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ABSTRACT

Anionic polymerization and controlled radical polymerization enabled the
synthesis of novel block copolymers with roovalent interactions (electrostatic
interaction and/or hydrogen bonding) to examine the relationships between mesoscale
phenomenon and macroscopic physical properties-ddwalent interactionsffer extra
intra- and intermolecular interactions to achieve stimrdsponsive materials in various
applications, such as artificial muscles, thermoplastic elastomers, and reversibl
biomacromolecule binding. The relationship between-cwralent interaction promoted
mesoscale phenomenon (such as morphology) and consequent macroscopic physical
properties is the key to optimize material design and improveusadgerformance for
emergng applications.

Pendant fidrogen bonding inABA block copolymerspromoted microphase
separation and delaydte orderdisorder transition, resulting in tunable morphologies
(through composition change and extendedrubbery plateasi Reversible addition
fragmentation chain transfer (RAFT) polymerization afforddécile synthesis of ABA
triblock copolymers with hydrogen bonding (urea sites) atattrostatic interactions
(pyridinium groups). Pyridine groups facilitated hydrogen bonding throwagh
preorgaization effect, leading to highly ordered, lerenge lamellar morphology arad

significant increase of flow temperatures)(BO °C abovethe hard block T. After



guaternizationof pyridine groups electrostdc interaction as a second physical
crosslinkng mechanism, disruptedrdered lamellar morphology and decreasedY&t,
extra physical crosslinking from electrostatic interactipestainedordered hydrogen
bondingat high temperature and exhibited improved streks<ation properties.

Both conventnal free radical polymerization an®AFT polymerization
generated a library of poly(ionic liquid) (PIL) homopolymershairhidazolium groups as
bond charganoieties. A longchain alkyl spacer between imidazolium groups ahd
polymer backbones ensuredbav glass transition temperatureg);Twhich is beneficial to
ion conductivity. Four different counter anions enabled readily tunakdeall below
room temperature and showed promising ion conductivities as high as 2085/cm at
30 °C. For the firsttime, the influence of counter anions on radical polymerization
kinetics was observed and investigated thoroughly udgmgsitu FTIR, NMR
diffusometry, and simulation. Monomer diffusiamd aggregation barely contributed to
the kinetic differences, artie Marcus theorywas appliedo explain the polymerization
kinetic differences which showed promising simulation rest&FT polymerization
readily prepared AB diblock, ABA triblock and (AB3-arm dblock copolymers using
the ionic liquid (IL) monomersidcussed above amtuterated/hydrogenated styreWiée
demonstrated the first exampleiofsitu morphology studieduring an actuation process,
and counter anions with varied electrostatic interactions showed different mesoscale
mechanismswhich accountd for macroscopic actuation. The lorgain alkyl spacer
between imidazolium groups and polymer backbones decoupled ion dynamics and
structural relaxationFor the first time,composition changes of block copolymers

achieved tunable viscoelastic propertiagthout altering ion conductivity, which



provided an ideal example for actuation materials, solid electrolytes, and ion exchange

membranes.
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GENERAL AUDIENCE ABSTRACT

My research focles on the synthesis of novel soft materials with a special
interest in esponsive polymers. Thecorporation of responsive chemistry, such as
hydrogen bonding anidnic interactionsenablessoft materials with complex responsive
behavior were achieved. Polymers with ion pairs promise great potential astatdid
electrolytes(which transfer ions to generate curreat)eliminate potential fire hazard in
batteries, which has been aarising concernfor modern cellpbne and electric car
industry. The mtroduction of strong dipoles into polymers allows the fabrication of
actuators, which conveelectric signals to physicahovement. Under applied voltage,
polymersbend within seconds while holding physical loads. Actuator studies in polymers
paves the way towards artificial muscles as well as soft robd&esperature responsive
hydrogen bonding impolymers offers drastically different viscoelastic properties at
different temperature and serves as the key mechanism imabladhesives, controlled

drug release, and high performance materials.
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Chapter 1: Introduction

1.1  Dissertation overview

This dissertation primarily revolves arountacromoleculesvith pendant nostovalent
interactions (hydrogen bondingnd electrostatic interactignfocusing on the influence of
mesoscale phenomenon wracroscopic performanceShapter 2 reviewghe application of free
volume theory in polymeric matrices. This comprehengigeiew intendsto provide an
understanding between structural elements and free volume atie corresponding
thermomechaical and permeation propertiesChapter 3 reviews literature addressing
phosphoniuncontaining ionic liquids (ILs) and poly(ionic liquid)s (PILs) as conductive
materials. Phosphoniucontining ILs and PILs demonstrateignificant advantages over
conventional nitrogeibased counterparts (ammonium, imidazolium, etc.) in terms of ion
conductivity and thermal and chemical stability.

Chapter 4reports the application of Michael additichemistry in solvenfree roofop
adhesives. Facile ergtoup functionization of hydrogenated polybutene diol allows the
preparation of Michael donsiand acceptar With optimized stoichiometry and additives, the
Michad addtion adhesives at least doubtbe performance of solvebfsed cmmercial
adhesive controls at three different interfaces.

Chapter 5 describes the utilization of piperidine functionalized styrene monomer to
increase the3,4 addition content in polyisoprene block during the synthesi8RE triblock
copolymers using anionic polymerizatiorhe Ty of polyisoprene blocksariesfrom -60 °C -20
°C due to 3,4 addition changBue to increased polarity of polyisoprene block from hagh
addition contentpolyisoprene blocks demonstratecrophase sepation or mixing depending

on their molecular weighe Chapter 6 and 7 examines the association of pendant hydrogen



bonding groups (urea sites) and its corresponding influence on microscopic morphologies and
macroscopic thermomechanical properti€Specifically, Chapter 6 reports pendant urea
hydrogen bonding sites promoted ordered morpholagidsexpanded rubbery plateau abthe

hard block F. Pendat hydrogen bonding remains ordered at high tempesatamparing to
backbone hydrogen bondingresumably due to the lack of cooperativity. Chapter 7 compares a
library of ABA block copolymers containing either hydrogen bogd(urea sites) and
electrostatic interaction@yridinium). Hydrogen bonding promotes longnge, ordered lamellar
morphology and shows flow temperaturerJ BO°C abovethe hard block . The introductiorof
electrostatic interactiodisrupts the ordered morphology, leadioga reduction infl. In return,

the dissociation of hydra@m bonding is severely depresssdextra eletrostatic interactions.

Chapter 8 and 9 focus on understanding ion dynamics in PIL homopolymersoakd bl
copolymers. In Chapter $ovel IL monomers with long alkyl spasebetween imidazolium
groups and polymer backbones allow the synthesis of fousrdift PIL homopolymers with
different coumer anions. Counter anions sh@rofound impad on Ty, ion conductivity, and
radical polymerization kinetics. The promising ion conductivity enables further investigation of
this IL monomer in the synthesis of AB#iblock copolymers using styrene as the A blocks in
Chapter 9. The triblockopolymers shows decoupling of ion dynamics (ion conductivity) and
structural relaxation, allowing tunable viscoelastic properties from composition changes without
altering ion onductivity.

Chapter 10 details the synthesis of a new class of polymers: poly(phosphorus ylide). Fast
solid-statecharge transfer is observed during the synthesis of phosphorus ylide monomers. The
resulting monomers and homopolymers synthesized from otiomel free radical

polymerization exhibited strong visible light absorption and fluorescence, promising their



application as photeensitized dye. Finally, Chapter 11 andpt@vide overall conclusions and
suggested future work. Some betfuture workm Chapter 12 ialready in progress, and the rest

are suggested continuous work.



Chapter 2: Probing Nothing: A Review of Free Volume and its Role

in Polymer Structure-Property Relationships
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2.1 Abstract

Fractional free volume in polymers relates closely to structural relaxation and voids
distribution, which proves crucial in understanding and predicting thermomechanical properties
and permeation process, regpay. This review focused on the structidree volumeproperty
relationships in a wide range of polymeric matrices: crosslinked polymers, homopolymers,
segmented polymers, block copolymers, polymer blends and additives. The relationships
between commoanvironment elements, such as temperature and pressure, and free volume
changes are also summarized in this review. Different techniques determined free volume
parameters which dictate polymer physical properties, and, in return, contribute to future
materal design from a molecular level.

2.2 Introduction


mailto:telong@vt.edu

Researchers in polymer science and engineering commonly invoke the theory of free
volume to rationalize polymer properties and performance, however, these rationalizations are
often the result of confouling factors. Thus, this review is intended to present the progession of
free volume theory, the common techniques employed in the literature, and diverse examples
where free volume was presented to account for struptogeerty relationshipdn simple erms,
the polymer free volume primarily refers to the degree of packingnore specifically, the
volume unoccupied by the constituent atoms or molecules in a méatBrial to the relationship
between free volume and thmobility (m) of polymer chaing.e. relaxation behavior of
materials,theories onfree volumeare pertinent to the fundamental understandingpofymer
physical propertiesnostnotably, thermomechanicalrpperties®*° anddiffusion properties-*24
We will discuss the modificain of fractional free volumefee volume size and distributipn
throughtailoring of polymeric sucturg® 7+ 20: 2%7.2830,15, 3834 16,3536 5@ of additive and blends
16,19, 389 and nanoscalemorphologies® We will provide a brief overview on the theoretical
concepts bfree volume andhe experimental techniques used to measure free volume in a

polymeric material.

In terms of thermomechanical propertieggfivolume relates to local mobility andeaffs
segmental motionthus influencingmelt viscosity, glass transition temperature gfTand
Youngos 3*mb3¥®%Fou lsarrierand membraneapplications, free volum directly
determines the diffusivity and selectivity sinftee volumetypically serve as transportation
pathwaysfor small molecules? 224 37423 Thjs review on free volume in polymers is geared
towardspolymer chemists. We will highlight the important progresses in theoretical concepts
and techniques used to probe free voluiiifas review will focus on the intaelationship of

the free volume of a polymer, moleculawmstiure, and physical properties.



2.3 Theoretical developments of free volume theory

The first conceptual realization of free volume is credited to van der ‘Amall873, he
postulated that each molecule occupies an intrinsic voligiaed to its size along withn
associated excluded volume to account for its thermal motion. While many researchers
intuitively recaynized that the properties of a fluid were related to its free volume having a length
scale on therder of agstroms, the lack of theoretical models to compute free volume was an
obstacle in further developing this prospect. In 1913¢clBaski publishedhis seminal work
wherein he recognized that viscosity of simple low molecular weight fluids at constant
temperature and pressure scales with defrskys work was the first to directly link diffusivity
of molecules to free volume. In subsequent years, Hildeleblaid e vel oped on Batc
work and sowed that the fluid viscosity scales as a function of fractional free vditifiteeir
theories were applicable for simple fluids at elevated temperatures but not strictly suitable at

temperatures below the melting point of the fluids.

To account for these shortcomings, in 1951, Doolitiédined freespace as the space

arising from the total thermal expansion without a change in {Eas&tion 1):

f_ (v —vp) (1)

[
Vo Up
w h e r represents the volume of freepace per gram of subgisrate a

the volume of one gram of substratéragolated to absolute zero without a change in phase, and

3 represents the volume of one gram of substr



Using the relative free volum@s/30) that he defined in Equation 1, Doolittle calculated
that the melt viscosity of fluid correlated well with the observed values over a wide
temperature rang®oolittlethens uccessf ul |y corr el draceodal freee | t v i

volumeusing Equation 2

By
n = Aexp(—2) @)
Vr
where A and B are empirical constants for a single molecularespiceffect, Doolittle was the
first to correlate frespace with the temperatudependence of melt viscositidlowever, the
application of Doolittlebds theory was restric
complex extrapolation approactSubsequently, there have been important refinements to this

approach.

The relatively successful empirical Doolittle equation resulted in sparse theoretical
developments. The Fexlory equation was based on the Doolittle expression and dispelled the
notionthat viscosity peaks at the.TTheir expression (Equation 3) implied a direct link between

the Tg, molecular weightand free volume:

TQ = TQJW - Kan (3)

where T4 is the maximum glass transition temperature at infinite molecular weights ¥e

molecular weightand K is an empirical constant related to free volume.

Although the Doolittle equation has no dependence on temperature, it is suitable only at
high temperature where free volume is high. To establish a free volume theory over a wider

temperature rangapilliams, Landel and Ferrynitially simplified the Doolittle equation by
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replacing3s/ gawith the fractional free volumé,(wheref = 8 ¢+39 ) Il n a supercoo

is normally negible), resulting in Equation 4, now known as the WLF equétion:

5 (4)
n = Aexp(—
( f]
Based on the assumption that the fractional free volume scales linearly with temperature,

Equation 5 is obtained:

f=fhtall-T,) (5)

wheref andfgarethe free volumgat temperature T andlg (T is a temperature greatdran Ty)

andUis the thermal expansion coefficient.

By comparing the viscosities at thg @nd at temperature T and substituting for f in

Equation 4, the following expression was derived:

i

log— = ~B(1/2303£,)(T ~ T,)/[(f; /a) + T —T,)] ©)

Ig
Here, (B/2.3034) and (fg/a) are the universal constamtsand e:
logar = —¢, (T—T,)/(c; + T —T5) (7)

In most cases, Equatiof satisfactorily describs the temperature dependence of all
mechanical relaxation proces$ésy h e rr e thé ratio of any mechanical relaxation time at
temperature T to its value at a reference temperature. It should be noted that while the reference

temperature, J is arbitray, ccand e ar e experi mentally deriser mi

| e

ne



approximatelythe ratioo f v i s ¢govisen teguced| to §f Combining Kuations 4 and 5

combined yield araneffeawolundéhshi p bet ween U

All of the abovementioned theories center on the link between melt viscosity and free
volume of fluids. Important contributions towards explaining the link between mobility and
diffusivity of polymer chains and free volume of a materialaveublished in 1957 by Fuijita, in

1959 by Cohen and Turnbull, and in 1975 by Vrentras and Duda.

The basis of the Cohen/Turnbull theory is that molecules in a liquid migrate freely due to
a greater degree of freedom than in a solid. This feature is atfiboitthe existence of holes
through which the moleculesove freely. The space associated with these hotefirseed aghe
free volume. For pure liquids, Cohen and Turnbull derived the link between mobility (m) and the

number of holes (free volume),

Inm =Inm, — yv, /v, (8)

Here mis the molecular mobilitysois a constant with the same dimensions agisia
numerical factor between 0.5 and 1,i¥the minimum volume of a hole that has to exist in the
neighbomg molecule and v is defined aghe free volume per metule.A major drawback of
this theory is that wvcannot be quantified in known molecular terms. But if free volume is
defined as the volume not occupied by the cores of the constituent moleechkas be equated

to vi = vi v, allowing for the calculan and quantification ofsv

The theories of Vrentas/Duda and Cohen/Turnbull essinsi@parated the free volume
into two distinct voids: interstitial free volume and hole free volume. The interstitial free volume
is the empty space in polymer crystaltie hole free volume refers to the excess free volume

9



inherent to the structural disorder in amorphous polymers, which appear as small holes. The
energy required for redistribution of interstitial free volume is large whereas the hole free volume
is distributed evenly without an energy increase. The theory was distinct from previous theories
in the sense that they attributed the hole free volume to be solely responsible for transport

properties of an amorphous polyni&r®

During the 1960s, Bondi investigated the relationship of van der Waals volume (i.e., the
volume of molecules impenetrable to thermal collision) and radii for various groups using
crystallographic analysi¥. The concept of fioccupied volumé der i ved from Bo
interpretation afforded facil e provadac actueatei on o0

method ofcalculatngfreevolume t her eby eventually supplanti ng

Later, Paul and colleagues utilized a modified group contribution method to predict
transport behavior with significant accura@yYet, with the discovery of high free volume
glassy polyners (up to 35%or siloxanecontaining polymes), the malified Doolittle equation
(Equation 3 was no longer appropriate, especially when free volume pores became
interconnected or Bontinuous.Additionally, Hill et al. showed another modified Doolittle
equation with bet e r fitting wit hinFrisch andiStem publshege o f

comprehensie review of diffusion models in polymesdwill not be coveredn this review®

2.4 Techniques for evaluating free volume in polymers

The length scales of free volume holaspblymers are on the order afgstroms (18°
m); therefore, it is notgssible to directly measure these voitlse experimental techniquesly

on measurement of the surrounding cage enveloping the void and subsequent deduction of the

10



void characteristics. The most common techniques utilized for these measurements aeddiscus

in the following sections.

2.4.1Melt rheology

Free volume is related to the viscoelastic property of polymers. As described by the
Doolittle equation and the WLF equation, as free volume increases, viscosity decreases. A
common way to determine freelume isto fit rheologicaldata wth the modified WLF equation
(Equation6) in order to determinet@nd e. The universal constant can be calculated using the

equation belov§t®2

¢, = B'(1/2.303f,) (9)

However, the utility of the WLF equation is limited to polymeiigh relatively low free
volume. This method is particularlysefulbecause anyne c hani c al redudeasat i on
conductivity and storage modulusan be relatetb free volume, hencproviding a convenient
pathway for estimating free volumiglost rheologydependent free volume studies have utilized

melt viscosity (or similar mechanical relaxation) to calcuedetional free volumé36364

242Density study and Bondi 6s group contributio

Conducting a density sdlsaepresdanta aneflectioermead n d i €
for determinimg fractional free volume (. Using this method, thdensity ofthe materialis
determined firstafter which the specific volume £y at a given temperature is calculateddzh

on a known mass. Equation &ffords the determination of fractional freelume®®

11



Vp— Vo _ Vi, — 13V, (10)

where \4 is the occupied volume of polymer at O K, which is estimated as 1.3 times the van der

Waals volume (M), accor ding to Bondi 68 group contributi

243 Fluorescent Probe

Fluorescent probingsi a promising technique to indirectly determine local free
volume®#%8 Fluorescent small molecules with the ability to undergo isomerization upon light
stimuli are introduced into polymer matrices. The photoisaragan requires different local
volume, and this specific volume enables the indirect detection of local free volume

distribution®®

Schryveret al. demonstrated the application of fluorescent probing to specify local free
volume distribution’® Small dye molecules underwent photoisomerizationpaty(n-butyl
methacrylate)matrix and the fluorescent intensibf each individual molecule enabled the
mapping of free volume distributiofrigure 2.3-1). 70 % and 30 % of all fluorescent molecules
exhibited steady mean lifetime at 6.2 ns and 3.2 ns, respectivglyé 2.3 1aandFigure 2.3
1b), corresponding towo different conformations. Molecules demonstrated a reversible signal
as inFigure 2.3-1c, which wasattributed to the isomerization between the two conformations

due to the dynamic structural disorder of the polymer matrix.

This fluorescent approach sghly efficient in determining local free volume and free

volume distribution; however, the free volume is only qualitatively compared to the

12



photoisomerization size without absolute value, making it less useful in comparing multiple

systems and predictinproperties based on free volume.
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Figure 2.4.3-1 Fluorescence lifetime (solid circle, right Y axis) and intensity (open square, left Y
axis) time traces of tetraphencepgrylenetetracarboxy diimide (TPDI) molecules embedded in
poly(n-butyl methacrylatejnatrix (Copyright (2004 American Chemical Society®

24.4 Positron Annihilation Lifetime Spectroscopy (PALS)

Positron annihilation lifetime spectroscopy (PALS) is one of the most common
techniques for determining polymer free volufhe’*’® PALS works on the principle that
positrons(e), the antiparticle of an electrorare annihilated via interactions with electrdes
),’” releasing detectable gamma rays. By measuring the time span between the generation of
positrons and release of gamma rays, it is possible to correlate the number of voids or amount of

free volume elements in a material. Thus, local electron density, serving as an indicator of local

13



free volume, affects the positron annihilation significan8ince theortho triplet state ¢-P9
annihilationis enhanced by its interactions with other electrons, its lifetime will be reduced

significantly (around 0.5 5 ns).

A PALS spectrum wil/l typicaldy a@dvithdi st o
corresponding intensities of |12, and . The radius of free volume relatestothPe | i § et i me

(ns), as indicated iBquation 113

1 R 1 2mR .
T, =—[1— +—sin( i )]'l (11)
2 R+AR 2=m R+ AR
where R is the free volume and @R is the empi

to be 0.166 nmj®

The free volume fraction (dractional free volumeyy) is determined usingquation 12

V, = AVI, (12)

where A is an empirical constant, akid= 4mR*/3. Shorter( lifetime values correspond to
decreased free volume due to the enhaneld annihilation in the presence of other electféns.
The intensity dis an indicator of the number of free volume elements. TypicBIM.S is more
sensitive to heterogeneities in domain ginel) than techniques like DSC and DMA (50 nff),
but it only indicates bulk average free volume without revegbiogjtionspecific free volume

informaion.

2.4.50ther approaches
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Various indirect approacheto determine free volume, suchRIA8® and molecular
weight analysi* will be covered in specific exaples, but mosare not suitable in a general
way for a wide library of materials. Electron spin resonance (ESR) is a commonly used
technique to determiniecal mobility.88* With a spin labe(usuallya TEMPO group attached
at specific sitesof a polymer, local mobility studies affordetailed information at different
positionsof a single polymer moleculghain endmiddle of chain andchainjunction), however,
mobility was not directly coslated to free volume in a typical ESR experinféft Bartoset al.
showed qualitative correlation between ESR data (mobility) and PALS data (free vétifne).
Nevertheles, employing ESR as a direct technique to determine i@dume requires further

theoreticadevelopment.

2.5 Structure-property relationship affectedby free volume
2.5.1 Application of free volume: general overview

For most macromolecules, free volume is closallated to two important physical
properties: segmental mobility and local void distribution. Segmental mobility directly
determines the thermomechanical properties of polymeric materradkjding the glass
transition temperature. As a result, free voluimory provides an excellent approach to predict
and control thermomechanical properties for both gfa&sy*2 8587 and rubbery materials® 3%
8889 The distriution of local voids, which is crucial for smatiolecule diffusion in barrier
applications, is dictated by free volume (both free volume size and distribution); thus, free
volume theory widly contributes to gas barrier performangt: 24 284 37, 43,982 Thys, free
volume theory is widely employed in GQyas separation, hydrogen purification, water
desalination,etc This review will focus on parameters related to free volume size and the

number of free vaime elements. Other free volume parameters, such as free volume element
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shape as discussed Byubeck and coworkers, arbeyond the scope of this manuscfipt’

Furthermore, model simulations also extend beyordstiope of this invesgfation and will not

be addressederein.

Thermomechanical properties of macromolecules relate to either thermal or mechanical

relaxation, such as glass transition temperatuge (Melting temperature (), elastic storage

modulus (B ) , el astic
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process, free volume enables rational explanation of most thermomechanical property changes.
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coworkers reported that the incorporationablefin in polyethylene significantly increased free

volume size and number of free volume elements, thereby reducing,tiie &nd X (Table

2.5.1:1).3 The side chains af-olefin served as a defect to interrupt compact polyethylene chain

on

packing, which lead to an increase in free volume (both size and number) and promoted local

segmental mobility, which thus lowered dnd Tm.

Table 2.5.21 Thermal properties and free voine parameterst poly(ethyleneco-U-olefin)®

Polymer Branching Branching Tg Tm Xe v N
backbone units conc. (°C) (°C) (%) (A3) (10*Yg)
(mol%)
N/A 0 -3.4 158 41 115.2 0.55
10 -10 130 26 116.1 0.47
N1,
20 -15 109 20 116.5 0.57
15 -4 141 36 117.0 0.54
3 -10 131 27 120.6 0.55
AT 6 10 108 20 1263 059
10 -11 100 17 128.0 0.57
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11 -12 88 10 130.3 0.65

N 2 -8 135 33 1243 0.43

4.5 12 117 27 1299 0.53
8 -16 88 18 1435 0.58
M
13 21 60 9 153.6 0.61
20 27 49 3 165.7 0.66
6 -19 108 14  146.6 0.51
P 10 -25 83 10  160.0 0.55
11
15 -32 54 8 172.1 0.56
6 -24 106 16  155.9 0.49
N 5
10.5 -32 54,79 11 1653 0.51

Tg, Tm and the crystallinity X were determined by DSC. Free volume size v and the number of free

volume N was determined by PALS.

Both size and number of intermolecular voids are criticabpsmeation membranes, and
small molecule diffusion usually correlates with free voldfh&or a typical permeability study,
thereare two major factors: solubility and diffusivity. While some studies focus on diffusivity
only, the importance of solubility (or sorptioshould not be ignored. Fractionaké volume
dominantly determines permeabilityy controlling diffusivity, while free volume size and
solubility both define the selectivity of polymeric membraffes. %% Following Nagaiet ald s
investigation of free volume and its correlation with solubfityhis review will focus more on
diffusivity. Gas and water separation applications are the most studied topics in this area and will
be our major discussion. For @mprehensivediscussion on the physicsf diffusion in

polymeric matrix, sethe review frorRamesret alo € .
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Polymeric gas separation membranes have attracted increasing attention, especially for
CO; separation arising from the higiemand to recycle CQas a greenhouse gdsBecause of
its high affinity for CO, crosslinkedpoly(ethylene glycol) (PEG)s a common research
platform® Lin et al described that higher free volume (lower crosslinking density) induced an
increase of permeability for all four tested gas molecules regardlebge @otymer backbone
structures Figure 2.5.11). By varying the crosslink density and copolymer composition, Lin

and coworkers achieved different permeability and selectivity.
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Figure 2.5.21 Correlation between the mean size of free volume elemegtér¢wh PALS and
(a) CO and CH permeability and (b) Hand N permeability at infinite dilution and 3% in
PEGDA/PEGMEA ( ) and PEGDA/PEGA () copolymergCopyright2006 Elsevier Ltd.}%°

Water purificatio, especially desalination, represerst major focus of polymeric
membrane applicatiort8¥1% As mentioned above, both diffusivity and solubility are impdrtan
in regulating permeation behavjoespecially whenswelling has a significant influence on
solubility during desalinationFor example, in a sulfonated poly(arylene ether sulfone) random
copolymer system, Xiet al demonstrated that higher sulfonation samples led to lower free
volume as a result of promoteidtermolecular interactio®® Thus, reduced free volume

depressed the diffusivity of both water and NaEiggre 2.5.12). As NaCl was the larger
18



penetrant, the decrease of free volume led to a more prominent decreaseffafsitgtgithan

water, resulting in higher #/NaCl selectivity.
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Figure 2.5.22 Influence of free volume size from PALS measurements on: (a) water and NaCl

(b)
dashed lines are provided to guide the @@pyright (201 American Chemical Sodig).>?

diffusivity and

di ffusivity

2.5.2The variation in free volume with temperature and pressure

selectivity,

Prior to identifyingstructureproperty relationshipasing free volume theorit is critical

to understand the inherent nature of free voldirtteschang of free volume with environmental

factors, such as temperature and pressAeea direct measurement of molecular kinetic energy,

temperature steers the segmental mobility of polymers and thus plays a critical role in

determining free volum#&: 198197 A similar argument applies to pressdfe’® 1910 vet, as the

variation of temperature is conventional and easier to regulate, prelssiare free volume

change is lesstudied.
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Figure 2.5.21 o-Ps life time (ns) (top) and-Bs intensity (bottom) for different polyurethanes as
a function of temperature. Open circle: 400 kDa molecular weight; open triangle: 1200 kDa
molecular weight; open square: 2000 kDa molecukight (Copyright 1998 Elsevier Ltdf®

Corsolati et al. probed the impact of temperature on free volumseng PALS, and

investigatedree volume distribution above and belowi differentpolyurethanes®® When the

temperature is higher than, Tiree volume size increased significantly while the number of free
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volume sites reached a platedelow Ty, both free volume size and the number of free volume
sites increased at elevatéeimperature Kigure 2.5.21). At high temperature, ée volume
favored a narrow sizéistribution implying that the expansion of smaller free volume voids

themain factor for the increasing free volume.

-9 [ ]
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Figure 2.5.22 Lifetime parametersf o-Ps annihilation in CYTOP at 298 K as a function of the
pressure P: The mean |ifetime U3, tPskfetmeean di
distribution), and the relative intensity 13. The filled symbolsi 2.8 million counts, and the

open symbols: 31%.3 million counts. The stars show the lifetime parameters of the last

measurement done after finishing the pressure run and decreasing the pressure to the ambient
value. The | ines ars;b) exrposneci(@apytightfBo&mslotod f i r s

Wiley and Sons§®’

Researchers have also studied changes of free volume induced by varying pressure levels.

Specifically, Dlubecket al. confirmed that in the case of an amorphous perfluorinated polymer,
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both free volume sizeand the number of free voluntecreased exponentially withcreased
pressuret room temperatur@igure 2.5.22).2%7 |t is also worth noting that the free volume size
distribution decreased at high pressure, which may become beneficial in barrier applications as
narrow free volume size distribution normally induces higher seigc Kilburn et al. reported

similar conclusions when examining tipeessurevolumetemperature relationships and their

impact on free volume and mechanical relaxafio?f.

2.5.3Effect of polymer structure on free volume

The chemical composition of a polymer backbone dictates polymer physical properties.
Unlike other structural aspects discussed later in this review (such as branching and additives),
polymer structure defines performance windows for spegifioperties. While branching,
crosslinking, and additives facilitate futening of polymer physical properties, the initial
fundamental property platform is based on polymer structure. This discussion on polymer
chemical structuiidree volume relationsps will primarily focus on the free volume dependence
of backbone packing, interaction between polymer chains, and the potential rearrangement of the

polymer backbone.

The rigidity and bulkiness of the polymer backbone structure influences the efficiency o
polymer chain packing. Inefficient packing generally introduces more free volume as voids
residing between chainSrithawatponget al. compared the fractional free volumesdetween
high-vinyl, polybutadiene (HVBD) andais-polyisoprere (CPI) using PALS (Table 2.5.3 1).8°
The authors observed higher fractional free volume (0.041) in HVBD than CPI (0.020), as the

high vinyl content disrupted the polymelnain packing. High fractional free volume of HVBD
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also stimulated a significant increase of. Trhis experimental observation was initially
confusing from a free volume point of view: higher free volume promotes local mobility and
thus should lead to a reduction ig. An explanation for this phenomenon suggests a common
competition mechanism betee free volume and steric hindrance in steerigg High free
volume from bulky functional groups has the tendency to decregstardugh enhanced
segmental mobility, while bulky functional groups also induce steric hindrance to local
movement. The relatiships between free volume anglhiighly depend on the net result of this
competition. If overall mobility increases (free volume dominates) with increasing functional
group concentration, glwill demonstrate a negative relationship with free volume. Hewa¥

the overall mobility decreases (steric hindrance dominatgsyjllTincrease at high free volume
values. The net result is highly dependent on the nature and concentration of the functional
groups, and in the case 8fithawatpon§ s wo r k ¢ hindranee frenh the \viinyl pendant
groups prevailed over free volume change in terms of determigingdre detailed discussion

on this competition will be covered in the polymer branching secsid@h (

Table 2.5.31 Glass transition temperature and ctranal free volume of highinyl
polybutadiene and cigolyisoprené&®

Polymer structure Tg Vi
(°C)
H -61 0.020
o X
(CPI)
k\ﬁ -23 0.041
y
AN
(HVBD)
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H k\i -54 0.024
— y
X X (50/50)

Tg and fractional free volum(Vs) were determined by DSC and PALS, respectively.

Similaly, Dlubeck et al investigatedthe free volume change ipoly(styreneco-
acrylonitrile) using PALS and concluded that erporation of acrylonitrile content decreased
free volume size while maintaining a constant number of free volume elerfiabts 2.5.32).32
Acrylonitrile units decreased free volume size as a result of smaller pendant group size compared
to styrene units. Meanwhile, the smaller size of acrylonitrile units reduced steric hindrance in
comparison to styrene units. In this case, both &ffeighly compensated each other, leading to
an insignificant § change.

Table 2.5.32 Glass transition temperature and free volume parameters in poly(stgrene
acrylonitrile)*?

Polymer structure Acrylonitrile content Tg Vi Nt
(mol%) ) (A%) (10*/g)
0 104 121.0 0.53
X Yz
CN 22.1 104 112.7 0.58
38.4 110 107.7 0.56
50.6 108 102.1 0.56

Tgwas determiied by DSC. Free volume size)(@nd number of free volume elements)(Nere

calculated through PALS.

Filiz et al. observed a similar trend polyisopreneblock-poly(vinyl trimethysilane) (RI
b-PVTMS) 1% Higher polyisoprene content led to a decreadesittional free volume and thus
reductionin gas permeabilityTable 2.5.33). Both hydrosilylation and hydrogenation of the
polyisoprene block imprad gas permeabilitthrough introducing more fractional free volume.

When comparing hydrosilylation and hydrogenation, hydrosilylated block copolymers achieved
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higher fractional free volume due to the bulky triethylsilyl grosa resultthe hydrosilylated
block copolymers exhibitethe highest gas permeabilitfdowever, the hydrosilylated block
copolymers exhibited a reduction in €@as permeability (155 barrer compared to 164 barrer)
relative to PVTMS homopolymer. The authors ascribed the decredseeiivolume and gas
permeability to the longer ethyl groups in the hydrosilylated block copolyooenparing to the
shorter methyl substituents in PVTMS homopolymer

Table 2.5.33 Fractional free volume and GOpermeability in poly(isoprenb-vinyl
trimethylsilane}®®

Polymer structure Pl content Vs P (CQ)
(%) (%) (Barrer)
/
Ssi—
\L)\}] 0 211 164
~o 10 20.1 126
NN
A% 13 19.7 114
30 18.1 57
\Si// 10 20.8 139
M\l 13 20.6 133
m n
30 19.4 120
~- 10 21.1 155
K\JYM 13 210 149
~_-Sih -
P 30 19.9 130

Fractional free volume (Ywas determined by density studyd@@ ndi 6 s contri buti o
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In more rigid polymersLiu et. al studied the effect of backbone geometry on free
volumeand its influence offy and permeability behavidP.According toPALS, polyethylene
terephthate) (PET) exhibited largefree volumesize (r inTable 2.5.34) than polyethylene
isophthalatg (PEI). Kinked PEI repeating units served as defect in chain packing to decrease
both T and Ty in PET-co-PEI random copolymers. However, in RBTPEI block ©polymers,

T4 decreased with increasing PEI content while rémained unchanged due to their blocky
nature. At similar PEI content lesf, no significant difference ifree volume and Jappeared
between random copolymers and block copolymBEl is well known for its better oxygen
barrier property than PET. The incorporation of PEI in PET, in both random copolymers and
block copolymers, exhibited a decrease in permeability (P) as a result of decreased free volume
size as expectedrdble 2.5.34). PEI simitaneously depressednTand improved gas barrier
properties (as a result of decreased free volume), making it a promising candidate in gas barrier
applications.In contrast,most polymeric materials sacrifice flexibility to gain better barrier
properties.

Table 2.5.34 Glass transition temperature and free volume parameter between polyethylene
terephthalate (PET) and polyethylene isophthalate tPEI)

Polymer structure PEIl content Ty Tm r P
(mol%) (°C) (°C) (A)  (cccm m?day! atm?)

0
o*@ﬁ(og\ 0 76 246 2.56 0.424
(e} x 25

10 72 233 252 0.371

[e]
O)K@YO o 9 20 68 205 2.49 0.294
! ﬁw\@k ] 30 66 - 248 0.249

10 72 245 251 0.328

(0]
<OJ\©Y° o 9 20 60 243 248 0.278
I ﬁ(o*@*o“f 30 65 240 2.46 0.239
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(@] (@]
fo*@*o“)fy 100 55 - 241 0.090

Ty was determined by DSC. The difference in specific volume relative to BPE)J was

determined through PALS.

Interaction betwen polymer chains largely dictates packing through physically varying
the distance between neighboring chains. This change in distance proves to have a profound
influence on fractional free volume. Xie and coworkémsestigated thefree volume in
disulfonated poly(arylene ether sulfgn@andom copolymer§ The reseachers observed
competing mechanisma free volume changes when they varied the degree of sulfonation in
their dry film samples(water uptake was negligibleOwing to high polarity of the ions,
polymers with a higher degree of sulfonategroups exhibited enhancd intermolecular
interaction, resuling in lower fractional free viome. At the same timebulky sulfonate
interruptel efficient chain packing, leading tan increase irfree volume. These two factors
largely canceledn the salt form (BPS, potassium salt), but the polarity effect prevailed in the
acid form (BPSH)(Table 2.5.35). Hence, withan increasing concentration of disulfonated
monomer, free volumeize (t3) decreased in BPSH but remained relatively unchanged in BPS.
BPS exhibited an average larger free volume size than BPSH from BédztiseBPS had a
bulkier counter ion than its acid analog. Conversely, hydrated polymer films exhiifferent
propertes in comparison to dry films as water uptake participated in determining free volume
and became a dominant factor. As a result, free volume size incedasetgtated concentrations
of disulfonated monomen both hydrated BPS and BPSH films. The numbérfree volume
elements decreased tine hydrated film, however, the inhibition offs (the signal that PALS

utilized to calculate free volume parametemsyht playa significant role.
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Table 2.5.35 Free volume parameters and water diffusivity of diswdfed poly(arylene ether
sulfone) random copolymers

Polymer structure

O\\S/O'M"
o ~° 0
*M‘O/S\\O
Counter ion Disulfonated ts I3 Water diffusivity
monomer (%) (ns) (%) (10° cnv/s)

20 1.853+£ 0.013 19.9+0.4 0.90

M = Na 30 1.881+0.016 16.4+0.2 1.4
BPS 35 1.889+ 0.020 16.3+0.3 1.3
40 1.899+ 0.014 15.2+0.2 1.7

20 1.871+ 0.021 19.5+0.3 1.1

M=H 30 1.895+ 0.014 17.6+0.2 1.8
BPSH 35 1.924+ 0.024 16.8+ 0.6 2.1
40 1.939+ 0.021 16.7£ 0.3 2.3

Free volume parameters were determined by PALS.

Hsiehand coworkers conducted a thorough stoflyhe structurefree volumephysical
properties relationship for thermopio liquid crystalline polymers (TLCP$§.Entry 1 inTable
2.5.36 exhibited a larger free volume size compared to Entry 2, suggesting that a kinked
structure along the polymer backbone introduced more free volume as a result of packing
interference. The amide linkage in Entry 3 demongir#itie potential of hydrogen bonding to
reduce free volume due to efficient and ordered packing of polymer chains. All TLCPs in this
study presented a smaller free volume size than a PC control, indicating the rigid nature of
TLCPs favored a decline in framlume size. No general trend was observed betwgeand

free volume in this work.
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Table 2.5.36 Glass transition temperature and free volume size of thermotropic liquid
crystalline polymer®

Thermotropic liquid crystalline polymers Tg (°C) vi (A)
¢ g B
)
0.2
0.73 n 100 3797 +£2.14
Entry 1

99 34.47 + 4.07
146 31.01 + 26.89
154 99.52+1.7

PC

Tgand free volume size were determined by DSC and PALS, respectively.

Another interesting approach to alter polymer free volume is thermal rearrangement of
the polymer backbonePark et al. employed PALS to determine free volume chasge
hydroxykcontaining polyimide (HPI) and its thermally rearranged polybenzoxazoles (TR
PBO)!*° Table 2.5.37 showed that fractical free volume increased from 0.19 to 0.28 after
t her mal rearrangement based on Bondi 6s group
was presumably due to the disappearance of the hydroxyl group. Without hydroxyl groups in
TR-PBO, hydrogen bondingvas severely depressed, causing less dense chain packing

comparing to HPI. As a result, IRBO showechigher permeability than HPI due to its larger
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free volume size and/or connected free volume elements. Frestnahralso studied thermally
rearranged pgmers using PALSand concluded that the higher selectivity thermally
rearranged polymers suggested a favorable free volume distriBltion.

Table 2.5.37 Fractional free volume and GOpermeability before and after thermal
rearrangememht?

Polymer structure Vi \'i CO
(simulated) (calculated) Permeability
(barrer)
0O F3C CF3 O
JVNN 0.214 0.19 12.2
3 o HO OH
HPI
FsC CFq F;C CF3
N N
VR 0.252 0.28 29.0
o] O 'n
TR-PBO
Fractional free volume was calcul ated trough

External forceshave the capagitto align polymer backbones. In general, oriented
polymer backbones enable efficient packing and thus reduced free valiung al. studied the
free volume changes and the consequent oxygen permeability when orienting PET films at
various temperatur®. Comparing to notriented films, films oriented atgTas well as 1%C
below Ty exhibited a decrease in free volume, leading to a decrease in oxygen permeability
(Table 2.5.38). The authors ascribed chain oriemat below Ty and amorphous phase
orientation at § to the decrease in free volume. In contrast, when orienting PET films at
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temperatures higher thary 115 and 3(°C above T), strairinduced and thermal crystallization
occurred and increased free volumes. a result, no oxygen permeability change appeared after
orientation at 30C above T. Valic et al chose PALS t@womparefree volume changewith
uniaxial deformation of linear lowdensity polyethylene film (LLDPE)in two different
directions®® Both parallel and perpendicular deformatiappearedo have little influence on
free volume size (slightly increasefor parallel deformation and almost constant for
perpendicula deformation). However, the forgeduced close packing from both parallel and
perpendicular deformation led to a decreastn@mnumber of free volumé\s a result, fractional
free volume decreased with deformatidhyus, gas permeability decreased. Imst case, the

direction of deformation seemed to have no effect on free volume behavior.

Table 2.5.38 Free volume and permeability parameters of oriented PET?films

Polymer structure Tdraw Vi P
(°C) (cm’g) (cccm mi? day* atnt?)
o - 0.026 0.424
o TgT 15 0.017 0.203
o T 0.024 0.205
Tg+15 0.030 0.211
© X T,+30  0.034 0.401

Taraw: Orientation temperature

2.5.4Effect of molecular weight and molecular weight distribution on fee volume
Molecular weight is often referred as ti@ze of a moleculeand used interchangeably
with molar mass in polymer synthesis and characteriz&tfoBoth molecular weight and its
distribution dictate polymer physical properties through chain entanglement and chain end
concentration. As a rational deduction, higher molecular weight reduces fractional free volume

by providing more chain entanglente and reducing chain end concentration. Chain
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entanglement leads to compact packing and decreases free vHluProdymer chain ends
generally provide mre free volume than backbone and are prone to packing imperf€étion.
However, at a high enough molecular weight, fractional free volume becomesraasing

function of molecular weight.

Table 2.5.41 Molecular weight, free volume size and sgpin relaxation time of polystyrehéd

Polymer structure Mn Mw t2

(kg/mol) (kg/mol) (ns)

0.104 0.104 2.42

0.545 0.600 2.23

0.550 0.970 1.96

1.95 21 1.94

3.27 3.6 1.95

g 4.60 5.00 1.86
9.70 10.3 1.87

19.6 19.8 1.91

49.0 51.0 1.90

96.2 98.2 1.89

164 173 1.82

392 411 1.90

773 867 1.90

1780 2145 1.94

Molecular weight data was determined by SEC as relative molecular weight. Free volume patameter (
and spirspin relaxation time (J) were determined by PALS and NMR, respectively.
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Westetal. st udi ed f r ee v on molalarsveighteopee a wlide molar
mass rangé'® For polystyrene, the free volume size) (from PALS decreased with increasing
molecular weight as expectetaple 2.5.41). However, the free volume size started to increase
agan at above 200 kg/mol molecular weight. The authors mentioned the pasfliis@ce of
fast motion that isiormally out of the detection range of PALS.

He and coworkers explored the high molecular weight region of polystyrene (PS) and
poly(methyl methagiate) (PMMA) and observed similar free volume increase with increasing
molecular weight!? In PS, the free volume sizts) remained relatively constawith molecular
weight, while the number of free volume element$ glurged from 26.1 % to 30.0 % dble
2.5.42). Similarly, in the case of PMMA, the free volume size stayed at a constant value, and the
number of free elements increased. Neverthelégsyariation of the number of free volume
elements in PMMA was not as significant as in PS. The auttbibutedthe unorthodox free
volume increase to the retardation of fast local motion that was normally undetectable for PALS.
At high molecular weightthe chain end concentration was negligible, hence the free volume
drop led by the decreasing chand concentration was trivial. Meanwhile, high molecular
weight slowed down local motions that otherwise were too fast for PALStéztd Eventually,
PALSrevealss ome of the originally undetectable voi
free volume.

Table 2.5.42 Molecular weight and free volume parameter of polystyrene and poly(methyl
methacrylate})-2

Polymer structure Mhn (kg/mol) ts (ns) I3 (%)
140 2.030 26.1

X
190 2.039 27.9

33



500 2.093 30.0

% 980 1.879 204
y
© 1470

O\ 1.895 20.0

2020 1.885 21.1

Free volume parameters were determined by PALS.

Suveghet al. specifcally addressed the importance of molecular weight distribution in
determining free volum&* At similar molecular weight, polydisperse poly(methyl
methacrylate) (PMMA) always exhibited larger free volume sizBqdifetime) Figure 2.5.4
1). The free volume size in monodisperse PMMA demonstritésl dependence on molecular

weight. But in polydisperse PMMAthe free volume size clearlgcreased before reaching a

plateau at high molecular weight.

—aA— monodisperse
—m®— polydisperse (2.0<D<3.3) 19504
1950 4 O mixture (D=5.3) o
@]

z _
~ & 1900+
E 1900
. Q
B " | § .7
= /I} ] u
7 u o
A = 1850
& 1850 -/ ﬂ? -
g s
5]
g

1800~ 18004

&
] /A\—A A
& 2
T T T T T
4] 50 100 150 200 250 T T T T T
1 2 3 4 5

average molecular weight M, (x1 0% polydispersity

Figure 2.5.41 Free volume size (@s lifetime) as a function of molecular weight (left) and

polydispersity (right) in poly(methyl methacrylat€Copyright (1999 American Chemical
Society.!1*
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2.5.5Effect of pendant groups and branching on free volume
Branched polymers amften defined asnacromolecules with more than two chain ends

per chaint! Controlled branching is a common strategy to alter polymer physical properties.
The branching density, the length of branches, and branching chemical structures determine the
physical properties of bnched polymers via free volume control. The branching density has a
profound influence on free volume, as the addition of extra chain ends from branching, in
general, increases the free volume. Longer branch length tends to increase the free volume,
therdoy greatly influences polymer thermomechanical and barrier prop®ftidsifferent
functional pendant groups provide additional interactions, such as hydrogen bonding, steric

hindrance and ionic interactionshich also exhibit various influence on free volume.

Dlubecket al 6s study on polyethyl ene ( Ptween free pr ese
volume and polymer branchingdble 2.5.51).%% The U-olefin introduced defects to interrupt

compact poly(ethylene) chain packing, leading to a decrease intfig, &nd X compared to

the linear analog. In conjunction, a subsequent increase in free volume yiaad\the number

of free volume elementd\f) was observed. For example, the introduction-ottene increased

the free volume size from 12448 (2 mol% branching) to 165.4&2 (20 mol% branching), and

the corresponding free volume concentration increased from«10%8) to 0.66<10?Y/g.

Table 25.51 Thermal properties and free vate results of poly(ethylereo-a-olefin)®?

Polymer Branching Branching Tg Tm Xe Vs Nt
backbone units conc. (Mol%) (°C) (°C) %) (A3 (10*%g)
N/A 0 -3.4 158 41 115.2 0.55
8, 10 210 130 26 1161  0.47
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20 -15 109 20 116.5 0.57

1.5 -4 141 36 117.0 0.54
3 -10 131 27 120.6 0.55
6 -10 108 20 126.3 0.59
/(\/}/5
10 -11 100 17 128.0 0.57
11 -12 88 10 130.3 0.65
N 2 -8 135 33 124.3 0.43
n 45 -12 117 27 1299 0.53
8 -16 88 18 143.5 0.58
/M;
13 -21 60 9 153.6 0.61
20 27 49 3 165.7 0.66
6 -19 108 14 1466 0.51
1 -2 1 160. .
Nl 0 5 83 0 60.0 0.55
15 -32 54 8 1721 056
6 -24 106 16 155.9 0.49
NS 10.5 -32 54 79 11 165.3 0.51

Tg, Tm and the crystallinity X were determined by DSC. Free volume sizeaNd the number of free
volume N was determined by PALS.

For PEwith uniform branch length, the free volume size increased as the branching
density hcreased, resulting in decreasedTable 2.5.51). At a similar incorporation levels (10
mol%), longer alkyl pendant groups loweregl flirther, ranging from10 °C (1-butene) to-

32 °C (1-hexadecene), as a result of increasing free volume. This sysiesnaty represents a
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typical structurefree volumeproperty relationship: at a similar branching level, longer branches

tend to lower § more through the introduction of more free volume.

) . |11 —
| ™ c L -
240 : e g
: s ] 2700 1
23{.‘1: ""\.x G‘, ] E ;_,.-"" L
= 3 ' ,.--Eam ; = PE|
T 220 23001 €1
. 7 2400# c
2104 " 1 f G
0 10 20 30 40 50 B0 0 10 20 30 40 50 60
a-glefin content (wi-%) content a-olafin (wi.-%)
Figure 2.5.51 T4 (a) determined from DSC andPs | i & (b)tdeteneinedJfrom PALS

againstU-olefin content (wt%) for ethylene copolymers containingprapene (C3), -butene
(C4) and 1octene (C8). Solid lines are leastuares exponential f{{Copyright (2006) John
Wiley and Sons}

Dlubecket al.revealed another general relationship between branching density and free
volumein n-alkyl branchedE using PALS> 8 In thelow-branchng (< 20%)content materials,
Ty decreasedinearly as branching increased, while the change q@f diminished at high
branching density Rigure 2.5.51a). The authors attributed the decrease gftd higher
segnental mobility through plasticization of branches. Branching led to higher free votgme (
and thus resulted in higher segmental mobilfiggre 2.5.51b). In the case ohigh branch
content(> 20%) Ty plateaued due tine appearance of diads (twdjacentn-alkyl units), which
enabledhighly efficient packing andmitigated the increaseni segmental mobility and free
volume® As a general relationship between branching density and free volume, free volume
increases raply first as branching density increases; but, when the branching density is high

enough (i.e. when diads of the branching repeating units are not negligible any more), the free
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volume plateausMader et al. confirmed this relationshjp'® proving thatwith the increasing
degree of branching,Tdecreased rapidly firsat low branching level before it plateaued at
higher branching densitfrurthermore, Jeven began to increase at very high branching density

(80% to 100%).

Table 2.5.52 Thermomechanical progers and fractional free volume of poly(ethylere

norbornene) copolymet$

Polymer Norbornene Tg Vi Young?o
% I P

content (mol%) =C) (%) modulus (GPa)
40 81 6.2 1.94
{é Z]L 52 137 11.3 2.06

CHZ—CHZ%CH—CH

X z 54 154 11.9 2.15
66 173 12.9 2.20

Tg, Youn g 6 adulum and fractional free volume fMvere determined by DSC, Instron 5544 and PALS

respectively.

The two general trends discussed above work best for linear branches. However, the

introduction of bulky branchestroducesa steric hindrance factor thasually competes with

free volume.Hu et al. studied the influence of cyclic olefin branching on free volume using
PALS 32 The introduction of bulky norbornene groups led to significant free volumelkidnge

as expectedT@ble 2.5.52). Fractional fee volume double{from 6.2% to 12.9%) at 66 mol%
incorporation of norbornene in comparison to 40 mol% incorporation. Howéyernlso
increasedwith higher branching conterdue tothe interferenceof bulky pendant groupsn
segmental motion. In this case, the hindranceegimental motion fronbulky cyclic pendant

groups surpassedtie effect offree volume increase, thimgher fractional free volume failed to
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lower the T4. This behavior is interesting, as high permeation behavior (high free volitheg
good thermalproperty (high ) coexist in the same matrices. Such properties are critical and
ideal for barrier applications. As shown by the authors, polymers with higher norbornene content

exhibiteda higher permeability coefficient with improved mechanical properties.

Table 2.5.53 Fractional free volume and gas permeability of triptyeleased polyimides$

Polymer Vs CO:2
(%) permeability
(Barrer)

QLT
o) CFs o] 1 15.6 14.4
W OO

QL7
o) CFs o 1 18.3 19.7
{—NNAQ*O O o—<§ >—t
(0] (0] CF3 Fs;C
15.1 9.0

o) CFs o
HT SO

Fradional free volume (¥ was determined by density study. Ot&@rmeability was measured at 35

and130 psig

Similarly, aomatic branbes and pendant groups havenare significant influence on
free volume due to their inherent rigidityWiegand et al. characterized triptycenbased
polyimides to elucidate the free volume effect on gas separatigsingdensity stuiks coupled
wi t h Bheory thedcalculated fractional free volume)(vicreasedvith the intraduction of
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bulky triptycene in the backbone§dble 2.5.53). The addition of bulkyi CF substituents
further increased thieee volumefrom 15.6 % to 18.3 %y dsrupting chain packing. In contrast,
smalleri CHsz groups reduced thdree volumeto 15.1 % The authors postulated that the small
methyl groups resided patrtially in the free volume void provided by the bulky triptycene groups
and thus led to a decrease in free volums. expected, gas permeability increased with
increasing fractional free volum&he Tgs of these polyimides (ranging from 280 to 300)
demonstrated no general correlation with free volume in this case, as both the molecular weight
and nolecular weight distribution wemot controlled.

Despite the two general relationships betwee® fvolume and polymer branches or
pendant groups, the direct relationship between glass transition temperature and free volume is a
caseby-case study Branches, in general, aas plasticizers to introduceore free volume and
thus lower Tg.> & 19 8However,researchers have argued tpanhdant groups witsecondary
interactions lead to a decrease in free volume and result in a higf&rAlBo, for bulky
branchespoth free volume and Jincreasewith increased branching contetin this case,
branches anghendant groups increase free volume, but the additional entanglement from the
bulky pendant groups overcome the free volume effect, leading to a decrease in segmental
mobility. This competition between free volume and local steric hindrance is the key to
understanding and designing polymdf the disruptionof close chairpackng dominates over
the effect ofconstraint on segmental motion (elfnear alkyl pendant group),g will decrease
as a result of increasinigee volume.ln a reversed situatiohocal mobility will decrease and
result in higher § despiteincreasing free volme. In special cases when the branching derssity
too higl? or the pendant groups promote intaplecular interactiorf§, the free volumeends to

plateau or even decrease with increasing branching contierctsnclusioncareful consideration
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must be given to the competition between increased free volume and elevated entarigiament

branching when interpreting and designing polymers.

2.5.6Effect of crosslinking on free volume

Covalently cosslinked polymers efer to materialswhere covalent bonds connect
multiple chains, and a functionality of a crosslinking agent exceeds!2dosslinking is a
common strategy to improve mechanical and chemical stability of polymers through covalently
or noncovalently linking individual poimer chaing® 5 35 11218 Ag 3 tradeoff for the
improved stability, the polymer chain mobility is often restricted, making free volume especially
critical in determining polymer physical properties. While réasing crosslinking density
facilitates mechanical integrity, it significantly reduces free volume as a result. During transport
process, this inherent paradox between mechanical integrity and high free volume (for
permeation) is detrimental. However, naion on the crosslinking agent or pendant groups
elucidate potential resolution for this problem. Pendant group effects include steric hindrance
effect, inherent free volume increase by bulky groups, -intiad interchain secondary
interactions, and pginer backbone rigidity. As a result, even though a few general trends of free
volume change in crosslinking matrix stand, the rational design and interpretation of crosslinking
materials based on free volume becomes complicated.

Table 2.5.61 Thermal propdies and free volume parameter for PEG based crosslinking
system®

Monomer Crosslinker Crosslinker Tg ts I3

structure density (wt%o) (°C) (ns) (%)
1.3 -65 2.54 22.0
30 -57 2.59 21.6
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A%ovto/ 50 -52 2.48 21.6

o 0 80 -44 2.41 21.0
(PEGMEA) AO%OVZ\PJ\/ 100 -40 2.38 22.2

0 -45 2.41 20.6

Nov\b on 30 -44 2.37 20.6
0 50 -42 2.37 21.3
(PEGA) 100 -40 2.38 22.2

Tgandts were determined by DSC and PALS, respectively.

In general, higher crosslinking density leads to lower free volume. But free volume size
and the number of freeolume have different dependence on crosslinking densityet al.
conducted a series of gagrmeability stugks based on free volume theony poly(ethylene
glycol diacrylate) based crosslinkethatrices Table 2.5.61).1%° Different copolymers
PEGDA/PEGMEA and PEGDA/PEGA showdifferent free volune changes as a function of
crosslinking density and pedant groups PEGDA/REEGMEA, free volume sizet§) increased
with increasing PEGMEA-OCHs terminated)component, while in PEGDA/PEGA, variation in
the PEGA (-OH terminated)component had little efféemn free volume radius. This indicated
that 1OCHs terminatedpendant groupgfrom PEDMEA) increasd free volume sizemore
prominently thari OH terminatedpendant groupsihhile both PEGMEA and PEGA introduce
more free volume to the materials, i@H termnated PEGA has the extra potential of hydrogen
bonding. As a result, the hydrogen bonding in PEGA bridged polymer chains closer to each other
and mitigated the increase in free volume. Accordingly,intreasedwith decreasing free
volume size in PEGDA/PERBEA crosslinking matrices and remained relatively unchanged in
PEGDA/PEGA due to constant free volume size. The permeability ointlestigatedgases

(COz, CHs, H2 and N) demonstratedstrong linear relationship witli/V; (fractional free
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volume), as expaed. Free volume also affected selectiviB,/N2 and CQ/CHs selectivity
deterioratedwith increasing fractionafree volumewhile CQyJ/H selectivity improvedwith
increasing fractional free volume. Since £lasa smaller diameter thanNind CH, but a

larger diameter than#ithe experimental selectivity resuttsrresponded well wittheory.

Kusumaet al. investigatedhe influence otrosslinking density ofree volume and gas
permeabilityin similar crosslinked matricesTéble 2.5.62).2° Three different monomers,-2
hydroxylethyl acrylate (HEA), ethylene glycol methyl ether acrylate (EGMEA), aretRoxyl
acrylate (2EEA) with different padant groups (hydroxyl, methoxyand etloxy group,
respectively) exhibitedifferentthermal andbarrierpropertiesin PEGDA crosslinked matri¥
With increasing crosslink density, PEGDA/EGMEA and PEGDERA exhibited a decrease in
fractional free volume (¥ while PEGDA/2HEA demonstrated an opposite trend. Timethoxy
(EGMEA) and ethoxygroups (2EEA) weakenednternal interactions between ether oxygens in
PEGDA and resulted in moractional free volumeMearwhile hydroxyl groupg2-HEA) had
the potential to reduce fractional free voludag promoting intrachain interactions through
hydrogen bondingFor example, at similar crosslinking density (~80 %HEA resulted in
lower free volume (0.118) than EGMEA (0.126) an&EA (0.132). The corresponding, in
PEGDA/2HEA (-28°C) is 10°C higher than both PEGDA/EGMEA3S °C) and PEGDA/EEA

(-38°C).

Table 2.5.62 Thermal properties and free volume paransieiPEG based crosslink systém

Monomer structure Crosslinker Crosslink Tg Vs
density (wt%) (°C)
40.3 -9 0.110
59.9 -18 0.113
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/\WOV\OH 79.9 -28 0.118

0 89.9 33 0.117
2-HEA 96 35 0.119

100 37 0.120

37.7 34 0.137

0 57.4 35 0.133

AN Ok, /joréovto)v 78.8 35 0.126
0 88.8 36 0.121
EGMEA 95.5 36 0.123

100 37 0.120

355 39 0.150

54.8 38 0.140

O o 76.5 38 0.132
0 88.0 37 0125
2-EEA 94.7 37 0121

100 37 0.120

Ty was determined by DSC and Was determined by Bondi groumrdribution theory with

densitystudy.

Gas permeabilityimproved with decreasing PEGDAcrosslinker concentrationn
PEGDA/EGMEA and PEGDAEEEA while lower crosslinking density deteriorated gas
permeabilityin PEGDA/2HEA. Increase of the free volume in PEGDAAEA resulted in a
significant Ty drop. However, decreasd the free volume IrPEGDA/EGMEA and PEGDAR

EED hadittle influence on T,

Table 2.5.63 Thermal properties and free volume parameters in PEG based crosslink!§ystem
118

Monomer structure Crosslinker Crosslink wt%  T4(°C) Vs

29 -46 0.146
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48 -44 0.139

/ﬁ%ov\%o A~ 71 41 0.131
o 2 85 -39 0.126
DEGEEA 94 38 0.123

100 37 0.120

0 12 0.135

25 17 0.133

/}%OV\%O @ 43 23 0.129
o 2 66 29 0.126
DEGPEA O 82 32 0.122
/\Wéovto)v 92 35 0123

© 100 37 0.120

0 28 0.135

35 31 0.128

/j%oﬂo @ 59 33 0.126
o 4 77 35  0.125
PEGPEA 90 37 0.124

100 37 0.120

0 -7 0.158

10 22 0.156

“_ 20 42 0.150

5 ; IO/ S/i/ 40 43 0.142
Y \/\’S'\O\ A 50 40 0.141
° si” 60 40 0138
TRISA 70 -39 0.134

80 38 0.132

90 38 0.129

100 -39 0.128

Ty was determined by DSC and Was determined by Bondi group contributitreory with

density study
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Similar to the situation in branched polymers, bulky groups introduce more free volume
but promote chain entanglement through steric hindrance in crosslinked polymers. kaslima
studiedthe influence of phenoxgendant groupen free volume and their influence on thermal
properties in crosslinked PEGDA® Increasing crosslink density led to smaller fractional free
volume (M) as expectedT@ble 2.5.63). But larger fractional free volume fad toaffectthe Tq
in PEGDA/DEGPEA and PGDA/PEGPEA. The bulky phenoxgroups introduced more free
volume and lowered thegTbut they encountered more steric hindrance against local segmental
motion. In this case,taric hindrance effect dominatexer free volume effect, simultaneously
achieving high § and high free volume. Kusumet al. later investigated bulkier but softer
pendant group$-[tris-(trimethylsiloxyl)sily] propyl acrylate monomer§@RIS-A) in the same
PEGDA crosslinking matrice@ able 2.5.63).11" TRIS-A significantly increasedractional free
volume(Vs) by interrupting chain packingn comparison to phenoxyendant groups, TRi8 is
bulkier and leads to even higher free volume. At 0 % crosslinking density-A RI&sessed
significant higher free volume (0.158) than DEGPEA and PEGPEA (0.Y&%).in a similar
fashion to the phenoxgxample, the bulky TRKA group encountered a competition between
higher free volume and the steric hindrance of segmental mdtiothis case, J remained
relatively unchanged because these two effemtghly balancedach other. Gas paeability

increasedharply with increasing TRI3 content as a result afiorefree volume.
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Table 2.5.64 Thermal properties and free volume parametarsrosslinked polybutadiete

Polymer structure cisl4 trans 1,4 1,2 content Tg Vi
content (%) content (%) (%) (°C) (A3
\M 97 2 1 -106 149.4
n 38 51 11 -93 159.3
(cured)
\M 97 2 1 -105 139.5
n 38 51 11 -92 115.8
(uncured)

Tgand v (free volume size) were determined by DSC and PALS, respectively.

Another interesting aspect of free volume changes in crosslinking matrix is the
isomerization of repeating units. Mansil& al. reported that the influence of crosslinking
densiy on free volume depended on the microstructures in crosslinked polybut&tiéioe
polybutadiene with higltis (97%) stereochemistyyfree volume siz€vs) remainedrelatively
unchanged under various crosslinking dengitgble 2.5.64). While for polybutadiene with
moderatecis (38%) contentfree volume size increasethaply initially, then decreasedith
higher crosslink densityThe authors attributedhis phenomena to the interference among
crosslinkng, isomerization and crosslink reversionCrosslinkng-induced isomerization may
account forthis unorthodox relationship between free volume and crosslinking density.

Table 2.5.65 Thermal properties and free volume parameters in crosslinked
polyisoprene/polybutadiene blemitiated by dicumylperoxide®®

Polymer structure Crosslinker Tg(°C) <V1>g(10° nm?3)
concentration (1g /
100q9)

0 -54 67.8
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1 -54 67.1

1= *\Ky 3 .46 68.9
x, N

(50/50) 5 40 69.0

Tgwas determined by DSC and Was determined by PALS.

Srithawatpongand coworkers studied free volume changes at different temperatures in

crosslinked polyisoprene/polybutadiene bleriisb(e 2.5.65).8° Free volume sizéecreaseth

the rubbery statdyut remainectonstantin the glassy stateith increased crosslinking density
The authorsattributed this fiding to the fact that crosslinkingstriced the thermal expansion
significantly whenpolymer chains are above gTbut hadlessinfluence in theglassy state.
Increasing crosslinking density introduced more free volume>g¥ee volume at J) and led

to a higher . The authors suggestedkinetic explanatiomhat highTg polymers require larger

free volume to pass into a liquiitke state (abwe Tg) from a solidlike state (below {).

Table 2.5.66 Thermal properties and free volume parameters in crosslinked unsaturated
polymer este®

Polymer structure Crosslinker Crosslink Tg Vs
density (%) (°C)
0.00 -20.8  0.0828
o} 0 o] A 3.17 0.1 0.0704
\k ON

O)KQ/N\O/\%({ I 0 2 9.95 48.4  0.0466
12.25 68.3 0.0382

15.52 103.7 0.0269

Ty was determined by TMA and:Mvas determined by Simidoyer 6 s equation.

density was characterized by FTIR
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The effects of crosslinking on free volume are even more substantial in a rigid matrix
where mobility is further restricted compared to aliphatic matrices. An early study ley Ma
revealedthat lower crosslinking density increased the free volumegW caused a decrease of
the Ty (Table 2.5.66).1° At 15% crosslink density, free volume drastically decreased from
0.083 (noncrosslinked) to 0.026%ausing an increase iy from -21 °C to 104°C.

Table 2.5.67 Thermal properties and free volume parameter in ejpaiyether amine
networkg!

Epoxy resin
0 H 0
Ao -HroonFono-{ O roon
: OH
Amine componer TITy | (nm) t3 (ns) I3 (%) %

H,N NH» 0.82 1.09 1.61 19.45 2.18
YT

H,N NH, 0.93 1.25 1.69 20.25 2.53
YLy

1.02 1.28 1.81 18.79 2.69
1.8 9 1.8
HoN VOH/\/OH)\OWNHZ
3 12.5 3

1.12 1.35 1.95 21.00 3.51

Tgwas determined by DSC. Free volume parameters and the distance between crosslink (I) were

determined using PALS

Patil et al. studed the relationship between the degree of crosslinking and free volume in
both glassy and rubbery epeamine networkgTable 2.5.67).* Within the same networks,
both free volume size and thmumber of free volume increasedhen crosslinking density

decreasedwhich was consistent with previous segl A comparison between the glgssnd
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rubbery networks suggesta decrease of free volume size and an increase of the number of free
volume when changing from the glassy state to the rubbery &aézall, larger free volume
leads to lower ¢, and glassy networks feature smaller freaun@ size but more free volume
elements than rubbery matrices.

Table 2.5.68 Thermomechanical properties and fractional free volume in epoxge
crosslinking matrice'g°

Epoxy resin:
?)AN/‘/\‘\“N/\@
{ HO>
(TGDDM)

Amine component Tg(°C)  Go (**dyn/cn?) Vi (%)

o NH; 231 2.1 1.74

OO0

o)

HoN (336C

0 260 1.8 2.11
o 0w
(0]

(4406DDS)

Epoxy resin
(DGEBA)
Amine component Tg(°C) Go6 (Fudgn/en?) Vi (%)
o NH, 170 14 2.67
-~ O+O--O

(6]
(436DDS)
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o H2N 140 15 1.82
- OO0
(0]

(426DDS)

| po@?@od )

213 15 1.51

0

(336DDS)

0 230 2.1 1.91
oo
(0]

(446DDS)

T4 andfractionalfree volume were determined by DSC and PALS, respecti$lgar modules

(stiffnress ) , wa&determined by Instron at room temperature.

In other rigid epoxy crosslinking networlexamples Jeanet al. demonstrated that
configurational isomers had significant impact on free volume and the corresponding
thermomechanical propertie3able 2.5.68).12° With identical amine component, TGDDM
exhibited smaller fractional free volume ffMn comparison to DGEBA, presumably due to
higher crosslinking density of TGDDM (from higher functionaliyyhen usinghe same epoxy

resin, different configurational isomers of aminesvebdsignificant influence on free volume.

446DDS al | owedadhaimoonfiguragorandaffoidied more free volume compared to
336DDS. A s y mmeemaonstratedcammplicatexl seffest 0 n free vol ume:
introduced more free volume than 4406DDS, but
446DDS. G lioa semperatures nnsréased with increasing free volume when using

symmetric aminesbut no clear treneéxistedbetween § and free volume in asymmetramine
networks. However, slaer modul us ( G6) whan frea waumed ieceeaseda s e d

regardless of #namine structures.
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In crosslinking networks, free volume normally decreases with increasing crosslinking
density due to restricted segmental motion. However, in the case of crosslinking materials with
isomerization, such as crosslinked polybutadiene dyigoprene, high free volume and high
crosslinking density are achievable at the same time, likely due to the crossiimkilcgd
isomerization. At similar crosslinking level, pendant groups steer the free volume change, and
the common argument of its lnénce on free volume (seatid2.55) is valid in crosslinked

materials as well.

2.5.7Effect of polymer blends and additives on free volume

Additives in polymers and polymer blends are mixtures of polyméits other small
molecules or macromolecules, pestively. They provi de facile appr oac
thermomechanicat,®® *?*biological}?? electricat?*'?* and permeation propertf€s?’ without
redesigning polymer chemical structuresddRives and blendsnvolve free mdecules in
comparison to branching and crosslinked networkakingthem generally more effient to
modify free volume and eventually polymer physical properties.

As mobile small molecules, additives normally tend to introduce more free volume to
polymer networks through plasticization and thus decreagseHdwever,bulky additives also
promote chain entanglement that tends to elevateAd@ditives with strong interaction to
polymer chains (hydrogen bonding, electrostatic interactiets) reduce free ame by
bridging polymer chains as intermolecular linkers. Naturally, there is a competition between
inter-chain and intrachain interactions, which has the potential to increase or reduce free volume.
A similar argument applies to polymer blends except golymer blends are naturally bulkier

and their diffusion is highly restricted in comparison to smallecule additives.
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Garciaet al. studiedthe plasticization and anpilasticization effect oaromaticadditives
in a polyamide matrix (Trogamiddnd heir effect on free volumeT@ble 2.57-1).2 All small-
molecue additives decreased thq (plasticization) in comparison to the pure polymer matrix
Trogamid. However, the free volume size) @xhibited different trends depending on different
additive structures. Additives with hydroxyl groups (FDPh, Ndiol, andafol) tended to
decrease free volume size by promoting im@lecular interactions through hydrogen bonding.
Instead of increasinggl smaller free volume size led to a decreaseginpfesumably due to
increasing number of free volume elements, whiwh duthors did not convey. But for HFBA,
due to the kinked structures between the two aromatic rings and the trifluoromethyl, gneups
free volume size increased despitee presence of hydroxyl grosip PVPh polymers
demonstrated antiplasticization duedecreased free volume. Further studies on additive effect
at different loading level revealed thditet Trogamid/HFBA blendgained moreree volume
with increasing additive content dueftasticization, and’g decreased accordinglin contrast,
the Tragamid/PVPh blends showeddecrease in fractional free volume with increasing lesfels
polymer blends (PVPh) and resultedligincrease

Table 2.5.71 Thermal properties and free volume parameters of a polyimide matrix with various
additives?

Polymer structure Additives Tg (°C) i (A3)
N/A 146 81.4
0.0 136 81.2

Fluorene

Cri
o

HO OH
FDPh

144 78.0
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OH

(@)

OO 122 73.9

H
S

o) H Ndiol

Trogamid OH OH

oo "

Binaphtol
FsC CFs

(0] 0]

HFBA

y
157 79.3
OH

PVPh
All additives were blended in to Trogamid at the concentration of 15 wi#nd free volume parameter

T
T

were determined by DSC and PALS, restively.

In a more rigid network, Lowet al employed PALS to study the influence of additives
on free volumeand the correspondirgps permeabilitproperties Table 2.5.72).128 By adding
azide to linear polyimids, bothfree volumesize anchumber of free volume elements decreased
in all the polyimide systemdue to the formation gboly(azide) networ& within a polyimide
framework.In this rigid polyimide matrix, the number of free volume elements changed more
significantly than free volumsize. The overall reduction of free volume resulted in lowger T
Betweenthe two different polyimide systems studied, the one widindr free volume showed
lower perneability. The authors attributetieseuncommon observatiorte the fact that when
apphing free volume theory to predict gas permeability, only free volume elements with

comparable or larger dimension than the gas molecules are re¢pdosigas permeatiorAs
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PALS reliably detects free volume witlize as small as 1.6 Ahe cavities with sizes smaller

than gas molecules are meaningless for gas permeation. For an accurate quantitative prediction
of gaspermeability from free volume theory, it is necessary to quantitatively determine free
128

volume size distribution before any quantitative @asion.

Table 2.5.72 Thermal properties and free volume parameters of polyimide with azide as
additives!?8

Polymer structure Azide additives Azide Tyg I3 ts
wt%  (°C) (%) (ns)

Polyazide 100 283 N/A N/A

0 395 536 294
10 371 2.66 257
30 331 197 2.59
” AOA®
m 50 312 155 258

0 CFs 0 0 419 6.13 2.70
ke
4 Y n 10 411 443 2.60

30 406 3.87 2.47

Tgand free volume parameter were determined by DSC and PALS, respectively

Liu et al. investigated C@permeabilityin chitosan (CS)/poly(ethds-amide) PebaX)
blends (Table 2.5.73).3" Compared to uncrosslinked CS, all crosslinked matrices showed
decreased free volume sizWithin crosslinked sampleReba® efficiently increasedfree
volume sizgts) and overall fractional free voluni®y its hard glassy polyimide segmentghis

increasen free volume fronPeba® significantly improved C@permeability.
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Table 2.5.7-3 Free volume parameters of CS/Pebpzlymer blends’

Polymer structures Pebax® wt% [3(%) t3(ns)
OH OH OH 0 14.02  1.87
Haoéowo - o] O&/OH (uncrosslinked CS)

NH, NH, . NH, 0 10.61 1.34

crosslinked CS (crosslinked CS)
+ 25 9.83 1.60

® ® ?

%C—csmO—ngtc—c‘le—c—o{-czH‘l%)jm 33 10.84 1.72
Pebax 50 11.65 1.79

All parameters were determined by PALS.

Water is a frequentlencountered additive and poses the potential of both- iatrd
inte-molecular interactions. Alongith a svelling effect, free volume changes become complex
and highly dependent on specific polymer chemical structures. For example, free volume size
increased in poly(vinyl alcohol) but decreased in poly(ethylene oxide) with increasing water

content. The change in free volume is complicated, as discussed below.

2.2 { I i I
1] o I

T, (nsec)

3

T, value for pure water

i

1.4 _:_

0 20 40 60 80 100
Water in amorphous region (wt%)
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Figure 2.5.71 Measured oPs pickoff lifetimes for the PVOH/water system as a function of water
content(Copyright (1996) American Chemical Society)

An early study from lddgeet al. employed PALS to study the plasticization of water in
poly(vinyl alcohol) films?® By varying the water content, the authors obsenvede distinct
regionsof the free volume size change a constant i ni t g(ele volureegi on,
sizewi t h i ncreasing wat er 3withincteasingvater ammtet{Figures | ow d
2.5.71). Consequently, Jdecreased with increasing water content and reached a plateau at high
water contentHodgeetal attri buted the constant indtial |
in PALS (0.03 ns) or the absenocko-Ps near the hydroxyl groups. In the second region, water
molecules interrupted intenolecularhydrogen bonding between the polymer hydroxyl groups,
leading to an increase free volume and a decreaseTy determined by DSC. The upplkmit
of this region indicatedhe presence B0 wt% bound water, which agre®dth the theoretical
maximum. Above 30 wt% water incorporation, freezing water (comparedutedhaonfreezing
water) accumulated and gradually redudezk volume. Only theébound nonfreezng water
contributed to the observed plasticizing effettscontrast Tr ot zi g6és r esear ch
oxide) showed different resuf&Without stong intermolecular hydrogen bonding as in PVA,
the authorgeported thathe incorporatiorof water lowered J and decreased botftee volume
size and numbesf free volume elements.

Table 2.5.74 Free volume parameters of hydrated crosslinked PEG filntls water as
additives?®

Polymer structure Prepolymerization water  ts (ns) I3 (%) vi (A3)

content (wt%o)

o 0 2.15 18.7 112

10 20 2.12 195 109
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Crosslinked 40 2.10 20.1 106

60 2.03 21.9 100
80 1.95 22.8 92
)OJ\/ 0 2.10 19.8 107
0] 7
A{f v\bgo 20 2.07 20.6 104
Crossiinked 40 2.05 209 102
60 2.03 21.5 100
80 1.97 22.7 95
) 0 2.06 20.6 103
/\[%O\/\)\O/U\%
I 13 20 2.06 20.8 103
+
/\HQO\/\}?\OH 40 2.04 21.5 101
(@)
60 2.01 225 98
Crosslinked (50/50 wt/wt)
80 1.96 23.0 93

Free volume parameters were determined by PALS.

Ju et al. chaacterized sodium chloride and water transport behavior of thffeszedt
PEGDAbased hydrogelsvith varying water content in prepolymerization mixtur@sable
2.5.74).1%° As the water content of the prepolymerization migtwet film) increasedthe
permeability of water, NaCl and Mg3@ll increased. PALS results confirmed a linear decrease
of free volume sizgvs andts) and a linear increase of thember of free volumelements @)
with increasingwater conterg As a net restl overall fractional free volume proportionally
increased withequiibrium water content up to 809 he hydrogen bonding between water
molealles and two ether oxygen molecules fre&8O segments promotekknser packing and

reduced free volume sizé&
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Figure 2.5.72 o-Ps lifetime (a) and-®s intensity (b) plotted as a function of relative humidity
for the aomatic polyamide isolated from SW80opyright (2013) Elsevier Ltd!

In a morerigid matrix, Leeet al. investigated the free volume of aromatic polyamide
reverse osmosis membranes under water Vapditee volume size(o-Ps lifetime) initially
decreasedrapidly to a plateauhen increased continuouskyhen the redtive humidity is
sufficiently high ¢60%) Figure 2.5.72a). Additionally, the intensity of &°s (the number of
free volume elements) gradually droppedh increasing relative humiditgFigure 2.5.72b).
An earlier studyprovides some insight to understand this observatfonRobertsonet al.
investigated holdilling and poreswelling mechaisms. hitially, small water molecules féd up
free volume sites, therefore reduced free volume. @meevolume sites became saturatad
plateau appeared. At higisater contentthe swelling effecstarted dominating the free volume
change and ledothigher free volume. Thcrease in free volumked to higher flux of salt
soluion and lower salt rejection.

Table 2.5.75 Thermal properties and free volume of epoxy resin/polyurethane network and
organophilic montmorillonite (oM) polymer nanocomposite

Polymer structure oM content (Wt%)  vs (A3) Vs Tg1(°C) Tg2(°C)

Epoxy resin 0 0.282  0.0300 33.9 48.9
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+ 1 0.270  0.0277 35.6 49.0
Polyurethane 3 0.274 0.0291 37.3 49.8
5 0.276  0.0294 40.6 50.6

Tgand free volume parameters were deiaed by DSC and PALS, respectively.

Clay is a commonly used material in polymer nanocomposites in fundamental research
and industrial studies. Jiat al. employed PALS to investigate the structfnee volume
properties relationshgfor organophilic Montmorillonite (oM) in epoxy resin/polyurethane
(EP/PU) networkgTable 2.5.75).8 The addition of oM reduced free volume size) (@nd
overall free volume (. The authors attributed the decrease in free volume to the potential
compatibilizaton effect of Montmorillonite which improved the miscibility between PU and EP.
Additionally, the hydrogen bonding among PU, EP and oM also decreased free volume.
Although the free volume size decreased with increasing oM content, the number of free volume
elements actually increased with higher oM concentration. As a net result, free volume reached a
minimal value at 1 wt% loading of oM gTemonstrated an inverse relationship with free volume,
but the corresponding drop iny With free volume changes onappeared at polyurethane rich
region (Ty1), indicating more prominent influence of free volume in polyurethéasie region
than epoxyrich region.

Table 2.5.76 Thermal properties and free volume of polyfgiene adipamide)/montmorillonite
nanocomposites

Polymer structure Additives OTR I3 (%) t3 (ns)
(cc/méd)
N/A 5.6 22.07 1.47

60



CH,CH,OH
HaC=N-T

CH,CH,OH 4.0 21.65 1.49

(Cloisite 30B)

+CHs
OH  H,c= N CH2©
/\(jA 1.9 2071 151

(Cloisite 10A)

@I
H3C—I\II—HT
HT

(Cloisite 93A)

5.8 22.00 1.49

T is tallow, 65% C18; HT is hydrogenated tallow, 65% C18. OTR: Oxygen transmission rate, 23 °C, 0%

RH. Free volume parameters was determined by PALS.

Ammalaet ald sesearch opoly(m-xylene adipamid)/montmorillonite nanocomposke
shed light on free volume changes upon the introduction of secondary interactions to
nanocompositesT@ble 2.5.7-6).”! The free volume size remained relatively the sarg)ef¢r all
three additives, but the number of free volume eleménjsdiffered. Hydrogen bonding
(Cloisite 30B) andp-p stacking (Cloisite 10A) promoted the intelmain interaction and, as a
result, decreased the free volumgs Exhibited similar inverse relationships with free volume

and the oxygen transmission ré@TR) reduced significantly with decreasing free volume.

Table 2.5.%7 Free volume of phendbrmaldehyde resin using muitall carbon nanotubes
(MWCNTS) as nanocomposites

Polymer structure MWCNTs ts I3
content (w/w %)
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(ns) (%)

0 1.38 18.3
2 1.52 16.4
5 1.52 14.5
10 1.60 14.3
20 1.70 16.0

phenotformaldehyde resin

Free volume parameters were determine@Ai.S.

Carbon nanotubes are also widely studied as mechanicabrang additives in
polymers. Sharmat al. studied the free volume change in pbleformaldehyde (PF) resin using
multi-wall carbon nanotubes (MWCNTSs) as additiv@al{le 2.5.77).1%3 The free volume size
(ts) increased with increasing MWCNTSs content, while the number of free volume elements
decreased. As a result, the overall free volume increased at higher loading of MWCNTSs.
Montazeriet al. used dynamic mechanical thermal analysis (DMTA) to calculatevisieene in
MWNT /epoxy nanocompositéd The fractionalfree volume decreasenth increasedanotube
content andesulted in an increase Ty. In this instance, the nanotubesictioned adillers to

reduce free volume, thereby enhancing thermomechanical properties.

Polymer bleds and additives alsserve asa qualitative way to compare free volume
when applying additives as filling materials to probe free volume ¥iten used as a polymer
blends poly(ethylene oxidep-poly(propylene oxidep-poly(ethylene oxide) (PEE®BPGPEO)
block comlymers improvedlexural modulus (bending deformatiool epoxy-resin and diamine

(DGEBA/DDM) networks. PEGPPGPEO block copolymers i shorter PEO chains exhibited
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greater modulus improvement thREO-PPEPEO block copolymers with long®EO chaing®
While incorporating only PEO enhancéiéxural modulusthe addition of PPO hatthe opposite
effect. Larranagaet al. hypothesized that PEO segments migrat@d the free volume of
DGEBA/DDM to improve nechanical performance. Above a certain lengthwever, the PEO
segments beeoe too bulky to fi into the free volume voids and demonstrated no improvement
in flexural modulus.

Caret al. alsoappliedan indirectapproacho study fractional free volumeirf a polymer
blend of PebdMH 1657 and PEG? Peba®MH consisted of an aliphai ¢ pol yami de
block and a PEO polyether block to provide gas transport properties. The authors used the
additive model to calculate the theoretical density of the polymer blends with various PEO
content s. Since the adddetvolume chamgedietd accoumte then 6 t
difference between experantal and theoretical density represehtschange of free voluntét
Densty of the blended membranes wiasver than the predied value when PEG component
exceede®0 vol%, suggesting an increase in fractional free volume with isia@®EG content.

As polymer additives and blends are freeving molecules, free volume has more
profound influence on polymer physical properties than in crosslinking polymers. Theaimdra
inte-molecular interactions are the key to understandingpaedicting free volume change in
polymer additives and blends. The diffusion of additives and blends makes free volume change
more complicatedvhen they have a comparable siziéh free volume voids. Theaglling effect
from additives is also critical arsbmetimes dominates the free volume change.

2.6 Conclusions
Free volume theory provides insighto understanding structural relaxation (such gs T

and small molecule mass transfer (such as permeation process). Current techniques allow the

63



determinatio of global free volume size and the number of free volume elements. Yet, no
technique isapablef pinpoining local free volume information, which is a promising direction
for future development of free volume detemation techniques.dcal free volumenformation

is of great importance in undé&meding materials with hierarchicatructures, such as
microphase separated morphologies or 3D printed complex objects.

When considering the change of fractional free volume, several common conclusions are
valid in most polymeric materials: (1) free volume increases with increasing size of pendant
groups, branches and backbone repeating units; (2)nmikrcular interaction decreases free
volume while intramolecular interaction increases free volume; (3) adeitand blends have
the potential to either increase or decrease free volume depending their sizes compared to
individual free volume size. However, when applying free volume theory to predict polymer
physical properties, competing mechanisms should eotghored. For example, the steric
hindrance effect in bulky pendant groups are able to cancel or even overcome free volume
increase and led to an increase gfd€spitefree volume increase. Nevertheless, free volume
theory is an efficient means to bridgsubnano scale structural variation amdacroscopic

polymer physical properties.
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3.1 Abstract

lonic liquids (ILs) and poly(ionic liquid)s(PILsS) are attracting increasing research
interest as safe and efficient electrolytédgost research efforts focum nitrogen based

ILs and PILs (ammonium, imidazolium, pyridiniuratc), while phosphorus based ILs

and PILs have received less attention despite exhiliifgigerion conductivity over their
nitrogentbased counterparts. In this review, we provide anviswer of the structural
elements in phosphorus based ILs and PILs that alter ion conductivity, such as size of
ions, polarizability of ions, counterion identity, and backbone flexibility. We also
highlight dominant physical parameters dictating ion conditgtincluding viscosity and

glass transition temperature. A fundamental understanding of this strigiure
conductivity relationship will benefit the future rational design of phosphorus based ILs
and PILs as elegilytes.

3.2Introduction

lonic liquids (ILs) and poly(ionic liquid)s ( PILs) are standing on the verge of a great
breakthrough in battery design as neoteric electrolytes. An obvious question to ask is:

Why study ILs and PILs as electrolytes when commonly used sdbased electrolytes
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seem towork fine? The answer is that solvérdsed electrolytes are no longer safe as
industry pursues batteries with low volume and higher power density. Two urgent safety
concerns for todayoés battery fabricanti on
batteries) and flammability of organic solvent in electrolytes. ILs and PILs promise great
potential to resolve both safety concerns and pave the way towards next generation
electrolytes.

Historically, ILs are defined as molten salts with a meltingoemature below the boiling
point of watert Typical attributes of ILs include high stability (thermally, chemically,
and electrochemically), negligible volatility, and high concentration of i8n$he
combination of high stability and negligible volatility grant ILs two important advantages
over solventbased electrolytes: safety towar fire hazards and wide liqughase
windows. High density of ions impart high ion conductivities, which is also important
when employing ILs as electrolytes.

However, ILs still encounter safety concerns stemming from uncontrolled dendritic
lithium formaion, which results in continuous electrolyte decomposition. A simple
solution is to introduce mechanical integrity to the electrolytes to avoid electric short
caused by dendrite penetratibhlence, PILs rracromolealar forms of polymerizable

ILs) have continually drawn more attention, as PILs and crosslinked ILs ngrshaiv
greater mechanical integrity than their ILs analogs. However, the tradeoff is lower ion
conductivities. As shown inFigure 3.1, various PILs architectures are under
investigation in the current literature, such as shuylgrged polymers, zwitterian
polymers, polyelectrolyte blends, and {oontaining block copolymers. While PILs give

tunable mechanical integrity as well as superb morphology control, the decreased ion
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mobility in polymeric matrices is detrimental to ion conductivity. During theeamdr to
solve this paradox between mechanical integrity and ion conductivities, researchers have
chosen two quite different, but equally effective approaches: 1) Increase the mechanical

integrity of ILs; 2) Increase the ion conductivities of PILs.

Y

. Polycation Fwitt o l
lon size witterion polymer
© Yo
. °° $*
X Coulombic interaction /I\l/ Polyampholyte
0 Polymer blend
(Tonic Liquid)s _ - Poly(Tonic Liquid)s

Conductivity Mechanical integrity

Figure 3.1 Comparison between ILs and PILs in mechanical integrity and ion
conductivity.

Lodgeet al. have pioneered the work on enhancing the mechanical integrity of ILs, and
promised the potential of ion gels as solid electrolytes with excellent ion coritiesf

4% Jon gels consist of block copolymers swollen in ILs, which serve as solvents for block
copolymer. Block copolymers provide physical crosslinks as one of the blocks is
insoluble in the ILs chosen andfsassembles into aggregates. The resulting soft ion gels
showed good elasticity (up to 350% strain andtd0l® Pa elastic storage modulus) as
well as high ion conductivities. Another attempt focuses on increasing ion mobility in
PlLs? ° To improve ion conductivity of polymeric matrices, Drockenmuller and

coworkers synthesized 1,2t8zolium-based PILs with siloxane backborfesthe
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siloxane backbone decreased glass transition temperag)r® @s low as100°C, and

led to promising ion conductivity even at room fmrature (0.63 mS/cm). Lorgt al.
studied a series of imidazoliubased PILs, and achieved more than an order of
magnitude increase in ion conductivities when switching counter ions from
trifluoromethane sulfonate (Tfto bis(trifluoromethane sulfonytjiide (TEN).8

Current research of novel ILs and PILs electrolytes have primarily involved nitrogen
based (Nbased) salts, such as imidazolign¥!! pyridinium!? 1,2,3trizolium,” 3
ammoniumt* etc. In contrast, quaternary phosphonilnased (Fbased) ILs and PlLs
received much lessesearch attention despite their advantages comparedbtsdd
counterparts. Pased ILs and PILs show improved thermal stabifity,base stability?

and ion condudtities'>® compared to their Nvased analogs. For instance, Laetggal.
compared poly(«inylbenzyl ammonium) and polyfdinylbenzyl phosphonium)
homopolymers with various alkyl substitutes, antdd3ed PILs shoad an over 100C
increase of thermal degradation temperattite8mmonium salts undergo Hoffman
elimination and/or reverse Menschutkin degradation (for benzylic protons). In contrast,
phosphonium salts are less vulnerable to bothadiegion pathways, leading to higher
thermal stability'® Phosphonium PILs also exhibited higher ion conductivities
(normalized with ) compared to their ammonium counterparts. Coates and coworkers
reported the sythesis of polyethylene functionalized with phosphonium pendant groups
as alkaline anion exchange membraiféa/hen comparing the base stability oftidsed

and Rbased ILs, hased ILs showed noackbonadegradatia in 1 M NaOD/CROD at

80°C after 20 d while Noased ILs reported a 66% degradation.
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In summary, Fbased ILs and PILs exhibits great potential as novel electrolytes materials,
but remain underexploited compared to their ammonium analogs. Although [ land
have found various application in gas separatféhantimicrobial coating/?® and gene
delivery?®3! this review intendso address the structupgoperty relationship of Based

ILs and PILs as electrolytes and conductive materials only. For this purpose, we will not

address the synthesis methods @faBed IL and the study of ionic liquid solutio.

3.3Phosphoniumbased ionic liquids

lonic liquids (ILs) are superior electrolytes materials compar® solventbased
electrolytes in most aspects, such as volatility, thermal stability, and ion concentration.
However, one critical drawback of ILs is their high viscosity, normally 1 ~ 3 orders of
magnitude higher than organic solwaised electrolyte¥.High viscosity restricts mass
transfer and significantly decreases ion conductivities. Hence, research has focused on
altering the viscosity of ILs through rational design of cations and anions to eventually
achieve tunable ion conductivities.

Inter- and intramolecular interactions are the key factors to lower viscosity and increased
ion conductivities. The size, shape and symmetry of ions dominate the characteristic
physical properties of ILs. For instantexafluorophosphate anions @PExhibited high
viscosity, while bulkier and less symmetric bis(trifluoromethane sulfonyl)imide anions
(Tf2N) showed much lower viscosity.A similar argument can be applied to cations.
Longer alkyl substituents lead to an increase in viscosity due to increased van der Waals
interactions between catioffs3’ Branchingof alkyl substituents, on the other hand,

reduces viscosity as a result of decreased van der Waals interdttidbased ILs
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almost always showed lower viscosity compared to thdiabed counterparts, granting

them higher ion conductivity.

Tsunasihma et al. synthesized a series oftfased LsPRR6 wi t h various R gr
was fixed), and studied their viscositgnductivity relationship (structure shown in

Figure 3.24).16 3%40 Figure 3.2a described th change of ion conductivities and viscosity

of P-based IL when varying substituents. Roalkyl substituents, #ased ILs with

longer alkyl substituents showed significantly higher viscosity than those with shorter

alkyl substituents, ascribed to incredsvan der Waals interactions as a result of

increased molecular weight. lon conductivities of ILs follow an inverse relationship with
viscosity. Hence, #®ased ILs with shortest alkyl substituents demonstrated the highest

ion conductivities (1.73 mS/cmY)his trend has been confirm by variousb#&sed ILs

with various counter aniort$.%**3 Aromatic substituents introduced more van der Waals
interaction, which | ead to hi ghivitesi(G7/dosi ty (
mS/cm)® The introduction of carbenarbon double bonds lowered the viscosity from 88

mPaAS (pentyl) to 71 mPaAS (pentenyl), | ead
1.73 mS/cm to 2.10 mS/cnFigure 3.23).3° The authors attributed the decreased

viscosity to the weakaemg of hydrogen bonding. Further enhancement of ion
conductivities was achieved when introducing methoxy end groups. A possible
explanation involved electron donation form the methoxy groups to the cationic centers

which reduces the positive charge on tlagion. As a result, the weakened electrostatic
interaction between ions leads to a decrease of viscosity, and consequently an increase of

ion conductivities?
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Figure 3.2 lon conductivities and viscosity of phosphonHiased and ammonium based
ILs with different substituentsT = 25 °C, counter ions = A4-.3%40

Comparing the ion conductivities offased ILsand their Nbased ILs counter parts; P
based ILs improved ion conductivity regardless of the substitu€igaré 3.2b).*° P-

based ILs showed a larger deviation from the ideal Walden line (the ion conductivity of
0.01 M KCI aqueous solution as a function of viscosity to represent full ionization) than
N-based ILs in the neionic region, indicating weaker electrostatic interactions due to a
decrease in viscosity and enhances ion conductivilyaded ILs with methgx end
groups showed even further deviation from the ideal Walden line, further supporting
above argument on methoxy groups weakening electrostatic interactions. Similarly, when
var yi ng RPOR Bdypeollsg-basad ILs showed higher ion conductivif42
mS/cm) than its Abased analogs (0.31 mS/cm) due to lower viscé3ilgterestingly,

even Pbased ILs with aromatic substituents exhibited much lower viscosity tHzaséd

ILs with alkyl substituents at anyiven temperaturé®. Colby and coworkers provided a
rationale for the supreme ion conductivity cbB®sed PlLs based on electron negativity
argument, which will be covered in a later secfioff.

Branching of substituents efficiently decreases viscosity and increases ion conductivities.

Tri(methyl) n-propylphosphonium EN is a crystalline solid at room temperat(ie,
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while trilmethyl) i-butylphosphonium BN is a roomtemperature ionic liquid (RTIL)
with 7.3 mS/cm ion conductivit$? Sanchezet al. studied the electrical and physical
properties of quaternary-Based ILs with iodide (l) as counter aniSfs® As depicted in
Table 3.1, P-based IL withi-butyl substituents (0.38 10° mS/cm) nearly doubled the
ion conductivities of that witm-butyl substituents (0.2% 10° mS/cm) at 25°C. The

authors attributed the increase of ion castlities to reduced van der Waals interaction.

Table 3.1 lon conductivity of Pbased ILs with various alkyl substituents (T = 25°2C)

R= — "N 0.21x 10°

R = /\( 0.38x 103

Instead of designing and synthesizing novel ILs, counter ion exchange of already existing

ILs provides a facile approach to altir viscosity and itsconsequent ion conductivity.
Tsunashimavaluated two series of quaternarp#®sed ILs with two different counter
anions: TiN and bis(fluorosulfonyl)amide (FSA) as potential electrolytes (structures
shown in Figure 3.38).%% 5% ILs with Tf,N counter aions exhibited excellent ion
conductivities (within mS/cm range) at 26, as TiN only provides weak electrostatic
interactions due to its bulkiness and delocalized charge. lon exchange #ifdrto HSA

further decreased the viscosity of Ilsdure 3.3b). As a result, ILs with FSA counter
anions showed even higher ion conductivities at various test temperatures. Furthermore,

the methoxy groups increased ion conductivities as a result of lower viscosity. However,
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the increase of ion conductivities from FQAunter anions came at a cost of thermal
stability. ILs with FSA anions were thermally stable up to approximately°@0@nhile
those with TiN anions showed no degradation until 38D Tsunashimaet al. also
demonstrated, in another study, that triimBthyethoxyphosphonium 7N (4.1 mS/cm)

showed half the conductivity of triimethyl) methoxylphosphonium FSA (8.9 mSfcm).
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Figure 3.3 Comparison of fhased ILs with different counter anions (T = 25 ¢¢)*

Howlett et al. observed similar enhancement of ion conductivities when replaciNy Tf
counter anions with FSA aniofsAs depicted ifTable 3.2, both quaternary-Based ILs

with FSA counter anions showed significantly higher ion conductivities than their
counterparts with BN anions. Viscosity of ILs exhibited an inverse relatiopshith ion
conductivities as expected. When comparing different cations, molecular weight
controlled both viscosity and ion conductivities. Lower molecular weightsxhibited

lower viscosity and higher ion conductivity compared ¢Q.®ther researchg have also
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shown the influence of a wide variety of counter ions on ion conductivities through
viscosity controP%>’

Table 3.2 lon conductivities of Pbased ILs with dierent counter ions (T = 50 °€)

Cations Anions 0 (mS/ cm)
N Qo g
F;C—S—N—S—CF,4 5.1
| 1 1
P111ia Tf NO 0
2
\||:® 9 © 9
| F—ﬁ—N—Isl,—F 13.8
P111ia FSX o
\ (0] o O
@ 1 I
AP GN FsC—S—N-S—-CF; 1.9
(0]
Pen Tf2N
\ (0] o O
@ I I
/\P/\/\CN F—ﬁ—N—ﬁ—F 5.0
(0] O
Pcn FSA

Battezet al. probed the possibility of employing phosphate counter anions, and studied
the influence of counter ions on the conductivities dfaBed ILS® Phosphate anions
demonstrated gnificantly higher viscosity than I counter anions, resulting in a
drastic decrease of ion conductivities from 0.14 mS/cm to 087> mS/cm as shown in
Table 3.3. Although the ion conductivities of phosphate anions are not promising
compared to trational counter ions, this study promises a potential application of P
based ILs in biaelated fields, where phosphates are widely employed. Zéiaalyalso
showed an interesting approach of utilizing amino -headed phosphonium ILs in

biological appli@tions?°
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Table 3.3 Viscosity and ion conductivities ofPased ILs with dierent counter ions (T
= 25 °C}Y®

F/\/i q {
:\’/l\\J@P\\\i/ ( mPaASs) (mS/cm)

OO0
X = \{/\)V\p’y\/\{/ 1064 0.97x 103

\ /O 3
O/p’\ 1050 0.19x 10° (27°C)

0o 0 296 0.14

The effect of counter ions on ion conductivities is more profound and complicated when
strong eleabstatic interaction are preseiiable 3.4 showed that the ion conductivities

of symmetric quaternary-Based ILs with halide counter anioflowed the order of
(FH)2.3F (3.7 mS/cm) > CI (2.4 10° mS/cm) > Br (not detectablé}.>® Unlike ILs with
relatively weak electrostatic interactions, smaller halide counter anions are advantageous
for ion conductivities. The distribution of charge (or polarizability) is not a significant
factor for halide counter anionisistead, smaller ion size affords higher mobility, leading

to higher ion conductivities. Another important phenomena-based ILs with halide
counter ions is the effective shielding of electrostatic interactfbAs.halidecontaining

ILs have strong electrostatic internacts, the alkyl substituents of the phosphonium
cation requires a specific length to achieve effective shielding of electrostatic
interactions. Otherwise, extra electrostatic interactions from incomplete shielding will

cause an increase of viscosity andstlan increase of ion conductivities. For instance,
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PRsBr ILs exhibited a decrease in ion conductivity from %0107 mS/cm (hexyl

substituents) to 1.& 108 mS/cm (octyl substituents) and 6210° mS/cm (decanyl
substituents) as expectetkowever, PRBr with butyl subsituents showed significantly
lower ion conductivities, which is comparable tosBRwith dodecyl substituents.

Table 3.4 lon conductivities of Phased ILs with halide counter an®(r = 25 °C) >°

\/L@F/\@ G
jP\L\X (mS/cm)
X = (FH)23F 37
X =Cl 2.4x 108

X =Br N/A

Addition of salts is normally detrimental to ion conductivities. The increase of ion
concentration from salt addition issignificant in ILs as ILs already have high ion
concentration. Instead, the addition of salts causes an increase of viscosity due to ion
aggregates, resulting in lower ion conductivityHowlett et al. studiedthe effect of
lithium Tf2N salts (LiTeN) on the viscosity and ion conductivities ofbBsed ILs
(structure shown irFigure 3.4a).°° The addition of lithium salt lowered both melting
temperatures ({) and crystallzation temperatures {Twhile increasing J indicative of

less mobility.Figure 3.4a demonstrated the changes of viscosity and ion conductivity as
a function of salt concentration. Neat ILs showed the highest ion conductivities of 7.3
mS/cm at 50C, andincreasing salt concentration led to a decrease in ion conductivity.
lon conductivity exhibited an inverse relationship with viscosity, suggesting viscosity is
the dominant factor of conductivity changes. Howlett and coworkers further extended

their invesigation to three different quaternaryb@sed ILs with FSA as counter anions,
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and observed a similar increase qf due to salt addition (structure shown Rigure
34b).>® Higher Ty imparted restricted mobility and higher viscosity causing ion
conductivity to decrease at higher salt concentratibrggife 3.4b). The Walden plots of
both neat ILs and ILs with salts are similar, indicating salt addition has limited impact on
ion association, and the decrease of ion conductivity through salt addition is
predominantly due to increased viscosity.
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Figure 3.4 Influence of lithium salt cacentration on (a) viscosity and ion conductivities
of P-based ILS? (b) ion conductivities of various-Pased ILs (T = 50C). *°

Torresiet al. synthesized methoxy substituteeb&sed ILs, and studied the influence of
LiTfoN salt addition on viscosity and ion conductii§Similar to alkyl substituted ILs,

salt addition increased viscosity and decreased the diffusion of both cations and anions
significantly at low temperature while the viscosity change diminished at high
temperature Kigure 3.5a). Correspondently, ion conductivities were significantly
different between neat ILs and ILs with salt at elevated temperature, but the difference
diminished at low temperatur&igure 3.5b). Amine and coworkers observed the same
reverse relationship betweesalt concentration and ion conductivities for siloxane

functionalized Pbased IL$!
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Figure 3.5 Temperature dependence of (a) visgoaid (b) ion conductivities ifP-based
ILs with different salt concentratidii.

Another attempt to further increase charge density in ILs is 1thitiged systems, such

as divalent anioff$ and zwitterion$3 Similar to the discussion on salt addition, multi
charged ILs intensify electrostatic interactions significantly, which dictates viscosity
changes. Grinsta#t al. compared Fbased ILs with monoand diphosphonium cations,

and observed a five orders of magnitude increase in viscosity and approximately five
times decrease in ion conductivities when replacing monophosphonium cations with
diphosphonium catiorf§.Runde and coworkers showed that tetileyl P-based IL with
oxalate (divalent anion) was a sesalid at room temperature while its counterpart with
carboxyformate (monovalent anion) was a Rf3lOhno syntlesized zwitterion ILs with
phosphonium cations and sulfonate anions, and studied their potential as electrolytes with
high transfer number of selective idfisThe ion conductivity of ILs with equimolar
addition of HTEN showed sbng dependence on humidity and morphology. 20 wt%
water increased ion conductivity to 2.0 mS/cm af@5approximately 50 times higher
than dry ILs mixture. The authors ascribed the enhancement of ion conductivities to the
formation of hydrogen bondingetworks through water molecules, which leads to

improved proton transfer. Transformation from polydomain to monodomain diquid
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crystalline state further increased the ion conductivity to 79 mS/cm%i.28n heating,

ion conductivities showed minimal vation until the isotropic temperatures, which led to

a significant reduction of ion conductivities. Sekial.reported a similar counterintuitive
conductivity dependence on temperatures as a result of phase trafisitions.

A few studies also addressed the possibility-taBed ILs in an orgariaorganic hybrid
system. Phosphonium cations coupled with polyoxometalate (POM) afforded ILs with
high viscosity at low temperatuf& However, the viscosity of POM. hybrid decreased

faster than its analog with bromide anions, suggesting its use as high temperature
electrolytes or semiconductors. Other counter anions under investigatiobaise® ILs

includes borate anior¥$ pyrazolide?? and indazolidé?

3.4 Phosphoniumbased poly(ionic liquid)s

Poly(ionic liquid)s (PILs) are macromolecular forms of potyipable ionic liquids. PILs
provide great mechanical integrity in addition to ion conductivities, paving the way
towards more compact and safer solid electrolytes. Rational design of the chemical
structures and architectures of PILs affords a varietydaolitianal features, such as
tunable mechanical properties, morphologies, and egponsive behaviors: 1> 48
However, PILs generally suffer from low ion conductivities compared to ILs due to
restricted segmeal mobility.

One important thing to clarify in PILs thatthe contribution ofbounded iongo ion
conductivity is nor mal | y deteergne iomgconddctaity toa n d

a large degreeln PILs, glass transition temperaturegTormally has an inverse
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relationship with ion conductivities, similar to viscosity in f°s*®Lower Ty corresponds

to more mobile matrices for counter ions, leading to higher ion conductivities. Two major
mechanismsontributes to the reduction of.TFrom a free volume point of view, bulkier
ions introduce more free volume to decreageli this case, ions function as pendant
groups, and various studies have showed larger pendant groups tend to decuemse T
introduction of more free volunf&’® Another consideration focuses on electrostatic
interactions, which act as physical crosslinks in polymer matrices to restrict mass
transfer. Hence, weak electrostatic interacti@asl to weak physical crosslinks and low
48

However, low T is not the only condition required for higher conductivities. Subtle
structural variation can improve ion conductivity through reducing electrostatic
interaction but cause minimalg Thange. In this regard,-lfased PILs promised great
potential in improving ion conductivity compared to theirb&ksed analogs without
compromising mechanical properties (decreasgd®Tn this sectio, we will compare
N-based PILs and-Based PILs and highlight chemical designs to further improve ion
conductivity for Pbased PILs, such as substituent size, counterion identity, ion
concentration and swelling.

As discussed in the ILs sectiorsbBsed Rls showed improved thermal stability over
their N-based counterparts as a result of negligible degradation from Hoffman
elimination and reveesMenschutkin degradation. As depictedHigure 3.6a, Long et

al. synthesized two series of styrenic PILs witither quaternary ammonium or
phosphonium cations and reported significantly higher thermal degradation temperatures

of P-based PILS? P-based PILs exhibited similad (Figure 3.6b) but much higher ion
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conductivities Figure 3.6¢) compared to their Abased analogs, promisingb@sed PILs

as ideal electrolytes or ion exchange membranes with good mechanical integrity and high
ion conductivities. The size difference between nitrogen and phosphorus is not substantial
enough to cause prongnt Ty change; however,-Based PILs have weaker electrostatic
interactions than Nbased PILs resulting in increased ion conductivities. The difference of
electrostatic interactions betweenbdsed PILs and-Based PILs originates from the
electronegatities of nitrogen, phosphorus and carBm ammonium cations, nitrogen

has a partial negative charge as its electronegativity is higher thad-dhgbon. In
contrast, phosphorus has a partial positive charged in phosphonium cations as a result of
its lower electronegativity than carbon, which leads to slightly negatively chatged
carbon. This negatively chargddcarbon effectively shields the gitive charge on
phosphorus and weakened the electrostatic interactions. Other researchers have reported a

similar increase in ion conductivities when replacing nitrogen with phospfforus.
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Figure 3.6 Comparison b(a) thermal stability, (b) 4 (c) temperature dependeitn
conductivitiesand (d) ion conductivities normalized witly @f P-based PILs and {dased
PILs (Copyright (2013) John Wiley and Sori8)

Unlike replacing nitrogen with plsphorus, varying alkyl substituent length cause
substantial change ingTFigure 3.6b demonstrated a decrease gfffbom 91°C to 68°C

when replacing methyl R groups (PTMP) with ethyl R groups (PTEP). Further elongation
of alkyl substituents only resulis limited decrease of gI At the same temperature,
shorter alkyl substituents showed higher ion conductivitiegufe 3.6¢) with the
exception of methyl substituents, which has®@0higher T than otrer PILs. The ion
conductivities after normalizing wit Ty showedthe expected trend without exception:
methyl > ethyl > propyl > butylRigure 3.6d). This trend corresporsdwell with ILs,
ascribingto higher mobility and ion content from smaller size Bs$ norionic content
respectivelyGin, Noble and oworkers studied the samebBsed PILs with even longer

alkyl substituents (hexyl and octyl), and observed a continuous decreageithf [bnger
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alkyl substituent$! Between hexyl and octyl substituents, their ion conductivities
followed the same trend at high temperatushort substituents exhibited higher
conductivity. However, the change in ion conductivity was less prominent between long
alkyl substituents. The fact thattfased PILs exhibited higher ion conductivities than N
based counterparts even aftgmbrmalzation further showing the superiority oftlased

PILs in conductivity.

Counter ion exchange is an efficient way to alter PIL ion conductivity thrdnagh
plasticization effectand electrostatic interaction contr@ulky counter ions introduce
more freevolume (to plasticize polymer networks) and achieved lowgtoTiacilitate

mass transfer (ion conductivity). Meanwhile, counter ions with more delocalized charged
density show high ion conductivities due to weakened electrostatic interaction. The
influence of Ty and electrostatic interaction can either be constructive or destructive.
Colby et al. studied the influence of counter cations og ahd ion conductivity in
polyurethanecarboxylate ionomers (structures shownFigure 3.7a).*% Figure 3.7a
revealed a 30C Ty reduction from Na (strong electrostatic interaction) to quaternary
cations, which led to significant improvement of ion conductivities showRigare

3.7b. Comparing quaternary ammonium cation {Buin Figure 3.7a) and phosphonium
cation (BuP* in Figure 3.7a) with similar size and chemical structuresb®sed PIL
demonstrated a substantial reduction of Tg from°@6to 0°C. Weaker electrostatic
interaction in Pbased PILs allows higher mobility ler Tg) as a result of reduced
physical crosslinking strength. As discussed abhwegg et al reported no § change
between Nbased PILs and -Based PILs, which seems to contradict Colby and

cowor ker so finding. The mol ar tv anl thisne of
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icontradi ct o* Y @olby Wirey antt €eawarkers have demonstrated that
increased side group volume (including counter ions) leads to loyventl the larger
molar volume limit¥’ After that, Ty becomes insensitive to the molar volume of side
groups. In Longet ald6 s st TépN gounter anions were bulky enough to reach the
larger molar volume limit, making polymers insensitiveany further size change. While

in Cobyet ald s t*bathyquaternary cations and carboxylate anions are not as bulky
as T&N counter anions. Hence, variation in ion size causes more substgraiwnges.
Long et al. showed over 100C Ty reduction of phosphonium containing copolymers

after ion exchange from Cl to 2N counter anion$’
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Figure 3.7 The influence of dferent counter cations on (&) and (b) ion conductivity
(purple x is N&, dark red solid diamond is BN, blue solid triangle is B#", olive

green triangle is MEMOE)P*, red open circle is (MOEOER)eN") (Copyright (2011)
American Chemical Society¥§

Ether substituents have an opposite influence on §lend ion conductivity of Nbased
PILs compared to $ased PIL$® As illustrated inFigure 3.7a, ether substituents
increased the glof P-based PILs, but decreased theoTN-based PILs. In #ased PILs,
carbon atoms bear a partial negative chaEgeer oxygens reduce their partial negative

charge through electron withdrawing effect. As a result, the negatively charged
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Ashieldingo of positively c hiacregsedd dueptb o s p h o n |

stronger electrostatic interaction. In-dsed PILswhere carbon atoms are already
positively charged, ether oxygens provide shielding from anions and decrgasa T
conductivities followed opposite trend of &s expected. Ether containingoBsed PILs
(Mes(MOE)P" (olive green triangle irFigure 3.7b) exhibited lower ion conductivities
than alkyl substituted -Based PILs (B4P", blue solid triangle in Figure
3.7b).(MOEOEXxMeN" (red open circle ifFigure 3.7b), on the other hand, demonstrated
improved ion conductivity compared to B (dark red solid diawnd inFigure 3.7b).

In more mobile polymeric matrices, such as polysiloxagdyeEomes insensitive to ion
exchangé! As depicted irFigure 3.8a, ion exchange from Br and F counter ions teNTf
counter anions exbited no statistical change ofg, Twhich contradicts other studies
where the T of the polymer backbones are higher than polysiloxariéNevertheless,
TfoN counter anions reduced electrostatic interactiom, imcreased ion conductivity
substantially as shown ifigure 3.8b. When discussing ion concentration (or ion
content), two competing mechanisms determine its net result pnan@ ion
conductivities. lon conductivity benefits from high ion concentratiod @otential
plasticization effect from bulky ions. However, high physical crosslink density due to
high ion concentration tends to elevatenvhich is detrimental to ion conductivity. In this
particular case, the polysiloxane backbone provides enoughitythdt the influence of

ion concentration on grand ion conductivity becomes less effectiVeLong et al
demonstrated that high ion concentrations resulted in high ion conductivity in crosslinked
PEG matriceswhere the segmental motion of the polymer backbone has been severely

restricted’*"® The plasticization effect from bulky 2§ counter ions and tri(octyl)phenyl
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phosphonium cations dominantly determinegl @hd hgher ion concentration actually

caused a reduction ofgTAs a result, the ion conductivity increased with higher ion

concentration.
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-70 (-—) 100 f: )
——X=F X =Br X =TRN f ——X=F X =Br X =TRN
1 1 X
/Sl O{,Sx\om Si O)’,]SI\
©9X
LR —~ 10
— /\/\ E C
o d ke
T80 T e~ X 7]
h - \ e g
~—— ©
1 .
-90 . } . } . } 0.1 . t . . : : : i
4 6 8 10 4 6 8 10 12
Ion content (mol%) Ion content (mol%)

Figure 3.8 The influence of counter s and ion concentration on Tg)and (b) ion
conductivity (at 30 °C§’

Swelling of PILs represents another common approach to increase ion cond{ffivity.
Yan and coworkers investigated the hydroxide conductivity of tris@2,4,6
trimethyloxyphenyl) pbsphonium functionalized polysulfone films after swelling in
water’®89 As shown inTable 3.4, at water uptake levels under 137%, hydroxide
conductivity increased with increasing water uptake due to increaseditynobiboth
polymer matrices and hydroxide counter anions. However, excessive water uptake
(798%) caused a reduction of hydroxide conductivity. Phosphonium polymers exhibited
high ion conductivity (45 mS/cm) at low ion exchange capacity (1.17 mmol/ggatnc

of achieving high conductivity and good mechanical properties simultan€8uEty.
further improve the dimensional stability and solvent resistance,eYah studied the

crosslinked phosphonium containingplysulfone (Structure shown iifable 3.5).8°
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Through FriedeCrafts eletrophilic substitution between the chloromethyl group and
electronrich aromatic ring, phosphonidgontaining polysulfone selfrosslinked and
showed a significant reduction of swelling ratio (15 %) compared to uncrosslinked
counterparts (157 %). In adidib to improved solvent resistance and thermal stability,
crosslinked polysulfone retained high ion conductivity (38 S/cm). Other studies have
investigated the usage of tris(24tBnethyloxyphenyl) phosphonium pendant groups in
poly(2,6-dimethyt1,4-pherylene oxidef® poly(ether ether ketoné§, and block
copolymers of isoprene and chloromethyl styrgheXu, Wu and coworkers stlied a
similar polysulfone with bromomethyl substituents on the aromatic groups in
phosphonium cations instead of methyloxy substiti¥ntdhe water uptake increased
with higher degree of bromomethyl substitutias expected, and a similar conductivity
(above 30 mS/cm) plateau appeared when water uptake reached a threshold (circa 65%).

Table 3.5 Hydroxide conductivity and water uptake of swelled phosphonium polymer
films at different chbromethylation level. T =@°C’8%°

o
SaUanWasWs 2Ws:
OCH; \ H;CO
®
H;CO P OCH;
OCH; | H;CO OOH
H,CO OCH,
OCH,
Chloromethylation (%) Water uptake (%) Hydroxide conductivity
(mS/cm)
99 41 11
124 70 27
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152 137 45

178 798 38

Crosslinked N/A 38

3.5 Future perspectives

To date, most efforts in novel electrolytes, either ILs or PILs, still focus obased
materials’ ® 131485 and the application of-BasedLs and PlLsas conductive materials

are under develope#iowever, the above axples have showed theiuperiorstability

(both thermally and chemically) and conductivity compared to thdaséd analogs.
These findings have raised a significant impetus to emplogsed ILs as alternatives of
N-based ILs for conductive and safealolyte materials. In addition, previous limited
commercial supply of $ased ILs has been alleviated recefftlijeanwhile, most P
based PILs have served as ion exchange membranes instead of electrolytes &t now.
Nevertheless, Based Rls exhibit great potential as solid/gel state electrolytes, such as
ion gels®> #5 8993 Microphase separated morphologies, tunable and responsive
mechanical properties, and continual improvement of ion condiyctistinguishes P
based PILs as strong competitors in novel electrolyte applications. However, the
synthesis of various -Pased PILs and their structypeoperty relationship are still
underexploited. Further endeastw access new phosphonium contairpogymers* and

in depth understating of their structurgroperty relationship at both mesand macre

scale are the keys for their success in enestpted topics.
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4.1 Abstract

This manuscript presents a novel adhesive network based on Michael addition click
chemstry using diacrylates as Michael donors, and bisacetoacetate as Michael acceptors.
Two onepot, onestep nucleophilic reactions of hydrogenated polybutadiene diol (hPB)
enabled facile preparation of the Michaelnors and acceptor$he described Michael
networks crosslinked over a wide temperature rgpat@ °C to 50 °Cand showed fast

and tunable gel timeRheology revealethat catalyst concentrations, molecular weight,

and additives readily dictateztosslinkingkinetics In situ FTIR confirmed the ketic
differencesdepended otthe molecular weiglg of diacrylates. Indth 90° and 180° peel

tests Michael networks demonstrated comparaladhesion strength on var®u
commercial substrates compared adhesive controlsThe introduction of tackifiers
further improved adhesive properties and doubled the maximum load between substrates
in comparison to commercial adhesive controls. Additionakpre time before adhering

also benefited adhesive performance on certain substrates.

4.2 Introduction
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Chemicaly crosslinked polymeric networksfer a myriad of opportunitiefor emerging
technologies. Extensive research has investigated the synthetic design and physical
characteristics of various crosslinked networks including adhesives, sealants, and
synthetic ubberst® Recentimpetuson improving efficiency and environmental impact
provides a strong demand for novel crosslinking chemistries under ambient conditions.
Next generation crosslinkers must eliminate the akevolatile organic compounds
(VOCs) and provide successful adhesion at different temperatures with a special
emphasis on room temperature crosslinking. Next generation crosslinked networks
shouldalsooffer versatility, provide good adhesion propertiesvarious substrates, and

act as universal adhesives for various applications over a range of temperatures.

The elimination of VOCs is a resonating trend and {dagired goal throughout the
history of adhesive productions because VOCs are not enviroriimdnendly and are
harmful to human health® Typical adhesive applicatiorequires efficient wetting on a
substrate area, hardenjrand active load transmission between interfasdsch VOCs
readily facilitae.” Although solventshelp to wet surface substrateslditional time is
required during the hardening process for solvent evaporation, which is déstimen
during fast curing applicationfkecent EPA regulations restrict thelventchoice to a
narrow supply of approved low VOC solvenEor example, avents such as toluene,
heptane, and xylene enabled high performance bordihgsives for several deemsdbut

no longer suit EPA low VOC standards. Substitution with approved low VOCs including
acetonetert-butyl acetate, parachlorobenzotrifluoride, and methyl ethyl ketone achieves

compatibility with EPA regulations yet fails to provide comparable adh@&Mermance
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to conventional formulations. Thefore, high demand exists for solvenee adhesives

with comparable adhesive propertiedraditional solvenbased adhesives

Previous studies have addressed solfred adhesives from various approachsegh as

melt adhesives and suspension adhedivesiowever, melt adhesives suffer from a
narrow pool of available chemistries due to thermal stability constramitsuspension

type formulations introduce conmgity in manufacture and application of adhesives.
Bulk crosslinked networks based on oligomers or polymers provide an ideal alternative
approach towards solvefree adhesives while maintaining reasonable mobility (for
surface wettability) and fast hardeg.

Common roortemperature bulk crosslinking systems include epoxy/diamffié,
carbodiimides! peroxide chemistry?'® and Michael addition reactiodsOur research
group has enducted extensive studies on oligorbased Michael addition reactions
between bisacetoacetate (bisAcAc) and diacrylate (D&) room temperature and
highlighted their unique advantagsemmed from readily tunable physical properties

1618 \We have demonstrated that PfB@sed bisAcAc and DA crossliad within minutes

at roomtemperaturé. The crosslinking kinetics were tunable through the molecular
weights of PEG precursors, where 1000 g/mol and 8000 g/mol PEG showed 2 min and 7
min gel time, respectivelyFurther, vithin the same bisACA®A Michael addition
network scope, different synthetic strategies are available for specific applications. For
example, our group realized bdegradable roomtemperature crosslinked networks
based on poly(caprolactone) bisAcAc and neopentyl glycol diacyldtee utilization

of acidcleavable diacrylate in bisACADA networks generated crosslinked materials

that degraded in less than 1 min under acidic conditions
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Herein, we propose the synthesis of hydrogenated ptagiene diacrylate (hnPBDA) and
bisAcAc (hPBbisAcAc) as Michael acceptor and donespectively, through orgtep
nucleophilic reaction!H NMR spectroscopy confirmed the successful synthesis of
Michael acceptor and donor after minimal purificatidvichael acceptor and donor
crosslinked readily after the introduction of catalytic amount of bake. resulting
Michael networks highlighted tunable crosslinking kinetics with gel timeedafiom
minutes to hours vieolecular weight and chemical structurestrol. Michael networks
showed consistent performance over a wide temperature range. Peel tests revealed
comparable adhesive propegiof Michael networks comparéal commercial adhesive
products. The introduction of tackifiers further improved the adbegroperties,
promisingMichael networks as solvefiee adhesive for the replacement of traditional
solventbased adhesives.

4.3 Experimental

4.3.1 Materials
Hydrogenated polybutéene diol (hPB, 2000 g/mol)}¢ommercial adhesive control

ethylene propyleneliene monomerubber (EPDM), polyvinyl chloride rubber (PVC),
thermoplastic olefin ( TPO), and plywood sampleere provided by Carlisle
Construction Materials. Acryloyl chloride, t-butyl acetoacetat (tBuAcAc),
dichloromethane (DCM), toluene, idBazabcyclo[5.4.0]undec7-ene (DBU), potassium
calbonate, and aluminum oxide (neutral) were purchased from Sidanigh and used
without furtherpurification.

4.3.2Synthesis of hydrogenated polybutadiene diacrylate (hPBDA)

A two-neclked, 506mL roundbottomedflask equipped with a 5@nL addition funnel

containing acrylgl chloride (5.2 g, 0.055 mol) in anhydrous DCM (20 mL), was charged
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with 2,000 g/mol hPB (50 g, 0.025 mol) and anhydrou€®; (10.4 g, 0.075 mol) and

was sealed with a rubber septum. Anhydr&@&M (110 mL) was cannulated into the
reaction flask and an ice bath was assembled to cool the reaction contents to O °C.
Acryloyl chloride was added dropwise overnight and the reaction was allowed to warm to
23 °C.Reaction mixturewas stirred with AlOs overnight. DCM was removed under
reduced pressure after filtration and the product was isolatedissoas, clear liquid and
dried in vacuumat 23 °C (48.23 g, 96 % yieldd4 NMR (400 MHz, CDCI3): 6.47 (d,

2H), 6.22 (dd, 2H), 5.77 (d, 2H), 4.13 (m, 48)751.5 (polymer baclone).

4.3.3Synthesis of hydrogenated polybutadiene bisacetoat&te (hPBbisAcAc)

In a typical procedure, 2,000 g/mol hPB (10.0 g, 10 mmol), tBuAcAc (6.3 g, 40 mmol, 4
equiv.), and toluene (50 mL) were charged to ameocked 100ml flask equipped with a
shortpathdistillation head, receiving flaskand magnetic stirrer. The ntixe waskeptat

110 °C for 4 h and vacuum (0.1 mmHgas applied to remove thdutanol byproduct

and excess tBuAcAc. An additional 6.3 g tBuAcAc wadeatland heating continued for

3 h at 130 °C in order to ensure quantitative functionalization. Vacuum (0.1 mmHg) at
130 °C was applied to remove volatile starting reagents and reactiprodiycts.*H

NMR (400MHz, CDCI3): 0.78L.5 (polymer backbone), 1.2pm (dd, 6H), 2.26 ppm (s,
6H), 5.08 ppm (m, 4H), 5.29 ppm (s, 1H).

4.3.4 Preparation of adhesive samples

Equal weight of hPB and hPBbisAcAc (5 was mixed in a 50ml beaker. A specific
amount of DBU catalysts (50 mg, 1 wt% to DA) was added all at omzk,naxed
thoroughlyusing brushesThe mixture was quickly transfer to either rheometer plates or

peel test substrates without further stirring.
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4.3.5 Sample preparation for peel tests

The preparation of peel test stitates followed the description 8cheme 4.1. In 180°
peel tests, both rubber membramesre cleaned with hexarte remove dust§cheme
4.14). After deswelling(30 min), freshly madadhesives were applied on both surfaces
using brushes. Two surfaces were adhered immegiadeld a 1€ound pller was
enployed to ensure good contact between adhesivesuamsirates. Then the samples
weregiven 24 h at ambient condition to allow complete crosslinking before thd hest.
test samples were cut intarchesx 1 inches piecesand adhesives weomly applied in

a 3inchesx 1 inchesarea Figure $4.1a). As depicted inScheme4.1b, the sample
preparation of 9peel tests was similar to 1Bfeel tests except the wood substrates
were directly utilized without any pretreatment. The rubber substvegee 10 incheg 3
inches and adhesives were applied in a 5 ingtemchesarea Figure $4.1b).

To prepare the Michael adhesives, equal weight of hPB and hPBbisAcAc (5 g) mixed in a
50-ml flask. A specific amount of DBU cataly$b0 mg, 1 wt% to DA) \as added all at
once, and mixed thoroughly. The mixture was immediately transfetOtdested

substrates without further stirring.

(a) (b)

1. Hexane clean 1. Hexane clean 1. Hexane clean
2. Deswell for 30 min 2. Deswell for 30 min 2. Deswell for 30 min

I Apply adhesive l Apply adhesive l Apply adhesive
Adhere  p—— Adhere

T

— Tensile tests

Scheme4.1 Sample preparation for peel tests: (a) 180° petd tetween two identical
rubbersubstrates; (b) 90° peel tesit the interfaces ve¢en rubber substrates and wood
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4.3.6Analytic methods

'H nuclear magnetic resonandeél NMR) spectroscopy was performed on a Varian Unit
400 MHz with CDC} as solvent (23 °C)The gosslinking kinetic study was conducted
using a A AR-G2 rheometewhere atime sweep was perforrdeat 0 °C, 25 °C, and 50

°C, respectively(25 mm disposable parallel plates,Hz, 1.25 % strainagnd1 0 00 & m
gap). Adhesive properties were vastigated through Instron 5500 at 50 mm/min rates

for both @ © and 180 ° tests. The 90 ° peeling tests employed a special geometrysthat wa
provided by Carlisle Constrtion Materials (Figure S1b) All reported values were
average of 5 sapfes.In situ FTIR was grformed on a Mettlor Toledo RetIR 45M

with DiCompProbe, and the C=C vinyl peaks at 890anere employed to monitor the
disappearance of diacrylatd&sach FTIR spectrum was an average of 64 scans within 50
sec, and the area under peak determined chemical concentrations.

4 4 Results and Discussion

Scheme 4.2 depics the basecatalyzed synthesis of hydrogenated pdiytadiene
diacrylate (hPBDA) and bisAcAc (hPBbisAcAc) and their crosslinking reaction.
Telechelic hydrogenated polybutadiene diol (hPB) reacted with acryloyl chloride and
butyl acetoacetateegectively to produce Michael acceptor hPBDA and Michael donor
hPBbisAcAc, repectively. Scheme 4.2a shows the formation of hPBDA through
nucleophilic attack of acryloyl chloride wherScheme 4.2b similarly shows the
formation of hPBbisAcAc through nucleloiic attack of tbutyl acetoacetateBoth
reactions completed in 24 h, and afforded quantitative yield mithmum purification.
Hydrogerated polybutadienavas chosen for this study becauseexhibits excellent
thermal stability, good weatherability, drpphobicity, low color, higtclarity, and low
glass transitiotemperatures (Tg =55 °C), afording their compatibility for applications
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involving acid and base resistance, adhesisphalt miscibility, electral insulation, and
low tenperature flexidity. Each bisA/Ac molecule had four &t protons accessible for
deprdonation, allowing chemical crosslinking with two acrylate groups per AcAc
moiety. The synthesis is applibke for different telechelic oligomer bdwtnes, affording

tunable thermomechara properties and hydrophobicity.

(a) Michael Acceptor (b) Michael Donor
OH OH
— CHCl,, K,CO o O Toluene
‘>:° 0-23°C )()J\/U\ 110°C, 4 h
cl 18h o 130 °C, 0.1 mmHg

o o o
| 0
| OWO% + MOWW
o (o JI)
f=4

DBU
or
K,CO,

Crosslinked Michael
Network

Scheme4.2 The synthesis of hHBA (Michael acceptor) and hPBIAcAc (Michael
donor).

Figure 4.1 illustrated the change of gel time as a function of catalyst concentrations and
temperatureGel time represestthe cros®ver point of storage motluu s ( G0 ) and |
mo d u | u,ssymbdBZing a transformation from viscous liquids towards soktgire

la described the modulus change over timea itypical time sweep experiment of

hPBDA and hPBbisAcAMichael networksAt the initial state of the Michael addition
reactions, G6d6 was higher lighiclike b&havior. Asndi cat i
the crosslinkng proceedd chemically crosslinked sites restricted the segmental motion

of oligomer chains, causing a moreiddlke behavior as evidenced by the evolution of
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G6 over ti me. Event ual | yAs shaa in Bigure fhacatalystd G6 6

concentration altered crosslinking kinetics sigmantly at 25°C. Higher catalyst
concetratiors accelerated crainking kinetics, causing a deease of gel time from 80
min (1 wt%) to 16 min (3 wt%). Hence, catalyst concentrations provided a facile
approach to control crosslinking kinetiésgure 1c and 1d demstrated fast gel time at

25 °C (16 min) and 50 °C (I@in). At lower temperature-10 °C), the mobilit of both

DA and bisAcAc decreaseaignificantly, resulting in a much longer gel time (300 min).

(@) (b)
100000 0.
_—
10000 T
~1000 E 601
s Q
& 100 2 0
o 10 =
Q
$ 20-
2 1% é
F oot o8 . .
Rl R —
0 25 501_?5 1(%0 1_25)150 175 200 wt.% DBU Catalyst
ime (min
1000000 - (© 100D
100000 -
© 10000 € 200-
2 1000 v
m -
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1 T 0- B e
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Figure 4.1 Influence of catalyst concentrations (a & b) and temperatures (c & d) on
crosslinking kineticshrough rheologyt 25°C for a and b while catalyst concentration
was set to 3 wt% (to bisAcAc) in c & d.

Molecular weights represent another commonly utilized parameter to control crosslinking
kinetics. To investigatethe influence of molecular weighton crosslinking kinetics, we
employed three different DAwith a constant molecular weight hPBbisSAcAc species.
Three DAs covered a wide molecular weight rangale maintaining low enough
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viscosity as adhesive precurso2900 g/mol (hPBDA), 296 g/mol (trimgglolpropane

triacrylate, TMPATA), and 198 g/mol (1Jdutanediol diacrylate, 1,BDA) (chemical

structures shown as inset kligure 4.29. Figure 4.2arepresentghe typical Michael

addition crosslinkng behavior between DA and bisAcAdarallel plate rhdogy
measured both GO6 and G606, which foll owed a
concentration study~gure 4.1a). The temperature and catalyst concentration were set to

25 °C and 1 wt% for all rheological measuremeriichael network with hPBDA

exhibited the longest gel time (80 min), awmavér molecular weight DAs demsinated

much faster crosslinking kinetics with circa 10 min gel tiregre 4.2b). The molar

ratios between erylate and bisAcAc groups were constamtexclude functional rpup
concentation differences. Hence wetrdbuted the longer gel time from high molecular

weight hPBDA to itshigher viscosity antbwer endgroup mobility.

In situ Fouriertransform infraed spectroscopy (FTIR)hewed faster crosslinking

kinetics with dereasing molecular weight of DAs, further supporting the conclusions

from above rheology studyFigure 4.2c). The area unde€=C vinyl peaks at 890 cfn

represents diacrylate concentrati@@oth TMPTA and 1,8BDA revealed a complete
consumption of acrgte groups within 10 min. However, the Michael addition between

hPBDA and hPBbisAcAc extended to 90 min before 100% conversion. The time at 100%
conversion correlated well with the gel times froheological studyindicative of a

complete consumipnofac r yl at e groups before gel points.

G666 started to plateau.
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Figure 4.2 Influence of diacrylate molecular weight on crosslinking kinetics using
rheology (a & b) andh situFTIR (c).Rheology: T = 25C; catalyst concentration 3
wt% (to the weight of bisAcAc).

Another common strategyo fine tunethe viscosity of adhesivesimprove surface
wetting, and enhance load transition between substsates addition of additives-or
example, the addition of tackifiers improves agltie properties, but also alters viscosity
leading to variations in crosslinking kinetics. Hence, it is important to study the influence
of tackifiers on crosslinking kinetics as well as adhesive properties. We conducted similar
rheological studiesn hPBDA/hPBbisAcAc matrices with 10 wt% of two comercial
tackifiers: Indgole H100 and Wingtack 10 (chemical structures showhigure 4.3a).

Figure 43bs howed the evol ut i oction®ffreaddan timenafter G660 as
adding 10 wt% Indopole H00.As illustrated inFigure 4.3c, we ascribed the increase of

gel time (from 80 min to 120 mipto both diluted funeébn group concentrations and
increased viscositgompared to neat Michael networkshe gel time increased with the

addition of 10 wt% Wingtack@as well due to the same reasons.
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Figure 4.3 Michael network crosslinking kinetics it the addition of tackifiers.
Rheology: T = 25 °C; catalyst concentration = 1 wt%.

To evaluate the adhesive properties of Michael netwuegt a wide range of substeat
we conducted 180° peel tests on three different rubber sub$tratesfing applications
EPDM (ethylene propylene diene monoePVC (polyvinyl chloride, and TPO
(thermoplastic polyolefin Water contact angle study lgure $4.2 showed that EPDM
was hydrophobic, while TPO and PVC were more hydropttiigure 4.4a showed the
load between two EPDM membranes as a function of peel time. Michaerketth
hPBDA/hPBbisAcAc demasirated improved adBere properties (Loaghx = 3.6 N in
Table 1) compeed to commercial adhesive contrdlLoadnax = 1.5 N in Table 1).
Replacing hPBDA with 1BDA yielded similar adhesive pperties (Loaglax = 3.6 N
and 3.1 N) although their gel time was drastically different (80 min to 10 min), promising
a facile aproachto significantly alter crosslinking kinetics while maintaining similar
adhesive propertiedg-igure 4.4a andTable 4.1). However on PVC substrates, hPBDA
and 1,4BDA demonstrated differergdhesion performancé&igure 4.4b andTable 4.1)

where hPBDA showelower maximum load (1.3 N) compared to adhesive control (3.5
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N), presumably due to wettability differencdaterestingly, at TPO interfaceshe
maximum load of Michael network decreased with decreasing molecular weight of DAs
(10.0 N for hPBDA, and 4.8 for 1,4BDA) and both DAs showed improved adhesive
properties than adhesive contrdh summary, mostMichael networks exhibited
comparable or improved adhesive propertiescomparison tolow VOC adhesive

controls, suggesting Michael networks as pramgisolventfree adhesives.
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Figure 4.4 180° Peel test results: influence of diacrylate molecular weight (a & b) and

tackifier addition (c & d) on adhesive propertiBheology: T = 25 °C; catalyst
concentration = 1 wt%.

Table 4.1 Tensile results of 18@%eel tests on EPDM, PVC, and TPO membranes.

Adhesive/substrates  Failure mode Loadmax (N)
hPBDA/EPDM Cohesive 3.6+1.0
1,4BDA/EPDM Cohesive 3.1+09
Control/EPDM Cohesive 1.5+0.6
hPBDA/PVC Cohesive 1.3+0.6
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1,4-BDA/PVC Cohesive 3.7+04

Contrd/PVC Cohesive 3.5+0.7
hPBDA/TPO Cohesive 10.0x2.1
1,4-BDA/TPO Cohesive 46+1.3
Control/TPO Cohesive 35+1.8

To further improve th adhesive properties, we indieced two different tackifiers (10
wt%) into the formula: Indopole H00 and Wingack 10. AsFigure 4.4c and Figure

4.4d demonstrated, the adhesive propertigshier improved. Both Indopole-H00 and
Wingtack 10 inceased the maximum load from 3.6 N&@ N atthe EPDM interfaces
According to previas rheology study, the introductiaf tackifiers slowd down the
crosslinking kinetics but still reached the gel point within 2 Hence tackifiers
successfully improved the adhesive performance of Michael networks at the minimal

expense o$lowercrosslinking kinetics.
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Figure 4.5 90° Pel test results on three different substrates (a) with differertypee
time (b).
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We further explore the potential of Michael networks as adhesives on other substrates,
such as plywood. With the aid of tackifiemslichael network at least doubled the
performance ofadhesive control on all three rubber substrates as illustratEgyume

45a. The fact thaMichael networks generated exXeeit and similar adhesive properties
across three different membranes destated great potential for their useuasversal
adhesivs. The adhesive properties of Michael netwsipletween rubber membranegdan
plywood substrates further proved when allowing extra curing time before adhering
two substrates togethdfigure 4.5b featured the maximum loads from 90° pessit$ on

all three membranes (EPDM, PVC, and TPO). For EPDM/wood surfacesinléxima
curing time before adhering EPDM and plywood resulted in no improvement on the
adhesive properties. However, at the PVC/wood and TPO/wood interfacesjnl5
additional aring time before adhering induced a significaethancement of the
maximum loads.

4.5 Conclusion

We successfully syntheed a novel pair of Michael dors and acceptor based on
hydrogenated polybutadiene diol. The resulting Michael network exhibitedliand
facile crosslinking kinetics over a wide temperature rar@atalyst concentrations,
molecular weight variation, and additives provided facile approaches to alter crosslinking
kinetics. The peel tests revealdtie Michael network afforded compardabadhesive
propeties at rubber/rubber interfaces aintbroved adhesive properties at ba@o/wood
interfacescompared to a commercial adhesive controhefact that Michael networks

yielded comparable or betteadhesive properties atarious interfacescompared to

119



commercial adhesive controls, promising their great potentiaddsyeneration, solvent
freeuniversal adhesiwe
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5.1 Abstract

Anionic polymerization of 4inylbenzyl piperidine, isoprene, and styrene in
nonpolar solvent produced ABC triblock copolymers containing polystyrene and-poly(4
vinylbenzyl piperidine) (poly4VBP) outer blocks separatgda polyisoprene central
block. The microstructure of the polyisoprene repeat units was controllable through the
order of monomer addition. For synthesis beginning with the 4VBP monomer, the
presence othe polar poly4VBP segment led to high &ddition polyisoprene (38 ~
49%). However the addition of monomers in the sequence of styrene, isoprene, then
4VBP vyielded poly(styrenb-isopreneb-4-vinylbenzyl piperidine), poly(8-4VBP),

triblock copolymers with polyisoprene blocks containing significardiydr 3,4 addition
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content (8%) andrans/cis1,4 addition ratioTo the best of our knowledge, this is the
first report of high 3,4addition polyisoprene block synthesis without polar additives in
nonpolar solventin situ Fourier transfer infrared specsmpy (FTIR) monitored the
anionic polymerization process and confirmed the quantitative polymerization within 2
hours. Dynamic mechanical analysis (DMA) and differential scanning calorimetry (DSC)
demonstrated either microphase mixing or separation demenoh the polymer
molecular weights an@®,4 addition content of isoprene. Facile alkylation of 4VBP in
4VB-I-S provided a charged polymer mimic of SIS rubber for future study.
5.2Introduction

Block copolymers have been the subject of sustained resesmad for decades
due to their ability to synergize different properties of its constituent blocks. Block
copolymers widely serve as thermoplastic elastofeisrrier membranest® sensing
agents:1* electroactive devicés!® and lithographic patterning materidfs® To further
fine tune blockcopolymerproperties, synthetic design focuses on either new monomer
structure&*?’ or control of repeat unit microstructures. Microstructure such as tacficity,
29 chirdity3*32 | 1,4/1,23,4 addition ratid>3® and cis/trans ratig“2 provides significant
tunability in polymer properties.

Tenhu et al demonstrated that ABA triblock copolymers composed of inner
atactic and outer isotactic polyiSopropylacrylamide) (PNIPAM) blocks exhibited two
distinct glass transition temperaturesg)® Chen et al. studied the solubility of
glycosylated antibiotic nocathiacih in methoxytpoly(ethylene glycobp-polylactate
micelles (MPEGPLA).3® The authors demonstrated that both &nd D block

copolymers enhanced the aqueous solubility of nocathiacin |, but the degree of
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enhancement was dependent on the chirality of the PLA blogholydactatebased
miceles promoted the solubility of Bugarcontaining nocathiacin | more thansugar
containing nocathiacin 1.

Similar to tacticity and chiralityl,4/1,2/3,4 addition ratio in polydienes affords
drastic changes in polymer properties. Hadjichristidis and &soet al. showed
significant Ty shift from high 1,4 addition polyisoprene-80 °C) to high 3,4 addition
polyisoprene 80 °C).2° Cui et al. studied polyisoprene with remarkably high4
addition (> 95 %) using a rare earth metal carbene comiplelgh 3,4 addition
polyisopreneexhibited Tgs between 430 °C.

The strong influence of,4/1,2 addition ratio on polymer physical properties
stimulates ongoing invégation into the synthesis of sterspecific diene polymers. The
majority of successful steramntrols in diene polymers involve metal complex
catalysts’>38 4345 However polar additives, such as tetrahydrah (THF), are also used
to increase polymerization rate and thus favor the formation of kinetic products, namely
1,2 or 3,4 addition®® “6Interestingly, Biniet al. also probed the possibility of controlling
3,4-polyisoprene content through presstire.

Herein we proposed the synthesis of diblock (AB) anidblock (ABC)
copolymers with higl8,4 addition polyisoprene blocks through anionic polymerization in
nonpolar solvenandwithout any polar additiveszormed first in the polymerizatioms,
polar hard block served asnternal polar additive to promote 3,4 addition in the
subsequent polyisoprene blockong et al. demonstrated -#inylbenzyl piperidine
(4VBP)was suitable for anionic polymerization, and readily alkylated to afford a charged

segment® This study inestigates the incorporation of this polymer into block
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copolymers and the effects of the polar repeat units on the polymerization conditions.
situ FTIR monitored the synthesis of poly@hylbenzyl piperidineb-isopreneb-
styrene), poly(4VBH-S), andelucidated the rapid conversion of both 4VBP and styrene
monomers in cyclohexan&d NMR spectroscopy revealed that both poly(4VBRnd
poly(4VBP-1-S) block copolymers contained higB,4 addition content in the
polyisoprene segments (38 ~ 49%). Moreowguantitative 2*C NMR spectroscopy
showed significant reduction ais-1,4 addition for polyisoprene blocks polymerized in

the presence of the polar poly4VBP segment. Conversely, when introducing polystyrene
as the first block in poly($4VBP), the polyisprene blocks exhibited lo®,4 addition

values in nonpolar environment and prefercesll,4 addition (72%. In most AB and

ABC block copolymersdynamic mechanical analysis (DMA) and differential scanning
calorimetry (DSQ suggested the presence of mpirase separation. Howevegw
molecularweight polyisoprenavith high 3,4 additionexhibited microphase mixing with
polydVBP segmentsWe attribute the phase mixing tocambined effect of increased
polarity fromhigh 3,4 addition contenéind decreased rezular weight.
5.3 Experimental
5.3.1Materials

Piperidine (> 99.5 %, purified by redistillation)vihylbenzyl chloride ©90 %),
calcium hydride (95 %), ein-butylmagnesium solution (DBM, 1.0 M in heptane), and
secbutyllithium solution (1.4 M in cydhexane) were purchased from Sigma Aldrich
and used as received.-ethyl piperidine was purchased from Sigma Aldrich and
freshly distilled from Cakiprior to use. Cyclohexane was purchased from Sigma Aldrich

and passed through an activated alumina colimmmamove moisture and oxygen. Styrene
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(stabilized by 4tert-butylcatechol,0 99 %) and isoprene (99 %) were purchased from
Sigma Aldrich and distilled twice from calcium hydride and DBM and degassed via
freezepumpthaw prior to use. 4inylbenzyl piperidine (4VBP) was synthesized based
on previous literature, and distilled twié®m calcium hydride and DBM and degassed
through freezeoumpthaw prior to usé?®
5.3.2Instrumentation

'H nuclear magnetic resonance (NMR) spectroscopy was performed on an Agilent
Technologies 400 MR (400 MHz) NMR spectrometer in dedéel chloroform (256
scans).’®*C NMR was conducted on a Varian 4BR (400 MHz) NMR spectrometer
with 5 s relaxation delay and 3400 scans in decoug©S mode. Thermal stability
under nitrogen atmosphere was determined using TA Instruments thermogriavime
analysis (TGA) Q500 with 10C/min heating rate. Differential scanning calorimetry
(DSC) was performed through a TA instruments Q20Q0values were reported from
the middle point of second heat in a heat/cool/heat cycleCl@in heating rate and
guench cool under nitrogen). A TA Instruments Q800 dynamic mechanical analysis
(DMA) was applied in film tension mode at a heating rate 6€8nin (1 Hz).In situ
FTIR analysis was conducted using a Mettler Toledo ReactlIR 45M attenuated total
reflectance e@action apparatus connected with a light conduit and DiComp 9diamond
composite insertion probe.
5.3.3Monitoring of poly(4VBP -1-S) anionic polymerization throughin situ FTIR

Synthesis of poly(4VBR-S) through anionic polymerization was monitored
usingin situ FTIR. A typical procedure of poly(4VBRS) (1010-10 kg/mol) synthesis

was performed as follows: the IR reference signals-ahylbenzyl piperidine, styrene,
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isoprene and cyclohexane were collected prior to the reaction. -Adalq 25mL round
battomed flask with a magnetic stir bar was fladreed with nitrogen purge and sealed
with rubber septum and copper wire. Cyclohexane (10 mL) was added vimlgas
syringe to the reaction flask under nitrogen. With continued nitrogen purge, a DiComp
probewas inserted and sealed tightly via a Teflon adapter. The probe tip was submerged
below the solvent surface, and the experiment was set to collect one spectrum per minute
for 12 h. 4VvBP (1.0 g, 1.01 mL) was added to the reaction flask vidigiassyringe
under nitrogen with strong stirring. The initiatsgecbutyllithium (0.07 mL), was added
to the reaction via gasght syringe under nitrogen and the data collection started at the
same time. Red color appeared in the solution immediately upon inifdtition
corresponding to the living 4VBP anions. The vinyl peak at 907 w@s monitored to
determine the monomer conversion over time. After the vinyl peak stabilized at the
baseline, isoprene (1g, 1.47 mL) was added viaighs syringe under nitroge The red
color faded gradually due to crossover and propagation of the polyisoprene segments.
Then styrene (1g, 1.1 mL) was injected to the reaction flask under nitrogen after the
second baseline was reached, and an orange color appeared from styi@mc an
Degassed methanol was added viatgg# syringe to terminate the polymerization after
full depletion of the styrene vinyl peak.
5.3.4Anionic polymerization of 4VBP containing block copolymers

Anionic polymerization was conducted under dry nitrogenroundbottomed
flask and the monomers were introduced to the system sequentially as designed. A typical
synthesis of poly(4VBR-S) 10610-10 kg/mol was demonstrated as follows: A flame

dried, oneneck, 100 mL roundbottomed flask was sealed tightly twvitubber septum and
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copper wire, then the reaction flask was charged with ~35 mL cyclohexane and 3 g 4
vinylbenzyl piperidine (3.03 mL) via gaght syringe. The rountottomed flask was
further sealed with Tefldhtape and parafilfh Under strong stimig, secbutyllithium
(0.21 mL) was injected rapidly to the reaction flask viatigtst syringe. Instant red color
indicated the successful initiation ofvihylbenzyl piperidine. After 1 h, isoprene (3 g,
4.4 mL) was added to the reaction flask. The r@drcgradually faded and became pale
yellow. After 2 h, styrene (3 g, 3.1 mL) was injected to the reaction flask and allowed to
propagate for 1 h. The reemergence of light red color indicated the successful crossover
from isoprene to styrene. Finally, thmlymerization was terminated using degassed
methanol (1 mL) and polymers were recovered by precipitating into excess methanol
twice. Obtained polymers were dried at°Z3 under reduced pressure for 48 h to yield a
white powder (~ 90 % isolation yield). |Ablock copolymers were stored in dry
desiccator under vacuum. Composition of block copolymers and polymer structures were
further confirmed by*H NMR spectroscopyRigure 1). All the control homopolymers
were synthesized and purified in the same fashion.
5.3.5Film casting

All block copolymers were casted from 25 wt% solution in THF. The films were
allowed to dry under ambient conditions for 24 then in active fume hood for 24 h. The
films were then further drieth vacuofor 12 h. The films were annealetl120 °C for 6 h
and cooled down to 23 °C slowly vacuoto avoid isoprene oxidationtH NMR
spectroscopy of the annealelirfishowed negligible oxidation.
5.4 Results and discussion

5.4.1Anionic polymerization of 4VBP-containing block copolymers
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Owing t the thermal autopolymerization of 4VBP, typical controlled radical
polymerizations (CRP) which employ thermal initiator at elevated reaction temperature
are not suitable for the synthesis of 4\VB#htaining block copolymer$. Instead,
anionic polymerization of 4VBP allows fast synthesis of 4W®taining block
copolymers at room temperature. In order to prepare-dedihed block copolymers,
rapid and quantitative consumption of all monomers added in sequeneeeissaryln
situ FTIR provides a facile approach to monitor the reaction rate and helps determine the

reaction time for each block.
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Scheme5.1 The synthesis of poly(4VBB-1-b-S) block copolymers using living anionic
polymerization.

Therefore we agdjed in situ FTIR to probe the kinetics of anionic polymerization
for the synthesis of poly(4VBRS) triblock copolymers §cheme5.1) with a target
number average molecular weight bf 10-10-10 kg/mol. Recorded FTIR waterfall plots
showed the decrease @honomer concentration with time, as monitored by the
disappearance of the peak intensity at 907 corresponding to the vinyl vibration of the

monomers Figure 5.1). As shown inFigure 5.1, the completion of 4VBP occurred
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within 5 min after the initiabn. After 10 min equilibration, the intensity of the vinyl peak
spiked as a result of the introduction of isoprene monomers, and the propagation of
isoprene block proceeded much slower compared to 4VBP. The intensity of the vinyl
peak reached the baseliatter 60 min. The new baseline was higher than the baseline
after 4VBP injection as a result of residual double bonds in isoprene repeating units.
After the addition of styrene monomers, the double bond intensity increased rapidly again
and then decreasdd baseline within 10 min. The successful, sequential addition of

i soprene and styrene further supported the 0
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Figure 5.1 In situ Fourier transform infrared spectroscopy of poly(4V¥BRb-S) block
copolymers syntisized through living anionic polymerization.
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Figure 5.2 H NMR spectroscopy allowed the calculation of thg & poly(4VBP-I-S)
(10-10-9 kg/mol shown). The existence of 4VBP segment leaded to higher 3, 4 addition
percent in the isoprene block.

Previaus work from our labemployedSEC with THFmobile phasd¢o determine
the molecular weight of 4VBRontaining styrenic based block copolym&rsiowever,
with the introduction of pgfisoprene, the block copolymerstpntially interactwith the
SEC columns and faio yield meaningfublata. Therefore!H NMR spectroscopy served
as the sole method for molecular weight determination, through comparison of the repeat
unit peak integrationsF{gure 5.2 peak d) to that othe methyl groups on the initiator
(Figure 5.2 peak j). The calculated molecular weight of a series-UB® containing
diblock and triblock copolymers agreed well with the target molecular weigatdg
S5.1). Due to lack of SEC characterizatjothe taget molecular weightsemained
between 10 to 25 kg/mol to avoid significant calculation errors frtin NMR
spectroscopy
5.4.2 Polysoprene microstructure study
The polyisoprene homopolymer prepared in nonpolar solvent showed only33 %
addition in 'H NMR spectroscopy Table 5.1). However, diblock and triblock
copolymers beginning with the poly4VBP block showed significantly highvaddition
38 ~ 49 %. In contrast, the polySVBP) triblock copolymer, where the
polymerization of isoprene occurredigrto the introduction of poly4VBP, exhibited
significantly lower3,4 content (8 %), similar to that of the polyisoprene homopolymer
(Figure S5.1). To further confirm the influence of poly4VBP segments on polyisoprene
microstructure, poly4VBP homopolymé&1 kg/mol) and Nmethylpiperidine were used

as free additives in the synthesis of polyisoprene homopolyhagde 5.1 shows that
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both polar additives (poly4VBP and -iNethylpiperidine) resulted in polyisoprene
homopolymers with higl8,4 addition (21% and B%) as expected. Meanwhile, poky(l
4VBP-I) (9-109 kg/mol) triblock copolymers demonstrated 30 38¢4 addition,
suggesting an isoprene block with @ addition content prior to poly4VBP block and

final isoprene block with higl3,4 addition. When comparghthe two poly(4VBH-S)
triblock copolymers or the two poly(4VBP diblock copolymers, the3,4 addition
increased with higher 4VBP/ I rati o, further
polyisoprene microstructuresTdble 5.1). Whereas, for poly($4VBP) triblock
copolymers, such effect was absent and resulted in the polyisoprene blocks with lower
3,4 addition repeating units. Thus, the microstructures of polyisoprene blocks were
controlled through a polar segment (poly4VBP) either prior or aftepdhenerization of
isoprene monomers.

Table 5.1 Isoprene microstructure study usitg NMR spectroscopy. Mand isoprene

3,4 addition percent calculated fromH NMR: a. isoprene (3g) + poly4VBP
homopolymers (1g); b. isoprene (3g) +ethylpiperidine (3g)

Polymers Mn (kg/mol) 3,4addition in isoprene
'H NMR block (%)
Polyisoprene 14 5

Poly4VBP 21 N/A
Polyisoprene + poly4VBP 25+ 21 21
Polyisoprene + Nnethylpiperidiné 20 37
Poly(4VBPR-b-I) 2513 43
Poly(4VBRb-I) 25-23 38
Poly(4VBRb-I-b-S) 25-10-10 39
Poly(4VBRb-1-b-S) 10109 49
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Poly(Sb-I-b-4VBP) 252811 8
Poly(Sb-I-b-4VBP) 10-10-10 8
Poly(I-b-4VBP-b-1) 9-10-9 30

Due to peak overlap in the 4VBf@ntaining block copolymerstH NMR
spectroscopy was not suitable to studytthes/cisratio. Instead, quantitativeC NMR
enabled a detailed study on ttnans/cisratio (Figure S5.2). Due to the interference of
other carbon peaks in poly4VBP and polystyrene blocks, only the methyl groups in
isoprene repeating units allowed for cadddion of both 3,4 addition content and the
trans/cisratio in 1,4 addition through quantitativC NMR spectroscopy’. As shown in
Table 5.2, the 34 addition value from=C NMR spectroscopy closely aligned witH
NMR spectroscopy. While thieans-1,4 addition content remained relatively constant for
all the samples, theis-1,4 addition decreased when 4VBP was polymerized before
isoprene. Poly(4VBR-S) 1610-9 kg/mol and poly(8-4VBP) 1010-10 kg/mol showed
similar trans-1,4 addition content (18% and 23%). However, poly(4VB®) triblock
copolymers demonstrated significantly lovees-1,4 addition content (30%) than polyS
I-4VBP) (68%). Within tvo poly(4VB-1-S) samples, increased 4VBP content-{D&®
kg/mol) further increased®,4 addition and decreasetis-1,4 addition. The rationale
behind these phenomena was the polar poly4VBP blocks promoted 3,4 addition by
depressing the formation of the othianetic productcis-1,4 addition. However, as a
thermodynamically favored productrans-1,4 addition content remained relatively
constant since the reaction temperatures were similar.

Table 5.2The results of quantitatiVvéC NMR spectroscopy of 4VBBontaining triblock
copolymers

Polymers M 3,4 addition 1,4 addition (%)

n
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(kg/mol) (%) cis trans

Polyisoprene + poly4VBP 25+21 22 53 25
poly(4VBP-I-S) 25-10-10 33 49 18
poly(4VBP-1-S) 10-10-9 46 30 24
poly(S-1-4VBP) 252811 9 72 19
poly(S-1-4VBP) 10-10-10 9 68 23

5.4.3 Thermal and thermomechanical analysis

TGA of 4VBP-containing block copolymers showed similar thermal stability and
exhibited 5 wt% loss degradation temperature=j above 340C. The homopolymers
of 4VBP and styrene had g @t 70 °C and 100°C from DSC, respectively. Whereas, the
Tg of polyisoprene homopolymer depends3# addition percent. Polyisoprene widy
addition values of 5 %, 21 % and 37 % hadqa0fT-60, -52 and-46 °C, respectively

(Figure 5.3 & Table 5.3).

Heat Flow (w/g)

I (14 kg/mol)
4VBP +1(25 kg/mol + 21 kg/mol)
—4VBP-I (25-13 kg/mol)
——4VBP-I (25-23 kg/mol)

4VBP-LS (25-10-10 kg/mol)
——4VBP-L-S (10-10-9 kg/mol)

-80 -30 20 70 120

Exo down Temperature (°C)
Figure 5.3. DSC suggested micighase mixing of isoprene block with low molecular
weight 4VBP block and micrphase separation of isoprene block with high molecular
weight 4VBP.

Blends of low and higl3,4 addition polyisoprene homopolymers (5 % and 21 %)

with poly4VBP (21 kg/mol) exhibited two distinctJ indicating the immiscible nature of
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the two blocks. However, for both poly(4VBPand poly(4VBRI-S) block copolymers,
samples with low molecular weight polyisoprene-{Zand 1010-9 kg/mol) yielded a
Tg at 0°C suggesting microphase mixing between poly4VBP and polyisoprene segments
(Figure 5.3 & Table 5.3). For block copolymers with higher molecular weight of
polyisoprene and poly4VBP, the, @lecreased te21 °C and-30 °C, indicating a better
microphae separation. According to FleHuggins theory, high molecular weight
facilitates microphase separatiit® The Tgs of polyisoprene with differer,4 addition
levels correspond with previous repotisin general, polyisoprene tends to undergo
microphase separation from poly4VBP segments. Howevernlolecular weight, high
3,4 addition polyisoprene block demonstrated microphase mixing with poly4VBP,
suggested by DSC. We ascribe this phemoato both high polarity fror,4 addition
content and low molecular weight. The lowegsTin microphase separated block
copolymers were still higher than thg (F46 °C) of the polyisoprene homopolymer with
similar 3,4 addition content as expected. &imio most block copolymers, thedf's o f
the soft segments tend to increase due to the restricted mobility of hard segments.

In contrast, poly(S-4VBP) block copolymers with low molecular weight {10-
10 kg/mol) exhibited similar low glfas high molecular weight analogs {2811 kg/mol)
suggested microphase separation between polyisoprene and polyddBES was
independent of the molecular weights. In this case, the polyisoprene segment with only 8
% 3,4 repeating units was less polar than those in poly(4\Blp making them
immiscible with poly4VBP even at low molecular weight. As a result of coattsl

polyisoprene microstructures, the microphase morphology and corresponding
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thermomechanical properties were tunable depending on the monomer sequence and the
molecular weights of each block.

Table 5.3 Thermomechanical study of 4VBP containing block algmers and control
polymers. M, number average molecule weight, calculated fi6inNMR. Ty, glass

transition temperature, obtained from DSC
Polymers Mn T4 (°C) 3,4 addition% in
(kg/mol) DSC isoprene block
'H NMR
Polyisoprene 14 -60 5%
Poly4VBP 21 70 N/A
Polyisoprene + poly4VBP 14 +21 -56, 68 5%
Polyisoprene + poly4VBP 25+21 -52, 69 21 %
Polyisoprene + N 20 -46 37 %

methylpiperidine

Poly(4VBRb-I) 2513 6 (broad) 43 %

Poly(4VBRb-I) 2523 21 38 %
Poly(4VBP-b-1-b-S) 2510-10 -30, 103 39 %
Poly(4VBRb-1-b-S) 10-10-9 0, 98 49 %
Poly(Sb-1-b-4VBP) 252811 .54, 88 8 %
Poly(Sb-1-b-4VBP) 10-10-10 .51, 62 8 %
Poly(l-b-4VBP-b-) 9-10-9 -44 30 %

The absence of the poly4VBPy Th the highly microphaseeparated 4VBP
containing block copolymers were presumably due to the low sensitivity of DSC. In order
to further study microphase separation, we employed DMA to probe the
thermomechanical properties of these block copolymé&igufe 5.4). All block
copolynmers showed comparable glassy modulus at low temperature, and reached a
plateau prior to yield. All three microphaseparated samples exhibited a loy(-R1 ~-

36 °C) consistent with DSCT@ble 54 entry a, ¢, d). The shoulder peak at aroundG0

proved the existence of microphase separated poly4VBP blétdwever, for the
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microphase mixed poly(4VBRS) 1010-9 kg/mol block copolymerTable 5.4 entry b),
onlytwoTg6 s appear e dyagreedwithethe vadue/feom DSC and increased by
more than 20C comparing the lower glof the other compositions, further supporting the

micro-phase mixing conclusion from DSC.

10000 T 100
1000
=100
[=3)
=)
2 10 -
=
k]
=
D l T
=3
>
v 0.1 g
e
ks ——poly(4VBP-I-S) 10-10-9 kg/mol T 0.01
001 4
——poly(S-I-4VBP) 25-28-11 kg/mol
0.001 4 4 } 0.001

-100 -50 0 50 100
Temperature (°C)

Figure 5.4 Dynamic mechanical analysis demonstrated similgrt® DSC from 4VBP
containing block copolymers: solid line, storage modulassdh | i ne, tan 0.

Owing to the stability of polyisoprene block, polymer thin films underwent no
thermal annealing prior to the DMA tests. However, a short (6 h) thermal annealing at
120 °C under vacuum were applied to a few samples to probe the posflindmde of
annealing, especially for the microphase mixed sampleINMR spectroscopy after
short annealing exhibited no obvious oxidation of the polyisoprene blocks. The resolution
of microphaseseparated block copolymer films improved upon 6 h annedkigure
S5.3, but poly(4VBRI-S) 1010-9 kg/mol remained microphase mixed without any shift

in Tg.
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Table 5.4 DMA exhibited one extra grcorresponding to 4VBP block compared to DSC,
and further supported micghase behavior concluded from DSC data.

Polymers Mn Tg(°C) Tg(°C) 3,4
(kg/mol) DSC DMA addition%
a. Poly(4VBRI-S) 25-10-10 -30, 103 -21, 72, 37 %
103
b. Poly(4VBRI-S) 10109 0, 98 0, 67 49 %
c. Poly(S1-4VBP) 252811 -54, 88 -36, 68, 93 8 %
d. Poly(S1-4VBP) 10-10-10 -51,62 -35,55 8%

5.5Conclusiors

We successfully synthesized a novel series of 4¢8maining diblock and
triblock copolymers through anionic polymerizatioin situ FTIR spectroscopy
demonstrated the successful sequential addition 4VBP monomer with isoprene and
styrene.'H NMR spectrecopy revealed that the presence of the poly4VBP block
increased the polarity of the reaction solution and thus promoted incdsettlition in
the polyisoprene block providing a facile strategy to synthesize 3i#jbolyisoprene
containing block copgmers without polar additives in ngolar solvent. While most
4VBP-containing diblock and triblock copolymers demonstrated microphase separation
in polymer films, lowmolecular weight, higt8,4 addition block copolymers exhibited
microphase mixing insteadThis difference in morphological behavior through

microstructural control provides a unique approach to direct polymer physical properties.
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5.7 Supporting information

Table S51 Polymers synthesized through anionic polymerization. Molecular weights
were confimed by'H NMR spectroscopy

Polymers Target H NMR
Mn (kg/mol) Mn (kg/mol)
Polyisoprene 15 14
Poly4VBP 20 21
Polyisoprene + poly4VBP 20 + 21 25+ 21
Polyisoprene + Nmethylpiperidine 20 20
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Poly(4VBRb-1) 2512 2513
Poly(4VBPRb-1) 2525 2523
Poly(4VBPRb-1-b-S) 2512-12 25-10-10
Poly(4VBRb-1-b-S) 10-10-10 10-10-9
Poly(Sb-1-b-4VBP) 252510 252811
Poly(Sb-1-b-4VBP) 10-10-10 10-10-10
Poly(l-b-4VBP-b-1) 10-10-10 9-10-9
Poly(4VBP-b-1-b-5): 3,4 % =39% 1,4 addition 3.4 addition
Poly(S-b-I-b-4VBP): 3,4 % = 8%
. ;J‘Jv\b,/" \‘-\\_7u~” A - .j‘u‘: "\; o
Polyisoprene: 3,4 % = 5% |‘
\
I
|
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Figure S5.1H NMR spectroscopy demonstrated high 3, 4 @oidiisoprene blocks in
poly(4VBP-b-I-b-S) triblock copolymers in comparison to control polymers.
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Figure S52 Quantitative’>*C NMR for the polymer blends of polyisoprene (25 kg/mol)
and poly4VBP (21 kg/mol).
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6.1 Abstract

Reversilbe additionfragmentation chaitransfer (RAFT) polymerizatioproducednovel

ABA triblock copolymers withassociative urea sites with pendant groups in the
external hard blocksThe ABA triblock copolymers served as models to study the
influence of pendant hydrogen bonding on polymer physical properties and morphology.
The triblock copofmers consisted of a soft centiabck of poly(di(ethylene glycol)
methyl ether methacrylatepgdlyDEGMEMA, 58 kg/mol) and hard copolymer external
blocks of poly(2-(3-hexylureido)ethyl  methacrylateo-2-(3-phenylureido)ethyl
methacrylate) folyUrMA, 18 to 116 kg/mol). Copolymerization of -@&-

hexylureido)ethyl methacrylate (HUrMA) and-(3-phenylureido)ethyl methacrylate
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(PhUrMA) imparted tunable hard blockgs from 69°C to 134°C. Dynamic mechanical
analysis(DMA) of thetriblock copolymers exhibited high modulus plateau reg{e:100

MPa) over a wde temperatureange {10 - 90 °C), which was indicative of microphase
separation Atomic force microscopy (AFM) and small angleay scattering (SAXS)
further confirmed shomtange microphase separationith various morphologies.
Variabletemperature FR (VT-FTIR) revealed the presence of both monodentate and
bidentate hydrogen bonding, and pendant hydrogen bonding remained as an ordered
structure to higher than expected temperatures. This study presents a fundamental
understanding of the influence ofdrggen bonding on polymer physical properties and
reveals the response of pendant urea hydrogen bonding as a function of temperature as
compared to main chain polyureas.

6.2 Introduction

Researchersontinue to addredhe potentialsynergy between necovalentinteractions

and macromolecular architecture. Noovalent interactions offer significant impact on

the physical properties of polymers, such &#sermomechanical propertiés,
morphology?? and electromagnetic perfomaridé* A commonly utilized norcovalent
interaction is hydrogen bonding due to its potential for specificity, directionality, and
reversibility. Thus, reseahers invoke thermeeversible hydrogen bonding as a means to
improve mechanical propertigs® induce microphase separatidni® impart selfhealing
performancg®!® and facilitate liquid crystal formatiot{2

Hydrogen bondingwithin the polymer main chaideads tocompactintermolecular
packing and provides significant improvement thermomechanical propertiés. In

contrast, pendant hydrogen bonding sites retain higher mobility, suggesting less ordered
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hydrogen bonding networks. Previous work in our laboratories demonstrated the ability
of quaduple pendant hydrogen bonding moieties to promote long range, ordered
microphase morphology despite increased mobifity. However, br more weakly
associatechydrogenbonds the enhanced mobility of pendant sitesy result in less
ordered micretructures imparting a differentnfluence on polymer physical @perties
compared to main chain hydrogen bondihige lack of cooperativityn the organization

of pendant hydrogen bonding i s ofdhydiogert ent i al
bondingat elevatedemperaturethus providing a desirable, broademper&ure range

for the retention of ordered, hydrogen bonded structures.

Urea sits associate through relatively weak hydrogen bonding compared to multiple
hydrogen bonding containing nucleobases, serving as an ideal hydrogen bonding site to
study pendant hydgen bonding® Earlier literature widely describes ursdes within

the polymer backbone, whiclgenerally demonstrates obvious shiftom ordered
structures to disordered structungih increasing temperaturé$ Kuo and coworkers
studied hydrogen bonding dissocbatiof poly(urethane urea)s using Fourier transform
infrared spectroscopy (FTIR) at various temperattiteBhe intensity of hydrogen
bonded carbonyl stretching peaks decreased as temperature increased, leading to a
simultaneas increase of free carbonyl intensity. Similarly, Pairgeral. showed a
complete transition from ordered hydrogen bonding to disordered and dissociated
hydrogen bonding in polyureas when temperatures exceede?CF*80ong et al. used
stepgrowth polymerizatios to study the influence ofmain chain urea sitesn the
physical propertiesf polymerg where they showeché ordered and compact hydrogen

bonding extened the modulusplateauabovel20 °C.In addition, study opoly(dimehyl
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siloxane) containing oxamide unittemonstated a complete transition frowrdered
hydrogen bonihg to disordered hydrogen bonding at 170, &cording to variable
temperature FTIR (VIFTIR).! However, to our best knowledge, the earlier literature has
not described the temperature response of pendant uesa wibhich will influence
thermomechanical properties and morphologies.

Cortrolled radcal polymerization (CRP) allows for the precise synthesiseadfdefined
block polymerswith various pendant functionalitiés?® Frequently used CRRchniques
include nitroxideemediated polymerization (NMP), atom transfer radical polymerization
(ATRP), and reversible additiefragmentation chain transfer (RAFT) polymerization.
NMP is suitable for a relatively narrow monomeresgibn and less control of the
molecular weight distribution, and ATRP limited in this current study due pmtential
interactions of urea groups with metaltiatalyss. Thus, RAFT polymerization remains a
popularCRP method to synthesize various wekfined, functionablock copolymerg®

2930 However, only a few studies addreébs synthesisind characterization of polymers
with pendant urea sitassing RAFT, and only Longet al. successfully synthesizeddak
copolymers with pendant urea sites through RAFT polymerizéation

Molecular weidnt distribution strongly influences polymer physical properties and
morphologies. Narrow molecular weight distribution (low polydispersity) facilitates well
defined morphologies and associated mechanical prop&rii@fRAFT polymerization,
the synthesis of block copolymers typically involves isolatand renitiation of each
block. The molecular weight distribution tends to increase dutimg re-initiation

processyhich becomes significant imulti-block copolymeisynthesis? For symmetric
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ABA block copolymersa difunctional chain transfer agent (CTi&)a common strategy

to reduce renitiation and thus lower polydispersity index (PBI).

In this manuscript, we demonstrate the synthesgebifdefined pendant ure@ntaining
ABA triblock copolymers through RAFT polymerization, and we report the influence of
hydrogen bond association opolymer physical propertiesand morphologies A
difunctional RAFT CTA facilitated the synthesis of symmetric ABA type block
copolymes, poly(UrMA-b-DEGMEMA-b-UrMA), through a divergent mechanis$m
Different compositions of random copolymeps]y(UrMA), allowed the variation of the

Ty for the external blocksDynamic mechanical analysis (DMA) and differential
scanning calorimetry (DSCdf the triblock copolyners collectively displayedwo
distinct Tgs attributed to soft and hartlocks. Poly(UrMAb-DEGMEMA-b-UrMA)
exhibited a highplateau modulus (~100 MPa) over a wide temperature rakigenic
force microscopy (AFM) and small angleray scattering (SAXS)demonstrated
microphaeseparated morphologies, which agreed with thermomechanical anglysis.
FTIR revealed the retentionf ordered hydrogen bonding at 160, °8uggesting a
retardation of hydrogen bordissociation due to less cooperativity relative tomedain
hydrogen bonding.This work describes the role of pendant hydrogen bonding on
polymer physical properties and morphologies, and we propose the use of pendant
hydrogen bonding to delay dissociation temperatures while maintaining microphase
separatéd morphologies.

6.3 Experimental

6.3.1Materials

149



N,N-dimethylformamide DMF, anhydrous, 99.8%), dichloromethafi®JM, anhydrous,

O 99.8%), di mbMS®Oyadn hsyulrfoauxsi,ded (99. 9%), hexan

unstabilized tetrahydrofuraiiTHF), methanol he x a met hyl enedi ami ne
dicyclohexylcarbodiimide (DCC, 99%),-ddi met hyl ami no) pyriji di ne
and lithium bromide were purchased from Sighidrich and usedwithout further
purification. 2lsocyanatoethyl methacrylate-[@MA, > 98%) was prchased from TCI
America and used as received. Hexylamine (99%) and aniline (99%) were purchased
from SigmaAldrich and distilled before use. Di(ethylene glycol) methyl ether
methacrylate(DEGMEMA) was purchased from Siga#ddrich and passed through
neutal alumnum oxide (activated) immediately prior to use 4Azobi§(4cyanovaleric

acid) (W-501) and 4cyanc4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid
(CDP) were purchased from Sigmadrich and recrystallized from methanol prior to
use.

6.32 Analytical methods

'H and 3C nuclear magri resonance (NMR) spectroscopie®re performed on a
Varian Unity 400 MHz NMR spectrometer (128 scatyIR samples were dissolved in
deuterated chloroform or DMS®ass spectrometry was conducted on an Agi&20
Accurate Mass TOF LGS system Size exclusion chromatography determined
molecular weight distributions using a Waters 515 HPLC pump equipped with a Waters
717 plus autosampler. Absolute molecular weight was determined throMyat
Technology miiDawn MALLS detector operating at 690 nm and a Waters 2414
refractive index detector operating at 880 nm with a flow rate of 0.8 mL/min in either

DMF with 0.05 M LiBr or aqueous solution (54/23/23 vBtwater/methanol/acetic acid
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with 0.1 M sodium aceta}e Specific refractive index value rittic) was determined
offline using an Optilab ¥EX refr act omet er (& = 658 nm) and
weight' average molecular weight (Y1 from SEC Thermal stabilitywas determined
usingthermogravimetric anasys (TGA) on a TA Instruments3D0Ounder nitrogen purge

with a heating rate of 10 °C/minTA Instruments QO00 dfferential scanning
calorimetry(DSC) determined glass transition temperatures and reported as the midpoint
of the transition (heat flow vs. temperature pldthe second heabf a heat/cool/heat
proceduradetermined reported valuasth 10 °C/min heating rate and quench cool under
nitrogen Dynamic mechanical analysis (DMA) was conducted using a TA Instruments
Q800 in film tension mode (83C/min heating ramp and 1 Hz frequencyariable
temperature Fourier transformfrared spectroscopyMT-FTIR) was used to evaluate the
effect of temperatures on hydrogen bonding. The instrument cookstgarian 676R

with a PIKE GladiATR attachment with a scan rad§80400 cm! andresolution of 4

cmit. Spectra were collected every 5 8€an averge of 32 scanduring a temperature
ramp from 25°C to 165°C (1 °C/min). Surface morphology was determined witbhraic

force microscopy (AFM) on a Veeco Multimode AFM in the tapping mode using a set
point ratio of 0.7 and 42 N/m high spin constant cavdils. Bulk morphology was
characterized wittRigaku SMax 3000 3 pinholegwo-dimensional small ang x-ray
scattering(SAXS)Wavelength was 1.54 2D multiwire gasfilled detector determined
scattering intensityvith an exposure time of 2 BAXSGUI software packaganalyzed

all SAXS data to obtain intensity versus scattering vecmpigqot (q = 4 sin(d)/ «
scattering anghe

6.3.3Synthesis of urea methacrylate monomers
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2-1socyanatoethyl methacrylate-iMA) readily reactswith primary amines to give
urea methacrylate monomers in quantitative yidldnhodified procedure fothe synthesis
of ureamethacrylate monomers is as follavd equiv. of aniline 10y (20 wt% in
chloroform) was added ta 100mL, two-necked, roundbottormed flask equipped with a
magnetic stir barand an addition funnel under nitrogdiine addition funnel was charged
with 1 equiv. of 2-ICMA (15.15 mL). After purging with nitrogen for 5 min, the
reaction flask was coolet 0 °C in anice bathand 2ICMA was added dropwise. After
stirring for 4 h, theice bathwas removedand the flask wasslowly warmed toroom
temperature and sted for 20 h The solution was diluted th0 wt% with chloroform.
The diluted solution was passed through aluminum oxide column to remove inhjbitors
and solvent was removed under reduced pressure to yieltite solid product,which
was further dried in vacuo at 25 °C for 24 h (yieldO 98 %). 'H and 3C NMR
spectroscopyonfirmed the purity and structure of monomi#. NMR (DMSO-ds, 25
A C, UJCHs, vihyl @ethyl protons), 3.3-CHx-N, methylene protons), 4.1GH.-O,
methylene protons), 5.7-GH>-NH-, amine protons), 6.0 (=GH vinyl proton), 6.2
(=CHz, vinyl proton), 6.97.3 (aromatic protons), 8.5NH-Ar, amine proton).The
synthesis of HUrMA followed the same procedure with quantitative yield (> 98%0).
NMR (DMSO-ds, 25 A C-CHs,iinpthyl pfotor), 1(.3-CHz-, methylengrotons),
1.8 (CHs, vinyl methyl protons), 3.1-CHx-N, methylene protons), 3.5QHx-N,
methylene protons), 4.2¢H>-O, methylene protons), 4.4QH.-NH-, amine protons),
4.6 (CH2-NH-, amine protons), 5.6 (=GHvinyl proton), 6.1 (=CH vinyl proton)

6.3.4Free radical polymerization for poly(HUrMA -co-PhUrMA)
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Free radical copolymerization of HUrMA and PhUrMA with different feed ratios yielded
poly(HUrMA-co-PhUrMA). As an exampleB0/20 (wt/wt%) HUrMA/PhUrMA was
synthesized as follows: A &®L, one neked, rounebottonmed flask was charged with
0.4 g of HUrMA, 0.1 g of PhUrMA and 0.33 mgIBN (0.1 mol% to monomers) in 10
mL anhydrous DMF The solution was spargedith nitrogen for 25 min before
polymerization. The polymerization was performad65 °C 6r 24 hwith vigorous
stirring. The solutionwas precipitated into 4/1 (v/v) methanol/watand the resulting
white solid was driedn vacuoat 65 °C for 12 hThe compositions of copolymers
matched closely to the feed ratio accordingHANMR spectroscop *H NMR (DMSO-
de, 25 : B.B2 (NHiAr, amine proton in PhUrMA), 7.32, 7.17, 6.85 (aromatic
protons), 6.25-NH-C=0, amine proton in PhUrMA), 5.98NH-C=0, amine protons in
HUrMA), 3.82 (CH,-O-C=0, methylene protons), 3.2ZH>-NH-, methylene protas),
2.92 (CH>-NH-, methylene protons), 1.85 (backbone methylene protons), 4CB®-(
methylene protons in HUrMA), 0.81GHs, methyl protons).

6.3.5Difunctional CTA synthesis

The synthesis o difunctional CTA was adaptdobm a previousy reported pocedure

A 25-mL, ore-necked, roundbottoned, flask was charged with 3 equiv. of CDP (19) in
11 mL anhydrous dichloromethane &mice bath. Catalytic amourmif DMAP (40 mg)
and 1 equiv.of hexamethylenediame (96 mg) were dissolved in #L anhydrous
dichloromethane im seond roundbottomed flaskBoth flasks were cooled to @ and
purged for 5 min with nitrogen.The DMAP and hexamethylen&imine solution were
added at once, followed immediately by 3.3 equivDGIC (0.57 g) After stirringunder

inert atmosphere at @C°for 4 h,the solution waslowly warmed to room temperature
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and allowed to readbr 20 h.After the filtration ofsolid dicyclohexylurea byproducts,
the filtrate waswvashed with saturated sodium bicarbonate solution three meshen
dried over magnesim sulfate. Removal of solvent concentrated the washed filfrage.
concentrated solution was further purifieding silica column chromatographyhd&
impurity wasfirst removed usin@0/20 (v/v%) hexanel/ethyl acetads eluentthen the
desired product waelutedwith 50/50 (v/v%) ethyl acetate/methanBemoval of solvent
yielded a llow solidproduct which wasurther driedat 23°C in vacuofor 12 h (~60%
yield). '"H NMR (DMSOds, 25 A C, -CHs,)methylOprogofis), 1.20-CHg-,
methylene protons).32 ¢CH-, methylene protons), 1.66QH.-, methylene protons),
1.81 ¢CHs, methyl protons), 2.300=C-CH-, CN-C-CH-, methylene protons), 2.99
(NH-CHz-, methylene protons), 3.24 {&H.-, methylene protons), 7.93NH-, amine
protons).’*C NMR (DMSO-ds, 2 5  A:18.8 {SLC=S, trithiocarbonate carbon), 170.0
(NH-C=0, amide carbonyl), 119.6GN), 47.5 {C-NH-), 38.91 22.6 (alkyl carbon), 14.4
(-CHaz, methyl carbon)MS-TOF: m/zcalculated for [M + H] 888.502 g/mol; found 888.
455 g/mol.

6.3.6Kinetic analysisof poly(DEGMEMA) macroCTA synthesis

A master solutiorof CTA, monomers and initiatowas prepareds described above,
then it was separatedqually into six 25 mL rounebottoned flasks equipped with
magnetic stir bax After sparging with nitrogefior 25 min, all six flasks werstirred at
65 °C. Atdifferenttime intervas, one 25 mL roundbottoned flask was quenched and
labelled. After purification by dialysis against unstabilized THF, the solvent was removed
and therthe polymers were drigd vacuoat 25 °C for 24 h.

6.3.7Synthesis ofpolyDEGMEMA macroCTA using RAFT polymerization
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A 100-mL, onenecked, roundbottoned flask wasequipped with a magnetic stirar and
charged with § of monomer DEGMEMA), 94.1 mgCTA (dCDP and 14.9 mgnitiator
(V-501) in DMSO (74.4 mL) at 0.5 M monomer ocmentration. The [dCDP]/[A601]
ratio of 2:1 ([CTA]/[1] ratio of 4:1) was usednd thedegree of polymerizatioat 100%
monomer conversion was set to 350. The solution was sparged with nitrogennfiar 30
andstirred at 65 °C fom given time to obtain macroCTA with desired molecular weights
Exposure to air quenched and quenching 8 @uenched the reaction. Polymers were
dialyzedagainst unstabilized THF three timfes 24 h. The dialysis solvent was replaced
every 8 h After removal of solventunder reduced pressuaeddrying in vacuoat 25°C

for 12 h and 50 °C for 12 h, sticky yellow products were obtained. The reaction time for
macroCTA synthesis was determined through a kinetic study of PDEGMEMA
macroCTAiIn a similar fashion (S.l.)Aqueous SEC and DMF SEC light scattering with
dn/dc values 0.1267 mL/g and 0.0515 mLfgspectively determined absolute weight
average molecular weight.

6.3.8Synthesis of poly(UrMA-b-DEGMEMA -b-UrMA) using RAFT polymerizatio n

The synthesis of poly(UrM&A-DEGMEMA-b-UrMA) was similar to the synthesis of
polyDEGMEMA macroCTA. For a typidaABA triblock synthesis: a 10L, one
neclked, roundbottonmedflask was charged with 3.6 g of HUrMA, 0.9 g of PhUrMA, 1.62
g of poly(DEGMEMA) macroCTA (58 kg/mol)and 3.12 mg of ¥01 in 36.3 mL
anhydrous DMSO at 0.5 M monomer concentration. The feed weight (vetrg) of
HUrMA/PhUrMA was set to 4:1 as an arbitrary composition, and [dCDFP3(QY ratio
was set to 2.0 retain control of moledar weight distributionThe solution was sparged

with nitrogen for 40 min. Then the solution was stirred at 65 °@ fpven time interval.
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The reaction was quenched by exposure to air and cooling 4. OThe resulting
polymers were purified through dyais against THF three times for 24 h (solvent
replaced every 8 hRemoval of dialysis solvent resulted inpale yellow solid which
was furtherdried in vacuoat 25 °C for 24h and 50 °C for 12 h. Aiketic studyof
triblock copolymer formation was cdacted using a similarprocedure to
poly(DEGMBEMA). Absolute molecular weight was determined by DMF SEC light
scattering signal withrddc valuesof 0.0705 mL/g.

6.3.9Film casting

Al triblock copolymers were cast from 25 wt% solutisnTHF onto Mylaf. Polymer
films were slowly dried undeambient conditions for @. The films werdurther driedin

vacuofor 12 h and annealed vacuoat 100 °C for 24 Iprior to analysis

6.4 Results and Discussion

The reaction betweerm primary amine andin isocyanate fo2-ICMA afforded urea
containing methacrylate monometsexyl urea methacrylate, HUrMA, and phenyl urea
methacrylate, PhUrMA) in quantitative yie{&cheme6.1). Free radically polymerized
poly(HUrMA) and poly(PhUrMA) homopolymers yieldedgs of 69 °C and 134 °C,
respectively. ©polymerization of HUrMA and PhUrM#Aorovided a facile approach to
tailor the Ty of the hard segmentaffording tunable physical propertie$H NMR
spectroscopy confirmed copolymer compositions, and final compositions agreed well

with the feed ratios.
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Scheme 6.1 Ureacontaining methacrylate monomer synthesis and free radical

polymerization.

Figure 6.1a shows the thermal properties of poly(HUrMA-PhUrMA) copolymers
using differential scanning calorimetry (DSC). Copolymers withh&igveight fractions

of PhUrMA led to an increase ingue to the presence of a rigid phenyl substituent in
PhUrMA. Figure 6.1b demonstrated good agreement of the meastgeahd predicted
value from the Fox equatiorsuggeting poly(HUrMA-co-PhUrMA) was a statistical
copolymer. Yet, direct validation of the random copolymerization of HUrMA and
PhUrMA will requirein situ FTIR measurement to investigate the reactive ratios in the
future. The Ty of poly(HUrMA) homopolymer was too low to produce fietandirg
films in the triblock copolymer synthesis, and a high content of PhUrMA led to brittle
films. Therefore, the copolymer with a low amount of PhUrMA (20 wt%) as the external
hard block was chosen. Due to the brittle nature of poly(HUddARhUrMA), a soft
segment was necessary. PolyDEGMEMA has a lgwfTF40 °C and serves as a soft,

central segment to provide flexibility and improve overall solubility.
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Figure 6.1. a) Thermal transitions gbpoly(HUrMA-co-PhUrMA) statisticalcopolymers.
b) T4 of poly(HUrMA-co-PhUrMA) agreed with the Fox Equatiomeasurediata (blue
dots) and theoreticalalues fromFox Equation (red line)Ty values determined at the

midpoint of the transition on the second heat at 10 °C/min.

In this study, a difunctionathain transfer gent CTA) enabled the preparation ABA
triblock copolymers in a twstep synthesis Scheme 6.2). In the first step, a
polyDEGMEMA soft central block was synthesized using501/dCDP asan
initiator/CTA pair. Both V501 and dCDP fragmented into identicahctive radicals
during initiation. As a result, the kinetic difference between initiator and CTA was
negligible, which attributed to improved control over molecular weight distribgtion.
Aqueous size exclusion chromatography (SEC) with a light scattering deyesitted
absolute molecular weights with webntrolled PDI (< 1.10) and a linear relationship
between weightiverage molecular weight and timleolyDEGMEMA macroCTAY58
kg/mol) allowed for further chain growth withrMA monomers to produceell-defined

ABA triblock copolymers with hartdlock compgsition varying from 25 wt% to 67 wt%.
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Scheme6.2. Synthesis of pg(UrMA -b-DEGMEMA-b-UrMA) triblock in a divergent

fashion using RAFT polymerization.

Figure 6.2 demonstrates shifts of SEC retention times from polyDEGMEMA macroCTA
to poly(UrMA-b-DEGMEMA-b-UrMA) triblock copolymers. The shifts of peak
positions toward shier retention time indicated the successful chain growth of the
external blocks. Higher content of polyUrMA led to better sigoaloise ratio due to
low dn/dc values of polyDEGMEMA macroCTAs in DMF + 0.05 M LiBr mobile phase.
Monomodal peaks ikigure 6.2 and low polydisperse index (PDI) Trable 6.1 prove the

RAFT polymerization was weltontrolled The nomenclature, poly(UrMAk-
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DEGMEMAYy-b-UrMAX), represented the molecular weights (x and y) of each block.
Initially, poly(UrMA-b-DEGMEMA-b-UrMA) showed alinear increase of molecular
weight with increasing polymerization time. After 6 h, the molecular weight platedued
Mn of 174 kg/mol due to the high viscosity and low monomer concentration (85 %

monomer conversion).

1.0

s macroCTA (58 kg/mol)

=== Triblock (10-58-10 kg/mol, 25 wt%)
=== Triblock (30-58-30 kg/mol, 50 wt%)
=== Triblock (53-58-53 kg/mol, 64 wt%)
Triblock (58-58-58 kg/mol, 67 wt%)

Normalized intensity
o

0.0

20.0 8o 300 R © 400 450

Time (min)

Figure 6.2. SEC light scatteringchromatograms exhibited an increase in molecular
weight with time in poly(UrMAb-DEGMEMA-b-UrMA) triblock synthesis. (Molecular
weight of DEGMEMA macroCTA was determined using aqueous SEC, but shown for

comparison in DMF + 0.05 M LiBr SEC)

Thermogravimetricanalysis demonstratednestep thermal degradation for all the
triblock copolymers, and the temperature$ att% weight loss (&, %) variedfrom 180
°C to 220 °C The thermal degradation profile was consistent with earlierecortining
polymers’ DSC highlightedtwo distinct Tgs associated with the soft central and hard

external blaks, respectivelyTable 6.1). The lower T at-25 °C corresponded to thg T
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of the soft central poJEGMEMA block with an elevation of 15°C from
polyDEGMEMA macroCTA (T -40 °C). This deviation was consistent with previous
literature and was attributed either more restricted segmental mobility near adjacent
hard block8 or phase mixing due to strong etheea interactiod® The secondiigherTg
agreedwith the Ty of hard external block at P&. The hard block gfor poly(UrMA 10-b-
DEGMEMAsg-b-UrMA 10), 25 wt% had blocks, was more than PC lower than other
triblock copolymers. It was presumed that the lower secgwia® due to a combination

of short hard block length and microscopic phaseing. As described in the Flory
Huggins theory, long block lengths artigh c parameters promote microphase
separatiort"3® In poly(UrMA 10-b-DEGMEMAss-b-UrMA 1), the molecular weight of
the UrMA hard segment was short relative to other triblock copolymers in this study. As
a result, the eernal hard block presumably partially phasxed with small amount of
DEGMEMA segments, leading to a loweg. TNevertheless,wo distinct Tgs in all
triblock copolymers suggested microphase separation in all cases.

Table 6.1 Molecular weight analysis afreacontining ABA triblock copolymers

Polymer Mn (kg/mol) Weight PDI Tg
SEC percent Mw/Mn  (°C)
(%)

PDEGMEMA macroCTA 58 N/A 1.06 -40
Poly(UrMA10-b-DEGMEMAsg-b- 78 25 1.08 -25, 65
UrMA 10)
Poly(UrMA3zo-b-DEGMEMAsg-b- 118 50 1.12 -27,78
UrMA 30)
Poly(UrMAs3-b-DEGMEMAGsg-b- 164 64 1.13 -24, 76
UrMAs3)
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Poly(UrMAsg-b-DEGMEMAsg-b- 174 67 1.16 -24,78
UrMAsg)

DMA elucidated the mechanical response mily(UrMA-b-DEGMEMA-b-UrMA)
triblock copolymers as a function of temperature. DMAFigure 6.3 supportedthe Tqg
values from DSC and indicatedicrophase separatiaf poly(UrMA-b-DEGMEMA-b-
UMA). For the triblock copolymer with 25 wt%
was approximately 3 GPa &0 °C, which was expected for polymers in the glassy state.
E 6 sticallpdecreased below 1 MPa at®8) No modulus plateau appeap@sumably

due to phase mixing as supported by DSC measurement discussed Inbowetrast,
poly(UrMA-b-DEGMEMA-b-UrMA) containing50 wt% hardsegmentsiemonstated a
modulus plateau fra -10 °C to 90°C before flow temperatures {jTas the hard block
molecular weight increaseahd resulted in better phase separatigs. it DMA were

both slightly higher than those from DSC. As glass transition is a kinetic driven
phenomena, DMA introdude additional frequency dependence and thermal gradient
comparing to DSC, leading to a ghiin Ty between two instrumentsTriblock
copolymers films with hard segments higher than 50 wt% were too brittle to yield

reproducible data.

162



10000 -
25 wt% urea segment, G' |

1.2
1000 50 wit% urea segment, G' |
= 1
A
E ~~-n__
= 100
z 0.8
& g
w =
=
= 0.65
Z 10
g
o 04
g 1
i S oo 02
@ -o - —
0.1 —_— —_— e} ()
10 60 110

Temperature (°C)

Figure 6.3. Dynamic mehanical analysis of poly(UrMA&-DEGMEMA-b-UrMA) with

25 and 50 wt% urea segment.

Thermomechanical analysis suggested microphase separation in the triblock copolymer
films, and surface and bulk morphologies were investigated to elucidate the
compositional dependence on microphase separated morphologiasmic force
microscopy (AFM) revealed the influence of block compositions on surface morphology.
As shown inFigure 6.4, increasing hard block length led to a transition of surface
morphology from sphericadylindrical morphologies to lamellar morphologies. At low
hard block content (25 an80 wt%), surface morplmgies were less defined, and
spherical/cylindricafeaturesdominatedwith minimal longrange order. \Wenthe hard
segment content increased &d wt%, a well-defined lamellarsurface morphology
appearedThe lamellar thickness was approximately 50 nm. The microphase separated
lamellar morphology showed limited lomgnge order, owing to the lack of longnge
parallel lamellar domain¥. Upon increasinghe hard segmen{67 wt% UrMA), the

triblock copolyrer films showed a less defined lamellar thickness, and the potential
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beginning of phase reversdurtherincreases irthe hard segment contealso led to

discontinuities in the observed lamellar structures.

Figure 6.4. AFM revealed microphasgeparaté surface morphology: tapping mode, 42

N m? high spin constant cantilever.

Small angle Xray scattering further characterized the bulk morphologig®lg{UrMA-
b-DEGMEMA-b-UrMA) triblock copolymer filmsFigure 6.5 shows only one scattering
peakwithout higher order peak®or both triblock copolymer films with lamellar surface
morphologies in AFM.Table 6.2 displayed similar Bragg spacing (D 2p/q) in both
samples between 50 to 60 nm. The Bragg spacing corresponded well with the lamellar
thickness in AFM The absence of higher order SAXS peaks is indicative of the lack of
long-range ordef! corresponding well with AFM images. Since triblock copolymers
with lamellar surface morphology (64 wt% and 67 wt% hard segment in AFM) did not
exhibit higher order scatting peaks, triblock copolymers with less defined morphologies

in AFM (25 wt% and 50 wt%) were not subjected to SAXS measurements. Attempts of
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transmission electron microscopy (TEM) did not convey meaningful data due to the

difficulty of properly stainingnicrotomed samples.

—— 64 wt% hard segment
——67 wt% hard segment
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Figure 6.5. SAXS of castfilms exhibited distinct firsorder interference peaks without

higher order peaks.

Table 6.2. SAXS g values and Bragg spacing for triblock copolymers with lamellar

morphology in AFM

Polymer Weight q Distance
percent o) (nm1) (nm)
Poly(UrMAs3-b-DEGMEMAsg-b-UrMA 53) 64 0.110 57.1
Poly(UrMAsg-b-DEGMEMAsg-b-UrMA sg) 67 0.117 53.7

Variable temperature FTIR revealed the evolution of hydrogen bonding structure as a
function of temperatureFigure 6.6 depictsa typical VT-FTIR spectrum oftriblock
copolymers containing 64 wt% hard segmenmly(UrMAs3z-b-DEGMEMAsg-b-

UrMAs3). Monitoring the shifts of carbonyl stretching vibrating peaks usingFTIR
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provided an insight of orderatisordered hydrogehonding transtion At 25 °C, an
ordered hydrogebonded carbonyl stretching peak appeared at 164%) conresponding

to a bidentate hydrogen bond (structar@ Figure 6.6). A secondargarbonyl stretching

peak also appeared at 1648 roorresponding to monodentdtgdrogen bond (structure

b in Figure 6.6).28¢ Monodent&e hydrogen bonding has only one hydrogen bond for each
urea site compared to two hydrogen bonds in bidentate hydrogen bonding. As a result, the
carbonyl bonds in monodentate hydrogen bonding are less stretched and stronger than
those in bidentate hydrogdmonding, leading to a blue shift in FTIR from 1640%to

1648 cmt. At 75 °C, both ordered hydrogdsonded carbonyl peaks (1640 and 1648 cm

1) started to shift to higher wavenumbgi.e. 556 and 1680 crh respectively. We
attributed thigransition b the increas of segmental mobility as temperature approaching
the hard domainTg (78 °C). Dissociation of hydrogen bonds leads to stronger carbonyl
double bonds. Therefore, the FTIR peaks further moved towards high wavenumber (blue
shift). Further increse of temperaturked to a higher population of disordered hydroegen
bonded carbonyland free carbonyls (1692 ch). However,at 165°C, the intensity of
ordered carbonyl stretchinupaks(1640 and 1648 crf) remainedsignificant compared

to the disorderedcarbonyl peaks, indicating thretentionof ordered hydrogen bonding.

In summary, pon increasing temperature, only a limited anoohhydrogen bonds
transitedfrom ordered structures (1640 énto disordered structures (1656 ¢rand

eventually fullydissociated (1692 ci).
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Figure 6.6 Variable temperature Fourier transform infrared spectroscopy illustrated the
transition from ordered hydrogen bonding to disordered hydrogen bonding with
increasing temperatur@ (a) poly(UMAse-b-DEGMEMAss-b-UrMA ), 64 wt% hard
block and (b) poly(UrMAo-b-DEGMEMAss-b-UrMA 30), 50 wt% hard block. Hydrogen

bonding structurea, bidentate hydrogen bondinig, monedentate hydrogen bonding.

Figure 6.6b depicted the dissociation of hydrogen bamdin triblock copolymers with

50 wt% urea content, poly(UrMs-b-DEGMEMAsg-b-UrMA30). Triblock copolymers

with 50 wt% urea content showed both monodentate and bidentate hydrogen bonding and
demonstrated similar temperature response compared to thekrdapolymer with 64

wt% urea content. Yet, the intensity of ordered hydrogen bonding experienced a more
prominent decrease starting at ®5 which corresponded with the ih DMA (90 °C).

The different dissociation profiles of triblock copolymers withvi® and 64 wt% urea
content was ascribed to morphological changes. As showhigare 6.4, triblock
copolymers with 64 wt% urea content demonstrated ordered lamellar morphology while
triblock copolymers with 50 wt% urea content showed less ordered phaesatsm.

Well aligned hydrogen bonds in ordered lamellar morphology required higher
temperature to dissociate. Nevertheless, block copolymers with 50 wt% still retained ~

70% ordered structure at 196.
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The presence of monodentate hydrogen bonding amdetention of the majority of
ordered hydrogen bonds at high temperature are unique for the pendant urea sites
compared to backbone urea sites, which demonstrated almost complete disappearance of
ordered hydrogen bonding at 120 to PE0depending on spiic backbone structurés

As proposed irFigure 6.7, the main chain hydrogen bonds dissociate more readily at
high temperature due to the cooperative efféctet, theabsence of cooperativity in
pendant hydrogen bonds may lead to more ordered hydrogen bonds at high temperatures.
It was assumed that the lack of cooperativity competes with increased mobility from
pendant hydrogen bonding. In our case, pendant urea hydbogeling is strong enough

to overcome increased mobility and maintains more ordered hydrogen bonds at high
temperatures.Future studies will include the synthesis of backbone urea block
copolymers with similar molecular weight and molecular weight digiob to further

validate our hypothesis dhe origin of monodentate hydrogen bonding and the retention

of ordered hydrogen bonding at high temperature.
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Figure 6.7. Schematic illustration of the dissociation of main chain urea sites and
pendant urea sid sites.

6.5 Conclusions

RAFT polymerization allowed the successful synthesis of ABA triblock copolymers with
pendant urea siteRandom copolymerization of two ureaontaining monomers afforded

a hard, external block with tunablegsT A kinetic study andmolecular weight
characterization demonstrated wetintrolled chain growth throughout the entire
polymerization. Two distinct g8 in DSC and DMA suggested the microphase separated
morphologies of the triblock copolymers with pendant urea sites. AFM fustipported

the microphase separation conclusion from thermomechanical analysis and showed
compositional dependence on surface morphologiély(UrMA-b-DEGMEMA-b-
UrMA) triblock copolymers achieved various surface morphologies with limited long
range orde SAXS further supported the lack of lengnge orders in microphase
separated morphologies, where only one scattering peak appeared.

From VT-FTIR, the presence of monodentate hydrogen bonding confirmed pendant

hydrogen bonding exhibited less ordered ctrite compared to main chain hydrogen
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bonding. At elevated temperatures, the majority of pendant hydrogen bonds still retained
ordered structures in contrast to an olog shift from ordered to less ordergductures

in main chain hydrogen bonds. We ddtrie this difference at high temperatures to the
cooperativity that is unique for main chain hydrogen bonding. This study advanced the
understanding in temperature response of pendant hydrogen bonding and demonstrated
the potential of pendant hydrogen borgto retain ordered morphologies at elevated
temperatures.
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7.1 Abstract

Reversible additiofiragmentation chain transfer (RAFpplymerization afforded novel

ABA block copolymers containing both urea and pyridine groups in the external hard
blocks as the first example to study the interaction between hydrogen bonding and
electrostatic interaction in polymers. Before quaternizatipyridine enhanced the
hydrogen bonding of urea sites to form highly ordered morphdlogynallangle xray
scattering (SAXS)extending rubbery plateau 8@ above hard block gTin dynamic
mechanical analysis (DMA). With the introduction of electrostati@raction after

guaternization of pyridine groups, the diminish of higher order scattering peaks in SAXS
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indicated that extra physical crosslinking disrupted ordered morphology, leading to a
decrease of flow temperaturefTrom ~180°C to ~100°C. Vaiable temperature FTIR
(VT-FTIR) compared the temperature response of hydrogen bonding before and after
guaternization and demonstrated extra electrostatic interactions delayed the disorder
transition of hydrogen bonding. As a result, quaternized bloclolgmgrs showed
improved stresselaxation behavior.

7.2 Introduction

Common strategies to enhance inater intrachain interactions in macromolecules
includes the incorporation of narovalent functionalities including 4#onding, ionic
interactions, p-p stacking, etc. Corresponding properties gained from-covalent
interactions include ion conductivil, selective gas permeabilify? enhanced
mechanical  properti€s$® antibacterial  barriet®  specific  binding  to
biomacromolecule¥’ electroresponsé®?® and luminescenc&?? Current research
primarily focuses on further improving these properties through incorporating multiple
complimentary noftovalent interactions. For example, multiple hydregending sites
improve material mechanical propertfésacilitate exceptionally ordered micphase
separatiort? and allows strong supraolecular assembiycompared to single hydrogen
bonding sites. Similarly, polymers with high charge density, such as zwotér
polymers and doublgharged polymers, exhibited promising improvement in mechanical
performancé? ion conductivitiess* and antifouling propertie€® Our group has
extensively studied polymers with multiple hydrogen bonding and ionic interactions, and
demonstrated unique benefits from multiple toowalent interactions. For instance,

nucleobase pendant graumith multiple hydrogen bonds improved promoted micro
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phase separation including ordered lamellar morphology epnt&® Similarly, polymers

with doubly charged pendant groups extended rubbery plate&d 606mpared to their
singleion counterparts’

However, the study of macromolecules that combine different types of-cumalent
interactions remains limited due to syntheticallenges and analytical obstacles to
deconvolute the influence of different roavalent interactions. Different types of non
covalent interactions do not necessarily synergistically enhance properties, but the right
combination of functionality producgsolymers with complex stimuli responses.
multi-responsive materials. Previous research on mesponsive materials normally
involve polymer solutions with pH and temperature response. Sune¢réih achieved

pH and temperature responsive polyméreugh incorporating boronic acid to poly(N
isopropylarylamide) (NIPAM), which underwent sel§sembly upon heatirt§ Boronic

acid functionality allowed tunable cloud points depending on the pH. Lodge and
coworkes 6 i nvestigation on thermally reversibl e
synergistic effect of thermal and electric stimuli respdfigeé.NIPAM-containing
triblock copolymers aggregated to form gels withimi@o liquid solvent while
maintaining high ion conductivities. Upon heating the gels above the upper critical
solution temperature (UCST), the ion gels transformed to a liquid. However, the limited
mechanical integrity at high temperature severely redtrithe applications of those
materials, such as transducer or ion exchange membranes (at high temperatures). To
design mechanically robust, mutgésponsive materials, we envisaged that polymers with
both hydrogen bonding and ionic interactions could sesethe first example to

understand the interactive effect from different qconalent interactions at mescale,
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and further research endeavor towards mechanically robust materials with both thermal
and electro response. In this case, hydrogen bondingmyphrt thermal response and
mechanical properties to polymers, while ionic interactions offer electric stimuli
response.

Herein, we describe the synthesis of ABA triblock copolymers (BCPs) with a low glass
transition temperatureT§) and soluble middle lock and pyridingpyridinium- urea
functionalized outer blocks. Reversible additiomgmentation chain transfer (RAFT)
polymerization afforded controlled molecular weights and molecular weight distribution.
Morphological and physical property analysisaeled structurgpropertymorphology
relationships of urea hydrogdionding polymers with and without the synergistic
neighboring ionic functionality.

7.3 Results and Discussion

Reaction between -dmino pyridine (4AP) and 2isocyanatoethyl methacrylate -(2
ICMA) quantitativelyproducedmethacrylate monomers with pyridine and urea pendant
sites(PyUrMA).2° Pyridine groups in PyUrMA served as a function site to impart ionic
interaction via pospolymerization quaternizatiorAs seen inScheme 7.1 ssquential
RAFT polymerization of di(ethylene glycol) methyl ether methacrylate (DEGMEMA)
and B/UrMA produced a series of triblock copolymers, poly(PyUrdiADEGMEMA-b-
PyUrMA). The synthesis of difunctional poly(DEGMEMA) manrolecular chain
transfer agentnjacrdCTA) exhibiteda well-controlled polymerization, evident by the
low PDI (1.07) and targetd number average molecular weight {Mof 63 kg/mol
according to size exclusion chromatography (SEH&yure S7.J). Poly(DEGMEMA)

macroCTA featured flexibility and good solubility as the middle soft block. Reinitiation
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of poly(DEGMEMA) macroCTA andadditon of PyUrMA monomer afforded ABA

symmetric triblock copolymenwith varying block lengths dependent on the propagation

time.
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Scheme7.1 Synthesis of PyUrMA triblock copolymers and corresponding quaternization.
The resulting BCPs demonstrated low sigioenoise ratioin both Rl and LS detectors
during SEC measurementsith common eluent solvents. Instedd, NMR spectroscopy
determinedhe relative molar ratio of DEGMEMA and PyUrM{igure S2. Based on
the absolute M of poly(DEGMEMA), the molecular eight of triblock copolymers

shown in Table 1lrangedfrom 95 kg/mol to 165 kg/mol. The nomenclature, Pyt =
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1/2/3/4), represented the synthesized neutral triblock copolymers anitincreasing
PyUrMA block length. Pospolymerization quaternizationf @yUr triblock copolymers
produced their charged counterparts with bromide (Br) counter atiRytéBr #), as
seen inScheme 7.1 and Table 7.1. 'H NMR spectroscopy confirmed quantitative
quaternizatior{Figure S7.3.

Table 7.1 Molecular weight and thermahnalysis of triblock copolymers. Mwas

determined by aqueous SEC ahdNMR spectroscopyly,su» Was calculated using TGA.
Ty, endothermic transition, and exothermic transition were measured by DSC.

Triblock M, T.50% T,(°C) Endothermic  Exothermic
copolymers (kg/mol)  (°C) transition transition
(°C) (°C)
PyUrl 166316 187 -32, 99 ND ND
PyUr2 30-63-30 186 -29, 91 ND ND
PyUr3 456345 205 -31, 95 ND ND
PyUr4 51-63-51 208 -34, 96 ND ND
PyUrBrl 166316 254 -20 ND ND
PyUrBr2 30-63-30 214 -20 81 123
PyUrBr3 456345 230 -20 103 123
PyUrBr4 51-63-51 239 -20, 88 ND ND

Thermogravimetric analysis (TGA) demonstrated an increasaset of thermal weight
loss upon gquaternizationThe temperature at 5 wt% lo§&4s%) increased 20 to 78C
after quaternizatin, contradictory to previous literatuf®@ Ammonium saltstypically
undergo Hofmanrelimination around 180 °C, which is detrimental to the thermal

stability of PyUrBr considering theilqs% are higher than 1806C. We attribute the
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improved thermal stability toadditional physical crosslinking arising from ionic

interactionsdiscussed in greater detail later
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Figure 7.1 Thermomechanical performance of PyUr and PyUrBr triblock copolymers: (a)
DSC and (b) DMA of RUr triblock copolymers; (c) DSC and (d) DMA of PyUrBr
triblock copolymers. Homopolymer: poly(PyUrMA) homopolymer; Copolymer:
poly(PyUrMA-co-DEGMEMA), 55 wt% of PyUrMA). Exo up for DSC.

Differential scanning calorimetry (DSC) showed two distifigs for PyUr, suggesting
microphase separation. The low&g correspondedo poly(DEGMEMA), while the
higher Ty agreed with that o& poly(PyUrMA) homopolymer controhs seen irFigure
7.1a The statistic copolymer of DEGMEMA and PyUrMA (55 Wb PyUrMA)
demonstrad aTg in between thdgs of two corresponding homopolymers as expected.
Dynamic mechanical analysis (DMA) revealed a similar loWgat -25 °C (the peak
temperature of tad) in all PyUr polymers(free-standing films thermally annealed at
150 °C), as shown inFigure 7.1b. All PyUrBr polymersdemonstrated aell-defined

elastic modulus( E @lateau from 0°C to 180°C, further supporting microphase
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separation. The plateauodulus increased with longer hard block length as expected.
The flow temperatureTgow) of PyUr polymers exceeded tfig of hard segments by 70
°C, from 9199 °C to 170200 °C, indicating strong hydrogen bonding association. We
ascribed this exceptionallgtrong hydrogen bonding to the preorganization effect from
pyridine ring, where the pyridine ring stacked periodically to align the urea groups for
tight hydrogen bondind Another possible explanation originated from direct
participation of pyridine in hydrogen bonding. Matigial. showed pyridine was a bette
hydrogen bonding acceptor tharcarbonyl in carboxylic acid groupd.However, this
phenomena is most efficient when the pyridine nitrogen is-alighhed with hydrogen
bonding groupswhich normally requireortho-substituents of the hydrogen bonding
sites3#% Considering the fact that pyridine nitrogen in PyUpara to urea sites, the
direct participation of pyridine ring imost likelylimited.

The quaternization of PyUgeneratechew thermal transitions in DS@ermograms, as
seen inFigure 7.1c. The lowerTgy of PyUrBr (20 °C) increased due to slight phase
mixing caused by he ethylene oxide units in DEGMEMA interay with the
pyridinium. The higherTy diminished, and was only determinable in PyUrBr4. Both
PyUrBr2 and PyUrBr3 showed an extra endothermic and exothermic transition compared
to their neutral counterparts regardless of the cooling(Fatgire S7.4. Isotherm test
during cwling cycles demonstrated strong crystallization transitions indicative of
possible crystalline structure, as shownHmgure S7.5a. Further wide angle Xay
scattering (WAXS) studies Figure S7.5b. revealed a sharp crystalline peak in PyUr2
besides a lmad scattering peak attributing to-[] stacking, which further validated the

presence of crystalline regionshe Trow Of PyUrBr in DMA decreased significantly
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compared to their neutral counterparts as a resuladofitional physical crosslinks
disruptinghydrogen bonding, which agreed with later variable temperature FTIR (VT
FTIR). The flow temperatures were also close to the hard sedrjemhich is consistent

with typical thermoplastic elastoméehaviorindicating the loss of ordered hydrogen
bonding.

To further compare PyUr and PyUrBr at mesale, we employed small anglerxy
scattering (SAXS) and wide anglerdy scattering (WAXS) to probe the morphologies

of their freestanding films.Figure 7.2 showed the SAXS and WAXS profiles of
thermally anealed PyUr and PyUrBr films with various compositions. d&picted in
Figure 7.2a, PyUr polymers selassembled into ordered lamellar morphology with
distinct higker order scattering peaks. The Bragjacing(d = 2 /q) of PyUr polymers
showed lamellathickness to bébetween 30 and0 nm {Table 72). PyUr2 had one
distinct high order scattering peak (3g*), and another peak with lower intensity at 5 g*
(Table 2). PyUr3 and PyUr4 both featured three distinct high order scattering peaks (2q*,
3g*, and 4qg*). Imreasing the hydrogen bonding content resulted in-deflhed high

order scattering patterns, demonstrating enhanced microphase separation. The block
structureswere necessary to achieve ordered morphologies as the statistic copolymer
showed no distinctcattering peaks in SAXSVhile SAXS identified long range order,
WAXS exploredlocal chain packinglllustrated inFigure 7.2b, PyUr2, PyUr4, andhe
statistic copolymer control exhibited a primary peak arourti2Zldand two smaller
shouldersaround24® 2d and 38 2 dThe primary peaks represented 0.57 to 0.60 nm in
real space, and we ascribed this spacing to the distance between two adjacent pyridine

rings. Theinterdigitatedspacing between polymer backbone and urea hydrogen bonding
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would be longer thaf.60 nm3® The fact thathe statistical coplymer control exhibited
similar WAXS profile as PyUr block copolymers revealed that the peaks in WAXS

correlated to shomange packing.
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Figure 7.2 Bulk morphologies of PyUr and PyUrBr triblock copolymer films: (a) SAXS
and (b) WAXS of PyUr triblock camymers; (c) SAXS and (d) WAXS of PyUrBr
triblock copolymers. Copolymer: poly(PyUrMéo-DEGMEMA), 55 wt% PyUrMA.

The quaternized PyUrBr block copolymers received significant loss inrkorge order,

as evidenced by the diminished high order scatterirakgpén SAXS illustrated in
Figure 7.2c. Distinct high order peaks disappeared in SAXS fthrPyUrBr block
copolymers compared to PyUr. The diminished high order scattering peaks indicated
disrupted hydrogen bonding in PyUrBr polymers, correspondingwitll their inferior
mechanical properties shown in DMA. The Braggacing of the primary scattering peak

of the PyUrBr specimens(43 to 60 nm) also expanded compared to their neutral

counterparts. For sherange packing, PyUrBr demonstrated an obviousdeaing of
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primary peaksn WAXS, suggesting a disruption of ordered packiag seen ifrigure
7.2d. PyUrBr demonstrated a slight shift of primary peaksstoaller scatteringngle,
which correspond to Bboserpacking of 0.53 nm in real spacas seen ifrigure 7.2d.
However this shift is insignificant considering the peaks are broad.

Table 7.2 Bragg spacing and higher order peak#riblock copolymers in SAXS

Triblock Bragg spacing of g* SAXS SAXS
copolymers (nm) peaks morphology
PyUr2 34.4 g, 3g, 59 Lamellae
PyUr3 40.7 g, 29, 30, 49 Lamellae
PyUr4 36.2 d. 29, 39, 49 Lamellae
Copolymer N/A N/A N/A
PyUrBr2 59.9 g, 3q Lamellae
PyUrBr3 58.6 g, 3q Lamellae
PyUrBr4 43.3 g, 29 Lamellae
Copolymer Br N/A N/A N/A

Figure 7.3 depicted tle direct imaging of bulk morphologies in PyUr2 and PyUrBr2
through transmission electron microscopy. The urea sites in PyUr2 adopteciihgeg
ordered lamellar morphology through ordered hydrogen bonding enhanced bylthe
stacking of pyridine ring. As gesult, PyUr showed exceptional high Tflow in DMA and
prominent higher order scattering peaks in SAXS. After quaternization, PyUrBr2 showed
no distinct morphologies. lonic interaction introduced additional physical crosslinking in
PyUrBr2, disrupting orded packing as evidenced by the loss of higher order scattering

peaks in SAXS and the peak broadening in WAXS. As a result, the correspongimg T
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DMA decreased substantially from 170 °C to 100 °C.

120 kV

120 kV crtsnnmans
05032018 500 nm 05-25-2018 500 nm

Figure 7.3 TEM imagesof PyUr2 and PyUrBr2 (scale bar: 500 nm).

As seen irFigure 7.4, variable temperature Fourier transfer infrared spectroscopy (VT
FTIR) revealed identical carbonyl peaks for PyUr2 and PyUrBr2 at circa 164@tcg0

°C, corresponding well with hydrogen red carbonyl group¥.Figure 7.4a and7.4b
showed theabsorbance of hydrogen bonded carbonyl as a function of elevating
temperaturelllustrated inFigure 7.4a and 7.4b, PyUr hydrogen bonding underwent
three major stages: 1) hydrogen bondibhgcame more orderewvith increasing
temperature from 30C to 90°C as increased thermal energy facilitatestter pendant
group packing throughirea sites reorgaratiory 2) after the reorganization in stage 1
completed ordered hydrogen bondingmained unchange@nd its intensity reached a
plateau between 10 and 50 °C; 3) starting at 160°C, the hydrogen bonds started to
dissociate, evidenced by the decreased absorbance of the peak at 1'64@dcthe
emergence of less associated carbonyl stretching peak at 16537 dthe onset
temperature of hydrogen bonding dissociation correlated well withTdkeof PyUr2

(170 °C).
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For charged PyUrBr2, reorganization of hydrogen bonding happened betw&eraB0

90 °C, similar to the stage 1 in PyUas seen irkigure 7.4b. However,as shown in

Figure 7 4c, the ordered hydrogen bonding intensity retaiteg@lateau peak absbance

value even at 190C. lonic interaction endoweddditional physical crosslinks, and

prevented the dissociation of hydrogen bonding.

Stress relaxation in DMA also recognizedsimilar hydrogen bonding dissociation

difference between PyUr and PyUrBigure 7.4d illustrated the relaxation modulus of

PyUr2 and PyUrBr2 as a function of time at 5 In PyUr2, the relaxation of soft

internal block poly(DEGMEMA) was responsible for the instantaneous decrease in
relaxation modul usnnenE&OGHY()YX, befraher5 dmicmeatde
Afunzi ppi ng o-alignéd hgdoogen lbohdingvaaudséd a continuous relaxdtion.

However, additional ionic interaction in PyUrBr2 impartextra physical crodiking,

permitting no stress relaxation duritige course of DMA measurements after the initial

relaxation from poly(DEGMEMA) soft blockThe neutral homopolymers and statistic
copolymers showed no stress relaxation after 1 Rignre 7.4d, indicating sgmented
poly(DEGMEMA) block is responsible for the initial relaxation before 5 min and

mi crophase separated morphology is necessar
PyUr2. Quaternized homopolymer and statistic copolymer controls were too brittle for

stress relaxation tests due to additional physical crosslinks from electrostatic interaction.
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Figure 74 VT-FTIR of PyUr2 (a), PyUrBr (b), and the peak absorbance of carbonyl
stretching at various temperature (c) coupled with corresponding-sttasgion of
PyUr2 and PyUrBr2 (d).

7.4 Conclusions

In summary, we successfully synthesized methacrylate monomers with urea and pyridine
sites in the pendant groups. RAFT polymerization readily afforded ABA triblock
copolymers (PyUr) with pyridine urea pendasiies on the external hard block. Rost
polymerization quaternization produced their charged counterparts (PyUrBr) with
guantitatively efficiency.

PyUr exhibited exceptiofigg ordered lamellar morphologand extended the elastic
modulus plateau 78C abovethe hard blocKTy. The strong hydrogen bonding in PyUr
started to dissociate at 16, and relaxed under stress within 30 min at°@5
Alternatively, PyUrBr showed limited longange order athe mesoscale, andost

mechanical integrityat the hard bldcTyg. However, the introduction of ionic interact®n
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introduceda second physical crosslinking mechanisimd led to no stress relaxation and
higher dissociation temperature of hydrogen bonding.

To the best of our knowledgeyis work addressed the firskample of polymers with

both hydrogen bonding and ionic interaction, and demonstrated the cooperative and
disruptive properties by incorporating two different remvalent interaction. It is our
goalto further the development of polymers with multiplenumvalent interactions, and
eventually impart multiple functionalitptstimuliresponsive materials.

7.5Experimental

7.5.1Materials

N,N-dimethylformamide (DMF, anhydrous, 99.8%), chloroform (anhydrous), dimethyl
sul foxi de ( DMS O, a n hy dthaoeu ¢reagentO grade9 94)) |,
tetrahydrofuran (unstabilized),-aminopyridine (4AP) and methanol were purchased
from SigmaAldrich and used without further purification.2,26Azobis(2
methylpropionitrile)( A | B N )-Azobid(4cgadovaleric acid) (Mw01) and4-cyanc4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDP) were purchased from
SigmaAldrich and recrystallized from methanol prior to use. Di(ethylene glycol) methyl
ether methacrylate (DEGMEMA) was purchased from Sidyaich and passed thogh
neutral aluminum oxide (activated) prior to usels@cyanatoethyl methacrylate -(2
ICMA, > 98%) was purchased from TCI America and used as received. Difunctional
CTA were synthesized based on previous literature using CDP as starting réagents.
7.5.2Instruments

'H nuclea magnetic resonance (NMR) spectroscepmples were prepared in deuterated

DMSO, and measured on a Varian Unity 400 MHz NMR spectrometer (128 st&ts)
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°C. Molecular weight and molecular weight distribution of poly(DEGMEMA)
macroCTA were determined kgize exclusion chromatography (SEC) using a Waters
515 HPLC pump equipped with a Waters 717 plus auto sampler. Absolute molecular
weight was determined through a Wyatt Technology miniDawn MALLS detector
operating at 690 nm coupled with a Waters 2414 raf@adndex detector operating at
880 nm with a flow rate of 1 mL/min in aqueous solution (54/23/23 viviv%
water/methanol/acetic acid with 0.1 M sodium acetate). Specific refractive index value
(dn/dc) was determined offline using an OptilabrEX refractore t er (& = 658
was employed to calculate weightverage molecular weight (Y1 from SEC. Thermal
degradation was determined using thermogravimetric analyzer (TGA) using a TA
Instruments Q500 with a heating rate of 10 °C/min undeatdosphere. Glaggnsition
temperatures were measured by a TA Instruments Q2000 differential scanning
calorimeter (DSC), and reported as the middle point of the thermal transition in the
second heat during a heat/cool/heat proceduré Cl@in heating rate and quench oo

N2 purge). Dynamic mechanical analysis (DMA) was performed using a TA Instruments
Q800 in film tension mode (3C/min heating ramp and 1 Hz frequency). Stress
relaxation was also conducted on a TA Instruments Q800 DMA through a stress
relaxation proceswith 0.5% strain. The temperature was set t@@G5and the relaxation

time was 60 min. Variable temperature Fourier transfer infrared spectroscogyT(R)

was employed to evaluate the temperature response of hydrogen bonding. The
instruments are consexl of a Varian 670R with a PIKE GladiATR attachment with a
scan range 4008800 cm! and resolution of 4 crh Spectra were collected every 5 °C as

an average of 32 scans with a temperature ramp from 25 °C to 165 °C (1 °C/min).

189



Small angle Xray scatteng (SAXS) and wideangle Xray diffraction (WAXS)
experiments were performed using a Rigakivi& 3000 3 pinhole SAXS system,
equipped with a rotating anode emittinggXay wi t h a wavel ength of
The sampldo-detector distance was 1603 nfor SAXS and 110 mm for WAXS, and

the grange was calibrated using a silver behenate standard.difmemsional SAXS
patterns were obtained using a fully integrated 2D multiwire, proportional counting, gas
filled detector, with an exposure time of 2 h. WAK@-dimensional diffraction patterns

were obtained using an image plate with an exposure time of 1 h. The SAXS data were
corrected for sample thickness, sample transmission and background scattering. All of the
SAXS and WAXS data were analyzed using theXSGUI software package to obtain
radially integrated SAXS and WAXS intensity versus the scattering vector q (SAXS) or
2d ( WAXS) , where qg=(4"/9&)sin(d), d is one
wavelength of Xray.

7.5.3Synthesis of PyUrMA monome

4-Amino pyridine (10.0 g, 0.107 mol) and anhydrous chloroform (40.0 g) were charged

in a twonecked, roundbottomed flask. The solution was purged withfér 15 min, and

cooled in an ice bath.-Bocyanatoethyl methacrylate (16.5 g, 0.107 mol) was added
dropwise through an additional funnel with strong stirring. The reaction proceeded at 0
°C for 4 h, and was allowed to warm up to @3for 20 h. White solid crashed out of
solution. After filtration, the white solid was further washed with chloroforncewAfter

drying under vacuum for 12 h at Z&, the final product was a white solid with
quantitative yield (95%)*H NMR (DMSO-ds, 25 AC, {CHs vingl m&hyl ( 3 H,

protons), 3.35 (2H,CHx-N, methylene protons), 4.11 (2HZH.-O, methylene protons
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5.65 (1H, =CH, vinyl proton), 6.04 (1H, =Ck vinyl proton), 6.48 (1H;CHx-NH-,
amine protons), 7.34 & 8.24 (4H, aromatic protons), 8.99 {MIH;Ar, amine proton).
7.5.4Synthesis of poly(DEGMEMA) macroCTA

DEGMEMA monomer (7 g), dCDP difunctional &T(94.1 mg) and initiator V510

(14.9 mg) was dissolved in DMSO (74.4 mL) at 0.5 M monomer concentration. The
[dCDP]/[V-501] ratio was set to 2:1 (the actual CTA/initiator ratio was 4:1) and the
degree of polymerization at 100% monomer conversion was B%.solution was
sparged with nitrogen for 45 min and stirred at 65 °C for a given time to obtain
macroCTA with specific molecular weights. The polymerization was quenched by
exposing to air. Polymers were dialyzed against unstabilized THF three times. The
dialysis solvent was replaced every 8 h. After removal of solvent and dnywaguo(25

°C for 12 h and 50 °C for 12 h), the product was sticky yellow-ljkeematerials.
7.5.5Synthesis of PyUr triblock copolymers

A 100-mL, onenecked, rourdbottomed flask was charged with PyUrMA monomer (6

g), poly(DEGMEMA) macroCTA (2.33 g, 63 kg/mol), and3@1 initiator (3.46 mg) in

48.1 mL DMF at 0.5 M monomer concentration. The CTA/initiator ratio ([dCDP]/[V
501]) was set to 2.5. The solution was sparged witbgen for 40 min, and then stirred

at 65 °C for a given time interval. The polymerization was quenched by exposing to air
and cooling to 0 °C. The polymers were purified by dialysis against methanol three times
with solvent change every 8 h. After rembwé solvent, the pale yellow polymers were
further driedin vacuoat 25 °C for 24 h and 50 °C for 12 h.

7.5.6Synthesis of PyUrBr triblock copolymers
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PyUr triblock copolymer (0.34 g, 0.46 mmol of PyUrMA repeating units6386
kg/mol) was dissolved i® mL DMF, and purged with Ar for 5 min. Bromoethane
(0.104 mL, 1.38 mmol) was injected into the solution all at once. The reaction was
performed at 8%C for 3 d with strong stirring. The resulting PyUrBr was purified
through dialysis against methanol.eTtialysis solvent was switched three times with 8 h
interval. After drying under vaccum at 30 for 24 h, the resulting product was a brown
solid.

7.5.7Film casting

Both PyUr and PyUrBr polymers were dissolved in DMF at circa 15 wt%. The polymer
solution was cast onto Myl&rfilms with slow drying process (24 h at ambient condition,
24 h at 5°C, and 24 h at 58C under vaccum). Then the films were thermally annealed

at 150°C for 48 hin vacuq and peeled off Myl&ras freestanding films.

7.6 Reference

1. Allen, M. H.; Wang, S.; Hemp, S. T.; Chen, Y.; Madsen, L. A.; Winey, K. |.; Long, T.
E., HydroxyalkytContaining Imidazolium Homopolymers: Correlation of Structure with
ConductivityMacromolecule2013,46, 303#3045.

2. Jourdain, A.; Serghei, A.; Drockenmuller, E., Enhanced lonic Conductivity of & 1,2,3
Triazolium-Based Poly(siloxane ionic liquid) Homopolyn®€S Macro Lett2016,5,
12831286.

3. Obadia, M. M.; Jourdain, A.; Serghei, A.; Ikeda, T.; DrockenmulleC&ipnic and
dicationic 1,2,3riazolium-based poly(ethylene glycol ionic liquidpolym. Chem2017,

8, 910917.

4. Shaplov, A. S.; Lozinskaya, E. I.; Losada, R.; Wandrey, C.; Zdvizhkov, A. T.;
Korlyukov, A. A.; Lyssenko, K. A.; Malyshkina, I. A.; Vygokis, Y. S., Polymerization

of the new doubleharged monomer bik,3(N,N,N-trimethylammonium dicyanamide)
2-propylmethacrylate and ionic conductivity of the novel polyelectrolygm. Adv.
Technol.2011,22, 448457.

5. Shaplov, A. S.; Lozinskaya, E; Ponkratov, D. O.; Malyshkina, I. A.; Vidal, F.;
Aubert, P-H.; Okatova, O. g. V.; Pavlov, G. M.; Komarova, L. |.; Wandrey, C.;

192



Vygodskii, Y. S., Bis(trifluoromethyl sul fony
Synthesis, purification and peculiaritieSstructuré properties relationships
Electrochimica Act&011,57, 7490.

6. Wang, A. L.; Xu, H.; Liu, X.; Gao, R.; Wang, S.; Zhou, Q.; Chen, J.; Liu, X. F.;
Zhang, L. Y., The synthesis of a hyperbranched star polymeric ionic liquid and its
applicationin a polymer electrolyt®olym. Chem2017,8, 317%3185.

7. Bara, J. E.; Hatakeyama, E. S.; Gin, D. L.; Noble, R. D., Improving CO2 permeability
in polymerized roortemperature ionic liquid gas separation membranes through the
formation of a solid compdsg with a roomtemperature ionic liqui®olym. Adv. Technol.
2008,19, 14151420.

8. Cheng, J.; Hu, L. Q.; Li, Y. N.; Liu, J. Z.; Zhou, J. H.; Cen, K. F., Improving CO2
permeation and separation performance of @i#c polymer membrane by blending
CO2absorbenté\ppl. Surf. Sci2017,410, 206214.

9. Estahbanati, E. G.; Omidkhah, M.; Arnooghint, A. E., Interfacial Design of Ternary
Mixed Matrix Membranes Containing Pebax 1657/SHManopowder/ BMIM BF4 for
Improved CO2 Separation Performa#d@S Appl Mater. Interface2017,9, 10094
10105.

10. Fam, W.; Mansouri, J.; Li, H. Y.; Chen, V., Improving CO2 separation performance
of thin film composite hollow fiber with Pebax (R) 1657/ionic liquid gel membrdnes
Membr. Sci2017,537, 54-68.

11. Moghadm, F.; Kamio, E.; Yoshioka, T.; Matsuyama, H., New approach for the
fabrication of doublenetwork iorrgel membranes with high CO2/&lseparation
performance based on facilitated transgoiembr. Sci2017,530 166175.

12. Nguyen, P. T.; Voss, B. Aljiesenauer, E. F.; Gin, D. L.; Nobe, R. D., Physically
Gelled RoorTemperature lonic LiquiBased Composite Membranes for CO2N
Separation: Effect of Composition and Thickness on Membrane Properties and
Performancénd. Eng. Chem. Re2013,52, 88128821.

13. Zhang, K. R.; Talley, S. J.; Yu, Y. P.; Moore, R. B.; Murayama, M.; Long, T. E.,
Influence of nucleobase stoichiometry on the-asembly of ABC triblock copolymers
Chem. Commur2016,52, 75647567.

14. Buckwalter, D. J.; Zhang, M. Q.; IngldfieD. L.; Moore, R. B.; Long, T. E.,
Synthesis and characterization of siloxaoataining poly(urea oxamide) segmented
copolymersPolymer2013,54, 48494857.

15. Buckwalter, D. J.; Inglefield, D. L.; Enokida, J. S.; Hudson, A. G.; Moore, R. B.;
Long, T. E., Effects of Copolymer Structure on the Mechanical Properties of
Poly(dimethyl siloxane) Poly(oxamide) Segmented Copolyrivkrsromol. Chem. Phys.
2013,214, 20732082.

16. Qin, J.; Guo, J. N.; Xu, Q. M.; Zheng, Z. Q.; Mao, H. L.; Yan, F., Synthesis of
Pyrrolidinium-Type Poly(ionic liquid) Membranes for Antibacterial ApplicatighGS
Appl. Mater. Interface2017,9, 1050410511.

17. Jung, S.; Lodge, T. P.; Reineke, T. M., Complexation between DNA and
Hydrophilic-Cationic Diblock Copolymer3. Phys. Che. B2017,121, 22332243.

18. Brooks, W. L. A.; Vancaoillie, G.; Kabb, C. P.; Hoogenboom, R.; Sumerlin, B. S.,
Triple Responsive Block Copolymers Combining-Bldsponsive, Thermoresponsive,
and Glucosdresponsive Behaviots Polym. Sci. Pol. Cher2017,55, 23092317.

193



19. Li, W.; Kuang, T. R.; Jiang, X. P.; Yang, J. T.; Fan, P.; Zhao, Z. P.; Fei, Z. D.;
Zhong, M. Q.; Chang, L. Q.; Chen, F., Photoresponsive polyelectrolyte/mesoporous silica
hybrid materials with remoteontrollable ionic transportatiodhem. Eng. J2017,322
445453.

20. Niu, Y. L.; Yuan, X. Y.; Zhao, Y. H.; Zhang, W. Y.; Ren, L. X., Temperature and pH
DualResponsive Supramolecular Polymer Hydrogels Hybridized with Functional
Inorganic Nanoparticleslacromol. Chem. Phy2017,218 8.

21. Cheng, C. C.; Chu, C. W.; Huang, J. J.; Liao, Z. S., Complementary hydrogen
bonding interactionmediated hole injection in organic ligatitting devicesd. Mater.
Chem. Q017,5, 47364741.

22. Morisue, M.; Hoshino, Y.; Shimizu, M.; Nakanishi, Tgd¢gawa, Y.; Hossain, M.

A.; Sakurai, S.; Sasaki, S.; Uemura, S.; Matsui, J., Supramolecular Polymer -of Near
Infrared Luminescent Porphyrin Glagscromolecule2017,50, 31863192.

23. Guo, M.; Pitet, L. M.; Wyss, H. M.; Vos, M.; Dankers, P. Y. W.; Mele W.,

Tough StimuliResponsive Supramolecular Hydrogels with HydreBending Network
Junctions]. Am. Chem. So2014,136, 69696977.

24. Folmer, B. J. B.; Sijbesma, R. P.; Versteegen, R. M.; van der Rijt, J. A. J.; Meijer, E.
W., Supramolecular Pginer Materials: Chain Extension of Telechelic Polymers Using a
Reactive HydrogefBonding SynthorAdv. Mater.2000,12, 874878.

25. Zhang, K. R.; Fahs, G. B.; Drummey, K. J.; Moore, R. B.; Long, T. E., Doubly
Charged lonomers with Enhanced Microph&spaation Macromolecule2016,49,
69656972.

26. Li, G.; Cheng, G.; Xue, H.; Chen, S.; Zhang, F.; Jiang, S., Ultra low fouling
zwitterionic polymers with a biomimetic adhesive gr&ipmaterials2008,29, 4592

4597.

27. Zhang, K.; Drummey, K. J.; Moon, 8.; Chiang, W. D.; Long, T. E., Styrenic
DABCO saltcontaining monomers for the synthesis of novel charged polyRodym.
Chem.2016,7, 33703374.

28. Hall, C. C.; Zhou, C.; Danielsen, S. P. O.; Lodge, T. P., Formation of
Multicompartment lon Gels by &wise SeHAssembly of a Thermoresponsive ABC
Triblock Terpolymer in an lonic LiquiMacromolecule2016,49, 22982306.

29. Lodge, T. P.; Ueki, T., Mechanically Tunable, Readily Processable lon Gels-by Self
Assembly of Block Copolymers in lonic Liquidscc. Chem. Re2016,49, 21072114,

30. Inglefield, D. L.; Merritt, T. R.; Magill, B. A.; Long, T. E.; Khodaparast, G. A.,
Upconverting nanocomposites dispersed in+a@aaining acrylics. Mater. Chem. C
2015,3, 55565565.

31. Schultz, A. R.; Jang(,.; Long, T. E., Thermal and living anionic polymerization of
4-vinylbenzyl piperidinePolym. Chem2014,5, 60036011.

32. Bell, T. W.; Khasanov, A. B.; Drew, M. G. B., Role of Pyridine HydreBending
Sites in Recognition of Basic Amino Acid Side ClainAm. Chem. So2002,124,
14092141083.

33. Li, T.; Zhou, P.; Mattei, A., Electronic origin of pyridinyl N as a better hydrogen
bonding acceptor than carbonyl@ystEngComn2011,13, 63566360.

34. Borah, P.; Mondal, J.; Zhao, Y., Uregridine bridged periodic mesoporous
organosilica: An efficient hydrogemond donating heterogeneous organocatalyst for
Henry reactiordournal of Catalysi2015,330 129134.

194



35. Yabuuchi, K.; MarfélODwusu, E.; Kato, T., A new urea gelator: incorporation of
intra- andintermolecular hydrogen bonding for stable 1D-ssl$emblyOrganic &
Biomolecular Chemistr2003,1, 346434609.

36. Cheng, S.; Zhang, M.; Wu, T.; Hemp, S. T.; Mather, B. D.; Moore, R. B.; Long, T.
E., lonic aggregation in random copolymers containingsphonium ionic liquid
monomerslournal of Polymer Science Part A: Polymer Chemig0%2,50, 166173.

37. Sheth, J. P.; Wilkes, G. L.; Fornof, A. R.; Long, T. E.; Yilgor, I., Probing the hard
segment phase connectivity and percolation in model segmauitgdrethane urea)
copolymeraviacromolecule2005,38, 56815685.

38. Allen, M. H.; Hemp, S. T.; Zhang, M. S.; Zhang, M. Q.; Smith, A. E.; Moore, R. B,;
Long, T. E., Synthesis and characterization-efr/limidazole ABA triblock

copolymers utilizing aifunctional RAFT chain transfer agehbtlym. Chem2013,4,
23332341.

7.7 Supporting information

o
1
T

—

1
—_—
1
1

I
[N
1
T

Normalized intensity
() —

10 20 30 40 50 60
Elution time (min)

Figure S7.1 Size exclusion chromatography (SEC) trace of poly(DEGMEMA)
macrCTA. Elution solvent: DMF + 0.05 M LiBr at 60 °C.
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PyUrMA molecular weight calculation:

M, (PyUrMA) = ﬁ X Mn (DEGMEMA)
M, (DEGMEMA) = 63 kg/mol
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Figure S7.2 Molecular weight determination of poly(PyUrMA) block throughl NMR
spectroscopy.
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Figure S7.3 Comparison ofH NMR spectroscopies before and after quaternization.
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Figure S72 (a) Cooling trances of PyUr2 in DSC isotherming at 92 °C for 10, 30, and 60
min; (b) WAXS profiles of PyUr2 when annealed at 92 °C.
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A novel imidazoliumcontaining monomer, -L amethacryloyloxydecyH3-(n-butyl)-
imidazolium (1BDIMA), was synthesized andolpmerized using free radical and
controlled free radical polymerization followed by ppslymerization ion exchange
with  bromine (Br), tetrafluoroborate (BF hexafluorophosphate (BF or
bis(trifluoromethylsulfonyl)imide (T4N). The thermal propertiesnd ionic conductivity
of the polymers showed a strong dependence on the ceonseand had glass transition
temperatures @ and ion conductivities at room temperature ranging from 10 °@l2to

°C and 2.09x 107 S cm*to 2.45x% 10° S cm'. In paticular, PILs with T§N counter
ions showed excellent ion conductivity of 2X430° S cm?! at room temperature without

additional ionic liquids (ILs) being added to the system, making them suitable for further
study as electroesponsive materials. In dition to the counteions, solvent was found

to have a significant effect on the reversible addifragmentation chantransfer
polymerization (RAFT) for 1BDIMA with different countéons. For example,
1BDIMATf >N would not polymerize in acetonitrile @CN) at 65 °C and only achieved
low monomer conversion (§%) at 75 °C. However, 1BDIMR>N proceeded to high
conversion in dimethylformamide (DMF) at 65 °C and 1BDIMABr polymerized
significantly faster in DMF compared to MeCN. NMR diffusometry was used
investigate the kinetic differences by probing the diffusion coefficients for each monomer
and countefon in MeCN and DMF. These results indicate that the reaction rates are not
diffusion limited, and point to a need for deeper understanding of theslettrostatics
plays in the kinetics of free radical polymerizations.

8.2Introduction
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lonic liquids (ILs) have attracted significant attention both as solv&atsd as materiais

due to their unique properties, such as negligible vapor pressure, excellent
electrochemical stability, and high ion conductivity. Poly(ionic liquid)s (PILs), the
macromolecular form of ILs, provide a path to coupling the advantaigéiss avith
polymeric materials. By introducing mechanically reinforcing components (either
through the synthesis of block copolymers or via blending with other polymers), PILs
have several potential applications in a wide range of areas including actietioas®
separation membranés® supercapacitor¥;'® sea water and biomass remediafibn,
nanoscale lithograph§and as fbcculants for oil recoverd?. Typical synthesis of PILs
involves either conventionalfree radical polymerization or controlled radical
polymerization (CRP). While conventional free radical polymerization finds most
applications in crosslinked polymer matrices, CRP affords defined block copolymer
structures, which is critical for applicatis that require control over morphology.

Coulombic interactions among ions undoubtedly direct the physical properties of PILs.
To manipulate the Coulombic interactions, researchers routinely capitalize on monomer
design and countaon effect. For exampl spatial separation between ions and polymer
backbones is a common strategy to achieve lower glass transition temperafuessl (T
faster ionic conduction at room temperatt&. Counterion identity also affets the
mobility of segments, which has a profound influence on material properties. &ahg
synthesied imidazoliuracontaining hypésranched PILs for polymer electrolytes
through reversible additieflagmentation chaitransfer polymerization (RAFTY. PILs

with bromine (Br) counteions demonstrated a T significantly higher than

bis(trifluoromethylsulfonyl)imide (TAN) counterions (79 °C and6 °C, respectively).
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After swelling with an optimized amount of Lia¥ salts, theaon conductivity of the PIL

with TfoN counterion reached 4.76 x 10S cm! at 30 °C. Lee and coworkers extended
the distance between the imidazolium moiety and the polymer backbone with an ethylene
glycol linker to achieve PILs with even lowegsTand gher ion conductivity®?! PILs

with hexafluorophosphate (BPFand TEN counterions exhibited §s at-18 °C and-50

°C, respectively. Without any addition of lithium salts, the ion conductivity of PILs with
Tf2N counterions reached 1.& 10° S cm® at 25 °C. Additionally, PILs with RF
counterions showed lower ion conductivity than>Nf due to differences in polymer
chain mobility arising from the variation ing§ and ion association differences derived
from ecific molecular interactior’s. Janguet al. also reported the gTand effects of
counterion identity in styreré PILs?* Those findings showed thatsTdecreased in the
order: Br > Bk > TfO (trifluoromethanesulfonate) > 2N, probably due to countéon

size effects and weakened Columbic interactions, while thermal degradation exhibited the
reverse order.

Degite a large number of literature reports focused on correlating the coomtand
properties of PILs, a relatively less studied aspect is the role that coamtelentity

plays during polymerization. A few studies have focused on the influence oh IL o
polymerization kinetics as a solveéft® Mori et al. demonstrated that the choice of ILs

as solvent affected the kinetics of ring opening polymerization (ROP) due to the
interaction between IL molecules and amiadditives. While the propagation rates were
different for the three ILs studied, the molecular weight distribution did not change
significantly. Additionally, ILs led to slower polymerization rates and lower final

monomer conversion, but experiencedrggroinduction times® Conversely, Zhangt al.
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showed that the use of ILs as solvent media led to accelerated polymeriza®wofrat
methyl methacrylate compared to acetonitrile (MeCN) during atom transfer radical
polymerization (ATRPY? In RAFT polymerization, Houet al. compared the
polymerization kinetics of acrylonitrile in IL solvent and in bulk (solvae)?’ When

ILs were used as the solvent, both the polymerization rate and molecular weight
distribution increased. Heet al. studied the influence of salt addition during the
homopolymerization of an imidazolisgontaining IL monomer using ATR.Starting

from the same IL monomer (imidazoliufi2N), the addition of various thium salts
showed limited influence on ATRP kinetics. This study was a preliminary effort to
understand the role of courtens on polymerization kinetics. However, the lack of
control over the degree of ion exchange during the polymerization madel ifdnahe
authors to make any general conclusions.

The role of charged species (either as solvents or monomers) in polymerization kinetics
has been attributed t o Aprotected radical s
mechanisms. For example, Thureclaind coworkers claimed the accelerated
polymerization rate of methyl methacrylate (MMA) in ionic liquids compared to organic

sol vent s was due tloTheifi pypatheses cig that radicalsl are a | s 0 .

1]

protectedo by the i1onic | iquids rizatiamm ter mi
rates and higher monomer conversions. The f
proposed by Bielat al.investigated the aggregation behavior of caprolactone during ring

opening polymerization (ROP), and suggested that an equilibrium betwtime a

propagating chains and inactive aggregates of propagating chains existed. The

polymerization rate strongly depended on deaggregation equilibrium constants, which
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varied among solvents. These previous studies are notable in that the effect of counter
ion, the use of ILs, and solvent choice are all variables capable of impacting
polymerization kinetics. Therefore, iodiquid monomers with different count&ns

will be of great interest for understanding the influence of Coulombic interactions on
polymerization kinetics.

Herein, we describe the synthesis of imidazokewntaining IL monomers with identical
cations but different countéons, and the use of either conventional free radical
polymerization or reversible additidragmentation chadranser (RAFT)
polymerization to synthesize PIL homopolymers. This study aimed (1) to synthesize PILs
with low glass transition temperatures and high ion conductivity, (2) to confirm the
influence of counteions on thermomechanical properties and ion conducéind (3) to
investigate the effect of countems on polymerization rates. Novel PILs were
successfully designed and synthesized wiys @s low as-40 °C, and these PILs
demonstrated excellent ion conductivity (2:4%0° S cm?) at room temperatureitiout
adding additional ionic liquid salts. As expected, bogtaid ion conductivity showed a
strong dependence on counien identity; polymers with lower g8 had higher ionic
conductivities at the room temperatuhe.situ FTIR results indicated thdahe counter

ions of ionicliquid monomers have a significant impact on the kinetics of RAFT
polymerization. NMR diffusometry studies indicated that neither the monomer diffusion
coefficient nor degree of aggregation could account for differences in tteckaehavior

of these systems. The monomer under study here (1BDIMA, see Scheme 1) reaches high
monomer conversion with Br, BFand TN counterions via conventional free radical

polymerization in MeCN but no monomer conversion is seen for 1BDIMNTH
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MeCN using RAFT polymerization. The differences in polymerization kinetics resulting

from solvent and countéon choice may lie in electron transfer processes such as free
radical generation and propagation that were described by M&fcuBhe preliminary
investigations into the factors that dictate polymerization kinetics demonstrate not only

the complexity of these systems, but also uncover a rich area of research that has yet to be
fully explored.

8.3 Expelimental

8.3.1Materials

10-Bromo-1-decanol (technical grade, 90%}paitylimidazole, lithium tetrafluoroborate

(98%)), lithium hexafluorophosphate (98%), and bis(trifluoromethane)sulfonimide lithium

salt were ordered from Siga#ddrich and used without fumer purification. N,N

di met hyl for mami de ( DMF , anhydrous, 99. 8%) ,
99.8%), ethyl acetate, triethylamine, and unstabilized tetrahydrofuran (THF) were
purchased from SigmaAldrich and used as received. Aluminum oxide (neutral,
activated) was purchased from Sigdlarich and used as received.-Cyanc4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDP, 97%, HPLC) from Sigma
Aldrich was stored at-2 O UcC and used wi t-Azohis¢z2 pur i fi
methylpropionitrile) (ABN, 98%) was purchased from SigA&drich and recrystallized

once from methanol prior to use. All imidazolitcontaining IL monomers were
synthesized and passed through aluminum oxide columns beforéMas®acryloyl
chloride (097. 0%, alitert-butyb4rmethylpimesol as 6tabilizzryo 2, 6
was ordered from Sigmaldrich, and stored under inert atmosphere at 2 °C.

8.3.2Instrumentation
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'H and F nuclear magnetic resonance (NMR) spectroscopyasorements were
conducted on a 400 MHz Bruker Advance Il WB NMR spectrometer. Samples were
prepared in deuterated MeCN and data was collected from 128 $tasiti Fourier
transform infrared spectroscopy (FTIR) experiments were performed on a Bruker-Mat
MF FTIR equipped with a diamond probe. Both peak intensity and integrated area of the
vinyl methyl group stretching were monitored in the range of 22B308 cm' to track
monomer concentration over time. The peak resolution was set to'4 ad eal
spectra was an average of 64 scans within 50 S. Pure solvent background was collected
every time before the tests. Thermal degradation was determined by a TA Q500
thermogravimetric analyzer (TGA) undeg Bt 10 °C/min ramp rate. Thermal transition
was masured by a TA Q2000 differential scanning calorimeter (DSC) under N
Reported values (middle point) were from the second heating cycle of a heat/cool/heat
procedure: (1) 10 °C/min ramp from 23 °C to 120 °C, isotherm at 120 °C for 30 min, (2)
100 °C/min gench cool ta80 °C, and (3) 10 °C/min ramp to 50 °C. Molecular weight
and molecular weight distribution were determined via size exclusion chromatography
(SEC) in DMF (with 0.05 mol LiBr) at 60 °C and a flowrate of 1 mL thiThe SEC
system consisted a&f Waters 1515 Isocratic HPLC pump equipped with 2414 Refractive
Index (RI) detector. Poly(ethylene oxide)/poly(ethylene glycol) standards were used with
Styragel HR 3 and HR 4 columns maintained in a column heater compartment.
Broadband dielectric specscopy (BDS) measurements of the polymerized ILs were
performed with an Alph#& analyzer, a ZGS active sample cell interface, and a Quatro
Cryosystem temperature control unit (Novocontrol), in the frequency range Hfl071

Hz. Prior to the dielectric te&s the samples were heated to 120 °C under vacuum to
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completely remove volatile impurities. In each experiment, the sample was sandwiched
between two golglated round electrodes and a thin PTFE ring spacer was used to
maintain the gap (76m). The sample thickness (gap) was m& and the sample area
was 38.5 mrh DC conductivity was defined as the value at the middle point of the
plateau in the Bode plots at low frequency. Samples were equilibrated at each
temperature for 20 mins prior tbe test. BDS was repeated twice for all the samples
from two different batches, and the results showed excellent agreement (within 5%).
8.3.3Synthesis of 1butyl-3-( 1-Bydroxydecyl)-1H-imidazolium bromide (1BDIBr)

This procedure was modified based onvjwaes literature® A solution of Zbutyl
imidazole (5.5 mL, 0.042 mol) and -tdomao-1-decanol (10.0g, 0.042 mol) in 45 mL
THF was refluxed for three days at 65 °C with vigorous stirring -(tack, round
bottomed, flask with condenser). Upon cooling to room temperature, the product formed
a separate layer from the THF. THF was désamnd the product was washed with THF
(45 mL) three times. The bromide salt was further dried under vacuum at 50 °C for 24 h,
and appeared as a ligi¢llow wax at room temperature. The isolation yield was 68%

(10.39 g) and'H NMR spectroscopy (400 MHz rBker Advance Il WB NMR

spectrometer, MeClds) resul ts were as follows: U0 9.

(d, 2H, imidazolium protons), 4.22 (d, 4HH&N), 3.49 (d, 2H, El>-OH), 2.97 (d, 1H,
CH2-OH), 1.931.79 (m, 4H, @®l2-CHz-N), 1.49 (m, 2H, E2-CH,-OH), 1.34 (m, 14H,
methylene protons in alkyl chains), 0.97 (t, 3@H3).

8.3.4 Synthesis of 1butyl-3-( 1-Bydroxydecyl)-1H-imidazolium tetrafluoroborate

(1BDIBF4), 1-butyl-3-( 1-Bydroxydecyl)-1H-imidazolium hexafluorophosphate
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(1BDIPFs), and 1-butyl-3-( 1-Bydroxydecyl)-1H-imidazolium
bis(trifluoromethane)sulfonimide (1BDITf2N)

For 1BDIBF; synthesis, 1BDIBr (10.39 g, 0.029 mol) was dissolved in 100 mL DI water
(oneneck, rounebottomed, flask) and lithium tetrafluoroborate (LiBK3.23 g, 0.035

mol) was added to the aqueous solution all at once with vigorous stirring for 24 h. The
precipitated salt was washed with DI water three times and dried under vacuum at 50 °C
for 24 h. The product was a yellow viscous oil, and the isolation yield was 75%og)7.9

H NMR spectroscopy (400 MHz Bruker Advance |l WB NMR spectrometer, MeCN
d): 0 8.51 (t, 1H, imidazolium proton), 7. 41
CH2-N), 3.47 (g, 2H, €2-OH), 2.50 (t, 1H, Ck+OH), 1.871.77 (m, 4H, G2-CH,-N),

1.46 (p, 2H, ®2-CH,-OH), 1.371.24 (m, 14H, methylene protons in alkyl chains), 0.94
(t, 3H,-CHy3).

The synthesis of 1BDIRFand 1BDITEN followed the same procedure as 1BDiB&nd

both chemical structures were confirmed'BlyNMR spectroscopy with similar chemical
shifts (except imidazolium protons, see Figure 1). The isolation yietdsBDIPF and
1BDITf2N were 76% and 83%, respectively.

8.3.5 Synthesis of 3 ¥methacryloyloxydecyl}3-(n-butyl)-imidazolium bromide
(1BDIMABY), 1-[ ¥methacryloyloxydecyl}3-(n-butyl) -imidazolium
tetrafluoroborate (1BDIMABF 4), 1-[ ¥methacryloyloxydecyl}3-(n-butyl) -
imidazolium hexafluorophosphate (1BDIMAPFs), and 1-[ ¥methacryloyloxydecyl}
3-(n-butyl) -imidazolium bis(trifluoromethane)sulfonimide (1BDIMATT 2N)

For 1BDIMABTr preparation, 1BDIBr (11.60 g, 0.032 mol) and triethylamine (TEA) (8.95

mL, 0.064 mol) were charged in a twmeck, rounebottomed, flask with 90 mL
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acetonitrile (MeCN, anhydrous). The system was purged with nitrogen gas for 15 min
and cooled down to 0 °C using an ice bath. An addition funnel was charged with
methacryloyl chloride (0.37 mL,0.038 mol) and MeCN (40 mL, anhydrous. Next, the
methacryloyl cloride solution was added to the reaction flask dropwise under strong
stirring. The reaction was kept at 0 °C for 4 h, and then warmed back to 23 °C for 20 h.
The reaction was quenched with 30 mL deionized water, and MeCN was removed under
reduced pressurédhe product was extracted three times from aqueous solution using
ethyl acetate (EA), and dried over Mg&for 1 h. After filtration, the EA solution was
passed through an &)z column to remove potential inhibitors. Finally, EA was removed
under reduceghressure and the product was dried under vacuum at 23 °C for 48 h. The
resulting product was a yellow liquid and the isolation yield was 49% (6.78 g) with the
following *H NMR spectroscopy (400 MHz Bruker Advance |l WB NMR spectrometer,
MeCN-ds) chemicals hi f t s : a 9.32 (t, 1H, i mi dazol i um
protons), 6.02 (p, 1H, I€:=C), 5.58 (p, 1H, €>=C), 4.19 (q, 4H, E2-N), 4.09 (t, 2H,
CH2-OH), 1.89 (t, 3H, CkEC-CH3), 1.871.79 (m, 4H, @2-CH2-N), 1.671.59 (m, 2H,
CH2-CH>-OH), 1.391.23 (m, 14H, methylene protons in alkyl chains), 0.93 (t, 3H,
CHa3).

The synthesis of 1BDIMABE 1BDIMAPFs, and 1BDIMATEN followed the same
procedure as 1BDIMABr, and their chemical structures were confirmetHodMMR
spectroscopy with similar chemicahifts (except imidazolium protons, see Figure 1).
The isolation yields were 78% on average for all three monomers (red to pink lgdid).

NMR spectroscopy (400 MHz Bruker Advance Il WB NMR spectrometer, MeGN
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chemical shifts: 1BDIP§ 72.17 and 782 ppm; 1BDIBE: -151.57 ppm; 1BDITAN: -

80.18 ppm.

8.3.6 Conventional free radical polymerization of 1BDIMA IL monomers (in situ

FTIR)

1BDIMABr (1.28 g, 3.0 mmol) and corresponding amount of AIBN initiator (1 or 3
mol%) were charged in a 28L two-neck,roundbottomed, flask. The initial monomer
concentration was kept at 0.5 M (5.98 mL MeCN). Thesitu FTIR probe was
submerged into pure solvent (MeCN) first to collect a background spectrum. The probe
was then inserted into the reaction flask with a drefhdapter and the diamond probe
head below the solution surface. The joint between the Teflon adapter and reaction flask
was further sealed by Teflon tape and parafilm. The third neck of the reaction flask was
capped with a rubber stopper, and sealed dflom tape and parafilm. The reaction flask
was then sparged for 20 min using Argon and a static argon pressure was maintained
throughout the reaction. The reaction temperature was set to 65 °C at the beginning of
data collection. Due to the overlap of tiie peak for the carbon double bond stretching
modes, the vibration mode of vinyl methyl groups (G2Hs) was used to track
monomer consumption. The peak intensity and integrated area showed good correlation
(1289 to 1308 cnh) throughout the experimenth& integrated peak area was used to
calculate conversion due to its superior sigonatoise ratio. The reaction was quenched

by exposure to air and the resulting homopolymer, poly(1BDIMABY), was precipitated
into EA (ethyl acetate) and washed with EA tbe times before being dried under
vacuum at 50 °C. The pure homopolymer appeared as a yellow viscous oil with

quantitative isolation yield and the followirtgl NMR spectroscopy (400 MHz, MeGN
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d) shifts: o 10.08 (1H), 72HB6.194q4H), 9377 ( 2

1.87 (4H), 1.34 (2H), 1.38.25 (17H), 0.95 (3H).

The conventional free radical polymerization of 1BDIMABFLBDIMAPFs, and
1BDIMATf2N followed the same procedure as 1BDIMABr, and their chemical structures
were confirmed byH NMR spectroscopy with similar chemical shifts with the exception
of imidazolium protons (Figure 1).

8.3.7RAFT polymerization of 1BDIMA IL monomers (in situ FTIR)

The RAFT polymerization of 1BDIMA IL monomers shared the sanstu FTIR setup

and purificationprocedure as above, but had slightly different polymerization conditions
T the addition of the RAFT CTA: a solution of 1BDIMABr (2.02 g, 4.7 mmol), CDP
(12.7 mg, 0.03 mmol), and AIBN (1.7 mg, 0.01 mmol) in 4.7 mL MeCN or DMF was
sparged with Argon for 2@nin prior to the polymerization. The polymerization was
performed at 65 °C for 24 or 48 h and all chemical structures were confirmfieid\iyR
spectroscopy.

8.3.8 Conventional free radical polymerization of 1BDIMABr (thermal properties

and conductivity)

A solution of 1BDIMABTr (4.83 g, 0.011 mol) and a corresponding amount of AIBN (1 or
3 mol%) in MeCN (22.50 mL, 0.5 M) was sparged for 40 min using argom(5®ne

neck, rounebottomed flask). The polymerization was then performed at 65 °C for 24 h.

The resilting polymer was precipitated into EA and washed with EA three times. The EA

was removed under reduced pressure and the sample was dried under vaccum at 50 °C.

The pure homopolymer appeared as yellow viscous oil with quantitative isolation yield.

For chaacterization of thermal properties and conductivity, homopolymers with different
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counterions were synthesized from the same batch of poly(1BDIMABr) to achieve
identical repeating units number.

8.3.9Postpolymerization ion exchange of poly(1BDIMABT)

The postpolymerization ion exchange of poly(1BDIMABr) with LiBF LiPFs and
LiTfoN shared the same procedure. For the example of sLi®R-exchange:
poly(1BDIMABr) (0.31 g, 0.72 mmol repeating unit) was dissolved in 8 mL DI water
with vigorous stirring. LiBE (96.5 mg, 1.03 mmol) was added to the reaction all at once.
The reaction was performed at 23 °C for 24 h and the resulting poly(1BDIN) AR
washed with DI water three times and dried under vaccum at 50 °C for 24 h. The isolation
yield was 95% (yellow icous oil). The chemical structure of poly(1BDIMABRvas
confirmed by*H NMR spectroscopy with similar chemical shifts with the exception of

imidazolium protons (Figure 1).
8.3.10NMR Diffusometry

The selfdiffusion coefficients of monomer and solvent sSolutions were determined
using a 400 MHz Bruker Advance Il WB NMR spectrometer equipped with a MIC
probe, a Micro5 triplexis gradient, and a 5 mAH/*°F detection coil. In the NMR
diffusometry experiment, signal amplitudewas measured as a functiof gradient

strength ¢) and was fit using the Stejsk&hnner equation (Equation %3837

| =loexp[ ¢* @*( D /8D] (1)

wherelg is the signal amplitude & = 0, 0 is the gyromagnetic ratiaj is the gradient
pulse lengthgpis the diffusion time between gradient pulses, Bnd the seldiffusion

coefficient. By varying the known NMRpecific parameters, diffusion coefficients were
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quantified by the simple and robust pulggddient stimulated echo (PGSTE) sequéfice.

A 90° RF pulse length of 4.8s, a half sinusoid gradient pulse lengiip ¢f 3.14 ms
(effective rectangular pulse length of 2 ms), diffusion tirge)¢f 25 ms, and post
gradient delay of 1 ms were used for diffusometry measurements. Maximum gradient
strengths were in the range #5240 G-cm' to attenuate signals to 9099% in 16
gradient steps. Sufficient sigr-noise ratio (SNR) for each data point was achieved
with 47 8 scans. Acquisition times and relaxation delay times were each 1 s, and 0.3 Hz
line broadening was applieduring data processing. Deuterated solvents (Mg@Nd
DMF47) were used to reduc#l solvent signal interference. All NMR tubes were flame
sealed to prevent solvent evaporation. The NMR measurements were performed at 21 and
62 (= 1) °C, where the samplegre equilibrated at each temperature for > 5 min. Four
capillary tubes (1.2 mm in diameter) were added into the 5 mm NMR tube to suppress
thermal convection at higher temperature. The diffusion coefficients reported were the
average of x and y axes ingeaf z axis to minimize experimental errors caused by
convective flow. The monomer diffusion coefficient was determined by the imidazolium

proton peak at 8.0 ppm for both 1BDIMABr and 1BIDMAN({

8.4 Results and Discussion

8.4.1Synthesis of IL monomer

We designed the PIL homopolymers discussed below as soft, conductive blocks for
future studies on electi@sponsive materials. Thus, a low glass transition temperature
(Tg) was an essential property in the design of the PILs in order to maintain some degree
of polymer chain mobility at room temperature. A common strategy to achievegow T

involves separation between charged moieties and polymer backbonest lade
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demonstrated an approach to insert an ethylene oxide linker between an imidazolium ring
and acylate polymer backbor@. However, this method required mudtiep synthesis
and relatively harsh reaction condit®orHence, we proposed a new scheme with a two

step synthesisScheme 8.1

©
Br
NN —__ PaUaN /§® OH
NN, HOMBr o NN M
1BDIBr
o
e OH
\—/ @
H,0 | LiTH,N or LiBF, or LiPFg 5 TzE;\c @@N
A
© S N
Ag N
SNSRI ANOH A=Br/Tf,N/BF,/ PFg
\__; 5 0
Cl

A=TEN/BF, /PP 1BDIMABH/TE,N/BE,/PF,

SchemeB.1 Synthesis of imidazoliurcontaining monomer with different coundens.

The monomers contained three major parts: -Bulistituted imidazolium salt with four
differentcounterions (Br, BR, PFs, and TfN), polymerizable methacrylate groups, and
long alkyl linkers between the imidazolium salts and methacrylate groups. A simple
reflux reaction between-iutylimidazole and 1®romao1-decanol was employed to yield

the imidaolium salt 1BDIBr. The Br countgon of 1BDIBr was exchanged with various
lithium salts to yield similar charged precursors with different codotes. Only the
imidazolium salt with Br countepn was soluble in aqueous solution, therefore the ion
exchange was performed in deionized water. As the reaction proceeded, imidazolium
salts with Bl, PFs, and TEN counterions precipitated out of the aqueous solution. The

resulting salts were washed with copious amounts of deionized water and dried at 50 °C
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under vacuum?!H and!®F NMR spectroscopy confirmed the successful synthesis of the
four IL precursors and corresponding monomeigyre 8.1, S8.1, and S8)2As shown

in Figure 8.1, protona shifted fromi 9. 2 ( B8.4) (BR PR, and BN) & H

NMR spectroscopy suggesting complete ion exchange. Piotalso shifted due to
resonance of the aromatic ring, but these shifts were less significant compared to proton
a, due to the longer distance beem the counteibn and protorb. As expected®F

NMR spectroscopy showed no fluorine peak for 1BDIBr, but had characteristic fluorine
peaks for 1BDIBE, 1BIDPFs, and 1BIDTEN, further confirming successful ion
exchangeKigure S8.2.

The polymerizable ntbhacrylate units were introduced by a nucleophilic attack from the
terminal alcohol of the IL to methacryloyl chloride. After the removal of solvent, MeCN,
ethyl acetate (EA) extraction yielded the polymerizable IL monomers (1BDIMABT,
1BDIMABF4, 1BIDMAPFs, and 1BDIMATEN), and *H and %F NMR spectroscopy

confirmed their structures.

r T T T T r T
9.5 9.0 8.5 8.0 7.5 7.0 6.5
chemical shift (ppm)

Figure 8.1 'H NMR of imidazoliumcontaining precursors (1BDIBr) demonstrated
complete iorexchange from Br anion to 2N, BF and Pk anions (500 MHz).
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8.4.2Thermal properties and ion conductivity

The counteiion effect on the physical properties of PILs is a wealbwn phenomenoff:

39 However, to compare the thermal properties and ion conductivity performance of PILs
with four different countefions, the molecular weight should ideally be similar. Instead
of prepolymerization ion exchange, we applied a different synthetic strategy to eliminate
any molecular weight differences from the discussion of thermal properties and ion
conductivty (Scheme 8.2 The posipolymerization ion exchange approach is shown in

Scheme 2 and results in identical polymer backbones for all four PILs.

Br
THF ®
/\/\N&N HOM . /\/\N&N,{«\/},OH
\—/ 7 5B 65 °C _ 5
1BDIBr
n
<, G 4,
Cl Q0 MeCN Q w H,0 0 o
MeCN, TEA o AIBN 5 LiTf,N/LiBF 4/LiPFg
0-23°C Br @L\l 65 °C e @E\J o oN
& A A
N N N
A =Tf;N / BF4 / PFg
1BDIMABr Poly(1BDIMARBT)

SchemeB8.2 Synthesis of poly(1BIDMABTr) and pogiolymerization iorexchange.

For ionic polymers, the matelar weight characterization from SEC is difficult and not
generally accurate due to strong Columbic interactions. Nevertheless, we applied SEC to
gualitatively compare the molecular weight and molecular weight distribution between
samples without considag absolute values. Using SEC analysis the relative molecular

weights of the two homopolymers with "Brcounterions synthesized through
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