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The surfactants cesium, tetramethylammonium, tetraethylammonium, tetrapropylammonium and tetrabutyl-
ammonium dodecyl sulfates (CsDS, TMADS, TEADS, TPADS, and TBADS) have been synthesized by
ion-exchange. The critical micellization concentration in the absence of added salt (cmc) has been determined
at 10, 25, and 40C using the electrical conductivity method. The cmc was found to decrease in the sequence
CsDS> TMADS > TEADS > TPADS > TBADS. The value of the cmc depends very little on temperature,
going through a shallow minimum around 26 for most surfactants investigated. The micelle aggregation
numbers have been determined using the time-resolved fluorescence quenching method, with the pyrene/
dodecylpyridinium chloride as fluorescent probe/quencher pair, at various surfactant concentrations and, in
the case of TMADS, in the presence of tetramethylammonium chloride. The micelle ionization degtee

the cmc has been determined from the electrical conductivity data and the values of the aggregation number
extrapolated to the cmc. The micelle ionization degree was the largest for SDS (sodium dodecyl sulfate) and
the smallest for TBADS. The micelle micropolarity, as determined by the pyrene polarityl fiétjovas a
maximum for TEADS. The micelle microviscosity, investigated using the fluorescent probe 1,3-dipyrenyl-
propane, increased in the sequence CsDSDS < TMADS < TEADS~ TBADS ~ TPADS. At 10°C, the

micelle aggregation number decreases as the counterion radius increases, contrary to what was expected on
the basis of the cmc values. At 4Q, the sequence of the aggregation numbers is almost that expected from
the cmc values. An intermediate result was obtained at@5The micelle aggregation number increased

little with the surfactant concentration. The results are explained on the basis of the fact that the
teraalkylammonium ions are so large that steric hindrance may impede their binding to the micelles, thereby
restricting micelle size and limiting micelle growth.

Introduction binding of anions to cationic micelles. These interactions are

. . resently under intense investigation and their origin is not
A survey of the literature shows that studies of the effect of P y g g

. -~ straightforward®11
the nature of the counterion on the self-assembly of cationic . )
surfactants in agueous solution vastly outnumber similar studies 1€ effect of the nature of the counterions in the case of
of anionic surfactants. Indeed cationic surfactants display &nionic surfactants is much less dramatic. Thus, the critical
dramatic effects associated with the nature of the counterion, Micellization concentration (cmc) varies only little in going from
such as micelle growth, viscoelasticity, shear-thickeningl-étc. lithium to cesium dodecyl sulfaté. The variations are not
For instance, the cetyltrimethylammonium chloride micelles dramatic even when replacing the monovalent alkali metal ions
remain nearly spherical over a large range of concentration, evenPy divalent cations such as Mg Co?*, and Cd*. For instance
in the presence of NaGlOn the contrary, the cetyltrimethyl-  in the case of the dodecyl sulfate surfactants, this substitution
ammonium bromide micelles grow with the surfactant concen- results in a decrease of the cmc (expressed in mole of surfactant
tration to become rodlike and the solution then displays high ion per liter) by a factor of 2 and an increase of the micelle
viscosity4 Micelle growth is even more pronounced in the aggregation number from about 65 to ‘98
presence of lyotropic counterions such as salicylate, chlorate The cmc of the tetramethylammonium, tetraethylammonium
and nitrate’~7 These differences in behavior reflect differences and tetrapropylammonium dodecyl sulfates (TMADS, TEADS,
in the extent of counterion binding to micelles. Thus, the degree and TPADS, respectively) have been repoffedihe cmc
of counterion binding to cationic micelles increases in the order decreases significantly in going from TMADS to TEADS and
CI~ <Br~ < nitrate” < salicylate”.”® This sequence of anions  TPADS, as compared to the decrease noted in going from
is a small part of the so-called Hoffmeister series, observed in ggdjum dodecyl sulfate (SDS) to cesium dodecyl sulfate (CsDS).
many phenomen#:** Specific interactions are involved in the  Recall that the TMA ion is still relatively hydrophilic while
the TEA", TPA', and TBA" (tetrabutylammonium) ions are

lagti'gft‘vg from the (gm‘é‘gfjlt_yp')\"ou'ay Ismail, Errachidia, Morocco.  increasingly hydrophobic. In fact the literature reports evidence
s California State University at Northridge. of cation self-association in solutions of TPAand TBA"
* Corresponding author. salts!>1° Note that the ionization degree at the cmc and
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aggregation number of TEADS and TPADS micelle have not therefore investigated at and above°80 Results on the Krafft
been reported. Some data exist for TMABPS1 To the best of temperature of CsDS solutions in water and wate€sCl are

our knowledge, there are no reports on the micellization of reported and discussed elsewh&#he other surfactants were
tetrabutylammonium dodecyl sulfate (TBADS), but the micel- readily soluble in water, forming transparent solutions at all
lization and micellar properties of tetrabutylammonium tetrade- temperatures, except TBADS. The solutions of this surfactant
cyl sulfate have been investigat®d?* Of particular interest ~ showed clouding above a temperature that decreased upon
are recent report® 27 that mixtures of SDS and tetrabutylam- increasing surfactant concentration. The behavior of TBADS
monium bromide show clouding, a phenomenon that is usually will be discussed in detail in part 5 in this serf8s.

monododecyl ether type. Clouding was also reported to occur ginjum chloride (DPC) were the same as in previous investiga-
for tetrabutylammonium tetradecyl sulfafe24 tiong 3435

The lack of information on the micelles of tetraalkylammo-

i ) ) . The solutions for TRFQ measurements were prepared by
nium dodecyl sulfates (TAADS) and the interesting clouding

. . 9 .Y introducing a calculated amount of a stock solution of pyrene
effects just mentioned led us to perform an extensive investiga- i gthanol in a volumetric flask, evaporating the ethanol, adding
tion of these surfactants. Our first aim was to fully charggtenze the proper amount of solid surfactant, some water and stirring
the micellar properties of these surfactants by determining the ¢, ;o night to achieve the solubilization of pyrene. The proper

values ofdthe cmc,hthe mlce(ljllehmlc_rop"olanty, the mmelli amount of an aqueous DPC stock solution was then added to
lonization degree at the cmc, and the micelle aggregation nUMbely, e mixire. Water was finally added to the desired volume of
over wide ranges of concentration and temperature. Another

im of K h - t the micell solution, usually 5 or 10 mL. The pyrene concentration was
aim of our work was to assess the properties of the micelles as, i ng 24 uM in all solutions investigated, ensuring that the
reaction medium, i.e., by studying their hydration and micro-

- . . . - . molar concentration ratio [pyrene]/[micelle] was below 0.02.
viscosity and the rate of bimolecular collisions in these micelles, 1o bpc concentration was adjusted to have a molar concentra-
; . e a1 )
as In previous StUd'e?§'. For.the sake of comparison we havg tion ratio [DPC]/[micelle] close to 1. All solutions for fluores-
also synthesized and investigated CsDS. Indeed the ionization.o -« studies were deaerated by three successive-fiaerm—
degree at the cmc and the aggregation number of CsDS mlcellesthaw cycles in order to remove the oxygen present in the

have ntpt bien. re|||oortefd(.:I%éhlihzféga_?gk\gg r_ﬁgg\ggn tge solutions. The fluorescence cells were then filled with oxygen-
properties ot micelles of LSS, ’ ’ and gee nitrogen at 1 atm in order to avoid a boiling of the solutions

TBADS: cmc, micelle ionization degree at the cmc, micelle when performing experiments at 25 and 4D

micropolarity, and micelle aggregation number. Some informa- hods. Th btained he break in the plot of
tion has also been obtained on the micelle microviscosity. The Metho S The cme was obtained as the break in the piot o
the electrical conductivityK = Bk against the surfactant

main conclusion inferred from the results is that the large size ) in the ol h val o
of the tetraalkylammonium ions probably limits the value of concentratiorC or in the plot of the equivalent conductivity

. . . . = — i 1/2
the aggregation number of TAADS micelles and restricts their — Bl — k0)/C againsiC™. The conductancesof the surfactant
growth upon increasing surfactant concentration. solution andxo of water were measured using an automatic

precision bridge Wayne-Kerr type B 905 operating at 1 kHz.
The cell constanB (cm~1) was determined using a potassium
chloride solution of known conductivi§#2 The conductivity
Materials. The surfactants were all prepared from a sample cell (Tacussel, France, type XE100) was made of two square
of purified SDS (Touzart-Matignon, France, crystallized twice platinum electrodes embedded in glass. This cell was immersed
from ethanol) by ion exchange, using a strong cation-exchangein the surfactant solution that was contained in a double-walled
resin (Merck type ). A solution of SDS at a concentration of temperature-controlled glass container. The concentration of the
about 5 wt % was passed through a column of resin that had surfactant was progressively increased by successive additions
been treated as follows. The resin was first washed with a of aliquots of a stock surfactant solution of concentration about
solution of SDS in order to eliminate impurities soluble in the 10 times larger than the cmc. The constancy of the temperature
surfactant solution. The failure to do so often results in solutions during a conductivity run was better than 0. The cmc values
that are brownish after the first passage over the resin, even ifwere determined to withia=3%.
the resin had been repeatedly washed with water. The resin was The p|0ts OfK agalnstc were also used to determine the

put in the acid form by using a large excess of a 7% aqueousya|ye of the micelle ionization degree at the cm®, using eq

hydrochloric acid solution and rinsed until complete elimination 1 which is a modified form of the equation originally derived
of the excess acid. It was neutralized by CsOH or tetraalky- py Eyang?

lammonium hydroxides (Fluka, purum or purissimum grade)
and rinsed with deionized water until complete removal of any os(dK)

Experimental Section

remaining excess base. The capacity of the resin was at least 10155) — 2°X)| + o°2°(X)

double the amount of sodium ion (from SDS) to be exchanged. (1)

The solid surfactants were obtained by freeze-drying of the ion-

exchanged solutions. All surfactants were obtained as white In eq 1, (K/dC)c<cme and (&K/dC)c-cmc are the slopes of the

powders, except TBADS, which is a colorless and viscous liquid conductivity plots below and above the cnig(X) is the limiting

at room temperature. The TAADS surfactants did not produce equivalent conductivity of the surfactant counterion. The values

ashes when calcined at high temperature, contrary to SDS orof 19(X) used in the calculation have been obtained by

CsDS (that yield sodium or cesium oxide) indicating that the interpolation or extrapolation from the tabulated values of

exchange was quantitative (99% or so given the sensitivity of 19(X).36°NC is the aggregation number at the cmc. This number

the scale used to weigh the amount of TAADS to be calcined is obtained from the extrapolation of thevs C plots to the

and the eventually produced ashes). cmec. The value o6, obtained from eq 1, is not very sensitive
The surfactants were stored in flasks protected from ambientto the value of\° that is used in the calculation. The error on

moisture. CsDS was soluble in water above °Z8 and was the value ofo® was estimated to be of abot5%.

0282 d_K
=N o [103(dC)C<cmc
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The micelle aggregation numbeis)(were determined using 700
the time-resolved fluorescence quenching methidd with 600
pyrene as fluorescent probe and DPC as quencher. The 40°C
fluorescence decay curves (fluorescence intensity vs time) were 500
recorded using the same single photon counting apparatus as £
in previous studie&4344For each surfactant, a decay curve G 400 25°C
was determined for one solution containing pyrene and no 3300
qguencher. This experiment yielded the pyrene lifetime the M 10°C
micellar environment. The decay eq 2, whég A, and A4 200
are adjustable parameters, was fitted to the decay curve recorded
for the solution containing pyrene and quenciief? 100
0 e —
I(t) = 1(0) exd —At — A1 — exp(-A,/1)]} (2) 0 2 4 6 8 10 12 14
. o C (mM)
In most instance8, was found to be very close torlindicating ) . - » )
the absence of significant redistribution of the quencher during Eégnlgeenta-tli_gﬂréljs' Variation of the conductivitk with the surfactant

the pyrene fluorescence lifetime. In such a situafier [DPC]/

[micelle], andAs = ko, the pseudo-first-order rate constant for

the intramicellar quenching of pyrene by the dodecylpyridinium TABLE 1: Values of the Cmc, of the Slopes of the
ion3842 The micelle aggregation numbeét was obtained Conductivity Plots below and above the Cmc, of the

from Aggregation Number at the Cmc, and of the Micelle
lonization Degree at the Cmc,a®
N = Ay(C — C,,.)/[DPC] 3) T ome@  (dK/AC)ceeme (dK/AC)cocme
surfactant (°C)  (mM)2  (SccnPlequiv) (S-cnflequiv) N© o
In eq 3,Crec is the concentration of free surfactant. For the 35 gpg 10 85 44.72 14.85 74 0.21
mM TBADS solution at 40°C, A; was found to be slightly 25 8.0[8.3] 65.8 23.97 62 0.23
larger than . A slight correction was therefore brought to 40 85 89.5 35.8 54 0.24
the aggregation number calculated using eq 3 to account for €SDS 4300 66-42 [6.1] 11202268 321862 7825 00-1188
this small quencher redistribution among miceflgs?2 : ' ' :
. . . TMADS 10 54 41.9 13.0 76 0.20
At each.surfactant concentratidDyee Was obtained by solving 25 5.4[5.52] 61.7 203 64 0.20
the equatiofp-46 40 5.7 82.2 29.0 57 0.22
TEADS 10 3.8 32.85 11.61 70 0.20
log Cee = (2 — a)log cme— (1 — a)log C,;,  (4) 25 3.7[3.85] 48.14 17.78 63 0.21
40 3.8 66.20 28.08 55 0.23
where C,q is the molar concentration of counterion in the TPADS Zlg 22-5’8[2 24) igéi’ %g-g’g g; 8-%8
aqueous phase, given by 40 2.20 60.71 21.09 53 0.19
_ TBADS 10 1.3 25.94 9.48 61 0.19
Coq=[0C+ (1 = 0)Cpee + C,d/(1 = VC)  (5) 25 1.15 4058 19.40 57 017
. . . 40 11 55.50 16.72 54 0.17
In eq 5,Caqis the concentration of added common counterion
aValues from theK vs C plots. In brackets, cmc values from

andV is the molar volume of the anhydrous surfactant in L/mol.
The density of the surfactant is taken equal to 1.0 g/#im?
Cheeis calculated after having determined the valuedfut is

not very sensitive to errors in this value. The overall error on 4 comparison between the measured values of fatie
the values oN is estimated to be about 5% and mostly arises eaqured for the different surfactants is much more meaningful
from the fluorescence decay experiments and the analysis ofihan 3 comparison df/l; values for two different surfactants.

the decay curves. The fluorescence intensities were measured using a spectro-

For each surfactant, except CsDS (see above), the measureq,orometer Hitachi F-4010, operated at an excitation wave-
ments of aggregation number were performed at 10, 25, a”dlength of 335 nm.

40 °C, over a concentration range from 25 mM to at least 100
mM for all surfactants. For TMADS the measurements extended kn
up to 400 mM. Also someéN values were determined in the
presence of TMACI in order to check a law of variationNf
with the counterion concentration in the aqueous pR&se.

For TBADS, only results at up to a concentration of 35 mM
are presented in this paper. Results at higher concentration an
or in the presence of TBACI show a peculiar behavior that will
be discussed in another part in this series, together with the
clouding phenomenon observed for TBADS solutiéhs.

The pyrene-containing surfactant solutions for TRFQ mea-
surements were also used to measure the fatig of the
intensities of the first and third vibronic peaks in the fluorescence
emission spectrum of micelle-solubilized pyrene. The value of
this ratio provides qualitative information on the polarity sensed  Critical Micellization Concentration. Figure 1 illustrates
by pyrene at its micellar solubilization sité4” Since all the type of plots obtained for the variationskfwith C. Table
surfactants investigated are composed of the dodecyl sulfate ion,1 lists the cmc values of the investigated surfactants at 10, 25,

ref 12.

The micelle microviscosity was investigated using the well-
own viscosity-sensitive fluorescent probe 1,3-dipyrenylpro-
pane (DPyP§¥°> The quantityQ that is equal to the product of
the ratio of the fluorescence emission intensitigs(DPyP
monomer emission near 378 nm) amg (DPyP excimer

mission near 450 nm) by the excimer fluorescence lifetigne

as used to characterize the microviscosity. Indégds
proportional to the microviscosif?. The fluorescence intensities
and lifetime were measured using the same spectrofluorometer
and single photon counting apparatus as for the measurements
described just above.

Results
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TABLE 2: Values of the |4/13 Ratio at 25 °C, of the Micelle

Aggregation Number, and of the Intramicellar Quenching 100 i A /g
Rate Constant for the Investigated Surfactants —
10°C 25°C 40°C 90 >
TMADS
C Crred® 10 kg 107k 1077 Z o
surfactant (mM) I/l (mM) N (s N (s) N (s | /TEADS
SDS 50.1 1.20 49 81 186 65 3.44 56 6.04 70 DS e TPADS
100.7 1.18 33 89 171 73 317 62 525 W
CsDS 253 1.22 48 9P 3.1 75 46 60 £
50.0 1.19 3.6 8P 322 75 438 50 100 150 200 400
999 1.17 2.4 99 2.9 83 43 c (mM)
TMADS 250 136 3.8 77 149 65 268 57 4.63
492 135 27 80 134 70 258 62 452
100.0 1.34 1.7 85 127 77 244 62 3.82 w0l B
2009 1.31 10 94 119 81 216 73 381 Geos
399.7 0.6 102 1.09 90 206 75 3.23 90 | ° ]
TEADS 253 147 24 71 118 64 217 57 3.65 )
51.1 1.46 1.4 72 110 65 206 57 3.47 = 80 TMADS
99.8 147 09 76 108 69 192 64 3.14 et
TPADS 255 141 10 63 0.90 58 172 54 292 70 V/ﬂ‘?ﬁ;ﬁm
500 140 06 65 0.88 60 1.60 55 2.63 TPADS
99.4 140 04 68 084 64 153 57 256 60
TBADS 149 137 08 61 076 58 141 55 237 ?
253 1.38 06 64 070 58 139 58 225 50 100 150 200 400
350 136 05 64 073 62 124 62 200 C (mM)
aValues computed at 25C (30°C for CsDS) using eq 4 and values
of a® from Table 1.° Values at 30°C. -
C CsDS
80
and 40°C as obtained from th& vs C plots. TheA vs C!2
plots (not shown) yielded slightly lower values of cmc, by
about 3%. The cmc values at 28 obtained in this work are
in good agreement with the values reported for some surfac-
tants!2 At 25 °C, the value ofA extrapolated to zero concen-
tration is 66.5+ 1 Scm?/equiv. This value is in good agree-
; 50 100 150 200 400
ment with that calculated from the valuesi8{dodecyl sulfate
ion) = 21.6 Scn?/equiv® and AATMA+) = 44.9 Scr?/ C(mM)

equiv3e . . . Figure 2. Variation of the micelle aggregation number with the
Table 1 shows that in all instances, the change of cmc with gyrfactant concentration for SD®), CsDS ©), TMADS (O), TEADS

temperature is small. A rather flat minimum appears to occur (a), TPADS ), and TBADS @) at 10°C (A), 25 °C (B; the results

at around 25C, on the basis of these limited data, for most of for CsDS are at 30C), and 40°C (C).

the investigated surfactants. Such a minimum has been reported

to occur for SDS in a more detailed stuthAt each temperature,

the cmc decreases in the order SBSCsDS > TMADS >

TEADS > TPADS > TBADS, in agreement with previously

just as it is quenched by the Tion. Thus, in deoxygenated

micellar solutions of CsDS, the pyrene lifetime was found to

reported results, for the first five surfactadts. be r = 55 ns, while values of ranging between 350 and 370
Micelle Polarity. The values of the pyrene polarity ratig ns were measured in solutions of all other surfactants investi-

Isat 25°C are listed in Table 2. The value of this ratio decreases gated, at 25C. Such low values of resulted in larger errors

alittle upon increasing surfactant concentration, as if the micelle in the values oN.

palisade layer became less polar upon micelle growth associated The results show the following trends.

with increasing concentration (see below). The values for CsDS 1. For all surfactants, at a given temperatNriecreases with

and SDS are nearly equal and clearly smaller than the valuesthe surfactant concentration (see Figure 2), a behavior usual

for the four TAADS surfactants. This result indicates that pyrene for ionic surfactantg:?1:28.31.43

senses a higher polarity in dodecyl sulfate micelles Wags 2. For all surfactants, at a given concentratdmecreases

hydrophilic (TMADS and, to a lesser extent, TEADS) and as the temperature is increased, a behavior also noted for ionic

hydrophobic counterions (TPADS and TBADS) than in SDS surfactant$® However the rate of variation &f with T becomes

or CsDS micelles. smaller in the sequence SDSTMADS > TEADS > TPADS
Micelle Aggregation Numbers. The values ofN were > TBADS.

calculated from eq 3 as follows. For each surfactant, values of 3. At a given concentration and temperati\és larger for

Ciee Were computed by iteration starting from eq 4 and using CsDS than for all other surfactants.

the values ofy listed in Table 1. The values @ at 25°C 4. At 10 °C (Figure 2A) the aggregation number of SDS is

are given in Table 2. Note that the valueshall correspond close to, but larger than, that of TMADS and larger than that

to concentrationsC > Ciee. Thus, errors ino and Cyee had of all other TAADS. The micelle aggregation number decreases

very little impact on the computed valuesNfn Table 2. This following the sequence: SDS TMADS > TEADS > TPADS

permitted us to use the same value£gf. at all temperatures.  ~ TBADS. This is an unexpected behavior because in general,

The errors on theN values for CsDS are probably somewhat the value of the micelle aggregation number increases as the

larger than for the other surfactants. Indeed, owing to a heavy cmc value decreas&323Obviously such is not the case for the

atom effect?5! pyrene is strongly quenched by the™Osn, dodecyl sulfate surfactants investigated. Figure 2B and 2C show
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TABLE 3: Effect of Additions of TMACI on the Micelle
Aggregation Number and Intramicellar Quenching Rate
Constant in a 40 mM TMADS Solution

10°C 25°C 40°C
[TMACI] Crree 1077k 10 kg 107kq
(mM) I/lz; (mM) N (sh) N (sH N (s
21.4 1.6 92 125 82 240 72 3.93
59.0 136 1.0 94 116 81 223 70 3.69
143.9 0.7 106 103 94 196 84 340

that as the temperature is increased the sequence of micelle

aggregation numbers becomes

CsDS> TMADS > SDS> TEADS~ TBADS >
TPADS at 25°C

and

CsDS> TBADS > TMADS > TEADS > SDS>
TPADS at 40C

Thus, it appears that the sequence of the micelle aggregatio
number tends to become that expected on the basis of the cm

values as the temperature is increased, that is as the aggregation

number decreases.
5. The values oN extrapolated to the cmc are all close to

60, except perhaps for CsDS. This value closely corresponds

to that of the maximum spherical micelle that a surfactant with
a dodecyl chain can forkf:3>Up to the highest concentration
investigated, the values ™ remain consistent with micelles
that are spherical or spheroidal as they do not differ very much
from the value at the cmc. For instance for the 400 mM TMADS
solution the value oN is only 1.4 times larger than at the cmc
(92 vs 64). Thus, the micelle growth is relatively small for any
of the TAADS surfactants, except TBADS where it is a bit more
important3® under the experimental conditions of the present
study.

6. The effect of additions of tetramethylammonium chloride
(TMACI) on the aggregation number of TMADS micelles at a
surfactant concentration of 40 mM has been investigated. The
results are summarized in Table 3. It is seen that the aggregatio
number is increased in the presence of salt, as is always observe
with ionic surfactantg®3!

Micelle lonization Degree. The values of the micelle
ionization degree at the cma? for the investigated surfactants
were calculated from eq 1 using the values of the slopes of the
electrical conductivity v&<C plots above and below cmc and of
the aggregation number at the cn\, listed in Table 1. The
results show that one goes from an increasecbwith T for
SDS, TMADS, and TEADS, to a near constancy «of for
TPADS and CsDS, and to a decreasax®fwhenT increases
for TBADS. Nevertheless, the overall variationaf with T is
small for all surfactants. The ionization degree is the largest
for SDS and the smallest for TBADS. The differences are rather
small at 10°C but increase with temperature and become
significant at 40°C.

Intramicellar Quenching Rate Constant. The values of the
intramicellar quenching rate constaat are listed in Tables 2
and 3. As was found with other surfactarks,increases much
with temperature and decreasesNascreases.

For a given surfactant at a given temperatNiacreases and
ko decreases with increasing concentration, while the value of
the productNkg varies very little if at all. The constancy of
Nkg is consistent with the conclusion inferred from the values
of N, namely, that the micelles are spherical or spheroidal up

n
C
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Figure 3. Variation of the microviscosityQ with 1/T.

3.5

has been shown theoretically that for spherical micellgss
nearly inversely proportional thl.56

Micelle Microviscosity. Figure 3 shows the variations of the
quantityQ that is proportional to the microviscosity, withTl/
reciprocal of the absolute temperature. In the whole range of
temperature the micelle microviscosity increases in the following
sequence: CsDS SDS < TMADS < TEADS ~ TBADS ~
TPADS. Thus, if we except CsDS where the strong quenching
of the cesium ion may affect the results, the microviscosity
ppears to increase with the counterion radius. Besides, the plots
are linear in the investigated range of temperature, in the semilog
representation used. The slope of the plots has been used to
determine the value of the activation enerBypys* of the
micelle microviscosity, as sensed by the probe DE¥Phe
values ofEppys* listed in Table 4 increase in the same sequence
as the microviscosit®.

Information about the micelle microviscosity can also be
obtained form the values of the produdky. Recall that the
value ofNkg is inversely proportional to the microviscosity of
the micelle>” Figure 4 shows the variations dfkg with 1/T
are linear in a semilog representation used. The results indicate
that in the investigated range of temperature the microviscosity
increases in the following sequence: CsPSDS < TMADS
< TEADS < TPADS < TBADS, that is with the radius of the
counterion, as also found with DPyP. The valuesEgkrg*
determined from the plots in Figure 4 are listed in Table 4.
They increase in the sequence SBSCsDS < TMADS<

a|

I}LEADS < TPADS < TBADS, nearly as obtained with DPyP.

owever the value&rrrg* are well below those oEppys.

Discussion

Cmc and Free Energy of Micellization. Using the values
of the cmc and ofx? in Table 1 we have calculated the value
of the free energy of micellizationG°y of the investigated
surfactants from the equati&n

AG®), = RT(2 — a”)In cmc (6)
In eq 6, the cmc is expressed in mole fraction. The values of
AG°y are listed in Table 4. The free energy of micellization is
seen to become increasingly negative with increasing size of
the counterion, indicating that micellization is favored by the
increased hydrophobicity of the TAAion.

Two limiting models are used to discuss the valueAGfy.

A first model assumes a simple binding of the TA#ons to

the micelle surface (adsorption model). The TAAon is
modeled as a tetrahedron with the charged nitrogen atom at its
center and the four terminal methyl groups of the alkyl chains
at its four apexes. In this model the centers of any three terminal
methyl groups define an equilateral triangle that is one of the
four faces of the tetrahedron. The contact between a TiaA

to the highest concentration investigated (see above). Indeed itand the micelle is assumed to involve one face of the TAA
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TABLE 4: Energy of Activation of the Microviscosity E* and Free Energy of Micellization AG°y at 25 °C

surfactant SDS CsDS TMADS TEADS TPADS TBADS
Eopys* (kd/mol) 38.8 (36.4) 27.3 435 478 478 478
Erreg* (kJ/mol) 19.6 19.6 20.4 215 23.9 24.4
AG®y (kd/mol) —-38.8 —411 —41.2 426 —45.2 —48.9

aValue at 30°C. ? Value reported in ref 35.

400
300 ]

DN:OSDS

200 }
o 150

<

100 J
80 |
70
60 j
50

40

3.2 3.3 34

1031 (K™
Figure 4. Variation of Nk, with 1/T.

3.5

tetrahedron and to occur at one of the fatty patches present a

the micelle surface. In this model the interaction involves three
of the four alkyl chains of a bound TAAcounterion. The values

of AG°y in Table 4 yield increments in free energy per
methylene group of- 0.47,—0.87, and—1.2 kJ/mol, in going
from TMADS to TEADS to TPADS and to TBADS. In view

of the assumptions underlying this model it is obvious that these
increments represent lower bound values. Nevertheless, thes

values are much smaller than the free energy of micellization
of —3.3 kJ/mol of CH found for surfactants when the methylene
group belongs to the surfactant alkyl chédn.

The other limiting model assumes that the TAKicelle
interaction involves the penetration of a single alkyl chain of
the TAAT ion into the dodecyl sulfate micelle. This is equivalent
to assuming a mixed micellization between TAANnd dodecyl
sulfate ions. In this model the change &&°y in going from
TPADS to TBADS, i.e.;—3.7 kd/mol, would be associated with
the additional methylene group of the alkyl chain that is
penetrating the micelle. This value is close to that for the
micellization of one methylene group of the main surfactant

absence of additive, it is usually observed that the aggregation
numberN increases as the cmc decreases, in agreement with
the prediction of theoretical treatments of the micellizafid®
However, the results in Figures 2A-C show a more complex
behavior, particularly at 10C, where the sequence of micelle
aggregation is opposite to that expected on the basis of the cmc
values. It is only at 40°C that the sequence of aggregation
number starts showing some of the trends expected on the basis
of the cmc values.

The literature reports one notable exception to the rule of a
correlated decrease of cmc and increasél.oft concerns the
effect of the headgroup size in the case of the tetradecyltrialkyl-

mmonium bromide surfactants; £,oN*(CyHzn+1)3,Br~. For

hese surfactants the values of both the cmcldmtcrease as
the size of the trialkylammonium headgroup incre&363This
effect was explained in terms of a geometric steric hindrance
(overlap) between the large trialkylammonium headgroups at
the micelle surface. Rough calculations based on the values of
bond angles and bond lengths showed that, as the size of the
érialkylammonium headgroup increased, the geometric surface
area covered by the headgroup became larger than the surface
area available per surfactant at the micelle surfa€&This
hindrance constrains the micelles to take up a lower aggregation
number. Indeed, for a given surfactant chain length, the surface
area per headgroup at the micelle surface increases as the
aggregation number decrea8e% An overlap of the headgroups
can be thus avoided by a reduction of the valuéNof

A similar explanation may hold for the TAADS surfactants.
The TAAT ions (radii increasing from 0.347 nm for TMAto
0.494 nm for TBA)3%¢ may be so large that the micelle surface
does not offer sufficient surface area to accommodate all TAA
counterions that must bind to the micelles to ensure their

alkyl chain. The agreement may be fortuitous. However, some Stability. Therefore, the micelles take up lower valuesldhat

results below (see below, section on intramicellar quenching
rate constant) lend support to this model of the TAmicelle
interaction. Also, a study of the behavior of TMADS at the
air—solution interface concluded to a penetration of part of the
TMA™ ions in the dodecyl sulfate layé?.

Micelle Polarity. As pointed out above pyrene senses a higher
polarity in TAADS micelles than in SDS or CsDS micelles that
have more hydrophilic counterions. A possible explanation for
this counterintuitive result is that pyrene is located closer to

correspond to larger surface area per headgroup in order to pack
the counterions at the micelle surface.

A model very similar to that in ref 62 has been used to check
this possibility. The surface ar&y of a dodecyl sulfate micelle
of aggregation numbe¥, the surface are§,c covered by the
N sulfate headgroups, and the surface &eaccupied by the
(1 — a%NC bound TAA" ions, have been calculated. The results
showed tha&: > Sy — S, for TPAT and TBAY. This result
holds even if the TAA ions are assumed to penetrate in the

the surface of the micelle of these surfactants than in SDS ormicelle core by 0.1 nm& is still larger thanSy — Syc for
CsDS micelles. Recall that an attractive interaction between TEA™ but the difference is relatively small. For TMAS: is
pyrene and quaternary ammonium headgroups has beerclose toSy — Sic at the cmc but would become smaller for

evidenced? %1 This interaction occurs between theelectron
cloud surrounding pyrene and the positive charge of the
quaternary ammonium headgroup. A similar attractive interac-
tion between pyrene and micelle-bound TA&ounterions may

the largerN values measured at higher concentration. The
calculations are not reported in view of their very approximate
character. In particular the water hydrating headgroups and
counterions has not been taken into account. However it is

draw pyrene closer to the micelle surface. Such an interaction noteworthy that from a qualitative viewpoint the inclusion of

would be modulated by the size of the TA&ounterion. This
may explain whyli/lz is a maximum for TEADS. A full
explanation of these results must wait for other data on the
location of pyrene in, and the hydration of, the micelle palisade
layer of the TAADS surfactants.

Variation of the Micelle Aggregation Number with the
Counterion Size.For homologous series of surfactants in the

hydration water would further reduce the space available to
counterions. It remains that the model used supports the
explanation given above concerning our observations regarding
the measured values dffor the TAADS micelles in terms of
steric hindrance arising from the large size of the bound TAA
ions. This steric hindrance is also going to restrict the growth
of the micelles upon increasing surfactant concentration.
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If one accepts that for TPAand TBA* & > Sy — Syo, Microviscosity. The concept of micelle microviscosity has
such a result means that the number of bound counterions isbeen discussedi. In the present study, all the investigated
larger than the number of counterions that can be packed at thesurfactants share the same surfactant ion. Therefore, comparisons
micelle surface. A tentative explanation of this unusual result of values of microviscosity when changing only the surfactant
is that most bound TAA ions form a rather compact layer —counterion are meaningful, contrary to studies which compare
around the dodecyl sulfate micelle surface and that a few TAA values of the microviscosity of micelles with different surfactant
ions bind to this layer, forming a largely incomplete second ions. The microviscosity reported by DPyP as well as by the
layer. The existence of TAA-TAA™ contacts in the micelle pair pyrene/dodecylpyridiniumis that at their preferential site
vicinity is supported by the tendency of TPAnd TBA' to of solubilization, that is in the micelle palisade layer. Indeed
self-associate in water into ill-defined aggregates with multiple DPYP, pyrene and the pyridiniungroup are aromatic and thus
charge's-19An ultrasonic absorption stu#indicated an onset  located in the micelle palisade lay¥>°

of aggregation of about 1.5 and 0.8 M for TPAnd TBA', Our measurements do not yield absolute values of the
respectively. The concentration of bound TBAons in the microviscosity and the data obtained with DPyP and the pair
spherical shell of thickness 1 nm (diameter of the TBian) pyrene/dodecylpyridiniurhcannot be directly compared. Nev-

surrounding the micelle surface is 1.25 M, on the basis of the ertheless both types of measurements indicate an increase of
values ofN° anda®. The corresponding concentration is 1.4 M Mmicroviscosity with the counterion radius. The micelles of SDS
for TPADS. Thus, a few TAA ions may be associated with and CsDS show a relatively large difference of aggregation
TAA* ions bound to the micelle surface via hydrophobic Nnumber but a relatively small difference of microviscosity. On
interactions rather than being directly bound to the micelle the other hand the micelles of SDS and TMADS are character-
surface, in the case of TPADS and particularly TBADS micelles. 1z€d by rather close values of the aggregation number but by
The existence of some TARons bound to the micelles in this  differing values of the microviscosity. In view of these results
manner solves the problem of packing a number of counterionsWe tentatively attribute the increased microviscosity of TAADS
larger than the maximum number that can be packed at theMicelles with increasing TAA radius to the progressive

micelle surface. The existence of such ions may also provide Pe€netration of the alkyl chains of bound TAAons into the
an explanation for the clouding of TBADS solutions upon dodecyl sulfate micelle core discussed above. This would slow

increasing temperature. This will be discussed more at length the diffusive motion of the probe and quencher that would then
elsewherd? report a higher microviscosity.

The above discussion referred to the situation of the systems TTS|e l’lalugf _Of ghe _?hctggtlgn energy r?fl the rrllr::rows_?rc])stlrtly
at the cmc, at 28C. As the surfactant concentration is increased (Table 4) obtaine ' Wi yr aré much larger than wi €
the aggregation number increases. If the ionization degreepyrene/dodecylpyrldlnlum This result appears to be of general
remains unchanged, as this has beén evidenced for a numbe(r:haracter. Indeed it also holds for the cationic surfactant
of surfactantg/ crOV\;ding of the TAA" ions at the micelle dodecyltrimethylammonium bromide (DTAB). The reported

. . fadl
surface becomes more acute. Crowding may even occur for values ofN andks for this surfactari yieldedErreg* = 20.8

* = i i -
TMA* ions. More counterions may bind on top of the first layer kJ/mol, as compared Wppye" = 50.3 kJ/mol. The microvis

f bound teri di d ab Anoth bilit cosity of DTAB micelles has also been investigated using the
of bound counterions, as dISCUSSed above. Anotner possi IIyspin probe 5-doxylmethylstearate (5-DSEY.he results yielded
is that the micelle ionization degree increases. Such an effect

. X . i . an activation energis-psg* = 29.3 kJ/mol. This value is also
would result in a restricted micelle growth, as is experimentally lower than that from DPyP measurements but higher than when
observed (seE}I values for TMADS. In view of the lower cmc using the pair pyrene/dodecylpyridinidm The differences
of TMADS with respect to SDS or CsDS one would have pepyeen the values &Erreg, Eppyet, and Es_pse* probably
expected TMADS micelles to grow more rapidly with concen- yefject the different types of motion involved with these different
tration than SDS or CsDS micelles). This intriguing possibility propes. Indeed, TRFQ involves the translational motions pyrene
is presently being tested. and of the dodecylpyridinium ion. The DPyP probe undergoes
Effect of Temperature on the Micelle Aggregation Num- a butterfly-like motion of the pyrenyl moieties. Last, the spin
ber. TheN values represented in Figure 2& show that at 10 probe undergoes a rotational motion. The applicability of the
°C N(SDS) is larger thanN(TAADS) in the investigated Stokes-Einstein-Smolukhovsky equation using the values of
concentration range. At 282, however N(TMADS) becomes the microviscosity found for TMADS micelles with the spin
larger tharN(SDS), and at 40C only N(TPADS) is still smaller probe 5-DES will be addressed in a future paper.
thanN(SDS). Thus, as the temperature increases the sequence Analogies between the Effect of the Nature of the Coun-
of aggregation number tends to become normal, that is theterion and of the Surfactant lon on the Self-Association
surfactant with the lowest cmc tends to form the largest micelles. Properties of lonic Surfactants. The analogy in behavior
This effect of temperature can be explained with the model of between the TAADS surfactants and the tetradecyltrialkylam-
micelle size controlled by the counterion size discussed in the monium bromide (TTrAAB) surfactants concerning the effect
preceding paragraph. Indeed, as the temperature increases, thef the size of the headgroup on the micelle aggregation number
micelle size decreases and the ionization increases, except fohas been pointed out above. In both instances, the micelle
TBADS, which is not considered here. Estimates similar to the aggregation number decreases upon increasing size of the
ones described above show that the problem of counterioncounterion with TAADS surfactants and of the headgroup with
overlap then becomes less acute. Indeed, there is more surfac@ TTAAB surfactants. Also, in both series, the micelle micro-
area available per headgroup at the surface of the micelle coreviscosity increases with the size of the counterion or of the
and there are fewer counterions to pack on this surface. Theheadgroup whereas the micelle polarity (measured by the value
result is that the micelles can then form with an aggregation of the pyrene intensity ratita/l3) increases mainly in going from
number closer to that expected in the absence of counterionthe methyl to ethyl homologu€.
overlap. Then the change bNfwith counterion size tends to be There are other instances where an effect observed by
the expected one. changing the nature or structure of the counterion is also
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observed when performing a similar modification of the (2) Hoffmann, S.; Rauscher, A.; Hoffmann, Ber. Bunsen-Ges. Phys.
surfactant ion. Take for instance the gemini surfactants Che(ré‘)i&%}"gﬁ's 123;Lan 3 7ana. RL Chem. Soc.. Faraday Trans. 1
CizH2o(CHa) N (CH2)sN(CHe),CiH2s2Br 8 The plot of the  1gg¢ 82 100, 0 e ™ - 206 y frans.
micelle aggregation number, at low to moderate surfactant  (4) Candau, S. J.; Hirsch, E.; Zana,RPhys. (Paris)L984 45, 1263.

concentration, as a function of the carbon numbef the (5) Shikata, T.; Imai, S.-I.; Morishima, YLangmuir1997 13, 5229.
(6) Appell, J.; Porte, G.; Khatory, A.; Kern, F.; Candau, S1.JPhys.

polymethylene spacer (GH shows a minimum at aroursl= Il (Fr) 1992 2, 1045.
8—1088 For the anionic surfactants PYEH,)Pyrt+2C;HosS0s™, (7) Gamboa, C.; Sepulveda, IL.Colloid Interface Sci1986 113 566.
with bispyridinium bolaform counterions (Pyrstands for (8) Sepulveda, L.; Cortes, J. Phys. Cheml1985 89, 5322.

pyridiniumy), the micelle molecular weight at the cmc was found 19989)21%"125;' L; Lelievre, J.; Gaboriaud, R. Colloid Interface Sci.
ha 6o , .
to be a minimum as = 10°° In both series of surfactants, the (10) Ninham, B. WAdv. Colloid Interface Sci1999 83, 1.

observed minimum was explained in terms of a penetration of  (11) Alfridsson, M.; Ninham, B. W.; Wall, S.angmuir200Q 16, 10087
the polymethylene group of the spacer or of the counterion into and references therein.

; ; (12) Mukerjee, PAdv. Colloid Interface Scil967 1, 241.
the micelle core, when it became long enotgFf (13) Baumuller, W.; Hoffmann, H.; Ulbricht, W.; Tondre, C.; Zana, R.

Another example concerns the organized phases produced. Colloid Interface Scil978 64, 418.
by surfactants containing chiral atoms. The gemini surfactant _ (14) Satake, |.; Iwamatsu, I.; Hosokawa, S.; MatuuraBRl. Chem.
C16H33(CH3)2N+(CH2)2+N(CHg)zClngg'tal'traté_, where the Soc. Jpn1963 36, 204.

— . . : . . . (15) Tamaki, K.Bull. Chem. Soc. Jprl974 47, 2764.
tartraté - counterion contain chiral carbons, gives rise to twisted  (16) wen, W.-Y.: Saito, SJ. Phys. Cheml96468, 2639.

ribbons (helical structure®) whereas the surfactant;§lzz (17) Wirth, H. E.; LoSurdo, AJ. Phys. Chem196§ 72, 751.

+ + . — (18) Wirth, H. E.; LoSurdo, AJ. Phys. Chem1972 76, 130.
(CHa)aNT(CHy)o N(CH-S)-ZC16H33 2Br- does not show such (19) Blandamer, M. J.; Foster, M. J.; Hidden, N. J.; Symons, M. C. R.
structures. The gemini surfactant aPOCHCHOC(O)- Trans. Faraday SocL968 64, 3247.

Ci7H35]2(CH2CHy), where the chiral carbon atoms are located  (20) Szajdzinska-Pietek, E.; Maldonado, R.; Kevan, L.; Berr, S. S.; Jones,

in the surfactant ion, also gives rise to helical fibrillar R.R.J. Phys. Cheml985 89, 1547.
structured? (21) Berr, S. S.; Coleman, M. J.; Jones, R. R.; Johnson, Jr., J. S.
: . . Phys. Chem1986 90, 6492.
The number of examples in which the character of an  (22) z.-J. Yu; G. XuJ. Phys. Chem1989 93, 7441.
aggregate of ionic surfactant can be modified through manipula-  (23) Z.-J. Yu; Z. Zhou; G. Xu. Phys. Cheml1989 93, 7446.

tion of the amphiphilic ion or the counterion is expected to %4) Z.-J. Yu; Zhang, X.; Z. Zhou; G. Xu. Phys. Chem199Q 94,

continue to grow, as more systems are investigated. (25) Kumar, S.; Sharma, D.; Kabir-U-Dibangmuir 200Q 16, 6821.
(26) Kumar, S.; Aswal, V. K.; Nagvi, A. Z.; Goyal, P. S.; Kabir-U-Din
Langmuir2001, 17, 2549.
(27) Kumar, S.; Sharma, D.; Khan, Z. A.; Kabir-U-Dirmngmuir2001,

17, 5813.
The surfactants CsDS, TMADS, TEADS, TPADS, and (28) Bales, B. L.; Shahin, A.; Lindblad. C.; Aimgren, Bl.Phys. Chem.

TBADS have been characterized by the value of the cmc and B 2000 104, 256 and references therein. _
micelle ionization degree at the cmc, the micelle polarity and ~ (29) Ranganathan, R.; Peric, M.; Medina, R.; Garcia, U.; Bales, B. L.
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