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The surfactants tetrabutylammonium dodecyl sulfate (TBADS) and tetradecyl sulfate (TBATS) have been
synthesized by ion-exchange, and their self-association behavior has been investigated. The solutions of these
surfactants show clouding and phase separation as the temperature is increased. The clouding tefperature
of TBADS solutions has been found to be abotts#C higher than for TBATS solutions in the whole range

of composition up to a surfactant content of 64 wt %. The critical micellization concentration (cmc) of TBATS
has been determined using the electrical conductivity method. The micelle aggregation nus)idease(

been determined using the time-resolved fluorescence quenching (TRFQ) method, with pyrene/dodecyl-
pyridinium chloride as fluorescent probe/quencher pair. For the two surfadtbints,eases with the surfactant
concentration and above a threshold concentration with the temperature. This latter increase as well as the
phase separation observed for TBADS and TBATS are very unusual features for ionic surfactants. At
temperatures approachiig from below, the TRFQ data show evidence of quencher/probe migration between
micelles. This process is shown to occur via collisions between micelles. Approximate calculations indicate
that the maximum number of TBAions that can be packed at the TBADS micelle surface is smaller than

the experimentally determined value of the number of bound TBs. This result suggests that some
bound TBA' ions must be located in an outer and probably incomplete second layer of boundidBs\

The origin of the attractive intermicellar interaction responsible for the observed phase separation is discussed
on the basis of the existence of the second layer of bound*TiBAs and the capacity of TBAions to
self-associate in water.

Introduction irrespective of whether these ions originated from the ionization
This paper is part of a series that deals with the effect of the of micelles or from a TBA salt added to the TBADS solutfon.

nature of the counterion of anionic surfactants on their self- 1he values oCqqwere calculated using a value of the micelle
association behavior and micellar properties of anionic micelles ionization degree that was quite close to that determined at the
viewed as reaction medium. Part 1 in this series reported on¢mc, a’,* from the analysis of conductivity data using Evans
the solution behavior and micellar properties of the surfactants method? The tetrabutylammonium tetradecyl sulfate (TBATS)
SDS, CsDS, TMADS, TEADS, TPADS, and TBADS (sodium, solutions also show clouding and phase separation upon
cesium, tetramethyl, tetraethyl, tetrapropyl, and tetrabutylam- heating*=® Clouding and phase separation are usually observed
monium dodecyl sulfates, respectively): critical micellization with aqueous solutions of theonionic poly(ethylene glycol)
concentration (cmc), ionization degree)( and micelle mi-  monoalkyl ether surfactantsEQ, (m = alkyl chain carbon
cropolarity, microviscosity, and aggregation numgsy.{ Mi- number;n = number of ethylene EO oxide units}However,
celle growth in solutions of tetraalkylammonium dodecyl recently, clouding had been reported to occur with solutions of
sulfates (TAADS) upon increasing surfactant or added salt gnignic surfactants in the presence of counterions that are large
concentration was found to be _rather limited despite the lower and of hydrophobic character as for instance tetrabutylammo-
values of the cmc of TAADS with respect to SDS and CSDS. nium perfluoroalkanoate® mixtures of sodium perfluoro-

A peculiar behavior was noted for TBADS, with valueshf octanoate and tetrapropylammonim bromitland mixtures of
slightly increasing with, or independent of, temperature at a sodium alkyl sulfates (alky= octyl to octadecyl) and of

concentration of 35 mM. Higher concentrations were not . . o
investigated. tetrabutylammonium or tetrapentylammonium sattst-15 Cloud-

In part 1, we also reported that TBADS solutions show INg and phase separation have also been evidenced with

clouding and phase separation as the temperature is increasedSolutions of the cationic surfactant erucyl-bis(hydroxyethyl)-
The cloud temperaturd, was shown to be a function of the ~methylammonium chloride in the presence of the hydrophobic

total concentration of TBA ions in the aqueous phas€aq counterions tosylate or salicylafeand with solutions of the
cationic surfactants alkyltributylammonium bromides that have
* To whom correspondence should be addressed. a large hydrophobic headgrotify2* However, in contradistinc-
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nium tetradecanoate, octadecanoate, docosanoate, and tetrareutralization was monitored by measuring the pH. The resulting
cosanoaté? up to 98°C. aqueous TBATS solution was freeze-dried, yielding a pale
Part 2 in this series reported on the growth and ionization of yellow viscous liquid at room temperature. It turned into a solid
TAADS micelles?* The micelle aggregation number of CsDS when maintained at 2C for about two weeks. Both TBADS
and TAADS surfactants was found to increase with the and TBATS were stored in the dark af@ in flasks protected
counterion concentration in the aqueous ph&sg whether the from ambient moisture. TBADS was miscible in water up to
counterions are supplied by the surfactant alone or by the the highest concentration tested in this work, about 64 wt %.

surfactant plus added salt, accordingNo= N°(Ca/cmay)?, The solubility of TBATS in water has been reported to be
wherey is a constant and crgds the value of the cmc in the  extremely hight However, TBADS/water and TBATS/water
absence of added s&ftThe micelle ionization degree was mixtures showed clouding and phase separation upon heating

determined using EPR probe measurements and a newly(see below}.?4

introduced hypothesis that the aggregation number is only The samples of pyrene and of dodecyl and tetradecyl
determined byC,;:?® For CsDS, the value of thus obtained pyridinium chloride (DPyCl and TPyCl, respectively) used in
agreed with that determined at the cmc from the analysis of TRFQ studies were the same as in previous investigatfotis.
conductivity data using Evans’ methédFor all TAADS Tetrabutylammonium chloride (TBACI, from Fluka) was dried
surfactants, the EPR method led to valuesaofarger than before use at 40C, under vacuum and in the presence of
Evans’ method. A possible reason for the observed difference phosphorus pentoxide.

is the crowding of the large TAAions at the surface of the The preparation of the solutions for TRFQ studies has been
dodecyl sulfate micelle524 The conductivity and EPR methods — described.
may also weigh the free and bound TBAons differently Methods. The cloud temperaturdc, was obtained visually.

resulting in apparent differences in micelle ionization degfee. The aqueous solutions of TBADS were contained in a small
Results reported for TBAD'S4 and TBATS show that the ~ Vvialimmersed in a temperature-controlled water bath. Clouding
micelles of these two surfactants are still charged and of finite Of solutions with TBADS content above 2 wt % was extremely
size up to a temperature only 0°6 below Tc. An attractive  sharp, occurring within 0.1C, and reproducible (indicating no
interaction between micelles that overcomes the electrostaticsignificant evolution of the surfactant). The same valugof
repulsion at high temperature must therefore exist for the phasewas measured upon increasing or lowering the temperature,
separation to take place. provided that the temperature was varied slowly enough,
The peculiar behavior of TBADS noted in parts 1 and 2 led indicating no hysteresis in the clouding phenomenon.
us to undertake a study of the effects of temperature on the The micelle aggregation numbeX)(was determined using
self-association behavior and micellar properties of TBADS in the TRFQ metho#t~3 with pyrene as the fluorescent probe
aqueous solution in a large range of TBADS concentration. For ad DPYCI or TPyCl as quenchef?33 For solutions with
the sake of comparison, measurements were also performed offoncentrations up to 35 mM, the aggregation number was
the longer homologue TBATS. This surfactant has been shown calculated using eq 4 in ref 1. For more concentrated solutions,
to form elongated micelles at sufficiently high surfactant the slope of the long time part of the fluorescence decay curve
concentration and temperatifréthe present study used es- Was found to be larger in the presence than in the absence of
sentially the time-resolved-fluorescence quenching (TRFQ) duencher, starting at a temperature that decreased upon increas-
method for the determination of the values of the micelle iNg concentration. This behavior indicated the occurrence of a
aggregation numbéN. Our main purpose was to bring additional redistribution of the prObE/quenCher among micelles (migration)
results characterizing the self-association behavior of TBADS during the pyrene fluorescence lifetirfe3® The values of the
and TBATS and to investigate further the still unclear origin aggregation number and of the pseudo first-order rate constants
of the attractive intermicellar interaction responsible for the forintramicellar quenchingso, and intermicellar migratiorkm,

phase Separation_ were obtained USing the equatiéﬁ§9

At this stage, it is recalled that the TBAion is clearly 5
hydrophobic. The literature reports evidence of TBAaelf- N = As{(C — Cyed/[QI} (1 +X) 1)
association in aqueous solutions of TBA salts3°with an onset
of association at around 0.8 Mjrrespective of the counterion ko=AJ1+X) )
(CI~ or Br). Besides, aqueous solutions of TBA salts have been
reported to give rise to a microemulsion-like phase upon addition kn = A1~ Ko 3)

fb 8l
of benzen x= (A, — 1)IAA, (4)

Experimental Section In egs -4, Ay, A;, and A4 are the parameters obtained from
Materials. TBADS was synthesized by ion-exchange, starting the fitting of the fluorescence decay eq 5 to the decay curve
from a solution of purified sodium dodecyl sulfate (SDS) as determined in the presence of quench@rand [Q] are the
previously describe8 At room-temperature TBADS is a color-  surfactant and quencher concentrations, respectively. The pyrene
less viscous liquid that does not crystallize even after over two fluorescence lifetime in the micelles, is determined from the
years at 2°C. TBATS was synthesized by neutralization of fitting of eq 6 to the decay curve determined in the absence of
tetradecylsulfuric acid by tetrabutylammonium hydroxide quencher. Equations-4 were readily obtained from the
(TBAOH, from Fluka, purissimumgrade) under a nitrogen  reported expressions 8, As, andA4.3473 In eq 1,Cpee is the
atmosphere. The tetradecylsulfuric acid was obtained by passage&oncentration of free surfactant. At each surfactant concentration,
of a relatively dilute solution of sodium tetradecyl sulfate (from Cyee is obtained by solving eq %;** where Cyq is the total
Fluka, purity > 98%) through a column filled with a strong  counterion concentration in the aqueous phase, given by eq 8.
cation-exchange resin (Merck, type 1) in the protonated form. Caqis the concentration of added common counterion éiisl
It was reacted with TBAOH as it came out of the ion-exchange the molar volume of the anhydrous surfactant in L/mol. The
column in order to avoid a possible acid hydrolysis. The density of the TBADS is taken equal to 1.0 g/mCie is
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TBATS resemble much those reported for the alkyltributylam-
monium bromide surfactants:1°21For both types of solutions,
the cloud curve is U-shaped and presents a minimum at a fairly
high surfactant concentration afid increases very rapidly at
concentrations above this value. For instance, for the dodecyl-
tributylammonium bromide surfactariig is a minimum at about

63 wt % and increases very rapidly at concentrations above
about 65 wt %7

-0 The cloud temperature of the TBADS solution decreases upon
addition of TBACIZ? This behavior indicates that the attractive
intermicellar interaction responsible for the phase separation
increases with the TBACI content. Recall that additions of salts
to solutions of GEQ, surfactants result in an increase or
decrease off¢c depending on whether the added salt has a
salting-in or salting-out effect on the surfactdfts We have
shown elsewhere that the values ©f for TBADS in the
presence and absence of TBACI fall on a single curve when
plotted as a function of the total counterion concentration in
the aqueous phas€sq given by eq & This behavior is similar

50 |

2 phases

T. (°C)

0 10 20 30 40 50 60 70 80 90 100
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Figure 1. Variation of the cloud temperatui&: of TBADS (@) and
TBATS (O) solutions with the surfactant concentration in wt %.

calculated after having determined the valuecobut is not
very sensitive to errors in this value. In egs 5 and 6, 4ad
I(0) are the fluorescence intensities at tinand zero

1(1) = 1(0) expf —=A.t — AJ1 — exp(=A,t 5 to the variations of the micelle aggregation number of various
() = 1(0) expt=At = Ad PEAL) ©) surfactant$~47 and of the Krafft temperature of Cs®3n the
I(t) = 1(0) exp(~t/7) (6) absence and presence of added salt with the same counterion
as the surfactant, when plotted agai@gd The Krafft temper-
log Cyree= (2 — @) log cme— (1 — @) log C,,  (7) atures of sodium dodecy! sulfate and dodecyltrimethylammo-
nium bromide also fit this schen{é.
Caq= [aC + (1 — 0)Cyee + C.d/(1 — VO (8) cmc and Micelle lonization Degree at the cmcThe values

of the cmc of TBADS and of the micelle ionization degree at
The measurements of micelle aggregation number for TBADS the cmc ¢°) have been reported in part The cmc value was
were performed on solutions with concentration ranging between found to be around 1 mM and varied little with the temperature
15 and 210 mM, and in the temperature range from 10 to 40 T in the range 1640 °C. The ionization degree at the cmc, as

°C for the solutions with cloud temperatufe > 40 °C (C <
50 mM) and between 18C and a temperature G-4 °C below
Tc for solutions with Tc < 40 °C (C = 80 mM). Some

obtained from the analysis of the conductivity data on the basis
of Evans’ equatiori,was around 0.18. It decreased very slightly
upon increasing, whereas it increased withfor all other ionic

measurements were performed in the presence of added TBACI surfactants investigated, including the other TAADS surfactants.

For TBATS, the measurements were performed at only two
concentrations up to a temperature 82belowTc for the most
concentrated solution.

Results

Clouding in TBADS Solutions. Figure 1 shows the variation
of the cloud temperaturel¢) of TBADS solutions with the

The cmc of TBATS measured by electrical conductivity was
found to be 0.260 mM at 2%C. This value compares well with
the values 0.260 and 0.256 mM obtained at 20 an&iGlrom
surface tension measuremetts.

Micelle Polarity. The micelle polarity has been investigated
by measuring the ratity/I3 of the intensities of the first and
third vibronic peaks in the fluorescence emission spectra of

surfactant concentration expressed in weight percent (a con-Pyrene. Recall that a larger value of this ratio reflects a larger

centration of 10 wt % corresponds to about 200 mM). For the

polarity of the pyrene microenvironme#tThe values of4/I3

sake of Comparison' Figure 1 also shows the U_Shaped C|0udin TBADS and TBATS micelles at 28C are listed in Tables

curve reported for TBATS.The two curves run parallel, the
curve for TBATS being shifted to lower temperatures by a
constant 45 °C in the whole concentration range. The shape
of these curves differ very much from those reported for the
nonionic G.EQ, surfactants where a marked minimum occurs
at a rather low surfactant concentration, usually below 5 wt %
for a surfactant with a dodecyl chairThis minimum defines
the critical concentration and the critical temperature of the
investigated GEQ;, surfactanf. The cloud curve for TBATS
suggests thalc is a minimum at about 80 wt %. Thus, the
critical concentration in the TBATS/water mixture, if the

1 and 2. The value df/I; for TBADS is seen to be independent
of both C and C,q within the experimental error. The value of
[4/l5 is lower in TBATS than in TBADS micelles. A similar
decrease ofi/lz upon increasing surfactant chain length has
been noted for other surfactants sefiek.probably reflects a
lower polarity of the pyrene solubilization site (micelle palisade
layer) resulting from the tighter packing of the surfactant with
the longer alkyl chain.

For the sake of comparison, Table 3 lists thit; values for
SDS, CsDS, and the four TAADS investigated to date. The
values ofl1/I3 are nearly the same for CsDS and SDS and clearly

minimum corresponds to a critical concentration, would be more smaller than for the four TAADS surfactantgls is a maximum

than 1 order of magnitude larger than fogrED, surfactants.
Above T¢, TBADS solutions separate into two liquid phases, a
behavior similar to that reported for TBATS solutich&or

for TEADS. Pyrene apparently senses a higher polarity in
dodecyl sulfate micelles witlesshydrophilic (TMAT and, even
more so, TEA) or hydrophobic counterions (TPAand TBAY)

TBATS, Figure 1 shows that one liquid phase has a nearly than in dodecyl sulfate micelles witktrongly hydrophilic

constant composition, with about 92 wt % surfactant. The

counterions such as Nar Cs'. As discussed in part 1this

surfactant content of the second phase is fairly large. All of result suggests that pyrene may be located closer to the surface
these results strongly differentiate clouding in TBA alkyl sulfate of TAADS micelles than of SDS or CsDS micelles, owing to
and in G.,EQ, solutions. The cloud curves for TBADS and the attractive interaction known to occur betweensthelectron
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TABLE 1: TBADS: Values of I4/l3, Pyrene Lifetime in the
Absence ¢) and Presence (I&;) of Quencher, Micelle
Aggregation Number, and Intramicellar Quenching Rate
Constant kg?

C Cad T T 1A 107 x ko

(mM) (M) (°C) I/ls (ns) (ns) N (s
14.9 0 10 386.4 61 0.76
ee=0.81mM O 25 1.37 367.4 58 141

0 40 3403 55 237

25.3 0 10 396.0 64 0.70
Ciee=0.58mM 0 25 1.38 365.3 58 1.39
0 40 3421 58 225

35.0 0 10 388.2 64 0.73
ee=0.46mM O 25 364.4 62 1.36

0 40 336.6 62 2.00

50.0 0 10 385 3929 68 0.71
Ciee=0.35mM 0 25 1.36 357.1 366.0 66 1.24
0 40 345 326.7 75 151
80.1 0 10 379.6 386.9 68 0.71
Ciee=0.24mM O 25 357.1 350.0 76 0.98
0 30 352 3260 85 0.96

0 35 348 3034 95 0.92

0 37 345 297.8 100 0.90
101.6 0 10 379.6 3848 70 0.65
Ciee=0.20mM O 17 367 3584 72 0.80
0 25 357.1 3179 89 0.80

0 30 352 2995 103 0.72

0 35 348 279.0 117  0.69
152.4 0 10 387.0 376.2 75 0.59
Ciee=0.14mM O 17 378.1 3434 92 054
0 25 1.36 365.3 307.1 116 0.51

0 30 359.0 284.7 132  0.49

0 34 351.5 268.2 144 0.49
210 0 10 383.6 3485 88 047
Ciee=0.11mM O 17 378.4 318.5 112 042
0 25 1.38 361.4 276.8 133 0.43

0 33 350.1 239.8 159 0.43
30.6 0.04504 10 3747 78 0.66
Ciee=0.082 mM 0.04504 25 1.39 304.8 125 0.56
30.6 0.0200 10 389.7 69 0.64
Ciee=0.14mM 0.0200 25 1.38 336.8 80 0.92
30.6 0.00497 10 3946 65 0.67
ee=0.30mM 0.00497 25 1.38 3625 63 1.32
0.00497 39 3323 70 153

aQuencher: dodecylpyridinium chloride.

TABLE 2: TBATS: Values of the Pyrene Lifetime in the
Absence ¢) and Presence (14,) of Quencher, Micelle
Aggregation Number, and Intramicellar Quenching Rate
Constant kg

C T T 1/A; 10 "xkg
(mM)  (°C) quencher I/l (ns) (ns) N (s
37.07 9.9 DPyCI 390 82 0.44
37.07 252 DPyCI 1.32 369 89 0.77
37.07 412 DPyCI 325 119 0.96
37.07 43.6 DPyCl 315 127 1.0
75.58 9.9 DPyCI 392 386 87 0.44
75.58 25.2 DPyCI 131 368 336 122 0.46
75.58 39.f DPyCI 345 285 180 0.43
78 25.2 TPyClI 338 127 0.43
78 39.5 TPyClI 286 188 0.38

2|n the presence of quench& = 43.8°C."In the presence of
guenchefTc = 40.3°C.

cloud surrounding pyrene and the positive charge of the
quaternary ammonium ior¥$:5253 Note that thel/l3 values
found for the micelles of the cationic tetradecyltrialkylammo-
nium bromide surfactants are also quite higtprobably for
the same reason. The lowlefi; values found for micelles with
the more hydrophobic counterions TPAnd TBA" with respect

to micelles with TEA" counterions may reflect a partial
penetration of one or more of the alkyl chains of the TRd

Zana et al.

TABLE 3: Values of 14/I; for Dodecyl Sulfate Surfactants
surfactant SDS CsDS TMADS TEADS TPADS TBADS
14/152 1.18 1.17 1.34 1.47 1.40 1.36

aValues at a concentration of 100 mM and &5, except for CsDS
at 30°C.

160 | 210mM
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Figure 2. Temperature dependence of the aggregation number of
TBADS micelles. The surfactant concentration is indicated on each
plot. The solid lines are guides to the eye.

TBA™ counterions into micelles, as discussed in partThis
effect would render the pyrene solubilization site less polar and
may also move pyrene to a time-average site a bit deeper and
thus less polar in the micelle. Also the pyrene/quaternary
ammonium ion interaction may be weakened because the longer
alkyl chains of the TPA and TBA" ions prevent a close
approach of the pyrene to the charged nitrogen atom.

Micelle Aggregation Number. The values 0fCsee, required
for the calculation of the values of on the basis of eq 1, were
computed iteratively at 28C using eq 7 They are given in
Table 1 at each TBADS concentration investigated. The values
of N listed in Table 1 all correspond ©>> Cyee, and errors in
o andCyee had very little impact on these values. This permitted
the use of the same values Gf.. at all temperatures. For
TBATS, the free surfactant concentration is even smaller than
for TBADS and was neglected in calculating tealues listed
in Table 2. The overall error oN, estimated to be about 5%,
mostly arises from the fluorescence decay experiments and the
data analysis.

Figure 2 shows the variation dfwith T at different TBADS
concentrations. The corresponding variations of the intramicellar
guenching rate constaky are represented in Figure 3. The plots
in Figure 2 are seen to all extrapolate to the same value of about
65—70 at 5°C. This value is only slightly larger than for the
maximum spherical micelle formed by a surfactant with a
dodecyl chain (about 60). THe vs T plots also all extrapolate
to the same value of about6 10° s™1 at 5°C.

Clear trends are seen in Figures 2 and 3Taand C are
increased. Thus, in the wholerange,N increases witlC. At
low C, between 15 and 35 mM\ decreases ankh increases
upon increasing, a behavior similar to that reported for ionic
surfactant§>56 At the intermediate concentrations 80.1 and 102
mM, N increases witlT first slowly at low T then more rapidly
and almost linearly at highdr. For these concentratioks goes
through a maximum, a behavior already noted fQsEO,
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0+ IARRARARAN LA T Figure 4. Temperature dependence of the aggregation number of
10 20 30 40 50 TBATS micelles. The surfactant concentration is indicated on each plot.
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Figure 3. Temperature dependence of the quenching rate constant of " kt
pyrene by dodecylpyridinium chloride in TBADS micelles. The TN A
surfactant concentration is indicated on each plot. The solid lines are 6\""" \_,'/D (A)

guides to the eye.

surfactants when measurements are performed over a sufficientl @ — @ p— O

largeT range3”:58:59.60For G,EQ, surfa%tants, the maximum in g + O i = + @ (8)

ko results from two opposite effects: the normal increasieof Figure 5. Possible mechanisms of probe/quencher migration between
with T and the increase & with T that decreases,.>” 6% The micelles.

second effect becomes predominant at higlkror TBADS, at

high C, in the range 156210 mM, N increases almost linearly ~ Spherical micelle formed by a surfactant with a tetradecyl chain,
with T and the variation okq with T is then dominated by this about 73. The TBATS micelles are thus expected to be spherical

effect. at low temperature and anisotropic at high temperature. Note
For the 101, 152, and 210 mM solutions, the highest that the fitting of eq 5 (valid for monodisperse micelles) to the
temperature at whicN was measured was only 6:3 °C below fluorescence decay curves recorded for the determination of the

Tc. The plots in Figures 2 and 3 show no peculiar behavior of Values ofN showed at 40C systematic deviations typical of
N and ko at the approach of the cloud temperature of the Polydisperse systents.
investigated solutions, indicating that there is no additional rapid  Intermicellar Migration. At high concentration and suf-
growth associated with this approach. The micelles retain a finite ficiently high temperature, the slope of the long time part of
size up to a temperature very closeTig the decay curve in the absence of quencher yielded a value of
The values oN in the investigated-range and at concentra-  the pyrene fluorescence lifetime, that was larger than the
tions up to 80 mM are close to that for the maximum spherical apparent lifetime measured in the presence of quench&s, 1/
micelle formed by a surfactant with a dodecyl chain, i.e., about (see Tables 1 and 2). This indicated that a redistribution of the
60. This remains true at high&;, up to 100 mM at relatively ~ probe and/or quencher occurred on the fluorescence time
low temperature. At highe€ andT, the values of N are well  scale3*~3° Fast probe/quencher redistribution can occur by two
above 60 indicating that the micelles are probably no longer rather different mechanisms. In the first mechanism, the
spherical. guencher present in a micelle exits from this micelle and
The concentration-dependence of the proddii (not associates to another micelle after diffusing in the intermicellar
shown), which is inversely proportional to the micelle micro- solution (see Figure 5, process #)2° Pyrene redistribution is
viscosity5! supports this conclusion. At a given temperature, not considered in this mechanism because the pyrene residence
Nk remains about constant as longhhas a value close to  time in micelles is much longer than the fluorescence lifefifne.
that for spherical micelles, then decreases; that is, the micelleThe second mechanism involves collisions between micelles
microviscosity increases, at high€ where the micelles are  that set the micelle cores in contact or bring about a temporary
no longer spherical. The decreaseNd, occurs at an increas- merging of the collided micelles (referred tosigkycollisions
ingly lower T as C is increased. The increase of micelle below; see Figure 5 process B)5%:6%79The pseudo first-order
microviscosity when one goes from spherical to elongated rate constant for migratiorkm, is given by eq 3#3° These
micelles is well documented. 64 two mechanisms of intermicellar migration are characterized
The effect of TBACI additions on the aggregation number by very different variations okn on the micelle concen-
of TBADS micelles at a surfactant concentration of 30.6 mM tration [M] and the carbon numben of the alkylpyridinium
has been investigated. The results are summarized in the lasguenchef* 3 For the first mechanisnky, = k™, rate constant
three entries in Table 1. The aggregation number is increasedfor the exit of the quencher from the micefte*° Thus,As —
by additions of TBACI. A similar behavior has been reported kg would be independent of [M] but would decrease rapidly
with other ionic surfactant®:65.66 upon increasingn. Indeed, the rate constant for the exit of a
The behavior of TBATS micelles has been found to be surfactant (including alkylpyridinium chlorides) from a micelle
qualitatively similar to that for TBADS, with larger values of ~decreases exponentially upon increasing' For the second
N and lower values dfq for given values ofC andT (see Table mechanismky, = k: [M],*° wherek: is the second-order rate
2). Figure 4 shows thall increases withl, the more so the  constant for sticky collisions between micellég.— kg would
higher the surfactant concentration. As for TBADS, the two  thus be independent @h and increase linearly with [M3®57
vs T plots extrapolate at low temperature to the same vhlue In the present study, a choice between these two mechanisms
= 85. This value is only slightly larger than for the maximum was achieved by substituting the DPyCI quencher used in most
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TABLE 4: Values of the Second Order Rate Constant for
Sticky Micellar Collisions and of the Parameters Used in the
Calculations

T c M] 105xA;,  108xk,
(°C) (mM) N (mM) X (s (M~1sY)
30 101.6 103 0.982 0.055 7.55 4.0
30 152.4 132 1.15 0.125 5.46 5.3
3 210 149 1.41 0.21 5.22 6.4
33 210 158 1.32 0.238 5.30 7.7
34 152.4 144 1.06 0.141 5.59 6.5
35 101.6 117 0.87 0.072 7.44 5.7

2 Interpolated values.

of the reported experiments by the TPyCl quencher in experi-
ments with TBATS, using nearly the same surfactant, pyrene,
and quencher concentrations. The valuekoffor TPyCl is
expected to be about 10 times lower than for DP$Cind
should the second migration mechanism prevail, this would
result in a significant difference in the values Af and A4
measured with the two quenchers. The valued.ofemained

nearly the same with the two quenchers (see Table 2). The value

of A, was slightly smaller with TPyCIl because quenching is
somewhat slower than with the shorter chain DPyCI. Thus,

probe/quencher intermicellar migration essentially occurs through

collisions between micelles. The occurrence of such collisions

suggests that the interaction between micelles must be attractive.
This conclusion should not come as a surprise because the phase

separation occurring at high temperature in TBADS and TBATS
solutions would not take place in the absence of attractive
intermicellar interactions since the micelles remain of finite size
and electrically charged even at temperatures very closetd
Recall that sticky intermicellar collisions have been reported
to occur in micellar solutions of §EQO, surfactants when the
temperature is in the rangk: — 30 < T < T¢.57790 Probe/

qguencher redistribution has been also reported to occur betwee

water droplets in water-in-oil microemulsion systefh&With

both systems, the interaction between micelles or between

microemulsion droplets was attractive.
The values of the second-order rate constant for sticky
collisions, k., have been calculated for several value€afnd

T. These values are listed in Table 4, together with the values

of A4, X, andN required for the calculations. The valueskpf
are all in the 18 M~1s™1 range. At a temperature only 6-2

°C below T¢ (last three entries in Table 4), the values are
still about 1 order of magnitude lower than for a diffusion

controlled process. Table 4 shows that at a given temperature

ke increases withC and that at a givel€ it increases withr.
Although the increase witfii is the behavior always observed
for a rate constant, the increase wilis more unusual. It arises
because the micelle size increases Wifesulting in increasing
intermicellar interactions that favor sticky collisions between
micelles.

Discussion

Similarities and Differences in Behavior between TBA
Alkyl Sulfates and C,EO, Surfactants. The results presented

Zana et al.

guencher via sticky collisions are less extensive for the TBA
alkyl sulfate surfactants. Thus, the value Nf for these
surfactants can still be determined at temperatures@2°C
below Tc (see above). On the contrary, the determinatioN of
is not feasible with the GEQ, surfactants already at tempera-
tures several degrees beldwbecause the value df becomes
too large and the intermicellar migration via sticky collisions
too extensive’—60
Crowding of TBA™ lons at the Surface of TBA Alkyl
Sulfate Micelles.The experimental values &f and ofo permit
the calculation of the number of TBAons bound to TBA alkyl
sulfate micelles from
=N1-a) 9
This number can be compared to the number of THéAns
that can be packed at the surface of the micelle core, taking
into account the surface area covered by the sulfate headgroups
and the void surface in packing TBAions and headgroups.
The calculations below refer to TBADS solutions at low
concentration, close to the cmc, and Z5where the micelles
can be considered as spherical. All of the dodecyl chains are
assumed to reside in the core, approximated to be a sphere of
radiusReore and of volumeVeqre given by

nbound,exp

V,

core: 4"7“?(:0!’93/3 = N\/tail (10)

In eq 10, Vi = 0.350 nni is the volume of a dodecyl taif
This equation permits the calculation Bf.e for any value of

N. The bound TBA ions are assumed to penetrate into the
micelle coré over a distance that can be estimated as follows.
The much lower cmc value found for TBADS (about 1 niM)
with respect to SDS (8 mM) corresponds to a free energy of

micellization,AGy, about 2kT more negative for TBADS than

|?or SDS. This difference indicates that the maximum value of

d is about 0.20 nm, on the basis of the free energy of
micellization increment of-1.1 kT per additional CH in the
surfactant alkyl chaif® The surface area of the sphere that
passes through the centers of such micelle-bound TR#ASs
is given by

a=47(Ryret Rrga — O (11)
In eq 11,Rrga is the radius of the TBAion. Part of the surface
areaa is covered by the sulfate headgroups and is therefore not
accessible to TBA ions. Besides, some surface area is lost in

packing sulfate headgroups and bound TB@ns. The surface
area available to TBAions becomes

SA =0.82a— Nasulfate (12)

In eq 12, the factor 0.82 accounts for the void surface area in
packing headgroups and bound counterions. The value 0.82 is
equal to 0.7483, the constant 0.746 being the fraction of filled
volume in a compact hexagonal packing of spheres, and the
exponent 2/3 accounts for the fact that packing involves a

above revealed many similarities and also some differences insurface (dimension 2) and not a volume (dimension 3). Note
the behavior of the TBA alkyl sulfates and the nonionig-C  that the surface areas covered by one sulfate headgroup and by
EQ, surfactants in solution. Both systems show phase separationa TBA* ion are not equal. This introduces an error in the value
and the phase separation temperaflitedecreases when the of the factor 0.82, but this error should be acceptable at the
surfactant alkyl chain carbon numbmris increased. However,  level of approximation of the present calculations. Also, the
the decrease dfc upon increasingnis about two times smaller  packing factor 0.746 used above represents the maximum
for TBA alkyl sulfates than for GEO..” Both types of possible value. A more correct value would be that for the
surfactants are characterized by valuedNdhat increase with random close packing of spheres, 0764n eq 12, asurate =

T.4 However growth and intermicellar migration of probe/ 0.39 nn? is the surface area occupied by a sulfate headgtoup.
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TABLE 5: Calculated Values of the Maximum Number of removal of hydration water from the micelle palisade l&fer.
TBA lons Bound to the TBADS Micelles! The origin of the attractive interaction between TBA alkyl
Rrea (NM) d (hm) Nbound,max sulfate micelles that gives rise to sticky intermicellar collisions
0.494 0 31 and to phase separation is less well established. Three different
0.1 26 explanations have been proposed. Kumar é# attribute the
0.2 20 attractive interaction to changes of hydration of the micelle
0.400 001 gf surface associated with the crowding of TBA ions at this surface.

This explanation is somewhat similar to that proposed for the
phase separation of solutions of 0, surfactant¥ and of the

& Experimental value of the number of micelle-bound TBA ions at  cationic alkyltributylammonium bromide surfactafts?! Ragha-
the cmc and 25C: 47 (see text). van et al'® suggest that the presence of hydrophobic counterions
in an ionic surfactant solution may render the micelles pseudo-
nonionic. However, this explanation probably does not apply
because the TBA alkyl sulfate micelles have been shown to be
substantially charget* Last, Yu et a6 propose that the
attractive intermicellar interaction originates from the bridging
) of micelles by TBA" ions which would have their butyl chains
The values offboungmaxhave been calculated using the two  partially incorporated in two different micelles.
limiting values: Rrga = 0.494 nm that comes from molecular
modelg® and 0.400 nm that comes from partial molal volurffes.
Table 5 lists the values afinound,maxCalculated for different
values of the penetration depth The experimental value of
the number of bound TBAions calculated from eq 9 is 47,
based on the reported valuesf= 57 ando. = 0.171 This
value is larger than all calculated valuesngfnaxlisted in Table
5, even for the smaller value &ga and when the TBA ion
is assumed to not penetrate the micelle, a rather unlikely
situation. The simplest interpretation of these results is that the
bound TBA' ions in excess Ofipound,max that iISAN = Nyound,exp
— Npound,max PiNd to the micelles on top of the first layer of
bound TBA' ions, forming a second outer layer. This layer is
incomplete a&\n < Nyound exp2. The possibility of TBA—TBA*
contacts in the close vicinity of the micelle surface is supporte
by the tendency of TBA to self-associate in water into ill-

0.2 24

The maximum number of TBA ions, Nyoundmax that can be
packed in contact with the core surface is thus

nbound,max= SA/JTRTBA2 (13)

A previous study of the cloud temperature in solutions of
TBADS in the absence and presence of TBACI led us to propose
a model similar to that postulated by Yu et“af. with the
important difference that several TBAons may be involved
in connecting two micelles. The approximate calculations
detailed above indeed suggest the existence of a second outer
layer of bound TBA ions around TBA alkyl sulfate micelles.
The intermicellar interaction may therefore be mediated by
TBA™ ions located in this second layer and/or by TBins
bound to this layer and thus still farther out in the solution. As
the temperature or the concentration is increased, the micelle
aggregation number increases and the micelles become elon-
gated. More micelle-bound TBRAions are then located in the
d second outer layer farther away from the micelle surface (see

above) and participate in micelle bridging. Multiple bridging
defined aggregates with multiple chaf§e®® An ultrasonic will increasg uptil Fhe occurrence of phase separatipn. In such
absorption studd/ indicated an onset of aggregation of about a model,. bridging involves three or more TBAO”?" Figure 6
0.8 M for TBABr and TBACI. The concentration of bound schemat|cally_ represents two dodecyl sulfate micelles bridged
TBAT ions in the spherical shell of thickness 1 nm (approximate by f‘?%” TBA ions. Note that the observed decrgasémpon
diameter of the TBA ion) surrounding the micelle surface is addition of a TBA salt to TBA alkyl sulfgte SQIUt'OnS supports
1.25 M, on the basis of the valuesfando. Thus, the TBA the postulated model. Indeed such additions increase the number

ions bound to the micelle surface may be associated with one® TBA™ ions that can bind to the outer TBA layer and the
another. probab|l_|ty of bridging between micelles, thus resulting in phase
The above discussion referred to systems at the cmc and aS€Paration at a lower temperature.
25°C where the micelles are spherical. The aggregation number Insight into the Behavior of TBADS Micelles from EPR.
increases withC and T. If the ionization degree remains Figure 2 shows that the behavior of TBADS micelles with
unchanged, as this has been evidenced for several suriemperature is “normal” up to a threshold concentration of
factants’540.7%79 crowding of TBA' ions at the micelle surface ~ approximately 50 mM in the sense that the aggregation numbers
becomes more acute. Indeed the surface area per headgrougecrease with increasing To gain insight into the behavior
decreases as the aggregation number increases and a larg@®f TBADS micelles as a function of concentration, EPR
fraction of counterions may be located in the outer second layer measurements taken from ref 24 are given in Figure 7a which
of bound counterions. Crowding may then even occur for shows the hyperfine coupling spacimfy,, as a function of the
smaller tetraalkylammonium ions, such as TPians. concentration at 25C. A; yields an estimate of the water
Similar calculations were performed for TBATS micelles. volume fraction in the Stern lay&t.At low concentrations, up
They led to the same conclusion, namely the micelle surface to approximately 50 mM at 25and 75 mM at 10, the values
does not offer enough surface area for binding the number of of A+ decrease with increasing concentration, a “normal”
ions that can be calculated from the valuenoftaken equal to behavior that has been obser?#23 in all ionic micelles
that for TBADS micelles) and the experimental valueNof studied to date. This decreasefin has been interpretétf 83
Thus, here again some bound TB/ns must be located inan as follows: increasing surfactant concentration causes the
outer second layer, farther away from the micelle surface. micelles to grow. Provided that the micelles remain nearly
Attractive Interaction Responsible for Phase Separation spherical (globular) the headgroups and counterions occupy an
in Micellar Solutions of TBA Alkyl Sulfates. It is now increasing fraction of the volume in the Stern layer leaving less
accepted that the attractive intermicellar interaction responsiblevolume available to house water. In all of the previous
for the phase separation occurring iRED;, solutions is due to  case$*788%83 the micelles are known to grow with surfactant
the decreasing polar character of the poly(ethylene glycol) concentration, while remaining nearly spherical or globular in
headgroup upon increasing temperature and the associatedhape.



18202 J. Phys. Chem. B, Vol. 108, No. 47, 2004 Zana et al.

Micelle core
Reore = 1.7 nm

Micelle core
Reore = 1.7 nm

Figure 6. Schematic representation of the bridging between dodecyl sulfate micelles by ibB4#, via hydrophobic interactions between butyl
chains of the ions. The relative dimensions of the micelle, TB#s and sulfate headgroups are respected. For the sake of simplicity the micelle
cores are represented with a spherical shape while they are more likely to be elongatedTaaimitfD.

4 (G) sphere-rod transition may be induced. Above this transition, it
+ was found! that values ofA no longer decreased, a fact that
14.70 is understood to be due to the fact that growth along the long

% axis of a cylinder no longer reduces the water concentration in
the Stern layer. Nevertheless, the results in Figure 7a probably
are not due to a change in shape, because such an explanation
[0) would require that the largest globular micelle be dryer than
the cylindrical micelles. This is unlikely because any reasonable
® transition from a globular to cylindrical shape would not involve
14.60 an increase in curvature that is associated with higher water
content.

A more likely explanation of the unusual results in Figure
14.55 = B8 7a showing that minima are attained near 60 mM and 100 mM
=1 = for T= 25 and 10°C, respectively, above which; shows an
unprecedented increase with C, is that they could signal a change
in the time-averaged location of the probe. Such a behavior
& ﬁ could be rationalized as follows: above a threshold concentra-
® tion that depends on temperature, bridging of the type shown
i in Figure 6 could occur. The hydrophobic bridges could easily
induce a slight change in the average position of the spin probe
toward the bridge where a higher concentration of water could
14.70 C (M) be encountered.

fi? Figure 7b presents the same data as Figure 7a plotted against

the aggregation number. The aggregation numbers in Figure 2

b vary linearly withC as follows: N = 46 + 425C, r = 0.995,
at 25 andN = 60 + 120C, r = 0.969, at 10. Values of the
abscissa of Figure 7b were computed from these linear relation-
© @ ships. The precision and ease of the EPR measurements allow
precise data to be obtained at low value€oN was computed
from the same linear relationships for these values; however,
e belowN = 58, the linearity ofN with C has not been proved.
14.55 = Thus, the abscissa of Figure 7b is approximate below this value.
e B From Figure 7b, we may conclude that the minima occur at the
e same value oN and at nearly the same water concentration.
14.50 8 Thus, in these limited data, there appears to be a threshold value
Q Ca of N above which interesting behavior is manifest.

L4 Regardless of the detailed explanation of the EPR results, it
14.45 is clear that “normal” behavior gives way to “abnormal”

40 60 80 100 120 140 160 behavior at about the same concentration as the threshold
N dividing normal and abnormal behavior in the aggregation

numbers (see Figure 2).
Figure 7. (a) Variation of the hyperfine spacimg- with the surfactant
concentration at 28C (O, O) and at 10 (®). The two symbol$1 and
O correspond to two different experiments using freshly prepared
samples. (b) The same data plotted against the aggregation number. The self-association of TBADS and TBATS in water has been
investigated by means of TRFQ and cryo-TEM. The two
The situation changes if a dramatic change in shape occurs.surfactants show clouding and phase separation as the temper-
For example, by adding NaCl to SDS solutions, the so-called ature is increased. They give rise to micelles that have an

14.65 a

14.50

14.45 i
0 0056 01 015 02 025 03

14.65 o)

14.60

[0}

Summary and Conclusions
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aggregation number that increases with temperature. The

micelles are spherical at lowandC but grow at highC and/

J. Phys. Chem. B, Vol. 108, No. 47, 20043203

(37) Almgren, M.Adwv. Colloid Interface Sci1992 41, 9.
(38) Gehlen, M. H.; De Schryver, F. Chem. Re. 1993 93, 199.
(39) Dederen, J. C.; Van der Auweraer, M.; De Schryver, FH.@hys.

or T, probably becoming elongated. Nevertheless, they retain acpem 1981, 85, 1198,

finite size up to a temperature only 6:2.5 °C below Tc.

(40) Sasaki, T.; Hattori, M.; Sasaki, J.; Nukina, Bull. Chem. Soc.

Approximate calculations show that the micelle surface area is Jpn 1975 48, 1397.

not sufficient for accommodating all micelle-bound TBAns

and that some of these ions must be located in a second layergg.
farther away from the micelle surface. The fraction of such ions

(41) Hall, D. G.J. Chem. Soc. Faraday Trans.1B81, 77, 1121.
(42) Schott, R.; Royce, A.; Han, 3. Colloid Interface Scil984 98,

(43) Weckstrom, K.; Zulauf, MJ. Chem. Soc., Faraday Trans1985

increases with the micelle aggregation number, that is, with 81 2947.

(44) Quina, F. H.; Nassar, P. M.; Bonilha, J. B. S.; Bales, Bl.IPhys.

temperature and surfactant concentration. These ions and SOM@em 1995 99, 17028.

other TBA" ions bound to them still farther away from micelle

(45) Ranganathan, R.; Tran, L.; Bales, B.1..Phys. ChemB 2000

surface may form bridges between micelles. Increasing micelle 104, 2260. _
bridging may be responsible for the phase separation observed10(46) Ranganathan, R.; Peric, M.; Bales, B.JL.Phys. ChemB 199§

in solutions of TBA alkyl sulfate micelles upon increasing
temperature.
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