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The thermodynamic behavior of colloid—polymer systems has been extensively investigated. However,
relatively few studies have been reported on the corresponding transport properties. We have measured
the four multicomponent diffusion coefficients for a ternary colloid-polymer-water system by Rayleigh
interferometry at 25 °C. The colloidal particles and polymer coils in our system are the tyloxapol micelles
and polyethylene glycol (molecular weight of 2.0 kg mol~') respectively. Both solutes are neutral and
preferentially interact with water. Our investigation focused on the behavior of the two cross-diffusion
coefficients in dilute solutions. These coefficients characterize how the concentration gradient of colloidal
particles (polymer coils) affects the diffusion rate of polymer coils (colloidal particles). Our data were used
to extract two fundamental parameters describing the thermodynamic and kinetic factors responsible
for cross-diffusion. The comparison of our experimental results with a proposed reference model based
on the hydrodynamic volume of particles indicates that excluded-volume thermodynamic interactions
and solute hydration represent the main contributions to cross-diffusion coefficients. The role of the
aggregation number of micelles and the effect of polydispersity on cross-diffusion parameters were also
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examined.
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1. Introduction

Multicomponent systems containing nanoparticles, surfactants,
polymers and other macromolecules in solution have attracted
much attention due to their important role in industrial appli-
cations and biological functions. For example, understanding the
interaction between polymers and colloidal particles is important
for colloid stabilization and destabilization, flocculation, coating,
biotechnology, and detergency [1-3].

For ternary colloid-polymer-solvent mixtures, it is generally
believed that the main mechanism of action of polymer coils on
colloidal particles can be described through the influence of mutual
volume exclusion on the entropy of the system. This mechanism is
usually denoted using the terms: “depletion” or “excluded-volume”
interaction. Related models have been successful in describing the
effect of polymers on model colloidal suspensions especially in
relation to their phase transitions [4-7].

Excluded-volume interactions lead to thermodynamic non-
ideality in colloid-polymer-solvent systems. Due to steric
hindrance, the center of mass of a polymer coil is not only excluded
from the volume occupied by the colloidal particles but also from a
region surrounding them denoted as the depletion layer. The width
of this layer is proportional to the size of the polymer coil. Thus, the
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effective concentration of a polymer coil, i.e. the concentration of
polymer in the free volume, is significantly higher than its actual
concentration [6,7].

Excluded-volume interactions are also expected to be important
in living systems. Indeed, the total concentration of macro-
molecules inside cell is very high, in the range of 300-400 g/L.
Thus, the effective concentration of each macromolecular species is
significantly greater than its actual concentration. This difference
has kinetic and thermodynamic consequences on the conforma-
tional stability, aggregation behavior and biological functions of
that macromolecule. The effect of excluded-volume interactions
on the biophysical behavior of biological macromolecules is usually
denoted as “macromolecular crowding” [8,9].

Most investigations on colloid-polymer-solvent systems have
focused on the thermodynamic properties of macromolecular sys-
tems and their consequences on phase transitions [6,7,10-12].
However, relatively few studies have been reported on transport
properties such as diffusion. Diffusion is important for applications
in which concentration gradients occur such as controlled-release
technologies [13,14], separation science [15] and microfluidics
[16,17]. It is also an important kinetic parameter for phase tran-
sitions [18,19], reaction kinetics [20,21] and dynamics of living
systems [22-24]. Therefore, diffusion studies on multicomponent
systems containing colloidal particles and macromolecules are
needed.

There are diffusion studies that have focused on understanding
how macromolecular crowding affects the Brownian mobility of
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macromolecules [25,26]. However, this aspect represents only one
effect of excluded-volume interactions on the diffusion processes.
Another important aspect of diffusion processes is cross-diffusion,
and appears in multicomponent systems, i.e. those systems con-
taining at least two solute components [27]. In the specific case of a
ternary solute(1)-solute(2)-solvent system, cross-diffusion can be
introduced through the extended Fick’s first law [28]:

—J1 =D11 V(G +D12VG (1a)
—J2 =D21VC1 + D22 V(G (1b)

where C; and C; are the molar concentrations of the two solutes, J;
and J, are the corresponding fluxes and the four Dj's (with i, j=1,
2) are the multicomponent diffusion coefficients. Main-diffusion
coefficients, D11 and D,;, describe the flux of a solute due to its
own concentration gradient, and they are approximately related
to the Brownian mobility of solute particles. The cross-diffusion
coefficients, D1, and Dy, describe the flux of a solute due to the
concentration gradient of the other solute. While main-diffusion
coefficients are normally positive, cross-diffusion coefficients can
be either positive or negative depending on solute(1)-solute(2) net
interactions.

Understanding multicomponent diffusion is important for
colloid(1)-polymer(2)-solvent mixtures. For example, we can
already appreciate that a concentration gradient of colloidal par-
ticles, VCy, in the presence of a uniform concentration of polymer
coils, VC, =0, will generate a gradient of effective concentration of
polymer coils in the same direction due to excluded-volume effects.
Thus, it can be deduced that VC; can induce cross-diffusion of poly-
mer coils from high to low C; (D, >0). Clearly, the mechanism of
cross-diffusion should depend on excluded-volume interactions.

There are experimental and theoretical studies that have
examined the effect of excluded-volume interactions on cross-
diffusion in protein-polymer and polymer-polymer aqueous
systems [29-31]. However, proposed excluded-volume models sat-
isfactorily describe the experimental behavior of one of the two
cross-diffusion coefficients only. One limitation of proposed models
is the assumption that the mechanism cross-diffusion is a conse-
quence of thermodynamic non-ideality and factors not related to
equilibrium properties were neglected. A few other diffusion stud-
ies on multicomponent diffusion of macromolecular systems have
not addressed the role of excluded-volume interactions [32,33].

In this paper, we report an experimental investigation of multi-
component diffusion for a ternary colloid-polymer-water system
inisothermal conditions. Specifically, we choose tyloxapol micelles
as colloidal particles (1) and polyethylene glycol with molecu-
lar weight of 2.0kgmol~! (PEG) as polymer coils (2) PEG is a
hydrophilic nonionic polymer utilized in many biochemical and
pharmaceutical applications. Due to its mild action on the biological
activity of cell components, PEG is commonly used for liquid-liquid
partitioning, the precipitation of biomacromolecules and the
preparation of biomaterials [34-36]. Itis generally believed that the
main mechanism of action of PEG on globular macromolecules can
be described through the mechanism of excluded-volume inter-
actions [37-39]. Moreover, PEG is also employed to mimic the
crowded environment inside living cells [40,41].

Tyloxapol is a nonionic surfactant mostly used in marketed oph-
thalmic products and as a mucolytic agent for treating pulmonary
diseases, and is essentially an oligomer of octoxynol 9 (Triton X-
100) [42,43]. Tyloxapol has a critical micellar concentration (cmc)
of 0.0385 g/L in water at 25°C [42]. This cmc value is much lower
than that of Triton X-100. Hence, the presence of free surfactant
can be neglected with respect to micellar surfactant even in fairly
dilute solutions. Tyloxapol micelles are spherical with a diameter of
7 nm, and their size and shape do not change significantly for con-
centration as high as 10% by weight according to cryo-transmission

electron microscopy [43]. The hydrophilic groups on the surface of
tyloxapol micelles are poly(ethylene) glycol chains. Thus, the chem-
ical nature of the micelle surface is the same as that of the other
solute component. Moreover, polymer adsorption on the micelle
surface is not expected to occur due to the preferential interaction
of the ethoxy group with water.

We measured the four multicomponent diffusion coefficients,
Dj(C1,(5), in dilute solutions at 25°C by Rayleigh interferometry
[44,45]. We show how these diffusion coefficients can be used to
extract two fundamental quantities responsible for cross-diffusion.
These are a thermodynamic non-ideality parameter, which can be
related to equilibrium excluded-volume interactions, and a trans-
port parameter, which will be introduced through the theory of
irreversible thermodynamics. We shall see that the contribution
of the transport parameter on cross-diffusion is comparable to
that of the thermodynamic parameter. Furthermore, we propose
a model based on hydrodynamic volumes, which can be used
as a reference for the interpretation of the experimental behav-
ior of cross-diffusion coefficients. It also provides the basis for
understanding the magnitude and sign of the thermodynamic and
transport parameters. Finally, we examine the role of the aggrega-
tion number of micelles and the effect of micelle polydispersity on
cross-diffusion parameters.

2. Theory

The main purpose of this section is to introduce two normal-
ized cross-diffusion coefficients, D1, and D,;, that can be directly
expressed in terms of fundamental thermodynamic and transport
parameters. These can be conveniently examined in dilute solutions
according to the formalism of excluded-volume interactions.

To construct D,-j, we start by making some considerations about
concentration scales and reference frames. Eqs. (1a) and (1b) in
the previous section were introduced in terms of molar concentra-
tions and corresponding molar fluxes. However, Fick’s first law can
be also written in terms of mass concentrations and related fluxes.
We note that switching concentration scale has no effect on the val-
ues of the main-diffusion coefficients because D;; = —J; ’VCJ:O/VC,-

and the J;/C; ratio is independent of concentration scale. On the

other hand, the concentration scale needs to be specified for

Dy = _]i‘vc.—o/vcf' The value of D; will also vary depending on
=

the molecular weight chosen to calculate molar concentrations
because J;/C; is directly proportional to the molecular weight of j
and inversely proportional to that of i. However, by introducing
the partial molar volumes V; (with i=1, 2), we can appreciate that
(\7,v/\_/j)D,-j is independent of chosen molecular weights since V; is
directly proportional to the molecular weight of i. Furthermore, if
the mass-concentration scale is employed, then the same value as
(\_/i/\_/j)D,-j is obtained provided that molar volumes are replaced
by the corresponding specific volumes. We will include \7,-/\_/]- asa
factor of the definition of D,-j proposed below. In this way, the Dl»j
values will be invariant with respect to the aggregation number
used to calculate the molar concentration of tyloxapol micelles.
Furthermore, molar volumes are convenient parameters for the
examination of excluded-volume interactions.

We also note that diffusion can be described relative to dif-
ferent reference frames. For example, in the volume-fixed frame,
the fluxes of the components of a ternary system satisfy: Jo Vo +

J1Vi + J»V, =0, where the subscript “0” denotes the solvent
component. In the solvent-fixed frame, we have: Jo=0 [46-51].
Since the values of the four diffusion coefficients depend on the
chosen reference frame, we need to choose the most convenient
reference frame for excluded-volume interactions.

Measured diffusion coefficients correspond, to an excellent
approximation, to the volume-fixed frame since volume changes
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on mixing are negligible during diffusion experiments [46-48].
This is equivalent to assume that V; is a constant and that mix-
ing occurs within an incompressible fluid at constant volume,
pressure and temperature. However, the examination of diffu-
sion coefficients by irreversible thermodynamics often requires
converting the obtained volume-fixed diffusion coefficients into
the corresponding solvent-fixed diffusion coefficients due to their
direct relation to the thermodynamic driving forces, Vu;, where
Wi (with i=1, 2) are the solute chemical potentials [49,50]. On the
other hand, volume-fixed diffusion coefficients require to intro-
duce the linear combinations: Vu; — ; V o with y; = V;/V, as the
thermodynamic driving forces [47,51].

We now observe that the thermodynamics of excluded-volume
interactionsin liquid systems is usually described by formally treat-
ing the multicomponent liquid mixture, which is assumed to be an
incompressible fluid, as an equivalent “gas” mixture [51,52]. Here,
the solute chemical potential u; is replaced by an effective chemi-
cal potential fi; = i; — ¥; o of a corresponding gas component and
the solvent component is formally removed from the system. This
implies that the thermodynamic driving forces of volume-fixed
diffusion are the gradients of these effective chemical potentials.
We therefore conclude that it is actually convenient to consider
diffusion coefficients in the volume-fixed frame when examining
excluded-volume interactions.

Normalized cross-diffusion coefficients can be constructed
starting from the laws of irreversible thermodynamics. In the
volume-fixed frame, the following linear laws can be written:

—J1 =L Vi1 +L12Viio (2a)
—J2 =L Vil + L2 Viio (2b)

where L;; are the volume-fixed Onsager transport coefficients and
L13 =Lyq is the Onsager reciprocal relation [53,54]. Combination of
Egs. (1a) and (1b) and Egs. (2a) and (2b) leads to

D11 = L1 11 + Laz i (3a)
D1z = L1y flaz + L1z 22 (3b)
Dy1 = Loy 11 + Loz b (30)
Dyy = Loy flaz + Loz fi22 (3d)

where ji;; = (3[1[/36]).[,‘/15’0,{#1., and fi12 = fiz1 [51]. We now focus
on the case of infinite dilution. In the limit of C; =0, we can write:

- VjRT
i = (4a)
Mii G
D
RTL; = —! (4b)
Dj; = L ji;; = Df (4c)

where R is the ideal-gas constant, T the absolute temperature and
Dt the tracer-diffusion coefficient of i, which characterizes particle
Brownian mobility [51]. In Egs. (4a) and (4b), we have introduced
the parameter v; to take into account the offset between the chosen
molar concentration scale for solute i and the corresponding osmo-
larity. For example, we have v; > 1 in the case of a dissociating solute
(e.g., strong electrolytes), and v;<1 in the case of an associating
solute (e.g., micellar aggregates). Note that v; becomes the recipro-
cal of the micelle aggregation number when the molecular weight
of the surfactant molecule is used to calculate the molar concentra-
tion of tyloxapol. If the chosen molar concentration scale matches
the corresponding osmolarity, then v;=1 and this parameter may
be omitted.

We can combine Egs. (3a)-(3d) with Eqgs. (4a)—(4c) to derive
expressions for the dimensionless quotients D15/D11 and Dy1/D23:

DU /:L12 UjRTle
D; <v,-RT + G (5)

GG D;‘

Eq. (5) shows that the quotients Di;/Dy; and D,1/D,, can be
expressed as a function of two fundamental parameters: the ther-
modynamic parameter fi12, and the transport parameter L;5. For
dilute solutions, the parameters fi12 and Li3/(C;Cy) are inde-
pendent of concentrations [51]. Thus, Di3/D11 and Dy1/Dy, are
directly proportional to C; and C, respectively. Note that cross-
diffusion may result from thermodynamic interactions alone, and
L12/(C1Gy)=0leads to Djj/D;; = C; ji12/(v;RT). Our results will show
that this approximation cannot be applied.

Based on our previous observations on concentration scales,
it is convenient to introduce the normalized (concentration-scale
independent, volume-fixed and dimensionless) cross-diffusion
coefficient, Dy = (D;;/D;)(Vi/V;). Eq. (5) can be then rewritten in
the following way:

o= |- (122 a] (%) g 6)
b D; )"
where ¢; =(CV; is the volume fraction of i, I'=

(ft12/RT)/(v1v2Vp) is a thermodynamic parameter and

= —(RTLlZ)/[QCzVO(Dj + D3)] is a transport parameter. Note
that v;/y;, ¢;, I' and A are all parameters independent of the
chosen concentration scale.

Our experimental results will be used to determine the slopes:
D12/¢1 and Dy1 /. These two quantities can be in turn used to
determine I" and A. According to Eq. (6), the explicit expressions
to extract these two fundamental parameters from experimental
D12/¢1 and Dy1 /¢ are

re i () (B (1)
() (%) (50)]
() -2 ()]

2 2
by -Dy
After extracting I" and A, we can examine their relative importance
in the cross-diffusion process. Their values will be then compared

to those obtained from a model based on particle hydrodynamic
volumes.

A=

3. Materials and methods
3.1. Materials

Tyloxapol (SigmaUltra grade; molecular weight: 4.5 kg mol—1)
and poly(ethylene glycol) (PEG; molecular weight: 2.0 kg mol~1)
were purchased from Sigma-Aldrich and used without further
purification. Deionized water was passed through a four-stage
Millipore filter system to provide high purity water (electrical
resistivity of 15M€2cm) for all the experiments. Stock solutions
of tyloxapol-water and PEG-water were made by weight with
an error of about 0.1% in their concentrations. Precise masses
(£0.0001 g) of stock solutions were added to flasks and diluted
with pure water to reach the final target concentrations of the
solutions used for the interferometric and light-scattering experi-
ments. Molar concentrations of the solutions were obtained from
density. All density measurements were made with a Mettler-Paar
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DMAA40 density meter, thermostated with water from a large, well-
regulated (+1 mK) water bath.

3.2. Rayleigh interferometry

All diffusion measurements were made with the high-precision
Gosting diffusiometer operated in its Rayleigh interferometric
optical mode. The light source used for generating the Rayleigh
interference pattern is a He-Ne Uniphase laser with wavelength
A =543.5nm. A comprehensive description of the Gosting diffu-
siometer can be found in Ref. [45] and references therein. In brief, a
typical diffusion experiment using the Gosting diffusiometer starts
from preparing a sharp boundary between two uniform solutions
of slightly different solute concentrations located inside a vertical
channel with inside width a. In our case, we have: a=2.5057 cm.
Rayleigh fringes shift horizontally as the refractive index inside the
diffusion channel changes with vertical height. This gives direct
information about refractive index, n versus vertical position, x.
The difference in refractive index, An, between the two solutions
is obtained from the total number of fringes J using An=JA/a. We
obtain refractive-index profiles at 50 different values of time, ¢,
during the course of each experiment. The experimental refractive-
index profile is then described by the normalized anti-symmetric
functionf(y) = 2[n(y) — 1]/ An, wherey = x/2+/tand 0 < f< 1. Note
that x=0 and time t=0 corresponds to the initial sharp bound-
ary between the two solutions. The values of f within the range:
0.30 <f<0.86, taking into account the recommendation of Miller
and Albright [44].

A comprehensive description on the extraction of binary
and ternary diffusion coefficients can be found in Ref. [44]
and references therein. Binary diffusion is described by the
function: f=erf(sy), where s=D=9°> and D is the binary diffu-
sion coefficient. Ternary diffusion is described by the function:
f=T1erf(s1y)+ 'y erf(s,y), where s; and s, are directly related to
the two eigenvalues of the diffusion-coefficient matrix, and /'y and
I'y =1-I"7 are the normalized weights of the two observed diffu-
sion modes. Note that a minimum of two experiments is required
for determining the four diffusion coefficients at a given set of mean
concentrations. These two experiments must have different com-
binations of solute concentration differences across the diffusion
boundary. To verify reproducibility, two other duplicate experi-
ments were performed at each set of mean concentrations. In this
paper, multicomponent diffusion coefficients were calculated with
respect to solute mass concentrations, ¢ and c;.

Contrary to the case of the PEG-water binary system, the
function f=erf(sy) does not satisfactorily describe the observed
refractive index profile related to the binary tyloxapol-water sys-
tem due to tyloxapol polydispersity. Deviation from the ideal binary
function is described by the function: §2=erf(s;y)—f, where s; =
;ina[erﬁnu(f)/y] and Dq =s{2 is a mean diffusion coefficient. In

order to take into account tyloxapol polydispersity in diffusion of
ternary systems, refractive-index profiles were corrected by apply-
ing the procedure described in Ref. [55].

3.3. Light scattering

Measurements of static light scattering were performed at
25.0+0.1°C. All tyloxapol aqueous samples were filtered through
a 0.02 pm filter (Anotop 10, Whatman) and placed in a test
tube. The experiments were performed on a light scattering
apparatus built using the following main components: He-Ne
laser (35 mW, 632.8 nm, Coherent Radiation), manual goniome-
ter and thermostat (Photocor Instruments), multi-tau correlator,
APD detector and software (PD4042, Precision Detectors) [39].
All measurements were performed at a scattering angle of

90°. The mass-average molecular weight, My, was obtained
from the equation: kisci/Rgo=1/Mw +2Bcq [56], where c; is the
tyloxapol mass concentration, B the second virial coefficient,
ks = 4m?n3(dn/dc, )2 /(NaA%), ng=1.33 is the refractive index of
water, dn/dc; =0.159 mL g~ is the refractive index increment for
tyloxapol (obtained from the Rayleigh interferometric patterns),
N, is the Avogadro’s number, A is the laser wavelength in vac-
uum, Rgg is the excess Rayleigh ratio at 90°. The values of Rgg
were obtained from Rgg = (Is — I5,0)/Is,r(n%/n3) Roo g, were I is the
scattered intensity of the solution, I is the scattered intensity of
water, Isg is the scattering intensity of toluene (the standard) and,
ng=1.49 and Rgor =1.35 x 10~ cm~! are the refractive index and
the Rayleigh ratio of toluene respectively [57].

4. Results and discussion

The main goal of this paper is to describe cross-diffusion
coefficients according to Eq. (6). Since this equation is valid in
the limit of infinite dilution, diffusion coefficients were mea-
sured at total solute mass concentrations lower than 50 gdm™3.
These concentrations were all lower than the crossover concen-
tration (~100 g dm~3) between dilute and semidilute regimes [58].
Nonetheless, the chosen ternary solute concentrations were suf-
ficiently high for the determination of cross-diffusion coefficients
with an error of the order of 10% or lower.

Multicomponent diffusion coefficients Djj(cq,c; ) for the ternary
tyloxapol(1)-PEG(2)-water(0) system at 25°C are reported in
Table 1, as a function of solute mass concentrations, c;. As described
in Section 3, cross-diffusion coefficients are calculated with respect
to mass concentrations. Diffusion coefficients for the correspond-
ing binary tyloxapol(1)-water(0) and PEG(2)-water(0) systems
are also included. Binary diffusion coefficients will be denoted
as D; in the text. The behavior of our diffusion coefficients will
be examined with respect to solute volume fractions, ¢;. These
were calculated by applying ¢; = c;i4, where 7; = 0.885 cm>g~!
and 7, = 0.840 cm®g~! are partial specific volumes of tyloxapol
[59] and PEG [60] respectively, assumed to be constant within the
experimental concentration domain.

4.1. Main-diffusion coefficients

In Fig. 1A, we show the behavior of the diffusion coefficients,
D;, as a function of solute volume fraction, ¢;, for the two binary
systems. For both systems, the binary diffusion coefficient linearly
increases with solute concentration (see Table 1). The increase of
the diffusion coefficient with concentration can be attributed to the
repulsive nature of particle-particle thermodynamic interactions
[60]. This is consistent with a preferential hydration of tyloxapol
and PEG molecules. Our binary diffusion measurements were also
used to evaluate polydispersity of solute particles in solution. As we
will discuss later, tyloxapol micelles are more accurately described
as a polydisperse system. On the other hand, polydispersity of PEG
chains was found to be relatively small.

The values of tracer-diffusion coefficients of tyloxapol and
PEG in water are needed to extract the thermodynamic and
transport parameters, I and A from Egs. (7a) and (7b). These
can be determined from D;(¢;) by linear extrapolation to ¢;=0
according to D; = D;(1 + k;;). Our results, which are reported in
Table 2, are in good agreement with previous studies [59,60].
The tracer-diffusion coefficients, D;.*, were also used to calculate

the hydrodynamic radii of tyloxapol micelles, R? =3.57nm, and
PEG coils, RE‘ = 1.29 nm, by applying the Stokes-Einstein equation
[61,62], D = kgT/(6 nnR?),, where kg is the Boltzmann constant
and 7=0.8902 x 10-3kg m~1s~1 is the water viscosity at 25 °C [63].
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Table 1

Binary and ternary diffusion coefficients for the Tyloxapol(1)-PEG(2)-water system.

¢ /gdm3 c2/gdm—3 D11/10°m?s~! D12/109m?s~! D71/109m?s~! D23/109m? s~!
4.545 0 0.0692 +0.0002? - 0 -
9.999 0 0.0701 +0.0002° - 0 -
20.00 0 0.0711 4 0.0002° - 0 -
0 5.000 - 0 - 0.1919+0.00057
0 10.01 - 0 - 0.1911+0.0005°
0 19.96 - 0 - 0.1944 +0.0005°
4.545 4.536 0.0677 +0.0002 0.0072 +0.0005 0.0031+0.0009 0.1901 £ 0.0005
10.01 9.054 0.0657 +0.0003 0.0164 +0.0005 0.0076 +0.0009 0.1877 +0.0005
20.00 20.00 0.0615+0.0003 0.0306 + 0.0005 0.0133+0.0009 0.1874+0.0005
9.999 5.000 0.0668 +0.0003 0.0164 4 0.0005 0.0044 +0.0009 0.1870+0.0005
4.541 9.052 0.0656 +0.0004 0.0063 +0.0005 0.0058 +0.0009 0.1923 +0.0005
20.00 5.000 0.0684 +0.0002 0.0322 4+ 0.0005 0.0040 +0.0009 0.1815+0.0005
4.545 16.26 0.0614 +0.0003 0.0068 + 0.0005 0.0124+0.0009 0.1946 4 0.0005
2 Binary values D; and D, are denoted as D11 and Dy, respectively.
0.22 T T T 1.00
(A) (B)
0.20 4
0.18 - 1 0.95
"o 016} :
NE -
o 014F 1 ~. 0.90
S o2t 1
- 0.10 | E
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: . : 0.80 L 1 1
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4 )

Fig. 1. (A)Binary diffusion coefficient, D; (circles) and D, (diamonds) as a function of solute volume fraction, ¢, and ¢, for the tyloxapol(1)-water and PEG(2)-water systems.
The solid lines are linear fits through the data. (B) Normalized ternary main-diffusion coefficient, D11/D1 (circles) and D2 /D, (diamonds), as a function of solute volume fraction,

¢7 and ¢, for the tyloxapol(1)-PEG(2)-water ternary system. The solid lines are linear fits through the data. The dashed lines represent D11 /D; = (1 + 8.53¢, + 101 qbzz )71 (--
-)and Dy /Dy =(1+11.4¢1)~ ' (), where (1+8.53¢, + 101¢,2) and (1 + 11.4¢); ) were obtained by applying the method of least squares to relative-viscosity data of PEG-water

and tyloxapol-water systems respectively.

The extracted value ofR‘f isin good agreement with the diameter of
7 nm of spherical tyloxapol micelles observed by microscopy [42].

The behavior of the two ternary diffusion coefficient can be
examined by plotting ternary-to-binary ratios, D;;/D;, as a function
of ¢;,, the volume fraction of the other solute. As we can see in
Fig. 1B, D;;/D; decreases as ¢; increases, the effect being larger for
tyloxapol diffusion in the presence of PEG. Furthermore, D;;/D; can
be regarded as independent of ¢; within the experimental error.
The decrease of D;;/D; is stronger for the case of tyloxapol diffusion
in the presence of PEG. We have applied the method of linear least
squares to fit our data with D;;/D;=1 —k;; ¢;. Our values of k;; are
reported in Table 2.

Since D;;/D; can be regarded as independent of ¢;, we can write:
Dj; = D (1 — k;j ¢;)(1 + k; ¢; ) and the slope k;; describes the effect of
a crowding solute on the mobility of a single Brownian particle (i.e.
when ¢; =0). This is given by D} (1 — k;; ¢;). According to the Stokes-
Einstein equation, the friction experienced by a Brownian particle is
directly proportional to the viscosity of the surrounding fluid. In our

Table 2

Parameters in the main-diffusion coefficients, Dj = D;(1 — kij¢;)(1 + ki), and
slopes, D,-j/zb,-, of the normalized cross-diffusion coefficients extracted by applying
the method of least squared to experimental results.

D:/1079m?s! 0.0688 + 0.0002
D3/10"9 m? s~ 0.1904 + 0.0002
Iy 1.98 + 0.27
Iy 1.28 + 0.15
k12 8.17 + 0.27
ko 327 +0.16
D2/ 29.0 + 0.3
D21/ 42 +02

case, this consists of water and the crowding solute with volume
fraction, ¢;. Thus, the observed decrease in particle mobility may
be attributed to a corresponding increase in viscosity. In Fig. 1B,
we show the behavior of D;;/D; predicted from relative-viscosity
data [64,65] as dashed lines. In both cases, we can see that viscosity
predicts a larger than observed decrease in Dj;/D;.

Stokes-Einstein equation assumes that the fluid surrounding the
Brownian particle can be treated as a continuum. However, this is
expected to be a good approximation only for diffusion of large
molecules in the presence of small solvent molecules. If a crowding
agent has a size comparable or larger than the Brownian particle
under investigation, the heterogeneity of the surrounding fluid may
become important. Since tyloxapol micelles are significantly larger
than PEG coils, the assumption of continuum fluid is expected to
describe the mobility of a tyloxapol micelle in the presence of PEG
better than the mobility of a PEG coil in the presence of tyloxapol.
This is in agreement with our plots in Fig. 1B. Furthermore, we
can see that the friction experienced by a particle, when it diffuses
through a crowded fluid, is lower compared to the continuum pre-
diction. This can be explained by invoking depletion effects [66,67].
In other words, depletion of a crowding solute from the surface
of a particle leads to a low-viscosity layer around the particle as
compared to the viscosity in the bulk solution.

4.2. Cross-Diffusion coefficients

We now turn our attention to cross-diffusion. In Fig. 2, we show
the behavior of the normalized cross-diffusion coefficients, D;; as a
function of ¢;. In both cases, Dij linearly increases with ¢; starting
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Fig. 2. Normalized ternary cross-diffusion coefficient, Dy, (circles) and Dy
(diamonds), as a function of solute volume fraction, ¢; and ¢,, for the
tyloxapol(1)-PEG(2)-water system. The solid lines are linear fits through the data.
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Fig. 3. Thermodynamic parameter, I" (solid line), and transport parameter, A
(dashed line), calculated as a function of the aggregation number of tyloxapol
micelles, m.

from Di]- = 0 at ¢; = 0. Note that Di]- can be regarded as independent
of the volume fraction of the other solute, ¢;, within the experimen-
tal error. The two values ofDij/q&i reported in Table 2 were obtained
by applying the method of linear least squares to our experimental
data. Our results indicate that the thermodynamic and transport
parameters I" and A in Eq. (6) can be assumed constant.

The application of Egs. (7a) and (7b) requires the knowledge
of y;/v;. Specific volumes and molecular weights of tyloxapol,
PEG and water allow us to calculate the corresponding molar
volumes: V; =3.98 dm’mol™', ¥, =1.68 dm®>mol™! and V, =
0.01807 dm>mol~!.Ifwe neglect small polydispersity effects, PEG
molar weight corresponds to the mass of the actual coil. Thus, we
set: v, =1 and calculate: y, /v, =93.0. On the other hand, the molar
weight of tyloxapol corresponds to one tyloxapol unit and not to
the actual mass of its micelles. Thus, we set: v{ =1/m, where m is
the micelle aggregation number. For tyloxapol, we consider how
the calculated y1 /vy changes depending on the chosen value of m
and write: y1/v; =220 m. Note that the slope of Dy, in Fig. 2 is sig-
nificantly larger than that of D,;. This can be mostly attributed to
y1/v1 being larger than y;/v; in Eq. (6).

In Fig. 3, we show the thermodynamic and transport param-
eters I" and A calculated from Egs. (7a) and (7b) as a function
of the micelle aggregation number, m. This figure allows us to
appreciate how the values of these two parameters depend on the
choice of m. If we incorrectly consider the case of m=1 ignoring
the formation of micelles, we obtain negative values I" and A. On
the contrary, we must consider relatively larger values of m and

conclude that I" and A should be both positive. Another impor-
tant result we can deduce from Fig. 3 is the relative contribution
of A compared to I in Dij (see Eq. (6)). As we shall see later in
this paper, the mean number-average and mass-average aggrega-
tion numbers of tyloxapol micelles are 7.0 and 11.4 respectively.
If we consider these values of m in Fig. 3, we calculate I"=8600
and A =1600 form=7.0,and I"=15,000 and A =3300 form=11.4.
Both cases allow us to conclude that the term containing A in Eq.
(6) is 69-83% and 25-30% of I" in the case of D1, and Dy respec-
tively. Thus, cross-diffusion cannot be approximately described
solely as a thermodynamic phenomenon, and the Onsager trans-
port coefficient, L15, cannot be neglected, especially in the case of
D15, which describes the cross-diffusion flux of the faster-diffusing
solute.

4.3. Hydrodynamic-volume model for I and A

We now introduce theoretical expressions of the thermo-
dynamic and transport parameters I' and A for a reference
hard-sphere model. The advantage of this model is that the
calculation of I" and A is based on the values of the tracer-
diffusion coefficients, D, and the solvent molar volume only.
Clearly deviations for systems containing polymer coils or more
complex macromolecules are expected. Nonetheless, a reference
model based on hard spheres is preferred due to its relative
simplicity. Specifically, the relation between D} and the corre-
sponding hydrodynamic volume is straightforward, and the effects
of excluded-volume interactions on I" can be easily described for
a hard-sphere system. The proposed model allows us to obtain
reference values for our experimental results on I" and A. In the fol-
lowing analysis, we shall set v; = v, =1 since our model will directly
consider the molar concentrations, G;, of the actual diffusing species
in solution.

In the case of I, we start by considering a well-established
excluded-volume model based on impenetrable hard spheres. Due
to excluded-volume interactions, the effective chemical potential
of a solute is given by (fi; — i¥)/RT = In(G;/o;), where fi? is the
chemical potential in the standard state and «; is the free-volume
fraction [6]. The thermodynamic activity, G;/e;, is the molar con-
centration of the solute particles in the free volume. For a particle
iin the presence of a crowding solute j, we can write: j =1 — VexC;
in the limit of low Cj, where Ve is the excluded volume. Differenti-
ation of fi; allows us to obtain: fi13/RT = Vex [51]. If we treat both
solutes as hard spheres, and assume that their volumes coincide
with the corresponding hydrodynamic volumes, Vih, we obtain:

3
Vex = [(V{‘)l/3 + (V2h)1/3] . The corresponding expression of I” is
then given by

v vy
r=—1 2 (8)

Vo

Note that /" in Eq. (8) is described as the excluded volume nor-
malized with respect to the volume of solvent molecules. The
hydrodynamic radii extracted from the Stokes-Einstein equation
can be used to calculate the hydrodynamic volumes of tyloxapol
and PEG, V! = 114 dm®mol™" and V} = 5.40 dm®mol™' respec-
tively. Thus, we obtain I"=15, 900 from Eq. (8), a value that is
comparable with our results in Fig. 3 for aggregation numbers of
the order of 10.

In the case of A, we will consider the theory developed in Ref.
[51]. It can be shown that the expression: RT L1, = — C1 G, (VlhD’{ +
V; D3) follows from solute hydration. This relation assumes that
the contribution of other sources of solute-solute interactions to
L1, can be neglected, which may become accurate when solute



52 M.S. McAfee, 0. Annunziata / Fluid Phase Equilibria 356 (2013) 46-55

3 2'2 T T T T

£

‘© 241 .

v

o

= 20} e
=) o ®

n:m

= 19}@© -
o
(2]

x—‘ 1.8 1 1 1 1

~ 0 2 4 6 8 10

c1lg dm?

Fig. 4. Static-light-scattering data for the binary tyloxapol-water system as a
function of solute mass concentration, c;. Experimental data were fitted by apply-
ing the Debye linear equation: kisci/Rgo=1/My +2Bc;, where Ryy is the excess
Rayleigh ratio at 90°, k;s is an optical constant (see Section 3 for more details),
My =51.440.4kg mol~! is mass-average molecular weight of the tyloxapol micelles
and B=(6.2+1.6) x 10-8 mol Lg~2 is the corresponding second virial coefficient.

hydration is large. The corresponding expression of A is then given
by

_ DjVP+D3 VD ©)

(D +D35) Vg
Note that A in Eq. (9) is described as a weighted-average hydro-
dynamic volume normalized with respect to the volume of solvent
molecules. We obtain A =1900 from Eq. (9) by using our tracer-
diffusion coefficients and corresponding hydrodynamic volumes.
As we can see in Fig. 3, also A is comparable with our experimen-
tal results for aggregation numbers of the order of 10. Thus, we
believe that the proposed expressions for I" and A capture the
most important factors responsible for the observed behavior of
cross-diffusion.

In summary, the comparison between our experimental results
in Fig. 3 and the proposed reference model based on hydro-
dynamic volume of hard spheres indicates that excluded-volume
interactions and solute hydration represent the main contrib-
utions to the experimental behavior of Di, and D,;. However,
a precise quantitative comparison requires knowledge of both
aggregation number and polydispersity of tyloxapol micelles. Since
these are often traits of macromolecular and colloidal systems, it
becomes interesting to examine their impact on the relation of
cross-diffusion coefficients to fundamental thermodynamic and
transport parameters. This will be addressed in the following
section.

4.4. Aggregation number and polydispersity of tyloxapol micelles

Regev and Zana determined the values of the tyloxapol aggre-
gation number, m=9.1 and m=14 at 40°C and 55 °C respectively,
using time-resolved fluorescence quenching [42]. However, the
corresponding value at 25°C is not currently available. To deter-
mine m at 25 °C, we have performed measurements of static light
scattering and determined the micelle molecular weight through
the Debye plot shown in Fig. 4. We have obtained the molecular
weight of 51.4 kg mol~! corresponding to m=11.4.

It is interesting to observe that the light-scattering value is
higher than that reported by Regev and Zana. This might be sur-
prising since tyloxapol aggregation is expected to be enhanced as
temperature increases [42]. We have attributed this apparent dis-
crepancy to polydispersity of tyloxapol micelles. In other words, the
light-scattering value of m corresponds to the mass-average molar
weight [56] and will overestimate that obtained by several other
techniques.

160
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f

Fig. 5. Experimental deviation function, §2, as a function of the normalized
refractive-index profile, f, for the binary tyloxapol-water system. The solid curves
are computed as a function of the polydispersity index, w (numbers associated with
each curve), by applying the three-species model described in the text.

Hydrodynamic measurements should provide an accurate
description of micelle polydispersity. Indeed, other more precise
techniques such as mass spectrometry can be only applied to char-
acterize molecular-weight polydispersity of surfactant molecules.
However, it is a very challenging task to convert the surfactant
molecular-weight polydispersity into the corresponding micelle
polydispersity in water. Thus, we have used our binary diffusion
measurements to characterize hydrodynamic-radius polydisper-
sity. Our general approach to characterize polydispersity, which
has been described in Ref. [55], is based on the examination
of the normalized refractive-index profile, f{y), of the binary
tyloxapol-water system (see Section 3 for the definition of f(y)).
Polydispersity can be characterized by considering the devi-
ation function £2(f) from an ideal monodisperse system. As
previously described, a simple analysis of diffusion polydisper-
sity can be performed by considering a three-species model
system [55]. The three diffusing species in this model have dif-

fusion coefficients: D’{“) =D/(1+ P D”;(z) =D} and DTG) =

D:/(1- a)0~5)2, where w is a parameter that quantifies the extent
of polydispersity. The corresponding weight fractions are chosen
to be wg” =1/6, W(12) =2/3, and w(13) = 1/6 so that D5 is the mean

; n.0.5 =2
diffusion coefficient given by D} = [Zw({)/(D’{(')) ] , and the

i

diffusion-based polydispersity index follows the definition: w =
; i 1.5 ; i.0.5 3

> /0™ 7110w /0yP)7] = 11551 In Fig. 5, we plot

1 1
the experimental $2(f) for tyloxapol together with that calculated
from our three-species model as a function of the polydispersity
index, . As we can see from this figure, the best agreement is
obtained for w=0.04.

To estimate the number-average aggregation number, we can
convert this value of w into the corresponding My,/M, where
M, and M,, are the number-average and mass-average molec-
ular weights respectively. We first calculate the three diffusion

coefficients Dj(k) of this model system from ®=0.04 and D} =

0.0688 x 10~9m2s-1. If we then treat micelles as globular parti-
cles and observe that particle radius is inversely proportional to its
tracer-diffusion coefficient, we can write: D*®) oc M, =1/, where
Mj is the molecular weight of micelle k. This assumption allows us
to estimate M,y,/My =1.6. This polydispersity index can be used to
extract the number-average aggregation number of 7.0 from our
light-scattering results. This value is qualitatively consistent with
those reported by Regev and Zana [42].
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We now show how to calculate precise values of I" and A from
Egs. (7a) and (7b). We start by examining the role of polydispersity
on cross-diffusion coefficients. We shall introduce equations for
the two measurable D,-j by considering polydispersity of one solute
only (solute 1). Polydispersity of this solute is described by a set of
weight fractions ng) with k=1, 2, 3, ... Theoretical considerations
based on Ref. [55] together with the definition of Dij introduced in
this paper allow us to write the following expressions for Dl»j :

D*(k) @
~ 1 ~
D1z = Z D= D12

K 1
~ k) (k
Dot = 3 w{OB
k

k) - . . . k

where ¢>(1‘) is the volume fraction of micelle k with ¢; = Z qb(] )
k

(1") o1, D’{(k) is the tracer diffusion coefficient of micelle

(10a)

(10b)

and ¢(1k) =w

k with Dy =) “wi /(D*;“))O' 1, DY) =@)/D{) Vi /7,) and
1
D(zkl) = (D(zl?/Dzz)(\_/z/\_/gk)) are the normalized cross-diffusion
coefficients between micelle k and PEG. The partial molar volume
of the micelle k, \_/Y‘), is calculated by using the reasonable assump-
tion that the micelle specific volume is independent of k. Note that
Eq. (10a) describes Dq; as a sum of cross-diffusion contributions.
On the other hand, Eq. (10b) describes D, as a weighted average
of individual cross-diffusion contributions.
According to Eq. (6) with vy =v, =1, we can write:

~ D3 1
(k) _ (k) (k) L (k)
Y= |r <1+D(,<)>A ] (y2)¢1 (11a)
) 1 DY
DY =|r®— 1+ D AW (k ®2 (11b)
2 "
where y&k /Vo r = (ﬁg’;)/RT)/VO, Al =

—(RT L(k))/[C(k)CZV (Dﬁl‘(k) +D3)] and Cgk) is the molar concen-
tration of mlcelle k. Substitution of Eqgs. (11a) and (11b) into Egs.
(10a) and (10Db) yields:

iy = {r_ (1 g:) A] (%) 1
Dy = {r/_ (1 4 gi) A} (%) .

where we have introduced the following mean thermody-
namic and transport coefficients: Fz(l/D;‘)ngk)F(k)D’{(k)
I

and A= Zw(lk)(D*{(k) +D3) AW /(D5 +D%) in the expres-
i

sion of Dy, and "=y, Zw(k)F" /Y,

(12a)

(12b)

= [y1/(D} +

D3)1 Y (wiDi + D5y A® /y]k)] and y1=1/) w/¥9 in

i k
the expression of D;. Since yy‘) « My, y1 is the number average

of the yﬁk) values.

It is interesting to observe that I" #+ I"” and A # A’ due to
polydispersity. This implies that Dy;/¢; and D,; /¢, may not be
used to extract all four coefficients unless the ratios I/I" and
AJA’ are known. These ratios can be estimated by applying our
hydrodynamic-volume model based on Eqgs. (8) and (9) to the

three-species system with w=0.04. We shall assume that the
hydrodynamic volume of a micelle is directly proportional to its
molecular weight. Note that the calculated I'’/I" and A/ A’ will not
depend on the absolute values of hydrodynamic volumes but on
their relative ratios only.

To estimate the ratios /1" and A/A’, we first utilize the three
previously calculated D*(k to determine the corresponding hydro-
dynamic volumes from the Stokes-Einstein equation. We then
insert these values into Eqgs. (8) and (9) to obtain I"®) and A
of the three species. The number-average y; = 1530 was directly
calculated from the micelle number-average aggregation number.
We are now in position to calculate '/’ =0.741 and A/ A’ =0.744.
Since I'"|I" = A|A’,Eqgs. (7a) and (7b) can be still used to determine
I" and A provided that y is replaced by y1/0.74. This allows us to
extract I'=12, 000 and A =2500, which correspond to m=9.5 in
Fig. 3. These values are respectively 28% lower and 23% higher than
those calculated from the reference hydrodynamic-volume model.

The lower experimental value of I compared to that pre-
dicted from the hydrodynamic-volume model can be attributed
to the deformability of PEG coils and the soft nature of the outer
shell of tyloxapol micelles, which also consist of poly(ethylene
glycol) chains. Thus, a partial overlap between these particles
can occur thereby yielding an excluded volume smaller than that
predicted from their hydrodynamic volumes. On the other hand,
we were unable to identify a mechanism responsible for the
relatively high experimental value of A. Furthermore, the friction-
based formalism of Onsager transport coefficients [51,68] and
empirical estimations of friction coefficients [69] indicate that the
value of A should be lower than that calculated from the pro-
posed hydrodynamic-volume model. Although our investigation
has shown the importance of A in cross-diffusion and its relation
to solute hydration, more theoretical and experimental diffusion
studies are needed to identify other factors influencing the value of
this transport parameter.

5. Summary and conclusions

We have reported the four multicomponent diffusion
coefficients for the tyloxapol-PEG-water system. Our investigation
has focused on the behavior of the two normalized cross-diffusion
coefficients, D,-j, as a function of ¢;. The slopes Dij/¢>,v were used
to extract the thermodynamic parameter, I, and the transport
parameter, A. These parameters are both positive consistent with
solute(1)-solute(2) thermodynamic excluded-volume interac-
tions and solute hydration. Our results show that cross-diffusion
cannot be approximately described as a mere thermodynamic
phenomenon since the magnitude of I" is comparable to that of A.
We have proposed areference hydrodynamic-volume model based
on hard spheres for our experimental studies. This model indicates
that excluded-volume thermodynamic interactions and particle
hydration represent the main contributions to the experimental
behavior of cross-diffusion. However, a precise determination
of I' and A requires the knowledge of the micelle aggregation
number and polydispersity. Thus, we have examined the effect
of aggregation and polydispersity, and quantitatively determined
the discrepancy between experimental results and reference
model. This work provides the basis for further experimental and
theoretical cross-diffusion studies on this class of systems.
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