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ABSTRACT: Macromolecule diffusiophoresis (i.e., macromole-
cule migration induced by a salt concentration gradient) in water
and salt osmotic diffusion (ie., salt migration induced by a
macromolecule concentration gradient) are two cross-diffusion
mechanisms caused by macromolecule—salt interactions. We
investigated the effect of salting-in interactions on the behavior
of these two cross-diffusion mechanisms. Our results are distinct
from those previously obtained in the case of salting-out
interactions. Cross-diffusion was experimentally characterized by
Rayleigh interferometry at 25 °C. Specifically, multicomponent
diffusion coeflicients were measured for a neutral polymer,
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polyethylene glycol (molar mass, 20 kg/mol), in aqueous solutions of three thiocyanate salts (NaSCN, KSCN, and NH,SCN) as
a function of salt concentration at low polymer concentration (0.5% w/w). Our results on salt osmotic diffusion, which were
qualitatively different from those previously obtained for salting-out salts, were used to quantitatively characterize the strength of
salting-in interactions. The behavior of polymer diffusiophoresis as a function of salt concentration and cation type reveals that
polymer chains have an extrinsic negative charge, consistent with anion binding being the cause of salting-in interactions. To
quantitatively examine the effect of anion binding on salt osmotic diffusion and polymer diffusiophoresis, we developed a
theoretical model based on the linear laws of nonequilibrium thermodynamics for diffusion, the Scatchard binding model, and
particle electrophoresis. This work contributes to the understanding of the multifaceted effects of molecular interactions on cross-
diffusion mechanisms, salting-in interactions, and the Hofmeister series.

1. INTRODUCTION

The effect of salts on the thermodynamic properties of
macromolecular aqueous solutions has been extensively
investigated. In many studies, inorganic anions have been
ranked according to their salting-out strength, that is, their
effectiveness in precipitating proteins and synthetic polymers,
leading to the well-known Hofmeister series.'™® In this series,
anions such as SO,” display a great salting-out strength,
whereas Cl™ is regarded as a neutral anion located
approximately at the midpoint of the Hofmeister series,
separating salting-out from salting-in anions such as SCN~,
which increase the solubility of macromolecules in water.>
These effects have been historically attributed to ion—water
interactions; that is, they were associated with the influence of
anions on the hydrogen-bonding network of bulk water.
Specifically, salting-out anions are water structure makers
(kosmotropes), whereas salting-in anions are water structure
breakers (chaotropes). However, recent studies revealed that
macromolecule—ion interactions are the main factor respon-
sible for changes in macromolecule solubility in water. This
implies that the mechanism of action of salting-in anions is
better described as the binding of anions to macromole-
cules.> 1

Compared to anions, the Hofmeister series for cations is
significantly less pronounced, and the cation ranking can
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depend on the chemical nature of the macromolecule
investigated. The most common cations, Na" and K', exhibit
salting-out properties. Another familiar cation, NH,, is usually
positioned at greater salting-out strength. Nevertheless, several
studies have also shown that NH," displays a salting-out
strength weaker than those of both Na" and K+4°

Salts also affect the transport properties of macromolecule
aqueous solutions. This becomes particularly interesting when
considering multicomponent diffusive transport, especially in
relation to the cross-diffusion phenomenon caused by macro-
molecule—salt interactions."' ™" For a ternary macromolecule
(1)—salt (2)—water (0) system, multicomponent diffusion can
be described by the extended Fick’s first law'"'*

—J, =Dy, VC, + D;,VC, (1a)

—J, = D,,VC, + D, VG, (1b)
where C;, and C, are the molar concentrations of macro-
molecule and additive, respectively; J, and ], are the
corresponding molar fluxes; and the four D; values (with i, j
= 1, 2) are the multicomponent diffusion coefficients (usually
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described in volume- or solvent-fixed reference frames)."*
Diffusion coefficients D;; and D,,, which characterize the fluxes
of polymer and salt due to their own concentration gradients,
describe normal diffusion of these two solute components. On
the other hand, D;, and D,;, which characterize the flux of a
solute due to the concentration gradient of the other solute,
describe the phenomenon of cross-diftusion. To distinguish
between the two cross-diffusion coefficients, we denote D;, and
D,, as the coeflicients of macromolecule diffusiophoresis and
salt osmotic diffusion, respectively.'"

Salt-induced diffusiophoresis of colloidal particles has
attracted much attention because the manipulation of particle
motion by salt concentration gradients can be exploited for
applications in self-assembly and adsorption processes.'>™"’
Nearly all studies on salt-induced diffusiophoresis have been
limited to the case of large (~100 nm) particles in the presence
of aqueous chloride salts (e.g, NaCl and KCl) at low salt
concentrations (~0.1 mol-dm™ or less). Under these
conditions, electrostatic ionic interactions dominate. Recently,
we showed that salt-induced diffusiophoresis can also be
observed in the case of macromolecules such as proteins and
neutral polymers."'™'*> These studies, which were extended to
salt concentrations as a high as ~2 mol-dm™, allowed for an
examination of how the magnitude of macromolecule
diffusiophoresis is related to macromolecule—salt specific
interactions in water. Moreover, salt osmotic diffusion was
also characterized and exploited to determine macromolecule
preferential-hydration parameters, which characterize macro-
molecule—salt thermodynamic interactions in water. In two
recent studies,'>'®> we characterized polymer diffusiophoresis
and salt osmotic diffusion for polyethylene glycol (PEG), a
biocompatible synthetic macromolecule extensively employed
in pharmaceutical and industrial applications.”**" Because PEG
is a hydrophilic neutral polymer, hydration effects become the
dominant source of salt-induced polymer diffusiophoresis. This
aspect allowed us to experimentally characterize PEG
diffusiophoresis in the presence of salting-out salts. Specifically,
we employed precision Rayleigh interferometry™ to exper-
imentally determine the four ternary diffusion coefficients in
aqueous salt solutions of PEG (molar mass of 20 kg mol™") of
chloride and sulfate salts at 25 °C. Our results showed that the
magnitude of PEG diftusiophoresis significantly increases when
mild salting-out agents such as NaCl are replaced by strong
ones such as Na,SO,. Preferential-hydration parameters, which
were extracted from related results on salt osmotic diffusion,
allowed the ranking of both anions (SO,*~ > Cl7) and cations
(Na* > K" > Ca® > NH,") with respect to their salting-out
effectiveness on PEG."> These rankings were consistent with
the Hofmeister series. Our findings also showed that
diffusiophoresis of macromolecules can be exploited in
diffusion-based mass-transfer processes. For example, salt
concentration gradients could be used to design and control
the self-assembly and crystallization of macromolecules near a
membrane or facilitate the adsorption of macromolecules on
solid supports positioned near this membrane.'>"

To our knowledge, experimental studies on salt-induced
particle diffusiophoresis or salt osmotic diffusion relative to
salting-in salts have not previously been reported. Thus, in this
work, we applied precision Rayleigh interferometry to
experimentally determine PEG diffusiophoresis and salt
osmotic diffusion in the cases of NaSCN, KSCN, and
NH,SCN at 25 °C. Our results were compared with those
previously obtained for NaCl, KCl, and NH,Cl under the same
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experimental conditions. The observed behavior of salt osmotic
diffusion was utilized to quantitatively characterize the salting-in
strengths of these three thiocyanate salts, whereas our
theoretical examination of polymer diffusiophoresis allowed
us to associate salting-in interactions with anion binding.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(ethylene glycol) (PEG) with a nominal molar
mass of 20 kg mol™ was purchased from Sigma-Aldrich and used
without further purification. For PEG, certificates of analysis obtained
from Sigma-Aldrich gave the number- (M,) and mass- (M,,) average
molar masses based on size-exclusion chromatography: M, = 18.0 kg-
mol™! and M,/M, = 1.37 for lot 1120242 (PEG lot A) and M, =24.0
kg'mol™' and M,/M, = 1.05 for lot BCBG0180 V (PEG lot B).
NaSCN (purity, 99.9%; molar mass, 81.07 g-mol™"), KSCN (purity,
100.0%; molar mass, 97.18 g-mol™!), and NH,SCN (purity, 99.1%;
molar mass, 76.12 g:mol™") were obtained from Sigma-Aldrich and
used without further purification. Deionized water was passed through
a four-stage Millipore filter system to provide high-purity water for all
experiments. Stock concentrated aqueous binary solutions of PEG,
NaSCN, KSCN, and NH,SCN were made by weight to 0.1 mg and
then filtered (0.2-um pore size). Stock solutions (10—50% w/w) were
prepared by mixing at least 30 g of solute with water. Density
measurements (Mettler-Paar DMA40 density meter) were performed
on the stock solutions for buoyancy corrections. All solutions for
Rayleigh interferometry were prepared by mass. For binary PEG—
water and salt—water experiments, precise masses of stock solutions
were diluted with pure water to reach the final target concentrations.
For ternary PEG—salt—water solutions, precise masses of PEG and salt
stock solutions were added to flasks and diluted with pure water to
reach the final target PEG and salt concentrations. The densities of
these solutions were measured (with a precision of +2 X 107> g-cm™
or better) to determine partial molar volumes (with a precision of
~0.5%) and molar concentrations of polymer and salt. Polymer molar
concentrations were based on a molar mass of 20 kg mol™".

2.2. Rayleigh Interferometry. Binary and ternary mutual
diffusion coefficients were measured at 25.00 °C with the Gostin§
diffusiometer operating in Rayleigh interferometric optical mode.”
The refractive-index profile inside a diffusion cell was measured as
described in ref 22 and references therein to obtain the diffusion
coefficients in the volume-fixed reference frame.”* A minimum of two
experiments is required for determining the four diffusion coefficients
at a given set of mean concentrations of polymer (C;, mol-dm™) and
salt (C,, mol-dm™). These two experiments must have different
combinations of solute concentration differences across the diffusion
boundary. To verify reproducibility, two other duplicate experiments
were performed at each set of mean concentrations. The four ternary
diffusion coefficients, D;, were obtained by applying the method of
nonlinear least squares as described in ref 25. Because of the PEG
molar-mass polydispersity, a corrective procedure was applied to our
ternary experiments to remove the contribution of polydispersity from
the measured refractive-index profiles. This procedure, which is based
on the refractive-index profiles of the corresponding binary PEG—
water experiments, is described in ref 26 in detail.

3. RESULTS AND DISCUSSION

For the three thiocyanate salts investigated, the four multi-
component diffusion coeflicients, Dy, were obtained at a PEG
concentration of C; = 0.25 X 107> mol-dm™ (5.0 g«dm™) as a
function of salt concentration, C,, up to 2 mol-dm™. These
data are available in the Supporting Information. To examine
Dy, and D, it is convenient to consider these two normalized
cross-diffusion coeficients'>'?
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Dy, = lim (D, + C,7DY)—

21 C}_}()( T GY 1)D2 (2b)
where V, is the salt partial molar volume and y, =1 + (d Inf,)/
(d In G,), with f, being the salt mean-ionic activity coefficient,
is the nonideality thermodynamic factor. Because experimental
diffusion coefficients are measured in the volume-fixed frame,
the second term within parentheses in eqs 2a and 2b represents
a correction needed to convert cross-diffusion coefficients from
the volume-fixed to the solvent-fixed frame. Note that the
binary salt diffusion coeflicient, D, in eqs 2a and 2b, is defined
with respect to the volume-fixed frame, whereas DY, being a
tracer-diffusion coefficient, is independent of the reference
frame employed. The coefficient v, in eq 2a describes
electrolyte dissociation (1, = 2 for all three salts investigated).
Because the experimental polymer concentration is fairly low,
the measured values of D, and D,), together with the other
available®”*® physicochemical properties (see Supporting
Information) shown in eqs 2a and 2b, can be directly used to
calculate the normalized cross-diffusion coefficients, D,, and
D,,, within the experimental error of cross-diffusion coef-
ficients. Values of DY as a function of salt concentration were
obtained by using the relation D(C,) = D?(0)/1,(C,), where
DY(0) is the polymer tracer-diffusion coefficient in water'> and
nr(CZ) is the relatlve viscosity of the corresponding binary salt—
water system.””*® More details on the physical meanings of
these two normalized coefficients are discussed in refs 11—13.
3.1. Salt Osmotic Diffusion. We start by examining the
behavior of D,,(C,), due to its association with thermodynamic
interactions. In Figure 1, we plot D,, as a function of salt
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Figure 1. Normalized cross-diffusion coefficient, D,,, as a function of
salt concentration, C,, describing salt osmotic diffusion for NaSCN
(O), KCSCN (O), and NH,SCN (A); NaCl (@), KCI (M), and
NH,CI (A). For the chloride salts, the solid lines are linear fits
through the data. For the thiocyanate salts, solid curves are generated
by applying the ligand model (egs 4 and 7) to egs 3a and 3b. The
dashed line represents b, =V,

concentration for all three thiocyanate salts together with
previously obtamed experimental results for the corresponding
chloride salts."* Note that D,, must approach zero as C, — 0.
The baseline, namely, D,, = V,C, with V, = 16.7 dm*mol~}, is
included (dotted line) in Figure 1 for comparison; it represents
the nonspec1ﬁc excluded-volume contribution of bare polymer
chains to D,,."® Positive or negative deviations of D,;(C,) from
this baseline characterize the strength of repulsive (salting-out)
or attractive (salting-in) polymer—salt thermodynamic inter-
actions, respectively. As one can see in Figure 1, the behavior
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observed for chloride salts is consistent with salting-out
interactions. On the other hand, the D,,(C,) curves associated
with the thiocyanate salts are located below the baseline and are
convex downward. In the case of NH,SCN, the D,,(C)
curvature is so strong that DZI(CZ) is negatlve at low C,,
exhibits a minimum at C, ~ 0.5 mol-dm™>, and then becomes
positive for C, >1 mol-dm™. For both chloride and thiocyanate
salts, the magnitude of D,,(C,) follows the order Na* > K* >
NH,", which characterizes the relative salting-out strengths of
these cations. However, the differences among cations are
relatively large in the case of thiocyanates when compared to
those observed for chlorides.

The behavior of D,,(C,) obtained in the case of thiocyanate
salts can be explained by considering the binding of SCN™
anions to PEG chains. The observed curvatures in Figure 1 can
be related to the saturation of the binding sites on the polymer
chain. In other words, PEG—salt attractive interactions become
weaker as the salt concentration increases toward the saturation
of the polymer binding sites. This leads to a corresponding
reduction of the negative deviations of the D,,(C,) curves from
the baseline.

Because the mobility of polymer chains is significantly lower
than that of small ions,"> the effect of ion binding on salt
osmotic diffusion can be described by considering the
equilibrium-dialysis scheme shown in Figure 2. Here, two
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Figure 2. Equilibrium-dialysis scheme in which a polymer—salt—water
compartment (left) is in equilibrium with a salt—water compartment
through a membrane (vertical dashed line) that is not permeable to
the polymer. The binding of the anion to the polymer leads to the
osmotic diffusion of the cation and anion from right to left (D,, < 0).
The same effect will occur for cation binding.
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compartments containing a ternary polymer—salt—water
system and a binary salt—water system are in chemical
equilibrium with respect to the salt component through a
membrane that is not permeable to macromolecules. Anion
binding reduces the concentration of free ions in the ternary
compartment, thereby promoting salt osmotic diffusion from
the binary to the ternary compartment. This mechanism leads
to a negative contribution to the net value of D,,, consistent
with our results in Figure 1.

3.2. Polymer Diffusiophoresis. Although our experimen-
tal results on salt osmotic diffusion allow us to probe salting-in
interactions, the behavior of salt osmotic diffusion alone is not
necessarily caused by an actual binding of anions to PEG. Other
salting-in mechanisms such as changes in water H-bond
structure or even cation binding can potentially be proposed
to qualitatively explain our D,,(C,) results. Indeed, our
proposed anion-binding mechanism is guided by previous
studies® ' on other macromolecules. We will now show that
the experimental behavior of the other normalized cross-
diffusion coefficient, D,,(C,), reflects anion binding,
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In Figure 3, we plot Dy, as a function of salt concentration
for all three thiocyanate salts together with previously obtained
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Figure 3. Normalized cross-diffusion coefficient, D,,, as a function of
salt concentration, C,, describing polymer diffusiophoresis for NaSCN
(O), KCSCN (O), and NH,SCN (A) and NaCl (@), KCI (W), and
NH,CI (A). For the chloride salts, the solid lines are linear fits
through the data. For the thiocyanate salts, solid curves are guides to
the eye.

experimental results on the corresponding chloride salts. In all
cases, f)u increases as salt concentration increases and
approaches zero as C, — 0. At a given salt concentration, the
magnitude of Dy, observed for a thiocyanate salt is roughly half
that observed for the corresponding chloride salt. Interestingly,
the trend K" & Na* > NH," observed in the case of chlorides is
not the same as that observed in the case of thiocyanates; in the
latter case, only the trend K* > NH," is preserved. This finding
can mainly be attributed to the distinctive behavior of D, (C,)
observed in the case of NaSCN. Specifically, the magnitude of
D,, for this salt is appreciably lower than that observed for the
other two thiocyanate salts at low C,. As salt concentration
increases, D;, increases, reaching values that are approximately
equal to those obtained in the case of NH,SCN. Correspond-

ingly, the D,, values obtained in the KSCN case remain
somewhat higher. The observed behavior of D,,(C,) in the
NaSCN case can be explained if SCN™ binding on the
electrically neutral PEG chains is taken into account. Because of
anion binding, PEG chains have an extrinsic negative charge
that can interact with electric fields.

The salt concentration gradient responsible for diffusiopho-
resis generates an internal electrical-potential gradient propor-
tional to (Dy; — Dy)/(Dy + Dy),"""*****° where D,; and D; are
the tracer-diffusion coefficients of the cation (M) and anion (L)
respectively. Similarly to electrophoresis, this electrical-
potential gradient drives the migration of charged particles. In
the presence of anion binding, this mechanism contributes to
the net value of D,,.

The electrostatic effects of ion binding on polymer
diffusiophoresis are illustrated in Figure 4A,B. If the cation
tends to diffuse faster than the anion (Dy — Dy > 0), a gradient
of electrical potential is generated in the opposite direction of
the salt concentration gradient. Thus, a negatively charged
partlcle will diffuse from high to low salt concentration, that is,
D,>0 (Figure 4A). We deduce that this circumstance occurs
in the cases of KSCN and NH,SCN, for which we calculate
Dy/Dy = 1.10 for both salts.*”*®*' On the other hand, if the
anion tends to diffuse faster than the cation (Dy; — Dy, < 0), this
internal electrical potential is in the same direction as VC,, and
a negatively charged particle will diffuse from low to high salt
concentration, that is, D, < 0 (Figure 4B). We deduce that this
is the case for NaSCN for which Dy;/D; = 0.75.27*%3! Based on
this electrostatic mechanism, the D, curve associated with
NaSCN should be located below those associated with the
other two thiocyanates. Furthermore, because the relative
difference in ionic mobilities is significantly larger for NaSCN
(25%) than for the other two salt cases (10%), this electrostatic
mechanism is expected to be relatively more important for
NaSCN. Our analysis is qualitatively consistent with our
experimental results. It is important to remark that cation
binding would have predicted the opposite effect, in disagree-
ment with our experimental findings.

We propose the following mechanism of SCN™ binding to
PEG: Because of oxygen’s electron-withdrawing ability, the two
methylene groups in the V-shaped sequence —CH,—O—
CH,— are expected to have a partial positive charge, giving rise
to a local permanent dipole perpendicular to the polymer
backbone. Although further studies are needed to characterize
how this anion binds to PEG chains, we speculate that binding
occurs when S is located near these two methylene groups
because (1) the negative charge of thiocyanate is mainly
localized on the sulfur atom (TS—C=N), (2) N prefers to
interact with water molecules by hydrogen bonding, and (3)
the distance between the two C atoms of the methylene groups
(~2.3 A) is comparable to the size of the S atom (van der
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Figure 4. Effects of salt concentration gradients on the migration of a negatively charged polymer coil. In all cases, diffusion of salt ions occurs from
left to right; the salt concentration gradient (not shown) points to the left. (A) The cation tends to diffuse faster than the anion, thereby inducing an
internal electric field in the same direction as salt diffusion. Diffusiophoresis of negatively charged polymer points to the right (D,, > 0). (B) The
anion tends to diffuse faster than the cation, thereby inducing an internal electric field in the direction opposite to that of salt diffusion.
Diffusiophoresis of negatively charged polymer points to the left (Dy, < 0). Opposite effects will occur for a positively charged polymer.
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Waals radius, 1.8 A). According to this description, each
monomeric unit of PEG is potentially a binding site.

3.3. Theoretical Analysis. To quantitatively examine the
effect of anion binding on salt osmotic diffusion and polymer
diffusiophoresis, we consider the following relations based on
irreversible thermodynamics'' "3

1512 =y—-42 (3a)

D, =7+ GV —al (3b)

where y = lim¢,_o(415/122) and A = —lim¢ _o(L,,/L,,) are the

thermodynamic and transport quantities, respectively; u;
(0/,ti/0Cj)Ck’k#j represents isothermal and isobaric chemical-

potential derivatives, with y; being the chemical potential of
component i; L; represents the Onsager transport coefficients
in the solvent-fixed frame; and a = DY/D,. Because « is small
(2—3%, see Supporting Information) and the magnitude of y is
comparable to that of 4, the contribution of @4 in eq 3b is small.
This implies that D,, approximately depends on the
thermodynamic quantity y only. For each salt, the correspond-
ing average value of a is reported in Table 1. In eq 3b, the

Table 1. Parameters Extracted from D,,(C,) and D,,(C,)

thiocyanate K

salt a N™  (mol dm™3) N° b1,/V,
NaSCN 0.036 2200 64+ 0.1 =730 = 30 60 +3
KSCN 0.033 2000 6.2 + 0.1 —890 + 30 61 + 4
NH,SCN 0.033 1700 53+ 0.1 —1360 + 30 S0+ 4

approximation C,V, = 1 — C,V, & 1 has been used, where C; is
the water molar concentration and V, = 0.01807 dm*mol™" is
the water molar volume. This approximation gives a maximum
error of ~5% at the highest experimental salt concentrations.

The thermodynamic quantity y in eq 3b can be expressed as
¥ = N, V, C,,"* where N, is the thermodynamic excess (N,, > 0,
salting-out) or depletion (N, < 0, salting-in) of water molecules
around a polymer coil. Thus, N,, characterizes the nature and
strength of polymer—salt net interactions in water. For
univalent salts, one can write N,, = (N™ + NI)/2 in the
case of salting-out interactions, where N and N are the
water thermodynamic excesses defined with respect to
hypothetical solutions of only cations (M) and only anions
(L), respectively.*” Both N{™ and N® can be approximately
assumed to be constant up to C, ~ 1 mol-dm™. For the
thiocyanate salts, we modify this expression to explicitly
consider anion binding with the reasonable assumption that
polymer—ion binding is fast compared to diffusion.

To describe anion binding, we introduce vy, the number of
anions bound to one polymer chain at equilibrium. The value
of vy increases with salt concentration (at constant C,) until it
reaches the value of the total number of binding sites, n. The
simplest model describing polymer—ligand binding is the
Scatchard model

_ nG,
K+ C,

~
~

v
' @)
where K is the intrinsic dissociation constant of an isolated site.
The Scatchard model assumes that all binding sites on the
polymer chain are equivalent and independent. The former
assumption is straightforwardly justified by considering that
each identical —CH,—O—CH,— group on the PEG chain is
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potentially a binding site. Accordingly, we set n = 424 for the
PEG sample investigated. The latter assumption represents a
limitation of the proposed model due to electrostatic
interactions between anions bound to adjacent sites and
polymer conformational changes that might locally occur
because of the binding process. In eq 4, we have also
approximated the thermodynamic activity of the anion with C,.
Because the anion activity coefficient cannot be neglected
within the experimental range of salt concentrations, K should
be regarded as an apparent concentration-based dissociation
constant. Finally, note that the use of the total anion
concentration, C,, in eq 4, in place of the concentration of
free anions, which is consistent with the limiting condition of
C,/C, = 0, can be easily verified by showing that v; C, is small
compared to C, at the experimental polymer concentration.
Even considering these limitations, the proposed Scatchard
model still represents a valuable description of our experimental
results because it describes the following two fundamental
aspects of the observed salting-in interactions: ion binding and
saturation of binding sites at high salt concentrations.

A relation between y and vy can be obtained by considering
the equilibrium-dialysis scheme described in Figure 2. Here, it is
convenient to link y to the partial derivative describing salt
partitioning between the two compartments

+ VC (acz)
14 1“2= 7| S+
acl a (5)

where a, is the salt thermodynamic activity and the
approximation 1 — C,V, & 1 has been applied. The ternary
compartment in Figure 2 is characterized by the polymer and
salt concentrations, C; and C,, respectively, whereas the
attached binary compartment is characterized by the salt
concentration Cj. The corresponding mean ionic thermody-
namic activity is a, = C5f,, where f,(C}) is the salt mean ionic
activity coefficient. To describe the polymer—salt interaction in
the ternary compartment, we consider a model based on the
existence of two domains. The first domain is represented by
the salt—water layers surrounding the macromolecules. This
local domain is in chemical equilibrium with the second
domain, a bulk domain that represents the remaining salt—
water solution in the ternary compartment. At equilibrium, a, =
(CmCr)V*f,, where Cy and C; are the bulk-domain
concentrations of cations and anions, respectively. If the binary
compartment is sufficiently large, a change in C, will affect C, in
the ternary compartment but will not change a, and C;. The
effect of C, on C, is described by the partitioning property
(0C,/0Cy),, in eq S or, equivalently, by (9C,/0C,)c, An

expression for the partitioning coefficient can be obtained by
expressing Cy; and Cp as functions of C,. For the cation, we
consider the excluded volume,' ¢ V, + NMV,, associated with
the presence of the local domain, which is depleted in cation
concentration because of the volume of the macromolecules
themselves (V) and salting-out interactions (NSVM)VO). Thus,
the cation concentration in the bulk domain is Cy; = C,/[1 —
(V, + NMV,)C,]. For the anion, we remove the contribution
of bound anions from C, and consider the excluded volume
associated with the volume of the bare macromolecules. Thus,
the anion concentration in the bulk domain is C; = (C, — v;.C;)
/(1 = V; C,). Because Cy > Cp, this equilibrium-dialysis
equilibrium is analogous to the Donnan equilibrium for charged
macromolecules,®” where M and L act as the counterion and
co-ion, respectively, of the negatively charged polymer chains.

DOI: 10.1021/1a5046223
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As in the case of Donnan equilibrium, we assume that the
condition (C;Cy)"? = C; applies when chemical equilibrium is
reached.®* This condition, which assumes that the mean ionic
activity coefficient of the salt in the bulk domain of the ternary
component coincides with f,(C}), can be rewritten as

C 1 1 - (1,/C,y)C,
In—==—1In — . —
G 2 - R+ N0 - ey

7+ LNy - B|le
2 C,

where the last term on the right-hand side represents the first-
order term in C,, obtained using the series expansion In(1 + x)
x + One can determine (0C,/dC;)¢; from the

differentiation of eq 6 and insert the obtained expression of
this partial derivative into eq S, giving

(6)

— 1 ymg - A
4 2 (N w ‘/O C2 )CZ
From eq 7, one can also deduce that the water thermodynamic
excess is given by N, = [N®™ — 1,/(V,C,)]/2. Note that,
contrary to the salting—out case, N, cannot be approximated as
a constant independent of C,. According to eq 4, N,, = [N
n/(KV,)]/2 when C, 0 and increases as the salt
concentration increases.

To quantitatively describe D,,(C,), we substituted 1 = y —
Dy, into eq 3b and determined K by applying the method of
least squares to our experimental data up to C, = 1 mol- dm™
based on the expression (D, — aD,, — G,V))/(1 — a) =
NMV, — n/(K + C,) with n 424 (number of PEG
monomeric units) and estimated values of N{™. To obtain
reasonable estimates of N, we considered our previous
results on the chloride salts'> and assumed that the
contribution of chloride to the salting-out interaction is zero,
consistent with the approxnnately neutral location of this anion
within the Hofmeister series.”® The chosen values of N and
the corresponding determined values of K are reported in Table
1. Note that approximating eq 3b as Dy =y + GV, (e,
neglecting ay — aD,,) gives the same values of K within the
experimental error. Substitution of these K values into eq S
shows that the fraction of occupied sites increases from vy /n =
3% to 1y /n ~ 25% as C, increases from 0.2 to 2 mol-dm™3, with
vp/n reaching the value of 50% at the hypothetical high salt
concentration of C, = K & 6 mol-dm™. Consistent with this
observation, numerical examinations show that v, C; is less than
2% of C,, thereby justifying the validity of the approximation C,
~r C, in eq 4.

The extracted values of K follow the trend Na* > K" > NH,".
However, because the value of K is affected by the choice of
N, this ranking does not necessarily mean that K depends on
the catlon type, but only that changing the cation has a more
significant effect on thiocyanates than on chlorides. To
unambiguously characterize the salting-in strengths of the
three thiocyanate salts, we report in Table 1 the thermody-
namic parameter N, = [N™ — 1/(KV,)]/2, namely, N, at C,
=0.

We now turn our attention to D,,(C,) with the goal of
quantitatively examining the electrostatic mechanism discussed
in section 3.2. To assess its importance, we formally decompose
D12(C2) into two contributions

(7)
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N ~ el A/
Dy, = Dlez + Dy, (®)
In eq 8, DS, is the electrostatic contribution to diffusiophoresis,
and Dj, is a residual contribution that accounts for polymer—
salt specific interactions. Our goal is to theoretically determine
Du( C2) to evaluate DIZ(CZ) for a more appropriate comparison
among the three cation cases and vnth the corresponding
chloride salts. The determination of DS, is based on two
important apprommatlons that are highlighted alongside the
derivation of the D12 expression below.

It can be shown'' that the gradient of the electrical potential,
y, associated with a salt concentration gradient is

FVy

RT TLyL ) \Y CZ

= (TMyM ©)
where F is the Faraday constant, R is the ideal-gas constant, and
T is the temperature. In eq 9, yyy = 1 + (dIn f1)/(d In Cy) and
yo =1+ (dInfy)/(dIn Cp) are the thermodynamic factors
associated with the activity coeflicients of the individual ions f,
and f, respectively, with f, = (fyfu)"? and y, = (y + y1)/2.
In addition, 7, = Dy/(Dy + Dy;) and 7y = Dy/(Dy, + D)) are
the transfer numbers of the anion and cation, respectively (with
7, + Ty = 1), and Dy and Dy, are the corresponding Stefan—
Maxwell diffusion coeflicients descrlbmg the frictional inter-
actions of the two ions with water.>” These coincide with the
corresponding tracer-diftusion coeflicients, By = Dy and Dy =
Dy, in the limit of C, — 0. Equation 9 requires the knowledge
of unavailable transfer numbers and activity coefficients of
individual ions in water. However, if yy; = y and D, /Dy, is
independent of salt concentration, eq 9 can be rewritten as

DL
D, + Dy

— Dy yZVC2
G,

FVy
RT (10)
This equation is expected to be a good approximation when C,
is low and Debye—Hiickel effects dominate the behavior of the
thermodynamic and transport properties of binary salt—water
systems. However, appreciable deviations of eq 10 from eq 9
can occur as salt concentration increases. The application of eq
10 instead of eq 9, which enables the use of the available tracer-
diffusion coeflicients of ions, represents the first important
approximation toward the determination of DS,

As in the case of electrophoresis, we con51der the effect of
Vi on the molar flux of charged polymer chains (P) with k
anions (L) bound to them, PL,. Specifically, we write

(_k)SPLkFVV/

RT withk=0,1,2,.,n

(11)

are the molar flux, molar

—]ka = CPLkDPLk

where J§i,, Cpy, and Dy,
concentration, and tracer-diffusion coeflicient, respectively, of
PL,. In eq 11, one should reasonably assume that the binding of
relatively small ions has a relatively small effect on the polymer
hydrodynamic radius compared to the experimental error. This
implies that tracer diffusion of any PL; species can be set to be
equal to D). The factor —k represents the electrical charge of

PLy, and &y, is an electrostatic shielding coefficient. Note that
gpy, = 1 in the limit of C, — 0 and sharply decreases as the ionic
strength increases;"" epy, also depends on the size of the particle

and other structural properties in general. To obtain an
expression for DS\, we consider the total molar flux of the
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polymer component, J§ = Yi_J5;, driven by this electrostatic

mechanism
el
_]1 _ ( ) - DM 1D10y2
Ve, b +Dy G (12)

where we have also used eq 10 and the definitions v
DiokCpr,/Cy and € = (X {_okCpp €p1,)/ (Xk-0kCpy,)- The right-

hand side of eq 12 is the polymer cross-diffusion coefficient
according to eq 1a, with C,D{y,/C, being a normalization factor
in eq 2a. By considering eq 2a and observing that the reference-
frame term is associated with D},, one can deduce that

~ el
12 —

ey, Dy — Dy,

2 Dy + Dy (13)

It is interesting to observe that eq 13 appears to be identical to
the equation derived for particles with an intrinsic charge of Z;
(e.g, proteins) provided that v is replaced by the magnitude of
the particle charge, |Zpl, with M and L acting as the particle
counterion and co-ion, respectively. However, in contrast to
|Zpl, 1y, vanishes as the salt concentration approaches zero (see
eq 4). Furthermore, some substantial differences become
eV1dent when DS, is broken down into 1ts thermodynamic,
¥, and transport, A%, components (D¢, = y! — 1 from eq 3a).
Derivations of expressions for y* and lel are reported in the
Supporting Information. It can be shown that anion binding
leads to ' = —1;/2 < 0, consistent with eq 7. This is the
opposite of the Donnan-equilibrium result, y* = 1Z,//2 > 0,
obtained for particles with an intrinsic charge."’ The difference
in y* between the two cases can be explained by considering
that the addition of a neutral particle acts as sink for the binding
anions, thereby leading to a reduction of the salt chemical
potential (y*! < 0). On the other hand, the addition of charged
particles is accompanied by the addition of counterions, thereby
leading to an increase in the salt chemical potential due to the
common-ion effect (y! > 0). In relation to the transport
quantity, the difference can be easily appreciated by deriving the
corresponding expression in the limit of € = 1 (i.e,, C, = 0 with
C,/C, — 0). In this case, it can be shown that A° o = —u Ty for
extrinsically charged particles is not the same as 1% = |Zlz; for
intrinsically charged particles, which is extracted from the
Nernst—Hartley equations.9

To evaluate &, we use ¢ = f(kRp)/(1 + kRp), where f(kRyp) is
the Henry function with f(0) = 1 (Debye—Hiickel limit) and
f(o0) =3/, (Smoluchowski limit); x = (80002NA5I)"/* is the
Debye constant, where N, is Avogadro’s number, Az = 0.7151
nm is the Bjerrum length for water at 298.15 K, and I is the
solution ionic strength (C, in our case); and Ry, is the radius of
the particle assumed to be spherical.""*** In our case, we used
Rp = 4.46 nm as the equivalent hydrodynamic radius of PEG
extracted by applying the Stokes—Einstein equation for spheres
to D{."” Note that the assumption that Rp (and DY) is the same
for all PL, species implies that £p;, = €, independent of k.

The proposed expression for € has been derived for charged
impenetrable spheres and represents the second important
approximation toward the determination of DS, It is important
to note that a more general model for the electrophoretic
mobility of spherical penetrable particles (applicable to
polyelectrolytes) has been developed.*® This model, which
contains a parameter (Debye—Bueche ratio) describing particle
penetrability, appears to be potentially more accurate for
polymer coils. However, specific macromolecule—salt inter-
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actions in water, responsible for preferential binding and
preferential exclusion of ions from the aqueous local domain of
macromolecules, are not taken into account. For instance, PEG
chains, which are penetrable to the neutral water molecules, can
be regarded as impenetrable to sodium ions due to salting-out
interactions. This is a critical property of our systems and
undermines the application of the other model. Thus, we chose
the model for charged impenetrable spheres because of its
relative simplicity and internal consistency. Moreover, we
believe that this model is sufficiently adequate for the
examination of polymer diffusiophoresis because our main
goal was an internal comparison among three homologous
polymer—salt—water systems that differ only in the nature of
the cation.

The calculated values of € are reported in Table 2, together
with the corresponding values of kRp and f(kRp). To calculate

Table 2. Parameters Extracted from Ternary Diffusion
Coefficients (R, = 4.46 nm)

C, (mol dm™) KRp f (kRp) e
0.2 6.55 1.20 0.158
0.5 10.36 1.26 0.111
1.0 14.66 1.30 0.083
2.0 20.73 1.34 0.062

v1(G,) in eq 13, we used the K values in Table 1 with n = 424.
Our DS, (C,) results are shown in Figure 5. For KSCN, the

4 T T T T
3

-~

<

[N

T 91

<Q
0
-1 1 1 1 1
0.0 0.5 1.0 1.5 2.0

Figure 5. Residual normalized cross-diffusion coefficient, D, as a
function of salt concentration, C,, describing polymer diffusiophoresis
for NaSCN (O), KCSCN (O), and NH,SCN (A). Solid curves are
guides to the eye. The dotted and dashed curves represents the
theoretical calculation of D¢, for KSCN and NaSCN, respectively.

D%,(C,) values are slightly positive; those related to NH,SCN
are essentially the same and were omitted for clarity. Because of
differences in tracer-diffusion coefficients (see section 3.2), the
DS(C,) values in the case of NaSCN are negative with a
relatively large magnitude when compared with those of the
other two salt cases.

In Figure S, we also show the DIZ(CZ) curves, obtained by
subtracting the D¢, contribution from D,. These curves follow
the order K* & Na* > NH,*, which is the same as that observed
for the chloride salts. To characterize the magnitude of Di,(C),
we applied the weighted linear least-squares method to our data
to determine the slope, b, based on D}, (C,) = b,C,. The
values of by,/V,, which are reported in Table 1, show that b,/
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V,y =~ 60 for NaSCN and KSCN, whereas the value obtained for
NH,SCN is 20% lower. These results can be compared with
those previously obtained by applying Dy,(C,) = by, C, to the
corresponding chloride curves in Figure 3: by,/V, ~ 140 for
NaCl and KCl, with the value obtained for NH,Cl being 30%
lower."® Thus, if anion binding is taken into account, the cation
ranking for thiocyanate salts closely follows the ranking
previously observed for chloride salts.

4. CONCLUSIONS

The behavior of macromolecule diffusiophoresis, D,(C,), and
salt osmotic diffusiophoresis, D,,(C,), can be used to probe
salting-in interactions. Whereas D,(C,) reflects the mechanism
of macromolecule—salt interactions (i.e, anion binding),
D,1(C,) can be used to quantitatively characterize the
magnitude of thermodynamic interactions.
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