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Abstract

Poly(ionic liquid)s (PILs) are a fascinating subclass of strong polyelectrolytes formed from
polymerizable ionic liquids. As a result of their unique properties and counterion exchangeability,
PILs can exhibit conformation structure or material property changes in response to external
stimuli such as changes in pH/ionic environment, magnetic fields, and electric potentials. In
Chapter 1, a comprehensive review of PILs design as well as their stimuli-responsive behavior is
provided. Additional motivation for each dissertation chapter is also discussed.

In Chapter 2, magnetically responsive PILs (MPILs) are developed from complexing
paramagnetic salts with a random PIL copolymer containing a metal-coordinating co-monomer,
acrylamide. A systematic spectroscopic investigation (FTIR, UV-Vis, Raman, XPS) was
performed to analyze the influence of the acrylamide comonomer on the paramagnetic transition
metal complex and its binding to the polymers. A preliminary investigation into its room
temperature magnetic properties through AC susceptometry and magnetic attraction to handheld
magnets is also provided.

In Chapter 3, self-assembly of these random copolymers is induced through complexation with
the surfactant sodium dodecyl sulfate to form magnetically responsive polyelectrolyte-surfactant
micellular solutions and films. Micellular self-assembly is examined as a function of surfactant
concentration through DLS and ZP measurements for both a cobalt-based MPIL and the
corresponding non-magnetic PIL copolymer. Cryogenic transmission electron microscopy and
FTIR characterizations provide additional insight into the self-assemble structure. Applied
magnetic stimuli responsive is investigated of both the solution structures and drop-cast films, with
and without the presence of weak (~0.6 T) magnetic fields, through optical microscopy, AFM, and

GISAXS.



Chapter 4 completes the investigation of select MPIL copolymers and their polyelectrolyte-
surfactant complexes through a thorough vibrating sample magnetometry study as a function of
magnetic field strength and temperature. Additional FTIR, DLS, ZP, SEM, and DSC
characterizations provide insight into the observed magnetic behavior.

In Chapter 5, an all-polyelectrolyte block copolymer comprised of a poly(ionic liquid) block
and a weak tertiary amine polyelectrolyte block is synthesized and characterized through a Cu(0)
mediated atom transfer radical polymerization. NMR and FTIR spectroscopies confirm the
synthesis and provide insight into intermolecular interactions, specifically electrostatics and
hydrogen bonding, of the novel block copolymer in dry and solution states. DLS measurements
indicate the block copolymer exhibits an expanded network like structure in pure dimethyl
sulfoxide solution that collapses on addition to potassium nitrate (KNQO3) salt, demonstrating salt
responsive behavior. Self-assembly of the block copolymer as a drop-cast film was analyzed with
a new technique to PIL systems, namely, a hybrid AFM-IR characterization. The films exhibited
different morphology depending on film thickness.

Chapter 6 examines the electrical stimuli responsive nature of the block copolymer and its
corresponding homopolymer in ionic electro active polymer actuator composites. lonic liquid was
combined with the homo- and block copolymer PILs to decrease glass transition temperature and
increase ion conductivity. Key parameters for ionic actuation were investigated, including glass
transition temperature (DSC), thermal stability (TGA), ion conductivity (EIS), chemical
interactions (FTIR), Young’s modulus (AFM force curves), film morphology (AFM), and

actuation behavior to small, applied voltage.
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Chapter 1: Introduction

1.1. Poly(ionic liquid)s for Stimuli Response: An Overview of PIL Design and Objectives

Stimuli responsive or “smart” polymers are fascinating materials due to their ability to change
their conformation and even material properties in response to environmental factors (e.g., pH,
temperature)! 2 or applied external stimuli (e.g., magnetic field, electrical field)?. Poly(ionic
liquids), or PILs, are a polymer class that is capable of stimuli response through non-covalent
interactions* . PILs are comprised from monomers formed from ionic liquids (IL)—organic salts
with melting points generally below 100 °C°—forming a strong polyelectrolyte with permanently
charged groups immobilized on pendant groups or along the polymer backbone and mobile
exchangeable counterions. PILs combine the diverse functionality of ionic liquids with the
processability and mechanical integrity of polymeric systems. In particular, PILs exhibit relatively
high ion conductivity, wide electrical chemical windows, high thermal stability, antibacterial
properties, and a variety of other favorable properties which are tunable through polymer design
and counterion exchange’-'°. As a result, they have rapidly found growing interest in a variety of
fields including catalysis, sensors, energy materials, separations, biomedical applications,

nanomaterials, and composites” %4, In terms of stimuli response applications, PILs have

15-17 20-22
£,

demonstrated responsive behavior to sal pH!3 19 temperature?’-2?, redox reactions!’> 23, CO;

24, 25 27, 28

sorption , magnetic fields®, and applied electrical voltages . The particular responsive

behavior displayed is a function of the chemical decomposition and supramolecular properties.
PIL material property targeting can be achieved through the polymer design including the

careful selection of the polymer backbone type, immobilized ILM ion, and counterion (Figure 1.1).

Polymerization can be achieved before or after counterion exchange through most polymerization

techniques including conventional radical polymerization and controlled “living” radical



polymerizations (e.g., ATRP, RAFT, NMP) which are often used for the synthesis of block
copolymer (BCP) systems’ *> 13, Alternatively, IL units can also be added post-polymerization
through other chemical grafting methods, typically using a quaternization reaction or Menshutkin
reaction of amines or phosphoniums with alkyl halide groups’ 3. The most common polymeric
backbones for PILs are vinyl, styrenic, and acrylate based (Figure 1.1c), although others such as
norbornene?, thiophene®®, and amides®!, have also been utilized. Also, PILs have often been
copolymerized with neutral comonomers (e.g., polystyrene, polymethyl methacrylate) 32 or other
stimuli responsive materials (e.g., poly(n-isopropylacrylamide)?!> 2> 3%) to add microstructural
design components and/or and functionality.

The majority of cationic PILs have fixed imidazolium, triazolium, pyridinium, ammonium,
phosphonium, or pyrrolidinium type groups whereas anionic PILs are mainly composed from
sulfonate, carboxylate, or phosphonate units (Figure 1.1a). PIL properties can be modified through
covalent alteration of the immobilized ion. For instance, quaternation of imidazolium with ether
chains or carboxylate functionalities—as opposed to the typical alkyl chain—can give the PIL
additional zwitterionic behavior** or adhesive properties*>.

Counterion selection is based on the desired end properties of the polymer (Figure 1.1b). The
initial/original counterion can be exchanged through a metathesis reaction with inorganic salts,
ionic surfactants, polyelectrolytes, or other ionic materials (Figure 1.1d). This is a very important
aspect of PILs, as the material properties are strongly dependent on the selected counterion. For
instance, exchanging the counterion can change the solubility of PILs in both polar and organic
solvents, allowing for tunable hydrophobicity and hydrophilicity®®. The glass transition
temperature (Tg) can be lowered and ion conductivity increased with weakly coordinating

fluorinated anions through plasticizing effects, whereas smaller coordinating halide counterions



typically produce PILs with higher glass transition temperatures and poorer electrochemical
performance!®. Anionic pH sensitive dyes can be noncovalently bound to PIL films making pH
responsive plastic colorimetric sensors!”. Redox active polymers can be synthesized by
exchanging counterions with redox active ions such as anthraquinone-2-sulfonate!!. As with free
ionic liquids, the number of cation-anion “pairs” possible in PILs are vast, giving a large toolbox
for intelligent polymer design and applications simply through a non-covalent counterion

exchange.
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Figure 1.1 PIL (poly(ionic liquid)) Toolbox: The primary PIL design parameters include selection
of (a) immobilized ions, (b) electrostatically bound counterions, and (c) polymer backbone. (d)
PIL properties may be readily tuned through a simple ion exchange either in the monomeric or
polymeric forms without resorting to covalent chemistry. (e) The general trends for electrostatic
interaction strength for different cations and anions as determined by both computational and
experimental studies of ionic liquids and polyelectrolytes®”#l. Generally, the strength of
electrostatic interaction in cations is largely determined by charge localization/stabilization (i.e.,
aromatic ring vs localized charge on N atom) and charge shielding from cations. Anion interaction
strength depends on hydration, charge delocalization, size, valency, and generally follows the
Hofmeister series**#3, (f) In addition to electrostatics, PIL interactions between cations-anions and
the surrounding chemical environment are also mediated by other supramolecular interactions,
including hydrophobic and hydrogen bonding (H-bonding).




Although less explored in PIL materials compared to their IL counterparts, the use of multiple
cations or anions within a single PIL system presents the opportunity to even further expand the
vast pool of possible PILs and their applications. lonic liquid mixtures containing multiple cations
and anions yield intermediate properties compared to their individual behavior, allowing specific
material design for properties such as solubility, viscosity, thermal properties, and even magnetic
character**46, The use of covalently attached di- and tri-cationic ionic liquids has become a
growing subclass of ionic liquids as they provide an additional structural design parameter for
tuning IL properties*>4’. In PIL systems, the use of multiple ions has mainly been limited to
counterion mixtures. The ratio of different counterions in the system can lead to significant changes
in polymer chain dynamics, structure, hydrogen bonding abilities, and hydrophobic interactions.
This leads to fine tuning of properties such as self-healing?®, glass transition temperature®®, gas
diffusivities*, micellar self-assembly'>, and noncovalent specific crosslinking interactions®. A
few systems have also immobilized multiple cations on the polymer backbone; however, these
have predominately been limited to block copolymer imidazolium type polycations with different
modifications to the pendant alkyl chains for each block>®->3, Further exploration of multi-cation
PIL copolymers with different cation types offers the potential for expanding PIL design through
differences in the supramolecular interaction abilities of the immobilized cations (e.g., hydrogen
bonding, hydrophobic) and their interaction strength with different counterions (Figure e, f). The
use of weak cationic polyelectrolytes, such as tertiary amines, instead of strong cationic PIL groups
will also imbue the polymer with pH stimuli-responsive behavior, where the overall charge density
of the polymer can be controlled through environmental pH.

Task specific counterions may also be utilized to induce PIL property changes in response to

environmental stimuli, including magnetic fields and applied electric potential. Magnetically



responsive PILs (or MPILs) are formed when paramagnetic transition metal ionic complexes are
electrostatically bound to the polymer. These MPILs have been shown to respond to magnetic
fields as powders, processed films, or particles in solution?® 3* and have found application in a
variety of fields including magnetic separations®, catalysis?$, and nanoparticle synthesis>®. MPIL
magnetic properties and responsiveness are largely dependent on metal content and the polymer
and chemistry and architecture. As the ideas for MPIL application expand, the complexity of MPIL
design will continue to increase—or vice versa. This supports the need for more investigation of
stimuli responsive behavior, structure-property material relationships, and nano- and micro-scale
assembly behavior in PIL and PIL-based multicomponent systems (e.g., copolymers, blends,
composites).

PILs also respond to electrical stimuli. As polyelectrolytes, PILs are inherently responsive to
electrical fields through ionic conductivity of the mobile counterion and the overall charged state
of the polymeric material. However, PILs with fluorinated counterions (e.g., [(CF3SO2)2N], [BF4]
, [CF3S03]") are generally preferable for electrical response due to their favorable electrochemical
properties including wide electrochemical windows, low glass transition temperatures, and high
ion conductivity. As such, these strong polyelectrolytes have found significant interest for
electrochemical applications such as solid-state batteries, sensors, electrowetting, and wearable
electronics®”> 3738, In the last decade, PILs have begun to be explored as novel electrolytes in
electromechanical actuators for soft robotics and sensor applications® ¢°. However, there is
significant room for further investigation and development of new PIL actuators systems,
particularly for non-ambient environments.

In this dissertation, the focus is on developing poly(ionic liquid) materials with different stimuli

responsive behavior with particular focus on three specific stimuli: (1) magnetic, (ii) salt, and (iii)



electrical. In particular, the aims for the magnetically responsive PILs were (1) investigating the
relationship between chemical, structural, and magnetic properties of novel multicomponent MPIL
systems and (2) evaluating their magnetic stimuli response behavior in self-assembled systems;
these MPIL studies are discussed in Chapters 2-4 (CH 2-4). In order to investigate multi-cationic
PILs, an all-polyelectrolyte block copolymer comprising a strong cationic PIL block and a weak
cationic tertiary amine block was synthesized. Preliminary examination of the all-polyelectrolyte
PIL block copolymer’s self-assembly behavior in response to salt in solution and the bulk is
investigated (CH 5). PIL electrical stimuli response was explored through the synthesis and
characterization of novel PIL and PIL-IL composites, known as ionogels, with the end application
goal of developing PIL-based electromechanical actuator systems or similar electrochemical
devices such as flexible electronics or sensors (CH 6).

In addition to the introductions provided in each chapter, this chapter (CH 1) will serve to
provide motivation and context for the studies included in this dissertation. First, an overview of
the MPIL field related to magnetic property enhancement and applied magnetic stimuli response
is provided in section 1.2. In section 1.3, a summary of PIL salt responsive behavior and self-
assembly in PILs blocked with both neutral and other polyelectrolytes is provided. An introduction
to electroactive actuators and the use of PIL ionogels as electroactive polymer actuator (EPA)
electrolytes is provided in section 1.4.

1.2. Magnetic PILs
1.2.1. Overview and Magnetic Properties of MPILs

The first reported magnetic ionic liquid (MIL) commonly cited was 1-butyl-3-

methylimidazolium tetrachloroferrate (C4CiIm[FeCls]) by Hayashi et al. in 2006, which exhibited

paramagnetic behavior as it could be visually attracted to a handheld magnet and had a measured



magnetic mass susceptibility (measure of attraction to a magnetic field) of ~41.9 x 10 emu/g®'.
In 2011, D&bbelin et al. developed magnetic poly(ionic liquid)s from polyvinylimidazolium and
poly(diallyl dimethyl ammonium) polycations and FeCls and FeBrs salts?®. The MPILs were
formed through coordination of the polycation Cl" counterion with the metal halide salts, forming
anionic transition metal complexes (e.g., [FeCls], [Fe:Cly],, [FeBrCls], [FeBriCl]) that were
electrostatically bonded to the polymers (Figure 1.2b). These MPILs were found to be
paramagnetic at room temperature with susceptibilities between ~24-52 x 10¢ emu/g depending
on the MPIL type, metal concentration, and the transition metal complex type. While the work of
Dobbelin et al. (2011) is generally considered to be the first case of magnetic poly(ionic liquid)s,
it should be noted that an earlier 2008 work by Yang et al. developed random and block copolymers
from poly[2-(1-butylimidazolium-3-yl) ethyl methacrylate tetrafluoroborate], a covalent metal-
coordinating polymer poly[N-2-thiazolylmethacrylamide], and complexed NiSO4 and NdCl; salts
which also displayed magnetic properties®?.

Since 2011, approximately 23 papers have been published on magnetic poly(ionic liquid)s,
which is classified in this work as PIL materials containing paramagnetic transition metal salts and
does not include PILs blended or grafted with iron oxide or metal nanoparticles. Table 1.1
summarizes these publications, with application and magnetic property information included. In
the past decade, the primary focus has been synthesis of new MPIL systems, magnetic property
characterization, and demonstration of magnetic stimuli responsive behavior through attraction to
relatively weak magnets (< 2 T). In simpler MPIL systems, such as homopolymers, the magnetic
behavior is generally found to be paramagnetic with the magnetic mass susceptibilities values
largely dependent on weight percentage of metal content in the polymer system and the transition

metal type complexed?® 3% 63- ¢4 However, as the MPIL field continues to develop, more complex



multi-component systems have been developed including block copolymers, blends, composites,
and homopolymers with modified pendant groups. These more complex multi-component systems
have often reported cases where the paramagnetic susceptibility is enhanced® ¢ or other forms of

62.67-71 antiferromagnetic’!, and

magnetic coupling behaviors are displayed, such as ferromagnetic
superparamagnetic®® 7% 73,

For instance, Bonnefond et al. developed magnetic latexes from the copolymerization of an
MPIL with butyl acrylate and methyl methacrylate copolymers that exhibited weak
antiferromagnetic interactions with reported Neel temperatures between 1.4 and 6.7 K for metal
halide salts for Fe3", Co?*, and Mn?* ©. Carrasco and coauthors formed thermoset MPILs with
weak ferromagnetic properties from a partially quaternized pyridine MPIL and acrylate block
copolymers blended with epoxy that exhibited nanophase separated spherical morphology’.
MPILs containing long pendant alkyl chains or grafted brush topography has exhibited increased
paramagnetic susceptibility values believed to be due to restricted motion and increased packing
of the transition metal salts in lamellar-like structures®: . In a series of recent articles, Ren et al.
has successfully enhanced the magnetic coupling interactions in MPILs by decreasing the distance
between Fe*'-Fe3" centers to ~ 4 A using n-m stacking linker groups incorporated between the
polymer backbone and pendant magnetic ionic liquid group®® 77!, In a similar work, Cui et al.
developed imidazolium [FeCls]-based random copolymers with a pendant pyrene group on the
comonomer. Superparamagnetic behavior was reported for this MPIL copolymer with [FeCls]
anions that acted as quenchers for the fluorescent pyrene-based comonomer”. In many of the
above cases, MPIL structure and morphology was found to be important for enhancing magnetic

coupling interactions of the transition metal species in the polymer system.
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Figure 1.2 (a) Video frame capture of one of a quaternary ammonium-based MPIL copolymers
discussed in CH 2 showing magnetic attraction to a 0.62 T neodymium magnet. (b) General
synthesis scheme for an imidazolium-based MPIL homopolymer through coordination of
transition metal salts with the original counterion (X°), typically a halide (e.g., Cl-, Br-, I"). The
resulting electrostatically bound paramagnetic anion provides the magnetic responsive property to
the PIL.
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Table 1.1 Summarization of the MPIL literature displaying primary application and magnetic properties.

Main

Magnetic Susceptibility

Ref. Application or Polymer System g/loertﬁl onent Reported Magnetism Study Type (x10°¢ emu/qg) or other
Study P magnetic property
random copolymer of N-2- . . i
Yang et al. Magnetic thiazolylmethacrylamide and 2-(1- NdCl ]Ezllamagnetlc_to i, MVTk4 3(_)0 K 1.09 emu/g saturation
200862 tv stud butvlimidazolium-3-vl) ethvl Cls, erromagnetic transition at 30 kOe; e
property study utylimidazolium-3-yl) ethy at 202 K MVH at 4K magnetization
methacrylate tetrafluoroborate
NiSO NR 1.73 emu/g saturation
¢ magnetization
. ferromagnetic (0 cw = 12 12.16 saturation
NdCIo/NiSOs K) magnetization
block copolymer of N-2- i
thiazolylmethacrylamide and 2-(1- NdCl ferromagnetic (0 cw =175 x\égkégoo K 1.42 emul/g saturation
butylimidazolium-3-yl) ethyl & K) MVH at Ll‘.K magnetization
methacrylate tetrafluoroborate
paramagnetic with .
NiSO4 antiferromagnetic %(;Sneerz;lzjégt]i(s)?]turatlon
interactions (cw = -15 K) 9
. antiferromagnetic (Ocw= - 11.88 emu/g saturation
NACla/NiSO4 28 K) magnetization
[FeCla],
Dobbelin et Lewis Acid L . [Fe2Cl7]-, - 24.1-51.5 depending on
al. 201125 catalysis polyvinylimidazolium [FeBrCI], paramagnetic MVH at 300 K metal content
[FeBrCls]
poly(diallyl dimethylammonium) [FeCls] paramagnetic MVH at 300 K 29.3-35.3 depending on

metal content
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Table 1.1 Cont.

Main Metal Magnetic Susceptibility
Ref. Application or  Polymer System Reported Magnetism  Study Type (x10° emu/qg) or other
Component .
Study magnetic property
Fluorescence and  copolymer of vinylimidazole Superparamagnetic with MVH at 5 and
Cuietal. magnetic stimuli vinylimidazolium, and metha’crylate [FeCla] antiferromagnetic 300 K; MVT 2 9.2-19.1
20127 h ' interactions (6cw= -36.7 to 300 Kat100 '
response with pendant pyrene groups K) 06
Carrasco et Vinylpyridinium type diblock coercive field 72 Oe; 1.04 x
al. 201357 Epoxy thermosets  copolymer with methyl methacrylate [FesBrio] soft ferromagnet MVH at 300 K 102 emu/g magnetic
' and unquaternized vinypyridine saturation
copalyimer with methyl methecrylte coercive field 83 Oe; 1.68x
and unquaternized [FesBrio] soft ferromagnet MVH at 300 K 10 emu/g magnetic
nc unqua saturation
vinypyridine/Epoxy Blend
Liquid beads poIy(1_,3-_b|s(1-pentenyl)-_2-
Rahamn et and magnetic methylimidazolium crosslinked FeCls or DyCl;  assumed paramagnetic  NR NR
al. 20137 onsge with polyethylene glycol 3 OrLyLls P g
P diacrylate
Template for crosslinked poly[(3- [CoCl,)?, AC
Sahiner et metal acrylamidopropyl)- [CuCl,)?, . susceptibility
al. 201477 nanoparticle trimethylammonium] crosslinked ~ [NiCl4]?%, paramagnetic balance at 188
synthesis with N,N-methylenebisacrylamide [FeCl,] 300 K
Yuetal, Magnetic IIcr)]leaertﬁr It()arri?iﬁ;de uaternizedto  [FeCls] aramagnetic MVHat300  10.7-41.6 depending on
20157 property study polyetny g 4 P g K metal content

varying degrees
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Table 1.1 Cont.

Main

Metal

Magnetic Susceptibility

Ref. Application or  Polymer System C Reported Magnetism  Study Type (x10° emu/g) or other
omponent .
Study magnetic property
norbornene-type block paramagnetic with MVH at
Yuetal. Magnetic copolymers with pendant [FeCL] ferromagnetic 300K; MVT 237
2016% property study  quaternary ammonium on ethyl 4 interactions (Ocw= 2-300 K at 10 '
pendant chain 4.8K) kOe
Magnetic
2”31225'9 etal. gtle:)ez:rtaet(ijons for poly(diallyl dimethylammonium)  [FeCl,] assumed paramagnetic  NR NR
water treatment
. polyvinylimidazolium random [FeBrCls], paramagnetic with ) Uefr [ne] per metal
Etoar:n;foolnetis :\;I;g);(r;itlc copolymers with butyl acrylate [CoBrCly], antiferromagnetic I\KA;/tTlgos(;Oge complex: 5.6 (Fe**), 4.2
' and methyl methacrylate [MnBrClLy] interactions (Co %), 5.9 (Mn?)
i - Uert [us] per based on
Alardetal.  Multi-stimuli Sj?reﬁeemligifnool;/e[tzh | FeClsX, X=ClI- aramaanetic MVH at polymer and metal
2017% response methacrylate] o olymers , Br-, I- P 9 300K combined molecular
y poly weight: 14.7-61.2
. poly[3-
(2)(?1&;24& al. L(')\Il”:]?eﬁ';;f;n (methylacrylamido)propyltrimethy  [FeCl,] paramagnetism I\KAVH at 300 31.9
poly lammonium chloride)]
Template for I;i gﬁ F,iltl 'i‘:l:)
Sunetal. metal 1,2 4-triazolium PIL poly(4-hexyl- nitr’ates, ’ NR NR NR
20178 nanoparticle 1-vinyl-1,2,4-triazolium iodide) S
synthesis chlorides, and
acetates
'2'5‘1382" ﬁgte'::;cmb'al poly(diallyl dimethylammonium) [FeCls] assumed paramagnetic  NR NR
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Table 1.1 Cont.

Main Magnetic
- -
Ref. Application or  Polymer System 'C\:/I:rFr?pl)onen t Reported Magnetism  Study Type Sﬁfg;té?'gttze(;(lo
Study magnetic property
Self assembly
Zha“g etal. and magnetic vinylpyridinium [FeCla] paramagnetic MVH at 9.12
2018 300K
property study
block copolymer polystyrene and ] . MVH at
post-quaternized vinylpyridinium [FeCl] paramagnetic 300K 12.7
blpck copolymer o_f polyhedral 97 5 after self-
oligomeric silsequioxanes, ) . MVH at . i
) [FeCl4] paramagnetic assembly; 15.4 after de
polystyrene, post-quaternized 300K
. C assembly
vinylpyridinium
imidazolium modified
Xia et al. Magnetic norbornene polymer with varying [FeCL] aramaanetic MVH at 25.5-30.9 for C; to Cs
2018% property study  alkyl chain length on 4 P g 300K alkyl chain length
imidazolium ring
norbornene-type block
Yuetal. :ﬁg;ﬁ:egzlg copolymers with pendant [FeCL] superparamaanetic MVH at 300  sigmoidal MVH
20187 g quaternary ammonium on 4 perp g K response
property study dodecyl pendant chain
. S 16-39 depending on DP;
s, ST PMIVRIAUIST o peamgeic VR ISSd0fren
201966 g pofyhec 9 4 P 9 300K assembly depending on
property study  silsequioxanes DP
paramagnetic with MVH at 100-
Yuetal. S‘r“C‘“Te and b imidazoli LT Wez.ifk . 380K; MVT  linear MVVH response
20197 magnetic norborene-type imidazolium [FeCla] antiferromagnetic 2300 K at 10 without saturation
property study interactions (Ocw= -5 KOe
K)
superparamagnetic MVH at 100- S-_shape MVH response
I . . . . with hysteresis
norborene-type imidazolium with [FeCL] with ferromagnetic 380K; MVT Coercive force '2 4 Oe:
biphenol linker 4 interactions (Bcw=25  2-300 K at 10 3.57 x 10° emulg '
K) kGe remanence




Main

Magnetic

. Metal . Susceptibility (x10°°
Ref. ,SAtpzlpéllcatlon or Polymer System Component Reported Magnetism  Study Type emu/g) or other
y magnetic property
. norborene-type block copolymers
Maleche;Aet Living R.OMP with pendant alkyl chain or [FeCls] paramagnetism MVH at 300 25.8-27.6
al. 2020 polymerization . . : K
imidazolium

Molecular

magnet MVH at 50-
Yuetal. development norborene-type imidazolium with [FeCL] ferromagnetic (Ocw= 380K; MVT  ZFC-FC bifurcation at
20217 and pyrene linker 4 ca. 75 K) 2-300Kat10 175K

fluorescence kOe

properties

Molecular quaternized poly[2-

magnet (dimethylamino)ethy!l aramagnetic with MVH at 2
Li etal. g y y ) P gneti and 50 K; ZFC-FC bifurcation at

60 development methacrylate] grafted on [FeCl4] ferromagnetic

2022 - MVT 2-40K 26K

and self polynorborene based polymer transition at 2.6 K

at 100 Oe

assembly bottle-brush

m;l(:&”ar superparamaanetic to MVH at 2,5, ZFC-FC bifurcation at
Jietal devgelo ment norborene-type imidazolium with [FeCL] ferprorfm neti?: and 50 K; 36 K; coercivity 135 Oe
2023 P terphenyl linker 4 mag MVT 2-40 K and 0.005 emu/g

and self transition

at 1 kOe remanence
assembly

Sl

MVH: magnetization study as a function of magnetic field strength; MVT: magnetization study as a function of temperature, usually as
zero-field cooling(ZFC)/field cooling(FC) curves; Ocw is the Weiss constant determined after fitting MVT data to the Curie Weiss law;
Lefr: the effective magnetic moment in units of Bohr magnetron, pug. See appendix C for more information on the Curie Weiss Law,
effective magnetic moment, and ZFC-FC studies.



Though significantly less explored, coordination effects from co-materials may also influence
magnetic behavior due to changes in the transition metal coordination complex, particularly in
systems containing amine, amide, carbonyl, or thiol functionalities. In the work of Yang et al., the
copolymers displayed either antiferromagnetic interactions or ferromagnetic behavior which was
believed to be due to a combination of block copolymer structure and changes in coordination
interactions of the Nd*" and Ni?* metal cations with the thiazolylmethacrylamide comonomer and
PIL methyl methacrylate backbone®. While not investigated as an MPIL, Sun et al. verified the
presence of carbene formation and coordination with transition metal salts in
poly(vinyltriazolium)-based PILs®!. In water treatment magnetic separations application, a
poly(diallyldimethyl ammonium tetrachloroferrate) MPIL dissolved in water did not exhibit
magnetic response; however, upon complexation with carboxyl-functionalized graphene oxide, the
combined complex became magnetically responsive”. Several of the MPIL systems described
above and in Table 1.1 also contain varying degrees of un-quaternized imidazole, pyridine, and
amine functionalities capable of metal coordinating interactions®”- 7> 7839 though no investigation
was done to examine coordination effects on the transition metal complexes or its binding to the

polymer.

Currently, the effects of coordinating co-materials in MPIL systems and their impact on the
transition metal complex structure, binding to the MPIL polymer, and the resulting magnetic

properties are not well understood. More investigation into multi-component MPIL materials

containing co-materials capable of metal ion coordination is needed to inform design parameters

for the development of novel MPIL systems, improve their magnetic properties, and expand MPIL

applications into new fields. 1t was hypothesized that metal coordinating comonomers will

influence how the paramagnetic species complex is formed and interacts with the polymer. In

16



Chapter 2 of this dissertation, an MPIL random copolymer with a metal-coordinating acrylamide
comonomer is complexed with different concentrations and types of transition metal halide salts.
An in-depth spectroscopic study is performed to analyze the influence of the acrylamide
comonomer on the transition metal complexes and its binding to the polymer. An initial evaluation
of its magnetic properties is also provided through AC magnetic susceptibility measurements at
room temperature. In Chapter 4, the magnetic properties of these MPIL copolymers are further
examined as a function of both magnetic field strength and temperature through vibrating sample

magnetometry (VSM). These studies inform the relationships between magnetic properties and

polymer chemistry and will help direct the future development of magnetically responsive

nanomaterials, such as self~assembled MPIL block copolymers or MPIL composites with non-

magnetic nanomaterials (e.g., silica particles, graphene, etc.) for applications in organic magnets,

magnetic separations, stimuli-response, and more.

1.2.2. Applied Stimuli Response in MPILs and similar MIL and Magnetic Surfactant (Mag-
Surf) Systems

MPILs have found application in many applications including Lewis-Acid catalysis®S,
antibacterial agents®?, metal nanoparticle synthesis templates’” 8!, fluorescence quenchers™ 72,
polymer latexes®, liquid beads’®, thermosets®’, materials with multiple stimuli response®’, and
magnetic separations for water treatment’”. However, only one MPIL article has applied the
magnetic stimuli response to an application beyond simple attraction to a magnetic field. In
particular, Hazell et al. complexed poly(diallyldimethyl ammonium [FeCl4]") and utilized the
polymer as a flocculating agent to magnetically separate graphene oxide and graphene oxide

complexes with antibiotic tetracycline and gold nanoparticles from water’”®. On the small molecule

side, magnetic ionic liquids (MILs) and magnetic surfactants (Mag Surf) have demonstrated more
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applications in applied magnetic stimuli response. In particular, MILs have been utilized for liquid-
liquid extractions and subsequent magnetic separation®> 8, In a series of papers, Brown and Eastoe
et al. utilized magnetic surfactants and magnetic fields from handheld magnets to induce changes
in pendant drop surface tension®’*? and for directed motion of proteins and DNA®!-°2, McCoy et
al. complexed ammonium- and imidazolium-based iron halide surfactants to graphene oxide sheets
for magnetic separation from aqueous solution®®. Several mag-surfs have also been used to
magnetically influence self-assembly of DNA and phospholipid vesicular structures® >

MPILs similarly have the potential to be employed in more applied magnetic stimuli-
responsive applications, such as magnetic manipulations or directed nanomaterial assembly, as
they have similar or even better magnetic susceptibilities compared to their small molecule MIL
and mag-surf counterparts. Currently, no studies to the author’s knowledge have investigated the
use of MPILs for magnetically directing self-assembly of nanostructures either in solution or the
bulk. Magnetic fields have been used previously to direct self-assembly of diamagnetic block
copolymers into aligned films through differences in diamagnetic susceptibility of each domain®®
7. However, these diamagnetic polymers typically require a significant difference in the
diamagnetic susceptibility of each block to induce magnetic alignment, and large magnetic fields
produced from superconducting magnets are typically required to induce the magnetic alignment.
Utilizing paramagnetic MPILs in multicomponent self-assembled structures, could lead to

magnetically driven alignments under weaker magnetic fields provided by neodymium permanent

magnets. Studying the magnetic stimuli response in MPIL nanostructures will help develop new

applications for MPILs in magnetically driven delivery, magnetic manipulation, and nano

assembly fields.
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In Chapter 3 of this dissertation, a surfactant is used to induce micellar self-assembly in the
random MPIL copolymers developed in Chapter 2, forming magnetically responsive
polyelectrolyte-surfactant complexes. The influence of the paramagnetic species on the micellar
self-assembling behavior is examined as a function of surfactant concentration. Applied magnetic
stimuli responsive is examined through a study of magnetic manipulation of the nanostructures in
solution and using a magnetic field to direct self-assembly of the nanostructures into dried thin
films. Chapter 4 also examines the influence of self-assembly on the magnetic properties of the
MPIL-surfactant complexes through similar VSM studies as performed on the MPIL copolymers.
1.3. Salt-Responsive Self-Assembly of PILs and All-polyelectrolyte PIL Systems

Poly(ionic liquid)s block copolymerized with neutral polymer blocks self-assemble into a
variety of hierarchical micellular structures in solution including worm-like micelles, core-shell
spheres, vesicles, and cubosomes®® 1%, In addition to the same design parameters that control the
morphology of all-neutral block copolymers (e.g., polymer block size, compatibility with solvent
and with co-blocks, annealing conditions, concentration, additives) '°2, PIL self-assembly is also
highly dependent on their counterions due to their strong polyelectrolyte nature. This is largely
attributed to changes in localized solubility of the PIL chain upon ion exchange from more
hydrophilic anions (e.g., Cl;, NO3") to more hydrophobic anions (e.g., BF4, PFs, TfaN"). For
instance, in a series of poly(methacrylic acid) or poly(acrylamide) block copolymers with
poly(alkylimidazolium propyl methacryliamido bromide) developed by Vijayakrishna et al., ion
exchange of the Br~ anion with THHN" converted the double hydrophilic block copolymers to

amphiphilic core-shell micellular structures and vesicles®® 1%

. In pyridinium-based random and
block copolymers with polystyrene, ion exchange from Br to I, SCN-, and PF¢ anions lead to

different micellular structures including spherical micelles, wormlike particles, networks, and
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vesicles depending on ion type and concentration'®> 194, This salt responsive behavior can also
induce self-assembly behavior in PIL homo- and random copolymers through partial ion
exchanges from halide to hydrophobic PFs and Tf,N™ anions, with self-assembled structure
dependent on the extent of ion exchange!> 16195, These examples demonstrate the salt responsive
nature of PILs and their influence on polymeric structure through a simple non-covalent ion
exchange as well as the fine-tuning abilities of counterion mixtures.

As mentioned earlier, the use of multiple types of ions on the polymer backbone may also
provide an additional tool in PIL design, including in block copolymers. However, the exploration
of self-assembly in all-PIL block copolymer is significantly less explored compared to PILs
blocked with neutral polymers. Primarily, all-PIL block copolymers have consisted of
polyvinylimidazolium based polymer blocks with different pendant groups on the imidazolium

30-52 or spacer chain between the polymer backbone and imidazolium group®. In their first

ring
work, Cordella et al. developed poly(vinylalkyl imidazolium) block copolymers with ethyl and
methyl groups and a mixture of Br- and Tf2N" anions. While self-assembly of this block copolymer
was not examined, emulsion stabilization behavior was observed in water- ethyl acetate mixtures,
which was attributed more towards to the solubility effects induced by the counterions rather than
the imidazolium alkyl chain length’!. Later, Cordella et al. produced amphiphilic poly(vinylalkyl
imidazolium bromide) block copolymers with ethyl and octyl alkyl chains through polymerization
induced self-assembly (PISA) >°. These block copolymers produced spherical or rice-like shaped
morphologies depending on the degree of polymerization of the poly(vinyloctyl imidazolium
bromide) block. Similar spherical morphologies were also produced for poly(vinylalkyl

imidazolium bromide) with fluorinated or glycol groups pendant groups on the imidazolium ring>2.

Depoorter et al., proposed the limitation to producing morphologies other than spherical in these
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works was due to low incompatibility of the modified imidazolium blocks>. In their work,
Depoorter et al. instead altered the alkyl chain length between the polymer backbone and pendant
imidazolium group for the two imidazolium-based blocks, which allowed for the production of
rods and vesicles in addition to spheres due to reduced compatibility between the two blocks. There
is still significant room for further investigation into synthesis and self-assembly behavior of other
types of all-PIL block copolymers, particularly for PILs containing differ types of immobilized
cations beyond only imidazolium. Further, no studies to the author’s knowledge have examined
the self-assembly behavior of all-PILs in the bulk phase.

Similarly, there are also only a few efforts involving the synthesis and self-assembly of PILs
blocked with weak polyelectrolytes. He, Matyjaszewski, and coauthors synthesized a poly[acrylic
acid-block-vinylbenzyl butyl imidazolium bis(trifluoromethanesulfonyl)imide] block copolymer
and examined its solution assembly in water-THF mixtures as a function of solvent ratio, pH,
polymer concentration, and ionic strength®®. They produced different micellar structures including
spheres, (multi)lamella, and cubosomes. As described above, Vijayakrishna et al. produced
[poly(methacrylic acid)-block-alkylimidazolium propyl methacryliamido bromide] copolymers
with core-shell and vesicular structure dependent on Br- and TN ion exchange®: 1%, However,
they did not examine the influence of pH on the assembly behavior. On the cationic side, a poly[1-
[2-acryloylethyl]-3-methylimidazolium bromide] PIL block copolymer with polyvinypyridine was
synthesized through PISA, producing spheres, networks, and vesicles depending on solids content
and degree of polymerization of the polyvinypyridine block!%. After synthesis, they crosslinked
the nanoobjects and exposed them to acidic conditions below the pKa of polyvinylpyridine,

producing all-charged nanostructures.
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Utilizing weak polyelectrolytes over other PILs are perhaps of even more interest as the weak
polyelectrolyte blocks exhibit pH responsive behavior and can be easily converted to a strong PIL
block through a post-polymerization quaternization reaction and ion exchange. In Chapter 5, an
all-polyelectrolyte block copolymer consisting of an imidazolium-based PIL and a tertiary amine
weak polyelectrolyte was synthesized through a living radical polymerization. A preliminary
investigation into the block copolymer’s solution salt responsive behavior and resulting self-
assembled structure behavior is examined. The morphology of the all-polyelectrolyte PIL in a dry
state is also examined with a hybrid atomic force microscopy and IR technique—a new
characterization method for PILs.

1.4. PILs for Ionic Electroactive Actuators

As strong polyelectrolytes, PILs are single-ion conductive materials, with ion conductivities
typically between 1071° to 10~ S/cm in a dry state!?’-!!!, Similar to ionic liquids, they also exhibit
excellent thermal stability (>300 °C) and wide electrochemical windows while also exhibiting the
mechanical integrity of polymers. As such, they have been largely evaluated as solid polymer
electrolytes for electrochemical applications such as solid-state batteries, sensors, flexible
electronics, fuel cells, and, recently, soft ionic actuators.

Ionic polymer metal composite (IPMC) actuators are polyelectrolyte-metal composites that
can produce an electromechanical response to an applied voltage. Typically, they are composed of
an ionic electroactive polymer (iEAP) film sandwiched between two metal electrodes (e.g., Au,
Pt) and clamped at one end to a DC or AC power supply (Figure 1.3). The composite film produces
a bending motion as a result of ion migration and subsequent swelling at the polymer-electrolyte
interface under an applied voltage, typically < 10 V. There are two main categories of IEAPS,

hydrogel and ionogel.
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Hydrogel IPMCs are typically composed of an anionic polyelectrolyte, such as Nafion, and
hydrated in an aqueous salt solution. Small cations (e.g., Li*, Ca®") coordinated with water clusters
migrate to the negatively charge electrode, causing swelling at that electrode and contraction at the
opposite electrode (Figure 1.3a) !'2 . Hydrogel IPMCs can generally operate under relatively low
applied voltages (<10 V) compared to other actuator systems such as dielectric elastomers and

piezoelectric polymers’® 113 114

. As a hydrated system, they are also able to actuate within aqueous
environments!!*11, However, hydrogels IPMCs suffer from several disadvantages. When operated
in air environments, vacuum, or higher temperatures, water evaporation results in dehydration of
the polyelectrolyte layer, preventing long-term operation life or operation in more extreme
environments such as aeronautical and space!'”- '8  Further, at higher voltages, water electrolysis
occurs, resulting in the production of hydrogen and oxygen gas bubbles within the polymer layer.

This can lead to rapid drying of the polymer layer as well as adsorption of Hz(g) and O2(g) gases

at the noble metal electrodes and alteration of the electrochemical behavior of the actuator!!®.

Lo@®

piLERO

Hydrogel (e.g., Nafion) lonogel (e.g., PVDF) lonogel PIL

Figure 1.3 lllustration of IPMC actuators consisting of a polyelectrolyte layer between two
electrode layers where the polyelectrolyte may be a (a) hydrogel, (b) ionogel, and (c) PIL-based
ionogel.

In more recent years, ionogel based iEAP layers have been evaluated for actuation performance
as they address some of these issues. lonogels are ionic liquid-polymer composite materials that
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exhibit high ion conductivity (~10 to 10 S/cm) and improved thermal and electrical stability
properties due to the free ionic liquid within the polymer layer. The electromechanical actuation
behavior in ionogel- based IPMCs is a result of both the ionic liquid free cations and anions
migrating towards and swelling at oppositely charged electrodes (Figure 1.3b). In this case, the
resulting bending motion is dependent on the extent of swelling at each side of the film which in
turn is a function of cation and anion size and mobility. !'® 129 The most commonly studied ionogel
1EAP layers are Nafion and PVDF polymers combined with imidazolium-based ionic liquids. As
ILs have wide electrochemical windows (>7 V) and are practically nonvolatile at most operating
temperatures and pressures, they overcome the operational limitations of hydrogel-based actuators.
However, depending on the polymer and ionic liquid selection, these materials can face IL leakage
and compatibility issues which limits their overall operational life>” 12!,

PILs have also been recently evaluated as polyelectrolyte layers for ionic actuator applications.
They are ideal polymer matrices for ionogels-based polyelectrolytes due to their high compatibility
with ionic liquids, resulting in gels with minimal IL leakage at higher weight percentages and
longer periods of electrochemical operational stability>’. However, the study of PIL-based ionic
actuators is still actively emerging with a few actuator studies involving dry'?? 123, hydrogel'?4,
and ionogel>® 6% 125126 PILg systems.

PILs themselves are inherently conductive (~10-7-10"° S/cm dry) without hydration or swelling
with ILs, and they have shown some limited actuation ability in a dry state!?> 123, In this case, the
actuation behavior is a result of counterion migration to the opposite electrode (Figure 1.3c).
Hydrogel and ionogels PIL systems with higher ionic conductivities (10*-10 S/cm) due to
plasticization of the polyelectrolyte layer and higher unrestricted ion mobility, resulting in suitable

actuation ability on the millimeter-scale. In the ionogel systems, the free ionic liquid ions provide
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the main contribution to the polyelectrolyte layer ion conductivity, which can be enhanced when
confined to microphase separated ion channels similar to the behavior of hydrated Nafion!!2,
Several groups have developed triblock copolymer PILs to increase the storage modulus of the
overall polyelectrolyte layer with stiffer polymer blocks while maintaining reasonable ionic
conductivity with microphase separated conductive channels® 6% 12126 However, most of these
studies were mainly limited to PIL ABA triblock copolymers or penta-block copolymers with

polystyrene A-blocks. More investigation into PIL block copolymer systems is needed to expand

and improve PIL performance as IEAPs and to provide preliminary data for actuator performance

in more extreme environments, such as aeronautical and space applications.

In Chapter 6, the block copolymer synthesized and characterized in Chapter 5 and is
corresponding homopolymer are combined with ionic liquid to form ionogels and evaluated for
their thermal, electrochemical, and actuation performance Important polymer actuator design
parameters was examined, including glass transition temperature (Tg), elastic modulus, polymer-
ionogel structure, and ion conductivity. Appendix F also provides preliminary data for examining

several reinforcing materials to improve mechanical properties in PIL-based ionogels.
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Chapter 2: Influence of metal-coordinating comonomers on the coordination structure and
binding in magnetic poly(ionic liquid)s

* This chapter is adapted from the submitted journal article: Kayla Foley., Lucas Condes, Keisha
B. Walters. “Influence of metal-coordinating comonomers on the coordination structure and
binding in magnetic poly(ionic liquid)s,” Submitted and under review April 2023, Molecular
Systems Design and Engineering (RSC)

Abstract

A poly(ionic liquid) (PIL), poly(acrylamide-co-diallyl dimethylammonium chloride), was
systematically complexed with Co?*, Fe®*, and Co?*/Fe®* (mixed) at different molar equivalencies
to form a series of magnetic PILs (MPILs). These novel MPILs were utilized to examine
molecular structure and binding between the polymer and metal species using comprehensive
spectroscopic studies in both dry and liquid states. FTIR, X-ray photoelectron, UV-Vis, and Raman
spectroscopies showed evidence of metal coordination of both the iron and cobalt chloride species
with the acrylamide comonomer. Using AC susceptibility measurements, the MPILs were found
to have magnetic properties within the range of typical MPIL homopolymers with magnetic mass
susceptibilities dependent on metal cation type and concentration. This work demonstrates MPILs
can be tuned using the metal ion species and concentration to increase the magnetic mass
susceptibility and alter metal-ion coordination structure and binding with the PIL copolymer.
Further, the coordination structure of the transition metal halide complex was determined to be
dependent on metal halide concentration in the polymer for the iron-based system, and it was
shown that both metal cations (Fe** and Co?*) bond not only electrostatically with the PIL
monomer but also predominantly with the acrylamide comonomer. In particular, metal-oxygen

and metal-nitrogen bonding was observed with the amide group present in the acrylamide.
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Understanding and controlling the coordination structure and binding in PILs is significant as these
materials allow for the formability and flexibility advantages of polymers to be combined with
properties atypical for polymers, such as high ion conductivity, electrical and thermal stability,
antibacterial properties, and magnetic responsiveness in the case of MPILs.

2.1. Introduction

Poly(ionic liquid)s, or PILs, are composed of polymerized ionic liquid monomers that form
strong polyelectrolytes with permanent charge groups on the polymer pendant groups and
exchangeable counterions. PILs exhibit high ion conductivity, electrical and thermal stability,
antibacterial properties, and a variety of other favorable properties which are tunable through
counterion exchange®3. Task-specific counterions may also be introduced to impart PILs with
stimuli responsive properties to environmental conditions such as pH*, light®, electric potential®,
and magnetic fields’.

Magnetic poly(ionic liquid)s (MPILs) are an emerging class of PILs with ionically bound
paramagnetic counterions, frequently metal halides (i.e., [FeCls]-, [CoCl4]%), that imbue the
polymers with magnetic responsiveness. Instead of a counterion exchange, MPILs are typically
synthesized through coordination interactions between PIL halide counterions and added transition
metal salts that electrostatically bind to the polyelectrolyte. Dobbelin et al. developed some of the
first paramagnetic MPILs by complexing FeCls or FeBrs salts with poly(vinyl alkyl imidazolium
chloride) and poly(diallyl dimethylammonium chloride) type PILs to form MPILs with high spin
paramagnetic iron complexes ([FeCl4], [FeBrsCI], [FeBra]", [Fe2Cl7], [FesClio]*)”. These MPILs
could be processed into powders or films and showed comparable or higher magnetic
susceptibilities than their non-polymerized, small molecule counterparts, magnetic ionic liquid

(MILs) 810 and magnetic surfactant (Mag-surf) 1 12 complexes.
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In the past decade, the MPIL field has expanded to a variety of applications including
catalysis’, organic templates and metal ion sources for in situ metal nanoparticles synthesis®3,
magnetic separations* 15, antibacterial materials'®, optical and fluorescent quantum dots for
biological labeling, and molecular magnet development!” 18, In many of these systems, MPILs
have been incorporated into multicomponent systems, such as copolymers and composites. For
instance, Bonnefond et al. developed magnetic latexes from the copolymerization of an MPIL with
butyl acrylate and methyl methacrylate copolymers'®. Thermoset MPILs with weak ferromagnetic
properties were formed by Carrasco et al. from a partially quaternized pyridine MPIL and acrylate
block copolymers blended with epoxy. Cui et al. developed imidazolium-based superparamagnetic
MPIL copolymers with FeCls anions that acted as quenchers for the fluorescent pyrene
comonomer?’. MPILs and MILs have been used to form composites with carboxyl-functionalized
graphene oxide, as well as other nanoparticles, which were magnetically separatable from aqueous
solution?> 2L,

The co-materials in these multicomponent systems often contain functional groups (e.g.,
carboxylic acids, amides, amines, thiols) capable of interacting or coordinating with transition
metal complexes which may in turn influence the magnetic properties of those complexes or how
they are integrated into the MPIL system. However, very few have examined how the transition
metal halide complex interacts with the polymer in multicomponent MPIL systems. While it was
not a traditional MPIL, it is noteworthy to mention the work of Yang et al. where metal ion
coordination (in this case, Ni?* and Nd**) in a imidazolium BF4 based PIL copolymerized with N-
2-thiazolylmethacrylamide greatly influenced the magnetic behavior and properties of the polymer

depending on metal cation type, random or block copolymerization, and coordination structure

39



with the thiazole ring??. Similar coordination behavior is expected for traditional MPILs with
metal-coordinating comonomers or co-materials in multicomponent systems.

This work provides an in-depth analysis into the metal ion coordination structure and binding
interactions in magnetically responsive multi-component PIL systems, an effort that, to the
authors’ knowledge, has not been previously presented in the literature. After systematic
complexation of a PIL copolymer with different metal salts at different molar equivalencies,
molecular structure and binding were characterized through a comprehensive spectroscopic study.
In particular, poly(acrylamide-co-diallyl dimethylammonium chloride), a PIL copolymer with a
quaternary ammonium PIL group and a comonomer capable of metal coordinating interactions,
was selected as the halide PIL for this study, and this PIL was complexed with Co?* and Fe3* metal
halide salts to form the MPIL copolymers. After synthesis, the chemical properties and molecular
interactions of these copolymers were studied in both the liquid and dry states as a function of
metal salt concentration and cation type using FTIR, X-ray photoelectron, UV-Vis, and Raman
spectroscopies. The magnetic properties of these MPIL copolymers were evaluated using AC
susceptibility measurements. As magnetically responsive PIL functional materials show
tremendous promise for technological innovation and novel applications, it is critical to understand
how transition metal ions interact in MPIL multicomponent systems and subsequently impact the
properties of these unique materials.

2.2. Materials and Experimental Methods
2.2.1. Materials

A 10 wt% solution of poly(acrylamide-co-diallyldimethylammonium chloride) ([Pam-co-

PDADMA][CI]) in water was purchased from Sigma Aldrich. The copolymer contained 55%

acrylamide (Pam) and 45% diallyldimethylammonium chloride (DADMA|CI]) by weight.
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CoCl2+6H.0 was purchased from Sigma Aldrich, and FeCls-6H20 was purchased from Alfa Aesar.
All materials were used as received.
2.2.2. Synthesis of Magnetic Copolymers

Magnetic copolymers were synthesized through complexation of the metal halide in agueous
solution with the copolymer. In a typical synthesis, 10 ml of the 10 wt% [Pam-co-PDADMA][CI-
] copolymer solution was added to a round bottom flask and further diluted with 5 mL of Millipore
water. Aqueous solutions of FeCls -6H20, CoCl>-H20, or ratioed mixtures of iron and cobalt
chlorides were prepared in various concentrations to yield magnetic copolymers with 1 (3.09
mmol), 2 (6.19 mmol), or 3 (9.28 mmol) equivalents of the metal halide anions with respect to the
PDADMA group. The metal halide solutions were then added dropwise to the copolymer solution
under stirring. (Note gelling was observed after addition of 3-5 drops of FeClz-6H20 solution, but
the gel structure collapsed with continued addition of the metal halide solutions). For the cases
where significant gelling occurred, the system was further diluted with water until completely
solubilized. All solutions were stirred overnight at room temperature. The water was evaporated
from the system, and the magnetic MPIL polymer product was placed in a vacuum oven (~ 45 °C)
for further drying before characterization.
2.2.3. Spectroscopic Characterizations

Attenuated total reflection (ATR) FTIR spectra of dried polymer were collected using a
ThermoFisher Scientific Nicolet iS50R spectrometer with 4 cm resolution and a minimum of 64
scans over the 4000-400 cm™ spectral range. Raman spectroscopy was performed on a Renishaw
inVia Raman microscope with a 785 nm red laser at a 1% power setting and 30-second scans for
the 1200-200 cm* spectral range. Samples were prepared by drop casting thin films from aqueous

solution onto microscope slides.
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Physical Electronics PHI VersaProbe 5000 station X-ray photoelectron spectrophotometer
(XPS) was used to obtain XPS spectra of dry polymer films. A monochromated 25.0W Al
1486.6eV source was used for data collection. Survey scans and high-resolution scans were
obtained at pass energies of 117.40 eV and 23.5 eV, respectively. Samples were prepared by drop
casting MPIL aqueous solutions onto gold-coated silicon wafers. The peak maximum in the C1s
spectra was pinned to 285 eV, corresponding to the aliphatic C-C/C-H C1s band, used to provide
for charge correction. All data were analyzed using CasaXPS (Version 2.3.23PR1.0) software. The
C1s, N1s, O1s, and CI2p high-resolution spectra were fit using Shirley backgrounds and Gaussian-
Lorentzian mixed line shapes, typical for polymers?3; the experimental error for all high-resolution
spectra was £0.2 eV. The Fe 2p and Co 2p high-resolution spectra were fit using asymmetrical
line shapes typical for transition metals®* 2. To avoid collecting photoelectrons from excess
unbound metal chloride salts, the 3 eq samples were not examined with XPS.

Solution samples were analyzed with a double beam Shimadzu UV-2450 ultraviolet-visible
(UV-Vis) spectrophotometer. UV-Vis spectra were collected for each sample at room temperature
at a scan rate of 500 nanometers per minute over a 190-750 nm spectral range with a 0.5 nm
sampling interval and 2.0 nm slit width. All samples were measured in UV grade fused silica
cuvettes with a path length of 10 mm (International Crystal Laboratories). UV-Vis absorption
spectra of solid films coated on microscope slides were also obtained with a Shimadzu Biospec
1601 spectrophotometer over 800-190 nm spectral range and a 1 nm sampling interval.

2.2.4. Magnetic Characterizations

Magnetic mass susceptibilities were obtained with a Kappabridge MFK1 magnetic AC

susceptibility meter. Solid sample flakes were added to 4 mL quartz cuvettes. The instrument was

operated at a field strength of 450 A/m and at an AC field frequency of 976 Hz. The magnetic
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susceptibility reported is an average of 10 measurements. The diamagnetic contribution of the
quartz cuvette was subtracted from the volume susceptibility and then normalized by mass,
yielding the magnetic mass susceptibilities. A similar procedure was followed for liquid samples
where 4 mL of copolymer solution was added to a quartz cuvette. The mass susceptibility measured
from a cuvette filled with 4 mL of Millipore water was used to subtract the diamagnetic
contributions from the water. Two back-to-back 0.5 T neodymium magnets with a 1-inch diameter
and 0.75-inch thickness were used to examine the magnetic response of the copolymers. The
combined magnetic field of the two magnets was calculated to be ~0.6 T at the magnet surface.
2.3. Results and Discussion

Paramagnetic poly(ionic liquid) copolymers were synthesized by complexing FeCls, CoCl; or
a ratioed mixture of the iron and cobalt metal halide salts with [Pam-co-PDADMA][CI-] in
aqueous solution to form the corresponding magnetic copolymer complexes [Pam-co-
PDADMA][Fe®*"] and [Pam-co-PDADMA][Co0?*] (Figure 2.1). During synthesis, the metal halide
salts solutions were slowly added dropwise in concentrations to provide 1, 2, or 3 mole equivalents
of the metal halide with respect to the DADMA monomer unit. During the synthesis, gelation
initially occurred upon addition of the first ~3-5 drops for the Fe3* samples, likely due to the
formation of metal coordination bonds between acrylamide units. The gel structure collapsed with
continued metal halide solution addition. Following complexation and removal of the solvent,
magnetic PIL copolymers were obtained. Similar copolymer systems with a 1:1 mole ratio of
mixed FeClz and CoCl; salts were also prepared to form the [Pam-co-PDADMA][Mixed
Fe3*/Co%*] series. For example, [Pam-co-PDADMA][Mixed Fe3*/Co?* 1eq] consists of 0.5 mol
equivalents of CoCl, and 0.5 mol equivalents of FeCls for a total of 1 mole equivalent of metal

salts added to the copolymer with respect to the PDADMA monomer unit. In total, nine magnetic
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copolymers were prepared with various metal types and concentrations. As observed in other
MPIL systems, these copolymers displayed different colors based on the metal species and
concentration as seen in Figure 2.2a. The [Pam-co-PADAMA][CI] copolymer with no added
metal content was a light pink color. The iron copolymers, [Pam-co-PADAMA][Fe®*], were
colored dark brown (1eq), light brown (2eq), and orange-brown (3eq). All equivalents of the cobalt
copolymer series, [Pam-co-PADAMA][C0%*], were a dark blue color. The [Pam-co-
PADAMA][Mixed Fe®*/Co?*] copolymers were green (1eq), dark green (2eq), and green-brown
(3eq). In general, the color of MPILs, and other metal-ion polymer complexes, can vary
significantly depending on metal complex coordination structure (e.g., [FeCls]" vs [FeClsBr]),
metal ion concentration, and the ligand or polymer chemical composition. Dobbelin et al. reported
a yellow color for the poly(diallyl dimethylammonium [FeCls]") homopolymer and light brown for
poly(vinyl butylimidazolium [FeCls]) homopolymer; the latter darkened upon formation of the
[Fe2Cl7]- and [FesClio]” complexes’. The iron copolymers in this work start with a dark brown
color at the lowest iron concentration, which lightens to a light-brown color for the [Pam-co-
PDADMA][Fe®* 2eq] copolymer and darkens again upon increase of iron content. The cobalt
series copolymers display a darker blue color than the typical light blue colors reported for the
MPILs poly(3-acrylamidopropyl)-trimethylammonium [CoCls]) ** and poly(viny dodecyl
imidazolium [CoClIsBr]") *°. The green color of the mixed metals series derives from the
combination of blue and yellow of the cobalt and iron systems, indicating the ability to tune
polymer color by combining different metal salts. These color differences in the MPIL copolymers,
particularly in those containing iron chloride salts, provide qualitative evidence of changes in
metal-polymer complexation at different mole equivalencies. This observation was corroborated

by corresponding changes in solubility.
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Figure 2.1 Complexation of [Pam-co-PDADMA][CI] with metal halide salts to form magnetic
[Pam-co-PDADMA][M™]. MCl refers to the metal halide salts FeCls or CoCl,. MCIx™ denotes
either [FeCls]" or [CoCl4]? anionic complexes. M refers to Fe3* or Co?* metal cations.
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Figure 2.2 (A) Dried magnetic copolymers flakes displaying blue (cobalt), orange-brown (iron),
and green (mixed) colors based on metal ion type and concentration. (B) Aqueous solutions at 7
mg/mL of the magnetic copolymers. The [Pam-co-PDADMA][Co?*] MPIL copolymers showed
complete solubility at all equivalencies, while the [Pam-co-PDADMA][Fe3*] and [Pam-co-
PDADMA][Mixed Fe**/Co?*] MPIL copolymers showed limited solubility and some gelation and
suspension behaviors.

Solubilities of the magnetic poly(ionic liquid) copolymers were examined in water (Figure

2.2b). The neat (unmodified) ClI- based copolymer, [Pam-co-PDADMA][CI], was completely
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soluble in water at room temperature. Upon complexation with the cobalt metal halide salts, the
copolymers (at all equivalents) were found to be completely soluble in water, and all resulted in
pink solutions. In contrast, [Pam-co-PDADMA][Fe®**] and [Pam-co-PDADMA][Mixed Fe3*/Co?*]
copolymer series were both found to display only partial solubility. The [Pam-co-PDADMA][Fe®*
leq] sample appeared to form some orange-brown hydrogel-like structures, while higher
equivalents resulted in only pale-yellow suspensions that were stable for 2-3 hours. The [Pam-co-
PADAMA][Mixed Fe®*/Co?*] copolymer series displayed the formation of large particulates for
all equivalents when placed in water. Hazell et al. produced PDADMA homopolymers complexed
with iron halide salts that were completely soluble in water®. This suggests here that the iron
halide salts interact with the acrylamide units of the copolymer in solution during synthesis,
forming coordinating crosslinked regions in the polymer, resulting in precipitation or gelation.
Differences in the solubilities obtained for the iron based MPIL copolymers containing a metal
coordinating comonomer compared to other similar homopolymer systems further suggest that
polymer-metal ion binding are occurring at least partially through metal-ion coordination rather
than purely electrostatic interactions in aqueous solution and possibly during the complexation

reaction.
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Figure 2.3 Possible transition metal ion binding sites for single-site (a) O-binding and its
resonance structure, (b) N-binding, and (c) two-site O- and N-binding cases. (b) is adapted from
Grima et al.28

Multiple spectroscopic methods were used to study the chemical interactions and structure of
the copolymers and transition metal complexes in both the dry and solution state. MPILs are
formed through electrostatic binding with paramagnetic ion complexes, typically through
tetrahedral transition metal halide anions ([FeCls],, [CoCl4]%, etc.). However, the comonomer,
acrylamide, is capable of forming metal coordination bonds through interaction with the carbonyl
oxygen atom (O-binding) or the amide nitrogen atom (N-binding) %6 2" as shown in Figure 2.3.
Acrylamide predominately binds with metal ions through the more basic carbonyl site, though N-
binding is also possible depending on the acidity or hardness of the metal cation and the availability
of adjacent anchoring chelation sites to stabilize the N-binding complex?6-2°, Monomeric
acrylamide coordinated with metal chloride salts has been found to form mainly 6-coordinated
structures (e.g., [Co(AAm)4Cl], [Fe(AAmM)4Cl2], [Ni(AAm)4Cl2]) or associated cation-anion pair
complexes (e.g., [Co(AAmM)s]>*[CoCl4]*)?: 3, though steric constraints imposed by the polymeric
backbone mainly alter these structures in the MPIL copolymers. As coordination with acrylamide
may influence the formation of the transition metal complex in the MPIL copolymers, the

coordination structure of the transition metal species was first examined using Raman and UV-vis
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spectroscopies. Characterization using FTIR and XPS spectroscopies was then performed to
investigate the interactions between the transition metal species and the MPIL copolymers. Raman
microscopy is typically performed on MPILs to confirm the formation of the tetrahedral anionic
complex (i.e., [FeCla] or [CoCl4]%).

Figure 2.4 shows the Raman spectra for the MPIL copolymer films in the dry state. The Fe-Cl
str 334 cm* peak, typically considered characteristic for the [FeCls]- and FeCls species, was
observed in the [Pam-co-PDADMA][Fe3*] samples” . For the solid samples, the [FeCls]" can
form [Fe-Cl7] dimers as the metal halide concentration increases, resulting in Raman peaks at 315
and 420 cm™ 731, Here, this bridging complex peak was observed at ~314 cm-! for the [Pam-co-
PDADMA][Fe®* 2eq] and [Pam-co-PDADMA][Fe3* 3eq] samples. The broad absorbance
observed between 250 and 500 cm prevents the observation of a distinct 420 cm™ peak. In the
cobalt-based samples, there is an intense broad peak from 250 to 500 cm™ with a maximum at
~358 cm™ that is not observed for the [Pam-co-PDADMA][CI] MPIL spectra. This broad peak is
likely composed of multiple peaks related to metal species complexes—including the
characteristic tetrahedral cobalt halide complex peak expected at 270 cm™ 3234, Specifically, this
broad peak at low wavenumbers is likely due to metal bonding with oxygen and/or nitrogen (M-
O or M-N). Freire et al. reported a broad band centered at ~313 cm™ for Cu-O bonding in
formamide Cu?* coordination complexes®. Other examples of M-O and M-N stretching modes
have been reported in the 600-200 cm region3-3°. Therefore, the presence of this band is expected
to be due to metal cation coordination with the acrylamide unit. Due to the intensity of the band in
the cobalt and mixed series, it is possible that the tetrahedral [CoCl4]%> and [FeCl4]- complex modes
are overlapping in this region. Yu et al. observed similar broad peak behavior in this region for

small degrees of quaternization in polyethyleneimine polymers complexed with the [FeCls]
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anions*®, where the majority of the amine groups have lone electron pairs available for
coordination bonding.

The broad peak absorbance observed with Raman in all the MPIL copolymer samples indicates
the presence of the acrylamide-metal species coordination. Further, while evidence is observed for
the presence of Fe-Cl bonds and the possible presence of the [FeCls] and [Fe2Cl7] for MPIL
copolymers, particularly at higher iron halide mole equivalencies, the formation of the [CoCls]
structure is less clear. UV-vis spectroscopy was therefore used to provide additional insight into

the [FeCls] and [CoCls]? complexes.
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Figure 2.4 Raman spectra of the MPIL copolymers from 1200 to 220 cm are shown for [Pam-
co-PDADMA][CIT] (black), [Pam-co-PDADMA][Fe*] (red), [Pam-co-PDADMA][Co0?*] (blue),
and [Pam-co-PDADMA][Mixed Fe®*/Co?*] (green) at each mole equivalence. The solid arrows
indicate the intense Fe-Cl stretch peak at 334 cm* for the FeCls or [FeCls] species and the 315
cm! shoulder characteristic of the [Fe2Cl7] bridging complex. Dashed lines mark the peak center
for the broad band assigned to coordination of the metal cation with oxygen or nitrogen groups
(i.e., M-O or M-N) in acrylamide.
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UV-vis spectroscopy of the solid MPIL copolymer films was performed to provide further
insight into the metal species coordination structure, and the results are displayed in Figure 2.5a-
c. A second derivative analysis was performed to aid in peak assignments and are shown in Figure
2.5d-f. The [Pam-co-PDADMA][CI] copolymer (Figure 2.5a,d, black line) had a major peak
absorbance at 282 nm that can be attributed to the acrylamide carbonyl band as the quaternary
ammonium group does not contain a chromophore.

In the visible region, three main bands are observed at ca. 628, 665, and 692 nm with two
minor peaks at ~610 and 640 nm for both the cobalt and mixed series films. The tetrahedral
geometry of cobalt complexes typically display d-d transition bands at ~625 nm and 665 nm while
an octahedral coordination complex is designated by a band at ~525 nm*% 42, The absence of the
~525 nm band in the films indicates that the cobalt species only have a tetrahedral structure in
these film samples. These three main bands and the general shape of the spectra are in close
agreement with the ~630, ~665, and ~690 nm reported for the [ CoCl4]* %346, This UV-vis data
confirms the presence of the paramagnetic [CoCl4]* anion in the MPIL films for all equivalents
examined. However, other tetrahedral coordination structures (e.g., [CoClzL2] , [CoClsL],
[CoL4)?*[Cl]2, where L is acrylamide ligand) cannot be dismissed. Similar absorbances in the 600-
700 nm range have been previously assigned to tetrahedral coordination of CoCl, with other
ligands such as nitrate and diethyl sulfoxide*¢-*¢. The similarity of the UV-vis spectra in the 500-
800 nm range for all [Pam-co-PDADMA][C0?*] and [Pam-co-PDADMA][Mixed Fe3*/Co?*]
copolymers indicates that the cobalt complex structure forms similarly for all mole equivalences.

In the UV region, bands at ~248 nm and 286 nm are also observed in the cobalt series films.
These peaks are attributed to the acrylamide carbonyl and are slightly shifted compared to the

[Pam-co-PDADMA][CI] copolymer, possibly indicating metal ion coordination with the amide
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group. In the iron and mixed series films, the first broad peak centered at ~270 nm can be
deconstructed into 2-3 bands in the 240-300 nm range (ca. 250, 270, and 286 nm) by second
derivative analysis. These bands are similarly assigned to acrylamide carbonyl modes interacting
with Fe®* species. These results are in agreement with similar work reported by Sowwan and
Dweik et al. for metal coordinated polyacrylamide with bands at 276 nm and 285 nm for Cu?* and
Ni%* complexes, respectively*® %0,

The [FeCls]- complex characteristically shows intense absorbances at ca. 250, 315, and 360
nm®->4, These peaks are evident in the 2 and 3 eq [Pam-co-PDADMA][Fe®*] and [Pam-co-
PDADMA][Mixed Fe3*/Co?*] series films, but not in the 1 eq sample, which corroborates the
Raman results for 2 and 3 eq [Pam-co-PDADMA][Fe®*]. Second derivative analysis of the second
broad band centered at ~370 nm in the [Pam-co-PDADMA][Fe®* 1eq] sample shows a set of three
peaks at 327, 354, and 395 nm, which are tentatively assigned to FeClz complexation with the
acrylamide unit. While identification of the specific FeCls-acrylamide coordination complex
structures is beyond the scope of this work, these results demonstrate that changes in coordination
structure occur as a function of concentration of iron chloride salts. At low concentrations there is
first coordination of FeCls with acrylamide units of the polymer followed by formation of [FeCla]
and [Fe2Cl7] anions, which bind electrostatically with the quaternary ammonium PIL units, at
higher metal salt concentrations as acrylamide binding sites have become occupied. Compared to
the Co?* cation, the trivalent nature of the Fe3* cation likely leads to more rapid occupation of the
acrylamide binding sites as metal halide concentration increases. Overall, it was observed that the
acrylamide monomer unit influences the transition metal complex coordination structure in the dry
iron-containing MPIL copolymer samples as metal content is increased. The findings are

significant as they demonstrate that comonomer-metal coordination is occurring in these multi-
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component MPIL materials and provide additional understanding of the role of the metal species
and concentration in this binding.

UV-vis spectroscopy of the copolymer solutions indicates significant hydration of the metal
complexes for all systems (Figure 2.6). Hydration of the Co?* ions was evidenced by the presence
of two peaks at ~465 and 510 nm typical of the octahedral Co aqueous species® as will be
discussed further in the magnetic properties discussion below. The iron and mixed series showed
broad absorbances between 300-500 nm, which are attributed to various Fe(OH)x and FeCls aq.
species®® % and resemble spectra of the FeCls and CoCl; salt-only solutions (Supplemental Info,
Figure A.1). The acrylamide carbonyl is indicated by two peaks at ~216 and ~250 nm in [Pam-co-
PDADMA][CI]. These peaks do not shift appreciably in the cobalt series films, indicating little
interaction of the metal cation with the amide group in solution. Unfortunately, the iron species
absorbances dominated in the iron and mixed copolymer solutions and the acrylamide carbonyl
peaks could not be identified. However, it may be inferred from the gelation and solubility
behavior exhibited by the [Pam-co-PDADMA][Fe®*] systems, partial coordination between the

metal ions and the acrylamide units is taking place in the aqueous suspensions.
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Figure 2.5 UV-vis spectra and their second derivatives of the solid MPIL films are displayed in (a
and d, blue) [Pam-co-PDADMA][C0?*], (b and e, red) [Pam-co-PDADMA][Fe**], and (c and f,
green) [Pam-co-PDADMA][Mixed Fe®*/Co?*]. UV-vis spectra and second derivative plots for the
base copolymer [Pam-co-PDADMA][CI] are also shown (a and d, black). Characteristic [CoCl4]*
and [FeCl4] peaks are indicated by blue and red arrows, respectively, in the second derivative
plots. The tetrahedral structure of the cobalt species is confirmed by the presence of the 628, 665,
and 692 nm peaks (blue arrows). Characteristic [FeCls]" complex is also confirmed for the 2 and 3
eq [Pam-co-PDADMA][Fe®*] and [Pam-co-PDADMA][Mixed Fe3**/Co?*] copolymers (red
arrows).
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Figure 2.6 UV-vis spectra of the copolymer solutions shows the predominate presence of hydrated
Co(OH)es and Fe(OH)x inaqueous solutions as indicated by the series of absorbances between 300-
500 nm in the [Pam-co-PDADMA[Fe®*] and [Pam-co-PDADMA][Mixed Fe®*/Co?*] copolymers
and by the characteristic octahedral cobalt species peaks at 465 nm and 510 nm in the [Pam-co-
PDADMA][C0?*] copolymers.

Fe3* coordination in solution of the [Pam-co-PDADMA][Fe3*] copolymers during the
synthesis influences the final iron coordination structure in the dry state as seen in the UV-vis
spectra of the dry films. Conversely, the dissociation of the hydrated Co?* species in solution and
the similarity of the dry film UV-vis spectra observed for the [Pam-co-PDADMA][C0?*] and
[Pam-co-PDADMA][Mixed Fe3*/Co%*] copolymers at all molar equivalences suggests that

acrylamide coordination with Co?* species in solution does not play a significant role in the final

cobalt species coordination structure.
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ATR-FTIR spectroscopy was performed to examine binding interactions between the
transition metal complexes and the MPIL copolymers. The unmodified commercial copolymer
PIL-CI- copolymer displayed the characteristic amide | (C=0 str) and amide Il (NH2 wag) bands
at 1662 cm™ and 1615 cm?, respectively (Figure 2.7 a and b, black trace). The amide 111 (C-N str
and NH bending) modes are typically characterized by several bands in the 1430-1200 cm*
region®: 57, Here, the band at ~1417 cmis assigned to the amide I11 (C-N str) mode, though there
are several weaker bands in the 1400-1200 cm™ region which may also contribute to the NH
bending modes. The corresponding symmetrical primary amide N-H stretching mode is seen at
~3200 cm™. The asymmetrical N-H stretch is overlapping with the broad peak at 3370 cm*
assigned to hydrogen bonding of the CI- ion with the polymer and molecularly absorbed water.
The peak at 1489 cm! is due to the bending modes of the quaternary ammonium methyl groups®®
61.

Figure 2.7 and Table A.1 show the absorbance shifts of the copolymers after metal
complexation. Above 3000 cm, a slight decrease in frequency to ~3190-3196 c¢cm™ in the
symmetrical N-H stretch is observed (Figure 2.7 a). A defined band at ~3330-3335 cm emerges
and is tentatively assigned to the N-H asymmetrical stretching mode. The decrease in the N-H
stretching modes seen here is an indication of increased interactions of the amide hydrogen atoms
in the intermolecular or intramolecular environment of the copolymers upon metal complexation,
though not necessarily an indication of metal coordination®’. However, due to significant overlap
with the hydrated metal complex -OH stretches, assignments and peak shifts in this region must
be interpreted with caution. The spectra for the pure hexahydrate metals show peaks (Supplemental
Info, Figure A.2) at 3522, 3383, and 3163cm™ for CoCl2*6H-0 and 3526, 3386, 3217, 3005 cm'*

for FeCls*6H20. These modes are clearly observed in the spectra for the 3 eq metal complexed
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copolymers. For copolymers with lower metal content, these peaks are not clearly defined, though
broadening is observed in the region.

All copolymer samples showed significant downshifts in both the amide | and amide Il bands,
indicating metal ion interactions with the polyacrylamide units (Figure 2.7 b). The cobalt series
showed the smallest shifts with 6 to 14 cm™and 11 to 18 cm downshifts for the amide C=0 str
and NH. wagging modes, respectively. The [Pam-co-PDADMA][Fe®*] series showed the greatest
decreases, shifting downwards ~12 to 19 cm* for the amide | band and 41-50 cm™ for the amide
Il band. The C=0O bands for the [Pam-co-PDADMA][Mixed Fe3*/Co?*] series showed
intermediate downshifts to ~1653, 1650, and 1642 cm for the 1 eq, 2 eq, and 3 eq samples,
respectively. Assignment of the amide Il band was more difficult for the [Pam-co-
PDADMA][Mixed Fe3*/Co?*] series due to a complex overlapping of bands in the amide 11 region.
Peak deconvolution was performed for the [Pam-co-PDADMA][Mixed Fe3*/Co?* (1leq)]
copolymer, yielding three fitted peaks at 1657, 1607, and 1572 cm™* (Supplement Figure A.3). The
first peak is attributed to the amide carbonyl band, as determined above. The peaks at 1607 and
1572 cm! are attributed to the NH2 wagging mode due to cobalt and iron coordination interactions,
respectively. Peak fittings for the [Pam-co-PDADMA][Mixed Fe3*/Co?* 2eq] and [Pam-co-
PDADMA][Mixed Fe®*/Co?* 3eq] samples are shown in Supplemental Info, Fig. S4 and Fig. S5.
For the samples with 3 eq equivalents of metal content, another band emerges at approximately
1618 cm-* for the cobalt and 1608 cm™ for the iron samples. These bands are attributed to the M-
OH bending of uncoordinated metal halide salt in the copolymer. The ~1417 cm* amide 111 band
did not shift appreciably upon metal complexation, though several of the modes in the 1400-1200

cm-! region displayed small shifts to higher wavenumbers.
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Metal ion coordination with amides is typically indicated by shifts in the amide | and amide II
bands®’: 62, Similar redshifts were observed by Halevi et al. upon Ni?* ion complexation with a
poly(acrylamide) homopolymer®?, which were attributed to O-binding interactions. N-bonding of
acrylamide may also occur depending on the stability of the ligand complex and cation acidity
with possible acrylamide N-bonding modes of N-amide, N-amidate, and iminol groups as shown
in Figure 2.3. Deprotonation of the amide group results in the formation of either an n-amidate or
an iminol group characterized by the absence or decrease in intensity of the amide Il band?® 2% 63,
As the amide Il band and N-H stretches are present in the MPIL copolymers, it is unlikely
significant amide tautomerization to iminol or deprotonation to n-amidate has occurred. Decreases
in the C=0 frequencies potentially indicate O-binding interactions with both the Fe3* and Co?*.
Monodentate O-binding of amides results in a decrease in the amide | frequency but an increase
in the amide 11 frequency due to weakening of the C=0 bond and subsequent stiffening of the C-
N bond in the amide group due to resonance3® 57. 6465 However, both the amide | and amide 1l
bands display shifts to lower wavenumbers in all cases, indicating binding with both the oxygen
(Figure 2.3a) and nitrogen (Figure 2.3b) of the amide groups. It is clear coordination between the
transition metal complex and the polymer acrylamide unit is evidenced for both the Fe3* and Co?*
halide species at all equivalences with possible bonding at both the acrylamide oxygen and
nitrogen atoms.

It should be noted that if hydrolysis of the amide group occurred with metal complexation, it
would result in the formation of either carboxylic acids, denoted by a C=0 str in the 1740-1700
cmtregion, or carboxylate groups, characterized by a C=0 asymmetrical str mode between 1695-
1540 cm* and a symmetrical stretching mode between 1440-1335 cm 28, No modes are observed

above 1700 cm-?, excluding carboxylic acid formation. Further, no new bands emerge in the 1440-
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1335 cm region suggesting no carboxylate groups are formed either. Therefore, there is no
evidence of hydrolysis of the acrylamide group occurring upon the addition of metal salts.

The quaternary ammonium methyl group bending mode at 1489 cm-! disappears in the metal
systems, but an increase in the peak intensity at ~1465 cm* was observed. This suggests the peak
downshifts and overlaps with the polymer backbone CH2/CHz bending modes. However, due to
this overlap, electrostatic interaction between the transition metal complexes and quaternary
ammonium group cannot be confirmed. As many of the C-N infrared modes for the PDADMA
group overlap with the acrylamide modes, XPS spectroscopy was performed to better understand

the metal halide interactions with the polymer.
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Figure 2.7 ATR-FTIR spectra of the MPIL copolymers from (A) 4000-2800 cm* and (B) 1800-
1350 cmL. At higher wavenumbers (A) the black dashed lines show the general location for the N-
H asymmetrical and symmetrical stretches. In (B) the black dashed lines show the peak centers for
the [Pam-co-PDADMA][CI] copolymer amide | (C=0 str), amide Il (NH2 wag), the PDADMA
methyl bending mode, and the amide Il (CN str) (left to right). Significant shifts to lower
wavenumbers are observed for both the amide | and amide Il bands for each of the metal-
copolymers, indicating transition metal species coordination with acrylamide unit, likely through
both O- and N- bonding. Greater downshifts are observed for the [Pam-co-PDADMA][Fe3*] series
compared to the [Pam-co-PDADMA][C0?*] and [Pam-co-PDADMA][Mixed Fe**/Co?*].
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XPS studies were carried out to provide further understanding of the polymer-metal salt
binding. Figure 2.8 displays representative nitrogen, oxygen, carbon, and chloride high resolution
spectra for the [Pam-co-PDADMA][CI-] sample, and Table A.2 and Table A.3 in the supplemental
information summarize the XPS data for all of the copolymer samples. [Pam-co-PDADMA][CI]
showed the N1s peaks for the quaternary ammonium nitrogen at 402.4 eV and the acrylamide peak
at 399.6 eV, which is in good agreement with the literature®® 67, Three peaks in the C1s spectra—
285.0 eV, 286.1 eV, and 287.7 eV—are attributed to the aliphatic C-C/C-H bonds, quaternary
ammonium ring C-N bonds, and the acrylamide carbonyl bond?® ¢, The CI 2p spectrum shows
two chemical species as indicated by two sets of 2p%? and 2p* peaks with binding energy
separations of 1.6 eV. The major chemical species has a Cl 2p®? peak at 198.8 eV which is
attributed to the chloride anion of the quaternary ammonium group. This value is approximately 2
eV higher than that seen for the poly(diallyl dimethyl ammonium chloride) homopolymer (~196.9
eV) and pyrrolidinium based ionic liquids®® ©, which is likely due to the hydrogen bonding
interactions with the acrylamide units. This is supported by the slightly lower binding energy for
the Pam-NH> N1s peak (399.6 eV) compared to 399.9 eV reported by Chen et al. in pure
polyacrylamide®®. The minor component Cl 2p32 peak at 197.6 eV is assigned to residual NaCl
salt in the source polymer. The main peak in the O1s spectrum at 531.3 eV is attributed to the
acrylamide carbonyl band. The peaks at 536.1eV and 538.0 eV are likely the Na KLL auger peaks.
A small amount of sodium was observed in the survey spectra (Supplemental Figure A.6), likely
due to residual salt in the polymer stock solution. The 532.5 eV peak was assigned to either
molecularly absorbed water, which is typically observed from 532-533 eV®2 0. 71 or partially

exchanged -OH anions®°.
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Adding the transition metal salts resulted in significant changes in several of the high-
resolution spectra shown in Figure 2.8. An initial examination of the N1s spectra (Figure 2.8 a)
still shows two peaks for the PDADMA quaternary ammonium at higher binding energies and the
Pam-NH: nitrogen group at lower energies. Interestingly, a change in the area ratio of the (Pam-
NH2/PDADMA) N1s peak is observed for all the metal complexed copolymers with the exception
of the [Pam-co-PDADMA][C0?* 1eq] sample. As significant hydrolysis was eliminated in the
FTIR analysis, the N1s spectra were refitted to include a metal coordinated Pam-HoN*---M peak to
account for the area ratio change and maintain the monomer balance of Pam and PDADMA in the
copolymer. The resulting three peaks (ca. 402.5, 402.1, and ~400 eV) were assigned to PDADMA
quaternary ammonium peak, the Pam-H>N*---M, and Pam-NH: peaks.

The PDADMA N1s peak shows slight increases in binding energy (~0.1-0.2 eV) depending
on metal type and mole equivalent. For instance, the quaternary ammonium N1s peak increases
from 402.4 eV in the [Pam-co-PDADMA][CI"] sample to 402.4 and 402.6 eV for the [Pam-co-
PDADMA][C0%*] 1 eq and 2 eq samples, respectively (Table A.2). Both the [Pam-co-
PDADMA][Fe®*] 1 and 2 eq samples had a N1s binding energy of 402.5 eV. Similar binding
energy increases have been seen in pyrrolidinium, imidazolium, and ammonium ionic liquids for
different counterions 7 72 73, Counterion size, basicity, and coordinating ability influences the
counterion’s ability to transfer charge to the nitrogen cation, resulting in different binding energies
for the quaternary ammonium nitrogen for different counterions. Generally, quaternary ammonium
N 1s binding energy increases with different counterions in the order of Cl- < I'~ [CoCl4]* < [BF4]
< [PFe]" < [Tf2N] ~ [FeCla] > 7. However, these shifts are within the instrument resolution (0.2
eV), so while an overall trend is evidenced, increases with specific metal cation type cannot be

discerned here. Further, the small ~0.1-0.2 eV binding energy shifts observed here are lower than
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those observed in other MIL systems. For example, Taylor et al. observed an increase of binding
energy from 401.7 eV in an imidazolium based ionic liquid to 402.2 eV (A=0.5 ¢V) and 401.9 eV
(A=0.2 eV) on addition of FeCls and CoCl- salts, respectively’. This suggests that the electrostatic
environment of the PIL quaternary ammonium does not change significantly upon addition of the
transition metal salts and that the main binding mechanism between the MPIL copolymers and the
metals species is not due to electrostatic interactions with the PIL monomer unit.

Conversely, binding energy increases of ~0.2-0.6 eV were observed for the original Pam-NH:
N1s peak (399.6 eV), with larger increases observed for the copolymers as a function of higher
metal content (Table A.2). This peak is associated with the O-bonding case (Figure 2.8 A) where
the metal cation coordinates with the carbonyl oxygen and the resonance shift results in a withdraw
of electron density from the NH2 group. In the [Pam-co-PDADMA][Fe3*] copolymers, this peak
isat 399.8 and 400.0 eV for 1 and 2 molar equivalences, respectively (Table A.2). Binding energies
of 400.0 and 400.2 eV were observed for this peak in [Pam-co-PDADMA][Co?* 1eq] and [Pam-
co-PDADMA][Co?* 2eq] copolymers. The [Pam-co-PDADMA][Mixed leq] copolymer had a
similar binding energy (399.8 eV) as the [Pam-co-PDADMA] [Fe®* 1eq] copolymer.

The peak that emerges at ~402 eV in several of the metal copolymer spectra is attributed to
direct coordination of the metal cation with the acrylamide nitrogen Pam-H>N*---M (Figure 2.8 a).
Zhang et al. assigned similar O- and N-bonded N1s peaks for CaCl; coordinated polyacrylamide
hydrogels™. The associated Pam C=0 C1s (Figure 2.8 C) and O1s peak (Figure 2.8 b) also shift
to higher binding energies between 288.1-288.8 eV and 531.9-532.3 eV respectively upon metals
addition. These shifts agree well with binding energy increases observed in the literature for metal
coordinated polyacrylamide!® 7>, In the iron and mixed samples, an additional small peak at ~530

eV emerges, which is typically associated with lattice metal-oxide bonds (Fe-O) "*. In other FeCls;
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based material systems, a similar peak at ~530 eV has been attributed to the formation of FeClIO
due to storage of materials in ambient air conditions’® 77, Small amounts of Na were still observed
in the survey spectra for several of the metal copolymers (Supplemental Figure A.7-Figure A.11),
the peak at ~536 eV is assigned to the Na KLL Auger peaks. A peak between 532.3 and 533.6 eV
was observed at varying intensities in the metal copolymer O1ls spectra and was assigned to
absorbed water or hydroxyl groups®? 8°-7%, The XPS findings corroborate the FTIR spectroscopy
results and show that the transition metal complexes predominately bind to the polymer by
coordination interactions with the acrylamide unit through both oxygen and nitrogen bonding
rather than by purely electrostatic binding with the quaternary ammonium group.

High resolution spectra for Fe 2p and Co 2p were also collected (Figure 2.9 a,b). High-spin
coordination structures are characterized by observed spin-orbit splitting into 2p%2 and 2p/? peaks
for transition metals and are typically accompanied by shake-up satellite peaks? 7+ 78, In all
samples, these 2p3? and 2p¥2 multiplet splitting peaks and satellite peaks were observed in both
the Fe 2p and Co 2p high resolution spectra. This indicates that the MPIL copolymers contain
metal species with paramagnetic high spin-states as expected for magnetically responsive MPILSs.

As high-resolution spectra for metals are often highly complex, component fitting was not
attempted for the Fe 2p and Co 2p spectra. Rather, the peak maximums were taken to be the binding
energy values for the predominate metal species (Table A.3). The intense Fe 2p3? peak is located
at710.9 eV, 711.4 eV, and 710.9 eV for the [Pam-co-PDADMA] [Fe®* 1eq], [Pam-co-PDADMA]
[Fe3* 2eq], and [Pam-co-PDADMA] [Mixed Fe3*/Co?*1eq] samples, respectively. The [Pam-co-
PDADMA][Fe3* 2eq] Fe 2p®? binding energy is similar to those reported for FeCls salt (711.5-
712.0 eV) %, imidazolium-based FeCls ionic liquid (711.9 eV) 7, and quaternary

tetraethylammonium FeCl, salt (711.2 eV) ”°. A similar trend is observed in the corresponding ClI
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2p spectra where the main Cl 2p®? peak was found to be at 198.4 eV, 198.7 eV, and 198.4 eV for
the [Pam-co-PDADMA] [Fe®* 1eq], [Pam-co-PDADMA] [Fe®* 2eq], and [Pam-co-PDADMA]
[Mixed Fe3*/Co?* 1eq] samples, respectively. The lower Fe 2p®2 binding energy of the [Pam-co-
PDADMA] [Fe®** (1eq)] and [Pam-co-PDADMA][Mixed Fe**/Co?* 1leq] samples paired with
corresponding lower CI 2p binding energies indicate that overall the iron halide complex species
are more electron rich than the [Pam-co-PDADMA][Fe®* 2eq] sample (Figure 2.8 d, Table A.3).
This may be due to a change in the charge distribution across the metal cation and Cl atom as
electron density is gained from acrylamide coordination, which is also supported by the binding
energy increases for the acrylamide O1s and N1s peaks and the downward shift in wavenumbers
for the amide modes in the FTIR spectroscopy results. Further, the presence of the shake-up
satellite peaks in the [Pam-co-PDADMA][Fe3* 1eq] sample also suggests that the iron-acrylamide
coordinated species are also in a paramagnetic high spin-state. In the [Pam-co-PDADMA][Fe®*
2eq] sample, the CI- concentration is higher from the increased concentration of metal halide,
allowing for the formation of the [FeCl4]" anion as suggested in the UV-vis film results. For the
iron and mixed cases, the Cl 2p spectra could not be adequately fit with one chemical state and
maintain the 1.6 eV spin-orbit coupling splitting®°. An additional minor Cl 2p®? peak was also
fitted at ~200 eV in the iron and mixed copolymer samples, which is attributed to the [Fe2Cl7]
bridging complex as noted in the Raman results 8% 8,

The Co 2p®2 and ClI 2p%2 peaks for the [Pam-co-PDADMA][Co?" 1eq], [Pam-co-
PDADMA][C0?* 2eq], and [Pam-co-PDADMA][Mixed Fe3*/Co?* 1leq] samples were located at
781.6 eV, 781.9eV, and 781.3 eV and 198.4 eV, 198.8 eV, and 198.4 eV, respectively. These Co
2p®2 binding energies are bounded by those reported for CoCl; salt (782.1 eV) 8 and the 780.6 eV

reported for an imidazolium-based [CoCl4]?* ionic liquid’®. As was seen for the iron samples,
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similar lower binding energies in the 1 eq samples compared to the 2 eq sample are also noted for
the Co 2p®? and Cl 2p®2 peaks, indicating a more electron rich coordination environment for the
Co?* cation at lower metal mole equivalents in the polymer. This may also be related to changes
in tetrahedral speciation from acrylamide coordinated Co?* (e.g., [CoCl.Lz], [CoClsL], or
[CoL4]**[CoCls)?, where L is acrylamide ligand) to the formation of predominantly [CoCls]*
anions at higher CI- concentrations.

Magnetic studies were conducted on these [Pam-co-PDADMA][Fe®**], [Pam-co-
PDADMA][C0?%*], and [Pam-co-PDADMA][Mixed Fe®**/Co%*] magnetic PIL copolymers.
Samples were examined both in the dry (solid) state and as solutions (Co?* copolymers) or
suspensions (Fe3* and Fe/Co-mixed copolymers). Table 2.1 and Figure 2.10a show the magnetic
mass susceptibilities for the dry polymer samples. Magnetic susceptibility, ym, IS @ measure of the
paramagnetic copolymer’s strength of attraction to a magnetic field. The magnetic mass
susceptibilities increased linearly with increasing metal ion content in the MPILs copolymers. The
iron copolymer series displayed mass susceptibilities that were consistently higher than those for
the cobalt and Fe3*/Co?*-mixed copolymers, at a given metal halide equivalency. The dry [Pam-
co-PDADMA][Fe®*] samples showed magnetic susceptibilities that increased from ~25 x 10 to
44 x 108 emu/g as the metal equivalency was increased from 1 to 3. These values correspond well
with the 29.3 x 10 and 35.3 x 10 emu/g values obtained by Dobbelin et al. for similar diallyl
dimethylammonium-based PIL homopolymers containing FeCls and FeCl;~ counterions,
respectively’. The cobalt series displayed the lowest mass susceptibilities from this study, with
values of 17.5 x 106, 29.4 x 106, and 34 x 10® emu/g, for the 1, 2, and 3 equivalent samples,
respectively. The[Pam-co-PDADMA][Mixed Fe3*/Co?'] series showed apparent mixing rule

behavior, with intermediate magnetic susceptibility values between those of iron and cobalt
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(ranging from 22 x 10 to 36.2 x 10-® emu/g). The dry copolymers were also responsive to a 0.62
T magnetic field produced by neodymium magnets, as shown for the [Pam-co-DADMA][Co?*
2eq] sample in the insert of Figure 2.10a and Supplemental Info Video V2. Similar responses were

seen for all other samples (Supplemental Videos V1-V9).
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Figure 2.8 High resolution XPS spectra of the MPIL copolymers were collected in the (a) N1s, (b) O1s, (c) C1s, and (d) Cl 2p spectral ranges. The bottom red
trace shows the spectra for the original non-magnetic [Pam-co-PDADMA][CI] copolymer. The dotted black lines show the shifts of the peaks in the MPIL
copolymers for the 1 eq and 2 eq with respect to the [Pam-co-PDADMA][CI] copolymer as discussed in the text. Where appropriate, the N1s spectra was fitted
with three peaks for the PDADMA quaternary ammonium, O-bonded Pam-NHj, and the N-bonded Pam-H,N---M groups. These peaks are marked for the [Pam-
co-PDADMA][Co?* 2eq] sample in (a). While slight shifts are observed in the N1s spectra for the PDADMA quaternary ammonium, the greater shifts observed
for the O-bonded Pam-NH, and the emergence of the N-bonded Pam-H;N---M band suggests greater interaction of the transition metal complexes with the
acrylamide group compared to the PIL quaternary ammonium.
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Figure 2.9 XPS high resolution (a) Fe 2p and (b) Co 2p spectra show the 2p splitting and satalite
peaks characteristic of the paramagnetic high spin iron and cobalt species in [Pam-co-
PDADMA][C0?*], [Pam-co-PDADMA][Fe?**], and [Pam-co-PDADMA][Mixed Fe**/Co%*] MPIL
copolymers.

Table 2.1 Magnetic mass susceptibilities and metal halide weight percentages for the MPIL
copolymers in dry and aqueous solution (0.7 wt/vol%) sample states are shown. ym generally
increased with increasing wt% for all transition metal types and the mixed system, though this
increase was greater in the dry polymers than in the wet state. Generally, the [Pam-co-
PDADMA][Fe**] MPIL copolymers had the highest ym for the same mole equivalence and

physical state followed by [Pam-co-PDADMA][Mixed Fe®**/Co?*] and [Pam-co-
PDADMA][C0%*].
Polymer Solution
Dry Sample or Suspension

Sample Metal Halide wt% 2 ym (x10®emu g?)  ym (x10° emu g?)
[Pam-co-PDADMA][Fe3* 1eq] 42.9% 24.73 (+ 0.03) 23.5 (£ 0.6)
[Pam-co-PDADMA][Fe3* 2eq] 60.1% 37.22 (+ 0.04) 27.9 (£ 0.5)
[Pam-co-PDADMA][Fe®* 3eq] 69.3% 43.95 (+ 0.05) 35.9 (+ 0.9)
[Pam-co-PDADMA][Co?* 1eq] 39.8% 17.53 (£ 0.03) 20.8 (£ 0.9)
[Pam-co-PDADMA][Co?* 2eq] 57.0% 29.37 (£ 0.03) 21.6 (£ 0.2)
[Pam-co-PDADMA][Co?* 3eq] 66.5% 33.58 (£ 0.04) 23.3 (£ 0.3)
[Pam-co-PDADMA][Mixed Fe**/Co?* 1leq] 41.4% 21.99 (£ 0.02) 24.1 (£ 0.4)
[Pam-co-PDADMA][Mixed Fe**/Co?* 2eq] 58.6% 30.39 (+ 0.06) 309 (x0.7)
[Pam-co-PDADMA][Mixed Fe**/Co?* 3eq] 68.0% 36.17 (+ 0.03) 35.0 (+ 0.5)

(a) calculated based on added metal salt
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Figure 2.10 Magnetic mass susceptibilities of (A) the dry MPIL copolymers and (B) the aqueous
solution (~7 mg/ml) as a function of molar equivalents of the metal halide(s). In both cases, ym
correspondingly increased with increasing metal content, though the ym for the dry polymers were
~1-10x10° emu/g higher than the MPIL copolymers in solution or suspension. The standard
deviations in ym for the solid samples was on the order of 0.02-0.06 x 10° emu/g while the standard
deviations for the liquid samples were slightly higher at 0.2-0.9 x 10°® emu/g. [Pam-co-
PDADMA][Fe**] copolymers generally had the highest ym followed by the [Pam-co-
PDADMA][Mixed Fe**/Co?*] and the [Pam-co-PDADMA][C0?*] MPIL copolymers. The insert
in (A) shows the dried [Pam-co-PDADMA][Co0?* 2eq] copolymer attracted to a 0.62 T magnet in
the video frame capture of Supplemental Info Video V2. All other dry MPIL copolymers also
demonstrated magnetic responsiveness (see Supplemental Info Videos V1-V9).

MPIL systems have generally been found to exhibit magnetic susceptibilities ranging between
10 x 106 to 60 x 10°® emu/g depending on the metal complex concentration, the type of transition
metals, and the diamagnetic contributions of the organic polymer chemistries” 14 84, MPIL systems
with higher concentrations of the high spin paramagnetic MCl4s" species (where M = Fe3*, Co?*,
etc.) have demonstrated higher susceptibilities” 14 as was observed here for the MPIL copolymers
with higher metal mole equivalencies. MPILs and MILs containing Co?* counterions generally

have lower magnetic susceptibilities than Fe3* based systems 1% & as was also observed here. The

paramagnetism of a material is dependent on the total orbital and spin angular moment of unpaired
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electrons in the complex under an applied magnetic field. For the tetrahedral anions [MCl4]™, the
higher magnetic mass susceptibilities of [FeCla]- species compared to [CoCl4?] species is due to
the higher electron spin state of the [FeCls] (5/2 spin) compared to the [CoCl4]? anion (3/2 spin).
However, for different coordinating ligands, the geometry and distortion of the coordination
complex, the ligand field strength (i.e., spectrochemical series), and the oxidation state of the
transition metal ion may significantly influence the spin state and the net orbital angular
momentum of unpaired electrons in the complex® 8. Therefore, the formation of metal-ion
complexes coordinated with the acrylamide comonomer and different concentrations of this
complex compared to the high spin [FeCls]- and [CoCls]* complexes may potentially influence
the overall magnetic susceptibility of each MPIL copolymer. Due to instrument limitations, a full
temperature study of magnetic susceptibility could not be performed to confirm paramagnetic
behavior. However, assuming the MPILs are paramagnetic at room temperature with negligible
magnetic correlations, the effective magnetic moment can be estimated by u. ;s = \/S)(_T where y
is the molar susceptibility and T is the temperature 298 K. The pett per mole of FeCls was found
to be 4.72 , 4.89, and 4.95 pg (Bohr magnetron) for the [Pam-co-PDADMA][Fe3* 1eq], [Pam-co-
PDADMA][Fe®* 2eq], and [Pam-co-PDADMA][Fe3* 3eq], respectively. These effective magnetic
moments are lower than the expected 5.9 ug for high spin Fe3* (5/2 spin) and similar moments
observed for single component MILs and MPILs containing [FeCls]" counterions® 1% 8, The
cobalt-based MPIL copolymers had effective magnetic moments of 3.69, 3.99, and 3.95 ug per
mole of CoCl with increasing cobalt halide concentration. These values are in closer agreement
with the expected high spin Co?* (3/2) spin of 3.88 ug though still lower than effective moments
typically observed for [CoCls]* based systems (4.2-5.2 ug) 1% 889 These results suggest that the

metal ion-acrylamide coordination does contribute to a reduction in the overall effective magnetic
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moment, and that coordination effects from comonomers or co-materials should be carefully
considered in future design of multi-component MPIL systems. The authors are currently
conducting further magnetometry studies as a function of metal chloride concentration, magnetic
field strength, and temperature to verify paramagnetic behavior of these MPIL copolymers and
evaluate the presence of magnetic correlations.

The magnetic properties of the solution samples were also examined. Fully solvated polymer
solutions, such as the [Pam-co-PDADMA][C0%*] series samples, did not respond to the
neodymium magnet. This lack of magnetic response for the MPIL is due to some degree of
dissociation of the magnetic metal complexes from the polymer and hydration of the Co?* ion into
a cationic [Co(H20)s]** coordination complex as indicated by the pink color of these solutions
(Figure 2.2 b) %°. Precipitants from the partially insoluble iron and mixed series samples did
visually respond to the magnet in water (Supplemental Video V10), which has been observed for
other MPIL particles in nonsolvents*® °% %2 or MPILs complexed to insoluble particles®. In similar
small molecule MIL and Mag-surf systems, this magnetic response in an aqueous environment is
predominately attributed to confining the paramagnetic ions into a hydrophobic domain (e.g.
immiscible MILs or hydrophobic surfactant cores) or the Stern layer of an insoluble particle?® %
% Here, the observed magnetic responses for the [Pam-co-PDADMA][Fe**] and [Pam-co-
PDADMA][Mixed Fe3*/Co?*] series MPILs are due to the confinement of the paramagnetic iron
species within the insoluble polymer precipitants.

Magnetic mass susceptibilities of the copolymer solutions and suspensions were also measured
(Figure 2.10 b). Generally, the susceptibilities of the MPILs in solution were approximately 1 to
10 x 10 emu/g lower in an aqueous environment than their dry counterparts, likely due to

dissociation of some of the paramagnetic species into the aqueous phase. Both the [Pam-co-
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PDADMA][Fe®*"] and [Pam-co-PDADMA][Mixed Fe**/Co?*] copolymer series showed a linear
increase in magnetic susceptibilities with metals content while the cobalt series did not
significantly increase. These magnetic susceptibility data match the qualitative visual magnet
responses. As stated before, the iron species in the [Pam-co-PDADMA][Fe**] and [Pam-co-
PDADMA][Mixed Fe3**/Co?*] MPIL copolymers is being retained in the insoluble polymeric
precipitants while the Co?* species dissociate, at least in part, from the polymer and hydrate in
solution. Interestingly, the [Pam-co-PDADMA][Co0?* 1eq] samples showed a slight increase to
20.8 x 10° emu/g in the liquid state from 17.5 x 10 emu/g in the dry state. One possible
interpretation would be that, as the Co?* species are dissociating from the polymer, the measured
susceptibility for this sample is predominately from the high spin [Co(H20)e]%* species without the
added diamagnetic contribution of the [Pam-co-PDADMA][CI] copolymer. However, even
though the concentration of the cobalt species increases in the 2 and 3 eq cases, the ions are
dispersed in the liquid phase and do not interact or contribute to long-range ordering in solution.
Whereas the iron species confined in the polymer matrix do interact allowing for long-range
ordering at higher equivalents. These results indicate that the acrylamide metal coordinating
comonomer also plays a role in the MPIL copolymer magnetic behavior in solutions or
suspensions.
2.4. Conclusions

Poly(acrylamide-co-diallyl dimethylammonium chloride) is a poly(ionic liquid) (PIL)
copolymer containing quaternary ammonium IL groups and comonomer groups capable of metal
coordinating interactions. Complexation with Co?* and Fe®* metal halide salts was utilized to form
magnetic PIL (MPIL) copolymers. The impact of metal salt cation type and concentration were

examined. Color and solubility results showed metal-polymer complexation was occurring, but the
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complexation was changing as a function of metal type and molar equivalency. To verify the metal
species-polymer binding interactions and the metal complex structure, the MPIL samples were
examined with multiple spectroscopic methods.

Binding interactions for these unique MPIL polymers were characterized in both the liquid and
dry states using multiple molecular absorption spectroscopic techniques. Raman and UV-vs
spectroscopy results confirmed the formation of the [FeCls]- and [CoCl.]? species in the dry MPIL
copolymer particularly through the presence of the Fe-Cl str 314 cm™ Raman mode and UV-vis
250, 315, and 360 nm absorbances for the FeCls anion and the ~630, ~665, and ~690 nm UV-vis
absorbances for [CoCls]?. However, these spectroscopies also indicated the presence of metal
cation-acrylamide coordination species as well through a broad Raman band between 600-200 cm-
Ltypical for M-O and M-N stretching modes for both iron and cobalt-based MPILs. UV-vis further
showed a change in the Fe3* species coordination structure with increasing iron concentration from
1 to 2 mole equivalences, indicating the iron coordinates first with acrylamide before forming the
anionic [FeCl4] and [Fe2Cl7] species denoted by characteristic peaks at ca. 250, 315, and 360 nm.
UV-vis results of the MPILs in aqueous solution indicate the formation of octahedral Co?* species
through the emergences of the peaks at 465 and 510 nm and various Fe(OH)x and FeCls aqg. species
with broad absorbances between 300-500 nm. FTIR results confirm metal-acrylamide
coordination for both metal cations through both O- and N-bonding with the amide group as
indicated by significant downshifts in both the amide | (C=O str) and amide Il (NH2 wag) IR
modes. Downshifts were found to be greater for the [Pam-co-PDADMA][Fe*?] copolymer (12-19
cmt amide 1, 41-50 cm* amide 11) compared to the [Pam-co-PDADMA][C0?*] copolymers (6-14
cmt amide I, 11-18 cm* amide I1) with intermediate behavior for the [Pam-co-PDADMA][Mixed

Fe3*/Co?*] copolymer system. While downshifts in the quaternary ammonium methyl bending
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modes were also observed, XPS spectroscopy results indicated only small increases in binding
energy (~0.1-0.2 eV) for the corresponding ammonium N1s peak. Large increases in binding
energy for the O-bonding Pam-NH. N1s peak and the emergence of the N-bonding Pam-HzN*---M
N1s reveal that the main binding mechanism between the copolymer and metal species is through
acrylamide coordination.

Magnetic properties of the MPIL copolymers were confirmed using AC susceptibility
measurements and showed magnetic mass susceptibilities comparable to other MPIL
homopolymer and copolymer systems (~17 to 44 x 10°® emu/g) in the dry state and were visually
responsive to a 0.6 T magnet. While the cobalt-based MPILs were completely soluble in water and
displayed no visual magnetic response, the partially insoluble iron-based MPILs were visually
responsive to magnetic field and displayed magnetic mass susceptibilities between 23.5 and 35.9
x 106 emu/g. Here, coordination with the acrylamide unit is believed to account for the partial
insolubility and resulting magnetic response in aqueous based systems.

This work describes the first synthesis of [Pam-co-PDADMA][Fe3*] and [Pam-co-
PDADMA][C0?*] MPIL copolymers reported in the literature. In addition, the authors are not
aware of MPILs being characterized using XPS prior to this study. Most importantly this study
demonstrated not only binding between the metal in the counterion and the amide group of the
acrylamide monomer group, but it provided insight into the coordination structures of the transition
metal halide complexes. Understanding transition metal ions interactions in MPIL systems will
guide the design and selection criteria for other magnetically responsive PIL functional materials,
particularly in multicomponent systems.
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Chapter 3: Development of Nano- and Micro- Fluids Using Magnetic Poly(ionic liquid)-
Surfactant Complexes for Stimuli Response

* This chapter is adapted from a published conference paper: Foley, K, & Walters, KB.
"Development of Nano- and Micro-Fluids Using Magnetic Poly(lonic Liquid)-Surfactant
Complexes for Stimuli Response.” Proceedings of the ASME 2022 Fluids Engineering Division
Summer Meeting. Volume 2: Multiphase Flow (MFTC); Computational Fluid Dynamics
(CFDTC); Micro and Nano Fluid Dynamics (MNFDTC). Toronto, Ontario, Canada. August 3-5,
2022. V002T06A006. ASME. https://doi.org/10.1115/FEDSM2022-87758

Abstract

Poly(ionic liquid) (PILs) are a rapidly growing subclass of polyelectrolyte which combines the
diverse functionality of ionic liquids with the mechanical integrity, processability, and
macromolecular design of polymeric systems. PIL properties are highly dependent on their
counterion, which can be easily exchanged to tailor their material properties. Incorporation of
metal halide counterions ([FeCls],, [CoCls]*, etc.) into the PIL structure results in magnetically
responsive metal-salt composites known as magnetic-PILs (MPILs). MPILs are predominately
formed through electrostatic binding with anionic metal complexes typically resulting in
paramagnetic properties at room temperature. The engineering properties and the ability to
effectively apply these materials—is dependent on not only the chemical structure, but the
nanostructure, co-materials, self-assembly, and stability in situ. In this study, a PIL copolymer,
poly[acrylamide-co-diallyl dimethylammonium chloride], containing a quaternary ammonium PIL
group and a comonomer capable of metal coordinating interactions, was combined with sodium
dodecy!l sulfate surfactant and cobalt (I1) chloride salts to form magnetic polyelectrolyte-surfactant

complexes. The self-assembly of these complexes was studied as a function of surfactant
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concentration through DLS, Zeta potential, and TEM characterizations. The magnetic properties
were examined using AC susceptibility. The impact of the metal ion(s) and magnetic field on
nanostructure alignment and film formation were also investigated through optical microscopy,
GISAXS, and AFM imaging. Results were compared to well-defined ferrofluids as a comparative
benchmark.

3.1. Introduction

Poly(ionic liquid)s, or PILs, are a type of strong polyelectrolyte composed of a polymeric
backbone with ionic liquid species in each repeat unit. Like their ionic liquid counterparts, PILs
display a variety of favorable properties, such as high ion conductivity ! 2, adhesive behavior 3,
high stability in thermal and electrical environments 4 ®, tunable solubility 8, and more. PIL
characteristics are easily tunable through a simple counterion exchange or complexation, making
these polymers a unique and tailorable material for a variety of applications.

Recently, metal-containing PILs also known as magnetic PILs (MPILSs), have emerged as an
interesting class of stimuli-responsive polymers. MPILs are typically formed through
complexation of metal salts (e.g., FeCls, CoCl;) with PIL counterions to form paramagnetic
counterions (e.g., [FeCla]", [CoCl4]?). Like their magnetic ionic liquid (MIL) " & and magnetic
surfactant (Mag-Surf) ° 1° small-molecule counterparts, they can respond to relatively weak
magnetic fields (< 2 T). However, due to the macromolecular nature of PILs, these materials
typically show greater effective magnetic moments than MILs or Mag-surfs, being able to complex
to greater amounts of paramagnetic metal '. These intrinsically magnetic polymers can be
processed into a variety of materials including powders, films 2, copolymers 13, composites 1+

16 and nanomaterials 7.
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Recently, magnetic surfactants have been used to aid in the nano-assembly of soft materials
and magnetically manipulate or align nanomaterials in solutions in the presence of a magnetic
field. Xu et al. successfully compacted elongated surfactant-DNA complexes into spherical
particles under the influence of a 0.25 T field utilizing cationic surfactants with a [FeClsBr]
counterion 8, Polarz et al. magnetically aligned tactoidal structures composed of surfactants
coordinated with paramagnetic Dy** cations in water 1°. Beck et al. developed phospholipid-based
vesicles chelated with paramagnetic lanthanides that could orient in magnetic fields after
temperature-induced partial solid domain formation occurred in the vesicle 2°. McCoy et al.
complexed ammonium- and imidazolium-based iron halide surfactants to graphene oxide sheets
for magnetic separation from aqueous solution. Later, they achieved similar graphene oxide
separation with a cationic MPIL and used the complexed material for gold nanoparticle and
antibiotic magnetic separations 4,

While MPILs show similar potential for magnetically induced nanomaterial assembly or
alignment, most MPIL studies have only focused on synthesis and investigation of general
magnetic properties through magnetometry or visual attraction to a magnet. No studies to our
knowledge have examined the magnetic response of MPIL nanomaterial in micellar solutions, nor
at the effect of magnetic fields on the magnetic alignment of MPIL solution nanostructures or
films.

In our recent work 2%, we investigated the interactions of paramagnetic salt in a PIL copolymer
containing acrylamide comonomers and their magnetic properties. Specifically, we studied the
metal-polymer interactions and magnetic behavior of poly[acrylamide]-co-poly[diallyl dimethyl

ammonium chloride] random copolymers complexed with FeClz and CoCl, metal salts. These
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systems showed magnetic susceptibilities ranging from 17 to 45 x10® emu/g and were visually
attracted to a 0.7 T neodymium magnet in the dry state or in the form of precipitants in solution.

Herein, we induce self-assembly of this copolymer MPIL by introducing the anionic surfactant,
sodium dodecyl sulfate, to aqueous solutions of cobalt complexed poly[acrylamide-co-diallyl
dimethyl ammonium chloride] copolymers. We perform a thorough examination of their complex
formation in aqueous solution through particle sizing (DLS and TEM) and surface charge
characterization techniques (ZP) and compare their behavior to metal-free PIL complexation. The
magnetic properties are evaluated both in the dry and solution states through AC magnetic
susceptibility measurements and optical microscopy in the presence of a magnetic field. These
results are compared to magnetic iron oxide nanoparticles (MNPs) developed by our group 225,
We also examined the effect of magnetic field on polymer-surfactant film formation.

This study will guide the development of novel nano and micro-fluids in the examination of
fluid behavior and characteristics at the nano- to micro-scales. In particular, the work will aid in
the study of fluid control and structuring under non-contact forces, such as magnetic (studied here),
ionic, or electrical fields. The ability to structure fluids over both short and long ranges through
external stimuli have shown considerable interest in recent years, such as magnetically controlled
fluid structuring or dielectrophoresis nano assembly 26-3%, As intrinsically ionic materials, ILs and
PILs show good potential as dielectric materials for electrorheological and electric stimuli
response “ 32, In addition to paramagnetism, including transition metals in these systems will
incorporate favorable properties for potential applications in self-healing, optical properties,

reversible coordination, and catalysis, and more 13 33-36,
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3.2. Materials and methods
3.2.1. Materials

A 10 wt% poly[acrylamide-co-diallyl dimethylammonium chloride] solution in water was used
which was 55% acrylamide by weight—with a weight average molecular weight of 277,307 g/mol
and a polydispersity index of 1.94 as measured by aqueous GPC. The acrylamide and ammonium
monomer units will be defined as DADMA and Am, respectively. CoCl;*6H,0 (CAS 7646-79-
9) and FeCls*6H.0O (CAS 7705-08-0) were purchased from Sigma Aldrich. Sodium dodecyl
sulfate (99% purity, CAS 151-21-3) was purchased from Sigma Aldrich and recrystallized in
ethanol before use.
3.2.2. Synthesis of magnetic poly(ionic liquid) copolymers

Magnetic poly(ionic liquid) copolymers were synthesized as reported previously 2. Figure 3.1
shows the synthesis of the MPIL copolymer and subsequent complexation with surfactant. In brief,
an aqueous solution of cobalt (II) chloride was added dropwise to an aqueous solution of
copolymer under stirring. The solution was allowed to stir overnight. The water was allowed to
evaporate, and the resulting dark blue polymer material was dried in a vacuum oven overnight to
remove residual water. The final MPIL had 1 equivalent (3.09 mmol) of added CoCl; relative to

the DADMA unit.
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Figure 3.1 Chemical Structure and Synthesis of MPILs, and complexation with Surfactant to form
PILSDS and MPILSDS Complex solutions.

3.2.3. Formation of magnetic polymer-surfactant complexes

Agqueous solutions of 2 mg/mL PIL copolymer, MPIL copolymer, and SDS solutions of
varying concentration were prepared separately. 2 ml of copolymer solution was added to a test
tube with a magnetic stirrer. While under stirring at 900 rpm, 2 ml of SDS solution was rapidly
added to the test tube and allowed to stir for approximately 10 sec. Immediate clouding or bluing
of the solution could be observed for certain surfactant concentrations. All solutions were allowed
to age for 2 days before characterization. The final polymer-surfactant complex solutions (PILSDS
or MPILSDS) had a polymer concentration of 1 mg/mL (2.7 mM based on the DADMA monomer

unit and 7.74 mM based on the Am monomer unit) and surfactant concentrations between 3 and
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16 mM. With respect to the PDADMA unit, there was 2.7 mM cobalt chloride in the polymer-
surfactant system.
3.2.4. MPIL film formation

Silicon wafers were prepared by sonication in isopropyl alcohol solution for 10 minutes three
times. They were then dried with filtered N2(g) and cleaned with a UV-Ozone cleaner for 5
minutes. The wafers were then treated with piranha solution (70/30 v/v of 30% H,0, and 95%w/w
H2S0O,) for at least 30 minutes. Wafers were then rinsed 3 times in filtered Millipore water before
storing in a sealed container of Millipore water before use. Wafers were dried with filtered N2(g)
after removal from water storage immediately before sample preparation. 20 pL of MPILSDS-
7mM was deposited on the wafer and left to dry in the fume hood. For wafers dried in the presence
of a magnetic field, the wafer was placed between two 0.7 T neodymium magnets held 1 cm apart.
3.2.5. Characterizations

An AC magnetic susceptibility meter (Kappabridge MFK1) was used to determine the MPIL
and MPILSDS magnetic susceptibilities. The magnetic field strength was 450 A/m and the AC
field frequency was 976 Hz. The diamagnetic contributions of the sample holder were subtracted
from the volume susceptibility and then normalized for mass. Attenuated total reflection Fourier
infrared spectroscopy (ATR-FTIR) spectroscopy was performed on a Nicolet ISS50R spectrometer
(ThermoFisher Scientific) with 4 cm™ resolution and a minimum of 64 scans over the spectral
range of 4000-400 cm™. Dynamic light scattering (DLS) and zeta potential (ZP) was performed
on a Nanobrook Omni particle analyzer (Brookhaven Instruments) using a 640 nm laser at 90°
angle. Hydrodynamic diameters were determined using non-negative least squares (NNLS) model.
ZP measurements were analyzed with the Smoluchowski model. Cryo-TEM imaging were

performed on a JEOL 2010F field emission transmission electron microscope. 10-20 pL of the
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MPILSDS solution was applied to plasma treated Lacey carbon TEM grids before it was blotted
for 2 seconds and plunged into liquid ethane with a cryo-plunger. Images were analyzed with
ImagelJ software. Particle diameter averages are reported with a 95% confidence interval. A Nikon
Eclipse LVV100D equipped with a Lumenera XlInfinityl digital camera was used to obtain bright
and darkfield images of the MPILSDS films. Grazing Incidence Small Angle X-ray Scattering
(GI-SAXS) scattering patterns of MPILSDS films were obtained with the SAXSPoint2.0 (Anton
Paar). X-rays with a wavelength of 0.154 nm were produced from a Cuka source. The wafers were
placed at sample to detector distance of 155.8 mm and measured with an incident angle greater
than the critical angle of the polymer-surfactant film (~0.16°). Here, the MPILSDS films were
formed on 1 x 1 cm glass microscope slides. One sample was similarly dried in the presence of a
magnetic field as described above. For randomly oriented lamellae. AFM microscopy was also
performed on these films with a Dimension Icon (Bruker) system in PeakForce Tapping modes
using silicon cantilever tips with a reflective backside aluminum coating.
3.3. Results and Discussion

Nanoparticle assembly in random copolymers, including polyelectrolytes, can be induced by
adding surfactants to the system to form polyelectrolyte-surfactant complexes (PE-surf), which
form unique nanostructures including spherical particles, worm-like micelles, pearl-and-necklace,
and vesicles (Figure 3.2) 33, The structure of the formed complexes depends on several factors
including, polyelectrolyte charge density, polymer and surfactant chemical structure and
concentration, co-salts and additives, and ionic strength 37 3% 40 |n a typical PE-surf system,
surfactant begins binding at binding sites on the polymer through electrostatic or attractive
interactions, resulting in partial collapse of the polymer chains from an extended conformation to

a coiled state. As the surfactant concentration increases, surfactant will start to bind cooperatively
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with the polymer, interacting with neighboring already bound surfactant, until a critical
aggregation concentration is reached where the polymer-surfactant system begins to form micelle-
like structures. Eventually, the surfactant binds with all the charged monomer units, resulting in
charge neutralization of the polymer and the formation of precipitants and ordered structures. At
excess surfactant concentrations, the precipitants become stabilized and eventually resolubilize.

In this case, the anionic surfactant sodium dodecyl sulfate (SDS) was used to induce assembly
of the polycationic PIL and MPIL copolymers in water. Figure 3.3a and Figure 3.3b shows the
hydrodynamic diameters (Dn) by volume for the formed complexes for both the PIL and MPIL
copolymer as a function of surfactant concentration. In general, two different size populations were
formed for most SDS concentrations. The hydrodynamic diameter of the PIL without added
surfactant or cobalt salt was ~43 nm. The MPIL copolymer showed two populations with diameters
of approximately ~29 nm and ~58 nm.

For the PILSDS complexes, turbid white solutions of unstable particles were formed in the 1-
4 mM SDS concentrations range, which had settled to the bottom of the vial during the aging
period. We were able to redisperse the complexes formed with the 1 mM, which remained stable
long enough to perform DLS measurements.

These concentrations showed Dy values between 0.5-1.3 um. Precipitants formed from 1.9
mM and 3.6 mM SDS concentrations could not be redispersed. All other SDS concentrations
formed transparent solutions with particle sizes between 20 and 50 nm, indicating solubilization
of the polymer. No stable PILSDS complex nanostructures were observed in the SDS
concentration range measured.

The MPILSDS system also formed unstable turbid complexes at surfactant concentrations

below 4 mM SDS. However, at concentrations between 4 mM and 7 mM, stable MPILSDS
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complexes were formed, displaying mildly white clouding or bluing. These stable complexes
ranged in Dy from 100 to 500 nm, and generally decreased with increasing surfactant
concentration. At concentrations greater than 8 mM, the solutions became transparent, with Dy
values similar to the polymer-only solutions, indicating re-solubilization of the polymer and

surfactant.
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Figure 3.2 Examples of various polyelectrolyte-Surfactant complexes. Reproduced from Khan et

al. 37

Polyelectrolyte-surfactant binding is highly dependent on the electrostatic interactions between
the components in addition to hydrophobic interactions. ZP measurements (Figure 3.3c) were
taken to determine the overall surface charge of the formed complexes and provide insight to
complex formation. The zeta potentials for the polymers PIL and MPIL with no surfactant were
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14.2 mV and 20.6 mV respectively. The higher zeta potential of the MPIL copolymer indicates a
higher positive surface charge of the polymer material, likely due to partial coordination of the
added Co?* cations to the acrylamide unit, indicating an increase in surface charge density.

Between 1-4 mM SDS concentration, where unstable complexes were formed, the zeta
potential of redispersed complexes was 0.38 to -6.84 mV, indicating near charge neutrality of the
particle surfaces. As anionic surfactant concentration increased, the surface charge became more
negative, imparting stability to the complexes. This stability is attributed to adsorption of the
hydrophobic surfactant alkyl chain with the neutralized complex surface and interaction of the
anionic head group with the water phase, leading to a negative surface charge #* 42, The PILSDS
complexes rapidly became more negative starting at 7 mM concentration, while the MPILSDS
system showed a more gradual decline in surface charge. This behavior is attributed to the higher
charge density of the MPIL copolymer, providing more electrostatic binding sites for the anionic
surfactant, thereby accumulating less free sulfate groups on the complex surface. The lower surface
charge also allows for the stabilization of MPILSDS complexes without resolubilizing the polymer
and surfactant in the 4 mM to 7 mM SDS concentration range. Overall, these general trends in
particle diameter and zeta potential for both the PILSDS and MPILSDS systems match similar
work for other poly(diallyl dimethyl ammonium chloride) and sodium dodecyl sulfate complexes
40, 41.

The morphology of the particles in situ was investigated with cryo-TEM imaging of the 6.5
mM [SDS] MPILSDS complexes (Figure 3.4). The particles were generally spherical or oblong in
shape with a disperse distribution of particle diameters ranging from ~30 to 290 nm with an
average particle diameter of ~100 (x16) nm. The corresponding DLS data showed a higher

hydrodynamic diameter of 185 (£19) nm. DLS is highly sensitive to small populations of large
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particles as scattering intensity correlates to particle radius to the sixth power 43, explaining the
disparity with the diameters measured by TEM. There were also a few instances of worm-like

micelle formation (Figure 3.4d), but the dominate morphology are the spherical particles.
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Figure 3.4 Cryo-TEM images of MPILSDS complexes at 6.5 mM concentration. Spherical or
oblong particles are seen adhering to the TEM grid (a and c¢) and in the ice phase (b). A few
instances of worm-like micelles (d) were also observed.
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Figure 3.5 ATR-FTIR spectra of SDS, PIL, PILSDS, and MPILSDS in the range of 1800-1000
cm*. Dotted red and black lines show the shifts in the amide and SO4 modes, respectively, upon
complexation with polymer and coordination with Co?*. The black arrow points to the ammonium
methyl bending mode.

Figure 3.5 and Table 3.1 shows the FTIR spectra for bands for the polymer and polymer-
surfactant systems. As reported previously 2, the PIL copolymer exhibits bands at 1669 cm™, 1618
cmt, and 1490 cm, which are assigned to the Amide | C=0 stretch, Amide Il NH2 wag, and the
CHs bending of the quaternary ammonium methyl groups respectively 4. Upon addition of cobalt
chloride salts, both amide bands in the MPIL copolymer downshift to 1660 cm™ and 1606 cm-,
indicating coordination of the cobalt salts with the acrylamide units 4> 46, The 1490 cm™ CHs
bending mode for the methyl groups on the PDADMA unit disappears after metal complexation,
possibly due to a downshift and overlap of the mode with the polymer backbone CH. bending

modes.
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FTIR spectra of the dried polymer-surfactant complexes indicates successful addition of the
SDS as seen in the emergence of the SDS alkyl chain CH2 and CHjs stretching modes in the 2956-
2850 cm™ region and the CH; and CH3 bending modes at 1467 cm™* and 1378 cm?, respectively.

Shifts of the polymer amide and methyl ammonium bands and the surfactant sulfate SO4
stretching modes in the MPILSDS and PILSDS systems also indicate successful complexation
between the polymer and surfactant. The intense doublet at 1248 cm™ and 1209 cm™ in the native
SDS is attributed to the SO4 asymmetric stretch and the band at 1077 cm to the SO4 symmetric
stretch 4+ 48, These bands show interesting shifts upon complexation with the PIL and MPIL
copolymers as displayed in Table 1. Shifts and doublet splitting in the SO4 stretching modes are
an indication of change of dipole moment on the surfactant head group, which is influenced by
metal ion coordination and electrostatic interactions with organic counterions 4%, Here, a definite
difference in behavior of the surfactant in the PILSDS and MPILSDS systems suggests that the
cobalt ions play a role in the SDS binding to the polymer. In the MPILSDS sample, the
wavenumber of the C=0 Amide I band (~1660 cm?) did not change with SDS to the MPIL, while
the NH, wagging Amide Il band showed an ~8 cm™ upshift. This result implies that the Co?*
cations remain coordinated with the polyacrylamide through O-bonding while a change in the
intermolecular or intramolecular environment of the NH2 group occurs 4652, In both cases for the
PILSDS and MPILSDS systems, the methyl group on the ammonium polycation (at ~1490 cm™!
in the PIL), disappears, likely due to a downshift and overlap with other CH./CHz bending modes
in the 1480 to 1440 cm region upon SDS binding, indicating electrostatic binding of SDS to the

PIL ammonium groups is also occurring.

Table 3.1 ATR-FTIR Wavenumber (cmt) of the major polymer and surfactant functional groups.
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Assignment  SDS  PIL  MPIL PILSDS MPILSDS

Pam

C=0 amide

| N/A 1669 1660 1666 1660
NH2 amide

1 N/A 1618 1606 1618 1614
PDADMA

(N*)-CHs

bending N/A 1490 -- -- --
SDS

CHsz asym

str 2956 -- -- 2956 2956
CH; asym

str 2917 -- -- 2917 2917
CHzsymstr 2872 -- -- 2873 2873
CHzsymstr 2850 -- -- 2850 2850
CHz bending 1467 -- -- 1467 1467
CHs 1. ph.

bend 1378 -- -- 1378 1378
SO4 asym

str 1248 -- -- 1230 1247
SO4 asym

Str 1209 -- -- 1220 1218
SO4sym Str 1077 -- -- 1080 1084

Table 3.2 AC Magnetic mass susceptibilities, ym (emu/g) for the MPIL and MPILSDS complexes.
Comparative iron oxide nanoparticle samples are also included 2% 23,

Sample Am, Dry xm, Wet
MPIL 17.53 (£0.03) x 10¢  20.78 (+0.85) x 10
MPILSDS 7mM  7.04 (+1.48) x 10  2.94 (+1.20) x 10
MPILSDS 5mM  8.77 (¥2.47) x 10 2.13 (+0.75) x 10
MNP-bare 4.64 (£0.06) x 102 29.40 (+0.13) x 102
MNP-citric acid 6.22 (+0.005) x 102 56.95 (+0.07) x 10~

Based on the above results, the MPILSDS complexes are formed through a combination of
SDS electrostatic binding to the ammonium monomer unit and coordination with Co?* sites

chelated to the acrylamide monomer. The MPILSDS spherical particles likely consist of a
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hydrophobic core composed of the surfactant alkyl tail and a polymer shell with the Co?* ions
located at the polymer-surfactant interface. Stabilized complexes likely have an extra surface layer
of surfactant hydrophobically binding with the polymer backbone to provide a negative surface
charge.

We examined the intrinsic magnetic properties of the MPILSDS complexes through AC
magnetic mass susceptibility measurements. The magnetic susceptibility, ym, describes the extent
of material magnetization in a magnetic field. Generally, paramagnetic materials display small
positive values in the range of 1073 to 10-° emu/g®3. Table 2 shows the measured ym for the MPIL
copolymer as previously reported 2!, MPILSDS complexes at 5 mM and 7 mM SDS
concentrations, and select iron oxide nanoparticles produced by our group in dry and wet states.
The MPIL copolymer had a ym of 17.53 (£0.03) x 10® emu/g in the dry state and 20.78 (+0.85)
x10® emu/g in solution, which is comparable to other paramagnetic MPILs 2 %4, The dry
MPILSDS susceptibilities were considerably lower at ~7 to 8 x 10-® emu/g in the dry state and ~2
x 106 emu/g in the wet state, though they are still on par with similar cobalt-based MPILs 4. The
magnetic properties of MPILs are dependent on several factors including the weight percentage of
the paramagnetic component (Co?* complex) and distance between the transition metal ion centers
12,1555 Here the weight percentage of the paramagnetic Co?* ions is reduced, and the concentration
of diamagnetic content is increased upon addition of SDS compared to the original MPIL, leading
to lower magnetic susceptibilities. These susceptibilities are significantly weaker compared to iron
oxide nanoparticles produced by our group which have shown magnetic mass susceptibilities on
the order of ~ x10? emu/g. Nonetheless, both the MPIL and MPILSDS dry powders could be

attracted to a neodymium magnet with at 0.7 T surface field strength.
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We tested the MPLSDS complexes and the MNP nanoparticles for their magnetic response in
solution. Under optical microscopy, the polymer grafted MNPs in water can be seen assembling
into aligned structures oriented in the direction of the magnetic field (Figure 3.6a). MPILSDS
complexes formed from a 5 mM SDS concentration were similarly exposed to the magnet.
Unfortunately, no visual alignment, magnetic orientation, or deviation from Brownian motion

(Figure 3.6b) could be definitively discerned.

Figure 3.6 Optical microscopy video frames of (a) polymer-grafted MNPs and (b) MPILSDS
complexes in the presence of a 0.7 T neodymium magnet.
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Figure 3.7 AFM Images of MPILSDS 7 mM films drop casted on SiO; substrates both (a) without
and (b) with the presence of a magnetic field.

For this system, the face of the magnet was ~ 1.8 cm away from the microscope objective
center. Magnetic field strength decays rapidly as you move away from the magnet surface. It is
possible that the strength of the magnetic field was too weak to result in a noticeable magnetic
response for the complex structures. Alternatively, the Co?* ions may be partially dissociated from
the complex in solution or hydrated within the MPILSDS complex. For most Mag-surf systems
that demonstrate a magnetic response in solution, the magnetic ions are either (1) concentrated in
a hydrophobic or phase separated domain that is stabilized by a surrounding hydrophilic domain,
or (2) the magnetic ions are located in the Stern layer of the micelle or nanomaterial surface. Beck
et al. ascribed the ability of the phospholipid-based vesicles to align in a magnetic field to
concentration of the Dy* ions in a solid domain formed in vesicle walls after temperature-induced
demixing and reformation 2°. Zhao et al. attributed the magnetic manipulation of colloidal worm-
like micelles to binding of the FeClsBr- anions in the Stern layer and partial migration into the
micellar core %6. Similarly, the magnetic manipulation and separation of graphene oxide complexed
with Mag-Surf %" and MPILs # has been attributed to associated paramagnetic counterions at the

polymer-graphene oxide interface.
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We also examined the effect of magnetic fields on the dry film assembly of MPILSDS
complexes. Here, we drop-cast MPILSDS complexes formed from 7 mM SDS concentration on
SiO»-based substrates both with and without a magnetic field. In this case, the substrate was placed
in between two 0.7 T magnets held 1 cm apart such that the center of the wafer was 0.5 cm from
the magnet face. Figure 3.7 shows AFM images of the films. Films formed without a magnetic
field show particles laying relatively flat on the substrate (Figure 3.7a), while the films formed
with a magnetic field form more cohesive layers parallel to the substrate (Figure 3.7Db).

GISAXS measurements were also taken of the drop casted films formed both without (Figure
3.8a) and with (Figure 3.8b) a magnetic field present. For films formed without a magnetic field,
double diffraction arc-like features with high intensity spots located along gx=0 are observed
parallel to the gx axis. These features are typical of randomly oriented lamellae with preferential
orientation parallel to the substrate 58, In comparison, the films formed in the presence of a
magnetic field displayed two flatter diffraction spots, indicating increased orientation of the

lamellae parallel to the substrate 5859,
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Figure 3.8 GI-SAXS spectra of MPILSDS 7mM films drop casted (a) without the presence of a
magnetic field and (b) with the presence of a magnetic field.
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Figure 3.9 GI-SAXS vertical line cuts of the 2D scattering patterns produced from MPILSDS
7mM films drop casted (orange) without the presence of a magnetic field and (blue) with the
presence of a magnetic field.

In both systems, the double diffraction arcs or lines are a result of direct diffraction from the
incident beam and diffraction from the beam reflected off the substrate 5 0. This results in two
diffraction lines: an upper branch (“+”, reflection) and a lower branch (-, direct). Their positions

are given by:

EQ3-1:q, = 277T<sin(ai) + \/sinz am + [(DWL

2
) + \/sinz (a;) — sin? (am)] )
la
where i and om are the X-ray beam incident angle and critical angle of the polymer-surfactant
material, A is the X-ray beam wavelength, m is the order of reflection, and Diam is the thickness of
the parallel lamellae layer. Vertical 1D line cuts taken perpendicular to the gx axis are shown in

Figure 3.9. For the films formed without a magnet field, the lower and upper 1% order branch

(denoted 100 in Figure 3.8) diffraction arcs are at qy" = 1.61 nm* and gy* = 1.80 nm™1, respectively,
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which correlates to a Diam 0f 4.03 nm. The Diam thickness of the film formed with a magnetic field
was found to increase to 4.37 nm where gy” = 1.52 nm* and gy* =1.65 nm™. The 3.4 A increase in
lamellae layer thickness and the increase in parallel orientation likely indicates surfactant alkyl
chain straightening to an all-trans confirmation. These results demonstrate potential of
magnetically influenced ordering in films containing paramagnetic components, as demonstrated
by the increased ordering of lamellae parallel to the substrate and the change in lamellae layer
thickness.

A single sharp ring pattern unique to the magnetically processed film also emerges at gy = 2.28
nm-* (measured at gx =0 nm™!) and gx = 2.38 nm! (measured at gy,=0 nm™1). Ring structures indicate
isotropic orientation of lamellae with well-defined periodic ordering 6. The lattice spacing, d, is

calculated by:

EQ3-2:d; ==

di

where i denotes either the x or y direction of the scattering pattern. The lattice spacing derived
from this ring scattering pattern is estimated to be between 2.54 nm (dx) and 2.76 nm (dy) and is
tentatively ascribed to MPILSDS layers oriented randomly with respect to the substrate. The broad
diffuse halo feature centered at qx = ~1.7 nm™* corresponds to a repeating structure ~3.7 nm in size,
which is the size of an SDS micelle 2. The addition of these features also demonstrates the
magnetic field influence on the MPILSDS film assembly.

Overall, we have investigated the formation and magnetic properties of magnetic poly(ionic
liquid)-surfactant complexes through a number of characterizations. Particle sizing and
morphology were examined through DLS and TEM techniques. Zeta potential surface charge
measurements and FTIR spectroscopy provided insight into the polymer-surfactant complex

formation. AC magnetic susceptibility measurements displayed paramagnetic character of the
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MPILSDS complexes. While magnetic alignment of MPILSDS complexes in the solution were
not observed under optical microscopy, we achieved magnetic alignment in drop-cast films of the
magnetic complexes as analyzed through AFM and GISAXS. This work provides insight into the
development of stimuli-responsive nano- and micro-scale structures fluids under the influence of
non-contact force fields, namely, magnetic. In future work, we will examine the engineering
properties and assembly of these materials in ionic and electric fields.
3.4. Conclusion

Magnetic poly(ionic liquid)-surfactant complexes were successfully developed, displaying
spherical or oblong morphology and stability in solution under specific surfactant concentrations.
The added Co?* ions played a significant role in the development of stable complexes and polymer-
surfactant binding. The complexes developed likely form hydrophobic surfactant cores and MPIL
shells with the Co?* coordinating at the surfactant-polymer interface. These complexes display
paramagnetic susceptibilities. While magnetic alignment of MPILs in solution was not achieved,
we were able to successfully utilize a magnetic field to achieve well-defined lamellae oriented
parallel to the substrate. This work provides guidance in the development of nano- and micro-
scale fluidic structures with stimuli-response to non-contact force fields.
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Chapter 4: Magnetometry Studies of Magnetic Poly(ionic liquids) Using Surfactant
Complexation to Direct Self Assembly and Increase the Effective Moment

* This chapter is written in preparation for journal submission: Kayla Foley*, Charles P.
Easterling?, Dale Huber?, Keisha B. Walters?. “Magnetometry Studies of Poly(ionic liquid)s
Using Surfactant Complexation to Direct Self Assembly and Increase the Effective Moment.”
! Ralph E. Martin Department of Chemical Engineering, University of Arkansas, Fayetteville,
AR 72701, USA
2 Center for Integrated Nanotechnologies, Sandia National Laboratories, Albuquerque, NM
87123, USA

Abstract

Poly[acrylamide-co-diallyl dimethyl ammonium chloride] was complexed with Fe**, Co?*, and
Cu?* chloride salts at 1 and 2 mole equivalencies to form a series of magnetic poly(ionic liquid)
(MPIL) copolymers. MPIL polyelectrolyte-surfactant complexes (MPILSDS) were formed by
binding sodium dodecyl sulfate with select Co?* and Fe** MPIL copolymers. Magnetometry
studies of the MPIL copolymers and MPILSDS complexes were conducted as a function of
magnetic field strength and temperature (50 to 300 K) using a vibrating sample magnetometer
(VSM) and revealed paramagnetic behavior for the MPIL copolymers with antiferromagnetic or
ferromagnetic interactions that are dependent on the metal type and concentration. The MPILSDS
complexes exhibited a small hysteresis loop in their magnetization response, suggesting non-
paramagnetic behavior. Zero Field Cooling-Field Cooling (ZFC-FC) studies of the MPILSDS
complexes suggest strong antiferromagnetic interactions are occurring. The effective magnetic
moments of the MPILSDS complexes were larger than for the corresponding MPIL copolymers,

indicating the self-assembled structures play a role in enhancing magnetic coupling interactions.
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FTIR spectroscopy studies confirmed metal coordination and surfactant binding interactions in the
MPIL copolymers and MPILSDS complexes. In the multi-component MPILSDS system, metal
cation coordination was observed between the acrylamide units in the polymer and sulfate group
in the surfactant. The micellular solution and freeze-dried structures of the MPILSDS complexes
were also characterized with dynamic light scattering, zeta potential, dynamic scanning
calorimetry, and scanning electron microscopy. FTIR shifts for the acrylamide and sulfate groups
indicated that freeze drying influences the coordination structure of the metal species. This study
provides insight into the magnetic behavior of multicomponent MPILs, specifically MPIL random
copolymers and MPIL-surfactant complexes, showing the influence of group coordination and
self-assembled structure. These findings will aid the design and guide the application of
progressively more complex magnetically responsive MPIL systems.
4.1. Introduction

In the past decade, magnetic poly(ionic liquid)s (MPILs) have emerged as an exciting subclass
of stimuli-responsive polymerized ionic liquids that contain magnetically responsive transition
metal salts. They are typically formed through electrostatic binding of transition metal complexes
(e.g., [FeCla],, [CoCl4]?) to the permanently charged ionic liquid pendant groups along the
polymer backbone. Similar to their small molecule counterparts such as magnetic ionic liquids
(MILs) -2 and magnetic surfactants (mag-surf) >4, MPILs can be attracted by a handheld magnets
with weak fields (< 2 T/ 20 kOe) and typically exhibit room temperature paramagnetic behavior,
but MPILs also possess favorable mechanical properties and polymer processability due to their
macromolecular structure. Due to the metal salt inclusions, MPILs have found applications in a

variety of fields including catalysis® ¢, magnetically induced separations’, antimicrobial materials®,
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templates for nanoparticle synthesis® °, magnetic stimuli response® 113 and initial forays into
MPIL macromolecular magnet development®4-17,

Most MPILs studied to date display paramagnetic behavior with magnetic mass susceptibilities
ranging from ~10 x10® emu/g to 60 x10° emu/g depending on transition metal type and content®
10,12,18-21 ' Although rarely reported for MPILs, effective magnetic moments per metal complex are
typically near the expected spin only values for the corresponding transition metal for Fe3* (4.4-
5.6 ug) and Co?* (4.2 us) *" 22 . Their small molecule magnetic ionic liquid (MIL) and magnetic
surfactant (Mag-Surf) counterparts, whose effective moments are more often reported, also
generally have effective moments consistent with the spin only values for Fe®* (5.2-5.6 ug) %%
and Co?* (~4.2-4.5 ug) 2%,

Efforts to improve the magnetic properties of MPILs and to expand their application in
magnetic stimuli response and molecular magnet development have generally involved the
formation of multicomponent materials. MPIL systems that have displayed enhanced
paramagnetic susceptibility or magnetism other than paramagnetic—including antiferromagnetic
22 ferromagnetic ¢ 3!, and superparamagnetic " 3>—have mainly consisted of multicomponent
materials such as blends, copolymers, or homopolymers modified with functional groups. Self-
assembled block copolymers or blends containing microphase separated regions aid in
nanoconfinement and enhanced coupling of magnetic groups?® 3334, MPILs with long alkyl chains
or pendant polymer chains similarly restrict movement of the magnetic groups, leading to
increased coupling and improved susceptibilities!® 8 1% In a series of MPILs containing n-n
stacking functionalities, Ren et al. was able to decrease the Fe®*-Fe3* coupling distance to ~4 A
and resultantly increase ferromagnetic correlations* 6, Cui et al. reported superparamagnetic

behavior in a MPIL copolymer containing pendant pyrene groups®. Though reported less often,
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metal ion-coordination with non-PIL co-materials in MPIL systems have also been shown to
influence magnetic transitions as a function of temperature®*. In many of these multi-component
systems, the co-materials and modified structures contain functional groups capable of metal ion
coordination, such as N, O, or S atoms, which can alter the coordination structure of the
paramagnetic complex and consequently the magnetic behavior of the multicomponent MPIL
systems. Examining the magnetic behavior and properties multi-component MPIL systems is
necessary to further the design of MPIL systems and expand their application.

In prior studies by the authors, multicomponent MPILs were investigated for metal
coordination effects and self-assembled structures. The coordination structure and binding of Fe3*
and Co?* halide salts with a metal coordinating MPIL random copolymer, poly[acrylamide-co-
diallyl dimethyl ammonium chloride], was thoroughly examined?®¢. Using a suite of spectroscopic
characterizations, it was found that the metal cations were bound to the copolymer through both
acrylamide coordination and electrostatic interactions with the PIL monomer. The complex
coordination structure of the metal species was also found to be dependent on metal type and
concentration. These results demonstrated the influence of coordinating co-materials on MPIL
synthesis and metal structure of the magnetically responsive species. The authors also examined
the influence of Co?* on solution self-assembly behavior for a MPIL copolymer complexed with
surfactant, forming polyelectrolyte-surfactant micellular structures®’. The micellular solution
structures were found to be non-responsive to a static ~0.62 T (6.2 kOe) magnetic field produced
form a handheld neodymium magnet, likely due to either too weak of a magnetic field or possible
hydration and dissociation of the Co?* species from the micellular structures. However, a similar

static magnetic field was successfully utilized to induce alignment in drop-cast films and self-
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assembly behavior for the MPIL-surfactant complexes, demonstrating an application of magnetic
stimuli response for these MPIL-surfactant systems.

This work significantly expands the scope of investigation into multicomponent MPILs
through a detailed magnetometry study of MPIL random copolymers along with their respective
self-assembled polyelectrolyte-surfactant complexes. Specifically, poly[acrylamide-co-diallyl
dimethyl ammonium chloride] was complexed with Fe**, Co?*, and Cu?* chloride salts at 1 and 2
mole equivalencies relative to the PIL monomer group to form the MPIL copolymers. MPIL
polyelectrolyte-surfactant complexes (MPILSDS) were formed from binding a surfactant, sodium
dodecyl sulfate, with select Co?* and Fe** MPIL copolymers. Magnetic behavior of the MPIL
copolymers and MPILSDS complexes was measured as a function of magnetic field strength and
temperature between 50 and 300 K with vibrating sample magnetometry (VSM). FTIR
spectroscopy was performed to characterize metal coordination and surfactant binding interactions
in the MPIL copolymers and MPILSDS complexes. MPILSDS complex micelles in solution—
along with freeze-dried structures—were observed with dynamic light scattering, zeta potential,
and scanning electron microscopy. Differential scanning calorimetry studies of the MPIL
copolymer and MPILSDS complexes provided insight into physical and magnetic thermal
transitions.

4.2. Materials and Experimental Methods
4.2.1. Materials

A 10 wt% solution of poly(acrylamide-co-diallyldimethylammonium chloride) ([Pam-co-
PDADMA][CI]) in water was purchased from Sigma Aldrich. The copolymer contained 55%
acrylamide (Pam) and 45% diallyldimethylammonium chloride (DADMAJ[CI]) by weight.

CoCl>*6H20 and sodium dodecy!| sulfate (99% purity, CAS 151-21-3) was purchased from Sigma
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Aldrich. FeClz-6H.0O was purchased from Alfa Aesar. CuCl; was purchased from Carolina. All
materials were used as received.
4.2.2. Synthesis of Magnetic Copolymers

Magnetic copolymers were synthesized through a complexation reaction with metal chloride
salts (Fe®*, Co?*, or Cu?") in aqueous solution as described in the authors’ previous work®®. In a
typical synthesis, aqueous solutions of either FeCls-6H.0, CoCl>-H20, or CuCl, were added
dropwise to an aqueous solution of ~1.1 g [Pam-co-PDADMA][CI-] copolymer in 10 ml of water
in a round bottom flask. The metal halide species were added at either 1 or 2 mole equivalents
with respect to the PDADMA group in the MPIL copolymer. All solutions were stirred for ~6
hours at room temperature before evaporating the water from the system. MPILs were further dried
in a vacuum oven at (~45 °C) before characterizations. To ensure no contamination from
paramagnetic species, no metal-based spatulas or stirrers were used during synthesis. The
synthesized copolymers are denoted as [Pam-co-PDADMA][M™ Xeq] throughout the remaining
text where M™ and X refer to Co?*, Fe®*, or Cu?* metal cations and 1, 2, or 3 mol equivalents,
respectively.
4.2.3. Synthesis of Magnetic Copolymer-Surfactant Complexes

Polyelectrolyte-surfactant micellar complexes were formed by complexing MPIL copolymers
with sodium dodecyl sulfate (SDS) surfactant as described previously®’. Briefly, aqueous solutions
of the each MPIL copolymer (2 mg/mL) and SDS (either 10 mM or 14 mM concentrations) were
prepared separately. Under rapid stirring (900 rpm), a given SDS solution was added to one of the
aqueous MPIL copolymer solutions and the mixture was allowed to stir for approximately 10
seconds. Immediate clouding or precipitation was observed upon stirring, confirming the

formation of the polyelectrolyte-surfactant complexes. The final concentration of the
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polyelectrolyte-surfactant solution was 1 mg/mL MPIL copolymer and a surfactant concentration
of either 5 or 7 mM. Only the [Pam-co-PDADMA][C0?* 1eq] and [Pam-co-PDADMA][Fe3* 1eq]
copolymers were used for the MPILSDS complex formation. For this work, a portion of each
micellar solution was freeze dried prior to spectroscopic or magnetic characterizations in an
attempt to preserve the self-assembled structure of the complexes.
4.2.4. Chemical and Thermal Characterizations

Attenuated total reflection (ATR) FTIR spectra of dried polymer were collected using a
PerkinElmer Frontier FTIR spectrophotometer (Waltham, MA, USA) with 4 cm! resolution and
a minimum of 32 scans over the 4000-550 cm* spectral range. Differential scanning calorimetry
(DSC) was performed using a Netzsch Jupiter STA 449 F1 thermal analyzer for select samples
between 20 °C (293 K) and -150 °C (123 K). In a typical DSC experiment, the sample was first
cooled to -150 °C using LN2 at 10 °C/min under He (50 mL/min) and held at -150 °C for 1 minute.
The samples were then heated to 20 °C at a rate of 10 °C/min. Only the heating curves were
analyzed for thermal transitions.
4.2.5. Magnetic Characterizations

A Quantum Design PPMS VersalLab 1300-001 vibrating sample magnetometer (VSM) was
used to perform magnetic measurements. The magnetic copolymer powders were packed into
polycarbonate pill capsules as sample holders. A piece of Kapton tape was used to affix the
capsules to the instrument sample insertion tool. Kapton has been reported to have a small moment
of ~10-6 emu?8, which is lower than the range of moments measured in this work (10-° to 10~ emu).
To ensure minimal measured response from the Kapton tape, a piece of tape was affixed
symmetrically along the axis of motion on the capsule with 1 cm of tape above and below the

capsule, creating a uniform background field. Two sets of experiments were performed on the
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copolymers including measuring magnetic moment with respect to magnetic field strength and
also as a function of temperature. For the field strength sweeps, the magnetic moment was
measured between +30 kOe at selected temperatures of 50, 100, 150, 200, 250, and 300 K.
Magnetization curves of the non-magnetic copolymer, [Pam-co-PDADMA][CI-], and sodium
dodecyl sulfate surfactant were collected at 300 K and their results are provided in the
supplemental information (Figure C.15). Transitions in the magnetization curve as a function of
temperature were measured through Zero Field Cooling/Field Cooling (ZFC-FC) curves at a field
strength of 100 Oe. In particular, a sample capsule was first cooled to 50 °C under zero magnetic
field. Magnetization measurements were then collected as the sample was heated to 300 °C at a
heating rate of (5 °© C/min) under an applied magnetic field of 100 Oe for the ZFC curve. The
sample was then cooled to 50 °C at the same heating rate and magnetic field settings to obtain the
FC curve.
4.2.6. Processing of Magnetization Data

Magnetic moment data was normalized by sample mass and plotted as a function of magnetic
field strength. In most cases, the magnetic mass susceptibility was determined from the slope of a
linearly fitted line over the full data set. In the cases where saturation was clearly observed, only
the linear center section of the magnetization curve was fitted, typically at low field strengths (+
10 kOe). ZFC-FC measured moments were converted to molar susceptibility, based either on only
metal content or on the full MPIL copolymer molecular weight (see supplement for details). The
molar susceptibility was then plotted as 1/x-T. Typically, 1/¢-T plot is fitted to the Curie-Weiss

law

EQ4-1y =

T—0cw
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over the higher temperature region where the plot is visually linear. However, all MPIL
copolymers exhibited a 1/y response with a slight positive curvature resulting in difficulties in
determining at which temperature the visual deviation from linearity began (see supplemental
information Figure C.1). This curvature is attributed to a temperature independent contribution to
the measured susceptibility and can be accounted for through a modified form of the Curie-Weiss

as described by Mugiraneza et. al. *°:

EQ42y=—

*+ Xo

T-6cw
where y is molar susceptibility, C is the material dependent Curie constant, T is the temperature in
Kelvin, Ocw is the Curie-Weiss temperature, and Yo iS a temperature independent susceptibility
contribution. Several other groups have also used a modified Curie-Weiss law*%-42, For all MPIL
copolymers, the yo was found to be a small positive value between 0.001 and 0.002 emu/mol. As
the yo values are positive, this indicates that the temperature independent contribution to
susceptibility is not primarily due to the diamagnetic polymer backbone. However, these values
are slightly above the upper limit for yo values expected for Pauli paramagnetism (~104 to 10°
emu/mol) *° for metal species. The specific physical phenomenon for the yo contribution is not
apparent. Although it would likely not be strictly temperature independent, we do note that a small
paramagnetic moment (~10“ emu) was observed in one of the runs for the [Pam-co-
PDADMA][CI] copolymer (Figure C.15) which may contribute to yo. A comparison of the fittings
to Curie-Weiss’s law and the modified Curie-Weiss’s law can be found in the supplemental
information. The effective moment was then calculated by
EQ 4-3 uesy = MMB
where C is the calculated Curie constant and pg is the Bohr magnetron. Assuming paramagnetic

behavior with minimal magnetic correlations, the effective magnetic moment can also be estimated
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at specific temperatures using (EQ 4-4) where the temperature, T, is in Kelvin and the mole
susceptibility, y, is in emu mol* Oe™*:
EQ4-4 ey = \/8xT

4.3. Results and Discussion
4.3.1. Chemical and Structural Characterization

A series of magnetically responsive poly(ionic liquid) copolymers were prepared by
complexing Co?*, Fe®*, and Cu?* chloride salts with the copolymer [Pam-co-PDADMA][CI] at 1
and 2 mol equivalents relative to the DADMA monomer unit. The resulting MPIL copolymer
powders were dark blue, yellow-brown, and yellow-green powders for the [Pam-co-
PDADMA[Co0?%"], [Pam-co-PDADMA[Fe®"], and [Pam-co-PDADMA[Cu?*], respectively (Figure
4.1). In order to induce self-assembled structure into the random copolymers, the [Pam-co-
PDADMA[Co?" 1eq] and [Pam-co-PDADMA[Fe3* 1leq] copolymers were also complexed with
the surfactant sodium dodecyl sulfate to produce polyelectrolyte-surfactant complexes (MPILSDS
M™ X mM where M™ is either Fe** or Co?* and X is 5 or 7 mM SDS concentration) (Figure 4.1).
Polyelectrolyte-surfactant complexes can form a variety of micellar structures from spherical
particles to worm like micelles and vesicular structures depending on surfactant concentration and
salt additives*® 44, The MPILSDS Co?* complexes were previously found to have spherical or

oblong morphology through cryogenic electron microscopy imaging®’.
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PIL Copolymer MPIL Copolymer MPILSDS Complex
0-PDADMA][CI-] [Pam-co-PDADMA][Mn+] [Pam-co-PDADMA][Mn+][SDS]
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1) [MCI,], where M"™: Fe®*, Co?*, Cu? ZSDS ®
of ®
\CI o o
s x"— 9 L
Mm— .Mn 02+ :

/ \ CI*M*CI

Figure 4.1 Schematic of the formation of the MPIL copolymers and MPILSDS polyelectrolyte
surfactant complexes. In step (1), [Pam-co-PDADMAICI] is complexed with FeCls, CoCly, or
CuCl; salts forming a combination of metal chloride anionic complexes and acrylamide
coordinated complexes depending on metal halide concentration. In step (2), SDS surfactant is
complexed with the [Pam-co-PDADMA][C0?* 1eq] and [Pam-co-PDADMA][Fe** 1leq]
copolymers to form the MPILSDS Co?* and MPILSDS Fe®* complexes.

As seen previously, the [Pam-co-PDADMA][Co?* 1eq] solution produced a cloudy white color
immediately after SDS addition indicating the formation of the complexes. Particle diameters
measured through light scattering and zeta potential data for the complexes produced from 5 and
7 mM SDS concentrations are shown in Figure 4.2 and Table C.2. The complexes produced from
[Pam-co-PDADMA][Co?* 1eq] combined with 5 and 7 mM SDS concentrations have particle
diameters of 409.2 nm (= 148.1 nm) and 402.9 nm (x 145.7 nm) and zeta potentials of -9.0 + 0.2
mV and -23.2 mV (x0.7 mV), respectively, that correspond well to previous measurements®’. In
this work, [Pam-co-PDADMA[Fe®*] was also complexed with SDS at 5 and 7 mM. However, only
the 5 mM SDS solution produced stable complex particles while the 7mM sample resulted in
immediate precipitation of the MPIL copolymer. The MPILSDS Fe3* 5mM complexes had a
hydrodynamic diameter of ~233 nm (x65 nm). Conversely to the MPILSDS Co?* based
complexes, the MPILSDS Fe3* 5mM complex had a positive zeta potential of ~11 mV. Cationic
polyelectrolytes binding with anionic surfactant typically exhibit a positive zeta potential until

charge neutrality is reached at the critical aggregation concentration®® 4548, The smaller
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hydrodynamic diameter and the positive zeta potential of the MPILSDS Fe3* 5mM complex
suggests that the use of Fe®* rather than Co?* shifts the critical aggregation concentration to higher
SDS concentrations. A DLS and ZP study as a function of surfactant concentration for the
MPILSDS Fe** complex system could provide further insight into this behavior. Further, a broader
study on the impact of iron versus cobalt, surfactant concentration, and even surfactant type could
help provide general guidance on the parameters responsible in polyelectrolyte-surfactant complex

formation.
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Figure 4.2 (a) Dynamic light scattering measurements showing intensity-based hydrodynamic
diameters and (b) zeta potential for the MPILSDS Co?* and MPILSDS Fe** complexes as a
function of SDS concentration. Blue and orange markers are for the MPILSDS Co?* and MPILSDS
Fe3* complexes that are later freeze dried and analyzed for magnetic properties in this work. Red
markers indicate unstable complexes that were redispersed into solution prior to DLS/ZP analysis.
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Figure 4.3 SEM images of the MPILSDS complexes freeze dried from aqueous solution
containing (a) 7 mM SDS and (b) 5 mM SDS. The flake-like structure of the dried complexes
differs from the spherical particle morphology (c and d) observed previously in cryo-TEM images
of a 6.5 mM MPILSDS Co?* complex?, indicating a structural change upon freeze drying.

In an effort to preserve the self-assembled MPILSDS complex structure, the complexes were
freeze dried before further characterizations. The resulting light and fluffy powders were a light
blue and yellow color for the MPILSDS Co?* and MPILSDS Fe®* complexes, respectively. SEM
images (Figure 4.3 a and b) of the freeze dried MPILSDS-Co?* complexes exhibited a more flaky-
like morphology compared to the air-dried powders obtained previously and is different from the
solution spherical particle morphology observed through cryo-TEM (Figure 4.3 ¢ and d). The
supplemental information also provides dark field microscopy images of the MIPILSDS Co?*
freeze dried flakes and air-dried powders (Figure C.21). As no self-assembled structure was
expected for the random copolymers without added surfactant, the MPIL copolymers were air

dried, forming solid films that were then ground into coarse powders before analysis (Figure C.22-
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Figure C.23). The MPIL Co?" copolymers formed brittle particles, while the MPIL Fe3*
copolymers formed softer particles.

ATR-FTIR spectroscopy was performed to observe metal coordination interactions in the
MPIL copolymers and the MPILSDS complexes. Table 4.1 summarizes key vibrational modes
observed in the ATR-FTIR spectra of the MPIL copolymers (Figure 4.4a) and the MPILSDS
complexes (Figure 4.4b). In our previous work, the transition metal salts were found to bind with
the copolymer through coordination with the acrylamide monomer at both the carbonyl oxygen
and amide nitrogen as evidenced by downshifts in both the amide 1 (C=0 str) and amide Il (NH>
wag) bands compared to uncoordinated [Pam-co-PDADMA][CI]%¢. These shifts in the amide IR
modes are a result of changes in the amide resonance structure upon metal cation coordination at
the carbonyl oxygen or the amide nitrogen groups*. In addition to observed peak maxima
wavenumbers, relative band shifts are also reported. The [Pam-co-PDADMA][C0?*] and [Pam-
co-PDADMA][Fe®*] copolymers exhibit downshifts consistent with previously reported work3®,
[Pam-co-PDADMA][C0?*] showed downshifts of 8 cm™ for the amide | band and 16-18 cm™
downshifts for the amide Il band. Again, the [Pam-co-PDADMA][Fe3*] copolymers showed larger
wavenumber decreases of 13-18 cm™* (amide I, C=0 str) and 43-50 cm™* (amide Il, NH2 wag) in
comparison to the cobalt-based copolymers. The [Pam-co-PDADMA][Cu?*] copolymers
displayed intermediate downshifts compared to the iron- and cobalt-based copolymers with
downshifts of 11-14 cm (amide 1, C=0 str) and 22-29 cm* (amide 11, NH2 wag), indicating
similar coordination of Cu?* at both O- and N-bonding sites of the acrylamide comonomer. The
extent of downshifts in the amide 1 (C=0 str) and amide 1l (NH2 wag) bands provides an indication

of strength of both the O-bonded (Pam) and N-bonded metal-acrylamide interactions® 5. This
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would suggest the Cu?* binds to the acrylamide with moderate strength compared to the weaker

Co?* binding and stronger Fe3* binding.

All MPILSDS complexes indicated successful polymer-surfactant complexation through the
emergence of several peaks related to SDS including a set of peaks attributed to the SO4
asymmetric str (~1253 and ~1217 cm in native SDS), SO4 symmetrical str (1075 cm™ in native
SDS), and an increase in intensity of the methylene bending modes (~1468 cm-?). In all MPILSDS
complexes, slight decreases in the asymmetric SO4™ str doublet peaks and increases in the SO4
symmetrical peak compared to native SDS were observed (shifts summarized in Table 4.1). These
shifts differ from the authors’ previous work on the MPILSDS complexes where increases of ~9
cm* and ~7 cm™* were observed for the SO4~ asymmetrical and symmetrical bands, respectively®’.
These SOy str modes are particularly sensitive to shifts in the sulfate head group dipole moment
which may result from changes in metal ion coordination or electrostatic interactions®?->4, Pereira
et al. observed similar downshifts in the asymmetrical SO4 band on complexation with different
metal cations, with greater downshifts observed for stronger electrostatic interactions between the
specific metal cations and sulfate group®. It may then be inferred that the metal cations are
complexing with the SDS sulfate group more strongly in the MPILSDS complexes prepared here
compared to the previous work®’. Analysis of the methylene CH; asym (~2919-2920 cm) and
sym str (~2850-2852 cmt) (Figure C.17) and CH2 bending modes (~1468 cm) (Figure C.18)
reveal modes consistent with partial ordering in the surfactant alkyl chain with a large portion of
chains in an all-trans conformation®? 54, Similar IR modes were also observed for MPILSDS

complexes air dried (Figure C.19-Figure C.20).

In the MPILSDS Co?*-based complexes, both the amide | (C=0 str) and amide 1l (NH2 wag)

modes exhibited upshifts in wavenumber to 1664 cm and ~1610 cm?, respectively, compared to
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1652 cm™? and ~1599 cm™ in the [Pam-co-PDADMA][Co?* 1eq] copolymer. These ~12cm*
(amide 1) and ~11cm* (amide I1) upshifts are greater than the shifts observed previously®’, where
no shift was observed for the amide I band and a 8 cm shift was observed for the amide I band.
Further, the amide I band for the MPILSDS Co?* complexes is at a greater wavenumber compared
to the 1660 cm of the uncoordinated [Pam-co-PDADMA][CI-]. This would suggest some loss of
coordination of the Co?* with acrylamide through the carbonyl group, which is corroborated by
the increase of Co?* binding with the surfactant sulfate group as noted above. Changes in the
MPILSDS Co?" coordination environment observed in this work compared to the authors’
previous work is likely attributed structural changes in the polyelectrolyte-surfactant complex as

a result of freeze drying the structures as opposed to air drying.

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T T T T T T T
1800 1700 1600 1500 1400 1300 1200 1100 1000 1800 1700 1600 1500 1400 1300 1200 1100 1000
Wavenumber {(cm™) Wavenumber (cm™)

Figure 4.4 ATR-FTIR spectra for the MPIL copolymers (a) and MPILSDS complexes (b). In (a)
the dashed lines mark from left to right the amide I (C=0 str), amide Il (NH2 wag), and quaternary
ammonium methyl bending (N*-CHz) modes for the [Pam-co-PDADMA][CI"] copolymer. In (b)
the dashed lines mark from left to right the amide I (C=0O str), amide 1l (NH2 wag), and several of
the SDS SO, asymmetrical and symmetrical stretching modes.

127



Table 4.1 ATR-FTIR key modes in the MPIL copolymers and MPILSDS complexes including the
acrylamide amide | (C=0 str) and amide Il (NH2 wag) modes, the SDS SO4 asymmetric and
symmetric stretching modes, and the quaternary ammonium methyl bending (N*)-CHz modes.

Pam SDS
(ér:nédset:) (ﬁm;dv?/z;g;) O™ SOUYM sougymstr
Shift Shif Posit  Shif Shif Positi  Shift
Positi 2  Positi  t*  ion t°  Positi  t° on b
on (cmr on (cm (cm (cm  on (cm  (cm™  (cmr
Sample emy) H em?) H H H (mh) H b Y
[Pam-co-
PDADMA]
[CI] 1660 1615 - - - -
[Co?* 1eq] 1652 8 1599 16 -- -- -- -- -- --
[Co%* 2eq] 1652 8 1597 18 - - - - - -
[Fe3* 1eq] 1647 13 1572 43 -~ - - - -
[Fe3* 2eq] 1642 18 1565 50 - - - - - -
[Cu?* 1eq] 1649 11 1593 22 - - - - - -
[Cu?* 2eq] 1646 14 1586 29 - - - - -
MPILSDS
g|?)25+ SmM 1664  12° 1610 11¢ 1250 3 1206 12 1080 -5
ggzs mM 1664 12° 1608 9 1250 3 1205 13 1080 -5
g§;5m|\/| 1659 120 'L S5 18 5 1206 12 1081 6
SDS -- -- -- -- 1253 1218 1075

(a) peak shifts relative to [Pam-co-PDADMA][CI-]; (b) peak shifts relative to SDS; (c) peak shift
relative to [Pam-co-PDADMA][Co?* 1eq]; (d) peak shift relative to [Pam-co-PDADMA][Fe3*

leq].

The MPILSDS-Fe** complex also shows an increase in the amide | band from 1647 cm™ in
[Pam-co-PDADMA][Fe3* 1leq] to 1659 cm™ in the polymer-surfactant complex. However, two
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amide Il (NH2 wag) bands are also observed at 1604 cm and 1576 cm* indicating two different
Fe3*-acrylamide binding interactions are occurring after complexation with surfactant. The later
peak is close to the absorbance seen in the [Pam-co-PDADMA][Fe3* 1eq] copolymer (1576 cm™)
while the former peak shows similar increases as the MPILSDS Co?* complexes. This is likely
indicative of a mixture of Fe®*-acrylamide coordinated groups and uncoordinated acrylamide
groups in the copolymer.
4.3.2. Magnetometry
4.3.2.1. Magnetic Behavior of the MPIL Copolymers, [Pam-co-PDADMA][M"* X eq]
Magnetic properties of the [Pam-co-PDADMA][Co0?*],[Pam-co-PDADMA][Fe3*], and [Pam-
co-PDADMA][Cu?*] copolymers were first investigated with DC magnetic moment
measurements as a function of magnetic field strength between + 30 kOe with vibrating sample
magnetometer (VSM). Figure 4.5a and b display the magnetization curves for the MPIL
copolymers at 300 K and 50 K. At magnetic field strengths below ~ £1500 Oe, a linear response
was observed in the magnetic moment for all MPIL copolymers at 300K followed by slight
curvature response above +1500 Oe that did not saturate up to £30 kOe. This behavior was most
prominently observed in the [Pam-co-PDADMA][Fe3* 2eq] copolymer (Figure 4.5a insert, solid
red circles). Similar magnetization responses observed by Wyrzykowski et al. for quaternary
ammonium FeCl4 MILs was attributed to paramagnetism with weak antiferromagnetic behaviors,
while Yu et al. attributed the curvature without saturation to paramagnetism in imidazolium FeCls
based MPILs with a norbornene backbone!”: 28, All copolymers at 50 K-250 K showed linear
responses with no curvature with increasing magnetic field strength, indicating paramagnetic
behavior (Figure 4.5b, Figure C.9-Figure C.14 150-250K). The magnetic mass susceptibilities

were determined through a linear regression of the magnetic field response curves and are
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displayed in Table 4.2. The magnetic susceptibilities at 300 K for the [Pam-co-PDADMA][Fe®*]
and [Pam-co-PDADMA][C0?*] copolymers ranged between ~18.9-38.9 x 10 emu/g and ~19.0 to
24.5 x 10°% emu/g, respectively, with increasing susceptibility for increasing mole equivalence of
complexed metal halide. These DC susceptibilities and their increase with increasing metal content
compare well to the authors’ previous AC susceptibility measurements® and they fall within the
range of typical magnetic mass susceptibilities (~10 to 60 x 10-° emu/q) for iron and cobalt based-
MPILs> 10 1118 19 In comparison, the [Pam-co-PDADMA][Cu?*] susceptibilities were
significantly lower compared to the [Pam-co-PDADMA][Fe®**] and [Pam-co-PDADMA][C0%*]
copolymers with values of ~2.86 x10¢ emu/g (1eq) and 4.05 x10-® emu/g (2eq) at 300K. The lower
susceptibilities are expected for Cu?* based copolymers due to the lower spin state (S=1/2, peff

1.73 pg) compared to Fe3* (S=5/2, pett = 5.92 pg) and Co?* (S=3/2, peft = 3.86 ug) 3% .
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Figure 4.5 Magnetic field response for the MPIL copolymers at (a) 300 K and (b) 50 K. The insert

in (a) shows the sinusoidal response of the MPIL copolymers, particularly [Pam-co-
PDADMA][Fe® 2eq] (solid red circles), at £10 kOe.

Substantially larger susceptibilities were obtained at 50 K for the MPIL copolymers, which

were 4 to 5 times greater than the susceptibilities measured at 300 K. Figure C.24a shows the
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increase in these susceptibilities with decreasing temperature between 300 and 50 K. The trends
observed compare well to an expected paramagnetic response with increasing temperature3? %,
ZFC-FC curves were also performed for the MPIL copolymers to investigate magnetic thermal
transitions occurring as a function of temperature at 100 Oe field strength. The ZFC-FC curves for
the [Pam-co-PDADMA][Fe3*] and [Pam-co-PDADMA][Co?*] MPIL copolymers exhibited no
significant hysteresis and displayed a typical paramagnetic response with a steeper decrease in
magnetic moment from 50 to ~150 K followed by a more gradual decrease in moment up to 300
K (Figure C.8 a-c). The corresponding xT-T curves for the [Pam-co-PDADMA][Co?*] copolymers
show a gradual decrease in T with decreasing temperature suggesting antiferromagnetic coupling
interactions are occurring. The difference in the 300 K and 50 K 4T value was 1.09 x10- and
1.91x10° emu K g?! Oe? for leq and, 2eq respectively. The [Pam-co-PDADMA][Fe3*]
copolymers also appeared to display a decrease in ¥T, but to a lesser extent with yT30K-yT°0K of
8.52x10* (1leq) and 1.25x102 emu K g* Oe! (2eq). Typically for antiferromagnetic ordering, a
gradual decrease in ¥T followed by a sharp decrease in yT is observed with a corresponding
maximum point in the moment response at the Neel temperature. In most MIL systems?3: 26. 28,29,
MPIL systems??, and similar small molecule organic complexes containing [FeCls]" ?° reporting
antiferromagnetic behavior, this sharp decrease in T and the maximum point in x occurs in the 1-
10 K range, which is below the 50K minimum temperature for the current instrumentation and is
likely why a sharp T decrease is not observed here. Conversely, [Pam-co-PDADMA][Cu?* 1eq]
and [Pam-co-PDADMA][Cu?* 2eq] copolymers exhibited a reasonably constant response over the
50 to 300 K temperature range, indicating paramagnetic behavior. Although a small splitting in
the ZFC and FC curves between ~88 and ~145 K was observed, the extent of splitting was within

the instrumental noise level.
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Table 4.2 VSM magnetometry data summary for the MPIL copolymers and MPILSDS complexes.

[Pam-co-PDADMA][MCI,] MPILSDS
Sample [Fe** 1leq]  [Fe* 2eq] [Co? leq] [Co? 2eq] [Cu® leq] [Cu® 2eq] Co*-7mM  Co?-6mM  Fe**-5mM
c Metal 43.0% 60.1% 39.8% 57.0% 27.20%  42.80% 17.9% 21.3% 23.4%
ontent wt%
¥ x10° (emu/g) at 300K
AC 24.73 37.22 17.53 29.37 ~ i 7.04 8.77 ~
(+ 0.03) (+ 0.04) (£ 0.03) (£ 0.03) (+ 1.48) (£ 2.47)
VSM 18.85 38.90 19.00 24.45 2.86 4.05 19.60 24.36 36.10
(+0.04) (+ 0.30) (+0.16) (£0.12) (+ 0.06) (+ 0.06) (£0.17) (+0.23) (+0.41)
1 x10°° (emu/g) at 50K
VSM (50 K) 104.00 176.00 83.40 108.00 18.40 17.10 31.95 38.95 49.58
(+£0.12) (+0.08) (£0.05)  (+0.10) (£0.01)  (+0.01) (+0.08) (+0.13) (+0.14)
ner=V8y T (us) at 300 K
per [MCI,] 4.58 4.93 4.00 4.02 1.99 1.53 5.10 5.42 7.18
ner=\8y T (us) at 50 K
per [MCI,] 4.03 4.60 3.75 3.59 1.71 1.50 3.08 3.18 4.02
ne=V8C (ps)
per polymer 94.24 145.16 90.05 114.23 34.68 37.66 -- -- --
per [MCly] 4.02 4.57 3.69 3.47 1.74 1.34 - - -
Modified Curie-Weiss Law Fitting Results
Ocw [K] 2.14 -2.19 -10.88 -7.83 10.97 10.97 -- -- --
¥o (emu/mol) 0.0019 0.0015 0.0012 0.0018 0.0004 0.0002 -- -- --
Int. Type FM AFM AFM AFM FM FM -- -- --
Adj. R? 0.99937 0.99983 0.99995 0.99983 0.99295 0.99906 -- -- --




Conversion to mole susceptibility per [MCln] and application of the modified Curie Weiss law
(EQ 4-2) allowed for determining the Curie Weiss parameters. Figure C.2-Figure C.7 display the
1/%-T responses and the non-linear regression fitting of the modified Curie Weiss law (EQ 4-2),
and the resulting Weiss constant, Ocw, and temperature independent susceptibility contribution, yo,
are provided in Table 4.2. The [Pam-co-PDADMA][C0?*] copolymers had Weiss constants of Ocw
=-10.88 K (1eq) and 6cw = -7.83 K (2eq) confirming the presence of antiferromagnetic coupling
interactions. Weak ferromagnetic coupling interactions were indicated by a Weiss constant of Ocw
= 2.14 K for [Pam-co-PDADMA][Fe®* 1eq] while weak antiferromagnetic interactions were noted
for [Pam-co-PDADMA][Fe®* 2eq] with Ocw = -2.19 K. In the vast majority of MIL literature, MILs
containing [FeCla]- and [CoCl4]?> were found to be paramagnetic with antiferromagnetic coupling
interactions (typically Ocw ~-0.5 to -13 K) that gained long-range antiferromagnetic ordering at
temperatures below 10 K23-26.28.2% The [Pam-co-PDADMA][Co?*] (at both 1 and 2eq) copolymers
and [Pam-co-PDADMA][Fe3* 2eq] copolymers, which were previously found to contain
tetrahedral structured Co?* and [FeCl,]/[Fe2Cl;]- anions respectively®®, compare well to the MIL
reported magnetic behavior. No definitive evidence of [FeCl4]" formation was previously found in
the [Pam-co-PDADMA][Fe3* 1eq], rather the coordination structure was attributed to various
acrylamide-FeCls complexes®. The weak ferromagnetic coupling interactions, as indicated by a
Weiss constant of Ocw = 2.14 K, suggest the acrylamide coordination at lower metal halide addition
influences the overall magnetic behavior of the copolymer, which becomes more
antiferromagnetic with increasing addition of [FeCls]" and [Fe2Cl7]" species. However, further
analysis of the magnetic behavior in the <50 K region will be needed to confirm ferromagnetic or
antiferromagnetic behavior. Interestingly, the [Pam-co-PDADMA][Cu?*] copolymers both had a

Bcw ~11 K, indicating ferromagnetic coupling interactions.
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The effective magnetic moments per [MCl,] shown in Table 4.2 were calculated based on both
the fitted Curie constant through equation EQ 4-3 and at 300 K and 50 K through EQ 4-4 as often
reported. For the purposes of this discussion, the moments calculated with EQ 4-3 are used. [Pam-
co-PDADMA][Fe®* 1eq] and [Pam-co-PDADMA][Fe®* 2eq] had effective magnetic moments of
4.02 and 4.57 us, which are lower than the expected spin only for high spin Fe3* (S=5/2, ~5.92 ug)
but still higher than low spin Fe3* (S=1/2, ~1.73 ug) *. Most MIL and MPILs containing [FeCla]
anions are reported to have higher effective magnetic moments between 5.2-6.2 ug 2%, However,
a few modified magnetic ionic liquids and metal organic coordination complexes have obtained
similar effective magnetic moments. For instance, Nacham et al. developed a magnetic ionic liquid
cation modified with carboxylate groups which had lower effective magnetic moments between
~3.5 and 4.7 pg °'. They attributed the reduced magnetic moment to Fe®* chelation with the
carboxylate groups. Other Fe3* coordination structures with various organic ligands (e.g,
porphyrins, phosphine, salicylaldehyde) also having magnetic moments between ~3.8 and 4.3 pg
were attributed to having an intermediate S= 3/2 (~3.87 ug) spin state or a mixture of low spin
(S=1/2, ~1.73 pe) and high spin (S=5/2, ~5.92 ug) °8-%2. It is likely that the coordination of Fe3*
with acrylamide is resulting in similar behavior for the MPIL copolymers, although further studies
involving electron paramagnetic resonance (EPR) or Mdssbauer spectroscopies would be needed
to determine the specific spin states of the [Pam-co-PDADMA][Fe3*] copolymers. It should be
noted that the magnetic moment for the [Pam-co-PDADMA][Fe3* 2eq] sample is higher compared
to the 1eq sample likely due to the presence of high spin [FeCl4] and [Fe-Cl7] species that were
confirmed by Raman and UV-vis spectroscopies previously®. This lends credence to the effective
magnetic moment of the [Pam-co-PDADMA][Fe**] copolymers being a result of mixed S=1/2 and

S=5/2 spin states as a result of mixed coordination complex species.
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[Pam-co-PDADMA][Co?* 1eq] and [Pam-co-PDADMA][Co?* 2eq] copolymers had effective
magnetic moments of 3.69 and 3.47 g, respectively. These effective moments are also slightly
lower than the expected high spin S=3/2 (3.88 uB, 4.3-5.2 observed) but higher than the expected
low spin values (S=1/2 1.73 pg; 1.7-1.9 obs.) *°. Although significantly fewer than their iron-based
counterparts, MILs and MPILs containing [CoCl4]" anions are typically reported to have effective
magnetic moments values of ~4.2 to 4.5 ug?% 24, The lower moments observed in the [Pam-co-
PDADMA][C0?*] may also be related to orbital contributions to the magnetic moment from
acrylamide coordination®®. Previous UV-vis spectroscopy measurements indicated the Co?* was
in a tetrahedral state, although Raman and FTIR spectroscopies suggested the presence of various
tetrahedral acrylamide-Co?* species (e.g., [CoCl.L2], [CoClsL]") in addition to [CoCl4]? %. It is
also possible there are multiple Co?* species with different spin states, as was suggested above for
the MPIL Fe®* copolymer. Again, further EPR or Mdsshauer spectroscopies would be needed to
confirm the spin states present. [Pam-co-PDADMA][Cu?*] copolymers had effective magnetic
moments of 1.74 (leq) and 1.34 (2eq) us, which were in closer agreement with the with the
expected spin only moment (S=1/2, 1.73 ug).
4.3.2.2. Magnetic Behavior of MPILSDS M"™* Polyelectrolyte-Surfactant Complexes.

Magnetic field dependences of the MPILSDS polyelectrolyte-surfactant complexes are shown
in Figure 4.6 for 300 K (aand ¢) and 50 K (b and d). A more definite sigmoidal shape was observed
for the MPILSDS complexes compared to the MPIL copolymers. Linear regression of the linear
portion of the field response at low magnetic field strength (~ £ 2500 Oe) produced magnetic mass
susceptibilities of 19.60, 24.36, and 36.10 x10° emu/g for the MPILSDS Co?* 7mM, MPILSDS
Co? 5mM, and MPILSDS Fe** 5mM complexes at 300 K. Interestingly, these susceptibilities for

the MPILSD Co?* complexes were approximately 3x greater than that of the AC susceptibilities
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measured for the air-dried complexes in prior work®’. This result may be due to changes in metal
coordination or structure due to the freeze-drying processes, and further structural studies (e.g.,
XRD, WAXS/SAXS) would be needed. The susceptibilities at 50 K were only ~ 1.5 times greater
compared to 300 K with values of 31.95, 38.95, and 49.58 x 10® emu/g for MPILSDS Co?* 7mM,
MPILSDS Co?* 5mM, and MPILSDS Fe3* 5mM, respectively.

Possible small hysteresis curves were observed in both the MPILSDS Co?* and MPILSDS Fe3*
samples, which were not present in the MPIL copolymers without surfactant. The coercive field
values were 14.3, 14.7 and 13.1 Oe at 300 K and 20.0, 15.4, and 14.4 at 50 K for the MPILSDS
Co?* 7 mM, MPILSDS Co?* 5 mM, and MPILSDS Fe®** 7 mM complexes, respectively. The
corresponding remanence values were 3.7 x10, 5.4x107, and 7.3 x10* emu/g at 300 K and
4.7x10*, 6.4x104, and 1.1x10° emu/g at 50 K for the MPILSDS Co?* 7 mM, MPILSDS Co%* 5
mM, and MPILSDS Fe®* 7 mM complexes, respectively. The presence of both the coercive fields
and remanence in the magnetic field studies, especially in comparison to the MPIL copolymers
without surfactant, would suggest magnetic behavior other than paramagnetic occurring for the
MPILSDS complexes. Several MPIL systems have also reported similar behavior. Carrasco et al.
developed an epoxy blended MPIL block copolymer that displayed weak ferromagnetic behavior
as determined by the presence of coercive fields ~72-89 Oe and remanence 1.4-9.4x10 emu/g.*
Although it should be noted the author did not perform ZFC-FC studies to verify the ferromagnetic
behavior indicated by the hysteresis. Similarly, Yu et al. observed a 24 Oe coercive field and
3.6x10 emu/g remanence for a norbornene-type PIL with an imidazolium [FeCls]- magnetic
group and biphenyl linker group. 1’ They attributed the behavior of the MPIL to superparamagnetic
properties and ferromagnetic interactions as determined through both magnetic field and

temperature studies. Ni?* and Nd®* containing PIL block copolymers developed by Yang et al. had
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coercive fields of ~20 Oe and remanence on the order of 10~ to 10 emu/g.3* In comparison, the
coercive field values determined in this work are slightly lower than those observed by these
authors, although the determined remanence values are consistent with the literature. In order to

examine potential physical explanations for the hysteresis, ZFC-FC curves were also measured for

the MPILSDS complexes.
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Figure 4.6 Magnetic moment as a function of magnetic field strength for the MPILSDS complexes

at (a) 300 K and (b) 50 K. The magnetic moment response at low field strength (x 500 Oe) shows
larger hysteresis curves at (c) 300 K compared to (d) 50 K.
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Figure 4.7 ZFC-FC temperature dependence of the magnetic moment, xT-T, and 1/x-T responses for the MPILSDS complexes:
MPILSDS Co?*-7mM (a and d), MPILSDS Co?* 5mM (b and e), and MPILSDS Fe® 5mM (c and f). In the 1/x-T plots (d-€), Curie
Weiss’s law (CW, EQ 1, grey dash line) and the modified Curie Weiss’s law (MC, EQ 2, blue dash line) were applied. For the
MPILSDS Co? 7 mM complex (d), the CW fitting results in C=10.99 emu K mol, 6cw = -720 K, and peff = 9.377 ps. The MCW
fitting results in C=0.65 emu K mol, Ocw = 8.54, yo = 0.009 emu/mol, and pest =2.29 ps. For the MPILSDS Co?* 5 mM complex
(e), the CW fitting results in C= 13.54 emu K mol! , Ocw = -810 K, and petr =10.41 us. MCW fitting results in C = 0.67 emu K
mol?, Bcw =8.01, yo = 0.01 emu/mol, and pert = 2.31 us. CW and MCW fittings were not attempted for the MPILSDS Fe®* 5 mM
complex.
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ZFC-FC moment and ¢ T-T responses of the MPILSDS complexes as a function of temperature
are shown in Figure 4.7 (a-c). A small bifurcation in the measured moment (Figure 4.7 a and b)
was observed for the MPILSDS Co?* complexes that started at ~ 223 K in both the 7 mM and 5
mM complex samples. A significant hysteresis was observed for the MPILSDS Fe3* complex,
starting at ~ 275 K and ending at 62 K with the largest deviation in moment at ~100 K (Figure
4.7¢). Slightly larger T3% -y T* decreases (~2.85x102 emu K g Oe’? MPILSDS Co?* 7 mM;
3.86x10% emu K g Oe! MPILSDS Co?* 5 mM; 6.56 x 103 emu K g* Oe* MPILSDS Fe3* 5
mM) were observed for the MPILSDS complexes compared to the MPIL copolymers without
surfactant, suggesting stronger antiferromagnetic interactions occurring in the MPILSDS
complexes.

After converting the moment to mole susceptibility per [MCly], the 1/x-T responses were
determined and are shown in Figure 4.7(d-f). In the case of the MPILSDS Co?* complexes, a linear
region in the ZFC curve was observed between 300 K and ~190 K followed by a more rapid
decrease between ~190 K and 50 K. This steeper decrease occurred at higher temperatures (~230-
240 K) in the FC curve. As a clear deviation from linearity was observed, the first attempt to fit
the ZFC 1/y response to Curie Weiss law (EQ 4-1) was done over the 300-190 K range. The
resulting Weiss constants were Ocw Ca. -720 K and -809 K for the MPILSDS Co?* 7mM and
MPILSDS Co?* 5mM complexes, respectively. These Weiss constants suggest strong
antiferromagnetic correlations are occurring in the MPILSDS Co?* complexes in contrast to the
MPIL copolymers, although the Neel temperature was not observed in the moment thermal
responses down to 50 K. For comparative purposes, the 1/y-T response was also fitted to the
modified Curie Weiss law (EQ 4-2) over the full temperature range as done by Mugiraneza et. al.

3 which predicts an almost hyperbolic-like curve with an intercept temperature of ~8 K (blue
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dashed line in Figure 4.7 d and e). Recalculation of the effective magnetic moments based on the
modified Curie Weiss law fittings and EQ 4-3 yields moments of ~2.3 ug for the MPILSDS Co?*
complexes, which are closer to those predicted for low spin Co?* (S=1/2, 1.73 us). The decrease
in magnetic moment would be consistent with antiferromagnetic behavior. Alternatively, a change
in spin state may also occur with decreasing temperature. However, further temperature studies
between 2 and 50 K are necessary to confirm this observation as well as determine the start of
either long-range antiferromagnetic ordering or changes in spin state. EPR or Mdssbauer
experiments at temperatures within the 2-50 K range would also provide further clarification of
the structure spin state.

Application of either the Curie Weiss law or the modified Curie Weiss law was not attempted
for the MPILSDS Fe** 5SmM complexes due to the irregular shape of the 1/¢-T response. However,
it shows a gradual decrease in 1/x-T response from 300-190 K followed by a more rapid decrease
down to 50 K, also suggesting antiferromagnetic behavior. A bump in the 1/y-T response at ~140
K in the ZFC data and at ~104 K in the FC curve is noted, although the physical basis for the
response is currently uncertain. Additional magnetometry studies and EPR or Mad&ssbauer
experiments over the 2-50 K temperature range could provide additional information on the unique
magnetic behavior of this system.

4.3.3. DSC

In order to aid analysis of the ZFC-FC responses, DSC was performed to examine thermal
transitions due to physical changes in the MPIL copolymers and MPILSDS complexes in the 110-
300 K temperature range (Figure 4.8). The large exothermal dip and endothermal peaks below 175
K in all samples are related to baseline correction artifacts as similar transitions were observed in

all samples as well as in an adamantane thermal control sample (trace provided in the supplemental
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information, Figure C.16). Note there is very limited DSC data reported in the literature for thermal
transitions in the 300 to 110 K range for the polymer, surfactant, and metal chloride salts used in
this study. The DSC trace for the non-magnetic base copolymer [Pam-co-PDADMA][CI"] showed
no thermal transitions between 300 and 110 K. This is not unexpected as the reported glass
transition temperature for a similar poly(acrylamide-co-diallyl dimethyl ammonium chloride)
copolymer is well above room temperature (=170 °C) ®3. No clear thermal transitions were
observed in the [Pam-co-PDADMA][C0?*] and [Pam-co-PDADMA][Fe** 2eq] copolymers,
although [Pam-co-PDADMA][Fe®* 1eq] showed a possible endothermic peak at ~163 K (-110 °C)
which, if not an artifact, would be likely related to a solid-solid phase transition. However, no
corresponding transition in the ZFC-FC curves was observed at this temperature in the yT-T
response for [Pam-co-PDADMA][Fe®* 1eq] (Figure C.8c). Nor was the peak observed in the
MPILSDS Fe®* 5mM complex DSC trace.

The neat SDS trace exhibits two endothermic peaks located at ca. 229 K (-44 °C) and 290 K
(17 °C). The latter peak is present in all the MPILSDS complex samples; this peak has been
previously observed, though not identified, at ~18 °C in sodium dodecyl sulfate®2. This transition
is tentatively ascribed to a solid-solid phase transition, likely related to the surfactant alkyl chain
structure. This peak was present at 290 K (17 °C) in the MPILSDS Co?* complexes and slightly
lower at 289 K (15 °C) in the MPILSDS Fe®* complex. The former peak was not identified in any
of the MPILSDS complexes, although the MPILSDS Co?* 7 mM sample may exhibit a similar
thermal transition at a higher temperature as seen by the small endothermic peak at ~270 K (-3
°C). Although given the temperature of this transition, it is possible the peak is related to melting

of trace water.

141



T(°C)
-180 -160 -140 -120 -100 -80 -60
r—r—r—r T T 1T T T T T T

A
o
N
o

T T T T T T T T T T T T T

< 225 - |
=2 |
3 150 | !
= '
§ 75 |- :
51 4 1 (O Y N R B
< L B I
N |
1.0 |
2
2 L
2 ' .
= 05 [ :
Koy L
Y S L TR R T R SR PR :
<
2 75 L C
g I
T 00| :
5 |
T -75
PR TP SN SR MR DR R B |
s —wPiLs0s Corm] |
ERNELE D [
3
O 12 | |
© |
£ s I
L 1y
= —eires: 2ag
3 L —— MPIL Fe3+ 2eq
= ==
3 122 1
L |
©
3 6.1 |- I
] oo !
< I F —— MPIL Co2+ leq !
3 177 | —— MPIL Co2+ 2eq] |
2
o |
i 118 [ |
®
% |
59 1 1 [T | 1 1 1l

exo down 100 125 150 175 200 225 250 275 300
T (K)

Figure 4.8 DSC traces between 110 and 300 K (-160 and 20 °C) for (a) the neat SDS (black) and
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MPILSDS Co?* 7 mM, (e) [Pam-co-PDADMA][Fe®* 1 and 2eq] MPIL copolymers, and (f) [Pam-
co-PDADMA][Fe** 1 and 2eq] MPIL copolymers.
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The magnetic response of the MPIL and MPILSDS systems do not appear to be due to their
thermal properties. Thermal transitions observed in the DSC analysis do not align well with either
the observed bifurcation in the ZFC-FC moment curves or the rapid decrease in the 1/x-T response
starting at ~190 K in the MPILSDS Co?* complexes. Similarly, the DSC-determined thermal
transitions do not correspond to the start of the hysteresis observed in the MPILSDS Fe3* complex.
These results show the magnetic behavior observed as a function of temperature is not a result of
physical changes occurring in the MPIL copolymers or MPILSDS complexes. Therefore, the
thermal transitions observed in the ZFC-FC experiments result from magnetic interaction changes
with decreasing temperature.

4.3.4. Comparison of Magnetic Behavior Between MPIL Copolymers and the MPILSDS
Complexes

While the magnetic mass susceptibilities of the MPILSDS complexes are lower than the MPIL
copolymers due to lower overall weight percentages of metal content, the effective magnetic
moments per [MClIn] were higher in the MPILSDS complexes as seen in Figure 4.9. As the
magnetic behavior and Curie Weiss fittings for the MPILSDS complexes are currently uncertain,
the effective magnetic moment for the MPIL copolymers and MPILSDS complexes were
estimated with EQ 4-4 at 300 K where paramagnetic behavior with the least amount of influence
from magnetic correlations is expected for both systems. The MPILSDS Co?* 7 mM and 5 mM
complexes show effective moments of 5.10 and 5.42 ug, respectively, which is greater than the
4.00 ug moment calculated for [Pam-co-PDADMA][Co?* 1eq]. Both values are more consistent
with typically observed moments for high spin Co?* (4.3-5.2 uB)*° compared to the Curie constant
calculated moment, although the MPILSDS Co?* moment falls on the higher end of the range. The

MPILSDS Fe®* 5mM complex also exhibits a higher effective moment of 7.18 pg compared to the
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4.58 ug effective moment for [Pam-co-PDADMA][Fe®* 1leq]. MPILSDS Fe®* 5 mM effective
moment is both higher than the expected spin only value for high spin Fe* (S=5/2, 5.92 pg) and
typical experimentally observed values (5.6-6.1 pg) 3°. It is noted that the effective magnetic
moment calculated by EQ 4-4 assumes negligible magnetic correlations. The higher-than-expected
magnetic moment, compared to the spin only values, likely indicates the presence of magnetic
correlation effects occurring in the MPILSDS Fe®* complex, even at 300 K.

Regardless, the higher moments observed in the MPILSDS complexes compared to the MPIL
copolymer with lower weight percentages of metal content suggests that the surfactant induced
self-assembly enhances the coupling of metal centers, resulting in a larger effective moment. As
seen in other MPIL systems containing long alkyl chains or microphase separated morphologies,
this may be a result of restricted movement of the metal species in the self-assembled structures
and improved coupling interactions®® 1819 Previously, drop-cast MPILSDS Co?* complex films
on silicon wafers demonstrated lamellar-like assembly behavior through AFM and GISAXS
analysis®’. Further, FTIR analysis of the MPILSDS Co?* and MPILSDS Fe®** complexes do show
evidence of partially ordered alkyl chains in the CH2 C-H str and CH2 bending modes as discussed
above (Figure C.17-Figure C.20). However, further structural studies, such as XRD or
WAXS/SAXS, will likely be needed to confirm internal ordering structure of the freeze-dried
flakes at the nano- and angstrom- scales. As the Co?* and Fe®* cations were found to coordinate
with both the acrylamide monomer unit and the surfactant SO4™ group in the FTIR studies above,
the change in coordination structure of the metal species may also influence the resulting spin state

of the metal species within the MPILSDS complexes.
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Figure 4.9 Effective moments estimated by (EQ 4) at 300 K for the MPIL copolymers and
MPILSDS complexes as a function of metal content weight percentage.

4.4. Conclusions

Vibrating sample magnetometry studies performed on multi-component MPIL random
copolymers with metal-coordinating acrylamide units and their corresponding self-assembled
polyelectrolyte-surfactant complexes showed changes in magnetic behavior based on metal type,
metal concentration, coordination structure, and self-assembled structure. The magnetometry
studies were paired with further chemical, structural, and thermal characterizations. FTIR
spectroscopies confirmed polymer-metal coordination with the acrylamide unit in the MPIL
copolymers and with the surfactant SO4 group in the MPILSDS complexes for all transition metal
cations studied. DLS, ZP, and SEM characterizations indicate a change in MPILSDS complex
structure from self-assembled spherical particles in solution to flake-like morphology after freeze
drying. MPIL copolymers were found to exhibit paramagnetic behavior in the temperature range
measured with either antiferromagnetic or ferromagnetic correlations present depending on metal
cation type, concentration, and resulting coordination structure. In particular [Pam-co-

PDADMA][C0?*] and [Pam-co-PDADMA][Cu?*] copolymers displayed antiferromagnetic and
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ferromagnetic correlations respectively, while the [Pam-co-PDADMA][Fe3*] copolymers
transitioned from ferromagnetic interactions at 1 eq to antiferromagnetic at 2eq with changing
metal coordination structure. Lower than expected effective magnetic moments suggested a
possible mixture of spin states in the MPIL copolymers as a result of a mixture of metal-acrylamide
coordination species and [FeCls]/[CoCls]> species, demonstrating the importance of
understanding polymer-metal coordination interactions in multi-component MPILs.

Examination of the magnetic moment of the MPILSDS complexes as a function of magnetic
field strength and temperature revealed characteristics of non-paramagnetic behavior. ZFC-FC
experiments on the MPILSDS complexes indicated deviations from Curie Weiss paramagnetism
below 190 K for the MPILSDS Co?* complexes while the full temperature range for the MPILSDS
Fe3* complex did not comply with the Curie Weiss law. Strong antiferromagnetic interactions in
the MPILSDS Co?* complexes were indicated by the large decrease in 1/x-T response below 190
K and large negative Ocw values, suggesting long range antiferromagnetic ordering at temperatures
below 50 K, which may be verified with further SQUID magnetometry studies between 2-50K.
Corresponding DSC studies in the 300-110 K range indicate that the magnetic thermal transitions
observed for the MPILSDS complexes and the MPIL copolymers are based solely on magnetic
interaction changes and not physical changes. Higher effective magnetic moments were observed
for the MPILSDS complexes compared to the MPIL copolymers, even with the lower weight
percentages of metal content. This indicates that the self-assembled structure of the magnetically
responsive polyelectrolyte-surfactant complexes or a change in metal-polymer-surfactant
coordination state enhance magnetic coupling in the MPILSDS complexes compared to the MPIL
random copolymers. Transition of the MPIL copolymers from paramagnetic materials with weak

magnetic correlations to strongly antiferromagnetic interactions in the surfactant induced self-
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assembled structures further demonstrates the importance of co-materials on MPIL magnetic
behavior.
Acknowledgements

The authors would like to thank the Center for Integrated Nanotechnologies (CINT) and Sandia
National Labs for access to the vibrating sample magnetometer instrument. The authors would
also like to thank Dr. Tammy Lutz-Rechtin for her aid in the freeze-drying process of the

polyelectrolyte-surfactant complex samples.

4.5. References

(1) Clark, K. D.; Nacham, O.; Purslow, J. A.; Pierson, S. A.; Anderson, J. L. Magnetic ionic liquids
in analytical chemistry: A review. Anal. Chim. Acta 2016, 934, 9-21, 10.1016/j.aca.2016.06.011.
DOI: 10.1016/j.aca.2016.06.011.

(2) Joseph, A.; Zyla, G.; Thomas, V. I.; Nair, P. R.; Padmanabhan, A. S.; Mathew, S. Paramagnetic
ionic liquids for advanced applications: A review. J. Mol. Lig. 2016, 218, 319-331,
10.1016/j.molliq.2016.02.086. DOI: 10.1016/j.mollig.2016.02.086.

(3) Brown, P.; Alan Hatton, T.; Eastoe, J. Magnetic surfactants. Curr. Opin. Colloid Interface Sci.
2015, 20 (3), 140-150, 10.1016/j.cocis.2015.08.002. DOI: 10.1016/j.cocis.2015.08.002.

(4) Wang, L.; Dong, S.; Hao, J. Recent progress of magnetic surfactants: Self-assembly, properties
and functions. Curr. Opin. Colloid Interface Sci. 2018, 35, 81-90, 10.1016/j.cocis.2018.01.014.
DOI: 10.1016/j.cocis.2018.01.014.

(5) Dobbelin, M.; Jovanovski, V.; Llarena, I.; Marfil, L. J. C.; Cabanero, G.; Rodriguez, J.;
Mecerreyes, D. Synthesis of paramagnetic polymers using ionic liquid chemistry. Polym. Chem.
2011, 2 (6), 1275-1278. DOI: 10.1039/c1py00044f.

(6) Sahiner, N.; Demir, S.; Yildiz, S. Magnetic colloidal polymeric ionic liquid synthesis and use
in hydrogen production. Colloids Surf., A 2014, 449, 87-95, 10.1016/j.colsurfa.2014.02.046. DOI:
10.1016/j.colsurfa.2014.02.046.

(7) Hazell, G.; Hinojosa-Navarro, M.; McCoy, T. M.; Tabor, R. F.; Eastoe, J. Responsive materials
based on magnetic polyelectrolytes and graphene oxide for water clean-up. J. Colloid Interface
Sci. 2016, 464, 285-290, 10.1016/j.jcis.2015.11.029. DOI: 10.1016/j.jcis.2015.11.029.

(8) de la Fuente-Nunez, C.; Brown, P.; Torres, M. D. T.; Cao, J.; Lu, T. K. Magnetic Surfactant
lonic Liquids and Polymers With Tetrahaloferrate (111) Anions as Antimicrobial Agents With Low
Cytotoxicity. Colloid and Interface Science Communications 2018, 22, 11-13. DOIL:
https://doi.org/10.1016/j.colcom.2017.11.002.

147



(9) Sun, J.-K.; Kochovski, Z.; Zhang, W.-Y.; Kirmse, H.; Lu, Y.; Antonietti, M.; Yuan, J. General
Synthetic Route toward Highly Dispersed Metal Clusters Enabled by Poly(ionic liquid)s. Journal
of the American Chemical Society 2017, 139 (26), 8971-8976. DOI: 10.1021/jacs.7b03357.

(10) Chikh Alard, 1.; Soubhye, J.; Berger, G.; Gelbcke, M.; Spassov, S.; Amighi, K.; Goole, J.;
Meyer, F. Triple-stimuli responsive polymers with fine tuneable magnetic responses. Polym.
Chem. 2017, 8 (16), 2450-2456, 10.1039/C7PY00218A. DOI: 10.1039/C7PY00218A.

(11) Malecha, J. J.; Biller, J. R.; Lama, B.; Gin, D. L. System for Living ROMP of a Paramagnetic
FeCl4—Based lonic Liquid Monomer: Direct Synthesis of Magnetically Responsive Block
Copolymers. ACS Macro Letters 2020, 9 (1), 140-145. DOI: 10.1021/acsmacrolett.9b00902.

(12) Ohara, Y.; Kawata, Y.; Hyde, A.; Phan, C.; Takeda, R.; Takemura, Y.; Yusa, S.-i. Preparation
of a Magnetic-responsive Polycation with a Tetrachloroferrate Anion. Chemistry Letters 2017, 46
(10), 1473-1475. DOI: 10.1246/cl.170621 (acccessed 2021/11/07).

(13) Rahman, M. T.; Barikbin, Z.; Badruddoza, A. Z. M.; Doyle, P. S.; Khan, S. A. Monodisperse
Polymeric lonic Liquid Microgel Beads with Multiple Chemically Switchable Functionalities.
Langmuir 2013, 29 (30), 9535-9543, 10.1021/1a401613w. DOI: 10.1021/1a401613w.

(24) Ji, S.; Yuan, X.; Guo, Q.; Ren, L. Self-assembly induced ferromagnetic interaction in
magnetic polymers with terphenyl linkers. Polymer Chemistry 2023, 14 (18), 2238-2245,
10.1039/D3PY00186E. DOI: 10.1039/D3PY00186E.

(15) Li, J.; Ji, S.; Yu, X.; Yuan, X.; Zhang, K.; Ren, L. Magnetic Poly(ionic liquid)s: Bottlebrush
versus  Linear  Structures. Macromolecules 2022, 55 (6), 2067-2074. DOI:
10.1021/acs.macromol.1c02457.

(16) Yu, X.; Xia, Z.; Zhao, T.; Yuan, X.; Ren, L. Pyrene-Enhanced Ferromagnetic Interaction in a
FeCl4—Based Poly(ionic liquid)s Organic Magnet. Macromolecules 2021, 54 (9), 4227-4235.
DOI: 10.1021/acs.macromol.1c00213.

(A7) Yu, X.; Yuan, X.; Zhao, Y.; Ren, L. From Paramagnetic to Superparamagnetic lonic
Liquid/Poly(ionic liquid): The Effect of n—r Stacking Interaction. ACS Macro Letters 2019, 8 (11),
1504-1510. DOI: 10.1021/acsmacrolett.9b00714.

(18) Xia, Z.; Yu, X.; Dai, D.; Yuan, X.; Ren, L. Magnetic monomers and polymers based on alkyl-
imidazolium FeCl4: The effect of alkyl chain length. Polymer 2018, 157, 32-37. DOI:
https://doi.org/10.1016/j.polymer.2018.10.015.

(19) Xia, Z.; Yu, X.; Zhang, T.; Yuan, X.; Ren, L. Inorganic/organic hybrid magnetic polymers
based on POSS and pyridinium FeCl4: the effect of self-assembly. Polymer Chemistry 2019, 10
(33), 4604-4610, 10.1039/C9PY00807A. DOI: 10.1039/C9PY00807A.

(20) Yu, X.; Mu, C.; Dai, D.; Yuan, X.; Zhang, K.; Ren, L. Well-Defined Magnetic Responsive
Polymers Containing Ammonium FeCl4 from ROMP. Macromolecular Chemistry and Physics
2016, 217 (24), 2700-2707. DOI: https://doi.org/10.1002/macp.201600435.

(21) Zhang, T.; Yu, X.; Yuan, X.; Zhao, Y.; Ren, L. Tadpole-shaped magnetic block copolymer:
Self-assembly induced increase of magnetic susceptibility. Polymer 2018, 135, 9-15. DOI:
https://doi.org/10.1016/j.polymer.2017.12.0009.

148



(22) Bonnefond, A.; Ibarra, M.; Mecerreyes, D.; Leiza, J. R. Adding magnetic ionic liquid
monomers to the emulsion polymerization tool-box: Towards polymer latexes and coatings with
new properties. J. Polym. Sci.,, Part A: Polym. Chem. 2016, 54 (8), 1145-1152,
10.1002/pola.27953. DOI: 10.1002/pola.27953.

(23) de Pedro, I.; Rojas, D. P.; Blanco, J. A.; Fernandez, J. R. Antiferromagnetic ordering in
magnetic ionic liquid Emim[FeCl4]. Journal of Magnetism and Magnetic Materials 2011, 323
(10), 1254-1257. DOI: https://doi.org/10.1016/j.jmmm.2010.11.016.

(24) Del Sesto, R. E.; McCleskey, T. M.; Burrell, A. K.; Baker, G. A.; Thompson, J. D.; Scott, B.
L.; Wilkes, J. S.; Williams, P. Structure and magnetic behavior of transition metal based ionic
liquids. Chemical Communications 2008, (4), 447-449, 10.1039/B711189D. DOI:
10.1039/B711189D.

(25) James, B. D.; Mrozinski, J.; Klak, J.; Skelton, B. W.; White, A. H. Tetrachloroferrate(l11)
Complexes Containing Some Heteroaromatic Organic Cations: Structures and Magnetic
Properties. Zeitschrift fir anorganische und allgemeine Chemie 2009, 635 (2), 317-322,
https://doi.org/10.1002/zaac.200800429. DOIL: https://doi.org/10.1002/zaac.200800429
(acccessed 2023/06/07).

(26) Krieger, B. M.; Lee, H. Y.; Emge, T. J.; Wishart, J. F.; Castner, J. E. W. lonic liquids and
solids with paramagnetic anions. Physical Chemistry Chemical Physics 2010, 12 (31), 8919-8925,
10.1039/B920652N. DOI: 10.1039/B920652N.

(27) Nacham, O.; Clark, K. D.; Yu, H.; Anderson, J. L. Synthetic Strategies for Tailoring the
Physicochemical and Magnetic Properties of Hydrophobic Magnetic lonic Liquids. Chemistry of
Materials 2015, 27 (3), 923-931. DOI: 10.1021/cm504202v.

(28) Wyrzykowski, D.; Kruszynski, R.; Kilak, J.; Mrozinski, J.; Warnke, Z. Magnetic
Characteristics of Tetrabutylammonium Tetrahalogenoferrates(li1): X-ray Crystal Structure of
Tetrabutylammonium Tetrabromoferrate(l11). Zeitschrift fir anorganische und allgemeine Chemie
2007, 633 (11-12), 2071-2076, https://doi.org/10.1002/zaac.200700261. DOI:
https://doi.org/10.1002/zaac.200700261 (acccessed 2023/06/07).

(29) Yoshida, Y.; Otsuka, A.; Saito, G.; Natsume, S.; Nishibori, E.; Takata, M.; Sakata, M.;
Takahashi, M.; Yoko, T. Conducting and magnetic properties of 1-ethyl-3-methylimidazolium
(EMI) salts containing paramagnetic irons: liquids [EMI][MIIICI4](M= Fe and Fe0. 5Ga0. 5) and
solid [EMI] 2 [FelICl4]. Bulletin of the chemical society of Japan 2005, 78 (11), 1921-1928.

(30) Brown, P.; Butts, C. P.; Eastoe, J.; Glatzel, S.; Grillo, I.; Hall, S. H.; Rogers, S.; Trickett, K.
Microemulsions as tunable nanomagnets. Soft Matter 2012, 8 (46), 11609-11612,
10.1039/C2SM26827B. DOI: 10.1039/C2SM26827B.

(31) Carrasco, P. M.; Tzounis, L.; Mompean, F. J.; Strati, K.; Georgopanos, P.; Garcia-Hernandez,
M.; Stamm, M.; Cabafiero, G.; Odriozola, I.; Avgeropoulos, A.; et al. Thermoset Magnetic
Materials Based on Poly(ionic liquid)s Block Copolymers. Macromolecules 2013, 46 (5), 1860-
1867. DOI: 10.1021/ma302261c.

(32) Cui, J,; Yang, S.; Zhang, J.; Zhao, S.; Yan, Y. A novel poly[(N-vinylimidazole)-co-(1-
pyrenylmethyl methacrylate)] ferric complex with fluorescence and superparamagnetism. RSC
Advances 2012, 2 (32), 12224-12230, 10.1039/C2RA22395C. DOI: 10.1039/C2RA22395C.

149



(33) Carrasco, P. M.; Tzounis, L.; Mompean, F. J.; Strati, K.; Georgopanos, P.; Garcia-Hernandez,
M.; Stamm, M.; Cabanero, G.; Odriozola, I.; Avgeropoulos, A.; et al. Thermoset Magnetic
Materials Based on Poly(ionic liquid)s Block Copolymers. Macromolecules (Washington, DC, U.
S.) 2013, 46 (5), 1860-1867, 10.1021/ma302261c. DOI: 10.1021/ma302261c.

(34) Yang, J.; Sun, W.; Lin, W.; Shen, Z. Synthesis and magnetic properties of comb-like
copolymeric complexes based on thiazole ring and ionic liquid. Journal of Polymer Science Part
A: Polymer Chemistry 2008, 46 (15), 5123-5132. DOI: https://doi.org/10.1002/pola.22840.

(35) Cui, J.; Nie, F.-M.; Yang, J.-X.; Pan, L.; Ma, Z.; Li, Y.-S. Novel imidazolium-based
poly(ionic liquid)s with different counterions for self-healing. Journal of Materials Chemistry A
2017, 5 (48), 25220-25229, 10.1039/C7TA06793C. DOI: 10.1039/C7TA06793C.

(36) Kayla Foley, L. C., Keisha B. Walters. Influence of metal-coordinating comonomers on the
coordination structure and binding in magnetic poly(ionic liquid)s. Molecular Systems Design and
Engineering, Under Review (ME-ART-05-2023-000076, submitted 05-18-2023) 2023.

(37) Foley, K.; Walters, K. B. Development of Nano- and Micro-Fluids Using Magnetic Poly(lonic
Liquid)-Surfactant Complexes for Stimuli Response. In ASME 2022 Fluids Engineering Division
Summer Meeting, 2022; VO002T06A006, Vol. Volume 2: Multiphase Flow (MFTC);
Computational Fluid Dynamics (CFDTC); Micro and Nano Fluid Dynamics (MNFDTC). DOI:
10.1115/fedsm2022-87758.

(38) Garcia, M. A.; Fernandez Pinel, E.; de la Venta, J.; Quesada, A.; Bouzas, V.; Fernandez, J.
F.; Romero, J. J.; Martin Gonzélez, M. S.; Costa-Kramer, J. L. Sources of experimental errors in
the observation of nanoscale magnetism. Journal of Applied Physics 2009, 105 (1). DOI:
10.1063/1.3060808 (acccessed 6/10/2023).

(39) Mugiraneza, S.; Hallas, A. M. Tutorial: a beginner’s guide to interpreting magnetic
susceptibility data with the Curie-Weiss law. Communications Physics 2022, 5 (1), 95. DOI:
10.1038/s42005-022-00853-y.

(40) Gosk, J. B.; Kulszewicz-Bajer, 1.; Twardowski, A. Magnetic properties of polyaniline doped
with FeClI3. Synthetic Metals 2006, 156 (12), 773-778. DOI:
https://doi.org/10.1016/j.synthmet.2006.02.003.

(41) Mozur, E. M.; Seshadri, R. Methods and Protocols: Practical Magnetic Measurement.
Chemistry of Materials 2023, 35 (9), 3450-3463. DOI: 10.1021/acs.chemmater.3c00297.

(42) Nag, A.; Ray, S. Misjudging frustrations in spin liquids from oversimplified use of Curie-
Weiss law. Journal of Magnetism and Magnetic Materials 2017, 424, 93-98. DOI:
https://doi.org/10.1016/j.jmmm.2016.10.014.

(43) Khan, N.; Brettmann, B. Intermolecular interactions in polyelectrolyte and surfactant
complexes in solution. Polymers (Basel, Switz.) 2019, 11 (1), 51/51. DOI:
10.3390/polym11010051.

(44) Ober, C. K.; Wegner, G. Polyelectrolyte-surfactant complexes in the solid state. Facile
building blocks for self-organizing materials. Adv. Mater. (Weinheim, Ger.) 1997, 9 (1), 17-31,
10.1002/adma.19970090104. DOI: 10.1002/adma.19970090104.

150



(45) Abraham, A.; Campbell, R. A.; Varga, . New Method to Predict the Surface Tension of
Complex Synthetic and Biological Polyelectrolyte/Surfactant Mixtures. Langmuir 2013, 29 (37),
11554-11559. DOI: 10.1021/1a402525w.

(46) Nizri, G.; Lagerge, S.; Kamyshny, A.; Major, D. T.; Magdassi, S. Polymer-surfactant
interactions: Binding mechanism of sodium dodecyl sulfate to poly(diallyldimethylammonium
chloride). J. Colloid Interface Sci. 2008, 320 (1), 74-81, 10.1016/j.jcis.2008.01.016. DOI:
10.1016/j.jcis.2008.01.016.

(47) Nizri, G.; Magdassi, S.; Schmidt, J.; Cohen, Y.; Talmon, Y. Microstructural Characterization
of Micro- and Nanoparticles Formed by Polymer-Surfactant Interactions. Langmuir 2004, 20 (11),
4380-4385, 10.1021/1a0364441. DOI: 10.1021/1a0364441.

(48) Plazzotta, B.; Fegyver, E.; Mészaros, R.; Pedersen, J. S. Anisometric Polyelectrolyte/Mixed
Surfactant Nanoassemblies Formed by the Association of Poly(diallyldimethylammonium
chloride) with Sodium Dodecyl Sulfate and Dodecyl Maltoside. Langmuir 2015, 31 (26), 7242-
7250. DOI: 10.1021/acs.langmuir.5b01280.

(49) Girma, K. B.; Lorenz, V.; Blaurock, S.; Edelmann, F. T. Coordination chemistry of
acrylamide. Coordination Chemistry Reviews 2005, 249 (11), 1283-1293. DOI:
https://doi.org/10.1016/j.ccr.2005.01.028.

(50) Girma, K. B.; Lorenz, V.; Blaurock, S.; Edelmann, F. T. Coordination Chemistry of
Acrylamide 4. Crystal Structures and IR Spectroscopic Properties of Acrylamide Complexes with
Coll, Nill, and Znll nitrates. Zeitschrift flir anorganische und allgemeine Chemie 2005, 631 (10),
1843-1848, https://doi.org/10.1002/zaac.200500210. DOI:
https://doi.org/10.1002/zaac.200500210 (acccessed 2022/05/11).

(51) Girma, K. B.; Lorenz, V.; Blaurock, S.; Edelmann, F. T. Coordination Chemistry of
Acrylamide 2. Classical Complexes of Acrylamide with Manganese(ll), Iron(Il) and Nickel(Il)
Chlorides: Syntheses and Crystal Structures. Zeitschrift fiir anorganische und allgemeine Chemie
2005, 631 (13-14), 2763-27609, https://doi.org/10.1002/zaac.200500132. DOI:
https://doi.org/10.1002/zaac.200500132 (acccessed 2023/02/21).

(52) Pereira, R. F. P.; Valente, A. J. M.; Burrows, H. D.; de Zea Bermudez, V.; Carvalho, R. A,;
Castro, R. A. E. Structural characterization of solid trivalent metal dodecyl sulfates: from aqueous
solution to lamellar superstructures. RSC Adv. 2013, 3 (5), 1420-1433. DOI: 10.1039/c2ra21906a.

(53) Scheuing, D. R.; Weers, J. G. A Fourier transform infrared spectroscopic study of
dodecyltrimethylammonium chloride/sodium dodecyl sulfate surfactant mixtures. Langmuir 1990,
6 (3), 665-671, 10.1021/1a00093a023. DOI: 10.1021/1a00093a023.

(54) Viana, R. B.; da Silva, A. B. F.; Pimentel, A. S. Infrared spectroscopy of anionic, cationic,
and zwitterionic surfactants. Adv. Phys. Chem. 2012. DOI: 10.1155/2012/903272.

(55) Shriver, D.; Weller, M.; Overton, T.; Armstrong, F.; Rourke, J. Inorganic Chemistry; W. H.
Freeman, 2014.

(56) Blundell, S. Magnetism in Condensed Matter; Oxford University Press, 2001.

(57) Nacham, O.; Clark, K. D.; Anderson, J. L. Synthesis and characterization of the
physicochemical and magnetic properties for perfluoroalkyl ester and Fe(iii) carboxylate-based

151



hydrophobic magnetic ionic liquids. RSC Advances 2016, 6 (14), 11109-11117,
10.1039/C5RA25002A. DOI: 10.1039/C5RA25002A.

(58) Koch, W. O.; Schiinemann, V.; Gerdan, M.; Trautwein, A. X.; Kruger, H.-J. Evidence for an
Unusual Thermally Induced Low-Spin (S=1/2) 2 Intermediate-Spin (S=3/2) Transition in a Six-
Coordinate Iron(l11) Complex: Structure and Electronic Properties of a (1,2-
Benzenedithiolato)iron(11T) Complex Containing N,N'-Dimethyl-2,11-
diaza[3.3](2,6)pyridinophane as Ligand. Chemistry — A European Journal 1998, 4 (4), 686-691,
https://doi.org/10.1002/(SICI)1521-3765(19980416)4:4<686:: AID-CHEM686>3.0.CO;2-P.
DOI: https://doi.org/10.1002/(SIC1)1521-3765(19980416)4:4<686::AlID-CHEM686>3.0.CO;2-P
(acccessed 2023/06/08).

(59) Sahoo, D.; Quesne, M. G.; de Visser, S. P.; Rath, S. P. Hydrogen-Bonding Interactions
Trigger a Spin-Flip in Iron(111) Porphyrin Complexes. Angewandte Chemie International Edition
2015, 54 (16), 4796-4800, https://doi.org/10.1002/anie.201411399. DOI:
https://doi.org/10.1002/anie.201411399 (acccessed 2023/06/08).

(60) Sinn, E.; Sim, G.; Dose, E. V.; Tweedle, M. F.; Wilson, L. J. lron(lll) chelates with
hexadentate ligands from triethylenetetramine and .beta.-diketones or salicylaldehyde. Spin state
dependent crystal and molecular structures of [Fe(acac)2trien]PF6(S = 5/2),
[Fe(acacCl)2trien]PF6(S = 5/2), [Fe(sal)2trien]Cl.2H20(S = 1/2), and [Fe(sal)2trien] NO3.H20(S
= 1/2). Journal of the American Chemical Society 1978, 100 (11), 3375-3390. DOI:
10.1021/ja00479a021.

(61) Stuzhin, P. A.; Nefedov, S. E.; Kumeev, R. S.; Ul-Hag, A.; Minin, V. V.; lvanova, S. S.
Effects of Solvation on the Spin State of Iron(lll) in 2,8,12,18-Tetrabutyl-3,7,13,17-tetramethyl-
5,10-diazaporphyrinatoiron(l11) Chloride. Inorganic Chemistry 2010, 49 (11), 4802-4813. DOI:
10.1021/ic9012075.

(62) Walker, J. D.; Poli, R. Trichloroiron (FeCl3)-phosphine adducts with trigonal-bipyramidal
geometry. Influence of the phosphine on the spin state. Inorganic Chemistry 1989, 28 (10), 1793-
1801.

(63) Zhao, Q.; Sun, J.; Chen, S.; Zhou, Q. Properties of a poly(acrylamide-co-diallyl dimethyl
ammonium chloride) hydrogel synthesized in a water—ionic liquid binary system. Journal of
Applied Polymer Science 2010, 115 (5), 2940-2945, https://doi.org/10.1002/app.31368. DOI:
https://doi.org/10.1002/app.31368 (acccessed 2023/06/08).

152



Chapter 5: Solution and film self-assembly behavior of a block copolymer comprised of a
poly(ionic liquid) and a stimuli-responsive weak polyelectrolyte

* This appendix contains the adapted supplemental information from the submitted journal article:
Kayla Foley, Keisha B. Walters. “Poly(ionic liquid)s blocked with the stimuli responsive weak
polyelectrolyte poly[2-(dimethylamino) ethyl methacrylate] and their solution and film assembly,”
Submitted May 2023, ACS Omega. [Under Review]

Abstract

Cu(0)-mediated atom transfer radical polymerization was used to synthesize the poly(ionic
liquid), poly[4-vinylbenzyl-3butylimidazolium bis(trifluoromethylsulfonyl)imide]
(PVBBImMTT:N), a stimuli-responsive polyelectrolyte, poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMA), and a novel block copolymer formed from these two polymers. The synthesis of
the block copolymer, poly[2-(dimethylamino) ethyl methacrylate]-block-[poly(4-vinylbenzyl-3-
butylimidazolium  bis(trifluoromethane)sulfonylimide] (PDMAEMA-b-PVBBIMTf,N) was
examined for “livingness” polymerization control through molecular weight and degree of
polymerization characterizations and 'HNMR spectroscopy. 2D DOSY NMR measurements
revealed successful block copolymerization and connectivity of the two polymer blocks.
PDMAEMA-b-PVBBIMTf:N was further characterized for supramolecular interactions in both
the bulk and solution states through FTIR and *H NMR spectroscopies. While the block copolymer
demonstrated similar intermolecular behavior to the PIL homopolymer in the bulk state as
indicated by FTIR, hydrogen bonding and counterion interactions in solution were observed in
polar organic solvent through 'H NMR measurements. The DLS characterization revealed that the
PDMAEMA-b-PVBBIMTT2N block copolymer forms a network-like aggregated structure due to

a combination of hydrogen bonding between the PDMAEMA and PIL group and electrostatic
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repulsive interactions between PIL blocks. This structure was found to collapse upon KNOs3
addition while still maintaining hydrogen bonding interactions. AFM-IR reveals varied
morphologies depending on film thicknesses, with spherical PDMAEMA in PVBBIMTf,N matrix
morphology exhibited at thicker regions of the film. AFM-IR further revealed signals from silica
nano-contaminates, which selectively interacted with the PDMAEMA spheres, demonstrating the
potential for the PDMAEMA-b-PVBBIMTf,N PIL block copolymer in polymer-inorganic
nanoparticle composite applications.
5.1. Introduction

Poly(ionic liquids) (PILs) are a special type of strong polyelectrolytes that combine the diverse
functionality and unique properties of ionic liquids (ILs) with the mechanical stability, long-range
ordering, and processability of polymers. In recent years, PILs have found application in a variety
of fields including battery electrolytes, separations, nanomaterials, and more. In the past decade,
PILs have been combined with highly incompatible neutral polymers to form block copolymers
(BCPs) either in solution or as films. These systems have been used in forming polymer films and
membranes with unique nanostructures such as lamellae, cylinders, spheroids, and bicontinuous
structures’. In solution, they can form various structures (e.g., micellar spheres, vesicles,
cubosomes) that are modulated by salt environment and PIL design®1°) in addition to traditional
BCP assembly behaviors (e.g., solvent, polymer block length, concentration) 1. Depending on the
structure, these morphologies and supramolecular interactions can enhance the properties of PILs
materials, such as ion conductivity in battery electrolytes® 2 12 13 or interfacial behavior in
emulsions!4,

While neutral-poly(ionic liquid) block copolymers have been explored in some depth, there

are only a few reports of all-PIL block copolymers!*1” and of PILs blocked with weak
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polyelectrolytest® 18 1° - All-polyelectrolyte PILs block copolymers are of potential interest as it
allows increasing the overall charge density and ion conductivity, improving overall
electrochemical properties, and the providing multiple blocks that are both tunable by a simple ion
exchange. Thus far, the all-PIL block copolymers systems examined have mainly consisted of
polyvinylimidazolium-based PIL blocks where covalent alterations to the imidazolium pendant
alkyl chain or the spacer chain between the polymer backbone and imidazolium group are the main
drivers for self-assembly behavior in solution**17. Further the self-assembled structures produced
in these systems have been generally limited to spherical or rod like micelles in solution® 17,
Additionally, to the authors’ knowledge, no study has examined the self-assembly behavior of all-
PIL block copolymers in the bulk or as films.

Blocking PILs with weak polyelectrolytes instead offers additional design parameters for
controlling self-assembly behavior including the ability to modulate the charge density based on
degree of protonation. Such materials show conformational changes in response to environmental
stimuli such as changes in pH and salt?® 21, The weak polyelectrolyte block may also be used to
control the overall charge density of the block copolymer, which can aid in controlled solid
electrolyte design or polyelectrolyte gels. However, only a few studies have investigated block
copolymers composed of PILs and weak polyelectrolytes— either anionic” % 22 or cationic*®—
and of these, only the solution self-assembly behavior has been examined. Synthesizing and
characterizing novel PIL-b-polyelectrolytes and expanding studies to include bulk phase self-
assembly characterization of polyelectrolyte block copolymers will aid in the development of
novel all polyelectrolyte materials for stimuli response, polymer battery electrolyte, and flexible

electronics applications.
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In this work, a novel cationic (PIL-b-polyelectrolyte) BCPs was synthesized through Cu(0)-
mediated atom transfer radical polymerization (ATRP), a type of controlled “living” radical
polymerization technique. Specifically, poly[4-vinylbenzyl-3-butyl imidazolium
bis(trifluoromethanesulfonyl)imide] (PVBBIMTf.N) was polymerized utilizing a tertiary amine,
weak polyelectrolyte macroinitiator. The synthesized polymers were characterized for their
molecular weight and polymerization “livingness” using a combination of gel permeation
chromatography (GPC) and nuclear magnetic resonance (NMR). The chemical structure and
supramolecular behavior as a bulk polymer and in solution was also investigated using NMR and
Fourier Transform Infrared (FTIR) spectroscopies, indicating a combination of hydrogen bonding
and electrostatic interactions occurring in the block copolymer. The solubility and solution
behavior of the block copolymer was investigated with dynamic light scattering (DLS) in polar
organic solvent and in response to added salt. The block copolymer demonstrated an extended
network-like aggregated state in pure polar organic solvent which could respond to salt addition.
Self-assembly of the unique poly(ionic liquid)-block-(poly)tertiary amine with the stimuli-
responsive weak polyelectrolyte block was further examined using solution-cast films and, for the
first time in a PIL system, simultaneous infrared-atomic force microscopy (AFM-IR).

5.2. Results and Discussion

Cu(0)-mediated ATRP is a controlled polymerization technique that uses a zero-valence metal
to in situ produce the Cu(l) activating species through comproportionation, which then mediates
the monomer addition to the polymer chain backbone in a controlled manner?-%», ATRP is
characterized by pseudo *t order kinetics as determined by a linear In[M]o/[M] plot with time
where M, and M are the monomer concentration initially and at time, t, respectively. ATRP also

allows for predicting the degree of polymerization (DP) and the number average molecular weight
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(M) based on the starting monomer (Mo) and initiator (lo) concentrations and conversion (%), and

monomer molecular weight (MWmonomer):

EQ5-1 pptheo = Mo,
7o

EQ 5-2 Mrtlheo = DP * (MWmonomer)

This method generally produces narrow polydispersity indices (ratio of weight, My, to number,
M, average molecular weights, PDI=Mw/My) of less than <1.5 for polyelectrolytes'® 26,

Here, the block copolymer poly[(2-(dimethylamino)ethyl methacrylate)] -block- poly[4-
vinylbenzyl-3-butylimidazolium bis(trifluoromethylsulfonyl)imide] (PDMAEMA-b-
PVBBIMTf.N) was synthesized using PDMAEMA as a macroinitiator to from an all-
polyelectrolyte PIL block copolymer (Figure 5.1). PDMAEMA was selected as it has a weak
tertiary amine pendant group that can be protonated at pH values lower than ~7.5 (pKa ~7-8) to
form cationic charge groups? ?"- 28, Further, PDMAEMA has been previously found to display
material property changes in response to pH and salt?® %°, An imidazolium-based PIL with a
styrenic polymer backbone was selected as it has been successfully polymerized by ATRP
methods previously® 31-33, Additionally, the styrenic backbone will provide hydrophobic content

to facilitate microphase separation behavior between the two blocks.

A
[9)
N
F N
Fo0 g7 ><F
AN .
\\/’\' F HO
HO = 4\’\
Br
O (6} Cu(0), CuBr,, TPMA Cu(0), CuCl,, PMDETA
_— —_—
a-BPA, water, NaCl o DMF, 90°C
pH=8.6, 2°C o (¢}
N
PN H
2-(dimethylamino) ethylmethacrylate N
(DMEMA) <N
Poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) PDMAEMA-b-PVBBImTf,N

Figure 5.1 The PDMAEMA macroinitiator was first synthesized using Cu(0)-mediated ATRP in pH 8.6
aqueous conditions. Using PDMAEMA as a macroinitiator, the polymer was extended through the synthesis
of a PVBBIMTf;N PIL block by Cu(0)-mediated ATRP in dimethylformamide.
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5.2.1. Polymerization of the Tertiary Amine Macroinitiator PDMAEMA.

The macroinitiator was synthesized using an aqueous based Cu(0)-mediated ATRP procedure
recently reported by the authors’ group?®. Figure 5.2 shows the kinetic results for the
macroinitiator synthesis in aqueous solution. The PDMAEMA displayed pseudo 1% order kinetics
as demonstrated by the linear increase in In[M,]/[M] with time (Figure 5.2a) with a final monomer
conversion of ~70%. The final polymer had a degree of polymerization (DPppmaemanvr) and
number average molecular weight (M,"PMAEMANMR) of 45 ynits and 7074 g/mol respectively as
calculated by NMR peak integral ratioing (Figure 5.2b). Aqueous gel permeation chromatography
(GPC) results using PEG standards gave a slightly higher molecular weight and degree of
polymerization (M,"PMAEMA.GPC = 9323 g/mol and DPromaema.cee = 59 units) with a polydispersity
of 1.41. The difference in the NMR and GPC determined molecular weights may stem from several
factors in the GPC measurement process such as polymer-column interactions and the difference
between the hydrodynamic volume behavior of the PEG calibration standards and the
PDMAEMA?34 35 The NMR calculated M "PMAEMANMR and DPppmaemanmr for the PDMAEMA

macroinitiator will be used for comparisons with the PIL block copolymer.
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Figure 5.2 PDMAEMA shows (a) pseudo-first order kinetics are through a linear In[M]o/[M]
response with time. (b) Relatively narrow PDI’s of ~1.5 were observed for the macroinitiator
(black circles). Mn increased linearly with time with slightly higher values observed for the GPC
results (blue circles) (9,323 g/mol at 70% conversion) compared to the NMR (orange circles)
(7,074 g/mol at 70% conversion) calculated values. Both M, values were slightly higher than the
theoretical My (5531 g/mol) calculated based on initial monomer and initiator concentration
(IM]o/[1]0 = 50).

5.2.2. Block Copolymerization of PDMAEMA-b-PVBBImTf,N and Comparison to
PVBBImT{:N Homopolymerization.

Figure 5.3 shows the kinetic results for the PVBBImMTf,N homopolymer and the PDMAEMA-
b-PVBBIMTf,N block copolymer. Due to solubility issues and column interactions, GPC
measurements were not possible for the PIL-based polymers, even with the addition of 10 mM
LiTf.N salt to the mobile phase to reduce column interactions following the method used
successfully by Matyjaszewski et al. > Instead NMR peak integral ratioing was used to determine
monomer conversion and polymer DPpveeimTron,NMR @S has been done by other groups with similar
issues®38,  The PVBBIMTf,N showed a linear increase in In[M,])/[M] (Figure 5.3a) and
conversion (Figure 5.3b) with time, indicating controlled polymerization. The final conversion at
24 h was 76% for PVBBIMTT:N. Conversely, the PDMAEMA-b-PVBBIMTT.N block copolymer

showed a large increase in conversion (from 0 to 58%) in 1 h, followed by a gradual increase to
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67 % conversion at 24 h (Figure 5.3b). The In[M]o/[M] plot shows a similar sharp increase
followed by a plateau between 1 h and 24 h. The sharp increase in conversion and In[M]o/[M]
during the first hour of the PVBBIMTf.N block polymerization for the PDMAEMA-b-
PVBBIMTf.N copolymer suggests faster kinetics in comparison to the homopolymerization. Due
to these fast kinetics, time points were not collected in the first hour of the reaction, and so
controlled polymerization for PDMAEMA-b-PVBBIMTf,N cannot be confirmed.

DPpverimTf2N, NMR Was determined using NMR by ratioing the benzyl group peak integral in
the PVBBIMTT2N block to the tertiary amine methyl group peak integral in the PDMAEMA block
and assuming a 45-unit DPppmaema, nvr for the PDMAEMA block. Here, the block copolymer
showed a gradual increase in DPpvegimTf2n, NMR from ~33 units at 1 h to 63 units at 5 h before
plateauing to ~67 units at 24 h. This is close to the theoretically predicted DPpvegimTf2N, Theo (67
units) and M,PVBBIMTi2N.Theo (49011 g/mol) for 67 % conversion for [M]o/[1]o = 100 as calculated

by EQ 5-1and :

EQ5-3M, = ([[IIWO"]] * conversion) MW, onomer + MEPMAEMA
where M,"PMAEMANMR (7074 g/mol) is the number average molecular weight the PDMAEMA
block with a 45-unit DPppmaema, nvr. Overall, the block copolymer by NMR peak integral ratioing
had a 45-unit PDMAEMA block, 67-unit PVBBIMTf:N block, and an overall M,PPMAEMA-b-
PVBBIMTE2N of ~42 kDa. The degree of polymerization of the PIL block matches well with the

theoretically predicted DP and overall molecular weight despite the uncaptured data in the 15t hour

of the block copolymer polymerization.
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Figure 5.3 (a) Pseudo-1% order kinetics are observed for the PVBBIMTf2N homopolymer but not
necessarily for the PDMAEMA-b-PVBBIMTf:N block copolymer. (b) Conversion increased
linearly with time for the PVBBIMTf,N homopolymer to 76% (24 h) (grey) while the block
copolymer (blue) increased sharply in the first hour to 58% conversion before gradually increasing
to 67% conversion after 24 hrs. PDMAEMA-b-PVBBIMTf;:N DPpveeimTizn, NMr INCreased
gradually from ~33 units (1 h) to ~63 units in the first 5 h before increasing slightly to 67 units (24
h) at the end of the reaction. (c) NMR calculated My (42014 g/mol) corresponds closely to the
theoretical My (42011 g/mol for [M]o/[1]o =100 )at 67 % conversion after 24 h.

In order to confirm successful polymerization and connectivity of the polymer blocks, FTIR
and NMR spectroscopies were performed for the PDMAEMA MI, PVBBIMTf2N homopolymer,

and PDMAEMA-b-PVBBIMT:N block copolymer. These spectroscopic studies also provided

161



insight into supramolecular bonding interactions occurring in the bulk polymer and in solution

conditions.

5.2.3. Chemical Structure and Bonding

Figure 5.4a and b show the ATR-FTIR spectra for the polymers and VBBIMTf2N monomer
above 2200 cm* and below 1800 cm™, respectively. In the VBBIMTf;N monomer, PVBBIMTf,N
homopolymer, and PDMAEMA-b-PVBBIMTf,N block copolymer samples, the peaks at 3147,
3113, and 3090 cm! are assigned to the C, and C45 C-H stretches on the imidazolium ring. The
first peak is typically attributed to the C45-H stretches of the diene group and latter two peaks are
typically attributed to the more acidic C2-H proton3® 40, These imidazolium ring protons are
sensitive to hydrogen bonding and intermolecular interactions and may show shifts in absorbances
depending on the counterion type and other intermolecular interactions*:-43. In this case, both the
PIL homopolymer and the block copolymer have similar absorbances for the C>-H and Css-H
protons as the VBBIMTf>,N monomer, indicating a similar intermolecular environment of the
imidazolium ring for both the dry homo- and block-copolymers. An emergence of a peak at 2850
cmt in the PVBBIMTf;,N and PDMAEMA-b-PVBBIMTf,N samples is typically for the
symmetrical CH; stretching modes of the polymer backbone*+ 45, Several peaks in the 3000-2870
cm-! region are due to various asymmetrical and symmetrical CH,/CHjs stretching modes from the
methylene groups and alkyl chains present in both polymers** 46, Several weak N*-H stretch and
combination modes in the 2800-2400 cm region were also observed in the PDMAEMA-b-
PVBBIMTf;N and PDMAEMA samples*’. These peaks are typical for tertiary amine salts, which
indicates at least partial protonation of the tertiary amine group in the block copolymer after

synthesis. As the PDMAEMA was synthesized in pH~8.6 conditions, the protonation likely results
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from a drop in pH to below the pKa of PDMAEMA (pKa ~7-8) 2 28 during the purification step
on precipitation with ammonium sulfate*,

Below 1800 cm™, the C=0 ester stretch at ~1728 cm™* from the PDMAEMA block is observed
in the block copolymer sample*® (Figure 5.4b). A loss of the 920 cm™ vinyl bending mode (R-
C=CHy) in the PVBBIMTf>N homopolymer and block copolymer further confirms polymerization
and successful purification of the polymers* 48, Also characteristic of the PIL are the imidazolium
ring C=N/C=C stretches at 1563 cm™ and the C-N stretch at 1515 cm™ for the PVBBIMTf;N
block?% 5951 which are also at similar wavenumbers in both the homo- and block-copolymer PILs.
This suggests the cation-anion interaction environment does not change on block copolymerization
with PDMAEMA when in the bulk polymer state. Several intense peaks for the Tf2N anion were
also observed at 1346 cm™ (SO2 asym str), 1330 cm (SO, asym str), 1178 cm™ (SO2 sym str),
1133 (SO2 sym str), 1050 cm™ (C-S str), 612 cm™ (SNS bending), and 569 cm* (CFs bending) and

compare well to the literaturg® 41.50.52,
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Figure 5.4 ATR-FTIR results for the VBBImTf2N monomer (black), PVBBImMTf,N homopolymer
(red), PDMAEMA macroinitiator (blue), and PDMAEMA-b-PVBBIMTf;N block copolymer in
the (a) 4000-2200 cm* and (b) <1800 cm! regions. Red and blue arrows and dotted lines indicate
the C>-H and Cs5- H imidazolium ring methylene stretches, respectively. The grey arrows mark
the 2850 cm™ peak corresponding to CH2 sym str of the polymer backbone. Black dotted arrows
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mark the N*-H str and combinations modes of the protonated tertiary amine group and the ester
C=0 str in the PDMAEMA block. The solid black arrow indicates the vinyl group in the
VBBIMTf;N IL monomer, and the black asterisks designate the Tf2N- anion modes.

FTIR results confirm the successful polymerization of the block copolymer. The spectra also
indicate partial protonation of the PDMAEMA block and similar cation-anion interaction behavior
in the PVBBIMT2N block as was also observed for the homopolymer PIL. NMR spectroscopy was
performed to corroborate successful polymerization of the PDMAEMA-b-PVBBIMTf,N block
copolymer. In addition to confirming chemical composition and connectivity of the polymer
blocks, the NMR data provides insight into the supramolecular interactions (e.g., cation-anion
electrostatic interactions, hydrogen bonding interactions) of the block copolymer in solution and
subsequently a better understanding of the solution self-assembly behavior of PDMAEMA-b-
PVBBIMTf:N.

NMR spectra were collected for the VBBIMTf,N monomer, PVBBIMTf.N homopolymer,
PDMAEMA macroinitiator, and PDMAEMA-b-PVBBIMTf:N block copolymer samples in
DMSO-ds solvent (Figure 5.5). Due to solubility issues, it was necessary to add 10 mM of KNO3
salt to the PDMAEMA-b-PVBBIMTT,N solution to improve block copolymer solubility in DMSO
and allow for NMR characterization. KNOz was selected as it has better solubility in DMSO versus
other salts such as NaCl and KCI®3. The block copolymer shows the tertiary amine methyl groups
and methylene group peaks at 2.60 ppm and 3.07 ppm, respectively. These are slightly upshifted
from 2.38 ppm and 2.78 ppm in PDMAEMA macroinitiator. The benzyl ring (7.23 and 6.32 ppm)
and methylene connecting group (5.40 ppm) from the PVBBIMTf,N block are present and at
approximately the same ppm as the PVBBImMTf2N homopolymer. The PVBBImTf.N butyl chain
CHz and CHs protons are present at ~ 0.78, 1.17, 1.70, and 4.16 ppm, and these peaks remain

relatively constant in the homo- and block-copolymer samples. The imidazolium ring C>-H and
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Cas-H protons were observed in the PIL polymers between 9.75-9.25 ppm and 7.81-7.74 ppm,
respectively. A 2D diffusion ordered (DOSY) NMR experiment (Figure 5.6; 1D DOSY array
provided in the Figure D.1) shows the presences of both the PVBBIMTf,N and PDMAEMA peaks
in the block copolymer with a diffusion coefficient of 4.9x108 cm?/s, confirming successful block
copolymerization. Some residual IL monomer and un-chain extended PDMAEMA macroinitiator
signals—separate from those for the block copolymer—were also observed with a diffusion
coefficient of ~5.4 x 106 cm?/s.

In contrast to the IR results for the bulk polymer, differences in the imidazolium ring proton
signals were observed between the PIL homopolymer and block copolymers in solution. The
imidazolium ring Co-H and Cas5-H protons in the PDMAEMA-b-PVBBIMTT,N sample are located
at 9.74 ppm and 7.81 ppm, respectively. These peaks are upshifted from their signal in the
PVBBIMTf,N homopolymer (Co-H 9.19 ppm and C45-H 7.74 ppm) and monomer (C>-H 9.25 ppm
and Cas-H 7.77 ppm) with greater shifts observed for the C.-H proton. While all the protons on
the imidazolium ring are capable of hydrogen bonding interactions, the acidic C»-H proton is
particularly sensitive to hydrogen bonding interactions between the imidazolium cation and anions
in solution®. Generally, the strength of hydrogen bonding interactions between C,-H and the
counterions increases with decreasing anion size and increasing coordinating ability of the anion®>
% Imidazolium based-PILs containing multiple types of counterions also tend to display
intermediate Co-H ppm values between the ppm values observed if only one of the counterions
was present> 57, However, the PDMAEMA block is also capable of acting as a hydrogen bond
acceptor at the amine nitrogen and carbonyl oxygen, allowing for potential hydrogen bonding
interactions with the acidic imidazolium C2-H proton®® °°, To determine if the C>-H and Cas-H

proton peak shifts in the block copolymer were due to partial ion exchange with the added KNO3
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salts or due to interactions between polymer blocks, the NMR spectra for the PVBBImTf2N and
PDMAEMA homopolymers without and with 10 mM KNOj salts were also measured.
PVBBIMTf.N homopolymer without added salts display C2-H (9.19 ppm) and Cas-H (7.74
ppm) signals that are slightly shifted downfield in comparison to the VBBIMTf,N monomer (C-
H 9.25 ppm and Css-H 7.77 pm). Horne et al. reported a similar result that was attributed to a
weakening of the cation-anion interactions from increased steric effects in the immobilized cation
on the polymer backbone or increased anion dissociation from the PIL imidazolium cation in
DMSO08°, Adding 10 mM KNOs salt to the PVBBIMTf,N homopolymer increases the C»-H signal
to 9.46 ppm while the C45-H signal remains approximately the same (7.75 ppm). The observed
9.46 ppm C»>-H peak compares well with other imidazolium-based ILs with nitrate counterions
which have been found to have C»-H ppm values between 9.3-9.5 ppm in DMSO-ds or pure 1L
6162, This increase in the C,-H signal indicates at least partial ion exchange of the NO3™ anion with
the Tf2N" anion in the PIL homopolymer. These same signals are shifted even further downfield
in the PDMAEMA-b-PVBBIMTf:N block copolymer with C»-H at 9.74 ppm and Cs5-H at 7.81
ppm, indicating the shifts are likely due in part to interactions between the PDMAEMA and
PVBBIMTf,N blocks in addition to the partial NOs™ ion exchange. A slight increase in the
PDMAEMA tertiary amine methyl and methylene groups in the block copolymer (2.60 and 3.07
ppm) compared to the macroinitiator (2.38 and 2.78 ppm) also support this. Further, no differences
in the NMR spectra for the PDMAEMA macroinitiator in pure DMSO-ds and 10 mM KNOs3

DMSO-des were observed, supporting that the downfield shifts in the macroinitiator methylene and
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amine methyl groups are due to interactions in between the two polymer blocks and not the salt
environment (Supporting Information, Figure D.2).

NMR results indicate that the intermolecular environment of the PDMAEMA-b-PVBBIMTf:N
block copolymer is influenced by both hydrogen bonding interactions between the imidazolium
group in the PIL block and the tertiary amine co-block in addition to the salt environment in
solution. Such intermolecular interactions can significantly influence structural behavior of
polymers in solution®® ¢, Therefore, to further examine the influence of these supramolecular
interactions on self-assembly behavior of the block copolymer, dynamic light scattering

measurements were performed.
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Figure 5.5 (@) NMR results (bottom to top) for the VBBIMTf ,N monomer in DMSO-ds,
PVBBIMTf.N homopolymer in DMSO-ds, PVBBIMTf2N homopolymer in 10 mM KNO3z DMSO-
de solution, PDMAEMA-b-PVBBIMTT,N block copolymer in 10 mM KNOs DMSO-ds solution,
and PDMAEMA macroinitiator in DMSO-ds. Orange asterisks mark the imidazolium butyl chain
CH./CHz protons. Green arrows mark the shift in the PDMAEMA tertiary amine and methylene
groups. Red and blue arrows mark the shifts in the C»-H and C45-H protons, respectively, and (b)
correspond to the colored portions of the PDMAEMA-b-PVBBIMTf.N chemical structure.
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Figure 5.6 NMR 2D DOSY showing the diffusion separated PDMAEMA-b-PVBBIMTf:N proton
signals (red box) with a lower diffusion coefficient at ~10® cm?/s as compared to the residual
VBBIMTf2N monomer, PDMAEMA M, water, and DMSO signals (blue box) at 10-° cm?/s.

5.2.4. Solution Behavior of PDMAEMA-b-PVBBImTf,N Diblock Copolymer

Dynamic light scattering (DLS) measurements were obtained for the PDMAEMA-b-
PVBBIMTf.N block copolymer in DMSO at 1 mg/mL concentration with and without 10 mM
KNO3z. While the PDMAEMA-b-PVBBIMTf,N block copolymer was found to also swell in other
polar organic solvents (Supplemental Table D.1), DMSO was selected to allow for a more direct
comparison to the NMR results. Figure 5.7 shows the correlation curves and the hydrodynamic
structural lengths for the PDMAEMA-b-PVBBIMTf.N block copolymer aggregates in pure
DMSO (Figure 5.7a and b) and DMSO with 10 mM KNO3 salt (Figure 5.7c and d). For the block
copolymer in pure DMSO, the correlation function was best fit by a Dblexp model for bimodal
distributions (see Supplemental Figure D.3). Two populations of large aggregate sizes are
observed for the block copolymer in pure DMSO with the smaller population between ~570-1750
nm and the larger population greater than 17 um. It should be noted that DLS is typically limited
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to below ~10 um, so while there indeed is a larger aggregate size population observed (17.1-53.6
um), the quantitative value of the hydrodynamic diameter should be interpreted with caution.
Addition of KNOs salt resulted in a collapse of the polymer structure producing several
populations of diameters between 14 nm and 4.12 um, and the resulting correlation function was
best fit with a NNLS model (Figure D.4). This reduction of the overall range of hydrodynamic
structural lengths from 572 nm to 53.6 um in pure DMSO to ca. 14 nm to 4.12 pm upon addition
of KNOs indicates the polyelectrolyte block copolymer structure can be modulated by salt addition
as would be expected for polyelectrolyte systems. Generally, increasing the salt content in
polyelectrolytes leads to screening of repulsive interactions between the pendant charge groups on
the polymer chain, eventually leading to a collapse from a rod-like structure to a coiled structure
similar to the solution behavior of neutral polymers®-67,

However, a large portion of the hydrodynamic structural lengths in the 10 mM KNOs; DMSO
solution are still significantly larger than expected for a solubilized polymer, even upon addition
of salt. For a block copolymer with degrees of polymerization of 45 units (DPpomaemanmr) for the
PDMAEMA block and 67 units for the PVBBIMTT2N block, the fully stretched contour length of

a single polymer chain is theoretically 57 nm as calculated by®®:

EQ 5-4 contour length = (2 atoms * (Nppuagma + Npvepimrszn) — 1) * (0.154 nm)  sin (11;'50)

where 0.154 nm is the length of a C-C bond, 111.5° is the bond angle, and Nppmaema and
Npveeimtron are the number of monomer units for each polymer block. The contour length would
be 74 nm if the GPC determined DPpomaema, crc Of 59 units is assumed instead. As the majority
of hydrodynamic structural lengths are significantly larger than these theoretical single-polymer
contour lengths, this is indicative of the block copolymers aggregating into a self-assembled

network-like structure in both pure DMSO and 10 mM KNOz DMSO. An additional DLS study
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as a function of KNO3 concentration between 0 and 25 mM also demonstrates a collapse in
structure with increasing salt concentration (Supporting Information, Figure D.5). The
hydrodynamic structural lengths in Figure D.5 correspond well to the results as shown in Figure
6.

Based on the NMR and DLS characterization, the proposed solution behavior of the
PDMAEMA-b-PVBBIMTf;N block copolymer in DMSO is depicted in Figure 5.8. In polar
organic solvents, weakly coordinating counterions, such as Tf.N-, are often dissociated from the
PIL in solution, resulting in unshielded pendant positive charges on the PIL backbone* €., In the
PDMAEMA-b-PVBBIMTf:N block copolymer system, the dissociation would result in an
increased repulsion between the PIL blocks in the polymer chains. As a result, the hydrogen
bonding between the imidazolium C,-H proton and the PDMAEMA block (Figure 5.8a) likely
dominates the block copolymer chain-chain interactions. The combined hydrogen bonding
between PDMAEMA/PVBBIMTT.N blocks and repulsive interactions between PIL blocks in the
block copolymer system results in a long strand-like extended networks (Figure 5.8b). Additional

images support these structures (Supporting Information, Figure D.6-Figure D.8).
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Figure 5.7 DLS correlation function and intensity-based hydrodynamic diameters for the
PDMAEMA-b-PVBBIMTTf;N block copolymer in (a and b) pure DMSO and (c and d) 10 mM
KNO3z DMSO solution are shown with 8 measurements each. (b) Particle sizes between 500 nm
and 54 um were observed for the block copolymer in pure DMSO. (d) Aggregate sizes overall
decreased by more than an order of magnitude upon 10 mM KNO3z addition resulting in
hydrodynamic diameters between 14-4120 nm.

Upon addition of the KNOs salt into the solution, the NO3™ anions more strongly coordinate
with the imidazolium ring and screen the positive charges along the PIL block, allowing for PIL-
PIL block interactions. While some decrease in hydrogen bonding may occur, as evidenced by
NMR characterization of PDMAEMA-b-PVBBIMTfH:N in 10 mM KNOs; DMSO solution the

hydrogen bonding interactions are largely maintained after salt addition. In this case, the reduction

of PIL-PIL repulsive interactions causes the extended network to collapse while still maintaining
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PDMAEMA/PVBBIMTf:N block interactions through hydrogen bonding forming overall smaller
aggregated structures (Figure 5.8¢) that are still larger than fully extended individual polymer
chains. The population aggregates observed in the 14 — 50 nm range are likely due to collapsed
polymer chains where hydrogen bonding was disrupted. Overall, the PDMAEMA-b-
PVBBIMTT.N block copolymer demonstrates self-assembly behavior that can be triggered by
addition of KNO3z salt. Similar salt-triggered self-assembly has been observed for PIL and
polyelectrolyte systems, where salt type and concentration influence intermolecular interactions
between polyelectrolyte chain segments including charge screening repulsive interactions,

solvophobic chain-chain interactions, and hydrogen bonding® 57- 6%-74,

© N\, —RC) ()
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Pure DMSO K* NOy  Tf,N- 10 mM KNO,; DMSO

Figure 5.8 (a) Hydrogen bonding of the imidazolium Cz-H proton with the PDMAEMA block at
the unprotonated tertiary amine or the ester carbonyl group. In solution the PDMAEMA-b-
PVBBIMTT.N copolymer displays behavior of (b) an extended network structure mediated by
hydrogen bonding and repulsive interactions between PIL-PIL blocks in pure DMSO to (c) a
collapsed network-like structure with salt addition. Yellow circles indicate the hydrogen bonding
between PDMAEMA and PVBBIMTf:N blocks.
5.2.5. Film Self-Assembly of PDMAEMA-b-PVBBImTf,N Diblock Copolymer

To gather further data on the self-assembly behavior of the PDMAEMA-b-PVBBIMTf2N block

copolymer, the system was also studied using AFM-IR, a coupled atomic force microscopy-

infrared spectroscopic technique. During AFM-IR analysis, a pulsed IR laser illuminates the
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sample at the AFM cantilever tip, producing a photothermal expansion response that is directly
proportional to the IR absorption of the material. This allows for collecting simultaneous chemical
images with nanoscale spatial resolution at specific wavenumbers or full spectra at specified points
in the AFM image’ 7. While AFM-IR has previously been used to provide paired nano-structural
and chemical composition characterization of different material systems including block
copolymers’, proteins’ 7, and nanocomposites®® &, to the authors’ knowledge this is the first
reporting of a poly(ionic liquid) system being characterized with AFM-IR.

The film self-assembly of the PDMAEMA-b-PVBBIMTf,N block copolymer was observed by
solution casting on silicon wafers. Due to low solubility and subsequent poor film formation for
the block copolymer in pure DMSO solution, only the drop cast film for PDMAEMA-b-
PVBBIMTf,N in 10 mM KNO3z DMSO solution was characterized. Figure 5.9 shows the AFM
height and IR chemical maps for a 20 by 10 pum section located at the edge of the block copolymer
film displaying several different structural features. The height trace (Figure 5.9a) shows three
regions: one on the far left with large, depressed deposits or irregular features (marked by a red
arrow), a homogenous center section with few topographical features (green arrow), and a thicker
section on the right with spherical morphology separation (pink arrow). The IR wavenumbers of
1730 cm* for the PDMAEMA block ester carbonyl stretch (C=0) (Figure 5.9b) and the Tf,N-
anion SOs~ asymmetrical stretch (Figure 5.9c) for the PVBBIMTfN block were selected for
chemical mapping to observe microphase separation between the two polymer blocks. The TfaN-
IR mode was selected over the imidazolium C=N/C-N bands at 1566 and 1513 cm™! as the Tf;N-
band had greater intensity and greater contrast compared to other IR modes for the chemical
imaging. Lighter colors in the chemical map traces indicate the presence of the selected IR signal

while dark blue colors indicate either their absence or lower concentration at the analysis
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penetration depth. Figure 5.9e shows a 3D depiction of the 1730 cm chemical map, indicating
that the block copolymer film increases in thickness from the outer edge of the film towards the
center (left to right in the AFM traces). Figure 1.9f displays the point spectra between 1800 and
800 cm-* for each of the spots marked by arrows.

The bright signals produced in the left of Figure 5.9b (1730 cm™! map) indicates that the ~1 um
x 1 um irregular depressed deposits contain a large concentration of the C=0 str ester band. Taking
a point spectrum of one of these features marked by the red arrow and the corresponding red IR
spectra trace (Figure 5.9f) shows an intense peak at 1728 cm* with no contributions at 1566 cm-*
from the imidazolium ring band or at 1350 cm™* from the Tf2N- anion S=O str band. This suggests
the depressed deposits are mainly composed of PDMAEMA. As indicated by the NMR 2D DOSY
results, the depressed deposits are likely residual PDMAEMA macroinitiator that was not fully
removed during purification of the block copolymer. The large crystalline feature near this section

marked by the blue arrow yields an intense peak from excess precipitated KNO3 (1356 cm'?).
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Figure 5.9 AFM-IR characterization of a 10 x 20 um section of PDMAEMA-b-PVBBIMT:N
drop-cast onto a silicon wafer from 10 mM KNOs DMSO solution including (a) height and
chemical IR map traces at (b) 1730 cm™* (C=0 str ester PDMAEMA), (c) 1350 cm* (SO, asym str
of the Tf2N anion), and (d) 1100 cm™ (Si-O silica contaminate). The 10 by 20 um section of film
analyzed was located near the edge of the film. (e) 3D rendering shows spherical morphology
inclusions present only at larger film thicknesses (>0.2 um, right side of AFM images) whereas
the thinner film section (left side) displays residual PDMAEMA macroinitiator deposits. f) Point
IR spectra were collected at four film locations as indicated by the arrows with the arrow colors
(a-d) corresponding to the spectra colors in (f).

The large homogenous center section is mainly composed of Tf2N- signals as indicated by the
1350 cm* chemical map (Figure 5.9¢). Point spectra for the green arrow shows contributions from

both the PDMAEMA and PVBBIMTT,N polymer blocks as indicated by a weaker intensity peak
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for PDMAEMA C=0 str (1730 cm?) as well as peaks for the imidazolium ring (1566 cm?) and
the Tf2N- anion (1350cm™t). This indicates that no phase separation of the polymer blocks occurs
at this film thickness (~150 nm). For thicker film sections, such as the right side of the height and
chemical image maps in Figure 5.9 (~300 nm), a phase separated spherical morphology emerged.
The spheres displayed darker yellow color and lighter blue color signals in the 1730 cm™ map
(Figure 5.9b) and 1350 cm™ (Figure 5.9c) chemical maps, respectively, suggesting that
contributions from both polymer blocks are occurring with a higher signal from the PDMAEMA
block. This is further corroborated by a point spectrum (Figure 5.9f) of one of the spheres marked
by the pink arrow containing peaks for the PDMAEMA carbonyl band (1728 cm™t), imidazolium
ring (1566 cm™?) and 1350 cm™ anion. Compared to the homogenous center section, the
PDMAEMA carbonyl peak (1728cm™) is more intense in the sphere’s IR spectrum, suggesting
that there is a higher concentration of the PDMAEMA block at the surface of the spheres. The
height trace (Figure 5.9a) indicates that the spheres are slightly raised from the surrounding
morphology, and the particle size was found to be on average ~ 930 nm (x 240 nm). These results
would overall suggest that the spheres are predominately composed of the PDMAEMA block and
surrounded by a PVBBIMTf2N matrix. Interestingly, the spheres appeared to contain another small
particle-like feature that yielded dark blue colors in both the 1730 cm* (Figure 5.9b) and 1350 cm
1 (Figure 5.9¢) maps but produced a bright yellow signal at 1100 cm (Figure 5.9d). A smaller
AFM scan marked by the white box in Figure 5.9b was taken of this region to allow for closer
examination of these features.

Figure 5.10 shows the AFM-IR images (5 um by 5 um) collected for the spherical morphology
region of the block copolymer film, including the height trace (Figure 5.10a) and the chemical

maps (Figure 5.10b-d) at 1350 cm™ (SO asym str of the Tf,N anion), 1100 cm™* (particles), and
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1730 cm* (C=0 ester str in PDMAEMA). A composite image of all three traces is compiled in
Figure 5.10e where the red, green, and blue colors are for the PDMAEMA (1730 cm™),
PVBBIMTf;N anion (1350 cm-!), and silica particle (1100 cm™) signals. A point spectrum of one
of the particles in the PDMAEMA spheres gives a single strong peak at 1100 cm™* (Figure 5.10f).
Based on the spectra, these small particles located within the PDMAEMA spheres are attributed
to silica particle contaminants from either the Si wafer piranha treatment or due to the solution
conditions (nitrate and fluorinated species)®, which corresponds well with the characteristic Si-O-
Si stretch at ~1100 cm™ 828 Interestingly, it appears the silica contaminates selectively interact
with the PDMAEMA spheres. This is likely due to the ability of the more hydrophilic PDMAEMA
block to form hydrogen bonding interactions between unprotonated tertiary amine groups and the
silica -OH groups or through electrostatic binding of protonated amines with the partially
negatively charged oxygen groups in silica. Similar behavior has been observed in other amine-

silica blends and on silicon surfaces®.
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Figure 5.10 AFM-IR characterization of PDMAEMA-co-PVBBIMTf2N block copolymer drop-
cast from 10 mM KNO3z DMSO solution onto silicon wafers. The (a) height trace and several IR
traces at (b) 1350 cm™ (SO, asym str of the Tf2N anion), (c) 1100 cm! (Si-O silica contaminate),
and (d) 1730 cm™* (C=0 ester str PDMAEMA block) indicate microphase separation of the block
copolymer. (e) a composite of the IR traces shows PDMAEMA spheres in a PVBBIMTf2N matrix
with the silica particle contaminants in the hydrophilic PDMAEMA domains. (f) The point spectra
trace of one of the silica particle contaminates (as indicated by the black arrow in the composite
image) displays a strong peak at 1100 cm™ typical for Si-O-Si networks.

The AFM-IR results of the self-assembled film structures indicate that the all-polyelectrolyte
PDMAEMA-b-PVBBIMTT,N block copolymer is capable of microphase separation at thicknesses
of ~300 nm, but only produced a single homogenous phase at lower thicknesses (~150 nm) at the
used process conditions. As, processing parameters such as solvent and salt additives, annealing
temperature and time, film thickness, and substrate surface properties greatly influence film
morphology of block copolymers®-87 further exploration of film and membrane processing
parameters will be performed in a future work.

An interesting finding is that the more hydrophilic PDMAEMA phase can selectively interact

with hydrophilic inclusions, such as silica nanoparticles. Potentially this could be leveraged to
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develop self-assembled composites. For example, these all-polyelectrolyte block copolymers
combined with inorganic nanomaterials could allow the weak polyelectrolyte block to selectively
coordinate with the nanomaterials while the PIL block is free for application-based functionality,
such as ion conductivity or property tunability through ion exchange. Such all-polyelectrolyte
block copolymer systems can be useful for producing PILs-based composites for nanoparticle
templates or for reinforcing the mechanical properties of solid electrolytes in a variety of
electrochemical applications ranging from solid state battery electrolytes to ionic actuators and
Sensors.
5.3. Conclusions

A novel all-polyelectrolyte block copolymer composed of a poly(ionic liquid) block and a
tertiary amine based weak polyelectrolyte was successfully synthesized using a Cu(0)-mediated
atom transfer radical polymerization. Living control of a well-defined PDMAEMA macroinitiator
was confirmed with a degree of polymerization of 45 units and PDI of ~1.41. While living control
of the PIL block was not confirmed, FTIR, THNMR, and NMR DOSY spectroscopies confirm
successful synthesis and connectivity of the PDMAEMA-b-PVBBIMTf.N block copolymer with
a~67 PIL unit degree of polymerization. Differences in the supramolecular environment between
the PIL homopolymer and block copolymer were examined with FTIR and 1HNMR
spectroscopies in the bulk and in solution, respectively. While no differences were observed in the
bulk, the block copolymer exhibited both hydrogen bonding and electrostatic interactions in
DMSO and KNOsz DMSO solutions, as demonstrated by shifts in the imidazolium C»-H proton
and the PDMAEMA block methyl and methylene groups. DLS measurements of the block
copolymer indicate that an extended network-like structure is formed in pure DMSO as a result of

combined hydrogen bonding between the PDMAEMA and PVBBIMTf2N blocks and repulsive
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interactions between positively charged groups on the polymer chain. The addition of 10 mM
KNOs sufficiently screens these repulsive interactions, allowing for a collapse in the polymer
network-like structure while still maintaining hydrogen bonding interactions as suggested by the
imidazolium C>-H and PDMAEMA methyl group NMR shifts in 10 mM KNO3 DMSO solution.
The film assembly of the all-polyelectrolyte block copolymer film was interrogated for the first
time by AFM-IR. The film morphology was found to be dependent on film thickness. At large
thicknesses, the film morphology consisted of PDMAEMA spheres in a PVBBIMTf,N matrix
while a homogenous morphology was observed at lower thicknesses. Silica nanoparticles were
found to selectively interact with the PDMAEMA spheres, indicating the potential application of
the PDMAEMA-b-PVBBIMTT,N block copolymer in inorganic nanoparticle-polymer composites.
5.4. Materials and Methods
5.4.1. Materials:

1-butylimidazole, 4-chloromethylsytrene, and lithium bis(trifluoromethylsulfonyl)imide
(LiTf2N) were purchased from TCI America. Acetonitrile, dimethylsulfoxide (DMSO), and ethyl
acetate were purchased from VWR. Diethyl ether were purchased from Beantown Chemical. N,N-
dimethylformamide (DMF) was purchased from Alfa Aesar. N,N,N’,N” ,N”-Pentamethyl-
diethylenetriamine (PMDETA), methyl 2-bromopropionate (MBP), copper (1) bromide (CuBr>),
2-(dimethylamino) ethylmethacrylate (DMAEMA), tris (2-pyridylmethyl) amine (TPMA),
hydrochloric acid, alpha-bromophenylacetic acid (a-BPA), and potassium nitrate (KNO3) were
purchased from Aldrich. DMSO-d6 was purchased from the University of Oklahoma Chemistry

Stockroom. All purchased chemicals were used as received.
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5.4.2. General 1-butyl-3-Vinylbenzylimidazolium Chloride Synthesis (VBBImCI):
1-butylimidazole (~ 11 mL) and 4-chloromethylstyrene (~10 mL) were dissolved in 40 mL of
acetonitrile. The mixture was allowed to react at 40 °C for 24 h under stirring. The reaction was
then allowed to cool to room temperature and then stirred for an additional 24 h at 20 °C. The
product solution was concentrated with a rotary evaporator at 40 °C. The concentrated solution
was poured into 100 mL of diethyl ether. A yellow transparent oil collected immediately at the
bottom of the flask. The diethyl ether was decanted, and additional fresh diethyl ether (40 mL x 3
times) was added to wash the product. Finally, the IL was dried in the vacuum oven at room
temperature overnight.
5.4.3. General 4-Vinylbenzyl-3-butylimidazolium bis(trifluoromethylsulfonyl)imide
(VBBImT;N):

The VBBIMCI product was dissolved in 150 mL of Millipore water under vigorous stirring.
20.1 g of LiTf:N was added to the reaction mixture under stirring. An immediate precipitation
occurred with the product accumulating at the bottom of the flask. The solution was transferred to
a 500 mL round bottom flask and the precipitated IL was dissolved in 250 mL of ethyl acetate
under vigorous stirring. This ethyl acetate solution was added to the 500 mL round bottom flask
and was then vigorously stirred to form a yellow-white emulsion. The biphasic reaction mixture
was stirred for 24 h at room temperature, after which the stirring was stopped and allowed to
separate into two phases. Product from the aqueous layer was extracted with 50 mL ethyl acetate
(3x) and the organic phase was combined with the original ethyl acetate product phase. The total
ethyl acetate product layer was then washed with 50 mL of Millipore water (3x). Ethyl acetate was
removed by a rotary evaporator and dried in the vacuum oven at ~35 °C to remove trace ethyl

acetate.
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5.4.4. General Cu(0) Mediated ATRP Synthesis of Poly[4-vinylbenzyl-3-butylimidazolium
bis(trifluoromethylsulfonyl)imide] (PVBBImTf;N):

VBBIMmTf;N monomer (2.32 g) was dissolved in (7 mL) DMF in a test tube for 30 min. CuBr;
deactivator (0.002 g) was added to a separate dry test tube. The dissolved monomer, PMDETA
ligand (12.4 puL), and MBP initiator (1.88 puL) was added to the test tube in that order. After adding
the MBP, the test tube was quickly capped with a septum and frozen in liquid nitrogen. At least 4
freeze-pump-thaw cycles were performed to degas the solution. A 4 cm long Cu(0) wire was
treated in a 6 M HCI/ methanol solution under nitrogen before removed the acid solution with a
syringe and drying with nitrogen. On the last freeze cycle, the treated Cu(0) wire was added to the
reaction test tube. Three cycles of vacuum and backfilling with nitrogen gas were performed while
frozen. The test tube was then allowed to thaw to room temperature and was then added to an oil
bath at 90 °C under nitrogen for 24 h. 100 pL samples were taken periodically to track monomer
conversion. The polymerization was stopped by exposing the system to air. A 10 mL solution of a
4 to 1 volume ratio of methanol to water was used to precipitate out the polymer product.

5.4.5. Cu(0) Mediated ATRP Synthesis of Poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMA) Macroinitiator:

The Cu(0) mediated ATRP synthesis of the PDMAEMA macroinitiator was performed
similarly to a previous work by the authors’ group and is briefly described here?*. DMAEMA (2.5
mL), CuBr2 (0.0168 g), TPMA (0.035 g), NaCl (0.248 g), a-BPA (~0.064 g), and 3 mL of water
were added to a test tube. The pH of the solution was adjusted to ~8.6 by adding 2.5 mL of 1 M
HCI solution. At least 4 freeze-pump thaw cycles were performed, and the 6.5 cm long Cu(0) wire
and magnetic stirrer were added on the last free cycle. A 4-cm long Cu(0) wire had been pretreated

in 1 M HCl/methanol solution as described previously. Three cycles of backfilling with nitrogen
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and vacuuming were done. The solution was allowed to thaw and then was added to a water bath
maintained at 2 °C. The reaction was allowed to proceed for ~ 5 h, and then the reaction was
stopped by exposing the solution to air and adding ammonium sulfate directly to the reaction
mixture to precipitate the product. The polymer was dissolved in methanol and separated from the
ammonium sulfate through vacuum filtration before washing with methanol. The methanol was
then evaporated, and the polymer was dried in the vacuum oven to remove trace solvent.

5.4.6. Cu (0) Mediated ATRP Synthesis of Poly(2-(dimethylamino) ethyl methacrylate]-
block-[Poly(4-vinylbenzyl-3butylimidazolium bis(trifluoromethylsulfonyl)imide] block
copolymer (PDMAEMA-b-PVBBImT{:N):

VBBIMTf ;N monomer (1.61 g) and PDMAEMA macroinitiator (0.24 g) were weighed out
and dissolved separately in 4 mL and 2 mL of DMF, respectively. To a dry test tube, the CuBr»
(0.0021 g) deactivator, PMDETA ligand (25 uL), and a magnetic stirrer were added. The monomer
and macroinitiator solutions were then added to this test tube. Four FPT cycles were performed
followed by addition of 4 cm length of Cu(0) copper wire after the last cycle. The system was
backfilled and vacuumed (3x) before thawing the solution under nitrogen and adding it to the 90
°C oil bath and allowed to react for 24 h. Small 100 pL aliquots were collected periodically to
track polymerization conversion and chain growth. The reaction was stopped by exposure to air.
The product was precipitated in excess chloroform and washed (3x) with additional chloroform.

The final product was dried in a vacuum oven to remove residual solvent.

5.4.7. Characterizations:
ATR FTIR was carried out on a Nicolet iS50R FT-IR Spectrometer with a DLaTGS detector
at a resolution of 4cm™ for 64 or 256 scans. *HNMR and Oneshot DOSY (DONESHOT)

experiments were performed for the produced polymers on a Varian VNMRS 500 MHz NMR
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Spectrometer at the (University of Oklahoma NMR Facility). Spectra were referenced at the
DMSO-ds peak at 2.5 ppm. Polymerization conversion was determined by ratioing the monomer
vinyl group peak integral to a select polymer peak integral. Degree of polymerization (DP) for the
PDMAEMA macroinitiator was determined by ratioing the integral of one of the methylene peaks
(~4.08 ppm) in the monomer unit to the benzyl chain end group (~7.18-7.18 ppm) integral. The
degree of polymerization for the block copolymer was determined by ratioing the PVBBIMTf2N
benzyl peak integral (5.98-6.71 ppm) to the macroinitiator PDMAEMA tertiary amine methyl
group peak integral (2.52-2.35 ppm). Unfortunately, due to overlapping signals of the
PVBBIMTf,N chain signals with the end group signals, the DP could not be determined for the
PVBBIMTf,N homopolymer. One dimensional spectra collected in the DONESHOT experiment
were converted to a 2D DOSY through a Bayesian transformation method using the MNova
software package. A Shimadzu Prominence HPLC equipped with a Waters R410 differential
refractometer and a Wyatt DAWN F light scattering detector was used to characterize the
PDMAEMA macroinitiator molecular weight and polydispersity index (PDI) relative to
poly(ethylene glycol) standards. The instrument used Aquagel-OH Mixed H and Aquagel-OH 30
columns, and the mobile phase was a 0.3 M sodium acetate solution at a pH of 4 containing 0.15
M triethylamine to suppress polymer-column interactions. Dynamic light scattering (DLS) was
performed with a NanoBrook Omni using a 90° detector. Either double exponential (Dblexp) or
non-negatively constrained least squares (NNLS) fitting models were used as appropriate for each
sample. Example fittings using each model are provided in the supporting information (Figure
D.3-Figure D.4). Eight measurements were performed per sample. Atomic force microscopy with
an FTIR module (AFM-IR) of the PDMAEMA-b-PVBBIMTf,N block copolymer film was

performed using a Bruker NanolR3 System equipped with a Mircat-QT laser (Daylight Solutions).
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The system was operated in tapping AFM-IR mode using a PR-EX-TNIR-A-10 probe (4 N/m, 60
kHz nominal resonance frequency), the pulse rate of the IR laser was chosen to be the difference
frequency of the first 2 cantilever resonance frequencies (~300 kHz). PDMAEMA-b-
PVBBImTT2N block copolymer in 10 mM KNO3z DMSO solution was drop casted on to a silicon
wafer that had been pretreated with piranha solution and UV-ozone cleaning. The films were dried
in the vacuum oven at 60 °C for ~ 2 h prior to AFM-IR analysis.
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Chapter 6: Evaluation of novel poly(ionic liquid) block copolymer and homopolymer as
electroactive polymer actuators.

* This chapter is written in preparation for journal submission: Kayla Foley?, Iwei Chu?, Keisha
B. Walters!. “Evaluation of novel poly(ionic liquid) block copolymer and homopolymer as
electroactive polymer actuators.”
! Ralph E. Martin Department of Chemical Engineering, University of Arkansas, Fayetteville, AR
72701, USA
2 Institute for Imaging and Analytical Technologies, Mississippi State University, Starkville, MS
39759, USA

Abstract

A series of ionogels were prepared from a poly(ionic liquid) (PIL) block copolymer, poly[(2-
dimethyl amino)ethyl methacrylate)]-block-poly[4-vinylbenzyl-3-butyl imidazolium
bis(trifluoromethylsulfonyl)imide] (PDMAEMA-b-PVBBIMTf:N), and its corresponding
homopolymer, poly[vinyl benzyl butyl imidazolium bis(trifluoromethane) sulfonyl imide]
(PVBBImMTT:N), by combining the polymers with 1-butyl-3-methyl imidazolium tetrafluoroborate
(C4C1ImBFy4) ionic liquid at weight percentages between 0 to 40 wt%. ATR-FTIR spectroscopy
was performed to confirm successful incorporation of the ionic liquids into the PIL polymers.
Shifts in the imidazolium ring IR modes and the BF4 and Tf2N"anion IR modes indicate a change
in the electrostatic environment of immobilized and free ions depending on ionic liquid content.
Thermal properties, including thermal stability and glass transition temperature, were determined
through TGA and DSC analysis. Addition of the ionic liquid was found to increase the thermal
stability of the PDMAEMA block in the block copolymer. The PVBBIMTf.N homopolymer

showed a decrease in onset temperature with increasing ionic liquid content. DSC traces indicate
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successful plasticization of the PDMAEMA-b-PVBBIMTf,N block copolymer and PVBBIMTT.N
homopolymer ionogels through observed decreases in glass transition temperature with increasing
ionic liquid content. lon conductivity was increased from ~10-" S/cm in the dry polymers to ~10*
S/cm in the 40 wt% ionogels. AFM force curve analysis combined with a Derjaguin-Muller-
Toporov (DMT) model indicated a reduction of Young’s modulus with increasing ionic liquid
content for both the homopolymer and block copolymer. The PDMAEMA-b-PVBBIMTf2N block
copolymer and ionogels exhibited a spherical PDMAEMA particle morphology in a PIL-rich
matrix, with a higher modulus observed for the spherical particles compared to the matrix. Gold
leaf electrodes were successfully applied to dry polymer and 10 wt% ionogel films, and their
electroactive actuator behavior was examined under an applied 4 V (DC). The PDMAEMA-b-
PVBBIMTf,N block copolymer and 10 wt% ionogel exhibited micro-actuation abilities
comparable to the literature and an in-house developed PVDF 40 wt% comparative control.
6.1. Introduction

lonic electroactive polymers (IEAPS) are a class of polymer-electrolyte materials that exhibit
a change in mechanical properties under an electrical potential stimulus. Their
electromechanical responsive behavior makes them excellent materials for soft robotics and
flexible electronics applications, such as low voltage actuators and electromechanical sensors. A
simple planar actuator may consist of an IEAP layer sandwiched between two electrode layers,
typically noble metals (e.g., Au, Pt), forming an ionic polymer-metal layered composite (IPMC).
The electromechanical behavior results from free cation migration and diffusion within the
polymer IEAP layer in response to an applied voltage in the electrodes, which in turn induces
localized swelling and bending stresses (Figure 6.1)% 3 4. This bending behavior depends on

important electrolyte layer design parameters such as ion conductivity, glass transition
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temperature, elastic modulus, and the plasticizing solvent. The most studied IPMC actuators are
composed from anionic Nafion™ or Flemion™ hydrogels, which exhibit high ion conductivity (>
102 S/cm) and excellent mechanical properties (ca. 100 MPa modulus) for millimeter-scale
actuation® 5°. However, their operation is limited to hydrated aqueous environments and low
voltages (<1V) to maintain high ion conductivity and avoid electrolysis of water®-2,
lonogel-based IEAPs, where the actuating polymer matrix layer is swelled with an ionic liquid
rather than water, are showing increasing interest in the ionic actuator community*! 3. In this case,
the bending motion is a result of both ionic liquid cations and anions migrating under the electric
potential (Figure 6.1). lonogels exhibit many of the favorable properties of ionic liquids including
high ion conductivity (10~ to 102 S/cm), wide electrochemical windows (up to 7V), and practical
nonvolatility at both high temperatures and low pressures. These properties make ionogels ideal
materials for IEAP systems compared to current hydrogel-based IPMC layers as they do not suffer
from water electrolysis limitations (~1 V) and the need to operate in aqueous environments.
Currently, the majority of ionogel actuators are composed of ionic liquid swelled in commercial
PVDF or Nafion polymers!#%, However, these polymers can suffer from IL leakage and

compatibility issues which limits application potential and operational life 1718,
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Figure 6.1 lonic actuators consist of a solid polyelectrolyte layer sandwiched between two
electrodes. The actuators exhibit a bending response under applied voltage as a result of free ion
migration and interfacial swelling. For ionogels, both the ionic liquid cation and anion contribute
to the actuation. Dry PIL actuators exhibit actuation behavior due to counterion mobility. Three
types of polyelectrolyte layers were tested for actuation: (left) PVDF ionogel control containing
40 wt% C4C1ImBF4; (middle) dry PIL homopolymer and block copolymer with the mobile Tf>N-
counterion; and (right) PIL-based ionogels with mobile imidazolium, BF4~ and Tf2N ions.

In recent years, polymerized ionic liquids (PILs) have been evaluated as new candidates for
the polymer matrix in actuator electrolyte layers to address these issues. PILs possess high
compatibility with ionic liquids, resulting in gels with minimal IL leakage even at higher weight
percentages and longer periods of operational stability8. They also are inherently conductive (~10-
7-10° S/cm) and have shown some limited micro-scale actuation in the dry state—without
hydration or swelling with ILs—through single-ion migration®® 29, lonogels formed from PIL
systems with higher ionic conductivities (10*-102 S/cm) are expected to display suitable actuation
on a millimeter scale, similar to their Nafion and PVDF counterparts. However, the use of PIL
polymers in electroactive actuators is still in its infancy, with only a few examples of actuators
developed involving dry*® 2%, hydrogel?, and ionogel?*? PILs.

The vast majority of PIL actuator systems consist of ABA triblock copolymer?>2 or penta-
block copolymer?® films. In these systems, a stiff, high-modulus block is copolymerized with the

PIL block to improve overall actuator mechanical properties while maintaining reasonable ionic
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conductivity with microphase separated conductive channels??-2°, However, these studies were
mainly limited to using styrenic polymer blocks. More investigation into non-styrenic PIL block
copolymer chemistries is needed to expand the field of PIL-based IEAPSs.

In the present effort, a novel PIL block copolymer and its corresponding homopolymer are
evaluated as both dry and ionogel IEAP actuator layers. Specifically, an all-polyelectrolyte
poly[(2-dimethyl amino)ethyl methacrylate)]-block-poly[4-vinyl-3-benzyl butyl imidazolium
bis(trifluoromethylsulfonyl)imide], synthesized through Cu(0) mediated ATRP methods in the
authors’ previous work?’, and its homopolymer were combined with the ionic liquid 1-butyl-3-
methyl-imidazolium tetrafluoroborate (C4C1ImBF,) at weight percentages between 0 and 40 wt%.
These PIL-based polymers and ionogels were characterized for important thermal, mechanical,
and electrochemical polymer actuator design parameters. FTIR spectroscopy was performed to
confirm successful formation of the ionogels and examine electrostatic interaction behavior of
TfoN-and BF4 anions with the imidazolium rings immobilized on the PIL polymer backbones and
free in the ionic liquid phase. Thermal stability and glass transition temperature were evaluated
with TGA and DSC, respectively. Addition of ionic liquid improved the stability of the
PDMAEMA block in the block copolymer ionogels and a decrease in glass transition temperature
was observed for all ionogel systems. EIS spectroscopy was utilized to measure room temperature
ion conductivity of the dry polymers and ionogels, revealing similar or improved conductivity
compared to other PIL-based actuator systems. PIL block copolymer and homopolymer
morphology and nanomechanical properties were determined with AFM and force curve analysis.
The novel PDMAEMA-b-PVBBIMTf.N block copolymer exhibited a PIL rich matrix-
PDMAEMA particle morphology with greater Young’s moduli compared to the porous

PVBBIMTf.N homopolymer. IEAP actuators were developed using gold foil electrodes and their
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actuation performance evaluated under an applied 4 V potential with comparison to a PVDF
ionogel control. Micro-scale actuators were successfully developed from dry PIL homo- and
block-copolymers and 10 wt% PDMAEMA-b-PVBBIMTf:N ionogel. The 10 wt% PVBBIMTf:N
has displayed interesting compression behavior under electrical stimulus.
6.2. Materials and Methods
6.2.1. Materials

1-butylimidazole, 4-chloromethylsytrene, and lithium bis(trifluoromethylsulfonyl)imide
(LiTf2N) were purchased from TCI America. Acetonitrile, dimethylsulfoxide (DMSO), and ethyl
acetate were purchased from VWR. Diethyl ether wase purchased from Beantown Chemical, and
N,N-dimethylformamide (DMF) was purchased from Alfa Aesar. N,N,N’,N”’,N”-Pentamethyl-
diethylenetriamine (PMDETA), methyl 2-bromopropionate (MBP), copper (1) bromide (CuBr>),
2-(dimethylamino) ethylmethacrylate (DMAEMA), tris(2-pyridylmethyl)amine (TPMA),
hydrochloric acid, alpha-bromophenylacetic acid (a-BPA), and 1-butyl-3-methylimidazolium
tetrafluoroborate (C4C1ImBF4) were purchased from Sigma Aldrich. Isopropanol, sulfuric acid,
hydrogen peroxide, and reagent alcohol were purchased from VWR Chemicals BDH. Gold leaf
sheets (24K, ~100 nm thickness) were purchased from L.A. Gold Leaf Wholesaler. All purchased

chemicals and materials were used as received.

6.2.2. Methods
6.2.2.1. Preparation of polymers and ionogels.

Both  the  poly[4-vinylbenzyl-3-butylimidazolium  bis(trifluoromethylsulfonyl)imide]
homopolymer (PVBBIMTf,N) and poly(2-(dimethylamino)ethyl methacrylate]-block-poly[4-

vinylbenzyl-3-butylimidazolium bis(trifluoromethylsulfonyl)imide] (PDMAEMA-b-
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PVBBIMTT;N) block copolymer were synthesized through a Cu(0)-mediated atom-transfer radical
polymerization (ATRP) as described previously?’. lonogels of PVBBIMTf,N and PDMAEMA-b-
PVBBIMTf.N were formed through solution blending with an appropriate weight percentage of
ionic liquid C4CilmBF4. As an example, the preparation of PVBBIMTf.,N with 40 wt%
C4C1IlmBFy4 is described here. PVBBIMTf,N (0.06 g) was added to 2 mL of DMF and was allowed
to dissolve fully overnight. Once dissolved, 0.04 g of C4C1ImBF4 was added to the solution and
gently shaken before allowing the solution to sit overnight. DMF was then evaporated in a vacuum
oven at 65-70 °C for several days until the formed gel showed no DMF signatures in an ATR-
FTIR spectra. Other PVBBIMTT,N ionogels with different weight percentages of ionic liquid and
ionogels from PDMAEMA-b-PVBBIMTf:N were prepared in a similar manner. A poly(vinylidene
fluoride) (PVDF) ionogel with 40 wt% IL was also prepared as a comparative control sample.
6.2.2.2. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR).

ATR-FTIR spectra of the polymers and ionogels were collected using a ThermoFisher
Scientific Nicolet iS50R spectrometer with an ATR diamond crystal accessory. Spectra were
collected with 4 cm resolution and a minimum of 256 scans over the 4000-400 cm™ spectral
range.
6.2.2.3. Thermal Characterization: Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA)

Differential scanning calorimetry (DSC) were performed for the polymers and ionogels on a
TA Instruments Discovery DSC 250. Approximately ~15 mg of sample was added and sealed in
DSC pans. In a typical DSC experiment, the sample was first cooled from room temperature to -

70 °C at a cooling rate of 10 °C/min and then held at isothermally at -70° C for two minutes. The
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sample was then heated to 150 °C at 10 °C/ minutes. Thermogravimetric analysis (TGA) was
performed on a TA instruments Discovery 5500 TGA system. Thermal ramps on ~ 5-10 mg of
sample were performed between 20 °C and 600 °C at a heating rate of 10 °C/ min. All thermal
transitions were analyzed from the heating curve using TA Instruments Trios software.
6.2.2.4. Electrical Impedance Spectroscopy (EIS)

lonic conductivity of the polymers and ionogels were determined through impedance
measurements. A VSP-300 BiolLogic potentiostat and a custom-made 2-electrode cell with
stainless steel electrodes was used to collect EIS data. Impedance was measured in a frequency
range of 7 MHz to 100 mHz. lon conductivity was calculated from the measured bulk resistance
(Rb) obtained from the Nyquist curve and polymer/gel cross-sectional area (A) and thickness (1)

from the following relation:

EQ6-l0 = —

RpA

All EIS measurements were taken at room temperature (~20 °C) and ambient humidity.

6.2.2.5. Nanomechanical Atomic Force Microscopy (AFM)

AFM was used to determine the nanomechanical properties of the polymers and ionogels.
Silicon wafers were first cleaned through sonication in reagent alcohol for 10 minutes followed by
UV-0zone treatment for 4 minutes (BioForce Nanociences UV/Ozone ProCleaner). The wafers
were then added to a piranha solution (70:30 H2SO4:H203) for 45 minutes to remove any remaining
organic material. The wafers were then removed from piranha solution and thoroughly rinsed with
and stored in Millipore filtered water before further use. The polymers and their ionogels were
dissolved in DMF and then drop-cast on the dried silicon wafers to form a thin film. DMF was

removed by evaporation in a vacuum oven at 75 °C.
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AFM measurements were performed with a Bruker Dimension Icon AFM using Peakforce
QNM (quantitative nanomechanical property), a type of tapping mode offered by Bruker that maps
several mechanical properties of probed samples, including modulus, dissipation, adhesion, and
deformation, by measuring force-distance curves at each point on the sample surface. In this case,
the Peakforce QNM mode was used to determine the reduced Young’s modulus, of the polymer

and ionogel films using the Derjaguin-Muller-Toporov (DMT) model?®: 2°:

(%(F—Fadh))
Vr(d-do)?®

where E”is the reduced Young’s modulus, F and Fagn are the applied tip and adhesion forces, d-do

EQ6-2 E* =

is the sample deformation, and r is the tip radius. The reduced modulus is then related to the sample

Young’s modulus, Es, by?®:

2 A1
EQ6-3E* = (1‘5—” + 1%”)
where Eiip is the Young’s modulus of the probe tip and vs and viip are the Poisson ratios for the
sample and probe tip, respectively. The Poisson ratio for each sample was assumed to be 0.5, which
is in accordance with similar PIL systems®°. The DMT model was selected over the Hertzian model
as all sample moduli were found to be < 1 GPa and the DMT model accounts for adhesive
interactions.3! Due to the various range of Young’s modulus observed, three Bruker probes with
different nominal spring constants (k) were used to collect data: MPP-12120 probe (k=5 N/m) for
the polymer (no IL added) samples, ScanAsyst - Air (k=0.4 N/m) for the 10-25 wt% ionogel
samples, and SNL-C (k=0.32 N/m) for sample the 40 wt% ionogel samples. An absolute
calibration method was employed to determine the probes’ specific tip sensitivity (on sapphire),

spring constant (on air), and tip radius (on titanium) before performing the Peakforce QNM study.
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A 15 x 15 um scan size was collected for each sample. The Young’s modulus for each sample was
determined from an average of at least 5 different spots within the DMT mapped image.
6.2.2.6. Preparation and Behavior of Ionic Electroactive Actuators

Poly(ionic liquids) polymer and corresponding ionogels were first formed into films through
compression molding at 90 °C and 35 kN. The films were then sandwiched between two sheets of
gold leaf and compression molded at 25 °C and 25 kN to ensure good contact. Actuation behavior
of the polymers and ionogels were video recorded and tested under an applied voltage for at least
60 seconds using a DC power supply (Yescom DCP3010D). Initially, applied DC voltages of 1-3
V were attempted, but actuation only became visible on the camera system at 4 V. Actuator tip
displacements were measured from the video using the motion-tracking software Tracker 6.0.10
(Open Source Physics, https://physlets.org/tracker/).

Similar to the work of Margaretta et al., a conductive nanocomposite (CNC) layer was not
included in actuator development?®. Adding the CNC layer typically involves repeatedly dipping
the ionogel film into an aqueous solution of poly(allyl amine) hydrochloride and gold nanoparticles
through a layer-by-layer assembly process. To avoid trace water in the polymers (particularly the
hydrophilic PDMAEMA block), leaching of the water miscible C4C1iImBF4 ionic liquid, or
degradation of the hydrolysis prone BF4 anion, the CNC layer was not added prior to applying the
gold leaf electrodes. Initially, it was attempted to develop actuator films from the ionogels by first
compression molding the ionogels into films and then applying gold leaf to those films. However,
the ionogels for both the homopolymer and block copolymer with greater than 10 wt% IL would
not maintain a film shape long enough to apply the gold leaf, instead reverting into a ball shape
after a few seconds (Figure E.19). This behavior was attributed to a combination of low modulus

and the adhesive nature of the PIL-based ionogels. 10 wt% gels were easier to handle, but they
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exhibited significant adherence to the Teflon sheeting used in the compression molding process
which led to deformed film shapes. This adhesive behavior for the 10 wt% IL and 25 wt%
PDMAEMA-b-PVBBIMTf;N ionogels may be observed in the processing videos in the
supplemental information (see Video S1-S2) and the measured low modulus values are discussed
later on in this work.
6.3. Results and Discussion
6.3.1. Synthesis and chemical characterization of PIL-based polymer and ionogel electrolytes
In this work, a series of PIL-based homopolymer and block copolymer ionogels were
developed to form the solid polymer electrolyte layer for the ionic actuators. The PIL-based solid
polyelectrolyte layers were formed from the homopolymer PIL poly[4-vinylbenzyl-3-butyl
imidazolium bis(trifluoromethylsulfonyl)imide] (PVBBImMTf.N) and its block copolymer with
poly[2-(dimethylamino) ethyl methacrylate] (PDMAEMA-b-PVBBIMTT;N) (Figure 6.2). These
polymers were synthesized through Cu(0)-mediated atom transfer radical polymerization (ATRP),
as described previously?’. Table 6.1 summarizes the degree of polymerization and molecular
weight of the synthesized PIL-based polymers.
Table 6.1 Cu(0) ATRP polymer characterization results including conversion, degree of

polymerization (DP), number average molecular weight (Mn), and polydispersity (PDI)
determined from the authors’ previous work Foley et al. %’

Polymer Conversion,y DP"  Mn™  DPNVMR  MNMR [g/mol]  MnSPC [g/mol]  PDI
PDMAEMA MI 70% 35 5,531 45 7,074 9,323 141
PDMAEMA-b- 0

PVBBIMTH,N 67% 67 42,011 67 42,014 N/A N/A
PVBBIMTf,;N 76% 228 118,788 228 N/A N/A N/A

(a) Conversion determined by NMR; (b) degree of polymerization of the PIL unit ; (c) theoretically
determined based on [M]:[1] concentrations
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Figure 6.2 Chemical structures for the PIL homopolymer PVBBIMTf,N, PIL block copolymer
PDMAEMA-b-PVBBIMTT:N, and the ionic liquid C4C1ImBF..

PVBBIMTf.N and PDMAEMA-b-PVBBIMTT.N were then combined with the ionic liquid 1-
butyl-3-methylimidazolium tetrafluoroborate (C4C1ImBF4) through solution blending to form the
ionogels. C4C1ImBF4 was selected as this ionic liquid has a low melting point (-71 °C), a wide
electrochemical window (4.6-6 V), and good ionic conductivity (1.7x10-® S/cm) 32-34, lonogels
were prepared with weight percentages between 10 and 40 wt% C4C1ImBF..

ATR-FTIR characterization was performed to confirm the incorporation of the IL into
PVBBIMTf,N and PDMAEMA-b-PVBBIMTf:N and observe changes in electrostatic bonding in
the ionogels. Figure 6.3a shows the ATR-FTIR spectra for the dry polymers and their ionogels at
>2200 cm* wavenumbers. In this region, the imidazolium ring str modes (3150-3000 cmt) 35 36,
polymer and alkyl chain methyl and methylene C-H str (2965-2875 cm™) ¥, and the typical
polymer backbone symmetrical methylene C-H str 2850 cm™ are clearly observed®”. Below 1900
cmt (Figure 6.3b), the imidazolium ring C=C/C=N str modes are observed at ~1570 cm 336 and

a set of bands attributed to the free IL imidazolium ring bending modes emerge at ~ 850 cm™* and
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~ 755 cm %6 3 in the ionogels. The presence of both the Tf2N- and BF4 anions are also noted in
the ionogels. Specifically, the BF4 anion modes are observed as a set of three intense peaks at
~1050 cm?, 1035 cm™, and 1019 cm, which overlaps with the 1050cm-* (C-S str) Tf.N- anion
peak. These peaks are slightly higher and display a different band shape from the pure IL BF4
modes at 1045, 1033, and 1016 cm™, but they correspond well with the literature3® 3, While the
triplet peaks for BF4 are sensitive to cation-anion interactions and may show corresponding
changes in splitting and band shape®, it is unclear if the band shape change observed in the
ionogels is a result of IR overlap with the Tf2N- modes or a change in electrostatic interactions.
The Tf,N- anion also displays a series of intense bands related to the S=O str modes (~1346 cm,
~1330 cm?, ~1178 cm™), SNS bending (~612 cm™) and CF3 bending (=569 cm?) in the ~1400-
500 cm! region3> 36.40. 41 Some of the Tf.N- modes, particularly the S=O str modes, are slightly
upshifted in the ionogels compared to the dry PIL polymers, suggesting a change in the
electrostatic interactions of the Tf2N"anion. Overall, the combined observation of both PIL and IL
bands in the ionogel samples indicate that the IL was successfully blended into the PIL homo- and

block- copolymers.
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Figure 6.3 ATR-FTIR spectra for PVBBIMTf,N, PDMAEMA-b-PVBBIMT:N, C4C1ImBF4 IL
and the ionogels in the IR regions (a) >2200 cm™ and (b) <1900 cm™. (c) shows the imidazolium
ring C»-H and Css-H str region marked by the dotted box in (a). The dotted box in (b) indicates
the imidazolium ring C=C/C=N str and is shown expanded in (d). Dotted lines in (b) mark the
imidazolium bending modes at ~ 850 and ~755 cm. The solid box in (b) marks the BF4- triplet
modes.

A closer look at the imidazolium ring C»-H/Css-H str and C=C/C=N str modes reveals
interesting shifts and peak overlap upon addition of the ionic liquid. It is well known that the
imidazolium ring IR modes are sensitive to cation-anion interactions and may display different

wavenumbers depending on the anion type and strength of interaction®® %4142 Figure 6.3¢ shows

the 3150-3000 cm! region where the imidazolium ring C»-H and Cas-H str modes present with
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the Cas-H str typically attributed to one peak at higher wavenumbers and the C2-H str mode to
several peaks at lower wavenumbers®® 42, In both the dry homo- and block copolymer, the
imidazolium ring C2-H and Cas-H str modes are shown through three distinct peaks located at
3147 cm?, 3113 cmt, and 3090 cm'! as reported previously?’. In contrast, the pure C4C1lmBF4 1L
displays two distinct peaks at 3162 and 3120 cmand a shoulder at 3104 cm™*.The ionogels show
intermediate wavenumbers for the imidazolium ring C-H stretching modes at ~3155 cm™ (C45-H
str), 3117 cm (Cz-H str), and 3090 cm™ (C-H str) where the ~3090 cm™ peak becomes less
distinct with increasing IL weight percentage.

Similar behavior is also observed for the imidazolium ring C=C/C=N stretch modes below
1900 cm! (Figure 6.3d). A single peak at ~1562 cm™ in PVBBIMTf,N and PDMAEMA-b-
PVBBIMTf:N is observed. Upon addition of ionic liquid, this peak increases in wavenumber with
increasing IL content to ~1566 cm™ in the 40 wt% ionogels. A shoulder at ~1575 cm™ also emerges
and increases in intensity with increasing IL content. At higher IL weight percentages, the spectra
more closely resemble the spectra for the pure C4C1ImBF4 IL, with a doublet at 1575 and 1569
cm and a possible shoulder noted at 1561 cm™. The intermediate peak shifts observed for the
imidazolium ring C>-H/Css-H str and C=C/C=N str modes in the ionogel indicates that the
electrostatic environment of the imidazolium ring is different from the dry PIL polymers and the
pure C4C1ImBF4 IL, suggesting that the BF4 and Tf2N-anions likely interact with both the pendant
imidazolium ring on the polymer and with the free imidazolium ring to some extent. This is further
corroborated by the shifts in the Tf2N- and BF4 modes observed above. Also, the extent of these

interaction shifts is observed to be dependent on the amount of ionic liquid added.
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6.3.2. Thermal Analysis of PIL Polymers and Ionogels

Characterization of the thermal properties of solid polymer electrolytes is important to inform
electrolyte design as it provides insight into polymer chain dynamics and plasticization effects
resulting in increased ion conductivity, and it also informs the thermal operating range of the
polymer and ionogel based actuators®® 43, The thermal properties of the PIL-based polymers and
ionogels were analyzed through TGA and DSC. Table 6.2 summarizes the glass transition
temperatures (Tg), decomposition temperatures, and other thermal transitions for the polymers and
ionogels.
Table 6.2 Thermal properties of the PVBBImTf.N and PDMAEMA-b-PVBBIMTf,N and their

ionogels. Glass transition temperatures, T4, were determined from the second DSC heating curve,
and decomposition temperatures, Tq, were determined by TGA.

wt%
° 1st go Wt% 2nd o
Type Sample T (CO) Tonset *' (°C) Tonset™™ (°C) loss
loss 1st ond
Polymer PVBBIMTf,N ov 3797,3379  88.40% - --
PDMAEMA-b-PVBBIMTHN 5b 1345 2187 2029 8.10% 383 73.80%
PDMAEMA 62 229¢1 2249 51.20% 394 31%
lonogels PVBBIMTH,N 10 wi% IL 255 10° 3377, 338°  37.30% 435 45.40%
_A0b0 -
PVBBIMTEN 25 wi% IL 14’2‘;9 T 33703310 25.00% 430 65.60%
_5ob _
PVBBIMTEN 40 wi% IL 9 2532 T 33213269 22.00% 414 70.40%
%XAEMA'b'PVBB'mszN 10 31 257 16.33% 390 73.78%
%XAEMA'b'PVBB'mszN 25 ND 2770 29.20% 425 60.50%
%XAEMA'b'PVBB'mszN 40 ND 3220 26.30% 424 62.10%
lonic Liquid __C4C.ImBF, ND 423 99.80% = =
Literature PVBBIMTH,N 44 3
PVEBIMTE,N 224 29 343-345
PVHBIMTEN % 345
PVBBIMBF, 78 315 437
PDMAEMA .47 19 290 400
PDMAEMA HCI H,0% or
g 230 300
C4C1ImBF4 49,50 360-437

a) uncertain thermal transition; b) Ty midpoint analysis; ¢) peak minimum; ND) not determined; €) Small previous
decomposition at 38 °C (11.10 wt%) attributed to water loss; f) onset determined by TGA; g) onset determined by
DTG
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The TGA and DTG traces for the PVBBIMTf,N polymer and its ionogels are shown in Figure
6.4a and Figure 6.4b. The dry PVBBIMTf,N homopolymer shows high stability with a single-step
decomposition in the TGA trace with an onset temperature of ~379 °C (~337 °C by DTG), which
is consistent with other alkyl benzyl imidazolium based PILs?% 45, The corresponding DTG trace
for PVBBIMTf,2N suggests four ranges of decomposition starting at 337 °C, 408 °C, 425 °C, and
470 °C. The decomposition method for alkyl benzyl imidazolium based PILs with fluorinated
anions is believed to follow first decomposition of the styrenic backbone followed by degradation
of the ionic liquid group®. The first DTG decomposition onset at 337 °C is slightly higher though
in reasonable agreement with the decomposition onset for polystyrene at ~330 °C 2552, The second
DTG degradation onset beginning at 408 °C is attributed to the start of the ionic liquid group
thermal decomposition and is consistent with the onset decomposition for the C4C1ImTf,N ionic
liquid®3%5, C4C1ImTH2N is believed to decompose mainly through degradation of the Tf2N anion
and SO gas release® %6,

Addition of the ionic liquid to PVBBIMTT:N, resulted in two decompositions steps in the TGA
traces. The first decomposition onset temperature ranged between 337-332 °C (338-326 °C by
DTG) and the second decomposition between 414-435 °C for different IL weight percentages. The
first decomposition step in the ionogels is lower than that observed in the dry PVBBIMTf:N
polymer and in closer agreement with the ~330 °C polystyrene degradation onset temperature,
while the second decomposition step moves to higher temperatures.

This latter step likely combines contributions from both the pendant imidazolium Tf,N group
and the free C4C1ImBF4 ionic liquid as the onset temperatures match well with those reported for
the C4C1ImBF4 and C4C1ImTH2N ionic liquids®®. This suggests a possible cleavage of the IL group

from the styrenic backbone, forming polystyrene and free 1L657, Comparison of the DTG traces
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for the dry PVBBIMTTf,N polymer and its ionogel show an increasing separation of the styrenic
backbone and IL group decomposition peaks with increasing C4CiImBF4 weight percentage,
which possibly supports the loss of the immobilized imidazolium ring into the free IL phase. The
pure C4C1ImBF; IL exhibits only one decomposition step with an onset temperature of 423 °C.

TGA and DTG traces for the PDMAEMA-b-PVBBIMTT.N polymer and its ionogels are shown
in Figure 6.4c and Figure 6.4d. The dry PDMAEMA-b-PVBBIMTf,N block copolymer shows two
main decomposition steps at 218 °C and 383 °C proceeded by a small initial decomposition
attributed to absorbed water loss below 100 °C (~2 wt%). The first decomposition step is
comparable with the 1t decomposition step for PDMAEMA which is typically attributed to loss
of the pendant amine group*®#’. The second decomposition is likely a combination of the
PDMAEMA backbone and the PIL group thermal decomposition as described above. This is
supported through comparison of the DTG trace for PVBBIMTf,N and PDMAEMA-b-
PVBBIMTf:N, which indicates a similar decomposition step for the PIL group with an additional
peak at ~414 °C likely related to the PDMAEMA backbone decomposition.

Adding ionic liquid to the block copolymer resulted in a 39 to 93 °C increase in the onset
temperature of the 1%t decomposition step. This is likely a result of the PDMAEMA block
associating with the ionic liquid. The thermal stability of the PDMAEMA block has been
previously found to increase when complexed with fluorinated anions such as BF4~ and Tf,N6,
The second decomposition step also increased from 383 °C to ~425 °C, as seen above for the
PVBBIMTf,N ionogels. The corresponding DTG traces for the PDMAEMA-b-PVBBIMTfN
ionogels show a more complex overlapping of decomposition peaks from the PDMAEMA
backbone, polystyrene backbone, PIL group, and free ionic liquid. However, the larger

decomposition peak associated with the ionic liquid group decomposition appears at ~445 °C in
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both the PVBBIMTf;N and PDMAEMA-b-PVBBIMTf,N ionogels, suggesting a similar
mechanism of decomposition for the PIL group in the block copolymer as was observed for the
homopolymer PIL. Overall, the PVBBIMTf.N and its ionogels were found to have excellent
thermal stability up to ~ 330 °C, though addition of the C4C1ImBF4 ionic liquid possibly leads to
loss of the immobilized imidazolium ring to the free ionic liquid phase and degradation of the
styrenic backbone at earlier temperatures. The addition of the ionic liquid improves the overall
thermal stability of the PDMAEMA-b-PVBBIMTf,N ionogels, increasing the initial onset

temperature by ~60 to 100 °C at 25 and 40 wt% ionic liquid.
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Figure 6.4 TGA and their corresponding DTG traces for the (a and b) PVBBIMTf2N and (c and
d) PDMAEMA-b-PVBBIMTT,N polymers and ionogels. The dotted lines in (b and d) correspond
to the PDMAEMA pendent group (blue), polystyrene backbone (red), and imidazolium Tf2N/BF4
IL group (black) decomposition peaks.

The DSC profiles for the PVBBIMTf,N and PDMAEMA-b-PVBBIMTf,N dry polymers are
shown as the black trace in Figure 6.5a and Figure 6.5b, respectively. The Tg for the dry
PVBBIMTf.N was ~ 0 °C which corresponds well to the 3 °C T4 obtained by Tang et al. for an
ATRP synthesized PVBBIMTf,N polymer*. The PDMAEMA-b-PVBBIMTf;N block copolymer

displayed two glass transition temperatures with a stronger Tq at ~ -5 °C and a weaker Ty at ~134
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°C. The former is attributed to the PIL block, which was likely plasticized by the PDMAEMA
block as the macroinitiator DSC trace shows a weak thermal transition at ~ -6 °C. The latter Tq for
the block copolymer has a value similar to a small T4 observed at ~136 ° C in the PDMAEMA
macroinitiator trace. It is likely that this smaller Tq in the block copolymer is related to a smaller
portion of protonated PDMAEMA associated with either HCI or sulfate residue from the
PDMAEMA synthesis and purification. The glass transition temperature of PDMAEMA has been
found to be dependent on associated anions and can vary significantly from 20 to 160° C as
observed by Hunley et al. for PDMAEMA protonated and complexed with various acids?*,
Figure 6.5a shows the DSC traces for the PVBBIMTf;N polymer and its corresponding
ionogels. The PVBBIMTf,N-based ionogel showed a decrease in Tq upon addition of ~ 10 wt% IL
to -25 °C as a result of plasticization from the IL. A possibly weak glass transition temperature at
~-10° C is also observed (Figure E.6). At 25 and 40 wt% IL, the PVBBIMTT2N ionogels showed
more clearly two thermal transitions (see supporting Figure E.3-Figure E.4 for expanded
visualization). The small higher temperature transition appears to be a weak glass transition
temperature with relaxation effects and is located at ~14 °C (25 wt% IL) and ~9 °C (40 wt% IL).
This may be associated with regions of partial ion exchange of Tf,N- with BF4 on the polymer
chains as PVBBIMBF4 has been reported to have much higher Ty values of ~80-85 °C 4+ %8, It is
unclear if the lower temperature transition is a glass transition with relaxation or a melting peak.
The pure ionic liquid C4C1ImBF4 has been reported to have a thermal transition at ca. -85 °C with
a similarly shaped trace with some controversy as to its transition type and exact temperature as
well4% 555962 Glass transition temperature midpoint analysis of the peaks yields glass transition
temperatures of -40 °C (25 wt% IL) and -52 °C (40 wt% IL) while the temperature of the peak

minimums was at -23 °C for both IL weight percentages. In either case, the lower thermal
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transitions compared to the dry PVBBIMTf.N and 10 wt% PVBBIMTf,N ionogel indicate further
plasticization of the ionogels with increasing ionic liquid content. The PDMAEMA-b-
PVBBIMTf.N 10 wt% ionogel showed a decrease in glass transition temperature to -31 °C,
indicating plasticization of the block copolymer on ionic liquid addition. Interestingly, no thermal
transitions were observed for the PDMAEMA-b-PVBBIMTf,N based ionogels at 25 and 40 wt%
IL content and showed a similar trace to the pure C4C1ImBF4 ionic liquid (Figure 6.5b). As the
melting point and glass transition temperature for the ionic liquid has been generally reported to
range between -70 °C and -90 °C*:5% 60 it is expected that the block copolymer with higher ionic
liquid contents was also plasticized with a thermal transition outside the temperature range of the

DSC instrumentation.
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Figure 6.5 DSC traces (exo up) for (a) the PVBBIMTf;N-ionogels and (b) PDMAEMA-b-
PVBBIMTf.N- ionogels. Arrows mark the glass transition temperatures, Tg. Supplemental Figures
S1-S3 show the expanded views of the regions marked by the dotted boxes.
6.3.3. Ion Conductivity

lonic material performance for electrochemical applications is highly dependent on the ionic

conductivity of the electrolyte layer. In ionic-based electromechanical systems, the actuation
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motion is dependent on the mobility of free ions in the electrolyte layer and the subsequent swelling
behavior at the polymer-electrode interface® . lonic actuators based on commercially available
Nafion and PVDF hydrogels and ionogels generally have ion conductivities in the 10 to 102 S/cm
range and are considered the benchmark of comparison for many ionic actuator-based systems*
15, 63, 64.

Table 6.3 shows the resulting ion conductivity, o, from electrical impedance measurements for
each polymer and their ionogel as well as several literature comparisons to other PIL ionic actuator
systems. Both the dry PVBBIMTf2N and PDMAEMA-b-PVBBIMTf:N polymers had room
temperature ion conductivities on the order of 107 S/cm, which is representative for many dry PIL
polymers and copolymers systems that typically range between 10-1° to 10> S/cm depending on
ionic composition and morphology. 5-¢° While the midrange ~10-7 S/cm is too low for millimeter-
scale actuation, several PIL systems have achieved micrometer-scale actuation with ion
conductivities in the range of 10 to 108 S/cm) 20, These results suggest that the PDMAEMA-
b-PVBBIMTT.N block copolymer and PVBBImMTf.N have ion conductivities adequate for at least

micro-actuation behavior without any added ionic liquid.
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Table 6.3 Ion conductivities, 6 (S/cm), and Young’s Modulus, E (MPa) for the PVBBImTf2N and PDMAEMA-b-PVBBIMTf:N
polymers and ionogels and similar PIL block copolymer and crosslinked literature examples.

Type Sample o (S/em) E (MPa)° Ref.
Polymer PVBBIMTf;N 4.4 X107 (£ 7.2x10°),~20°C 46.5 (£ 1.2) This work
PDMAEMA-b-PVBBIMTf,N 7.9 x107 (+ 4.8 x10%), ~20 °C 209.4 (+ 4.8)%, This work
295.0 (+ 18.4)°
PDMAEMA ND 214.2 (+ 39.8) This work
lonogel PVBBIMT,N 10 wt% IL 3.5 x10° (+ 2.4 x10®), ~20 °C 132.8 (+4.6) This work
PVBBIMT,N 25 wt% IL 2.7x10%° (£ 5.6 x 107), ~20 °C 10.9 (x0.3) This work
PVBBIMTf,N 40 wt% IL 8.0 x10* (¢ 3.2 x10°%), ~20 °C 1.3 (x0.02) This work
PDMAEMA-b-PVBBIMTf;N 10 wt% 3.4 x10° (+8.2x10%),~20°C 148.2 (+11.1)% This work
375.6 (+90.0)°
PDMAEMA-b-PVBBIMTf,N 25 wt% 9.5 x10° (¢ 4.7 x107), ~20 °C 12.3 (x0.8)3, 435 This work
(#5.0)
PDMAEMA-b-PVBBIMT,N 40 wt% 2.3x10* (+ 1.9 x109), ~20 °C 1.0 (0.2, 9.4 This work
(£0.6)°
PVDF 40 wt% IL 2.3x10% (+ 1.3 x107), ~20 °C ~100¢ This work
lonic Liquid IL: C4C1ImBF, 1.7 x 103, ~20 °C -- Palm et al.
20123
Literature
Polymer Poly(Sty-b-PVBEIMTf,N-b-Sty) ~2x107, ~40 °C ~100¢ (45 °C) Green et al.
~1000¢ (20 °C) 201222
Poly(Styss-b-(PVBMIMTf,N)go-b-Styss) ~101,~20°C ~500¢ Jangu et al.
201424
Poly(Sty-b[PVBMIMTf;Ns-co-DEGMEMA4g]- ~101,~20°C ~1000° Jangu et al.
b-Sty) 2015%
Poly(CsCilm-MA)(Tf.N-) 1060 107, ~25 °C ~0.17-0.28f Kokubo et al.
2018%
Poly(TfaN-MA)(Nozz2) 10-6 to 10-7, ~25 °C ~0.15-0.21f Kokubo et al.
2018%
lonogel Poly(Sty-b-PVBEIMTf;N-b-Sty) + 20 wt% 3.0 x10%, ~20 °C Green et al.

C2C1ImTTO 201222
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Table 6.3 Cont.

Type Sample o (S/em) E (MPa)° Ref.
lonogel Poly(Sty-b-PVBEIMTf,N-b-Sty) + 40 wt% 9.0 x10%, ~20 °C Green et al.
C.CiImTfO 201222
Poly(Sty-b-AA(MIm)-b-Sty) + 30 wt% ~104,~80 °C ~200-300¢ Margaretta et
C,CiImTfO al. 2016%°
Poly(t-butyl Sty-b-Sty-b-isoprene-b-t-butyl Sty) 400¢ Gao (2012) %
Sulfonated Imidazolium cation
Nafion hydrogel 1.1x10%, ~30 °C 120 Akle etal. ™
PVDF-C,C:ImBF4 (PVDF/IL 3:1) 8 x10*, 20 °C 4478 Guo 2019*°

(a) Young’s modulus of the PDMAEMA-b-PVBBIMTf:N matrix, (b) Young’s modulus of the PDMAEMA-b-PVBBIMTf,N stiff
spheres, (¢) Young’s modulus determined by AFM DMT fitting, (d) estimated modulus based on the neat PVDF 1.19 GPa from the
technical sheet and the 90% decrease in modulus observed by Correia et al. for PVDF with 40 wt% IL*3, (e) Storage modulus determined
by dynamic mechanical analysis, (f) Young’s modulus determined by tensile testing, (g) Young’s modulus determined by

nanoindentation.



In the ionogel systems, the ionic conductivity was found to significantly increase with even
small amounts of ionic liquid content. In particular, the ionic conductivity increased by an order
of magnitude upon the addition of only 10 wt% (~10® S/cm) ionic liquid with further increases in
ion conductivity for 25 wt% (~10° S/cm) and 40 wt% (~10* S/cm) for the PVBBIMTf;N based
ionogels. PDMAEMA-b-PVBBIMTf,N-based ionogels also had similar ion conductivities,
increasing from 3.4x10% S/cm (10 wt%) to 8 x10* S/cm (40 wt%). The ion conductivity increase
corresponds well with the decrease in glass transition temperature observed for the ionogels with
increasing IL content as expected from increased plasticization. These room temperature
conductivities are comparable or even better than several PIL ionic actuator systems at similar 1L
weight percentages. For instance, Green et al. produced several styrenic based PIL block
copolymers with room temperature ion conductivities of 10-° and 10 S/cm at 20 wt% IL and 40
wt% IL, respectively??. The anionic styrenic based PIL block copolymer ionogel produced by
Margaretta et al. had an ion conductivity of 10 S/cm at 80 °C with 30 wt% IL?5. The ion
conductivity is also comparable to several PVDF-ionogels with ion conductivities on the order of
10 to 10 S/cm that exhibited actuation displacements between 1 and 6 mm?* 5, Overall, both
the PIL homopolymer and block copolymer ionogels were found to have good conductivities for
actuation performance.

6.3.4. Morphology and Nanomechanical Properties

Mechanical properties and morphology of the polyelectrolyte layer can also play an important
role in the actuator performance. In particular, micro-phase separation may lead to an enhancement
in ion conductivity depending on morphology type, as has been seen in PIL styrenic block
copolymers 23 25 71 and Nafion™ actuators’?. Favorable mechanical properties are required to

provide solid matrix that can maintain its shape while still providing enough flexibility for bending
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motion. The mechanical benchmark for comparison for ionic actuator performance is typically
commercially available Nafion hydrogels or PVDF ionogels, which generally has been cited to
have a modulus between ~50-500 MPa depending on hydration or IL weight percent?3: 15 22, 73-75,
Therefore, a nanomechanical AFM analysis was performed for the dry polymers and ionogels as
films on silicon wafers to evaluate the morphology and mechanical properties of the polymers and
ionogels. Figure 6.6 shows AFM images mapping height and Young’s modulus (based on DMT
model fittings) for the PVBBIMTf.N (Figure 6.6a and b) and PDMAEMA-b-PVBBIMTf:N
(Figure 6.6¢ and d) dry polymers. Similar AMF images for the ionogels are included in the
supplemental information Figure E.7-Figure E.8.

The film from the dry PVBBImTf>N homopolymer displayed a homogenous morphology with
divots or depressions in the matrix that had an average diameter of ~2.5 pm. The PDMAEMA-b-
PVBBIMTfN block copolymer also contained these depressions with reduced diameters (~0.31
+0.05 pm). Additionally, an irregular raised spherical morphology was also observed in the block
copolymer film with an average size of ~0.14 = 0.04 um. These spheres are likely composed of
primarily PDMAEMA within a porous PIL-rich matrix as similarly observed in the authors’
previous work?’. While the ion conductivity of the PDMAEMA-b-PVBBIMTf,N block copolymer
(6 =7.9x107" S/cm at 20 °C) was slightly higher than the PVBBIMTf,N homopolymer (c = 4.4 x
1077 S/cm), an order of magnitude enhancement in ion conductivity was not observed as has been
seen in several other PIL block copolymer systems? 25 7176 Usually, block copolymers with
lamellae or cylinders oriented perpendicular to the electrode and bicontinuous morphologies are
required for ion conducting channel formation and enhanced ion conductivity’®. In this case, an

ion conductivity on the same order of magnitude as the homopolymer would be expected for a
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block copolymer with morphology consisting of a PIL-rich matrix and spheres rich in the non-PIL
block.

Changes in morphology for both the PVBBIMTf2N homopolymer and PDMAEMA-b-
PVBBImMTT.N block copolymer with ionic liquid addition can be observed in the height and DMT
traces in Figures S7 and S8. While the 10 wt% and 25 wt% PVBBIMTf2N ionogels still exhibit a
matrix with depressions, the ionogel with 40 wt% resulted in a disordered film with possible phase
separation or phase inversion as seen by the lighter network-like phase in the height and DMT
modulus traces and small particles with higher moduli (Figure E.7 g,h). The 10 wt% and 25 wt%
PVBBIMTf:N ionogels also showed some interesting additional phases. The PVBBIMTf:N 10
wt% ionogel (Figure S7 c,d), similarly had small particles with diameters primarily between 100-
200 nm, mostly residing in the depressions. The PVBBIMTf2N 25 wt% ionogel (Figure E.7 e,f)
appeared to contain shallower depressions with a gradient of stiffer moduli (~19-25 MPa). This
suggests that, at least at the depression locations if not the full film, the internal modulus of the
film is greater than the surface of the main matrix, possibly indicating a gradient of ionic liquid
concentrations within the film.

PDMAEMA-b-PVBBIMTf:N ionogels were also composed of a PIL-rich matrix and
PDMAEMA spheres for 25wt % IL (Figure E.8 e,f) and 40 wt% IL (Figure E.8 g,h) content with
more irregularity of the spheres in the 40 wt% ionogel. This possibly indicates an upper limit for
IL addition in the PVBBIMTf,N homopolymer. Interestingly, the size of the spheres seem to
increase with increasing ionic liquid content, with sphere diameters of 0.38 pm (£0.09 pm) and
1.02 um (£ 0.15 um) at 25 wt% (Figure E.8 e,f) and 40 wt% IL (Figure E.8 g,h), respectively. This
would suggest either a change in compatibility between the two polymer blocks with IL addition

or the PDMAEMA blocks are swelling with IL. It is noted that the 10 wt% ionogel presented with
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an irregular particle morphology, possibly due to the greater thickness of the film compared to the
other samples (Figure E.8 c¢,d) Additional, AFM-IR studies would provide further insight to the
particle morphology and corresponding chemical composition.

Table 6.3 includes the Young’s modulus, E, for the matrix of the dry polymers and ionogels.
The modulus of the PVBBIMTf:N film without ionic liquid was found to be ~47 MPa and was
consistent throughout the film (Figure 6.6b). Alternatively, the dry PDMAEMA-b-PVBBIMTf;N
block copolymer had two different modulus values for the matrix (~209 MPa) and for the raised
spheres (~295 MPa) as seen by the lighter spheres in the surrounding darker matrix of the
PDMAEMA-b-PVBBIMTf:N DMT Modulus map (Figure 6.6d DMT). For comparison, the
macroinitiator PDMAEMA homopolymer had a modulus of ~214 MPa. In the authors’ previous
work, AFM-IR analysis revealed homogenous regions in PDMAEMA-b-PVBBIMTf,N block
copolymer films containing IR contributions from both the PIL and PDMAEMA blocks?’. This
information combined with the almost 4.5 times greater modulus of the PDMAEMA-b-
PVBBIMTf.N matrix compared to the PVBBImTf.N homopolymer suggests the block copolymer
matrix contains a blend of the two polymer blocks.

Overall, incorporating ionic liquid into the polymers results in a significant reduction of
Young’s modulus for both systems with increasing ionic liquid content. As the major phase in the
polymers, the matrix Young’s modulus values for both PVBBImT{2N and PDMAEMA-b-
PVBBIMTf:N ionogels are shown in Figure 6.6e as a function of ionic liquid content, although the
moduli for each observed phase as a function of ionic liquid content are also provided in
supplemental Figure E.9. PVBBIMTf;N-based ionogels fall from ~47 MPa at 0 wt% IL to ~11
MPa (25 wt% IL), and ~1.3 MPa (40 wt% IL). Interestingly, the PVBBIMTf;N 10 wt% ionogel

showed the highest Young’s modulus at ~ 133 MPa. As DSC measurements indicated a decrease
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in glass transition temperature for the 10 wt% ionogel compared to the dry PVBBImTf2N polymer,
a lower Young’s modulus would have been expected. However, the higher modulus may be a
result of another factor such as the solvent-casting method in preparing the films or the modulus
of the film surface may also be different from the bulk of the ionogel.

The matrix of the block copolymer ionogels had matrix modulus values at of ~148 MPa (10
wt% IL), 12.3 MPa (25 wt% IL), and 1.0 MPa (40 wt% IL) while the corresponding
spheres/particle morphology had modulus values of ~ 376 MPa (10 wt% IL), ~44 MPa (25 wt%
IL), and ~9 MPa (40 wt% IL). The decrease in modulus for the sphere/particle morphology
suggests that the PDMAEMA spheres help reinforce the overall PDMAEMA-b-PVBBIMTf:N
matrix but were also plasticized with increasing ionic liquid content.

While the dry PIL-based polymers and 10 wt% ionogels have Young’s modulus values
significantly lower than the 500-1000 MPa reported for several styrenic based PIL ABA triblock
copolymer actuator systems?2-24, the block copolymer and its 10 wt% ionogel have moduli that
does fall within or near the range of the reported Nafion™ actuator modulus values (50-500 MPa)
7375, Further, the PDMAEMA-b-PVBBIMTf,N block copolymer’s matrix modulus of 209 MPa is
also comparable to the modulus for a styrenic anionic PIL ABA triblock copolymer actuator film
containing 30 wt% ionic liquid developed by Margaretta et al. 2°. Conversely, with the exception
of the 10 wt% ionogel (~148 MPa PDMAEMA-b-PVBBIMTf;N and ~133 MPa PVBBIMTT2N),
the modulus values for the other ionogels are likely too low for favorable actuation behavior.
However, they are higher than the ~0.15-0.30 MPa Young’s modulus reported by Kokubo et al.
for micro-actuating crosslinked PIL films composed of either an imidazolium based PIL or a Tf2N-

based anionic PIL with methacrylate backbones?.
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Figure 6.6 AFM images (15 um x 15pm) for the PVBBImT{2N and PDMAEMA-b-PVBBIMTf:N
dry polymers including the (a and c) height trace and their corresponding Young’s modulus map
based on a DMT fitting (b and d) are shown. Similar AFM images for the ionogels are provided in
the supplemental information (Figures S7-S8). (e) Average Young’s moduli (collected at 5
different locations) as a function of ionic liquid weight percentage for the PVBBIMTf2N and
PDMAEMA-b-PVBBIMTf ;N matrix. Additional AFM scans for adhesion, dissipation,
deformation, and peak force error are included in Figures S11-S18.
6.3.5. Actuation Behavior

The dry polymers and their 10 wt% ionogels were found to have sufficiently high ion
conductivity (~107-10" S/cm) and Young’s modulus (~47 to 209 MPa) for examining actuation
behavior. Actuator films were developed by sandwiching the dry polymers and their 10 wt%
ionogel electrolyte layers between gold leaf foil. Video stills of the produced actuator films and
their actuation behavior are shown in Figure 6.7 for PDMAEMA-b-PVBBIMT:N (Figure 6.7a-
b), PDMAEMA-b-PVBBIMTf:N 10 wt% ionogel (Figure 6.7c-d), PVBBIMTT:N (Figure 6.7e-f),
and PVBBIMTT:N 10 wt% ionogel (Figure 7g-h). Figure 6.8a also shows the tip displacement
measured for the actuator films in comparison to a prepared PVDF 40 wt% C4C1ImBF4 control

under an applied 4 V from a DC power source. Tip-displacements after 50 sec of applied voltage

and other specified times are also provided in Table E.1.
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Figure 6.7 Video still images of the dry PIL polymers and ionogels before and after applying 4 V:
(a,b) dry PDMAEMA-b-PVBBIMTH:N; (c,d) PDMAEMA-b-PVBBIMTf:N 10 wt% IL; (e,f) dry
PVBBIMTT:N; and (g,h) PVBBIMTf,N 10 wt% IL. A more planar shape was achieved for the dry
PIL polymers (a and e) while deformations in the actuator film are observed for the 10 wt%
ionogels (c and g). The black and red lines mark the side and bottom of the actuator initial position
(no voltage) to aid visualization of the actuator displacement. White arrows point the direction of
actuation. Actuation video stills of the PVDF 40 wt% control can be found in the supplemental
information (Figure S20).
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After 50 sec of applied voltage, the PDMAEMA-b-PVBBIMTf,N block copolymer with only
mobile Tf2N" anions displayed a ~110 pm x-tip displacement towards the negative electrode. This
compares well to the expected bending direction for a single-ion cationic polyelectrolyte actuator.
In this case, the bending motion results from the TfoN- anions migrating towards the positive
electrode which induces swelling at the polymer-electrode interface and results in tip displacement
towards the negative electrode. As the PDMAEMA-b-PVBBIMTf;N copolymer has a favorable
Young’s modulus of ~223 MPa for the matrix, the micro-scale actuation behavior is likely due to
relatively low ion conductivity ~107 S/cm. Despite the deformed shape of the 10 wt%
PDMAEMA-b-PVBBIMTT:N ionogel, it displayed similar behavior to the dry block copolymer
with tip displacements of ~90 pum in the same bending direction after 50s. After 195 sec, this
actuator displaced ~279 pm, demonstrating micro-actuation behavior. The observed tip-
displacements for the PDMAEMA-b-PVBBIMTf,N copolymer and its 10 wt% ionogel were lower
than the comparative control PVDF 40 wt% C4C1ImBF4 ionogel, which displaced 525 pm in the
x-direction towards the negative electrode after 45 sec. While the actuation for these dry PIL-based
films is lower than the PVDF ionogel, they are comparable to tip displacements observed by the
crosslinked PIL actuators developed by Kokubo et al?°,

In ionogel based actuators, the bending direction is dependent on both the free ionic liquid
cation and anion size as this affects their migration towards oppositely charged electrodes.
Generally, the larger volume of ionic liquid cations, compared to the smaller Tf2N™ or BF4™ anions,
leads to greater swelling at the negatively charged electrode and bending motion towards the
positive electrode in PVDF ionogels®: 3. The tip-displacement towards the negative electrode for
the PDMAEMA-b-PVBBIMTf:N 10 wt% ionogel suggests that swelling was predominately

caused by the TfoN- and BF4 anions at the positive electrode interface. This may be due to the
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greater concentration of anions in the polymer layer compared to free imidazolium cations or
possibly reduced mobility of the imidazolium ring with the longer butyl chain. The PVDF 40 wt%
ionogel control exhibited similar tip displacement towards the negative electrode. In this case,
bending towards the negative electrode likely indicates hindered migration of the free IL
butylimidazolium cation in the PVDF matrix, resulting in swelling primarily occurring due to the

BF4 anions instead.
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Figure 6.8 (a) Tip displacement in the x-direction (y-direction in insert) for PVBBImMTf,N (black
squares), PVBBIMTf2N 10 wt% ionogel (black open squares), PDMAEMA-b-PVBBIMTT;N (red
triangles), PDMAEMA-b-PVBBIMTf:N (red open triangles), PVDF with 40 wt% IL (blue
diamonds), and the crosslinked PIL micro-actuators developed by Kokubo et al.-22 (yellow
squares). Positive displacements values indicate tip-displacement towards the negative electrode.
(b) Curvature (inverse radius of curvature) for the actuators (same labels) are shown in comparison
to the styrenic PIL ABA triblock copolymer actuator developed by Green et al.-22 and the
crosslinked PIL micro-actuators by Kokubo et al. 2 The insert shows an expanded view of the
section boxed in (b).

To allow for more direct comparisons to the styrenic ABA triblock copolymers developed in
the literature, the curvature, k (mm), was also calculated for the PDMAEMA-b-PVBBIMTf;N

dry polymer and PDMAEMA-b-PVBBIMTf,N 10 wt% ionogel films in accordance with* 7
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where 0 is the tip displacement in the x-direction and L is the free length of the actuator film, and
is shown in Figure 8b. The absolute curvature for the PDMAEMA-b-PVBBIMTf,N polymer and
ionogel actuators was found to be significantly lower than the actuation film developed by Green
et al. (~0.1 mm™ for a styrenic ABA PIL block copolymers without a CNC layer) %2, but
comparable to the crosslinked PIL micro-actuator’s developed by Kokubo et al. ?° The micro-scale
ionic actuation performance of PDMAEMA-b-PVBBIMTf,N polymer and ionogel actuators is
likely due to a combination of the low dry-state ion conductivity (=107 S/cm) and the lower
Young’s moduli compared to the styrenic ABA triblock copolymers. Nevertheless, the novel
PDMAEMA-b-PVBBIMTf;N block copolymer was successfully able to produce micro-scale
actuation behavior at low voltages (4 V).

Electroactive actuation behavior of the PVBBIMTf2N and PVBBIMTf2N 10 wt% ionogels was
also examined, which similarly showed micro-actuation behavior, but with unexpected bending
directions. After 50 sec of applied voltage the PVBBIMTT.N actuator exhibited x-tip displacement
of ~185 um and, interestingly, displaced towards the positive electrode. A replicate PVBBImTf2N
actuator film displayed similar displacement towards the positive electrode (Figure E.21). The 10
wt% PVBBIMTT,N ionogel did not displace in the x-direction. Rather it exhibited an out-of-plane
(towards the camera) bending motion response resulting in a measurable y-tip displacement of
~26.4 pm.

Similar to the dry PDMAEMA-b-PVBBIMTT.N block copolymer above, PVBBIMTf,N would
be expected to displace towards the negative electrode as a single-ion conducting polycation with

only mobile anions. The opposite behavior observed for the PVBBIMTf;N dry copolymer film

potentially indicates another underlying physical reason for the electromechanical bending motion
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competing with ion migration and the resulting osmotic pressure. It is currently uncertain if the
out-of-plan bending of the PVBBIMTf,N 10 wt% ionogel is following a similar underlying
electromechanical mechanism as is dry PVBBIMTf2N counterpart or if the physical shape of the
film (e.g., varying thickness) is directing the motion. Further examination and characterization of
the electrochemical properties of the PVBBIMTf:N polymer and ionogel will provide further
insight into their actuation behavior. It is also noted that attempts at re-testing both the polymer
ionogel actuator films several weeks or months after their initial testing led to lower displacements,
and in some cases, changes in bending motion direction compared to their initial testing behavior
(Figure E.22). The loss of actuation behavior is tentatively attributed to potential changes in
contact between the electroactive layer and the gold foil electrode or possible electrochemical
degradation from the initial testing which may be further verified through cyclic voltammetry
characterizations.

As to the potential underlying electrochemical mechanism broached above, one possibility
involves the increased dominance of Maxwell stresses resulting from changes in electrostatic
interactions at the polymer-electrode interface under the applied voltage. In their recent modeling
work on back-relaxation often observed in Nafion-based IPMC actuators, Porfiri et al. indicated
that Maxwell stress begin to dominate over osmotic pressure contributions as the electric double
layers at the electrode interface becomes thicker with accumulating ions and thinner with depleted
ions at the opposite electrode, leading to a change in the electric field at the electrode interfaces
and the resulting bending moment’®. Similar localized changes in the electric field at the polymer
electrode-interface in the PVBBIMTf.N layer under the DC potential may also be occurring.

Similar maxwell stresses are also observed in the electroactive actuation behavior of dielectric

elastomer actuators (DEAS). In DEAs, the applied voltage results in an electrostatic attraction of
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the oppositely charged electrodes, producing a compressive stress within the polymer layer. DEA
polymer systems typically display low Young’s modulus values (~0.5-20 MPa) and dielectric
constants between 3-7 V (a dimensionless quantity of the ratio of material permittivity to the
permittivity of free space) ’°. A similar PIL, poly[vinylbenzy! butylimidazolium tetrafluoroborate]
(PVBBIMBFy4) developed by Tang et al., exhibited dielectric constants between 3-4, which falls
within the lower end of this DEA dielectric constant range®. Calculation of the dielectric constant
for PVBBIMTf:N produced in this work from EIS measurements yielded a value of ~13.6 (see
supplemental information Figure E.23), which is comparable to a recent PIL-acrylic tape DEA
actuator composite developed by Wang et al. 8 In their work, a crosslinked
polyvinylhexylimidazolium BF4 PIL was utilized as the filler in a DEA actuator due to its low
Young’s modulus and its ability to increase the overall dielectric constant for the actuator
composite from ~5 for the acrylic-based tape to ~16 for the PIL-acrylic tape composite. Their
actuator exhibited a bending behavior under an applied 6.3 V/um electric field. Some DEA based
actuators have included ionic liquids in the matrix to decrease Young’s modulus and enhance the
dielectric constant®?. With similar moderate dielectric constants and low Young’s modulus,
crosslinked versions of the ionogels developed in this work, particularly for the 25 wt% and 40

wt% ionogels, may show similar potential for use in DEA actuator composites.

6.4. Conclusions
In this work, the novel all-polyelectrolyte block copolymer poly[(2-dimethyl amino)ethyl

methacrylate)]-block-poly[4-vinylbenzyl-3-butyl imidazolium
bis(trifluoromethylsulfonyl)imide)], its corresponding homopolymer, and their ionogels were
thoroughly characterized for important IEAP actuator parameters and evaluated as ionic actuators.
FTIR spectroscopy confirmed successful formation of the ionogels, which exhibited intermediate

electrostatic interaction behavior between the pure IL and the dry polymers. Excellent thermal
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stability was found for all PIL-based ionogels in the TGA analysis, with increased overall stability
of the PDMAEMA-b-PVBBIMTf,N ionogels with increasing ionic liquid content. DSC analysis
indicated successful plasticization of PVBBIMTf2N and PDMAEMA-b-PVBBIMTf,N with
increasing ionic liquid content which corresponded well with the increase ion conductivities
observed from ~10" S/cm in the dry polymers and up to 10 S/cm in the ionogels. AFM
morphology and nanomechanical analysis of the PDMAEMA-b-PVBBIMTf;N block copolymer
revealed spherical morphology consisting of PDMAEMA-rich spheres in a PIL-rich matrix with
depressions. The high modulus of the matrix (223 MPa) compared to the PVBBIMTf:N
homopolymer and the spherical PDMAEMA inclusions (294 MPa) indicate possible blending of
the PDMAEMA and PVBBIMTf.N blocks, resulting in an overall stiffer polymer layer with
improved mechanical properties. Addition of ionic liquid significantly reduced the modulus values
for the ionogels; however, the PDMAEMA-b-PVBBIMTf:N 10 wt% ionogel still had a favorable
modulus of ~145 MPa. Actuator films from the dry PDMAEMA-b-PVBBIMTf.N block
copolymer and PVBBIMTf.N homopolymer were successfully sandwiched between gold foil
electrodes and evaluated for actuation performance at 4 V. 10 wt% ionogel actuator films were
produced, albeit with a deformed form, which displayed an out-of-plan bending motion behavior
(PVBBIMTf,N 10 wt% ionogel) and bending behavior (PDMAEMA-b-PVBBIMTf,N 10 wt%
ionogel). Micro-scale actuation was achieved for both of the dry-polymer systems, indicating their
potential as single-ion micro actuators. While the majority of the ionogels had modulus values too
low for actuation, important thermal and electrochemical information was determined that will aid
in the design of future actuators with novel PIL materials. The authors are currently exploring

other methods to improve the mechanical properties of the PVBBIMTf;N and PDMAEMA-b-
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PVBBImMTT.N ionogels and expect improved actuation performance for the highly ion conductive
ionogels.
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