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Ying Chen
ABSTRACT

This dissertation aims to investigate and correttitecture, dynamics and transport
properties of several novel soft materials systems using multipikear Magnetic Resonance
(NMR) methodologies, including sokstate NMR (SSNMR), diffusometry, and imagiagd
with the help of Xray scattering

First, we report the investigation of structure and dynamics of three polymeric
membranes: hydroxyalkydontaining imidazolium émopolymerspoly(aryleneether sulfone)
segmentedapolymes, anddisulfonated poly(arylene ether sulfomajdom copolymengsing
awide array o/SSNMRtechniquesincluding 1)**C crosspolarization magic angle spinning
(CPMAS) with varyingcrosspolarization(CP) contact time2) 3C singlepulsemagic angle
spinning(MAS) with varying delay time3) *Na singlepulse MAS 4) two dmensional phase
adjusted spinning sideband (2D PASg proton spif latticerelaxation(Ty), 6) rotating frame
spirt lattice relaxatior(Tz ), and7) centerbandonly detection of exchange (CODEX)hese
various types of SSNMRpedroscopic methods provide wealth ofstructural and yhamic
informationover a wide range dime scales from a few nanosecondse&oonds.

Wefurtherpresenapicture of rich structural artdansport behaviors in supramolecular
assembliesormed by amphiphilic wedge moleculasing a combination ofNa solidstate
NMR, 'H/2H PFG NMR diffusion, relaxation andgrazingincidence smaldangle Xray
scattering Our results show that tHiguid crystalline domaingn these materialandergo a
transition from columnar to bicontinuous cubic phases with a simple increase in humidity

while the amorphousdlomain boundaries consist of individuakedge moleculewith a



significant fraction (~ 10%pf total wedge moleculedultiple-component diffusion of both
wedges and water further confirms the structural and dynamic heterogeneitytheiith
bicontinous cule phase bein@ble to facilitate much fastevater andon transport than the
columnar phase

We then develop a quantitative approach to probe the migration of two novel
it her apolymeric agendsc(o mb i therapeptioi  a diagnostio functions) nto bulk
hydrogels usingwo distinct timeresolved magnetic resonance imagiMR() methods.To
the best of our knowledge, this is the first work that combinesr@selved MRI experiments
to reliably quantify diffusivity of paramagnetic and superparam#g 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 asturaparticlesliffusion through
biogels on mm to cm scales duringaage of time periods.

Finally, we employ a combination of NMR techniques to obtain a comprehensive
understanding of ioolusteringand transport behaviors of ionic liquids instde benchmark
ionic polymer Nafion Spin relaxation shows that anion rela@atis more influenced by the
fixed sulfonate groups than catisalaxation 2D H-°F heteronuclear Overhauseffect
spectroscopy (HOESY) andD °F-!%F selective nuclear Overhauser effediNOE)
spectroscopygonfirm our assumption of the formation of iolustersat low water content in
the ionomer. Whileve observe nerestricted diffusion behavidor cations, anion diffusion
is stronglyrestricted both between domain boundaries and within domains in the absence of
water. The restrictednéon diffusion @n serve as a reliable probe for detailed multiscale

structurs of theionomer.
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Chapter 1

Structure, Dynamics and Transport in Soft Materials

1.1  Motivation, strategy and research gals

This thesis concemdetailed studies of soft materials using a wealth of nuclear
magnetic resonance (NMR) techniqu&se complicatd and dynamic natre of soft materials
raises a challenge tbe analysis methodased for theircharacterizationA combination of
multipleNMR methodologies can provida expanded scopéinformation forunderstanding
soft materials structure, dynamics and transport.

T he t dtomateridsusuallyrefers tomaterials withrelatively soft macroscopic
mechanical propertiesin contrasttoi h a r d 0 snehtasecrystadline solidis other words,
soft materials combine properties and behaviors of both solids and ligihieldield of soft
materials spastopics instructuredliquids, liquid crystals,colloids, foams, gels, granular
materals, biological macromoleculessynthetic polymers, as well as supramolecular
assembliesAs a primaryfocus of materials science in the past few decades, soft materials
been developed rapidly and becamdispenshle in moden life. For exampleion conducting
materials based on soft materials have played an essential role in electrocleemigsl
conversion, storage and transmission devices ranging from battdrésical sensors, fuel
cells, solar cells to artificial muscle actuatohsscommon feature of soft materials tisar
relatively weakbut collectiveintermolecular interactions that are responsibtenaintainng
a degree oibcalmolecularorder but nothewell-definedlong-range order found in crystalline
structures With intermolecular interactioanergesapproximatelyequal toroom temperature

thermal energyQ"Y, soft materialsare often dynamic andmay deform easilyat room



temperaturé Thereforethe structure and dynamics of soft materials are complitateyet
tunablein multi-length and multtime scaleswith their bulk materialproperties being
controlledthrough the fine modulatioof intermoleclar interactions

NMR spectroscopyas been widely used as a powerful analytical tool in chemistry,
biology, materials sciece, and many other fields since its discoveryd882 and observation
in condensed phases 946" For soft materia, with their complicat and multiscale
structures and dynamiddMR studiesare extremely valible forenablinga whole spectrum
of researchactivities including chemical composition identificatiomulti-lengthscale
structure ormorphologydeterminatio, multi-time-scale dynamicsobservation transport
(diffusion and flow)measuremeniss well asn vitro andin vivoimaging. A major advantage
of NMR techniques is that theanreport on dynamiandnotonly static properties, which is
essential for stdies of soft materialdore importanty, numerous novel NMR stragies and
methodologies have beatevelopedand more will becreatedto understand speciand
sophisticatedproperties ofsoft materials.Besides NMR spectroscopy is neaestructive
(using radiofrequency radiation onlgndis highly chemically and physicallgelective based
on ecific isotops, providing more varietie®f informationon soft materialsin addition to
NMR, X-ray and neutron scatteriatsoserve asomplementary and powfat probes for static
structures of soft materials with sizes ranging frarh nm up to 100 nm.

This thesisontaingnvestigatonsand correlabns ofstructure, dynamics and transport
properties of several novel soft materials systems using multiple NMEhodologies,
including solidstate NMR, slution NMR, diffusometry, relaxmetry, and imaging, with the
help of Xray scattang. This dissertation is organized as followsChapter 1quickly

introducesstructure and dynamics of threeft materialssysems thatare the subjects of the



dissertationas well as some fundamental concepts and models of transport phenomena in
porous mediaChapter 2briefly reviewsbasic concepts of NMR spectroscaimjiowed by
threedistinct NMRmethodologiesised in the stlies of this thesigigh-resolution soligstate
NMR (SSNMR), pulsedfield-gradient (PFG) diffusometry, and magnetic resonance imaging
(MRI). Following the two introduction sectionis, Chapter3 we report three examples using
solid-state NMR methods to westigate structure and dynamick pmlymeric membranes:
hydroxyalkykcontaining imidazolium dmopolymerg poly(aryleneether sulfone) segmented
copolymes,” anddisulfonated poly(arylene ether sulfomahdom coplymers® In Chapter 4,
we presenta picture of rich structural angtansport behaviors in supramolecular assemblies
formed by amphiphilic wedge moleculesinga combination of*Na solidstate NMR *H/?H
PFG NMR diffusion, NMR spin relaxation andgrazingincidence smalangle Xray
scattering In Chapter 5,we developa quantitative approach to probe the migration of two
novel Aitheranostico polymeric agenrundiong)c ombi r
into bulk hydrogels using two distinct tinresolved microMRI method$ In Chapter 6 we
use the benchmark ionic polymer Nafion as a medium to stadgscaleonfinement effects
on ion clusteringand motionsof ionic liquids (ILs) by *H/?H/*®F PFG NMR diffusometry
relaxometry 2D *H-1F heteronuclear Overhaussffect spectroscopy (HOESY4and1D -
19F selective NOEspectroscopyWe demonstrate thatudy ofrestricted ion diffusiorusing
PFG NMRservesas a reliable probier detailed multiscalstructuresn ionomermembranes
Finally, Chapter Bummarizes current wodndprovidesprospectdor future work.
1.2  Structural organization and dynamicsin soft materials

Here we introduce three soft materials systéhat ardhe subjects of our studies in

later Chaptes, includingsupramolecular assembljasnic liquids (ILs), andionic polymers



(ionomers) The complicatd structural and dynamic heterogeneity of these systems greatly
influences their macroscopic properties anlgmandsautious analysisA critical motivation
for studyingthese materials is to better understand and correlatenthtsr or iontransport
properties with their structure and dynamicgtovide insight into the&esignof novel ion
conducting materialsA common feature ofon-conductivematerialsis the ceexistence of
fiont ransporto and A me ctimbphasesaplarats an the mamometer soalei e t i
to form coexisting networks that serve these two different purposesloddiegeometry and
tortuosity of theion transport network plays a key role in determinirtbe conducbtn
performance.

Figure 1.1shows three examples of structural organizaiiosoft materials witlthe
ion transport portion represented by blue #meimechanical suppogtortion by yellow. In
lamdlar structures, moleculéenstrarslatebetween layers with twdimensional freedom. In
hexagonal columnar structures,macroscopicchannel alignments required in ordeto
maximizetransporglongthe columnar axis as the single directiBrcontinuots structures are
composed ohortintersectingchannelnetworksorganized bymulti-armed strutsallowing
molecules/ions to movia the highly interconnected labyrinifith threedimensioml freedom
Clearly, lamellar or hexagonal structures afford higtiiusion anisotropy, but bicontinuous

structurescan usuallyprovide better transport properties in three dimensions.
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Figure 1.1 Schematic diagrams ébpologies of ion or molecular transport channelsoft s

materials.

Furthermoredue to their relatively fasholeculardynamicsthe mesoscopistructures
of soft materialgin the range of 1L000 nm)aresensitiveto surrounding environments such
as temperature and humid{fpr supramolecular assembljes to pretreatment processg{for
polymers) Therefore, dynamics is interwoven with structure for soft matefatermining
detailed sructure i dynamicsi transport relationshgin soft materialgs the main theme of

this dissertation.

1.21 Supramolecular assemblies

Supramolecular assemblies can arise from molecular building blocks with specifically
designed intermolecular interactions, such as hydrogen bonding, ionic interactiesipgien
inte r a c t -stackingexcluded volume repulsion and shape anisotfépySuch assemblies
allow for increased degrees of freedom in controltimgcroscopic mateal propertiesMany
studies havexplored liquid crystallinstructures formed from supramolecular assemblies for

ion conduction application$?!
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Figure 1.2 Chemical structure of sodium 2,3ds(1,1 @cryloyloxyundecyl -@xy)benzene
sulfonate A-Na). Selfassembly of the acrylate sulfonate wedge moleciidia (left) forms
supramolecular disk@niddle) and tha a classical 2D hexagonal columnar struct(right)
with ion conducting channels running along the column axessg&eltling membranes can be

obtained by photpolymerization of the columnar structures through acrylate gréups.

Figure 1.2showsthe chemical structure of wedge molecufedNa (the subject of
Chapter4)*®and a representative supramolecular selfembly process to form columnar
phases.This wedgeshaped sulfonatamphiphile has a typical design serveas an ion
conductive material: a hydrophilic head thsglf assembles inionic channelsia electrostatic
interactions, a hydrophobic bodlyat formsa mechanical supporhatrix through”-stacking
and shape anisotropgs well as polymeizable terminafroupto generatsteble membranes
by covalentcrosslinking.Intriguingly, this novel systenexperiencea drastic phase transition
from columnar to bicontinuous phasegh a significant increase in ion conductivityhen
exposed to humid aff. In Chapter4, we reportthatthe real structure of this supramolecular
assembly is far more complicdtthan the neatepresentatioshown in Figure 1.2. We also
investigatetransport behaviorsf both water and wedgmolecules and correlatethesewith

thestructureand dynamicst the molecular level
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1.221onic liquid s

lonic liquids (ILs) are room temperaturaolten salts composed entirely bblky
unsymmetrical organic ions, including typical catisash asmidazolium, pyrrolidiniumand
quaternary ammoniusn as well as typical anions like tetrafluoroborate halide,
hexafluorophosphateyiflate, trifluoroaceate acetate, andnethide?*2® Their fluidity at
relatively low temperature is the result of their reduced molecular packing efficiency due to
thar largeion sizeslLs find wideapplications as green solveatsdliquid electrolytedue to
their unique physicochemical properties suchigh ion conductivity, broad electrochemical
window, low vapor pressurenonflammability, high thermal stability, andtunable
solubility.2”2°

Tremendous effort has been devoted to understand the liquid structure of ILs. It is well
known that ionic liquid crystals are.g, formed if the alkyl side chain length of either cation
or anion of ILs increases to artainlengthlike n-dodecyl, when collective weak interactions
such aglipole- dipole interactions, van der Waals interacti@ms]” - * stackingstart todrive
liquid crystallineordering®® The wedge molecul&-Na mentioned previously can be viewed
as a special case ahionic liquid crystal. Therefore, when the alkyl chain length is not long
enowgh for the formation of liquid crystals, libcal 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 composedasfgyal nonpolar domains
on thenanometer scale, mainly driven By-D cooperative network of hydrogen bonds (H
bonds).3+33 Ab initio simulations demonstrate thatloubly ionic Hbond thaforms between

a cationandananion in ILs is bifurcated and chelating, permittin® 3on organization, with



the charge on the ions strengthening thbddd3* Figure 1.3a showan example of IL that

form 3-D arrangemeist

(a) '\ (b) ,er is.ﬁ” - Cation
“ o s

) /% Anion

Me-N \/N
PFs Me *e Dipole
&@& Triple

%’& Quadrupole

Figure 1.3 Chemical structureand ion organizations of twonidazolium basedLs. (a) 1-(2-
butyl)-3-methytimidazolium hexafluorophosphatand itslow temperaturecrystal structure
showing a3-D cooperative network of catior@d anionsonnected by hydrogdronds; (B
1-ethyl-3-methytimidazolium tetrafluoroborate[Comim][BF4 and its possible ion

associations

One of theongoing mysteries di structuing concernghe existence, lifetime, and fraction
of ion pairs or larger ion clusters in neat IThere is somexperimental evidemcthat supports
the existence of ion paif$3® and their lifetime is estimated to be only a few pido

nanosecond¥-38 Thecoulomlic interactionbetween catin and anion is the main driving force

8



for ion aggregates in ILsThe combined propertiesf ionssuch assize,asymmetric charge
distribution, shape anisotpy, and conformational flexibilitydeterminethe formation and
types ofion aggregationd®*° Figure 1.3bshows chemical structure dfethyt3-methyk
imidazoliumtetrafluoroborat€[C-mim][BF4]), the main IL used i€haptel6, as well as some
potential aggregatespecieslike dipole, triple, and quadrupole ion€omparing the two
chemical structures in Figure 1.3, it is clear {liamim][BF4] is lessproneto forminga3-D
organized supramolecular structure due to the shorter alkyl side Pheumous work of our
group revealshat anionrrich triple ions may exist asa prominent mobile specieshen
[C2mim][BF4] is soaked into ionic polymer Nafidh In Chapter 6, we will further investigate
the confinement effect ofan ionic polymer matrix onlocal IL structures andransport

properties.

1.23lonic polymers

lonic polymers (ionomej are polymers containing charged and neutraletiesin
their chemical structuresand these moieties oftgphase segrate into hydrophilic and
hydrophobic domains. Withhé hydrophilic domains to allow for ion transport and
hydrophobic domains to provide mechanical support, ionignpets find broad applications
in thefields of ion conductorswater purification, gaseparation, etcWe will discuss three
ionic polymers in this dissertatioa polymerized imidazoliurbased ionic liquidChapter 3),
disulfonated poly(arylene ether sulfor@phdom copolymer§Chapter 3, andthe sulfonated
tetrafluoroethylendvasedcopolymerNafion® (Chapter §.

Here we use Nafion as an example to brieftplainthe multilength-scale structures
of ionic polymers.Developed by DuPont, Nafiois one of the most studied ionomers and

serves asa benchmark material fduel cell membranes. &pitebeingexposed to extensive



and close inspectio complete picture of the morphology of Nafion remainsesolved?
Based on the information gathered fromrag, neutron sattering, andrEM, a wide range of
models havebeen proposed for the morphology of hydrated Nafion, includamg
interconnected hydrophilic network of inverted micellar spherical ionic cluSters)dles of
elongated rodor ribbonlike polymeric aggregates mhydrated matri¥*° long and parallel
cylindrical water nanochannelsahydrophobic matri¥/ alternating polymewich and water

rich lamellar layer$® locally narrow and flat water film®, and arandomnanoscale channel
type bicontinuousietwork®® For examplejn the model ofelongated ribbotike polymeric
aggregates,polymer chains form elongated ribbbke aggregates ofa few hundred
nanometersengthsurroundedy fixed sulfonate groups and counterions, and the aggregates
organize into bundles with preferential orientation ordering to construangubn domains
which orient randomly in space (Figure 1.4 )ft*® In the model of water nanochannels, the
submicron domains are characterized interconnectedydrophilic dvannels formed from
aggregates of sulfonate groupsgure 1.4 rightf® These models are conceptually distinct, but
most of them are compatible by changow viewingperspectives. For examphMhenthe
ribbons of polymeric aggregates are close enougdrophilic channels are formecttwveen
them. So the polymerdbbon model and thehydrgphilic-nanochannelmodel are
exchangeable depending on the size of and distance between the polymeric agdiegates.
difficulties in unraveling a complete Nafion mordbgy lie in its complexity and
heterogeneity as well as the fact that themidron structures are strongly influenced by{re
treatment and relaxation efféét>>3 Previous studies of our groupveedemonstrated that
thesesubmicron domains can rotate and realign under macroscopic drawing while the

alignment wihin domains and junctions between domains are not affétHowever, little

10



information has been revealed about these domaimdaoies and how they affect ion transport.
In Chapter 6, we willuse restricted ion diffusiostudiesto probe deeper into thelomain

structures of Nafion
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Figure 1.4 Chemical structure of Nafion arsthenatic illustrationof multiple lengthscale
structures of Nafion swollen with water. Theacged and neutratoietiesin Nafion chemical
structuresform hydrophilic (blue) and hydrophobigdllow) phases, respectively, with the
former allowing for transporof ions and water, and the latter providing mecharscal
chemicalstability. In the polymerieribbon model (left)the polymer backbones (yellow) form
elongated aggregatdsatare aligned within suimicron domains but oriented randomly in the
hydrophiic matrix. In the nanochannel model (rightjhe submicron domains of aligned
hydriphilic channels (blue) orient randomly in the hydrophobic matrix. These two navdels

compatibledepending 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 keyorotheir
applications as wateurification, gasseparation, andion-conducting membranes,
respectively. Many biological processes involving energy or mass transfer are also highly
dependent on molecular diffusion. For instance, part@les diffusing into orwithin tumor
tissues is a crucial step for drug delivef3Moreover structural and dynamic properties of soft
materials strongly influence or determitiee ransportof absorbedmolecules therefore
transport studies can turn reflectand probestructure and dynamicd soft materialsn ways
that may nobe accessibldy other analytical tooldn this section we will introduce some
fundamental concepts about diffusion and sanalels for diffusion in fluids as wellsa

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

Generally, tansport phenomenaclude the transfer ahermalenergy(heat) mass,
momentum, electric charge, etc., based on contisitn@rmalmotion of moleculesBulk flow
may be caused by external fas¢eg.pressure, hepapplied on the system, which is important
for some applications of soft materials, fxample, water permeability throughserve
osmosis membranegiven by external pressuteHowever, here we only focus on transport
phenomena withowxternalphysical drivingforces i.e., diffusion. The process ofiffusion is
evidentby a change in an initially formedradient of concentratiobut diffusion can also be
viewed aghe random walk of particledue to thermal molecular motioffhis thesis employs
concepts and measurements of diffusion both from the macroscopic perspeetseiable
variations in concentratigras well as the microscopierspectivélocal sef-diffusion).

The empirical orfimacroscopicappr oach to di f¥P(Foianem i s F
dimensional diffumn,Fi ck dés first | aw descrJlobparscledahde r el a
the gradient of concentrationg/dx:

, ,OAGJ
0 5 PP

The proportionality constanD is called thediffusion coefficientor diffusivity, and the
negativesign signifies thatthe net flow of particles isrbm regions of high concentration to
regions of low concentratioin three dimensiong is a vector, an® becomes a 3X3 tensor,
andFi c k 6 s therreadst | aw

L phy L MO P&
Combined withthe law of mass conservation:

T&)—'fb n Ol i o)
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F i & &edond law or the diffusion equation is derived:

—— OV QMWD 8
o P
This diffusion equation describes the change of concentration as a function of spatial position

r and timet. For simplicity, weconstderthe onedimension diffusion equation:

'F(I)_od‘o 'O—-h (I)ufo pB
TO ho
Boundary conditions and initial conditisare required to solve this equation. Here we show
two solutions to Eq. 1.5 with different initial conditions.
The first example(Figure 1.5a)epresents a droplet of dydth a totalnumber of

particlesof ¢ being deposited at positior 0 atd  Ttandspreading out alongx. With the

conditon, @O Q® £ , we easilyfind>®

Aob © 8
oY JETOL PP

The second example (Figure 1.5b) represents a long tube of dye with a concentration of
placed at positor=0 atd T and spreading out alongWith the conditionsoc  TiD

wfoew i m we havé®
e ¥ > o
wdd oA OAEA— 8 P&
MO0

Here erfck) is the complementary error function, defined as
AOEBA p AOE — Q A® PRy

Figure 1.5 shows the interesting difference of concentration as a fun€titisplacement 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.

(a) xIO b x=0
® ¢ ®¢
el — Y J
- ® %
S 1
™~
c(x, ) 1=500s S t=500s
t=1000s t=1000s
t=2000s L t=2000s
t=4000s 0.5 t=4000s
t=8000s I t=28000s
0
I 0 1 2
N ! 0 ! 2 X (cm)
x (cm)

Figure 1.5 Concentration vs. displacement cunassa function ofime for particles that (a)
beginwith initial positionx = 0 andinitial time 0 T with a constanttotal particle number
overtime, with diffusion along x, and (b)aremaintaired atconstant concentratian atx =

0 overtime and diffuse along *. NoteD = 2 x10° m?/s and time intervals are the same for

both cases.

Apartf rom Fi ckds sttt aw,yr dmi atoscopi coO appr o:
nonequilibrium statistical mechanjesas originally formulated by Einste Diffusion of
particles can beomputedisingthe randomrwalk model.For simplicity, we onsider a random
Awal ker 0 i n o nhexddactimreThepriokalmilityB(in, d)nsglefined that a walk
hasN total steps withm of them being forward (in thextdirection) andN-m steps being
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backward (in thé x direction), while thea priori prabability of a forward step is denotedfas
and the probability of a backward stefpis 11 f. P(m, N) can be written &8
0 & ho U—AQ &) P&
aAuv a A
When( © H, 0 & h) is a Gaussian distribution function:

ol ——q
¢* U Qw

PP T
0 & reachesa maximum wherdt 0 "QThe average distance traveled by a random
walker is zero, but the rooheansquare (RMS) displacementtlse measure of the width of
0 & ) and is the most importamharacterization ofhe average trajectory @ random
walker:
6 0°Q0 0§ "Qw PP p
When considering molecular saliffusion with free boundary conditions, the

conditional probabilityP(x, t) denotes the probability of a diffusing particle to travelistance

x within the timet: 55 €0

v s p 5 w g
M 0o 100 PP <

Then we have

w0 0o PP O
for aonedimensional random walk, and

@ O ¢goo PP T
for a threedimensional model. These equations retheewidely accepted concemtf the
diffusion coefficient withthe experimentallymeasurablemeansquare displacement as a

function of time.
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In conclusiondiffusion can be viewean the macroscopic scadsthe movement of
particl es by duetoatentehtaton gradient, hubstatistedintropically)
diffusion down the concentration gradient can be simply explaméugt large numbers of

particles have more wagdpatioles.iwal ko t han smal

1.3.2 Diffusion inporous meda

Diffusion in porous media is @@mmonphenomenon observed in many biological,
physical,andchemical systems, sh@s K/Na" transportingvia the K™ channel of human red
blood cells8! longrange proton transfer in hydyen fuel cell$2% or water permeation
through reverse osmosis membraffé$ Molecular motions are hinderext facilitatedwhen
traveling in the suctural labyrinth of the poroumatrix. Transpot of particles in a porous
mediumis greatly influenced by many factorscluding 1)intermoleculainteraction among
mobile species, 2) interaction between mobile species and pore surface, 3) local geometry and
tortuosity of poresand4) dynamcs such as chain motiow$ the porousmedium.A better
understanding of structuteansport relationshgpfor these complex media will benefit many
fields of science.

One of the mst effective and simplest way farobe molecular transport ishe
observaibn of rootmeansquare displacement as a function of diffusion e,

6io inm O 060 PP U

HereA is the dimensional factor with values of 2, 4, 6 for diffusion in-ptveo- and three
dimensiors, respectively. Compared with Eq. 1.13 and Eq. 1.14, this equetsoan additional
termn, which determines the type of diffusion mechanism.2, 1,or 1/2 represent ballistic,
diffusive (Fickian),or singlefile diffusion mechanisis) respectively (Figure 1.6\Whenn =

1,andEq. 1.15 is identicab Eq. 1.13 orl.14, diffusion is caused by random thermal motion
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of mol ecul es, BUreelajlistio rgotioR hapderiatstimé sgales below where
diffusive motion takes place&shen molecuts havenot collided witheach otherThisusually
occursat very short tiras for liquids (t < 10 p3 butat longertimesfor gaseswhich have a
muchgreater mean free pathndthe travel distancl?|is equal to/t? leading ton = 2. Single

file diffusion occurs when molecules can onlyw#balong one dimension and cexipass each
other, usually iravery narrowconfined environment, resulting m= 1/2.For entangled high
molecular weight polymers difsing inviscous solutiog very smalin such as = 1/4may be
observed. The dgation from thesen values suggests aamge in the diffusion mechanism.
For example, for water molecules diffusing in carbon nanotubes, molecular dynamics
simulations and experiments have repodiaglefile diffusion dominates in small nanotubes,
while the diffusion mechanism switches frorffuiive to ballistic when the observation region
switches from the center to the surfaceaétively largenanotube$.®®"° Different diffusion
mechanisra may also be observed iporous soft materials such as polymers and
supramolecular assemblids Chapter 6, we will show that an®of [Comim][BF4] inside
Nafion experience a transitiofrom singlefile diffusion to 3D diffusive behaviowith

increasing temperature.
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Figure 1.6 Schematic representation of three diffusion mechanisms with thenreat

square displacement vs. diffusion time.

Sometimesan apparenh = 1 may be observed for molecular diffusion ip@ous

medium even when diffusion is restricted by pongth an effectiveizeof d and tortuosityo.

In this case, an effective diffusion coefficiddr can be defined &0 i o in O

.58 Diffusion length is defined a8 01 6 1 m OFigure 1.7 show® obtained

fromdi 6 1 m Qas a function ofliffusiont for three casedVe denotéD as thefifreed

(intrapore or pure liquidnoleailar diffusion coefficientAt smalldiffusiontime,the collision

between particles andore surface is rare, therefopd 6 1 m Ovs. time is linear,
resulting inO O . When increasingdiffusion time, the probability for particles toollide

with the pore surface increases and theretbeeconfinement effect of the pore significantly
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influences61 6 1 m Qwhich plateaus at a valwé d? for isolated pores (Figure 1.7e),

resulting inO H 1. For interconnected poreat long diffusion time, some particles

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

pores, leading to another linear dependendeiod 1 m Os.twithm O H O.
Thereforejn both isoléed and interconnected porpayticlediffusion behaviors coincide with
what we observe in tHeeeliquid state only at very small diffusion times. The tiaependent
diffusion behavior reflestthe size and tortuosity of the confinement. For exantp&epore
sized can be obtained as the diffusion lengtlat the plateau for isolated poreand the
tortuosity o can be obtained by ‘O H ¥O . Therefore transport (dynamic)

measuremesican be employed torovidestructural information.
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Figure 1.7 Schematic illustration of roaheansquare displacemensyvdiffusion time for
particles that (a) obey free diffusion, (b) are in isolated pores, and (c) are in an interconnected

porous mediun§?

In summary, this chapteguickly introduces structure and dynamics of three soft
materialssystems supramolecularssemblies, ionic liquids and ionic polymer§hese three
systemsare the subjects of Chapter 3, 4 and 6. This chapter also briefly reviews some
fundamental concepts of diffusion and diffusion phenomena in porous media, al¥ach
appear inChapter 4, 5 ah6. InChapter2, we will introduce relevant concepts of tN¢IR

methodologies used in our studies.
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Chapter 2

Multi -Modal NMR Methodologies for Soft Materials

In this chapterwe will turn to the major too|sbased on NMRused for our soft
materials studies? We will first quickly review somdasic NMRconcepts anthteractions,
followed bythree distinct NMRmethodologieshigh-resolution solidstate NMR §SNMR),
pulsedfield-gradient (PFG) diffusometry, and magnetesonance imaging (MRI). These
methods provide comprehensive and unique ways to investigate and correlate the structure,
dynamics and transport properties of soft matefiéls.

2.1 Basic NMR concepts and interactions

Spin angular momenturar  si mpl y r ef siamietidsic propertg of A s pi |
atomic nuclei parameterizedsing thenuclear spin quantum numbeftWhile nuclei withl =
0 are NMR inactive and natbservable wittiNMR spectroscopy, there are more than 100
NMR-active nuclear isotopes with> 0, including ~79 @ment$ Nuclearspin is closely
related to magnetism, witlthe spin magnetic momerit{ proportional to spin angular
momentumk’

H rk P
The gyromagnetic ratip is uniquefor each isotope, for exampfe(?H) and (*3C) are only ~
1/7 and ~ 1/4 df (*H), respectivly. One theoretical basis of NRIspectroscopy is that this
magnetic moment interacts with the external (spectrorgeteerated) and internal (molecular
or materialbased) magnetic fields. In addition to magnetic interactions, a quadrupolar nucleus
with | > % such agH and?®Na has a on-spherical electric charge distribution, which interacts
with the surrounding electric potential, thereby reflecting local electric field gradient. Spin | =

Y nuclei such a¥H and**C 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 ee 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 worddMR reports both the external and inteid
interactiors of nuclear spinsunder usercontrolled externalmagneticfields. According to
guantummechanicsthe spin state evolution of nuclei can be described by thed@pendent

Schrdlinger equation:

A ,
- 0 E 0 8
5 [ [ 8
$ 0 is the wave function representing the spin statessand is the nuclear

spin Hamiltonian, containing all NMR interaction terms. Feg@rl briefly summarizes the
most important NMR interactiorfsThe total spin Hamiltonian can be written as the sum of
Hamiltonians accounting for each NMR interactfon:

= = = = = = = = = C®
where the Hamiltonias on the right side are attributedhe Zeeman intecéion = ), applied
radiofrequency (RF) field= ), applied magnetic field gradient ( ), quadrupolar couplings
(
(

), dipole-dipole coupling € ), chemical shift{ ), Jcoupling € ), andspin rotation

), regectively.
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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
guadrupolar couplirgwhich 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 ahtBiR

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

As emphasized by Malcohm H. Levitt in his remarkable fgmk Dynamics’ we want
to highlight the point that makes NMR different from all other spectroscopies. In NMR,
external interactions are ordersmégnitude higher (Zeeman interaction) or comparable (RF
pulse and gradient pulse) to internal interactions, therefore a huge variety of techniques
including extraordinary pul se sequences can

interactonea nd fAedito NMR spectra to extract speci
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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 magneticBfetednging from 0.1
Tto 30T, an oscillatingadio-frequency RF) field B1(t), and a magnetic field gradie@(r,t).
The spin interaction witB® is called the nuclear Zeeman interaction, and its spin Hamiltonian
reads$

= HI| 6 0 1 O c8

Herel k [ 6 isthe Larmor frequency, generally ranging from 10 MHz to 1 GHZHdn
different spectrometers. According to quantum theafryangular momentum, a spin with
guantum numbedrhas 2+1 Zeeman eigenstates with eigenvalues| + 1,-1+ 2 | |. Ay +
spin state can be represented as a superposition of these eigenakigsa spiryz nucleus
'H as an example, when placed istatic magnetic fiel®8°, the Zeeman interaction splits the
degenerate spin energy levels to Aspin upo
differencg between them, as shown in Figure 2.Bepopulationdistribution betweethe
two energy levelss given by the Boltzmann distribution:

£ YO 0]

The population difference 3 yields the net spin polarizatidvl; alongz-direction,

which determines NMR signal intensitfzurthermore, due to the significadifference in
gyromagnetic ratip for different nuclei as well as the fat¢hat 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 motionaformation of interest.
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Figure 2.2 (a) Energy level diagram andjpulation distribution of spin states for spin %2 nuclei

under no magnetic field (left), the external statizgnetic fieldB° (middle) andwith internal

interactions (right). In zero field, spin statae degeneratdJnderB®, Zeeman interaction

leads to an energy level splitting apdpulation difference between the two spin states.

Intermolecular interactions slightelevate lower or futher 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 considerperagrbationsto it (called the

secular approximatign (b) Singlepulse experiment anBourier tansform oftime domain

signal into a frequency domain spectrtiat encodes NMR internal interactions.

A radiofrequency (RF) pulsBi(t) is provided by an RF coll, characterized by: 1) the

tilt angledi the amle between the RF field and the static fBf2) the spectrometer reference

or carrier frequency
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phase , and 5) the nutation frequency k s-f 6 O Eg$with magnitude I 200 kHz.%*!

Usually the RF field is perpendicular BP, d = 9P, but in some cases, such as in high
resolution SSNMRd = 54.7 for magic angle sample spinning. The pulse duratids
normally keptshort~11 000 &€s to avoid sample and coi l
be written as

= o0e ] A0 6 n 0 OB 06 n 0 AOOEI § 18 ¢®
Simply put, the RF pulse rotates the net spin magnetizatiosbbut thex- or y-axis by the
flip angle determined by  t. For e x a nfppulse roates Mtd tiexy pl&né and
therefore equalizes the spin populati®n whil
pulse rotates Mto the-z direction and therefore inverts the spin population. RF pulses are
amazing ways to manipulate nuclear spamd 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 pulgsg(r,t) is generated by gradient coils, and depends on
the positiom r and timet. The gradient may be set aloxgy- or z-axis. The spin Hamiltonian
for the gradient along-axis reads:

= 0 "0 040 ¥

Gradient pulses further manipulate nuclear spins as well as encode and report on the spin
positions and/or displacements. They are the fundamenialfobagradientenhanced NMR,
PFG NMR diffusometry, and imaging.
2.1.2 Singlepulse experiment

The most basic experiment igpical NMR is the singlepulse experiment, as shown

schematically in Figure 2.2b. This simp&periment involveshree steps:1) build up a
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longitudinal spin polarization along tleaxis by the external static magnetic fiddd, 2)
Arotated the spin pol asindaz2pulsegemerdted bytthh external a n s v
RFfield B1, 3) detect the oscillating electric curremghe transverse plane created by NMR
samples aa free induction decay (FIDWwhich is then Fourier transformed tloe frequency
domain to generate a spectrffihe FID signal issncoded withinternal NMR irteractions
whose tensor values directly reflecblecularstructue and dynamics information ahNMR
sample.
2.1.3 Internal NMR interactions

As shown in Figure 2.1, internal NMR interactions are orders of magnitude smaller
than external interactions, spang from ~1 Hz (spHrotation 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,
guadryolar, dipolar anc&hemical shif anisotropy are averaged out, and so ortpuplings
and isotropicchemical shifs remain, providing weltesolved symmetric peaks. On the
contrary, in the solid state, due to highly restricted motions and large variations
configurational distributions, quadrupolar, dipolar and chemical shift anisotropy dominate the
spectra with broad asymmetric overlapping peaks, whiteuplings and sphnotational
interactions are negligible.

Generally, internal interactions are soiropic anctan be represented by secaadk

Cartesian tensot. The complete Hamiltonian given asa bilinear produdt*!

6 o6 o6 Y
= g oo 6 6 6 Y )
0 0 0 "y
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Here-| can be spin angulanomentum operators of a second or the same spin in the cases of
dipolar or quadrupolar couplings, {I)lcan describe thedttesian vector of thgtatic magnetic
field in the case of chemical shift. Here we use chemical shift anisotropy (CSA) as aneexampl
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 reintroducti@Q®éf information by
two-dimensionaphaseadjusted spinning sideba@D-PASS) experiments in Chapter 3.

The chemical shift interaction is the most sensitive NMR interaction for structure
determination. Chemical shifts result from the indirect magnegcantions between a nuclear
spin and the external magnetic fi@@through the electron cloud surrounding the $pifihe
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 agswvell as
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 motiorghging 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 bpnalg, - 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 shapand 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 aheorientation ofa phospholipidvs. the external static
field as well as the structure abilayer and vesicle formed from phospholipid, I static
spectra of the two structures, (c) simulatedtis powder line shapes of chemical shift

anisotropy withvaryingasymmetry parameté+ ) values.

In order to understand internal NMReractiors, areference frame chosen such that
only the diagonal elements tie internal interaction tensdrare nonzero. This reference
frame is called thd’rincipal Axis System (PAS)where\ is symmetricand the nonzero
diagonal elements are the principal vall&as. example,n the PAS frame, the chemicahift
tensord can be expresseaasing only three termgprincipal components) ,, and
. ,Characterizinghe chengal shielding effecivhen tlex, y, orz shielding axis of the PAS
is aligned withB°, respectively>*3

Thischemcial shifHamiltonian can be expressed as the coupling of austen| with

theexternal magnetic fieldB® (B® = [0, 0,B7) through a chemical shift tens@r :
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= ka 2| r6 9 @ Q el qQ 8 8
Herethe secular (perturbative) appneration masks the two componeé@ andQ, , and

only’Q, remains, indicateghatthe chemicakhift tensor is expressed in the laboratory

hh
frame representation. After performing coordinatensformation0 ! 3utt , ! ) where
%6-At are Euler angles related to the rotationttaf PAS frame tothe LAB frame, the
chemical shift Hamiltonian can be rewritten as

_ ) WT Al 6 p - OEMATcE] O B T

Here, k " " j aistheisotropic chemical shifi.e., the center of gravity
of thestatic powder line shapes is orientation independent and survives in theitl state.
1 Kk, » isthe anisotropparameterindicating the maximum separation in the line
shapes from the center of gravity. k " i1 is the asymmetryparameter
indicating the deviatiorfrom an axially symmetric tensor where » and hence
- T
A solid-state powder sanginvolves random orientations, therefdhe powder line

shapes can be obtainedoy performing the angle averagesor — and %o

.1 —H%6o O EdAA%dto take all possiblerientations into consideratidi Figure 2.3c
gives the static powder specw#éh varying— values. With- 11, 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 -Gtaiaid
samples if weHdefined CSA line shapes can be extracted from SSNMR experiments. This is
usually difficult due to the highlseducel sensitiviyy and resolutiorexcept for some orientated
liquid crystals with relatively fast motions. Fortunately, SSNMR has develop#@nking
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tacticsto remove CSA for high resolution and then reintroduce CSA through delicately
designed pulse sequences.

Apart from chemical shifglipolar and quadrupolanteractionsare the other two most
important interactions in SSNMR. While® spins can cmmunicate with each other directly
through dipoledipole interactionsthe additional electric quadrupole momemissessed by
quadrupadr nuclei with spinl > % has an electrostatic interaction with the electric field
gradient of surrounding electran8oth can be used to extract structural and motional
information of materials under considerati@®tails can be found in many referenés.

2.2 High-resolution solid-state NMR (SSNMR)

As mentioned above, the peaks are usually so broad and overlappingRrspédtra
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 (MASY and cross polarization (CP) 16
2.2.1Magic angle spinning (MAS)

Looking at the Hamiltonians in Equatio®.10 in order to completely removee&h
anisotropy of chemical shjftve needo 1)set cAT & pj¢ 1, and 2) rotaténfinitely
fast to make the time aage of the trigonometric terms vanistherefore the solution is to
locatea sample system in a rotor which rotates rapidly about an axis titled by the-angle
AOA AIM® v & Tt With respect to the static magnetic fie#d (z-axis).’ Figure 24a
shows that the three axesy andz are completely symmetric when looking along the space
diagonal of a cubeFast spinning of a samplgelative to the spin interaction frequencies)
around this axis lstthe sample experience the @mnd space average of NMR interactions,

therefore CSAdipolar interactions and firgirder quadrupole interactions are remo\eatt
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only the isotropic chemical shift and partial secondrder quadrupole interactionsmain
Figure 2.4bshows the line shapes GSA under magic angleamplespinning with varying
spinning rates' ;. The spinnindgfrequency modulated)jde bands resting from trigonometric
terms aresqually distributed by and eventuallyisappear whem is significantly greater
than the internal interactions that broaden the spefrbierefore MAS elevates both resolution
and sensitivityof SSNMR spectrdr1>18 In Chapter 3 and 4, MAS is employed for SSNMR

studies of several polymer membranes and a supramolecular assembly.

(b)

|
6 0 -6
Chemical shift (kHz)

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 shapesvith varyingsamplespinning speed, compared to CSA static

powder line shapes.
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2.2.2Cross polarization (CP)

Cross polarization (CP) is an experiment designed to enhance signals-forlowu c | e i
such as’*C and®N. The major problem with direct detection of law s pi ns v en
decaupling is low signal intensity caused bylayv isotopic abundances.g, 1.08% natural
abundance fot°C, 2)low spin polarizatione.g,[ (*3C) isonly ~ 1/4 of (*H), and 3) long
spirtlattice relaxation timd;leading to a dramatic increase in esipeental time (5T; for a
single scan)e.g, T1(**C) is ~ 20 s but can be as long as ~100 s in some samplesTy(Hi
is ~ 3 s in water and much shorter in solid samples. A smart way to conquer this problem is to
transfer spin magnetization from highabundant nuclei (such asl or °F) to lows rare
nuclei. This method works on both ligustiate or soliestate samples, but with different pulse
sequences utilizing different internal interactions. In solution NM&magnetization is often
initially generated forH, then transferredto neighboring**C via Jcouplings, and then
transferred back téH for detection (also via-douplings), leading to a significant increase in
signal intensity and thus a dramatic decrease in experimentaPtifie solid-state NMR, this
technique is called cross polarization (CP), and is used to transfer magnetization from protons
to neighboring low rare nuclei through dipolar couplinds.

Figure 2.5a (upper) shows a Hartmasahr?? CP pulse sequence where initially/a
pulseapplied to'H spins transfers proton magnetizationxyeplane, immediately followed by
simultaneous application of two continuous RF pulses on both channels, which makes so
called ACP contacto between t hemHtwdC agpi ns
finally 13C signal is detected directly undét decoupling. During the CP contact time, the two
RF pulses have distinct reference frequencies but identical nutation frequenty

(Section 2.1.1), for example, (*H) = 400 MHz;)  (*3C) = 100 MHz,17  (*H) =
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1 (*3C) = 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 alogy is two planets rotating rapidly around their own axes with distinct
rates but traveling around a sun with the same speed. If digmiée interaction exists between
the two spins, a fAflowd of magnetH)tapoorlyon i s
polarized spin'fC). Therefore the strength #4-1°C 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, whilgprotonated carbons are less efficiently
coupled during CP contact and need longer CP time. HowBug&iaxation also occurs during
CP contact so the polarization builg starts to decrease after a certain time. Therefore by
changing CP contact time eomparing NMR spectra obtained from -g&ised and single
pulsed experiments, one can determine the protonation degree of carbon atoms. Moreover, the
relaxation delay required for repeating scans is determin@g(By) instead ofl1(**C) for CP
pulse, furher decreasing experimental time.

Figure 2.5b shows an example to demonstrate the signal enhancement effect caused by
HartmanaHahnCP pulse sequence (upper) comparing ginglepulseexperimentlower),
both with MASZ3 Due to the high sensitivity and short relaxation tim&btompared td*C,
a ~ 45xsignal enhancement can beadtred for'*C in this sample. The combination of CP

and MAS is usually called CPMAS and become a routine operation fef lowrare nuclei

in SSNMR?42% All experiments in Chapter 3 are based on CPMAS.
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Figure25( a) Ha r Ham&mmisedequence ofC by*H with 13C detectionunder'H
decoupling (upper) antdC singlepulse experiment withH decoupling (lower), (bY*C MAS
spectrgspinning speed = 12 kHpf unlabeled alanyhistidine powderwith CPenhancement
(upper) ad in a singlepulse experiment(lower). The recycle delayas 2 s for the CP
experiment, but 60 s for the singdelse experiment, leading to ~ 45xenhancement in terms

of signal per unit of timé?

2.3 PulsedField-Gradient (PFG) NMR

Magnetic field gradients, by definition, asgatially varying magnetic fields and can
be used to emtle spin spatial positio8.They are the fundamental tools for two important
techniques: PFG diffusometand MRI. The main function of a gradie®fr t) is to generate
spatially distributed Larmor frequenty "I along with its associated phase shift "I o,
which can be detected to yield spatial (position) information in MRI or to provide trianslat

motion (displacement) measurement in PFG diffusometry. For simplicity, we consider a single
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gradient applied along tteaxis with magnitudéQand duratioh . Phase shift & of a spin
at positionz and timet can be written as:

nad 1] a0 (60 1 a QO AOOET & 1 8 P p

To better understand the effect of magnetic field gradient, we introduce a concept:

isochromat whi ch i s a col |l ect iSpinsafalikeaifjtiteyaeegfat e o f
the same isotopic species aid the same chemicadnd physical (net magnetic field)
environmentln an inhomogeneous field, an isochromat is large on the atomic scale, containing
a sufficient number of spins to obey wd#fined statistical average¥/hen 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 yn in MRI, but only ~ 1 nm undarhigh gradient applied in PFG

diffusometry?’

Figure 2.6schematicallyillustrateshow molecular selfliffusion ismeasured using a
typical PFG experimerit:;?® PFG methods form the basis of many of the experiments
describedn Chapters 4 and 6 in this thesis. Ipudsedgradent spin echo (PGSE) sequence
(Figure 2.6a upperjhe first 90°pulserotates the net magnetization from girection to the
xy-plane Immediately after the RF pulse, apins precess with the sammeduency ro
under the staticnagnetic fieldBo, so before the first (linear) gradient pulsgchromats at
different positions are in phasé&/hen the irst gradient pulse is applied, isochrompatscess
with positiondependent angular frequenty ¢ 6 [ & ,CQeading to aspatially
distributed phase anglea [ 61 [ & "@tthe end of the gradient pulse with duration
n @ varies continuously and linearly in space and forms a helix profile along the gradient

direction.Such aprocess is calleghase encodinginceit establishes eelationship between
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phase angle and molecular posititéf molecules with spins are fixed in positidaring the

t i me p(the delaydbetvgpen the first and secgratlientpulsesthe 180 RF puke inverts

the helix phase, and the second gradient pulse of the same strength, duration and sign perfectly
rewinds the helix, producing maximum echo signathen all the spin isochromats come into
phase again, with a signal intensity denoteth.al$ there ardranslationaimolecular motions

during thetime period (p ,a distribution of phasesncoded with the history of the motions
disturbs the complete refocustbe spin isochromats after the second gradient plelading

to aloss d magnetization phase coherence and thereby a decrease in NMR signal intensity

(denoted ag).

(a) PGSE and PGSTE Pulse Sequence (d) Stejskal-Tanner Plot
180 o282 (AL -
90y Iy I:IOQD;/gé‘(Aé‘B):IOeDb
0 13 -slope=D
B . _
g 2 g

b=y’g*6*(A-48/3)

1 2 3 4 5
b (10° s/m?)

Signal attenuation

I = IOf(}/:g:é‘:D’A)




Figure 2.6 Gathering diffusion information from PFG experiments. @ps®€ timing schemes

of PGSE (upper), PGSTE (middle) RF pulse sequences and gradient pulses (lower). (b)
lllustration of meecular diffusion during the PF@ulse sequenc®ots withdifferent colos

represent spin isochromads different positions along the vertigaplacedNMR tube.The

colored arrowsepresent net spimagnetizatiorof each isochromai he first magnetic ield
gradientencodeshe spin positions and the second gradient decodes the positions. If molecular
diffusion happenslur i ng mi xi ng time @, phase coherenc
lost due to the change in spin positions, leading to a diffedé@endent signal attenuation. (c)

Signal intensity decreaseas the gradient strength increases duediffusion?® Signad
attenuation is a function of gyromagnetic rdtio gr adi ent strength g,
di ffusion ti me o, Da(d)&tejskaliTarnar squadiafor fcee @ffufion c i e n t

and fitting experimental data obtainD from signal attenuatioff: 2°

Considering signal decay due to the spin relaxation during the pulse sequence, if the
signal intensity right after the fir80° RF pulse is defined &, for PGSE plse sequence, we
have®

"0 "YA@DcH'Y xEQE VY8 P ¢
In some cases, especially in soft materiafds very short, for examplé&Y(*H) of some ionic
liquids soaked into ionic polymers is ~ 1 ms, whit¢'H) is ~ 1 s. In this case, diffusion time
Y can only be set to very short values and so PGSE is often impractical (insuffgient
considering the necessary gradient duration andgrasient sthilization time. Fortunately,
an alternativepulseal-gradient stimulated echo (PGSTE) sequeftagure 2.6a, middle),

works better than PGSE for many soft materials, with a se@®doulse storingthe
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magnetization along thedirectionto allow increasegdradient pulse delal and relaxation
under"Y instead of Y before the thir®0° pulse®

"0 YA@Dcti'Y tTY xEGEt VY8 P o
For soft materials withY | “Y, PGS E 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 dur i ng yinlstatistidal ldnfuage,iPGSE t i me
and PGSTE measure the conditional probability of finding a spin at po3itadter time
period t with an initial position™l , 0 "I FI D , which depends on the net dynamic
displacemenfy " "I . Here we will not discuss the details about how to obliaiih F1
and diffusion information, but simply show the results. For free and isotropic diffusion, the
StejskalTanner equatiogives the signal intensit§2°

0 AP0 QY w 1jo OCAGPOG P T
with StejskalTannerparamted [ Q] w 1jo . Usually insigadfG exp:
attenuatiori@Ois measured as a function of the gradient streifyth ahe delfdiffusion
coefficient D can be obtained directly from the slope of fittihd’OF'O vs. G using the
StejskalTannerequation (Figure 2.6d).
2.4Magnetic resonance imaging (MRI).

MRI is the youngest but the most popular and skethwn technology in the NMR
family. MRI has been developed extraordinarily quickly since its discoVehye to its high
power and demand in medicine. Chapter 4 of this thesis relies omesoleed MRI to track
drug delivery agents in simulated tissue. A remarkable difference of MRI from NMR

techniques is its intricate and widesptese of magnetic field gradients. Figure 2.7a shows
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the conventional spiecho pulse sequence for MB£2 with three orthogonal linear gradients
required for 3D image reconstruction. The RF pulse sequence is a basiedmrsequerec
with a fAsoft o (sklective) O08pnlseyo génaratadtranswkitsehmagnetization
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 @®wadinearly varying
magnetic field with Larmor frequenty a [ 6 [ & ditectly 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) prepatal 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 workdnstruct 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 Xay radiography and ultrasound, contrastcreated by the differential
interactions between the radiation and the body tissueay ¥naging contrast is dependent
on differences in electron density, and ultrasound imaging contrast on differences in acoustic
impedance. On the contrary, MRl allsw f or fAmani pul ati ono or dedi
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

46



contrast mehanisms include spin relaxatioh @ndT>), spin density, diffusion, flow, etc. Here
we will focus on spin relaxation weighted contrast.

There are two important time parameters TE and TR in theeghia pulse sequence.
TE is the echo time between the’@@se and the refocused echo, during whicirelaxation
is active. TR is the repetition time, the total length of time between repetitive scans, including
the acquisition time and delay time during whBEnrelaxation is active. Therefore signal
intensiy from a conventional spiacho MRI can be expressed as:

Y Yp Q 1 oqQ i P

Here"Y is the signal intensity immediately after the first 90°pulse, and can be linked directly
to proton density. To obtaif;-weighted images, TE short (< 40 ms) to minimize the
effect and TR is short (< 750 ms) to emphasize differencds (Rigure 2.7d). Spins with
shorterT: create brighter regions in the image. Feirweighted images, TR is long (> 2000
ms) to minimize th&, effect and E is long to emphasize differencesi(Figure 2.7e). Spins
with longerT> create brighter regions in the image. For example, tissues with increased water
amount have relatively long protdnandT, and therefore show as dark region$iweighted
images but bright inT>-weighted images, while fdtased tissues have relatively shbrand
T» and therefore show as bright region3irweighted images but dark Tr-weighted images.
Another commonly used method is to keep TE short and TR long to minihazeffect of
bothT1 andT>, therefore the contrast directly reflects proton density. Note that differences in
T1 may be completely eliminated if TR is long enough, bufitheffect can only be diminished
to a certain level because TE has to be longigihhao 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 thesspn
pulse sequence (Figure 2.7f) with a delay time TD thase#attively destroy the signal from
a tissue®* As shown in Figure 2.7¢c, the 180°pulse inverses spin magnetizations of all species
from the z to 1z direction, which recover to equilibrium according to their respeciive
relaxation, with zero signal obtained at tité®d "YJ t for a given speciesSignal intensity
from this inversiorrecovery spirecho MRI is given by:

3 Yp @1 9l p ¢Q ! 0

This sequence is exploited for fat suppression clinically, and is inséte agentracking
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 basuwlfate compounds used in-rgy
radiography. MRI contrast ages can shortefi: or T2 of surrounding water to provide better
contrast inT:- or T>-weighted imagesand these are called: or T> relaxation agents,
respectively. A simple relationship between the relaxation times and the concentration of

contrast agenteads:

P P x .
N Yo W P A
P P . =~ -
NN I @ P R

HereT10 and T2 are the natural relaxation times oater or other solvents without contrast
agenty orro are molecular relaxivity. Highet 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 wtly 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.

® G e @ T weighiing
RF | Hm Hm~ N 90° 180°
stice [ ] 5 i
Select | - | <— TR (short) —>
Gradient E
Phase ! ) )
: (e) T,-weighting
Gradient | [ — . ) TE (long) ;
Frequency | < TR > | 90° 180°
Contrast _ ” TE/2 H TE/ 2,:'\ AR A
(b) agent 1 J - v R
solution N ”
Gel

()  T,—null - weighting
180° 90° 180°

(c) MO[ /- N %TD }TE/z HTE/L '.‘

L3
T

\ v
_MOV Null Point D < TR L

Figure 2.7 (a) Spinecho imaging sequence with two important time parameters TE (echo time)

Y

v £

and TR (repetition time}* (b) Experimental setup with an imaging contrast agent solution
diffusing into a gel, an exangplsed to demonstrate the difference in three imaging techniques,
with their RF pulse sequences and images displayed in-@gighting, (e)T2-weighting and

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

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

internal (molecular)nteractions and introduces three distinct NMiRethodologieshigh-
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resolutionSINMR, PFG diffusometry, and MRI. SSNMR will be employed in Chapter 3 for
structue 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). Timeesolved MRI will be the main tool to investigate nanapkas
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 Polymac 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.
Macromolecule013 46, 3037 ©2013, American Chemical Society; B. Zhahdspano, Y.
Chen, R. Turner, and S. WI. Phys. Chem. B012 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. LeeRSC Adv2012 2, 1025 ©2012Royal Society oChemistry, respectively.
Section 3.4 also includes further studies based on the published work.
3.1 Introduction

Polymershave played an essential role in awden life. In order to better design and
develop novel polymeric systems with desired proggrwe 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-s@&wédNMR
(SSNMR) has been proven a powerftdchnique to investigate multiscale structure and
dynamics of polymers? In this chapter, we demonstrate B8R applications in polymer
characterization othree novel polymer systems synthesized by other research ¢fotips.
SSNMR techniques applied here includédC CPMAS with varying CP contact timé&C
singlepulse MAS with varying delay time&>Na singlepulse MAS, two dimensional phase
adjusted spinning sideband (2D PAS®@)pton spiilattice (T1), rotating frame spinlattice
relaxation time Tz ), andthe centetbandonly detection of exchange (CODEX).

As the basic SSNMR techniqueZPMAS can provide valuable information about
polymer structures in some cases, especially with varying times between pulses and compared
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with singlepulse MAS experiments® As a quadrupolar nucleus with spin | = 3Nais a
powerful probe of the local environment around the nucleus in various matéfialsthe
guadrupolar interaction is very sensitive to atomic bonds of the nucleus, the structure and
composition of nearby molecules, and the symmetry of the surrounding cHat@<CSA
information obtained from 2D PASS experiment aids understanding not only the local
electronic structures but the local mobility of molecular segméntd is affected by motions
on the order of MHz regim¥;?° whereadl1 ,is sensitive to the dynamic prases on the order
of kHz regimet” 1° 2122 CODEX is powerful to invesigate slow segmental reorientations of
the polymer backbone ranging from a few seconds to a few milliseconds with a high sensitivity
and resolutiort>?* 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 motidherefore together these
measurements hetp understangolymer structures as well #® motions of polymer chains
over a wide range of time scales from a few nanosecorsgxtmds.
3.2 Structure and dynamics of hydroxyalkytcontaining imidazolium homopolymer$
3.2.1Motivation and materials studied

Motivation. Polymerization of ionic liquid monomers enables the design of conductive
membranes suitable for electroactive devicé8, gas separain,2”?® and microwave
absorbing materia®. In polymeized 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 reductionin ionic canductivity proves problematicAnion selection remains a highly

researched component of cationic PILs to improve macromolecular ionic condu€ii¥ity.

54



Materials studied. Dr. Michael H. Allen from ProfTi mot hy E. Longds

synthesized for the first time vinylimidazolium (VIM) ionic liquid monomers functionalized
with various hydroxyalkyl groups and investigate the impact of functional substitoents
PVIM thermal properties, morphology, and ionic conductivity. HEBNMR complemented
the X-ray results by providing quantitative ratios of nanopfsegmrated versus disordered
components as well as providing local molecular dynamics information. Téeiacdd
structures of the polymerizedethyl-3-vinylimidazolium bis(trifluoromethane)sulfonamide
(EVIM-Tf2N), 1-hydroxyethyt3-vinylimidazolium T&EN (HEVIM-Tf2N), 1-hexyt3-
vinylimidazolium T&N (HVIM-Tf2N), and thydroxyhexyt3-vinylimidazolium TEN
(HHVIM-Tf2N) are shown at the top of Figure 3.1.
3.2.2 NMR experimental section

NMR experiments were performed on a Bruker Avan<00 wide bore spectrometer
operating at 300.13 MHz féH and 75.47 MHz fot3C. Polymer samples were tightly packed
into 4 mm ZrO; rotors which were used fotH-3C crosspolarization magi@ngle
spinning(CPMAS) 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 asTOSS (total suspension of spinning sidebands) at an rf field strength of 85 kHz was
combined with all CRMAS experiments to obtain sidebafréde 3C spectra. Small phase
incremental alternation with 64 steps (SPINB4) decoupling sequence at 62.5 kHz wsed
during®C 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. Prospintlattice relaxation times in the rotating frarfie(*H)
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were measured by a standard proton 4$pik sequence followed by CP, TOSS &hi@
detection with SPINAL64 decoupling, with varying proton spliock time from 0.001 to 9 ms
in 16 steps for poly(EVIMIf2N) and poly(HEVIMTf2N), and from 0.001 to 1& s 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
systemsSSNMRinvestigated the molecular associations and the local morphology present in
these novel polymer systems. Figure 3.1a shows stahii@@RMAS spectra of poly(EVIM
Tf2N), poly(HEVIM-Tf2N), poly(HVIM-Tf2N) and poly(HHVIM-Tf2N). The resonancésom
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 chavegesnot observed
in the chemical shifts of methylene carbons. However, the resonance line became relatively
sharper for poly(HEVIMTf2N) and poly(HHVIM-Tf2N) compared to poly(EVIMIf.N) and
poly(HVIM-Tf2N). This indicated a faster motion for the myaivain carbon with a more polar

side chain.
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Figure 3.1 (a) **C CRMAS spectra of poly(EVIMTf2N), poly(HEVIM-Tf2N), poly(HVIM-
TfoN) and poly(HHVIMT2N). Assignments of peaks and their linewidths provide

information about local polymer molecular associations and dynamics. (b) Deconvolution of
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resonances between 649 ppm where dand % represent the backbone methine carbons in
homogenously disordered and locally ordered morphologies, respectively. SBNMR
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). Br all samples the methine carbons correspond to the resonances at 56.2 ppm
and 53.6 ppm, except for poly(HEVHWf2N) 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 nanophaseparated morphology, theNf 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 congared to
phasemixed morphology where anions are more homogeneously distributed in the polymer
matrix. Therefore, the upfield resonance at 53.6 ppm was assigned to the naisephssied,
locally ordered region, and the downfield 56.2ppm to a more disordeg@hrédssuming
similar crosspolarization efficiencies in the two morphologies, the amount of phase separation
was quantified through deconvolution of the peaks betweefOGdpm (Figure 3.1b).The
locally ordered fraction increased from 10% to 68% wittréasing 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 ampléieesults from WAXS where thgg peak becomes less intense
and broader with hydroxyl group incorporation.

13C spectra assignmentsThe backbone carbons are assigned by comparing standard

crosspolarization magic angle spinning (@RAS) (Figure 3.1) andisgle pulse excitation
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(SPEYMAS spectra (Figure 3.2 ). SHEAS with a short recycle time 1s reveal resonances
with shortTy, which are mobile carbons of the polymer samples. The rotation of backbone
carbons are more hindered compared to side chain cartimsfore 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 betwtep@Ba and

45-33 ppm; therefore, these missing peaksamsgned to backbone methine and methylene
carbons, respectively. The other difference betweernl2l00pm is caused by two factors: 1)

the rotation of imidazolium carbons are restricted so the resonances at 136 ppm (C3) and
between 12430 ppm (C4 and QSdecrease in intensity and 2) the two sharp peaks at 118

ppm and 122 ppm are probably caused by mobgl &hions.

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 13C SPEMAS spectra of poly(EVIMTf.N), poly(HEVIM-Tf,N), poly(HVIM-
Tf2N) andpoly(HHVIM-Tf2N). The resonances missing within the two dash boxes compared

to the standard GRIAS 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
carlons and the resultant long€r 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-KIRS spectra, different cross
polarization contact time (50 us, 4 ms) were useguriéi 3.3 showshe resonance between
10060150 ppm with 50 e€s and 4 ms coNtareonfkckt i me.
protons, the intermoleculdH-°C cross polarization from polymer matrix protons to anions
carbons depends strongly on close proximity anditig Theoretically, no intermolecular CP
woul d occur at short contact time such as
carbons can form dipolar interactions with more remote protons and produce stronger signals
(the two sharp peaks at 118mp@and 122 ppm) as a result while other carbons decrease in
intensity due to botfi: (*H) andT: (*3C) decay during the long contact time. Therefore in the
standard CAMAS (1 ms contact time), the resonances between-1BD0 ppm have
contributions from bothimidazolium 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 inic transport properties.
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Figure 3.3 3C CRMAS spectra of poly(EVIMTf,N), poly(HEVIM-Tf2N), poly(HVIM-Tf2N)
and poly(HHVIM-Tf2N) with different CP contact time: 50 5 (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 carbamsate in intensity

due to bothT; (*H) andT: (*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 tlan 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 iRt intermolecular hydrogen bonding between C38 an
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 Ti, (!H) analysis.
Normally for a singlecomponent homogenous polymer or a motimponent polymer with
intimate mixing (nanoscale), offe (*H) value would be found for all protons due to rapid spin
diffusion throughout a given sample. Figure 3.4 show31i{éH) decay of carbon resonances
between 662 ppm for poly(EVIMTf.N), poly(HEVIM-Tf2N), poly(HVIM-Tf.N) and
poly(HHVIM-Tf2N). The experimental data were leaguares fitted to a linear equation
I n( M( U) JUW(*B))to)extractT (*H). For polfEVIM-Tf2N) and poly(HEVIM-Tf2N)
with n=2, T; (*H) detected by backbone and siclein carbons differ by less than 5%.
However for poly(HVIMTf2N) and poly(HHVIM-Tf2N) with n = 6, T1 (*H) detected from
sidechain alkyl carbons are slightly smaller th@ig(*H) from mainchain and imidazole
carbons. AllT; (*H) values are presented in Table 3.1, the alkyl cliaifH) being indicated

in the brackets.

-0.5

Poly(HEVIM-Tf,N)

In(M()/M(0))

oly(HHVIM-TE,N)

In(M(tYM(0)) = -U'T},
=25 1

0 2 4 6 8 10
T (ms)

Figure 3.4 T; (*H) relaxation measurements. Normalizadcb on magnet i zat i on

is plotted versus spihock time U for the four sampl es,

resonances between-6@ ppm. The slope of a leasuare fit provides th&: (*H) value. All
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T1 (*H) decays are single component aré the same for backbone and imidazole carbon
resonances within one polymer system, indicating similar motional timescale for these

molecular subunits.

Table3.1 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)

T1 (*H) relaxaton mechanism is usually dominated #¥-*H homonuclear dipolar
coupling for polymers undefgy, because the contribution &f-1°C dipolar interaction is
relatively small and negligible due to low natural abundancE®f(1.08%). For the spin

lattice relavation in the orresonance rotating frame, the relaxation rates can be described by

I 1 2 2 5 3
1 < HH) T, T T

__6 c c
r, 2

p

+
I+4o 1+ 07

1+4w’T’
“rfe 3.1)

Hered nQ'te, ¥o, andy¥ 1 represent the effectiél-*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 sjuok pulse, respectively. Bjneasuring
T: (*H) at two differents; (62.5 kHz and 100 kHz), both 1 {Oand . can be solved from this

equation by NewtoiiRaphson algorism. The average ifpeoton distance can be obtained by
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Gud 122 &4HQT B because the dipolar coupling strength is 122 kHZHbtH
with a distance of A.
3.3 Local structure and segmental motion®f poly(arylene ether sulfone) copolymer
3.3.1Motivation and materials studied

Motivation. One polymer system of industrial importance that has been highly
researched is thermoplastic polyaryleth®8.In particular, poly(arylene ether sulfone)s
(PAES) are known to have excellent thermal and mechanical progd€rtesvever, PAES
copolymers possess limited applications due to their poeersblesistance 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 polymigackboné?! 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 containirlgegters, such as poly(1,4
cyclohexylenedimethylene Z1gyclohexanedicarboxylate) (PCCD), poly(butylene -1,4
cyclohexanedicarboxylate) (PBCHD), and polyftytlohexane dimethylene terephthalate)
(PCT), have been widely reported in the literature; howéwéine best of our knowledge, little
efforts have been done with cyclohexylene ring containing PAESs.

Materials studied. D r . Bin Zhang from Prof. Richard
series of modifiegholy(arylene ether sulfone]PAES copolymer sequems with short ester
links for improving their thermal and mechanical properties, chemical structures shown in

Figure 3.5.

64


http://en.wikipedia.org/wiki/%C3%85
http://en.wikipedia.org/wiki/%C3%85

P4 PAES_TC

F-0-Ot- OO0 1O

Po: PAES_CHDC

-0t o004

P3: PAES_TCT
P4: PAES_CCC

M@@ﬁ«}»@@fi@woﬂ%

Figure 3.5 Structures of cyclohexylene ring containing FRA&mples investigated(P2,P3,

and P4). The andm 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 4nagic
anglespinning (MASYC SSNMR measurements using a Bruker Avane200 wide bore
NMR spectrometer (7.05 T) operating'3 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 separatei@hyf a 2D
PASS experiment employing a slow magitgle 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 pogitistice obtained at a

specific frequency position provides the CSA sideband pattertf@fsite under investigation.
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Numerical simulations were carried out by employing a ook program written by the
Matlab programming language to extract CSA tepsomameters from the experimental spectra.
All of these experiments utilize ‘HC-detection mode based on the Hartrirtahn
1Hi1 13C crosspolarization (CP) scheme for obtaining enhanced signal intehéftyThe
HartmanHahn 1H *C CP sheme utilizes a relatively short relaxation delaly5(3) that is
governed by the shorter 1H felaxation time rather than by the long&e Ti relaxation time.
A pulse sequence known as the total suppression of spinning sidebands*tTQ88dnsists
of a t r apulses with appropuiate délay times was combined with each of our NMR
pulse sequences to obtain sideband ¥f€eMAS spectra. The signal averaging was achieved
by adding 2048 scans with a 5 s acquisition delay timendMf€ ~/ 2 pul se | engt
and 5 e¢s, respectivel y. tionSwik 64lsteps KSRIBIAGAH ncr e me
decoupling sequence at 75 kHz power was used for proton decoupling during thé&’@irect

signal detection irach 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 ouBSNMRexperiments are exhibited, with differéA€ sies labeled by letters
(A). Example'3C MAS spectra for each of the polymer samples (B) are shown atop a solution
13C spectrum of P4 (C). The lettitbeled peaks in the solution spectrum (C) correspond to the
13C sites of the aromatic rings (A). Dashedtical 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

guaternary peak located at positior{36 ppm) is considered for CODEX experiments.

Thel3C 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, andsites (Figure 3.6A) were utilized for various types of SSNMR

experiments for monitoring molecular motions. Shown belowaeMAS spectra of ATP4
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(Figure 3.6B) is a solutiof®*C NMR spectrum of P4 (Figure 3.6C) for guiding peak
assignments. The solutietate'*C NMR spectrum had been assigned for sifiels &nd served

to aid in assigning peaks in the SSNMR spectra. TBeSSNMR peaks centeretl 27 and

118 ppm were chosen for analysis since these peaks correspond to the aromatic'?@ethine
sites in phenylene rings: C, F, and K (127 ppm) and B, G, and J (118 ppm). Sites B, G, and J
correspond td*C sites that are adjacent to tHE that is diectly bonded to oxygen. Sites C

and F are three bonds away from the ether oxygen, and site K is adjacent®@ tiat 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 siesolved 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 re$Blvegaectrum. For
instance, a fully resolved, sipecific NMR spectrum is not a prerequisite for measufihg
T, relaxation time in solid state. Protons in a bulk hydrocarbon sample system #statdid
form an equilibrium state via forming a strottdj *H dipolar coupling network. Therefore,
protons involved in a common spin network share a unifbrralue, not necessitating the
spectra of fully resolved peaks féH T: measurements. IF'C SSNMR spectroscopy,
meaningful structural and/or motional dynias information can also be obtained even from
overlapped®C sites if spectra of samples possessing a similar type of structures are compared.

Chemical shift anisotropies (CSAs)8€ sites in the PAES blocks were analyzed to
investigate the influencef 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 €dChsite 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 Byx SD/SW from a band that is located a step below it, where
SD, 3, and SW are the spectral data point, the spinning speed (1.5akidzje spectral width

of the spectrum, respectively. All of the central and sidebands fté@hsite must be aligned

at the same frequency position in the direct acquisition domain to extract a 1D projection for
obtaining MAS sideband spectrum. For thispose, a shearing transformation was applied to
the 2D PASS spectrum shown in Figure 3.7A by shifting each ravk (8¢t x SD/SW), where

k(=1, 2, ...) is the order of spinning sideband.

Table 3.2 CSA Parameters 6fC 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-dimensionaf’C PASS spectrum of P2 (A). The 1
to the order of the sidebands. The MAS spinning speed used was 1500 Hz. rms statistic as a
function of the CSA parameters U amrf@pak of P2
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 aywhat the intensity of the biggest line was set to be 1
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and the intensitiesf other lines were adjusted according to the relative intensity ratios with
respect to the biggest line. Numerical simulations were carried out to find tHe bpsttrum
andtensor parameters for each data set by employing a-baitig@rogram written in Matlab
programming language. Theraoieans q u ar e v BT $)2'fH whereE ands are the
line intensity of experimental and simulated 1D MAS spectra of ardeas calculated for
each data point on a tadimensional grid map formed by varying trial tensor parameiers,
andd. Figure 3.7, panels B (P2) and C (P4), are the contour maps, thus obtained, that show the
calculated variances, considering the MAS sidelspettrum 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 optinaaldd parameters that provide
the besffit simulation. Panels D and F 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 beét simulations of P2 and P4, employing CSA tensor parameters found
from panels B and @ Figure 3.7 {= 94 £5 ppm;d = 0.6 +0.1). Table 3.2 summarizes CSA
values of P1LP4 samples thus obtained frdf€ 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,
regardlesof 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 distancesnig\wfew
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 DynamicsFigure 3.8 show$8C CODEX NMR data

measuredm P1 (B C) and P4 (CF) detected at 154, 127, and 34 ppm and the corresponding
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bestfit 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 theenffuen

the aliphatic segmental blocks on the chain dynamics of aromatic PAES block. Demonstrated

i n Figure 3.9A are the puyirS ofBsaniple reqpeled@OD E X
several exchange mixing times, tm's, under a fixed CSA recoupliegitga= 0.32 ms (N =

4; tcsa = 2U)). Peaks shown in the pure exchange CODEX spectra are ‘fibsites that

undergo conformational reorientations during the CODEX mixing time. Shown on the bottom

of Figure 3.9A for comparison is the CPMAS spectrum 8taiws all the carbon sites
regardless of the relative mobility of conformational reorientations. Plotted in FigurerR3.9B

are pure CODEX exchangoe S)sof Ri ama P4 sammplesrecarded &t e s
154, 127, and 34 ppm that are normalibgds0, where SO is the signal intensity recorded by
switching t and t in the CODEX pulse sequence to compensate signal loss dueTioaihe

Torel axati ons. As the mixing ti meintreasesascr eas

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 withcéa = 0.32 ms and.t= 1.12 ms. The normalized tdependent
CODEX dephasing intensities (B: P1 and DF: P4) measured on tHéC peaks at 154 (B

and D), 127 (C and E), and 34 ppm (F). Error bars are obtained by calculating thacsignal
noise ratio (SINO) of both signal (S) and reference &ectra according ta(S/S) =
(S/9)[(L/SINO)so + (1/SINOY]. 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®@lver motional reorientations for both quaternary and methine carbon

sites in the common aromatic segments.

Filled, red circles with error bars in each graph in Figurei38Bere used to designate
t he exper bimensitiesarécorap®dt 54 [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 COPDMEata were fitted to a stretched exponential
function, A[1 7 exp ( (tw/ N]*°, where A (0 < A < 1)osignal a val
intensity approaches asymptot ioamlthe gtretched a | o
exponential coefficient and the center of th
related to the width of the correlation time distributitiThen, the mean correlation tinwe}>,

for the segmental reorientational motion, for instance, of phenylendigags related to<(g>

and b vilbuekUbyd(1/b), where 0 is the gamma
times and the stretched exponential coefficients thus obtdined the curve fitting are
summarized in Table 3.3.

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

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 HesSTODEX simulation data obtained employing
the stretched exponential function model have provided a correlation time within the range of
82 (x3) to D88 (+3) ms for the aromatic methine sites and virtually invariant values (93 [£3]
toD95 [£t3] ms) fort he ar omati c quater nar dvauesrfobtben si t €
aromatic methine sites with and without aliphatic segmentation are not significantly different,
the difference is at least beyond the error bound detected (x3 ms), indicating thignhh&c
segmentation in therblocks speeds up the rotational reorientations of aromatic pheneylene
rings present in the@-blocks. Thus, an inclusion of the aliphatic blocks in the copolymer
sequence had resulted in an increase in the rate of the dagmeemientation 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 thed volume in the polymer matrix, making the ritig

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 reorientatioal motion of aliphatic segments would be less favorable than the aromatic
phenylene rings, which can undergo much easiesflipgnotions around the positions where

they are located, because aliphatic segments would encounter more restrictions framthe ne
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 otttk 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 attrilnted to the difference in the relaxation times (bthndT.) of the amorphous
and crystalline regions. Th&C sites in the amorphous regions would possess shorter
relaxation times. Thereforé®C 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 shanber tha
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 copolymérs
3.4.1 Motivation and materials studied

Motivation. Polymer electrolyte membrane fuel cells (PEMFCs) are ecofriendly
alternative power sources with high energy efficiency, fuel flexib{iy., hydrogen, and
methanol) and zero pollutant emissiBri® Appropriately controlling membranareparation
conditions magnhance the physicochemical properfes., 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 theairhistory 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 morpHditgiesal annealing is
a simple route for staling glassy polymers via the densification of their polymer chains and
is accomplished through thermal treatment of the glassy thermopf&sfitéie objectve 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.
copol ymerized di sul fonated poly(aryl ene et
isopropylidene diphenol units (BisKX, XX mean mole percent of hydrophilic moieties),
chemicalstructure shown in Figure 3.9. Then, the cast polymer solution was dried under two
different thermal protocols; one set was dried at 60 € in an oven without vacuum for 2 days
(BisAXX_60 €), while the other set was thermally treated under vacuum at C5f@r an

extra 2 days after initially being dried at 60 € for 2 days (BixX_150 €).
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Figure 3.9 Chemical structures of directly copolymerized poly(arylene ether sulfone) random
(BisAH-XX) copolymers itmmetal form ( SO:Na). Here x means the molar ratio of hydrophilic

moieties.

3.4.2 NMR experimental section

Crosspolarization magi@ngle spinning (CPMASYC NMR spectra were performed
with a Bruker Avance 1l 300 MHz widbore spectrometer operating at toar frequencies of
75.47 MHz for*C and 300.13 MHz for 1H nuclei. Samplesi(60 mg) in thin film forms
were cut into small pieces for packing into 4 mm MAS rotors for MAS experiments|dggin
pulses of 1 ms duration were applied along both 1H"3@dhannels for CP, employing a 50
kHz rf-field at the’*C channel and a ramped rf pulse at'tHehannel whose 4field strength
changes linearly over a 25% range centered at 38 kHz. A pulse technique known as total
suppression of spinning side bands (TO®&Fs combined with a CP sequence to obtain
sidebanefree 13C MAS spectra at 6 kHz MAS spinning speed. NMR signal averaging was
achieved by cadding 2048 transients witha 4 s acquisition delay thideand'C p/2 pulse
lengths were 4 ms and 5 ms, respesdyivThe small phase incremental alternation with 64
steps (SPINAL64)40 decoupling sequence at 63 kHz power was used for proton decoupling
during**C signal detection.

The centerbandnly detection of exchange (CODEX) experiment was used to probe
the slowsegmental reorientation of the copolymer backbone with time scales in the ranges of

11 3000 Hz in solids. The CODEX experiment has a special advantage in the signal sensitivity

77



and resolution because it utilizes only the centerband of a MAS spectrunCAD&X
experiment monitors signals that diphase due to the segmental reorientations of polymer chains
that would induce changes in the orientatitependent 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 BisAXX, depending on DS and thermal annealing history, studied by solid
state NMRH T, data (detected via directly attach€@ signal by employing a short cress
pol arization (~ 150 €s)) in Figure 3.10 (a)
protons in BisSAXX ar omati c phenyl ene rings whose fr
Lar mor f roe@ ul®He ynde( 705 T). Here, the data were obtained in the fully
hydrated state at an ambient temperattiieT: was shortened as the DS value of BXX
copolymers increased, because highly absorbed water molecules in high B&8syAtems
act as plasticizers #ening the polymer chains. Tha Was much reduced after the thermal
treatment at 150 €. The T1 difference between BisAXX 60 € and BXX 150 €
becomes larger at a high DS. This behavior can be explained by a'HaEiaelaxation
mechanism governdaly *Hi *H homonuclear dipolar interactions:

T Tt

p .
— 0 O
Y p 1 T p ¢ T o8

where,d Gandt means the effectiveHi *H dipolar coupling strength artie motional
correlation time, respectively. is not largely different in the polymer systems with the same
chemical compositiond1 is inversely proportional t§ ~ O. It indicates that the shortened

T. after the heat treatment can Waibuted to improved effectivéHi *H dipolar interactions
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as a result of the formation of compact Bi¥X microstructures. The thermal annealing
effects were more observable in BisAXX_150 € samples with a higher DS.

Z3Na solidstate NMR spectroscopy (ftire 3.10b) was employed to investigate the
thermally induced molecular order/disorder in the hydrophilic domains in-BiAFor this,
all BisA-XX samples were successively treated in boiling 0.5 pM® for 2 h, boiling
deionized water for 2 h, 0.5 M Na@r 3 days, and deionized water for 1 week to convert
counter ions td B8O: from K* to Na thoroughly. Here, Naions were used as probes to
observe the molecular ordering environment in hydrophilic domains, asoNs& make a
complex ( SOsNa) withi SOz groups in BisAXX and their quadrupolar interaction (spin 3/2)
would be sensitive over the structural and dynamic environments. The characdéspeak
was sharpened as the DS increased, indicating that the packing order or distribution of sodium
ions became more uniform. Furthermore, tf¢a peaks of nomnnealed BisAXX_60 €
shifted slightly with increasing DS, but their shifted peaks, particularly in -B&Aeturned
to positions similar to others, after the thermal treatment. This behagibenrelated to the
changes of sulfonic acid density in the BisAX matrix after the thermal annealing, which

is discussed in volurbased ion exchange capacity.
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Figure 3.10 (a) HiT1 plot and (b)>Na NMR spectra of BisAXX_60 € and BisA-

XX_150 €.

3.5 Conclusion

In this chapter, We employed sokthte NMR (SSNMIR spectroscopy tcstudy
structure and motional dynamics of three differemppolymers Our results include: 1) The
guantifiedratios of locallyordered versus disorderedmponents shows th#te increased
polarity of thehydroxyl substituent diminishdke local compositiondieterogeneity of polar
and nonpolar phases present in MM homopolymers. 2) Theénvarianceof CSA tensor
parameters latained at the common PAEBock regardless of the type of segmented
copolymer structuresnplies that the changes the crystallinity of the polymeric matrix do

not change the locatructural and motional environments of aromatic PAES bldtkisare
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isolated from the aliphatic segments on the nanossuaile Being measured on methine sites
in aromatic pheneylengngs, the slow reorientational motions of polymer chains dlatir
within a few milliseconds regime become slightly fasteth&saliphaticsegment blocks are
introduced in the copolymesequence. Thencreased conformational flexibility of the
segmented bloclkenables rotational reorientations of polymer chains riaw@able and faster.
3) Segmental vibrationsf protons in BisAXX aromatic phenyl rings (or*H-'H dipolar
interaction) areenhanced and, thus, their; relaxation valuesbecame shorter. The
characteristic peak ¢fNa solidstateNMR, where N&ions were used as probes to monitor
the molecular ordering environment of Bis®X hydrophilic domains, was also sharpened
after the thermal annealing. Thimsplies that the packing order or distribution of sodium ions
(in other words, sulfonic acid groups) in BisfX became moreniform after annealing. This
behavior was more clearlgbseved in BisAXX that had a high disulfonation conteih.
summary, various types of SSNMiRedroscopic methods can providewealth ofstructural
and d/namic informationcomplementary to otherharacterizatiortools, leading to a better

understandingnd ontrolling 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 referen¥&g Chen, Mark D.
Lingwood', Mithun Goswami, Bryce E. Kidd, Jaime J HernandeartM Rosenthal, Dimitri

A. lvanov, Jan Perlich, Heng Zhang, Xiaomin Zhu, Martin Mdler, and Louis A. Madsen
(*contributed equally)J. Phys. Chem. B014 118 3207. © 2014American Chemical Society.

Sections 4.4 4.5 are further studies and conclusibased 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 interactiesippian
i nt er a-stacking asswelas ‘excluded volume repulsion and shape anisofréSuch
assemblies allow for increased degrees of freedom in controlling macroscopic material
properties, and ctently 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 principgaibrigs ion
motion>® Many studies have explored liquid crystalline (LC) structures formed from
supramolecular assemblies for ion conduction applicafiéhsiowever the multmodal
characterization of such materials to correlate transport information and structure at the
molecular level has been limited. Here we describetaf subtle mesophase manipulations

coupled with sensitive and correlated measurements of structure and transport on a
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polymerizable wedgshaped sulfonate amphiphile. These results represent a new pathway to

material control in supramolecular phases posed of amphiphilic molecular building blocks.
Figure 41 shows the amphiphile molecular structure as well as a representative

supramolecular selissembly process to form columnar phases. In these novel systems,

exposure to humid air drastically alteedf-assembly, allowing for sensitive control of phase,

as shown in our previous wotk Using these manipulations, we can define nanostructures

with optimal geometry, dimensions, and dynamics for ion transport

acrylate * Supramolecular

selfassembly

Columnar hexagonal
structure

Figure 4.1 Molecular structure of the acrylate sulfonate wedge molecules used in this work.
Selfassembly of the mesogen begins with formation of supramolecular disks (tetramers) and
continues toward thelassical 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 matials. In this paper, we probe supramolecular structure in detail using in
situ synchrotron grazinmcidence smalangle xray scattering (GISAXS) as a function of
relative humidity (RH). We also showcase the uséNd solidstate NMR (SSNMR) to reveal
drastic RHdependent structural and ion association changes in these amphiphilic sodium salts.
Further, we investigate the transport dynamics using pdiskedgradient (PFG) NMR
diffusometry, showing that water transport in these materials dependsateifimon
supramolecular structure. The unique combination of NMR spectroscopy and diffusometry
with high resolution Xray scattering provides new insights into the coupling of structure and

morphology with molecular transport.
4.2 Experimental

4.2.1 Acrylated WedgeMolecule Synthesis and Film Preparation
We define the amphiphA-Nadb c (wedgeacmpl atced e
sodium salt) as shown in scheme 1. Synthesis details were described in our previotils work.
A-Nathin films used in Xray studies were prepared by spimating from solutions in CH¢|
(20 mg.mit) over Si substrates. Prior to film deposition, substrates were cleaned by immersion
in piranha solution (E6Qs:H20,, 3:1) and abundant rinsing with deiped water A-Na salt
was used in its pure bulk form as received (a waxy solid) for all NMR studies.
' AZC=EHCOOEH,) 410
H,C=CHCOO(CH,);,0

H,C=CHCOO(CH,);,0  SO3Na
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Scheme 1.Chemical structure of sodium 2,34r i sagryloflaxyundecyll @xy)benzene

sulfonate A-Na).

4.2.2X-ray Scattering Studies

Characterizatiorof the A-Na films was carried out by grazidgcidence smalangle Xxray

scattering (GISAXS), a powerful technique in structural investigations of thin organi¢films.

17 GISAXS measurements were performed at the BW4 beamline of HASYLAB (Hamburg,

Ger many) ; t he wavel en gaylpatteins evel recurdesl atereofh. 3 8 j

temperature using a 2D CCD camera. The norm of the scatteringsledtos | = ( 2 si nd) / :
is the Bragg angle) was calibrated using a silver behenate standard. Samples were precisely

aligned to an angle of 0.4°with respect to theislent 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 R¥hlues for at least 1.5 hours, generated by saturated solutions of

inorganic salts in BD (see Tabld). These various salt solutions create a-gefined RH

atmosphere above them due to the different activity of water for the salt sokifides.

humidity level was measured using a digital humidiypsor (Sensirion SHT75). The sample

is equilibrated above these solutions for controllable and reproducible water uptake. Water

uptake, expressed In( / ¥3/ , was determined using the following equation:

[ AGO 1 AOO - Ty ey

oI TAGO =7

Herel A O Gstands for the mass of vacuum driedNa material,i A O Ois the mass of wet
A-Na equilibrated at various salt solutions, whil&7 , -gand- 7 are molecular weight

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

environmental chamber as depicted in Figuge
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Sal t RH (%

Mg G 33
Mg ( BNO |55
KCI 86

pur® D100

Table 4.1 Inorganic salts used in tMBISAXS and NMR experiments and RH conditions

obtained above their saturated solutions wit®D

Diffracted HUMIDITY CHAMBER
beam

Kapton window

SAMPLE Incidence beam
042 1

<
=}

sample
DETECTOR stage

saturated solution

Figure 4.2 Schematic of synchrotron GISAXS setup. The cushwitt chamber allows

equilibration above humid miosphere at controlled RH

4.2.3NMR Studies

All solid-state NMR experiments were performed on a Bruker Avance Il 600 MHz
(14.1 T) spectrometer using a 3.2 mm HXY probd\a salt was packed into a 3.2 mm magic
angle spinning (MAS) zirconia rotor, which svéhen exposed to various hydration levels by
placing the rotor over different solutions
measurement, the rotor was removed from the hydration chamber and quickly capped.
Experiments were performed at 10 kitm 18 kHz spinning speeds at the magic angle (54.745.

No spinning side bands were observed®hia 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 fof*Na,and solid tetrakis(trimethylsilyl)silane was used as an external reference for
14,2022 Tg achieve uniform excitation, a short single pulse with 2 |5 duratioresponding

to 30°tilt angle was used. A total of 1024 and 8 transients with a relaxation delay of 5 s were
recorded fo*Na and'H spectra, respectively. All experiments were conducted at 25 €.

For relaxation and diffusion measurements, bulk salitla was divided into five
samples of 10 20 mg each. Each sampl e was
(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 transfeméal a 5 mm NMR tube and sealed under
vacuum. The remaining four samples were held above various solutions (Table 1) at room
temperature for O 1 day. | mmediately prior
from RH-equilibration tubes and placed intaydn 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 Il wide
bore 400 MHz (9.4 T) NMR equipped with a Diff60 diffusion probe and either a Shinon
5 mm 2H/*H coil (Bruker Biospin, Billerica, MA). The pulsegradient stimulated echo
(PGSTE) sequenétwas used to measure diffasi with an effective gradient pulse length of
d = 2 ms (the actual pul se | ength of the s
stabilization time after each gradient pul se
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 sigmadise ratio (SNR).

Diffusion was measured along the magnetic field (z) direction. ThealgriSion coefficient
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D was obtained by fitting the measured signal intensity | as a function of gradient strength g to

the Stejskallanner equatioii?*:

) VA T YA (4.1)
where o9 is the gyromagnetic r at-Tamnerof t he
f act o?gid(bpi=ti/o3) . Al |l PFG NMR e x peThepielattics wer e

relaxation time Twas measured by ¢hinversiorrecovery method. The spspin relaxation
time T, was measured using an incremented dchio CPMG pulse sequence. Errorsin T

and T, values are +3%, andrrors in D are +5%.

4.3 Results and Discussion

Through our coordinated GISAXS and NMR aserements, we present a detailed
picture of the supramolecular structure in fkda 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%

Figure4.32DXr ay patterns vs. RH. At RH O 55%, onl
while at RH O 86% we observe predominantly b

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

We show Xray diffractograms as a function of relative humidity (RH) in Fighi8
with Miller indices of the main reflections indicated in each case. Since the patterns are
symmetric, we use only one girant (Figured.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/ as. U s-$pacings dftihe peaks, gvel dssign thgse s it i
peaks to thd 00 and 110 reflections of a hexagonal columnar disordered mesophagg (Col

Importantly, the film exhibits planar orientation, i.e., the column axes lie in the substrate plane.
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Water absorption oA-Na at RH = 55% results in an increase of the lattiaemeter from

39.2 to 40.3A, i.e., by 3%. At higher RH the mesophase undergoes a phase transition, as

inferred from changes in-Kay patterns observed at RH = 86% and 100%. Using-fipadng

ratios (&a6:

as8:

ali4:

ale

ahtlte newpeaksawg jdenafyn d

two cubic bicontinuous phases (Gpspecifically the gyroid (G) and diamond (D) phases.

These conclusions are qualitatively similar to those drawn in our previous-wehiere he

phase behavior of thin films &&k-Na was studied in neequilibrium conditions in BO-

t

saturated atmosphere. However, it is noteworthy that in the present work the phase structure is

addressed in quasguilibrium conditions using D vapors to match theonditions 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 pheasele 2 summarizes the hikidices

of the observed peaks and lattice parameters. Importantly, the new phases grow epitaxially on

the parent Cal, similar to previous reporfs:?’

RH(%) | Phase hkl Jexp Oearc Latticeparam.
[nm] |[nm] |a,b
[nm]

33 Colhg 100 |3.40 |3.39 |a=3.92

110 197 |1.97
55 Colhd 100 |3.49 |3.49 |a=4.03

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

Cuhsi(D) 110 [5.22 |[5.25 [a=7.43
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200 (432 |4.29
Lamellar 001 |431 |433 |4.33
002 2.18 | 2.16
100 | Cuhwi(G) 211 |554 |553 |a=13.54
220 [(4.62 |4.72
321 | 358 |3.62
400 |3.32 |3.36
Cuhsi(D) 110 |6.44 |6.47 |a=9.16
111 532 |5.29
Lamellar 001 461 (461 |4.61

Table 4.2 Diffraction peaks pertinent to the different phases formed at differentaRi¢s

and the corresponding lattice parameters.

Generally, the diamond and gyroid phases are related by tcalled Bonnet
transformation. The Bonnet symmetry implies that thergy of the minimal surfaces of the

two structures is degenerate. For this symmetry, the relation between lattice parameters of the

unit cells should bectep = 1.57%°1 n

o

ur

case,

at

RH O 86 %

and equal to 1.49. This difference might be explained by distortions during@htes@sitiort®

or as a consequence of confinement imposed by the thin film.

we

The Cul phases appear in the phase diagram of amphiphiles during lyotropic

transitions, and are located beewn the columnar and lamellar structifeshe 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 bambetastable behavior
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of the phases in this composition raffdndeed, it is noteworthy that the free energy
differences between the aulphasesan 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 interactibriherefore,even a slightly
metastable character of the system can bring about pha&séstence. In our case, observation

of the usual epitaxial relations such as the equivalence of tharid 21% peaks means that

the phase transitions iA-Na operate accordingotthe previously reported mechanisfis.
However, contrary to the situatiatescribed in ref. 25, the films &f-Na do not form wel
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 read equilibrium conditions was mentioned for studies of the phase diagrams of
amphiphiles® In particular, the metastable behavior of the cubic phzemesed 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 harontal axis) forA-Na in different mesophases. Insets: schematic views
of the ion channel structural evolution with increasing RH, with hydrophilic channels colored

blue.

Figure 44 presents the evolution of lattice parameters as a function of RH at room
temperature. The columnar phase ¢(obkwells 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 Cuybstructures 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 thifd)These Cuk phases contain one single amphiphilic

bilayer, which forms a triply periodic minimal surface (TPMS) with cubic symmetry, giving
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rise © a 3D continuous ion channel network as depicted in Figdrandl drawn to scale in
Figure4.5. By analyzing the lattice parameters @&zflla molecular sizes, we estimate the ion
channel dimensions. As detailed in the accompanying electronic suppoftingation (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 Figudeb). In the geerated 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 at33)1.2¢

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 thestsmateria
are superior for water and ion transport (see conductivity data in Figut® 3s 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 hydratsmhotucting materials.

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

Figure 4.5 Models of Colg and Culs gyroid phases drawn to scale. lon conducting channels

are $iown in dark and light blue.

98



4.3.2 Sodium23 NMR Measurements

As a quadrupolar nucleus with spin | = 3#\la has been proven to be a powerful
probe of the local environment around the nucleus in various maféikss the linewidth
and chemical shift #®Na 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 surroundingfSJhis quadrupolar interaction is very sensitive to
atomic bonds of the nucleus, the structure and compositiorearby molecules, and the
symmetry of the surrounding charg@3herefore the study of quadrupolar nuclei with solid

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

Static MAS at 10 kHz

(a) (-2 ppm) (e) LC ions

(-1.3 ppm)

hydrated ions
(0.4 ppm)
line width = 1.0 kHz

(b) (-2.5 ppm) )] hydrated ions
(0.6 ppm)

LC ions

(-1.6 ppm)
1.7 kHz

RH 86% 100 Hz

s,

(-8.0 ppm) (®) amorphous ions LC ions
(-8.2 ppm)
730 Hz

(c)

3.7 kHz
RH 55%

LC ions

d (-12 ppm) h amorphous ions
@ " (-9 ppm)

(7ppm)
170 Hz =

80 40 0 -40 -80 30 20 10 0 -10 -20 -30
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Figure 4.6 >>Na solidstate static (left column;@) and MAS (right column,-8) NMR spectra

of A-Nasalt at different RH. Note that different scales a®dfor 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 aqpm at low RH is assigned to Nat
amorphous (domain boundary) wedges and contributes to 10 +2% of the total signal. The
broad peak is assigned to Nd wedges in the LC phases. By increasing RH, all iNas
become completely or partially hydratéle deconvolute the spectra in (e) and (f) to extract
the fraction of each peak using matN#Rand the hydrated sharp peak near 0 ppm is 8 +1 %

of the total signal.

Figures4.6a d showthe single pulse staticNa spectra oA-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 irthe surrounding electronic environment. This results in decreased electric field
gradients (EFGs) at tiféNa nuclei, leading to reduced quadrupolar broadening. In addition,
increased motional averaging further reduces the observed EFG. The significeaseen
linewidth from RH 55% to RH 86% indicates a phase change between these two hydration
levels, in close agreement with GISAXS observations.

Figures4.66 h show the single pulse magic angle spinning (M&8h spectra of the
A-Na material with a spining 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 neaquivalent sodium sites in the system. We observe two
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ZNaresonances 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
Figures4.66 h). The narrow line shape at 7 ppm with FWHH = 170 Hz indictitasthe
quadrupolar coupling is relatively small. Based on published work by E. M. O'Connéltet al.
44 we can reasonably assume that the sharp peak issile of an individual Nainteracting
with an individual RSGP group attached to an isolated ion pair or in similar environments
producing very small EFGs. Combined with our discussions below regafdiramd 2H
relaxation and diffusion measurements, we suggest that those individual ion pairs locate
predominantly inamorphous regions, or more precisely within domain boundaries of the
material. While LC domains consist of welhcked wedge molecules, domain boundaries are
much less populated. On the other hand, the chemical shift of the center of the broad peak
arises rom both i sot rsoapdisecondm elmir c @lu asl gy fetralisa r s hii
most other interactions including firstder quadrupolar, dipolar, and chemical shift
ani sotropy are removed un geasrindeapendentoéxtarmag!| e s p
magnet ioc20fiiselichver sel yoAprlp & tinioaer @ tonfirmothey
cont r i bipd wealso olmdinetNa MAS spectra at 79.2 MHz (data not shown). The
broad peak is wider and more upfield shifted atldwser frequency, indicating that the secend
order quadrupolar interaction is a major contribution to the broad peak line shape. Therefore,
we assign the broad peak to ‘Nlan aggregates inside the ionic channels formed in LC
mesophases.

As hydration inceases, both peaks in th#a MAS spectra shift towards 0 ppm. In
23Na NMR, a single peak at 0 ppm is characteristic of aqueol®hg since EFGs approach

zero as Nhions become fully hydrated and reside in a symmetric tetrahedral enviroffment.
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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 Naassociated with amorphous wedges Ibee® increasingly hydrated as RH
increases, and that nearly all'Nans of amorphous wedges are hydrated at RH 100%. As RH
increases, the broad peak is downfield shifted and narrowed, suggesting a smalleos#mond
quadrupolar interaction and smaller@&-as a result of increased hydration of Mas 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 appe&r3 ppm,
which indicateshat Nd ions inside the ionic channels do not become completely hydrated
even under RH 100% with (2O/SQ) = 8.6.

Z3Na NMR can quantify the amount of wedge molecules present as amorphous wedges
vs. those within a mesophase. At 33% and 55%tRéisharp peak contributes to 10 +2% of
the total NMR signal. At 86% and 100% RH, the two peaks oventajeconvolution of the
spectra is necessary fiod the fraction of each peakhe deconvolution is shown as dotted
lines in Figuregl.6e and4.6f, and we find thathe hydrated Na peak at near O ppm contributes
8 £1 % of the total signal for both 86% @&ri00% RH. We notice slight decrease in the
fraction of individual wedges at RH O 86%
decrease is within measurement error. In shidNa MAS NMR spectra provide direct
evidence of local structural disorder (the presence of 10%dnoios wedges). We discuss the

molecular dynamics and translational motions of tle@serphousvedges next.

4.3.3 'H 1D NMR: Relaxation Measurements and DiffusioAaWeighted Spectra
Figure4.7 shows representative spectra®eNa from severalH NMR experiments.
H MAS NMR data are shown at the top of Figdrg, static 1D NMR spectra are shown in

blue for five humidity values, and diffusiomeighted 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 ofA-Na at 18 kHz is shown in Figur.7 for the purpose of
spectral assignment. In addition, Figuke2displays'H MAS spectra ofA-Na salt under all
RH values with a spinning speed of 10 kHz. In agreement wit&*e meastements, 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 théH resonances as shown in Figdre.

RH 100%, MAS at 18 kHz

RH 100% A Standard

RH 86%

Figure 4.7 *H NMR spectra oA-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. RHiependentH staticlD 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 spect (red) show only proton signals with faster dynamics (longgr T

that can be measured by PGSTE. At RH O 55 %,
enough to probe diffusion. At RH O 86%, wedg

dynamics.

The blue lines of Figurd.7 are thetHNMR static spectrum oh-Na salt at different
RH values. These spectra are broad and nearly featureless due to bodiméhigiramolecular
static dipolar interactions, which are not averaged on the N&ati coyling timescale (~
1 ms) due to significantly restricted motion. To gain information on the variety of molecular
environments experienced ByNa molecules in the sample, we collectWeighted spectra
(Figure £.3) and measure-Hecay constants under seal RH conditions. For vacuudried
A-Na, about 97% of the proton signal decays rapidly and nonexponentially watl2 Tns,
due to the rigidity of thé\-Na molecules in the Cad phase, while the remaining resonance
centered at 1.3 ppm decays with a Brigng T.= 45 ms. We conduct further dynamic studies
of spirtlattice relaxation time Tand spinlattice relaxation time in the rotating frame ,T
(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 sagdr@ domains. This
has dramatic i mplication for the PGSTE resul
experiments can only measure amorphous wedges, due to.theeighting of these

measurements. The Values of all resonances increase with Ridjcating that all protons
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become increasingly mobile with water upt ak
notice a significant increase in proton signal intensity centered at 6.1 ppm when comparing
these Pwei ght ed spectr anewofFigue83 ) o 6t ms Spedtda
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 amounshort ) and in the amorphous domain boundaries (small amount,

longT) at RH O 86 %.

We also observe effects of Weighting in the single diffusieweighted spectra (in red)
from the PGSTE diffusion measurements shown in Figiirdn general, PFGIMR 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 availatthe 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 x5.2 ms = 10.4 ms),
when transverse relaxationzfTis active, ad the 50 ms diffusion delay , when longitudinal
relaxation (%) is active. To visualize this, the red lines of Figdizshow the first diffusion
weighted spectra (with the lowest g = 20 G/cm) of the 2D PGSTE experiments at different RH
values. These tcas closely mimic the sfweighted spectra with 5.6 ms spin echo delay in
Figure 3.3

As discussed in the previous paragraph, a
do not appear in the PGSTE diffusion experiments due to their sh@rtsims), and oly the
di ffusion of amor phous wedges can be measur

changes drastically, and the ch&nminal acrylate protons (at 6.1 ppm) are now visible in the
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PGSTE measurements. As discussed above, we use the PGSTE pégbpat € measure

the diffusion of the wedges pertinent to both the amorphous and-toysthlline regions.

In (I/1,)

Resonance at 1.3 ppm

0.0 2.0
b ( x10"* s/m?)

(b)

In (I/T,)

04 - RH100%

Resonance at 6.1 ppm

-0.5 ' :
0.0 2.0 4.0 6.0

b ( x10' s/m?)

Figure 4.8 PGSTE diffusion experiments érNa equilibrated over BD. (a) Stejskallanner

plot of the'H resonance at 1.3 ppm from the methylene protoAsNz molecules, showing
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fits to obtain two diffusion coefficients at both RH 33% and RH 100%. (b) Stejskaler

plot of the!H resonance at 6.1 ppm from the ch&irminal acrylate protons oA-Na
molecules at RH 100%, also fit to obtain two diffusion coefficients. The slow component (<
1x10" > m?/s) is beyond our detection limit and is assigned to the slow diffusing wedges in the
liquid crystal phase. In both plots theaxis is the Stejskalanner term of Eq. 1, b =

PP pT FI43) .

4.3.4 1H Diffusion Measurements: Wedge Tranport

Figure4.8 shows Stejskalanner diffusion plots from th#d PGSTE measurements of
A-Na salt equilibrated over fD. Figure4.9 presents a summary of all the PGSTE results,
including both the'H measurements oA-Na (this section) and théH measuremeds on
absorbed BO (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 ipddging.

At low RH, we observe clear tambmponent diffusion for the wedge molecules. For
example, RH = 33% displays tvammponent diffusion with D = 5 x18 m?s (88% amplitude)
and 1.4 x102 m?s (12%) for the resonance at 1.3 ppm. As discusse@ iprévious section,
both diffusion coefficients correspond to the methylene protons of amorphous wedge
molecules. Theolfitting parameter for these components represents the actual population
percentage for the amorphous wedge molecules, since a $inglkie is shared for the two
components. The twoomponent 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=_/(2DD) , which represents the statistical aage distance a molecule has

travel ed dur i n d¢®Agamesing RH =f330sas anexamglenme fingbdiffusion
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’

l ength of 70 nm for the slow component and !
Considering bottthe 2°Na SSNMR andH 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%\-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 x 18* m?/s) to essentially individual wedges (weelgminterion pairs)
diffusing within columnar domains but which do not participate in the columnkinga&ince
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 mdieng the diffusion
time of @ = 50 ms. Il n other words, wedge mol
smal l er than 70 nm, requiring that the LC d
slow component), and that the two different dfin coefficients for the wedge molecules
cannot be caused by differences in local molecular associations (< 1 nnf’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 resohance a
1.3 ppm: D =1.0 x 13 m?%s and 2.1 x16?m?%s (Figure4.8a), however we cannot directly
relate thed fitting parameters to the percentage of each component due to mutyakids.
As above, we assign these D values to wedge molecules diffusiridpib)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 (Figu8b) has a very slow and high
intensity component that is beyond the detedtiatnmi t of our PGSTE exper

m?/s). To investigate further, we perform another PGSTE measurement with long gradient
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encoding times (U = 8ms), which only2 repor
components data not shown). Here we abt 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 timest{ = .Zmssshows that the peak at 6.1 ppm actually consists of three
components: two components that sihared across both the 1.3 and 6.1 ppm peaks that are

due to individual wedges in both the mesophase and domain boundadesne very slow
component that i s present only at 6.1 ppm. \
x 10 m?s to theslow diffusing wedges in the bicontinuous cubic or lamellar phases. While

we are unable to measure the diffusion of the wedges in the columnaripisaseeasonable

assumption that the Galvedge molecules at low RH have even slower diffusion.

A (D,0/SO;3)

0 1.0 1.8 3.7 8.6
| 1 1 1
[
10 A A-Na (Individual) Fast Component
1 AA-Na (Individual) Slow Component
= 101 _ @® Absorbed D,0 Fast Component
E 1 ®Absorbed D,0 Slow Component ]
g N
% 1012 5
=) 3 A
< A A
2 ]
w
é 10“3-E A A
5 . )
G: -
S A
1014+
A-Na in Liquid Crystalline Domains 1§ 1}
10-]5 T T T T T T T T T T
0 20 40 60 80 100

Relative Humidity (% RH)

109



Figure 4.9 Diffusion coefficients ofA-Na wedge molecules and absorbegODvs. RH and

water uptakee- (20/SQ).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 (< 8 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.

RH 86% (a)

RH 100%

(b)

In (/L)

RH 100 %

0.0 2.0 4.0 6.0
b ( x10" s/m?)

Figure 4.10 (a) ?H static 1D NMR spectra of absorbed®in theA-Na sample equilibrated

over DO at RH 86% (top) and RH 100% (bottom). (b) StejSkaner plot of théH peaks
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from the absorbed J®. We find a single diffusion coefficient (D = 4210"1?m?/s) atRH =

86%, and an additional faster component (D = 110¥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 wedgaolecule peaks and to avoid deconvolution
inaccuracies, we measure wates@)diffusion by equilibrating samples over salt solutions in
D20 and performingH NMR. We observeo detectabléH NMR si gnall at RH
1.8) due to this small amount 0O in the sample being strongly associated with ions in the
columnar phase channels. Figure 10 shtvéD static spectra and PGSTE measurements of
absorbed BO at RH 86% and 100%. Unlikél spectra of absorbedD in oriented liquid
crystals or Nafioff, 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 nasignificant macroscopic orientational order of LC structures is present in
these bulk samples. Furthermore, the broad peak results from the average signaldrom D
absorbed in both LC structures and amorphous regions. While the linewidth (FWHM)
decreasesrdy 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 = 4.2x 10"*?m?s), but an additional faster component (D = 1104° 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 Aalsta component,
therefore it likely represents;D molecules diffusing within domain boundary regomith
reasonably strong associations to the sulfonate group of individdMalmolecules. In essence,

the DO diffuses closely with a wedgmuterion pair. This assignment is supported byide
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measurements, which show that'Wans of individual wedgeare nearly completely hydrated

at RH O 86%. The fast water component at RH
than the diffusion coefficient of pure0*°, suggesting that these® molecules are relatively

free to move within the enlarged ionic channels formed at the higher RH. This.fast D
diffusion coefficient inA-Na is also nearlyas fast as water diffusion in the benchmark
conducting polymer membrane Nafion (D = 3.5x%0n?s) at similar hydratiof® The fact

that we only see the fast wataotion 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%.839% to 100% (& = 8.6), as dA-Nacussed

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

4.4 Further NMR Studies on Crosslinked Membranes

Stable freestanding membranes basedAiNa or similar supramoleular assemblies
can be formed by crosslinking acrylic egcbups under appropriated conditions. A set of
crosslinked membranes were obtained usingittliced radical polymerization, with varying
counter ions (Li, Na", and K) and relative humidities undevhich the membranes were
crosslinked (RH 100% and ambient). Here we use PFG NMR to measure water transport in

these membranes.

4.4.1Experimental

For diffusion measurements, the five crosslinked membran&s(RH 100%),A-K
(ambient) A-Na (RH 100%),A-Na (ambient) and\-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. x1.5 mm I.D. and sealed to maintain
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water content dumg NMR measurements. All PFG NMR diffusion measurements were
obtained using a Bruker Avance Il wide bore 400 MHz (9.4 T) NMR equipped with a Diff60
diffusion probe and a 2 miH solenoid coil. The pulsegradient stimulated echo (PGSTE)
sequence wasusédo measure diffusion, with an effect
(the actual pulse length of the sinusoidal pulse was 3.2 ms), a 2 ms gradient stabilization time
after each gradient pulse, a gr adgthsvatyingpul s e
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 sigioahoise ratio (SNR). Diffusion was
measured along thedirection (static magnetic field direoh). The seHdiffusion coefficient
D was obtained by fitting the measured signal interisatya function of gradient strengjho
the Stejskallanner equatiokq. 4.1 Errors in D are up to +10 % due to fitting of two diffusing
components in some casand slow diffusion in others.
4.4.2Results and Discussion

Figure 4.1a shows the singlpulse standard spectrum (blue line) compared with a
diffusion-weighted spectrum (red line) of the fulydratedA-K membrane crosslinked at
ambient condition, whiclwe denoteA-K (ambient). The singlpulse 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). Theudsgle
spectrum of dried mennénes 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 uptadk@®/SC") directly from the

integration ratio of the water peak to the broad peak.
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The diffusionweighted spectrum only shows signals from nuclei with relaxation times
long enough to survive the gradient encoding times (2 x5.2 ms = 10.4 ms), wheretsansv
relaxation () i s active, and the 50 ms dif f)ussi on
active. Therefore, using these diffusion measurements we can only detect the water signal
(sharp peak), and we assume that the membrane matrix is imnfogilee4.11b shows aH
StejskalTanner signal attenuation plot for the absorbed waté-Kf (ambient). We clearly
see two diffusion components, a faster component with D = 1.72%h8's and a much slower
component with D = 7.1 x1f m%s. We obsere similar twecomponent diffusion for all five
membranes, although with different observed diffusion rates fbrreambrane. As shown in
Figure 4.1t, A-K (RH 100%) also exhibits two diffusion components, where the faster
component is a factor of 4€aster than that oA-K (ambient), whereas the slower component
is only a factor of 1b faster. Similar to our previous study on renosslinkedA-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 wateanmotiphous

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 diffus@ghted
spectrum (red) cA-K (amhbent). The broad peak originates from crosslinked wedge molecules
and the sharp peak is from absorbed water. (b) Stejsialer signal attenuation plot of the
absorbed water ofA-K (ambient), showing fits to obtain two diffusion coefficients. (c)

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

QP pi U/ 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. AlH NMR diffusion measurements show two components, which
we attribue 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 arénkexsplay a

vital role in water uptake and diffusion
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Figure4.12 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 lagy 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®) A-K > A-Na > A-Li. As shown in our previous studthe noncrosslinked
A-Na salt undergoes a transition from columnar to bicontinuous cubic phases with increased
RH, and the bicontinuous cubic phases 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
Na salt at RH 100%, where theffiision coefficients are D = 1.7 ¥01°m?/s (fast) and D =
4.2 x 102 m%s (slow), theA-Na(RH 100%) membrane provides a factor of bwer
diffusion components D = 1.520m?s (fast) and D = 5.810¥m?s (slow). This may be
explained by shnking 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 vplume
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 ionicsliguidiazolium and
phosphonium derivatives). Notably, the faster diffusion component oAi#ke(RH 100%)
membrane reaches 1.4 x10m?s, comparable to that of Nafion and other ionic block

copolymer materials at similar water uptakes.
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4.5Conclusion

We hae presented a comprehensive picture of rich structural and ion transport
behaviors in supramolecular assemblies formed by amphiphilic wedge moléciNes. (The
synergistic combination of GISAXS and muttiodal NMR provides detailed structural and

transpot properties of a supramolecular mate(iaure 4.13)

P

®a

Increased Humidity

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

A-Naundergoes a transition from columnar to bicontinuotmcgphases with a simple
increase in humidity. GISAXSNa solidstate NMR, and pulsefield-gradient diffusion
NMR all clearly show that the sedissembledd-Na material undergoes this change of LC
phase, accompanied by drastic increases in ionic rhopili at RH O 86 %.
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 dach phase increase with relative
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humidity; this change is small for the Goand lamellar phases and larger for bicontinuous
cubic phases. The semmiesomorphic nature @f-Na was quantified wittf°Na MAS NMR
studies, showing the presence of a sigaifidraction (~ 10%) of a disordered region at all RH
values, which consists of amorphous domain boundary wedge molecules (WthuN&erions)
that become nearly completely hydrated at
NMR diffusion studies on the amphiphilési] show that only amorphous wedges have
relaxation times long enough tpantify with PGSTE measurements. We assign the slower
PGSTE diffusion compeent (L0* m?s) to individual wedges diffusing through LC phases

and the faster component (0m?/s) to individual wedges diffusing within the amorphous

boundaries between LC domains. The wedge molecules packed in LC phases are visible in

PGSTE measungents only at high RH, but their very slow diffusieri0® 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 wheurimga

the transport of small molecules in the material. In some circumstances, the domain boundaries

RF

may be the dominant contributor to an obser

attention in the literature to date. Similar observations haea made in organic ionic plastic

crystals, where domain boundary diffusion can dominate macroscopically measured

transport®®® The presence of domain boundarimay also disrupt the continuity of LC
domains and thereby reduce water transport and ion conductivity.

NMR diffusion studies on adsorbed waté40) show that BO molecules are tightly
associated to the relatively narrow ionic channels (15.0 A) innuoéw phases at low RH.
Two-component RO diffusion is observed at higher RH values. We assign the slow diffusion

(10*2 m%s) to DO molecules diffusing within domain boundaries. The additional fast
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diffusion(10°°m?% s) obt ained at high RH (& = 8.6) i

within the enlarged and interconnected ionic channels of the bicontinous cubic phases.
Finally, water diffusion tH20) in five fable membranes polymerized from the

supramoleular assemblies shoviswo-component diffusion for all membrana&/e attribute

the fast component to free water diffusingide the ionic channels of L€gion and the slow

component to water diffusing through the amorphous regions in the crosslinkedanesb

The presence of the amorphous regions clearly reduces water transport rates in the membranes

by breaking ordered (cubic) transport pathwaysrthermore, wdind much higher water

uptake and faster water diffusion for the membranes crosslinked &tOB% than those

crosslinked at ambient RH, which we attribute to the phase transition from columnar to

bicontinuous cubic phases for the romsslinked salt. We also observigher water uptake

and faster diffusion for larger counterions with the ordelk > 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, comparedddNa salts,A-Na membranes produced -f6ld

slower diffusion coefficients, which we hypotimsis 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 fadéte much faster ion transport than the columnar phase, as shown by the
channel dimensions from GISAXS and the fagDliffusion of the 100% RH sample. Water
diffusion coefficients measured iA-Na salt at high hydrationand in A-K membrane
crosslinked ghigh hydratiorfall in the range of those measured for benchmark ion conductors

such as perfluorosulfonate ionomers at equivalent hydrétidhese results shows promise
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for controlled and informed design of negéneration ion conduate formed from tailored

supramolecular building blocks.

4.6 Supporting Information

4.6.1Conductivity and Water Uptake vs. Relative Humidity
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Figure S4.1Conductivity and water uptale (28/SQ) as a function of RH.
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4.6.2A-Na Channel Size Analysis

By analyzing the lattice parameters akdNa molecular sizes, we can estimate the ion
channel dimensions. For the columnar phase at RH = 55% the column diameter is 39.2 A.
Assuming equatlensity of ionic channels and hydrophobic periphery of the amphiphiles, the
corresponding diameter the Gghydrophilic ion channels equals approx. 15A (cf. Figure 7).
For the cubic phases, the lattice parameters together with water uptake valuépossible
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 RH08% 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. 8.5xa. Therefore the aage 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 e 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 phasesgémé¢nated
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% The analysis of the generated structure makes it possible to
estimate the largest and smallest channel diameters. Given tharcdar shape of the
channels, one can de¢ 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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4.6.3NMR Relaxation studies
~(CH,)7-(CH,),-O-

-CH,-CH,-O-

aromatic-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 theNa material at different RH.

All protons show increased dynamics at higher RH.

We assign théH resonances in Figure4® 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.&8Jpm 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 oxytienresonances at 6.35, 6.12 and 5.82 ppm
to the 9 chairterminal acrylate protons, and the small shoulders at 7.38 ppm to the aromatic
proton in the 6 positiontHaromatic6). We noticeHaromatic6 o nl 'y appear s wi th
HaromaticS (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, weuresthe proton spin
lattice relaxation time (1), and spirattice relaxation time in the rotating frame;(Tas a
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functionof RH.Ti s sensitive to f astc~1%al08g),suciias t he
singlebond rotations or trangauche chia isomerizations>° while Ti ,is sensitive to slow
motions i n tchECt&I9z), suehgs cham reorientatic’s’ Here we obtain

a single value for Tand T jfor the broad static spectrum:& 580 ms and T,= 5 ms). Based

on previous NMR studies on lipid multilayer structut®syr 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 tA#Na NMR spectra show that 90% of the material is present in the
Colhg phase, we can approximate that thesand T. ;values represent the &nd T ,values

of theA-Na present in the liquid crystalline columnar phase. The presence of different proton
T1 and T ,values generally indicates no intimate spin contact or inefficient spin diffusion
between different domairtd the sample, where each domain or phase has a distinct pgoton T
and T; value. Therefore we can usednd T; ,to give insight into the structural heterogeneity

of this multrcomponent system. We also obtaireifid T; ,values for the 45 ms;Eomponent

of the 1.3 ppm peak by adding a spin echo wi
removes the fast decaying signals and measures only & Tl ,values that are associated

with the long B component. The significantly different relaxatiomés of this component (T

=990 ms and 1,= 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 sugge$idd MAS

spectra. Similar results are seenAeNa at RH = 33% and 55%. The relatively longak 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 S4.3The standard statit! NMR spectrum oA-Na salt scaled to different percentages
(blue, top of each set), stacked withhweighted spectra with various spin echo delay times:
U=0.4 ms (green, second from top), 5.6 ms (r

or inset) at different humidity conditions.

Measurements of the spgpin (transverse) relaxation; give insights into the
populations of the heterogeneous sample that are observed by the PGSTE experiments. T
weighted spectra are shown in Figuee3S Since each diffusion NMR experiment contains

two gradient encoding times, eawlith a duration of 5.2 ms (aBms half sinusoid gradient
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pulse followed by a 2 ms gradient stabilization time), thev@ighted spectra of figured3

with U = 5.6 ms wil | -weighted spectrasifigmé4l7.aAtlowtRel t he d
values, only a small fraction of the signal
ms. As discussed in the previous paragraph, this lermgpMponat 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 indivatlwedges. At higher RH, we notice a significant
increase in proton signals centered at 6.1 ppm compasgimgeli ght ed spectra wi!
(red lines of Figure &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 obaal in liquid crystalline phases of amphiphitéshe

sharp change between RH 55% and 100% may be explained by the phase transition from the
columnar phase tiie bicontinuous cubic phase where wedge molecules are not-g=aakadid

and the ionic channels are more interconnected, which can produce more rotational and
translational freedom for wedge molecules. We assign #veeighted signal at 6.1 ppm to a
combnation of signal from both individual wedge molecules and wedge molecules in the LC
phases, due to the dramatically increased intensity ofztheeifhted peak at 6.1 ppm when it
appears at high RH (this is shown in Figu#e38 by scaling the standard BHpectrum 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®fvedges is only visible at 6.1 ppm and

not 1.3 ppm is likely a coincidence, due to thesdlues of the LC acrylate protons being just

long enough to observe with PGSTE while the remaining protons of LC moleculeshave T
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values too short to observe wdbhievable 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 shiftvalues.
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Chapter 5

Diffusion of Drug Delivery Nanoparticles into Biogels Using TimeResolved

MicroMRI

This chapter is adapted and repebhirom the following referenceXiaoling Wang, Ying
Chen, Lian Xue, Nipon Pothyaee, Rui Zhang, Judy S. Riffle, Theresa M. Reineke and Louis
A. Madsen (*contributed equally). Phys. Chem. Let2014 5, 3825© 2014, American
Chemical Society.
5.1Intr oduction

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 sfes 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 massrtranspo
and hence leaves diffusion as the main mechanism of transport into fihhdoseover, the
tumor interstitium hinders diffusion as a result of the dense viscoelastic fiber matrix consisting
of collagen and intacting molecule$® The diffusion rate of a nanoparticle in tumor
interstitium correlates with its size, charge, configuration, as well as the content and structure
of collagen fiberé%!* 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 issieereased 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. Fluorescenceanoscopy 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 tumemimetic gelst? 1°18 However, these methedare restricted to measurements

of diffusion on the suimm scale, e.g., into thin gels and into tumor surfaces with limited depth
penetration even with the aid of spatial Fourier analysis and multiphoton techttigdes.
Magnetic resonance spectroscopy (MRS) and imaging (MRI) approaches, which are not
restricted by material thickness, have been applied for investigatirigo water perfusiorf?

and in recent years tirresolved MRI has been employed in quantitative analysis of blood
flow with three dimensional spatial resoluti®ff? Recent studies report the use of MRI to
guantify convective transport of macromolecular contrast agents in hydrogels and tumor
tissues*?* Nevertheless, characterizatiof 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 namvasive method dr accurate quantitation of
diffusion of polymefbased contrast and drug delivery agents, known as theranostic agents,
into tumortissuemimetic hydrogelsvia time-resolved MRI. This approach provides three
dimensional diffusion rate and concentration riisition of nanoparticles over macroscopic
(mm to cm) distances in biological transport media. We examined diffusion of a theranostic
polymeric genelelivery vehiclé>?® and a blockcopolymerfunctionalized magnée drug
delivery vectot” 2% into 0.52.0 wt.% agarose and into 8120 wt.% collagen type | gels. The
first theranostic vehicle (Figurg.la) incorporates a paramagnetic gadolinium chelate and
oligoethyeneamineso that it offers both transverse and longitudinal relaxivity contrast, as
well as the ability to bind and compact nucleic acids for gene defivditye second vector

(shown in Figureb.1b) is a magnetic block ionomer complex (MBI€mprised of &im

133



diameter magnetite nanopatrticles in the core surrounded by a double corona structure with a
nonionic polyethylene oxide (PEO) shell and anions are bound to nanomagyizeligand
absorption. The unbound negatively charged carboxylategide binding sites for drug
loading through ionic complexatidf.The superparamagnetic & particle core provides
primarily transverse relaxivity corast. Figureés.1c ands.1d show the vector nanoparticle size
distributions measured by dynamic light scattering (DLS). We also included a clinical contrast

agent of sulmm size, gadopentetic acid (marketed as Magnevist®), for comparative analysis

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

and MBIC (d).

5.2 Experimental Section

MRI experiments were performed on a Bruker AvancdQ0 spectrometer equipped
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with a Micro5 imaging probe featuring 5 cm rf coil. Experiments in agarose gels were carried
at 25€ and the temperature for experiments in collagen gels were done at 37C.
Experimental data were acquired and processed usmayiBmn 5.0 (Bruker Biospin,
Germany). Data analysis was done with MATLAB R2012a.
For T>-weightedexperiments, acquisition parametersR&REpulse sequence are as
follows: TR (repetition time): 16000 to 20000 msec depending of thelaxation time of
pure hydrogelsTE (echo time): 50 to 100 msec depending on the concentration and
relaxivities of contrast agent solutiof€)V: 1.00 cm; slice thickness: 1.00 mm; and
resolution: 0.0078 cm/pixel.

For theT:-null-weightedexperiments, in Inversion RecoygiiR) RAREpulse
sequence, the null time is calculated by

o) YI1d 1 1p Q P

Taking acquisition parameters in®d in 0.5 wt.% agarose gébr example TR 2000 msec,
TE: 8.1 msec, and1 in doped gel of referencesSd concentration: 395 msec, henggis
271 msec from Equation 5.1z relaxation time is measured using an inversion recovery
NMR pulse sequence.

Inversion time was also determined by running the dopederete gel sample using
IR RAREMRI pulse sequence and adjustirg around 271 msec to until lowest signal
intensity is observedau was set to 280 msec, and the discrepancy between this actual
parameter and theoretical calculated value is about 3 %.

Agarose powder was purchased from Sighidrich. Collagen |, 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 €. The collagen solution was ultracentrifuged@tf@048 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 tim&). MRI contrast agents containing paramagnetic or
superparamagnetic centers have the ability to re@luaed T of their surroundigs. In ar:-
weightedmage, shortened: results in positive image contrast (higher signal intensity); while
in a T>-weightedimage, regions of shortendd show negative contrast and appear darker.
Additionally, using a suitable MRI pulse sequence, atmé thui can be determined in which
no signal appears in the image dud@toelaxation. Thus we can employTanull-weighted
image based on the correlation between a chosen concentration of contrast agent solution and
its corresponding null point (vémt.ui & AT pwhich show neakero intensity. Hencé: null
points can be directly encoded into and observed in images as a darkened band or region.

Generally, interference betwe&n andT> relaxation processes introduces significant
inaccuracy in theletermination of the relationship between contrast agent concentration and
voxel signal intensity. In commom-weighted imaging method for clinical application, the
effect of T> relaxation cannot be avoided or effectively minimized by manipulating empsti
parameters. Moreover, frequently usedweighted imaging of scan repetition time smaller

than5T:can bring serious inaccuracy to the concentration profiles converted frareighted
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images, due to the influencebfrelaxation. Thus, we have degpkd an approach combining
time-resolvedT,-weightedandT:-null-weightedmaging methods for the accurate quantitative
analysis of diffusive transport, and implemented this comprehensive approach to novel
polymeric nanoparticles designed for drug delif@r the validation of our methodology.
Figure5.2 shows an illustration of the sample setup and the mathematical model for theranostic
vehicle diffusion into hydrogels. In contrast to commonly uedeightedimages, both of

our methods minimize the inference ofT1 and T relaxation on image signal intensity, and
consequently ensure the accuracy of diffusion rates determined fronresoleed MRI
experimentsT>-weightedimages were acquired using the rapid acquisition with relaxation
enhancementRARB sequenc® with minimized T1-weightingeffects by applying adequate
repetition time (5T1). The relationship between voxel signal intensity and concentrest
expressed in EquationZ whereS(g) andS(@) are signal intensities at concentratianand

co of the diffusing molecula;; is the transverse relaxivity of paramagnetic/superparamagnetic

species in the medium, afiéE is the echo time in the MRI pulse sequefic,

Contrast a Twei ghmade
| c, Interface HHHHHHHH
Gelt °
- Interface
o
()
CD=O~)v( S TnuWwki ghmade

Figure 5.2 Sample setup for MRl measments and model for om@mensional diffusion
(left), and timeresolvedT.-weightedand T:-null-weightedimages (right) of MGd diffusing

into 0.5 wt.% agarose gel. White-black scale represents decreasing signal intensity.

137



Ti-null-weighted® images were obtained using tRAREinversionrrecovery pulse
sequencé? yielding a direct measure of nanoparticle concentration over centisustier
depth in bulk biogels. The value tfi was determined by testing of a gel sample doped
with a known reference concentration. By setting the inversion time eqtal ito the MRI
pulse sequence, the migration of voxels of fesaD signal intensity in timeesolved images
then represents the movement of this refegeconcentration, indicating the diffusion of
contrast agent into the gels. Timesolved T>-weightedand Ti-null-weightedimages are

shown in Figure.2.
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To determine diffusion coefficientD} of polymeric agents through gelsa T.-
weightedMRI, we convert signal intensity tconcentration using Equation 5By 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 5t8 extractD.

Furthermore, by inserting the lognormalstdibution given by Equation 5.4 into
Equation 5.3,Equation 5.5allows us to probe distributions of diffusion coefficients. For
comparison, we extractdd from T»-weightedimages both with and without the use of a

distribution. Figure5.3 shows fitted curves of 4&d solution diffusing into different
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concentrations of agarose and collagen gels. Fitting of MBIC patrticle diffusion data can be

found in Supplementary Information (Figur.5S5.3).

0.5 wt.% Agarose Gel |

8700 s
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Figure 5.3 N4Gd ingress into gels measured at progressives tpoints. Solid lines are
concentrations as a function of displacement convertad fntensity using Equation 5.2
Dotted ines are fits using Equation 5With no distribution. Dashednles are fits using
Equation 5.5assuming a distribution of diffusiocoefficientsD. Table $.1 in SI showsD

values and distribution widths extracted from each curve.

For analysis ofTi-null-weightedimages, we plotted signal intensity directly versus
displacementx for individual images as a function of elapsed timéigure 54). The

magnitude of displacements of null points labeling the chosen concentration can then be read
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