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As with many seeds and larvae, partially solved problems in Table 1. Structure of the Thio-surfactants?
science tend to lie dormant for years, poised to emerge abruptly when CHs(CHy),S(CHy)uN(CHy)s*Br
conditions become more favorable. Such is the case for micelle

thio-surfactant n m
structure. At one time, there was concern by many cherhists, 33 > 3
including ourselve§;® over the degree of chain exposure to the 2.10 1 10
external medium (either by water entering the micelles or by chains 6-6 5 6
looping into the bulk water). Despite all the attention, the issue of 6-8 5 8
chain disorder and hydration was never fully resol%add it quietly S'g ; g

vanished from the scene. We now interrupt our “hibernation” by

describing a new kinetic approach for investigating chain exposure  ap addition, a two-sulfur thio-surfactarsi:6-6, was prepared with the

that can be applied not only to micelles but also to self-assemblies structure CH(CH)sS(CH)sS(CH)sN(CHa)sBr~.

in general. The p.re?'ence or absence of Chglnlwater Cont.aCt 'S .Im_Scheme 1. Synthetic Route to Thio-surfactants in Table 1

portant; no description of a self-assembly is complete without it. 1 NaOEL EtOH NMo.. EIOH
A key feature of our approach entailed replacing a methylene HsCySH —————— HiCy; Sy 4Br SR HyCoy Sy N(CHg)s B

A A N A n 2. Br\M,Br n m rt, 4 days n m

by a sulfur in the thio-surfactants of Table 1 as synthesized in m

Scheme 1 (see details in Supporting Information). However, the

synthesis began only after satisfying ourselves that the thioether

t, 24 h

1. NaOEt, EtOH 1. NaOEt, EtOH
_— _ >

unit is hydrophobic and (like the methylene it replaces) not prone "Strg" — By St 2 By B
to abnormally seek out an aqueous environment. Evidence for this . 246h . 245h
assertion comes in part from protein chemists who consider ' Ve, E(OH .
methionine a hydrophobic residue. For example, O’Neil and \H;SMEMS'%’ SIS Gk

DeGrado reported that eight exposed methionine side chains of
calmodulin bind diverse nonpolar surfaces on associative patthers. Table 2. Critical Micelle Concentrations and Aggregation
Gellman commented that the unusually large polarizability of the Numbers of Thio-surfactants and Conventional Surfactants

sulfur atom generates binding sites that are tailored for strong surfactant CMC, mM¢ Nagg?d
dispersive interactions with nonpolar surfaéesThe Hansch 2.10 14 78
partition constant between octanol and water f8CH; favors 6-6 22 60
octanol r = 0.45), whereas the constant feOCH; favors water 6-8 6.5 54
(7w = —0.47)12 Affinity toward water of the “soft” sulfur atom is gg g? ié
unfavorable owing to its poor H-bond acceptor properticEhus, 6-6-6 19 29
a sulfur serves as a reasonably innocuous éftity contrast to DTAB? 13 63
fluorescence, spin label, and other probes common in the litefature. TTAB? 33 82

CTABa 0.82 108

Table 2 gives surface-tension-based critical micelle concentra-
tions (CMC) and steady-state-fluorescence-based aggregation nums-
bers Nagg for six thio-surfactants and four conventional surfactants.  aRefers to dodecyl-, tetradecyl-, cetyl-, and octadecyltrimethylammonium
Sulfur perturbations on the CMC amdiqq parameters are seen to  bromide. See ref 18 Measured at thio-surfactant concentratiorsimes
be of little import. For example, the CMC f@-10with 12 chain- the(;’ C"(’)'OCS-°At 40 °C-Id CMC andNagg values had uncertainties &f5%

- ' . and £10%, respectively.
carbons is 14 mM, compared to 13 mM for DTAB also with 12 0 P y

chain-carbons. Thio-surfactaris-8 and8—6 have CMCs of 6.5 jts own CMC. These conditions were deliberately chosen because
and 6.6 mM, compared to 3.3 mM for TTAB (all with 14 carbons). 3 |ow thio-surfactant concentration minimized any (inherently
Significant differences relative to an all-carbon analogue, OTAB, minor) perturbation by the sulfur to the overall SDS micelle
were found only for the two-sulfur surfactar@i;-6—6. Intramo- structure. Adding 8 mM thio-surfactaBt-6 to 80 mM SDS had
lecular S/S interactions are a possible cause for this deviation. Inonly a small effect 0N,y (increasing it from 81 to 88).
any event, the data of Table 2 support the notion that micelles  The percentage of thio-surfactant residing in the free solution
composed solely of mono-thio-surfactant are not dramatically was considered kinetically insignificant. This implies that rate
altered by their sulfur content. constants reflect only micelle-bound substrates. Three factors favor
Rate constants for thioether oxidation to sulfoxide were deter- total binding of the thio-surfactants to the excess SDS: (a)
mined by proton NMR (O, 20 °C) under the following condi- Association constants between SDS and even mildly “hydrophobic”
tions: thio-surfactant (8 mM) was admixed with a 10-fold molar cations are large (e.gKassoc= 1.6 x 10* for Bu;N*).27 Similarly,
excess of a conventional anionic surfactant, sodium dodecyl sulfatea “very large synergetic effect” was noted between cationic and
(SDS). The 80 mM SDS concentration was also 10-fold higher than anionic surfactant®¥ (b) Cooperative hydrophobic and electrostatic
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Table 3. Oxidation Rates of Thio-surfactants, Co-micellized into
SDS Micelles, by 104~ or H,0; at 20 °C in D,O

104~ k2¢ H0,, kp¢
thio-surfactant 1073s 1Mt rel. k, 1073s Mt rel. k
33 2300 190 5.0 3.8
2-10 26 2.2 2.4 1.8
6-6 28 2.3 2.2 1.7
6-8 18 1.5 1.9 1.5
8-6 16 1.3 1.4 1.1
8-8 12 1.0 1.3 1.0
6-6-6 23,3¢ 1.9,2.6 1.6,2.9 1.2,2.2

23-3 was studied without SDS and served as a control. All thio-
surfactants (8 mM) were studied with SDS (80 mM) and at fiva 10
concentrations (88240 mM). P Thio-surfactants (8 mM) were studied with
SDS (80 mM) and at five pD, concentrations (8062400 mM). ¢ Plots of
Kobs Versus [oxidant] were linealR¢ = 0.97); their slopes gavk values
with uncertainties 0f<10%. 9 The two numbers represent oxidation rates
of the two sulfurs in6-6-6.

attraction between comparable quantities of cationic and anionic

surfactants leads to huge micellar growth, vesicular association, or

outright precipitatiort®2°(c) Most convincingly, our rate constants
are independent of the excess SDS concentration, an observatio

subsequent nonmicellar reactivity.
After adding periodate (86240 mM) to the above micellar

n
consistent with an absence of external monomeric substrate andt

already argued) to low levels of rapidly reacting material in the
free solution, then the corresponding®4 oxidation rates would
have been similarly inhibited. Thus, there is only one explanation
consistent with both sets of data: all sulfur loci have equal access
to the SDS micelle surface, a surface that has a diminishgd 1O
concentration but a relatively normal,®, concentration. The
picture that emerges, therefore, is a micelle in which disordered
chains are rapidly rearranging to equalize chain exposure to water
and the elements therein.

We have assumed, based on the properties of thioethéfs,
that the thio-surfactant chains buried within the SDS micelles
possess conformational populations comparable to those of their
SDS neighbors. Only if our assumption is correct can the results
be extrapolated to conventional surfactants, but whether the thio-
surfactants fold and twist anomalously or not, it is instructive that
sulfur exposure at the micelle surfaces is independent of the sulfur
atom position within the chains.

Oxidation rates of sulfur labels can be used to assess chain
exposure to the external medium not only in micelles but also in a
variety of other self-assemblies and polymeric systems wherever
he NMR resolution so permits.
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Data from linear pseudo-first-order plots gave the second-order rate

constantsk) recorded in Table 3! One sees from columns 2 and
3 that monomeri@—3, with no SDS present, is oxidized 2 orders
of magnitude faster than any of the micellized thio-surfactants. By
way of comparison, SDS micelles inhibit hydroxide-catalyzed
hydrolysis of a hydrophobic ester by a factor of 5.

Importantly, all the thio-surfactants reacted at roughly the same

rates, indicating that oxidation rates are largely independent of the

sulfur position within the chains. The simplest explanation is that

the anionic SDS micelle surface electrostatically repels anions, and
that all the chain loci access this periodate-depleted surface at about

the same frequency. Alternatively, oxidation may originate in part
from low levels of IQ~ entering concavities within a porous self-
assembly. Either way, the kinetics provide strong evidence for chain
disorder within SDS micelles, a point that we have previously
touted®-8

A quite different behavior emerges whern,@®3, a nonionic
oxidant, was used instead of anionigiQTable 3, columns 4 and
5). In this case, all six thio-surfactants were oxidized at a rate only
slightly smaller than that of monomer&-3 in the free solution.
We interpret this result as indicating that®} (which would be
excluded from the hydrocarbon regions of the micelle intetias)
not electrostatically repulsed from the SDS micelle surface. Our
kinetic data also indicate that the;®b at the micelle surface, or

possibly in aqueous micellar concavities, has roughly equal access

to the sulfurs independent of their positions on the surfactant chains
Oxidation of “interior” sulfur groups manifests itself not only in
anionic SDS micelles but also in cationic TTAB micelles, as well
(see Supporting Information).

The 100-fold rate decrease with JOoxidation compared to no
substantial decrease with,®&, oxidation (Table 3) is basic to the
understanding of our micellar systems. If the slow;1@xidation

rates with SDS micelles were attributed (erroneously, as we have

Supporting Information Available: Synthetic procedures, char-
acterizations of new compounds, and detailed descriptions of experi-
mental methods. This material is available free of charge via the Internet
at http://pubs.acs.org.
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