permit an easier comparison of the volum
of the micelles of different surfactants since the micelle volu
is proportional to the number of surfactant chains.

Figure 3 shows the variation of the total aggregation num
NT with the mixture composition,XD, for the four mixtures in-
vestigated at 25◦C. In the reference mixture DTAB/C12E8, NT is
seen to decrease gradually with increasing DTAB mole fract
The decrease ofNT is obviously associated with the increas
average repulsive interaction between surfactant head gr
with increasingXD, as nonionic surfactants are progressiv
replaced by ionic surfactants. As a consequence the ave
optimal surface area per hydrophilic group increases and
number of surfactant chains per micelle decreases. The sm
aggregation number corresponds to the highest surface ch
density, i.e., pure DTAB micelles. The addition of dimeric su
factants to C12E8 also initially causes a decrease ofNT, for the
same reason as additions of DTAB. In fact, the decrease oNT

is about the same up toXD,eq≈ 0.20, upon additions of DTAB,
12-2-12 and 12-3-12, in a plot (not shown) ofNT against the
fractionXD,eq= 2XD/(1+ XD) of ionic surfactant expressed i
equivalent per total equivalent. Hence, the type of the catio
surfactant (monomeric or dimeric) does not influence the s
of the mixed micelles in this region, up toXD ≈ 0.12. ThenNT

goes through a minimum atXD ≈ 0.15 and increases withXD
up to the value of the aggregation number of the pure dime
surfactant micelle. It is noteworthy that the plots for the 12-
A ET AL.
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12/C12E8 and 12-3-12/C12E8 mixtures are rather close in th
range 0< XD < 0.5 . At higher mole fraction the effect of the
ionic surfactant becomes predominant and a small differe
occurs between the two plots because the micelle aggrega
number is larger for 12-2-12 than for 12-3-12 (50). The diffe
ence would be even larger if the two surfactants were studie
the same concentration of 20 mM, while in fact the results
12-2-12-containing mixtures refer to a concentration of 10 m
Indeed, the aggregation number of 12-2-12 micelles is kno
to increase very rapidly with concentration (50). It remains t
the small difference between the two plots is well explained
the difference of micelle size of the two dimeric surfactants. T
effect of the spacer length (increase of the aggregation num
upon decreasing spacer length (50)) is thus also found for
mixtures at high mole fraction of dimeric surfactant.

The comparison of the results for the 12-2-12/C12E6 and 12-
2-12/C12E8 mixtures in Fig. 3 shows that the smaller hydrophi
head group of C12E6 with respect to C12E8 leads to the formation
of larger micelles at any given value ofXD. This is particularly
clear at low XD, where the effect of the nonionic surfacta
dominates the behavior of the system. The plot for the 12
12/C12E6 mixture also has a minimum at a value ofXD slightly
larger than that for the 12-3-12/C12E8 mixtures (0.25 agains
0.20). This plot apparently shows a maximum of small amp
tude atXD ≈ 0.50, but keeping in mind the experimental error
is difficult to say how reliable this is. Nevertheless, the prese
of 12-2-12 clearly influences much more strongly the size
C12E6 micelles than that of C12E8 micelles. This is so because a
25◦C the C12E6 solution is much closer to its cloud temperatu
(50◦C) than the C12E8 solution (77◦C) (51). The micelle size
is then much more sensitive to additives that increase the c
temperature (36). Note that the aggregation behavior in the 1
12/C12E6 mixture has been investigated by light scattering (1
The reported results differ much from those in Fig. 3. TheNT vs
CD plot shows a wide minimum in the range 0.2< XD < 0.8,
with NT values around 20–40. Also, theNT value reported for
the pure C12E6 micelle is of only 120 as compared to 220 in th
present work, and 280 at 25 mM in the presence of 0.1 N N
(the presence of NaCl is expected to result in a moderate mic
growth) (9). However, theNT values reported in Ref. (11) refe
to the cmc of the mixtures, and one expects the values ofNT at
the cmc to be lower than at the concentration of 10 mM (t
work) or 25 mM (9). Besides, the cmc’s did not show clearly
the reported surface tension vs concentration plots in Ref. (
Errors on the cmc values to which the light scattering data w
extrapolated, and such extrapolations for systems where the
gregate size is dependent on concentration, as is the case
may contribute to the observed differences.

The size of the mixed micelles in the studied solutions
mainly determined by the repulsions between head groups
steric origin for oxyethylene head groups and of electrost
origin for quaternary ammonium head groups) and also by

ric
2-
packing parameters of the surfactants making up the mixture.
As discussed above the initial effect of introducing an ionic
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surfactant into a nonionic surfactant micelle is to increase
average repulsion between head groups and, thus, decreas
micelle size, as is seen in Fig. 3. At lowXD the added cationic
surfactants are probably entirely or nearly entirely dissocia
i.e., no counterions are bound by the micelles. Counterion b
ing by the mixed micelles starts only whenXD reaches a certain
value (52–54).

Effect of temperature (T) on the mixed micelle aggregat
number. It is known that an increase ofT generally increases
the aggregation number of nonionic micelles of the CmEn type
(51) and decreases that of ionic micelles (55). When ionic
nonionic surfactants are mixed, the variation of the aggrega
number of the mixed aggregates is mainly determined by
interplay of these two opposite tendencies as well as the inte
tions between the hydrophilic heads. Figures 4A–4C show
variation of the mixed micelle aggregation number with co
position at different temperatures for the DTAB/C12E8, 12-3-
12/C12E8 and 12-2-12/C12E6 mixtures.

In the case of DTAB/C12E8 mixtures, Fig. 4A, shows thatNT

changes gradually withXD and depends only little onT in the
range 0.25< XD < 0.75. The value ofNT for C12E8 micelles
increases rapidly with temperature atT > 40◦C, in agreement
with a previous report (36). This has been attributed to a
creased polarity of the ethoxylated chains (56).

Figure 4B shows the results for 12-3-12/C12E8 mixtures. The
minimum in theNT vs XD plot present at 25◦C, disappears a
40 and 55◦C. The NT is seen to be nearly independent ofT
at XD ≈ 0.08. At lower mole fractionsNT increases withT as
for nonionic surfactants. At higher mole fractionsNT decreases
upon increasingT , indicating that the effect of the ionic dimeri
surfactant is predominant in this range.

The experiments with 12-2-12/C12E6 micelles were per-
formed at lower temperatures because pure C12E6 micelles grow
rapidly with T (36), and at above 25◦C the aggregation num
bers become too large to be measured by time-resolved fluo
cence quenching. The results in Fig. 4C show that increasing
temperature from 15 to 25◦C strongly increases the aggregatio
number of pure C12E6 micelles but does not significantly chang
the size of the mixed aggregates. All curves have the same sh
with a minimum at aroundXD = 0.25, as in the case of the 12-3
12/C12E8 mixture at 25◦C. The aggregation number of 12-2-1
micelles could not be measured by TRFQ at 15 and 20◦C.

Intramicellar quenching rate constants kq. The values ofkq

are obtained from the fit of the decay curves to the appropr
decay equations (see above). They can provide information
the micellar properties (57). Thus,kq decreases upon increasin
micellar size as 1/Na

T (with a ≈ 1 for spherical or spheroidal mi
celles and larger than 1 for elongated micelles) (58, 59). Thekq

also decreases upon increasing viscosity of the probe/quen
micellar environment (microviscosity ¯η) (57). Figure 5 shows
the variations ofkq with composition for the four cationic

◦
surfactant/nonionic surfactant mixtures investigated at 25C.
The results at the other temperatures (not shown) are q
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FIG. 4. Variation of the total aggregation number of the mixed micelle

with the mole fraction of the ionic surfactant in mixtures of: (A) DTAB/C12E8

(CT = 100 mM) at 25 (d), 40 (n), and 55◦C (j); (B) 12-3-12/C12E8 (CT =
◦

uite
20 mM) at 25 (d), 40 (n), and 55C (j); and (C) 12-2-12/C12E6 (CT = 10 mM)
at 15 (r), 20 (s), and 25◦C (d). The solid lines are guides to the eyes.
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FIG. 5. Variation of the intramicellar quenching rate constant in t
mixed micelles with the mole fraction of the ionic surfactant in the mixtu
DTAB/C12E8 (d; CT = 100 mM); 12-2-12/C12E8 (s; CT = 20 mM); 12-2-
12/C12E6 (h; CT = 10 mM); and 12-3-12/C12E8 (n; CT = 20 mM).T = 25◦C.
The solid lines are guides to the eyes.

similar. The value ofkq is the largest for the pure DTAB mi-
celles, as is expected keeping in mind that their aggrega
numbers are the smallest. Similarly the value ofkq is the small-
est for the system with the largest micelles, that is, pure C12E6.
The correlations between the variations ofNT in Fig. 3 and of
kq in Fig. 5 are obvious. Thus, for the DTAB/C12E8 mixture,
NT decreases andkq increases upon increasingXD, taking in-
termediate values between those measured in the pure C12E8

and DTAB micelles. Both theNT vs XD and thekq vs XD plots
for the 12-2-12/C12E8 and 12-3-12/C12E8 mixtures are nearly
coincident, up toXD ≈ 0.5. The main difference in thekq vs
XD plots occurs atXD = 1 and reflects the larger size of th
12-2-12 micelles with respect to 12-3-12 micelles (50). Also
12-2-12/C12E6 mixture is characterized by the largest values
NT and, as expected, by the smallest values ofkq, in the whole
range ofXD. Last, in every instance where theNT vs XD plot
goes through a minimum, the correspondingkq vs XD plot goes
through a maximum.

Thus, the correlation between the values ofNT and ofkq is
very good. However,kq depends onNT and also on the micelle
microviscosity (27, 57). A separation of the effects of these t
parameters can be achieved only in a semiquantitative ma
at the present time. Indeed for spheroidal micelleskq varies as
1/NT and to a first approximation the productNTkq is propor-
tional to the reciprocal of the micelle microviscosity, i.e., 1/η̄

(56–58). For the mixtures investigated the measured aggrega
numbers are all between 60 and 120, except for C12E6, at all tem-
peratures investigated, and for C12E8 at 55◦C. For surfactants
with a dodecyl chain the aggregation number of the maxim
spherical micelles is around 60. Thus the micelles in the mixtu
are spherical or spheroidal, except for the pure nonionic sur
tants at high temperature, and the variations of productNTkq can
yield information on the variations of the micelle microviscosi
Figure 6 illustrates these variations at 25◦C. These results sug
gest that for the three mixtures containing a dimeric surf

tant the microviscosity depends relatively little on the natu
of the surfactant, whether monomeric or dimeric, in the who
A ET AL.
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FIG. 6. Variation of the productNTkq (proportional to the reciprocal micro-
viscosity) for the mixed micelles with the mole fraction of the ionic surfactan
in the mixture: DTAB/C12E8 (d; CT = 100 mM); 12-2-12/C12E8 (s; CT =
20 mM); 12-2-12/C12E6 (h; CT = 10 mM); and 12-3-12/C12E8 (n; CT =
20 mM).T = 25◦C. The solid lines are guides to the eyes.

range ofXD values. Indeed the differences of microviscosity
are never larger than about 10–15%. The microviscosity of th
C12E8/DTAB mixture is also close to that of the other three mix
tures up toXD = 0.5; then it becomes smaller at higher mole
fraction. This difference reflects the larger micelle microvis
cosity of dimeric surfactants with respect to the correspondin
monomeric surfactants (60).

In view of the results in Figs. 3, 5, and 6 it appears that fo
the investigated mixtures the micellar properties are determin
mainly by the nonionic surfactant up toXD ≈ 0.25 and by the
ionic component at higher mole fraction.

Micelle Aggregation Numbers in Anionic Dimeric/Nonionic
Surfactant Mixtures

The measurements concerned the Dim4/C12E8 and SDS/
C12E8 mixtures. SDS can be considered to correspond rough
to the monomer of Dim4. The reported values of the cmc of th
SDS/C12E8 mixture (45) were used for calculating the mixed
micelle aggregation number.

Figure 7 displays the variation of the total aggregation num
berNT with the mole fraction of the ionic surfactant for the two

FIG. 7. Variation of the total aggregation number of the mixed micelle
with the mole fraction of the ionic surfactant in the mixture: SDS/C12E8

re
le
(n; CT = 100 mM); Dim4/C12E8 (s; CT = 20 mM). T = 25◦C. The solid
lines are guides to the eyes.
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FIG. 8. Variation of the total aggregation number of the mixed micell
with the mole fraction of the ionic surfactant in the mixture: (A) SDS/C12E8

(CT = 100 mM) at 25 (d), 40 (n), and 55◦C (j); (B) Dim4/C12E8 (CT =
20 mM) at 10 (e), 25 (d), 40 (n), and 55◦C (j). The solid lines are guides to
the eyes.

mixtures. The effect of temperature on theNT vs composition
plots is represented in Figs. 8A and 8B. The value ofNT for the
SDS/C12E8 mixture decreases continuously from the value
the nonionic surfactant to that of SDS, at all three temperatu
investigated. The plots in Fig. 8A are very similar to those for t
DTAB/C12E8 (Fig. 4A). In fact, at a givenT , the values ofNT are
about the same for the DTAB/C12E8 and SDS/C12E8 mixtures
up to XD ≈ 0.5 (compare Figs. 4A and 8A). Thus, in this rang
the observed variations ofNT are essentially due to the modifi
cation of the interactions between the nonionic head group
C12E8 and of the packing of this surfactant upon incorporati
of the ionic surfactant in the micelles. At higher mole fraction
small difference occurs, which reflects the slightly larger mice
aggregation number of SDS with respect to DTAB. The plot
the Dim4/C12E8 mixture shows a minimum, similarly to mos
of the plots for the cationic dimeric surfactant/CE mixtures.
12 8

The presence of a minimum in theNT vs composition plot has
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FIG. 9. Variation of the intramicellar quenching rate constant in the mixe
micelles with the mole fraction of the ionic surfactant in the mixture: SDS/C12E8

(n; CT = 100 mM); Dim4/C12E8 (s; CT = 20 mM).T = 25◦C. The solid lines
are guides to the eyes.

been reported for other binary surfactant mixtures in additi
to the systems investigated in the present study (4, 11). The
currence of a maximum has also been reported in two instan
(9, 21). The first one concerns the C12E6/SDS mixture in the pres-
ence of 0.1 M NaCl (9). The maximumoccurred atXD ≈ 0.1
and it was attributed to the subtle balance between steric
electrostatic interactions. A maximum was also reported for
mixtures of sodium dodecylsulfonate with zwitterionic surfa
tants of various alkyl chain length, in pure water and in th
presence of 0.1 to 0.5 M NaCl (21). The reported results sh
thatNT is a maximum atXD ≈ 0.7, irrespective of the salt con-
tent. The explanation given for this maximum is close to that f
the SDS/C12E6 mixture (9). The authors also observed thatNT

was at maximum at a composition that closely corresponds
minimum in the cmc vs composition plot (synergism in micel
formation). However, as seen above for the Dim4/C12E8 (see
Fig. 8B) and in our previous studies (4), synergism in mice
formation may also result in a minimum in theNT vs XD plot.
Thus, no general statement can be made at this stage conce
the relationship between synergism in micelle formation and
shape of theNT vs XD plot.

Figures 9 and 10 show the variations ofkq and ofNTkq with
composition for SDS/C12E8 and Dim4/C12E8 mixtures. Here

FIG. 10. Variation of the productNTkq (proportional to the reciprocal mi-
croviscosity) for the mixed micelles in the mixtures SDS/C12E8 (n; CT =

100 mM) and Dim4/C12E8 (s; CT = 20 mM), with the mole fraction of the
ionic surfactant at 25◦C. The solid lines are guides to the eyes.
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again the results are qualitatively similar to those for the catio
surfactant (conventional or dimeric)/C12E8 mixtures. In particu-
lar, the results in Fig. 10 suggest that the microviscosity in Dim
containing micelles is greater than in SDS-containing micell

SUMMARY AND CONCLUSIONS

We have studied a number of binary mixtures of dimeric s
factants (12-2-12, 12-3-12, Dim3, and Dim4) and nonionic s
factants (C12E8 and C12E6) by measuring the cmc of the mixture
and the aggregation number of the mixed micelles as a func
of the mixture composition and the temperature. Two refere
mixtures, SDS/C12E8 and DTAB/C12E8, have also been investi
gated for the sake of comparison. Synergism in micelle form
tion (presence of a minimum in the cmc vs composition plot) h
been observed for the Dim4/C12E8 mixture but not for the three
cationic surfactant/C12E8 and Dim3/C12E8 mixtures. The aggre-
gation numbers in the mixed reference systems SDS/C12E8 and
DTAB/C12E8 vary monotonously from the value of pure C12E8

micelles to that of the pure ionic surfactant micelles. In contra
the micelle aggregation number in the dimeric surfactant/C12E8

mixtures goes through a minimum at a low value of the dime
surfactant mole fraction. The initial decrease of the aggre
tion number of the nonionic surfactant upon addition of ion
surfactant, up to a fraction of ionic surfactant of about 0.2
equivalent per total equivalent), depends little on the nature
surfactant, whether conventional or dimeric. This indicates t
the decrease is due to the increased electrostatic repulsiv
teractions between head groups upon introduction of the io
surfactant in the nonionic micelles. The combination of the v
ues of the total aggregation number of the mixed micelles an
the intramicellar quenching rate constants shows that the mi
viscosity of the systems containing dimeric surfactants is gre
than that of the reference systems.
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