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a b s t r a c t 

In this study, imidazolium-based polymerizable ionic liquids (Poly-ILs) were used to prepare novel polyionic 

biocomposites through Natural Fiber Welding. Two new Poly-ILs containing a 1-alkyl-3-vinylimidazolium cation 

and an alkylphosphonate anion were synthesized and evaluated for their ability to (i) solubilize a biopolymer 

(cellulose) matrix and (ii) polymerize with and without dissolved cellulose. Raman spectroscopy and scanning 

electron microscopy (SEM) were used to characterize the fiber-welded composites. Optimized fiber-welding pa- 

rameters yielded polyionic biocomposite materials whose physicochemical properties were evaluated using SEM, 

energy dispersive X-ray spectroscopy (EDS) and water sorption testing in a controlled relative humidity chamber. 

SEM/EDS revealed polymerized Poly-IL integrated throughout a fiber-welded, polyionic biocomposite matrix; 

the materials absorbed ca. 38-40 % of their mass in water when exposed to a controlled (70%) relative humidity 

environment. To reduce the hygroscopic nature of the fiber-welded composites, the methylphosphonate anion 

was partially exchanged for a more hydrophobic anion (bis-trifluorosufonylimide, TFSI) through a single-pass 

anion exchange. SEM/EDS of sample cross sections before and after treatment show that this simple anion ex- 

change and rinse procedure delivers up to ca. 5% exchange from methylphosphonate to TFSI. In spite of this low 

exchange, the water sorption properties of the exchanged polyionic biocomposites were successfully reduced by 

14% and could be easily returned to their original dry state at low temperature under vacuum. 

I

 

f  

s  

d  

t  

t  

c  

A  

r  

c  

2  

g  

u  

h  

p  

p  

H  

m  

f  

n

 

i  

d  

i  

(  

n  

i  

b  

2  

c  

C  

e  

a  

Z  

h

R

2

ntroduction 

Until the advent of synthetic polymers, the primary resources used

or textiles, manufacturing and packaging were biomasses (e.g., wood,

ilk, flax) from which biopolymers (e.g., cellulose, silk protein, etc) are

erived. ( Society, 1993 , Hoff, 1940 ) Compared to competing synthetics,

hese natural materials can sometimes have better mechanical proper-

ies (e.g., strength, toughness) which are a result of the complex hierar-

hical structure of the biomass. ( Liu and Zhang, 2014 , Byrom, 1991 ,

gnarsson et al., 2010 , Lenz, 1993 , Parthasarathi et al., 2011 ) Cur-

ent industrial biomass processing methods may use toxic solvents (i.e.,

arbon disulfide, sulfuric acid) ( Swatlotski et al., 2002 , Hadadi et al.,

018 ) and can irreversibly alter the biomass structure, significantly de-

rading their mechanical properties and releasing hazardous byprod-

cts. Our previous research addressed this issue while focusing on en-

ancing the chemical and physical properties of biopolymer materials,

articularly cotton, delivering a patented and environmentally-friendly

rocess called Natural Fiber Welding (NFW). ( Haverhals et al., 2010 ,
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averhals et al., 2012 , Chung et al., 2018 ) NFW enables the controlled

anipulation of native biopolymer using ionic liquids (ILs) to create new

unctional biopolymer materials without significantly degrading their

ative properties. ( Haverhals et al., 2012 ) 

Ionic liquids (IL) are nonvolatile salts with low melting points (typ-

cally below 100°C ( Rogers and Seddon, 2003 , Plechkova and Sed-

on, 2008 )) caused by weak-intermolecular interactions between the

on pairs and their inability to stack well in a crystalline structure.

 Krossing et al., 2006 ) Altering the cation and/or anion structure yields

ew ILs with unique physical and chemical properties that can be used

n a variety of applications including purification, ( Nie et al., 2006 ) lu-

rication, ( M et al., 2014 ) and biopolymer dissolution. ( Swatlotski et al.,

002 ) A unique class of ILs called polymerizable ionic liquids (Poly-ILs)

ontain an alkenyl functional group (i.e., vinyl (-CH = CH 2 ) or allyl (-

H 2 -CH = CH 2 )) within the structure of the cation or anion. In the pres-

nce of radical initiators, with the addition of heat (i.e., thermal initi-

tion) or UV irradiation (i.e., photoinitiation), ( Murakami et al., 2007 ,

hang et al., 2005 ) Poly-ILs can undergo controlled radical chain growth
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Scheme 1. Methods for synthesis of Natural Fiber Welded polyionic bio- 

composites, where cotton yarn is welded with a Poly(IL) (i.e., 1-methyl-3- 

vinylimidazolium methylphosphonate, MVIMPhos) and then polymerized us- 

ing a radical initiator (i.e., potassium persulfate). In the current study, NFW 

polyionic biocomposites were prepared with and without 1 mass% MCC binder 

in the welding solutions. 
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l  
olymerization to deliver new structural materials with an ionically con-

uctive, charged polymer integrated throughout the matrix. 

While many reports have shown how ILs can solubilize biomasses

uch as silk ( Trulove et al., 2008 , Phillips et al., 2004 , Mantz et al.,

007 ) and cotton, ( Swatlotski et al., 2002 , Rogers and Seddon, 2003 ,

ang et al., 2012 , Visser et al., 2012 ) our lab has extensively focused on

anipulation of these natural materials to further enhance their physic-

chemical properties through IL-based NFW. ( Haverhals et al., 2010 ,

averhals et al., 2012 , Haverhals et al., 2012 ) The NFW process controls

iopolymer dissolution through careful regulation of the welding sol-

ent (concentration/type), exposure time, and temperature. Upon con-

act with a biomass such as cotton yarn, the chaotropic nature the IL

isrupts both the intra- and inter-molecular dispersion, dipole-dipole

nd hydrogen bonding forces between individual biopolymer chains,

rst collapsing the yarn bundle before beginning the process of biopoly-

er mobilization. The extent of fiber-welding is kinetically driven by

ellulose decrystallization events, recently highlighted by Cosby et al,

 Cosby et al., 2021 ) that largely depend on the interaction time be-

ween the IL and the biopolymer, as well as temperature and viscosity

f the welding solvent. ( Haverhals et al., 2012 ) When the IL is removed

rom the biopolymer (i.e., by quenching with an anti-solvent such as

ater or methanol), the dispersion, dipole-dipole and hydrogen bond-

ng forces between polymer chains reform and a new redistributed ma-

rix emerges, often with enhanced material properties. ( Haverhals et al.,

010 , Haverhals et al., 2012 ) Prior reports have shown how NFW can

eliver new functional biopolymer materials for applications in energy

torage, ( Jost et al., 2015 ) catalysis, ( Durkin et al., 2018 , Durkin et al.,

016 ) sensing, ( Trulove et al., 2018 , Haverhals et al., 2012 ) and even

hermally-stable coatings. ( Durkin et al., 2019 ) In each case, one engi-

eering challenge has been the requirement to completely remove the

L at the end of the welding process; the IL can become diffusion lim-

ted when trapped in the collapsed welded matrix, requiring extensive

24h) rinsing times to ensure complete removal. An attractive alterna-

ive may be realized when using Poly-ILs as the welding solvent. Rather

han removing the IL with an anti-solvent, a Poly-IL can be fixed in place

hrough polymerization (see Scheme 1 ), ‘quenching’ the welding process

hile simultaneously providing enhanced physicochemical properties to

he welded matrix for new applications, such as ion exchange or solid-

tate electrolyte. 

Previous work in our group has demonstrated the ability for cer-

ain Poly-ILs to act as NFW solvents while retaining their ability to

olymerize. ( Chung et al., 2018 , Chung, 2019 ) These studies yielded

udimentary polyionic biocomposites prepared from aggressive welding

onditions ( > 100°C for several hours) and incomplete Poly-IL polymer-

zation. The present work focuses on optimizing methods to facilitate

horter welding times, lower welding temperatures and control poly-

erization (using the ionic radical initiator potassium persulfate) dur-

ng composite synthesis. We present two novel Poly-ILs containing the

-alkyl-3-vinylimidazolium cation and analogous alkylphosphonate an-
2 
ons. Each Poly-IL was evaluated for its ability to polymerize (photo-

nd thermal- initiation) and act as a fiber-welding solvent. Thermogravi-

etric analysis (TGA) was used to determine optimal temperatures for

elding and polymerization. Then, 1-methyl-3-vinlyimidazolium (MVI)

ethylphosphonate (MPhos) was used to prepare polyionic biocompos-

te yarns through an optimized NFW process. Interestingly, the MPhos-

ased polyionic biocomposites aggressively absorbed atmospheric wa-

er. To reduce this effect, the MPhos anion was exchanged for the more

ydrophobic anion (bis-trifluorosufonylimide, TFSI) and the composites’

ater sorption properties were tested under controlled relative humid-

ty. Our novel results highlight the potential for using NFW to engineer

nique functional biopolymer materials and use anion exchange to tune

he physical properties of fiber-welded polyionic biocomposites. 

xperimental 

aterials 

The following chemicals were used as received: Cotton yarn (white,

00% cotton, mercerized, Coats Cotton), microcrystalline cellulose

MCC, Sigma) with a reported degree of polymerization (DP) of

21, deuterium oxide (99.8%, Acros Organics); dimethyl sulfoxide

DMSO- d 6 , 99.9%, Sigma Aldrich); acetonitrile (ACN, 99.8%, Sigma-

ldrich); 2-hydroxy-2-methylpropiophenone (HMPP, 97%, Sigma-

ldrich); methanol (99%, Pharmco-Aaper); potassium persulfate (KPS,

9%, Sigma-Aldrich); chloroform- d (99.8%, Acros Organics); tetrahy-

rofuran (THF, 99%, Sigma-Aldrich), diethyl ether stabilized with

,6-di-tert-butyl-4-methylphenol (BHT, Fisher). Dimethyl phosphite

98%, Sigma-Aldrich); diethyl phosphite (98%, Sigma-Aldrich), and 1-

inylimidazole (99%, Aldrich) were freshly distilled before conducting

lkylation reactions. 

oly-IL synthesis 

The Poly-ILs highlighted in this study, 1-methyl-3-vinylimidazolium

ethylphosphonate (MVIMPhos) and 1-ethyl-3-vinylimidazolium

thylphosphonate (EVIEPhos), are shown in Scheme 2 . Each were syn-

hesized via the alkylation of 1-vinylimidazole with a dialkylphosphite

 Scheme 2 a) and their final structures ( Scheme 2 b) were confirmed via
 H NMR. Briefly, 1-vinylimidazole and dimethylphosphite (10 mol%

xcess of dimethylphosphite) were mixed in 50% (v/v) dry THF in

ccordance with procedures by Fukaya, et al. ( Fukaya et al., 2008 )

he solution was refluxed and stirred under N 2 for two days. Excess

HF was removed under reduced pressure via rotary evaporation. The

esulting MVIMPhos was transferred to a separatory funnel, rinsed with

HT-stabilized diethyl ether three times to remove any excess reactant,

ried under vacuum (7 days) then transferred into a dry N 2 atmosphere

lovebox ( < 10ppm water). EVIEPhos was synthesized in a similar

anner (using 1-vinylimidazole and diethylphosphite), except the

olution was refluxed under N 2 for 21 days, because diethylphosphite

as less reactive than the dimethylphosphite. 

Following synthesis, 1 H-NMR was used to determine the structure

nd purity of both Poly-ILs (data for MVIMPhos provided in Figure

1 of Supplementary Material). NMR revealed the shifts expected for

ach Poly-IL with negligible impurities. Of note, because dimethylphos-

hite was more reactive than diethylphosphite, MVIMPhos was pro-

uced with significantly higher yield (ca. 85%) than EVIEPhos (ca.

0%). The following NFW experiments with EVIEPhos and MVIMPhos

ere motivated by several reports that demonstrated the ability for

lkylphosphonate-based ILs to dissolve cellulose ( Fukaya et al., 2008 ,

u et al., 2019 , Hirosawa et al., 2017 ). 

atural fiber welding experiments with MVIMPhos and EVIEPhos 

After determining that each Poly-IL could completely dissolve cellu-

ose, NFW experiments were performed on cotton yarns. In the glovebox,
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Scheme 2. Showing the (a) general reaction scheme for alkylation of 1-vinylimidazole with dialkylphosphite (R-X) where R- represents one of the alkyl groups (-CH 3 

or –CH 2 CH 3 ) on the dialkylphosphite reactant to synthesize (b) the alkylphosphonate-based Poly-ILs highlighted in this report. 
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arns were immersed in neat Poly-IL at ca. 90°C for a given amount of

ime. The yarns were then removed from the Poly-IL and immediately

mmersed in methanol to quench the welding process. The welded cot-

on yarns were removed from the glovebox and thoroughly rinsed in

ltrapure water for 24h to remove IL. Finally, the welded yarns were

ried at 60°C for 24h, and analyzed by SEM and Raman spectroscopy. 

x-situ polymerization of MVIMPhos and EVIEPhos 

MVIMPhos and EVIEPhos were polymerized ex-situ by radical chain

rowth polymerization using two different methods: (i) photoinitiation

ith HMPP and (ii) thermal initiation using potassium persulfate (KPS).

olutions were prepared with various mol% of HMPP in the Poly-IL (in

he glovebox) and irradiated with a 120V/100W 254 nm mercury va-

or lamp (Evergreen Pet Supplies) for times between 3-60 min. This

rocedure was repeated for neat Poly-IL samples and Poly-IL solutions

ontaining up to 3 mass% MCC. For thermally initiated polymerizations,

.5 mol% KPS was added to neat Poly-IL and Poly-IL solutions contain-

ng up to 1 mass% MCC. Polymerization was initiated at temperatures

etween 60°C - 100°C for times ranging from 5 – 60 min. Polymerized

roducts of neat Poly-IL were characterized using 1 H-NMR, ATR-FTIR

data not shown), and, to a limited extent, Raman spectroscopy. 

reparation of MVIMPhos based polyionic biocompsite yarns 

After determining that the Poly-ILs could be used as NFW solvents,

nd that they could polymerize (both neat and in the presence of dis-

olved MCC), combined NFW-polymerization experiments were per-

ormed. The initiators HMPP and KPS were tested at a variety of ini-

iation times and temperatures. The engineering methods were opti-

ized to deliver materials that had undergone some degree of NFW

nd then polymerization without significant thermal degradation of the

olymer (as determined through TGA isothermal experiments). The re-

ultant polyionic biocomposites were rinsed with neat acetonitrile for

pproximately 15 minutes (to remove excess MVIMPhos salt that had

ot polymerized) without dissolving the polymer, dried (60°C under vac-

um, 2 days), and transferred to a dry N 2 atmosphere glovebox. These

omposites were largely characterized through SEM/EDS; Raman was

ess successful because the polymerized samples absorbed water imme-

iately upon exposure to air and emitted a large amount of fluorescence

uring analysis. 
3 
nion exchange experiments 

To tune the hydrophobicity of the MVIMPhos-based polyionic bio-

omposites, the following anion exchange experiments were conducted

n each sample (see Scheme 3 ). MVIMPhos-based polyionic biocompos-

te yarns (with and without 1 mass% MCC binder) were placed on a

lass-fritted column filter and treated by passing 500 mL of 1.5M LiTFSI

olution (acetonitrile) across the samples. The exchanged samples were

hen rinsed with neat acetonitrile for approximately 15 minutes to re-

ove excess LiTFSI, dried (60°C under vacuum, 2 days), and transferred

o the glovebox for further analysis. 

ater sorption testing at constant humidity 

A relative humidity (RH) chamber (photograph provided in Figure

10) was engineered to evaluate the water sorption properties of un-

reated yarn, as well as MVIMPhos-based and MVITFSI-based polyionic

iocomposites, under constant relative humidity. Details of the design

nd testing of chamber performance are provided in the Supplemen-

ary Material. Constant relative humidity was achieved by equilibrating

aturated salt solutions within the chamber. ( Greenspan, 1977 ) Sealed

amples (i.e., untreated yarns or polyionic biocomposites) of known, dry

ass were transferred from the glovebox into the RH chamber. Samples

ere immediately opened on the tared-analytical balance, and mass was

onitored with time as each absorbed water from the controlled atmo-

phere. Untreated yarn samples were evaluated one time, with near con-

tant mass achieved in ca. 120 min. The polyionic biocomposites were

valuated in triplicate, with each sample observed over a 24-hour pe-

iod. 

nstrumental methods 

A complete description of each characterization method is provided

n the Supplementary Material. Scanning electron microscopy (SEM)

valuated the composite structure before and after NFW and polymer-

zation; Raman spectroscopy characterized the molecular structure of

he welded biocomposites; Nuclear magnetic resonance (NMR) and at-

enuated total reflection Fourier transform infrared (ATR-FTIR) (data

ot shown) spectroscopies probed the chemical nature of the poly-ILs

nd the extent of polymerization; energy dispersive X-ray spectroscopy

EDS) mapped the elemental composition of each polyionic biocom-

osite and showed extent of anion exchange; thermogravimetric (TG)
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Scheme 3. Methods for anion exchange of 

Natural Fiber Welded polyionic biocomposites, 

where the sample is rinsed with 500 mL of 

1.5M LiTFSI in acetonitrile to exchange MPhos 

with TFSI. Acetonitrile was used to remove ex- 

cess unpolymerized Poly-IL and products were 

dried under vacuum (60°C for 2 days) prior to 

further testing. 
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Fig.1. Natural fiber welding of cotton yarn using EVIEPhos. Scanning electron 

microscopy images of (a) untreated cotton yarn, (b) two cotton yarns fiber- 

welded with EVIEPhos, and (c) a higher resolution of the welded interface of the 

microfibrils shown in (b). SEM data collected at 10keV and samples required Au 

sputtering prior to analysis. 
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sothermal experiments were used to understand the thermal stability

f the MVIMPhos and determine the optimal temperatures for the NFW

reatment. 

esults and discussion 

valuating the welding potential of 1-alkyl-3-vinylimidazolium 

lkyphosphonates 

Before a Poly-IL can be used to fiber-weld a polyionic biocomposites,

t must be able to (i) effectively fiber-weld natural biopolymer materials

nd (ii) polymerize in the presence of cellulose. In order to determine

ach Poly-IL’s ability to fiber-weld cotton, each was mixed with 1 mass%

CC, gently heated in a 60°C oven, and stirred overnight in the glove-

ox. Both EVIEPhos and MVIMPhos readily dissolved cellulose under

hese conditions. While previous work in our lab has shown that ILs

hat do not dissolve cellulose can still be used for NFW, ( Chung et al.,

018 ) this experiment remains a simple screening method to evaluate

he potential for using an IL in the welding process. 

After observing that EVIEPhos and MVIMPhos could easily dissolve

ellulose, each was tested for its ability to weld cotton. Simple weld-

ng experiments with both Poly-ILs were conducted at ca. 90°C in the

 2 atmosphere glovebox, then quenched with methanol and water (to

ilute the Poly-IL and stop the welding process). This temperature was

elected in order to reduce the Poly-ILs viscosity until it approximated

hat of the most common welding solvent (1-ethyl-3-methylimidazolium

cetate at 60°C). Following quenching and reconstitution, the structure

nd morphology of the EVIEPhos-treated yarns were characterized with

EM ( Fig. 1 ). These data demonstrate the ability for EVIEPhos to serve

s an NFW solvent. Fig. 1 a shows an untreated cotton yarn, where sep-

rate cotton fibers can clearly be seen twisted into 3-ply braid. After

ber-welding two of these yarns together with EVIEPhos, the fiber bun-

les collapse and are physical welded together. Fig. 1 b shows a cross

ection of this welded composite, highlighting how the surface of the

iopolymer material has been dissolved/mobilized by the Poly-IL and

hen reconstituted in such a manner that joins the two yarns together.

he higher resolution image ( Fig. 1 c) shows the depth at which the weld-

ng solvent penetrated throughout the yarn matrix during NFW, due to

ts lower viscosity at elevated temperature. While the morphology of the

bers has been slightly altered (i.e., collapsed yarns welded together at

he interface), the native state of the cotton yarn fibers has largely been

reserved, demonstrating the advantage of using NFW as a biopolymer

omposite processing method. 

Successful welding was also achieved when cotton yarns were

reated with MVIMPhos (92°C for times ranging from 10-30 min). After

uenching and reconstituting in methanol and water, these welded yarns

ere potted in epoxy and cross sectioned for Raman spectral mapping

 Fig. 2 ) by methods described further in the supplementary material

nd recently published by Cosby, et al. ( Cosby et al., 2021 ) The Raman

eat maps display the relative intensity of the crystalline cellulose peak

t 380 cm 

− 1 , which decreases as the extent of welding increases, com-

ared to a peak at 354 cm 

− 1 , which remains unchanged during the NFW

rocess. In the Raman maps, individual fibers are distinguishable in the

ntreated cotton yarn ( Fig. 2 a). As the yarn is treated with MVIMPhos,
4 
he Raman maps show the cotton progressing through each of the NFW

tages, from yarn collapse ( Fig. 2 b) through fast and slow decrystalliza-

ion of the cellulose, ultimately delivering a welded composite ( Fig. 2 b

nd c) similar to what was observed in SEM images of cotton welded

ith EVIEPhos (shown in Fig. 1 ). In each Raman map of the treated

arns is a ‘violet ring’ on the outermost edge that increases with welding

ime, representing the outer regions of the yarn that have transitioned

rom crystalline (light-green core) to amorphous cellulose (violet ring)

uring NFW. This effect clearly increases with welding time, demon-

trating that MVIMPhos has great potential as an NFW solvent for en-

ineering polyionic biocomposites. In addition, phosphonate-based ILs

ave been shown to chemically bond with cellulose at elevated temper-

tures (120-160°C). ( Vo et al., 2012 ) Though outside the scope of the

urrent study, we believe NFW of cellulose using Poly-ILs like MVIM-

hos could ultimately deliver novel composites with improved thermal

tability though covalent bonding of the alkylphosphonate anion to the

iopolymer matrix. 

emonstrating how each Poly-IL can polymerize in the biopolymer matrix 

While successful polymerizations were first achieved with EVIEPhos

sing the photoinitiator HMPP, the (qualitative) extent of polymeriza-

ion was difficult to control, being influenced by both UV exposure time

nd initiator concentration. At low (3 min) irradiation times, EVIEPhos
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Fig. 2. Raman spectral mapping of cotton yarns 

fiber-welded using MVIMPhos. The cross-section 

heat maps show the intensity ratio between 380 

cm 

− 1 and 354 cm 

− 1 peaks for cotton yarns fiber- 

welded with MVIMPhos at 92°C at various treatment 

times, (a) untreated, (b) 10 minutes, (c) 20 minutes, 

and (d) 30 minutes. The blue regions represent ar- 

eas of amorphous reconstituted cellulose, and the 

green regions represent areas of higher crystallinity. 

Frames a-d share the same scale bar. 
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olutions containing HMPP did not appreciably polymerize (the prod-

cts remained viscous liquids in the glovebox); when irradiated for

onger periods of time (30-60 min), the EVIEPhos polymerized into hard,

olid materials (at 0.5 mol% and 1.0 mol% HMPP) that liquified within 1

ay upon exposure to atmospheric moisture outside the glovebox. Sam-

les prepared with higher (2.0 mol%) concentrations of HMPP did not

orm hard plastic solids. Solutions of EVIEPhos containing 3 mass% MCC

1 mol% HMPP with respect to the Poly-IL) were also prepared and poly-

erized. The composites containing MCC binder formed qualitatively

arder plastics (than those absent MCC), and did not absorb water to

he same extent as polymer formed from neat IL when both were ex-

osed to the atmosphere outside of the glovebox. Our results suggest

hat MCC could act as a binder within the new polymer matrix, improv-

ng the structural integrity and decreasing the hygroscopic nature of the

esultant material. Similar results were observed when MVIMPhos was

olymerized with HMPP. 

Polymerization was also conducted using solutions of MVIMPhos

ontaining up to 1 mol% potassium persulfate (KPS), an ionic radical

nitiator. Not only was it easier to control the polymerization (using

eat vice directed UV light), the ionic nature of the initiator allowed it

o dissolve directly into the Poly-IL, an advantage over other radical ini-

iators such as AIBN which required molecular co-solvents. Differences

etween the 1 H NMR spectra of the neat and polymerized MVIMPhos

Figure S1 and Figure S2) provide spectroscopic evidence of polymer-

zation. The broad peaks that emerge in the spectra of the polymerized

ample suggest polymer formation, and one observes emergence of the

CH 2 -CH- functional group of the polymer backbone. The red arrows in

igure S2 indicate the broad resonances of the polymer, which are super-

mposed on the resonances for the unpolymerized MVIMPhos. Further

nalysis of integrated areas from spectra of the monomer and polymer

comparing ratios of integrated peaks associated with unpolymerized

onomer and the polymerized cation to integrated peaks associated

nly with the MPhos anion) indicate that the Poly-IL was approximately

0% polymerized. Analysis of the sharp C = C peak (ca. 1660 cm 

− 1 ) in the

P  

5 
aman spectrum of a polymerized sample (Figure S3), obtained by seal-

ng the polymerized product from the atmosphere during analysis, also

hows a substantial decrease in the peak attributed to the vinyl group

present in the MVIMPhos monomer) following polymerization. These

ata, along with the obvious macroscale changes in physical structure

f the material, confirm successful polymerization. However, both NMR

nd Raman still do show some residual MVIMPhos monomer remains

n the polymerized product, indicating that any fiber-welded polyionic

iocomposite would need to be rinsed of unreacted monomer prior to

urther study. 

ynthesis of polyionic biocomposites with MVIMPhos and KPS 

Following successful polymerization and welding experiments, fur-

her syntheses of polyionic biocomposites were carried out with MVIM-

hos and the KPS initiator. Following welding (60°C for 1h), the temper-

ture was increased to 100°C and held overnight (19 h) to maximize the

xtent of polymerization. Though not an ideal MVIMPhos welding tem-

erature, 60°C was deemed the lowest temperature that would deliver

 welded substrate while minimizing the extent of polymerization that

ccurred during the welding stage. Extensive polymerization times were

tilized to ensure sufficient polymerization of the material, and 100°C

as chosen as the upper limit to prevent biopolymer and/or Poly-IL

hermal degradation. Fig. 3 presents SEM of these of the polyionic bio-

omposites. Of note, gold sputter coating was not required to obtain

he SEM images because polymerization rendered the samples electri-

ally conductive enough to dissipate the charge buildup presented by the

lectron beam. Each of the images in Fig. 3 demonstrates material con-

olidation and collapsed yarn bundles (i.e., the yarns are fiber-welded).

n addition, a coating of polymerized MVIMPhos is visible over most

though not all) of the surface of each of the welded yarns. However, it

ust be noted that the coating is not uniform (see white arrows high-

ighting the surface on Fig. 3 d); some regions on the surface of the yarn

undles are coated and others appears bare, due to the fact that the

oly-IL was too viscous at 60°C and failed to penetrate throughout the
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Fig. 3. Scanning electron microscopy of polyionic biocomposites produced by 

NFW with MVIMPhos:1 mol% potassium persulfate solution at 60°C for (a) 5 

min, (b) 15 min, (c) 45 min, and (d) 60 min. After welding, each sample was 

polymerized at 100°C for 19 h. Data collected at 10 keV and samples did not 

require any Au sputtering prior to analysis. 
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c  
pen spaces between fibers of each yarn bundle. Due to this incomplete

overage, some sample charging was also observed (see Fig. 3 d). Fur-

her work was needed to improve Poly-IL distribution and to reduce the

ime and/or temperatures of the overall fabrication process. 

ptimizing NFW for polyionic biocomposites 

First, TGA in N 2 and in air was performed (Figure S12) to evaluate

he thermal degradation of MVIMPhos under dynamic heating at 10°C

in − 1 . These data reveal a T5 of ca. 190°C ( T5 = temperature where

% mass has been lost), high char yields (7.6-21.7 mass%) and complex

egradation patterns that are beyond the scope of the study. Isother-

al TGA on MVIMPhos (Figure S4) conducted at conditions relevant to

he NFW experiment showed more clearly how temperature impacted

ample decomposition rates in N 2 . Sample mass loss rates were com-

ared to rates expected had evaporation only been attributed to loss of

bsorbed water molecules ( Rumble, 2020 ) (see Table S1). This analysis

uggests that between 80°C and 100°C, factors other than water evap-

ration might be contributing to the mass loss at temperatures above

0°C. As temperature increases, the ratio in heat of vaporization for wa-

er increases at a near constant value while the ratio of sample mass

oss doubles between 80°C to 90°C and again from 90°C to 100°C. In

ir, sample decomposition rates were even higher than under nitrogen,

ost likely due to air oxidation of the matrix. Based on these data, 80°C

as selected as an “optimized ” polymerization temperature that could

educe the potential for sample degradation over extended polymeriza-

ion times. 

Second, a welding temperature was selected such that (i) some de-

ree of fiber-welding would be induced while at the same time (ii) poly-

erization would be minimized. While previous experiments had shown

hat ca. 90°C was an ideal welding temperature for the alkylphospho-

ate Poly-ILs, yielding composites with similar SEM or Raman profiles

s those welded with EMI-Ac (see Figs. 1 and 2 ) this high temperature

ould induce radical polymerization by activating the KPS. Ultimately,

amples were fiber-welded at 60°C because welding could be initiated
6 
t this temperature before KPS would activate in an appreciable manner

o start the polymerization. To reduce the viscosity of the welding solu-

ions during the NFW process, acetonitrile was added (0.75 𝜒 IL for the

eat IL, and 0.6 𝜒 IL for solutions containing MCC binder). First, the yarn

amples were immersed in the less viscous MVIMPhos:acetonitrile solu-

ions for 5 min so the Poly-IL could wick throughout the spaces between

he cotton yarn fibers. Then the samples were dried at room tempera-

ure under vacuum for 30 min to remove the co-solvent. After welding

t 60°C for 1h, the temperature was increased to 80°C and maintained

or 19h to polymerize the MVIMPhos in-situ, since TGA revealed this

emperature was optimal to minimize sample degradation. 

After welding with in-situ polymerization of the Poly-IL, each sam-

le was rinsed with acetonitrile (to remove unreacted monomer), dried

nder vacuum, and stored in the glovebox for further testing. Analogous

amples containing 1 mass% MCC binder were also prepared, as MCC

inder was shown to improve biocomposite structural integrity. While

cetonitrile effectively washed away unreacted monomer, the samples

ere still conductive due to the nature of the charged polymer back-

one and could easily be imaged in the SEM (see Figure S5, represent-

ng the samples from Fig. 4 after being rinsed with acetonitrile). EDS

aps of these composites demonstrate how the Poly-IL filled the inter-

titial spaces of fiber bundles due to the lower viscosity of the welding

olvent. This was an improvement over earlier experiments, where poly-

er coated the sample unevenly and formed primarily as a film on the

arn surface (see Fig. 3 d). In the optimized NFW composite, Phosphorus

shown as green in the EDS maps and only present in the counter anion

Phos) can be seen evenly distributed throughout the matrix. Not only

as the Poly-IL well-distributed, but the MVIMPhos-based polyionic

omposites were resilient enough to withstand exposure to the polar,

protic acetonitrile for up to 4 days rinsing (Figure S6). Other polar,

rotic solvents such as methanol (Figure S7) and water (data not shown)

uickly dissolved and washed the polymer from the material within min-

tes, suggesting that the MVIMPhos was completely integrated within

he cellulose matrix but not covalently bonded. Because the underlying

bers largely remain intact (see SEM image in Fig. 4 ), it is expected that

he mechanical properties of the welded-polymerized product would be

etained or possibly improved. However, due to the extremely hygro-

copic nature of the polyionic biocomposites, mechanical testing was

ot feasible. 

Table 1 

To reduce the amount of atmospheric water absorbed by the

VIMPhos-based fiber-welded biocomposite, anion exchange of MPhos

or TFSI (a more hydrophobic anion) was performed. First, a short dura-

ion experiment was conducted, where the MVIMPhos-based polyionic

iocomposites ( Fig. 4 ) were treated to a single pass of 1.5M LiTFSI (in

cetonitrile) across a fritted glass membrane. SEM/EDS of the materials

efore rinsing excess LiTFSI salt (Figure S8) and after rinsing ( Fig. 5 )

how that ultimately some sulfur and fluorine remained bound in the

atrix due to TFSI anion exchanging with the MPhos. EDS mapping of

he samples before and after treatment shows that between 2-5 % of

he anions was displaced ( Table 1 ). The samples containing MCC binder

howed the higher degree of anion exchange (5%), most likely because

he dissolved and reconstituted MCC binder physically trapped more of

he MVIMPhos that ultimately polymerized into the welded matrix. To

mprove the degree of anion exchange through mass action, a longer

xchange time and higher concentrations of LiTFSI was explored. At-

empts to expose these samples for an extremely long time (4 days) in

ore concentrated (4M) LiTFSI followed by 4 days rinsing in acetonitrile

ere unsuccessful, as an 8-day exposure to this environment removed

he majority of polymer from the cellulose matrix (see Figure S9). Sur-

risingly, however, even after 8 full days of immersion in acetonitrile,

ome of the polymer backbone still remained (see the green in the Phos-

horus map of Figure S9). 

In order to test the water sorption properties of the polyionic bio-

omposites before and after TFSI exchange, a relative humidity (RH)

hamber was constructed, with humidity controlled through the use of
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Fig. 4. Scanning electron microscopy and energy 

dispersive X-ray spectroscopy of polyionic biocom- 

posites produced by NFW with MVIMPhos:0.5 mol% 

potassium persulfate solution at 60°C for 1 h, then 

polymerized at 80°C for 19 h. Frame (a) shows a 

cross-section of four 3-ply cotton yarns welded with 

neat MVIMPhos. Frame (b) shows a cross section 

of four 3-ply cotton yarns welded with MVIMPhos 

solution containing 1 mass% microcrystalline cellu- 

lose binder. Both (a) and (b) depict a low-resolution 

SEM image, a higher resolution SEM image of the 

welded interface, a Phosphorus EDS map, and an 

EDS spectrum of the cross-sectional area. Data col- 

lected at 20 keV and samples did not require any Au 

sputtering prior to analysis. The unlabeled peaks at 

1.25 keV and 1.5 keV are Mg and Al from the sample 

stub. 

7 
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Fig. 5. Scanning electron microscopy and energy 

dispersive X-ray spectroscopy of MVIMPhos-based 

polyionic biocomposites (four 3-ply cotton yarns 

welded together as shown in Figure 4 ) following 

single pass anion exchange with 1.5M LiTFSI so- 

lution and rinsed 15 min with acetonitrile. Frame 

(a) shows a cross section of the composite welded 

with neat MVIMPhos where some of the MPhos 

anion has been exchanged for TFSI. Frame (b) 

shows a cross section of the composite welded with 

MVIMPhos solution containing 1 mass% microcrys- 

talline cellulose binder following exchange of some 

MPhos anion for TFSI. Both (a) and (b) show a 

low-resolution SEM image, the EDS spectrum of the 

cross-sectional area, a Phosphorus EDS map, and a 

Sulfur EDS map. Data collected at 20 keV and sam- 

ples did not require any Au sputtering prior to anal- 

ysis. The unlabeled peaks at 1, 1.25, 1.5, and 1.75 

keV are Na from sample prep, Mg and Al from the 

sample stub, and Si from the glass filter used to col- 

lect the sample, respectively. 

8 
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Table 1 

Energy dispersive X-ray spectroscopy analysis of polyionic biocomposite cross sections 

Sample: MPhos-Based (no MCC) MPhos-Based (1 mass% MCC) TFSI-Based (no MCC) TFSI-Based (1 mass% MCC) 

EDS measured atomic percent (%) 

Measured Phosphorus (at%): 1.9 1.3 1.5 1.9 

Measured Sulfur (at%): 0.01 0.02 0.08 0.19 

Total Signal from Anions: 1.9 1.3 1.6 2.0 

% signal from MPhos Anion (before exchange): 100.0 100.0 97.8 95.8 

% signal from TFSI Anion (after exchange): — — 2.2 4.7 

Note: The % signal from TFSI takes into account the background-subtracted sulfur signal from the analogous composites prior to anion exchange. 

Table 2 

Water sorption test results for MVIMPhos-based and TFSI-exchanged polyionic biocomposites in 70% relative humidity 

chamber 

% Mass Increase due to Absorbed Water 

Sample: MPhos-Based (no MCC) MPhos-Based (1 mass% MCC) TFSI-Based (no MCC) TFSI-Based (1 mass% MCC) 

Time (h) 

5 34.8 (0.9) 35.7 (0.2) 32.2 (1.8) 31.5 (1) 

24 37.8 (1.5) 39.7 (0.6) 33.8 (1.8) 34.3 (0.3) 

Note: Each sample was rinsed with acetonitrile for ca. 15min to remove excess monomer and then dried under vacuum 

at 60°C. Error of triplicate measurements are presented in parentheses. 

Fig. 6. Representative water sorption profiles for the polyionic biocomposites 

before and after anion exchange. These data were collected under controlled 

relative humidity (ca. 70%) for 24h. Mass increase (%) is the measured mass 

of the sample at each timepoint divided by the dry sample mass at time zero, 

represented as a percent. ∗ The untreated yarn was only tested for 2 h; the water 

content for this sample at 24 h is a projection based on the asymptotic rate 

of water sorption observed from 90-120 min during the evaluation at ca. 70% 

relative humidity. 
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o

aturated salt solutions. ( Greenspan, 1977 ) After demonstrating that the

hamber could reliably control the humidity, an analytical balance was

sed to measure the water sorption properties of untreated yarn (Figure

11). The polyionic biocomposites (with and without MCC binder both

efore and after anion exchange) were then tested at the same RH (ca.

0%). The results of tests are summarized in Table 2 , and representa-

ive data are presented in Fig. 5 . While untreated yarn changes mass by

nly ∼7.5% at 70% RH (see Figure S11) after 2 h and the rate of water

orption plateaus, the MVIMPhos treated samples absorb a remarkable

7.8% ( ± 1.5%) water mass after a 24 h period (without binder), and up

o 39.7% ( ± 0.6%) when 1 mass% MCC binder is incorporated into the

atrix (see Table 2 ). These degrees of water absorption over a 24 h pe-
9 
iod are significantly higher than the same samples after they have been

xchanged with TFSI, even though the exchange effects a small ( ∼2-

%) amount of the anions in the matrix according to EDS. Ultimately

hese less hygroscopic samples absorbed 33.8% ( ± 1.8%) (without MCC

inder) and 34.3% ( ± 0.3%) (with MCC binder) over a 24 h period. In

ach case, the absorbed water was easily removed by taking the samples

ut of the humidity chamber, and drying under vacuum. 

Fig. 6 

In summary, the methods presented in this report delivered a novel

olyionic biopolymer material with polymerized MVIMPhos distributed

hroughout a fiber-welded cotton yarn matrix. Upon a single-pass anion

xchange, approximately 2-5% of the MPhos anions were exchanged

ith TFSI, reducing the water sorption by 11-14%, and the best results

ere achieved when 1 mass% of dissolved MCC binder was added to the

oly-IL welding solution. While this process can be improved by further

nhancing the degree of anion exchange or using alternative exchange

olvents that are even gentler on the formed polymer-matrix, the data

resented in this novel study clearly show the great potential for using

FW to make polyionic biocomposites whose properties can be subse-

uently tuned through anion exchange. Future experiments to further

ptimize these methods to make completely hydrophobic charged sys-

ems are currently underway. 

onclusion 

In this study, two novel ILs containing the 1-alkyl-3-

inylimidazolium cation and alkylphosphonate anions were presented

s viable NFW solvents and were used to create polyionic biocompos-

tes. NFW and polymerization experiments demonstrated the ability

or EVIEPhos and MVIMPhos to serve as fiber-welding solvents and

ach were shown to polymerize ex-situ using photo- and thermal

nitiation. Following successful ex-situ polymerization, cotton yarns

ere welded with MVIMPhos which was then polymerized in-situ

sing potassium persulfate, both with and without additional MCC

inder in the welding solvent. Optimized fiber-welding parameters

ielded extremely hygroscopic cotton-based polyionic biocomposites

hat readily absorbed nearly 40% of their initial mass in water under

ontrolled (70%) relative humidity. One short, simple anion exchange

nd rinse procedure (exchanging MPhos for TFSI) delivered up to ca.

% anion exchange, successfully reducing the water sorption properties

f the composites by 14%. 
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