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Self-diffusion near the percolation threshold in reverse microemulsions
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Self-diffusion measurements of reverse water—acrylamide—sodiu@rdtisylhexy)sulfosuccinate—toluene
microemulsions have identified a distinct increase in water proton diffusion above the percolation threshold in
cosurfactant chemical potential. This increase is assigned to water transport through fractal aggregates and
clusters. Above threshold, increasing apparent partitioning of water and cosurfactant into the continuous
pseudophase yields an order parameter for estimating percolating cluster volume, and shows that cosurfactant
preferentially segregates into these clustE84.063-651X96)50612-4

PACS numbsefs): 82.70.Kj, 05.70-a, 05.60+w, 47.20.Ma

Reverse microemulsions of water suspended as nanodroglly in reverse microemulsions as a result pgartitioning
lets in a continuous pseudophase of water immiscible solbetween continuous and discontinuous pseudophases. We
vent, where these nanodroplets are stabilized by a monolay&urther show that the detailed consideration of such partition-
of surfactant, are of continuing physical and chemical intering provides means to quantify diffusivity arising from per-
est[1]. A particularly important transport property of interest colation, and to quantify theolume(fraction) of percolating
in these systems is electrical conductivity, and the increasgluster aggregates.
of conductivity above percolation thresholds in temperature, Electrochemical studi€fs6,17 have revealed a threshold
volume fraction, or other field variable. phenomenon in Faradaic electron transfer involving electro-

One of the key structural features associated with reversactive species included in the aqueous phase of certain mi-
microemulsions, besides the details of the droplet composicroemulsions. The redox chemistry appears to switch on
tion, diameter, and the interfacial arrangement of surfactarivhen the cosurfactant chemical potential is raised above a
between the water and oil, is the interaction of such particle§ertain critical threshold. This phenomenon was reminiscent
in forming clusters and aggregates, and the relation of sucff the percolation in electrical conductivity reported for a
aggregation to percolation. In addition, a fascinating and yesimilar systen{18], and was subsequently confirmed to co-
unresolved issue is the mechanism of transformation of reincide with the percolation threshold9]. These Faradaic
verse microemulsions into bicontinuous microemulsionsand conductivity thresholds are illustrated in Fig. 1 for re-
having low to zero mean curvatutso-called sponge phase Verse microemulsions of water in toluene, stabilized by the
or middle phase microemulsion€ontroversy persisf@—4]  surfactant AOT (sodium big2-ethylhexylsulfosuccinate
in experimentally distinguishing reverse and bicontinuousAcrylamide is a cosurfactan20] in this system, and its
microemulsions, and whether percolation itself indicates a
transformation to sponge phase bicontinfiiy-7] or the for-
mation of particle cluster8,9]. Chen, Chang, and Str¢$0] 04 ' ' ' ‘
have mapped out a cohesive picture that leads from reverse
microemulsion droplets to droplet clusters and aggregates to 03}
bicontinuous connectivity. Percolation in reverse microemul-
sions has been described as arising from increased transport <é
from particle aggregation and clusterifigl,12 On the other ~
hand, percolation is sometimes taken des facto proof of —
sponge phase bicontinuity. The differences in these views is 0.1
more than semantic, because reverse microemulsions and
clusters of nanodroplets retain high average curvature, while
the average curvature in sponge phase bicontinuous micro- 0 1 2 3 4
emuls?or_ls isllov'v to vanishingly small. Howgver, expgrimen— Weight % Acrylamide
tally distinguishing these models has remained elusive.

Self-diffusion measure_ments bY N_MR of m_i(_:roemulsion_s FIG. 1. Peak current—) for oxidation of ferrocyanide and
have proven very useful in establishing transitions from 0il-gjactrical conductivity (— — —) in water—acrylamide—AOT—

in-water to bicontinuous to water-in-oil isotropic phasesio|ene reverse microemulsions, as acrylamide composition is var-
[13]. This approach is particularly useful, because the diffueq, peak currents are from square wave voltammetry atrbo-
sivity of each chemical component may be monitored morejiam platinum microelectrodes. Microemulsions were formulated
or less simultaneously. Sponge phase bicontinuity in microwith 1.84 g AOT, 7.32 g toluene, 0.833 g aqueous 10 mM potas-
emulsions is inferred on the basis of the magnitude of selfsium ferrocyanidg—) or 0.833 g wate— — —), and varying
diffusion coefficients[14,15. In this paper we show that amounts of acrylamidé0—0.65 ¢ to cover the range of 0-5 %
diffusion coefficients of intermediate magnitude arise natu{w/w). Measurements were made at 25 °C.
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chemical potential serves as a field variable in modifying the 170
microstructure and increasing water solubilization, as well as
inducing percolation.

The onset of percolation in this microemulsion system has
been linked to physical changes within the interface, such as
increased interfacial flexibilityf18] and decreased chain
packing ordef19,21]. Such changes lead to increased inter-
droplet attraction, coalescence, and cluster formation. In this
paper we further examine microstructure near the percolation
threshold by considering the self-diffusion of all four com-
ponents, water, AOT, toluene, and acrylamide. These data
provide evidence for further distinguishing bicontinuity and
clustering above percolation threshold.

Self-diffusion measurements for each of the four compo-
nents in the microemulsions were determined by pulsed-
gradient spin-echdPGSB NMR spectroscopy. This ap-
proach is based on the method of Stejskal and Tafe@r

and is derived from the nuclear spin echo concept of Hah?D)’ water (O). acrylamide(l), and AOT (@) in the microemul-

[23] and Carr and Purce[R4]. The diffusion coefficient is . ; ! . )
. : . sions as a function of acrylamide content. The lines are included as
obtained from the attenuation of the spin echo under the

i e fi ; ides to th .
influence of pulsed magnetic field gradients. Measurements > © ¢ &Y€

were made at 250.5 °C on a Varian Unity 500, narrow bore e
(51 mm) spectrometer operating at 499.9 MHz. The Spec_noteworthy that the toluene self-diffusion is suppressed only

: : . . ..~ 8% over the illustrated range in composition. This suppres-
trometer was equipped with a commercially available dlffu'sion is due to increasing viscosity and the particle obstruc-
sion system, which inclugea 5 mm,*H-'F, air cooled, 9 y X

z-gradient probe built by Doty Scientific, a Highland DC tion. Bulk viscosity increases about three-fold over this com-

current amplifier for producing current pulses, and a SorrenEJOSition range, from about 1.25 cP to about 4 cP. The water
P P 9 P ' and acrylamide data initially coincide, below threshold, but

jvc;r;V:;ﬁ;*iézr?ger?xirjepzwig szug %"t;igeecnur:;?]r;te?nrzaltmaeéiverge markedly above threshold. The AOT data run paral-
P P ’ el to the acrylamide data, but are offset to lower values.

Leme(;;:eellgr?t)t;?a}aﬁli:e%h a gradient of up to 1000 G tm Experiments were performed on the 4%6/w) acrylamide
We employed a sti):ﬁulated—echo pulse sequence with lonsample o test for a _diffu.sion tim@) depe_ndg_nce. Var.ia—
eddy current delay25]. Eddy currents have been reduced Hons of 10-1000 ms in did not yield any significant varia-
e R . tion in the self-diffusion derived for each of the four chemi-
and amplifier overdrive eliminated by using rampgrap- cal components
ezoidal shapadgradientq 26]. Experiments were performed We examine .the AOT diffusion in the context of a fast
by varying the gradient strengtl) and keeping the gradient exchange model, where it is assumed that the AOT ex-

width (&) and all other timing parameters constant, Typl'changes between the water swollen droplets of the disperse

g?]lilg’vzl\tlj?ehﬁazfclhooosgst\év?:sﬂ?:dtkfgtr :22 Er:g;ilc()j?stlflg?:.emeﬁ eudophase and the toluene-solvated unimeric state in the
P ntinuous(tolueng pseudophase. Therefore, the observed

of the molecular center of mass was more than 10 000 A an&o.l. diffusion may be modeled as a mole-fraction weighted

thus much larger than any internal displacements relative tgverage of the faster diffusing molecule in the continuous

the center of mass. The relationship between the echo attenH)'Iuene haséD,) and the more slowly diffusing swollen
ation and self-diffusion coefficient is given by micelle(lg ) [25] y 9
mic 1
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FIG. 2. Observed self-diffusion coefficients at 25 °C for toluene

— 2121 Q2 _ 3 _ 2
IN(E/Eq) = — D y2gX{ 82(A— (5/3)) + (€%/30) 5(6/6)(}1,) Do XDt (1 %) -

wherey is the gyromagnetic ratio of th#d nucleusE is the  The critical micelle concentration of AOT in toluene is of the
measured signal amplitud®, is the amplitude with no gra- order of that found in benzenf28], about 4<10™* to
dients, ance is the duration of the gradient ram{@00 us).  2x10 > M, with a geometric average of abouxk0 * M.
Half-echoes were acquired for typically 10 valuesgoind  We found the diffusion coefficient of AOT in the molecular
Fourier transformed. The natural logarithm of the integralstate in toluene at 25 °C to be 1:230 ° cn?s ™. The total
value for the resonance of interest was recorded and plotteeblume concentration of AOT in the microemulsions is of
againstg?. The value ofD was obtained from the slope of a the order of 0.4 M, so that the mole fracti¢of AOT in the
least-squares fit. The high magnetic field of the spectrometezontinuous pseudophase&=0.002. Essentially all of the
resulted in excellent sensitivity and spectral dispersion.  AOT is in the disperse state, and we have, therefore, the
Self-diffusion coefficients obtained from these data arequantiative estimate thaD gpe—Dpyie<3%x10% cnfs ™.
displayed in Fig. 2 for each of the chemical components as &ince D, for AOT ranges ove3—-6x10"' cn?s ™%, we
function of the acrylamide level. The water, acrylamide, andmay takeD ;=D ,ps (D ao7) With about 5-10 % error.
AOT data appear to exhibit breakpoints near the percolation A local viscosity » was derived from the Stokes-Einstein
threshold, in the neighborhood of 1.5-2 % acrylamide. It isequation and the assumption that the molecular gizm-
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to steadily increase above the threshold, but only increases
about 38% above the equilibrium level obtained below
threshold. A similar trend is observed for water, except that
the amount of water apparently in the continuous phase in-
creases by about 200% over the subthreshold value.

If partitioning of acrylamide and water between the par-
ticulate and continuous pseudophases were constant, we
would expect all of the data in Fig. 3 to cluster about the
respective horizontal lines. The apparddifferentia) in-
creases in partitioning into the continuous phase over the
subthreshold values clearly suggest a quantification of these
components in a new pseudophase, percolating aggregates

0.06 T T T T

0.01 [ - and clusters. These differential increases indicate that a tri-
partite pseudophase model is appropriate, composed of the
0.00 L | l l 1 continuous and droplet pseudophases of the present analysis,
0 1 2 3 4 5 6 and a percolating cluster pseudophase. In this model, we as-
Weight % Acrylamide sume that the water to AOT molar ratio in the clusters is the

same as that of the swollen micelles11), and therefore the
FIG. 3. Mole fraction(x) of acrylamide(®) and water(H) in excess mole fraction derived for water in Fig. 3 approxi-
the continuougtolueng phase of the microemulsions as a function mately represents thgolume fractionof the percolating
of acrylamide content. The lines are included as guides to the eygpseudophasépys,). We may thereby derive an order param-
eter (S) for the disperse pseudophase,

ete) of toluene is the same in neat toluene as it is in the
microemulsions, the bulk viscosity of tolueng, (0.558 cB,
the self-diffusion of neat toluen®y, (2.26x10 ° cn? s %),

at 25 °C, and the measured diffusi@d,) of toluene in the _ . _
microemulsions: where ¢, is the volume fraction of the swollen micelle

pseudophase. The results in Fig. 3 indicatecreases from
0 to about 0.027 as the acrylamide is added above the per-
n= nO(DfollDtm) . 3 colation threshold. We hypothesize that this order parameter
would need to be of the order of 0.5 before a sponge phase
The diffusivity of acrylamide essentially parallels that of bicontinuous microstructure could be reasonably inferred. A
AQT, although it increases slowly as acrylamide concentrasimilar quantitative(partitioning analysis of the apparent in-
tion increases above the 1-2 % range. Acrylamide is alserease of acrylamide in the continuous phéSg. 3) shows
assumed to undergo rapid exchange between the continuotisat acrylamidepreferentially segregatesto the percolating
and disperse pseudophases, and the meafygdor acry-  clusters. This segregation underscores the role of the acryla-
lamide is also considered in terms of K@), where the re- mide chemical potential as a controlling field variable.
sultant is a weighted average of the diffusivity in both  The order parameter obtained shows unequivocally that
pseudophases. T2, (=D o7) values obtained from the the onset of percolation corresponds to a second order or
AOT diffusivity above are used. The. value was taken as continuous-type transition. This transition occwithin a
the diffusivity of acrylamide we measured in toluene, single phase isotropic thermodynamic domain, but corre-
1.92x10° cn? s * (D), adjusted for the local viscosity sponds to a pseudophase transition. Additionally, the order
derived from the toluene viscosityy/7: parameter provides means for quantifying the volume frac-
tion of the percolating pseudophase. Such an order parameter
0 o should prove useful in quantitative evaluations of theories,
De=(7"/7) Dacryr (4 once formulated, for the formation and growth of percolating
] ) ] _ clusters, and for the transformati¢hl] of such clusters to
The mole fraction of acrylamide in the respective gctures having low to zero mean curvature. In as much as
pseudophases can then be calculated from(Bg.the ob- e structure and dynamic nature of percolating clusters is
served diffusivity of acrylamidéFig. 2), the observed diffu- ot yet “well defined,” it is our expectation that further
sivity of AOT (Dpyic), and the diffusivity of acrylamide inthe o antitative analyses and measures such as the order param-
continuous pseudophade, [Eq. (4)]. Results are illustrated  gter introduced here will lead to improved understanding of
in Fig. 3. Also illustrated in Fig. 3 is the calculatgliq. (2)]  guch microstructure. An explicit three-state model will be
mole fraction of water in the continuous phase, where thgjiscyssed in detail subsequently. That model may be iterated
viscosity correctedEq. (4)] diffusion of water at 25°C in {4 self-consistency, but these order parameter results are af-

-5 -1
toluene(5.41xX10 Cm2_5 ) was used foD.. _ fected only very slightly, and no conclusions are qualita-
Below 1.6% acrylamide, the mole fraction of acrylamide tively changed.

in the continuous phase appears relatively constant, at about

x=0.0387. This value is depicted with a horizontal line that We gratefully acknowledge stimulating discussions on
extends dashed to the right of the percolation threshold. Thpercolation-bicontinuity controversies with Bjo Lindman,
mole fraction of acrylamide in the continuous phase appeartshi Talmon, and Max Almgren.

S= ¢astd (Peistr™ Pmic)» 6)
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