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Poly(ethylene oxide) (PEO) is one of the most researched synthetic polymers due
to the complex behavior which arises from the interplay of the hydrophilic and
hydrophobic sites on the polymer chain. PEO in ethanol forms an opaque gel-like
mixture with a partially crystalline structure. Addition of a small amount of water
disrupts the gel: 5 wt % PEO in ethanol becomes a transparent solution with the
addition of 4 vol % water. The phase behavior of PEO in mixed solvents have been
studied using small-angle neutron scattering (SANS). PEO solutions (5 wt % PEO)
which contain 4 vol % — 10 vol % (and higher) water behave as an athermal polymer
solution and the phase behavior changes from UCST to LCST rapidly as the fraction
of water is increased. 2 wt % PEO in water and 10 wt % PEO in ethanol/ water
mixtures are examined to assess the role of hydration. The observed phase behavior is
consistent with a hydration layer forming upon the addition of water as the system
shifts from UCST to LCST behavior. At the molecular level, two or three water

molecules can hydrate one PEO monomer (water molecules form a sheath around the



PEO macromolecule) which is consistent with the suppression of crystallization and
change in the mentioned phase behavior as observed by SANS.

The clustering effect of aqueous PEO solution (M.W of PEO = 90,000 g/mol)
is monitored as an excess scattering intensity at low-Q. Clustering intensity at Q =
0.004 A" is used for evaluating the clustering effect. The clustering intensity is
proportional to the inverse temperature and levels off when the temperature is less
than 50 °C. When the temperature is increased over 50 °C, the clustering intensity
starts decreasing. The clustering of PEO is monitored in ethanol/ water mixtures. The
clustering intensity increases as the fraction of water is increased. Based on the
solvation intensity behavior, we confirmed that the ethanol/ water mixtures obey a
random solvent mixing rule, whereby solvent mixtures are better at solvating the
polymer that any of the two solvents.

The solution behavior of PEO in ethanol was investigated in the presence of
salt (CaCl,) using SANS. Binding of Ca*" ions to the PEO oxygens transforms the
neutral polymer to a weakly charged polyelectrolyte. We observed that the
PEO/ethanol solution is better solvated at higher salt concentration due to the
electrostatic repulsion of weakly charged monomers. The association of the Ca®" ions
with the PEO oxygen atoms transforms the neutral polymer to a weakly charged
polyelectrolyte and gives rise to repulsive interactions between the PEO/Ca
complexes. Addition of salt disrupts the gel, which is consistent with better solvation
as the salt concentration is increased. Moreover, SANS shows that the phase behavior

of PEO/ethanol changes from UCST to LCST as the salt concentration is increased.
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Chapter 1

Introduction

Poly(ethylene oxide) (PEO) is one of the most researched synthetic polymers due
to its structural simplicity and diverse functionality. PEO is a unique polymer because
it is soluble in both water and organic solvents (methanol etc.).""? Although the PEO
monomer (CH,CH,0) is relatively simple, PEO exhibits complex solution behavior.'”
% The complexity of the solution behavior stems from the oxygen atom in the chain
backbone. The methyl group is hydrophobic and the oxygen atom along the backbone
mediates hydrophilic interactions. The presence of oxygen atoms along the backbone
strongly influences the nature of the interactions and the thermodynamics when PEO
is dissolved in various solvents.” ®* The interplay between the hydrophilic and
hydrophobic interactions in PEO is relevant to the folding and unfolding of proteins.
Consequently, PEO is often mentioned as a simple and tractable model for
understanding biopolymers. Varied interactions with other molecules also enable
PEO to be used in both energy and biological applications.” "

PEO exhibits a rich phase behavior including crystalline and/or gel-like structures

. . : 6, 14
when dissolved in organic solvents.”

When dissolved in organic solvents, PEO
exhibits different phase behavior than when dissolved in aqueous solution. When
dissolved in alcohols (particularly ethanol or methanol which are of interest here)

PEO exhibits an upper critical solution temperature (UCST) thermodynamic behavior.

This implies that the solvation mechanism of PEO in alcohols is different from that of



PEO in water even though alcohol has a strong hydrogen bonding ability. The current
understanding of PEO solutions in organic solvents is limited and more work is
needed to fully explain the complex solution behavior. This thesis has been focused

on the understanding of structure and thermodynamics of PEO in ethanol and water.



Chapter 2

Background and Review of Prior Work

2.1 Thermodynamics of polymer solutions: the Flory-Huggins theory

The classical Flory-Huggins theory has been widely used to study the
thermodynamics of polymers. This theory uses a lattice model based on the mean

1318 Tt assumes that solvent molecules and monomers (polymer

field approximation.
segments) in a polymer chain each occupy one lattice site. The lattice sites are filled
fully, one segment or one solvent molecule per site. The Flory-Huggins theory
assumes that there is no volume change upon mixing. The connectivity of monomers
within a polymer chain is considered although obeying random mixing.'> '®'®

Consider the mixing of two species A and B with no volume change in the

homogeneous phase region as shown in Figure 2.1 (A). The volume of each species is

V, and V; respectively. The volume fractions after mixing are given by

V V.
¢A:V AV and ¢B=V -fV =1_¢A (2-1)

A+B A B

Here, the volume of species A is V, =n, *v,. Here n, is the number of molecule A

and v, is the volume of each lattice site.

The entropy S is determined by the number of states as'> '®'®



S=kInQ (2-2)
where £ is the Boltzmann constant and Q denotes the number of ways to arrange

molecules.

n, and ngare the number of sites of each molecule and 7 is the total number of sites

after mixing (# =n, +ny). Here, we assume that each molecule is indistinguishable

so that the number of states is the same for possible lattice sites. For a single molecule

of species A, the entropy change upon mixing is given by

AS, =kInn—klnn, =—kIn(, /n)=—kIng, >0 2-3)

Also, the mixing entropy for species B is similarly

AS, =—kIng, >0 (2-4)

The change of entropy on mixing is always positive because the volume fraction is

always less than 1. The total entropy change is summed up over all molecules,

AS,,.. = AS, +nASy =—n, xkIng, —nyxkIng, = —nk(¢,Ing, + ¢ Ing,)

(2-5)

or



—_— S
ASmix = #ﬂd = _k(¢A In ¢A + ¢B In ¢B) (2-6)

AS, . =-n,xklng,—n,xklng, = —nk[¢—Aln¢A +ﬁln¢3j (2-7)
NA NB
or
e ¢A ¢B
AS  =—kl——In¢d, +——1In 2-8
mix [NA ¢A NB ¢B ( )

Eq (2-8) implies that the mixing entropy is dependent on the chain connectivity in
polymeric systems. In polymer systems, the total number of translational degrees of
freedom of the chains is much lower than the total number of segments because the
degree of polymerization (N4 and Nz >>1) is large. Therefore, the mixing entropy is
extremely small and mixtures of polymers tend to phase separate.

Up to now, we have considered just the mixing entropy. But the change in free
energy on mixing is a function of interaction energy as well as entropy. The Flory-
Huggins model assumes no volume change on mixing and hence the free energy is
the Helmholtz free energy. The energy difference on mixing per lattice site in binary

mixtures is given as



1
AU, = E nzg,(1- @) (2u .y —u, —ugy) (2-9)

or

e 1
AUnix =AU [ n = EZ¢A(1_¢A)(2L£AB — Uy, —Upp) (2-10)

where z is the coordination number of the lattice

u; 1s a pair interaction energy between sites i and j

The Flory-Huggins interaction parameter, y, is defined to represent the difference of
interaction energies in the mixtures.'> ' The Flory-Huggins interaction parameter is

given by

z (2“AB U uBB)
2 kT

7= (2-11)

Using the Flory interaction parameter, we can write the energy of mixing per lattice

site as

AT = 28000

o (2-12)

Combining Eq (2-8) for entropy of mixing, we get the free energy of mixing per

lattice site



Aﬁwx=AUW=JAEW=kfﬂ%tm¢,+gi@lma—¢g+1@a—¢gJ

A B

(2-13)

The first two terms are from the contribution of the mixing entropy and become very
small for long chains. Miscibility, in this case, depends strongly on the interaction
parameter. In practice, the volume change on mixing and the local packing can affect
the Flory-Huggins interaction parameter through an additional temperature
independent additive constant. The Flory-Huggins interaction parameter is often

written as'> '

B
—A+— 2-14
X T (2-14)

The temperature independent constant 4 accounts for an entropic component, while
last term (B/T) is the classical enthalpic contribution. The value (magnitude and sign)
of the constants 4 and B depend strongly on the specific chemical components and
may depend weakly on chain length.

The phase behavior is estimated by considering the temperature dependence of
the free energy of mixing. The binodal phase boundary is determined by the common
tangent of the free energy at a specific composition. The tangent is given by the first
derivative of the free energy with respect to volume fraction, referred as the chemical

potential (u ), therefore the common tangent of the free energy at the compositions



¢ and ¢" the corresponding to the two equilibrium phases characterizes the binodal

phase boundary

aAFmix 6AFmix
( o9 j 2{ o9 j OF Ly y = My (2-15)
p=¢' p=¢"

The binodal curve for symmetric blend (N4 = Np) is obtained by setting the first

derivative of the free energy of mixing with respect to the concentration to be zero

OAF mix kT Ing, +L_%_L+Z(l_2¢fl) (2-16)
o¢p Ny Ny Ny Ny
Which leads to:

binodal _ 1 |:1n¢/4+1_1n¢8+1:| (2-17)

L =T 04| W, N,

The phase boundary of a symmetric blend (N, = Ny) delimited by the binodal line is

shown in Figure 2.2 (solid line) as a function of the volume fraction for component A.
The spinodal curve is located between the metastable and unstable regions.
Spinodal curve can be obtained by setting the second derivative of the free energy of

mixing with respect to volume fraction to zero,



62A17m,x _ 1 1
( oF J = kT[NAgéA + N 4, —2;(} (2-18)

which yields
; 1 1 1
Zspmodal — _|: + :| (2_19)
T 2[Ng, Nods

The phase boundary of the spinodal region for symmetric polymer blend is shown in

Figure 2.2 (dashed line).
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Figure 2.1 The Flory-Huggins lattice model: (A) mixing two solvent molecules, (B)

mixing solvent and one polymer chain and (C) mixing two polymers (polymer
blend)."> ' "
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Figure 2.2 Phase diagram for a polymer blend with N, = N, = N . The binodal line is

the solid curve and the spinodal line is dashed line.

2.2 Aqueous PEO solution

2.2.1 The solvation of ether group polymer in water

The solvation of PEO in water is believed to arise from hydrogen bonding
between water and oxygen atoms in the PEO monomer. Hydrogen bonding involves a
hydrophilic interaction. However, hydrogen bonding cannot explain PEO solvation in
water when compared to other ether group polymers such as poly(methylene oxide)
(PMO) or poly(propylene oxide) (PPO). Hydrocarbons (-CH,-) give rise to
hydrophobic effect in water. Let’s compare PEO with PMO. PEO has ethylene groups

(CH,CH;) on the backbone while PMO has methylene groups (CH;) so one expects

10



that PEO is more hydrophobic than PMO. However, PEO dissolves in water but PMO

does not.
PEO PMO
0 /CHz N 0 -0
N~ N ™~ - \\\
- CH, o - CH,
More hydrophobic (CH2CH2) Less hydrophobic (CH2)
Soluble in water Insoluble in water

Comparing PEO with PPO, PPO has one more methylene group than PEO which
indicates that PPO is more hydrophobic than PEO. As expected, PPO does not
dissolve well in water, PEO dissolves in water over a wide temperature range (0 °C —

100 °C) while PPO dissolves in water only over a narrow temperature range.

PEO PPO
0 _~CH2 s 0 PN s
™~ .
-~ CH, ) -~ \C‘Hz ~o
CH;
Less hydrophobic (CH2CH2) More hydrophobic (CH(CH3)CH2)
Soluble in water Insoluble in water

Based on such observations, the solvation of PEO in water cannot be explained using
simple hydrogen bonding arguments. The solvation of molecules having both
hydrophilic and hydrophobic sites should be explained in terms of both hydrophobic

effects and hydrogen bonding. PEO solvation is believed to arise from the formation

11



of a hydration shell around the PEO chain. The hydration shell behaves as a

protection sheath to prevent water from contacting the ethylene groups.

2.2.2 Solvation and thermodynamics

As mentioned earlier, PEO is a widely researched synthetic water-soluble
polymer. The monomer structure and dimensions are found to be key factors in
understanding the solvation of ether group containing polymers in water.” *' The
distance between oxygen atoms along PEO chains in water is 2.85 A and 4.85 A for
nearest and next-nearest neighbors respectively as measured by neutron/ X-ray

7:22-24 The distance

diffraction and as calculated from molecular dynamics simulation.
between adjacent oxygen atoms in PEO single crystals as measured by X-ray
diffraction is 2.88 A and the distance between adjacent oxygen atoms in the liquid
state PEO is 2.85 A. The schematic model is shown in Figure 2.3.

Such similar dimensions in the liquid and solid states suggest that the structure of
PEO in the liquid state may adopt a slightly distorted helical structure. Based on the
solubility difference between the ether group containing polymers and the distance
between oxygen-oxygen atoms in PEO and in water, a solvation model of PEO in
water has been suggested to consist of polymer chains embedded into the hexagonally
packed water structure via hydrogen bonding between PEO oxygen atoms and the
hydrogen atoms of water. This structural solvation model describes the water cage
around PEO chains and results in the formation of a hydration shell around the PEO

chain. Two water molecules are needed to hydrate a PEO monomer based on the

packing geometry. This is not sufficient to form a complete hydration shell around the

12



polymer chains unless each water molecule participates in the shell from neighboring
chains. Figure 2.4 represents a schematic model for the electrostatic potential map of
PEO chains used for predicting solvation via hydrogen bonding between hydrogen
atoms in water and oxygen atoms in PEO. Simulation studies predicted that the highly
negative electrostatic potential regions (in blue) are formed around ether oxygens (red)
in PEO chains as shown in Figure 2.4 (A). Considering the dimensions in liquid state
PEO, the solvated PEO chains in water are believed to form helical structures as
discussed earlier. The contour map of negative potential along the chain estimated
through simulation is shown in Figure 2.4 (B). Water molecules are believed to form
a hydration shell along the negative potential region of PEO via hydrogen bonding
although there is currently no experimental evidence for helical structures. The
hydrogen bonding between water molecules and PEO rearranges the water molecules
near the PEO chain to form a highly directional water structure, resulting in a loss of
entropy; the negative entropic change comes from the loss of conformational freedom
in forming the hydration shell around the PEO chain.

Generally, the strength of hydrogen bonding is sensitive to temperature. The
strength of hydrogen bonding between water molecules becomes weaker as the
temperature is increased and has been characterized by Raman or IR spectroscopy.”
*® The hydration shell in PEO solution is disrupted at high temperature due to lower
hydrogen bonding strength. Smith and coworkers studied hydrogen bonding between
PEO and water using molecular dynamics simulations to extend the understanding on
the phase behavior of aqueous PEO solutions. The simulation results showed the

7,28-31

characteristics of a lower critical solution temperature (LCST). The number of

13



water molecules participating in hydrogen bonding with PEO was calculated and
monitored as a function of temperature as shown in Figure 2.5. They observed a
decrease in the number of water molecules participating in hydrogen bonding as the
temperature increased. This decrease in the number of hydrogen bonds leads to a
decrease in the solvation driving force. The estimated phase boundary was located
around 450 K — 500 K depending on the PEO concentration.’’** A thermodynamic
model for the PEO-water system has been developed by different researchers in an
attempt to understand aqueous PEO solutions and the role of hydrogen bonding.*"" >
7 A primitive model of a LCST system was introduced by Hirschfelder and
coworkers which explained the formation of a LCST through short range ordered
molecules when polar solvents (water or alcohol) are used.’® Based on this idea,
Wheeler developed a lattice model to describe the LCST and UCST behaviors.*
Karlstrom constructed a thermodynamic model based on the Flory-Huggins theory,
and adapted Hirschfelder’s model (which used an attractive potential at short range
and low temperature and a dominant repulsive long range force at increased
temperatures) to explain the UCST and LCST behaviors.'® %3738

A simple and successful description of hydrogen bonding between PEO and water
was presented by Matsuyama et al.*® They presented a molecular theory, incorporated
a hydrogen bonding term in the Flory-Huggins theory to explain LCST behavior of
PEO solutions. The theory showed that the hydrogen bond formation between PEO
and water molecules can be the major cause of the miscibility gap and the system can

39, 40

exhibit a closed-loop phase behavior. Intramolecular interactions were ignored

and the competition between inter- and intra-molecular hydrogen bonding effects was

14



not considered. The most advanced theory for the hydration of aqueous PEO has been
presented by Dormindntova which accounted for both intermolecular and
intramolecular hydrogen bonding.”* The theory used a statistical thermodynamics
concept and explained the hydration behavior by incorporating both enthalpic and
entropic effects as a function of temperature. The calculated phase diagram showed
excellent agreement with experimental data. The results of different experimental
groups concerning the phase behavior of PEO in aqueous solutions are shown in
Figure 2.6.*” *'* As seen in Figure 2.6, there is a general agreement between the
theoretical curves and experimental data. The shapes of the curves and the decrease in
LCST (increase in UCST) with increase degree of polymerization N are consistent

with experimental observations.

Figure 2.3 Schematic for hydration of PEO based on geometric dimension.”’
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(B)

Figure 2.4 Schematic contour map of PEO based on the electrostatic potential. (A)
Contour map of 3-D electrostatic potential of PEO chain: Blue denotes the negative
potential zone and brown is the positive potential zone induced by the PEO chain. (B)
Electrostatic potential induced by water oxygen and brown represents positive

potential zones. Red is oxygen which accounts for the electron rich region.**
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Figure 2.6 Phase diagram for aqueous solutions of PEO. Experimental data are

represented by symbols and theoretical curves are all calculated using the same

parameters. N is the degree of polymerization.”

2.2.3 Clustering of PEO in aqueous medium

The clustering (or aggregation) has been observed in water soluble polymers and

there is interest in understanding its origin and identification.”*’ Aggregation has

been found in various water soluble polymer systems including neutral polymers (e.g.

PEO) and polyelectrolyte solutions.*® Light/X-ray/neutron scattering, dynamic light
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scattering (DLS) and gel permeation chromatography (GPC) have been used to
identify PEO clustering in aqueous solutions.* ***°

Devanand et al. studied impurity effects on aggregation behavior of PEO in water
using dynamic light scattering of dilute aqueous PEO solutions.”’ They measured the
hydrodynamic radius and diffusion coefficient as a function of molecular weight after
filtration with 0.2 um pore size filter and did not find any evidence for aggregation.
This result implied that impurities such as dust can be a possible origin of aggregation.
Poverari et al confirmed the coexistence of single chain and clusters and filtration
effect with a 0.22 pm filter.”* Clusters are removed by filtration but begin to reform
spontaneously with time. Ho et al. measured the hydrodynamic radii of aqueous PEO
solutions before and after filtration with a 0.1 pum filter using dynamic light
scattering.”® The experimental results are shown in Figure 2.7. The hydrodynamic
radius distribution for an unfiltered aqueous PEO solution, Figure 2.7 (A), exhibited
the two distinct peaks representing the hydrodynamic radii of single chains and
aggregated chains respectively. They confirmed the disappearance of the aggregation
peak after filtration in Figure 2.7 (B). The aggregation peak, however, reappeared
after one day as shown in Figure 2.7 (C). This confirmed that the filtration eliminates
clustering in aqueous PEO solution but clusters reform over time.

One possible origin of the clustering in aqueous PEO solutions is chain end group
effect. Hammouda et al. performed systematic experiments varying chain ends in
aqueous PEO solutions.” They measured SANS intensities of aqueous PEO solutions

with different chain ends: CH;0-PEO-OCH;, HO-PEO-OCHj3; and HO-PEO-OH. The

CH;0- chain end is relatively hydrophobic whereas HO- end group is hydrophilic.
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All samples exhibited clustering behavior in water regardless of end group as shown
in Figure 2.8 (A). The magnitude of clustering is defined by an intensity at Q = 0.004
A" which is obtained from fitting the SANS data. The magnitude of clustering
depends on the type of chain end as shown in Figure 2.8 (B). PEO having
hydrophobic end groups on both ends exhibits the largest clustering magnitude
whereas PEO with hydrophilic end groups shows the lowest clustering. From these
observations, it is concluded that chain end effects are one of the causes of PEO
clustering even though chain ends are only a small fraction of the polymer. This
explanation becomes clearer for the case of other kinds solvents such as methanol and
benzene. Benzene is a strongly hydrophobic solvent compared to water or methanol.
The SANS intensity of PEO in benzene is shown in Figure 2.9. Clustering is clearly
affected by changing polymer chain end groups. When both chain ends are
hydrophilic (HO) high clustering intensity was observed. The clustering intensity,
however, disappears completely in the case of hydrophobic groups (CH30-) on both
ends.

A practical application of PEO aggregation is found in liquid drag reduction.
Small quantities of dissolved polymers (e.g., PEO) can reduce considerably the

46,47, 54
d>™>""

frictional drag exerted by a liqui The mechanism of drag reduction is still not

well understood.
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Chapter 3

Experimental methods

3.1 Scattering method

Scattering techniques are widely used as tools for characterizing the
microscopic structure in condensed matter, including polymers and biomolecules and

soft matter in general.'” **

Light scattering is a relatively simple and convenient
technique. It is also possible to probe complex systems using X-ray and neutron
scattering in user facilities. Choosing a scattering technique depends on the probed
system (size scale and materials). For small-angle scattering, the probed length scale
is in the range of 10 A - 1000 A.'" ** Scattering arises from variations in the
refractive index of samples in the case of light, from fluctuations in the electron
density in the case of X-rays and in the neutron scattering length, in the case of
neutrons. While the theoretical basis of scattering remains the same, the choice of
radiation is dependent on the presence of contrast. In this work neutron scattering was
used because the scattering contrast could be enhanced through the use of deuterium-
labeled species. The summary given in this chapter is similar to the discussion found

- - 17,56
in Squire and Hammouda. "

3.1.1 Neutron scattering
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Neutron scattering has been used for a long time. This technique gained
prominence when the 1994 Nobel Prize in physics was awarded to Bertram
Brockhouse and Clifford Schull for their pioneering work in neutron scattering. Due
to their penetrating power, isotope sensitivity and magnetic moment, neutrons have
been used extensively to study both hard crystalline materials and soft matter such as
biological and synthetic polymer systems. Soft materials have relevant length scales
that are larger than the atomic length scale. Their study has become widely possible
by the advent of ‘cold’” neutron sources that produce neutrons with longer
wavelengths, (lower velocities) compared to "thermal' neutrons.

At first, neutron probes are non-destructive due to their lower kinetic energy
compared to X-rays. One of the differences of fundamental importance between X-
rays and neutrons is the respective energies. Whereas the energy of an X-ray photon
used for materials characterization is of order of 10 keV, the kinetic energy of a
thermal neutron is of order of 10 meV. Kinetic energies from atomic and molecular
motions are around 20 meV. Thus, when X-rays are scattered by matter even when
there is an exchange of energies between the motion of atoms and the X-ray photon,
the energy of the photon is affected. This is very important for most fragile, soft
matter and biological systems. X-rays interact strongly with samples and can cause
radiation damage, particularly in soft materials.

Neutrons can distinguish between isotopes, since neutron scattering lengths vary
in a non-systematic manner. This is because neutrons interact with atomic nucleus
while X-rays interact with the electron cloud. Isotopic labeling can be used to probe

structural information in detail. The advantage and uses of isotopic labeling will be
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discussed in terms of varying the scattering length density later. Moreover, due to the
high penetrating ability of neutrons they can be employed to study thick samples

which cannot be studied with X-rays.

3.1.2 Scattering theory

Neutron scattering occurs either through interactions with the nucleus (called
nuclear scattering) or through interactions between the neutron’s magnetic moment
and unpaired electrons (called magnetic scattering). A scattering experiment measures
the intensity of scattered waves by the sample. In an elastic scattering experiment, the
incident and scattered waves have the same energy, and information on the time
averaged structure of the sample can be obtained. When the scattering is inelastic, the
change in energy of the neutron is used to obtain information about the sample
dynamics. In this work, we are concerned with structure determination and hence
focus on elastic scattering only.

Neutron scattering results from the strong nuclear forces between the nucleus and
the incident neutrons. The range of nuclear forces between the neutron and the
nucleus (interaction potential) is on the order of 10> m which is much shorter than
the wavelength of the neutron. The nucleus is treated as a fixed point. A schematic of
the scattering process is shown in Figure 3.1. Scattering depends on the interaction
potential, V(r), between the neutron and the nucleus (separated by distance ») from a
quantum mechanical viewpoint. The potential is very short range and falls rapidly to

zero at within a distance of 10" m - 10" m, which is much shorter than the
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wavelength of a neutron which is on the order of 1 A (10" m)."”>® As a result the
nucleus acts as a point scatterer and diffraction theory can be applied.

Take the origin to be at the position of nucleus, and the x-axis to be along the
direction of k, the wave vector of the incident neutrons as shown in Figure 3.1.°° The

incident neutron beam can be represented by a plane wave with wavefunction
V.= exp(ikx) (3-1)

where x is the distance from the nucleus along the neutron propagation direction and
k is the wavenumber defined by 2z/4. The scattered wave is spherically symmetric as
a result of scattering from nucleus which is a point scatterer. Then the scattered wave

can be represented by the wavefunction

v, =—Zexplitr) (3-2)
r

where b is the nuclear scattering length of the nucleus and represents the interaction
between the neutron and the nucleus. The minus sign corresponds to a positive value
of b for a repulsive potential.

The quantity b, appearing in Eq (3-2), is known as the scattering length. In
general, the scattering length is a complex number. The imaginary component
represents neutron absorption for nuclei. The neutron absorption becomes important
for nuclei that have a high absorption coefficient such as boron and cadmium. The

imaginary part of the scattering length is generally very small and is usually treated as
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a real quantity. The value of scattering length depends on the particular nucleus and
varies in a nonsystematic manner across the periodic table, and depends on the spin
state of the nucleus-neutron system. It also varies between isotopes of the same
element. A useful example of this is the difference between hydrogen and deuterium
(H('H) and D(*H) respectively). Hydrogen has a coherent scattering length of -3.74 x
10° A and deuterium 6.67 x 10 A.>® Thus the scattering length of a molecule which
includes hydrogen can be changed by replacing hydrogen with deuterium. This
technique of contrast variation using isotopes is one of the advantages of neutron
scattering over X-ray and light scattering. The scattering lengths of some elements are
shown in Table 3.1.

In a typical elastic scattering experiment, the number of scattered neutrons in a
particular direction is counted as shown in Figure 3.2. When the distance from the
detector to the sample, 7, is large, then the probability of a neutron being scattered
into a solid angle dQ, is defined as a differential scattering cross section (in the

direction 6, @)

do  number of neutrons scattered per second in dQ)

= 3-3
dQ number of incident neutrons per second (3-3)

and is equivalent to the effective area that the nucleus presents to the incident neutron
in the direction dQ. The total scattering cross section is obtained by integrating over

all solid angles
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= |=—==4m’ (3-4)

so that ¢ has the dimension of area. Physically, the cross-section represents the
effective area presented by the target nucleus to the incident neutrons. As mentioned
previously, the scattering length of a target nucleus depends not only on nucleus, but
also on its spin state.

The value of the scattering length of a single element depends on the isotope and
the spin state. If the value of b varies due to the presence of isotopes and/ or varying

nuclear spin states and the value of b; occurs with relative frequency f,, with

Z f. =1, then the average value for b and b” can be defined as

b=3 b, b= b} (3-5)

Here, we assume that there is no correlation between the values of b for any two
nuclei. As a result of the distribution of scattering lengths, the total cross section

separates into two components: a coherent part and an incoherent part. The total cross

section is a sum of two components

Gtatal = Gcoh + Gincoh (3 - 6)
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The coherent cross section, o..;, represents scattering that can produce interference
from correlations between nuclear positions. Thus coherent scattering cross section
provides structural information. The incoherent scattering involves scattering from
individual nuclei. Thus incoherent cross section does not contain structural
information. The two forms of scattering are related to the mean and variance of the

scattering length

o, =4r(b) G = 47((0?)~ (B’ (3-7)

The brackets, < > denotes the ensemble average of the quantity within the brackets.
Only the coherent part of the scattering cross section contributes to the scattering
signal while the incoherent part contributes to a (O-independent background to the
scattering. As photons do not have any spin, there is no strict analog in X-ray or light
scattering with the incoherent scattering of neutrons.

As discussed previously, neutron scattering is a powerful technique for probing
soft matter due to the power of the deuterium labeling method and the low neutron
kinetic energy compared with other scattering techniques.'” * A schematic of the
neutron scattering process is shown in Figure 3.3 and its instrumental components are
shown in Figure 3.5. The small-angle neutron scattering technique was introduced to
study the structure of large length scales found in high molecular weight materials
and materials with nanoscale structure for which the probing length scale is much
larger than atomic dimensions. Small-angle neutron scattering (SANS) is used to

determine the large scale structure of macromolecules such as molecular
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conformations, morphology and supra-molecular structure. Scattering data are
expressed as function of wave vector, O =(47/A)sinf/ 2, defined by the difference

between incident wave vector and scattered wave vector as shown in Figure 3.3. Ina
typical experiment, scattering is the result of interference of waves scattered by
multiple scattering units/atoms that compose the sample. For coherent scattering, the
amplitudes of the scattered waves are added and the measured scattering intensity is
the square of the resulting amplitude. Consider the scattering from two points
separated by a distance r as shown in Figure 3.1. An incoming wave with wave vector
ko scatters off points O and P such that the scattered beam is in the direction given by
ki as shown in Figures 3.1 and 3.3. In complex notation, a scattered wave can be
written as e”, where the phase o is 27/4 times the distance traveled from an arbitrary
reference point. With a path difference of r, the phase difference between the waves

scattered from the two points is given by

§==r-lk=k) (3-8)

Then the scattering amplitude in the direction k; from the two point scatterers is given

by

40)= Y b(r)e (3-9)
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QO 1is the scattering wave vector and b(r) is the bound scattering length of the
scattering objects at ». The bound scattering length assumes that the target molecules
are fixed and there is negligible energy transfer from the neutron. In terms of a
macroscopic view, the number of scatterers is large and the sum can be replaced by

an integral

AQ)=[d*rp(r)e” (3-10)

where p(r) is the scattering length density (SLD) which describes the scattering length
per unit volume and the integral is over the volume of the object. The scattering

length density of a molecule composed of N known elements can be calculated as

pzzbz- (3-11)

1

<

where V; is the volume of component i.

The scattering intensity, /(Q), is the absolute square of the scattering amplitude

1(Q)= A" A= [[d*nd*r, p(r;)p(r,)e "™ (3-12)

Since the double integral involves only the relative distance, |rj-7;|, between every
pair of points in the probing object, the integration can be divided into two steps: (1)

integrate over all points with equal relative distances, and (2) integrate over all
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possible relative distances. The magnitude of integration over all points with equal
relative distances is a measure of correlations between the scattering length densities

at all points in the sample separated by a distance » (» is constant distance)

P = [drp(r)p(r) (3-13)

We can represent the scattering intensity with Eq (3-13) as
1 3.7 32 0
I(Q)_;H dro(r) e (3-14)

Let’s consider a simple scattering system such as a spherical particle dispersed in a
solvent medium. If this system is assumed to be incompressible, the coherent

scattering intensity can be modeled as
1(Q) = P(O)S(Q) (3-15)

where P(Q) is the single particle form factor which represents the interference of
neutrons scattered from different parts of the scattering object, and S(Q) is the inter-
particle structure factor which accounts for scattering from different objects. Note that
P(Q = 0) goes to 1 and P(Q = ) goes to 0. Generally, S(Q = ) goes to 1 due to
correlation decay and S(Q) has a peak corresponding to the average particle inter-

distance (the so-called coordination shell) in the case of concentrated systems where
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the inter-particle distance is of the same order of magnitude as the particle size. The
inter-particle distance is much larger than the particle size for dilute systems for

which S(Q) is not expected to have a peak.

b

deJzi-:artiatrva{:l clrcular wave: ITj ol

/_‘_ -~
_,\ \

Nucleus at r=0

Incident plane wave: e

Figure 3.1 Elastic neutron scattering from a fixed nucleus.*®
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3.1.3 Contrast variation in neutron scattering
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Consider a system composed of two phases with different scattering length
densities p; and p, as shown in Figure 3.4 and assume that the system is
incompressible. The total volume V' is the sum of each volume (V' = V;+ V;). Then

Eq (3-12) and (3-14) are divided into two sub volumes

2

2
_ 1 _ 1 iQ-r iQ-r iQ-r
I(Q)—; —;{[diqple +p2[;[dre —Idnple J

"

[drpe®” + [ dr,p,e®"
4

Vs

(3-16)

The above equation is reduced to (after removing the zero value terms),

2 2

1@ =, p.) (3-17)

J‘drleiQ«r
"

1 2
—_A
Yo,

iQ-r
Idne
Vl

where the difference in scattering length densities contains some material properties
(density, composition) as well as radiation properties (scattering lengths), while the
integral term describes the spatial arrangement of the material. The difference in
scattering length densities is called the contrast factor. Eq (3-17) leads to the Babinet
principle which shows that two identical systems except for the interchange of their
scattering length densities gives rise to the same coherent scattering although the
incoherent term may be different. Thus it is important when designing SANS
experiments to consider the appropriate use of contrast variation in order to determine

the sample structure. Contrast variation often uses the partial deuteration method.
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The deuteration method consists in replacing hydrogen by deuterium and
therefore changing the scattering length density. Assuming a binary polymer mixture
of identical chains with one deuterated (D) and the other protonated (H), the two
polymers exhibit contrast due to the difference in their neutron scattering lengths, bp
and by. Assume that the volumes of D and H are the same. When the volume
fractions of polymers are denoted ¢, and @,, respectively, then the scattering

intensity is given by:

1(0) = %(bD b, by PO)S(Q) (3-18)

The above equation is similar to Eq (3-15) but scaled by the difference in scattering

length densities squared and by the compositions.

Table 3.1 Scattering lengths and cross-sections of some common elements®

Element b (10" cm) 6con(barns) Gincon(barns)
Hydrogen -0.374 1.760 79.70
Deuterium 0.667 5.597 2.04
Carbon 0.665 5.590 0.00
Nitrogen 0.930 11.100 0.00
Oxygen 0.580 4.230 0.00
Sodium 0.363 1.660 1.62
Phosphorous 0.513 3.310 0.00
Chlorine 0.958 11.530 5.90

unit: 1 barn = 10™"® m?
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Figure 3.4 A system containing two phases with different scattering length densities

p1 and p,."”

3.1.4 Data from small-angle neutron scattering

Small-angle scattering provides information on the system where the length
scale is much larger than the atomic dimensions so that it yields materials properties
such as density and composition. One of the simplest analysis methods is to look at
the limiting values of /(Q). In the limit of O — 0, we are looking at the scattering
objects on a length scale much larger than the objects. For an isotropic system the

phase factor can be replaced by its orientational average as follows

(e27)= Si;g” (3-15)
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The factor Qr approaches 0 in the limit 9 — 0. The above equation can be

approximated

()= S5 =130 (3-16)

The scattering intensity can be expressed as

1 )z 1 5 SR}
1(0) ;; Vp(r)dr l—g(QRg) or 1(Q)=1(0)e (3-17)
, I p(r)ridr
where R, =*x——— (R, is the radius of gyration) and /(0) is proportional to the
J. p(r)dr

contrast factor. This is the Guinier approximation. The radius of gyration can be
obtained from the slope of In/(Q) vs. 0.

SANS data contain information about the fractal dimension from the Porod plot.'®
7. 48 The Porod region corresponds to a probed range smaller than the scattering
objects (O « 1/D) so that the scattering radiation is probing the local scale structure.

At high-Q, the scattering intensity can be approximated as

A
1(Q)=—+8B 3-18
©) o (3-18)
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where 4 is a fitting variable, B is the incoherent background and n is called the Porod
exponent. Log(/) vs. Log(Q) yields information about the fractal dimensions of the
objects. A Porod slope n = 1 is obtained for scattering from rigid rods; a slope n = 4
represents a smooth surface for the scattering particle; whereas a slope n between 3
and 4 characterizes rough interfaces of surface fractal dimension D with n =6 - D.
We can apply the Porod law to polymer chains to understand excluded volume
interaction (or solvent quality). The Porod slope n is related to the excluded volume

parameter v as its inverse n = 1/v. A slope n = 2 is a signature of Gaussian chains in a

dilute environment (theta condition), a slope n = 5/3 is for fully swollen coils, a
signature of good solvent, and a slope n = 3 is for collapsed polymer coils which is a
signature of poor solvent. A slope between 2 and 3 is for “mass fractals” such as

branched systems (gels) or networks.

3.1.5 Zero angle scattering and thermodynamics

The measured SANS intensity also contains information about the
thermodynamics of the system from the zero angle scattering intensity (sometimes
termed the forward scattering intensity). A simple derivation from statistical
mechanics shows that the density or concentration fluctuations depend on thermal

15-19, 57

properties. From the grand canonical ensemble, the standard deviation of

density and concentration fluctuations can be written as a function of temperature and

- 18,57
thermodynamic parameters as
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ol =N'-N" =k1(oN /o), (3-19)

where U is the chemical potential.

The density and concentration fluctuations are related to the forward scattering

intensity. Simple extrapolation of the scattering intensity to Q = 0 produces
1(0) ~ 57, and we have 1(0)~ kT(ON/ ou)y 7. The inverse of (8/1/ 8N),,,T is called as

the exchange chemical potential which is equivalent to the second derivative of the
free energy.

Consider a multicomponent polymer. The Flory interaction parameter ¢,
discussed in Chapter 2, can be determined in homogeneous single phase bends (or
mixtures) by measuring the composition fluctuations using light, X-ray or neutron

scattering. Generalization to the case of a simple binary polymer blend at equilibrium

with average composition ¢ and consider a small volume segment containing n total

monomers with 7, =¢n . A small fluctuation in composition @ can occur

spontaneously in a small volume at equilibrium:

Sp=¢—¢ (3-20)

The free energy of mixing in this small volume, AF,

mix >

can be expanded in a power

series of the fluctuations:
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e g, L A, ,
AF,.(§) = AF,, (¢)+ ¢ b 7 ——2is (5p) + (3-21)

Here, we introduced the exchange chemical potential by implementing 1 , instead of

09 .

&1, =ndp (3-22)
aAvaix _ aAF‘mix a mix Aszx
y 5p = -y nop=——mx o) S(ng) = —mix o on,  (3-23)

The exchange chemical potential is the change in free energy of mixing arising from
the exchange of one A monomer by one B monomer. The change in free energy in the

system, OF, arising from this fluctuation is the sum of the free energy change in the

small volume containing n monomers (=AF,, (§) — (¢)) and the free energy

mlx

AFWIIX
change in the rest of the blend (——— 5 (—on,)):

n,

ONF
éF’ Alex (¢) A}Tmm (¢) + 8n = (_&/ZA ) (3-24)

The typical free energy change is of the order of the thermal energy, k7. Using Eq (3-

21), Eq (3-24) yields

42



<(5¢)2> < kT[G aA;mixJ _ ];_T[Gg—;’mJ (3-25)

This relation indicates that composition fluctuation is a thermodynamic function. The
last term involving the normalized free energy per lattice site clearly shows that
thermally driven composition fluctuations diminish as the volume increases due to the
increase of n.

The total fluctuation is the superposition of density fluctuations and concentration

fluctuations as
1(0) ~ (N )+ (9 ) (3-26)

Where the first term is the contribution from density fluctuations and the second term
is the contribution from concentration fluctuations. Concentration fluctuations arise
from the change on mixing hence the forward scattering intensity has information on
the thermodynamics of mixing. Combined with the Flory-Huggins theory, the
forward scattering intensity of a two-component polymer system (such as a polymer

solution or a polymer blend) can be written as

R :L(azAFZWJ: L1 5, g2
1(0)  S(0) kT 09 N.g Ny(1-9)

where N , is the degree of polymerization of A

A 1is Flory-Huggins interaction parameter
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¢ 1s the volume fraction of component A.

The forward scattering intensity is used to predict the phase behavior of polymeric
systems. The second derivative of the free energy approaches 0 as the phase boundary
is approached-which yields the spinodal condition. Physically, the forward scattering

intensity becomes infinite at the spinodal condition.

3.1.6 SANS instruments at NCNR

SANS measurements have been carried out using the NG3 and NG7 30m
SANS instruments at the National Institute of Standards and Technology Center for
Neutron Research (NCNR), shown in Figure 3.5.'"° The range of wavelengths for
the SANS instruments is from 5 A to 20 A. It covers a scattering vector (Q) range
from 0.0001 A" to 0.6 A, which corresponds to d-spacings from 6,000 A down to
10 A. SANS instruments at the NCNR use velocity selectors to select a portion of the
neutron spectrum.
In order to obtain small angles, good collimation and high resolution area
detectors are needed. Good collimation is achieved through the use of long neutron

flight paths before the sample.
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Figure 3.5 (A) Schematics of the NG3 30m SANS instrument at NIST. There are 4
main instrumental parts; (1) velocity selector, (2) beam collimation, (3) Sample
(scattering event) and (4) 2D area detector. The sample-to-detector maximum

distance is 15 m. (B) Photograph of the NG3 30m SANS instrument.'” >
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3.2 Dynamic light scattering

The dynamic light scattering (DLS) technique has been used to probe the
clustering behavior of PEO by monitoring the hydrodynamic radius. DLS has a
complementary role in that it probes structural relaxations and dynamics. In
particular, DLS probes the dynamic motion of particles in a fluid. This method can
give a reliable estimate of particle size under certain conditions such as dust free
sample preparation. In a DLS experiment, the fluctuating intensity of light scattered
from the sample is recorded at a particular angle 0 (0 is 90° in our case). The
fluctuations are then correlated to yield the intensity autocorrelation function g(z)(q,r)

vs. correlation time t:

(I(g,01(g,t + 7))
(I(g,1))’

g?(q.7)= (3-28)

: : : 4m . . .
where 7 is the correlation time and ¢ =77msm(«9/ 2) . The measured intensity

autocorrelation function g%(g,t) can be converted into an electric field

autocorrelation function g'"(g, t) through the Siegert relation:

g? (@0 =1+ flg" (@0 (3-29)

Here, f'is the coherence factor that depends on the instrumental geometry. For a dilute

solution of monodisperse spherical particles, the electric-field autocorrelation
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function is a single exponential whose time decay is determined by the translational

diffusion coefficient of the particle D:

g (g.7)=exp(-Dq’7) (3-30)

From the measured diffusion coefficient, the particle size can be obtained by the

Stokes-Einstein equation:

kT
67nR,

D (3-31)

where k is the Boltzmann constant and # the viscosity of the solvent (assumed to be a
Newtonian liquid). The size obtained from DLS is the hydrodynamic radius of the

particle Ry,

3.3 Density measurement technique by the vibrating tube method

The density of a material is the ratio of its mass to its volume and can be used
to directly monitor the state of the material.”® Density measurements were used to
monitor the crystallization as it is a first order phase transition as defined by a
discontinuous change in the specific volume. Density measurements involve precise
measurements of the mass and/or volume or the use of an indirect method for
measuring physical quantities that are related to the density. High precision density

measurements are possible since the introduction of a practical model of the
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mechanical oscillator. It is a well established method for measuring the density of
fluids and complex fluids with high precision. The vibrating U-tube method is one of
the most common density measurement methods and uses a mechanical oscillator.”®®
The volume of the tube is fixed and the mass is measured by measuring the vibration

frequency of the U-tube. The frequency of U-tube oscillations depends on the

vibrating mass m and spring constant k as

L (3-32)

"2z \m

Volume of the U-tube is controlled by the stationary vibrations of the oscillator. If the
oscillator is filled, a constant volume participates in the oscillation. Since the same
volume is involved, a precise measurement of the mass yields the density with high
precision. This method can be used even for flowing liquids, which enables industry
to monitor the density of a product.

The vibrating U-tube is driven by an electro-mechanical system that uses a magnet
and coil assembly. The coil creates an oscillating magnetic field that acts (pushes) on
the magnet and therefore on the tube periodically. A feedback amplifier is used to
maintain the oscillation at the resonant frequency. The mechanical oscillation of the
tube is transformed into an alternating voltage of the same frequency and then to a
calibrated digital signal of the density. The calibration is performed using substances

of precisely known densities.
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Figure 3.6 Schematic representation of the vibrating U-tube density meter.

(Antonpaar, http://www.antonpaar.com)
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Chapter 4

Solvation and clustering of poly(ethylene oxide) in ethanol/
water mixture

4.1 Introduction

As mentioned in a previous section, the diverse range of PEO solution
behavior is due to the interplay of hydrophobic and hydrophilic sites along the
polymer backbone. When dissolved in water, PEO is characterized by both
hydrophilic interactions (hydrogen bonding of water molecules to the oxygen atoms
on the polymer) and hydrophobic interactions (the CH,CH, groups repel water).> "
This can be compared to other ether group polymers such as poly(propylene oxide)
(PPO, -CH(CH3)CH,-) or poly(methylene oxide) (PMO, -CH,O-) which do not
dissolve readily in water over a wide temperature range. A significant difference
between PEO and these other ether group polymers (PPO and PMO) is the size of the
alkyl group.

When PEO is dissolved in ethanol, it forms a paste-like gel (opaque) at room
temperature.” It is an unusual phase behavior although the hydrogen-bonding
capability of ethanol is relatively small compared to methanol or water. We
confirmed that the origin of this gelation is partial crystallization. The gel structure

and morphology will be discussed in detail in the following chapters. Furthermore, a

very interesting phenomenon is observed when mixed solvents are used. The solution
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becomes clear when a small amount of water is added to the PEO/ethanol mixture.
Figure 4.1 (A) shows the solution change as the water fraction is varied. PEO in pure
ethanol is opaque but PEO in ethanol (96 vol %)/ water (4 vol %) mixture is clear.
These PEO solutions were studied using neutron scattering to examine molecular
properties. Besides measuring the radius of gyration of the polymer chain in solution,
neutron scattering is a powerful technique to identify the solvent quality and

. . 15, 16, 19, 20
interactions between molecules. ™ >

The SANS data are shown on a log-log
scale in Figure 4.1 (B). The SANS intensity for PEO in ethanol exhibits a stacked
lamellar crystal structure. The intensity increases at low Q and displays oscillations at
intermediate Q due to the formation of PEO lamellae which are of higher density than
amorphous PEO. The slope of the SANS intensity at high O of a PEO solution with a

small amount of water (4 vol % water in solvent) is -5/3 as shown in Figure 4.1 (B)

which is a signature of good solvent.

51



(A) (B)

10° — ;
— EtOD(100%)/D20(0%)
——EtOD(96%)/D20(4%)

E/W=

PEO/EtOD

S —

Scattering Intensity (cm'l)
=

Increasing water fraction

E: Ethanol 0.01 0.1 P
W: Water Wave vector Q (A™)

Figure 4.1 The PEO/ ethanol mixture changes from an opaque gel to a clear solution
with the addition of 4 vol % water. (A) Photograph shows that the solution becomes
clear as the fraction of water in mixed-solvents becomes 0.04 (4 vol %). (B) SANS
intensity from PEO solutions. Red circle in inset picture represents SANS intensity
for PEO (5 wt %) in pure ethanol. The slope for the polymer solution at high Q is -
5/3.

4.2 Experimental

PEO (h-PEO, HO-(CH,CH;0),-CH3) of molecular weight My, = 90,000 g/mol
(M, = 83,000 g/mol) was purchased from Polymer Source, Inc. and used without
further purification. Anhydrous deuterated ethanol (C,DsOD, d-ethanol) and
deuterated water (D,0O, d-water) were purchased from Cambridge Isotope
Laboratories Inc. and used without further purification. Protonated polymer/
deuterated solvent were used to enhance contrast and lower background in neutron

experiments. The mass fraction of PEO was fixed at 5 wt %. The volume fraction of
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water in total solvents (d-ethanol + d-water) was varied from 0 vol % to 100 vol % as
shown in Table 4.1. When PEO is first mixed with ethyl alcohol, there is no
observable change for 10 hours at room temperature. Heating is required to dissolve
PEO in d-ethanol. PEO/ ethanol mixture becomes a clear solution after 2 hours at 60
°C. PEO/ d-ethanol/ d-water mixture was held at 60 °C water bath for 3 hours. All
samples were prepared with the same thermal processing time (3 hours). After fully
dissolving the PEO, samples were quenched and held at room temperature in a 1 mm
standard SANS cell for several hours. Samples #01 — #04 (water fraction < 3 vol %)
became an opaque gel while samples #05 — #11 (water fraction > 4 vol %) became a

clear solution.

Table 4.1 Sample preparation

Sample# #01 #02 #03 #04 #05 #06 #07 #08 #09 #10 #11

h-PEO* 0.05
d-ethanol 100 99 98 97 96 9% 70 50 30 10 0
d-water 0 1 2 3 4 10 30 50 70 90 100

Small-angle neutron scattering (SANS) measurements were carried out using the 30m
SANS instrument (NG-3 and NG-7) at the National Institute of Standards and
Technology Center for Neutron Research (NCNR).” SANS configurations used a
neutron wavelength (1) = 6 A with AJ/A = 0.15. Three detector configurations were
used: 1m, 4m and 13m. The wave vector (Q) range using the 3 configurations is

0.0034 A" - 0.4421A"". Samples were prepared and measured in 1 mm quartz cells.
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The measured scattering data were reduced for scattering from the empty cell,
incoherent scattering, detector dark current, detector sensitivity, sample transmission,
and thickness.'” > ®' The reduction procedure was performed with SANS data
reduction package provided by NCNR.®' The data after standard reduction were
placed on an absolute scale using direct beam measurement and circularly averaged to
produce /(Q) vs. Q plots. Sample #11, PEO/d-water sample was measured at
temperature range of 15 °C — 90 °C. Sample #01 — #10 which have ethanol were
measured at T =25 °C, 45 °C, 55 °C and 65 °C.

Wide-angle X-ray scattering (WAXS) was used to confirm the crystal structure of
PEO in ethanol. PEO/ethanol and ethanol samples were measured to confirm the
origin of gelation. The ethanol sample was used for background subtraction. The
wave vector range was 0.4 A" —3.5 A™.

Density was measured using an Anton Parr 3000 which used vibrating U-tube. Data
was measured over a temperature range of 10 °C — 65 °C. A homogeneous solution
was injected into the tube and equilibrated at T = 65 °C for 10 min. The density was
measured every 5 “C upon cooling from 65 °C to 10 °C followed by heating from 10

°C to 65 °C. An equilibration time of 5 min was used before each measurement.

4.3 Morphology and structure of PEO in ethanol

PEO forms a opaque gel structure in ethanol. (Figure 4.1 (A)) The origin of
this gel is the partial crystallization of PEO chains. This gel can be characterized by
wide-angle X-ray scattering or with optical microscopy as shown in Figure 4.2 (B)

and (C).** ® Indexing the observed WAXS peaks is shown in Figure 4.2 (C). The
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observed peaks, (120) and (112) or (032), agreed with the PEO crystallographic data.
The SANS intensity having microcrystalline structure exhibits an upturn at low-Q and
a weak peak around Q = 0.01 A" which corresponds to the lamellar stack periodicity
as shown in Figure 4.2 (D).

As mentioned, the origin of the gelation of PEO in ethanol solutions is
thermoreversible partial crystallization. The thermoreversible gelation through
crystallization is shown in Figure 4.3. Thermoreversible gelation induced through
crystallization has been identified by DSC (differential scanning calorimeter) and
density measurements. The processes of crystallization and melting of PEO forms a
hysteresis loop observed in the DSC as shown in Figure 4.4 (A). The first order phase
transition (crystallization) is manifested through a discontinuous change in the
specific volume or specific density. We can confirm the crystallization process by
monitoring the density with varying temperature. The discontinuous density change
upon heating and cooling are observed in PEO/ ethanol mixture as shown in Figure

4.4 (B).
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Figure 4.2 PEO gel in ethanol. (A) the opaque gel, (B) optical micrography, (C)
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Figure 4.3 Thermoreversible gel. PEO forms a gel through partial crystallization at

room temperature and becomes a homogeneous solution at higher temperature (T >
40 °C).
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Figure 4.4 Formation of a thermoreversible gel for PEO in ethanol. (A) DSC and (B)

density measurements.

4.4 Model function for SANS from PEQO solution

The SANS profile of an aqueous PEO solution can be divided into two
regions; the upturn in the low-Q region (signature of clustering), and scattering at
high-Q.> A typical SANS data set for an aqueous PEO solution is shown in Figure
4.5. Generally, polymer solutions (such as an aqueous PEO solution) can be fit with a
Lorenztian-like function in the high-Q region with three floating variables (scale
factor, correlation length and Porod exponent) and Porod scattering in the low-Q
region to describe clustering. PEO in ethanol at elevated temperatures (over 40 °C)

exhibits the features of a polymer in a good solvent, similar to aqueous PEO
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solutions, so the Lorenztian-like function can be directly applied to fit the SANS
scattering intensity to monitor solution behavior such as solvation and clustering. As
a result, a simple generic functional form that incorporates these two features is used

to fit the SANS data. The SANS intensity (/(Q)) is fit to the form:

C

A
I(g})_-Z§;~+ii;zz§igz-+l?

(4-1)

The two multiplicative factors 4 and C, the correlation length L, the incoherent
background B and the two exponents m and n are used as fitting parameters. The
quantities C and n from the fitting function represent the solvation behavior (high-Q)
and the quantities 4 and m represent the clustering behavior. The first term describes
Porod scattering from clusters (long range behavior) and the second term is a
Lorentzian-like function describing scattering from the polymer chains (short range
behavior). This second term characterizes the polymer/solvent interactions and
therefore the chain solvation characteristics at the molecular level.

Here we will monitor clustering behavior with a clustering strength defined by

Clustering strength or clustering intensity = 4 (4-2)
(0.004)"

where 4 and m are obtained from fitting SANS intensity with Eq (4-1).
The solvation behavior can be discussed with correlation length and forward

scattering intensity (/(0)). Forward scattering intensity combined based on Flory-

58



Huggins theory provides thermodynamics information such as phase behavior or

spinodal temperature. The detailed thermodynamics will be discussed in Chapter 5.

Furthermore the forward scattering intensity will be used here because it can be

obtained directly from Eq (4-1). For now consider the solvation between solvent

molecules and the PEO monomer and ignore the clustering effect for convenience.

The forward scattering intensity from Eq (4-1) is given by

C

I(QZO)ZWZC

C is directly related to the solvation between PEO and solvent.

solvation intensity.

Scattering intensity (cm") _
— =

=]
:
—

PEO in d-water
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C is termed the

Figure 4.5 Typical SANS intensity of aqueous PEO solutions. The solvation intensity

can be obtained from fitting the SANS intensity at high-Q and the clustering behavior

can be estimated from the low-Q data. Here, the clustering is monitored in terms of a

clustering strength, 4/(0.004)".
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4.5 Solvation and clustering of PEQO in d-water

Consider the clustering behavior of PEO in water with varying temperature
and PEO concentration. The SANS intensity of aqueous PEO solution exhibits an
upturn in the low-Q region which is the signature of clustering at relatively large
length scales as shown in section 2.2. Here we will study the clustering and solvation
behavior to understand the effect of water on PEO in ethanol/ water mixtures. As
discussed in section 4.4, PEO solutions can be characterized by two distinctive
scattering features: Chain scattering at high-Q and clustering scattering though an
upturn at low-Q. The SANS intensity was fit to the form of Eq (4-1). The solvation
characteristics will be measured in terms of a solvation intensity C and the clustering
behavior will be monitored with a clustering strength defined by Eq (4-2).

The SANS data for an aqueous PEO solution (5 wt % PEO, MW = 90K g/mol)
are shown in Figure 4.6 with varying temperature from 10 °C to 90 °C. Aqueous PEO
solutions exhibit a lower critical solution temperature (LCST): the scattering intensity
increases as temperature increases. The forward scattering intensity is directly
proportional to the composition fluctuations. The increase in SANS intensity upon
heating is a signature of LCST behavior. Parameter C obtained from fitting the SANS
intensity represents the solvation behavior and is proportional to the composition
fluctuations. Higher solvation intensity originates from larger concentration
fluctuations in the system. The solvation characteristics can be understood by
monitoring the solvation intensity (C). Higher values of C indicate less efficient
solvation. The dependence of C on temperature gives the solvation characteristics as

well as the phase behavior. The data points (filled squares) in Figure 4.7 (A) are the
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values of C from the SANS data fits; these increase with increasing temperature
which is the signature of LCST behavior. Moreover the spinodal temperature
obtained from the extrapolation of 1/C vs. 1/T for 5 % PEO in d-water is estimated to
be around 99.8 °C (£ 8 °C). (Inset in Figure 4.7 (A)) These result implied that the
PEO solvation in water arises from hydrogen bonds between water and PEO oxygen.
The strength of hydrogen bonds is proportional to the inverse of temperature: the
strength of hydrogen bond decreases as temperature increase. Simulation results by
Smith et al. are consistent with SANS result shown in Figure 4.6 and 4.7 (A).31 The
number of hydrogen bonds calculated from MD simulations decrease as temperature
increases.

The clustering strength of PEO defined by Eq (4-2) decreases with increasing
temperature as shown in Figure 4.7 (B). The magnitude of the clustering intensity is
almost constant in the temperature range of 10 °C — 50 °C and starts to decrease
rapidly at T = 60 °C. The trend of the clustering intensity is opposite to the trend of
the solvation intensity as a function of temperature. The clustering intensity becomes
higher at lower solvation intensity which indicates that the formation of clusters is
enhanced in the better solvated state.

The hydrophilic interaction (hydrogen bond) and the hydrophobic effect can be
applied in order to explain the origin of PEO clustering and solvation in water. The
solvation of PEO in water was explained in terms of hydrogen bonds between PEO
and water as shown in Figure 2.3, while the possible origin of PEO clustering is a
hydrophobic interaction between water and ethylene groups in PEO. The hydrophobic

effect arises from the tendency of water to exclude hydrophobic molecules such as
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64.65 Water molecules participated in PEO solvation gives rise to a

the ethylene group.
rearrangement of water molecules around the PEO chain. The hydrogen bonds are
partially reconstructed by building a water ‘cage’ around the PEO chain (sheath layer)
and the hydrophobic groups (CH,CH,) come together to reduce the contact with
water. Therefore, the hydrophobic effect and hydrogen bonding in the presence of

water can cause clustering and solvation simultaneously. A schematic of hydrophobic

hydration of PEO is shown in Figure 4.8.
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Figure 4.6 Typical SANS intensity for an aqueous PEO solution. The solvation
intensity can be obtained from fitting intensity at high-Q and the clustering can be
estimated through the upturn intensity at low-Q. Here, the clustering is monitored

through a clustering strength, 4/(0.004)".
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Figure 4.8 PEO solvation and clustering in water. Hydrogen bonding between water

and the PEO oxygen atoms forms a hydration shell. Rearrangement of the hydrogen

bond configurations as two hydrophobic ethylenes come together causes clustering.
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4.6 Solvation and clustering of PEQO in d-ethanol/ d-water mixtures

We observed that PEO forms an opaque gel in d-ethanol at room temperature
due to PEO crystallization but becomes a transparent solution when a small amount
of water is added. Addition of a small amount of water suppresses the crystallization
of the PEO chains. The water interaction can change the solution behavior of PEO in
ethanol as the water fraction is increased. Consider the effect of water on the solution
characteristics of PEO in ethanol as a function of water fraction. The solvation
intensity and clustering intensity from fitting the SANS was discussed at Section 4.4.
Here we will use results of homogeneous solutions to observe solution properties.
The PEO (5 wt %, MW = 90K g/mol)) in ethanol becomes homogeneous above T =
45 °C regardless of the water fraction. SANS intensities measured at T = 45 °C to
avoid crystallization. SANS intensities for 5 wt % PEO in d-ethanol/ d-water
mixtures as a function of water fraction at T = 45 °C are shown in Figure 4.9. The
slope at high-Q is -5/3, the signature of a good solvent.

The solvation intensities of PEO in ethanol/ water mixtures were obtained from
fitting the SANS data at T = 45 °C are shown in Figure 4.10 (A). Furthermore we
measured SANS for 55 °C and 65 °C to estimate temperature effect. The obtained
solvation intensities are plotted as a function of water fraction and temperature and
are shown in Figure 4.10 (B). The temperature effect (phase behavior) will be
discussed in a later chapter. The solvation intensity for PEO in pure water is lower
than that of PEO in pure ethanol at 45, 55 and 65 °C. Increasing the water fraction in
total solvent mixtures enhances the solvation state of the PEO. The dependence of

solvation intensity on water fraction is not monotonic but shows a parabolic shape
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with solvent composition as shown in Figure 4.10. When the ratio of ethanol:water is
70:30, 50:50 and 30:70 the solvation intensity is lower than that of pure water. The
ethanol and water mixture exhibits a synergistic cosolvent effect where the mixed
solvent is more effective at dissolving PEO than the pure components.
Experimentally, 30 vol % of water in ethanol/ water mixtures is the most effective
solvent.

The parabolic pattern of the solvation intensities implies non-ideal mixing which
is characterized by a deviation from linear dependence (ideal random mixing). Non-
ideal mixing can be confirmed by measuring the solution density. The density of PEO
in d-ethanol/ d-water mixture is measured as a function of water fraction as shown in
Figure 4.11 (A). The solid straight lines in Figure 4.11 (A) and (B) represent ideal
mixing for PEO in ethanol/water mixtures. The specific volume of PEO is 38.94
cm’/mol, for ethanol it is 58.3 cm’/mol and for water it is 18.07 cm’/mol. The large
difference in molecular size might be one reason for the non-ideal mixing behavior.
Random mixing is related to the effective packing due to the difference in molecular
size. Compare the variation of the inverse of the solvation intensity for PEO to the
variation of the density as a function of water fraction. The inverse of the solvation
intensity increases rapidly when a small amount of water is added. The change in the
solution density shows almost ideal mixing behavior in this composition range. The
large increase of the inverse solvation intensity without a large change in density
means that the solution behavior is driven by specific interactions between the water
and PEO not by a volumetric effect. This large increase in the inverse solvation

intensity can be explained through hydrogen bonding between water and PEO. The
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difference in solvent volumes and specific interactions such as hydrogen bonding
probably accounts for the deviation from ideal mixing.

Consider the effect of temperature on solvation intensity, which will be discussed
in more detail in Chapter 5. The solvation intensity of PEO in ethanol decreases with
increasing temperature, which is the signature of UCST phase behavior, while the
solvation intensity of PEO in water increases with increasing temperature, the
signature of LCST phase behavior. When the water fraction is 4 vol % — 10 vol % in
solvent mixtures the magnitude of the solvation intensity is small compared to the
pure solvent cases. We observed a change in phase behavior from UCST to LCST as
the water fraction increases by monitoring change of the solvation intensity as a
function of water fraction and as a function of temperature.

Clustering of PEO in ethanol is small enough to ignore it compared to PEO in
water. As expected, the clustering intensity increases as the water fraction is increased.
The low-Q scattering is varied as a function of water fraction as shown in Figure 4.9.
The results on the clustering behavior from fitting the SANS data are shown in Figure
4.12 as a function of water fraction. The clustering intensity is small enough to be
ignored when the water fraction is less than 10 %. The clustering intensity levels off
when the water fraction exceeds 50 %. The clustering strength clearly depends on the
water fraction in solvent mixtures. The probable origin of PEO clustering is a
hydrophobic effect between the water and ethylene groups in PEO as discussed in
section 4.5. Introduction water into PEO/ethanol solutions gives rise to hydrophobic
effect as well as hydrogen bonding. The hydrophobic interaction of ethanol is very

small as compared with water.®® Denote the change of free energy from hydrophobic
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effect which arises from sticking ethylene (CH;CH3) groups as AG™. AG'™ per one
ethylene group (CH3CHs) is -1.7 Kcal/mol in water and -0.32 Kcal/mol in ethanol at
T =10 °C.%®® Thus the tendency to form clusters is greater in water than in ethanol.
The hydrophobic interaction is spontaneous. (AG < 0, spontaneous) The ordered
water structure from hydrogen bond between water and PEO ether oxygen form a
shield layer for salvation and lower free energy through associating ethylene
molecules to form clusters. The hydrophobic interaction is not the only reason for
clustering. Hydrophobic interaction in water increases as temperature increases so

that the clustering intensity should increase, which is opposite to our observation.
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Figure 4.9 SANS intensities for 5 % PEO in ethanol/ water mixtures as a function of

water fraction.
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temperatures. Errors are smaller than plot symbols.
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4.7 Conclusions

High-QO SANS scattering has been used to probe the local solvation and low-Q
scattering for clustering. The clustering intensity is proportional to the water fraction
in water/ ethanol mixtures. The clustering intensity approaches a plateau value as the
temperature is decreased or the water fraction is increased. The spontaneous tendency
of clustering can be explained in terms of free energy of hydrophobic interaction. The
solvation intensity shows a parabolic variation with ethanol/ water composition.
Cosolvent mixtures make ethanol/water more effective solvating agent for PEO than

pure solvents (water and ethanol).

69



The water molecules participating in hydrogen bonding with the polymer form a
shield layer around the chain to prevent contact between water and ethylene groups.
The interaction between ethylene and water is a hydrophobic effect, which causes
aggregation. Hydrogen bonding between water and the ether oxygen and the
hydrophobic effect can be induced by adding water to PEO in ethanol, resulting in

lower solvation intensity (i.e. better effective solvation) and higher clustering.
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Chapter 5

Phase behavior of poly(ethylene oxide) in ethanol/ water
mixtures

5.1 Introduction

In Chapter 4, the solvation behavior as a function of water fraction was
discussed. PEO in water exhibits LCST behavior, while PEO in ethanol exhibits
UCST behavior. We can determine the phase behavior of the system by observing
the SANS intensity as a function of temperature. Figure 5.1 (A) shows SANS data of
PEO in ethanol. The SANS intensity decreases as temperature increases, a signature
of UCST phase behavior. SANS intensity for PEO in water, however, increases as the
temperature increases as shown in Figure 5.1 (B). In this section we will discuss the
phase behavior of PEO/ ethanol/ water mixtures on order to understand the effect of

different solvents on the phase behavior.

5. 2 Experimental

PEO (h-PEO, HO-(CH,CH,0),-CH3) of molecular weight M, = 90,000 g/mol
(M, = 83,000 g/mol) was purchased from Polymer Source, Inc. and used without
further purification. Anhydrous deuterated ethanol (C,DsOD, d-ethanol) and
deuterated water (D,O, d-water) were purchased from Cambridge Isotope

Laboratories Inc. and used without further purification. Protonated polymer/
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deuterated solvent were used to enhance the contrast and lower background in
neutron experiments. When PEO is first mixed with ethyl alcohol, a gradual change is
observed over time at room temperature. Applying heat helps dissolve PEO in ethyl
alcohol. Three different PEO fraction (2, 5 and 10 wt % PEO) were measured. PEO
solutions were prepared with different composition ratios of solvent mixtures and
fixing the h-PEO (2, 5 and 10 wt %) fraction. The water fraction was varied from 0
vol % to 100 vol % in for each PEO concentration as in Table 5.1. Before further
experiment, PEO solution samples were cooled at 20 °C over 1 hour for equilibration
before SANS experiments.

Small-angle neutron scattering (SANS) measurements were carried out using the
30m SANS instrument (NG-3 and NG-7) at the National Institute of Standards and
Technology Center for Neutron Research (NCNR).” SANS configurations used a
neutron wavelength (1) = 6 A with AJ/A = 0.15. Three detector configurations were
used: 1m, 4m and 13m. The wave vector (Q) range using the 3 configurations is
0.0034 A" - 0.4421A"". Samples were prepared and measured in 1 mm quartz cells.
The measured scattering data were reduced for scattering from the empty cell,
incoherent scattering, detector dark current, detector sensitivity, sample transmission,
and thickness.'” ' The reduction procedure was performed with SANS data reduction
package provided by NCNR.®' The data after standard reduction were placed on an
absolute scale using direct beam measurement and circularly averaged to produce
1(Q) vs. O plots. The SANS intensity was measured in the temperature range 20 °C —

65 °C.
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Table 5.1 Sample preparation for each PEO fraction

2 wt % PEO
d-ethanol 100 992 984 98 962 90 74 40 0
d-water 0 0.8 1.6 2 3. 10 26 60 100
5 wt % PEO
d-ethanol 100 99 98 97 9% 9 70 50 30 10 O
d-water 0 1 2 3 4 10 30 50 70 90 100
10 wt % PEO
d-ethanol 100 97 96 94 92 91 8 70 50 30 O
d-water 0 3 4 6 8 9 12 30 50 70 100

5. 3 Model function for SANS data

The SANS data for a PEO solution can be fit with a Lorenztian-like function
in the high-Q region with three floating variables (scale factor, correlation length and
Porod exponent) to monitor the solvation behavior. Note that the clustering intensity

at low-Q is not considered. As a result, a simple generic functional form is used to fit

the SANS data:

C

](Q):@'FB
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The parameter L is a correlation length for the polymer chains. The quantities C and »
represent the solvation behavior (high-Q). B is the background. The zero angle

scattering intensity can be obtained directly from Eq (5-1):

C

[(QZO)ZWZC

(5-2)

C is directly related to the solvation between PEO monomers and solvent molecules.

C is termed as the solvation intensity.

5.4 Thermodynamics of PEO in ethanol/ water mixtures

The addition of a small amount of water to PEO solutions in ethanol changes
the system entirely. As shown in the SANS data in Figure 4.1 (B), the intensity for
PEO in mixed solvents shows classical polymer solution behavior with a slope of -5/3,
which is the signature of a good solvent. The water fraction used in mixed solvents is
4 vol % of the total solvent content and is enough to completely suppress the
crystallization process. Here we will focus on the role of water in the solution
behavior of PEO in ethanol/water mixtures. As a first step, we undertook a series of

SANS experiments to probe the phase behavior of PEO in ethanol/ water mixtures.

5.4.1 Phase behavior and spinodal temperature (7p)
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The relation between the SANS intensity and thermodynamics provides a
method to measure (or estimate) the thermodynamics of mixing such as the phase
behavior and the spinodal temperature. The important quantity is the value of C in the
fitting function (the zero angle scattering (/(0)) in Eq (5-1) and (5-2). From section

3.1.4, the forward scattering intensity is related to the thermodynamics as /(0) or

C ~k7(82AF /| o¢° )_1 5161948 The second derivative of the free energy is a measure

of concentration fluctuations so that the fitting value C represents the interactions
between monomers and solvent molecules. As noted previously, we have termed C
the solvation intensity. As a result, monitoring of the variation of C with temperature
allows for the determination of the phase behavior (UCST or LCST), SANS is also a
useful method to determine the spinodal temperature (7sp). The zero angle intensity
({(0)) from SANS is used to estimate the spinodal temperature through extrapolation.
The interaction parameter (y) from the Flory-Huggins theory depends on temperature,
generally as y ~1/7T , and ‘ Xsp— )(‘ is proportional to the inverse of the zero angle

scattering intensity (1(0) or C),'®*®

Zsp— 27 ~1/1(0) or 1/C (5-3)

where Y denotes the value of spinodal Flory-Huggins y parameter at the

spinodal. Thus, the temperature dependence of /(0) combined with the Flory-Huggins

theory gives:
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110~/ T-1/T, (5-4)

The SANS intensity becomes infinite at the spinodal (/(0) > c0as T —7T;,) due to
infinite fluctuations and T, can be obtained from extrapolation of 1/7(0) vs. 1/T.

The extrapolation equation based on Eq (5-4) is

1
=h+k— (5-5)

L1
10) C T

where h and k are variables for fitting. Here, the extrapolated spinodal temperature is
Ty =—— (5-6)

Note that the spinodal temperature is a second order phase transition estimated from
the scattering intensity measured in the homogeneous phase. The sign of the slope (k)
can be used to determine the phase behavior. A negative sign indicates a UCST and a
positive sign indicates an LCST. Note that the phase separation temperature or
spinodal temperature estimated here is a second order phase transition.

Samples were prepared over the range of from 0 vol % water (pure ethanol) to 100
vol % water (pure water) at a fixed PEO concentration (5 wt % hPEO MW = 90,000
g/mol). Protonated PEO and deuterated solvents were used to enhance the neutron

scattering contrast. The result of the extrapolation is shown in Figure 5.2 (A) and (B).
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The sign of the slopes in Figure 5.2 (A) are negative which means that the phase
behavior is an UCST but the slopes in (B) are positive which is a signature of a LCST
behavior. The addition of a small amount of water (4 vol % water) to the solvent
mixture, increases the slope in Figure 5.2 (A) and changes 7sp from 0 °C to -200 °C as
shown in Figure 5.3 (A). The dramatic change in the solution state from opaque (in
pure ethanol) to transparent solution (ethanol (96 %)/ water (4 %)) is consistent with
the suppression of crystallization of the PEO and a change in the thermodynamic
phase behavior. The phase diagram showing the spinodal temperatures is presented in
Figure 5.3 (A) which shows a divergence between 4 vol % and 10 vol % of water.
The exact transition point from UCST to LCST cannot be determined precisely as a
function of water fraction exactly but we estimate a transition at approximately 6 vol
% water by monitoring the slope as shown in Figure 5.3 (B). The slope of Eq (5-5) is
almost zero when the water fraction is 4 vol % — 30 vol % because the scattering
intensity is independent of temperature. This means that the PEO solutions with a
water fraction of 4 vol % — 30 vol % are an athermal system. The spinodal
temperature of an athermal solution is physically unrealistic because the spinodal
temperature is estimated by data in homogeneous state which is far from any phase
boundary. In summary, the addition of a small amount of water dramatically changes
the properties of PEO/ethanol solutions; (1) opaque mixtures become transparent and
the quality of the solvent changes from poor to good, (2) there is a transition in the
phase behavior from UCST to LCST and (3) there is a suppression of the

crystallization process observed at room temperature (as discussed in Chapter 4).
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Figure 5.1 (A) SANS intensity of PEO in ethanol, which shows UCST behavior. (B)
SANS intensity of PEO in water, which shows LCST behavior.
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Figure 5.3 (A) Plot of spinodal temperature vs. water fraction. (B) Slopes taken from
linear fit of 1/1(0) vs. 1/T.

5.4.2 Self consistency in the change of the phase behavior

As shown in the previous section, adding water dramatically changes the
solvation properties of PEO/ethanol mixtures. We choose 2 wt %, 5 wt % and 10 wt %
PEO to probe the phase behavior as the water fraction is varied from 0 vol % to 100
vol % in order to examine the effect of varying polymer concentration. SANS
intensities were measured as shown in Figure 5.4. We observed the suppression of
crystallization and obtained a solvation intensity by fitting the SANS data with Eq (5-
1). The gel becomes a homogeneously clear solution and the ethanol/water mixtures
become a good solvent as identified by the slope (-5/3) at high-O when the water
fraction is 3.8 vol % water for 2 wt % PEO (Figure 5.4 (A)), 4 vol % water for 5 wt %

PEO (Figure 5.4 (B)) and 8 vol % water for 10 wt % PEO solution (Figure 5.4 (C))
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respectively at 20 °C. Furthermore, SANS intensities were measured as a function of
temperature from 15 °C to 65 °C to monitor phase behavior and the role of water.
Increasing the temperature suppresses the crystallization when the water fraction is
not enough to fully hydrate the PEO chain. The PEO gel changed into a homogeneous
solution upon heating although the water fraction is not enough to fully hydrate entire
PEO molecules.

The solvation intensities, C, obtained from fitting SANS data of homogeneous
solutions were used to monitor the phase behavior and spinodal temperature. Plots of
1/C vs. 1/T are shown in Figure 5.5 for each case. We can observe that the sign
changes from negative (UCST) to positive (LCST) in each case. The transition from
UCST to LCST is consistent with the disruption of the PEO gel. The transition point
from UCST to LCST can be estimated by monitoring change in the slope (k) obtained
from fitting equation, Eq (5-1). Slopes are plotted as a function of water fraction in
order to estimate a transition point in Figure 5.6. Abrupt changes in slope are
observed for each case (2 wt %, 5 wt % and 10 wt % PEO content) as the water
fraction is increased. In the UCST region, the slopes approach zero even though the
change in the water fraction is very small. A slope of zero indicates a transition from
UCST to LCST behavior. The rapid approach to the transition is due to the strong
interaction between water and PEO. In the LCST region (positive slope) the
magnitude of slope change is much smaller than in the UCST region. The magnitude
of the slope around the transition point is small. Therefore the solution is not sensitive
to the change in temperature around the transition point from UCST to LCST

behavior. If we denote the transition point from UCST to LCST of water fraction in
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total solvent as @ waer. The intersection of the lines of slope in the UCST and LCST
regions (as shown in Figure 5.6) can be used to estimate the transition point (@' waer)

from UCST to LCST. The estimated transition points, ¢twater, are 0.03 for 2 wt %

PEO solution, 0.06 for 5 wt % PEO solution and 0.08 for 10 wt % PEO solution
respectively.
The spinodal temperatures can be obtained by extrapolations of Eq (5-6). The

spinodal temperatures for all cases are extremely low when a small amount of water

is used: @,,,,= 0.02 (2 wt % PEQ), 0.04 (5 wt % PEO) and 0.08 (10 wt % PEO). The

ater
spinodal temperatures are plotted as a function of water fraction in Figure 5.7 (A).
The plot of the spinodal temperatures as a function of water fraction exhibits a
divergence as the water fraction approaches the transition point from UCST to LCST
as shown in Figure 5.7 (A). The diverging spinodal temperature means that the
solution becomes athermal around the transition point. To understand the role of
water, we define a new variable, the hydration level ({) which is defined as the ratio
of the (number of water molecules)/(number of PEO monomers) assuming that all
water molecules contribute to PEO hydration. The spinodal temperature decreases in
a self-consistent manner as a function of hydration level with varying PEO

concentration as shown in Figure 5.7 (B). The calculated water fraction at the
transition points from UCST to LCST (@' vaer) are shown in Table 5.2. The spinodal

temperature decreases as a function of hydration level and diverges as the hydration

level approaches 2 — 3 in the UCST region. This number implies that two or three
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water molecules are required to hydrate one PEO monomer as discussed in section

2.2.
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Figure 5.4 SANS intensities for (A) 2 wt %, (B) 5 wt % and (C) 10 wt % PEO (90k
g/mol) in ethanol / water mixtures.
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Figure 5.5 Plots of 1/C vs. 1/T (A) 2 wt %, (B) 5 wt % and (C) 10 wt % PEO in
ethanol/ water mixtures. Errors are smaller than plot symbols.
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Table 5.2 Transition point from UCST to LCST (&' warer)

PEO (90k) 2% 5% 10 %
Water Fraction 0.03 0.059 0.08
Hydration level (0) 3.9 3.2 1.99

5.5 Conclusions

The solvation of PEO in water is believed to be due to the formation of a
hydration layer around the PEO chains to shield the contact between CH,CH, groups
and the water molecules.” ® Experimental results show that water molecules play a
critical role in solvating PEO. Hydrogen bonding between water and the ether
oxygens on the polymer is believed to be strong enough to solvate PEO at small
amounts of water in ethanol/water mixtures. A small amount of water forms
hydration shell effectively to prevent the contact between water and ethylene group.
At the molecular level, two or three water molecules can hydrate one PEO monomer
(water molecules form a sheath around the PEO macromolecule) which results in the
suppression of crystallization and change in the phase behavior observed by SANS.
This observation strongly support previous hypothesis based on dimensional
estimation.” The extrapolated spinodal temperature and phase behavior of PEO
solutions with different PEO concentrations (2 wt % PEO and 10 wt % PEO) in
water/ethanol mixtures are used to assess the role of hydration. The observed phase
behavior is consistent with a hydration layer forming upon the addition of water and

the system shifting from UCST to LCST behavior. The amount of water necessary to
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form a hydration layer around PEO chains varies in a self-consistent manner as the
PEO concentration increases from 2 wt % to 10 wt %. This conclusion agrees with a

. . . . 31, 33,70,71
previous simulation study and estimates.”"** 7"’
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Chapter 6
Salt effect in PEO/ ethanol

6.1 Introduction

Ions in solution bind to oppositely charged groups via electrostatic
interactions. In certain cases ions can bind to non-ionic water-soluble polymers such
as poly(ethylene oxide) although it is a neutral.”>’® The binding between a salt ion
and a neutral polymer is of fundamental relevance to many technological and
biological applications. "*”’ For example, the ionic binding with the ether oxygen of
PEO has been studied for polyelectrolyte for rechargeable battery technology.’” ™
PEO is also used in many consumer products (soap, cosmetic) and medical
products.”’™

The formation of complexes between ions and PEO in alcohol has been
demonstrated by NMR measurements.’® The magnitude of the NMR peak shift is
proportional to the degree of polymerization; higher peak shift was observed at larger
molecular weight. The complexation changes the solution properties of PEO in
alcohol.”® Pseudo-polyelectrolyte behavior has been demonstrated by SANS
measurements. SANS data of PEO/d-methanol in the presence of a monovalent salt
(K1) exhibited a peak at low-Q which is a characteristic of polyelectrolyte solutions.”
™ The peak was observed in the SANS data for PEO/methanol/KI (or LiC10,) at low

concentration of salts and occurred due to binding between ether oxygen and K" ion.

The scattering intensity decreased in the binding regime as the salt concentration was
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increased. The peak, however, disappeared as the salt concentration was increased
because of screening by opposite ion. These phenomena can be understood by salt-in
(polyelectrolyte peak) and salt-out (increase of scattering intensity) in the presence of
salt. The scattering intensity increases as function of monovalent salt concentration in
the screening regime.

PEO with divalent cations (Ca*", Mg”") exhibits unusual behavior compared to
the PEO/monovalent system.*”>* %" There are no extensive studies on the solution
behavior of PEO in the multivalent ion although a wide range of applications. Here
we will examine the solution behavior of PEO in deuterated ethanol in the presence of
divalent salt using small-angle neutron scattering. The divalent cation Ca®" from

CaCl, was used.

6.2 Experimental

PEO (h-PEO, HO-(CH,CH,0),-CH3) of molecular weight M, = 90,000 g/mol
(M, = 83,000 g/mol) was purchased from Polymer Source, Inc. and used without
further purification. Anhydrous deuterated ethanol (C,DsOD, d-ethanol) were
purchased from Cambridge Isotope Laboratories Inc. and used without further
purification. Protonated polymer/ deuterated solvent were used to enhance contrast
and lower background in neutron experiments. The mass fraction of PEO was fixed as
5 wt %. When PEO is first mixed with d-ethanol, there is no observable change for 10
hours at room temperature. Heating process is required to dissolve PEO in d-ethanol.

PEO/ d-ethanol become clear solution after 2 hours in 60 °C. PEQO/ d-ethanol mixture
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was processed at 60 “C water bath over 3 hours. Anhydrous CaCl, (Aldrich) was used
as divalent salt. CaCl, was added into PEO/ d-ethanol and salt solutions were heated
at 60 °C for 2 hour. The salt concentration (CaCl,) was varied from 0.00M to 1.00M.
An additional concentration of 3.0M CaCl, was also examined as an extreme case as
shown in Table 6.1. We examined the solubility of CaCl; in ethanol up to 4.5M CaCl,
in ethanol. 4.5M CacCl, in ethanol is homogeneous solution.

Small-angle neutron scattering (SANS) measurements were carried out using the
30m SANS instrument (NG-3 and NG-7) at the National Institute of Standards and
Technology Center for Neutron Research (NCNR).” SANS configurations used a
neutron wavelength (1) = 6 A with AJ/A = 0.15. Three detector configurations were
used: 1m, 4m and 13m. The wave vector (Q) range using the 3 configurations is
0.0034 A — 0.4421 A™'. Samples were prepared and measured in 1 mm quartz cells.
The measured scattering data were reduced for scattering from the empty cell,
incoherent scattering, detector dark current, detector sensitivity, sample transmission,

. 1 1
and thickness.'”¢

The reduction procedure was performed with SANS data reduction
package provided by NCNR.®' The data after standard reduction were placed on an
absolute scale using direct beam measurement and circularly averaged to produce

1(Q) vs. QO plots. SANS intensities were measured in the temperature range of 25 °C —

65 °C to understand the thermal behavior of the polymer solution.

6.3 Results and analysis

PEO forms a gel in ethanol at room temperature due to partial crystallization

of the PEO. We have shown that the gel structure is disrupted by adding small
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amounts of water to the PEO/ethanol solution. 4 vol % d-water is sufficient to totally
disrupt the gel structure. In this chapter, we describe experiments to examine the
effect of salt on PEO/ethanol solutions. Positively charged ions can bind with the
oxygen atom in the PEO chain through Coulombic interactions between the Ca*"
cation and the induced oxygen dipole as shown in Figure 6.1. We will study the effect
of complexation between the cation and the induced oxygen dipole. The goal is to
understand the effect of salt on the solution behavior of PEO in ethanol.

Disruption of the PEO gel in d-ethanol is observed by adding divalent salt, CaCls,.
Up to 0.1M CaCl; there is no observable visual change in the opaque gel at room
temperature (25 °C) as shown in Figure 6.2 (A). The ratio of the number of Ca®" ions
per PEO monomer in 0.1M solution at 5 wt % PEO concentration is 0.088. When the
salt concentration is 0.25M there is an observable change and the gel appears to be
partially disrupted. The gel becomes totally disrupted when the salt concentration
reaches 0.5M CaCl,. After disruption the solution appears clear as shown in Figure
6.2 (A). The ratio of salt to PEO molecules and the visual observations are
summarized in Table 6.1. The SANS data for PEO/ d-ethanol as a function of salt
concentration (CaCl,) are shown in Figure 6.2 (B) at T = 25 °C and Figure 6.2 (C) at
T =35 °C. When the salt concentration was varied up to 0.1 M there is no significant
change in the scattering intensity at 25 °C. The fractal dimension of the gel can be
characterized by the Porod exponent, obtained from a Porod plot (/~ Q" , where m is
the Porod exponent). The slope obtained from SANS data in the low-Q region (Q <
0.1 A" for the opaque PEO gel is approximately -3.2. This implies the surface

roughness of the core crystalline region in these samples is intermediate between a

91



smooth surface (m = -4) and rough surface (m = -3). Adding salt suppresses the
crystallization process and disrupts the gel structure. When the salt concentration is
0.25M an isolated opaque gel is formed at 25 °C. Bragg scattering peaks appear in the
SANS data for 0.25M CaCl, at 25 ‘C which were not observed at lower salt
concentrations. The SANS intensity for a homogeneous PEO solution at 25 °C (PEO
in ethanol at high CaCl, concentrations, concentration of CaCl, > 0.5M) follows
classical polymer solution behavior. The slope at high-Q for the homogeneous PEO/
salt solution in d-ethanol is -5/3, the signature of a good solvent, when the salt
concentration exceeds 0.5M at 25 °C. The disruption of the PEO/ethanol gel is
observed at elevated temperatures. PEO/ethanol with 0.25M CaCl, becomes a
homogeneous solution at 35 °C as shown in Figure 6.2 (C). A decrease of the
dissolution temperature of PEO is observed by adding CaCl,. The SANS intensity for
PEO in ethanol with 0.25M CaCl, at T = 35 °C also exhibits classical polymer
solution behavior with a slope of -5/3 at high-Q as shown in Figure 6.2 (C).

The gel structure has totally disappeared even in 0.00M CaCl, solution if the
temperature is over 45 °C. The SANS data for PEO in ethanol, as a function of salt
concentration at 45 °C, is shown in Figure 6.3. SANS intensity for PEO/ethanol/
CaCl, in the homogeneous state exhibits excess scattering at low-Q. The excess
SANS intensity at low-Q is likely due to aggregation behavior in solution. The SANS
data for PEO in d-ethanol with salt at 45 °C can be analyzed in the same manner as
was done for the aqueous PEO solutions in chapter 4. The Eq (4-1) describes

clustering by upturn at low-Q region and chain scattering at high-Q region.
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We have examined the solution behavior of PEO in ethanol as a function of salt
concentration in the homogeneous phase. The addition of salt changes the solution
behavior of PEO in d-ethanol even in the homogeneous region as shown in Figure
6.3. Disruption of the gel arises from bonding between cations (Ca’") and oxygen
atoms on the PEO chain as described in Figure 6.1. The zero angle scattering intensity
is a measure of concentration fluctuations in system as discussed in Section 4.5.
Ignoring the low-Q clustering effect, we can use the fitting parameter C as the zero
angle scattering intensity by setting Q as 0 in Eq (4-1): 1(0) = C/(1+(0L)") = C. The
value of solvation intensity, C, decreases as a function of salt concentration as shown
in Figure 6.4 (A). This implies better solvation with increasing salt concentration: the
solution containing salt is better solvated than without salt. The inset of Figure 6.4
(A) shows the correlation length as a function of salt concentration. The correlation
length decreases with increasing salt concentration. The decrease of the correlation
length is consistent with the solution being better solvated at higher salt
concentrations. Binding of Ca>" ions to the PEO oxygens transforms the neutral
polymer into a weakly charged polyelectrolyte as shown in Figure 6.1.> ® The
binding sites on PEO behave as positively charged sites and mediate repulsive
interaction between sites as demonstrated in Figure 6.5. The interaction between
PEO/salt complex and ethanol is more attractive than that of PEO and ethanol. These
interactions from electrostatic repulsion repel the PEO chains each other. The
solvation intensity decreases rapidly with increasing salt concentration when the salt
concentration is less than 0.25M. The value of solvation intensity levels off when the

salt concentration exceeds 0.25M. This leveling off may be due to screening by the
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oppositely charged ions (CI) in solution at relatively high salt concentration. CI’
(counter ion), however, do not screen repulsive charge interactions effectively.
Effective screening increases the solvation intensity but there is no significant
increase of solvation intensity. Increase of solvation intensity is a signature of onset
screening but the solvation intensity of PEO/ethanol/salt does not increase even in
very high salt concentration. It is unusual that screening by counter ion is not
appeared even in high salt concentration. We could not observe any increase of
solvation intensity up to 3.00M CaCl,. Another possibility for leveling off of the
solvation intensity at higher salt concentration may arise from cations being shared by
multiple oxygens on the PEO chain.

The clustering behavior in the solutions can be monitored through the magnitude
of the upturn in the low-Q region of the scattering. The magnitude of the upturn at
low-Q for PEO/ d-ethanol solutions is relatively small compared to aqueous PEO
solutions but a dependence on salt concentration is observed. The first term at Eq (4-
1), A/Q", describes the low-Q SANS intensity and can be used to monitor the
clustering behavior. We will use the value of the intensity at O = 0.004 A’
(4/(0.004™), A and m are obtained from fitting the SANS intensity with Eq (4-1). The
clustering intensity is observed to increase as a function of increasing salt
concentration as shown in Figure 6.4 (B).

The clustering intensity becomes higher at lower solvation intensity. Here we
suggest a model to describe the salt effect on solvation and clustering of PEO in
ethanol. Consider the binding between the cation and ether oxygen on the PEO chain.

As discussed above, the decrease of solvation intensity of PEO in ethanol with added
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salt arises from the repulsive force induced through the binding of the cation (Ca*") to
the ether oxygen. The population of PEO monomer bound with cations increase as
salt concentration increases. Therefore solvation intensity decreases as a function of
salt concentration and levels off when the salt concentration is 0.25M: The ratio of
Ca® to ether oxygens in this solution is 1/5, which indicates that one cation can
complex with multiple PEO oxygens. Therefore one cation acts as an anchoring site
for the PEO. The cations anchoring model is represented in Figure 6.5. The cations
anchoring model can explain both the clustering and solvation behavior for
PEO/ethanol as function of salt concentration. The cations are not shared by PEO
oxygen at low concentration (CaCl, < 0.1M). The cations transform the neutral
polymer into a weakly charged polymer through complexation at low salt
concentration and lower the solvation intensity. The cations shared by multiple
monomers to form clusters after 0.2M of CaCl,.

In order to analyze the salt effect on the phase behavior, SANS intensities were
measured as a function of temperature. The solvation intensity, C, obtained from the
SANS data was used to estimate the spinodal temperature from Flory-Huggins theory
as discussed in section 5.1.1. A plot of 1/C vs. 1/T is shown in Figure 6.6 (A). The
slope of 1/C vs. 1/T increases as the salt concentration increases. The magnitude of
the slope taken from the 1/C vs. 1/T plot is shown in Figure 6.6 (B). The sign of this
slope changes from negative to positive, which indicates a change in phase behavior
from UCST (negative) to LCST (positive). Addition of salt (CaCl,) to PEO/ d-ethanol
disrupts the gel structure and changes the thermodynamic behavior from UCST to

LCST. The value of slope at higher salt concentrations, 0.2M — 1.0M, levels off as
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salt concentration increases. This implies that the excess salt beyond 0.25M CaCl,
does not continue to change the thermodynamic behavior of PEO/ethanol, which is

consistent with the observed behavior for solvation and clustering.

Table 6.1 Sample preparation and visual observations

E(El(zen tration Salt concentration Salt (mol)/PEO Visual observations at
in EtOD (M, mol/L) monomer (mol) 25°C
opaque
0.00 0
(gel)
0.04 0.035 opaque
(geD
0.10 0.088 opaque
(geD
o start of a disrupted gel
5wt % 0.25 0.22 (isolated gel)
0.50 0.44 totally disrupted gel
’ ) (homogeneous)
1.00 0.88 totally disrupted gel
’ ’ (homogeneous)
3.00 264 totally disrupted gel
’ ) (homogeneous)
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Figure 6.2 (A) Pictures of PEO/ethanol with varying salt concentration. (B) SANS
intensity for PEO/ ethanol varying CaCl, concentration at 25 °C and (C) at 35 °C.
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Figure 6.3 SANS intensity for PEO/ethanol/CaCl, solutions at 45 °C. The forward
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inset picture shows variation of the correlation length. (B) Clustering strength as

function of salt concentration.

99



Model for better solvation : complexation PEQ/Ca?*

Free ion (Cation
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o complexes (charged polymer)
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Figure 6.5 Proposed model to describe solvation and clustering in the presence of salt.
Cation can exist as two states: bound cation with PEO oxygen and unbound free
solvated ion. Complexation between PEO oxygen and calcium ion (bound cation)
reduce the solvation intensity (better solvation in the presence of salt). The PEO
cluster is formed through cation sharing by multiple chains. Screening effect by
counter ion (anion) was not observed in solvation intensity as a function of salt
concentration. Chloride exists as free ion in ethanol solvents. Dashed arrows

represent columbic repulsion.
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Figure 6.6 (A) Plot of 1/C vs. 1/T with varying salt concentration. (Error bars are
smaller than symbols.) (B) slope from the linear fitting of 1/C vs. 1/T. The phase
behavior changes from UCST to LCST with the addition of salt. Error bars of (A) are

smaller than plot symbols.

6.4 Conclusions

The solution behavior of poly(ethylene oxide) in deuterated ethanol was
investigated in the presence of salt using small-angle neutron scattering. The divalent
cation Ca®" from CaCl, was used. In general PEO shows a polyelectrolyte-like

S : - 73-76
behavior in some organic solvents like methanol.

The origin of the
polyelectrolyte-like behavior in PEO is due to the formation of complexes between
the oxygens on PEO and the cations. Binding of Ca®" ion to the PEO oxygen
transforms the neutral polymer into a weakly charged pseudo-polyelectrolyte,

resulting in repulsive interactions. The PEO/ethanol solution is better solvated at

higher salt concentration due to electrostatic repulsion the PEQ/ Ca** complexes. The
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binding between cation and PEO oxygen can be understood by salt-in mechanism.
Salt out mechanism accompanies with salt in with increasing salt concentration. The
onset of screening is a signature of salt out condition. The salt out phenomena,
however, was not observed even in high salt concentration. There is no evidence for
onset screening with high salt concentration. Anion exists as free ion solvated in
ethanol. Without salt addition, PEO/ d-ethanol solutions form a gel at room
temperature; addition of salt disrupts the gel and is consistent with better solvation as
the salt concentration is increased. The change of phase behavior changes from an
UCST to LCST is due to the bound cation to PEO chain. Furthermore, we monitored
the clustering behavior of PEO/ethanol in the presence of salt in the low-Q region of
the SANS data. The clustering behavior is proportional to the salt concentration. We
suggested a model to satisfy both characteristics: lower solvation intensity and higher
clustering intensity with increasing salt concentrations. A cation shared by multiple
monomers induces the repulsive force to reduce solvation intensity and

simultaneously enhances clustering.
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Chapter 7

Conclusions

Poly(ethylene oxide) (PEO) in ethanol forms an opaque gel-like mixture with a
partially crystalline structure. Addition of a small amount of water disrupts the gel: 5
wt % PEO in ethanol becomes a transparent solution upon the addition of 4 vol %
water. The dramatic change of PEO/ethanol solution with the addition of a small
amount of water is believed to originate from the hydrogen bonding between water
and the ether oxygen of PEO. The solvation intensity from SANS shows a parabolic
variation as a function of d-ethanol/d-water ratio. A cosolvent mixture of
ethanol/water is a more effective solvating agent for PEO than pure solvents (water
and ethanol). The clustering intensity from SANS is proportional to the inverse of
temperature (1/7) and to the water fraction in water/ethanol mixtures. The clustering
intensity increases and levels off as the water fraction is increased. The water
molecules participating in hydrogen bonding with the polymer form a shielding layer
around the chain to prevent contact between water and the ethylene group (CH,CH;).
The interaction between the ethylene groups and water molecules is due to the
hydrophobic effect, which results in aggregation. Hydrogen bonds between water and
the ether oxygen and the hydrophobic effect can be induced by adding water to PEO
in ethanol solution, resulting in lower solvation intensity (i.e. effective solvation) and

higher clustering.
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The phase behavior of PEO in mixed solvents has been studied using the zero
angle scattering intensity measured by SANS. PEO solutions (5 wt % PEO) which
contain 4 vol % — 10 vol % (and higher) water is found to behave as an athermal
polymer solution and the phase behavior rapidly changes from UCST to LCST as the
fraction of water is increased. The observed phase behavior is consistent with a
hydration layer forming upon the addition of water as the system shifts from UCST to
LCST behavior. At the molecular level, two or three water molecules can hydrate one
PEO monomer which is consistent with the suppression of crystallization and change
in the mentioned phase behavior as observed by SANS. The observed phase behavior
is consistent with a hydration layer forming upon the addition of water and the system
shifting from UCST to LCST behavior. The amount of water necessary to form a
hydration layer around PEO chains varies in a self-consistent manner as a function of
PEO concentration. This conclusion agrees with previous simulation studies.

The solution behavior of PEO in ethanol was investigated in the presence of
divalent salt (CaCl,) using SANS. Binding of Ca*" ions to the PEO oxygen atom
transforms the neutral polymer a weakly charged pseudo-polyelectrolyte. The
PEO/ethanol solution is better solvated at higher salt concentration due to the
electrostatic repulsion of weakly charged monomers. The association of the Ca*" ions
with the PEO oxygen atoms transforms the neutral polymer to a weakly charged
polyelectrolyte and gives rise to repulsive interactions between the PEO/Ca
complexes. Without salt addition, PEO/ethanol solutions form a gel at room
temperature; addition of salt disrupts the gel and is consistent with better solvation as

the salt concentration is increased. Furthermore, we monitored the clustering behavior
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in the low-Q region of the SANS data. The clustering intensity increases with
increasing salt concentration and levels off with the salt concentration. We suggested
a model to satisfy both characteristics: lower solvation intensity and higher clustering
intensity with increasing salt concentrations. A cation shared by multiple monomers
results in a coloumbic repulsive force which simultaneously reduces solvation

intensity and enhances clustering.
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Chapter 8

Future Work

Although PEO is one of the most researched synthetic polymers our
understanding is still quite limited due to its complex behavior. In this section
suggestions are given for extension of current understanding based on the
experiments and observation in this dissertation.

The solution behavior of PEO was investigated in detail, but more work needs
to be done to fully understand the solvation and aggregation behavior of PEO in water
and in ethanol/water mixed solvents. Addition of a small amount of water to the
PEO/ethanol solution changes the entire solution behavior in the PEO/ethanol/water
system. In order to fully understand the hydration mechanism of PEO diffraction
studies would be helpful in order to elucidate the local hydration shell structure of
PEO/water and of PEO/ethanol/water. Molecular dynamics (MD) simulation studies
could help understand hydrophobic and hydrogen bond interactions in PEO/water and
PEO in mixed solvents with water. The clustering behavior of PEO should be
explored further. The temperature effect on clustering behavior cannot be explained
in terms of simple hydrophobic interaction. The hydrophobic interaction increased
with increasing temperature. Hence the clustering intensity should increase as
temperature increase. As discussed the clustering intensity of PEO in water is a

decreasing function of temperature. The clustering and solvation behavior in mixed
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solvents (such as ethanol/water or methanol/water) could further be investigated to
understand solution behavior of PEO. Further study of the effect of molecular weight
on clustering behavior will be interesting for SANS experiments. A series of
scattering experiments with varying molecular weight is informative experiments for

further understanding PEO clustering behaviors.

There are many opportunities to advance the study of PEO/solvent/salt and
PEO/salt systems. The phase behavior and solution behavior of PEO/solvent/salt
systems are a key factor for PEO applications in biology and battery technology. The
PEO/solvent/salt system may be a tractable model for biopolymers and in energy
technology applications. In a fundamental point the polyelectrolyte behavior should
be revisited for PEO/salt system. The polyelectrolyte peak is commonly found in
PEO/alcohol/salt when monovalent salt, such as K* or Na' cation, is used. The
polyelectrolyte peak is not observed for PEO/d-ethanol/CaCl; as shown in Figure 6.3.
This observation may be understood by large clustering intensity at low-Q; the
magnitude of excess low-Q scattering is stronger than that of polyelectrolyte peak
intensity. The anionic effect should be studied more to understand the behavior of

PEO/solvent/salt system for applications.
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