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Abstract Rayleigh interferometry is a precise macroscopic gradient technique that has
been utilized for the determination of multicomponent diffusion coefficients. Because
concentration gradients in multicomponent systems drive a diffusion-based partial sepa-
ration of different solutes, this interferometric technique may be potentially used for the
determination of solute concentrations. We have therefore theoretically examined how
Rayleigh interferometry can be applied for the determination of composition of ternary
aqueous mixtures. The effect of cross-term diffusion coefficients on the accuracy of this
method is also discussed. Furthermore, since the poly(vinyl)alcohol+poly(ethylene)gly-
col+water system undergoes liquid-liquid phase separation (LLPS), we have experi-
mentally characterized its LLPS boundary at 25 °C. The corresponding tie-lines were
characterized by determining the composition of the two coexisting liquid phases using
Rayleigh interferometry.

Keywords Diffusion - Poly(vinyl alcohol) - Poly(ethylene glycol) - Liquid—liquid
phase separation

1 Introduction

Rayleigh interferometry is a very precise technique for the determination of diffusion
coefficients in multicomponent liquid mixtures [1, 2]. This technique can give, at high
precision, the refractive-index profile inside a cell in which the horizontal boundary
between two solutions with different composition is vertically spreading by diffusion. The
precision of the extracted refractive-index profile allows us to detect the presence of one,
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two or even three solute diffusion modes [3]. This is the reason why this technique has
been successful in the determination of multicomponent diffusion coefficients in aqueous
systems [1-3].

The determination of the contribution of individual diffusion modes to the overall
refractive-index profile may also find applications in quantitative chemical analysis. For
example, the refractive-index profile associated with the diffusion of two known solutes
can be used to determine their concentrations in solution. Experiments can be designed by
preparing a boundary between the ternary solution of interest (diluted if needed) and the
pure solvent. The goal of this paper is to explore how Rayleigh interferometry could be
utilized to characterize the concentrations of two different nonionic polymers in ternary
aqueous solutions. Specifically, we consider ternary mixtures of poly(vinyl alcohol) (PVA,
MW = 100 kg-mol~") and poly(ethylene glycol) (PEG, MW = 8.0 kg-mol™") in water.
The PEG+PVA+water system undergoes liquid-liquid phase separation due to the net
repulsive interaction between these two polymers [4]. Thus, we utilize Rayleigh interfer-
ometry for determination of the PEG and PVA compositions of the two coexisting liquid
phases (i.e., PEG/PVA partitioning).

These experiments are performed by employing Gosting’s diffusiometer [5] operating in
its Rayleigh interferometric mode [1]. This instrument, which is regarded as the world’s most
accurate optical interferometer for liquid-state diffusion coefficient measurements [1, 2, 5],
was designed and assembled at the Institute for Enzyme Research in Madison, WI, during the
1960s and early 1970s under the direction of Louis J. Gosting [5]. It was later moved to
Lawrence Livermore National Laboratory (1981-1991) under the supervision of Donald G.
Miller [6], who also played a crucial role in the subsequent transfer to Texas Christian
University, where it was operated under the supervision of John G. Albright [2] until his
retirement in 2004. Miller and Albright with the technical help of Manfred E. Zeidler
upgraded the Gosting’s diffusiometer so that the acquisition of the Rayleigh interferometric
pattern is automatized [7, 8]. This instrument is currently used in our research group [9].

2 Materials and Methods
2.1 Materials

Poly(ethylene glycol) with average molecular weight of 8.0 kg-mol’l, and PVA (99 %
hydrolyzed, 85-124 kg-mol™'), 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 for all of the experiments. All solutions were prepared
by weight using a Mettler-Toledo AT400 analytical balance starting from binary polymer—
water stock solutions. PVA-water (12 % w/w) and PEG-water (30 % w/w) stock solutions
were prepared in the following way. A solid polymer sample and water were mixed
together in an Erlenmeyer flask immersed in a water bath at temperatures of about 95 °C.
The mixture was then extensively stirred for about 2 h. Stirring was continued at room
temperature for at least other 6 h.

2.2 Liquid-Liquid Phase Boundary
The liquid-liquid phase boundary of the PVA+PEG+water system was determined at

25 °C. Known amounts of PEG+water and PVA+water stock solutions and water were
stirred together in a 15 mL test tube so that a biphasic system was obtained at 25 °C. The
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cloudy sample was placed in a water bath at 25.00 £ 0.01 °C. Small and known amounts
of water were then incrementally added to the cloudy samples until opacification was
observed to disappear in the thermostatted sample. All samples were scrutinized by using a
magnification lens. The polymer weight fractions on the phase boundary were taken to be
the average between those of the first clear sample and those of the last opaque sample.

2.3 Determination of Tie-Lines

Known amounts of PEG+water and PVA+water stock solutions and water were mixed
together in a 15 mL test tube so that a biphasic system was obtained at 25 °C. Biphasic
samples were first extensively stirred at room temperature. These samples were then placed
in the water bath at 25.00 £ 0.01 °C and left for 24 h to ensure macroscopic phase
separation by gravity. The top (I) and bottom (II) coexisting phases were then separated
from each other and individually placed in the water bath for about 6 h. Individual phases
were then centrifuged so that residual amounts (if present) of their complementary phase
could be removed. Individual phases were then diluted with water so that their final total
polymer weight percent in water was lower than 1 %.

The mass concentrations of PVA(1) and PEG(2), C, and C,, of a dilute ternary solution
was then determined using the Gosting diffusiometer. Mass concentrations (in g~dm’3) were
then converted into weight percent, w; and w,, by measuring the solution densities. All
density measurements were made with a Mettler—Paar DMA40 density meter, thermostatted
with water from a large, well-regulated (£0.001 °C) water bath. These concentrations were

then used (after dilution correction) to calculate the weight percents,(w(ln,wg)) and

(w(lm, w(2H>), of the two coexisting liquid phases I (bottom) and II (top), respectively.

2.4 Gosting Diffusiometer

Rayleigh interferometry provides a one-dimensional profile of the refractive index inside a
vertical channel filled with liquid. Diffusion inside the channel is brought about by for-
mation of an initial sharp boundary between the bottom solution and the top solution with
different compositions and, consequently, different refractive indices. A comprehensive
description of the Gosting diffusiometer can be found in [2] and references cited therein. In
brief, a typical diffusion experiment starts from preparing a sharp boundary (using a
peristaltic pump) between two uniform bottom and top solutions. In our case, the bottom
and top solutions are represented by the diluted polymer aqueous phase and pure water,
respectively. These two solutions are located inside a vertical channel with inside width of
2.5057 cm. The light source used for generating the Rayleigh interference pattern is a He—
Ne Uniphase laser with wavelength 4 = 543.5 nm. A cell holder is located inside the water
bath. The temperature of the bath at 25.00 °C was regulated with a precision of £0.001 °C.
The cell holder supported a Tiselius cell, where diffusion occurs, and a mask, which
consists of a double slit. Here, the laser beam is split into two parts: one going through the
diffusion channel of the Tiselius cell and the other passing through the water bath (ref-
erence channel). A pair of two cylinder lenses focuses the diffusion channel onto the
detector, where the Rayleigh interference pattern is observed and recorded. Rayleigh
fringes shift horizontally as the refractive index inside the diffusion channel changes with
vertical height. This gives direct information about the total number of fringes, J, and thus
the normalized refractive index profile. To minimize effects due to the concentration
dependence of diffusion coefficients and refractive-index increments, Creeth’s
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antisymmetrization procedure (Creeth-pair method) [10] was applied. To minimize effects
of polymer polydispersity, diffusion measurements on binary polymer—water systems were
used to remove the polydispersity contribution from the refractive-index profile of the
ternary systems as described in [11]. The method of non-linear least squares [12] was then
applied to the corrected refractive-index profile in order to extract all needed diffusion
parameters.

3 Theory

In this section, we outline the method to extract the solute mass concentrations, C; and Cs,
of a ternary solution. The normalized refractive-index profile inside the channel is
described by the function f = 2(n — 77)/An where n(x) is the refractive index at a given
position, x, inside the channel, and 7 and An are, respectively, the average and the dif-
ference in refractive indices between the two solutions. The normalized refractive index is
obtained by locating the position of the fringe of the resulting Rayleigh interference
pattern. One important parameter extracted from a given diffusion measurement is the total
number of interference fringes, J [1]. If the top solution is pure water, then we have:

J=RICi+R(, (1)

where R; is an instrumental constant directly proportional to the refractive-index contri-
bution of solute i. For a system with three components (two solutes and one solvent), the
generalized Fick’s first law [2] is given by

—J; = D1 VC; +D;,VC, (2&)
—J> =Dy VCi + DV, (Zb)

In Eqgs. 2a and 2b, J; is the mass flux of solute i, C; is the mass concentration of solute j,
and Dj; is the diffusion coefficient that relates the flux of solute i to the concentration
gradient of j. Main-term diffusion coefficients, D and D,,, describe the flux of each solute
due to its own concentration gradient, while the cross-term diffusion coefficients, D, and
D, are responsible for the flux of a solute due to the concentration gradient of the other
solute. The cross-term D;; approaches zero as C; approaches zero at constant C;. Thus
cross-term diffusion coefficients may be negligible in solutions dilute in that solute.

The normalized refractive-index profile associated with the free-diffusion boundary
condition is mathematically described by the linear combination of two error functions [1]:

f = Tyerf(y/VDy) + Trext(v/V/D3) 3)

where y = x/2+/t, t is time, and D; (with i = 1,2) are the two eigenvalues of the D;; matrix
characterizing the two diffusion modes. If we define our solute components such that
D11 <Dy, we can write:

1 1 DDy
D :_(T—\/T2—4A):D o 4
) ! 4D11—D22+ (42)
1 1 DD
Dy=3(T+VIP=4A) =D+ 50— (4b)
2 4 Dy — Dy,

where T = Dy; + Dy, A = D11Dy — D13Dy;, and the right-hand-side of Eqgs. 4a and 4b
represents Taylor’s series expansions to first order with respect to Dy2D51 /(D11 — D). In
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the presence of net solute—solute repulsive interactions, the cross-term diffusion coeffi-
cients are expected to be both positive [13—15] and Dj,D,; > 0. This implies that D; <Dy
and D, > Dy,. If the concentration of one of the two solutes is low, then the magnitude of
one of the two cross-term diffusion coefficient is small. In this case, we have D; =~ D, and
D, = Dy, according to Eqs. 4a and 4b. The constants I'; in Eq. 3, which satisfy the
normalization condition I'; 4+ I'; = 1, characterize the relative weights of the two diffusion
modes to the overall refractive-index profile. The expressions of I'; can be taken from the
original work of Fujita and Gosting [16]. These expression are rewritten in the following
way:

Dj —Dj; — (Rj/R;)Dji)o; + |D;j — Dy — (R;/R;)Dyloyy . . . o
[ J ( _]/ ) ]]lo; +l[)] J ( / ./) ./]OC./ Wlthl,]: 1,2andl7é] (5)
) — D;

=

where o; = R; C;/J and o + o, = 1. The key approximation that allows us to determine C;
from I'; is based on the limiting condition: I'; = o; applying when D, = D,; = 0. This
limiting equality is expected to be a reasonable approximation in dilute solutions of
nonionic solute components. Our approach for the determination of the values of C; and C,
is based on the application of the method of the non-linear least squares as developed by
Miller [12] to Eq. 3. The values of I'; can be converted into the corresponding C; using:

Ci:JEWithi:l,Z (6)
R;

Diffusion measurements on binary polymer—water systems with known solute con-
centrations can be used to extract the needed values of R; for the application of Eq. 6.
These values can be assumed to be the same as those in dilute ternary systems. Indeed
previous ternary-diffusion measurements on polymer systems show that this assumption is
acceptable even for concentrated mixtures [11].

4 Results and Discussion

The total polymer concentration in the investigated coexisting liquid phases is of the order
~ 100 g-dm . Samples were diluted so that the total polymer concentration was reduced
to x5 g-dm_3 . Diffusion measurements on binary PVA(1)+water and PEG(2)+water
systems were performed at similar concentrations at 25 °C. Binary polymer concentrations
C;, binary diffusion coefficients D;, and the corresponding R; values are reported in
Table 1.

In Table 2, we report our experimental compositions for the liquid-liquid phase
boundary. These data, which are shown in Fig. 1 (open circles), were used to identify
compositions (w(l),wg) that could approximately generate equal amounts of the two
coexisting liquid phases (I) and (II) according to lever rule. The composition of the
prepared samples (A, B and C) are reported in Table 3 (see also labeled open squares in

Table 1 Diffusion results for binary polymer+water systems at 25 °C

Ci (gdm™) D; (107° m*s™") Ri(g-dm™)
PVA (1) 5.208 0.02663 7.216
PEG (2) 4.608 0.09002 6.209
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Fig. 1). Our diffusion results on diluted phases are also reported in Table 3. Due to net
PVA-PEG repulsive interactions, phases (I) and (II) are enriched in PVA and PEG,
respectively. This implies that one solute component dominates in individual solutions. As
a consequence of this phenomenon, the application of the method of non-linear least
squares to Eq. 3 yielded unrealistic values of the D; associated with the minor solute
component. This is related to the fact that the corresponding I'; value was found to be
relatively small. Hence, the value of D; was set to be constant and equal to the corre-
sponding binary value D; in Table 1.

Table 2 Compositions of the

liquid-liquid phase boundary w2 (%) wi (%) w2 (%) w1 (%)
0.73 11.89 2.90 1.99
1.33 7.89 3.02 1.46
1.54 6.96 3.69 0.74
1.77 5.38 4.44 0.45
2.08 471 5.82 0.23
2.12 4.14 7.66 0.06
2.33 3.17 9.66 0.03
243 3.37 10.51 0.02

Fig. 1 Phase diagram of the 16 grr—rr1rrrrYTTTTT T T TTTY

PVA(1)+PEG(2)+water system
showing the liquid-liquid phase
boundary (open circles) at 25 °C.
The solid curve is a guide for the
eye. The pair of points (w(ll) , wg))
and (wﬁ”),wg“)), representing the
coexisting liquid phases (I) and
(IT) (closed squares), are
connected by tie lines (solid
lines). The overall compositions
(open squares) of the samples,
(w9, w9), prepared to generate the
coexisting phases, are also
included and labeled as shown in
Table 1. The critical point
(closed diamonds) composition
(w§,w$) was estimated by a
linear extrapolation of (wl(-l) +
wi)/2 (with i = 1, 2) to

‘W(H) _ W(I)I —0

i i

0 12
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The compositions of the determined coexisting liquid phases are shown in Fig. 1. As we
can see, very good agreement was obtained for samples B and C. However, the pair of
compositions related to sample A was found to be slightly inside the phase boundary.

Furthermore the initial compositions (W, w)) are expected to be located on the tie lines

connecting compositions of coexisting phases (w(ll), w(zl)) and (wgm , w<2H)). While very good
agreement was obtained for samples B and C, the composition of sample A was found to be
slightly below the corresponding tie line. Repeated measurements on sample A lead to the
same results within the experimental error.

One possible reason for the discrepancy observed for sample A may be attributed to
non-negligible cross-diffusion effects in Eq. 5. We now examine the role of cross-term
diffusion coefficients on the deviation of I'; from ;. If we include only terms to first order
in D;;/(Dj; — D;;), then Eq. 5 becomes:

r= (1 _ <R,»/R,-><D,g;:j_> * Duy/C) Cj) ‘.

(7)

Note that cross-term diffusion coefficients in Eq. 7 were rewritten as quotients, D;;/C;,
since Dj; is directly proportional to C; to first order. According to Eq. 7, the value of I';
overestimates (underestimates) the value of «; for the relatively fast (slow) diffusing solute
when both cross-term diffusion coefficients are positive. Thus, we conclude that I, >
(and I'} < ;) in our case. Furthermore, it is also important to observe that the condition
I'; = o; is respected when C; — O (see Eq. 7). This limiting condition is analogous to
Raoult’s law describing the liquid—vapor equilibrium of real mixtures.

This analysis of Eq. 7 is consistent with our experimental results. For samples B and C,
the concentration of one of the two solute components is very small (with a mass con-
tribution being less than 5 % of that of the other solute). This implies that I'; is expected to
yield relatively accurate values of concentrations for the dominant polymer. On the other
hand, the concentrations of the minor solute component in sample A are relatively high.
Thus, according to Eq. 7, this discrepancy might be related to I, in Table 3 being
appreciably larger than o,. For example, we have observed that better agreements with
both the liquid-liquid phase boundary and (w9, w9) are obtained if the value of I'; ~ 0.20
for phase (I) of sample A corresponds to the lower value of o, ~ 0.15.

5 Conclusions

The application of diffusion-based partial separation of solute components to the deter-
mination of the composition of coexisting liquid phases in ternary polymer aqueous sys-
tems using Rayleigh interferometry was described. Satisfactory accuracy was found when
one of the two polymer components dominates. Systematic studies of multicomponent
diffusion on ternary solutions with known compositions should be performed to assess
precision and accuracy of this method in quantitative chemical analysis.
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