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1 Introduction

According to the Onsager regression hypothesis,> 2
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Light Scattering from Mixtures of Interacting, Nonionic Micelles
with Hydrophobic Solutes

Nathan P. Alexander,*? Ronald J. Phillips,® and Stephanie R. Dungan®¢

Model equations for the Rayleigh ratio and the electric field autocorrelation function are derived using thermodynamic
fluctuation theory applied to crowded solute-containing micellar solutions and microemulsions with negligible molecular
species and polydispersity. This theory invokes non-equilibrium thermodynamics and enforces local equilibrium between
molecular solute, surfactant, and the various micellar species, in order to elucidate the influence of self-assembly on light
scattering correlation functions. We find that self-assembly driven variations in the average micelle radius and aggregation
number along gradients in concentration, which were previously shown to drive strong multicomponent diffusion effects
expressed via the ternary diffusivity matrix [D], do not affect the scattering functions in the limit of zero local polydispersity.
Hence, theoretical predictions for the Rayleigh ratio and the field autocorrelation function for ternary mixtures of solute-
containing, locally monodisperse micellar solutions are identical to those developed for binary mixtures of monodisperse,
colloidal hard spheres. However, self-assembly driven multicomponent diffusion phenomena are predicted to influence the
thermodynamic driving forces for diffusion in these mixtures. In support of our theoretical results, measurements for the
Rayleigh ratio and the field autocorrelation function for ternary aqueous solutions of decaethylene glycol monododecyl
ether (C12E10) with either decane or limonene solute were performed for several molar ratios and volume fractions up to
¢ =~ 0.25, and for binary mixtures of C12E10/water up to ¢ = 0.5. Excellent agreement between our light scattering theory
and experimental data is achieved for low to moderate volume fractions (¢ < 0.3), and at higher concentrations when our
theoretical results are corrected to account for micelle dehydration.

cause an irradiated mixture to scatter light, the same
multicomponent diffusion phenomena observed during a
macro-gradient experiment, such as the Taylor dispersion3-> or
interferometric methods,® 7 are expected to influence the

microscopic fluctuations in the thermodynamic variables of a
multicomponent fluid, such as temperature, pressure, and the
species concentrations, relax, on average, by the same
transport equations that govern the relaxation of macroscopic
gradients. For small departures from equilibrium, the
independent diffusive fluxes for n —1 components in an n-
component liquid mixture, at constant temperature and
pressure, may be described by the generalized form of Fick’s
law:

n-1
=1

fori=12,...,.n—1. 1

Here, D;; is an element of the diffusivity matrix that relates the flux
Ji of component i to a concentration gradient VC; in component j.
Non-zero cross diffusivities D;;(j # i), indicate multicomponent
diffusion coupling phenomena resulting from interactions between
different diffusing species. Since concentration fluctuations also
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correlation functions used to model light scattering data
acquired via photon correlation and time averaged
spectroscopy.

Recent studies on multicomponent diffusion in nonionic
micellar solutions® & ° and water-in-oil microemulsions0 11
indicate strong multicomponent effects, including strong uphill
diffusion, driven by solubilization-induced micelle growth that
drives surfactant up a solute gradient. However, these effects
appear to be absent in measurements of the field
autocorrelation function and the Rayleigh ratio, which,
surprisingly, conform to theory for binary mixtures of colloidal
hard spheres.? 12 13 The main goal of this article is to present a
rigorous derivation for the field autocorrelation function and
the Rayleigh ratio for ternary surfactants solutions with
hydrophobic solutes in the limit of local monodispersity. This
derivation explains the observation that multicomponent
diffusion phenomena, which strongly affect the diffusivity
matrix, negligibly affect the light scattering functions for
aqueous mixtures of nonionic micelles and hydrophobic
solutes.

Theoretical results'418 for the field autocorrelation function
and the Rayleigh ratio for polydisperse mixtures of rigid,
colloidal hard spheres have been derived, mainly to examine
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the influence of optical and size polydispersity on the intensity
of scattered light. Some of these models were later extended to
apply to ternary mixtures of solute-containing micelles,
modelled as immutable, colloidal spheres with a core-shell
morphology.1® 20 However, self-assembled surfactant solutions
differ fundamentally from dispersions comprised of discrete,
rigid particles, since micelles may grow and change shape as
they diffuse, re-equilibrating locally to
temperature, pressure, and composition along their diffusion
path. Hence, one may question whether light scattering theory
developed for mixtures of discrete colloidal scatterers with
fixed shapes and sizes, which does not account for the effects
of self-assembly during light scattering measurements, is
applicable to multicomponent surfactant solutions.

In order to capture the influence of self-assembly on light
scattered from solute-containing micellar solutions, fluctuation
theory?1-36 s used here to derive the field autocorrelation
function and the Rayleigh ratio for this system. Per this
framework, surfactant solutions are modelled as a continuous
medium comprised of solute (a), surfactant (s), and solvent (w)
that self-assemble on a time scale much faster than that of
diffusion, thereby satisfying the local equilibrium assumption of
irreversible thermodynamics.3” Here, local equilibrium is
enforced by the Gibbs-Duhem equation, which provides
equilibrium relations between the chemical potentials of free
solute, surfactant monomer, and the various micelle species.
Thus, chemical potential gradients in solute and surfactant are
related to gradients in the micelle species chemical potentials,
which drive diffusive transport governed by rigorous theory by
Batchelor3840 for polydisperse colloidal hard sphere
dispersions. At the continuum level, the resulting diffusion of
solute and surfactant relaxes fluctuations in the composition-
dependent, local dielectric constant of the solution, which
determines the intensity of scattered light at low wave vectors
satisfying qR;» < 1. Here, q = 4mn/Aysin(6/2) is the
magnitude of the wave vector, n is the refractive index of the
solution, Ay is the wavelength of incident light, 8 is the
scattering angle, and R;- is the average micelle radius.

variations in

Currently, only a few studies have evaluated the mode
amplitudes predicted by thermodynamic fluctuation theory to
analyze dynamic light scattering (DLS) data for multicomponent
mixtures that contain surfactants and are far from a phase
boundary or critical point.20 4144 Notably, semi-empirical
the amplitudes of the field
autocorrelation function for dilute SDS/NaCl/water mixtures42
and mixed zwitterionic surfactant solutions,*! were performed
using a combination of experimental data and dilute theory, for
which interparticle interactions were neglected, to estimate the
chemical potential derivatives, the ternary diffusion
coefficients, and the refractive index increments. For aqueous
systems, only a single mass diffusion mode was observed, even
though two modes are generally predicted for ternary mixtures.
In most cases, the mode amplitude calculations indicated the
dominant mode corresponds to the lower eigenvalue, in
agreement with experimental data.*? 42 45 By comparison, the
field autocorrelation function derived in this work for
interacting, solute-containing

calculations for mode

concentrated mixtures of

micelles, rigorously reduces to monomodal decay according to
the larger eigenvalue.

In the following sections we introduce equilibrium data that
establishes strong micellar growth with respect to composition
for aqueous, mixtures of Ci2E1p micelles with limonene. Next,
thermodynamic fluctuation theory is reviewed and applied to
derive both the Rayleigh ratio and the field autocorrelation
function for ternary mixtures. Thermodynamic derivatives for
the solute and surfactant are then derived for ternary micellar
solutions, followed by derivations for the scattering functions
applied to solute-containing micellar solutions for a variety of
limiting special cases. This work concludes with a comparison
and validation of our locally monodisperse theory, in which local
polydispersity is neglected but variations in the local, average
micelle radius and aggregation number (micelle growth effects)
are retained, with our experimental data.

2 Materials and Methods

2.1 Materials

Nonionic surfactant decaethylene glycol monododecyl
ether (Ci2E10, lot #SLBT1187 or #0000057654 each with a
hydroxyl value equal to 92.0 mg/g), the hydrophobic solutes
decane and limonene, and HPLC grade toluene (used as a
reference standard for static light scattering measurements),
were all purchased from Sigma-Aldrich and used without
modification. “Molecular Biology Reagent” water from Sigma-
Aldrich (filtered through 0.1 um filters by the manufacturer)
was used to mix solutions for light scattering measurements. All
mixtures were prepared by volume with aliquots from 100 mL
stock solutions and were allowed to equilibrate overnight at
room temperature. Non-ideal changes in volume upon mixing
were neglected.

2.2 Light Scattering

Dynamic (DLS) and static (SLS) light scattering
measurements were performed at 25 °C using either a Malvern
Zetasizer Nano ZS90 or Malvern Ultra at a 90° scattering angle.
The light source was a solid state 4 mW He-Ne laser that emitted
vertically polarized light with a wavelength equal to A, =
633nm and a scattering vector q = 4mn/Aysin(0/2) =
0.002 A=1. In this study, the average micelle radii did not
exceed 5nm. Hence, qR; = 4mnR;+/2ysin(0/2) < 0.1 K 1,in
reasonable satisfaction of the low wave vector criterion for the
application of thermodynamic fluctuation theory to the analysis
of light scattering data.To ensure the removal of dust particles,
all surfactant solutions prepared for light scattering
measurements were filtered through 0.1 pum Whatman
polycarbonate filters (model WHA800309), using an Avanti
mini-extruder (model 610000), directly into quartz cuvettes
topped with Teflon stoppers by Starna (model 23-Q-10). Each
1mL sample was then allowed to equilibrate at 25 °C within the
instrument for several minutes prior to measurement. For each
DLS measurement, monomodal or nearly monomodal decay of
the field autocorrelation function was observed for all samples.
Hence, the method of cumulants was used to acquire diffusion
coefficients (Dp;s) and polydispersity indices.
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SLS measurements yielded excess Rayleigh ratios Ry, at
scattering angle 6, calculated using*®

(2 {1,(0)
Rﬂ—(a) Re o)y -

Here, ny(= 1.496), Ry (= 1.3522 x 10~5cm™1), and (I+(0))
are the refractive index, Rayleigh ratio, and time averaged
scattering intensity, respectively, of the reference standard
toluene at 25 °C. (I,(0)) is the residual scattering intensity,
defined as the difference between the scattering intensity of
the solution and that of the pure solvent, and n is the solution
refractive index, which was assumed to vary linearly according
to n=(0n/0cs)prc,/c,Cs + Mo The refractive index
derivatives (dn/dcg)pr.c,/c, Were independently measured
using a differential refractometer (Waters model 2414) at room
temperature (23.0 £ 0.3 °C) by varying the surfactant mass
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Fig. 1 (A) DLS diffusion coefficients for aqueous Ci2E1o (s) + limonene (a) for
C,/C, =0, 0.10, 0.20, 0.30, and 0.50 plotted versus surfactant
concentration over 0 mM < C; < 50 mM and (B) for concentrated mixtures
with C,/Cs = 0, 0.10, 0.20, 0.30, 0.36, and 0.50 up to C; = 400 mM.
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concentration ¢z, and ng = 1.33 is the refractive index of pure
water at 25 °C.

To evaluate the derivatives, the solution refractive index n
was measured relative to the solvent ny from a dilution series
of six different surfactant concentrations that ranged from 1-6
mM in increments of 1 mM, with the solute to surfactant molar
ratio C,/Cs held constant. For the limonene system,
(an/acs)p_T_Ca/CS values were then determined from the slopes
of the plots of (n — ny) versus ¢; for the following molar ratios:
C./Cs =0, 0.1, 0.2, 0.3, and 0.5. Each plot was reproduced in
triplicate and was well fit with a linear function with an intercept
through zero. This procedure yielded values for dn/dc, equal
to 0.1314 + 0.0006, 0.133 + 0.001, 0.1372 + 0.0007, 0.140 *
0.001 and 0.1491 * 0.0005 mlL/g, respectively. Derivatives
(an/acs)p_T_Ca/CS used for the decane system were obtained
from an earlier study.®

Except where noted, all reported error bars for our
scattering measurements represent two standard deviations.

3 Results

3.1 Dynamic light scattering (DLS)

Diffusion coefficients Dp.s for
Ci2E10/limonene/water mixtures are shown in Fig. 1 with
constant molar ratios C,/Cs = 0, 0.10, 0.20, 0.30, or 0.50, and
surfactant concentrations that ranged from 20 mM to 400 mM.
The Dp.s values reported here, and in previous work for
Ci2Eio/decane/water mixtures,® were acquired using the
method of cumulants. The latter were shown consistent with
the theory of Batchelor for gradient diffusion of monodisperse
hard spheres.38

ternary

3.2 Static light scattering (SLS)

In Fig. 2A, reduced scattering intensities Kscg /R for dilute,
aqueous CizEio(s)/limonene(a) mixtures are plotted versus
surfactant mass concentration ¢s with constant molar ratios
C./Cs=0,0.1, 0.2, 0.3, and 0.5. Here, K=
4m?n? /(NaAo*) (@n/0cs)s 1, jc. is the optical contrast
constant and N4 is Avogadro’s number. As shown, K¢cg/Rog
increased linearly for each molar ratio. This behavior indicates
that, with constant C,/C;, the micelles did not grow or change
shape with increasing surfactant concentration, thus validating
extrapolation of the data to determine MW as presented
below. In Fig. 2B, Ry, values for concentrated C1,E10/water, and
for Ci3E10/limonene/water and Ci2Eip/decane/water solutions
with constant molar ratios equal to C,/Cs = 0.2, are plotted
against the molar surfactant concentration Cs. The Rqq values
were calculated using eqn (2), for which no assumptions were
made regarding the shape, size distribution, hydration, or
interparticle interactions.

3.3 Miicelle structure at infinite dilution

DLS diffusion coefficients (Fig. 1) and reduced scattering
intensities (Fig. 2A) were extrapolated to zero surfactant
concentration to determine the diffusion coefficient D3, and
the molecular weight of surfactant per micelle MW at infinite
dilution for each molar ratio C,/Cs. Assuming the micelles were
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Fig. 2 (A) Reduced scattering intensities with respect to CiEi0 (s)
concentration with C,/Cs =0, 0.10, 0.20, 0.30, and 0.50 for dilute
C12E10/limonene/water mixtures and (B) Rayleigh ratios for concentrated
C1E10/water (white), and C1E10/decane/water (black) and
Ci2E10/limonene/water (orange) mixtures with C,/Cs = 0.2.

spherical, the micelle hydrodynamic radius Rp s for each C,/Cs
was calculated using the Stokes-Einstein equation,

kyT

- ®)
67'”7DBL5

Rpps
Here, kg is Boltzmann’s constant, T is temperature, and 7 is the
solvent viscosity (0.89 mPa-s at 25 °C). The micelle aggregation
number m was calculated by dividing MW, by the molecular
weight of C12E10 (626.86 g/mol). The evaluation of the molecular
weight of surfactant within micelles MW; is explained in our
earlier work,® and is also elaborated in developing eqn (123)
below. Using the experimentally determined values for Rp;s
and m, the micelle hydration indices ny, defined as the average
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Fig. 3 Aggregation numbers m from SLS data, hydrodynamic radii R s from
DLS data, and hydration indices ny with respect to molar ratio C,/C, for
aqueous Ci2E10 (s) + limonene (a) at infinite dilution. Error bars indicate 95%
confidence intervals.

number of water molecules bound to each surfactant molecule
within the micelle, were estimated by calculating the difference
between the measured hydrated volume of a solute-containing
micelle (4—/3 7TRDL53) and its empirically determined dry
volume (mV; + nl,):

4/3 T[RDLSS —mly —nl,
ny = .

mV, )
Here, Vg, V,, and V,,, are the respective molecular volumes of a
dry molecule of Cj3E10 (0.99 nm3), limonene (0.27 nm3), and
water (0.03 nm3), and T = m C,/C; is the average number of
solute molecules per micelle. V, and V,, were calculated from
the pure liquid densities of limonene and water, respectively, at
25 °C and V5 was interpolated from density data acquired for a
homologous series of aqueous Ci,En, surfactant solutions.”

In Fig. 3, Rprs, M, and ny for aqueous CiEi¢/limonene
solutions are plotted versus C,/Cs. As shown, Ry s and m both
increased with increasing C,/Cs, indicating that C12E10 micelles
grew via the added volume of both limonene and hydrated
C12E10 surfactant. The trend in Rp;s with limonene
concentration is consistent with results by others for aqueous
solutions of CigEio/limonene via DLS.48
remained approximately constant, indicating that limonene,

Furthermore, ny

which is expected to solubilize within the hydrophobic core of
the micelles, had little effect on the PEG/water composition
within the micelle shell. Similar results were observed
previously by us for aqueous CiyEjp/decane mixtures.d
Furthermore, our solute-free aggregation number (my =
103 + 7), hydrodynamic radius (Rp;s = 3.76 + 0.02 nm), and
hydration
results.® Using ny = 40 in accordance with Fig. 3, one finds that

index (ny =41+5), agree with our previous

the volume mnyV,, occupied by hydration water within each
Ci12E10 micelle is significant, accounting for roughly half of the
total volume per micelle. Furthermore, the micelle growth rate
a; =156 nm for limonene-containing
determined from the slope of the plot of Rpy g versus C,/Cs.

micelles  was
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4 Theory

4.1 Development of light scattering correlation functions for
ternary mixtures

4.1.1 Thermodynamic fluctuation theory

Following Berne and Pecora,?? a liquid mixture within the
sample cuvette of a light scattering apparatus is modelled as a
composite thermodynamic system, where a subsystem A,
representing the illuminated region of the solution with
scattering volume V, exists within a much larger bath B,
representing the remaining liquid of the sample. Mass and
energy may exchange between subsystems A and B, but the
total composite system is assumed isolated overall.
Consequently, the probability for a particular fluctuation in A is
given by Boltzmann’s equation

P(5%) = 0y texp (6&) . )
kg

Here, Qy is a normalization constant, 6x is a fluctuation in a
vector of thermodynamic variables, and P (8x) is the fluctuation
probability.

For small disturbances, the total entropy fluctuation §S of
a ternary mixture comprising the composite thermodynamic
system is given by

3
1
85Sy = — ﬁ<5ms — 5psV + Z 5yis1vi> . 6)

i=1

In eqn (6), S is entropy, u; are the species chemical potentials,
p is pressure, and N; is the number of moles of species i in
subsystem A. During a typical light scattering experiment, the
scattering volume is fixed (6V = 0). Furthermore, temperature
and pressure fluctuations are neglected in this study, so that
8T = 8p = 0 and eqgn (6) becomes

3
1
5Sy = —ﬁ(Z 5,1,-51vi> . )
i=

Itis desirable to re-express eqn (7) in terms of concentration
fluctuations, and to eliminate the contribution from the solvent.
Using the constant volume constraint and the Gibbs-Duhem
equation, one can show (see section 1.1 of Supplementary
Information (SI))

2 2

3
i=1

i=1k=1

where the superscript T indicates the transpose of the molar
concentration vector C. The elements of the matrix [G] are given
by (see section 1.1 of Sl)

— 2
el ) el
ik = \3,-~ = \3~ T 4 j\ 3,

ack T, iun,V,Cizk aCk P.T.Cizk 1 j=1 aCk p.T.Cixk

forik=1.2, 9)

and the chemical potentials are defined as
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(%)

YV p,T\Ni=i

forik =12,

.
=5y (10)

aNi)'f,#anrNk:i
where F and g are the extensive McMillan-Mayer4® 50 and Gibbs
free energies, respectively. For the remainder of this article, we
will abbreviate the subscripts T, u,,V,Ng+; and p,T, N,; as
T, u, and p, T, respectively.

In order to decouple the concentration fluctuations in eqn
(8), we follow Bardow?! and define a modal matrix [P] for the
diffusion coefficient matrix [D], which is constructed with column
vectors equal to the eigenvectors for [D]. The result is used to
diagonalize [G] via (see section 1.2 of SI)

an

satisfying the Onsager symmetry relation,% 2 where the matrix [P] is

given by
1 ( Dy, )
Pyq P12] _ Dy =Dy , (12)
Py Py (D—_Du 1
Dy,
and the eigenvalues of the diffusivity matrix are
(D11 + D33) /(D11 — D32)? + 4D13D5,
D_= - (13)
2 2
and
Dy, + D Dy; — Dy,)?% + 4D,,D
D, = (D11 22) +\/( 11 22) 12721 (14)
2 2
Eqgn (5), and (7)—(11) yield a Gaussian distribution function
2
-1 |4 A oa?
P(5x) = 2, rexp |- —— Z G6c2 |t (15)
2kgT \ 4
i=1
with variances defined according to (see section 1.3 of Sl)
52 kgT
0C; )y =—F% . 16
(6C; ) Ve, (16)

Here, G,- are the diagonal elements of [G], @i are elements of the
transformed concentration vector [C], defined via [C] = [P] -
[C], and the angle brackets ( ) denote ensemble averages. Eqn
(16) describes the mean-square of independent, linear
combinations of species concentration fluctuations at
equilibrium and is used to derive both the field autocorrelation
function and the Rayleigh ratio for ternary micellar solutions in
the following sections.

4.1.2 Normalized time autocorrelation function |g(1) (q, t)| for
the scattered electric field

During a typical dynamic light scattering measurement
performed using the homodyne detection method,?! the
fluctuating scattered light intensity I;(q, t) is recorded and used
to construct the normalized intensity autocorrelation function

— (15(% O)Is(q' t))

(@)
9@ =020 0)

a7
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If the scattering volume V' can be subdivided into regions that
scatter light independently from one another, and if each
subregion is big enough to hold a large number of particles, so
that the central limit theorem applies and the scattered light
intensity fluctuates as a Gaussian random variable, then the
Siegert relation can be used to relate the normalized intensity
autocorrelation function,>?

2
9P ) =1+|gP(q )|, (18)

to the normalized field autocorrelation function

(Es"(q,0)Es(q, 1))
(IEs(q.01%)

where E (q,t) is the magnitude of the scattered electric field.
A theoretical result for E¢(q,t) can be derived for linearly
polarized, plane wave electromagnetic radiation that scatters
from an isotropic liquid sample within the scattering3l 32
volume V, into a detector located a distance R that is far from
the scattering source. The far-field solution to Maxwell’s
equationsin the Born approximation, which neglects phase shift
contributions to E4(q, t) resulting from light traveling through
particles with a different refractive index than that of the
solvent, and with negligible variations in the polarization
direction upon scattering, provides the following result for the
magnitude of the scattered electric field at the detector®?

9P ) = (19)

keEQV .
_f—"el(kfR—wit)&(ql t). (20)

Es(q: t) = 4'7TR80

Here, Ej is the magnitude of the incident electric field, kf is the
magnitude of the propagation vector of scattered light, w; is the
incident light frequency, and &e(q,t) is a spatial Fourier
transform of the local dielectric fluctuation (relative
permittivity),

1 .
Se(q,t) = Vf dri el §e(r,t) , 21)
v
where r is the position vector. Using eqn (20), the field
autocorrelation function is related to fluctuations in the local
dielectric constant via>2

21, 4

IV2ks . o
5 (0e7(q,0)de(q, ))e ™", (22)

(Es"(q,0)Es(q, 1)) = Ton?R2e.?

In egn (22), Iy = E02 is the incident light intensity. For a non-
magnetic, non-absorbing liquid, the dielectric constant is
related to the solution refractive index via n =+/e.
Furthermore, if the Dufour effect is negligible in a fluid with
uniform temperature and pressure (satisfying 6T =6p =0
despite fluctuations in concentration), then the dielectric
fluctuation 6e(q,t) can be expanded using the chain rule at
constant temperature and pressure,?1, 35 42

2

de(q,t) = ZnZ (2—2)

i=1 p.T

5Ci(q,t) . (23)

According to the Onsager regression hypothesis,» 2 the
mean regression of microscopic concentration fluctuations 6(?1-
in eqn (23) decay by the same equations that govern the
relaxation of macroscopic concentration fluctuations, which
satisfy (6(?1-2) > kpT/(VG;). Hence, the diagonalized, Fourier
transformed version of Fick’s law in the limit gR; = 0 governs
the relaxation of perpetually recurring microscopic fluctuations
in concentration §C; via3s 53

95C(q.0) _

T —-¢?D;6Ci(q,0) + Fi(q. 1) ,

(24)
where F;(q,t) are random, fluctuating sources and D; are
elements of the diagonalized diffusivity matrix given by [ﬁ] =
[P]~[D][P], and are equal to the eigenvalues of [D]. The pair of
Langevin equations, given by eqn (24), are solved to acquire the
autocorrelation functions of the transformed concentration
fluctuations in reciprocal space

(8C."(q,0)6Ci(q,0)) = (|5Ci(q,0)|"yexp(—q?Dit) . (25)

Eqgn (16), (19), (22), (23) and (25) combine to provide the
absolute value of the normalized field autocorrelation function
(see section 1.3 of Sl)

B
(€8] — 2 2
9@ (q,0)] (1+B> exp(—q D_t)+(1+3) exp(=q*D,t) ,
(26)
where the mode amplitude ratio B equals

~ 2 ~

R G
B= (%‘) <TS> . @7

RS Ga

Here, components 1 and 2 have been designated as the solute
(a) and hydrated surfactant (s), respectively.

Egn (26) indicates that concentration fluctuations in a
ternary mixture at constant temperature and pressure decay via
two mass diffusion relaxation modes, governed by the
eigenvalues of the diffusivity matrix (cf. eqn (13) and (14)),

_ (Daa + Dss) _ \/(Daa - Dss)2 +4DgsDsq
- 2 2

(28)

and

_ (Daa + Dss) \/(Daa - Dss)z + 4DgsDsq
T 2 * 2 '

(29)

The eigenvalue diffusivities D_ and D, correspond to long-time
diffusion, imposed by the limit gR;+ — 0, which indicates that the
diffusion length scale, defined by g~!, extends many particle
radii.>*

In egn (27), the transformed refractive index derivatives

R, = (6n/66i)p,r,c‘,-=i are

Ra = PaqRq + PsaRs (30)
and

ﬁs = PysRq + PsRs 31

Page 6 of 22
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where the measurable refractive index increments R; =
(6n/0Cl-)p,T,Cj$i are given by (see section 2.1 of Sl)

Ra=t(a) i (32)
06/, rc e, Cs\0(Ca/C),p g
and
ReTll) E<¢/>C) b, @
p,T,Ca/Cs pT.¢
Here, V,s =V, +n,V, is the hydrated surfactant molar

volume, ¢ is the micelle volume fraction, and ¢, = C,V, is the
solute volume fraction. The matrix [P] is given by eqn (12),

1 ( Dgs )
Paa Pas D+ - Daa
= s 34
[Psa Pss (D— - Daa) 1 ( )
Das
and the elements of [ﬁ] are determined using
éll = GaaPaaz + ZGasPaaPsa + GSSPSG.Z (35)

and

65 = GaaPasz + ZGasPasPss + GSSPSSZ ’ (36)

where G4, Gus, and Gy are calculated via eqn (9) and P,,, Py,
Psq, and Py are given in egn (34).

4.1.3 Rayleigh ratio

If the solution within the scattering volume is ergodic on the
time scale of the measurement, then the time-averaged
scattered light intensity recorded during a static light scattering
(SLS) measurement is equal to the ensemble averaged static
correlation function of the scattered electric field, which is given
by eqn (22) with t = 0:

2 4

(Is(@)) = (|Es(q,0)|?) = (6e7(q,0)5¢(q,0)) . (37)

16 2R2 2
Combining eqn (16), (23), and (37), setting €2 = n* and k; ~
2mn/ Ay, where A, is the wavelength of incident light, and taking
the limit gR;+ — 0, one can write (see section 1.3 of Sl)

(Is(q) =

0V4’7T Tl ~ 2 (kB (38)

RE g7 G>(1+B)

s

The Rayleigh ratio is defined as Roy = (I;(q))R?/(I,V). Hence,

Am?n? 5 (kgT
Rgg = ———R 1+B
90 /104 S < G ( )

s

(39)

Evaluation of Rgy thus requires knowledge of the chemical
potential derivatives, refractive index increments, and the
ternary diffusion coefficient matrix. The dependence of Rgy on
[D] may seem surprising, since Rqq is an equilibrium function,
and therefore should not depend on hydrodynamic parameters,
such as the solvent viscosity or the bulk mobility coefficients,
which characterize dissipation in a system undergoing an
irreversible process. However, the relationship between Rgq

Soft Matter

and [D] is a consequence of our choice for the matrix used to
diagonalize [G], which is not unique, as discussed by Bardow.2!
Alternatively, we could have defined a modal matrix for [G],
which is not constructed using transport coefficients. In general,
the hydrodynamic parameters implied by egn (39) are expected
to cancel, a result that is shown in the sections that follow for
all of the limiting special cases presented in this work (cf. egn
(93), (116), (132), (146), (147), and (166)).

4.2 Chemical potential derivatives for nonionic micellar solutions
with hydrophobic solutes

Thermodynamic equilibrium relations for an n-component
micellar solution with N different micelle types, comprised of
solute (a), hydrated surfactant (s), and solvent (n), are given by
(see section 2.2 of SI)

Ny g + My s = Uy

fork=12,..,N (40)

In egn (40), m; is the micelle aggregation number for the
micelle type k, ny is the corresponding number of solutes per
micelle, and u,, us, and pu, are chemical potentials for the
solute, surfactant, and micelle species k, respectively, and are
defined per eqn (10). Differentiation of eqgn (40) with respect to
either C, or Cs at constant V, T and u,, followed by expansion
of the micelle chemical potential derivatives using the chain

rule, yields
N
d a a acC;
nk( ua> oy ( us> Z( uk> ( J> 1)
Ca . & aC,
and
N
n) o) D) ().
Cs/ Co/ 1 \9Cs

Here, contributions from free molecular solute and surfactant
monomer to the thermodynamic derivatives, and thereby on
the driving forces for the diffusion of solute and surfactant, have
been neglected. We note that the summations in egn (41) and
(42) then index over N micelle species, rather than n—1
addition, we
correspondence between the number of solute and surfactant
molecules for each micelle type. Thus, k = 1 corresponds to the
only solute-free micelle species considered in this model,
comprised of n; =0 solute molecules and m; surfactant
monomers. Hence, for k = 1, eqn (41) and (42) become

mixture components. In assume a 1:1

N
m(3) - (5) 43)
0Calr,, &\9G ), \0Cq
and
N
os Oy aC
m(Q) =3 (2
Cs)r,,  &\0G),, \OC
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Furthermore, multiplication of eqn (41) and (42) by C; and
summation over all micelle types provides the result

Opiq dus ol
Ca (ac ) Cs (ac ) - (ac )

T, un AT, un a’ T,un

(45)

and

Opq ous _ aﬂ)
Ca (acs)mn te (ac)mn -(Gc)_ @

ST T, un

where the osmotic pressure derivatives at right are given by (see
section 2.3 of Sl)

o) =y >a() (39)

Tun  k=1j=1 \Hn

(47)

and

N N
on 3} aC;
(5c). =) D6 (%) (ac’>- (48)
" Thn  k=1j=1 T T N7
The micelle chemical potential derivatives at constant T and

U, are generally written as a sum of ideal and nonideal terms,*4
39

1 [0y )Y
NAkBT <a—Cj)T'#n = C_k + Akj , (4’9)

where the non-ideal mixing contribution Ay; captures the
influence of interparticle interactions between micelles of
various types. The following symmetry relation for [G] (see

section1.10 SI)
(acas> (acs)
T,un

a’ T,pun

(50)

enforces equality between mixed partial derivatives of the total
McMillan-Mayer free energy of the mixture with respect to solute
and surfactant concentration.®> Eqn (43)—(46), (49), and (50)
combine to provide the elements Gy, = (9u;/3Cy )Ty, of the
chemical potential derivative matrix [G]

ar
CalGoq = (ﬁ) = CsGgq (51)
a7 Topun
NaksTy | 1 0InC, < ac,
AKB ntq j
Gas = Gsa ( "y ) caazncaJ’jZ U <aca> NCD)
and
aIl
CsGss = (%) — Calsq - (53)
S7T,pun

Eqn (51)—(53) define chemical potential derivatives for
polydisperse mixtures of spherical particles with arbitrary
interaction potentials and concentrations. In eqgn (52), the
solute-free micelle concentration derivative dinC,/dIlnC,
accounts for variations in the solute-free micelle mixing entropy
with respect to the local solute concentration C,. For instance,

as C, increases, the micelle distribution shifts toward micelles
that contain more solutes, causing €y, and thereby the solute-
free micelle mixing entropy, to decrease. In addition, A;
captures the influence of inter-micellar interactions between
solute-free and various type j micelles.

4.3 Ternary diffusion coefficient matrix [D] for nonionic micellar
solutions with hydrophobic solutes

In order to determine the gradient diffusion coefficient
matrix [D], and thereby the modal matrix [P], we briefly review
a theoretical model introduced in our earlier work,® ° which is
based on Batchelor’s38-40 theory for gradient diffusion in
polydisperse colloidal mixtures, to describe gradient diffusion in
solute-containing micellar solutions with negligible molecular
species. According to this theory, ternary mixtures of solute (a),
surfactant (s), and solvent (n) are modelled as polydisperse,
colloidal dispersions containing N different particle types, self-
assembled from various numbers of solute and surfactant
molecules. The molar diffusive flux J; of a micelle species i
containing n; solutes and m; surfactants, defined relative to a
volume-fixed frame of reference at constant temperature and
pressure is given by (see section 2.4 of Sl)

Ji = Cv;

fori =1,2,...,N, (54

where v; is the average diffusion velocity for the micelle species
i. For small disturbances from equilibrium, the velocity v; (and
thereby the flux J;) is linearly related to the fundamental driving
forces X, for mass diffusion according to3 >6

N
PN bux
NAkBTk=1 kXK -

Here, D} is the infinite dilution diffusivity and Bj is the bulk
mobility coefficient, which relates the average velocity of a
micelle species i to a steady thermodynamic driving force
applied to a micelle species k, and accounts for the influence of
multi-body hydrodynamic interactions on v;.

The diffusive fluxes J; and corresponding driving forces X,
are linked by the reference frame in which they are defined, and
are sometimes referred to as conjugates. For diffusion relative
to a frame in which the flux of material volume is zero, the
conjugate driving forces are given by (see section 2.4 of Sl)

(55)

v =

Xk = _(V.u'k)T,ﬂn ’ (56)
and the solvent is force-free according to
X, = _(V.un)T,un =0. (57)
Eqn (56) is expanded per the chain rule to yield
& (0
u
X ==, == ) (55)  7g (58)
£,\oc;

j=1 T,un

and the result is combined with egn (1), (54), and (55) to
produce the following N X N particle diffusion coefficient
matrix

Page 8 of 22
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Ok
Dy = NAkBTZ LkC< )T

fori,j = 1,2,...,N .

Mn

(59

In order to relate the matrix D;; to the ternary diffusion
coefficient matrix [D], the net flux of solute J, and surfactant J¢
are expressed using Fick’s law and related to the micelle species
fluxes J; via weighted sums according to

N

Ja = Znili = —DgVC, —

i=1

DqsVCs (60)

and

= z m;J; = —DsVCq — DgVCs, (61)
i=1

where flux contributions from molecular solute and surfactant
monomer have been neglected. The ternary diffusivity matrix
[D] is then determined by expanding egn (1) with the chain rule
and combining the result with egn (59)—(61) to produce

aa = £, 4 NakgT %\ aC; - ac, ’

(62)

(63)

. (64

and

. 7 BucCi (66 ) 6_(]5 : (65)
i=1 j=1k=1 T.u
Eqn (62)—(65) are valid for mixtures of polydisperse particles

with arbitrary shapes, but are
intractable in their present form. However, the result for [D]

sizes, and concentrations,
above can be simplified following Batchelor,3® without loss of
generality, by recasting the bulk mobility coefficient Bj;
according to

N
By = i <1 + Z fi1¢1> + Gidr - (66)
=1

Here, f;; and g;; are unknown functions which may depend on
solution properties such as the micelle species volume fractions,
size and shape parameters, and the spatial distribution of the
micelles. As discussed by Batchelor,3® when k =i the main
terms B;; of the bulk mobility coefficient matrix, given by

N

+Zfiz¢z )

10

By =1+ (fy + gi) s (67)

Soft Matter

express the influence of multi-body hydrodynamic interactions
involving (1) identical particles of type i, each of which are
under the influence of a steady thermodynamic driving force,
where the contribution (f;; + gi;)¢; is identical to that of a
monodisperse mixture of particles at volume fraction ¢;, and
(2) hydrodynamic interactions involving i particles on which a
force acts and force-free particles of type [, where the number
of such cross coupling interactions is proportional to ¢;. When
k # i, the off-diagonal coefficients Bj r»; of the bulk mobility

matrix are expressed via
(68)

Bikkzi = GiPr -

Here, the relevant interactions involve force-free i particles and
k-type particles acted on by a force, where the number of such
cross-coupling interactions is proportional to ¢y,.

Using eqn (49), and (62)—(66), the matrix [D] can be re-
written in the following more convenient form

N i N ac, N o,
Daa=zniDi 1+Zfik¢k %""pizhij% , (69)
i=1 k=1 a =1 a
S C ac, o, 0
Dgs :ZniDi Zkad)k aC ¢Lzhl] ac, , (70)
i=1 k=1 j=1
L N . 0
Dsa - mlDl 1+ fikd)k ac ¢L hl] HC ’ (71)
i=1 k=1 j=1
and
. - ac; S
ss ZmD 1+Zfik¢)k ac + ¢ hij% , (72)
k=1 =1 s
where
hij
l__AU +gu +2(Aquk +ngAk1)¢k . (73)

k=1

Here, Ay; = Ay;/V; is a dimensionless function that captures

the influence of thermodynamic interparticle interactions

between micelles of various types and 4;; = (Vj/Vi)l/3 is a size
ratio where V; and V; are the volumes of a type i and j micelle,
respectively. Rigorous theoretical results for the hydrodynamic
functions fi;, gik, and thereby h;;, applicable to concentrated
dispersions, are currently unavailable. However, as shown in
the sections that follow, we will not need to define them to
derive analytical expressions for the scattering functions at

arbitrary concentration in the limit of zero local polydispersity.

4.4 [D], [P], |g™(q, t)|, and Ry, for locally monodisperse,
nonionic micellar solutions with hydrophobic solutes

We now examine the scattering functions described by eqn
(26) and (39) for the special case in which local micelle
polydispersity is neglected. In this scenario, the micelle
distribution is modelled using a Kronecker delta function with a
composition dependent mean



Pleasedoys)it

Cs hen i = i*
=%W€nl—l} (74)

Owheni#i*

*

where i* designates a micelle type with 71 solutes, m
surfactants, radius R;+, and a local concentration equal to C/m.
Such a delta distribution is consistent with thermodynamic
theory for self-assembly of surfactant and hydrophobic
solutes.5” Using eqn (69)—(74), the corresponding ternary
diffusion coefficient matrix [D] for locally monodisperse
micellar solutions comprising nonionic surfactants and
hydrophobic solutes was determined to be (see section 2.5.1 in

)]

aa
_0=1+f¢—JV[, (75)
-
D, C
& =% (h + Lp? + M) , (76)
Dy G
Dsa CS
=S, 77
e 77)
and
DSS 2
F=1+(f+h)¢+l,¢) + M, (78)
-
where the functions M, h, L, and L, are given by
0lnRi*
= alnCa [1 + (f + 3h)¢] - h¢a - CaLa¢ ) (79)
h=A+g+(f+g9)A¢, (80)
L gf [a(hii;_ fii*)] 3 (aahij> @1)
¢ o v \0d) ..
and
d d h doh;
La — _f + ( i fu ) l} . (82)
ac, jeini

Here, A4, f, and g are functions that account for multi-body
interactions between identical micelles of the same species, and
the function M captures the influence of variations in the
average micelle size and aggregation number along gradients in
solute or surfactant concentration.

Using eqgn (28), (29), and (75)—(78), the corresponding
eigenvalues of [D] are given by

1+ f¢ (83)

D°_

and

=1+ (f+h)¢ +Lp? . (84)

DO

indicating that the (—) and (+) eigenmodes for diffusion
correspond to long-time self and gradient diffusion coefficients
for monodisperse, rigid particles, respectively (see section 2.5.2

10

of SI). We note that this result is exact and supports arguments
by Pusey for bimodal decay of the field correlation function,
corresponding to self and gradient diffusion in narrowly
polydisperse particle dispersions.> Eqn (34), (75)—(78), (83) and
(84) combine to produce the following modal matrix for [D],

p 1 Ca/CS
[P] = w]=| /e 85)
Psa [)SS T 1 T 10 . 1
hp + L2 + M

In order to determine the elements of the matrix [G] in the
limit of zero local polydispersity, we start by evaluating the
solute-free micelle concentration derivative dinC,/dInC,,
shown in eqn (52). Consider a Gaussian micelle distribution
function given by

(86)

where o2 is the distribution variance. Differentiating eqn (86)

with respect to solute concentration C, for i = 1 yields
alnC; (ﬁ)z (1 N
olnc, ~ \o

where we have used n = m C,/Cg and C;,; = Cg/M is the total

micelle concentration. In the limit as the variance approaches
zero, eqn (86) becomes

alnCtot
alnC,

6lnr71)

dalnC, 87)

N ey I ®
and eqn (87) yields
I, e = )
Hence, per eqn (52) and (89),
Jim o = =2, 0

and, per eqn (51)—(53) and (90), the elements [G] are infinite,
except in special limiting cases. However, as shown in section
3.1 of SI, the scattering functions in this limit are finite.

Using eqn (26)—(36), (51)—(53), (84), and (85) one may
determine the mode amplitude ratio (see section 3.1 of SI),

B=0, oD
and thereby the field correlation function
lg®(q.0)| = exp{-¢*D2[1 + (f + ¢ +Lp*]t},  (92)

which indicates monomodal decay via gradient diffusion. In
addition, the Rayleigh ratio is determined to be (see section 3.1
of Sl)

dlpZ(@)) "
o) o

42n? 19n\2
Ry = (

L
/104 6¢)prTrCa/CS l

Please do not adjust margins
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where V;- micelle and Z(¢) is the

compressibility factor. For monodisperse hard spheres, the latter is

is the volume of a type i*

given accurately by the Carnahan-Starling equation®8

1 _1+¢+9¢?—¢?
CeotNakpT (1-¢)3

Remarkably, egn (92) and (93) correspond to theoretical

Z(¢p) = (94)

predictions for binary mixtures of monodisperse colloidal
particles. These results indicate that multicomponent diffusion
effects, such as uphill diffusion (D, < 0), which strongly affect
the diffusivity matrix [D] per eqn (75)—(78) via the function M,
have no effect on the scattering functions |g(1)(q, t)| and Rqg
in the limit of negligible local polydispersity. These results
provide theoretical support for earlier investigations by
others,12. 13, 46 who have used eqn (92)—(93) without a priori
justification, to successfully model light scattering data from
Ci12Es/decane/water solutions.

Finally, the Onsager coefficient matrix [L] is related to [D]
and [G] via [D] = [L][G]. Hence, the matrix [G] can be inverted to

yield expressions for the Onsager coefficients

Laa = (DaaGss — DasGsa)/1G1 (95)

Los = (DasGaa = DaaGas)/1Gl (96)

Lsq = (DsaGss — DssGsa)/1Gl 97)
and

Lss = (DssGaa — DsaGas)/1Gl (98)
where |G| is the determinant of the chemical potential

derivative matrix [G]. Using eqn (51)—(53), (75)—(78), and (95)—
(98), one can derive the Onsager coefficients for concentrated
mixtures of nonionic micelles with hydrophobic solutes (see
section 3.2 of Sl) to find

DO
Lo = ﬁthot <N % T) K(¢) ,

_ D}.
Lgs = Lsq = NMCo; <NAk T) K(¢) ,

(99

(100)

and

(101)

where K(¢) is a concentration dependent bulk mobility
coefficient for dispersions of monodisperse particles.

Per egn (100), the Onsager reciprocal relations are satisfied.
L] = LagLss — LgsLsq = 0,
which indicates that the Onsager matrix [L] is singular, and thus

Furthermore, the determinant
not invertible, in the locally monodisperse limit as the micelle
distribution variance approaches zero (62 — 0). This result is
consistent with the [G] matrix given by eqn (51)—(53), whose
elements approach infinity in this limit.

Soft Matter

4.5 Scattering functions and transport coefficients for limiting
special cases

In the following sections 4.5.1-3, we derive scattering
functions and transport coefficients applicable to locally
monodisperse micellar solutions that are either dilute, infinitely
dilute, or at arbitrary concentration with trace amounts of
solute. In section 4.5.4, the locally monodisperse assumption is
relaxed, and the influence of optical polydispersity is explored

in the label limit.

4.5.1 [D], |g®(q,t)|, and Ry, for dilute mixtures (¢ < 1)

For dilute mixtures that satisfy ¢ < 1, where only
interactions involving pairs of micelles are relevant, the
functions /Tkj, fi, and g; reduce to the following, in agreement
with theory by Batchelor,3840

:Bk] 2)' ’ ( )
fil = Ki’l y (103)
Jix = Kix (104)
and
1+ /1” "
BU + KU . (105)

Here, B are 2" osmotic virial coefficients, and Kj; and K}, are
bulk  mobility that pairwise
interactions between particles of various types. For dilute

coefficients characterise
mixtures of interacting, polydisperse hard spheres, theoretical
results for the virial coefficients are given by f; = 8.5 In
addition, estimates for the bulk mobility coefficients are
provided by Batchelor?® according to K;, = —2.5/(1 + 0.164;;)
and Ki = 2u° /(1 + 2®) — (A® + 34 + 1), which yield
results that are accurate to within 5% of numerical calculations
over1/8 < 4;; <8.

Consistent with our previous work,? the ternary diffusion
coefficient matrix [D] for dilute, locally monodisperse micellar
solutions comprising nonionic surfactants and hydrophobic
solutes can be determined using eqgn (75)—(78) and (102)—(105)

to yield
D,

=1+ K~ M (9 %) (106)
= erknerm(o) (107)
ll);lg = —g—:M(dJ,g—Z) ' (108)
and
Dgs C,
by =1t B8+ m (o), (109)

13

where the function M (¢, C,/Cs) is given by

11
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C dInR;-
M(6E) =T L+ a®) =~ B+KDge (110)
N
and the parameter y is evaluated according to
3 d(K" —K'
=(—B+K’+3K”)— Q . (111)
2 da 1ot

Here, B is the 2" osmotic virial coefficient,and K', K", and S =
K’ + K" are bulk mobility coefficients for dilute, monodisperse
particle suspensions.

The corresponding eigenvalues of [D] are given by

ST =1+K'9

L

(112)

and

D;;=1+(p+5)¢.

L

(113)

Eqn (34), (106)—(109), (112) and (113) combine to produce the
following modal matrix for [D],

1 Ca/Cs
Cs/CaM(, Ca/Cs)
(B+K")p+M(,Ca/C5)

Using eqn (92) and (103)—(105), the field autocorrelation
function for dilute, locally monodisperse mixtures reduces to

Pl =[] =

. (114
Psa Py (114)

1

lg™(q,0)| = exp{—¢*D2[1 + (B + )1t} , (115)
and the Rayleigh ratio is determined to be
4m2n? (9n\?
Ro=——(55)  Ved-pp),  (116)
)'0 ¢ p.T,Ca/Cs

4.5.2 [D],|g™(q,t)| and Ry, at infinite dilution ¢ —> 0

In the limit of infinite dilution (¢ — 0), the diffusivity matrix
[D] for locally monodisperse micellar solutions, given by eqn
(75)—(78), reduces to

o =1 G, a7

e 119)

5z, a1
and

f)—j(f =1+ gll':li: . (120)

Per eqn (83) and (84), the corresponding eigenvalues become
identical and equal to the Stokes-Einstein diffusivity

D_=D,=D} . (121)

12

Eqn (26) and (121) combine to yield the expected result for the
field correlation function at infinite dilution

lgW(q,t)| = exp(—q?DPt) , (122)

which indicates monomodal decay according to the solute-
containing micelle Stokes-Einstein diffusivity. Furthermore,
using egn (93) with the relation ¢ = V;+cs (N, /MW;) in the limit
as ¢ — 0, for which Z(¢) — 1, one finds

Kcs 1

= ) 123
Rgg MW (123)

where ¢y is the surfactant mass concentration, MW; is the
molecular weight of surfactant per micelle, N, is Avogadro’s
number, and K, = 4m?n?/(NyAo") (0n/0c)% 1/, is the
optical contrast constant. The results given by egn (122) and
(123) indicate that micelle growth effects, which are responsible
for significant multicomponent diffusion effects evenas ¢ — 0
per egn (117)—(120), do not affect the scattering functions at
infinite dilution, enabling one to acquire estimates for average
morphological parameters for solute-containing micelles, such
as hydrodynamic radii R;~ and aggregations numbers m with
respect to composition C,/Cs.

4.5.3 Tracer limit C, > 0 for [G], | (q, t)|, and Rgy

In this section, we evaluate the scattering functions and the
chemical potential derivative matrix for the special case in
which solute is present in vanishingly small amounts,
corresponding to the tracer limit, C, — 0. In this scenario, the
derivative G, , given by eqn (52), is finite. Hence, the matrix [G]
can be evaluated given expressions for the osmotic pressure
and the micelle chemical potential derivatives. Here, we use
theoretical results by Vriji7 18 for polydisperse hard sphere
mixtures in the Percus-Yevick approximation for the osmotic

pressure
I 6 o 3¢:&; 38,° }
=— + + 124
NaloT n{(l =y RS CETA AN I ) SR
and the particle chemical potential derivatives
1 <%> _ 9%
/6
(1 ){dk +d;° +di>d;ng
+ 3dydj[d (1 + din2) (1 + dj%ny)
+d;(1+ dimy)(1+ di’ny)]
+9d,.%d; 1, (1 + din2) (1 + djnz)}
(125)
where dj, is the diameter of a type k particle,
S
Ny = -6 (126)
and
N ¢ N
T _
EZV / =Z¢>zdz” . (127)
i=
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Using egn (51)—(53) and (124)—(127), the chemical potential
derivatives [G] for locally monodisperse micelles in the tracer
limit are given by (see section 3.3 of Sl)

CaGaq
NokgT 1, (128)
CoGas _ Cisa __, 3ar (L4 +0)
NAkBT NAkBT m1R1 (1 - ¢)3
Vi, (1+2¢)°
o (1+29) (129)

mVps (1—¢)* °
and

CGss 1 (1+2¢)2
NykgT B my (1—¢)*

(130)

Here, a, is the micelle growth rate, which indicates how
strongly the average micelle radius varies with the solute to
surfactant molar ratio C,/Cs, V, is the molecular volume of the
solute, and Vs =V +nyl,, is the molecular volume of a
hydrated surfactant monomer, where ny is the hydration index,
and Vj, and V; are the molecular volumes for the solvent and a
dry surfactant molecule, respectively. Per eqn (128), when only
trace amounts of solute are present, the chemical potential of
the solute varies with respect to solute concentration via ideal
mixing within the micellar solution. Eqn (130), on the other
hand, describes variations in the surfactant chemical potential
with respect to surfactant concentration resulting from the non-
ideal mixing of interacting, monodisperse, solute-free micelles.
Interestingly, the cross terms, given by eqgn (129), describe
variations in chemical potential that are affected by a term
proportional to the micelle growth rate a; and the molecular
volume of the solute V. These non-ideal contributions capture
the self-assembly on
thermodynamics and are not included in thermodynamic
models derived for rigid particle dispersions.

In order to view the relative importance of the micellar
growth contributions on the cross terms of the [G] matrix,
theoretical predictions for [G] in the tracer limit for aqueous
C12E10/decane mixtures were calculated using eqn (128)—(130)
with V; = 0.32 nm3, V; = 0.99 nm3, V,, = 0.03 nm3, m; = 103,
ny = 40, a; = 2.4226 nm, and R; = 3.76 nm, consistent with
our light scattering data shown in Fig. 3. The results are plotted

influence of micellar  solution

versus volume fraction ¢ in Fig. 4. As shown, the main solute
chemical potential derivative G,, is independent of volume
fraction, indicating that trace amounts of solute mix ideally
within micelles, even in crowded mixtures. In contrast, the
surfactant main term Gy increases strongly with increasing
volume fraction, resulting from the interactions between
monodisperse solute-free micelles. Interestingly, the cross
terms G,s and Gg, are shown to become more negative with
increasing volume fraction, illustrating the influence of micelle
growth effects on the matrix [G].

The tracer limit described in this section is a special case of
the locally monodisperse limit discussed in section 4.4. Hence,
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Fig. 4 Theoretical predictions for the normalized chemical potential
derivatives [G], calculated using eqn (128)—(130) and plotted with respect to
volume fraction for aqueous Ci2E10(s) + decane (a) in the tracer limitas C, =
0.

the scattering functions are determined via eqn (92) and (93) in
the limit as C, — 0, to yield the field correlation function

|9 (q,0)| = exp{=¢*D°[1 + (f + )p + L$p?]t} ,  (131)
and the Rayleigh ratio
_4m*n? (0n 2 dl¢Z($)] !
Reo - 104 (ﬁ)p,ﬂca/cs V1¢ {—dtl) } ’ (132)

which are not restricted to the Percus-Yevick result for
interacting hard spheres.

4.5.4 Label limit for [D], [G], [L], |g™(q, )|, and Rgg

We now examine the transport coefficients and scattering
functions described by eqn (26) and (39) for the special case in
which the solute behaves as a volume-less label. In this
scenario, solute-containing micelles are uniformly sized, but
optically polydisperse, and the interactions between the various
label-containing micelle species are identical. Hence, the
ternary diffusion coefficient matrix [D] for the label case can be
determined by setting 4;; = 1, Aij =4, fix=Ff, gk =g, and
hij = h, so that eqn (69)—(72) simplify to

Daa
Do = 1+f¢ , (133)
Dgs _ Co
20 = C—s(hqb +Lp?) , (134)
Dsy =0, (135)
and
DSS
— =1+ (f+h)¢ + Lop?. (136)

D()
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The corresponding eigenvalues of [D] are given by

D_
oo =1+f¢ (137)

and

D,
=1+ +h)¢+Lp? . (138)

D

Using eqgn (49), (51)—(53), (124), and (127), the solute and
surfactant chemical potential derivatives reduce to (see section
3.4 of SlI)

NAkBT alnCl
Gaa nc, dilncC, (139)
NykgT 0lnC,
Gos = Gsq = AC. olnC, ' (140)
and

N,kgT (d[¢pZ alnC
= AKp (¢ (4’)]_ niéy (141)

my Cs do dalnC,

where C; is the solute-free micelle concentration. Note, in this
development it was not necessary to specify a particular micelle
distribution function C;, and, unlike our results presented in
sections 4.4 and 4.5.3 for locally monodisperse micelles or in the
tracer limit, respectively, the derivatives dlnC,/dIlnC, for the
label limit are finite.

Furthermore, the Onsager matrix for the label limit is
acquired using eqn (95)—(98), (133)—(136) and (139)—(141) (see
section 3.4 of Sl)

Laq = 1*Ciot (N k T)[ @) +( 6lnC1/alnCa)] (142)
DO
Las = Lsq = My Ceor (N A T) K() , (143)
and
DO
Lgg = my*Cyor (N k T) (@). (144)

Per egn (142), the main Onsager coefficient L,,, which is
related to the mobility of the solute when it is acted on a by a
steady thermodynamic driving force, depends on the micelle
distribution function through the derivative dlnC, /dIlnC,, and,
per egn (143), the Onsager reciprocal relations are satisfied. In
the Ilimit of zero local polydispersity, the derivative
—0dIlnCy/dIlnC, » o and eqn (142)—(144) are shown to be
consistent with eqn (99)—(101).

In order to determine the scattering functions, eqn (34) and
(133)—(138) combine to produce the modal matrix for the label
case,

Pl = Ca/ Gl (145)

0 1

Eqn (27), (30)—(33), (39), (139)—(141), and (145), are then used
to determine the Rayleigh ratio for the label limit (see section
3.4 of Sl):
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4n2n? ;on\? dlpz(P)1) "
Ao* (%)p,T,Ca/CS V1¢{ d¢ } (b, (40

where the mode amplitude ratio B;; for the label limit is given
by

Ry =

(Ca/C)*  dIpZ(¢)] .

_ ([8n/9(Ca/ C)prp)
LL = (—adlnC,/0lnC,) d¢

¢(an/a¢)p,T,Ca/Cs
(147)

Per eqn (147), By, is generally nonzero. Hence, decay of the
field correlation function, given by

l99@. 0] = (775—) exp(=4?D-0) + (755 exp(=a?Ds0) ,

LL
1+ B 1+ By,

(148)
is bimodal, corresponding to the eigenvalue diffusivities given
by egn (137) and (138).

Theoretical predictions for [G] in the label limit for aqueous
mixtures of label-containing Ci2E1p micelles were calculated
using eqn (139)—(141) with V, =0 nm3, V; = 0.99 nm3, 1}, =
0.03 nm3, my; = 103, and ny = 40, consistent with Fig. 3, with
C,/Cs = 0.2. To compare our calculations for [G] in the label
limit with those shown in Figure 4 for the tracer limit, the Percus-

Yevick result for compressibility factor Z(¢), applicable to
monodisperse hard spheres,
n 14 ¢ + ¢?
Z(¢p) = = , (149)
L N GRS E

was used to calculate the derivative d[¢Z (¢p)]/d¢. In addition,
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2 i i
2 15f i
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Fig. 5 Theoretical predictions in the label limit for the normalized chemical
potential derivatives [G], calculated using eqn (139)—(141) and (149) and
plotted with respect to volume fraction for aqueous Ci2E10 (s) micelles with
Poisson distributed solute labels and molar ratio C,/C, = 0.2.
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a Poisson distribution was assumed, so that dlnC,/dIlnC, =
—n, and the results are plotted versus volume fraction ¢ in Fig.
5.

For the Poisson distribution considered here, G, in the label
limit is identical to that of the tracer limit, consistent with ideal
mixing of solute labels within this hypothetical micellar solution.
However, as shown in Fig. 5, the normalized cross terms of [G] are
absent any effects from micelle growth, as expected, and thus
do not vary with respect to volume fraction, as they do for the
tracer limit.

4.6 Method of cumulants

The method of cumulants, which is often used to analyze
dynamic light scattering data, is based on a general description
of g(l)(q, T) for polydisperse solutions, expressed as a sum or
integral of exponentials:60

o

gP(q,7) = f G e rtdr,
0

(150)

where T is a measurement time interval or time delay. Here, the
integral defines a raw moment-generating function for the
decay rate distribution G(I'), where I" is a continuous decay
rate variable. The logarithm of the integral in eqn (150) defines
a cumulant generating function, which can be shown via a
Taylor expansion of eI around I't = 0 to yield the following:
m{gW (gD} =-Tt+ %rz + o (151)
Ineqn (151), I' and k, are the first and second cumulants of
G(I), respectively. At infinite dilution, G(I') for narrowly
disperse hard sphere mixtures is monomodal with a mean I" =
gq?D, and variance k, =T2—T2, defined via T™ =
fooo G()Ir™dr. The parameter D, is the z-average diffusion
coefficient, and the normalized second cumulant Kz/fz is used
to provide an estimate for particle size polydispersity. However,
at finite concentrations, G (I") does not closely approximate the
particle size distribution in general. This can be seen by merging
eqgn (26) with eqn (150). The resulting decay rate distribution
for concentrated hard sphere dispersions,

1

- +B)5(r—r+) + (i)s(r -,

1+B (152)

6 = (
is bimodal even if the particle size distribution is monomodal. In
eqn (152), I, = gD, and I'_ = q%D_ are the respective fast
and slow mode decay rates. For concentrated solutions, the
corresponding first and second cumulants of G(I') can be
directly related to parameters Dps, and k,/I? that are
routinely obtained when the method of cumulants analysis is
applied to DLS measurements:

r (D,+BD_
DDLszq_2_< 1+ B ), (153)
and
Ky D,—D_ )2
— =B 154
r2 <D+ +BD_ (154)

Soft Matter

Per eqn (153), the cumulant diffusivity Dp;s is a mode
amplitude weighted average of eigenvalue diffusivities. Hence,
D, is acquired via the cumulants analysis only when the slow
mode amplitude is small relative to that of the fast mode, i.e.,
when B «< 1. Furthermore, the normalized second cumulant
K, /I'? depends strongly on the difference D, — D_, which
increases with increasing ¢ for hard-sphere dispersions. Thus,
K, /I'? for concentrated solutions does not solely depend on the
variance of the particle size and refractive index distributions, in
contrast to the case at infinite dilution.

5 Discussion

5.1 Driving forces for diffusion in the tracer and label limits

Within the framework of
thermodynamics,®! the fluxes of solute (a) and surfactant (s) in
a ternary mixture are linearly related to thermodynamic driving

forces through a matrix of Onsager coefficients
[]’a] — [Laa Las [Xa]
N Lsa LSS XS
If Jo and Js are molar diffusive fluxes defined relative to a
volume-fixed reference frame, then the conjugate,

independent driving forces for diffusion can be expanded in
terms of concentration gradients (see section 2.4 of SI)

_ (Xa)T,un] _
(Xs)T,un

nonequilibrium

(155)

(V#a)T,Mn]=[Gaa Gas [Vca]_ (156)

a (Vis) T, Gsa  GsslLVCs

Here, (Xg) 1,4, and (Xs) 7, are the driving forces for diffusion
of the solute and surfactant, respectively, relative to a volume-
fixed reference frame and the solvent is force-free according to
(Xn)T,un = _(V.un)T,un = 0.

In the tracer limit, eqn (128)—(130) combine with eqn (156)
to provide

—Cagzz;"” =-VC, (157)
and
CS(XS)T,Hn _ 3a; (1+¢+ ¢2) _ Vi, 1+ 2¢)2 Ve
NykgT a mR;  (1-¢)3 mVys (1—¢)* “
1+ 2¢>)2
~ =gy Ceor- (158)

Eqn (157) describes a purely entropic thermodynamic driving
force for the diffusion of solute in the tracer limit, identical to
that predicted for solute diffusion in a dilute, binary mixture of
solute and solvent. Furthermore, per eqn (157), surfactant
gradients do not impose a driving force on the solute in the
tracer limit, consistent with our previous results® for [D], which
indicate that surfactant gradients do not drive coupled solute
fluxes in the tracer limit (D, = 0). However, according to egn
(158), the driving force acting on the surfactant is more
complicated. The second term on the right-hand side of eqn
(158) is an expected to the surfactant
thermodynamic force, indicating surfactant diffusion driven by

contribution

gradients in the total micelle concentration, enhanced by a
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factor that accounts for the influence of intermicellar
interactions. The first term on the right-hand side of eqn (158)
indicates that solute gradients also impose a driving force on
the surfactant in a direction that points up the solute gradient.
This contribution is enhanced by a term proportional to the
micelle growth rate a; and is reduced by a term proportional to
the molecular volume of the solute V,. Again, this result is
consistent with our previous predictions® for [D] in the tracer
limit, which indicate uphill surfactant diffusion in response to a
solute gradient in the tracer limit.

For the label case, eqn (139)—(141), and (156) combine to
yield

(X olnC C
Ko)ry _ OlnGy (&) (159)
NAkBT alnCa CS
and
m (XS)T u 6ln61 Ca d [(;[)Z((;b)]
bn = — Vl(—)——————v !
NakpT ainc, ' \¢, dp Ml - (160)
According to eqn (159), solute label diffusion is driven

exclusively by gradients in composition, per the so-called
“exchange” or “self” or “interdiffusion” mode, which is purely
entropic and depends on the distribution of solute within
micelles via dlnC,/dInC,. On the other hand, both gradients in
composition and total micelle concentration contribute to the
driving force on the surfactant within micelles according to eqn
(160). The former contribution is interesting because, according
to eqgn (135), solute gradients do not drive coupled fluxes of
surfactant in the label limit corresponding to D;, = 0. However,
per egn (160), solute gradients do impose a driving force
contribution on the surfactant, via the composition gradient
Vin(C,/Cs).

In order to understand this paradox, one may calculate the
surfactant flux for mixtures at arbitrary concentration, Js =
Lsa X4 + Lgs X, by combining eqgn (143), (144), (155), (159), and
(160) to find

DO
Js = M1 Ceot <m> K(¢) [ﬁ(Xa)T,un +my (XS)T,un] . (161)

Now, consider a solute gradient in the absence of a surfactant
gradient, so that VCy = 0. Due to its label nature, a solute
gradient has no ability to generate a total micelle concentration
gradient in this scenario, since VinCy,; = VinCs = 0. Hence,
eqgn (159) and (160) reduce to

ﬁ(Xa)T,[,Ln = _ml(Xs)T,un ’ (162)

and, per eqgn (161) and (162), J; = 0. Physically, in the label
limit, solute gradients (which entail composition gradients at
uniform surfactant concentration) impose entropic forces on
both the surfactant and the solute within micelles that are equal
and opposite, producing a net zero force on micelles. Hence,
composition gradients VIin(C,/Cs;) do not generate a net
surfactant flux in the label limit, and act only to mix solute via
the random motion of identically sized micelles in the absence
of an overall micelle concentration gradient.
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5.2 Multimodal analysis of |g¥ (g, ©)|

In Fig. 6, the logarithm of the field autocorrelation function
ln|g(1)(q,‘r)| is plotted as a function of the time delay t for
binary Ci;Ei;o/water mixtures, and ternary mixtures of either
Ci2Eio/decane/water or CizEie/limonene/water with Cg =
200mM and C,/Cs = 0.2. Similarly, in Fig. 7, plots of
ln|g(1)(q,‘r)| versus T are provided for binary Ci,Ejo/water
mixtures with Cs = 20, 200, and 400 mM. As shown in Fig. 6A
and 7A, the data for dilute to moderately concentrated micellar
solutions are linear with respect to time, indicating nearly
monomodal decay of |g(1)(q,r)| up to ¢ = 0.25. However, as
shown in Fig. 7A, the profile is nonlinear when C; = 400 mM,

PR S TR T N T TN T T N T T T TN N T T T S T TN M TN
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Field autocorrelation function, In|g(1)(q, 7)|
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Fig. 6. Logarithm of the normalized field autocorrelation function |g(l) (q, ‘L')l
plotted as a function of time delay T over 80 pus (A) and 1000 us (B) for
C12E10/water (open), C12Ei0/decane/water (black), and Ci2E10/limonene/water
(orange) mixtures with C; = 200mM, and C,/Cs = 0.2 for ternary mixtures.
The solid lines in (A) provide a guide for the eye, and error bars have been
omitted for clarity.

Page 16 of 22



Page 17 of 22

= 00 T T T T T T T T

= A ]
2 osf .
C- - -
e r ]
e 10t -
2 [ ]
c L i
kel L i
T -15¢ -
o [ ]
ol L i
o L i
g 201 a
5 L i
© r i
o L i
E 25L ] ] ] ] ] 1 i

0 10 20 30 40 50 60 70
Time, 7 (us)

hoh 5 o
g o o O
b‘
—_—
W
S—
1

Field autocorrelation function, In|g(1)(q, 7)|

20¥ _
- v .
25} éx .
30l ]
-3.5 i v & 8 8 —-
<
4.0 1 O 1 ) ] 9| @
0 200 400 600 800 1000
Time, 7 (us)

Fig. 7. The logarithm of the normalized field autocorrelation function
|g(1) (q, ‘L')| is plotted as a function of the time delay T over 65 ps (A) and 1000
us (B) for binary Ci2E10 (s)/water mixtures with C; = 20, 200, and 400 mM.
The solid lines in (A) provide a guide for the eye, and error bars have been
omitted for clarity.

corresponding to ¢ = 0.53. Similar results have been observed
by others in concentrated ternary Ci>Es/decane/water!? and
binary C1,Es/water systems.62

As discussed by Pusey et al.,’> N decay modes for |g(1)(q, T)|
are predicted for narrowly polydisperse colloidal mixtures with
N different particle species, corresponding to the eigenvalues
of the N X N particle diffusivity matrix. However, since the
various exchange modes between different particle species
cannot be resolved experimentally when the particle
distribution is narrow, only two decay modes for |g(1)(q,r)|,
corresponding to long-time self and gradient diffusion, are
prominent. As a result, the working model equation for DLS in a
narrowly polydisperse colloidal mixture is identical to eqn (26),
(83), and (84). Since D, is enhanced with increasing ¢, the

Soft Matter

gradient term 1/(1 + B) exp(—q?D.1) in eqn (26) at high ¢
decays quickly, revealing the slowly decaying self term
B/(1+ B) exp(—q?D_t) when > 1/(g?D,). For some
systems, such as ternary water—in—oil microemulsions of
AOT/water/octane,** two decay modes (slopes) are distinct in a
plot of ln|g(1)(q,‘[)| versus T, which enables a robust fit using
eqn (26).

The nonlinearity (slight upturn) in ln|g(1)(q,r)| versus T in
Fig. 7A for concentrated mixtures of solute-free micelles with
Cs = 400 mM could indicate the emergence of an average self
mode, resulting from optical and size polydispersity between
micelles with various aggregation numbers. However, the
upturn is only slight and in Fig. 7B measurement noise appears
to overtake the signal before the self mode can establish itself,
preventing access to the long—time self diffusivity predicted by
eqgn (83). Hence, in this study, we found our data could be more
robustly analyzed using the method of cumulants (i.e., eqn
(151)), in
concentrations.

lieu of a multiexponential fit, even at high

5.3 Diffusion coefficients measured by DLS for
Ci12E10/solute/water mixtures

In this section, DLS diffusivities, acquired using the method
of cumulants for ternary, nonionic micellar solutions with
hydrophobic solutes, are compared with theory for gradient
diffusion in dilute and concentrated monodisperse colloidal
dispersions. As discussed in section 4.4, the mode amplitude
ratio B = 0 for locally monodisperse micellar solutions, so that
eqgn (84), (91), and (153) combine to provide the following

Dprs
DS

L

1+ (f+h)¢ +Lop?. (163)
Egn (163) indicates that DLS measurements, analyzed via the
method of cumulants, are predicted to yield micelle gradient
diffusion coefficients. For concentrated, monodisperse hard
sphere dispersions, the gradient diffusion coefficient D, can be
expressed via the following form of the generalized Stokes-
Einstein equation,38 63,64

De _ K@) _ (a_ﬂ)
= =K . 164
50 =5~ K@ 5g), (164)
Here, S'(¢) is the ideal static structure factor in the low
wavevector limit gR;- » 0 and K(¢) is the bulk mobility
coefficient. Rigorous theoretical results for K(¢), applicable to
dilute mixtures of colloidal hard spheres, have been derived
accounting for pairwise®® and three-body® hydrodynamic
interactions. For concentrated hard sphere dispersions,
numerical simulations that include many-body hydrodynamic
interactions have also been performed to determine K(¢)
using either Stokesian dynamics®’ or the lattice Boltzmann
method.%8

In Fig. 8A, normalized gradient diffusion coefficients
Dps/DS.s are plotted versus ¢ for CioEio/water, and for
C12E10/limonene/water, and C13E10/limonene/decane® mixtures
with C,/Cs = 0.2. The experimental values are compared with
dilute theory by Batchelor38 (solid line) for monodisperse hard
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Fig. 8. (A) Normalized diffusion coefficients for C1.Eio/water (open circles),
C12E10/decane/water® (black circles), and Ci:Eio/limonene/water (orange
circles) with C,/Cs = 0.2 as a function of volume fraction, superimposed with
theoretical predictions by Bachelor3 for dilute, monodisperse hard-sphere
dispersions (solid line). (B) Normalized diffusion coefficients for concentrated
C1E10/water mixtures (open circles) with numerical simulation results for
crowded hard sphere dispersions calculated using Stokesian Dynamics®’
(squares) and the Lattice Boltzmann method® (triangles). Error bars indicate
95% confidence intervals.

sphere dispersions, i.e., using D./D°® = 1.45¢. In addition,
Dp1s/DJ3.s values are plotted as a function of ¢ in Fig. 8B for
binary Ci;Ei0/water mixtures up to ¢ = 0.53, superimposed
with numerical results for concentrated monodisperse hard
sphere suspensions. Micelle volume fractions were calculated
using

¢ = CaVa + Cs(vs + nHVw) , (165)

where the molar volumes for the solute (a) and water (w) are
given by V, = MW, /p, and V,, = MW,,/p,,, respectively, with
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MW,, MW,,, p,, and p,, indicating the respective molecular
weights and pure component densities. The dry CizEio
surfactant molar volume was interpolated from density data for
a homologous series of CizEn surfactants.*” Molar volume
calculations for decane, limonene, dry C12E10 surfactant, and
water  vyield V,=1949 x 10~* mM~1, V, =1.622x
10~*mM~t, V,=5.968x%x10"*mM~*, and V,, = 1.802 X
107> mM1, respectively. In addition, the conversion factor
6.022 x 10~* (nm3/molecule)/mM was used in this work to
convert between molecular and molar volume.

Numerical calculations were performed using the Carnahan-
Starling equation>8 for the ideal static structure factor in eqn
(164), and results for K(¢) were determined from numerical
simulations via either Stokesian dynamics®’ (squares) or the
lattice Boltzmann method method®2 (triangles). As shown in Fig.
8, solute-free, decane-containing, and limonene-containing
Ci12E10 micelles diffused as hard spheres in accordance with the
most rigorous theoretical results available for gradient diffusion
in dilute and concentrated colloidal hard sphere dispersions.
Furthermore, as noted by others,%8 6% Batchelor’s dilute theory38
provides an excellent approximation for D./D° for
concentrated monodisperse hard sphere dispersions up to ¢ =
0.4, indicating a near cancellation of higher order, many body
hydrodynamic and thermodynamic virial contributions.

5.4 Rayleigh ratios for C1;E10/solute/water mixtures

Neglecting local micelle polydispersity, theoretical
predictions for the Rayleigh ratio for binary Cj;Ei0/water and
ternary Cq2E10/solute/water mixtures were calculated using eqn
(93) and (94) with Vs = 2.19nm=3, IV, = 0.32nm3 (decane) or
0.26nm=3 (limonene), and 1, = 633nm. The refractive indices
were determined via n = (0n/0¢), 1, /c. P + no With ng =
1.33 and (0n/0¢)pr.c,/c, = 0.063, 0.064, and 0.065 for
solute-free,
respectively. Average micelle volumes were calculated from DLS
data using Vj» = 4/3mRp,s°, where hydrodynamic radii for
solute-free, decane, and limonene-containing micelles are given
by Rp;s = 3.75 nm, 4.25 nm, and 4.04 nm, respectively.

In Fig. 9, Rgy results for CiyEio/water (open circles),
Ci2Eio/decane/water (black), and CizEie/limonene/water
(orange) mixtures are compared with these theoretical
predictions derived using thermodynamic fluctuation theory
(solid lines) as a function of ¢. As shown, the experimental data
for both binary and ternary mixtures is in excellent agreement
with theoretical predictions up to ¢ = 0.3, indicating that C12E10
micelles interacted as hard spheres, regardless of the presence
of decane or limonene solubilizate. These results are consistent
with those reported for similar systems, including C1,Es/watert2
70 and C1;Es/decane/water.12

decane and limonene containing micelles,

5.5 Effect of crowding on micelle hydration

As shown in Fig. 9, egn (93) and (94) appear to
underestimate Rqy for binary aqueous CizE1p mixtures when
¢ > 0.3, to an extent that increases with increasing ¢. To
explain this effect, we note that micelle dehydration has been
observed in aqueous Ci;Eg solutions at high concentrations ¢ >

0.3 using NMR,’! and in dilute aqueous CgEs solutions at
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Fig. 9. Rayleigh ratios plotted versus ¢ for Ci:Eio/water (open circles) and
C12E10/decane/water (black) and CizEio/limonene/water (orange) mixtures
with C,/Cs = 0.2. Theoretical predictions calculated using eqn (93) and (94)
for binary and ternary solutions are shown as solid curves. Error bars indicate
two standard deviations.

high pressures up to 310 MPa via SANS.72 These results indicate
that, unlike hard spheres, hydrated micelles tend to relax the
system free energy by reducing their size, and thus the volume
fraction of the mixture, via dehydration. In order to capture the
influence of dehydration on our theoretical predictions for the
Rayleigh ratio, we use thermodynamic fluctuation theory to
derive Rqq for a binary mixture of hydrated surfactant (s) and
water with a concentration dependent hydration index ny =
ny (T, p, Cs) (see section 3.5 of SI)

Qﬂf
4m®n? (0Cs T Comy (d[CZ()])
00 = ' . (166)
Aot 1+sz<mm) Ny dCs
s 'w\aC, o7

In egn (166), the refractive index increment is given by

(611) _(E)n) +(6n> (6nH)
aC; Tp dCs Ty anyg T acC ’

S pT

(167)

and, using eqn (94) for the Carnahan-Starling compressibility
factor, we have

dlCZ(@)] (1 +2¢)* — ¢*(4 — ¢)
dcs 1-¢)*

_ aTlH
—CZV( )
s Yw 6(:5 -

(4 +4¢ —2¢%)
a-¢*

(168)

Per egn (165)—(168), micelle dehydration affects the Rayleigh
ratio in several ways via terms involving the hydration index
derivative (0ny/9dCs)ryp. According to Nilsson et al.’! the
hydration index for Cj2Es micelles decreases linearly with

surfactant concentration with a slope approximately equal to
(0ny/9Cs)rp = —1/20mM~* when ¢ > 0.3. Furthermore,

Soft Matter

(1/km)

90

R

(] A N (I R E—

02 03 04
Volume fraction, ¢

05 06

Fig. 10. Rayleigh ratios for binary, aqueous Ci2E10 solutions plotted versus the
micelle volume fraction. Values for ¢ > 0.3 were calculated assuming linear
dehydration according to ny = 50 — C,/20, where C, has (mM) units.
Theoretical predictions indicated by the solid curves were calculated using
either eqn (93) and (94) (black curve) or eqn (165)—(168) (blue curve).

ny is expected to remain unchanged with ¢ at lower
concentrations, suggesting one may use eqn (93) and (94) with
constant ny to predict Ryq for ¢ < 0.3.

Using eqn (165)—(168) with V; = 5.968 x 10~* mM~1,V,, =
1.802 x 107> mM 1, (On/0Cs)rp = (On/0C) T pny, =
8.24 x 107> mM~t, (Ony/0C)r, =—1/20mM™*, my =
103,and ny = 50 — C4/20, in accordance with refractive index
data by us and NMR data by Nilsson et al.,”! theoretical
predictions for Rayleigh ratios and volume fractions for binary
aqueous Cy;E1p solutions were re-calculated and plotted against
the new values for ¢ > 0.3 in Fig. 10. As shown, good
agreement is achieved, indicating dehydration is a likely
explanation for the discrepancy in Rqy between our data for
binary Ci;Eio/water mixtures and monodisperse hard sphere
theory. In addition, we note that dehydration does not
significantly affect the slope of the normalized solute-free DLS
diffusivities shown in Fig. 8B, since values for ¢ and DO
corrected for dehydration are reduced and enhanced,
respectively, causing the DLS data points above ¢ > 0.3 in Fig.
8A to shift left and down.

6 Conclusions

The self-assembled nature of aqueous micellar solutions
comprised of nonionic surfactants and hydrophobic solutes may
drive strong micelle growth as these molecules reassemble in
response to variations in composition, thereby distinguishing
these mixtures from rigid particle dispersions. These effects
were previously demonstrated to have a strong effect on the
ternary diffusivity matrix [D], via the function M (¢, C,/Cs). In
this work, however, micelle growth effects are shown to have
no influence on the either the Rayleigh ratio or the field
correlation function in the Ilimit of zero local micelle
polydispersity. In particular, theoretical predictions for the field
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autocorrelation function |g(1)(q, t)| decay according to the
larger eigenvalue, regardless of the relative scattering power of
the components in the mixture, corresponding to pure gradient
diffusion of monodisperse, interacting hard spheres.

These results suggest that light scattering theory, developed
for monodisperse, colloidal hard sphere dispersions, applies to
narrowly polydisperse, ternary solutions comprised of solute-
containing micelles. Furthermore, rigorous theoretical results in
the tracer limit for the thermodynamic derivatives and the
driving forces for diffusion, display the influence of micelle
growth/self-assembly effects and show that the diffusional
transport processes, which occur during light scattering
measurements, are different from those of binary,
monodisperse colloidal dispersions comprised of rigid spheres.
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