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ABSTRACT OF THESIS
Solution Properties of lomoers in LowPolarty Solvents Containing loniciquids
By: Elliot Taylor

Thesis Director: Masanori Hara

The effect of lowpolarity solvents on the progers of sulfonated polystyrene
sodium saltonomer(SPSNa), sulfonated polystyrene calcium salhamer (SPSCa), and
poly(methyl methacrylate)(PMMAa) ionomers were studied through viscosity
experiments. lonomers were dissolved in different low polarity solvents and viscosity
measurerantsconducted at dilute concentratiohstramolecular bonds betee ionomer
chainsdominateat dilute concentrationsndresulted in a decrease in solution viscasity
The relative change in viscosity was determined by the strength ohtinaéo counterions
as well asolvent polarity All three ionomers werérst disolved in a miture of benzene
and methanol withhe concentrationf methanoin the solventvariedbetween 110%to
study the change in viscosity asuadtion of solvent polaritySolution viscosity increased
with increasing methanol contentith a morenoticeable effect occurring in PMMAa
and SPS\a. In addition,the solubility of theonomes were testeth solvent mixturs of
tetrahydrofura{THF) andeightdifferent ionic liquidsin the imidazolium familySimilar
viscosity behavior was observed fmme of thesolvent mixtures containing ionic liquids,
and in some cases the ionic liquid was observed to be more effective than benzene and
methanol. Finally, it was observed that the chemical structure of the ionic liquids played a

part in the viscosyt behavior for ionomers.
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1. Introduction

1.1 Research Motivations

lonomers are types of polymer that contain ions at low coratemnt,typically between 5
15%,thatare distributed randomly thugh the polymer chains asdnificantly enhance

the material properties through the formation of ionic bghel. Due to the presence of
ionic aggregateshat form, ionomers can have signifidgntigher impact strength,
stiffness, and resistance torasion when ampared to nofionic polymersin addition, the

ionic crosslinks have a significant effect on the glass transition temperature, viscosity, and
modulus of the polymeThis is due to th@nic bonds, as primary bonds, which seseral

orders ofmagnitudes stronger than tbecondary bonds normally foubdtween chains in

non-ionic polymers[1,2].

lonomers are used in a variety of differapiplications, which is why it is important to
study the propertiesdJnderstanding the solution properties of ionomers and the effects of
different solvents is key to developing efficient processing, so the focus of this study was
studying thesolutionproperties of three different ionomeifithe viscodly of poly(methyl
methacrylate)(PMMA) ionomersulfonated polystyrene (PS) ionomssdium salt and
sulfonatedPS ionomeircalcium salt wereneasured in different loyolarity solvents to

study the ionic aggregation behavior. In addition to the viscasigyeffect of different
solvents on the solution properties of the specific ionomers were examined and the viability

of ionic liquids as solvents for ionomers wasted.

lonic liquids are salts with unusually low melting points due to weakly associdtedsca

and anion$9-13]. The unique characteristics of ionic liquids, such as extremely low vapor



pressure or high thermal and chemical stability, make them attractive for a large number
of applications, including polymer sciengE}-13]. Recent studies ka shown that ionic
liquids can be incorporated into polymers as composites, be used for polymerization, and
for solubilization of polymerg10-13]. However limited work has been done on the
solubilization of polymers in ionic liquids, ahad our knowledg there is not yet any work
documenting the effect of ionic liquids dhe solubilization of ionomerdDue to the
widespread use of ionomers in industry, and the growing attention on applications for ionic
liquids, the interactions between ionomer andddimguid is an area that aluableto
investigateThus, inthis study the solubility and viscosity of three ionomers were tested in

various lowpolarity solventsncludingeight differentionic liquids.

1.2  Viscosity Measurements

Measurement of theolution viscosit is widely recognized as an effectimgethod for
studying the properties of polymg#s14,15]. Solution viscosity is measureg comparing

the efflux time of a polymer solution with a specific volume to the efflux time of the pure
solvert through acapillary of a specific sizgl4]. Measurements of viscosity are usually
performed in capillary viscometers of the Ubbelohde type, as seen in Figure 1.1, because
they are independent of the amount of solution as this allows for performingreraasts

at a series of concentrations as oggo® a single concentrati¢iy,16].



Figure 1.1 Ubbelohde Viscometgf!

From the efflux time of the polymer solutianthe efflux time of the solvers, and the

solution concentratigrihe viscosity came calculated from the agtions listedelow.

Table 1.1:Solutionviscositynomenclaturé®

Name Equation

Relative Viscosity - -1~ oo
Specific Viscosity - - p O O 70
Reduced Viscosity —~ &
Intrinsic Viscosity (& [ (&)

In particular, he reduced viscosity, or thetiof specific viscosity to the concentration,
is how results are typically reported for polymer measurements because it normalizes the
viscosity with respct to polymer concentrationit is known that increasing the
concentration of polymer in the samphéll increase the viscosity, but this is not an

important or interesting observation. Thus, the viscosity is normalized with respect to



concentration in order to observe the effects of other facnch as the presence of ionic

aggregates or the type sxflvent used to break the ionic aggregates.

The other important value from Table 1.1 is the intrinsic viscosity which is found by
extrapolating the reduced viscostty zero concentratiorilhe intrinsic viscosity can be
used with the MarHouwink-Sakurad relations to estimate the molecular weight using
empirical data for different polymesolvent combinations. The MaHtouwink-Sakurada
relaion will be discussedurther as a method of estimating polymer molecular weights in

section 2.1

1.3 AggregationBehavior of lonomers

In low-polarity or nonpolarsolvents ionomers display aggregation behavior where
counterions assate to form ionic dipolegl-8, 17-21]. In nonpolar solvents, the electrical
environment of the ionomers is similar to the solid state is widely used to study the
nature of aggregation of polymers in the solid dthfg In polar organic solvent systems,
such as DMFionomers display polyelectrolyte behavior which is markedly different from
the aggregation behavior in lepolarity ©lvents[17,23-24]. However, polar systems are
outside ofthe scope of this work, which wansteadfocused on aggregation behaviord

solvents with low polarity.

Viscosity measurements are a common experimental method for studying the aggregation
behavor of ionomers in nonpar or lowpolarity solventg5,14,15]. The aggregates that
form in ionomer solutions have a noticeable effect on the solution viscosity, but the type

of effect is very different depending on the concentration of the ionomer inlth®s. If



the solution is concentrated, the aggregates cause a shegpse in reduced viscosity,
whereas if the ionomer solution is dilute, a decrease in reduced viscosity of tiengslu
actually observed5, 7-8, 17]. The reason for this behavies the type of molecular
interactionsthat dominateat specific concentrationgigure 1.2 shows a schemabé€
reduced viscosity vs. concentration and illustrates the typical viscosity behavior of

ionomers and its dependence on concentration.
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Figure 1.2: Effect of ionic aggregation of solution viscosity

At low concentrations the reduced viscosity of the ionomer is lower than the viscosity of
the neutral polymer. This is attributed to the dominant presence of intramolecular ionic
aggregation, which ocesibetween different monomeof the same polymer chaifihese
intramolecular bonds cause the ionomer chains to contract on itself and shrink in size
[5,17]. The viscosity of the ionomer solution is determined by the strength of the ionic
dipoles formed amhthe polarity of the solvent used. As the pojanitthe solvent increases
there ardewer ionic bonds able to form and less ionomers chains contratb dioe ionic
aggregation. This wiltesultin the viscaity beng closer to that of the neutral poher

which has no ionic aggregateslso, the change in the viscosity as the polarity of the



solvent changes is determined by the strength of the ionic aggregation as stronger ionic

bonds will require a more polar solvent to break the b@hds

At high ionomerconcentratiorthe opposite behavior is adased of the solution viscosity

The reduced viscosity increases significantly at high concentrations due to the dominant
presence of intermolecular aggregatiThe number of ionoer chains is much higher so

ionic bonds predominately form between different chains. Instead of causing the chain to
contract and reduce in size, the different polymer chains become connected and form large
aggregates which cause a large increasestosity. At high concentratiancreasing the
polarity of thesolvent will cause the viscosity to decrease towards the viscosity of the
neutral polymer because it will break the ionic aggregates holding theediffelnains

together5, 7-8, 17].



2. Experimental Methods
2.1 Materias

Poly(methyl methacrylateo-sodium methacrylate)(6.00% ion contef@MMA-Na)
poly(styreneco-sodium styrenesulfonate)(5.58% ion cont¢8§ SNa), andpoly(styrene
co-calcium styrenesulfonate)(5.%bion content) (SP&a)werethe ionomersised in this
study. SPS acid copolymer wasbtaired by sulfonation reaction of polystyremethis
laboratory througthe preparation methatescribed byBellingeret al[25]. PMMA &cid
copolymer samples were obtained from Polysciences Inc, neutralized in the laborator
using sodium hydroxide (NaOH) anmire ionomer samples recovered through freeze

drying. The ionomer chemical structures are shown below in Figure 2.1.

CH;

CH;
Aé CH,——C %—é CH,—— c%—
i 6.00%

‘ PMMA-Na ionomer

\ . Na®
H; ({ \ o/ \O ]
(‘H _(H CH, _(H
ij [lj SPS-Na ionomer

L"

o

(II —C]—[ CH, _C]-[

é (5 SPS-Ca ionomer

Figure 2.1: Chemical structures of ionomers used in study



Molecular weights of the polymers wereiggited using the relation between intrinsic
viscosity and molecular weight from Makouwink-Sakuradd14, 26-27]. The equation

that describethis relation is the following:

- @ @)

In this equations] is the intrinsic viscosity in unitef mL/g, K éand a are empirical
constants found for individual polymers in different solvents, Bht the molecular
weight [14, 26-27]. Using the constants from Benoét al. for polystyrene in
tetrahydrofuran the molecular weightof polystyrene usedvas determined to be
approximately 270 00[26,28]. Both the sodium salt and the calcium salt were made from

the same bagsolystyrene sample, so thagvethe same molecular weight.

The molecular weight for the neutral PMMA sample used was calculated1id4b@00

using the empirical constants from Moore and Fort for PMMA in bengZh29]. The

PMMA ionomer, however,was not prepared from this neutral polymer and was instead

made from an acid copolymer purchased separately. Using theH\amkink constants

the molecular weight of the acid sampVas estimated to be around 880. It is assumed

that there 1 sndét a WMMEniafci dantsoditfiviarirgdin d e e
Houwink constants specific for the copolymer, the value calculated issanadae

estimate.



Solvents benzene, methanol, tetrahydrofuran (THF) and ionic liqlibdsityl-3-

methylimidazolium hexafluorophosphateBMIM -PFs), 1-butyl-3-methylimidazolium

trifluoromethane sulfonatéBMIM -TF), 1-ethyl3-methylimidazolium tetrafluorobate

(EMIM-BF4), 1-ethyl3-methylimidazolium diethylphosphate (EMHAEP), ethyl3-

methylimidazolium ethyl sulfateEMIM-ES), 1-ethyl3-methylimidazolium hydrogen

sulfate (EMIM-HS), 1-ethyl3-methylimidazolium trifluoromethane sulfonat&EMIM -

TF), and %ethyl-3-methylimidazoliumhexafluorophosphat&EMIM -PFs), were obtained

from Aldrich and lolitec

Table 21: List of ionic liquids

CAS # Abbreviation | Full Name Formula Molecular
Weight
(g/mol)
174501645 | BMIM-PFs 1-butyl-3-methylimidazolium CsH1sFeN2P 284.19
hexafluorophoghate
17489966-2 | BMIM-TF 1-butyl-3-methylimidazolium CoH1s5FsN203S | 288.29
trifluoromethane sulfonate
14331416-3 | EMIM-BF4 1-ethyt3-methylimidazolium CeH11BFaN2 197.97
tetrafluoroborate
848641690 | EMIM-DEP 1-ethyl3-methylimidazolum C10H21N204P | 264.26
diethylphosphate
342573755 | EMIM-ES 1-ethyl3-methylimidazolium CsH16N204S 236.29
ethyl sulfate
41200961-1 | EMIM-HS 1-ethyt3-methylimidazolium CeH12N204S 208.24
hydrogen sulfate
155371190 | EMIM-PFs 1-ethyl3-methylimidazolium CeH11FsN2P 256.13
hexafluorophosphate
14502244-2 | EMIM-TF 1-ethyt3-methylimidazolium Cr7H11F3N203S | 260.23
trifluoromethane sulfonate
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Figure 2.2: Chemical structures of ionic liquid cations and anions used in study
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2.2 Equipment

The reduced icosity of the ionomer solutions were measured using a modified capillary
viscometer of the Ubbelohde type. This type of viscometer was used so that the solution
could be diluted successively allowing for a series nefasurements at different
concentration [14-16]. To ddtain the highest precisiowjscosity measurements were
performed at 25 + 0.08C in a thermostated bath, acapswereused to prevent exposure

of the sample to air and moisture as well as evaporation of the solvent.

23 Solvents Used

Reduced viscosity athe three ionomer compounds, PMMNXa, SPSNa, and SP&a

were measured dtlute concentrationsSolvents for each ionomer sample were determined
experimentally in the lab and chosen out of research interest. To study the aggregation
behavior of the ionomer samples, organic solvents ofdolarity were choseas the base

solveni ncl uding benzene (U = 2.26) and THF (U
additives were mixed with the organic solvent. Due to the presence of ionic aggregates, a
polar additive isused to weaken the bonds andke the ionontesolution a homogeaus

mixture[5]. The effectiveness of the solventireakingonic aggregates depends partially

on the dielectric constant of the solv§hi].

While being highly polar and capable of breaking ionic bonds, water cannot be used as a
solvent for ionomer dations because an organic solvent is needed for the polymer
backbone chain§l?7]. lonomers contain ionic groups at low percentages, the highest

percentage used in this study was 6.08%as many units of the polymer chato not
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contain ionic groups. Thisiakes solvents of high polarity, such as water, ineffective for
ionomers and will result in thiBormation of solid precipitateThe percentage of polar
additive in the solution was varied to observe its effect on the solution viscosity of the
ionomers. Mxtures of benzene and methanol were used, with the methanol content ranging
from 1% to 10%, to dissolve PMMA (ionomer and acid), $RSand SP<£Ca. To be sure

that the changes in reduced viscosity obsevwead due to the presence of ionic aggregates
and rot the changing concentration of the solvent mixture, PMMA was tested in a mixture

with methanol concdrations of 10%and 1%.

1.2

1.0 +
0.8

L
a2 0.6

0.4 4 e e 5

0.2 5

00 T T T I I
0.0 0.2 0.4 0.6 0.8 1.0 1.2

c (g/dl)

Figure 2.3: Reduced viscosity vs. concentration for PMMA in solvent mixture of

benzene and methanol

-y/- 90/10 benzene/methanol -1 - 99/1 benzene/methanol
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As seen in Figure 2.3the reducedviscosity was almostidentical which means that
changing the methanabncentration does not have a meaningftdct on the solution

viscosity of the polymer.

Further experiments were coraded on the three ionomer systems using THF as the base
organic solvent with small amounts of ionic liquid added to break the ionic atggedse

ionic liquids were taken from the imidazolium family widkfferent combinations afwo
cations and spanians. Table 22 summarizes the solubility ohé ionomers in the ionic

liquids found experimentally in the laboratory.

Table 2.2: Solubility of ionomers in ionic liquids

lonic liquid Dissolved Dissolved Dissolved
PMMA-Na SPSNa SPSCa

BMIM -PFs Yes Yes Yes
BMIM -TF No No No

EMIM -BF4 Yes No No
EMIM-DEP No Yes Yes
EMIM-ES No Yes Yes
EMIM-HS No No No
EMIM-PFs Yes No Yes
EMIM-TF Yes Yes Yes

Of the eight ionic liquidsused two were successful in dissolving all three ionomers,
BMIM -PFs and EMIM-TF, andtwo were unable to dissolve any of the three, BMIM
and EMIM-HS. The remaining four showed varying success with ENBIFM working only
with PMMA-Na, EMIM-DEP and EMIMES working for the polystyrene ionomers, and

EMIM-PFs working with PMMA-Na and SP&a, lut not SPS\Na.

The amount of ionic liquid used in preparation of samples was measured as the ratio of

moles of ionic liquid over the moles of ionic groups in the ionomers. This ratio is denoted
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as [IL]/[lon] in thisreport and is the number reported nexthe name of the ionic liquids

for discussion of the results.

1.6

1.2 5

-

2 0.8 1
[

0.4+

0.0 T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

c (g/dl)

Figure 2.4: Reduced viscosity vs. concentration for PS in solvent mixtures of THF and

EMIM-TF and BMIM-PFs

-y~ EMIM-TF -1 - BMIM-PFs
As done previously with benzeaadmethanol, the effect of ionic liquids on the solution
viscosity was tested. In this case, the viscosity of polystyrene in solvent mixtures of
THF/EMIM-TF and THF/BMIM-PFs were compared to the wssity of polystyrene in
pure THF. Figure 2.4 shows that there is minimal change in viscosity compared to PS in
THF, soit was determined thahe addition of ionic liquids does not have a significant

effect on the viscosity.
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2.4 Experimental Procedure

Samples for viscosity measurement were prepared at least a day in advance. This was done
by placing ionomer, weighing between &ty and 150mg depending on the desired
concentration, in an erlenmeyer flask. Then 10 mL of the chosen solvent mixture, or pure
solvent, was measured using a pipette and added to the flask. Samples made using a solvent
mixture of benzene/methanol were set on a magnetic stirrer for at least a day at room
temperature to ensure that the sample would dissolve into a homogenous naixture f
measwements. Magnetic stirringvas not used for solvemhixtures of THF and ionic

liquids. In some ofthese samples aggregation was obsemedh may have been shear
induced from the stirring. Samples that showed solid precipitation in the flaskraziube

used for experimentation bagase the particlesould get stuck in the viscometeapillary

and effect the measurement

On the day othe experiment the viscometer wasnoved from storage in the hood and
rinsed with water for tleast five minutesAcetone wasised after to remove watom

the viscometer before it wasit into the oven for at least 10 minutes to dry. Upon removal
from the oven, an aspiratatasused to remove hot dmom the viscometer until it reached

room temperature. This wa®neto avoidcondensation of water inside the viscometer,
which wouldadverselyaffect the sample. Once the viscometer was prepared, 8 mL of the
solvent used for the sample was added to the viscometer and it was pkattentimostated

bath at 2% C. Viscosity measurements were then carried out on the solvent until the relative
error of three successive measurements did not exceed 0.5% and the results did not show
an increasing or decreasing trend. Values from the solvent measurement were used as

calibraion and in calculations of threduced viscosity.
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Following solvent measurement, the viscometer was removed from the bath and cleaned
once agairbefore measuringhe ionomer solution. The viscometer was first rinsed with
acetore to remove the solvent atttenplacedin the oven for 10 minutamtil completely

dry. And & done previoushhot air was removed froné viscometer usingn aspirator

to prevent condensatiom this way the viscometer was cleaned of any solvent so that the

concentration of thenomersample would be preserved for measurement.

After the viscometer was cleaned, 8 mL of the ionomer sample was measured and added
to the viscometer. The viscometer was then returned to the thermostated bath and
measurements cdocted in the same magmdone for the solvent. After measurement of

the ionomer solutionhe sample wadiluted four times in the viscometer. The amounts
added for these dilutions were rBL, 5 mL, 10 mL, and 20mL of solvent, with

measurements conducted at each dilution.

To dbtaingood datathe viscometer was thoroughly cleaned after each experimertt. Firs
the sample was emptieshd the viscometer rinsedth the solvent. After the solvent, the
viscometer was rinsed with acetone, and then witer using an aspirator to ems that

the water flowed through the capillary for at least five minutes. Finally, the viscometer was

filled with sulfuric acid and stored in the hood overnifgintthe next experiment.
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3. Results and Discussion

3.1 Viscosity of PMMA

Viscosity experimeist were performed omhe PMMA acid cgolymer and ionomer
samplesFirst, they werestudied at dilute concentrations in solvent mixtures of benzene

and methanol.

Samples of the acid copolymer system were successfully dissolved in solvent mixtures
containingmethanol percentages of 10%, 5%, 2.5%, 2% and 1%. The minimum methanol
content tested to dissolve the acid copolymer was 1%, but the results suggest that the
polymer could still be successfully dissolved when further lowering the methanol content

without the formation of a solid precipitate.

The reduced viscosity for the acid copolymer system showed an increasing trend with
increasing methanol content. Despite not containing any ionic groups, the viscosity follows
the behavior of itute ionomer solutionsvhich can beattributed to the presence of

secondary hydrogen bondsathHorm between polymer chaifg17,30].

The increasing viscosity with increasing concentratiomsaihanoin the solvenindicates

that the hydrogen bonds that form are predomipaigiramolecular bonds. This is
consistent with the behavior of ionomers in the dilute concentratiobgbatise hydrogen
bonds are several orders of magnituaaker than ionic bonds, the effect they have on the
solution viscosity is relatively smdIBQ]. This is illustrated in Figure.B which plots the
reduced viscosity versus methanol content of the acid copolymer at a specific

concentration.
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Figure 3.1:Reduced viscosity vs. concentration for PMMA acid copolymer in solvent
mixture of benzene andethanol

-y~ 90/10 benzene/methanel - 95/5 benzene/methanol

-0- 97.5/2.5 benzene/methane - 98/2 benzene/methanol

-z - 99/1 benzene/methanol

To demonstrate the effect of ionic aggations on the properties of ionoméhe PMMA

Na ionomer waslso dissolvedni solvent mixtures of benzene and methanol and compared
to the results of the acid copolymer. Samples of PMNBonomer were successfully
dissolvedn solvent mixtures with methanol content of 10%, 5%, 4%, 3.5%, 3%, and 2%.

Solid precipitation was obsemten samples containing methanol content lower than 2%,
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so that was determined to be tmimum methanol concentratiableto dissolve the

PMMA-Naionomer.

14
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Figure 3.2: Reduced viscosity vs. concentration for PMNWa ionomerin solvent
mixture of benzea and methanol
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-3- 96.5/3.5 benzene/methan&dB7/3 benzene/methanol
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Similar to the results for the acid copolymerteys, the reduced viscosity of the PMMA
Na ionomer showed an increasing trendhwincreasing methanol content. This trend,

which is characteristic of dilute concentration ionomers, is observed in Figure 3.2 which
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plots reduced viscosity vs. concentrationthe PMMANa ionomer samplg$,17]. While
both systemshow the same trend, theage noticeable differences whdime results

between the acid copolymer and the ionomer are compared.
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Figure 3.3 Reduced viscosity vsnethanol concentratidior PMMA acid copolymer
and ionomein a solvent mixture of benzene and methaial fixed concentration

-y~ Acid - - lonomer

First, because ionic bonds are much stronger than hydrogen bonds, the change in reduced
viscosity with changing methanol content was dardor the ionomer than the acid
copolymer[30]. This is illustrated in Figure.3 which plots reduced viscosity versus

changing methanol content of the PMMMaionomer at a fixed concentration.
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However, another difference that we see is that while thener shows a larger change

with changing methanol concentration, this effect plateaus after a certain point. From
Figure3.3 we can see that the reduced viscosity changes only slightly when the methanol
concentration is doubled from 5% to 10% which inthsahat the effect ohcreasing the

polar solvent stopped having an effect on the viscositgddition, even at 10% methanol
concentration there is still a noticeable gap between the viscosity of the ionomer and that
of the acid polymer. The large gagdor the ionomer indicates that not all of the ionic
aggregates could be brokenthe polar solvent. Thisomparisorsuggests that thers a

limit to the effectiveness of methanol as a polar solvent for the PNildAdnomer.

In addition to solvent mixtuse of benzene and methanol, PMM\& ionomer was
successfully dissolved in solvent mixtures of THF and different ionic liquids. figine
ionic liquids tested, PMMANawas successfully dissolved in the following foBMIM -

BF4, EMIM-TF, EMIM-PFs, and BMIM-PFs.
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Figure 34: Reduced viscosity vs. concentration for PMNia ionomerin solvent
mixture of THFandEMIM -BF4

[ - EMIM-BF:30  -Y- EMIM-BF426 -O- EMIM-BF417.5

Shown in Figue 34 is the graph of reduced viscosity vs. concentration for samples
dissolved in a solvent mixture of EMH#AFs and THF. PMMANa was successfully
dissolved in solvents with [IL]lon] ratios of 175, 25, and 30. Samples attempted with a
ratio lower than 1.6 were unable to fully dissolve the ionomer and solid precipitation was
observed. For the tee successfully samples, PMwMa in EMIM-BFs+ shows the
characteristic increase imseosity with increasing solvent polarity. It is worth noting that
while EMIM-BF4 was unsuccessful in dissolving the polystyrene ionomers, it performed

as expected for the PMMA system.
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In addition to EMIMBF4, samples dissolved in solvent mixtures of EMIM and THF

also showed the characteristic viscosity behavior of ionometiute concentration.
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Figure 3.5: Reduced viscosity vs. concentration for PMNil&ionomerin solvent
mixture of THF and EMIMTF, EMIM-PFs, BMIM-PFs

-y~ EMIM-TF 32- - EMIM-TF 24

-0- BMIM -PRs22.2 -2- EMIM-PF 16.1

Figure 3.5shows reduced viscosity vs. concentration for samples successfully dissolved
with [IL]/[ lon] ratios of 24 and 32. Samples tested with ratios lower than 20 were all
unsuccessfulith precipitation observedo fewer esults were obtained for PMMNain

EMIM-TF and THF.
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For the remaining two ionic liquids, EMIFs and BMIM-PFs, only a very narrow range

of ratios were able to successfully dissolve the ionomer. For ERFVthe successful
sample was obtained thia ratio of 16. Samples with ratiosuchhigher and lower than

16 showed solid precipitation which can likely be attributed to the fact that the polarity of
the sample becoming too low or too high. It is also worth noting that of the viscosity
experimerg performed with PMMA ionomer and ionic liquids, EMIRFs had the lowest
viscosity and therefore was the least effective at breaking the ionic aggregation. For
BMIM -PFs, a successful sample was obtained with a ratio of 22, but like ERF\ratios

much hgher or lower resulted in solid precipitation.

Compared to the polystyrene ionomers, the successful samples for the-RidMdAomer
with ionic liquidsrequired higher ratios to fully dissolueto a homogenous solutioRor

comparison, the minimum ratid EMIM -TF needed to dissolve S8\ was 2.4, but the
lowest sample PMMA that was successful was ten times higher at B4ofgervation

may be attributablto the overall polarity of the ionomer.
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3.2 Viscosity of SPREa

Two sets of experiments weercarried out with the&SPSCa First, the scosity was
measured for SPR8a dissolved in solvent mixtures of benzene and methanol with the

methanol content varying frogito 10%.

Samples of SREa successfully dissolved in solvent mixtures with methaooltent of

10%, 5%, 4% and 3%. Decreasing the methanol content further caused the ionomer to
precipitate on the bottom of the flask, so it was determined that the minimum methanol
content that cald successfully dissolve SFGwas 3%. This is slightly higér than the

2.7% needd to dissolve SRNa, which perhaps can be attriked to the stronger calcium

bonds

Figure 36 plots the reduced viscosity vs. @emtration for SP£a in benzene and
methanol and it can be seen that the behavior does not follovhdinacteristic trend for

dilute ionomer solution§s,7,17,31]. For methanol concentrations of 4%, 5%, and 10%,
the viscosity is very close, with no increasing or decreasing trend. The exception is the 3%
methanol sample which is notably lower than theepgamples, which suggests that the
ionomer was not fully dissolved at 3%. Also, the lack of a significant viscosity change in
the other three samples indicates that methauagi be a poor solveéfor SPSCabecause
divalent calcium ions are stronger thaodium ions Compared to PMMANa which
showed the increasing viscosity witftreasing methanol trend, SR&showed very little

change.
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Figure 3.6 Reduced viscosity vs. concentration 8?SCain solvent nixture of
benzene and methanol
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In addition to solvent mixtures of benzene anethmanol, the viscosity of SRSa was
measured in solvent mixtures containing the idigeids detailed in sectits 2.1 and 2.2.
Of the 8ionic liquids tested, the following successfully dissolved the ionomer: BIMR)

EMIM-TF, EMIM-PFs, EMIM-ES, and EMIMDEP.
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The amount of ionic liquid was measured in a ratio of moles of ionic liquid added to the
moles of sulfona ion present in the ionomer chain. Fig®&& shows theviscosity
measurements of SK&adissolved in a mixture of EMIMF and THF with [IL]/[lon]

ratios ranging from 6.08 to 33.73.
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Figure 3.7 Reduced viscosity vs. concentration 8#SCain asolvert mixture of THF
and EMIM-TF

-y~ EMIM-TF 33.7-] - EMIM-TF 23.6

-0- EMIM-TF 14.7-3- EMIM-TF 6

For [IL)/[lon] ratios lower than 6.08 solid precipitation occurred, and higher than 33.73

precipitation also occurredueto saturatiorby the polar solvent. Uike the results for
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benzeneandmethanol, the reduced viscosity of samples dissolved with EVI\shows
an increasing trend with ionic liquid content. This behavior is consistent with ionomers in
dilute concentration in lovpolarity solvents, so this demsmates the capability of ionic

liquids to dissolve ionomers, and in some cases, perform betterad#onal solvents.

At the highest ionic liquiccontent, 33.73, the viscdgiresults approach the viscosity of
neutral polystyrenghich shows that iaddition to being able to dissolve the ionomer, the
ionic liquid is able to break many of the bonds in the solution. It should also be noted that
additional ionic liquid was not added when diluting the samples Mieans that while the
[IL}/[lon] ratio is consistent, the overall concentration of ionic liquid in the solution

decreases with subsequent dilutions of THF.

In addition to EMIMTF, SPSCawas also successfully dissolved in ionic liquid EMIM
PFs. Similar to EMIM-TF, the results of EMIMPFs show theincreasing viscosity trend
with increasing ionic liquid contenwwhich can be seen in FigureB3Samples were
successfully dissolved with [ILJ$n] ratios of 5.3 and 15.14 and precipitation occurring
in samples containing lower ratios, such as 2.6,aridgher ratios, in samples tested in

the range of 229.

Compared to EMIMTF, results forEMIM-PFs were successful foa smaller range.
However, it also achieved similar reduced viscosity results using half the ionic liquid ratio
needed for EMIMTF (commare EMIM-TF 33 to EMIM-PF6 15). This may be due to the
fact that the ionic bonds formed by EMIRFs are stronger than that of EMHVIF and so

less is required to break the ionomer bonds.
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Figure 3.8 Reduced viscosity vs. concentration 82SCain solvert mixtures of THF
and EMIM-PFsand BMIM-PFs

~

-y- EMIM-PFs 15.1-| - EMIM-PFs5.3-0- BMIM -PFs 36.7

What can also be compared is the relative effectiveness of tlediguids as solvents for
SPSCacompared to methanol. While samples dissolved in methanol showed a relatively
large plateau, the ionitquids overall performed better. EMHBEP and EMIMES
compared similarly to methanol as they showed little to no change in viscosity even after
the concentration was doubled. On the other hand, EVIVind EMIMPF6 showed the
characteristic increasing trd as well as a much larger range of viscosities. Also, at high
concentrations, both EIMIMF and EMIMPF6 approach the viscosity of pure

polystyrene, which means that they were able to break many of the bonds.
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However, some of the ionic liquids were moinsistent with the behavior of ionomers in
dilute concentratioss While able to dissolve SF&ionomer, the reduced viscosity results
for EMIM-DEP and EMIMES showed different behavioCompared to the increasing
viscosity trend with increasing ionic led ratio for EMIM-TF and EMIM-PFs, both

EMIM-DEP and EMIMES remain constant over thenge of ratios tested.
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Figure 3.9 Reduced viscosity vs. concentration 8?SCain solvent nixtures of THF
and EMIM-DEP and EMIMES

-y— EMIM-DEP 24.5-1 - EMIM-DEP 14.7-0- EMIM-DEP 6.4

-2- EMIM-ES 28.9z - EMIM-ES 15.5

Figure 3.9compares the results for EMHMIEP and EMIMES. EMIM-ES was tested at

two ratios, 1% and 289, and despé almost doubling the [IL]/[lojthe reduced viscas
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remains almost constant. Similarly, EMIDEP was tested at three ratios},6.4.7, and

24.5, and like EMIMES remained almost constant over the entire range.

The solution behavior for EMIMES and EMIMDEP may be attributed to the large dipoles

in the ionic liquid structure due to the ngmolar ethyl branches found on the anion
structures. As discussed previously, these dipoles result in visible phase separation in the
solvent and the presence of THF (which is much less polar) may be preventing ¢he ioni

liquid from fully interacting with the ionomer.

3.3 Viscosity of SP8la

SPSNa was successfully dissolved in solvent mixtures of benzene and methanol with
methanol content ranging from1D%. Samples were successfully dissolved in samples
containing10%, 5%, 4%, 3% and 2.7% methanol concentration. Samples precipitated at
methanol concentrationsf 2.5% and lower, so the minimumethanol concentration

successfully able to dissolN8PSNawas determined to be 2.7%.

Figure3.10 plots the reduced viscogivs. concentration for the five successful samples. It
can be seen that the behavior of RSN solvent mixtures of benzene and methanol
follows the characteristic trend of ionomers in dilute concentration. As the methanol
concentration increases, thisaosity of the ionomer sample also increases and approaches

the viscosity of polystyrene.



32

1.4

1.2 - -7

1.0

= N /-—/'
056 - B/B/ﬁ/.ﬂ/lﬂ

0.4 - ° W
0.2 - ‘_PA——H

/c

sp

OO T I I
0.0 0.2 0.4 0.6 0.8 1.0 1.2

c(g/dl)
Figure 3.1Q Reduced viscosity vs. concentration 8 SNain a solvent nixture of
benzene and methanol
-y~ 90/10 benzene/methand! - 95/5 benzene/methanol

-0- 96/4 benzene/methaneB - 97/3 benzene/methanol

-z - 97.3/2.7 benzene/methanol

The ionomer was successfully dissolved at all concentrations except for 2.5%. At this
concentration, solid precipitatiomas observed and viscosity measurements could not be
performed. By increasing the concentration of methanol it was determined that the

minimum needed to dissolve sulfonated PS was 2.7%.
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As was done with the previous two ionomers, -$RSvas dissaled in pnic liquids. Of
the 8ionic liquids tested, the following four successfully dissolved the ionomer: EMIM
TF, BMIM-PFs, EMIM-DEP, and EMIMES. The list is similar to SRSawith the sole
difference of EMIMPFs. SPSNa showed precipitation in all samples wiatios ranging
from 5 to 24. It may be th&MIM-PFs is too polar for SP8la, butfurther investigation

will be required to understand the interactions

0.0 T T T T T T
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Figure 3.11 Reduced viscosity vs. concentration 8®SNain solvent nixtures of THF
and EMIM-TF and BMIM-PFs

~

-y~ EMIM-TF 26-| - EMIM-TF 14.4-0- EMIM-TF 7.8

-2- EMIM-TF 2.4-z - BMIM -PFs 28
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With the exception of the aforementioned EMMs, the viscosity behavior of SPS$ain

the successful ionic liquid samples wasikr to that found with SP€a EMIM-TF
showedhe characteristic trend of increasing viscosity with increasing ionic liquid content
and was successful over a rangeasfos from 2.4 to 26Figure3.11 plots the viscosity
results of EMIMTF/THF and it can be seen that at the highest tested ionid hafio, the
viscosity comes close to the neutral polymer line, indicating that EVHAerforms well

as a solvent for the ionomer. It should also be noted that the lower lim#bi2lower

than that of SP&4a which likely can be attrited to the fat that sodium bonds are weaker

than calcium bonds

For BMIM-PFs there was only onsuccessfusampleobtained vith a [IL])/[lon] ratio of

28. Samples with ratios higher precipitated due to the polarity of the solvent being too high,
while lowerratios resltedin small pieces of solidndissolvedn the flask. It should also

be noted that the time scale for dissolving samples in BiIARylwere much higher than

for any of the samples with the cation EMIM. A successful sample dissolved in BMIM
PFs took a weekwhereas all the other samples were ready for viscosity experiments in a
day at most. This large difference in time may be due to the presence of longer chains,

butyl compared to ethyl, in BMIM which may interfere with dissolving the ionomer.

Samples dissdved in EMIM-DEP and EMIMES followed the trend established with
samples o5PSCa. EMIM-DEP was tested at two ratios, 14.6 and 27.6, and EM8vat

16 and 27. Just like with SRSa the two ionic liquids in SPRGawere constant even after
doubling the iorc liquid ratios. This indicates that while able to dissolve the ionomer,

EMIM-DEP and EMIMES are not good solventss illustrated in Figure 32, the reduced
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viscosity obtained from samples of EMADIEP and EMIMES are low ompared to the

viscosity ofpalystyrene, so that means timanyionic aggregates remain.
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Figure 3.12: Reduced viscosity vs. concentration 8®SNain solvent nixtures of THF
and EMIM-DEP and EMIMES
-y'- EMIM-ES 27-] - EMIM-ES 16

-0- EMIM-DEP 276 -2- EMIM-DEP 14.6
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3.4 Results Comparison

This section attempts to gaarbetter understanding of the effectiveness of different solvent
mixtures on the individual ionomers. Figure 3.13 plots the redusedsity vs. methanol
concentration for each of the three ionomers at a fixed concentration. As the methanol
increases, and therefore the polarity of the solvent mixture increases, the expectation is that
the reduced viscosity will also increase for dilatmcentrations, and this is illustrated in

all three ionomer systems.
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Figure 3.13 Reduced viscosity venethanol concentratidior PMMA-Na, SPSNa, and
SPSCain a solvent mixture of benzene and methaa fixed concentration

-y~ PMMA-Na-I - SPSNa-0- SPsCa
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However, as can be seen in Figure 3.13, the relative change in reduced viscosity is different
for each ionomer system, which indicates that effectiveness of the solvent is very different.
As mentioned previously, SRS $iowed little change in viscosity while changing the
concentration of methanol, while PMMKNa and SP®a show a greater change in
viscosity.There are some similarities as wétlough, as seen in how both PMM¥a and

SPSCa remain almost constant whittre methanol concentration is increased from 5% to

10%.

1.2
1.0 S

0-8 _ / D

064 . —

0.38]

|

Tlsp/C at [c

0.2 -

0.0 T T T T T T
0 5 10 15 20 25 30 35

[IL}/[lon] for EMIM-TF

Figure 3.14 Reduced viscosity v$IL]/[lon] for PMMA-Na, SPSNa, and SP£ain a

solvent mixture of THF and EMIMF at a fixed concentration
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A similar comparison can also be done across ionomer systems for-EMB&cause it

is one of only two ionic liquids that worked as a solvent for all ttmeemers Figure 3.14

plots reduced viscosity at a fixed concatibn for three ionomers against increasing
[IL]/[lon] ratios for EMIM-TF. The graph makes it easier to see the differences seen when
EMIM-TF was used in the solvent mixture. While it did not appebe teeryeffective for
PMMA-Na (limited range and smathange in viscosity), EMIMF performed similarly

for both SPSCa and SP$la. In addition they were also effective over a much larger range
of ratios. It is also observed that while SE& showed a plateau at higher methanol

concentration, the same behawvas not observed for a THF/EMHVF solvent mixture.

Another method of comparison that can be made between systems dissolved in ionic liquids
and those in benzene and methanol is to compare molariratiessolventJust like how

the [IL]/[lon] ratio used to measure the amount of IL, the ratio of moles of methanol to
moles of ions in the ionomers can be calculated at the initial sample concentration. For
PMMA-Na, the methanol concentration ranged from 2% to 10% with [MeOH]/[lon] ratios
ranging from 730 340 respectively. SPSa ranged from-30% methanol concentration

and [MeOH]/[lon] ratios of 150 to 46&-inally, SPSNa, ranged from-30% with ratios

from 144480.Compared to the ratios for various ionic liquids, the ratio of methanol used

is significantly higherFor ionic liquids the highest molar ratio used was about 33, while
even the lowest for methanol was more than double that at 73 in the 2% methanol sample
of PMMA-Na. Comparing the ratios needed shows that certain ionic liquids Erdaab
achieve similar effects owiscosity to methanol while requiring a fraction of the molar

ratio. In some cases, such as EMINEP and EMIMES for the sulfonated PS ionomers,
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little viscosity change was observed and methanol was shown to be more effectine. But
other cases, such as EMIM- for SPSCa, the ionic liquid was more effective while the
effects of methanol were small even with ratios that were over 10 times hdg®rthe
lower limit for EMIM-TF with SPSNa was 2.41 which was significantly lower than the
150 of methanol at 3% concentration. Overall, this shows that significantly smaller
amounts of ionic liquid are required to achies@mparable, r@d in some cases better,

changes in reducedscosity of the three ionomers



40

4. Conclusions

The effect of diffeent polar solvents on thatramolecular bonds in ionomer solutions
were examined in this study usingscosity experiments. The reduced viscosity for three
different ionomer systems we measured withvariable solvers and solvent

concentrations, and their results compared.

PMMA-Na, SPSCa SPSNawere dissolved in a solvent mixture of benzene and methanol
with the methanol content ranging frdnto 10%. In thesolventmixture, PMMANawas
successfully dissolved in 2% methanol content, but showed solid precipitation at lower
percentagesViscosity increases were achieved by increasing methanol concentration to
5% with little to no change occurring when methanol concentration was indrieater

to 10%.The lowest methanol contemécessary to dissolve SIR&was found to be 2.7%

with solid precipitation occurring at lower concentratidf@. SPSCa, the lower limit was

determined to be 3% with minimal changes in viscosity all the wa@% methanol.

In addtion to benzene and methanol, mixtures of THF and aligfdrent ionic liquids

were tested as solvents for tieee ionomersSamplef PMMA-Na were successfully
dissolved using BMIMPFs, EMIM-BF4, EMIM-PFs, and EMIM-TF, while pregitating

was observed in the other four. SB§ was dissolved in BMIMPFs, EMIM-DEP, EMIM-

ES, EMIM-PFs, and EMIMTF, and SP9Na was dissolved in BMIMPFs, EMIM-DEP,
EMIM-ES, and EMIMTF. In some ionic liquids, such as EMIMEP and EMIMES, little
changem viscosity was observed even when increasing the concentration. In other cases,
such as EMIMPFs and EMIM-TF, the characteristic increase in viscosity with increasing

polarity of the solvent for dilute ionomer solutions was observed.
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In future studies e performance of ionic liquids @olventdor ionomers and theirfiect

on solution viscosity can continue to be explored. The goal would be to develop a
relationship between the structure of ionic liquids and their effect on the solution properties
of ionomers. In addition to using ionic liquids assadvents, the solubility of ionomers in
pure ionic liquid is also an avenue that will be interesting to investigjzeas ionic liquids

have started seeing use as solvents and composite materialg/foegslthe interactions

with ionomers is an area in which exciting new discoveries can be made.
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