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NMR Applications in Soft Materials Science:
Correlation of Structure, Dynamics, and Transport

Ying Chen
ABSTRACT

This dissertation aims to investigate and correlate structure, dynamics and transport
properties of several novel soft materials systems using multiple Nuclear Magnetic Resonance
(NMR) methodologies, including solid-state NMR (SSNMR), diffusometry, and imaging, and
with the help of X-ray scattering.

First, we report the investigation of structure and dynamics of three polymeric
membranes: hydroxyalkyl-containing imidazolium homopolymers, poly(arylene ether sulfone)
segmented copolymers, and disulfonated poly(arylene ether sulfone) random copolymers using
a wide array of SSNMR techniques, including: 1) $3C cross-polarization magic angle spinning
(CPMAS) with varying cross-polarization (CP) contact time, 2) *C single-pulse magic angle
spinning (MAS) with varying delay time, 3) 22Na single-pulse MAS, 4) two dimensional phase-
adjusted spinning sideband (2D PASS), 5) proton spin—lattice relaxation (T1), 6) rotating frame
spin—lattice relaxation (T1p), and 7) center-band-only detection of exchange (CODEX). These
various types of SSNMR spectroscopic methods provide a wealth of structural and dynamic
information over a wide range of time scales from a few nanoseconds to seconds.

We further present a picture of rich structural and transport behaviors in supramolecular
assemblies formed by amphiphilic wedge molecules using a combination of *Na solid-state
NMR, 'H/?H PFG NMR diffusion, relaxation and grazing-incidence small-angle X-ray
scattering. Our results show that the liquid crystalline domains in these materials undergo a
transition from columnar to bicontinuous cubic phases with a simple increase in humidity,

while the amorphous domain boundaries consist of individual wedge molecules with a



significant fraction (~ 10%) of total wedge molecules. Multiple-component diffusion of both
wedges and water further confirms the structural and dynamic heterogeneity, with the
bicontinous cubic phase being able to facilitate much faster water and ion transport than the
columnar phase.

We then develop a quantitative approach to probe the migration of two novel
“theranostic” polymeric agents (combining “therapeutic” and “diagnostic” functions) into bulk
hydrogels using two distinct time-resolved magnetic resonance imaging (MRI) methods. To
the best of our knowledge, this is the first work that combines time-resolved MRI experiments
to reliably quantify diffusivity of paramagnetic and superparamagnetic nanoparticles in bulk
biological media. Our results agree closely with those obtained from fluorescence techniques,
yet the capability of our approach allows the analysis of actual nanoparticles diffusion through
biogels on mm to cm scales during a range of time periods.

Finally, we employ a combination of NMR techniques to obtain a comprehensive
understanding of ion clustering and transport behaviors of ionic liquids inside the benchmark
ionic polymer Nafion. Spin relaxation shows that anion relaxation is more influenced by the
fixed sulfonate groups than cation relaxation. 2D 'H-F heteronuclear Overhauser effect
spectroscopy (HOESY) and 1D °F-F selective nuclear Overhauser effect (NOE)
spectroscopy confirm our assumption of the formation of ion clusters at low water content in
the ionomer. While we observe non-restricted diffusion behavior for cations, anion diffusion
is strongly restricted both between domain boundaries and within domains in the absence of
water. The restricted anion diffusion can serve as a reliable probe for detailed multiscale

structures of the ionomer.
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Chapter 1

Structure, Dynamics and Transport in Soft Materials

1.1 Motivation, strategy and research goals

This thesis concerns detailed studies of soft materials using a wealth of nuclear
magnetic resonance (NMR) techniques. The complicated and dynamic nature of soft materials
raises a challenge to the analysis methods used for their characterization. A combination of
multiple NMR methodologies can provide an expanded scope of information for understanding
soft materials structure, dynamics and transport.

The term “soft” materials usually refers to materials with relatively soft macroscopic
mechanical properties, in contrast to “hard” materials such as crystalline solids. In other words,
soft materials combine properties and behaviors of both solids and liquids. The field of soft
materials spans topics in structured liquids, liquid crystals, colloids, foams, gels, granular
materials, biological macromolecules, synthetic polymers, as well as supramolecular
assemblies. As a primary focus of materials science in the past few decades, soft materials have
been developed rapidly and become indispensable in modern life. For example, ion conducting
materials based on soft materials have played an essential role in electrochemical energy
conversion, storage and transmission devices ranging from batteries, chemical sensors, fuel
cells, solar cells to artificial muscle actuators. A common feature of soft materials is their
relatively weak but collective intermolecular interactions that are responsible for maintaining
a degree of local molecular order but not the well-defined long-range order found in crystalline
structures.! With intermolecular interaction energies approximately equal to room temperature

thermal energy kgT, soft materials are often dynamic and may deform easily at room



temperature.? Therefore the structure and dynamics of soft materials are complicated but yet
tunable in multi-length and multi-time scales, with their bulk material properties being
controlled through the fine modulation of intermolecular interactions.

NMR spectroscopy has been widely used as a powerful analytical tool in chemistry,
biology, materials science, and many other fields since its discovery in 1938,® and observation
in condensed phases in 1946.4° For soft materials, with their complicated and multiscale
structures and dynamics, NMR studies are extremely valuable for enabling a whole spectrum
of research activities, including chemical composition identification, multi-length-scale
structure ormorphology determination, multi-time-scale dynamics observation, transport
(diffusion and flow) measurements, as well as in vitro and in vivo imaging. A major advantage
of NMR techniques is that they can report on dynamic and not only static properties, which is
essential for studies of soft materials. More importantly, numerous novel NMR strategies and
methodologies have been developed and more will be created to understand special and
sophisticated properties of soft materials. Besides, NMR spectroscopy is non-destructive
(using radiofrequency radiation only) and is highly chemically and physically selective based
on specific isotopes, providing more varieties of information on soft materials. In addition to
NMR, X-ray and neutron scattering also serve as complementary and powerful probes for static
structures of soft materials with sizes ranging from < 1 nm up to 100 nm.

This thesis contains investigations and correlations of structure, dynamics and transport
properties of several novel soft materials systems using multiple NMR methodologies,
including solid-state NMR, solution NMR, diffusometry, relaxometry, and imaging, with the
help of X-ray scattering. This dissertation is organized as follows. Chapter 1 quickly

introduces structure and dynamics of three soft materials systems that are the subjects of the



dissertation, as well as some fundamental concepts and models of transport phenomena in
porous media. Chapter 2 briefly reviews basic concepts of NMR spectroscopy followed by
three distinct NMR methodologies used in the studies of this thesis: high-resolution solid-state
NMR (SSNMR), pulsed-field-gradient (PFG) diffusometry, and magnetic resonance imaging
(MRI). Following the two introduction sections, in Chapter 3 we report three examples using
solid-state NMR methods to investigate structure and dynamics of polymeric membranes:
hydroxyalkyl-containing imidazolium homopolymers,® poly(arylene ether sulfone) segmented
copolymers,” and disulfonated poly(arylene ether sulfone) random copolymers.® In Chapter 4,
we present a picture of rich structural and transport behaviors in supramolecular assemblies
formed by amphiphilic wedge molecules using a combination of 2*Na solid-state NMR, *H/?H
PFG NMR diffusion, NMR spin relaxation and grazing-incidence small-angle X-ray
scattering.® In Chapter 5, we develop a quantitative approach to probe the migration of two
novel “theranostic” polymeric agents (combining drug delivery and contrast agent functions)
into bulk hydrogels using two distinct time-resolved microMRI methods.'® In Chapter 6, we
use the benchmark ionic polymer Nafion as a medium to study nanoscale confinement effects
on ion clustering and motions of ionic liquids (ILs) by *H/?H/**F PFG NMR diffusometry,
relaxometry, 2D H-1°F heteronuclear Overhauser effect spectroscopy (HOESY), and 1D °F-
¥F selective NOE spectroscopy. We demonstrate that study of restricted ion diffusion using
PFG NMR serves as a reliable probe for detailed multiscale structures in ionomer membranes.
Finally, Chapter 7 summarizes current work and provides prospects for future work.
1.2 Structural organization and dynamics in soft materials

Here we introduce three soft materials systems that are the subjects of our studies in

later Chapters, including supramolecular assemblies, ionic liquids (ILs), and ionic polymers



(ionomers). The complicated structural and dynamic heterogeneity of these systems greatly
influences their macroscopic properties and demands cautious analysis. A critical motivation
for studying these materials is to better understand and correlate their water or ion transport
properties with their structure and dynamics to provide insight into the design of novel ion-
conducting materials. A common feature of ion-conductive materials is the co-existence of
“ion transport” and “mechanical support” moieties that phase separate on the nanometer scale
to form coexisting networks that serve these two different purposes. The local geometry and
tortuosity of the ion transport network plays a key role in determining the conduction
performance.

Figure 1.1 shows three examples of structural organization in soft materials with the
ion transport portion represented by blue and the mechanical support portion by yellow. In
lamellar structures, molecules/ions translate between layers with two-dimensional freedom. In
hexagonal columnar structures, a macroscopic channel alignment is required in order to
maximize transport along the columnar axis as the single direction. Bicontinuous structures are
composed of non-intersecting channel networks organized by multi-armed struts, allowing
molecules/ions to move in the highly interconnected labyrinth with three-dimensional freedom.
Clearly, lamellar or hexagonal structures afford higher diffusion anisotropy, but bicontinuous

structures can usually provide better transport properties in three dimensions.
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Figure 1.1 Schematic diagrams of topologies of ion or molecular transport channels in soft

materials.

Furthermore, due to their relatively fast molecular dynamics, the mesoscopic structures
of soft materials (in the range of 1-1000 nm) are sensitive to surrounding environments such
as temperature and humidity (for supramolecular assemblies) or to pretreatment processes (for
polymers). Therefore, dynamics is interwoven with structure for soft materials. Determining
detailed structure — dynamics — transport relationships in soft materials is the main theme of

this dissertation.

1.2.1 Supramolecular assemblies

Supramolecular assemblies can arise from molecular building blocks with specifically
designed intermolecular interactions, such as hydrogen bonding, ionic interactions, ion-dipole
interactions, m-stacking, excluded volume repulsion and shape anisotropy.t*® Such assemblies
allow for increased degrees of freedom in controlling macroscopic material properties. Many
studies have explored liquid crystalline structures formed from supramolecular assemblies for

ion conduction applications.*®-2
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Figure 1.2 Chemical structure of sodium 2,3,4-tris(1,1’-acryloyloxyundecyl-1’-oxy)benzene
sulfonate (A-Na). Self-assembly of the acrylate sulfonate wedge molecules A-Na (left) forms
supramolecular disks (middle) and then a classical 2D hexagonal columnar structure (right)
with ion conducting channels running along the column axes. Self-standing membranes can be

obtained by photo-polymerization of the columnar structures through acrylate groups.?

Figure 1.2 shows the chemical structure of wedge molecules A-Na (the subject of
Chapter 4)and a representative supramolecular self-assembly process to form columnar
phases. This wedge-shaped sulfonate amphiphile has a typical design to serve as an ion
conductive material: a hydrophilic head that self assembles into ionic channels via electrostatic
interactions, a hydrophobic body that forms a mechanical support matrix through n-stacking
and shape anisotropy, as well as a polymerizable terminal group to generate stable membranes
by covalent crosslinking. Intriguingly, this novel system experiences a drastic phase transition
from columnar to bicontinuous phases with a significant increase in ion conductivity when
exposed to humid air.?? In Chapter 4, we report that the real structure of this supramolecular
assembly is far more complicated than the neat representation shown in Figure 1.2. We also
investigate transport behaviors of both water and wedge molecules, and correlate these with

the structure and dynamics at the molecular level.
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1.2.2 lonic liquids

lonic liquids (ILs) are room temperature molten salts composed entirely of bulky
unsymmetrical organic ions, including typical cations such as imidazolium, pyrrolidinium, and
quaternary ammoniums as well as typical anions like tetrafluoroborate, halide,
hexafluorophosphate, triflate, trifluoroacetate, acetate, and methide.?%® Their fluidity at
relatively low temperature is the result of their reduced molecular packing efficiency due to
their large ion sizes. ILs find wide applications as green solvents and liquid electrolytes due to
their unique physicochemical properties such as high ion conductivity, broad electrochemical
window, low vapor pressure, non-flammability, high thermal stability, and tunable
solubility.?’-2°

Tremendous effort has been devoted to understand the liquid structure of ILs. It is well
known that ionic liquid crystals are, e.g., formed if the alkyl side chain length of either cation
or anion of ILs increases to a certain length like n-dodecyl, when collective weak interactions
such as dipole - dipole interactions, van der Waals interactions, and z - 7 stacking start to drive
liquid crystalline ordering.*® The wedge molecule A-Na mentioned previously can be viewed
as a special case of an ionic liquid crystal. Therefore, when the alkyl chain length is not long
enough for the formation of liquid crystals, IL local structures lie in between classical liquids
and liquid crystals. An intriguing proposal about IL structures that has recently attracted
attention is the formation of supramolecular structure composed of polar and nonpolar domains
on the nanometer scale, mainly driven by a 3-D cooperative network of hydrogen bonds (H-
bonds).3* Ab initio simulations demonstrate that a doubly ionic H-bond that forms between

a cation and an anion in ILs is bifurcated and chelating, permitting 3-D ion organization, with



the charge on the ions strengthening the H-bond.3* Figure 1.3a shows an example of IL that

form 3-D arrangements.
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Figure 1.3 Chemical structures and ion organizations of two imidazolium based ILs. (a) 1-(2-
butyl)-3-methyl-imidazolium hexafluorophosphate and its low temperature crystal structure
showing a 3-D cooperative network of cations and anions connected by hydrogen bonds; (b)
1-ethyl-3-methyl-imidazolium tetrafluoroborate [Comim][BF4] and its possible ion

associations.

One of the ongoing mysteries of IL structuring concerns the existence, lifetime, and fraction
of ion pairs or larger ion clusters in neat ILs. There is some experimental evidence that supports
the existence of ion pairs,®>3® and their lifetime is estimated to be only a few pico- to

nanoseconds.”-3 The coulombic interaction between cation and anion is the main driving force



for ion aggregates in ILs. The combined properties of ions such as size, asymmetric charge
distribution, shape anisotropy, and conformational flexibility determine the formation and
types of ion aggregations.®*° Figure 1.3b shows chemical structure of 1-ethyl-3-methyl-
imidazolium tetrafluoroborate ([Comim][BF4]), the main IL used in Chapter 6, as well as some
potential aggregate species like dipole, triple, and quadrupole ions. Comparing the two
chemical structures in Figure 1.3, it is clear that [Comim][BF] is less prone to forming a 3-D
organized supramolecular structure due to the shorter alkyl side chain. Previous work of our
group reveals that anion-rich triple ions may exist as a prominent mobile species when
[C2mim][BF4] is soaked into ionic polymer Nafion.** In Chapter 6, we will further investigate
the confinement effect of an ionic polymer matrix on local IL structures and transport

properties.

1.2.3 lonic polymers

lonic polymers (ionomers) are polymers containing charged and neutral moieties in
their chemical structures, and these moieties often phase separate into hydrophilic and
hydrophobic domains. With the hydrophilic domains to allow for ion transport and
hydrophobic domains to provide mechanical support, ionic polymers find broad applications
in the fields of ion conductors, water purification, gas separation, etc. We will discuss three
ionic polymers in this dissertation: a polymerized imidazolium-based ionic liquid (Chapter 3),
disulfonated poly(arylene ether sulfone) random copolymers (Chapter 3), and the sulfonated
tetrafluoroethylene-based copolymer Nafion® (Chapter 6).

Here we use Nafion as an example to briefly explain the multi-length-scale structures
of ionic polymers. Developed by DuPont, Nafion is one of the most studied ionomers and

serves as a benchmark material for fuel cell membranes. Despite being exposed to extensive



and close inspection, a complete picture of the morphology of Nafion remains unresolved.*?
Based on the information gathered from X-ray, neutron scattering, and TEM, a wide range of
models have been proposed for the morphology of hydrated Nafion, including an
interconnected hydrophilic network of inverted micellar spherical ionic clusters,* bundles of
elongated rod- or ribbon-like polymeric aggregates in a hydrated matrix,***® long and parallel
cylindrical water nanochannels in a hydrophobic matrix,*” alternating polymer-rich and water-
rich lamellar layers,*® locally narrow and flat water films,*® and a random nanoscale channel-
type bicontinuous network.>® For example, in the model of elongated ribbon-like polymeric
aggregates, polymer chains form elongated ribbon-like aggregates of a few hundred
nanometers length surrounded by fixed sulfonate groups and counterions, and the aggregates
organize into bundles with preferential orientation ordering to construct sub-micron domains
which orient randomly in space (Figure 1.4 left).**** In the model of water nanochannels, the
sub-micron domains are characterized by interconnected hydrophilic channels formed from
aggregates of sulfonate groups (Figure 1.4 right).*® These models are conceptually distinct, but
most of them are compatible by changing our viewing perspectives. For example, when the
ribbons of polymeric aggregates are close enough, hydrophilic channels are formed between
them. So the polymeric-ribbon model and the hydrophilic-nanochannel model are
exchangeable depending on the size of and distance between the polymeric aggregates. The
difficulties in unraveling a complete Nafion morphology lie in its complexity and
heterogeneity as well as the fact that the sub-micron structures are strongly influenced by pre-
treatment and relaxation effect.*® 553 Previous studies of our group have demonstrated that
these sub-micron domains can rotate and realign under macroscopic drawing while the

alignment within domains and junctions between domains are not affected.>* However, little
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information has been revealed about these domain boundaries and how they affect ion transport.
In Chapter 6, we will use restricted ion diffusion studies to probe deeper into the domain

structures of Nafion.
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Figure 1.4 Chemical structure of Nafion and schematic illustration of multiple length-scale
structures of Nafion swollen with water. The charged and neutral moieties in Nafion chemical
structures form hydrophilic (blue) and hydrophobic (yellow) phases, respectively, with the
former allowing for transport of ions and water, and the latter providing mechanical and
chemical stability. In the polymeric-ribbon model (left), the polymer backbones (yellow) form
elongated aggregates that are aligned within sub-micron domains but oriented randomly in the
hydrophilic matrix. In the nanochannel model (right), the sub-micron domains of aligned
hydriphilic channels (blue) orient randomly in the hydrophobic matrix. These two models are

compatible depending on the size of and distance between the polymeric aggregates.

1.3  Transport in soft materials

Molecular transport properties of many materials are essential for their applications.
For example, water, gas, and ion diffusion through polymers plays a key role for their
applications as water-purification, gas-separation, and ion-conducting membranes,
respectively. Many biological processes involving energy or mass transfer are also highly
dependent on molecular diffusion. For instance, nanoparticles diffusing into or within tumor
tissues is a crucial step for drug delivery.'® Moreover, structural and dynamic properties of soft
materials strongly influence or determine the transport of absorbed molecules, therefore
transport studies can in turn reflect and probe structure and dynamics of soft materials in ways
that may not be accessible by other analytical tools. In this section, we will introduce some
fundamental concepts about diffusion and some models for diffusion in fluids as well as

diffusion behaviors within confined geometries in soft materials.
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1.3.1 Diffusion: macroscopic and microscopic approach

Generally, transport phenomena include the transfer of thermal energy (heat), mass,
momentum, electric charge, etc., based on continuous thermal motion of molecules. Bulk flow
may be caused by external forces (eg. pressure, heat) applied on the system, which is important
for some applications of soft materials, for example, water permeability through reserve-
osmosis membranes driven by external pressure. However, here we only focus on transport
phenomena without external physical driving forces, i.e., diffusion. The process of diffusion is
evident by a change in an initially formed gradient of concentration, but diffusion can also be
viewed as the random walk of particles due to thermal molecular motion. This thesis employs
concepts and measurements of diffusion both from the macroscopic perspective (measurable
variations in concentration) as well as the microscopic perspective (local self-diffusion).

The empirical or “macroscopic” approach to diffusion is Fick’s law.>*>" For one-
dimensional diffusion, Fick’s first law describes the relation between the flux J of particles and
the gradient of concentration, dc/dx:

—Ddc 1.1
]——a (1.1)

The proportionality constant D is called the diffusion coefficient or diffusivity, and the
negative sign signifies that the net flow of particles is from regions of high concentration to
regions of low concentration. In three dimensions, J is a vector, and D becomes a 3>3 tensor,
and Fick’s first law then reads:

J(r,t) = =D Vc(r,t) (1.2)
Combined with the law of mass conservation:

0t _ vy (1.3)
ot ’ '

13



Fick’s second law or the diffusion equation is derived:

ac(r,t)
at

= DV2¢(r,t) (1.4)

This diffusion equation describes the change of concentration as a function of spatial position
r and time t. For simplicity, we consider the one-dimension diffusion equation:

dc(x,t) d%c(x, t)
at 92t

(1.5)

Boundary conditions and initial conditions are required to solve this equation. Here we show
two solutions to Eq. 1.5 with different initial conditions.
The first example (Figure 1.5a) represents a droplet of dye with a total number of

particles of n, being deposited at position x =0 at t = 0 and spreading out along +x. With the

condition ffozo c(x, t)dx =n,, we easily find*®

. n x? L6
c(x,t) —mexp<—4—m>. (1.6)

The second example (Figure 1.5b) represents a long tube of dye with a concentration of ¢,
placed at positon x = 0 at t = 0 and spreading out along +x. With the conditions c(x < 0,t) =

co, c(x > 0,0) = 0, we have®®

c(x,t) = cyerfc (2\7D_t> (1.7)

Here erfc(x) is the complementary error function, defined as
erfc(x) = 1 —erf(x) = iJooe_'fzdt (1.8)
Vi Jy ' '

Figure 1.5 shows the interesting difference of concentration as a function of displacement and

time between the two situations with identical diffusion coefficient and times. In Chapter 5,
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we will study the diffusion of imaging contrast agent solution into gels using the second model

mentioned here.
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Figure 1.5 Concentration vs. displacement curves as a function of time for particles that (a)
begin with initial position x = 0 and initial time t = 0 with a constant total particle number
over time, with diffusion along + x, and (b) are maintained at constant concentration c, at x =
0 over time and diffuse along + x. Note D = 2 <10 m?/s and time intervals are the same for

both cases.

Apart from Fick’s law, an atomiStic or “microscopic” approach to diffusion is
nonequilibrium statistical mechanics,> as originally formulated by Einstein.>® Diffusion of
particles can be computed using the random-walk model. For simplicity, we consider a random
“walker” in one dimension along the x direction. The probability P(m, N) is defined that a walk

has N total steps with m of them being forward (in the +x direction) and N-m steps being
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backward (in the —x direction), while the a priori probability of a forward step is denoted as f

and the probability of a backward step is b =1 —f. P(m, N) can be written as®

PamN) = v —my

fmph-m (1.9)
When N - oo, P(m, N) is a Gaussian distribution function:

P(m, N) = 2; o= (=Nf)? /2N D) (1.10)

P(m, N) reaches a maximum when m = Nf. The average distance traveled by a random

walker is zero, but the root-mean-square (RMS) displacement is the measure of the width of

P(m,N) and is the most important characterization of the average trajectory of a random
walker:

((m—Nf)?) = Nfb (1.11)

When considering molecular self-diffusion with free boundary conditions, the

conditional probability P(x, t) denotes the probability of a diffusing particle to travel a distance

X within the time t: > ©

1 x?
P(x,t) = e —— . 1.12
8 = Tame Xp( 4Dt> (112)
Then we have
(x%) = 2Dt (1.13)

for a one-dimensional random walk, and

(r?) = 6Dt (1.14)
for a three-dimensional model. These equations relate the widely accepted concept of the
diffusion coefficient with the experimentally measurable mean-square displacement as a

function of time.
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In conclusion, diffusion can be viewed on the macroscopic scale as the movement of
particles by an “effective force” due to a concentration gradient, but statistically (entropically),
diffusion down the concentration gradient can be simply explained in that large numbers of

particles have more ways to “walk” than small numbers of particles.

1.3.2 Diffusion in porous media

Diffusion in porous media is a common phenomenon observed in many biological,
physical, and chemical systems, such as K*/Na* transporting via the K* channel of human red
blood cells,®* long-range proton transfer in hydrogen fuel cells,®?® or water permeation
through reverse osmosis membranes.®*%” Molecular motions are hindered or facilitated when
traveling in the structural labyrinth of the porous matrix. Transport of particles in a porous
medium is greatly influenced by many factors, including 1) intermolecular interaction among
mobile species, 2) interaction between mobile species and pore surface, 3) local geometry and
tortuosity of pores, and 4) dynamics such as chain motions of the porous medium. A better
understanding of structure-transport relationships for these complex media will benefit many
fields of science.

One of the most effective and simplest way to probe molecular transport is the
observation of root-mean-square displacement as a function of diffusion time,%

((r(t) —r(0))?) = ADt™ (1.15)

Here A is the dimensional factor with values of 2, 4, 6 for diffusion in one-, two- and three-
dimensions, respectively. Compared with Eq. 1.13 and Eq. 1.14, this equation has an additional
term n, which determines the type of diffusion mechanism. n =2, 1, or 1/2 represent ballistic,
diffusive (Fickian), or single-file diffusion mechanisms, respectively (Figure 1.6). When n =

1, and Eq. 1.15 is identical to Eq. 1.13 or 1.14, diffusion is caused by random thermal motion
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of molecules, obeying Fick’s law. Pure ballistic motion happens at time scales below where
diffusive motion takes place, when molecules have not collided with each other. This usually
occurs at very short times for liquids (t < 10 ps) but at longer times for gases, which have a
much greater mean free path, and the travel distance |r?| is equal to vt? leading to n = 2. Single-
file diffusion occurs when molecules can only travel along one dimension and cannot pass each
other, usually in a very narrow confined environment, resulting in n = 1/2. For entangled high
molecular weight polymers diffusing in viscous solutions, very small n such as n = 1/4 may be
observed. The deviation from these n values suggests a change in the diffusion mechanism.
For example, for water molecules diffusing in carbon nanotubes, molecular dynamics
simulations and experiments have reported single-file diffusion dominates in small nanotubes,
while the diffusion mechanism switches from diffusive to ballistic when the observation region
switches from the center to the surface of relatively large nanotubes.® -7 Different diffusion
mechanisms may also be observed in porous soft materials such as polymers and
supramolecular assemblies. In Chapter 6, we will show that anions of [Comim][BF4] inside
Nafion experience a transition from single-file diffusion to 3D diffusive behaviorwith

increasing temperature.
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Figure 1.6 Schematic representation of three diffusion mechanisms with their root-mean-

square displacement vs. diffusion time.

Sometimes an apparent n = 1 may be observed for molecular diffusion in a porous

medium even when diffusion is restricted by pores with an effective size of d and tortuosity 3.

In this case, an effective diffusion coefficient Dest can be defined as Dqgr = ((r(t) - r(O))Z)/

6t.%8 Diffusion length is defined as L = \/((r(t) - r(O))Z). Figure 1.7 shows D¢ obtained
from ((r(t) — r(O))Z) as a function of diffusion t for three cases. We denote D, as the “free”
(intrapore or pure liquid) molecular diffusion coefficient. At small diffusion time, the collision

between particles and pore surface is rare, therefore ((r(t) —r(O))Z) vs. time is linear,
resulting in Dogs = Dy. When increasing diffusion time, the probability for particles to collide

with the pore surface increases and therefore the confinement effect of the pore significantly
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influences ((r(t) — r(O))z), which plateaus at a value of d? for isolated pores (Figure 1.7e),
resulting in Dgg(c0) = 0. For interconnected pores, at long diffusion time, some particles

collide with the pore surface while some can travel through the narrow connections between

pores, leading to another linear dependence of ((r(t) — r(O))z) vs. twith 0 < Dggr(0) < D,
Therefore, in both isolated and interconnected pores, particle diffusion behaviors coincide with
what we observe in the free liquid state only at very small diffusion times. The time-dependent
diffusion behavior reflects the size and tortuosity of the confinement. For example, the pore
size d can be obtained as the diffusion length L at the plateau for isolated pores, and the
tortuosity I can be obtained by I = Deg(0)/D, . Therefore transport (dynamic)

measurements can be employed to provide structural information.
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Figure 1.7 Schematic illustration of root-mean-square displacement vs. diffusion time for
particles that (a) obey free diffusion, (b) are in isolated pores, and (c) are in an interconnected

porous medium.5

In summary, this chapter quickly introduces structure and dynamics of three soft
materials systems: supramolecular assemblies, ionic liquids and ionic polymers. These three
systems are the subjects of Chapter 3, 4 and 6. This chapter also briefly reviews some
fundamental concepts of diffusion and diffusion phenomena in porous media, which also
appear in Chapter 4, 5 and 6. In Chapter 2, we will introduce relevant concepts of the NMR

methodologies used in our studies.
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Chapter 2

Multi-Modal NMR Methodologies for Soft Materials

In this chapter, we will turn to the major tools, based on NMR, used for our soft
materials studies.*? We will first quickly review some basic NMR concepts and interactions,
followed by three distinct NMR methodologies: high-resolution solid-state NMR (SSNMR),
pulsed-field-gradient (PFG) diffusometry, and magnetic resonance imaging (MRI). These
methods provide comprehensive and unique ways to investigate and correlate the structure,
dynamics and transport properties of soft materials.®
2.1 Basic NMR concepts and interactions

Spin angular momentum or simply referred to as “spin” is an intrinsic property of
atomic nuclei, parameterized using the nuclear spin quantum number 1.” While nuclei with | =
0 are NMR inactive and not observable with NMR spectroscopy, there are more than 100
NMR-active nuclear isotopes with 1 > 0, including ~79 elements.2 Nuclear spin is closely
related to magnetism, with the spin magnetic moment @i proportional to spin angular
momentum T’

p=yl (2.1)
The gyromagnetic ratio y is unique for each isotope, for example, y(2H) and y(**C) are only ~
1/7 and ~ 1/4 of y(*H), respectively. One theoretical basis of NMR spectroscopy is that this
magnetic moment interacts with the external (spectrometer-generated) and internal (molecular-
or material-based) magnetic fields. In addition to magnetic interactions, a quadrupolar nucleus
with | > % such as 2H and 2Na has a non-spherical electric charge distribution, which interacts
with the surrounding electric potential, thereby reflecting local electric field gradient. Spin | =

Y nuclei such as *H and *3C are spherical and free from electric interactions.
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Basically, in NMR experiments, various external magnetic fields are applied to
manipulate nuclear spins, then the interactions of the spins with these external magnetic fields
as well as the interactions between spins and and their local environments within the NMR
sample are recorded. Thus, NMR signals reveal important information about the structures
and motions of the sample, and this information can span the atomic scale (spectroscopy) up
to the meter scale (MRI). In other words, NMR reports both the external and internal
interactions of nuclear spins under user-controlled external magnetic fields. According to
quantum mechanics, the spin state evolution of nuclei can be described by the time-dependent

Schradinger equation:®

d P
E |¢spin(t)> = _lﬂspinlwspin(t»- (2.2)
|1/)Spin(t)) is the wave function representing the spin states and ﬁspin is the nuclear
spin Hamiltonian, containing all NMR interaction terms. Figure 2.1 briefly summarizes the

most important NMR interactions.® The total spin Hamiltonian can be written as the sum of

Hamiltonians accounting for each NMR interaction:®

Hpin = Hz + Hrp + He + Hq + Hp + Hes + Hy + Hag (2.3)
where the Hamiltonians on the right side are attributed to the Zeeman interaction (H>), applied
radio-frequency (RF) field (Hxg), applied magnetic field gradient (H), quadrupolar couplings
(Fq), dipole-dipole coupling (), chemical shift (FH¢s), J-coupling (), and spin rotation

(FHsg), respectively.
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Figure 2.1 Summary of NMR interactions. The value above each box indicates the typical
relative magnitude of each interaction. Note that all interactions are magnetic except
quadrupolar couplings which is electric. The terms with * are the subjects of studies in the later
chapters of this dissertation. Basically, our strategy is to manipulate external NMR interactions
through a variety of NMR techniques in order to reveal details of subtle internal NMR

interactions, which uncover structure, dynamics and transport information in soft materials.

As emphasized by Malcohm H. Levitt in his remarkable book Spin Dynamics,® we want
to highlight the point that makes NMR different from all other spectroscopies. In NMR,
external interactions are orders of magnitude higher (Zeeman interaction) or comparable (RF
pulse and gradient pulse) to internal interactions, therefore a huge variety of techniques
including extraordinary pulse sequences can be employed to “tailor” internal (spin Hamiltonian)

interactions and “edit” NMR spectra to extract specific information of interest.
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2.1.1 External NMR interactions
External NMR interactions are determined by external magnetic fields applied by an
NMR spectrometer, usually including a very strong static magnetic field B° ranging from 0.1
T to 30T, an oscillating radio-frequency (RF) field B1(t), and a magnetic field gradient G(r,t).
The spin interaction with B is called the nuclear Zeeman interaction, and its spin Hamiltonian
reads®
H;, =—fi-B° = —yB°[, = —w,l, (2.4)
Here w, = yB° is the Larmor frequency, generally ranging from 10 MHz to 1 GHz for H in
different spectrometers. According to quantum theory of angular momentum, a spin with
guantum number | has 2I+1 Zeeman eigenstates with eigenvalues - I, - 1 + 1, -1 + 2, ... +I. Any
spin state can be represented as a superposition of these eigenstates. Taking a spin-Y2 nucleus
'H as an example, when placed in a static magnetic field B, the Zeeman interaction splits the
degenerate spin energy levels to “spin up” and “spin down” levels with the energy (frequency)
difference w, between them, as shown in Figure 2.2. The population distribution between the

two energy levels is given by the Boltzmann distribution:

Ndown _ (—AE) B (—hwo) 2 s
Mup P\ ) T P\ (25

The population difference n,, — ngown Yields the net spin polarization M along z-direction,
which determines NMR signal intensity. Furthermore, due to the significant difference in
gyromagnetic ratio y for different nuclei as well as the fact that the Zeeman interaction is
several orders of magnitude larger than other interactions, the Zeeman interaction is usually
used to identify various types of nuclear isotopes, while other interactions serve to gather more

detailed structural and motional information of interest.
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Figure 2.2 (a) Energy level diagram and population distribution of spin states for spin %2 nuclei
under no magnetic field (left), the external static magnetic field B® (middle) and with internal
interactions (right). In zero field, spin states are degenerate. Under B, Zeeman interaction
leads to an energy level splitting and population difference between the two spin states.
Intermolecular interactions slightly elevate, lower or further split energy levels, causing a shift
in the resonance position of an NMR spectral transition. While Zeeman interaction is used for
isotope identification, internal interactions can be considered as perturbations to it (called the
secular approximation). (b) Single-pulse experiment and Fourier transform of time domain

signal into a frequency domain spectrum that encodes NMR internal interactions.

A radio-frequency (RF) pulse By(t) is provided by an RF coil, characterized by: 1) the
tilt angle 6 — the angle between the RF field and the static field B, 2) the spectrometer reference

or carrier frequency w,.r (close to the Larmor frequency w,), 3) the pulse duration z, 4) the
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phase @, and 5) the nutation frequency wp, = |%yBlsin9| with magnitude 1 — 200 kHz. ®

Usually the RF field is perpendicular to B°, 6 = 90° but in some cases, such as in high-
resolution SSNMR, @ = 54.7° for magic angle sample spinning. The pulse duration 7 is
normally kept short ~ 1 - 1000 ps to avoid sample and coil heating. The spin Hamiltonian can
be written as

Hyr(t) = —wnu{cos(wrest + @) Iy + sin(wpest + 0) [y} during0 <t <7. (2.6)
Simply put, the RF pulse rotates the net spin magnetization M; about the x- or y-axis by the
flip angle determined by w,,t. For example, a 7/2 (90°) pulse rotates M; to the xy plane and
therefore equalizes the spin population while creating coherence (spin precession); a 7 (180°)
pulse rotates M; to the -z direction and therefore inverts the spin population. RF pulses are
amazing ways to manipulate nuclear spins and play a key role in high resolution SSNMR and
multi-dimensional NMR. In fact, nearly all NMR methodology development involves pulse
sequence programming.

A magnetic field gradient pulse G(r,t) is generated by gradient coils, and depends on
the position r and time t. The gradient may be set along x-, y- or z-axis. The spin Hamiltonian
for the gradient along z-axis reads:

Ha(t) = —yG,()zl, (2.7)
Gradient pulses further manipulate nuclear spins as well as encode and report on the spin
positions and/or displacements. They are the fundamental basis for gradient-enhanced NMR,
PFG NMR diffusometry, and imaging.
2.1.2 Single-pulse experiment
The most basic experiment in typical NMR is the single-pulse experiment, as shown

schematically in Figure 2.2b. This simple experiment involves three steps: 1) build up a
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longitudinal spin polarization along the z-axis by the external static magnetic field Bo, 2)
“rotate” the spin polarization to the transverse plane using a 7/2 pulse generated by the external
RF field B, 3) detect the oscillating electric currents in the transverse plane created by NMR
samples as a free induction decay (FID), which is then Fourier transformed to the frequency
domain to generate a spectrum.® The FID signal is encoded with internal NMR interactions
whose tensor values directly reflect molecular structure and dynamics information of an NMR

sample.

2.1.3 Internal NMR interactions

As shown in Figure 2.1, internal NMR interactions are orders of magnitude smaller
than external interactions, spanning from ~1 Hz (spin-rotation interactions) to ~ 1 MHz
(quadrupolar couplings), therefore it is impossible to cover all interactions in a single spectrum.
In the gas and liquid states, due to fast rotational and translational motions of molecules,
quadrupolar, dipolar and chemical shift anisotropy are averaged out, and so only J-couplings
and isotropic chemical shifts remain, providing well-resolved symmetric peaks. On the
contrary, in the solid state, due to highly restricted motions and large variations in
configurational distributions, quadrupolar, dipolar and chemical shift anisotropy dominate the
spectra with broad asymmetric overlapping peaks, while J-couplings and spin-rotational
interactions are negligible.

Generally, internal interactions are anisotropic and can be represented by second-rank

Cartesian tensor A. The complete Hamiltonian is given as a bilinear product®®-**

e
&
<
o~
X
N
>>§4>

>
>
>

Axx
Hine =T-A-S= (I, I, [,)| Ayx Ayy Ay (2.8)
Azx
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Here S can be spin angular momentum operators of a second or the same spin in the cases of
dipolar or quadrupolar couplings, or S can describe the Cartesian vector of the static magnetic
field in the case of chemical shift. Here we use chemical shift anisotropy (CSA) as an example
to demonstrate how internal interactions are dealt with in SSNMR. We will discuss the static
CSA spectrum in this section and how CSA is averaged under magic angle sample spinning
(MAS) in the next section, then we will demonstrate the reintroduction of CSA information by
two-dimensional phase-adjusted spinning sideband (2D-PASS) experiments in Chapter 3.
The chemical shift interaction is the most sensitive NMR interaction for structure
determination. Chemical shifts result from the indirect magnetic interactions between a nuclear
spin and the external magnetic field B® through the electron cloud surrounding the spin.'? The
external field generates a small magnetic field around the nucleus via circulating currents of
electrons and therefore changes the effective field the nuclear spin experiences as well as its
resonance frequency. In the liquid state, when molecular motions are very fast, isotropic
chemical shift is the key to chemical structure identification for most organic and biological
chemistry. In the solid state or other situations where motional averaging is not fast enough
relative to the spin interactions, chemical shift is highly orientation dependent, or anisotropic,
because the electron density around a nucleus from bonds, p- or - orbitals are not symmetric
but are orientation dependent. As shown in Figure 2.3a and b, different resonance positions in
a NMR spectrum correspond to different orientations of phospholipids versus the external
static magnetic field. The line shapes and positions provide information about the structural
organization of phospholipids, such as a bilayer with a specific orientation or an isotropic

liposome.
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Figure 2.3 (a) schematic illustration of the orientation of a phospholipid vs. the external static
field as well as the structure of a bilayer and vesicle formed from phospholipid, (b) P static
spectra of the two structures, (c) simulated static powder line shapes of chemical shift

anisotropy with varying asymmetry parameter (n¢s) values.

In order to understand internal NMR interactions, a reference frame is chosen such that
only the diagonal elements of the internal interaction tensor A are non-zero. This reference
frame is called the Principal Axis System (PAS), where A is symmetric and the non-zero
diagonal elements are the principal values. For example, in the PAS frame, the chemical-shift
tensor acs can be expressed using only three terms (principal components), oxr>, 0,5 and
oPAS characterizing the chemical shielding effect when the x, y, or z shielding axis of the PAS
is aligned with B, respectively.>13

This chemcial shift Hamiltonian can be expressed as the coupling of nuclear spin | with

the external magnetic field yB® (B® = [0, 0, B%]) through a chemical shift tensor o s:
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Hes =1 0cs yB® =yB° (lokf + Loyf + Lokf) = wol,okf . (2.9)
Here the secular (perturbative) approximation masks the two component 055 and fyoy;1, and

only I,aLF remains. aj;g indicates that the chemical-shift tensor is expressed in the laboratory-

,6,0
frame representation. After performing coordinate transformation PASLQLAB, where

(¢, 0,0) are Euler angles related to the rotation of the PAS frame to the LAB frame, the

chemical shift Hamiltonian can be rewritten as:

Csa

_ 5 P
FHeg = {O'iso +— [3cos?6 — 1 + ncssin29c052¢>]}wolz (2.10)

Here aiso = (0xx> + 0y + 052°5)/3 is the isotropic chemical shift, i.e., the center of gravity

of the static powder line shapes. a;,, is orientation independent and survives in the liquid state.
8esa = OLAS — gy, is the anisotropy parameter, indicating the maximum separation in the line
shapes from the center of gravity. ncs = (0yx — 0pp°)/8csa IS the asymmetry parameter,
indicating the deviation from an axially symmetric tensor where o3¢° = a555 and hence
Nes = 0.

A solid-state powder sample involves random orientations, therefore the powder line

shapes can be obtained by performing the angle averages for 6 and ¢
fozn f:w( 6, ¢) sin @ d8d¢ to take all possible orientations into consideration.*® Figure 2.3c

gives the static powder spectra with varying ncsvalues. With ncs = 0, the line shape fits well
with the spectrum for the liposome, suggesting a symmetric spherical organization of
phospholipids. Therefore chemical shift can be used for structure determination of solid-state
samples if well-defined CSA line shapes can be extracted from SSNMR experiments. This is
usually difficult due to the highly reduced sensitivity and resolution, except for some orientated

liquid crystals with relatively fast motions. Fortunately, SSNMR has developed outflanking
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tactics to remove CSA for high resolution and then reintroduce CSA through delicately
designed pulse sequences.

Apart from chemical shift, dipolar and quadrupolar interactions are the other two most
important interactions in SSNMR. While two spins can communicate with each other directly
through dipole-dipole interactions, the additional electric quadrupole moment possessed by
quadrupolar nuclei with spin | > % has an electrostatic interaction with the electric field
gradient of surrounding electrons. Both can be used to extract structural and motional
information of materials under consideration. Details can be found in many references.®*

2.2 High-resolution solid-state NMR (SSNMR)

As mentioned above, the peaks are usually so broad and overlapping in NMR spectra
for solid-state samples that little useful information can be obtained. Fortunately, two
techniques serve as the foundation to achieve enhanced resolution and sensitivity for SSNMR
spectra, magic angle spinning (MAS)***® and cross polarization (CP).13 16
2.2.1 Magic angle spinning (MAS)

Looking at the Hamiltonians in Equation 2.10, in order to completely remove the
anisotropy of chemical shift, we need to 1) set (3 cos?6 — 1)/2 = 0, and 2) rotate infinitely
fast to make the time average of the trigonometric terms vanish. Therefore the solution is to
locate a sample system in a rotor which rotates rapidly about an axis titled by the angle 6 =
arccos(1/v/3) = 54.74° with respect to the static magnetic field B (z-axis).!” Figure 2.4a
shows that the three axes x, y and z are completely symmetric when looking along the space
diagonal of a cube. Fast spinning of a sample (relative to the spin interaction frequencies)
around this axis lets the sample experience the time and space average of NMR interactions,

therefore CSA, dipolar interactions and first-order quadrupole interactions are removed, and
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only the isotropic chemical shift o;5, and partial second-order quadrupole interactions remain.
Figure 2.4b shows the line shapes of CSA under magic angle sample spinning with varying
spinning rates or. The spinning (frequency modulated) side bands resulting from trigonometric
terms are equally distributed by or and eventually disappear when o is significantly greater
than the internal interactions that broaden the spetrum. Therefore MAS elevates both resolution
and sensitivity of SSNMR spectra.1*1> 18 In Chapter 3 and 4, MAS is employed for SSNMR

studies of several polymer membranes and a supramolecular assembly.
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Figure 2.4 (a) The magic angle is the angle between the space diagonal of a cube with any of
its axes. (b) MAS line shapes with varying sample spinning speed o, compared to CSA static

powder line shapes.
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2.2.2 Cross polarization (CP)

Cross polarization (CP) is an experiment designed to enhance signals for low-y nuclei
such as *C and ™N. The major problem with direct detection of low-y spins even with H
decoupling is low signal intensity caused by 1) low isotopic abundances, e.g., 1.08% natural
abundance for 3C, 2) low spin polarization, e.g., y(*3C) is only ~ 1/4 of y(*H), and 3) long
spin-lattice relaxation time Ty leading to a dramatic increase in experimental time (5 T: for a
single scan), e.g., T1(*3C) is ~ 20 s but can be as long as ~100 s in some samples while T1(*H)
is ~ 3 s in water and much shorter in solid samples. A smart way to conquer this problem is to
transfer spin magnetization from high-y abundant nuclei (such as *H or *°F) to low-y rare
nuclei. This method works on both liquid-state or solid-state samples, but with different pulse
sequences utilizing different internal interactions. In solution NMR, the magnetization is often
initially generated for H, then transferred to neighboring **C via J-couplings, and then
transferred back to *H for detection (also via J-couplings), leading to a significant increase in
signal intensity and thus a dramatic decrease in experimental time.2%2! In solid-state NMR, this
technique is called cross polarization (CP), and is used to transfer magnetization from protons
to neighboring low-y rare nuclei through dipolar couplings.®

Figure 2.5a (upper) shows a Hartmann-Hahn?? CP pulse sequence where initially a 7/2
pulse applied to *H spins transfers proton magnetization to xy-plane, immediately followed by
simultaneous application of two continuous RF pulses on both channels, which makes so-
called “CP contact” between the two spins and transfers magnetization from *H to 3C, and
finally 3C signal is detected directly under *H decoupling. During the CP contact time, the two
RF pulses have distinct reference frequencies w,.r but identical nutation frequency wpy;

(Section 2.1.1), for example, w,of(*H) = 400 MHz, w,of(*3C) = 100 MHz, w,u(*H) =
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Wyt (BPC) = 100 kHz. So the two spins oscillate rapidly at their own Larmor resonance
frequencies while rotating independently around the RF field direction at the same nutation
frequency. A simple analogy is two planets rotating rapidly around their own axes with distinct
rates but traveling around a sun with the same speed. If dipole-dipole interaction exists between
the two spins, a “flow” of magnetization is created from highly polarized spin (*H) to poorly
polarized spin (*3C). Therefore the strength of *H-13C dipolar interaction is a determining factor
for polarization transfer efficiency. For example, carbons with more protons directly attached
to them are faster to build up polarization, while unprotonated carbons are less efficiently
coupled during CP contact and need longer CP time. However, T relaxation also occurs during
CP contact so the polarization build-up starts to decrease after a certain time. Therefore by
changing CP contact time or comparing NMR spectra obtained from CP-pulsed and single-
pulsed experiments, one can determine the protonation degree of carbon atoms. Moreover, the
relaxation delay required for repeating scans is determined by T1(*H) instead of T1(*3C) for CP
pulse, further decreasing experimental time.

Figure 2.5b shows an example to demonstrate the signal enhancement effect caused by
Hartmann-Hahn CP pulse sequence (upper) comparing to a single-pulse experiment (lower),
both with MAS.Z Due to the high sensitivity and short relaxation time of *H compared to 3C,
a ~ 45xsignal enhancement can be obtained for 3C in this sample. The combination of CP
and MAS is usually called CPMAS and become a routine operation for low- y or rare nuclei

in SSNMR.?%5 All experiments in Chapter 3 are based on CPMAS.
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Figure 2.5 (a) Hartmann — Hahn CP pulse sequence of *3C by *H with *3C detection under *H
decoupling (upper) and *3C single-pulse experiment with *H decoupling (lower), (b) 3C MAS
spectra (spinning speed = 12 kHz) of unlabeled alanyl histidine powder: with CP enhancement
(upper) and in a single-pulse experiment (lower). The recycle delay was 2 s for the CP
experiment, but 60 s for the single-pulse experiment, leading to ~ 45> enhancement in terms

of signal per unit of time.?

2.3 Pulsed-Field-Gradient (PFG) NMR

Magnetic field gradients, by definition, are spatially varying magnetic fields and can
be used to encode spin spatial positions.?® They are the fundamental tools for two important
techniques: PFG diffusometry and MRI. The main function of a gradient G(r,t) is to generate
spatially distributed Larmor frequency w,(r) along with its associated phase shift w,(r)t,
which can be detected to yield spatial (position) information in MRI or to provide translation

motion (displacement) measurement in PFG diffusometry. For simplicity, we consider a single
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gradient applied along the z-axis with magnitude g and duration &. Phase shift @(z, t) of a spin
at position z and time t can be written as:
D(z,t) = wo(z2)t = yByt + yzgt during0 <t <§. (2.11)
To better understand the effect of magnetic field gradient, we introduce a concept:
isochromat, which is a collection or aggregate of “like” spins. Spins are “alike” if they are of
the same isotopic species and in the same chemical and physical (net magnetic field)
environment. In an inhomogeneous field, an isochromat is large on the atomic scale, containing
a sufficient number of spins to obey well-defined statistical averages. When an external
(usually pulsed) gradient is applied, the size of an isochromat is determined by the gradient
strength and the spatial resolution of the measuring technique. The typical length scale of an
isochromat is ~ 1 pm in MRI, but only ~ 1 nm under a high gradient applied in PFG

diffusometry.?’

Figure 2.6 schematically illustrates how molecular self-diffusion is measured using a
typical PFG experiment.?’2® PFG methods form the basis of many of the experiments
described in Chapters 4 and 6 in this thesis. In a pulsed-gradient spin echo (PGSE) sequence
(Figure 2.6a upper), the first 90 pulse rotates the net magnetization from the z-direction to the
xy-plane. Immediately after the RF pulse, all spins precess with the same frequency w, = yB,
under the static magnetic field Bo, so before the first (linear) gradient pulse, isochromats at
different positions are in phase. When the first gradient pulse is applied, isochromats precess
with position-dependent angular frequency wy(z) = yBy + yzg , leading to a spatially
distributed phase angle @(z) = yB,d + yzgd at the end of the gradient pulse with duration &.
@(z) varies continuously and linearly in space and forms a helix profile along the gradient

direction. Such a process is called phase encoding since it establishes a relationship between
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phase angle and molecular position. If molecules with spins are fixed in position during the
time period A (the delay between the first and second gradient pulses) the 180 °RF pulse inverts
the helix phase, and the second gradient pulse of the same strength, duration and sign perfectly
rewinds the helix, producing a maximum echo signal when all the spin isochromats come into
phase again, with a signal intensity denoted as lo. If there are translational molecular motions
during the time period A, a distribution of phases encoded with the history of the motions
disturbs the complete refocus of the spin isochromats after the second gradient pulse, leading
to a loss of magnetization phase coherence and thereby a decrease in NMR signal intensity

(denoted as I).
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Figure 2.6 Gathering diffusion information from PFG experiments. (a) Pulse timing schemes
of PGSE (upper), PGSTE (middle) RF pulse sequences and gradient pulses (lower). (b)
[llustration of molecular diffusion during the PFG pulse sequence. Dots with different colors
represent spin isochromats at different positions along the vertically placed NMR tube. The
colored arrows represent net spin magnetization of each isochromat. The first magnetic field
gradient encodes the spin positions and the second gradient decodes the positions. If molecular
diffusion happens during mixing time A, phase coherence over the whole sample is partially
lost due to the change in spin positions, leading to a diffusion-dependent signal attenuation. (c)
Signal intensity decreases as the gradient strength increases due to diffusion.?® Signal
attenuation is a function of gyromagnetic ratio y, gradient strength g, gradient duration 9,
diffusion time A, and diffusion coefficient D. (d) Stejskal-Tanner equation for free diffusion

and fitting experimental data to obtain D from signal attenuation.28:2°

Considering signal decay due to the spin relaxation during the pulse sequence, if the
signal intensity right after the first 90 °RF pulse is defined as So, for PGSE pulse sequence, we
have®

Iy = Spexp(—2t/T,) with 2t > A. (2.12)
In some cases, especially in soft materials, T, is very short, for example, T, (*H) of some ionic
liquids soaked into ionic polymers is ~ 1 ms, while T;(*H) is ~ 1 s. In this case, diffusion time
A can only be set to very short values and so PGSE is often impractical (insufficient lo)
considering the necessary gradient duration and post-gradient stabilization time. Fortunately,
an alternative, pulsed-gradient stimulated echo (PGSTE) sequence (Figure 2.6a, middle),

works better than PGSE for many soft materials, with a second 90< pulse storing the
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magnetization along the z direction to allow increased gradient pulse delay A and relaxation
under T; instead of T, before the third 90 <pulse:*

Iy = Soexp(—2t/T, —t'/T;) with t+17" >A. (2.13)
For soft materials with T; > T,, PGSTE supports measurements with much longer diffusion
times and produces much better signal intensity than PGSE.

In PFG experiments, what is directly measured is the displacement along the gradient
axis that happens during the diffusion time A. More precisely in statistical language, PGSE
and PGSTE measure the conditional probability of finding a spin at position r; after time
period t with an initial position ry, P(ry, r;,t), which depends on the net dynamic
displacement R = r; —r,. Here we will not discuss the details about how to obtain P(ry, 1y, t)
and diffusion information, but simply show the results. For free and isotropic diffusion, the
Stejskal-Tanner equation gives the signal intensity?® 2°

I = Iyexp(—Dy?g?62%(4 — §/3)) = I, exp(—Db) (2.14)
with Stejskal-Tanner paramter b = y2g26%(4 — §/3). Usually in PFG experiments, signal
attenuation I /1, is measured as a function of the gradient strength g, and the self-diffusion
coefficient D can be obtained directly from the slope of fitting In(/,/I) vs. b using the
Stejskal-Tanner equation (Figure 2.6d).

2.4 Magnetic resonance imaging (MRI).

MRI is the youngest but the most popular and well-known technology in the NMR
family. MRI has been developed extraordinarily quickly since its discovery,® due to its high
power and demand in medicine. Chapter 4 of this thesis relies on time-resolved MRI to track
drug delivery agents in simulated tissue. A remarkable difference of MRI from NMR

techniques is its intricate and widespread use of magnetic field gradients. Figure 2.7a shows
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the conventional spin-echo pulse sequence for MRI,3233 with three orthogonal linear gradients
required for 3-D image reconstruction. The RF pulse sequence is a basic spin-echo sequence
with a “soft” (frequency bandwidth-selective) 90pulse to generate transverse magnetization
and a 180°pulse to reverse all the phases of spin precession to form a signal echo. Slice
selection is achieved by the combination of 1) a gradient which provides a linearly varying
magnetic field with Larmor frequency w,(z) = yB, + yzg directly related to slice location,
and 2) the soft RF pulse that only excites a specific frequency band corresponding to a specific
spatial slice of a sample. Therefore only spins in a selected 2D region (slice) can be excited by
the soft 90 °RF pulse and be imaged. In the phase encoding direction, the pulsed gradient is
applied with its magnitude incremented after each repetition of the experiment. Fourier
transform of a complete set of phase encoded signals (repetitions) provides spatial information
along this direction. In the frequency encoding direction, the gradient is applied during the
readout of the echo, directly linking spatial location to frequency. Here we will not look into
the details about how these gradients work to construct 3D images, but focus on the different
signal contrast, or intensity variation, obtained in MRI images.

Contrast is probably the most fundamental characteristic of an image. In medical
imaging such as X-ray radiography and ultrasound, contrast is created by the differential
interactions between the radiation and the body tissues. X-ray imaging contrast is dependent
on differences in electron density, and ultrasound imaging contrast on differences in acoustic
impedance. On the contrary, MRI allows for “manipulation” or “editing” of contrast in images
to optimize visualization of one tissue or another, using a huge variety of NMR techniques that

selectively emphasize a certain contrast mechanism. In spin echo imaging, the most important
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contrast mechanisms include spin relaxation (T1 and T>), spin density, diffusion, flow, etc. Here
we will focus on spin relaxation weighted contrast.
There are two important time parameters TE and TR in the spin-echo pulse sequence.
TE is the echo time between the 90 “pulse and the refocused echo, during which T> relaxation
is active. TR is the repetition time, the total length of time between repetitive scans, including
the acquisition time and delay time during when Ty relaxation is active. Therefore signal
intensity from a conventional spin-echo MRI can be expressed as:
S =S,(1— e TR/T)e~TE/T (2.15)
Here S, is the signal intensity immediately after the first 90 “pulse, and can be linked directly
to proton density. To obtain Ti-weighted images, TE is short (< 40 ms) to minimize the T»
effect and TR is short (< 750 ms) to emphasize differences in T1 (Figure 2.7d). Spins with
shorter T1 create brighter regions in the image. For T>—weighted images, TR is long (> 2000
ms) to minimize the Ty effect and TE is long to emphasize differences in T2 (Figure 2.7¢). Spins
with longer T> create brighter regions in the image. For example, tissues with increased water
amount have relatively long proton T1 and T2 and therefore show as dark regions in T1-weighted
images but bright in T>-weighted images, while fat-based tissues have relatively short T; and
T» and therefore show as bright regions in Ti-weighted images but dark in T>-weighted images.
Another commonly used method is to keep TE short and TR long to minimize the effect of
both T1 and T, therefore the contrast directly reflects proton density. Note that differences in
T1 may be completely eliminated if TR is long enough, but the T effect can only be diminished
to a certain level because TE has to be long enough to accommodate all the gradients. These

aspects of weighting are used explicitly in Chapter 5 of this thesis.
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Another spin relaxation weighting technique prepends a 180<pulse to the spin-echo
pulse sequence (Figure 2.7f) with a delay time TD that can selectively destroy the signal from
a tissue.®* As shown in Figure 2.7c, the 180 <pulse inverses spin magnetizations of all species

from the z to —z direction, which recover to equilibrium according to their respective T

relaxation, with zero signal obtained at time TD = T, - In 2 for a given species. Signal intensity
from this inversion-recovery spin-echo MRI is given by:

S =So(1 — e TR/M1)e=TE/T2(1 — 2¢=TD/T1) (2.16)
This sequence is exploited for fat suppression clinically, and is used in the agent-tracking
experiments of Chapter 5.

In medical imaging, contrast agents are usually used to enhance the visibility of certain
body tissues or structures temporarily, such as barium-sulfate compounds used in X-ray
radiography. MRI contrast agents can shorten T1 or T of surrounding water to provide better
contrast in Ti- or T»-weighted images and these are called T: or T» relaxation agents,
respectively. A simple relationship between the relaxation times and the concentration of

contrast agents reads:

1 1

—=—14rcC (2.17a)
T; T1,o

1 1

— =41 (2.17b)
T, Tz,o

Here T1,0 and T2, are the natural relaxation times of water or other solvents without contrast
agent, r1 or ro are molecular relaxivity. Higher r1 or r2 indicates less contrast agent is required
to obtain the same contrast enhancement. In Chapter 5, we will use the experimental setup

shown in Figure 2.7b to study the diffusion process of contrast agents into biogels by the
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different relaxation weighting techniques mentioned above, some examples of their images

shown in Figure 2.7d, e and f.
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Figure 2.7 (a) Spin echo imaging sequence with two important time parameters TE (echo time)

Y

\4

and TR (repetition time).>! (b) Experimental setup with an imaging contrast agent solution
diffusing into a gel, an example used to demonstrate the difference in three imaging techniques,
with their RF pulse sequences and images displayed in (d) T1-weighting, (€) T2-weighting and

() T1-null-weighting. (c) Determination of TD (delay time) used for pulse sequence in (f).

In summary, this Chapter quickly reviews basic NMR external (user applied) and

internal (molecular) interactions, and introduces three distinct NMR methodologies: high-

49



resolution SSNMR, PFG diffusometry, and MRI. SSNMR will be employed in Chapter 3 for
structure and dynamics studies of polymer membranes. PFG diffusometry will be the major
method for transport studies of supramolecular assemblies (Chapter 4) and the ionic polymer
Nafion (Chapter 6). Time-resolved MRI will be the main tool to investigate nanoparticles
diffusing into biogels in Chapter 5. These various NMR techniques provide comprehensive
ways to investigate and correlate the structure, dynamics and transport properties of soft

materials.
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Chapter 3

Solid-state NMR Studies of Polymeric Membranes

Section 3.2, 3.3 and 3.4 are adapted from the NMR sections of the following references: M.
Allen, S. Wang, S. Hemp, Y. Chen, L. A. Madsen, K. I. Winey, and T. E. Long.
Macromolecules 2013, 46, 3037 ©2013, American Chemical Society; B. Zhang, J. Spano, Y.
Chen, R. Turner, and S. Wi. J. Phys. Chem. B 2012, 116, 7970 ©2012, American Chemical
Society; and C. H. Lee, K.S. Lee, K. S. Lee, O. Lane, J. E. McGrath, Y. Chen, S. Wi, S. Y.
Lee,and Y. M. Lee. RSC Adv. 2012, 2, 1025 ©2012, Royal Society of Chemistry, respectively.
Section 3.4 also includes further studies based on the published work.
3.1 Introduction

Polymers have played an essential role in our modern life. In order to better design and
develop novel polymeric systems with desired properties, we have to understand their structure
and dynamics at molecular level. Due to highly disordered and dynamic nature of polymeric
materials, a choice of appropriate characterization methods is crucial. Solid-state NMR
(SSNMR) has been proven a powerful technique to investigate multiscale structure and
dynamics of polymers.® In this chapter, we demonstrate SSNMR applications in polymer
characterization on three novel polymer systems synthesized by other research groups.*® The
SSNMR techniques applied here include: *C CPMAS with varying CP contact time, 3C
single-pulse MAS with varying delay time, ®Na single-pulse MAS, two dimensional phase
adjusted spinning sideband (2D PASS), proton spin—Ilattice (T1), rotating frame spin—lattice
relaxation time (T1,), and the center-band-only detection of exchange (CODEX).

As the basic SSNMR technique, CPMAS can provide valuable information about
polymer structures in some cases, especially with varying times between pulses and compared
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with single-pulse MAS experiments.”® As a quadrupolar nucleus with spin 1 = 3/2, 2®Na is a
powerful probe of the local environment around the nucleus in various materials,®*? as the
quadrupolar interaction is very sensitive to atomic bonds of the nucleus, the structure and
composition of nearby molecules, and the symmetry of the surrounding charges.!* °C CSA
information obtained from 2D PASS experiment aids understanding not only the local
electronic structures but the local mobility of molecular segments.*>1¢ Ty is affected by motions
on the order of MHz regime,*’-?° whereas T, is sensitive to the dynamic processes on the order
of kHz regime.!’ 1% 2122 CODEX is powerful to investigate slow segmental reorientations of
the polymer backbone ranging from a few seconds to a few milliseconds with a high sensitivity
and resolution.?®2* The key information available from CODEX experiments are the amplitude
and correlation time of segmental motions as well as, in some favorable cases, the geometry
and number of exchanging sites involved in the motion. Therefore together these
measurements help to understand polymer structures as well as the motions of polymer chains
over a wide range of time scales from a few nanoseconds to seconds.
3.2 Structure and dynamics of hydroxyalkyl-containing imidazolium homopolymers®
3.2.1 Motivation and materials studied

Motivation. Polymerization of ionic liquid monomers enables the design of conductive
membranes suitable for electroactive devices,>2® gas separation,?? and microwave-
absorbing materials.?® In polymerized ionic liquids (PILs), the cation or anion remains
covalently bound to the macromolecule, thus restricting its mobility. The mobility restriction
advantageously prevents leakage of liquid electrolytes in electrochemical devices; however,
the reduction in ionic conductivity proves problematic. Anion selection remains a highly

researched component of cationic PILs to improve macromolecular ionic conductivity.30-3
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Materials studied. Dr. Michael H. Allen from Prof. Timothy E. Long’s group
synthesized for the first time vinylimidazolium (VIM) ionic liquid monomers functionalized
with various hydroxyalkyl groups and investigate the impact of functional substituents on
PVIM thermal properties, morphology, and ionic conductivity. Here SSNMR complemented
the X-ray results by providing quantitative ratios of nanophase-separated versus disordered
components as well as providing local molecular dynamics information. The chemical
structures of the polymerized 1-ethyl-3-vinylimidazolium bis(trifluoromethane)sulfonamide
(EVIM-TH2N), 1-hydroxyethyl-3-vinylimidazolium TfN (HEVIM-Tf,N), 1-hexyl-3-
vinylimidazolium TfN (HVIM-Tf2N), and 1-hydroxyhexyl-3-vinylimidazolium Tf2N
(HHVIM-Tf2N) are shown at the top of Figure 3.1.

3.2.2 NMR experimental section

NMR experiments were performed on a Bruker Avance 11-300 wide bore spectrometer
operating at 300.13 MHz for *H and 75.47 MHz for 13C. Polymer samples were tightly packed
into 4 mm ZrO, rotors which were used for 'H-13C cross-polarization magic-angle
spinning(CP-MAS) probe. The MAS spinning speed was set at 6.25 kHz, CP contact time 1
ms, recycle delay 5s and signal averaging 2048 scans for most experiments. A pulse sequence
known as TOSS (total suspension of spinning sidebands) at an rf field strength of 85 kHz was
combined with all CP-MAS experiments to obtain sideband-free $3C spectra. Small phase
incremental alternation with 64 steps (SPINAL-64) decoupling sequence at 62.5 kHz was used
during 3C detection for proton decoupling.

13C single pulse excitation (SPE) experiment with a recycle time of 1s and two more
CP-MAS experiments with varying contact times (50 us and 4 ms) were performed to assistin

13C resonancesassignment. Proton spin-lattice relaxation times in the rotating frame T1,(*H)
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were measured by a standard proton spin-lock sequence followed by CP, TOSS and 3C
detection with SPINAL-64 decoupling, with varying proton spin-lock time from 0.001 to 9 ms
in 16 steps for poly(EVIM-Tf2N) and poly(HEVIM-Tf2N), and from 0.001 to 18 ms in 16 steps
for poly(HVIM-Tf2N) and poly(HHVIM-Tf2N).
3.2.3 NMR results and discussion

Locally ordered vs. disordered morphology. Here we use SSNMR to unravel the
molecular associations and morphological phase separations present in these novel polymer
systems. SSNMR investigated the molecular associations and the local morphology present in
these novel polymer systems. Figure 3.1a shows standard *3C CP-MAS spectra of poly(EVIM-
T2N), poly(HEVIM-TH2N), poly(HVIM-Tf,N) and poly(HHVIM-Tf2N). The resonances from
the backbone carbons consisted of the methylene (C2) centered at 40.7 ppm as well as the
methine (C1) at 56.2 and 53.6 ppm. Upon changing alkyl chain length or hydroxyl group
incorporation to the terminus of the substituent chain, significant changes were not observed
in the chemical shifts of methylene carbons. However, the resonance line became relatively
sharper for poly(HEVIM-Tf2N) and poly(HHVIM-Tf2N) compared to poly(EVIM-Tf.N) and
poly(HVIM-Tf2N). This indicated a faster motion for the main-chain carbon with a more polar

side chain.
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Figure 3.1 (a) 3C CP-MAS spectra of poly(EVIM-Tf;N), poly(HEVIM-Tf;N), poly(HVIM-
TfoN) and poly(HHVIM-Tf:N). Assignments of peaks and their linewidths provide

information about local polymer molecular associations and dynamics. (b) Deconvolution of
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resonances between 64 - 49 ppm where 14 and 1, represent the backbone methine carbons in
homogenously disordered and locally ordered morphologies, respectively. Thus, SSNMR
enables the determination of the percent locally ordered morphology in each sample through

spectral deconvolution (shown at right of each spectrum).

Unlike methylene carbons, methine carbon resonances exhibit remarkable differences
(Figure 3.1b). For all samples the methine carbons correspond to the resonances at 56.2 ppm
and 53.6 ppm, except for poly(HEVIM-Tf2N) where the 53.6 ppm peak remains absent. These
two resonances for the methine carbons provide strong evidence of two distinct chemical
environments. In a nanophase-separated morphology, the Tf,N™ anions reside away from
nonpolar side chain aggregates and closely bind to imidazolium cations. Consequently, the
backbone methine carbons experience a more negative chemical environment compared to a
phase-mixed morphology where anions are more homogeneously distributed in the polymer
matrix. Therefore, the upfield resonance at 53.6 ppm was assigned to the nanophase-separated,
locally ordered region, and the downfield 56.2ppm to a more disordered region. Assuming
similar cross-polarization efficiencies in the two morphologies, the amount of phase separation
was quantified through deconvolution of the peaks between 64-49 ppm (Figure 3.1b). The
locally ordered fraction increased from 10% to 68% with increasing alkyl chain length from n
= 2 to n = 6; addition of the hydroxyl group to the side chain terminus decreased the locally
ordered fraction from 10% to 0% for n = 2 and from 68% to 23% for n = 6. This ordering trend
strongly agrees with and amplifies results from WAXS where the g, peak becomes less intense
and broader with hydroxyl group incorporation.

13C spectra assignments. The backbone carbons are assigned by comparing standard

cross-polarization magic angle spinning (CP-MAS) (Figure 3.1) and single pulse excitation
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(SPE)-MAS spectra (Figure 3.2 ). SPE-MAS with a short recycle time 1s reveal resonances
with short T1, which are mobile carbons of the polymer samples. The rotation of backbone
carbons are more hindered compared to side chain carbons, therefore the contribution of
backbone carbons are significantly reduced in SPE spectra. One major difference between
Figure 3.1a and Figure 3.2 is the resonances missing from Figure 3.2 between 64-49 ppm and
45-33 ppm; therefore, these missing peaks are assigned to backbone methine and methylene
carbons, respectively. The other difference between 100-140 ppm is caused by two factors: 1)
the rotation of imidazolium carbons are restricted so the resonances at 136 ppm (C3) and
between 120-130 ppm (C4 and C5) decrease in intensity and 2) the two sharp peaks at 118

ppm and 122 ppm are probably caused by mobile Tf2N-anions.

Poly(EVIM-Tf,N)

| 7

Poly(HEVIM-TH,N) |

\
\
\
\
\
Poly(HHVIM-TE,N) |

150 125 100 75 50 25 0

C (ppm)
Figure 3.2 ¥C SPE-MAS spectra of poly(EVIM-Tf;N), poly(HEVIM-Tf;N), poly(HVIM-
Tf2N) and poly(HHVIM-Tf2N). The resonances missing within the two dash boxes compared

to the standard CP-MAS spectra are assigned to backbone methine and methylene carbons,
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respectively. The rotation of backbone carbons are more hindered compared to side chain
carbons and the resultant longer T1 values prevent these carbons showing in the SPE spectra

with only a short recycle time of 1s.

In order to distinguish the anion carbons in CP-MAS spectra, different cross
polarization contact time (50 us, 4 ms) were used. Figure 3.3 shows the resonance between
100-150 ppm with 50 us and 4 ms contact time. The carbons located in the Tf2N"anion lack
protons, the intermolecular *H-'3C cross polarization from polymer matrix protons to anions
carbons depends strongly on close proximity and rigidity. Theoretically, no intermolecular CP
would occur at short contact time such as 50 ps. By increasing contact time to 4 ms, anion
carbons can form dipolar interactions with more remote protons and produce stronger signals
(the two sharp peaks at 118 ppm and 122 ppm) as a result while other carbons decrease in
intensity due to both T1,(*H) and T1,(*3C) decay during the long contact time. Therefore in the
standard CP-MAS (1 ms contact time), the resonances between 110-130 ppm have
contributions from both imidazolium and anion carbons. Further studies on these
intermolecular cross polarization signals may offer valuable information about how anions
locate and move in the polymer matrix and how the interaction between anions and polymer

matrix affects the ionic transport properties.
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Figure 3.3 13C CP-MAS spectra of poly(EVIM-Tf;N), poly(HEVIM-Tf2N), poly(HVIM-Tf,N)
and poly(HHVIM-Tf,N) with different CP contact time: 50 s (left), and 4 ms (right). The two
sharp peaks appearing at 4 ms are assigned to the anion carbons because at longer (4 ms) CP
contact time the quaternary anion carbons produce stronger signals as a result of dipolar
interactions with more remote (intermolecular) protons. All other carbons decrease in intensity

due to both Ti,(*H) and T1,(*3C) decay during the long (4 ms) contact time.

By close examination of the spectra with only imidazole carbons signals (Figure 3.3)
where anion carbons signals are eliminated by short contact time, we can see C3 is less
downfield shift than C4 and C5 by adding a hydroxyl group to the side chain for n = 2, while
for n = 6, C4 and C5 are slightly downfield shifted, but C3 is slightly upfield shifted. These
shifts suggest some amount of intra- or inter-molecular hydrogen bonding between C3 and
hydroxyl group or anions. The assignment for the peak at 118 ppm is still unknown, but it
might be caused by the arrangement of imidazolium rings in a disordered morphology.
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Proton spin-lattice relaxation time in the rotating frame Tip, (*H) analysis.
Normally for a single-component homogenous polymer or a multi-component polymer with
intimate mixing (nanoscale), one T1,(*H) value would be found for all protons due to rapid spin
diffusion throughout a given sample. Figure 3.4 shows the T1,(*H) decay of carbon resonances
between 60-52 ppm for poly(EVIM-Tf:N), poly(HEVIM-Tf:N), poly(HVIM-Tf,N) and
poly(HHVIM-Tf2N). The experimental data were least-squares fitted to a linear equation
In(M(t)/M(0)) = - ©/T1,(*H) to extract T1,(*H). For poly(EVIM-Tf,N) and poly(HEVIM-Tf;N)
with n=2, Ti,(*H) detected by backbone and side-chain carbons differ by less than 5%.
However for poly(HVIM-Tf,N) and poly(HHVIM-Tf2N) with n = 6, Ti,(*H) detected from
side-chain alkyl carbons are slightly smaller than Ti,(*H) from main-chain and imidazole
carbons. All T1,(*H) values are presented in Table 3.1, the alkyl chain Ti,(*H) being indicated

in the brackets.

-0.5

Poly(HEVIM-Tf,N)

In(M(T)/M(0))

-1.5+

Poly(HHVIM-Tf,N)

In(M(tYM(0)) = -U'T},

2.5 1 1 1
0 2 4 6 8 10
T (ms)

Figure 3.4 T,(H) relaxation measurements. Normalized carbon magnetization In(M(t)/M(0))
is plotted versus spin-lock time t for the four samples, focusing on the methine carbon

resonances between 60-52 ppm. The slope of a least-square fit provides the T1,(*H) value. All
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T1p(*H) decays are single component and are the same for backbone and imidazole carbon
resonances within one polymer system, indicating similar motional timescale for these

molecular subunits.

Table 3.1 T1,(*H) relaxation analysis

p(EVIM-TE,N) 19.7 26.1 100 1 4.1
p(HEVIM-TE,N) 8.42 11.7 150 9.1 4.6
p(HVIM-TE,N) 132 (12.6) 182 (17.1) 121 (126) 10(9.9)  4.5(4.4)
p(HHVIM-TE,N) 4.26 (3.11) 6.19 (4.82) 210(230) 84(8.0) 5.1(5.6)

Tip(*H) relaxation mechanism is usually dominated by *H-'H homonuclear dipolar
coupling for polymers under Tq, because the contribution of *H-3C dipolar interaction is
relatively small and negligible due to low natural abundance of 3C (1.08%). For the spin-

lattice relaxation in the on-resonance rotating frame, the relaxation rates can be described by
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Here (Sun), Tc, wo, and w; represent the effective *H-'H homonuclear dipolar coupling
strength at the measurement site, the segmental motion correlation time, Larmor frequency of
proton (300.13 MHz), and the field strength of spin-lock pulse, respectively. By measuring
Tip(*H) at two different e; (62.5 kHz and 100 kHz), both (Sui) and . can be solved from this

equation by Newton-Raphson algorism. The average inter-proton distance can be obtained by
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(rum) = (122 kHz/(6un)) /3 (A) because the dipolar coupling strength is 122 kHz for *H-H
with a distance of 1 A.

3.3 Local structure and segmental motions of poly(arylene ether sulfone) copolymer®

3.3.1 Motivation and materials studied

Motivation. One polymer system of industrial importance that has been highly
researched is thermoplastic polyarylethers.®% In particular, poly(arylene ether sulfone)s
(PAES) are known to have excellent thermal and mechanical properties.*® However, PAES
copolymers possess limited applications due to their poor solvent resistance and unacceptable
thermal dimensional changes near the glass transition temperature (Tg). One way that these
disadvantages can be addressed is by incorporating aliphatic segmental blocks, such as 1,4-
cyclohexylene ring units, into the polymer backbone.* It is well-known that incorporation of
cyclohexylene rings into a sequence can enhance the mechanical properties and crystallization
rate of the polymer system.5 Cyclohexylene ring containing polyesters, such as poly(1,4-
cyclohexylenedimethylene 1,4-cyclohexanedicarboxylate) (PCCD), poly(butylene 1,4-
cyclohexanedicarboxylate) (PBCHD), and poly(1,4-cyclohexane dimethylene terephthalate)
(PCT), have been widely reported in the literature; however, to the best of our knowledge, little
efforts have been done with cyclohexylene ring containing PAESs.

Materials studied. Dr. Bin Zhang from Prof. Richard Turner’s group synthesized a
series of modified poly(arylene ether sulfone)s (PAES) copolymer sequences with short ester
links for improving their thermal and mechanical properties, chemical structures shown in

Figure 3.5.
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Figure 3.5 Structures of cyclohexylene ring containing PAES samples investigated (PI, P2, P3,

and P4). The n and m values of each copolymer are 3 or 4.

3.3.2 NMR experimental section

Polymer samples in powdered form were packed into 4 mm rotors for magic-
anglespinning (MAS) *C SSNMR measurements using a Bruker Avance 11-300 wide bore
NMR spectrometer (7.05 T) operating at $3C and *H Larmor frequencies of 75.47 and 300.13
MHz, respectively. The chemical shift anisotropy (CSA) of carbon sites was measured site-
specifically by analyzing the spinning sideband patterns, which are separated by order, of a 2D
PASS experiment employing a slow magic-angle spinning (MAS) condition (1.5 kHz).
Successive rows of a 2D PASS spectrum were sheared along the indirect frequency domain so
as to align all sidebands positioning at the same frequency position. A slice obtained at a

specific frequency position provides the CSA sideband pattern of a 1*C site under investigation.

65



Numerical simulations were carried out by employing a home-built program written by the
Matlab programming language to extract CSA tensor parameters from the experimental spectra.

All of these experiments utilize a 3C-detection mode based on the Hartman-Hahn
1H-1C cross-polarization (CP) scheme for obtaining enhanced signal intensity.” 2 The
Hartman-Hahn 1H-13C CP scheme utilizes a relatively short relaxation delay (25 s) that is
governed by the shorter 1H T relaxation time rather than by the longer $3C T relaxation time.
A pulse sequence known as the total suppression of spinning sidebands (TOSS)* that consists
of a train of four z-pulses with appropriate delay times was combined with each of our NMR
pulse sequences to obtain sideband free 3C MAS spectra. The signal averaging was achieved
by adding 2048 scans with a 5 s acquisition delay time. 1Hand *C n/2 pulse lengths were 4
and 5 ps, respectively. Small phase incremental alternation with 64 steps (SPINAL-64)*
decoupling sequence at 75 kHz power was used for proton decoupling during the direct 3C

signal detection in each experiment.
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3.3.3 NMR results and discussion

170 160 150 140 130 120 110 100
13C Chemical Shift (ppm)
Figure 3.6 Details of NMR peak assignments. The aromatic segments from the polymers
focused on in our SSNMR experiments are exhibited, with different 13C sites labeled by letters
(A). Example *C MAS spectra for each of the polymer samples (B) are shown atop a solution
13C spectrum of P4 (C). The letter-labeled peaks in the solution spectrum (C) correspond to the
13C sites of the aromatic rings (A). Dashed vertical lines in B represent frequency positions
employed for CSA and CODEX experiments and show how the broad peaks in the MAS
spectra at 127 and 118 ppm match up to the peaks in the solution spectrum. Additionally, a

quaternary peak located at position H (136 ppm) is considered for CODEX experiments.

The *3C spectra of the PAES copolymers investigated in this study are shown in Figure
3.6. In the experiments mentioned herein, methine groups in the aromatic phenylene rings
indicated at B, C, F, G, J, and K sites (Figure 3.6A) were utilized for various types of SSNMR

experiments for monitoring molecular motions. Shown below the **C MAS spectra of P1-P4
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(Figure 3.6B) is a solution 3C NMR spectrum of P4 (Figure 3.6C) for guiding peak
assignments. The solution-state >*C NMR spectrum had been assigned for sites A—L and served
to aid in assigning peaks in the SSNMR spectra. The 3C SSNMR peaks centered at 127 and
118 ppm were chosen for analysis since these peaks correspond to the aromatic methine *C
sites in phenylene rings: C, F, and K (127 ppm) and B, G, and J (118 ppm). Sites B, G, and J
correspond to 3C sites that are adjacent to the 3C that is directly bonded to oxygen. Sites C
and F are three bonds away from the ether oxygen, and site K is adjacent to the 3C that is
directly bonded to the sulfone group.

Signal overlaps due to the convolution of several peaks in the frequency regions of 127
and 118 ppm may prevent site-resolved SSNMR data interpretation. In many cases, however,
this potential limitation can be lifted or, at least, alleviated in a multidimensional correlation
spectroscopy or in a technique that does not necessitate a fully resolved 1D spectrum. For
instance, a fully resolved, site-specific NMR spectrum is not a prerequisite for measuring *H
T1 relaxation time in solid state. Protons in a bulk hydrocarbon sample system in solid-state
form an equilibrium state via forming a strong *H-'H dipolar coupling network. Therefore,
protons involved in a common spin network share a uniform T1 value, not necessitating the
spectra of fully resolved peaks for *H T: measurements. In 3C SSNMR spectroscopy,
meaningful structural and/or motional dynamics information can also be obtained even from
overlapped 3C sites if spectra of samples possessing a similar type of structures are compared.

Chemical shift anisotropies (CSAs) of 13C sites in the PAES blocks were analyzed to
investigate the influence of the segmented aliphatic blocks on the local electronic structures
and motions. Shown in Figure 3.7A is, for example, the 2D PASS spectrum of P2. The central

band and multiple spinning sidebands of each *3C site in a 2D PASS spectrum are separated by
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the order along the indirect frequency domain in such a way that the frequency position of a
spinning sideband is shifted by v« xSD/SW from a band that is located a step below it, where
SD, v, and SW are the spectral data point, the spinning speed (1.5 kHz), and the spectral width
of the spectrum, respectively. All of the central and sidebands from a !3C site must be aligned
at the same frequency position in the direct acquisition domain to extract a 1D projection for
obtaining MAS sideband spectrum. For this purpose, a shearing transformation was applied to
the 2D PASS spectrum shown in Figure 3.7A by shifting each row by —k (v xSD/SW), where
k (=1, 2, ...) is the order of spinning sideband.

Table 3.2 CSA Parameters of 13C Sites Measured on 136 and 127 ppm

P, P, P, P,

peak position &% nt ) n o n o) n
136 ppm 88° 079 8 06 90 06 92 05
127 ppm 92 05 94 06 88 06 94 06
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Figure 3.7 Two-dimensional *C PASS spectrum of P2 (A). The o1 slices are sorted according
to the order of the sidebands. The MAS spinning speed used was 1500 Hz. rms statistic as a
function of the CSA parameters & and 1 of P2 (B) and P4 (C) that are measured on the *C peak
at 127 ppm. Experimental (D and F) and simulated (E and G) CSA spinning sideband bars

obtained for P2 (D and E) and P4 (F and G) are shown.

An experimental 1D MAS sideband pattern extracted from the sheared 2D PASS

spectrum was normalized in such a way that the intensity of the biggest line was set to be 1
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and the intensities of other lines were adjusted according to the relative intensity ratios with
respect to the biggest line. Numerical simulations were carried out to find the best-fit spectrum
and tensor parameters for each data set by employing a home-built program written in Matlab
programming language. The root-mean-square variance, (X(Ei — Si)?)*?, where E; and S; are the
line intensity of experimental and simulated 1D MAS spectra of order i, was calculated for
each data point on a two-dimensional grid map formed by varying trial tensor parameters, ¢
and 5. Figure 3.7, panels B (P2) and C (P4), are the contour maps, thus obtained, that show the
calculated variances, considering the MAS sideband spectrum taken at 127 ppm of each 2D
PASS spectrum. Regions of the minimum variance are visible in both contour maps. The
position of the minimum variance corresponds to the optimal ¢ and # parameters that provide
the best-fit simulation. Panels D and F in Figure 3.7 are the experimental 1D MAS sideband
spectra of P2 and P4, respectively, that are taken at 127 ppm. Panels E and G in Figure 3.7 are
the corresponding best-fit simulations of P2 and P4, employing CSA tensor parameters found
from panels B and C in Figure 3.7 (0 = 94 5 ppm; » = 0.6 £0.1). Table 3.2 summarizes CSA
values of P1-P4 samples thus obtained from 13C sites at 136 and 127 ppm. As can be seen in
the table, the range of CSA tensor parameters obtained at the common block are all very similar,
regardless of the type of segmented copolymer structures. This invariance implies that the
changes in the intermolecular packing order, ultimately the crystallinity of the polymeric
matrix, due to the introduction of aliphatic segments span over long distances involving a few
adjacent segmented domains. The aromatic PAES segments may form local structural domains
that are isolated from the aliphatic segments on the nanoscopic scale.

Slow Segmental Reorientation Dynamics. Figure 3.8 shows 3C CODEX NMR data

measured on P1 (B—C) and P4 (C—F) detected at 154, 127, and 34 ppm and the corresponding
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best-fit simulations to extract the correlation times of the slow reorientational dynamics of
polymers. We have chosen only two extreme examples P1 and P4 to extract the influence of
the aliphatic segmental blocks on the chain dynamics of aromatic PAES block. Demonstrated
in Figure 3.9A are the pure exchange CODEX spectra (AS = So — S) of P4 sample recorded at
several exchange mixing times, tm's, under a fixed CSA recoupling time, tcsa = 0.32 ms (N =
4; tcsa = 217). Peaks shown in the pure exchange CODEX spectra are those 3C sites that
undergo conformational reorientations during the CODEX mixing time. Shown on the bottom
of Figure 3.9A for comparison is the CPMAS spectrum that shows all the carbon sites
regardless of the relative mobility of conformational reorientations. Plotted in Figure 3.9B—F
are pure CODEX exchange signal intensities, AS = (So — S), of P1 and P4 samples recorded at
154, 127, and 34 ppm that are normalized by SO, where SO is the signal intensity recorded by
switching tm and t; in the CODEX pulse sequence to compensate signal loss due to the T, and
T> relaxations. As the mixing time tm increases, the spectral intensity of AS/So increases as

expected.
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Figure 3.8 CODEX NMR data of P1 and P4. Pure exchange CODEX spectra of P4 (A)
recorded by varying tm with tcsa = 0.32 ms and t; = 1.12 ms. The normalized tm-dependent
CODEX dephasing intensities (B—C: P1 and D—F: P4) measured on the *C peaks at 154 (B
and D), 127 (C and E), and 34 ppm (F). Error bars are obtained by calculating the signal-to-
noise ratio (SINO) of both signal (S) and reference (So) spectra according to d6(S/So) =
(S/S0)[(1/SINO)so + (1/SINO)s]. Aromatic methine groups with (P4) and without (P1) aliphatic,
segmented copolymer blocks demonstrate different motional correlation times in CODEX
experiments. A long aliphatic, segmented copolymer block included in the common aromatic
block has resulted in slower motional reorientations for both quaternary and methine carbon

sites in the common aromatic segments.

Filled, red circles with error bars in each graph in Figure 3.8B—F were used to designate
the experimental AS/So intensities recorded at 154 [B (P1) and D (P4); aromatic quaternary
carbons], 127 [C (P1) and E (P4); aromatic methine sites], and 34 ppm [F (P4); aliphatic carbon
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sites], respectively. Our experimental CODEX data were fitted to a stretched exponential
function, A[1 — exp (—(tm/10))]*, where A (0 < A < 1) is a value to which the AS/Sy signal
intensity approaches asymptotically at a long mixing time and B and 1o are the stretched
exponential coefficient and the center of the correlation time, respectively. The  coefficient is
related to the width of the correlation time distribution.“® Then, the mean correlation time, <tc>,
for the segmental reorientational motion, for instance, of phenylene ring-flips is related to <to>
and B values by <tc> = (10/ B)['(1/B), where I' is the gamma function. The mean correlation
times and the stretched exponential coefficients thus obtained from the curve fitting are
summarized in Table 3.3.

Table 3.3 Mean correlation times and stretched exponential coefficients obtained from the tm-

dependent CODEX data.
P, b,
154 ppm 127 ppm 154 ppm 127 ppm 34 ppm
A 0.877 0.891 0.925 0.844 0.37
7y (ms) 102 +3 90. +3 91 +3 81+3 385+ 20
i 1.40 & 0.05 1.07 + 0.05 0.904 + 0.02 0.990 =+ 0.02 0.72 + 0.10
(7.} (ms) 93+£3 88+3 95+ 3 82+3 475+ 20

As can be seen in Table 3.3, the best-fit CODEX simulation data obtained employing
the stretched exponential function model have provided a correlation time within the range of
82 (£3) to ~88 (x3) ms for the aromatic methine sites and virtually invariant values (93 [£3]
to ~95 [£3] ms) for the aromatic quaternary carbon sites. Although the <tc> values for the
aromatic methine sites with and without aliphatic segmentation are not significantly different,
the difference is at least beyond the error bound detected (=3 ms), indicating that the aliphatic
segmentation in the m-blocks speeds up the rotational reorientations of aromatic pheneylene
rings present in the n-blocks. Thus, an inclusion of the aliphatic blocks in the copolymer
sequence had resulted in an increase in the rate of the segmental reorientation motion of
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aromatic methine site, while maintaining a virtually invariant rate for quaternary sites. This
implies that an inclusion of the aliphatic, segmented block in the polymer sequence may have
resulted in an overall increase of the free volume in the polymer matrix, making the ring-flip
motions of aromatic rings more favorable. The correlation time of the aliphatic chain motions
observed at 34 ppm of P4 was much more slower (475 20 ms) than those of aromatic sites.
The reorientational motion of aliphatic segments would be less favorable than the aromatic
phenylene rings, which can undergo much easier ring-flip motions around the positions where
they are located, because aliphatic segments would encounter more restrictions from the nearby
chains against their reorientational rotations or translations. The slow reorientational dynamics
of polymer chains would possess multiple motional modes with a distribution in the magnitude
of correlation times because the inhomogeneous nature of the solid matrices include both
crystalline and amorphous regions.

Another experimentally observed feature is that the line width of peaks in the CODEX
spectra is narrower than those peaks in the CPMAS NMR spectrum ( Figure 3.8A). This feature
would be attributed to the difference in the relaxation times (both T1 and T>) of the amorphous
and crystalline regions. The 3C sites in the amorphous regions would possess shorter
relaxation times. Therefore, *3C signals in CODEX spectra are mainly from the crystalline
regions in the polymer matrix because peaks from the amorphous regions might have
underwent more signal decays during the periods of relatively long CODEX mixing times. As
can be seen in Figure 3.8A, the pure exchange CODEX spectra are indeed sharper than the
CPMAS spectrum, indicating that the motional characteristics revealed in the CODEX spectra

are mainly from the crystalline domains in the polymer matrix.
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3.4 Thermal annealing of disulfonated poly(arylene ether sulfone) random copolymers*
3.4.1 Motivation and materials studied

Motivation. Polymer electrolyte membrane fuel cells (PEMFCs) are ecofriendly
alternative power sources with high energy efficiency, fuel flexibility (e.g., hydrogen, and
methanol) and zero pollutant emission.*”**® Appropriately controlling membrane preparation
conditions may enhance the physicochemical properties (e.g., proton conductivity) of polymer
electrolyte membranes, particularly those made up of sulfonated hydrocarbon materials. Most
of sulfonated hydrocarbon materials used for PEMs are amorphous glassy polymers in the non-
equilibrium state. Thus, the thermal history during membrane preparation may influence the
packing density of their polymer chains and may change the hydrophilic and hydrophobic
domain characteristics, such as size and phase separated morphologies.*® Thermal annealing is
a simple route for stabilizing glassy polymers via the densification of their polymer chains and
is accomplished through thermal treatment of the glassy thermoplastics.>%>* The objective here
is to investigate the changes of fundamental film characteristics, including morphological
transformation, after a thermal treatment of sulfonated copolymers, particularly with directly
copolymerized poly(arylene ether sulfone) random copolymers.

Materials studied. Dr. Chang Hyun Lee from James E. McGrath’s group synthesized
copolymerized disulfonated poly(arylene ethersulfone) copolymers containing 2,2°-
isopropylidene diphenol units (BisA-XX, XX mean mole percent of hydrophilic moieties),
chemical structure shown in Figure 3.9. Then, the cast polymer solution was dried under two
different thermal protocols; one set was dried at 60 <C in an oven without vacuum for 2 days
(BiSAXX_60 <C), while the other set was thermally treated under vacuum at 150 <C for an

extra 2 days after initially being dried at 60 <C for 2 days (BisA-XX_150 <C).
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Figure 3.9 Chemical structures of directly copolymerized poly(arylene ether sulfone) random
(BisAH-XX) copolymers in metal form (—SOsNa). Here x means the molar ratio of hydrophilic

moieties.

3.4.2 NMR experimental section

Cross-polarization magic-angle spinning (CPMAS) *C NMR spectra were performed
with a Bruker Avance 11 300 MHz wide-bore spectrometer operating at Larmor frequencies of
75.47 MHz for 3C and 300.13 MHz for 1H nuclei. Samples (50-60 mg) in thin film forms
were cut into small pieces for packing into 4 mm MAS rotors for MAS experiments. Spin-lock
pulses of 1 ms duration were applied along both 1H and *3C channels for CP, employing a 50
kHz rf-field at the 3C channel and a ramped rf pulse at the *H channel whose rf-field strength
changes linearly over a 25% range centered at 38 kHz. A pulse technique known as total
suppression of spinning side bands (TOSS) was combined with a CP sequence to obtain
sideband-free 3C MAS spectra at 6 kHz MAS spinning speed. NMR signal averaging was
achieved by co-adding 2048 transients witha 4 s acquisition delay time. *H and *3C p/2 pulse
lengths were 4 ms and 5 ms, respectively. The small phase incremental alternation with 64
steps (SPINAL-64)40 decoupling sequence at 63 kHz power was used for proton decoupling
during *3C signal detection.

The centerband-only detection of exchange (CODEX) experiment was used to probe
the slow segmental reorientation of the copolymer backbone with time scales in the ranges of

1-3000 Hz in solids. The CODEX experiment has a special advantage in the signal sensitivity
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and resolution because it utilizes only the centerband of a MAS spectrum. The CODEX
experiment monitors signals that diphase due to the segmental reorientations of polymer chains
that would induce changes in the orientation-dependent chemical shift frequencies. The MAS

spinning speed employed in our CODEX experiments was 6.25 kHz.

3.4.3 NMR results and discussion

Figure 3.10 shows (a) motional dynamics and (b) molecular ordering information of
sodium ions of BisA-XX, depending on DS and thermal annealing history, studied by solid-
state NMR. *H T; data (detected via directly attached *3C signal by employing a short cross-
polarization (~ 150 ps)) in Figure 3.10 (a) provides information on the segmental vibrations of
protons in BisA-XX aromatic phenylene rings whose frequency range is near the proton’s
Larmor frequency (o = 3 %108 Hz under 7.05 T). Here, the data were obtained in the fully
hydrated state at an ambient temperature. *H T1 was shortened as the DS value of BisA-XX
copolymers increased, because highly absorbed water molecules in high DS BisA-XX systems
act as plasticizers softening the polymer chains. The T1 was much reduced after the thermal
treatment at 150 <C. The T1 difference between BisSAXX 60 T and BisA-XX_ 150 <C
becomes larger at a high DS. This behavior can be explained by a basic *H T; relaxation
mechanism governed by *H-H homonuclear dipolar interactions:

47,
+
1+ (2 wyt,)?

1 T,
T_1 = (tun)? (1 n (onc)Z) (3.2)

where, {uyy) and T, means the effective *H-'H dipolar coupling strength and the motional
correlation time, respectively. 7. is not largely different in the polymer systems with the same
chemical compositions. Ty is inversely proportional to {u)?. It indicates that the shortened

T, after the heat treatment can be attributed to improved effective *H-H dipolar interactions
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as a result of the formation of compact BisA-XX microstructures. The thermal annealing
effects were more observable in BiSAXX_150 <C samples with a higher DS.

23Na solid-state NMR spectroscopy (Figure 3.10b) was employed to investigate the
thermally induced molecular order/disorder in the hydrophilic domains in BisA-XX. For this,
all BisA-XX samples were successively treated in boiling 0.5 M H>SO4 for 2 h, boiling
deionized water for 2 h, 0.5 M NaCl for 3 days, and deionized water for 1 week to convert
counter ions to —SO3~ from K* to Na* thoroughly. Here, Na* ions were used as probes to
observe the molecular ordering environment in hydrophilic domains, as Na" ions make a
complex (-SOzNa) with —SOzgroups in BisA-XX and their quadrupolar interaction (spin 3/2)
would be sensitive over the structural and dynamic environments. The characteristic Na peak
was sharpened as the DS increased, indicating that the packing order or distribution of sodium
ions became more uniform. Furthermore, the 2Na peaks of non-annealed BisA-XX_60 <
shifted slightly with increasing DS, but their shifted peaks, particularly in BisA-40, returned
to positions similar to others, after the thermal treatment. This behavior may be related to the
changes of sulfonic acid density in the BisSAH-XX matrix after the thermal annealing, which

is discussed in volume-based ion exchange capacity.
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Figure 3.10 (a) 'H-T1 plot and (b) 2Na NMR spectra of BisA-XX_60 <T and BisA-

XX_150 <T.

3.5 Conclusion

In this chapter, We employed solid-state NMR (SSNMR) spectroscopy to study
structure and motional dynamics of three different copolymers. Our results include: 1) The
quantified ratios of locally ordered versus disordered components shows that the increased
polarity of the hydroxyl substituent diminishes the local compositional heterogeneity of polar
and nonpolar phases present in the AVIM homopolymers. 2) The invariance of CSA tensor
parameters obtained at the common PAES block regardless of the type of segmented
copolymer structures implies that the changes in the crystallinity of the polymeric matrix do

not change the local structural and motional environments of aromatic PAES blocks that are
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isolated from the aliphatic segments on the nanoscopic scale. Being measured on methine sites
in aromatic pheneylene rings, the slow reorientational motions of polymer chains that occur
within a few milliseconds regime become slightly faster as the aliphatic segment blocks are
introduced in the copolymer sequence. The increased conformational flexibility of the
segmented blocks enables rotational reorientations of polymer chains more favorable and faster.
3) Segmental vibrations of protons in BisA-XX aromatic phenyl rings (or *H-'H dipolar
interaction) are enhanced and, thus, their Ti1 relaxation values became shorter. The
characteristic peak of 2Na solid-state NMR, where Na* ions were used as probes to monitor
the molecular ordering environment of BisA-XX hydrophilic domains, was also sharpened
after the thermal annealing. This implies that the packing order or distribution of sodium ions
(in other words, sulfonic acid groups) in BisA-XX became more uniform after annealing. This
behavior was more clearly observed in BisA-XX that had a high disulfonation content. In
summary, various types of SSNMR spectroscopic methods can provide a wealth of structural
and dynamic information complementary to other characterization tools, leading to a better

understanding and controlling these copolymer materials.
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Chapter 4

Humidity-Modulated Phase Control and Nanoscopic Transport in

Supramolecular Assemblies

Sections 4.1 — 4.3 and 4.6 are reprinted from the following reference: Ying Chen”, Mark D.
Lingwood”, Mithun Goswami, Bryce E. Kidd, Jaime J Hernandez, Martin Rosenthal, Dimitri
A. Ivanov, Jan Perlich, Heng Zhang, Xiaomin Zhu, Martin Mdler, and Louis A. Madsen
(*contributed equally). J. Phys. Chem. B 2014, 118, 3207. © 2014, American Chemical Society.

Sections 4.4 — 4.5 are further studies and conclusions based on the published work.

4.1 Introduction

Supramolecular assemblies can arise from molecular building blocks with specifically
designed intermolecular interactions, such as hydrogen bonding, ionic interactions, ion-dipolar
interactions, m-stacking as well as excluded volume repulsion and shape anisotropy.** Such
assemblies allow for increased degrees of freedom in controlling macroscopic material
properties, and currently we are targeting fast ion conduction for batteries, solar cells, and fuel
cells. In particular, supramolecular materials show promise for fine control of morphology on
many length scales, including the local (few nm) length scale that principally governs ion
motion.>® Many studies have explored liquid crystalline (LC) structures formed from
supramolecular assemblies for ion conduction applications,®* however the multi-modal
characterization of such materials to correlate transport information and structure at the
molecular level has been limited. Here we describe a set of subtle mesophase manipulations

coupled with sensitive and correlated measurements of structure and transport on a
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polymerizable wedge-shaped sulfonate amphiphile. These results represent a new pathway to
material control in supramolecular phases composed of amphiphilic molecular building blocks.

Figure 4.1 shows the amphiphile molecular structure as well as a representative
supramolecular self-assembly process to form columnar phases. In these novel systems,
exposure to humid air drastically alters self-assembly, allowing for sensitive control of phase,
as shown in our previous work.® Using these manipulations, we can define nanostructures

with optimal geometry, dimensions, and dynamics for ion transport.

acrylate ¢

Supramolecular
self-assembly

Columnar hexagonal
structure

Figure 4.1 Molecular structure of the acrylate sulfonate wedge molecules used in this work.
Self-assembly of the mesogen begins with formation of supramolecular disks (tetramers) and
continues toward the classical 2D hexagonal columnar structure (at lower humidity values)
with ion conducting channels running along the column axes. When exposed to high humidity,
this structure readily transforms to bicontinuous cubic structures characterized by fast water

transport.*®
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To correlate material structure with ion transport and to understand the mechanisms of
ion conduction, it is crucial to combine multiple techniques that probe the structure and
dynamics of soft materials. In this paper, we probe supramolecular structure in detail using in
situ synchrotron grazing-incidence small-angle X-ray scattering (GISAXS) as a function of
relative humidity (RH). We also showcase the use of 22Na solid-state NMR (SSNMR) to reveal
drastic RH-dependent structural and ion association changes in these amphiphilic sodium salts.
Further, we investigate the transport dynamics using pulsed-field-gradient (PFG) NMR
diffusometry, showing that water transport in these materials depends intimately on
supramolecular structure. The unique combination of NMR spectroscopy and diffusometry
with high resolution X-ray scattering provides new insights into the coupling of structure and
morphology with molecular transport.

4.2 Experimental
4.2.1 Acrylated Wedge Molecule Synthesis and Film Preparation

We define the amphiphilic wedge molecules as “A-Na” (for acrylated molecule,
sodium salt) as shown in scheme 1. Synthesis details were described in our previous work.®
A-Na thin films used in X-ray studies were prepared by spin-coating from solutions in CHCIs
(20 mg.mlt) over Si substrates. Prior to film deposition, substrates were cleaned by immersion
in piranha solution (H2SO4:H205, 3:1) and abundant rinsing with deionized water. A-Na salt
was used in its pure bulk form as received (a waxy solid) for all NMR studies.

H,C=CHCOO(CH,)410
H,C=CHCOO(CH,)40

H,C=CHCOO(CH,);,0  SO3Na
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Scheme 1. Chemical structure of sodium 2,3,4-tris(11’-acryloyloxyundecyl-1’-oxy)benzene

sulfonate (A-Na).

4.2.2 X-ray Scattering Studies
Characterization of the A-Na films was carried out by grazing-incidence small-angle X-ray
scattering (GISAXS), a powerful technique in structural investigations of thin organic films.¢-
17 GISAXS measurements were performed at the BW4 beamline of HASYLAB (Hamburg,
Germany); the wavelength used was A=1.38A. X-ray patterns were recorded at room
temperature using a 2D CCD camera. The norm of the scattering vector s(|s|=(2 sin6)/A where
is the Bragg angle) was calibrated using a silver behenate standard. Samples were precisely
aligned to an angle of 0.4 “with respect to the incident beam. This relatively high value allowed
avoidance of the Bragg peaks due to the reflected beam, which is a frequent observation in the
GISAXS configuration.’® Immediately prior to GISAXS measurements, samples were
equilibrated at a range of RH-values for at least 1.5 hours, generated by saturated solutions of
inorganic salts in D,O (see Table 1). These various salt solutions create a well-defined RH
atmosphere above them due to the different activity of water for the salt solutions.!® The
humidity level was measured using a digital humidity sensor (Sensirion SHT75). The sample
is equilibrated above these solutions for controllable and reproducible water uptake. Water
uptake, expressed in A(H,0/S03), was determined using the following equation:

massSyer — MasSqry  MWjy_n,

A(H,0/S03) =
(H,0/505) massgry MWy, 0

Here mass g, stands for the mass of vacuum dried A-Na material, mass,ye is the mass of wet
A-Na equilibrated at various salt solutions, while MW, _y, and MWy, o are molecular weight

of A-Na and water, respectively. To this end, A-Na films were placed in a sealed

environmental chamber as depicted in Figure 4.2.
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Salt RH (%)

MgCl, 33

Mg(NO,), 55

KCl 86

pure D,O 100

Table 4.1 Inorganic salts used in the GISAXS and NMR experiments and RH conditions

obtained above their saturated solutions with D2O.

Diffracted HUMIDITY CHAMBER
beam

Kapton window

<
=}

SAMPLE Incidence beam

, : ~0.4° |
sample

DETECTOR stage

saturated solution

Figure 4.2 Schematic of synchrotron GISAXS setup. The custom-built chamber allows

equilibration above humid atmosphere at controlled RH

4.2.3 NMR Studies

All solid-state NMR experiments were performed on a Bruker Avance 111 600 MHz
(14.1 T) spectrometer using a 3.2 mm HXY probe. A-Na salt was packed into a 3.2 mm magic
angle spinning (MAS) zirconia rotor, which was then exposed to various hydration levels by
placing the rotor over different solutions for > 1 day (Table 1) in sealed chambers. Before
measurement, the rotor was removed from the hydration chamber and quickly capped.
Experiments were performed at 10 kHz and 18 kHz spinning speeds at the magic angle (54.74 9.

No spinning side bands were observed for 2Na MAS spectra with a spinning speed of 10 kHz.
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NMR spectra under static conditions were also recorded. Solid NaCl was used as external
reference for 22Na, and solid tetrakis(trimethylsilyl)silane was used as an external reference for
1H.20-22 To achieve uniform excitation, a short single pulse with 2 s duration corresponding
to 30<tilt angle was used. A total of 1024 and 8 transients with a relaxation delay of 5 s were
recorded for 2Na and 'H spectra, respectively. All experiments were conducted at 25 <C.

For relaxation and diffusion measurements, bulk solid A-Na was divided into five
samples of 10 — 20 mg each. Each sample was placed into a 1 cm length of 4 mm glass tubing
(2 mm inner diameter) with one end sealed, and placed on a vacuum line at 1 mTorr for 2 days.
Following evacuation, one sample was transferred into a 5 mm NMR tube and sealed under
vacuum. The remaining four samples were held above various solutions (Table 1) at room
temperature for > 1 day. Immediately prior to NMR measurements, samples were removed
from RH-equilibration tubes and placed into 5 mm NMR tubes along with a length of 4 mm
glass rod (to reduce dead volume) and capped.

All PFG NMR diffusion measurements were obtained using a Bruker Avance 111 wide
bore 400 MHz (9.4 T) NMR equipped with a Diff60 diffusion probe and either a 5 mm H or
5 mm 2H/*H coil (Bruker Biospin, Billerica, MA). The pulsed-gradient stimulated echo
(PGSTE) sequence?® was used to measure diffusion, with an effective gradient pulse length of
O = 2 ms (the actual pulse length of the sinusoidal pulse was 3.2 ms), a 2 ms gradient
stabilization time after each gradient pulse, a gradient pulse spacing of A =50 ms, and gradient
strengths varying from g = 20 G/cm to g = 1800 G/cm. 16 to 32 gradient steps were applied,
and the number of scans varied from 4 to 64 to yield sufficient signal-to-noise ratio (SNR).

Diffusion was measured along the magnetic field (z) direction. The self-diffusion coefficient
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D was obtained by fitting the measured signal intensity | as a function of gradient strength g to
the Stejskal-Tanner equation®-2;
[ = I,e PY’8"8%(4=8/3) = | ~Db (4.1)
where vy is the gyromagnetic ratio of the detected nucleus, and the Stejskal-Tanner
factor b = y2g%6%(A—8/3). All PFG NMR experiments were conducted at 25°C. The spin-lattice
relaxation time T was measured by the inversion-recovery method. The spin-spin relaxation
time T, was measured using an incremented echo-train CPMG pulse sequence. Errors in Ty

and T2 values are +£3%, and errors in D are +5%.

4.3 Results and Discussion

Through our coordinated GISAXS and NMR measurements, we present a detailed
picture of the supramolecular structure in the A-Na material and how mesophase structure,
channel dimensions, amorphous character, and domain boundaries influence molecular

transport.
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4.3.1 X-Ray Scattering

gyroid gyroid

RH=100%

Figure 4.3 2D X-ray patterns vs. RH. At RH < 55%, only the hexagonal columnar phase exists,
while at RH > 86% we observe predominantly bicontinuous cubic gyroid and diamond phases

together with a lamellar phase. We highlight the main peaks of each phase (see also Table 2).

We show X-ray diffractograms as a function of relative humidity (RH) in Figure 4.3,
with Miller indices of the main reflections indicated in each case. Since the patterns are
symmetric, we use only one quadrant (Figure 4.3) for peak assignment. The GISAXS patterns
show highly oriented film textures. At RH = 33 and 55%, we observe peaks with a ratio of d-
spacings of 1:1/73. Using the angular positions and d-spacings of the peaks, we assign these
peaks to the 100 and 110 reflections of a hexagonal columnar disordered mesophase (Colng).

Importantly, the film exhibits planar orientation, i.e., the column axes lie in the substrate plane.
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Water absorption of A-Na at RH = 55% results in an increase of the lattice parameter from
39.2 to 40.3A, i.e., by 3%. At higher RH the mesophase undergoes a phase transition, as
inferred from changes in X-ray patterns observed at RH = 86% and 100%. Using the d-spacing
ratios (V6: V8: V14: V16 and V2: V/3) and the angular positions of the new peaks, we identify
two cubic bicontinuous phases (Cubyi), specifically the gyroid (G) and diamond (D) phases.
These conclusions are qualitatively similar to those drawn in our previous work,'® where the
phase behavior of thin films of A-Na was studied in non-equilibrium conditions in H2O-
saturated atmosphere. However, it is noteworthy that in the present work the phase structure is
addressed in quasi-equilibrium conditions using D20 vapors to match the conditions of NMR
experiments. This difference likely accounts for the fact that, in addition to the two
bicontinuous cubic phases observed previously, we see an additional pair of peaks with a d-
spacing ratio of 1:2, which we assign to a lamellar phase. Table 2 summarizes the hkl-indices
of the observed peaks and lattice parameters. Importantly, the new phases grow epitaxially on

the parent Colng, similar to previous reports.?-%’

RH(%) | Phase hkl dexp dealc Latticeparam.
[nm] | [rm] |ab
[nm]

33 Colhg 100 |340 |3.39 |a=3.92

110 1.97 1.97
55 Colhg 100 |3.49 |349 |a=4.03

110 2.03 2.02
86 Cubyi(G) 211 [449 [4.49 |a=11.01

Cubyi(D) 110 |522 |525 |a=7.43
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200 432 |4.29

Lamellar 001 4.31 4.33 4.33

002 2.18 |2.16

100 Cubri(G) 211 554 | 553 |a=13.54
220 462 |4.72
321 3.58 | 3.62

400 3.32 | 3.36

Cubni(D) 110 | 644 |6.47 |a=9.16

111 5.32 |5.29

Lamellar 001 461 |461 |4.61

Table 4.2 Diffraction peaks pertinent to the different phases formed at different RH-values

and the corresponding lattice parameters.

Generally, the diamond and gyroid phases are related by the so-called Bonnet
transformation. The Bonnet symmetry implies that the energy of the minimal surfaces of the
two structures is degenerate. For this symmetry, the relation between lattice parameters of the
unit cells should be ac/ap = 1.57.%° In our case, at RH > 86% we found this ratio to be constant
and equal to 1.49. This difference might be explained by distortions during the G-D transition?®
or as a consequence of confinement imposed by the thin film.

The Cubyi phases appear in the phase diagram of amphiphiles during lyotropic
transitions, and are located between the columnar and lamellar structures.?® The observed co-
existence of the G, D and lamellar phases may be thought of as a violation of the classical

Gibbs phase rule. One of the reasons for such apparent violation can be the metastable behavior
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of the phases in this composition range.®® Indeed, it is noteworthy that the free energy
differences between the cubpi phases can be quite subtle. They are typically introduced into
models only in a rather detailed treatment of chain stretching contributions, thermal
fluctuations or of van der Waals or electrostatic interactions.®* Therefore, even a slightly
metastable character of the system can bring about phase co-existence. In our case, observation
of the usual epitaxial relations such as the equivalence of the 10nq and 211c peaks means that
the phase transitions in A-Na operate according to the previously reported mechanisms.?
However, contrary to the situation described in ref. 25, the films of A-Na do not form well-
defined optical textures. It is thus possible that the phase transformation process stays
incomplete due to pinning of the growing domains at the grain boundaries. Previously, the
difficulty to reach equilibrium conditions was mentioned for studies of the phase diagrams of
amphiphiles.* In particular, the metastable behavior of the cubic phases caused transformation

rates significantly longer than the typical experiment duration.
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Figure 4.4 Evolution of the lattice parameter as a function of RH (bottom horizontal axis) and
water uptake (top horizontal axis) for A-Na in different mesophases. Insets: schematic views
of the ion channel structural evolution with increasing RH, with hydrophilic channels colored

blue.

Figure 4.4 presents the evolution of lattice parameters as a function of RH at room
temperature. The columnar phase (Colng) swells only to a modest degree (3% in linear
dimension) when going from RH = 33% to RH = 55%, while increased water uptake induces
stronger swelling of the Cubu; structures between 86% and 100% RH (up to 20% swelling).
The lamellar structure swells approximately 6% from 86% to 100% RH.

The diamond and gyroidal phases are two of the three known stable bicontinuous cubic
phases (primitive cubic being the third).3? These Cubpi phases contain one single amphiphilic

bilayer, which forms a triply periodic minimal surface (TPMS) with cubic symmetry, giving
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rise to a 3D continuous ion channel network as depicted in Figure 4.4 and drawn to scale in
Figure 4.5. By analyzing the lattice parameters and A-Na molecular sizes, we estimate the ion
channel dimensions. As detailed in the accompanying electronic supporting information (Sl),
in this case we estimate the average channel diameter to be 25.7A. However, we note that the
channel diameter is not constant: the channels are thinnest in between the nodes whereas the
junctions are much bulkier (see Figure 4.5). In the generated structure, all nodes are
interconnected by channels, which means that at this water uptake the channels are not pinched
off (as in the gyroid structure below the percolation threshold observed at 11.7%%). An
analysis of the generated structure makes it possible to estimate the smallest and largest
channel diameters of 25.0 and 40.8 A, respectively. Clearly the cubic phases in these materials
are superior for water and ion transport (see conductivity data in Figure S4.1), as these
dimensions are much larger than the 15 A hydrophilic channel in the columnar phase, and the
cubic channel dimensions are close to those of established hydrated ion-conducting materials.

Indeed, these channel dimensions strongly impact water diffusion, as we discuss below.

Figure 4.5 Models of Colng and Cubyi gyroid phases drawn to scale. lon conducting channels

are shown in dark and light blue.
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4.3.2 Sodium-23 NMR Measurements

As a quadrupolar nucleus with spin | = 3/2, 2®Na has been proven to be a powerful
probe of the local environment around the nucleus in various materials,®38 as the linewidth
and chemical shift of 2Na NMR spectrum are generally determined by the interaction between
the electric quadrupole moment (a property of the nucleus) and electric field gradients (a
property of the ~ 1 nm scale surroundings).®® This quadrupolar interaction is very sensitive to
atomic bonds of the nucleus, the structure and composition of nearby molecules, and the
symmetry of the surrounding charges.3® Therefore the study of quadrupolar nuclei with solid-

state NMR can provide a wealth of information about the local environment of the nuclei.

Static MAS at 10 kHz
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Figure 4.6 >2Na solid-state static (left column, a-d) and MAS (right column, e-h) NMR spectra
of A-Na salt at different RH. Note that different scales are used for the ppm axis of each column.
A clear transition in Na quadrupolar interaction and mobility occurs between 55% and 86%
RH, correlated with the phase transition observed by GISAXS. Two separate peaks are
observed with MAS at 10 kHz. The sharp peak at 7 ppm at low RH is assigned to Na* of
amorphous (domain boundary) wedges and contributes to 10 +2% of the total signal. The
broad peak is assigned to Na* of wedges in the LC phases. By increasing RH, all Na* ions
become completely or partially hydrated. We deconvolute the spectra in (e) and (f) to extract
the fraction of each peak using matNMR*°, and the hydrated sharp peak near 0 ppm is 8 +1 %

of the total signal.

Figures 4.6a—d show the single pulse static 2>Na spectra of A-Na prepared at varying
RH. Overall, the peak linewidth decreases as RH increases. At higher RH, sodium ions become
on average more hydrated and the distance between sodium ions increases, reducing the
asymmetry in the surrounding electronic environment. This results in decreased electric field
gradients (EFGs) at the 2®Na nuclei, leading to reduced quadrupolar broadening. In addition,
increased motional averaging further reduces the observed EFG. The significant decrease in
linewidth from RH 55% to RH 86% indicates a phase change between these two hydration
levels, in close agreement with GISAXS observations.

Figures 4.6e—h show the single pulse magic angle spinning (MAS) %*Na spectra of the
A-Na material with a spinning speed of 10 kHz. The quadrupolar interaction is partially
averaged under MAS, resulting in a spectrum that is much better resolved than a static spectrum,

allowing us to identify various non-equivalent sodium sites in the system. We observe two
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23Na resonances at all hydration levels: a sharp peak at higher chemical shift values (~7 ppm)
and a much broader peak at lower chemical values (peak locations and widths specified in
Figures 4.6e—h). The narrow line shape at 7 ppm with FWHH = 170 Hz indicates that the
quadrupolar coupling is relatively small. Based on published work by E. M. O'Connell et al.*"-
44 we can reasonably assume that the sharp peak is the result of an individual Na* interacting
with an individual RSOs™ group attached to an isolated ion pair or in similar environments
producing very small EFGs. Combined with our discussions below regarding *H and 2H
relaxation and diffusion measurements, we suggest that those individual ion pairs locate
predominantly in amorphous regions, or more precisely within domain boundaries of the
material. While LC domains consist of well-packed wedge molecules, domain boundaries are
much less populated. On the other hand, the chemical shift of the center of the broad peak
arises from both isotropic chemical shift oiso and second-order quadrupolar shift 62gs, because
most other interactions including first-order quadrupolar, dipolar, and chemical shift
anisotropy are removed under magic angle spinning. While oiso IS independent of external
magnetic field wo, 62gs is inversely proportional to wo: 02qs X wé /wy. In order to confirm the
contribution of c2gs, We also obtained 2Na MAS spectra at 79.2 MHz (data not shown). The
broad peak is wider and more upfield shifted at this lower frequency, indicating that the second-
order quadrupolar interaction is a major contribution to the broad peak line shape. Therefore,
we assign the broad peak to Na* ion aggregates inside the ionic channels formed in LC
mesophases.

As hydration increases, both peaks in the Na MAS spectra shift towards 0 ppm. In
2Na NMR, a single peak at 0 ppm is characteristic of aqueous Na* ions, since EFGs approach

zero as Na* ions become fully hydrated and reside in a symmetric tetrahedral environment.*
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Therefore, the shift of the hydrated ion peak from 7 ppm at RH 33% to 0.4 ppm at RH 100%
shows that Na* associated with amorphous wedges becomes increasingly hydrated as RH
increases, and that nearly all Na* ions of amorphous wedges are hydrated at RH 100%. As RH
increases, the broad peak is downfield shifted and narrowed, suggesting a smaller second-order
quadrupolar interaction and smaller EFGs as a result of increased hydration of Na* ions inside
the ionic channels of LC domains. The increased molecular mobility at higher hydration also
contributes to the reduction in linewidth. The broad peak at 100% RH appears at -1.3 ppm,
which indicates that Na* ions inside the ionic channels do not become completely hydrated
even under RH 100% with A(D20/S0O3") = 8.6.

2Na NMR can quantify the amount of wedge molecules present as amorphous wedges
vs. those within a mesophase. At 33% and 55% RH, the sharp peak contributes to 10 2% of
the total NMR signal. At 86% and 100% RH, the two peaks overlap, and deconvolution of the
spectra is necessary to find the fraction of each peak. The deconvolution is shown as dotted
lines in Figures 4.6e and 4.6f, and we find that the hydrated Na peak at near O ppm contributes
8 =1 % of the total signal for both 86% and 100% RH. We notice a slight decrease in the
fraction of individual wedges at RH > 86% compared to that of RH < 55%, but the small
decrease is within measurement error. In short, 2Na MAS NMR spectra provide direct
evidence of local structural disorder (the presence of 10% amorphous wedges). We discuss the

molecular dynamics and translational motions of these amorphous wedges next.

4.3.3 'H 1D NMR: Relaxation Measurements and Diffusion-Weighted Spectra
Figure 4.7 shows representative spectra of A-Na from several *H NMR experiments.
'H MAS NMR data are shown at the top of Figure 4.7, static 1D NMR spectra are shown in

blue for five humidity values, and diffusion-weighted spectra at the lowest gradient
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representative of 2D PGSTE experiments are shown in red. We discuss each measurement
below.

The H MAS spectrum of A-Na at 18 kHz is shown in Figure 4.7 for the purpose of
spectral assignment. In addition, Figure S4.2 displays *H MAS spectra of A-Na salt under all
RH values with a spinning speed of 10 kHz. In agreement with the >Na measurements, all
proton resonances become sharper and better resolved as RH increases, suggesting faster
molecular motion at higher RH. With the help of a simple solution NMR spectrum (not shown),

we assign the *H resonances as shown in Figure 4.7.

RH 100%, MAS at 18 kHz

RH 100% A Standard

RH 86%

Figure 4.7 'H NMR spectra of A-Na. The *H MAS spectrum collected at 18 kHz and RH =

100% is at the top (black) for spectral assignment. The proton marked with an asterisk (*) was
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not resolved. RH-dependent ‘H static 1D NMR spectra (top of each pair, blue) and the first
(lowest gradient) spectra of a 2D PGSTE diffusion experiment (bottom of each pair, red)
appear below. The 1D spectra (blue) show signal from all protons in the sample, while the
diffusion-weighted spectra (red) show only proton signals with faster dynamics (longer T>)
that can be measured by PGSTE. At RH < 55%, only amorphous wedge molecules move fast
enough to probe diffusion. At RH > 86%, wedges in LC phases are also accessible due to faster

dynamics.

The blue lines of Figure 4.7 are the tHNMR static spectrum of A-Na salt at different
RH values. These spectra are broad and nearly featureless due to both inter- and intramolecular
static dipolar interactions, which are not averaged on the NMR dipolar coupling timescale (~
1 ms) due to significantly restricted motion. To gain information on the variety of molecular
environments experienced by A-Na molecules in the sample, we collect To-weighted spectra
(Figure S4.3) and measure T decay constants under several RH conditions. For vacuum-dried
A-Na, about 97% of the proton signal decays rapidly and nonexponentially with T2 < 2 ms,
due to the rigidity of the A-Na molecules in the Colng phase, while the remaining resonance
centered at 1.3 ppm decays with a single long T2 = 45 ms. We conduct further dynamic studies
of spin-lattice relaxation time T1 and spin-lattice relaxation time in the rotating frame Ti,
(detailed discussions in Sl), and these results corroborate our assumption that the long T»
component at 1.3 ppm is not from the LC structures but from a more mobile amorphous region.
Most likely this amorphous component is the domain boundaries separating LC domains. This
has dramatic implication for the PGSTE results of the RH < 55% samples, as these diffusion
experiments can only measure amorphous wedges, due to the T. weighting of these

measurements. The T» values of all resonances increase with RH, indicating that all protons
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become increasingly mobile with water uptake. Considering the spectra at RH > 86%, we
notice a significant increase in proton signal intensity centered at 6.1 ppm when comparing
these T2-weighted spectra with T = 5.6 ms (red lines of Figure S4.3) to the spectra with RH <
55%. This shows that the mobility of protons in the hydrocarbon chains increase from the head
to the tail of the chain in the LC structures. Therefore we can observe both wedges in the LC
domains (large amount, short T>) and in the amorphous domain boundaries (small amount,

long T2) at RH > 86%.

We also observe effects of T, weighting in the single diffusion-weighted spectra (in red)
from the PGSTE diffusion measurements shown in Figure 4.7. In general, PFG-NMR diffusion
experiments are conducted by recording successive NMR spectra as a function of gradient
strength g, which allows for the display of a single NMR spectrum from the PGSTE experiment.
This allows one to determine how much of the total signal available in the sample is probed by
the diffusion measurement. Our diffusion measurements only show signals from nuclei with
relaxation times long enough to survive the gradient encoding times (2 %5.2 ms = 10.4 ms),
when transverse relaxation (T>) is active, and the 50 ms diffusion delay , when longitudinal
relaxation (Ty) is active. To visualize this, the red lines of Figure 4.7 show the first diffusion-
weighted spectra (with the lowest g = 20 G/cm) of the 2D PGSTE experiments at different RH
values. These traces closely mimic the T»-weighted spectra with 5.6 ms spin echo delay in
Figure S4.3

As discussed in the previous paragraph, at RH < 55%, protons from the columnar phase
do not appear in the PGSTE diffusion experiments due to their short T> (< 5 ms), and only the
diffusion of amorphous wedges can be measured. At RH > 86%, the dynamical situation

changes drastically, and the chain-terminal acrylate protons (at 6.1 ppm) are now visible in the
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PGSTE measurements. As discussed above, we use the PGSTE peak at 6.1 ppm to measure

the diffusion of the wedges pertinent to both the amorphous and liquid-crystalline regions.
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Figure 4.8 PGSTE diffusion experiments on A-Na equilibrated over D,0O. (a) Stejskal-Tanner

plot of the H resonance at 1.3 ppm from the methylene protons of A-Na molecules, showing
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fits to obtain two diffusion coefficients at both RH 33% and RH 100%. (b) Stejskal-Tanner
plot of the H resonance at 6.1 ppm from the chain-terminal acrylate protons of A-Na
molecules at RH 100%, also fit to obtain two diffusion coefficients. The slow component (<
1101 m?/s) is beyond our detection limit and is assigned to the slow diffusing wedges in the
liquid crystal phase. In both plots the x-axis is the Stejskal-Tanner term of Eq. 1, b =

YZQZSZ(A_5/3).23-24

4.3.4 H Diffusion Measurements: Wedge Transport

Figure 4.8 shows Stejskal-Tanner diffusion plots from the *H PGSTE measurements of
A-Na salt equilibrated over D2O. Figure 4.9 presents a summary of all the PGSTE results,
including both the *H measurements on A-Na (this section) and the ?H measurements on
absorbed D>O (next section). We conclude that wedges diffuse in two modes, with the fast
component in the amorphous boundaries between LC domains and the slow component within
the LC domains but existing as individual wedges not participating in LC packing.

At low RH, we observe clear two-component diffusion for the wedge molecules. For
example, RH = 33% displays two-component diffusion with D =5 x10"** m?/s (88% amplitude)
and 1.4 <107 m?/s (12%) for the resonance at 1.3 ppm. As discussed in the previous section,
both diffusion coefficients correspond to the methylene protons of amorphous wedge
molecules. The o fitting parameter for these components represents the actual population
percentage for the amorphous wedge molecules, since a single T» value is shared for the two
components. The two-component diffusion presents more evidence of structural and dynamic

heterogeneity in this supramolecular liquid crystal. We can calculate the diffusion length r

1
using <r? >2=/(2DA) , which represents the statistical average distance a molecule has

traveled during the diffusion time A.*® Again using RH = 33% as an example, we find diffusion
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length of 70 nm for the slow component and 370 nm for the fast component with A = 50 ms.
Considering both the 2Na SSNMR and H diffusion data, we propose that the 10% of the
material present as amorphous wedges exists in interfacial boundaries in between domains of
the remaining 90% A-Na present in LC structures. We assign the fast component (D = 1.4 x
1012 m?/s) to the amorphous wedges diffusing within these domain boundaries, and the slow
component (D =5 x10* m%s) to essentially individual wedges (wedge-counterion pairs)
diffusing within columnar domains but which do not participate in the columnar packing. Since
NMR diffusion measurements reflect transport properties averaged over the entire sample, the
existence of two clear diffusion components shows that the individual wedges are not
exchanging between LC domains and domain boundaries of the material during the diffusion
time of A = 50 ms. In other words, wedge molecules are in fast exchange on all length scales
smaller than 70 nm, requiring that the LC domains are > 70 nm (the diffusion length of the
slow component), and that the two different diffusion coefficients for the wedge molecules
cannot be caused by differences in local molecular associations (< 1 nm scale).*’

At high RH (86% and 100%), the diffusion measurements become more complex.
Similar to the low RH measurements, we find two diffusion components for the resonance at
1.3 ppm: D =1.0 <10 m?/s and 2.1 <1012 m?/s (Figure 4.8a), however we cannot directly
relate the lo fitting parameters to the percentage of each component due to multiple T2 values.
As above, we assign these D values to wedge molecules diffusing 1) within the mesophase and
2) in the amorphous regions that constitutes the domain boundary. In addition, we notice that
the diffusion curve for the resonance at 6.1 ppm (Figure 4.8b) has a very slow and high
intensity component that is beyond the detection limit of our PGSTE experiments (D < 1x 10

®m?2/s). To investigate further, we perform another PGSTE measurement with long gradient
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encoding times (& = 8ms), which only reports on the individual wedges with long T>
components (data not shown). Here we obtain similar diffusion coefficients for both
resonances at 1.3 and 6.1 ppm, which match the D values observed at 1.3 ppm with short
encoding times (6 = 2ms). This shows that the peak at 6.1 ppm actually consists of three
components: two components that are shared across both the 1.3 and 6.1 ppm peaks that are
due to individual wedges in both the mesophase and domain boundaries, and one very slow
component that is present only at 6.1 ppm. We assign this slowest diffusion coefficient D < 1
x 10 m?/s to the slow diffusing wedges in the bicontinuous cubic or lamellar phases. While
we are unable to measure the diffusion of the wedges in the columnar phase, it is a reasonable

assumption that the Colng wedge molecules at low RH have even slower diffusion.
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Figure 4.9 Diffusion coefficients of A-Na wedge molecules and absorbed D.O vs. RH and
water uptake A(D.0O/SO3’).We assign the two diffusion components of the wedges to the
individual wedges diffusing within and between LC domains, while the diffusion of the wedges
in LC domains is very slow (< 10> m?/s) and beyond our detection limit. The slow water
diffusion component corresponds to wedges diffusing within amorphous domain boundaries,

while the fast component is free water diffusing within the enlarged ionic channels of the

bicontinuous phases.
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Figure 4.10 (a) °H static 1D NMR spectra of absorbed D0 in the A-Na sample equilibrated

over D20 at RH 86% (top) and RH 100% (bottom). (b) Stejskal-Tanner plot of the 2H peaks
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from the absorbed D,0O. We find a single diffusion coefficient (D = 4.2 x10?m?%/s) at RH =

86%, and an additional faster component (D = 1.7 x10°m?/s) at RH = 100%.

4.3.5 2H Diffusion Measurements: Water Transport

In order to perfectly separate water diffusion measurements from wedge diffusion due
to 'H NMR spectral overlap from wedge-molecule peaks and to avoid deconvolution
inaccuracies, we measure water (D-0) diffusion by equilibrating samples over salt solutions in
D,0 and performing 2H NMR. We observe no detectable 2H NMR signal at RH < 55% (A <
1.8) due to this small amount of D20 in the sample being strongly associated with ions in the
columnar phase channels. Figure 10 shows 2H 1D static spectra and PGSTE measurements of
absorbed D20 at RH 86% and 100%. Unlike ?H spectra of absorbed D20 in oriented liquid
crystals or Nafion*®, where the quadrupole splitting reveals the degree of LC alignment and
order parameter of channel network matrix, here we only observe a broad singlet peak,
indicating that no significant macroscopic orientational order of LC structures is present in
these bulk samples. Furthermore, the broad peak results from the average signal from D,0O
absorbed in both LC structures and amorphous regions. While the linewidth (FWHM)
decreases only slightly from 260 Hz to 210 Hz when increasing RH from 86% to 100%, the
diffusion behavior is markedly different. The RH = 86% sample shows single component water
diffusion (D = 4.2 x 10"*2m?/s), but an additional faster component (D = 1.7x 101° m?/s)
appears in the RH=100% sample. The slow water component displayed by both the 86% and
100% RH samples has a diffusion coefficient very similar to the fast A-Na component,
therefore it likely represents D>O molecules diffusing within domain boundary regions with
reasonably strong associations to the sulfonate group of individual A-Na molecules. In essence,

the D20 diffuses closely with a wedge-couterion pair. This assignment is supported by the 2Na
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measurements, which show that Na* ions of individual wedges are nearly completely hydrated
at RH > 86%. The fast water component at RH = 100% is only an order of magnitude slower
than the diffusion coefficient of pure D>O*, suggesting that these D,O molecules are relatively
free to move within the enlarged ionic channels formed at the higher RH. This fast D,O
diffusion coefficient in A-Na is also nearly as fast as water diffusion in the benchmark
conducting polymer membrane Nafion (D = 3.5% 109 m?/s) at similar hydration.*® The fact
that we only see the fast water motion in the bicontinuous cubic phase matches the hydrophilic
channel dimensions from GISAXS, where the diameter of ionic channels increases from 15.0
A in the columnar phase to between 25.0 and 40.8 A in the cubic phase as the RH is increased
from 55% (A = 1.8) to 100% (A = 8.6), as discussed above. Clearly, the cubic phases of A-Na

are far superior for ion transport, especially at 100% RH.

4.4 Further NMR Studies on Crosslinked Membranes

Stable free-standing membranes based on A-Na or similar supramolecular assemblies
can be formed by crosslinking acrylic end-groups under appropriated conditions. A set of
crosslinked membranes were obtained using UV-induced radical polymerization, with varying
counter ions (Li*, Na*, and K*) and relative humidities under which the membranes were
crosslinked (RH 100% and ambient). Here we use PFG NMR to measure water transport in
these membranes.
4.4.1 Experimental

For diffusion measurements, the five crosslinked membranes, A-K (RH 100%), A-K
(ambient), A-Na (RH 100%), A-Na (ambient) and A-Li (ambient) were immersed in water for
24 hours. After removing surface water rapidly and thoroughly using lint free wipes, each

membrane was placed into a capillary of 1.8 mm O.D. <1.5 mm I.D. and sealed to maintain
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water content during NMR measurements. All PFG NMR diffusion measurements were
obtained using a Bruker Avance 111 wide bore 400 MHz (9.4 T) NMR equipped with a Diff60
diffusion probe and a 2 mm H solenoid coil. The pulsed-gradient stimulated echo (PGSTE)
sequence was used to measure diffusion, with an effective gradient pulse length of & = 2 ms
(the actual pulse length of the sinusoidal pulse was 3.2 ms), a 2 ms gradient stabilization time
after each gradient pulse, a gradient pulse spacing of A =50 ms, and gradient strengths varying
from g = 20 G/cm to g = 1600 G/cm. 16 to 24 gradient steps were applied, and the number of
scans varied from 64 to 256 to yield sufficient signal-to-noise ratio (SNR). Diffusion was
measured along the z-direction (static magnetic field direction). The self-diffusion coefficient
D was obtained by fitting the measured signal intensity | as a function of gradient strength g to
the Stejskal-Tanner equation Eq. 4.1. Errors in D are up to =10 % due to fitting of two diffusing

components in some cases and slow diffusion in others.

4.4.2 Results and Discussion

Figure 4.11a shows the single-pulse standard spectrum (blue line) compared with a
diffusion-weighted spectrum (red line) of the fully-hydrated A-K membrane crosslinked at
ambient condition, which we denote A-K(ambient). The single-pulse spectrum shows the
NMR response of all protons in the sample including the signals from crosslinked wedge
molecules (broad peak) and signals from absorbed water (sharp peak). The single-pulse
spectrum of dried membranes gives only proton signals from wedge molecules (spectrum not
shown), the difference between the two spectra of hydrated and dried membranes yields only
the water proton signal. Therefore we can obtain water uptake A(H20/SO3") directly from the

integration ratio of the water peak to the broad peak.
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The diffusion-weighted spectrum only shows signals from nuclei with relaxation times
long enough to survive the gradient encoding times (2 <5.2 ms = 10.4 ms), when transverse
relaxation (T2) is active, and the 50 ms diffusion delay A, when longitudinal relaxation (Ty) iS
active. Therefore, using these diffusion measurements we can only detect the water signal
(sharp peak), and we assume that the membrane matrix is immobile. Figure 4.11b shows a *H
Stejskal-Tanner signal attenuation plot for the absorbed water of A-K (ambient). We clearly
see two diffusion components, a faster component with D = 1.7 %102 m?/s and a much slower
component with D = 7.1 <10 m?/s. We observe similar two-component diffusion for all five
membranes, although with different observed diffusion rates for each membrane. As shown in
Figure 4.11c, A-K (RH 100%) also exhibits two diffusion components, where the faster
component is a factor of 102 faster than that of A-K (ambient), whereas the slower component
is only a factor of 10! faster. Similar to our previous study on non-crosslinked A-Na salt, we
attribute the two diffusion components to free water diffusing inside the ionic channels of the
liquid crystalline region (fast component) and water diffusing through the amorphous regions
(slow component) in the crosslinked membranes. The presence of the amorphous regions
clearly reduces water transport rates in the membranes, although the water in the amorphous

region is not a large fraction of the material in the fully hydrated membranes.
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Figure 4.11 (a) Standard static NMR spectrum (blue) compared with a diffusion-weighted
spectrum (red) of A-K (ambient). The broad peak originates from crosslinked wedge molecules
and the sharp peak is from absorbed water. (b) Stejskal-Tanner signal attenuation plot of the
absorbed water of A-K (ambient), showing fits to obtain two diffusion coefficients. (c)

Stejskal-Tanner plot of water signal of A-K (RH 100%), again showing fits to obtain two
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diffusion coefficients. The x-axis is the Stejskal-Tanner factor from Equation 1, b =

Y2g25%(A—5/3).
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Figure 4.12 Diffusion coefficients of absorbed water vs. water uptake for the crosslinked
membranes. Water uptake was calculated from the integration ratio of water proton signal and
membrane proton signal. All *H NMR diffusion measurements show two components, which
we attribute to water diffusing inside the ionic channels of the liquid crystalline region (fast)
and water diffusing through the amorphous regions (slow) present in the membranes. Both the
size of counterion and the relative humidity at which the membranes are crosslinked play a

vital role in water uptake and diffusion
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Figure 4.12 summarizes the diffusion and water uptake data for all five membranes.
The measured diffusion coefficient D monotonically increases as water uptake increases.
Clearly, the inclusion of larger counterions and crosslinking under higher RH produce fastest
water transport in these membranes. More specifically, we see increased water uptake and
diffusion rate for the membranes: 1) crosslinked at RH = 100% > crosslinked at ambient
condition, and 2) A-K > A-Na > A-Li. As shown in our previous study,>® the non-crosslinked
A-Na salt undergoes a transition from columnar to bicontinuous cubic phases with increased
RH, and the bicontinuous cubic phases are far superior for ion transport, especially at RH =
100%. This explains the much higher water uptake and faster water diffusion for the
membranes crosslinked at RH 100% than those crosslinked at ambient RH. Compared to A-
Na salt at RH 100%, where the diffusion coefficients are D = 1.7 %< 10"° m?/s (fast) and D =
4.2 %102 m?%s (slow), the A-Na(RH 100%) membrane provides a factor of 10! slower
diffusion components D = 1.5 <10t m?/s (fast) and D = 5.3 <103 m?/s (slow). This may be
explained by shrinking of the ionic channels and amorphous regions during crosslinking, or
introduction of some channel structural defects upon crosslinking. Additionally, we expect
that larger counterions will produce larger ionic channels and thus increased free volume in
the membranes, which may result in higher water uptake and faster water diffusion. We expect
to increase diffusion coefficients further in these materials by casting them with larger
counterions, such as tetramethylammonium or those used in ionic liquids (imidazolium and
phosphonium derivatives). Notably, the faster diffusion component of the A-K (RH 100%)
membrane reaches 1.4 x 1071 m?/s, comparable to that of Nafion and other ionic block

copolymer materials at similar water uptakes.
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4.5 Conclusion

We have presented a comprehensive picture of rich structural and ion transport
behaviors in supramolecular assemblies formed by amphiphilic wedge molecules (A-Na). The
synergistic combination of GISAXS and multi-modal NMR provides detailed structural and

transport properties of a supramolecular material (Figure 4.13).

P

®a

Increased Humidity

Figure 4.13 Schematic illustration of A-Na structural change with increased humidity.

A-Na undergoes a transition from columnar to bicontinuous cubic phases with a simple
increase in humidity. GISAXS, °Na solid-state NMR, and pulsed-field-gradient diffusion
NMR all clearly show that the self-assembled A-Na material undergoes this change of LC
phase, accompanied by drastic increases in ionic mobility at RH > 86%. GISAXS
measurements describe the hexagonal disordered columnar phase at lower RH and a mixture
of gyroid, diamond and lamellar phases at higher RH. In addition, the lattice parameters and

the estimated size of the hydrophilic ion channels for each phase increase with relative
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humidity; this change is small for the Colng and lamellar phases and larger for bicontinuous
cubic phases. The semi-mesomorphic nature of A-Na was quantified with 2Na MAS NMR
studies, showing the presence of a significant fraction (~ 10%) of a disordered region at all RH
values, which consists of amorphous domain boundary wedge molecules (with Na* counterions)
that become nearly completely hydrated at RH > 86%.

NMR diffusion studies on the amphiphiles (*H) show that only amorphous wedges have
relaxation times long enough to quantify with PGSTE measurements. We assign the slower
PGSTE diffusion component (10"%* m?/s) to individual wedges diffusing through LC phases
and the faster component (102 m?/s) to individual wedges diffusing within the amorphous
boundaries between LC domains. The wedge molecules packed in LC phases are visible in
PGSTE measurements only at high RH, but their very slow diffusion(< 10"® m?/s) is beyond
our diffusion detection limit. Overall, the domain boundaries of a mesomorphic material must
be considered when investigating dynamic properties of the material itself or when measuring
the transport of small molecules in the material. In some circumstances, the domain boundaries
may be the dominant contributor to an observed property — a fact that has received little
attention in the literature to date. Similar observations have been made in organic ionic plastic
crystals, where domain boundary diffusion can dominate macroscopically measured
transport.>>® The presence of domain boundaries may also disrupt the continuity of LC
domains and thereby reduce water transport and ion conductivity.

NMR diffusion studies on adsorbed water (*H,0) show that DO molecules are tightly
associated to the relatively narrow ionic channels (15.0 A) in columnar phases at low RH.
Two-component D»O diffusion is observed at higher RH values. We assign the slow diffusion

(10?2 m?s) to D,O molecules diffusing within domain boundaries. The additional fast
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diffusion (10"2° m?/s) obtained at high RH (A = 8.6) is a result of relatively free water diffusing
within the enlarged and interconnected ionic channels of the bicontinous cubic phases.
Finally, water diffusion (*H20) in five stable membranes polymerized from the
supramolecular assemblies shows two-component diffusion for all membranes. We attribute
the fast component to free water diffusing inside the ionic channels of LC region and the slow
component to water diffusing through the amorphous regions in the crosslinked membranes.
The presence of the amorphous regions clearly reduces water transport rates in the membranes
by breaking ordered (cubic) transport pathways. Furthermore, we find much higher water
uptake and faster water diffusion for the membranes crosslinked at RH 100% than those
crosslinked at ambient RH, which we attribute to the phase transition from columnar to
bicontinuous cubic phases for the non-crosslinked salt. We also observe higher water uptake
and faster diffusion for larger counterions with the order A-K > A-Na > A-Li, which we
attribute to the larger ionic channels and thus increased free volume in the membranes with
larger counterions. In addition, compared to A-Na salts, A-Na membranes produced 10-fold
slower diffusion coefficients, which we hypothesize is due to shrinking of the ionic channels
and amorphous regions during crosslinking, or introduction of some channel structural defects

upon crosslinking.

Our combined NMR and GISAXS measurements show that the bicontinous cubic
phase is able to facilitate much faster ion transport than the columnar phase, as shown by the
channel dimensions from GISAXS and the fast D,O diffusion of the 100% RH sample. Water
diffusion coefficients measured in A-Na salt at high hydration and in A-K membrane
crosslinked at high hydration fall in the range of those measured for benchmark ion conductors

such as perfluorosulfonate ionomers at equivalent hydration.*® These results shows promise
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for controlled and informed design of next-generation ion conductors formed from tailored

supramolecular building blocks.

4.6 Supporting Information

4.6.1 Conductivity and Water Uptake vs. Relative Humidity
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Figure S4.1 Conductivity and water uptake A(H20/SOz") as a function of RH.
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4.6.2 A-Na Channel Size Analysis

By analyzing the lattice parameters and A-Na molecular sizes, we can estimate the ion
channel dimensions. For the columnar phase at RH = 55% the column diameter is 39.2 A
Assuming equal density of ionic channels and hydrophobic periphery of the amphiphiles, the
corresponding diameter the Colng hydrophilic ion channels equals approx. 15A (cf. Figure 7).
For the cubic phases, the lattice parameters together with water uptake values make it possible
to estimate the ion channel diameter. For example, it is instructive to calculate the average
channel diameter for the gyroid phase observed at RH = 100% with the total volume fraction
of channels of 24.4% (from the weight fraction of the RH = 100% sample). For this simple
calculation, consider that one unit cell of this phase includes 48 channels connecting the
characteristic triple channel junctions (nodes). The total length of channels in one unit cell
amounts to ca. 8.5>a. Therefore the average channel diameter in this case can be estimated to
be 25.7A. However, it is clear that this is a very simplified view of the real situation. In fact, it
can be easily seen that the channel diameter is not constant: the channels are thinnest in
between the nodes whereas the junctions are much bulkier. If one uses the conventional
trigonometric expression for the gyroid surface, it is rather straightforward to generate the
structure possessing the required fraction (i.e., 24.4%) of one of the phases. In the generated
structure all the nodes are interconnected by the channels, which means that at this water
concentration the channels are not pinched off (see the gyroid structure below the percolation
threshold observed at 11.7%%3). The analysis of the generated structure makes it possible to
estimate the largest and smallest channel diameters. Given the non-circular shape of the
channels, one can define the channel diameter from the inscribed circles, resulting in smallest

and largest diameters of 25.0 and 40.8 A, respectively.
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4.6.3 NMR Relaxation studies
~(CH,)7-(CH,),-O-

-CH,-CH,-O-

H yromatic=0 C H2=C H- -CH 2'0'

RH 100%

'H (ppm)

Figure S4.2 H solid-state MAS NMR spectra at 10 kHz of the A-Na material at different RH.

All protons show increased dynamics at higher RH.

We assign the *H resonances in Figure S4.2 as follows: the resonances between 1 and
2 ppm to the 54 methylene carbon protons, with the peak at 1.30 ppm to the 42 middle
methylene protons and the shoulder at 1.63 ppm to 12 protons on the methylenes beta to oxygen.
The peak centered at 4.05 ppm with two shoulders at 4.27 ppm and 3.82 ppm corresponds to
the 12 protons on the methylenes alpha to oxygen, the resonances at 6.35, 6.12 and 5.82 ppm
to the 9 chain-terminal acrylate protons, and the small shoulders at 7.38 ppm to the aromatic
proton in the 6 position (Haromatic-6). We notice Haromatic-6 only appears with RH > 86%, and
Haromatic-5 (around 6.8 ppm) is missing from all MAS spectra, which means the aromatic
protons of the ionic head group are quite immobile even at high RH.

To investigate the structural heterogeneity of this sample, we measure the proton spin-
lattice relaxation time (Tq), and spin-lattice relaxation time in the rotating frame (T1,) as a
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function of RH. T1 is sensitive to fast motions in the MHz regime (1~ 107 to 10 s), such as
single-bond rotations or trans-gauche chain isomerizations,>*®® while T, is sensitive to slow
motions in the kHz regime (tc~ 10 to 107" s), such as chain reorientations.**>’ Here we obtain
a single value for T1 and T, for the broad static spectrum (T1 =580 ms and T, =5 ms). Based
on previous NMR studies on lipid multilayer structures,®® our result suggests a spin diffusion
process that enables all proton spins on molecules in the liquid crystalline phase to relax by a
single mechanism. Since the 2Na NMR spectra show that 90% of the material is present in the
Colnd phase, we can approximate that these T1 and T, values represent the T1 and T, values
of the A-Na present in the liquid crystalline columnar phase. The presence of different proton
T1 and Ty, values generally indicates no intimate spin contact or inefficient spin diffusion
between different domains of the sample, where each domain or phase has a distinct proton T
and T, value. Therefore we can use Tz and T, to give insight into the structural heterogeneity
of this multi-component system. We also obtain T1 and T, values for the 45 ms T, component
of the 1.3 ppm peak by adding a spin echo with T =2 ms to the regular pulse sequences, which
removes the fast decaying signals and measures only the T1 and T, values that are associated
with the long T2 component. The significantly different relaxation times of this component (T
=990 ms and T, = 80 ms) imply that these protons do not reside in the LC structures, but are
in a more mobile amorphous region or part of an individual wedge, as suggested by 2Na MAS
spectra. Similar results are seen for A-Na at RH = 33% and 55%. The relatively long T> at 1.3
ppm is caused by the faster mobility of methylene protons in the middle of the alkyl chains as
compared to protons of aromatic head groups and acrylate end groups in individual wedge

molecules.
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Figure S4.3 The standard static *H NMR spectrum of A-Na salt scaled to different percentages
(blue, top of each set), stacked with T2-weighted spectra with various spin echo delay times:

1=0.4 ms (green, second from top), 5.6 ms (red, second from bottom), and 30 ms (black bottom

or inset) at different humidity conditions.

Measurements of the spin-spin (transverse) relaxation T, give insights into the
populations of the heterogeneous sample that are observed by the PGSTE experiments. T»-
weighted spectra are shown in Figure S4.3. Since each diffusion NMR experiment contains

two gradient encoding times, each with a duration of 5.2 ms (a 3.2 ms half sinusoid gradient
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pulse followed by a 2 ms gradient stabilization time), the T.-weighted spectra of figure S4.3
with T= 5.6 ms will appear similar to the diffusion-weighted spectra in Figure 4.7. At low RH
values, only a small fraction of the signal survives the spin echoes with and echo delay 1 =5.6
ms. As discussed in the previous paragraph, this long T> component is assigned to protons in
the amorphous domain boundaries or on individual wedges diffusing independently within
liquid crystalline domains. Therefore, the diffusion results at low RH presented in the main
paper show only the proton signals of individual wedges. At higher RH, we notice a significant
increase in proton signals centered at 6.1 ppm comparing To-weighted spectra with T = 5.6 ms
(red lines of Figure S4.3) from RH 0% to 100%. This increase in signal is explained by the
increased mobility of the end of the hydrocarbon chain relative to the aromatic head group, an
effect that has been previously observed in liquid crystalline phases of amphiphiles.>® The
sharp change between RH 55% and 100% may be explained by the phase transition from the
columnar phase to the bicontinuous cubic phase where wedge molecules are not as well-packed
and the ionic channels are more interconnected, which can produce more rotational and
translational freedom for wedge molecules. We assign the T»-weighted signal at 6.1 ppm to a
combination of signal from both individual wedge molecules and wedge molecules in the LC
phases, due to the dramatically increased intensity of the T»-weighted peak at 6.1 ppm when it
appears at high RH (this is shown in Figure S4.3d by scaling the standard 1D spectrum to 50%
of its original height). Therefore, the PGSTE diffusion experiments at high RH will observe
the diffusion of both individual wedges and wedges packed in the LC phase, especially for the
resonance at 6.1 ppm. The fact that the diffusion of LC wedges is only visible at 6.1 ppm and
not 1.3 ppm is likely a coincidence, due to the T> values of the LC acrylate protons being just

long enough to observe with PGSTE while the remaining protons of LC molecules have T»
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values too short to observe with achievable PGSTE pulse sequence parameters. We expect that
increasing the mobility of the LC molecules, either by increasing water absorption or altering
the molecular structure, will allow NMR diffusion measurements of all components at all

chemical shift values.
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Chapter 5

Diffusion of Drug Delivery Nanoparticles into Biogels Using Time-Resolved

MicroMRI

This chapter is adapted and reprinted from the following reference: Xiaoling Wang”, Ying
Chen”, Lian Xue, Nipon Pothyaee, Rui Zhang, Judy S. Riffle, Theresa M. Reineke and Louis
A. Madsen (*contributed equally). J. Phys. Chem. Lett. 2014, 5, 3825 © 2014, American
Chemical Society.
5.1 Introduction

Delivery of small molecules and nanoparticles into cancer cells involves a three step
pharmacokinetic process: vascular transport, transvascular transport and interstitial transport.:
3 These principle steps are relatively efficient for normal tissues, whereas the abnormal
physiology of tumors causes transport barriers to the adequate delivery of therapeutic agents
to tumors. Specifically, elevated interstitial fluid pressure reduces convective mass transport
and hence leaves diffusion as the main mechanism of transport into tumors.*® Moreover, the
tumor interstitium hinders diffusion as a result of the dense viscoelastic fiber matrix consisting
of collagen and interacting molecules.”® The diffusion rate of a nanoparticle in tumor
interstitium correlates with its size, charge, configuration, as well as the content and structure
of collagen fibers.2%'* One advantage of nanoscale therapeutic agents is that they provide
potential selective delivery to tumors due to the enhanced permeability and retention (EPR)
effect. On the other hand, diffusion of large particles through tumor tissue is decreased due to
particle interactions with the interstitial matrix. Therefore optimization of nanoparticle size and
surface features (such as charge) for different tumor microenvironments is crucial for sufficient

interstitial transport. Fluorescence microscopy techniques such as fluorescence recovery after
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photobleaching (FRAP) have been used to study transport of nanoparticles in interstitial matrix
as well as tumor-mimetic gels.*> 8 However, these methods are restricted to measurements
of diffusion on the sub-mm scale, e.g., into thin gels and into tumor surfaces with limited depth
penetration even with the aid of spatial Fourier analysis and multiphoton techniques.!? 19
Magnetic resonance spectroscopy (MRS) and imaging (MRI) approaches, which are not
restricted by material thickness, have been applied for investigating in vivo water perfusion,?
and in recent years time-resolved MRI has been employed in quantitative analysis of blood
flow with three dimensional spatial resolution.?:?2 Recent studies report the use of MRI to
quantify convective transport of macromolecular contrast agents in hydrogels and tumor
tissues.22* Nevertheless, characterization of diffusion-driven nanoparticle transport using
time-resolved MRI has not been reported, and a reliable quantitative assessment of three-
dimensional diffusion for polymeric nanomaterials is lacking.

In this letter, we describe a non-invasive method for accurate quantitation of
diffusion of polymer-based contrast and drug delivery agents, known as theranostic agents,
into tumor-tissue-mimetic hydrogels via time-resolved MRI. This approach provides three
dimensional diffusion rate and concentration distribution of nanoparticles over macroscopic
(mm to cm) distances in biological transport media. We examined diffusion of a theranostic
polymeric gene-delivery vehicle’2® and a block-copolymer-functionalized magnetite drug
delivery vector??° into 0.5-2.0 wt.% agarose and into 0.2-1.0 wt.% collagen type I gels. The
first theranostic vehicle (Figure 5.1a) incorporates a paramagnetic gadolinium chelate and
oligoethyeneamines, so that it offers both transverse and longitudinal relaxivity contrast, as
well as the ability to bind and compact nucleic acids for gene delivery.?® The second vector

(shown in Figure 5.1b) is a magnetic block ionomer complex (MBIC) comprised of 8-nm
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diameter magnetite nanoparticles in the core surrounded by a double corona structure with a
nonionic polyethylene oxide (PEO) shell and anions are bound to nanomagnetite via ligand
absorption. The unbound negatively charged carboxylates provide binding sites for drug
loading through ionic complexation.?® The superparamagnetic FesOa particle core provides
primarily transverse relaxivity contrast. Figure 5.1c and 5.1d show the vector nanoparticle size
distributions measured by dynamic light scattering (DLS). We also included a clinical contrast

agent of sub-nm size, gadopentetic acid (marketed as Magnevist®), for comparative analysis

of diffusion into hydrogels.
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Figure 5.1 Structure of N4Gd (a) and MBIC (b), as well as DLS size distribution of N4Gd (c)

and MBIC (d).

5.2 Experimental Section

MRI experiments were performed on a Bruker Avance I11 400 spectrometer equipped
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with a Micro5 imaging probe featuring 5 cm rf coil. Experiments in agarose gels were carried
at 25<C and the temperature for experiments in collagen gels were done at 37<C.
Experimental data were acquired and processed using ParaVision 5.0 (Bruker Biospin,
Germany). Data analysis was done with MATLAB R2012a.
For T.-weighted experiments, acquisition parameters for RARE pulse sequence are as
follows: TR (repetition time): 16000 to 20000 msec depending on the T, relaxation time of
pure hydrogels; TE (echo time): 50 to 100 msec depending on the concentration and
relaxivities of contrast agent solutions; FOV: 1.00 cm; slice thickness: 1.00 mm; and
resolution: 0.0078 cm/pixel.

For the T1-null-weighted experiments, in Inversion Recovery (IR) RARE pulse

sequence, the null time is calculated by

_TR-TE
tour = T [ln2 —In (1 +e T )] (5.1)

Taking acquisition parameters in N4Gd in 0.5 wt.% agarose gel, for example, TR: 2000 msec,
TE: 8.1 msec, and Tz in doped gel of reference N4Gd concentration: 395 msec, hence tun is
271 msec from Equation 5.1. T1 relaxation time is measured using an inversion recovery
NMR pulse sequence.

Inversion time was also determined by running the doped reference gel sample using
IR RARE MRI pulse sequence and adjusting tnun around 271 msec to until lowest signal
intensity is observed. tnun was set to 280 msec, and the discrepancy between this actual
parameter and theoretical calculated value is about 3 %.

Agarose powder was purchased from Sigma-Aldrich. Collagen I, Rat Tail was
purchased form Life Technology. Agarose gels were prepared by dispersing agarose powder

in water followed by heating solutions of desired concentrations to boil and cooled down in 5
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mm NMR tubes at room temperature overnight to allow complete gelation. Collagen gels of
low concentration were prepared in phosphate buffered saline (PBS) and left gelling in NMR
tubes at pH 7.4 and 37 <C. The collagen solution was ultracentrifuged at 10 <C for 48 hours
before use for concentrated gels, and the concentration was determined from volume
difference between precentrifugation and supernatant collagen solutions. Preparations were
conducted in sterilized environments.
5.3 Results and Discussion

In MR images, contrast is mainly determined by the proton longitudinal relaxation time
(T1) and transverse relaxation time (T2). MRI contrast agents containing paramagnetic or
superparamagnetic centers have the ability to reduce T1 and T of their surroundings. In a T1-
weighted image, shortened T1 results in positive image contrast (higher signal intensity); while
in a To-weighted image, regions of shortened T. show negative contrast and appear darker.
Additionally, using a suitable MRI pulse sequence, a null time tnun can be determined in which
no signal appears in the image due to T: relaxation. Thus we can employ a T1-null-weighted
image based on the correlation between a chosen concentration of contrast agent solution and
its corresponding null point (when taun = In2T1) which show near-zero intensity. Hence T1 null
points can be directly encoded into and observed in images as a darkened band or region.

Generally, interference between Ty and T> relaxation processes introduces significant
inaccuracy in the determination of the relationship between contrast agent concentration and
voxel signal intensity. In common Ti-weighted imaging method for clinical application, the
effect of T relaxation cannot be avoided or effectively minimized by manipulating experiment
parameters. Moreover, frequently used To-weighted imaging of scan repetition time smaller

than 5T1 can bring serious inaccuracy to the concentration profiles converted from T2-weighted
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images, due to the influence of T1 relaxation. Thus, we have developed an approach combining
time-resolved T»-weighted and T1-null-weighted imaging methods for the accurate quantitative
analysis of diffusive transport, and implemented this comprehensive approach to novel
polymeric nanoparticles designed for drug deliver for the validation of our methodology.
Figure 5.2 shows an illustration of the sample setup and the mathematical model for theranostic
vehicle diffusion into hydrogels. In contrast to commonly used Ti-weighted images, both of
our methods minimize the interference of T1 and T» relaxation on image signal intensity, and
consequently ensure the accuracy of diffusion rates determined from time-resolved MRI
experiments. T»-weighted images were acquired using the rapid acquisition with relaxation
enhancement (RARE) sequence® with minimized T1-weighting effects by applying adequate
repetition time (>5T1). The relationship between voxel signal intensity and concentration is
expressed in Equation 5.2, where S(ct) and S(co) are signal intensities at concentrations c: and
Co of the diffusing molecule, rz is the transverse relaxivity of paramagnetic/superparamagnetic

species in the medium, and TE is the echo time in the MRI pulse sequence.3!-32

Contrast agent solution T,-weighted image

=
= il

T,-null-weighted image
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=

8
Direction of
diffesieon————

Figure 5.2 Sample setup for MRI measurements and model for one-dimensional diffusion
(left), and time-resolved T»-weighted and T:-null-weighted images (right) of N4Gd diffusing

into 0.5 wt.% agarose gel. White-to-black scale represents decreasing signal intensity.
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Ti-null-weighted® images were obtained using the RARE inversion-recovery pulse
sequence,®* yielding a direct measure of nanoparticle concentration over centimeter-scale
depth in bulk biogels. The value of tnu was determined by testing T1 of a gel sample doped
with a known reference concentration. By setting the inversion time equal to toun in the MRI
pulse sequence, the migration of voxels of near-zero signal intensity in time-resolved images
then represents the movement of this reference concentration, indicating the diffusion of
contrast agent into the gels. Time-resolved T.-weighted and Ti-null-weighted images are

shown in Figure 5.2.

n e
) = €~ (5.2)
C(:t) = erfc (’;\;%’) (5.3)
PD) = - ——exp (— (i) — 20) 2) (5.4)
c(x,t) = fo " P(D)coerfe (’;\_/%’) dD (5.5)

To determine diffusion coefficients (D) of polymeric agents through gels via To-
weighted MRI, we convert signal intensity to concentration using Equation 5.2. By acquiring
images at different time points, we map the variation of concentration as a function of position
and time, c(x, t) and then fit using Equation 5.3 to extract D.

Furthermore, by inserting the lognormal distribution given by Equation 5.4 into
Equation 5.3, Equation 5.5 allows us to probe distributions of diffusion coefficients. For
comparison, we extracted D from T2-weighted images both with and without the use of a

distribution. Figure 5.3 shows fitted curves of N4Gd solution diffusing into different
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concentrations of agarose and collagen gels. Fitting of MBIC particle diffusion data can be

found in Supplementary Information (Figure S5.1-S5.3).

7 0.5 wt.% Agarose Gel 7 2.0 w.t.% Agarose Gel |
=) =) 1520 s
E 6| 1E 6
£5| |53
g4l 184
5 3 5 3 7866
g7 8700 s | & o0es
L2 102

1} 1

0 1 2 3 4 5 6 7 0 1 2 3 4
Displacement (mm) Displacement (mm)

- 0.2 wt.% Collagen Gel | 7| 1.0 wt.% Collagen Gel |
%6 1480 s 1Z6
g 12|
Es £l
g 5 |83
g £ 3310
02 10 2 r n

1 I

o 1 2 3 0 05 1.0 15 20
Displacement (mm) Displacement (mm)

Figure 5.3 N4Gd ingress into gels measured at progressive time points. Solid lines are
concentrations as a function of displacement converted from intensity using Equation 5.2.
Dotted lines are fits using Equation 5.3 with no distribution. Dashed lines are fits using
Equation 5.5 assuming a distribution of diffusion coefficients D. Table S5.1 in SI shows D

values and distribution widths extracted from each curve.

For analysis of Ti-null-weighted images, we plotted signal intensity directly versus
displacement x for individual images as a function of elapsed time t (Figure 5.4). The

magnitude of displacements of null points labeling the chosen concentration can then be read
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from the near-zero positions on the curves corresponding to every measurement time point. A

diffusion coefficient at each time point can be directly calculated using Equation 5.3.
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Figure 5.4 Plots of Ti-null-weighted data of N4Gd diffusing into 0.5 wt.% agarose gel

measured at different time points (from left to right: 950 s, 1670 s, 2390 s, 3110 s, 4780 s, and

8370s).

We achieved agreement between diffusion coefficients of N4Gd particles in 0.5 wt.%
agarose gels measured using both methods with a discrepancy < 10% (see Table S5.2, SI). The
consistency between the two methods for all particles and diffusing media provides confidence
in our approach to measuring D for a wide variety of theranostic particles into gels and other
biological materials.

All diffusion data obtained using T»-weighted images of the three agents in the four
different agarose and collagen gels are listed in Table 5.1. Agarose is a neutrally charged matrix
with well-characterized pore size, which provides a measure of steric and hydrodynamic
interactions that hinder the movement of nanoparticles in biological media.>>*” A reduction of
median D of N4Gd by 45% is observed with an increase of agarose content from 0.5 to 2.0
wt.%, corresponding to a decrease of ~70% in average gel pore size.®® The median D for N4Gd

into 2.0 wt.% agarose gel agrees well with the D for neutral particles of the same size measured
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by FRAP.*® Negligible displacement was observed during the measurement of MBICs
diffusing into 2.0 wt.% agarose gel after a 25 hour experiment duration, indicating a D < 1x10°
10 cm?/s, set by our spatial resolution of 40 to 80 pm.

Table 5.1 Diffusion coefficients of Gd-DTPA, N4Gd and MBICs into agarose gels of 0.5 and

2.0 wt.% at 25 T, and into collagen gels of 0.2 and 1.0 wt.% at 37 C.2

Diffusing Sample Diffusion Median Diffn. Coeff. Distribution Std.
Medium Time t (s) D (cm?s?) Dev. o
Gd-DTPA all 3.7x10° mono
N4Gd **575 3.0x10°® 1.0
0.5 wt.% Agarose
8700 3.5x10° mono
at25 €
MBICs **7880 4.5x%10® 1.3
52650 40108 mono
Gd-DTPA all 3.5x10° mono
2.0 wt.% Agarose N4Gd **270 1.6x<10® 1.0
at25 T 7866 2.0x10° mono
MBICs all <1.0x10%° mono
Gd-DTPA all 1.9x10° mono
0.2 wt.% N4Gd **1480 1.2%10° 0.9
Collagen at 37 T **5640 0.8x10° 0.9
MBICs all 2.1x10% mono
Gd-DTPA all 2.7x10° mono
1.0 wt.%
N4Gd all 1.3x10° mono

Collagen at 37 <C
MBICs all 3.0x10° mono
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a Diffusion data (denoted with **) fitted with the Equation 5.4 distribution are listed in the form

of the median D value and standard deviation of the lognormal distribution.

Pluen and coworkers®® observed that for 2.0 wt.% agarose gel there is a critical particle
hydrodynamic radius (~30 nm) below which D decreases drastically. Our observation may also
be due to the idea that the mean pore radius reported for 2.0 wt.% agarose gel® 3" does not
include a distribution of pore sizes, where smaller interconnected pores in a continuous
network would limit the transport of particles, though they are larger than the mean pore size.
Furthermore, other measurements of pore size may not correspond to what the diffusing MBIC
particles experience, when accounting for specific particle surface charge and morphology.

D for MBICs in 0.5 wt.% agarose gel is two orders of magnitude lower than that of the
~8>smaller N4Gd, due to steric hindrance and the influence of hydrodynamic interactions in
porous gels.%8-3® We observe a distribution of D for N4Gd in agarose gels in early time period
measurements, as shown in Figure 5.3 and Table 5.1. Moreover, diffusion coefficients detected
during later time periods are larger, and the fit better to Equation 5.3 instead of Equation 5.5.
This likely results from the larger MBIC particles that move more slowly through the gel and
hence contribute less to the image intensity at later times.

Diffusion rates of positively charged N4Gd particles ({-potential +34.1 4.7 mV from
DLS measurement) match very closely with the diffusivity of neutrally charged particles of
about the same size (~2 nm in radius) reported using FRAP methods!? in collagen gels of both
concentrations. On the other hand, the diffusion of negatively charged MBIC particles (-
potential -67.634.0 mV) was significantly hindered compared to neutral particles of similar

size measured in reference 11. Within 0.2 wt.% collagen gels, the diffusion of MBICs is
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approximately 10 times slower than neutrally charged particles, and the diffusivity of MBICs
decreases roughly two orders of magnitude compared to neutral particles in 1.0 wt.% collagen
gel. This drastic decrease in diffusion rate arises from the electrostatic interaction between the
slightly positively charged collagen fibers at neutral pH ({-potential ~+4 mV)* and negatively
charged MBIC nanoparticles. Combined with hydrodynamic and steric interactions,
electrostatic effects influence diffusion of nanoparticles of both positive and negative surface
charge, owing to their repulsion from or attraction to collagen fibers.'® Based on Johnson and
Deen’s model of electrostatic energy between a spherical particle and a fiber*, the electrostatic
interactions increase with the size of diffusing particles as well as the surface charge density
of the particle within a given medium. Accordingly, MBICs experience more significant
electrostatic interactions than N4Gd. Our results show that as the particle size and surface
charge become larger, collagen gel at tumor relevant concentration (1.0 wt.%) presents a more
significant impediment to the diffusive transport of negatively charged nanoparticles, as
illustrated in Figure 5.5. Furthermore, our observations support the idea that collagen is the
main diffusive hindrance to nanoparticles, and hence determines their transport in tumor
interstitium,** where collagen is the major component and an electrostatic bandpass is
proposed.’* Our observations thus provide direct and critical information for design of
theranostic delivery vehicles to selectively penetrate and permeate tumor tissue, and allow for

sensitive optimization of drug delivery and gene therapy agents.
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Figure 5.5 Representation of diffusion-driven transport of N4Gd nanoparticles into 0.5 wt.%

agarose gel and MBICs into 1.0 wt.% collagen gel.

5.4 Conclusion

In summary, we have established and validated a simple and accurate approach for
quantitative study of nanoparticle diffusive penetration into hydrogels. To the best of our
knowledge, this is the first work that combines time-resolved MRI experiments to reliably
quantify diffusivity of paramagnetic and superparamagnetic nanoparticles in bulk biological
media. Our results agree closely with those obtained from fluorescence techniques, yet the
capability of our approach allows the analysis of actual delivery vehicle diffusion through
biogels on mm to cm scales during a range of time periods. Accordingly, this method also
promises to greatly expand examinations of the transport properties of drug delivery systems

into the realm of in vivo studies in normal and tumor tissues.
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5.5 Supporting Information

Table S5.1 Diffusion coefficients and distribution of N4Gd into agarose and collagen gels.

Diffusing Medium

Diffusing Time/s

Median Diffusion

Coefficient / cm?es™

Distribution Standard

Deviation ¢

575 3.0x10-6 1.0
0.5 wt.% Agarose 2015 3.0x10-6 0.5
at25 C 3450 3.2x10-6 mono
8700 3.5%10-6 mono
270 1.6x<10-6 1.0
2.0 wt.% Agarose 1520 1.6x<10-6 0.5
at25 C 3398 1.8x<10-6 mono
7866 2.0x10-6 mono
130 2.1x10-6 0.9
0.2 wt.% Collagen 1480 1.2x<10-6 0.9
at37 < 2960 1.0%<10-6 0.9
5640 0.8x10-6 0.9
110 2.3%10-6 mono
1.0 wt.% Collagen
1295 1.8x<10-6 mono
at37 €
3310 1.3x<10-6 mono
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Table S5.2 Median coefficients of N4Gd measured by T»-weighted imaging and diffusion

coefficients measured by Ti-null-weighted imaging of N4Gd diffusing into 0.5 wt.% agarose

gel.
Diffusing Median Diffusion Coefficient / cm?es™ Diffusion Coefficient / cm?es™
Time/s measured by T2-weighted measured by T1-null-weighted
575 3.0%10-6
950 3.1x10°
1670 3.3x10°
2015 3.0x10°
2390 3.4x10°
3110 3.5x10°
3450 3.2x10°
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Figure S5.1 Fitting of experimental data (solid line) both with consideration of a diffusion
coefficient distribution (dashed line, using Equation 5.5) or with no distribution (dotted line,

using Equation 5.2) for diffusing of MBICs into 0.5 wt.% agarose gel.
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Figure S5.2 Fitting of experimental data (solid line) using Equation 5.2 (dotted line) for

diffusing of MBICs into 0.2 wt.% collagen gel.
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Figure S5.3 Fitting of experimental data (solid line) using Equation 5.2 (dotted line) for

diffusing of MBICs into 1.0 wt.% collagen gel.
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Chapter 6

Confinement Effects on Structures and Motions of lons Inside Nafion

6.1 Introduction

lon conducting materials have played an essential role in electrochemical conversion,
storage and transmission in devices ranging from fuel cells, to solar cells, batteries, chemical
sensors and artificial muscle actuators. lonic liquids (ILs) are liquids at or near room
temperature consisting solely of ions.** ILs have been identified as useful, safe and tunable
electrolytes due to their unique physicochemical properties, such as high ion conductivity,
broad electrochemical window, low vapor pressure, non-flammability, and high thermal
stability. lonic polymers (ionomers) are polymers containing charged and neutral moieties that
phase separate into nanometer-scale hydrophilic and hydrophobic domains.>” lonomers have
been studied and used as solid electrolytes based on their ion conductive hydrophilic domains
and the hydrophobic domains, which provide mechanical support.8-2° When absorbed into ionic
polymers, ILs may replace classical liquid electrolytes such as water and organic solvents to
promote faster ion transport and safety (non-flammability) in ion conducting devices.'*2
Understanding and optimizing transport of ILs inside ionic polymers is key to obtaining high
performance materials and devices and is greatly influenced by many factors including 1)
interaction among mobile species, 2) interaction between mobile species and fixed ions in the
hydrophilic domains of ionic polymers, 3) local geometry and tortuosity of ionic domains, and
4) mobility of polymer chains.

Tremendous effort has been devoted in experiments and simulations to understand the
local liquid structure of ILs, with many ILs based on imidazolium cations. One of the ongoing
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mysteries of IL structuring concerns the existence, lifetime, and fraction of ion pairs or larger
ion clusters in neat ILs. There is some experimental evidence that supports the existence of ion
pairs,’314 and their lifetime is estimated to be only a few pico- to nanoseconds.’>® An
intriguing proposal that has recently attracted attention is the formation of a supramolecular
structure of polar and nonpolar domains on the mesoscopic (~ 100 nm) length scale, mainly
driven by a 3D cooperative network of hydrogen bonds,'’*° or more precisely, doubly ionic
hydrogen bonds that are bifurcated and chelating.?’ Another model that can be used to help
explain ion transport behaviors in ILs is ion clusters. In this model, in addition to ion pairs, ion
clusters such as triples, quadrupoles and quintuples also exist and travel as an entity with a
short (~ 1 ns or less) lifetime. Our group has been using NMR techniques to map the
distribution of these short-lived clusters.!* 2! In this Chapter, we will use this ion clustering
model to explain our NOE and diffusion results.

Developed by DuPont, Nafion® is one of the most studied ionomers and serves as a
benchmark material for fuel cell membranes as well as other ion conduction and ion exchange
applications. Despite being exposed to extensive and close inspection, a complete picture of
the morphology of Nafion remains unresolved.?? Based on the information gathered from X-
ray, neutron scattering, and TEM, a wide range of models have been proposed for the
morphology of hydrated Nafion, including an interconnected hydrophilic network of inverted
micellar spherical ionic clusters,?® bundles of elongated rod- or ribbon-like polymeric
aggregates in the hydrated matrix,?*? long and parallel cylindrical water nanochannels in the
hydrophobic matrix,?” alternating polymer-rich and water-rich lamellar layers,?® locally narrow
and flat water films,?® and a random nanoscale channel-type bicontinuous network.%® The

difficulties in unraveling a complete Nafion morphology lie in its complexity, non-periodicity
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above the nanoscale, and heterogeneity as well as the fact that the sub-micron structures are
strongly influenced by pre-treatment.?® Previous studies of our group supported the existence
of sub-micron domains and demonstrated that these sub-micron domains can rotate and realign
under macroscopic drawing while the alignment within domains and junctions between
domains are not affected.®* However, little information has been revealed about these domain
boundaries and how they affect ion transport.

Our group has previously investigated water and ILs absorbed into Nafion using
multiple NMR methods with a highlight on pulsed-field-gradient (PFG) NMR diffusometry.*
8132 gelf-diffusion of ILs and water in Nafion reveals non-restricted diffusion behaviors for
cations, anions and water at room temperature (25 <C) when probing experimental diffusion
lengths of 0.5 — 3.3 pm. While the cation diffuses slower than the anion at high water content
due to its larger size and drag from fixed sulfonate groups in the hydrophilic domains of the
ionomer, the anion diffuses 4 x slower at low water content. This reversal in cation/anion
behavior was explained by the formation of anion-rich aggregates at low water content inside
Nafion.!! Motivated by these observations, in this chapter we aim to: 1) inspect the formation
of ion associations by intermolecular nuclear Overhauser effect (NOE) NMR spectroscopy, 2)
explore sample parameter space to explore “free diffusion” regimes, 3) and investigate regimes
of “restricted diffusion” where ions encounter geometric barriers to transport. Regarding point
3, we aim to understand the confinement effect of the Nafion nanochannels on ion transport,
and utilize restricted ion diffusion behaviors to probe the multi-length-scale geometry of this
important ionomer. Since both NOE and PFG NMR experiments are highly dependent on spin

relaxation times, we will first discuss the confinement effect on spin relaxation.
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6.2 Experimental Section

6.2.1 Sample Preparation

1-ethyl-3-methyl imidazolium tetrafluoroborate ([Comim][BF4]) and 1-ethyl-3-methyl
imidazolium trifluoromethanesulfonate ([Comim][TfO]) were used to study the confinement
effect of ion associations and motions inside ionomers. These ILs were purchased from Solvent
Innovation GMBH (Cologne, Germany) with purity >99% and used as received. Extruded
Nafion 117 (N117) membranes with equivalent weight of 1100 (grams of dry membrane per
mole of sulfonate groups) were obtained from DuPont in the acid form with thickness = 175
pm. Two series of samples were made for different NMR experiments. Series 1 were prepared
to fit inside a 5 mm NMR tube and included both [Comim][BF4] and [Comim][TfO]
simultaneously in N117 with varying water content. N117 membranes were cut into pieces of
3 mm %7 mm in size and dried in a vacuum oven for 24 hours at 50 <C to determine the dry
membrane mass (mvem ~ 60 g) gravimetrically. The membranes were then soaked with a
mixture of [Comim][BF4] and [Comim][TfO] (with a mole ratio of 1:1), and water (D»0, 99.9%,
Cambridge Isotope Labs) at 60 <T for 4-24 hours to achieve different IL uptakes and water
content. The wet membranes were blotted carefully to remove surface liquid, wrapped into
stacks using Teflon tape and then inserted into our home built sealed polyetheretherketone
(PEEK) tube with O.D. 4 mm and I.D. 3.2 mm. These membranes were then used for NMR
measurements with temperature decreasing from 50 °C to — 20 <C, with ~ 1 hour equilibration
at each temperature prior to NMR experiments. The mass of the membranes (Mmem«+iL+water)
were checked before and after NMR studies to verify no mass change due to water evaporation
or absorption during experiments. The membranes were dried in open air or vacuum for a few

minutes to achieve different water content at the same IL uptake, and eventually they were
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dried in vacuum for > 24 hours at 50 <C to remove water and to obtain dried membranes with
only ILs (Mmem+iL). The mole ratio of [Comim][BF4] to [Comim][TfO] soaked inside
membranes, expressed in y, was determined by multiplying the integration ratio of BF4—
resonance at -150 ppm to TfO ~ (CFsSOs~) resonance at -80 ppm in the *°F NMR spectrum
by 3/4 (as shown in Figure 6.1b). y =~ 0.9 — 1.1 for all our samples. IL uptake A(C,mim*/SO3 ")

and water content A(D20/SOs ) in the membrane were determined using the following

equations,
C,mim* m -m 1100 g/mol
< 2 _ >= Mem+IL Mem x g/ (6.1)
SO;3 MMem MWy,
A<D2?> _ MMem+IL+Water — MMem+IL % 1100 g/m01 (6.2)
S03 MMem lVWVDZO

where MW, = (X * MW[camim][Bra] T MWcamim][Tro1)/(X + 1), is the weighted average
molecular weight of the IL mixture. We note that we neglected any mass change caused by ion
exchange between H* of the original acid-form Nafion and Comim™.

Series 2 were prepared for 8 mm NMR tubes, using dry N117 pieces of ~ 450 mg
soaked in neat [Comim][BF4]. The procedures were the same as above, except that membranes
were sealed in polyethylene bags, MW, = MWc2mim][sra IN EQ. 6.1, and A(D20/SOs ) =0
throughout all experiments.

Series 1 was used for spin relaxation (Section 6.3.1), intermolecular NOE (Section
6.3.2) and checking free diffusion regions (Section 6.3.3). Series 2 was used mainly for
restricted diffusion studies (Section 6.3.4). Spin relaxation and *H-F HOESY experiments
were also performed on Series 2 to confirm that the coexistence of TfO — and BFs~ may shift
the results by +10%, but the trends observed and discussed in the later sections were identical

for the two sample series.
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6.2.2 NMR Studies

NMR measurements for series 1 were performed on a Bruker Avance 111 WB 400 MHz
(9.4 T) NMR spectrometer equipped with a 5 mm double resonance *H/?°H RF coil on a mic
probehead where the *H channel can be tuned to ‘°F, and a Bruker Avance 111 500 MHz (11.8
T) NMR spectrometer equipped with 5 mm double resonance *H/*°F coil. NMR measurements
for series 2 were performed on the above Bruker Avance Il1 WB 400 MHz NMR equipped
with a 8 mm single resonance *H/*°F RF coil.

Spin-lattice relaxation T1 and spin-spin relaxation T2 of *H and *°F were measured for
both sample series. T1 was measured using the inversion-recovery method, and T using an
incremented echo-train CPMG pulse sequence. Estimated errors in Trand T> values are < £2%
for single-component fittings.

NOE experiments were performed for free ILs and sample series 1 on the 500 MHz
spectrometer. For *H-1°F HOESY, the simplest pulse sequence (no gradients or extra delays)
“hoesyqfrv” from the Bruker spectrometer library was used with '°F detection and mixing
times varying from 50 to 1700 ms, and z/2 pulse times of 13.5 ps for H and 15.5 ps for *°F.
32 transients with a total of 2k data points in the direct dimension F2 (*°F) and 96 data points
in the indirect dimension F1 (*H) were collected, with a spectral width of 25 kHz in both F2
and F1. The relaxation delay was 4.0 s.

For ILs absorbed in membranes, reduced dynamics leads to much shorter T1 and T»
values, therefore any modified pulse sequences with active T» decay period longer than a few
ms do not produce any signal, such as the commonly used “hoesygp.” For *°F-selective 1D

NOE, the simple “selno” pulse sequence was employed using Gaussian-shape-selective
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excitation on either BFs~ (-150 ppm) or TfO — (-80 ppm). Pulse sequences like “selnogp” do
not work due to the very short T» values. The mixing time was varied from 50 to 1500 ms.
Diffusion measurements were performed on the 400 MHz spectrometer equipped with
a DIFF60 (24 T/m at 40 A current) diffusion probe to study diffusion of cation (*H), anion
(*F), and water (?H) separately. Again reduced dynamics leads to much shorter T1 and T
values as well as much slower diffusion coefficients for ILs inside membranes, presenting a
challenge for diffusion measurements. DIFF60 has a maximum gradient of 24 T/m along the
z-direction, which allows measuring relatively slow diffusion coefficients (~ 102> m?/s). The
gradient pre-emphasis was optimized using a dry glycerol sample at 10 <C. The stability and
reliability of our gradient system was confirmed by observing the same diffusion coefficient
for dry glycerol when varying effective gradient pulse duration & from 1 to 3 ms and diffusion
time A from 10 ms to 1000 ms while keeping a gradient stabilization time of 2 ms and a
maximum gradient of 18 T/m.*® To study IL diffusion in membranes, the pulsed-gradient
stimulated echo (PGSTE) sequence3* was used with an effective § = 2 ms (actual pulse length
of the half sinusoid pulse was 3.2 ms), gradient stabilization time of 2 ms, A ranging from 25
— 600 ms, gradient strengths varying from g = 20 G/cm to g = 1800 G/cm, and #/2 pulse times
of 7.5 ps for *H and 8.5 ps for 1°F. 16 to 32 gradient steps were applied, and the number of
scans varied from 4 x 1 to 16 x 64 to yield sufficient signal-to-noise ratio (SNR). For normal
diffusion curves, the self-diffusion coefficient D was obtained by fitting the measured signal
attenuation E(q,A) = 1/1, as a function of the reciprocal space vector g using the Stejskal-

Tanner equation®+2®:

E(q,A) = exp(—q*(A - &/3)D). (6.3)
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Here g = ygd, vy is the gyromagnetic ratio of the detected nucleus, g is gradient
strength, & is gradient pulse duration, and A is diffusion time. Each measurement was done
three times to obtain a mean D with an error of < £5%.

6.3 Results and Discussion

Figure 6.1 compares single-pulse *H and °F NMR spectra of neat IL mixture and the
mixture soaked into dry Nafion membranes. Molecular motions are significantly hindered in
the nanoporous membrane, resulting in much broader lines. For the cation, spectral resolution
is reduced and yet three kinds of protons (aromatic-CH, N-CH2/CHz and B-CH3) can be
resolved for further relaxation, diffusion and NOE studies. For the anion mixture of BF4~ and
T1O ~with molar ratio 1:1, the resonance at -150 ppm for BF4— has lower intensity in the free
liquid state due to J-splittings by the two boron isotopes (*°B and 1'B), while the resonance at
-80 ppm for TfO ~ is lower in intensity for ILs inside membranes due to its larger size and
thereby more hindered motion (shorter T,). Note here °F spectra width is 50 kHz, while the
nutation frequency on the 500 MHz spectrometer is only 20 kHz, so we set on-resonance at
either -80 ppm or -150 ppm and perform all *°F experiments twice (one for each anion) to

remove the off-resonance pulse excitation effect.
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Figure 6.1 *H (a) and '°F (b) NMR spectra of a mixture of dry [Czmim][BF4] and [C2mim][TfO]

in the free liquid state (black lines) and absorbed in membranes (blue lines).

6.3.1 Spin relaxation

Spin relaxation for each chemically distinct spin provides information about molecular
dynamics and is heavily influenced by the surroundings of each spin. For molecules dissolved
inside a porous solid matrix, spin-spin relaxation T is largely modulated by susceptibility
inhomogeneity in the sample, so here we focus on spin-lattice relaxation Tz in order to better
understand the confinement effect on spin relaxation. We measure *H T1 of Comim™ and *°F Ty
of BF;and TfO ~as a function of IL uptake A(Comim"/SO3 "), water content A(D20/SO3z ), and
temperature T ranging from -30<C to 50<C. Figure 6.2 shows °F magnetization recovery

plotted as a function of the delay time t, measured at 10C for [Comim][BF4] at fixed
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MC>mim'/SOz ) = 0.8 and varying A(D>0/SO3 ) = 3.7 (a), 2.2 (b), and 0 (c). The inversion-

recovery magnetization curve is given by

(Mo =M, (D}/Mo = )"~ AG) exp(~7/T; (D). (6:4)

Here M, is the equilibrium magnetization and M, (7) is the magnetization at delay time
7. N is the number of components required to fit the data. A(i) and Ty (i)are fitting parameters
for the ith component. Note that for multi-component relaxation data, the fitting parameter T’
is apparent relaxation times involving the effect from exchange or confinement, therefore it
does not necessarily represent the true relaxation times of each component. Using Eq. 6.4, a
single-component decay fits nicely for Figure 6.2a to obtain T;'= 1.25 s, but two components
are required to fit Figure 6.2b and 2c. The short T} and long T;" values are fitted to be 320 ms
and 1.20 s for Figure 6.2b, 21 ms and 1.18 s for Figure 6.2c, respectively. Contrary to the
dramatic decrease in the short T, values at lower water content, the long T, values only reduce
slightly and the population of the long T; component maintains a similar level (approximately
55%). Figure 6.3 shows the temperature dependence of *°F and *H T, values at A(D.0/SO3 )
=3.7 (aand b) as well as \(D20/SO3~ ) = 2.2 (c and d). It is clear that °F Ty of both BFs~ and
TfO ™ experiences a transition from single- to multi-component as temperature decreases,
while this transition temperature of TfO ~ is higher than that of BF4—. This may be explained
by more hindered motion for TfO ~in the Nafion ionic channels due to its larger size compared
to BF4 . Similar to the effect of water content, the short T, values decrease significantly at
lower temperature, while the long T, values only reduce slightly and reach a plateau at ~263
K. Furthermore, the single-to-multi-component transition temperature increases as
MComim™/SO3 ) or M(D20/SO3 ) decreases, corresponding to reduced dynamics as a result of
smaller ionic channels at lower IL uptake and water content. Surprisingly, the relative
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amplitude of the long T;" component only fluctuates modestly with water content, temperature,
anion species, and IL uptake, as shown in Figure 6.4. On the other hand, for all different types
of H in [Comim'], we observe single-component T; which becomes shorter at lower
temperature. H T, also decreases monotonically as A(Comim*/SOs; ) or A(D20/SOs )

decreases, as a result of reduced dynamics.

2
= 1 :
£
So01f T,=125s
< B )
= A (D,0/S0; )=3.7

0 1 2 3 4 5
Delay time 7 (s)

Figure 6.2 '°F magnetization recovery curves measured at 10<C for [Comim][BF4] absorbed
in Nafion with 17 wt% IL uptake A(Comim™/SO3 ) = 0.8 at varying water contents A(D.O/SOz

)=3.7 (a), 2.2 (b), and 0 (c).
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Figure 6.3 Temperature dependence of T; for (a) '°F in BFs— at A(D.0/SOs ) = 3.7, (b) *°F
in TFO at A(D20/S0s ) = 3.7, (¢) 1°F in BF4~ at A(D20/S0s ) = 2.2, and (d) H in C;mim”

at M(D20/S0Os ) =2.2.
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Figure 6.4. Relative amplitude of long T; component vs. IL uptake, water content, and

temperature.
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Multi-component relaxation can be explained by the exchange between multiple sites
with distinguishable local relaxation rates. In the fast exchange limit, a single average
relaxation time is obtained by weighting each relaxation site, while in the slow exchange limit,
multi-exponential decay is observed with each component representing the population and
relaxation rate of each site. In intermediate exchange, the resulting apparent multi-exponential
decay is also a function of effective exchange time using the Zimmerman-Brittin treatment.®
This exchange model has been successfully applied to study “bound” and “free” water states
in biological tissues and rocks.” In our case, the transition of °F T; from one to two
components is caused by reduced dynamics, and hence can be explained by the transition from

the fast exchange limit to the intermediate or slow exchange limit. For a two-site problem, the

effective exchange time for intermediate exchange is on the same order as Tl(l) or Tl(z).

Although the apparent relaxation times T, obtained using Eq. 6.4 are not true Tl(l) or Tl(z), as

one would observe for each population of spins in isolation, we can roughly estimate the
exchange time to be ~10 ms to 1 s. However, from PFG experiments (Section 6.3.3), we
observe a single-component diffusion coefficient D and no significant change in D while
varying diffusion time from 25 ms to 600 ms under most experimental conditions, which
indicates an exchange time between sites of <25 ms. In addition, we obtain the same apparent
T, while changing the spacing between refocusing pulses in CPMG experiments from 0.1 ms
to 4 ms (Figure 6.5), further indicating an exchange time < 0.1 ms.*®® Therefore, the simple
exchange model cannot be used to explain the multi-component relaxation we observed in

Figure 6.2 and 6.3.
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Figure 6.5. °F magnetization decay curves measured at 10<C for [Camim][BF4] absorbed in
Nafion with 17 wt% IL uptake A(Comim"/SO3 ) = 0.8 at water content A(D20/SOs ) = 2.2,

and with different timing (echo delay) of refocusing pulses 0.1 ms, 0.2 ms, 2 ms and 4 ms.

For molecules or ions undergoing diffusion in porous media, the pore geometry
(boundary conditions and size) as well as pore “surface sink” strength strongly affect spin
relaxation.®” Surface sinks are caused by enhanced intra- or inter-molecular dipolar interaction
as the rotational and translational motion are hindered by surface sites (momentarily stronger
intermolecular potentials) or the spins are strongly relaxed by the presence of paramagnetic
centers at the pore surface. Here we apply the normal-modes solution by Brownstein and

Tarr,®
M@/ My = ) Texp(—/T,). (6.5)
n=0

Th are the eigenvalues that satisfy the diffusion equations considering surface or volume sink
effects with certain boundary condition on the bounding surface, I» are the relative intensities

of Tn components. Ty and I, are determined by boundary conditions, pore size, average sink
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strength over the surface, and diffusion coefficient. We attempted to fit our data using the four
different boundary conditions Brownstein and Tarr employed: planar, cylindrical, and
spherical for surface sink, and annular cylindrical for volume sink. Unfortunately, none of
these models fit our data well.

To understand our relaxation results, ion diffusion behaviors are crucial. From our
diffusion studies below (Section 6.3.5), we conclude that while cations diffuse without
geometric restriction in Nafion, anions are partially restricted when crossing domain junctions
depending on temperature. In addition, anions experience more restriction from fixed sulfonate
groups inside domains than cations. As shown in Figures 6.15a, the pore geometry involves a
sub-micron domain (cylindrical or spherical) with a strong surface sink effect and several
cylindrical chains with a weak volume sink effect inside the domain. Note that “pore” has a
different meaning here than an open pore filled with liquid, and we will discuss this further in
Sections 6.3.4 and 6.3.5 below. We are working toward a complete analysis of our relaxation
data using this geometry. Here we emphasize that both anomalous relaxation and diffusion
behaviors of ions are caused by the interactions between mobile IL ions and the fixed ionic
groups of the polymer matrix, but on different time scales. Ty is sensitive to molecular
dynamics of ~ 1 ns, while the time scale for PFG measurement is ~ 100 ms. Comparing Figure
6.3c and 6.9c, T1 shows deviation from single-component fitting at 20 °C, while D experiences
a transition from free to restricted diffusion at — 20 °C.

6.3.2 Intermolecular NOEs
NOE spectroscopy has proven to be a powerful technique to obtain distance

information between nuclear spins spatially separated within 5 A and has been used to

investigate nanostructural organization in neat ILs and their solutions.!® ° H-1°F HOESY
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studies on [Comim][BF4] show strong intermolecular interaction between cation and anion,
indicating the presence of a large number of ion clusters (or pairs) with nanosecond lifetimes
in neat IL and even in solution.*® However, a recent model of intermolecular NOESs in solutions
proposed that the experimental cross-relaxation rate is dominated by a long range effect rather
than short distance dipole-dipole interactions.'® ** The authors used [C.mim][BF4] as the
model system to study the influence of pair dynamics including translational and rotational
motions, as well as an “off-center” effect on intermolecular NOE. They found that for neat
[Camim][BF4], ions with intermolecular distance up to 15-30 A can contribute to the NOE,
therefore H-°F HOESY does not necessarily reveal site-specific local ion pair configuration,
but an average of ion orientations over long distance.** With this in mind, we focus on the
change in the NOE induced by different IL uptakes and water contents for a qualitative analysis,

instead of trying to interpret detailed local structures.

Previous studies on neat ILs and their solutions employed phase-sensitive HOESY
pulse sequences for signal enhancement. However, in our case, reduced motions for ILs soaked
in membranes lead to very short T and any pulse sequence with active T» decay period longer
than a few ms cannot produce any signal. Hence we use a magnitude-mode HOESY pulse
sequence. This pulse sequence produces no detectable cross peak intensities for neat ILs and
their aqueous solutions using our experimental parameters with a mixing time of 50 ms. The
relatively short mixing time 50 ms is used to minimize problems with spin-diffusion effects.
For the IL mixture absorbed inside Nafion, we observe no cross peaks at -150 ppm (BF4™) and
-80 ppm (TfO ) with relatively high water content A(D20/SO3 ) =5.1 (Figure 6.6a). However,
cross peak intensities increase dramatically at first (Figure 6.6b and 6.6c) then decrease

generally (Figure 6.6d) for BF4— upon decreasing water content until no cross peaks appear at
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MD20/S03 ) = 0. We observe no cross peaks for TfO with all water contents. The decrease
in NOE for BFs— and the absence of NOE for TfO when further lowering water content can
be explained by shortened T,; (< 1 ms) for these ions such that no signal can survive the pulse
sequence. The initial increase in the NOE for BFs~ may be attributed to the depressed ion
translations and rotations according to the pair dynamics model,** or to the formation of ion
associations between Comim™* and BF4—. A complete analysis of the effect of ion motions and
configurations on the NOE change requires significantly more experiments and further
refinement of the spin relaxation and NOE models to obtain rotational correlation times and to

incorporate polymer matrix effects.
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Figure 6.6 *H-1F HOESY spectra with a mixing time of 50 ms of a mixture of [C.mim][BF]
and [Comim][TfO] inside Nafion at A(Comim*/SO3 ) = 0.8 with varying A(D20/SO3 ) = 5.1

(@), 3.7 (b), 2.2 (c) and 0.6 (d). No cross peak is observed at -80 ppm (TfO ) for mixing times
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of 50 ms up to 1700 ms, spectra not shown. Note also that we observe no cross peaks for neat

ILs with our pulse sequence and experimental parameters.

Here we try to separate the effects of ion motions and configurations by observing the
change in NOE intensity with varying sample parameters: water content, temperature and IL
uptake. Water molecules screen the electrostatic interactions between ions, therefore lowering
water content leads to reduced ion motions due to increased intermolecular interactions.
Furthermore, the influence of polymer matrix and the interactions between ions and fixed
sulfonate groups increase as IL uptake decreases, resulting in reduced ion motions. In
addition, as discussed in the relaxation and diffusion sections, lowering temperature reduces
ion motions in a different way from lowering water content. *H & °F T, decreases as ion
motions are slowed, thus reducing *H & °F overall signal intensity. As shown in Table 6.1,
we observe a decrease in the NOE by lowering temperature and IL uptake, but a significant
increase in the NOE by lowering water content. Hence we tentatively attribute this increase in
the NOE to closer clustering between cations and anions (increased ion associations) at low
water content. This system of ILs absorbed inside a nanoporous medium with varying water
content, IL uptake and temperature can also serve as a useful and tunable example system to

understand the effects of ion motions and configurations on the NOE.
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Table 6.1 Change in ion motions and NOE intensity with varying sample parameters.

Sample parameters Water content |  Temperature | IL uptake |
Translation & rotation ! ! !
'H & °F spin density - - l

'H&FT, ! ) )
'H & 1°F signal intensity ! ! !
'H-1°F NOE intensity T ! !
'H-1°F distance l - -
3
«
;: ’ “"\
'% I ”,' :::.\ “a
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Figure 6.7 'H-F HOESY build-up curves for BFs~ and Comim* of absorbed IL mixture at

M(C.mim*/SOs7) = 0.8 and A(D,0/SO3) = 0.6.

Comparing Figure 6.6b, 6.6¢ and 6.6d, the preferred mean cation-anion interaction sites

become closer to imidazole rings protons rather than alkyl tails when reducing water content.
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!H-%F HOESY build-up curves at A(D20/SO3 ) = 0.6 (Figure 6.7) suggest a preferential
distribution of BFsaround aromatic protons, indicating that electrostatic attraction has more
influence on cation-anion interactions at lower water content. Furthermore, °F 1D selective
NOESY experiments detect cross peaks for BFs— when excited at TfO (Figure 6.8a) at very
low water content A(D.O/SO3 ) < 1.5, implying the formation of anion-rich aggregates. This
suggestion fits well with our published anionic association model obtained from self-diffusion
studies.!! At high water content, in the swollen hydrophilic domains of Nafion, water
significantly screens the electrostatic attraction and repulsion between different ions due to its
large dielectric constant, leading to free single ions surrounded by water molecules (Figure
6.8b). Intermolecular interactions become dramatically stronger with decreasing water content.
The formation of (momentary) anion-rich associations such as anion-cation-anion triples
(Figure 6.8c) can be reasoned by 1) fixed sulfonate groups repel anions, and a large and slow-
moving triple works better to reduce the Coulomb energy of the system than two fast moving
anions plus a cation or a fast moving anion plus a neutral dipole, and 2) the size, shape
anisotropy, charge distribution and conformational flexibility of Comim*, BFs~ and TfO

permit specific molecular packing to form anion-rich triples.

171



(a)

(b) r— TfO"
@ BF, orTfO~ -|—\ C,mim*
BF,
- 803 HJr v HzO \1’
/)\/7/< 80 400 120 140 160
v A 9F (ppm)
N -I_\ VV.VV -I_\ . 'V o
v v ) ® V_l_‘ Lowering W
e 'p e water YV VP
) +V - ) e ® content + ¥ + ®
¢ o Y o ) ) - D v X
P . Pe‘ 2 efe Sy 0 7
e E— ,
v @ ) ] () ' . \-l_ _I_\
2 L4 v ) , - v

Figure 6.8 (a) '°F 1D selective NOE spectrum for BFs— and TfO™ of the absorbed IL mixture
at M(Comim*/SOs ) = 0.8 and A(D20/SO3 ) = 0.6. Below are schematic illustrations of ILs

inside Nafion membranes at (b) high water content, and (c) low water content.

6.3.3 Diffusion: Transition from “free” to “restricted” diffusion regions

Here we vary the sample parameter space (temperature, water content, and IL uptake)
to explore “free” diffusion regimes. IL species chemical structure also significantly affects ion
transport behaviors, but here we only focus on [Comim][BF4] and [Comim][TfO]. The criterion
for free diffusion is 1) signal attenuation curves collected from PFG experiments cleanly fit
using the Stejskal-Tanner relation Eq. 6.3% and 2) diffusion coefficients D obtained from the
fittings are independent of diffusion time. Surprisingly, cations maintain “free” diffusion under
all our measurements, while anions experience a transition from “free” to “restricted” regimes
when lowering IL uptake, water content or temperature. For example, with IL uptake

MComim*/SO3z ) =0.8 and T = 313 K, both cation and anion diffusion are non-restricted from
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MD20/SOs ) =5.1to 0.6 with a reverse in the ratio Dcatoion/Danion When lowering A(D20/SOz
), which was explained by the formation of anion-rich aggregates (Figure 6.9a).!! When
lowering temperature from 313 K to 253 K, at high water content, A(D-0/SOs ) = 5.1 and
3.7, we observe free diffusion and Dcation/Danion is nearly independent of temperature (Figure
6.9b and 6.9c). However, at low water content, A(D.0/SO3 ) = 2.2 and 0.6, we observe the
transition to restricted diffusion at T = 253 K and 303 K (Figure 6.9c and 6.10), respectively.
As mentioned earlier, higher IL uptake or water content creates expanded hydrophilic domains
in Nafion and thereby reduces the confinement effect due to the polymer-fixed sulfonate
groups. On the other hand, higher water content or temperature leads to faster ion dynamics in
a different way. Therefore, we expect to observe a transition from free to restricted diffusion
when lowering IL uptake, water content or temperature. However, in order to better understand
the difference in cation and anion diffusion behaviors and how they are related to Nafion
morphology, here we eliminate the parameter water content and study dry membranes with

MD20/S03 ) = 0 for the following studies.

(a)T=313K (b) L (D,0/SO; )=3.7 (©) 2 (D,0/80; )=22
4
o <
_-© 1010 F 4 <o o ° D20 100 F ° o D,)O
3 '2::"'A LPN o ; o o‘
101t » /,;," 1PN o é o
o 3 1 1R o P o
S . 11 — i1 F ©
£ wHER2e,  BE R A
_R L R Q [ 4 C,mim
102 & Ll N Q Q L L
E ’ -0-BF, 10- C,mim ) 0 10 BF,~ Iy
r © -4- Cymim* ] 6
1013 . L L L . 1oL b v ) . P S — k
0 2 4 6 32 34 36 38 4 3 35 4
4 (D,0/80; ) 1000/T (1/K) 1000/T (1/K)

Figure 6.9 Self-diffusion coefficients D of Comim*, BF4—, and D20 at A(Comim*/SOs; ) =0.8

vs. M(D20/SO3 ) at T =313 K (a), and vs. 1000/T at M(D20/SO3 ) = 3.7 (b) and 2.2 (c).
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Figure 6.10 Transition from “free” to “restricted” diffusion regimes. Left panel: signal
attenuation E (g, A) vs. attenuation parameter g2(A — &/3) for 1°F of BF,at M(D20/SO3 ) =
2.2,(a) T=263 K, (b) T=253 K, and (c) T = 253 K. Right panel: E(q, ) vs. g?(A — 6/3)
for 19F of BF,at A(D20/S0s ) = 0.6, (3) T = 313 K, (b) T =303 K, (c) T =293 K. All plots

are based on A = 50 ms, except (c) is based on A =50 ms.

6.3.4 Diffusion: Dimensional restriction and single-file diffusion

In this section, we focus on restricted ion diffusion by studying [Comim][BF] absorbed
inside Nafion with A(Comim*/SO3 ) = 1.1 at low water content A(D20/SO3 )=0andat T =
273 - 303 K, where confinement effects in the polymer matrix are enhanced. Figure 6.11 shows

surprising differences between cation and anion diffusion in the ionomer. For free diffusion,
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according to Eq. 6.3, the slope of In(E(q,A)) vs. g%(A — &/3) directly gives diffusion
coefficient D, which is independent of diffusion time A. Cation diffusion behavior (Figure
6.11a) is exactly the same as free diffusion with Daion = 2.5 X 10713m? /s over the
experimental diffusion length 0.15 — 0.55 pm, which is remarkable considering the ionic
attraction between cation and fixed sulfonate group in the polymer matrix. On the contrary,
anion diffusion behaviors (Figure 6.11b and 6.11d) are restricted in three ways. (1)
E(q,A) vs. q*(A— 6/3) is linear at short A (< 50 ms), but becomes curved at long A (=
100 ms). (2) Signal decay is much slower, noting the difference in x and y-axis scales between
cation and anion plots. At A =50 ms, Dypjon = 8.2 X 1071*m? /s obtained using Eq. 6.3,
which is 3xsmaller than D_ati0n- (3) E (g, A) vs. g2 collapse onto a single curve at long A (=

200 ms), indicating a highly restricted or isolated environment.
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Figure 6.11 Signal attenuation E (g, A) vs g%(A — §/3) for cation (a) and anion (b), and signal

attenuation E (g, A) vs g2 for cation (c) and anion (d), all corresponding to [Comim][BF4]

inside Nafion at A(Comim*/SOz ) = 1.1, A(D20/SOz ) = 0, and T = 293 K. Here signal

attenuation E(q,A) =1/1,, q = ygd, y isthe gyromagnetic ratio, g is gradient strength, & is

gradient pulse duration, and A is diffusion time. The black line of (a) is the best fit to the data

using the Stejskal-Tanner relation E(q,A) = exp(—q2D(A — §/3)). The lines of (d) show

best fits using the dimensionally restricted model Eq. 6.6.

Mitra and Sen demonstrated that the deviation of E(q,A) from quadratic behavior in

g in a porous medium contains considerably more valuable information about the medium
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microgeometry than enhanced spin relaxation or macroscopic diffusion coefficient.*? A
diffusion model that fits our anion diffusion behaviors well is a collection of randomly oriented

cylindrical pores of radius r, as derived by Mitra and Sen*?

E(q,8) = exp(~D A q?) [y explq? (DA — (r.(0)2)/4) (1—xD)]dx  (6.6)
where 7, (4) is the displacement of diffusing species perpendicular to the cylindrical pore axis.

A reasonable fitting form of this perpendicular displacement is

rJ_SrA)Z _ ;[1 ~ exp (_ ?_ZA)] _ (6.7)

When DAL r?, (r,(A)?)/4 = DA, E(q,A) = exp(—D A q?), apparent free diffusion is
expected. When the product DA r?, (r;(A)?)/4 =r?/4, and diffusion is restricted
perpendicular to the cylindrical pore aixs. Therefore in this model, the curvature of
E(q,A) vs. g2 increases as diffusion time increases, which is what we observe for anion
diffusion (Figure 6.11).

By fitting the experimental data at 293 K, we obtain radius r of 0.07 pm for all
diffusion times. Replacing DA with mean-square displacement Z2/2 in Eq. 6.6 we can find the
dependence of Z2 on A. Z2 increases nearly linearly with A initially, from which we extract
D =2.1x10"1m?/s (Figure 6.12, left), revealing that anion diffusion is actually

comparable to cation diffusion if the geometric confinement effect is removed. Then Z2

plateaus at A > 300 ms, suggesting an isolated geometry with diffusion length L (L = v/ Z2 at

plateau) of 0.29 pm at 293 K.
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Figure 6.12 Mean-square displacement Z2 and restricted domain radius r for diffusing anions
obtained by fitting experimental signal attenuation data using Eq. 6.6 at varying diffusion times

and temperatures.

Strikingly, both Z2 and r change significantly as a function of temperature, as shown
in Figure 6.12. By increasing temperature to 303 K, L and r increase to 0.39 and 0.11 pm,
respectively. Besides, Z2 vs. A is linearly dependent at short A for T> 293 K and the A value
at which Z2 reaches plateau increases with temperature. With this trend, we expect the
restriction effect may completely disappear at high enough temperature.

Even more extraordinary is the observation that when reducing temperature to 283 K,
the curvature of E(q,A) vs. g2 increases significantly at short A (Figure 6.13a), resulting in
r = 0 (Figure 6.12b). This is usually referred to a 1D or single-file diffusion model by setting

r, (A) =0inEq. 6.6
1

Eip(q,A) = f exp(—q? D A x?)dx. (6.8)
0
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The resultant Z2 vs. A is shown in Figure 6.12, left (red square), and Z2 vs. A2 in Figure
6.13b. It is clear that Z2 is linearly dependent on A'/2 rather than A at short A (< 200 ms),
another strong indicator of single-file diffusion. L = 0.24 pm at the plateau in Figure 6.13b
where A > 200 ms. On the other hand, we again observe essentially unrestricted cation
diffusion at 283 K with Dc,tion = 2.0 X 1073m? /s at A = 25 ms which reduces only slightly

t0 1.8 X 107 3m? /s at A = 500 ms.
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Figure 6.13 (a) Anion diffusion plots E(g,A) vs. g% for [Comim][BF4] inside Nafion at
MComim*/SOz ) = 1.1, M(D20/SOs ) =0 and T = 283 K. The lines show best fits using the
single-file diffusion model of Eq. 6.8 (b) The fitting parameter Z2 plotted vs. AY? shows linear

dependence at A < 200 ms.

Figure 6.14 summarizes ion diffusion behaviors of [Comim][BF4] absorbed inside dry
Nafion as a function of T. While cations diffuse freely independent of T, the sub-micron
restriction length and radius of the anion diffusion increase non-linearly with T (Figure 6.14b).
The apparent Dgg, obtained from Stejskal-Tanner fitting (Eq. 6.3) at A = 50 ms is 4-fold
smaller than Dc,mim. HOwever, the local anion diffusion Dgg, calculated after removing the

geometric restriction effect is 3/4 that of D¢omim (Figure 6.14a). Considering the relatively
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larger ion size of Comim* (rcamim/Ters = 1.4)* and the drag effect of polymer-fixed SOz
groups on Comim*, the fact that D¢, min IS Still greater than the local Dgg, further indicates the
formation of anion-rich aggregates, as we concluded in Section 6.3.2. Here we emphasize that
we only observe signals that survive the active T» decay and Ti decay periods. This is
particularly important here where molecular dynamics is strongly reduced due to the

confinement.
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Figure 6.14 Summary of ion diffusion coefficients (a) and anion restricted dimension (b) as a
function of temperature. L and r are the length and radius of the randomly distributed

cylindrical pores used to fit anion restricted diffusion, respectively.

Other models may also be used to explain these anomalous diffusion behaviors. We
can add diffusion anisotropy into the model by setting D, (diffusion perpendicular to
thecylindrical pore axis) different from D, (diffusion along the cylindrical pore axis), but we
observe no significant difference in the fitting results. The reason is in Eg.6.7, in which

(r (A)?)/4 ~7?/4 as long as D, A> r?, which holds for most of our data. Therefore the
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geometric confinement contributes more to the anomalous diffusion curves than diffusion
anisotropy. Another model is a distribution of isolated spherical pores with different diameters,
as discussed in the Ph.D. thesis of our group’s previous student Jianbo Hou.*® For diffusion

confined within isolated pores of radius R, if diffusion length is larger than the pore size, then*

qZRZ
E(q,A) = exp (— = ) (6.9)
Assuming a Gaussian distribution for the pore size,
1 (R — Ry)?
P(R) = \/ﬁexp —T (610)
we have finally
1 q°R§
E(q,A) = Wexp <—m . (6.11)

Using this model, the obtained pore size R, is comparable to the diffusion length L obtained
using our cylindrical pore model. In this model, the anomalous diffusion is caused by the size
distribution of spherical pores, but in our model, shape anisotropy of monodisperse cylindrical
pores is the reason for the deviation. Both models have their grounds, but the spherical pore
model cannot explain the single-file diffusion curves at short A, therefore we prefer the

cylindrical pore model.

6.3.5 Multiscale structures of Nafion governing ion diffusion

To understand the dramatic difference between cation and anion diffusion as well as
the unusual temperature dependence of anion diffusion, we have to look closely into the
multiscale structure of Nafion. As mentioned earlier, several models have been proposed for

Nafion morphology. For example, in one model , elongated ribbon-like polymeric aggregates
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with length a few hundred nanometers formed from polymer chains backbones are surrounded
by the sidechain polymer-fixed sulfonate groups and the counterions.?*?® These aggregates
organize into bundles with preferential orientational ordering so as to construct sub-micron
domains that each have random orientations in space.****® In the model of water nanochannels,
these sub-micron domains are instead formed by interconnected hydrophilic channels formed
from aggregates of sulfonate groups.*® These models appear to be conceptually distinct, but
they are actually compatible by changing perspectives. When the ribbons of polymeric
aggregates are close enough, hydrophilic channels are formed between them. So these models
are essentially exchangeable depending on the size of and distance between the polymeric
aggregates. Here we accept the idea of sub-micron domains that possess intradomain
orientational order but are globally orientationally disordered, and we demonstrate the
influence of domain boundaries on ion diffusion.

Anion diffusion restricted between sub-micron domains. We attribute the isolated geometry
probed by anion diffusion with a length of 0.29 pm and radius of 0.07 pm at 293 K to an
average boundary effect due to sub-micron domain boundaries, and this only affects anion
diffusion. At domain junctions, we propose that polymeric aggregations from one domain may
interact with those from other domains, resulting in a higher density of sulfonate groups, which
we call the “SO3z boundary”, as shown in Figure 6.15. This boundary attracts cations and
allows them to migrate through any defects present at the domain boundaries, due to the net
attractive electrostatic interaction between the boundary and cations. Although the drag effect
of the boundary may temporally trap cations and reduce cation diffusion rates, the relatively
small length of the boundary allows for overall free cation diffusion during the experimental

diffusion time with a diffusion length of 0.1 — 2 pm. We note that Ohkubo et al. investigated
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the presence of a micron-scale structural characteristic inside Nafion using restricted water
diffusion (*H.0) with the oscillating gradient spin echo (OGSE).* However, we repeated some
of their measurements without observing any restricted water diffusion under the same
experimental conditions.®® Here we want to emphasize that these sub-micron domain
boundaries are not obstacles to neither cation nor water transport during our experimental
diffusion time. On the contrary, the boundary restricts only anion transport due to repulsive

forces, hence anion motions are confined by the domain boundaries (Figure 6.15).
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Figure 6.15 The influence of domain boundaries on ion diffusion. Schematic illustration of (a)
Nafion structures with sub-micron domains at low T. Orange lines represent polymeric
hydrophobic aggregates, yellow curves represent domain boundaries, and the blue background
represent hydrophilic transport matrix. (b) Cations can diffuse through domain boundaries,
while anions are restricted by the SOs boundaries. (c) The boundary effect is dependent on
thermal fluctuations such that the effective domain sizes grow (boundaries disappear) with

increasing T.
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More important, the SOs boundary effect is not static and varies with temperature
(Figure 6.15). When temperature increases, anions may diffuse through domain boundaries if
thermal fluctuations of the polymer-fixed SOz groups and anions can overcome the electric
potential between them. Therefore the length and radius obtained from fitting anion diffusion
data are not necessarily the size of simple structural sub-micron domains as one could
determine by, e.g., X-ray scattering, but are the size of detectable confinement boundaries to
anion diffusion. The nonlinear increase in the confinement size with temperature signifies the
SO3 density variation and heterogeneous nature of domain boundaries. According to this trend,
at high enough temperature, the boundary effect will disappear and anions will exhibit
unrestricted diffusion like cations and water. At low enough temperature, the confinement size
will plateau and represent the average domain size that would likely link to a defined polymer
structure observable by microscopy or scattering. As shown in Figure 6.14b, the boundary
length (and radius) decreases from 0.53 (0.19) pm at 313 K, to 0.39 (0.11) pm at 303 K, 0.29
(0.07) pm at 293 K, and 0.25 (0) jam at 283 K. We can thus notice that the domain size is ~ 0.1
m, consistent with the characteristic size obtained from SAXS.2* The sudden decrease in the
radius at 283 K involves the confinement effect within domains and we will discussed this next.
Single-file anion diffusion. In the elongated polymeric aggregates model, the distance
between aggregates is a few nanometers depending on water content. Here with 19 wt% IL
uptake M(Comim*/SO3 ) = 1.1, we estimate this distance is ~ 2 nm. Considering the size of
SO3 , Comim™, and BF4—ions and/or larger ion aggregates s suggested by the NOE studies, up
to 2 or 3 moving species can exist in a cross-section (Figure 6.16a). The polymer-fixed SOz

groups lining the aggregates serve to attract cations, and the energy required to move a cation
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from one negatively charged chain to another is near zero, therefore cations can transport freely
between aggregates (Figure 6.16b). On the contrary, the repulsion force between SO3 groups
and anions push anionic species to the center of diffusing “channels”, especially considering
the larger anion-rich aggregates. At high temperature, anions may move in 3D due to fast
thermal fluctuations, and with a lower diffusion coefficient perpendicular to the long axis.
However, at low temperature, anions may not overcome the electric potential and can only
transport in the center along the long axis, leading to single-file diffusion behavior (Figure
6.16c). Therefore, it is clear that the “transition” from the polymeric aggregates model to the
hydrophilic nanochannel model depends not only on the size of and distance between

polymeric aggregates, but also on the dynamics of fixed SOz groups.
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Figure 6.16 (a) Elongated ribbon-like aggregates formed from polymer chains are surrounded
with fixed SOz groups and counterions. While cations may diffuse in 3D between
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aggregations (b), anions are pushed to the center and can only diffuse in 1D along the

“nanochannels” at low temperature (c).

6.4 Conclusion

We employ a combination of NMR techniques to obtain a comprehensive
understanding of ion configuration and transport behaviors of ILs inside the benchmark
ionomer Nafion. Spin relaxation shows that anion relaxation is more influenced by the fixed
sulfonate groups as compared to the cation. *H-°F HOESY and **F-1°F 1D NOE spectroscopy
confirm our assumption of the formation of anion-rich ion aggregates at low water content in
the ionomer. While we observe unrestricted diffusion behaviors for cations and anions at high
water content, temperature and IL uptake, the full g dependence of signal attenuation E(q, A)
in PFG experiments demonstrates that anion diffusion is restricted both between domain
boundaries and within domains at low water content. The temperature dependence of this
restriction effect further shows that the relative importance of thermal fluctuations and electric
potential driven by the polymer-fixed ionic groups plays an essential role in the transport

behaviors of ions with like charge.
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Chapter 7

Summary and Future Work

This dissertation primarily focuses on the investigation and correlation of structure,
dynamics and transport properties of soft materials using multiple NMR methodologies,
including SSNMR, PFG diffusometry, imaging, and intermolecular NOE. The complicated
and dynamic nature of soft materials creates great challenges for their characterization methods.
Here, with a variety of NMR techniques, we have demonstrated new and varied aspects of
structure, dynamics and transport information gleaned from soft materials.

7.1 Structural characterization by NMR and X-ray scattering

All molecules and atoms undergo motions constantly on different time scales. Hence a
“structure” of a material obtained by a certain experimental method indicates the averaged
view over the experimental time and length scale. The comparison of solution NMR and X-
ray crystallography as methods of structure determination for biomacromolecules such as
proteins and DNA has been investigated extensively.'® For soft materials such as polymer
membranes with semi-crystalline structures and supramolecular assemblies with semi-
mesomorphic structures, NMR spectra are able to distinguish the differences in crystalline and
amorphous regions with the highlight on molecules with faster motions in amorphous regions,
while X-ray scattering emphasizes crystalline regions where molecules are ordered in periodic
crystal lattices. Here we will briefly summarize structural characterization of polymer
membranes and supramolecular assemblies using multiple NMR methods (SSNMR, NOE and
PFG diffusion) in this thesis, and quickly compare the differences in the information obtained

by NMR and X-ray scattering.
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In Section 3.2.3, we quantified ratios of locally ordered vs. disordered components
present in the alkyl-substituted 1-vinylimidazolium (AVIM) homopolymers using *C CPMAS
NMR.* We found that the locally ordered fraction increased from 10% to 68% with increasing
alkyl chain length from n = 2 to n = 6, and addition of the hydroxyl group to the side chain
terminus decreased the locally ordered fraction from 10% to 0% for n =2 and from 68% to 23%
for n = 6. On the other hand, our collaborators employed X-ray scattering to extract average
distance information such as backbone-to-backbone and anion-to-anion distances, and their
results showed qualitatively that both decreased alkyl chain length and increased polarity of
the hydroxyl substituent diminished the local compositional heterogeneity of polar and
nonpolar phases in the AVIM homopolymers.* The agreement of these two methods gave us
more confidence in our interpretation. The combination of SSNMR and X-ray scattering
showed that the reduced locally ordered fraction due to the attachment of a polar hydroxyl
group onto the imidazolium homopolymers can explain the 10-fold higher ionic conductivities
exhibited by hydroxyalkyl-substituted AVIM homopolymers than the corresponding AVIM
macromolecules.*

In Section 4.3.2, we quantified the amount of wedge molecules present in the
amorphous phase vs. within the ordered liquid crystalline (LC) phases in the supramolecular
assemblies formed from sodium 2,3,4-tris(11’-acryloyloxyundecyl-1’-oxy)benzene sulfonate
A-Na using 2Na MAS NMR.® Our result showed that the amorphous domain boundaries
between LC domains contribute to ~ 10% of the total wedge molecules and these amorphous
wedge molecules became completely hydrated when increasing relative humidity (RH) from
33% to 86%. On the other hand, X-ray scattering did not detect the amorphous phase but

focused on LC domains and presented a structural evolution from hexagonal columnar phase
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to bicontinuous cubic phases with increasing RH.® In addition, NMR relaxation studies (T1, T2
and T1,,) showed an significant increase in molecular dynamics as RH increases, especially the
mobility of the terminal acrylate groups. Therefore LC structural evolution was facilitated by
the dynamics requirement of each part of the wedge molecules, since bicontinuous cubic
phases were able to accommodate more mobile terminal groups than hexagonal columnar
phases. The combination of SSNMR and X-ray scattering showed that the phase transition
within LC domains as well as the presence of the amorphous domain boundaries both
contributed significantly to the transport properties of the material.

In Section 6.3.2, we investigated cation-anion and anion-anion interactions in ionic
liquids (ILs) [Comim][BF4] and [Comim][TfO] absorbed into an ionic polymer Nafion using
'H-1%F HOESY and °F-1°F 1D selective NOE. Our results showed that cation-anion distance
decreased drastically upon decreasing water content and anion-anion interactions between
TFO and BF4 increased at very low water content. While X-ray scattering does not provide
much information for such liquid samples, SAXS and WAXS are the primary techniques for
studies of Nafion morphology, and several different models has been proposed for Nafion
structures to fit the scattering data.®*? In Sections 6.3.3 t0 6.3.6, we used restricted ion diffusion
inside Nafion to probe multiscale domain structures of Nafion. Our results agreed with some
previous models of sub-micron domain structure and we further proposed that a locally higher
density of SOs groups—a “SOs boundary,” is present in the junctions of sub-micron domains.
This boundary facilitates cation diffusion through any defects present at domain junctions due
to the electrostatic attraction between the boundary and cations, but it restricts anion transport
due to the repulsion force. This boundary effect is temperature-dependent. When temperature

increases, anion may migrate through domain junctions if thermal fluctuations of fixed SOz
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groups and anions can overcome the electric potential between them. Thus this boundary size
IS not necessarily the size of static domains obtained by X-ray scattering data, but highly
dependent on the dynamics of the fixed SOs groups and reflects the real confinement of anion
diffusion.

In summary, SSNMR, intermolecular NOE, PFG diffusometry and X-ray scattering are
powerful tools for structural determination for soft materials such as supramolecular
assemblies and polymer membranes. While X-ray emphasizes more ordered and static features
of the materials, NMR probes more disordered and dynamic nature. Due to the fact that
dynamics is highly interwoven with structure in soft materials, the combination of these
techniques provide a comprehensive picture for these complicated structures.

7.2 Molecular transport in soft materials

Molecular transport properties of many materials are essential for their applications. In
soft materials, transport behaviors of absorbed molecules are strongly influenced or determined
by structure and morphology of the porous materials. In this thesis, we have studied multi-
component water and wedge molecule diffusion in supramolecular assemblies A-Na by PFG
diffusometry (Chapter 4),'® nanoparticle diffusion in biogels by time-resolved MRI (Chapter
5)!* and cation and ion diffusion in the ionic polymer Nafion (Chapter 6).

In Section 4.3.4, we observed two-component diffusion for individual wedge
molecules (*H) present in the amorphous domain boundaries. We assigned the slower PGSTE
diffusion component D ~ 10 m?%s to individual wedges diffusing through ordered liquid
crystal (LC) phases and the faster component D ~ 10"*2 m?/s to individual wedges diffusing
within the amorphous boundaries between LC domains. The wedge molecules packed into LC

phases diffused very slowly D < 101 m?/s which was beyond our diffusion detection limit.
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Overall, the domain boundaries of a mesomorphic material must be considered when
investigating dynamic properties of the material itself or when measuring the transport of small
molecules in the material. In some circumstances, behavior of molecules in the domain
boundaries may be the dominant contributor to an observed property — a fact that has received
little attention in the literature to date.

In Section 4.3.5, we observed two-component diffusion for water (2H20) absorbed in
A-Na at high RH values, while D2O molecules were tightly associated to the relatively narrow
ionic channels of columnar phases at low RH. We assigned the slow diffusion D ~ 1012 m?/s
to D-O molecules diffusing within domain boundaries, and the fast diffusion D ~ 10"2° m?/s to
“free” water diffusing within the enlarged and interconnected ionic channels of the bicontinous
cubic phases. Our results showed that the bicontinous cubic phase was able to facilitate much
faster ion transport than the columnar phase, and the presence of domain boundaries disrupted
the continuity of LC domains thereby reducing overall water transport.

In Section 4.4, we measured water diffusion (*H,0) in five stable membranes
polymerized from A-Na or similar supramolecular assemblies A-Li (Li* as counterion) and A-
K (K™ as counterion) at two relative humidities (RH 100% and ambient). Again we observed
two-component diffusion for all membranes and attributed the fast component to free water
diffusing inside the ionic channels of the liquid crystalline region and the slow component to
water diffusing through the amorphous regions in the crosslinked membranes. The presence of
the amorphous regions clearly reduces water transport rates in the membranes by breaking
ordered (cubic) transport pathways. Furthermore, we found much higher water uptake and
faster water diffusion for the membranes crosslinked at RH 100% than those crosslinked at

ambient RH, which we attribute to the phase transition from columnar to bicontinuous cubic
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phases for the non-crosslinked salt. We also observed higher water uptake and faster diffusion
for larger counterions with the order A-K > A-Na > A-Li, which we attribute to the larger
ionic channels and thus increased free volume in the membranes with larger counterions. In
addition, compared to A-Na salts, A-Na membranes produced 10-fold slower diffusion
coefficients, which we hypothesize is due to shrinking of the ionic channels and amorphous
regions during crosslinking, or introduction of some channel structural defects upon
crosslinking.

In Chapter 5, we established and validated a simple and accurate approach for
quantitative study of nanoparticle diffusive penetration into biogels using time-resolved
MR Our results agreed closely with those obtained from fluorescence techniques, yet the
capability of our approach allowed the analysis of actual delivery vehicle diffusion through
biogels on mm to cm scales during a range of time periods. We observed diffusion of three
contrast agents in four different agarose and collagen gels. A reduction of median D of N4Gd
by 45% with an increase of agarose content from 0.5 to 2.0 wt.% corresponded to a decrease
of ~70% in average gel pore size.’® D for MBICs in 0.5 wt.% agarose gel is two orders of
magnitude lower than that of the ~8><smaller N4+Gd, due to steric hindrance and the influence
of hydrodynamic interactions in porous gels.*®*” Within 0.2 wt.% collagen gels, the diffusion
of MBICs is approximately 10 times slower than neutrally charged particles, and the diffusivity
of MBICs decreases roughly two orders of magnitude compared to neutral particles in 1.0 wt.%
collagen gel. This drastic decrease in diffusion rate arises from the electrostatic interaction
between the slightly positively charged collagen fibers at neutral pH and negatively charged
MBIC nanoparticles. Combined with hydrodynamic and steric interactions, electrostatic

effects influenced diffusion of nanoparticles of both positive and negative surface charge,
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owing to their repulsion from or attraction to collagen fibers.'® Our results showed that as the
particle size and surface charge became larger, collagen gel at tumor relevant concentration
(1.0 wt.%) presented a more significant impediment to the diffusive transport of negatively
charged nanoparticles.

In Chapter 6, we explored the sample parameter space (temperature, water content, and
IL uptake) of ILs and water in Nafion membrane to assess the “free” and “restricted” diffusion
regimes. While cations maintained in “free” diffusion region under all our experimental
conditions, anions experienced a transition from “free” to “restricted” regimes when lowering
IL uptake, water content or temperature. Due to the SOs aggregates present in the hydrophilic
“channels” and the SOs “barriers” with higher SOz density present at sub-micron domain
junctions, anion diffusion showed a strong temperature-dependent confinement effect. At low
temperature, anions, especially anion-rich clusters, were pushed to the center of diffusing
“channels” by the repulsion force between SOz groups and anions, leading to single-file
diffusion behaviors. As temperature increased, anions may diffuse freely within domains and
even migrate through domain boundaries if thermal fluctuations of SOz groups and anions can
overcome the electric potential between them. Therefore the competition between thermal
fluctuation and electric potential caused by the fixed ionic groups on the polymer chains plays
an essential role in the transport behaviors of mobile ions with opposite charge.
7.3 Future work

NMR methodologies for soft materials studies. As we mentioned in Chapter 2, 4,
and 6, one of the main difficulties for NMR applications in soft materials studies is the
relatively short T1 and T2 of spins present in soft materials caused by the relatively strong

partially averaged chemical shift anisotropy, dipolar or quadrupolar interactions remaining in
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these systems. These interactions are sometimes very informative and worthy of close
inspections, but they do significantly influence signal intensity. For PFG diffusometry and
intermolecular NOE, T1 and T» decay during the pulse sequences significantly reduces the final
signal intensity. In some cases, no signal can survive the pulse sequences due to an extremely
short T». For example, we could not measure the diffusion of [Comim][BF4] absorbed in Nafion
at 0 <C due to the short *H and *°F T, (~ 1 ms). This problem becomes worse for quadrupolar
nuclei, like 2Na, with their extremely short T1 and T, caused by strong quadrupolar interactions.
For diffusion measurements, several modification of PFG NMR has been suggested to solve
this issue, including multiple pulse line-narrowing techniques, such as stimulated echo PFG
pulse sequence combined with MREV-8 homonuclear dipolar decoupling and slice
selection.!®?! RF and PFG pulse sequence development can be a direction for our lab’s future
work. Another technique involves the combination of magic angle spinning (MAS) and PFG.?*
26 A MAS PFG probe could greatly expand our capacity for diffusion measurements in soft
materials.

Molecular dynamics (MD) simulations. MD simulations is an intrinsically
complementary method for understanding diffusion phenomena. We are beginning to use
carbon nanotubes of varying size and charged surfaces as a model for ionic channels of ionic
polymers, and to simulate molecular or ion diffusion behaviors inside these channels. This
study should provide more visualized and direct evidence about structure-transport
relationships. For example, | expect single-file diffusion be observed for anions inside
negatively charged channels and cations inside positively charged channels with a certain size

while ions with opposite charge may diffuse relatively freely.
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Further studies on A-Na supramolecular assemblies. Since higher water uptake and
faster diffusion was observed for larger counterions inside these materials, we expect that
further increases in diffusion coefficient (and thus ion conductivity) can be achieved in these
materials by casting them with larger counterions, such as tetramethylammonium or those
cations used in ionic liquids (imidazolium and phosphonium derivatives). Our collaborators
may synthesize the supramolecular assemblies with other counterions based on our suggestions,
or our lab may conduct ion exchange reactions on existing materials.

Further studies on ion diffusion in ionic polymers. The dramatic difference in the
cation and anion diffusion behaviors inside Nafion is intriguing. We propose to utilize more
“basic” polymer systems with well-defined structures to distinguish the influences of polymer
multi-scale structures and fixed charged groups. More systemic studies including a series of
ion containing polymers with positively and negatively charged side groups as well as a variety

of ionic liquids can be performed to further investigate these phenomena.
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