Macromolecules 2001, 34, 991—-1000

Multicomponent Diffusion in Crowded Solutions. 1. Mutual Diffusion in
the Ternary System Poly(ethylene glycol) 400—NaCl—Water
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ABSTRACT: The multicomponent approach in the description of molecular diffusion takes into account
the correlation of motion between solutes. Here it is shown that this approach is necessary to describe
correctly the flows of each component in concentrated solutions of macromolecules, defined “crowded
solutions”. Microscopic intuitive considerations make clear this necessity also for hypothetical uncharged
hard particles. We present precise measurements of mutual diffusion coefficients relative to five
compositions of the ternary system poly(ethylene glycol) (PEG) 400—NaCl—water, changing both the PEG
and salt concentrations. The values of the experimental diffusion coefficients for this system seem to be
dominated by an excluded volume effect. Our recent predictive equations, proposed to evaluate the diffusion
coefficients in a ternary systems of hard sphere solutes, have been tested on the experimental data with
reasonable success. The thermodynamic and gravitational stability analysis on the collected data is also
reported. By changing the choice of solvent constituent from water to PEG or NacCl, it is clear that the
counter-flow related to the polymer flux in crowded solutions is due essentially to the water and not to
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other constituents.

I. Introduction

The phenomenological description of the diffusion in
n-component systems is based on the generalized Fick’s
equation:!

n-1
Ji= —zDijVCj i=1,2..,n-1 1)
=

which includes the main-term, D;jj, and the cross-term,
Djj, with i = j, diffusion coefficients.

Very often in studying the diffusive evolution of real
boundaries, the so-called pseudobinary approximation
is used. In this approach, the cross-term diffusion
coefficients are neglected and the main term diffusion
coefficients are usually approximated by the diffusion
coefficients of the corresponding binary systems. These
binary diffusion coefficients are often determined by
dynamic light scattering technique.? Although the ex-
perimental techniques to determine the (n — 1)? diffu-
sion coefficients are well developed,?® the pseudobinary
approach is predominant. In the past decade, this
approximation has been widely used in describing the
diffusive processes in cytoplasmatic system* and to
model crystal growth of macromolecules as protein,>®
virus,” DNA,2 etc. We have shown some possible er-
roneous consequences of this approximation in a work
by some of us on the simulation of hydrodynamics
relevant in crystal growth.?

In this paper, we emphasize that this approach is
seriously wrong in many cases and focus attention on
systems containing macromolecular solutes that “crowd”
the solution, as in cytoplasmatic solutions,? in solutions
from which proteins precipitate in the presence of
nonionic polymers,! and generally in the phase behav-
ior of colloidal solutions.1?

* Corresponding author. Fax: 3981—674090. E-mail: Sartorio@
chemistry.unina.it.
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Why make the diffusion description more difficult?
Because many ternary systems have been investigated
in the last 50 years, and a number of them show cross
terms that are significant or are larger than the main
terms. Large cross-diffusion coefficients have been found
in electrolytes mixtures,!? in the presence of a chemical
equilibrium between the solutes,’”* and in systems
containing large size solutes, such as macromolecules,'®
polyelectrolytes,'617 and proteins.18-23 While the first
two classes of ternary systems have been extensively
discussed from the theoretical and quantitative point
of view, multicomponent diffusion in systems containing
macromolecules is a current field of research.

Considering the effect of molecular exclusion on the
diffusion motion, we recently obtained intuitive predic-
tive equations for the main and cross-term diffusion
coefficients.2425> These equations have been tested on
several systems.?*=27 Very encouraging was the good
prediction of the Dj of the NaCl—lysozyme—water
system,?5 for which significant electrostatic interactions
could be expected. The easy use of these equations and
the small number of parameters involved in the Dj;
prediction should encourage the more correct multicom-
ponent approach, even if experimental data are not
available.

The present study deals with a weakly interacting
aqueous system, containing a low molecular weight
polydisperse polymer, poly(ethylene glycol) (PEG) 400
(solute 1), and a simple salt, NaCl (solute 2). This
system might be expected to have small cross-diffusion
terms, and therefore, it is describable in principle by
the pseudobinary approximation. However, the experi-
mental cross-term diffusion coefficient for the motion
of simple salt by the polymer concentration gradient,
D, is positive and of same order of magnitude of the
corresponding main-term, D2,. Moreover Dy, is much
smaller than the diffusion coefficient of the binary
system NaCl—water.
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Table 1. Density Data, Partial Molar Volumes, and Results of the Gravitational Instability Analysis for the Ternary
System PEG 400 (1)—NacCl (2)—Water at 25 °C

c a b e a d

C: (mol dm=3) 0.1256 0.2578 0.3899 0.2579 0.2578 0.2623
C,(mol dm=3) 0.7758 0.7735 0.7797 0.2501 0.7735 1.2718
H; (kg mol-%)  0.0602 + 0.0001 0.0624 £ 0.0002 0.06449 £ 0.00005 0.06370 £ 0.00005  0.0624 =+ 0.0002 0.062 42 £ 0.00004
H2 (kg mol~1)  0.0392 + 0.0001 0.0391 =+ 0.0009 0.03838 + 0.00002  0.03968 + 0.00008  0.0391 =+ 0.0009 0.038 42 + 0.00002
d(kgdm=)  1.036015 4 0.000002 1.043955 + 0.000003 1.052383 + 0.000002 1.023349 + 0.000002 1.043955 + 0.000003 1.063324 =+ 0.000001
Vi (cm3 mol-1) 340.5 338.4 336.4 337.3 338.4 338.3
V, (cm3 mol-1) 19.28 19.39 19.50 18.8 19.39 20.08
Vo (cm3 mol1) 18.05 18.06 18.07 18.06 18.06 18.05
overstability2 —0.61 —0.64 —0.98 -0.32 —0.64 -0.97
isodensimetric® —1.7 -1.8 -1.7 -1.5 -1.8 -1.6
fingers? -7.8 -9.2 -6.0 -8.3 -9.2 —6.1

a Ratios of (AC,/AC,) describing the onset of gravitational instability.

The mutual diffusion properties of systems PEG— H, = (ﬂ) 3)
salt—water are of interest in protein crystallization.28—31 Cile,e,

The recent possibility of growing crystals on space
platforms, has enhanced the rule of the diffusive trans-
port in crystallization process, since gravity convection
and sedimentation are negligible.32-3* Furthermore,
recent studies show an anomalous salt effect on the
second virial coefficient of proteins in the presence of
PEG at low ionic strength; the second virial coefficient
of the protein is strongly dependent on PEG concentra-
tion,3%36 whereas at high ionic strength it is practically
independent of the PEG concentration.

Systems PEG—salt—water are widely described in the
literature from different points of view: phase dia-
grams,3”38 heats of dilution,®® cloud-point measure-
ments,*0 self-diffusion coefficients,*! conducibility,*? ac-
tivity coefficients,*® densities and viscosity,** alkali
metal ions complexation.*® However mutual diffusion
studies are completely lacking.

This is the first of a series of studies dealing with the
mutual diffusion properties of aqueous ternary systems
containing PEG (of different molecular weights and
polydispersities) and sodium chloride.*®

The experimental Dj; values of the investigated sys-
tem have been compared with those obtained by the
predictive equation we recently proposed for a mixture
of hard sphere solutes in a continuum solvent. The
efficiency of the our predictive analysis is compared with
other literature predictive approaches.*748

Some viscosity measurements were performed at the
compositions of interest, since they are needed for the
diffusion analysis.

I1. Experimental Section

Materials. Sodium chloride 99.99% was purchased from
Aldrich. Poly(ethylene glycol) (PEG) with numerical average
molecular weight 400 Da has been purchased from Aldrich and
used without further purification. The sample has a mild
polydispersity, described by the Poisson distribution and
discussed elsewhere from a diffusive point of view.*® All
solutions were prepared by weight using double-distilled water.

Density Measurements. The densities, d, of all solutions
have been measured at 25.00 4+ 0.01 °C using an Anton PAAR
densimeter, model 602. The instrument was calibrated with
double-distilled water and with air whose density was based
on the ambient humidity and pressure where the humidity
was corrected to 25.00 °C. The following equation was fitted
to the experimental data

n—-1
d=d+ ) H(C; - C) (2

where

and d is the density at the average concentration, Ci. The
volumetric results are reported in Table 1.

Mutual Diffusion Measurements. Diffusion experiments
were performed at 25.00 4 0.01 °C using Gouy interferometry,?
whose experimental details and theory are widely described
elsewhere.>° Five compositions with different salt or polymer
composition were analyzed. Each composition is investigated
measuring four interferometric runs, with different composi-
tion of the total refractive index gradient. For each run we
record 20 scans of the interferometric pattern (positions of the
interferometric minima), generated by the refractive index
gradient along the diffusion cell. The four diffusion coefficients,
Djj, at each composition have been obtained using literature
programs for Gouy data analysis.>*52 A single channel cell (a
= 2.5000 cm) was used, and the initial boundary was set up
with the siphoning technique. A He—Ne laser source was used
(A = 632.8 nm), and the Gouy minima were recorded in real
time with a photodiode array. The interferometric data are
reported in Table 2 (a—e). All the mutual diffusion coefficients
in Table 3 are expressed in the volume fixed reference frame.53
The mild polydispersity of PEG makes the errors in the Dj;
larger than usual. The effect of polydispersity (very mild for
the case of a living polymer as PEG) on the analysis of
interferometric data in ternary systems containing a polydis-
perse sample will be the subject of a future paper.

Viscosity Measurements. The viscosity measurements on
the binary systems PEG 400—water and the ternary system
PEG 400—NaCl—water have been performed at 25.00 + 0.01
°C, using an Ubellhode viscometer and double-distilled water
as reference liquid. The experimental relative viscosity (viscos-
ity of the solution divided by viscosity of water) are reported
in Table 4.

I11. Theory

The Predictive Procedure. The concentration de-
pendence of the mutual diffusion coefficient, D;, and
viscosity, #i, in monodisperse noninteracting hard sphere
suspensions was object of several theoretical stud-
ies.2454761 In dilute binary solutions, the main results
are expressed by the Carter—Phillies’! and Einstein3
equations

D, = D(1 — 0.898¢,) (4)

7y =1+ 2.5¢; (5)

where D} is the diffusion coefficient at infinite dilu-
tion, ¢; is the solute volume fraction, and #%; is the
relative viscosity of the system.

To extend the hard sphere theory to ternary systems,
we have used a very simple and intuitive considerations,
based on the jump model.62 We start by analyzing this
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Table 2. Gouy Interferometric Parameters Relative to
Five Compositions (a—e) of the System PEG 400 (1)—NacCl
(2)—Water at 25 °C2

@)
Al A2 A3 A4
C1 (mol dm3) 0.2578 0.2578 0.2578 0.2578
C2 (mol dm~3) 0.7735 0.7735 0.7735 0.7735
AC; (mol dm~3) 0.0001 0.0159 0.0241 0.06340
AC, (mol dm~3) 0.0799 0.0864 0.0412 0.0001
o 0.0054 0.4990 0.7602 0.9996
Im 28.82 62.96 62.26 125.90

Da x 10°(cm?s7) 1.577 0.750 0.553 0.434

Qo x 104 —256.2 1849 1988  77.9
(b)
B1 B2 B3 B4
Ci (mol dm~3) 0.3898  0.3899 0.3898  0.3898
Cz (mol dm~3) 0.7796  0.7797 07797  0.7796
AC; (mol dm~3) 0.0065  0.1283 0.0252  0.0318
AC; (mol dm~3) 0.1389  0.1040 0.0350  —0.0002
o 0.2007  0.3997 0.7953  1.0010
Jm 62.47 63.07  61.82  61.80
Dax 105cm2s~)  1.239 0.886 0518  0.411
Qo x 10¢ -158.4  89.7 1735 1123
(c)
c1 c2 c3 c4
C1 (mol dm~3) 0.2623  0.2623  0.2624  0.2623
C (mol dm~3) 1.2718 12718 12718 12718
AC; (mol dm~3) 0.0001  0.0062  0.0245  0.0248
AC; (mol dm~3) 0.1672  0.1335  0.0332  0.0017
o 0.0024  0.2074  0.8064  0.9879
Jm 60.29 60.94 61.68 51.33
Dax 105cm2s™)  1.667 1.168 0.556 0.458
Qo x 104 -1822  93.9 166.2 81.9
(d)
D1 D2 D3 D4 D5

0.2623 0.2623 0.2623 0.2624 0.2623
1.2718 1.2718 1.2718 1.2718 1.2718
AC; (mol dm~3)  0.0000 0.0062 0.0156 0.0249 0.0312
AC, (mol dm~=3)  0.2551 0.1362 0.0850 0.0339 —0.0000
o 0.0008 0.2046 0.5084 0.8054 1.0002
Im 89.85 60.67 61.23 61.63 61.59
Da x 105%(cm?s7%) 1.761 1187 0.763 0.518 0.415

C1 (mol dm3)
Cz(mol dm—3)

Qo x 10° —385.2 36 2216 2121 1401
(e)

El E2 E3 E4
C1 (mol dm~3) 0.2579  0.2579 02579  0.2579
Cz (mol dm™3) 0.2501  0.2501  0.2500  0.2500
AC1 (mol dm~3) 0.0002  0.0064  0.0246  0.0307
AC, (mol dm~3) 0.1669  0.1335  0.0334  0.0002
o 0.0050  0.2015  0.7961  0.9989
Im 63.60 63.60 62.30 61.82
Da x 105(cm2s1)  1.692 1.182 0.528 0.426
Qo x 10* —400.3 —346  120.8 30.7

aJm is the total number of Gouy interference fringes. Da:
apparent diffusion coefficient, Qo is the “area under the deviation
function”.3! q; is the refractive index fraction of the species i.

model for a binary system. The solution is considered
just as a lattice with a continuum solvent and a solute
of finite volume that can occupy all the cells of the
lattice. We will treat the solute as impenetrable particles
subject to a hard core potential generating a molecular
exclusion phenomenon, elsewhere defined by physicists
as depletion phenomena3®>63 or by biologists as macro-
molecular crowding.5465

The solute Brownian motion is described statistically
by the Smoluchoswki equation.®® The rigorous solution
of this equation proves to be difficult, so alternative
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routes have been explored. We consider for simplicity
just one-dimensional fluxes. At infinite dilution the
single solute molecule in the lattice can statistically
move in a time interval At to any cell at a distance Ax,
which is related to the diffusion coefficient by Einstein’s
equation

o _ (AX)?
Di = At (6)
where o depends on the boundary conditions.6” At finite
concentration, in the presence of a diffusion boundary
between two solutions at different concentrations, the
particle motion has different probability in the two
directions. The number of molecules leaving the more
crowded solution is larger than the number of molecules
leaving the less crowded one. As a consequence, a net
flux of solute molecules takes place from the more
concentrated to the less concentrated solution; the
diffusion boundary spreads out; and an homogeneous
solution is obtained at t = c. Because of the presence
of occupied cells, the distance Ax that a single molecule
can statistically move in a time interval At is shorter
than that moved at infinite dilution. Consequently the
diffusion coefficient decreases. Because the fraction of
occupied cells is represented by the solute volume
fraction, eq 4 is qualitatively explained.

On extending previous considerations to a ternary
system, (solute i—solute j—solvent 0), it is evident that
the main diffusion coefficient D;; must be affected by
the volume fraction of both the solutes. We have
proposed for the main terms the following general
empirical expression?*

i
D.=D— 7
1 Inlj ( )

where 7j; is the viscosity of the ternary system, and D;
and z; are respectively the diffusion coefficient and the
viscosity of the corresponding binary system (solute
i—solvent 0) considered at the same concentration C; of
component i. Equation 7 attributes the difference be-
tween Dj; and D; simply to the different viscosity of the
two systems (y; and ;). Extending eq 5 to ternary
systems

7 =1+ 2.5(¢; + ¢) (8)
and considering eq 4, eq 7 becomes

1+ 2.5¢,

Dii = Di(1 = 0898¢) 7~ 55—y
. i J

(9)

where the D;; dependence on ¢; and ¢; is clearly shown.
It is interesting to point out that in dilute solution eq 9
is equivalent to

D, = DP(1 — 0.898¢, — 2.5¢;) (10)

which clearly shows the different contribution of the two
solutes in determining the value of the main diffusion
coefficient Dj;.

The jump model can also provide a very simple picture
for the cross fluxes. We start by considering an initial
diffusion boundary with a finite concentration gradient
of component j, VC; = 0, and no concentration gradient
of component i, VC; = 0. Because the different crowding
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Table 3. Mutual Diffusion Coefficient, Djj Expressed as 10° cm? s71, for the Ternary System PEG 400 (1)—NacCl (2)—Water
(0) at 25 °C at Five Compositions Expressed in mol dm—3(a—e)?2

E a d ¢ a b
C::l 0.2579 0.2578 0.2623 0.1256 0.2578 0.3899
C, 0.2501 0.7735 1.2718 0.7758 0.7735 0.7797
D‘l’l 0.418 + 0.001 0.399+ 0.005 0.377 £ 0.003 0.420 + 0.002 0.399+ 0.005 0.386 + 0.005
Dfl)2 0.041 + 0.001 0.031 + 0.002 0.037 + 0.001 0.023 + 0.001 0.031 + 0.002 0.053 + 0.002
Dgl 0.197 +£0.012 0.548 + 0.052 0.832 + 0.025 0.566 + 0.016 0.548 + 0.052 0.559 + 0.023
Dgz 1.157 + 0.006 1.160 + 0.053 1.167 + 0.015 1.337 +0.012 1.160 4+ 0.053 0.976 + 0.021
D})O 0.429 0.438 0.426 0.454 0.438 0.419
Déz -15 -1.6 -15 —-1.4 -1.6 -1.6
D;O —0.010 —0.029 —0.044 —0.031 —0.029 —0.030
D%z 1.15 1.12 1.12 1.30 1.12 0.943
Dfl —0.318 —0.0320 —0.247 0.0350 —0.0320 —0.500
Dio —0.039 —0.023 —0.033 —-0.021 —0.023 —0.048
Dgl 28 22 26 23 22 27
DSo 1.89 1.59 1.79 1.72 1.59 1.86
Ri*A/a 2027.6 1965.8 1981.8 1990.8 1965.8 1956.5
Ry*A/a 380.1 360.1 352.8 361.6 360.1 361.2
[ID]] 0.476 0.446 0.409 0.548 0.446 0.347

a Three solvent choices for the Dj; are reported, together with the refractive index increment R; and the determinant value of the

diffusion matrix.

Table 4. Relative Viscosity Data, #rel, for the Binary
System PEG 400 (1)—Water and the Ternary System PEG
400 (1)—NaCl (2)—Water at 25 °C

Cl CZ Nr

0 0 1

0.0500 0 1.081
0.1123 0 1.209
0.1535 0 1.291
0.2064 0 1.393
0.2674 0 1.555
0.3113 0 1.676
0.3822 0 1.898
0.6484 0 3.029
0.2579 0.2501 1.558
0.2578 0.7735 1.651
0.2623 1.2718 1.762
0.1256 0.7758 1.335
0.2578 0.7735 1.651
0.3899 0.7797 2.078

of the two solutions due to the different concentration
of solute j, a net flux of solute i will take place on a
statistical basis from the more crowded solution toward
the less crowded solution. The magnitude of this cross
flux depends essentially on the concentration of solute
i and on the volume fraction of component j.

Considering the “effective” concentration gradient of
each species instead of stoichiometric ones, we have
proposed for the cross-diffusion coefficients the equa-
tion®*

C.0.
Dij - Dii;ﬂg
Cj(l - ¢j)

= with i # j (11)

We point out that eq 11 predicts, as the jump model
does, that the cross-term diffusion coefficients are zero
only in a physical model of uncharged points.
Because of nonzero solute volume in real systems, the
volumetric contribution is always present, but it as-
sumes a more important role in determining the values
of the diffusion coefficients in systems containing large
size molecules. Experimental diffusion studies on mul-
ticomponent solution of weak polyelectrolytes!®1” and
nonelectrolyte macromolecules!®4® confirm this predic-

tion. The use of eqs 9 and 11 is obviously limited to
systems where only volumetric interactions are present.

The system analyzed in this paper is constituted by
water (0), a nonelectrolyte highly hydrophilic polydis-
perse sample of PEG 400 (1), and NaCl (2), a simple
electrolyte.

In the case of binary systems containing a simple
electrolyte, the transport properties are essentially
determined by the electrostatic interactions between the
ions present in solution; consequently, eqs 4 and 5 do
not hold.

In a ternary system containing a nonelectrolyte and
a simple salt with no solute—solute interactions, the
main diffusion coefficient of the electrolyte is determined
by the interactions between its constituent ions and by
the volumetric effect of the nonelectrolyte solute. Be-
cause the diffusion coefficient of the corresponding salt-
solvent binary system, D,, already takes into account
the ion—ion interactions, the main diffusion coefficients
of the ternary system, D2y, can be reasonably predicted
using eq 7. Also for the nonelectrolyte components, PEG
400, the use of eq 9 is critical. Equations 4 and 5 are
relative to binary systems of hard spheres, while PEG
400 is a polydisperse sample, constituted by k compo-
nent, which behaves as a pseudobinary system. There-
fore, the measured diffusion coefficient is an apparent
diffusion coefficient Da, which is a complex average of
the k2 diffusion coefficients Dj;.*® For this reason,
systematic deviation from the Phillies equation can be
expected, and the use of eq 9 can lead to misleading
results.

Regarding the cross-term diffusion coefficients, both
D12 and Dy; can be predicted by our eq 11 if the effective
volumes of PEG 400 and NaCl can be evaluated.

The Dj; (i = j) values predicted by eq 11 have been
compared with those obtained by the corresponding
predictive Batchelor equation.*® Batchelor analyzed a
mixture of hard spheres in a continuum solvent, and
obtained simple analytical expression for the diffusion
coefficients to the first order of volume fraction

2.5,

D, = Dy’[1 + 1.45¢, — z—
¢|1 + 0.61”(

12
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Table 5. Comparison of the Predictive Approaches Described in the Paper: Experimental Data (E) and Batchelor (B)
from Eq 13 and Sartorio (S) from Eqgs 9 and 11, Applied to the System PEG 400 (1)—NaCl (2)—Water at 25 °C

e a d ¢ a b

DlE1 0.418+0.001 0.399+0.005 0.377+0.003 0.420+0.002 0.399+40.005 0.386+0.005
Dfl 0.409 0.386 0.364 0.409 0.386 0.377
DlE2 0.041+0.001 0.031+0.002 0.037+0.001 0.023+0.001 0.031+0.002 0.053+0.002
sz 0.005 0.005 0.005 0.003 0.005 0.008
D?z 0.043 0.043 0.043 0.021 0.043 0.0646.
D2El 0.197+0.012 0.548+0.0052 0.8324+0.025 0.566+0.016 0.548+0.052 0.59 £ 0.023
D3, 0.177 0.550 0.914 0.490 0.453 0.421
Dg‘l 0.39 1.28 1.99 1.21 1.28 1.22
DZE2 1.157+0.006 1.160+0.053 1.1674+0.015 1.337+0.012 1.16 + 0.053 0.976+0.021
D§2 0.967 0.956 0.953 1.183 0.956 0.76

D;; = Dy, (A% + 247 (13) Vi = (14.9 £8.9)107° + (52.7 £ 2.1)10 i

where 4;j is the ratio between the radii of j and i spheres.
Equation 12, which, for binary systems, reduces to

D, = D(1 + 1.45¢,) (14)

predicting an increase of the diffusion coefficients on the
concentration, was recognized by Carter and Phillies®!
to be wrong (see eq 4) due to a numerical error. However
the derivation of eq 13 is correct.

Another set of predictive equations for the D;; was
developed by Cussler,%” but it can be applied only to
mixtures of molecules belonging to the same homologous
series.

We point out that the Sartorio and Batchelor ap-
proaches require just the effective volume and the
diffusion coefficient at infinite dilution of the solutes.
On the other hand, Cussler’s approach requires also the
second virial coefficients for each solute.

Sartorio’s, Batchelor’s, and Cussler’s equations are the
only ones in the literature for the dependence of the
ternary diffusion coefficients on the solute concentra-
tions. In fact the Carter and Phillies expression®! for
binary systems, eq 4, was not extended explicitly to
multicomponent systems.585° Similarly the velocity cor-
relation function approach is well developed for binary
systems,®8-70 put the ternary systems have not yet been
investigated by this theoretical method.

Evaluation of the Molecular Volume. We empha-
size that in predictive equations, the molecular volumes
appear as introduced parameters. We discussed else-
where the different possibilities for evaluating the
“effective” molar volumes of the diffusing particles.?* We
concluded that the best way to obtain them, for solutes
that can be assimilated to hard spheres, is to use eq 4,
considering

¢ = CiVest,i (15)

where C; is the molar concentration and Vi is ex-
pressed in dm3 mol~1. This route to obtain the “effective”
molar volume of a diffusing particle was first used by
Phillies.%8

This procedure can be applied when the system does
not deviate too much from a hard sphere model; namely,
the nonideality of the system must be essentially due
to the molecular exclusion. Equation 4 was used for the
aqueous solutions of the first PEGi oligomers, (from
dimer, i = 2, to hexamer, i = 6)?*~27 to obtain reasonable
values for the “effective” molar volumes. These values
have been fitted to a straight line obtaining

dm®mol (16)

However due to polydispersity, the use of the Phillies
equation cannot be extended, as noted above, to the PEG
400—water system. Then the average effective molar
volume of this solute has been evaluated by using eq
16 and its number-average degree of polymerization.
Using i = 8.7 we obtained

Vet i pecaoo = (04724 £ 0.0066) dm® mol ™ (17)
For sodium chloride, a rough estimate of the effective

volume can be obtained from the limiting ionic diffusion
coefficients and the Stokes—Einstein equation

3 3
VNaci = én KT + kT (18)
3 [\4mn°Dg,. 4my°DE,

which leads to the value Vyac) = 0.0683 dm3 mol 1.

1V. Results

Viscosity Data. The viscosity data relative to the
binary system PEG 400 (1)—H,O (0) are reported in
Figure 1 as a function of the PEG 400 concentration.
For comparison we also reported the trend predicted by
the Einstein equation, eq 5, using the “effective” molar
value of PEG 400 reported above. As can be seen, the
agreement between the predicted and the experimental
trend is very poor even in dilute solutions. It is worth
remembering that we have found that on increasing the
molecular weight of the polymeric sample, the range of
validity of the Einstein equation becomes smaller and
smaller.

The viscosity data relative to the ternary system PEG
400 (1)—NaCl (2)—H0 (0) are reported in Figure 2. The
viscosity data have been collected at the same mean
compositions used for the diffusion experiments. The
data at constant PEG 400 concentration are reported
as a function of NaCl molar concentration, and vice
versa. As expected, the viscosity increase is much larger
when the polymeric component is added rather than the
simple salt.

Diffusion Data. The experimental data reported in
Table 2 are the classical parameters of Gouy interfer-
ometry defined elsewhere.”24° The main- and cross-term
diffusion coefficients are reported in Table 3 and drawn
in Figures 3—6 as a function of solute concentrations.
The binary data for the salt’> and PEG 40072 are also
reported for comparison.

Data at C; = Variable and C, = Constant. The
diffusion coefficients D11 and Dj; are reported in Figure
3, and the coefficients D,; and Dy, are reported in Figure
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Figure 1. Relative viscosity of the binary system PEG 400
(1)—H20 (0) as a function of PEG 400 molar concentration,
C;. Curve 1: experimental trend. Curve 2: trend predicted
by the Einstein equation, eq 5, using Vestpecaoo = (0.4724 +
0.0066) dm?3 mol—2.
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Figure 2. Relative viscosity of the ternary system PEG 400
(1)—NaCl (2)—H.0 (0). Curve 1: viscosity of the ternary system
at C, = 0.776 mol/dm?® as a function of the PEG 400 molar
concentration. Curve 2: viscosity of the ternary system at C;
= 0.259 mol/dm? as a function of the NaCl molar concentration.

4. The main diffusion coefficient Dy; decreases at
increasing PEG 400 concentration, having values smaller
than the correspondent D;; the differences are in all
cases very small. The cross-term diffusion coefficient
D12, which is zero at C; = 0 mol/dm3, increases at
increasing C; and has very small values. The main
diffusion coefficient Dy, decreases very sharply at
increasing PEG 400 concentration. Its limit at C; — 0
corresponds to the binary diffusion coefficient D, at the
same C; concentration. The D, value obtained at the
highest PEG 400 concentration is D,; = 0.976 x 107°
cm?/s in comparison with the corresponding binary
value at the same NaCl concentration D, = 1.480 x 107
cm?/s. The effect of adding the polymeric component is
thus very large in determining the value of the diffusion
coefficient of the simple salt. The effect of PEG 400 on
the motion of the NaCl is also shown by the Dy; diffusion
coefficient. It is almost constant at varying C,, with very
large values of the same order of magnitude as Dy,.
Data at C; = Constant and C, = Variable. The
diffusion coefficients D11 and Dj, are reported in Figure
5, and the coefficients D»; and D, are reported in Figure
6. The main diffusion coefficient D;; decreases a little
at increasing NaCl concentrations. Its limit value at
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Figure 3. Diffusion coefficient of the ternary system PEG 400
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Figure 4. Diffusion coefficient of the ternary system PEG 400-
(1)-NaCl(2)—H.0(0) at constant NaCl concentration, C, =
0.776 mol/dm3, as a function of PEG 400 molar concentration.
Curve 1: D; trend. Curve 2: experimental Dy,. Curve 3: Do,
predicted trend by eq 7 using the experimental binary and
ternary viscosities. Curve 4: experimental Dz;. Curve 5: Di»
predicted trend using eq 11 and the experimental D,; values.
Curve 6: Dy predicted trend using eq 11 and the D, values
predicted by eq 7.

C, — 0 corresponds to the binary diffusion D; at the
same PEG 400 concentration. The cross-term diffusion
coefficient Dj, is almost constant with increasing C,,
also having small values in this case. The main diffusion
coefficient Dy, is almost constant, with C, having values
smaller than the corresponding value of the binary
system D,. The two curves as a function of C, are almost
parallel, and the average difference (D, — Dyy) is quite
large, (D2 — D22) = 0.32 x 1075 cm?/s. The cross-diffusion
coefficient Dy; shows a large increase with increasing
the NaCl molar concentration. It is zero at C, = 0 mol/
dm?3 and has very large values at the highest NacCl
concentration, at C, = 1.2718 mol/dm3. Its value at that
concentration is Dy; = 0.832 x 10~° cm?/s and is
significant compared to the corresponding main term
Do, = 1.167 x 107> cm?/s.

Change of Solvent Constituent. Because of the
abundance of two components, the crowded solutions
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Figure 6. Diffusion coefficient of the ternary system PEG 400
(1)—NaCl (2)—H;0 (0) at constant PEG concentration, C, =
0.776 mol/dm3, as a function of NaCl molar concentration.
Curve 1: D; trend. Curve 2: experimental Dy,. Curve 3. Dy
predicted trend by eq 7 using the experimental binary and
ternary viscosities. Curve 4: experimental D,;. Curve 5: Dy
predicted trend using eq 11 and the experimental D,; values.
Curve 6: Dy predicted trend using eq 11 and the D, values
predicted by eq 7.

can be analyzed with different choice of the solvent
constituent. To make more clear the presentation of
results in our crowded solution, we have evaluated the
Dj; using alternatively water, PEG and NaCl as sol-
vent, v, where y denotes the choice of solvent.5! In Table
3 are reported the three different representations of the
diffusion coefficients determined, as described in the
literature by some of us, from the H;, C;, and Djj values.5!
This different point of view is consistent with the strong
volumetric effect of macromolecules, emphasizing that
the counter-flow related to the PEG motion is due
essentially to the water.

The high DY, and D3, values show clearly the volu-
metric effect of the PEG 400 (1). About the counter-flow
a rough picture of the dragging effect of a component i
under the flow of the component j can be obtained by
the ratio D}/Dj;. Changing the solvent we can evaluate
who takes tjhe place of PEG or salt motion. If the NaCl
is chosen as the solvent, the movement of PEG results
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in a large amount of water taking its place by moving
in the opposite direction. That is because the cross-term
Dgl (movement of water due to PEG gradient) is large
and positive compared to the main term Dj, (move-
ment of PEG due to PEG gradient) which is small and
negative, as is shown in Table 3. We emphasize that
the Dil is negative; this unusual, counter-intuitive
case is perfectly possible,> provided the sum of the main
terms is positive. Therefore, the ratio of Dj,/D7, is
about —80, so the PEG transports a lot of water in the
opposite direction and no more than two salt molecules
in the same direction. Furthermore, some water will be
attached on the hydration shells of PEG, and thus the
water molecules moved by PEG will be even higher than
80. Finally even if in our system the salt is very speedy
and abundant, the counter-flow associated with the PEG
motion is due to the water, at least for 98%. This can
be considered a property of any macromolecule: the
counter-flow associated with a macromolecule is es-
sentially due to the most abundant component and the
assumption used in eq 11 holds.

V. Discussion

Test of the Predictive Equation. The experimental
Djj values and the predicted ones from egs 7, 11, and
16 are reported in Table 4. We start by analyzing the
capability of eq 7 to predict the main diffusion coef-
ficients D11 and Do,. As can be seen in Table 4 and
Figures 3 and 5, the main diffusion coefficient of the
polymeric component, D11, can be predicted with a fairly
good accuracy even if the experimental D;; values are
always larger than the predicted ones. In contrast, in
Table 4 and Figures 4 and 6, significant differences have
been found between the experimental and predicted
main-term diffusion coefficients of the simple salt
component, Dy,.

The inability of eq 7 to predict the simple salt main
diffusion coefficient needs some comments. We recall
that in lysozyme (1)—NaCl (2)—water (0) system, a good
prediction of the simple salt main diffusion coefficient,
based on eq 7, was obtained.?®> In the present case,
several factors, not present in the lysozyme—NaCl—
water system, can contribute to make the prediction
unreliable. First the large decrease of the dielectric
constant at increasing PEG 400 concentration can
modify the ion—ion interaction.” This makes unrealistic
the use in eq 7 of the D, diffusion coefficient of the
corresponding binary aqueous salt solution. Moreover,
it seems that the sodium ion can form a complex with
the PEG 400, which is known as a poor crown ether.”>76
Another factor could contribute to make the prediction
of the Dy, unreliable. We found that eq 7 gives the best
results in dilute ternary solutions where the ternary
viscosity is not very different from the two correspond-
ing binary viscosities. In the present case, the viscosity
of the ternary system is close to the viscosity of the
polymeric binary system, but is systematically much
larger than the viscosity of the simple salt binary
system. The good prediction of D;; and the bad predic-
tion of D, seem to confirm that eq 7 gives worse results
when the viscosity of binary and ternary systems are
too different.

In considering the ability of eq 11 to predict the cross-
term diffusion coefficients, some observations are neces-
sary. The prediction of the Di, is very poor. The
predicted values are always very small with respect to
the experimental values; the ratio between the experi-
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Figure 7. Determinant of the diffusion matrix for the ternary
system PEG 400(1)-NaCl(2)—H,0O(0). Curve 1. at constant
NacCl concentration, C, = 0.776 mol/dm3, as a function of PEG
molar concentration. Curve 2: at constant PEG concentration,
C, = 0.259 mol/dm?, as a function of NaCl molar concentration.

mental and predicted values is about 10. This cannot
be imputed to a bad prediction of the corresponding
main term, D131, which is involved in computing Do,
because the Dj; prediction is fairly good. On the other
hand, the V, value necessary to obtain good agreement
between experimental and predicted values is absolutely
unrealistic. Consequently, some other effects must be
present to invalidate the use of eq 11 in predicting the
D1, values. A possible chemical or electrostatic interac-
tion between PEG 400 and the NaCl could justify the
difference between the experimental and predicted
values.

Regarding the Dy; diffusion coefficient, the prediction
suffers from the inability of eq 7 to predict correctly the
main diffusion coefficient D> (see Table 4 and curves 6
of Figure 4 and Figure 6). If the experimental Dy, is
used, the prediction is quite good, considering the errors
on the diffusion coefficients. A realistic estimate of
errors reported in figures, two times the standard
deviations, comes from the calculations using the four
possible three experiments set at different refractive
ratio, aj, for each overall ternary solution composition.

Very strangely the Dj; (i = j) Batchelor prediction
gives opposite results. A very good agreement between
the experimental and predicted D, is found while the
D,; are greatly overestimated.

Determinant of the Diffusion Matrix. The poly-
mer—salt—water systems can be subject to phase sepa-
ration.3® The diffusion matrix is very sensitive to the
thermodynamic stability of the system. In fact the
conditions for thermodynamic stability imply that the
trace of the diffusion matrix must be positive and the
determinant be positive.””’® This determinant is zero
only along the spinodal curve, so the experimental value
of determinant ||Djj|| is a measure of the system
thermodynamic stability. The ||Dj|| values at the com-
positions investigated are reported in Table 3 and drawn
in Figure 7. The ||Djj|| value decreases at increasing C;
(Cy) at constant C, (Cj). The largest variation is
observed changing C; at constant C,. By extending the
linear experimental trends of the [|Dj|| data as a
function of C; outside the concentration range investi-
gated, we can obtain a rough estimate for the spinodal
composition [C; = 0.85 mol dm~3; C, = 0.776 mol dm~3].
Because of the very small variation of [|Djj|| as a function
of C, and a slight scatter of points, we preferred not to
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extrapolate the observed trend to [|D;jj|| = O to get the
spinodal composition at constant C;. We point out that
this aspect is of great importance in crystallization
phenomena. A similar analysis can be extended to
systems containing proteins to get actual spinodal
compositions of interest in obtaining protein crystals.
This is one of the few examples in the literature of how
nonequilibrium data can be useful to obtaining equilib-
rium data.””1°

Gravitational Behavior. Finally we want to com-
ment briefly on the gravitational instability of diffusion
boundaries in our experiments. In fact, in multicompo-
nent systems, even starting from an initial gravitation-
ally stable diffusion boundary, it is possible to have
density inversion along the vertical axis of the diffusion
cell, followed by gravitational instability. This aspect
has been investigated by some of us,’~81 assuming a
linear relation between density and solute concentra-
tions (eq 2). The instability occurs when the iso-
densimetric conditions are included between the region
of “fingers” and “overstability”.81 The analysis of the
gravitational instability can be helpful to clarify how
the addition of PEG 400 to protein-salt systems reduces
the nucleation time,28:36.82 thereby changing the time
evolution of the large fluctuation in metastable sys-
tems.23 In general the addition of PEG to a ternary
aqueous system containing proteins and a simple salt
can change the conditions for the appearance of convec-
tion. In Table 1 the ratios of the solute concentration
gradients (AC,/AC;) defining the instability conditions
are reported for the five compositions investigated. In
our system an increase of PEG 400 concentration
produces an increment of the gravitational stability
composition range, between overstability and fingering.

The extension of this gravitational analysis to a
guaternary system is already theoretically developed.”
It will be tested experimentally on an aqueous quater-
nary system containing protein—PEG and a simple salt.

V1. Conclusion

The necessity to use the multicomponent approach in
polymer diffusion description is stressed. The mutual
diffusion coefficients for the ternary system PEG 400-
NaCl—water have been measured. A recent procedure
to predict the mutual diffusion coefficients for ternary
systems containing hard sphere solutes has been tested
on this system. We obtained a good result in predicting
the main diffusion coefficients of the polymeric solute
and the cross-diffusion coefficients relative to the motion
of NaCl under the polymeric solute concentration gradi-
ent. The prediction of other two diffusion coefficients is
poor even if their trends as a function of the solutes
concentrations is qualitatively predicted. Our Dj; predic-
tive analysis allows a better evaluation of the Dj; than
Batchelor’s approach.

We stress that in some cases a predictive analysis is
the only way to obtain some estimation of the Dj's in
polydisperse samples. We mean a polydisperse sample
from a diffusive point of view for synthetic polymers,*9.88
as well as for homo-association phenomena (micelles,?*
vescicles,® microemulsion,® nucleation®”). In these
cases, it is impossible to determine the Dj; because it is
impossible to change independently the concentration
gradient of each components as required by the current
experimental techniques.

The analysis of the change of solvent constituent has
emphasized that the counter-flow associated with the
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polymer motion in crowded solutions in general is
essentially due to the constituent present in largest
amount (usually called the solvent: here it is water),
and not to solutes, even as fast and abundant as the
salt in our system. The experimental diffusion coef-
ficients have been used to analyze the thermodynamic
and gravitational stability of the investigated system.
This analysis allowed us to evaluate one composition
of the spinodal curve, and to show that the thermody-
namic stability of the system increases at increasing
PEG concentration.
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