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Chapter 1

Motivation

1.1 Introduction

A concentration gradient of a solute within a liquid mixture induces the net transport of
solute molecules from high to low concentration. This transport phenomenon is denoted as
diffusion. Diffusion-based transport in liquids is important in separation technologies, phase
transitions, surface adsorption, controlled-release technologies, microfluidics and biochemical
systems.® Accurate descriptions of the diffusion processes are a necessary step towards
understanding the dynamics within liquid mixtures, improving existing technologies and
developing better ones. In most mass-transport problems, diffusion occurs within
multicomponent liquid systems; i.e., those mixtures that contain more than one solute
component. One aspect of diffusion in multicomponent systems that is not well understood is
cross-diffusion. This is the diffusion of a solute induced by the concentration gradient of another
solute.®

The diffusion of macromolecules in solutions is a particular area of interest relevant to
the applications listed above.'” Indeed, there are many studies focusing on the diffusion of
proteins and synthetic polymers in aqueous and non-aqueous mixtures.®**® Related transport
parameters (Brownian mobilities) have been used to characterize the size of macromolecules and
their aggregates and model diffusion rates, relevant to the kinetics of (bio)chemical processes,
phase transitions and diffusion-based controlled release.®** However, often the investigated
systems not only contain the macromolecule of interest but also other solutes (cosolutes), and
cross-diffusion may occur. Nonetheless, cross-diffusion mechanisms are often ignored in these

studies, mainly because cross-diffusion data are scarce and very difficult to measure.



A concentration gradient of a cosolute can induce the diffusion of macromolecules or
colloidal particles.””**"  This specific cross-diffusion mechanism is denoted as
diffusiophoresis.”” The origin of this name may be better appreciated by considering another
well-known transport phenomenon denoted as electrophoresis. Electrophoresis describes the net
transport of macromolecules induced by a gradient of electrical potential, while diffusiophoresis
describes the net transport of macromolecules (or colloidal particles) induced by a gradient of
solute concentration (a gradient of chemical potential rigorously).**®

Recently, there has been a growing interest on the use of microfluidics as a means to
achieve separation of macromolecules (e.g., proteins) on the microscale level for applications
such as high-throughput screening.**® The effects of diffusiophoresis have been also investigated
inside microfluidic devices.**® Specifically, it has been shown that cosolute concentration
gradients result in large shifts of colloidal particles. *®*>"® In other words, the effect of a cosolute
concentration gradient on a (neutral or charged) macromolecule (diffusiophoresis) resembles to
that of an electrical-potential gradient on a charged macromolecule (electrophoresis).*® Thus,
these studies have shown that cosolute concentration gradients may be used to direct the motion
of macromolecules. 18>8

The separation of colloidal particles in microfluidic systems based on electrophoresis has
been demonstrated. However, Joule heating effects have been observed in related experiments.*
Thus, the extension of microfluidic-based electrophoresis to more labile macromolecules is

limited by their fragility at the small-scale level.*®

Because cosolute concentration gradients can
be less invasive than external electric fields and microfluidics devices have been successfully
employed to set up cosolute concentration gradients, it becomes important to develop novel

separation techniques based on diffusiophoresis. **®*"** Cosolute concentration gradients could



be employed to separate two distinct macromolecules relevant to separation technologies, focus
macromolecules within a narrow spatial domain relevant to self-assembly, and direct and boost
the motion of macromolecules towards solid surfaces, relevant to adsorption, crystal growth and
sensor technologies. *®1>'* All these applications require a fundamental understanding of cross-
diffusion transport in multicomponent mixtures containing macromolecules.

Nearly all research studies on cosolute-induced diffusiophoresis have pertained to aqueous
univalent chloride salts (NaCl and KCI) at low salt concentration (= 0.1 mol-dm™or less) in

solution with large (=100 nm) particles.'®*>1%%? Recently, we have employed Rayleigh
interferometry to show that diffusiophoresis occurs also in the instance of macromolecules such

as proteins and polymers in aqueous salt mixtures.*#%" 22 | these studies, diffusiophoresis

measurements were also performed at relatively high salt concentrations (=1 mol-dm™or
higher).-#™*°

In relation to salts, there is an extensive literature on their application as promotors of
precipitation and crystallization of macromolecules, especially in the case of proteins.'*®
Furthermore, salts have been ranked in the Hofmeister series according to their thermodynamic
effectiveness in inducing protein precipitation.>® In this series, sulfates are regarded as the most
effective precipitating agents (salting-out agents), while, on the other hand, thiocyanates are
regarded as solubility enhancers (salting-in agents). ® Such behavior is not only observed for
proteins but also for synthetic polymers in water. We have shown that the magnitude of salt-
induced macromolecule diffusiophoresis also follow the Hofmeister series. *®  Indeed,
concentration gradients of sodium sulfate can be used to produce large diffusiophoresis effects.*®
In most of these studies, polyethylene glycol (PEG) was selected as the model macromolecule.

This synthetic polymer was chosen because it is neutral and highly soluble (hydrophilic) in water



at room temperature. Contrary to (charged) proteins, the effect of salts on PEG does not involve
electrostatic ionic interactions. Thus, PEG-salt net interactions in water depend only on the
hydration properties of the macromolecule and salt ions.>® PEG is commercially available in
many molecular weights. Diffusiophoresis studies as a function of PEG molecular weight has
allowed us to experimentally determine how diffusiophoresis compares to polymer Brownian
mobility as the polymer size increases.’®*® PEG also has a broad spectrum of pharmaceutical and
industrial applications due to its non-toxic character. Indeed, PEG has been used as a biomaterial
for cell and tissue engineering, coating of implants, biosensors and drug delivery systems.?®%

Our studies on salt-induced diffusiophoresis have also shown the importance of another
distinct cross-diffusion mechanism, we denoted as salt osmotic diffusion.*®'" This is the
diffusion of salt induced by a concentration gradient of macromolecules. As in the case of
diffusiophoresis, the magnitude of salt osmotic diffusion also follows the Hofmeister series.'®
These studies have also allowed us to realize that the examination of salt osmotic diffusion data
represented a needed step for understanding macromolecule diffusiophoresis. *#% Specifically,
we have shown that diffusiophoresis is a function of a kinetic and a thermodynamic parameter.
To identify the relative contribution of these two parameters, osmotic-diffusion data were also
needed.

All these studies showed that salt-induced diffusiophoresis of macromolecules relates to the
thermodynamic effectiveness of salts in precipitating macromolecules from aqueous solutions.*®
Interestingly, it is known that the thermodynamic properties of macromolecules can be also
influenced by neutral cosolutes.*>** In the case of proteins, it is known that the thermodynamic
effect of trimethylamine-N-oxide (TMAO) is similar to that of salting-out agent such as sodium

sulfate, while that of urea is similar to that of salting-in agent such as sodium thiocyanate.*



TMAO and urea are known as osmolyte and denaturant, respectively. Interestingly, these two
neutral organic molecules can also be found in living systems at relatively high concentrations.
TMAO and other osmolytes are known to significantly lower the water chemical potential. Thus,
in the presence of TMAO, a living cell is capable of fighting against dehydration. Specifically,
TMAO thermodynamically hinders the water osmotic flow from the cell interiors to cell
surroundings. In other words, cells can maintain their volume under conditions of osmotic
stresses.

Urea is a byproduct of protein degradation inside living systems. Urea has a broad spectrum
of industrial applications. It is employed as a fertilizer and is also an ingredient found in
cosmetic and pharmaceutical formulations. Urea is a denaturant because it is known to
thermodynamically destabilize the native conformation of proteins. Thus urea is extensively used
to characterize the thermodynamic stability of proteins in biochemical and biophysical laboratory
experiments. It is interesting to observe that TMAO, on the other hand, is known for its ability to
stabilize the native conformation of proteins. Thus, in the presence of TMAOQO, the denaturing
effect of urea on proteins inside living systems is significantly reduced.**

The goal of this thesis is to investigate TMAO-induced and urea-induced diffusiophoresis of
PEG. TMAO and urea osmotic diffusion will be also characterized. Specifically, we will
experimentally characterize diffusion coefficients in ternary PEG-TMAO-water and PEG-urea-
water systems at 25 °C using Rayleigh interferometry. These data will be then used to determine
PEG diffusiophoresis coefficients and cosolute osmotic diffusion coefficients as a function of
cosolute concentration. Our experimental results will be then theoretically examined within the

framework of non-equilibrium thermodynamics.



1.2 The Molecular Structures of PEG, TMAO and urea

The chemical structure of PEG is shown in Fig. 1.1. In our studies, PEG has a molecular
weight of 20 kg mol™. This corresponds to about 450 monomeric units. This linear flexible
polymer exhibits a coil-like conformation in water at room temperature. Since this polymer is
hydrophilic, PEG coils tend to have a slightly more swollen conformation in water compared to

that predicted from a random coil.
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n

Figure 1.1: Structure of Polyethylene Glycol, with n being the number of repeating units.

The chemical structure of TMAO is shown in Fig. 1.2. Note that this neutral molecule is a
zwitterion with a positive charge located on the N atom and a negative charge located on the O
atom. The TMAO molecule has an sp® hybridized nitrogen atom.
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Figure 1.2: Structure of TMAO

The chemical structure of urea is shown in Fig. 1.3. The urea molecule is planar with respect to
the carbon being described as sp? hybridized. The nitrogen atoms are sp® hybridized or

tetrahedral. Note that the C-N bonds have significant double bond character due to resonance.



Urea is highly soluble in aqueous solutions due to its ability to engage in extensive hydrogen

bonding with water.

O=0

Ho,N” “NH,

Figure 1.3: Structure of Urea



Chapter 2
Theoretical Background

2.1 Diffusion coefficient

In a binary solute(1)-solvent(0) mixture, diffusion is the transport phenomenon that
describes the net motion of solute particles from high to low solute concentration in the absence
of external fields. To examine diffusion and introduce the diffusion coefficient, we consider the
limiting case of an ideal-dilute solution. This corresponds to non-interacting solute particles. We
then consider the forces that apply to the solute particles in isothermal conditions. If the particles
are overall moving with constant drift speed, v, the net driving force, F, must be equal to a

frictional force, fv , where f is a frictional coefficient. Note that both F and v are vectors

sharing the same direction in isotropic liquids. The drift speed of the solute particles is therefore

given by’

(2.1)

<
Il
—| T

For diffusion, the driving force is the gradient of solute chemical potential, £ . In the limit of

infinite dilution, we can write at constant temperature:

E__Vi =_kB_TVC1 (2.2)
NA Cl

where V=(0/0x, 0/dy, 0/0z), N, is the Avogadro’s number, K, the Boltzmann constant, C,

is the solute molar concentration and T the absolute temperature. After inserting Eq. 2.2 into Eq.

2.1, we obtain:
K.T
-3, == ve, (23)

where J, =C is the net flux of solute particles from high to low solute concentration.*

8



The tracer diffusion coefficient of the solute particles, D, (units,m?-s™), can be introduced as

D) = kBTT (2.4)

Equation 2.4 is known as Einstein equation and provides the basis of the Brownian motion

theory. * The diffusion coefficient, D/, is also denoted as Brownian mobility. Note that D, is

the ratio of the thermal energy term, k;T , responsible for particle motion and the opposing
friction caused by the surrounding fluid (solvent). The higher the temperature the faster particles
move. The larger the friction coefficient the slower the particles diffuse. The value of f is
related to the size and shape of the solute particles, and the viscosity, 7 (units,kg-m™s ™), of
the surrounding medium (solvent) assumed as a continuum. For a spherical solute particle, it can
be shown that f =67z7R, (Stokes’ law), where R, is the radius of the particle (hydrodynamic
radius).> This relation is usually extended also to non-spherical particles with the understanding
that R, is the equivalent hydrodynamic radius of a sphere. Equation 2.3 can be therefore
rewritten in the following way:

67nR,

(2.5)

Equation 2.5 is known as the Stokes-Einstein equation. This equation is important because it
shows that the diffusion coefficient of a macromolecule is expected to be significantly smaller
than that of a co-solute with relatively low molecular weight. Equation 2.4 also shows that the
diffusion coefficient of a solute is inversely proportional to the viscosity of the surrounding

medium.



2.2 Fick’s Law

Equation 2.4 can be extended to any arbitrary solute concentration, provided that
D) =kgT/ f is replaced by D,(C,), a phenomenological transport parameter denoted as the
mutual diffusion coefficient. The adjective “mutual” is introduced to emphasize that D, also

describes the compensating diffusion of solvent molecules occurring in the opposite direction of
solute diffusion. The generalization of Eq. 2.4 to finite solute concentrations in binary solute(1)-

solvent(0) systems is known as Fick’s law:®

~J,=DVC, (2.6)

The generalization of Eq. 2.6 can be extended to multicomponent systems. For a ternary

solute(1)-solute(2)-solvent(0) system, we have the following matrix:

_[Jl}{% %MVQ} 27)
‘J2 D21 D22 VCZ
where C, and C, are the molar concentrations of solute 1 and solute 2, and J, and J, are the

corresponding molar fluxes. The four D;(with i, j=1,2), which are represented as a 2x2

diffusion-coefficient matrix, are denoted as ternary diffusion coefficients. In this thesis, solute 1
and solute 2 are the macromolecule (PEG) and cosolute (TMAO or urea) components,
respectively. The diffusion coefficients, D,, and D,,, describe the flux of macromolecule and
cosolute due to their own solute concentrations. These two coefficients are expected to be closely
related to the corresponding binary diffusion coefficients, D, and D,, associated with the
macromolecule-solvent and cosolute-solvent systems, respectively. The off-diagonal diffusion

coefficients, D,, andD,,, are denoted as cross-diffusion coefficients, with D,, describing the

10



flux of macromolecule due to the concentration gradient of the cosolute, and D,, describing the
flux of cosolute due to the concentration gradient of the macromolecule. The cross-terms D,,

and D,, will be related to macromolecule diffusiophoresis and cosolute osmotic diffusion,

respectively.

2.3 Diffusion and Non-equilibrium Thermodynamics

Non-equilibrium thermodynamics provides the theoretical basis for understanding
diffusion transport in multicomponent systems. We shall see that ternary diffusion coefficients
are linear combinations of fundamental thermodynamic and transport parameters. Before we
derive these important relationships, we need to introduce the concept of reference frame.
Diffusion coefficients can be reported in different reference frames.® In the volume-fixed frame,

the fluxes of the components of a ternary system fulfill the condition:

GV, + 3DV, +(J,),V, =0; in the solvent-fixed frame, we have (J,), =0. Here, J, and
V. are the molar flux and partial molar volume of component i, respectively. The subscript “V”

denotes the volume-fixed frame. The subscript “0” denotes the solvent component when added
directly to a flux, and denotes the solvent-fixed frame when added outside the parentheses to an
already-subscripted flux or diffusion coefficient. We note that volume-fixed frame diffusion
coefficients are obtained experimentally.?® However, solvent-fixed frame diffusion coefficients
are more directly related to the thermodynamics of mixtures. The solvent-fixed frame

coefficients, (D;),, are related to the volume-fixed frame coefficients (D;), by the following

relations:3%4°

11



(Du)o = (Dyy)y +[C, 1 (1-CV, —=CV,)] [V, (Dy,)y +V; (Dyy)y ] (28.1)

(D)o =(Dy)y +[C,/(1=CV, —=CNV,)] [V, (Dyp)y +V, (D) ] (2.8.2)
(Da1)o =(Dy)y +[C, 1 1-CV, —=CV,)] [V, (Dyy)y +V; (Dyy)y ] (2.8.3)
(D)o =(Dy)y +[C, / (1-CV, =CV,)] [V, (Dyp)y +V, (D), ] (2.8.4)

Non-equilibrium thermodynamics describes isothermal diffusion transport in the solvent-
fixed reference frame. 1% |n the following analysis, we will omit subscripts “0” for the
solvent-fixed reference frame in order to simplify notation. For a binary solute(1)-solvent(0)
system, we have:

-J,=L,Vy (2.9)
where the L, term is a fundamental transport parameter known as the Onsager transport

coefficient.* Note that Eq. 2.9 is a linear law consistent with Fick’s law but emphasizes that the
chemical-potential gradient not the concentration gradient is the actual driving force for
diffusion. If we combine Eqgs. 2.6 with 2.9, we obtain:

D, =L, u, (2.10)
where 14, E(a;ﬁ/acl)w, a molarity-based chemical-potential derivative, is a parameter
characterizing the thermodynamic properties of the binary solution.*® Eq. 2.2 shows that the
observed diffusion coefficient is the product of a transport parameter and a thermodynamic
parameter. In the limit of infinite dilution, we know that (9z /0C,), , = RT /C, . In this limit, we

obtain:

DS = RT L,

c (2.11)

12



The extension of Eq. 2.9 to ternary systems is:

_[Jl}:{l‘ﬂ Liz}[vﬁﬁ} (2.12)
J Ly LoV, .

where the four L; (with i, j=1,2) terms represent a 2x2 matrix of Onsager transport

coefficients. Note that this matrix is symmetric with L, =L, being the Onsager Reciprocal

Relation.***? If we combine Egs. 2.7 with 2.12, we obtain:

(D)o = (Lia)o sty + (Lip)o 1 (2.13.1)
(Diz)o = (Lig)o iy + (Lip)o 14z, (2.13.2)
(D)o = (Ly)o sty + (Lyp) o iy (2.13.3)
(D)o = (Lan)o i, + (Lyo)o oy (2.13.4)

where ,uijs(éyi/éCj)T’p’Ck’kij (with i, j,k=1,2) are parameters characterizing the

thermodynamic properties of the ternary mixture.

2.4 Polymer Diffusiophoresis and Cosolute Osmotic Diffusion

To describe polymer diffusiophoresis and cosolute osmotic diffusion, the two following

reduced parameters are defined:
D, = éimo[c2 D, /(2C,y,D,)] for polymer diffusiophoresis (2.14.1)

D,, = lim[D,, / D] for cosolute osmotic diffusion (2.14.2)

where D, is the macromolecule tracer-diffusion coefficient ( D, in Section 2.1), characterizing

polymer Brownian mobility in aqueous solution at infinite dilution.’ The factor

Y,=1+dInf,/dInC,) in Eqg. 2.14 is a thermodynamic factor of the binary cosolute-water

system, with f, being the corresponding activity coefficient of the cosolute.® Note that both D,

13



and y, are functions of cosolute concentration,C,. Values of y,(C,) are available through the
literature.”"® Values of D,(C,) can be obtained from the known value of D,(0) in water and
data of relative viscosity of of the binary cosolute-water system, 7, (C,) can be used to
characterize D, (C,)=D,(0)/7,(C,) based on the Stokes-Einstein equation. In Egs. 2.14.1 and
2.14.2 the experimental values of the diffusion-coefficient matrix D; (in the solvent-fixed
reference frame) are needed to calculate D,, and D,,.

In order to provide a theoretical interpretation on D, and D,,, we link these two

normalized parameters to the Onsager transport coefficients and thermodynamic parameters in

Eq. 2.12. According to Egs. 2.13.2 and 2.13.3 we can write:

D

o _ e Ly (2.15.1)
Loty 4y Ly
Dy oty L by (2.15.2)

Lottyy,  Hy Ly Lyt

In the limit of C, — 0, we know that L, =D,(y,C,/C,) and L,u,=D, =D,. Thus, the

left side of Egs. 2.15.1 and 2.15.2 become D,, and D,,, respectively.® Furthermore, Lz, =D,

and (Lz4,)/ (Lyse,)=D, /D, in Eq. 2.15.2. In relation to Eq. 2.15.1, it is convenient to

introduce the following thermodynamic and kinetic parameters;>%2453

y = lim %42 (2.16)
€120 4y,

/Is—limi (2.17)
C,—0 |_11

In previous studies, we have shown that the magnitude of » is comparable with that of 1.' By

using Eq. 2.15.2 and remember the ORR, we obtain:
14



D,=y-4 (2.18.1)
D,=y+V,C,—a A (2.18.2)

where a=D, /D, and we have used 1, / 1, =y +C,\V,.? This expression of 1, / u,, will be

discussed in Section 2.3. The value of « is small for polymers in the presence of low-molecular
weight cosolutes due to the relative large size of polymers (typically « <0.05). As shown by Eg.
2.18, polymer diffusiophoresis equally depends on both the thermodynamic and transport

parameters. On the other hand, a4 in Eq. 2.18.2 represents a kinetic relatively small correction.

This implies that [321 is approximately a thermodynamic parameter. If the partial molar volume
of the polymer, V,, is known, measurements of D,, as a function of cosolute concentration
allows us to extract the thermodynamic parameter y(C,). Thus, measurements of If)12 as a
function of cosolute concentration will then allow us to extract the kinetic parameter 4(C,). We
can also appreciate that the examination of [321(02) (co-solute osmotic diffusion) represents a

prerequisite for understanding the behavior of I512 (C,) (polymer diffusiophoresis).

A

In order to provide a physical interpretation on D,, and D

,,, We link these normalized

parameters to macromolecular transport and equilibrium dialysis, respectively. The parameter
D,, describes the effect of the cosolute chemical field (Vy,) on the net migration rate of a

polymer, 1, :*
~ Vlu
r.=-D,| VInC,+ D, =2 2.19
P P( 1 12 RT j ( )
where we have used r, =J,/C,. Eq. 2.19 is obtained after differentiating z4(C,,1,)in Eq. 2.12

in the limit of C, - 0, and then using the definitions of » and A. Interestingly, this equation
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for diffusiophoresis is analogous to the electrokinetic equation describing electrophoresis in the

presence of an electrical field.*®

The parameter I521 is related to cosolute equilibrium partitioning in equilibrium dialysis.
In the hypothetical limit of the mobility of the macromolecule being infinitely slow compared to
that of the cosolute (« —0), the co-solute component reaches equilibrium (Vg, =0) in the
presence of an infinitely slower dissipating macromolecule concentration gradient. This implies

that J,=0. According to Fick’s law (-J,=D,VC +D,VC,), we deduce that

D,,/ D,, ==VC, /VC, in this limit. We can therefore write:

oc, -
2| —_imD 2.20
) =-mes. 2

The parameter (6C,/0C,), , which characterizes the difference in cosolute concentration

My !
between two solutions of different macromolecule concentration at equilibrium, describes
cosolute partitioning across a membrane not permeable to the polymer component. Since

polymers are not infinitely slow, the small kinetic correction, a4 in Eq. 2.18.2 characterizes the

deviation of the experimental D,, from the hypothetical lim__, D,,.

In summary, we have introduced two normalized parameters, D, and D,,, describing

polymer diffusiophoresis and cosolute osmotic diffusion, respectively. The fist parameter
describes the effect of cosolute chemical fields on the net migration rate of polymer, while the

second parameter is closely related to co-solute partitioning in equilibrium dialysis. We have also
theoretically connected D, and D,, to two fundamental thermodynamic and kinetic parameters,

y and A . These two parameters will be further discussed in the following remaining sections.
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2.5 Examination of the thermodynamic parameter, 7

The isobaric and isothermal effect of cosolutes on the thermodynamic stability of
macromolecules is related to macromolecule(1)-cosolute(2) net interactions in water(0). In

general, the thermodynamic properties of ternary mixtures is described by the four chemical-

pontential derivatives, = (Ou /8Cj)ck'k¢j, which were introduced in Section 2.4. In our case,
we have g, =RT/C, and u, =RTY,/C, (in the limit of C, — 0). The effect of cosolute on
macromolecule is described by the chemical-potential cross derivative z,. A positive value of
4, implies that the chemical potential of the macromolecule, ., , increases as the cosolute
concentration, C,, increases. In contrast, a negative value of s, implies that s, , decreases as

C, increases. A cosolute-induced increase (decrease) in the macromolecule chemical potential
implies that the macromolecule-cosolute net interactions are repulsive (attractive) in water. In the
presence of net repulsive interactions, a macromolecule tends to minimize its interactions with
the surrounding cosolute by either collapsing on itself (e.g., favoring compact conformational
states) or phase separating from the aqueous solution. In the presence of net attractive
interactions, a macromolecule tends to maximize its interactions with the cosolute leading to
cosolute binding (e.g., host-guest interactions). The other chemical-potential cross derivative,
Uy, 1S linked to 14, by a Maxwell relation. In the limit of C, — 0, we have:

Hau _ (1_C2\72)[&_C2_\72)+C2\71 (2.21)
Mo 2 Y,

Typically, C,V, in Eq. 2.21 is small (about 5% or less) compared to one and the magnitude

v =, 1, (keeping in mind that Yy, =1). This implies that it may be neglected within the

experimental error (about 5%) in cross-diffusion data. Thus Eq. 2.21 can be approximated by:
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Ha_yicy, (2.22)
Hoy

Note that Eq. 2.22 was used to obtain Eq. 2.18.2. If » =0 , we no net interactions between

macromolecule and cosolute in water. In this reference case, we deduce that

[321 vl CV, (2.23)
Hp,

where we have also used Eq. 2.20.
We now remark that s, / t,, =—(0C,/0C,),, is the cosolute partitioning coefficient

introduced in the above section. Thus Eq. 2.8 can be rewritten in the following way:

—(ﬁj =y+CV, (2.24)
acl #,C,=0

Equation 2.23, which is consistent with Eq. 2.20 and Eq. 2.18.2 provides a thermodynamic link
between » and the cosolute partitioning coefficient. We can therefore link » to the
thermodynamics of equilibrium dialysis. In the following two sections, we are going to use
equilibrium dialysis to introduce two models, Excluded-Volume and Ligand-binding models,

giving an expression for y(C,) in the case of repulsive (y>0) and attractive (y<0)

interactions, respectively.

2.5.1 Excluded Volume Model

Macromolecule-cosolute net repulsive interactions in water may be described by
employing the excluded volume model. To introduce the excluded-volume model, we consider
an equilibrium dialysis setup as shown in Fig. 2.1. In this setup, the left compartment contains a

ternary macromolecule(1)-cosolute(2)-solvent system with composition specified by the
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concentrations (C,,C,). This ternary system is separated from a binary cosolute-solvent
reservoir (right compartment), with composition specified by the cosolute concentration C,, by
a membrane not permeable to the macromolecules. At equilibrium, the chemical potential of the
cosolute, x,, must be the same in both compartments. However, due to macromolecule-cosolute
interactions, C, in the left compartment will be generally different from C, in the right
compartment.

As a starting point, we can consider the case in which no macromolecule is present inside
the left compartment. This implies that C,=0 and C,=C,. Upon the insertion of
macromolecules, cosolute molecules will diffuse from the left compartment to the right
compartment in the presence of repulsive interactions. This implies that C, becomes smaller
than C,. It is important to note that C, in the right compartment remains the same since the
binary reservoir is set to be infinitely large. Thus, the value of the cosolute chemical potential
1,(C;) in the right compartment will also remain constant. If the two compartments are in
chemical equilibrium with respect to the cosolute, the cosolute chemical potential in the right

compartment will be always equal to £,(C,) independent of C,.
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Figure 2.1: The effect of excluded volume on an equilibrium dialysis model separated by a
membrane (dashed line) permeable to cosolute and water molecules only and not polymer
molecules. The left compartment contains polymer (coils) with cosolute (small red spheres) and
water (light blue background). The space surrounding each coil (dark blue circles) describes the
volume excluded to the cosolute. The right compartment contains only cosolute particles and
water in an open large binary reservoir. The red arrow describes the net transport of cosolute
from the left to the right compartment due to polymer-cosolute repulsive interactions.

To describe the difference between C, and C,, it is convenient to introduce the cosolute

partitioning coefficient:

(%j (ﬁ] i GG (2.25)
8C1 1Cy0 8C1 61.C,0 C,—0 Cl

where the subscripts, u, and C,, specify that these quantities remain constant when C, is

varied. The quantity (6C,/dC,), =(8C,/dC,)., can be interpreted using the excluded volume

Ha
model. In this model, we assume that the insertion of one mole of macromolecules introduces a

domain surrounding the macromolecule (local domain) that is excluded to the cosolute

molecules. The molar volume of the local domain is denoted as V,,. This local domain can be

thought as a second dispersed microphase depleted in cosolute within the volume occupied by

the ternary system. The volume fraction of this microphase (local domain) is equal to
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V,n)/V=V,C,, where n and V are the number of macromolecule moles and ternary

compartment volume, respectively. The remaining volume of the ternary system (bulk volume) is

assumed to remain unperturbed in the presence of macromolecules. Thus, the cosolute

concentration in the bulk domain must be equal to C,. The overall cosolute concentration in the
ternary system, C,, will be the volume-weighted average of the cosolute concentrations in the
local and bulk domain; i.e., C, =(C\V,,)-0+(1—-C\V,,)-C; . This implies that

C,=(1-CV,)-C, (2.26)

We are now in position to use Eq. 2.26 to take the partial derivative (oC,/aC, )., . We therefore

obtain:

(%] - (%j __V.C, (2.27)
oC, ), oo \OC )cy

where we have also used C,=C, when C,=0. The excluded volume term, V,,, can be

ex?
described as the summation of the volume occupied by the dry macromolecule and that of the

surrounding solvent (0). We can write:

V, =V, +N,V, (2.28)
where V, and V, are the molar volumes of the macromolecule and solvent, respectively. The

term, N, , corresponds to the number of solvent molecules in the local domain according to the

outlined excluded-volume model. It is important to remark that this model assumes that the
concentration of cosolute is zero inside the local domain. In general, this need not be the case

because repulsive interactions only imply that the cosolute concentration in the local domain is

lower than that inside the bulk domain, not necessarily zero. Thus, the term N, should be more
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generally interpret as excess of solvent molecules in the local domain. We therefore denote N,

as the excess of solvent molecules surrounding the macromolecule. It is also important to remark
that this excluded-volume model makes no inference on whether this water is actually bound to
the macromolecule.

Within the framework of the Kirkwood-Buff theory of ternary liquid solutions, N, is
linked to the radial function describing the local cosolute concentration as a function of the
distance from the center of the macromolecule.®® This generalization is important for
appreciating that negative values of N, which cannot be described in the simple excluded
volume model, imply a depletion of solvent in the local domain and a corresponding enrichment
of cosolute. This latter case is typically interpreted as an actual binding of the cosolute to the
macromolecule. In the following section, a binding model is reported to describe the case of
macromolecule-cosolute net attractive interactions. In conclusion, according to Egs. 2.28 and

2.22, the expression of the thermodynamic parameter » is™

y=NY,C, (2.29)

2.6 Ligand Binding Model
To introduce the ligand-binding model, we consider the same equilibrium dialysis setup

used for the excluded-volume model in Fig. 2.1. At equilibrium, the chemical potential of the
cosolute, £, , must be the same in both compartments. In this model, the cosolute is assumed to
bind to the macromolecules as shown in Fig. 2.2. The cosolute concentration in the binary
reservoir, C,, is assumed to be equal to the unbound cosolute concentration in the available
volume of the ternary compartment. In this model, Eq. 2.26 is replaced by

C,=(1-CV,)-C,+v.C, (2.30)
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where v, is the number of bound cosolute molecules per polymer coil. In this equation, the total
cosolute concentration in the ternary compartment is the summation of two terms. The v, C, term
represents the concentration of the total bound cosolute while (1-C\V,)-C; is the concentration

of free solute in the total volume of the ternary compartment, where the factor (1-C\V,)
accounts for a residual excluded-volume contribution related to the macromolecule steric

contribution. Note that v, is a function of C, independent of C,. Specifically, v, increases as
C, increases starting from v, =0 at C, =0.
As in the previous section, we use Eq. 2.30 to take the partial derivative (C, /acl)c, .

We therefore obtain:

(%j - (%j —CV +v, (2.31)
8Cl 11,,C,=0 6Cl C5,C,=0

Note that v, (C;) =v_(C,) in the limit of C, — 0. Using Eq. 2.31, we finally obtain:
y=-V, (2.32)
This expression for the ligand-binding model can be also used to link v, to N, . Comparison of

Eq. 2.29 with Egs. 2.31 and 2.32 allows us to deduce that

V
N, =— == 2.33
e (233

which shows that N, is negative in the presence of cosolute binding as expected. To further

examine the behavior of v, we can use the Scatchard binding model. This model assumes that a
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Figure 2.2: The effect of the ligand binding molecule in an equilibrium dialysis model separated
by a membrane (dashed line) permeable to cosolute and water molecules only and not polymer
molecules. . The left compartment contains polymer (coils) with cosolute (small red spheres) and
water (light blue background). The right compartment contains only cosolute particles and water
in an open large binary reservoir. The red arrow describes the net transport of cosolute from the
right to the left compartment due to polymer-cosolute attractive interactions.

macromolecule has a finite number of equivalent independent sites. In the limit of C, —» 0, we

have

L _n(C,/K)
b 1+4(C,/K)

(2.34)
where n is the total number of sites on the macromolecule and K is the dissociation constant of
a cosolute molecule from the macromolecule. Correspondingly, the value of N, is —n/(V,K) at
C, =0 and its magnitude decreases as C, increases. A generalization of the Scatchard model is

given by the Hill model:

_ NG, I K)™

_ 235
EETYTNTIE (2:35)
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Where n, is the Hill coefficient, with n, =1 (non-cooperativity) for the Scatchard model. The

cases of O<n, <1 and 1<n, <n describe binding anti-cooperativity and cooperativity,

respectively.

2.7 Examination of the transport parameter, 4

The transport parameter A is related to the transport coefficients, L, and L. In the
limit of C, >0, we know that RTL,/C,=D; represents the Brownian mobility of the
macromolecule (see Eq. 2.11). However, to understand A, we also need to examine what L,
represents. In this section, the physical interpretation of the Onsager transport coefficients, L;; s,

is discussed by introducing a friction formalism. We start by considering a binary solute(1)-
solvent(0) system and then extend our discussion to ternary macromolecule(1)-cosolute(2)-

solvent(0) system.

A diffusion process can be thought to occur in a quasi-stationary regime in which the

diffusion driving forces, —V 4, equal the opposing frictional force due to the difference in net

migration rates, I, between the solute(i=1) and the solvent(i =0):

=V =C {5 (r—1,) (2.36)

where f,; is a coefficient describing the frictional force between solute molecule 1 and solvent

molecule 0. The solvent concentration, C; in Eq. 2.36, takes into account the total interaction of
one solute molecule with all molecules of solvent per unit of volume. Eq. 2.36 can be used to

derive an expression for L, :
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L= (2.37)

We now extend this frictional formalism to ternary macromolecule(1)-cosolute(2)-solvent(0)

system in the following way:
=V =Cyf, (—1,)+C, f, (r-1,) (2.38)

—Vu, =C, f21 (rz _'1)+Co fzo (rz _ro) (2.39)

where f, and f,, describe the friction of macromolecule(1) and cosolute(2) with water,
respectively.* The frictional coefficient, f, = f,,, characterizes the friction due to the difference

in net migration rates, I, between the macromolecule (i=1) and cosolute (i =2).

According to  the  microscopic  physical interpretation ~ of  friction,  the

f. ’s are expected to be positive quantities.

ij

In the matrix form, Egs. 2.38, 2.39 become:

CO flO + CZ f12

o f12
Vu, _f Cofy+Cify |1,
21
C,

Comparison with Eq. 2.19 leads to

CO f10 + C2 f12 _ f CO f20 + C1 f21 f
I—l L1 C 12 C 12
{ ' 2} = ' = det(L) 2 (2.41)
L21 L22 _ f CO f20 + Cl f21 f C0 f10 + CZ f12
21 C2 21 C1
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Note that L, = f,det(L) and the ORR corresponds to f, = f,. Since det(L) is a positive
quantity, the sign of L, is the same as that of f,. Thus, according to the microscopic physical

interpretation of friction, L, is expected to be positive quantity. In the limit of C, -0, we

finally obtain:
. _%% (2.42)
20 0

According friction formalism, A is expected to be a negative quantity. However recent
experimental results have shown that A is a positive quantity for PEG in the presence of salting-

out salts. This goes against the friction interpretation. In the following section, we are going to to

introduce a model, hydration model, showing why A(C,) can be a positive quantity.

2.8 Hydration model

To overcome the paradox of negative friction coefficients, the net hydrophilic nature of
macromolecules in the presence of salting-out salts and osmolytes needs to be considered. These
macromolecules may diffuse together with bound water molecules due to preferential hydration.
In other words, the actual diffusing particle is a hydrated macromolecule not a dry

macromolecule. We therefore assume that a hydrated macromolecule is formed according to

P+n,H,0—P(H,0),
where n,, is the number of water molecules travelling with the macromolecule. Note that n,, is a

positively defined quantity describing the number of water molecules actually bound to the
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macromolecule. This can be regarded as a fraction of N, previously introduced in Section

2.5.1.' The corresponding gradient of the hydrated macromolecule is given by

Vi =V +n,Vu, :(1— n, %]V,ul—nw%v,uz (2.43)

0 0

where g4 is the chemical potential of the hydrated macromolecule and we have used the Gibbs-
Duhem equation: C,\V, +C,Vu, +CVu, =0. Since the flux of the solvent is zero (solvent-fixed
reference frame, (J, =0), the flux of free water is given by

Jy=-n,J, (2.44)

where C; and J, are the concentration and flux of free solvent, respectively. We now apply the

frictional formalism by replacing the dry macromolecule and the total solvent with the hydrated

macromolecule and the free solvent, respectively. We have:

—Vu =Cyf, (r—1)+C,f,(r-r,) (2.45)
—Vu, =C,f, (r,—1r)+Cyf, (r, —1y) (2.46)
where I, is the migration rate of free solvent. From Egs. 2.43-2.46, it can be then shown that Eq.

2.39 is replaced by:*°

f
C 12
1—nW& -n, =% Vo, ' 1
e, e, || - c, (2.47)
0 1 Vi, Co 1-n, (T 1tzo + Cl 1:21 ‘]2
—(f,,—n f 9
] ( 21 — My 20) C, |

We can then obtain the following expression for the L; ’s:
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_Co f1o+cz f12 _f 1
C 12
L, L, ' 1—nW& —nW&
= C, C, C, (2.48)
Lz1 Lzz Co 1- N, Ci fzo + Cl f21 0 1
_( f21 —-n, f20) °
L C, J
In the limit of C, = 0, Eq. 2.48 yields:
a=|n —te|C (2.49)
f20 CO

In the presence of highly hydrophilic macromolecules, we may neglect the friction term in A,

and a good approximation is given by:*

A=nV,C, (2.50)
where n, is solvent molecules bound to macromolecule and we have used V, =1/C, (with
C,V, <<1). When we insert Egs. 2.50 and 2.29 into 2.18.1 then D,, is:

D, =(N, —n,)V,C, (2.51)
Note that If)l2 IS a positive quantity directly proportional to the difference between N, (with

N, >0)and n, (with n, /N, <1).
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Chapter 3
Materials and Methods

3.1 Materials

Poly(ethylene glycol) with an average molecular weight of 20kg-mol™ (purity, 99%)
was purchased from Sigma Aldrich. For PEG, certificates of analysis obtained from Sigma-
Aldrich give the number (Mn) and mass average (Mw) molecular weights based on size

exclusion chromatography: Mn =18.00 kg-mol™and Mw/Mn =1.37. Urea (ACS certified) was

purchased from Fisher Scientific (purity, 99.7%; molecular weight 60.06g-mol™).
Trimethylamine N-oxide dehydrate (TMAO) was purchased from Acros Organics (purity, 98%;
molecular weight (dry) 75.11g-mol™, (dihydrate) 111.14g-mol™). All chemicals were used

without further purification.

3.2 Preparation of stock solutions, binary PEG-water, and TMAO-water

Stock concentrated solutions of PEG and TMAO were made by weight to 0.1 mg.
Density measurements (Mettler-Paar DMA40 density meter) were performed on the stock
solutions for buoyancy corrections. Stock solutions of TMAO were filtered using Thermo
Scientific 90 mm, 500 ml filter. Deionized water was passed through a four-stage Millipore filter
system to provide high-purity water for all the experiments. All solutions were prepared by mass.
Solid urea was used and measured by mass to the nearest 0.1 mg.

The TMAO weight fraction of the stock solution was determined by measuring its
density and using the available density-weight fraction relation at 298.15 K. *° A plot of density

values, d, as a function of TMAO weight fraction, w, was made (see Fig. 3.1) and a best fit

30



third-degree polynomial expression, d=d,(+Aw+Bw’+Cw’), was determined with

d, =0.99703946g-cm™, A=0.01862050, B=0.04096804 and C=0.08087050 . This

equation was used to determine the weight fraction of the binary TMAO-water stock solutions,

w, from the measured density.
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Figure 3.1: Density of the binary TMAO-Water system at 25°C as a function of TMAO weight
fraction, w.

3.2.1 Binary PEG-Water, TMAO-water, and Urea-Water Solutions

For binary PEG—water experiments, PEG stock solutions were diluted with pure water to
reach the target PEG concentrations. In the binary TMAO—water experiments, TMAO stock
solutions were diluted with pure water to reach the target TMAO concentrations. Finally, in the
binary urea—water solutions, pure solid urea was added to flasks and diluted with pure water to

reach the target urea concentrations.
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3.2.2 Preparation of Ternary Solutions
For ternary PEG-cosolute-water solutions, PEG stock solution and cosolute (pure or stock
solution) were added to flasks and diluted with pure water to reach the target PEG and cosolute

concentrations. Solution densities were measured to determine partial molar volumes and molar

concentrations of polymer (C,, based on the molecular weight of 20 kg-mol™) and cosolute

(C,).

3.3 Rayleigh Interferometry

Binary and ternary mutual diffusion coefficients were measured at 25.00 + 0.01 °C with
the Gosting Diffusiometer operating in the Rayleigh interferometric optical mode.?! The
refractive-index profile inside a diffusion cell is measured as described in ref 4 and references

therein. This yields diffusion coefficients in the volume-fixed reference frame.***° The ternary

diffusion coefficients, (D;), , were obtained by applying the method of the nonlinear least-

squares to the refractive-index profiles.*® Due to PEG molecular-weight polydispersity, a
corrective procedure in ref 46 and 67 based on the experimental refractive-index profiles of
binary PEG—water systems was applied to our ternary experiments in order to remove the
contribution of polydispersity from the ternary refractive-index profiles. The precision of the
diffusion coefficient values was estimated to be equal to about 0.1% in the case of binary
systems.*®>!

We now review the Rayleigh interferometric method as well as the fundamental

equations which are used for the determination of the multicomponent diffusion coefficients. The

Rayleigh method yields the one-dimensional profile of the refractive index of a liquid system
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contained in a rectangular cell. This one-dimensional refractive index profile, under given initial
and boundary conditions, is utilized to obtain diffusion coefficients. Rayleigh interferometry can
be used as one of the most accurate methods to obtain refractive index profiles to measure the

diffusion coefficient.

Reference
Channel

Light P ' |
Source

%, e
OJ%‘ Diffusion y N

Mainlens Channel Cylinder Lenses

Figure 3.2: Optical apparatus operating by Rayleigh interferometry.

The light from a laser source is sent to a main spherical lens, which in turn focuses the beam onto
the detector plane (see Figure 3.3). After the beam passes trough the lens, it is split into two parts
by two narrow vertical slits positioned between the lens and the cell. One beam goes through the
diffusion channel and one through the reference channel. The interference pattern generated by
the superposition of the two beams is recorded on the detector plane. The distance between the
fringes is determined by the separation of the two slits, while the absolute shift of the fringes is
proportional to the difference in the optical path between the two beams. If the refractive index is
uniform in the diffusion channel along the Z-direction (see Figure 3.2), the value of the position
Y of the maxima at the detector plane is independent of Z. Thus straight interference vertical
lines are produced. If the refractive index inside the diffusion channel changes along the Z-
direction, the position of the maxima will shift along the same direction of a quantity

proportional to the shift in the refractive index. This generates the interference pattern shown in
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Fig. 3.2. Since the rays are deflected by the gradient of refractive index, a system of cylinder

lenses is needed to effectively reverse the deflection and focus the cell to the detector “plane”.

(A)

=

",

=N

Figure 3.3 (Fringes): (A) Scheme of the Rayleigh interferometric pattern; the solid lines
correspond to maxima positions. (B) Picture of the Rayleigh interferometric pattern taken from
the Gosting diffusiometer.

The Gosting diffusiometer located at Texas Christian University was used to measure
diffusion coefficients based on Rayleigh interferometry. °>>* A side view of the diffusiometer
(optical-bench length of 8.84 m) is shown in Figure 3.4."3 The light source used is a 0.5 mW
Uniphase He-Ne LASER with a wavelength 4 =543.5 nm (in air). The main lens (focal length
of 145.16+0.03 cm) is installed in a lens mount on the source slit side of the water bath so that
the diffusion cell is in the converging light between the lens and the detector.***?

The cylinder lens consists of two plane-convex lenses, each 7.5 cm square and 1.3 cm

thick at its thickest part. A cell holder is used to locate the cell in the bath and to support a mask

located between the cell and the light source. The mask consists of a double window allowing
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the beam to split in two parts one going through the diffusion channel and the other passing

directly in the water bath (reference channel). The cell is a glass.
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Figure 3.4: Schematic drawing of the diffusiometer. Components in the diagram are as follows:
1. light source, 2. tube to minimize air current in the light path, 3. stirring motor mount, 4. sensor
of temperature control, 5. heater, 6. cell frame support, 7. special window rider, 8. beam support,
9. water bath support, 10. access hole to reach inside the beam, 11. ways, 12. leveling collar to
check any change in the position of the beam relative to the beam support, 13. digital optical
scanner.

Figure 3.5 shows the main features of the cell. The cell is composed of three pieces put in contact
by very smooth planes surfaces. Grease is used to seal the plates and lubricate sliding relative to
each other. The shift of the plates allows the solutions, filled in all three parts, to be either in
contact or isolated from each other. The right side of the middle part contains the solution to be
optically investigated (diffusion channel). The reference channel is located on the right side of
the diffusion channel. The path length for the cell (model C-1235-H11) employed in the
measurements is | = 2.505 cm. Data is recorded from Rayleigh interference patterns using a
vertical linear photodiode array (6 cm long, 6000 pixel, (10x10 um pixels) linear photodiode
array model 1L-C8-6000-64 with good light sensitivity) that moves horizontally through the

pattern through the use of a stepping motor and a processing screen. All programming of scanner

controls and data analysis was done in Borland C++ for DOS.

35



BOTTOM TOP

SOLUTION SOLUTION
RESERVOIR RESERVOIR
—. ‘—

f ] #5 SLIDING PLANES

OPTICAL
4 REFERENCE
CHANNEL

OPTICAL
DIFFUSION
CHANNEL

] <> SLIDING PLANES

| —

Figure 3.5 Cell

The most important step for a successful experiment is the preparation of a good initial
condition from which the diffusion process will be investigated in its evolution. The two
solutions with different compositions in the diffusion channel are in contact. The denser solution
is located at the bottom part of the diffusion channel (a necessary condition for avoiding
convection). The top solution interfaces with the bottom solution. A flat and sharp intermediate
boundary is obtained by lowering a needle to the optic axis of the diffusion channel. The
solutions are drawn out of the cell through the needle with a peristaltic pump. When sufficient
time has elapsed after the needle is removed, diffusion patterns clearly emerge which can be
resolved by the optical scanner. Diffusion scans (usually 50), equally distributed in the testing
time frame, are performed. The refractive index profile along the vertical Z direction is then
extracted. However, the projection of the cell onto the detector plane is magnified. Thus a

magnification factor is needed to convert the positions on the Z-axis of the image into the
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corresponding positions inside the cell. The magnification factor can be easily evaluated by
projecting a grating scale located in the cell holder onto the detector plane. The interference
demonstrates a gradient of refractive index which is directly proportional to the number of
fringes.

The refractive index change as a function of time and position is conveniently defined by

the normalized function: f(j)=(2j—-J)/J where j is a continuous variable with values
ranging between 0 and the total number of fringes J . This function has the property to be zero at
the center of the pattern and equal to respectively -1 and +1 at the boundaries. Well-established

time-correction and anti-symmetrization procedures (Creeth-pair method) are applied to f (j) in

order to remove boundary imperfections, lens aberration and concentration-dependence of

diffusion coefficients. 84943

3.4 Determining the Diffusion coefficients from Rayleigh Interferometry
For a binary system, the diffusion equation®® can be solved with the free-diffusion

boundary condition to obtain :*

£(j)=erf (%) (3.1)

where x is the position (the vertical distance from the solutions initial boundary and parallel to

the Z direction in Figs. 3.1 and 3.2), t is time, D s the diffusion coefficient, and
y _,2 - . . . .
erf(y)z(ZI\/Z)'[0 e“dz. For each X, t and f (), a value of D is obtained using Equation

3.2. The final value of the diffusion coefficient is calculated by taking the average of all D
values.*®* For a ternary system, one can solve the diffusion equation with the free-diffusion
boundary condition and obtain:
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. X X
f(j)=Terf (WJ + T erf (mJ (3.2)

where A; and A; are the eigenvalues of the matrix of four diffusion coefficients. In Equation 3.3

and 3.4, o, =RAC, /An and R =(I //1)(8n/aCi)T’P’Cj'i¢j An is the difference in refractive index

between bottom and top solution, AC, is the difference in molar concentration of component i
between bottom and top solution, and a and b are two parameters to be determined.

I =a+be (3.3)
I,=1-a-be (34)
The values of R, and R, are obtained by applying the method of linear least square to the
experimental total number of fringes J plotted against (AC,;, AC,) using

J=RAC, +R,AC, (3.5)
The quantity «;, (or a, = 1-a,) defines the initial condition of an individual experiment. To
determine a and b, at least two experiments at different ¢, need to be performed. Typically four
experiments are performed to reduce measurement error. The non-linear least square method is

applied to f(j) with respect to the independent variables X/«/’E and «, yielding ¢, «,, aand
b.

The ternary diffusion coefficients can be then determined by the following set of equations:*®

_AA,

D, [(@a+b)(Ll-a)/ A, —all—a—b)/A,] (3.6)

D, =—%%(1/A1—1/A2)a(1—a) 3.7)

38



D,, =%%(1/A1—1/A2)(a+ b)1—a—b) (3.8)

2

D, :%[(am)//\l—a(l—a—b)//\z] (3.9)

Finally, a pseudo-binary diffusion coefficient, D,, can be determined for individual experiments

(with a given «;) on ternary systems. This can be calculated using:

1 T Ry _a+ba; 1-a-bg

(3.10)

3.5 Density Measurements
Density measurements were taken using a Mettler-Paar DMA40 densitometer with an
RS-232 output to a Sony computer. The densitometer has a vibrating tube with temperature

controlled by a thermostat attached to a water bath that is 25.00+0.01°C. The solution density d

is related to the period of vibration of the tube T, by the following:

d =A+BT? (3.11)

where A, B are two instrumental constants. The determination of these constants is based on two

reference periods air (d,, =0.00115 g-cm™) and water (d, .. =0.997045g-cm™). An accurate

air water
value of the density of air was estimated by a state equation that shows dependence on the
pressure, temperature (25.00 °C), and humidity.

Density measurements are required for calculation of both molar concentrations and

partial molar volumes, V, = (6V lani)T‘PYnj ., With i,j=0, 1, 2. For the diffusion experiments,

several pairs of solutions with different concentrations were prepared at the same average
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composition. This characterization is known as the average composition, (61,62). Since the
compositions of these solutions show relatively small differences with respect to the mean, the
concentration dependence for the density is usually assumed to be linear:*

d(CyCz) = d(leéz) + Hl'(Cl _61) +H, '(Cz _61) (3.12)

where the H; =(ad;,0C;);. The solute partial molar volumes corresponding to the mean

composition, can be then calculated by:*°

\7i=_ Mi__Hi _
d-H,C -H,C,

(3.13)

i =1, 2 and where M, is the molar weight of the component i. The solvent partial molar
volume can be calculated by applying the following condition:

V,C, +V,C, +V,C, =1 (3.14)
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Chapter 4
Results
4.1 Results
In this chapter, our experimental diffusion coefficients for the binary cosolute(2)-water(0)
and PEG(1)-cosolute(2)-water(0) systems are reported at 25°C. All ternary experiments were

performed at the low PEG molar concentration of 2.50x10™ mol-dm,

4.2 Diffusion coefficients for the binary cosolute(2)-water(0) systems
In table 4.1 and 4.2 our experimental diffusion coefficient results for the binary
TMAO(2)-water(0) and urea(2)-water(0) systems are reported. The experimental error on the

binary diffusion coefficients is about 0.1%. Other related thermodynamic and transport

parameters, which were taken from literature and are needed for calculating D, and D,,, are

1)
also included.

From tables 4.1 and 4.2, we can see that TMAO and urea have very different viscosity
and activity-coefficient properties in water. For example, the relative viscosity, 7, , in the TMAO
case is about 34% higher than that measured in the urea case at the cosolute concentration of
1 mol-dm~. Furthermore, the thermodynamic factor, Yy, (refer to eq. 2.14), in the TMAO case is

50% higher than that predicted for ideal-dilute solutions at C, =1 mol-dm™. On the other hand,

Y, remains close to one in the urea case at this concentration. This indicates significant net

repulsive TMAO-TMAOQ net interactions in water.
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Table 4.1: Thermodynamic and transport properties for the TMAO-water system at 25°C.

C, LT B A O T I Y VA B C T
/moldm™ | /em®mol™ | /cm*mol™ /10°m?™ | /10°m?s™
0.25 73.03 18.07 0.982 | 1.123 | 1.086 0.911 0.928 0.0540
0.50 72.78 18.07 0.964 | 1.254 | 1.179 0.916 0.951 0.0485
1.00 72.25 18.08 0.928 | 1.545 | 1.400 0.930 1.002 0.0388

*Values of V, and V, were obtained from Ref. 57."Values of y, were obtained from Ref. 56.
“Values of 7, were obtained from Ref. 58. “Values of (D,), were obtained from this work, with
(D,), =(D,), / (1-C,V,).*Values of « =D, /(D,), were calculated using the PEG tracer
diffusion coefficient in water at 25 °C, D, /10°m?’s™ =0.0544 . Value of D, taken from Ref. 8.

Table 4.2: Thermodynamic and transport properties for the urea-water system at 25°C.

C, v, * Vot |GV n | e | @01 DS
/moldm™ | /em®mol™ | /cm®mol™ /10°m?s* | /10°m?s™!

0.18 44.29 18.07 0.992 | 0.993 | 1.007 1.367 1.378 0.0392

0.38 44.34 18.07 0.983 | 0.985 | 1.015 1.351 1.374 0.0390

0.80 44.46 18.07 0.964 | 0.974 | 1.032 1.319 1.368 0.0385

1.00 4451 18.07 0.955 | 0.969 | 1.041 1.307 1.368 0.0382

*Values of V, and V, were obtained from Ref. 60."Values of y, were obtained from Ref. 59.
“Values of 77, were obtained from Ref. 61. “Values of (D,), were obtained from this work, with
(D,), =(D,), / (1-C,V,).*Values of « =D, /(D,), were calculated using the PEG tracer
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We can attribute the fact that Yy, is significantly larger than one for TMAO to the

diffusion coefficient in water at 25 °C, D, /10°m?s™ =0.0544 . Value of D, taken from Ref. 8.
osmolyte nature of this cosolute. The dependence of the solution osmotic pressure IT on

osmolyte concentration, C,, is given by

(G—HJ = _RT_ (4.1)
oc, ) 1-cy,

with (6I1/0C,), ,=RT when C, — 0 (ideal-dilute limit). Since y, >1, (é11/6C,), , increases

more than expected from IT=RTC,. In other words, TMAO significantly increases solution

osmotic pressure well above the increase predicted for ideal-dilute solution. Due to the osmotic
properties of TMAO, this osmolyte is known to help cells retain water through the cellular
membrane. As previously mentioned, cells use TMAO and other osmolytes to maintain volume
under conditions of stress (see section on Motivation).

In tables 4.1 and 4.2, we also report the partial molar volumes of cosolute and water.
These data allow us to deduce that 1-C,V, ranges from 0.93 to 0.98 within our experimental
cosolute concentration ranges. Furthermore, the values of water partial molar volumes are
essentially the same as the molar volume of pure water (18.07cm®-mol™).

In tables 4.1 and 4.2, we report both the measured mutual diffusion coefficients in the

volume-fixed reference frame (D,), and the corresponding solvent-fixed diffusion coefficients

(D,),. We can see that the urea diffusion coefficients (=1.3....) are about 40% higher than the
TMAO ones (=0.9....). For comparison, the partial molar volumes of TMAO are about 60%
higher than those of urea. Assuming that partial molar volumes are proportional to the
corresponding hydrodynamic volumes, the difference between the diffusion coefficients of
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TMAO and urea is in qualitative agreement with the size trend predicted from the Stokes-
Einstein equation. The last column in tables 4.1 and 4.2 reports the cosolute-polymer diffusion
ratios, . We can see that a ~0.05 and a ~0.04 in the TMAO and urea cases, respectively.
We therefore expect that the kinetic term in the cosolute osmotic diffusion is small (see eq.

2.18.2 in Chapter 2).

4.3 Diffusion coefficients for the ternary polymer(1)-cosolute(2)-water(0) systems

In Table 4.3 and 4.4, we report the four experimental ternary diffusion coefficients in the

volume-fixed reference frame for the PEG-TMAO-water and PEG-urea-water systems,

respectively. All measurements were performed at the PEG concentration of C, =0.25mM.

Table 4.3: Ternary diffusion coefficients for the PEG-TMAO-water system at 0.2500 mM PEG,
C, (TMAO), and water at 25 °C.

CZ (Dll )v (DlZ )v (DZl)v (D22 )v
/moldm™ /10° m?* s™* /10°% m? st /10° m?* s™* /10° m?* s™*
0 0.0584+0.0001 - 0 -

0.25 0.0548+0.0001 0.062+0.003 12.0+0.2 0.892+0.002
0.50 0.0514+0.0001 0.058+0.002 23.6+0.3 0.902+0.002
1.00 0.0444+0.0001 0.058+0.003 42.6+0.1 0.914+0.002

Table 4.4: Ternary diffusion coefficients for the PEG-urea-water system at 0.2500 mM PEG, C,
(urea), and water at 25 °C.

CZ (Dll )v (D12 )v (DZl )v (D22 )v
/moldm™ /10° m? s /102 m? st /10° m? s /10° m? s
0 0.0584+0.0001 - 0 -

0.38 0.0574+0.0001 0.005+0.002 2.5+0.2 1.328+0.001
0.80 0.0564+0.0001 -0.004+0.002 7.4+0.2 1.299+0.001
1.00 0.0558+0.0001 -0.002+0.002 9.3x0.4 1.285+0.002
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Table 4.5: Normalized main diffusion coefficients for the PEG-TMAO-water system.

C, /mol dm™ [(Dy), /(D)) 17, (D), /(D,),
0 1.000 -
0.25 1.019 0.979
0.50 1.038 0.985
1.00 1.064 0983

Table 4.6: Normalized main diffusion coefficients for the PEG-urea-water system.

C, /mol dm™ [(Dy), (D), 17, (D), /(D,),
0 1.000 -
0.18 0.997 0.985
0.38 0.997 0.983
0.80 0.997 0.985
1.00 0.995 0.983

Since the cross-diffusion coefficients will be examined in the following section, here we will

focus on the examination of the two main diffusion coefficients, (D,,), and (D,, ), . To examine
the dependence of (Dj, ), as a function of cosolute concentration, it is convenient to normalize
this diffusion coefficient with respect to its value in water (C, =0) and the relative viscosity of
the binary cosolute-water solutions (see 77, data in Tables 4.1 and 4.2), consistent with the
Stokes-Einstein equation. In Tables 4.5 and 4.6, we report the values of [(D,,), /(D,),17
calculated from the corresponding data in Tables 4.3 and 4.4 for the PEG-TMAO-water and

PEG-urea-water systems, respectively. In Fig. 4.1, these data are plotted as a function of C,.

Here, we can see a significant difference between the TMAO and urea cases. As we increase the

concentration of urea, the change of viscosity-corrected polymer diffusivity is relatively small

(less than 1%). On the other hand, [(Dn)v / (Dl)v]77r increases significantly with TMAO
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concentration. This behavior correlates with that previously observed for PEG in the presence of

sodium sulfate, a strong salting-out agent.'In Tables 4.5, 4.6, we include the values of
(D22 )V / ( D, )V , describing co-solute diffusivity. Here, we can see that the ternary values, (D22 )V ,
are about 2% lower than the corresponding binary values, (D2 )V . This small difference can be

explained by considering a small obstruction effect of the polymer chains on the mobility of the

cosolute molecules. In all cases, the effect of PEG on cosolute diffusion in water is small at
C,=0.25mM.

1.08 . . |

1.06

1.04

1.02

[(D11)v/ (D1)] 7,

1.00

0.2 0.4 0.6 0.8 1

0.98 .
0

C, / mol dm?3

Figure 4.1: Normalized PEG diffusion coefficient as a function of cosolute (TMAO or urea)
concentration, C, for the PEG-TMAO-water (circles) and PEG-urea-water (squares) systems.

4.3.1 Polymer diffusiophoresis and cosolute osmotic diffusion
In this section, we will discuss the behavior of the cross diffusion coefficients as a

function of cosolute concentration. As discussed in Chapter 2, it is convenient to rearrange the
cross-diffusion data in Tables 4.3 and 4.4 as D,, (polymer diffuseophoresis) and D,, (cosolute

osmotic diffusion).
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At our low PEG concentration the determined values of (D,,), /(D,,), and (D), /C,
are the same as those at C, -0 within the experimental error. This assumption is justified by
previous work.*> Note that we consider (D,),/C, instead of (D,,),, because this cross-

diffusion coefficient vanishes in the limit of C, —0. To link our experimental data with D,, and

|521, we therefore make the following good approximation:

. (D), (Dn)

lim L= - 4.2)
&=0(Dy, )v (Dy )v

Ilm (DlZ)V — (Dlz)V (4.3)
C,—0 Cl Cl

The left sides of Egs. 4.2 and 4.3 are calculated from the experimental cross-diffusion data in

Tables 4.3 and 4.4. The reduced cross-diffusion coefficients are defined with respect to the

solvent-fixed reference frame. In the limit of C, -0, Egs. 2.13.1-2.13.4 can be used to show that

D _
jim {22)o _ jjy (Pady | aCy (4.4)
G0 ( D,, )0 a-0(D,,), 1-CV,

. (DlZ )o . (Dp)y \7

éllin)oc—l_é'm)T"'Vz (D,), (4.5)

The second term on the right side of Egs. 4.4 and 4.5 is calculated from the data on the binary

cosolute-water systems in Tables 4.1 and 4.2, and the known partial molar volume of PEG,

V, =16.7cm®mol . After applying Egs. 4.4 and 4.5, we are in position to determine D, and D,
from Egs. 2.14.1, 2.14.2 in Chapter 2. The calculated values of D, and D,, are reported in

Tables 4.7 and 4.8.
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Table 4.7: Reduced values of D,, and D,, for the PEG-TMAO-water system.

C, /mol dm’® D, D,,
0 0 0
0.25 1.40+0.05 13.7+0.2
0.50 2.60+0.07 26.6+0.3
1.00 5.07+0.20 47.3+0.1
Table 4.8: Reduced values of D,, and D,, for the PEG-urea-water system.
C, /mol dm’® D, D,,
0 0 0
0.18 0.27+0.03 1.1+0.2
0.38 0.58+0.06 2.1+0.2
0.80 0.70+0.12 6.2+0.2
1.00 1.04+0.16 8.7+0.2

A

In Fig. 4.2, the polymer diffusiophoresis parameter, D,,, is plotted as a function of C,
for the two cosolute cases. In this figure, we can see that the D,, linearly increases with cosolute

concentration starting from D, =0 at C,=0 in both cases. This implies that a cosolute
concentration gradient induces PEG diffusion from high to low cosolute concentration. However,
the values of D,, obtained in the TMAO case are about five-fold larger than those obtained in

the urea case at a given cosolute concentration. This qualitatively correlates with PEG-TMAO

net interactions being more repulsive than PEG-urea net interactions in water.

In Fig. 4.3, the cosolute osmotic diffusion parameter, I521, is plotted as a function of C,
for the two cosolute cases. In this second figure, we can also see that the D,, increases with

cosolute concentration starting from D,, =0 at C, =0 in both cases.
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Figure 4.2: A) Reduced Diffusiophoresis of PEG as a function of cosolute concentration, C, for

the ternary PEG-TMAO-water (circles) and PEG-urea-water (squares) systems. B) Illustration
showing PEG (coil) diffusiophoresis from high to low cosolute concentration (background color
intensity).
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Figure 4.3: A) Reduced cosolute osmotic diffusion as a function of cosolute concentration, C,
for the ternary PEG-TMAO-water (circles) and PEG-urea-water (squares) systems. The plot of
D, =V,.C, is included (dashed line). B) Illustration showing cosolute (background color
intensity) osmotic diffusion from high to low PEG concentration (coils).
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Interestingly, some curvature in the behavior of D, (C,) is observed at the higher cosolute
experimental concentrations. Specifically, a downward curvature is observed in the TMAO case,
while an upward curvature is observed in the urea case of D,,.

Cosolute osmotic diffusion coefficient, compared to diffusiophoresis, has a more direct

relation to thermodynamic interactions. In Fig. 4.3, we include the plot of D, =V,C, (dashed
line) for comparison, with V, =16.7dm*-mol™.* This line represents a baseline describing the
predicted behavior of [321(02) in the absence of polymer-cosolute net interactions (see Section
2.5). We can see that the D,, data obtained in the TMAO case are all above the baseline. On the

other hand, the D,, data obtained in the urea case are all below the baseline. According to the
excluded volume model (see section 2.5), our results imply that the polymer-TMAO net

interactions and the polymer-urea net interactions are repulsive (N, >0) and attractive
(N,, <0), respectively. In the following section, we will first discuss the experimental behavior

of [321(C2) in the framework of the excluded-volume (TMAO case) and ligand-binding (urea
case) models. This analysis will provide the basis for understanding the experimental behavior of

D,,(C,).
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Discussion

4.4 Examination of [321 and » for the TMAO and urea cases

In this section, we determine » and A from the D, and D,, data in Tables 4.7 and 4.8 at all the

experimental cosolute concentrations. To determine these two parameters we rearrange EQs.

2.18.1 and 2.18.2 in the following way:

D, —aD, -V.C
y=—2 12" V1™~2 (4.6)
l-«o

A=y— 1512 (4.7)
In Tables 4.9 and 4.10 the calculated values of 5 and A are reported for the TMAO and urea
cases, respectively. Note that the ; values were found to be positive in the TMAO case and

negative in the urea case. The reported A values will be examined in Section 4.4.3. In Fig. 4.4,

we plot » as a function of cosolute concentration for the TMAO and urea cases. Starting from
y=0 at C,=0, y increases (decreases) as C, increases in the case of TMAO (urea). The
slope of (C,) is related to the thermodynamic excess of water molecules according to Eq.
2.29.

In Tables 4.9 and 4.10, we also include the values of N, obtained by using Eq. 2.29 (see section

2.5.1 on excluded-volume model, with V, =0.01807dm*-mol ™). As we can see from Table 4.9,

the values of N, obtained in the TMAO case are all positive. Specifically an excess of =5 water

molecules per PEG monomer (ethoxy group, -CH,CH,0-) is deduced by setting the number of

PEG monomers to be 454 (based on the PEG molecular weight of 20 kgmol™). As TMAO
concentration increases, N, reduces to =4 water molecules per ethoxy group. This effect can
explained by considering a partial collapse of polymer due to osmotic stress exerted by the
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TMAO molecules, which increases with the concentration of this osmolyte. In Table 4.9, we
have also calculated the excluded volume and found that is about =3 fold larger than the polymer
molar volume. These data allow us to conclude that strong repulsive interactions are observed

between PEG and TMAO in water. It is important to appreciate that N, was found to be =2

water molecules for PEG in the presence of chloride salts.' Thus, the TMAO “salting-out
strength” is significantly higher than that observed for these salts.! The strong net PEG-TMAO
repulsive interactions in water can be attributed to strong hydrogen bonds between TMAO and

water. This is corroborated by infrared and raman spectroscopy studies.®*® For comparison, note
that the largest value of N, =7.8 was obtained in the case of Na,SO,, consistent with the
Hofmeister series.!

As we can see from Table 4.10, the values of N, obtained in the urea case are all

negative. Specifically a depletion of 1-2 water molecules per PEG monomer was observed. This
implies that an excess of urea molecules is observed around the polymer chains. These findings
will be quantitatively examined in the following section using a ligand-binding model.

Table 4.9: TMAO thermodynamic and kinetic values

C, /moldm™ 4 A N, v, 1V,
0 0 0 5.3y 3.60)°

0.25 10.0+0.2 8.6 4.9 3.39

05 19.0+0.3 16.4 46 3.28

! 31.6+0.1 26.6 3.9 2.89

*N, values are reported for one monomer unit. There are 454 monomer units per polymer
chain. ? obtained by linear extrapolation.
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Table 4.10: Urea thermodynamic and kinetic values

C, /moldm* Y A Nu
0 0 0 (15)°
0.18 2.00.2 23 14
0.38 4.4+0.2 5.0 14
08 7.440.2 8.1 11
! 8.4+0.2 9.4 1.0

*N, values are reported for one monomer unit. There are 454 monomer units per polymer
chain. ® obtained by linear extrapolation.

30 + .

20 + .

10 .

10 1 1 1 1 1
0 0.2 04 0.6 0.8 1

C,/ moldm3

Figure 4.4. y for TMAO(circles) and urea(squares) are reported here. Values of y >0
correspond to repulsion and y <Ocorresponds to attraction between macromolecule and
cosolute.
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In conclusions, our experimental results show that the effects of TMAO and urea on PEG
are in qualitative agreement with those observed in the case of proteins.'* This suggests that the
general trend of thermodynamic actions of TMAO, urea and salts does not depend on the type of
macromolecules. We have also demonstrated that osmotic diffusion can be used to
experimentally characterize thermodynamic interactions between macromolecules and cosolutes

such as osmolyte and protein denaturants.

4.4.1 Examination of » for the urea case based on ligand-binding models

In section 2.6, we have discussed macromolecule-ligand binding by introducing the
Scatchard model (Eqg. 2.34) and its generalization represented by the Hill model in order to
account for cooperativity and anti-cooperativity effects. According to Eq. 2.34, the expression of

y for the Scatchard model is

BLICYLY 49
1+(C,/K) |

where N is the total number of sites on the host polymer and K is the PEG-urea dissociation

constant. It is important to remember that this model assumes that the host binding sites are

equivalent and independent. We fit our experimental values of 5 in Table 4.10 based on Eq. 4.8,

and obtain the values of N=21+3 and K/M=1.6+0.3. Our results are shown in Figs. 4.5. The

extracted value of n indicates that 454 /21 =22 PEG monomeric units would be involved in a

binding site. Since the size of a urea molecule (60.06g-mol™) is comparable with that of an

ethoxy group (46.07g-mol™), we expect that a binding site would consist of one or two

monomeric units at most. A possible mechanism of urea binding could involve hydrogen
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bonding between the two amino groups of urea and two adjacent oxygen groups on the PEG
chain. In this case, the total number of sites on the PEG chain would be n=227.

Thus, it appears that n~20 significantly underestimates the potential number of PEG binding
sites. Since each monomeric unit can potentially serve as a binding site we set n=454 in Eq.
4.8. In Fig. 4.6, the one-parameter fitting curve with n=454 is shown. We can appreciate that
this fitting curve significantly deviates from the experimental data. To examine how the
deviation between experimental data and fitting curve depends on the value of n, we include in
the same figure a one-parameter fitting curve obtained for n=57, a value of n that is 8-fold
smaller than the total number monomeric units. We can see from Fig. 4.6 that the deviation of
the fitting curve from the experimental data remains quite large.

To explain the deviation of the experimental value of y(C,) from the Scatchard model, we need

to consider that the binding sites may not be equivalent and independent. It is possible that the
peripheral sites on the PEG coil may be more prone to urea binding compared the internal PEG
sites. Furthermore, urea binding to PEG may involve either one or two oxygens on the PEG
chain. Finally, urea binding affinity towards PEG may decrease as PEG-urea binding progresses
due to steric effects between two adjacent occupied sites. All these effects may be described as
apparent or real anti-coperativity effects. Thus, under the previously-mentioned hypothesis that
one urea molecule binds two adjacent monomeric units, we set n=227 and examine our

experimental data by using the expression of y for the Hill model:

7/:_M (4 9)
1+(C, / K)™ |

We fit our experimental values of 5 in Table 4.10 based on Eg. 4.9 with n=227, and obtain

the values of n, =0.77+0.04 and K/M=65+15, consistent with binding anti-cooperativity.

55



Our results are shown in Fig. 4.7. The fitting curve shown in this figure is in satisfactory
agreement with the experimental data. In conclusion, PEG-urea binding cannot be described by
employing the Scatchard model because the obtained total number of binding sites is too small.

The Hill model satisfactorily describes the observed behavior of »(C,) based on anti-

cooperativity.

=10 1 I 1 I I
0 0.2 0.4 0.6 0.8 1

C, / moldm3

Figure 4.5: Thermodynamic parameter, y, as a function of urea concentration, C,. The solid
curve is a fit through the data based on the two-parameter Scatchard model.
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Figure 4.6: Thermodynamic parameter, y, as a function of urea concentration, C,. The two

curves are a fit through the data based on the one-parameter Scatchard model with n=454 (solid
line) and n=57 (dashed line).
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Figure 4.7: Thermodynamic parameter, y, as a function of urea concentration, C,. The
solidcurve is a fit through the data based on the two-parameter Hill model with n=227.

4.4.2 Examination of D,, for the TMAO case

Our experimental D, values obtained in the TMAO case reveal that a concentration gradient

of TMAO is responsible for a relatively large PEG diffusiophoresis, which we attribute to PEG-
TMAO repulsive interactions in water. Similar behavior was observed for PEG in the presence

of sodium sulfate concentration gradient. As in the case of salting-out agents, we examine our

results according to Eq. 2.50 (in Section 2.8). According to this equation, If)12 is directly
proportional to the difference between the thermodynamic excess of water molecules (N, ) and
the number of water molecules (n,,) diffusing with the hydrated macromolecule. After fitting the
experimental values of IﬁlZ(CZ), we obtain: N, —n, =0.65+0.01 per ethoxy unit. Based on

N, =53, we then deduce that the ratio between bound and excess water molecules is

n,/N,=0.88.
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It is important to remark that this value is the same as that obtained for PEG in the presence of
salting out salts such as Na,SO, and several chloride salts. We have therefore found that n, /N,

is independent of the precipitating strength of the cosolute for a given macromolecule.

4.4.3 Examination of D,, for the urea case

To describe the values of D,, obtained in the urea case, we derived a theoretical expression for

the transport parameter A based on urea binding. We start by writing transport linear law for
each diffusing chemical species, k:

C.D,

-J =
“ RT

Vi, (4.10)

where J,, C,, D,, and g, are the molar flux, molar concentration, tracer-diffusion coefficient

and chemical potential of k, respectively. In our case, the chemical species are the free ligand, L,

the free polymer, P and its complexes, PL, , with k=1,2,....,n. We assume that the cross-term
Onsager transport coefficients describing the friction interaction between two chemical species

can be neglected. We also assume that D, =D, , because we expect that the binding of
relatively small ligands have a marginal effect on the polymer hydrodynamic radius.
The macromolecule total flux, J, , is the summation of the fluxes of all individual polymer

species: J,=J.+ > J, . The macromolecule total flux is deduced from the mass balance:
1 P k=1 PLy

D n
—d=—=| G Vi + ZCPLkv/uPLk (4.11)
RT =}
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The chemical-equilibrium condition: Vs, =V, +kVyy  allows us to write:

D,

—J; = RT (ZCPLleuP +ZkCPL V:”Lj (4.12)

Since Vi =V, andVp, =V and v =>"" kC, /C,, we finally obtain:

C,D
-J, = IéTP (Vg +v Vi) (4.13)

According to Eq. 2.12 (-J, =L,V +L,Vu,), we deduce from Eq. 4.13 that

A=-v, (4.14)
and
D, =0 (4.15)

This result implies that D,, for the PEG-urea-water system should be zero. Consistent with this
model, we experimentally found that I512 in the urea case was significantly lower than that found
in the TMAO case (see Fig. 4.2). However, the experimental values of If)12 were not found to be
negligible within the experimental error. Specifically, [312(C2) was found to slightly increase

with C, starting from I512(O) =0 . In the remaining part of this section, we examine the the role

of PEG-urea frictional interactions, which were neglected in the above model.
We want to identify an expression for A4 based on frictional coefficients. We start from
generalizing Eq. 4.14 by including the friction term in section 2.8:

1 G

A=—-v, —
) f20 CO

(4.16)
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According to Egs. 4.14 and 2.42, we obtain:

. f
D, = f_lzvocz (4.17)
20

According to Eq. 4.17, Iﬁl2 is expected to increase with C, consistent with experimental
findings. To quantitatively compare Eq. 4.17 with our experimental results, we first rewrite
f, 1 f,, in the following way:

fo _fo fo _f DMy, £, 1 (4.18)
foo o f o Dlo fo ay,

where we have used Eq. 2.36 to link f, to D? and f,, to D,/Yy,. In Eq. 4.18, f, describes the

frictional interaction between polymer and cosolute, while f,; describes the frictional interaction

between polymer and solvent.
We now hypothesize that the following relation between frictional coefficients and

viscosities holds:

i_ﬂi

_In (4.19)
flj 7;

where f; is the coefficient describing the frictional interaction between the polymer and

component i, and f,; is the coefficient describing the frictional interaction between the polymer
and component j . Correspondingly, 77; and 7, are the viscosities of pure components i and j,
respectively. Our goal is to apply Eq. 4.19 to f,,/ f,, in Eq. 4.18. For the solvent ( j =0 in Eq.

4.19), we can use the known viscosity of water, 77,. Since urea is solid, the viscosity of pure

liquid urea is not experimentally accessible. However, measurements of viscosities on water-urea

solutions were performed as a function of urea concentration (see Table 4.2). These data can be
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used to extrapolate the hypothetical value of urea viscosity, 77, . Specifically, we write 77(C,) as a

weighted average between 7, and 77,. We therefore write the following expression for the

relative viscosity:

7, =@-C\V,)+CN, 2 (4.20)

0

where C,V, and 1-C,V, represents the volume fractions of urea and water, respectively. We fit
the value of 7, in Table 4.2 according to Eq. 4.20 and determine 7, /17, =1.92. In Fig. 4.7, we
plot the experimental values of Ijlz together with those predicted by applying Eqs. 4.17, 4.18

and f,/f,=1.92 based on Eq. 4.19. We can see that our theoretical prediction is in good

agreement with our experimental results. We therefore describe the observed behavior in the
following way. Under a concentration gradient of urea, the flux of urea drags the polymer chains

in the same direction of urea diffusion due to frictional interactions.

1.4 T T T T T

12 |

08 | |
“Q 06! ;

0.4 | 1

02f 7 ]

0 il 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2
C,/ moldm3

Figure 4.8: Reduced Diffusiophoresis of PEG as a function of cosolute concentration, C, for the

ternary PEG-urea-water system. The solid line is a linear fit through the data. The dashed line is
obtained from Eq. 4.17 with f,/ f;=1.92.
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Chapter 5
Summary and Conclusions
5.1 Summary and Conclusion
We have characterized cosolute osmotic diffusion and polymer diffusiophoresis for PEG-
TMAO-water and PEG-urea-water systems at 25 °C. We have successfully used our data of
cosolute osmotic diffusion to characterize PEG-TMAO and PEG-urea thermodynamic

interactions in water. The thermodynamic parameter, 7, was found to be positive in the TMAO

case and negative in the urea case. This implies that PEG-TMAO and PEG-urea interactions are
repulsive and attractive, respectively. Our thermodynamic results were described using the
excluded-volume model (TMAO case) and the ligand-binding model (urea case). We conclude
that the effect of TMAO and urea on PEG are comparable with those observed on proteins. This
suggests that the macromolecule-TMAO and macromolecule-urea interactions do not
significantly depend on the nature of the macromolecule.

PEG diffusiophoresis was found to occur from high to low cosolute concentration in both
TMAO and urea cases. However, the magnitude of PEG diffusiophoresis in the case of TMAO
was found to be significantly larger. Our diffusiophoresis results were described using a
hydration model (TMAO case) and a friction model (urea case). We conclude that TMAO
concentration gradients can be used to induce PEG diffusiophoresis more effectively than urea
concentration gradients.

The mechanism of macromolecule diffusiophoresis from high to low TMAO
concentration may play an important role in mass-transfer applications in which non-uniform
TMAO concentrations are introduced. For example in Figure 5.1 (A), steady-state concentration

gradients of TMAO could be exploited to drive the migration of macromolecules, with
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applications similar to those of electrophoresis. Specifically, osmolyte concentration gradients
could be used to achieve separation of two macromolecules with different diffusiophoresis
properties. These type of applications are especially appealing in connection with microfluidic
technologies. Furthermore in Fig. 5.1 (B), TMAO concentration gradients perpendicular to solid
surfaces could be used to drive the migration of macromolecules towards the surface and

catalyze their adsorption, with applications to coating and sensing technologies.

A) B)
SOLID (Metal) SURFACE
COSOLUTE GRADIENT
- 5 d 1 I
1 1
L] i o i 1 Water flow . e
membrane _ _ _°_ _ % _ .
4_.. * %% %, %% % * ..§
‘.oo..oﬂoooo..
Cosolute ~ o~

Macromolecules '
Cosolute .
Binding site N

Macromolecule 1 @
Macromolecule 2 @

Figure 5.1: (A) Schematic apparatus for diffusiophoresis-induced separation of macromolecules.
A mixture containing two macromolecules (1 and 2) is located inside a horizontal tube between
two vertical reservoirs containing cosolute at different concentrations, thereby generating a
cosolute concentration gradient inside the horizontal tube. The horizontal tube is separated from
the reservoirs by two membranes not permeable to the macromolecules (dashed lines). The
macromolecules are separated due to differences in their diffusiophoresis properties. (B)
Schematic apparatus for diffusiophoresis-enhanced macromolecule adsorption. A flowing
solution of macromolecules is in contanct with a solid surface (top) and a cosolute flowing
solution (bottom). The macromolecule and cosolute solutions are separated by a membrane
(dashed line).
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Appendix A

Table Al: Binary diffusion experimental data for PEG 20K-water at 25°C

Experiment 1
C,/mmol-dm™ 0.2500
AC, /' mol-dm™ 0.0004

d,, /g-cm?® 0.998536

dg, / g-cm™ 0.997210
s 50.711
D,/10°m?*.s™* 0.0584
H, /kg-mol™ 3.1222
V, /dm®-mol™ 0.01811
V, /dm®.mol™ 20.06

Table A2: Binary diffusion experimental data for TMAO-water at 25°C

Experiment 1 2 3
C,/mol-dm™ 0.2500 0.5000 1.0000
AC, /mol-dm™® 0.103113280 | 0.103078423 | 0.103424490
dy, / g-cm™ 0.9977292 0.9982654 0.9999181
dyp / 9-cm™ 0.9974552 0.9979795 0.9995195
I 49.362 48.396 51.724
D,/10°m*.s™ 0.9102 0.9164 0.9300

Table A3: Binary diffusion experimental data for Urea-water at 25°C

Experiment 1 2 3 4
C,/mol-dm™ 0.1800 0.3800 0.8000 1.0000
AC, /mol-dm™ | 0.126581797 | 0.126996772 | 0.128182286 | 0.126227706
Oy / 9-CM™° 1.000942 1.004140 1.010802 1.0138903
dyp / 9-cm 0.998957 1.002051 1.008373 1.0119319
J s 49.442 50.033 47.949 50.012
D,/10°m?.s™ 1.368 1.352 1.321 1.308
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Table A4: Ternary diffusion experimental data for 0.25 M TMAO and 0.2500 mM PEG

Experiment 1 2 3 4
alpha 0 0 1 1
reference file TMPEt224 TMPEt223 TMPEt020 TMPEt210
C,/mmol-dm= |  0.2500 0.2500 0.2500 0.2500
C,/mol-dm™ 0.2500 0.2500 0.2500 0.2500
AC,/mol-dm™ |  0.0000 0.0000 0.0004 0.0004
AC,/mol-dm™ |  0.1005 0.1006 -0.0011 -0.0010
d,,/ g-cm?® | 0.998573 0.998569 0.999108 0.999106
do,/ g-cm™ | 0.998292 0.998279 0.997736 0.997753
Jo 47.770 47.731 50.278 50.321
N 47.740 47.761 50.286 50.313
D,/10°m?.s |  0.8671 0.8655 0.05794 0.05776
C, / mmol -dm™® 0.2500 R, /dm®-mol™ 123715
C, /mol-dm™® 0.2500 R, /dm®-mol™ 462
d,/ g-cm™ | 0.9984308+ 0.0000009
H,/kg-mol™ 3.303+0.006
D
H, /kg-mol™ 0.00244+ 0.00003 (Du), 0.0548+0.0001
/10° m* s~
V2 3 -1 (Dlz)
V, /dm*-mol 18.07 v 0.062+0.003
/107 m*s™
7 3 -1 (DZl)
V, /dm?*-mol 16.75 v 12.040.2
/10° m*s™!
Va 3 -1 (DZZ)
V, /dm*-mol 0.10903 v 0.892+0.002
/10° m*s™
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Table A5: Ternary diffusion experimental data for 0.5 M TMAO and 0.2500 mM PEG

Experiment 1 2 3 4
alpha 0 0 1 1
reference file TMPE0310 | TMPE0317 | TMPE0329 | TMPE0323
C, / mmol-dm™ 0.2500 0.2500 0.2500 0.2500
C,/mol-dm™ 0.5000 0.5000 0.5000 0.5000
AC, / mol-dm™ 0.0000 0.0000 0.0004 0.0004
AC, / mol-dm 0.1005 0.1005 -0.0010 -0.0010
dy, / g-cm™ 0.999117 0.999151 0.999685 0.999650
dyp / g-Cm™ 0.998835 0.998817 0.998309 0.998279
N, 48.540 48.618 50.364 50.046
N 48.580 48.578 50.209 50.202
D,/10°m?.s™ 0.8755 0.8880 0.05830 0.05812
C, / mmol -dm™® 0.2500 R, /dm?®-mol™ 123439
C, /mol-dm® 0.5000 R, /dm?-mol™ 471
d,/ g-cm™® | 0.9989803+0.000007
H,/kg-mol™ 3.35+0.05
-1 (Dll)
H, /kg - mol 0.0027+0.0002 v 0.0514+0.0001
/10° m® s™
v TR (Dy)
V, /dm?-mol 18.07 v 0.058+0.002
/10 m*s™
_ D
V, /dm®-mol™ 16.70 (Da), 23.620.3
/10° m* s™*
_ D
7,/ dm® -molt 010879 (D), 0.902+0.002
/10° m* s™




Table A6: Ternary diffusion experimental data for 1.0 M TMAO and 0.2500 mM PEG

Experiment 1 2 3 4
alpha 0 0 1 1
reference file TMPGO0913 TMPG0828 TMPE1018 TMPG1005
C,/mmol-dm™ 0.2500 0.2500 0.2500 0.2500
C, /mol-dm™ 1.000 1.000 1.000 1.000
AC, / mol-dm™ 0.0000 0.0000 0.0004 0.0004
AC, /' mol -dm™ 0.1004 0.1006 -0.0011 -0.0009
Ay, / g-CM™ 1.0008 1.0008 1.0012 1.0013
o / g-cm™ 1.0005 1.0004 0.9999 0.9999
3 52.883 52.836 51.013 51.054
A 52.811 52.907 50.989 51.078
D,/10°m?.s™ 0.8853 0.8886 0.05752 0.05783
C, /mmol-dm™ 0.2500 R, /dm*-mol™ 125529
C, /mol-dm™® 1.0000 R, /dm®-mol™ 513
d,/ g-cm™ 1.00057+0.00001
H,/kg-mol™ 3.40+ 0.06
a (Dll)
H,/kg-mol 0.0043+0.0003 ! 0.0444+0.0001
/10° m* s™
7 3 -1 (D12)
V, /dm® - mol 18.08 Y 0.058+0.003
/10 m*s™
_ D
V, /dm®-mol™ 16.68 (Ba), 42.6+0.1
/10° m* s™
7 3 -1 (DZZ)
V, /dm® - mol 0.10733 ! 0.914+0.002
/10° m® s™
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Table A7: Ternary diffusion experimental data for 0.18 M Urea and 0.2500 mM PEG

Experiment 1 2 3 4
alpha 0 0 1 1
reference file PUT6-16 PUT6-23 PUT6-8 PUT6-10
C,/mmol-dm™ 0.2500 0.2500 0.2500 0.2500
C,/mol-dm™ 0.1800 0.1800 0.1800 0.1800
AC,/mol-dm™ 0.0000 0.0000 0.0004 0.0004
AC, /mol-dm™ 0.1269 0.1268 0.0010 0.0009
d, / g-cm?® 1.001715 1.001702 1.001371 1.001371
dg / g-cm™ 0.996046 0.996556 0.999912 0.999912

I 49.740 49.874 50.395 50.300
Jeatc 49.843 49.770 50.382 50.313

D,/10°m?.s™" 1.340 1.341 0.0590 0.0587
C, /mmol-dm™ 0.2500
C, /mol-dm® 0.1800
R, /dm®-mol™ 123866
R, /dm®-mol™ 392
D
( ”g)v - 0.0578+0.0001
/1077 m* s~
D
( ”l)zv - 0.005+0.002
/107" m° s~
(DZl)v
110 7 o 1.3+0.2
D
( ZZQ)V - 1.346+0.001
/107 m* s~
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Table A8: Ternary diffusion experimental data for 0.38 M Urea and 0.2500 mM PEG

Experiment 1 2 3 4
alpha 0 0 1 1
reference file PUT7-28 PUT7-9 PUT7-24 PUT7-22
C,/mmol-dm™® 0.2500 0.2500 0.2500 0.2500
C,/mol-dm™ 0.3800 0.3800 0.3800 0.3800
AC, / mol-dm™ 0.0000 0.0000 0.0004 0.0004
AC, / mol-dm™ 0.1281 0.1279 0.0009 0.0011
dy, / g-cm™ 1.004969 1.004969 1.004587 1.004602
dyp / g-CM’® 0.999414 0.999415 1.003015 1.003226

J 49.886 49.868 50.095 50.130
N 49.909 49.845 50.085 50.140

D, /10°m?.s™ 1.321 1.326 0.0587 0.0588
C, /mmol-dm™ 0.2500
C, /mol-dm® 0.3800
R, /dm®-mol™ 123303
R, /dm*-mol™ 389
D
(D), 0.0574+0.0001
/10° m* s
D
(Do), 0.00520.002
/102 m? s
D
(Day), 2.540.2
/10° m* s
D
(Daz), 1.328+0.001
/10° m? s
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Table A9: Ternar)

y diffusion experimental data for 0.8 M Urea and 0.2500 mM PEG

Experiment 1 2 3 4
alpha 0 0 1 1
reference file PUT9-23 PUTT1027 PUTT10-5 PUTT10-9
C,/mmol-dm™® 0.2500 0.2500 0.2500 0.2500
C,/mol-dm™ 0.8000 0.8000 0.8000 0.8000
AC, /mol-dm™ 0.0000 0.0000 0.0004 0.0004
AC, / mol-dm™® 0.1267 0.1265 0.0007 0.0007
d,/g-cm?® 1.011591 1.010907 1.010712 1.010976
dyp / 9-cm™ 1.009420 1.009472 1.009563 1.009999

Jn 49.664 49.710 50.155 50.201
J et 49.710 49.664 50.172 50.183

D, /10°m*.s™ 1.292 1.290 0.05875 0.05887
C, / mmol-dm"® 0.2500
C, /mol-dm® 0.8000
R, /dm?®-mol™ 123793
R, /dm®-mol™ 392
D
(Ba), 0.0564:+0.0001
/10° m* s
D
(Do), -0.0040.002
/10 m® s
D
(D), 7.440.2
/10° m* s™
D
(Dz2), 1.299+0.001
/10° m* s™
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Table A10: Ternary diffusion experimental data for 1.0 M Urea and 0.2500 mM PEG

Experiment 1 2 3 4
alpha 0 0 1 1
reference file 04-06-14 03-16-14 03-09-14 03-23-14
C,/ mmol-dm™ 0.2500 0.2500 0.2500 0.2500
C,/mol-dm™ 1.0000 1.0000 1.0000 1.0000
AC, / mol-dm™ 0.0000 0.0000 0.0004 0.0004
AC, / mol-dm™® 0.1254 0.1254 0.0000 0.0001
dy, / g-cm™ 1.014941 1.014698 1.014348 1.014372
dyp / g-CM’® 1.012681 1.012712 1.013045 1.012973

N 49.169 49.607 49.723 49.800
N 49.163 49.613 49.743 49.779
D,/10°m?.s™ 1.280 1.280 0.05827 0.05800
C, / mmol-dm"® 0.2500 R, /dm®.mol™ 122376
C, /mol-dm® 1.0000 R, /dm?-mol™ 392
d,/ g-cm™ 1.1367+0.0063
H,/kg-mol™ 3.4370+ 0.3933
4 (Dy)
H, /kg - mol 0.016754+ 0.000892 v 0.0558+0.0001
/10° m* s™*
v TR (Dy)
V, /dm*-mol 18.07 v -0.002:£0.002
/10” m* s
_ D
V, /dm®-mol™ 14.80 (Da), 9.310.4
/10° m* s™
Foas (Dz)
V, /dm*-mol 0.84334 v 1.28520.002
/10° m* s™
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Abstract
DIFFUSIOPHORESIS AND OSMOTIC DIFFUSION IN
TERNARY AQUEOUS MIXTURES OF POLYETHYLENE GLYCOL CONTAINING
TRIMETHYLAMINE-N-OXIDE OR UREA AS COSOLUTES
By Lara Richelle Lechlitner, MS, 2017
Department of Chemistry amd Biochemistry
Texas Christian University

Thesis Advisor: Onofrio Annunziata, Professor of Chemistry

Diffusiophoresis is the net migration of macromolecules within liquid mixtures induced by a
concentration gradient of a cosolute. Osmotic diffusion is the net migration of cosolute
molecules induced by a concentration gradient of a macromolecules. The diffusiophoresis of
polyethylene glycol (PEG) induced by cosolute concentration gradients were experimentally
characterized together with cosolute osmotic diffusion by Rayleigh Interferometry at 25°C. In
this investigation, trimethylamine-N-oxide (TMAO) and urea were chosen as two distinct
cosolute cases inspired by their opposite applications in protein aqueous systems. Our results on
cosolute osmotic diffusion were successfully used to characterize the PEG-TMAO (repulsive)
and PEG-urea (attractive) net interactions in water. Moreover, PEG diffusiophoresis in the
TMAO case was found to be five-fold larger than that observed in the urea case. This suggests
that TMAO concentration gradients could be exploited to induce the migration of
macromolecules with applications in the fields of separation, adsorption and microfluidic

technologies.



