Open Access Article. Published on 28 July 2023. Downloaded on 1/20/2026 2:04:34 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

MSDE

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: Mol. Syst. Des. Eng., 2023,
8, 1402

Received 8th May 2023,
Accepted 10th July 2023

DOI: 10.1039/d3me00076a

rsc.li/molecular-engineering

Design, System, Application

Influence of metal-coordinating comonomers on
the coordination structure and binding in
magnetic poly(ionic liquid)sT

Kayla Foley, @2 Lucas Condes® and Keisha B. Walters & *

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. Furthermore,
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. 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.

This work thoroughly examines the effects of a metal-coordinating comonomer in a magnetically responsive poly(ionic liquid) (MPIL) system on the
paramagnetic complex formation, polymer-metal ion binding, and magnetic properties and response in both dry and wet states. A quaternary ammonium
PIL was copolymerized with an acrylamide comonomer and systematically complexed at different molar equivalencies with Co>’, Fe**, and Co*'/Fe**
(mixed) chloride salts. While single-component MPIL systems bind anionic metal complexes (e.g., [FeCl,]", [CoCls]*) to the polymer through ionic bonding,
FTIR and XPS findings indicate that paramagnetic salts predominately bind to the MPIL copolymers through metal ion-coordination with the acrylamide
groups. The paramagnetic complex structure is dependent on metal salt concentration as shown by UV-vis and Raman spectroscopy studies. AC
susceptibility measurements reveal magnetic mass susceptibilities similar to single-component MPILs. Molecular structure and binding, such as the metal

ion-polymer coordination, is demonstrated to impact the macroscale properties, and an understanding of co-material interactions supports a targeted and
tailored design of complex multi-component systems such as MPIL random or block copolymers and blends. This work provides insight towards the design

and development of functional magnetically responsive polymers for applications such as organic magnets, sensors, and magnetically responsive self-

assembled nanomaterials.

Introduction

permanent charge groups on the polymer pendant groups
and exchangeable counterions. PILs exhibit high ion

Poly(ionic liquid)s, or PILs, are composed of polymerized  conductivity, electrical and thermal stability, antibacterial
ionic liquid monomers that form strong polyelectrolytes with ~ properties, and a variety of other favorable properties which

1-3

are tunable through counterion exchange. ™ Task-specific
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stimuli responsive properties to environmental conditions
such as pH,* light,” electric potential,® and magnetic fields.”
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of PILs with ionically bound paramagnetic counterions,
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frequently metal halides (i.e., [FeCl,]", [CoCl,]*"), 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 FeCl; or FeBr; salts with
poly(vinyl alkyl imidazolium chloride) and poly(diallyl
dimethylammonium chloride) type PILs to form MPILs with
high spin paramagnetic iron complexes ([FeCl,]", [FeBr;Cl|,
[FeBry], [Fe,Cl,], [Fe;sClyo]).” 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)®*™*°
and magnetic surfactant (Mag-surf)'"'> complexes.

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,"
magnetic separations,'*'® antibacterial materials,"® optical and
fluorescent quantum dots for biological labeling, and molecular
magnet development.'”'® 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 FeCl, 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, that were magnetically
separatable from aqueous solution.*>**

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 studies
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 BF,” 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 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
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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 Fe*" 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.

Materials and experimental methods
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.
CoCl,-6H,0 was purchased from Sigma Aldrich, and
FeCl;-6H,0 was purchased from Alfa Aesar. All materials were
used as received.

Synthesis of magnetic copolymers

Magnetic copolymers were synthesized through complexation
of the metal halide in aqueous 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 FeCl;-6H,0, CoCl,-H,0, 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 FeCl;-6H,O 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.

Mol. Syst. Des. Eng., 2023, 8,1402-1417 | 1403


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3me00076a

Open Access Article. Published on 28 July 2023. Downloaded on 1/20/2026 2:04:34 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

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.

Physical Electronics PHI VersaProbe 5000 station X-ray
photoelectron spectrophotometer (XPS) was used to obtain
XPS spectra of dry polymer films. A monochromated 25.0 W
Al 1486.6 eV 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 Cl1s 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
Ci1s, Ni1s, O1s, and ClI2p high-resolution spectra were fit
using Shirley backgrounds and Gaussian-Lorentzian mixed
line shapes, typical for polymers;>* 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.>**> 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.

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 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
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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.

Results and discussion

Paramagnetic poly(ionic liquid) copolymers were synthesized by
complexing FeCl;, 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][Co>']
(Scheme 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 Fe**
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 FeCl; and CoCl, salts were also prepared
to form the [Pam-co-PDADMA]mixed Fe’'/Co>'] series. For
example, [Pam-co-PDADMA]|[mixed Fe®'/Co*" 1 eq.] consists of
0.5 mol equivalents of CoCl, and 0.5 mol equivalents of FeCl;
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 copolymers were prepared with varying metal
type and concentration. As observed in other MPIL systems,
these copolymers displayed different colors based on the metal
species and concentration as seen in Fig. 1A. The [Pam-co-
PDADMA][C] ] copolymer with no added metal content was a
light pink color. The iron copolymers, [Pam-co-PDADMA][Fe’**],
were colored dark brown (1 eq.), light brown (2 eq.), and
orange-brown (3 eq.). All equivalents of the cobalt copolymer
series, [Pam-co-PDADMA][Co’*], were a dark blue color. The
[Pam-co-PDADMA][mixed Fe*"/Co>"] copolymers were green (1
eq.), dark green (2 eq.), and green-brown (3 eq.). In general, the
color of MPILs, and other metal-ion polymer complexes, can
vary significantly depending on metal complex coordination
structure (e.g., [FeCl,]” vs. [FeCl;Br] ), metal ion concentration,
and the ligand or polymer chemical composition. Dobbelin
et al reported a yellow color for the poly(diallyl
dimethylammonium [FeCl,]") homopolymer and light brown
for poly(vinyl butylimidazolium [FeCl,]) homopolymer; the
latter darkened upon formation of the [Fe,Cl,]” and [Fe;Cl,]
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-PDADMAJFe*" 2 eq.]
copolymer and darkens again upon an increase in 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 [CoCl,] )" and

This journal is © The Royal Society of Chemistry and IChemE 2023
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Scheme 1 Complexation of [Pam-co-PDADMA][CL] with metal halide salts to form magnetic [Pam-co-PDADMA][M"*]. MCl, refers to the metal
or Co**

metal cations.

(A) Dried magnetic copolymers flakes d|splay|ng 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][Fe®*] and [Pam-co-PDADMA]Imixed Fe**/Co?*] MPIL copolymers showed limited

solubility and some gelation and suspension behaviors.

poly(vinyl dodecyl imidazolium [CoCl;Br]")." 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 corroborated by
corresponding changes in solubility.

Solubilities of the magnetic poly(ionic liquid) copolymers
were examined in water (Fig. 1B). The neat (unmodified) CI”
based copolymer, [Pam-co-PDADMA]CI], was completely
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 Fe*'/Co”"]
copolymer series were both found to display only partial
solubility. The [Pam-co-PDADMA][Fe** 1 eq.] sample appeared
to form some orange-brown hydrogel-like structures, while

was

This journal is © The Royal Society of Chemistry and IChemE 2023

higher equivalents resulted in only pale-yellow suspensions
that were stable for 2-3 h. The [Pam-co-PDADMA][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.

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

Mol. Syst. Des. Eng., 2023, 8,1402-1417 | 1405
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state. MPILs are formed through electrostatic binding with
paramagnetic ion complexes, typically through tetrahedral
transition metal halide anions ([FeCl,]", [CoCly*", 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)***” as shown in Fig. 2. 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.>**>® Monomeric acrylamide
coordinated with metal chloride salts has been found to form
mainly 6-coordinated structures (e.g:, [Co(AAm),Cl,],
[Fe(AAm),Cl,], [Ni(AAm),Cl,]) or associated cation-anion pair
complexes (e.g., [Co(AAm)e]*"[CoCl,]*"),>**° though steric
constraints imposed by the polymeric backbone mainly alter
these structures in the MPIL copolymers. As coordination
with the acrylamide may influence the formation of the
transition metal complex in the MPIL copolymers, the
coordination structure of the transition metal species were
first examined using Raman and UV-vis 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., [FeCly]” or [CoCl,]*)). Fig. 3 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
[FeCl,]” and FeCl; species, was observed in the [Pam-co-
PDADMA][Fe**] samples.”'* For the solid samples, the
[FeCl,] can form [Fe,Cl, | dimers as the metal halide
concentration increases, resulting in Raman peaks at 315
and 420 cm™.”?' Here, this bridging complex peak was
observed at ~314 cm™ for the [Pam-co-PDADMA][Fe’* 2 eq.]
and [Pam-co-PDADMA][Fe’*" 3 eq.] samples. The broad
absorbance observed between 250 and 500 cm ™" prevents the
observation of a distinct 420 cm™' peak. In the cobalt-based
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Fig. 3 Raman spectra of the MPIL copolymers from 1200 to 220 cm™*
are shown for [Pam-co-PDADMA]ICL] (black), [Pam-co-PDADMA]
[Fe>*] (red), [Pam-co-PDADMA][Co?*] (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
[FeCly]” species and the 315 cm™ shoulder characteristic of the
[Fe>Cl;]” 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.

samples, there is an intense broad peak from 250 to 500
em™' with a maximum at ~358 cm™" that is not observed for
the [Pam-co-PDADMA][C]"] 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 *.**7* 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™ region.**° Therefore, the
presence of this band is expected to be due to metal cation
coordination with the acrylamide unit. Due to the intensity

C
N-amide M
® . P
o N’ 0 NH,
Ha
Two-Site

HO

Fig. 2 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 Girma et al.?®
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of the band in the cobalt and mixed series, it is possible that
the tetrahedral [CoCl,]>” and [FeCl,]” 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 [FeCl,]” 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
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acrylamide-metal species coordination. Further, while
evidence is observed for the presence of Fe-Cl bonds and the
possible presence of the [FeCl,] and [Fe,Cl,| for MPIL
copolymers, particularly at higher iron halide mole
equivalencies, the formation of the [CoCl,] structure is less
clear. UV-vis spectroscopy was therefore used to provide
additional insight into the [FeCl,]” and [CoCl,]*” complexes.
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
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Fig. 4 UV-vis spectra and their second derivatives of the solid MPIL films are displayed in (A and D, blue) [Pam-co-PDADMA][Co?*], (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]ICL] are also shown (A and D, black). Characteristic [CoCl4]>” and [FeCl,]” 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 [FeCly]~ complex is also confirmed for the 2 and 3 eq. [Pam-co-PDADMA][Fe>*] and [Pam-co-

PDADMA][mixed Fe**/Co?*] copolymers (red arrows).

This journal is © The Royal Society of Chemistry and IChemE 2023

Mol. Syst. Des. Eng., 2023, 8,1402-1417 | 1407


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3me00076a

Open Access Article. Published on 28 July 2023. Downloaded on 1/20/2026 2:04:34 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

in Fig. 4(A-C). Second derivative analyses were performed to
aid in peak assignments and are shown in Fig. 4(D-F). The
[Pam-co-PDADMA][CI ] copolymer (Fig. 4A and D, black line)
had a major peak absorbance at 282 nm that is 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.*"*> 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 [CoCl,]>~.**"*°
This UV-vis data confirms the presence of the paramagnetic
[CoCL,]*” anion in the MPIL films for all equivalents
examined. However, other tetrahedral coordination structures
(e.g., [CoCl,L,], [CoCl;L]", [CoL,*[Cl],, 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]
[Co**] and [Pam-co-PDADMA][mixed Fe**/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 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.**>°

The [FeCl,] complex characteristically shows intense
absorbances at ca. 250, 315, and 360 nm.”'>* These peaks
are evident in the 2 and 3 eq. [Pam-co-PDADMA][Fe*"] and
[Pam-co-PDADMA][mixed Fe®'/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*" 1 eq.] sample shows a set of three peaks at
327, 354, and 395 nm, which are tentatively assigned to FeCl;
complexation with the acrylamide unit. While identification
of the specific FeClz-acrylamide coordination complex
structures is beyond the scope of this work, these results
demonstrate that changes in coordination structure occur as
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a function of concentration of iron chloride salts. At low
concentrations there is first coordination of FeCl; with
acrylamide units of the polymer followed by formation of
[FeCl,] and [Fe,Cl,]" 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 Fe*" 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-
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
(Fig. 5). 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), and FeCl; aq.
species®*® and resemble spectra of the FeCl; and CoCl, salt-
only solutions (ESL} Fig. S1). 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
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Fig. 5 UV-vis spectra of the copolymer solutions shows the
predominant presence of hydrated Co(OH)¢ and Fe(OH), in aqueous
solutions as indicated by the series of absorbances between 300-500
nm in the [Pam-co-PDADMAI[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][Co?*]
copolymers.
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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.

Fe*" coordination in solution of the [Pam-co-PDADMA][Fe*']
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][Co’*]
and [Pam-co-PDADMA][mixed Fe®*/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.

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 I (C=0
str) and amide II (NH, wag) bands at 1662 cm™" and 1615
em™, respectively (Fig. 6A and B, black trace). The amide III
(C-N str and NH bending) modes are typically characterized
by several bands in the 1430-1200 cm™" region.’®®” Here, the
band at ~1417 em™" is assigned to the amide III (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.>**

Fig. 6 and Table S11 show the absorbance shifts of the
copolymers after metal complexation. Above 3000 cm™, a
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slight decrease in frequency to ~3190-3196 c¢cm™' in the
symmetrical N-H stretch is observed (Fig. 6A). 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 (ESLj Fig. S2) at 3522, 3383,
and 3163 cm™* for CoCl,-6H,0 and 3526, 3386, 3217, 3005
cm™! for FeCl;-6H,0. These modes are clearly observed in the
spectra for the 3 eq. metal complexed 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 I and amide II bands, indicating metal ion
interactions with the polyacrylamide units (Fig. 6B). 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 em™" for the amide I band and 41-50
ecm™ for the amide II band. The C=0 bands for the [Pam-co-
PDADMA]mixed Fe’"/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
II band was more difficult for the [Pam-co-PDADMA]mixed
Fe*'/Co*'] series due to a complex overlapping of bands in
the amide II region. Peak deconvolution was performed for
the [Pam-co-PDADMA][mixed Fe*'/Co** (1 eq.)] copolymer,
yielding three fitted peaks at 1657, 1607, and 1572 cm ™" (Fig.
S37). The first peak is attributed to the amide carbonyl band,
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Fig. 6 ATR-FTIR spectra of the MPIL copolymers from (A) 4000-2800 cm™ and (B) 1800-1350 cm™. 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][CL] copolymer amide | (C=O0 str), amide Il (NH, wag), the PDADMA methyl bending mode, and the amide Ill (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][Fe**] series compared to the [Pam-co-PDADMA][Co?*] and [Pam-co-PDADMA][mixed Fe**/Co?"].
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as determined above. The peaks at 1607 and 1572 cm ' are
attributed to the NH, wagging mode due to cobalt and iron
coordination interactions, respectively. Peak fittings for the
[Pam-co-PDADMA][mixed Fe®’/Co®" 2 eq.] and [Pam-co-
PDADMA][mixed Fe*'/Co*" 3 eq.] samples are shown in ESL}
Fig. S4 and S5. For the samples with 3 eq. equivalents of
metal content, another band emerges at approximately 1618
em ™" 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
em " amide III band did not shift appreciably upon metal
complexation, though several of the modes in the 1400-1200
em™* region displayed small shifts to higher wavenumbers.

Metal ion coordination with amides is typically indicated
by shifts in the amide I and amide II bands.””** 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 Fig. 2. 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 II band.*®**%* As the amide II band
and N-H stretches are present in the MPIL copolymers, it is
unlikely that 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 Fe** and Co®". Monodentate O-binding of
amides results in a decrease in the amide I frequency but
an increase in the amide II frequency due to weakening of
the C=0 bond and subsequent stiffening of the C-N bond
in the amide group due to resonance.*®°”*%% However,
both the amide I and amide II bands display shifts to lower
wavenumbers in all cases, indicating binding with both the
oxygen (Fig. 2A) and nitrogen (Fig. 2B) of the amide groups.
It is clear coordination between the transition metal
complex and the polymer acrylamide unit is evidenced for
both the Fe*" 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=O0 str in
the 1740-1700 cm ™' region, or carboxylate groups,
characterized by a C=O asymmetrical str mode between
1695-1540 cm™" and a symmetrical stretching mode between
1440-1335 cm *.*®* No modes are observed above 1700 cm*,
excluding carboxylic acid formation. Further, no new bands
emerge in the 1440-1335 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
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increase in the peak intensity at ~1465 cm ' was
observed. This suggests the peak downshifts and overlaps
with the polymer backbone CH,/CH; 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.

XPS studies to provide further
understanding of the polymer-metal salt binding. Fig. 7
displays representative nitrogen, oxygen, carbon, and
chloride high resolution spectra for the [Pam-co-PDADMA]
[CI'] sample, and Tables S2 and S3 in the ESI{ summarize
the XPS data for all of the copolymer samples. [Pam-co-
PDADMA][CI'] showed the Nis 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.®>®” Three peaks in the Cls 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 Cl 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, Nis peak (399.6 eV) compared to 399.9 eV reported by
Chen et al. in pure polyacrylamide.®® The minor component
Cl 2p** 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 536.1 eV and 538.0 eV are likely the Na KLL
auger peaks. A small amount of sodium was observed in
the survey spectra (Fig. S67), 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,°>”%”" or partially exchanged -OH
anions.®’

Adding the transition metal salts resulted in significant
changes in several of the high-resolution spectra shown in
Fig. 7. An initial examination of the N1s spectra (Fig. 7A)
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-NH,/PDADMA) Nis peak is
observed for all the metal complexed copolymers with the
exception of the [Pam-co-PDADMA]Co** 1 eq.] sample. As
significant hydrolysis was eliminated in the FTIR analysis,
the Ni1s spectra were refitted to include a metal

were carried out
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Fig. 7 High resolution XPS spectra of the MPIL copolymers were collected over the (A) N1s, (B) Ols, (C) Cls, and (D) Cl 2p binding energy ranges.
The red trace is the spectra for the original non-magnetic [Pam-co-PDADMAI][CL'] copolymer. The dotted black lines show peak shifts in the MPIL
copolymers for 1 eq. and 2 eq. in comparison to the [Pam-co-PDADMA][CI] copolymer. Where appropriate, the N1s spectra was fitted with three
peaks for the PDADMA quaternary ammonium, O-bonded Pam-NH,, and the N-bonded Pam-H,N---M groups; these peaks are marked for the
[Pam-co-PDADMAIICo?* 2 eq.] sample in (A). While slight shifts are observed in the Nis 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 more interaction of the
transition metal complexes with the acrylamide group than the PIL quaternary ammonium.

coordinated Pam-H,N"---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]
[Co**] 1 eq. and 2 eq. samples, respectively (Table S2+). Both
the [Pam-co-PDADMA][Fe*"] 1 and 2 eq. samples had a Nis
binding energy of 402.5 eV. Similar binding energy increases
have been seen in pyrrolidinium, imidazolium, and
ammonium ionic liquids for different counterions.®””*”?
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 CI” < I"
~ [CoCL]™ < [BF] < [PFs] < [Tf,N]” ~ [FeCl].”>"*
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 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 eV) and 401.9 eV (4 = 0.2
eV) on addition of FeCl,; 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

This journal is © The Royal Society of Chemistry and IChemE 2023

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 S2+t). This peak is associated with
the O-bonding case (Fig. 7A) where the metal cation
coordinates with the carbonyl oxygen and the resonance shift
results in a withdraw of electron density from the NH, group.
In the [Pam-co-PDADMA][Fe**] copolymers, this peak is at
399.8 and 400.0 eV for 1 and 2 molar equivalences,
respectively (Table S2t). Binding energies of 400.0 and 400.2
eV were observed for this peak in [Pam-co-PDADMA]Co** 1
eq.] and [Pam-co-PDADMA][Co®" 2 eq.] copolymers. The [Pam-
co-PDADMA][mixed 1 eq.] copolymer had a similar binding
energy (399.8 eV) as the [Pam-co-PDADMA] [Fe’" 1 eq.]
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 (Fig. 7A). Zhang et al. assigned similar O- and
N-bonded Nis peaks for CaCl, coordinated polyacrylamide
hydrogels.”> The associated Pam C=O C1s (Fig. 7C) and
O1s peak (Fig. 7B) 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.”>”®> In the iron and mixed
samples, an additional small peak at ~530 eV emerges,
which is typically associated with lattice metal-oxide bonds
(Fe-0).”* In other FeCl; based material systems, a similar
peak at ~530 eV has been attributed to the formation of
FeClO due to storage of materials in ambient air
conditions.”®”” Small amounts of Na were still observed in
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the survey spectra for several of the metal copolymers (Fig.
S7-S117%), 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 O1s
spectra and was assigned to absorbed water or hydroxyl
groups.®”®*”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 (Fig. 8A and B). High-spin coordination structures
are characterized by observed spin-orbit splitting into 2p*?
and 2p'? peaks for transition metals and are typically
accompanied by shake-up satellite peaks.”>”*”® In all
samples, these 2p*? and 2p"* 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
MPILs.

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 S31). The intense Fe 2p*? peak is located at
710.9 eV, 711.4 eV, and 710.9 eV for the [Pam-co-PDADMA]
[Fe’" 1 eq.], [Pam-co-PDADMA] [Fe** 2 eq.], and [Pam-co-
PDADMA] [mixed Fe**/Co®" 1 eq.] samples, respectively. The
[Pam-co-PDADMA][Fe** 2 eq.] Fe 2p*? binding energy is
similar to those reported for FeCl; salt (711.5-712.0 eV),*®
imidazolium-based FeCl,” ionic liquid (711.9 eV),”* and
quaternary tetraethylammonium FeCl,” salt (711.2 eV).”® A
similar trend is observed in the corresponding Cl 2p spectra
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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*" 1 eq.],
[Pam-co-PDADMA] [Fe*" 2 eq.], and [Pam-co-PDADMA] [mixed
Fe*'/Co*" 1 eq.] samples, respectively. The lower Fe 2p*>
binding energy of the [Pam-co-PDADMA] [Fe*" (1 eq.)] and
[Pam-co-PDADMA][mixed Fe**/Co”* 1 eq.] samples paired with
corresponding lower Cl 2p binding energies indicate that
overall the iron halide complex species are more electron rich
than the [Pam-co-PDADMA][Fe*" 2 eq.] sample (Fig. 7D, Table
S31). 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][Fe** 1 eq.] sample also suggests that the
iron-acrylamide coordinated species are also in a
paramagnetic high spin-state. In the [Pam-co-PDADMA][Fe’"
2 eq.] sample, the CI” concentration is higher from the
increased concentration of metal halide, allowing for the
formation of the [FeCl,]” 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 [Fe,Cl,]” bridging complex as noted in the Raman
results.®>%

The Co 2p*? and Cl 2p** peaks for the [Pam-co-PDADMA]
[Co** 1 eq.], [Pam-co-PDADMA][Co*" 2 eq.], and [Pam-co-
PDADMA][mixed Fe*'/Co®* 1 eq.] samples were located at
781.6 eV, 781.9 €V, and 781.3 eV and 198.4 eV, 198.8 eV, and
198.4 eV, respectively. These Co 2p*? binding energies are
bounded by those reported for CoCl, salt (782.1 eV)®* and the
780.6 eV reported for an imidazolium-based [CoCl,]*” ionic
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Fig. 8 XPS high resolution (A) Fe 2p and (B) Co 2p spectra show the 2p splitting and satellite peaks characteristic of the paramagnetic high spin
iron and cobalt species in [Pam-co-PDADMA][Co?*], [Pam-co-PDADMA][Fe**], and [Pam-co-PDADMA][mixed Fe**/Co?*] MPIL copolymers.
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liquid.”* As was seen for the iron samples, 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*?* 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,L,],
[CoCI;L], or [CoL,]*'[CoCL]*", where L is acrylamide ligand)
to the formation of predominantly [CoCl,]>” anions at higher
CI” concentrations.

Magnetic studies were conducted on these [Pam-co-
PDADMA]|[Fe*"],  [Pam-co-PDADMA][Co**], 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 (Fe** and Fe/Co-mixed
copolymers). Table 1 and Fig. 9A show the magnetic mass
susceptibilities for the dry polymer samples. Magnetic
susceptibility, v, 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 Fe*'/Co**-mixed copolymers, at a
given metal halide equivalency. The dry [Pam-co-PDADMA][Fe®"]
samples showed magnetic susceptibilities that increased from
~25 x 107° to 44 x 10° emu g* as the metal equivalency was
increased from 1 to 3. These values correspond well with the
29.3 x107® and 35.3 x 10"® emu g~ values obtained by Dobbelin
et al for similar diallyl dimethylammonium-based PIL
homopolymers containing FeCl,” and Fe,Cl, counterions,
respectively.” The cobalt series displayed the lowest mass
susceptibilities from this study, with values of 17.5 x 107, 29.4
x 107, and 34 x 10™® emu g™, for the 1, 2, and 3 equivalent
samples, respectively. The [Pam-co-PDADMA][mixed Fe®"/Co‘]
series showed apparent mixing rule behavior, with intermediate
magnetic susceptibility values between those of iron and cobalt
(ranging from 22 x 107° 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-
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PDADMA][Co”" 2 eq.] sample in the insert of Fig. 9A and ESI{
Video V2. Similar responses were seen for all other samples
(ESIf Videos V1-V9).

MPIL systems have generally been found to exhibit magnetic
susceptibilities ranging between 10 x 107° 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.”**** MPIL systems with higher
concentrations of the high spin paramagnetic MCl,"" species
(where M = Fe**, Co*, etc.) have demonstrated higher
susceptibilities”** 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 Fe’" based systems"®®’
also observed here. The paramagnetism of a material is
dependent on the total orbital and spin angular moment of
unpaired electrons in the complex under an applied magnetic
field. For the tetrahedral anions [MCl,]"", the higher magnetic
mass susceptibilities of [FeCl,]” species compared to [CoCl,>"]
species is due to the higher electron spin state of the [FeCl, |
(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 (ie.,
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.®*®® Therefore, the formation of metal-ion
complexes coordinated with the acrylamide comonomer and
different concentrations of this complex compared to the high
spin [FeCl,]” and [CoCl,]*” 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 p. = /8xT where y is the molar susceptibility and T is the
temperature 298 K.*® The p per mole of FeCl; was found to
be 4.72, 4.89, and 4.95uz (Bohr magnetron) for the [Pam-co-

as was

Table 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. y,, 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 y., for the same mole equivalence and
physical state followed by [Pam-co-PDADMA][mixed Fe3*/Co?*] and [Pam-co-PDADMA][Co?*]

Metal Dry sample Polymer solution or suspension
Sample halide® wt% Im (x10°® emu g7) Zm (X107 emu g )
[Pam—co—PDADMA][Fe 1eq.] 42.9% 24.73 (+ 0.03) 23.5 (+ 0.6)
[Pam-co-PDADMA][Fe*" 2 eq.] 60.1% 37.22 (+ 0.04) 27.9 (+ 0.5)
[Pam-co-PDADMA][Fe’*" 3 eq.] 69.3% 43.95 (+ 0.05) 35.9 (+ 0.9)
[Pam-co-PDADMA][Co™" 1 eq.] 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™" 3 eq.] 66.5% 33.58 (+ 0.04) 23.3 (+ 0.3)
[Pam-co-PDADMA|[mixed Fe**/Co** 1 eq.] 41.4% 21.99 (£ 0.02) 24.1 (+ 0.4)
[Pam-co-PDADMA][mixed Fe’*/Co”" 2 eq.] 58.6% 30.39 (+ 0.06) 30.9 (+ 0.7)
[Pam-co-PDADMA|[mixed Fe**/Co** 3 eq.] 68.0% 36.17 (£ 0.03) 35.0 ( 0.5)

% Calculated based on added metal salt.
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Fig. 9 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, y,, correspondingly increased with increasing metal content, though the y, for the dry polymers were ~1-10
x 107® emu g* higher than the MPIL copolymers in solution or suspension. The standard deviations in x, 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 y, followed by the [Pam-co-PDADMA]Imixed Fe**/Co?*] and the [Pam-co-PDADMA][Co?*] MPIL
copolymers. The insert in (A) shows the dried [Pam-co-PDADMA][Co?* 2 eq.] copolymer attracted to a 0.62 T magnet in the video frame capture
of ESIt Video V2. All other dry MPIL copolymers also demonstrated magnetic responsiveness (see ESIf Videos V1-V9).

PDADMA][Fe** 1 eq.], [Pam-co-PDADMA][Fe** 2 eq.], and [Pam-
co-PDADMA][Fe** 3 eq.], respectively. These effective magnetic
moments are lower than the expected 5.9y for high spin Fe**
(5/2 spin) and similar moments observed for single component
MILs and MPILs containing [FeCl,]” counterions.”'*® The
cobalt-based MPIL copolymers had effective magnetic
moments of 3.69, 3.99, and 3.95up 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
3.88up though still lower than effective moments typically
observed for [CoCl,]*” based systems (4.2-5.2u3)."%**%° These
results suggest that the metal ion-acrylamide coordination does
contribute to a reduction in the overall effective magnetic
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][Co**] 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(H,0)s]>" coordination
complex as indicated by the pink color of these solutions
(Fig. 1B).°® Precipitants from the partially insoluble iron and
mixed series samples did visually respond to the magnet in
water (ESIf Video V10), which has been observed for other
MPIL particles in nonsolvents®®°"*> or MPILs complexed to
insoluble particles.'> In similar small molecule MIL and
Mag-surf systems, this magnetic response in an aqueous

1414 | Mol Syst. Des. Eng., 2023, 8, 1402-1417

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 Fe’'/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 (Fig. 9B). Generally, the
susceptibilities of the MPILs in solution were approximately
1to 10 x 107 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-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 Fe®’/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]
[Co** 1 eq.] samples showed a slight increase to 20.8 x 107°
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(H,O0)s]*" species without the added diamagnetic
contribution of the [Pam-co-PDADMA]JCI'] 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-

This journal is © The Royal Society of Chemistry and IChemE 2023
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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.

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 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-vis spectroscopy results confirmed the formation of the
[FeCly]” 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 [FeCl,]” anion and the ~630, ~665, and ~690 nm UV-
vis absorbances for [CoCl,]*". However, these spectroscopies
also indicated the presence of metal cation-acrylamide
coordination species as well through a broad Raman band
between 600-200 em™" typical for M-O and M-N stretching
modes for both iron and cobalt-based MPILs. UV-vis further
showed a change in the Fe®" species coordination structure
with increasing iron concentration from 1 to 2 mole
equivalences, indicating the iron coordinates first with
acrylamide before forming the anionic [FeCl,]” and [Fe,Cl,]
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), and FeCl; aq. 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 I (C=O str) and amide II (NH,
wag) IR modes. Downshifts were found to be greater for the
[Pam-co-PDADMA][Fe**] copolymer (12-19 cm ™" amide I, 41-
50 cm™' amide II) compared to the [Pam-co-PDADMA]Co**]
copolymers (6-14 cm™ amide I, 11-18 cm™' amide II) with
intermediate behavior for the [Pam-co-PDADMA][mixed Fe*'/
Co>"] copolymer system. While downshifts in the quaternary
ammonium methyl bending modes were also observed, XPS
spectroscopy results indicated only small increases in

This journal is © The Royal Society of Chemistry and IChemE 2023
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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-H,N"---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 10°® 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][Fe**]  and  [Pam-co-PDADMA]Co**]  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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