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ABSTRACT

This thesis focuses largely on the synthesis, application, and degradation of olefin-
based polymers. The metal-catalyzed copolymerization of olefin and carbon monoxide to
form polyketones and its associated mechanism are of central concern. The role of the
metal catalyst counter-anion and its associated coordination strength are of interest during
the copolymerization, as it is theorized that such coordination strength may disrupt
polymer-metal chelate formation and improve overall catalyst activity if balanced
correctly. To achieve the balanced counter-anion coordination strength, novel imidazolyl-
phenyl (IMP) anions with variable functionality were paired with palladium catalysts and
used in the copolymerization. Polymerizations of 1-hexene and carbon monoxide with
palladium-IMP systems showed no variability as anion coordination strength was varied,
however when allyl glycidyl ether is implemented as the olefin results indicate a potential

anion dependence for polymerization.

The degradation of polyketones through a pathway of post-polymerization
modification is also studied. Akrotek PK-VM polyketones were successfully altered to
polyoximes by addition of hydroxylamine. The conversion of polyketone carbonyl groups
to oxime functionality caused a change in crystallinity as observed by differential scanning
calorimetry and a decreased degradation temperature through thermal gravimetric analysis.
Further functionalization to polyamides via a Beckmann rearrangement was unsuccessful,
however polyoximes and their potential for aqueous metal chelation was studied for
possible other applications. It was demonstrated through UV-vis analysis that polyoximes
may have some capability to chelate to aqueous copper (ii) species, however the degree to

which the residual solvent plays in this chelation is still unclear.



Applications of olefin-based polymers centered around the use of waste plastics
such as polyethylene as adsorbents for per- and poly-fluorinated substances (PFAS) in
water ways. Initial studies focused on the effects of plastic surface area and its relation to
PFAS adsorption. Successful experimental design and implementation of appropriate
characterization techniques were achieved. Additional research demonstrated the effects
PFAS have on the morphology of lipid vesicles. Specifically, the interactions with the
phospholipid bilayers. PFAS is found to have a measurable effect on the phase transition

temperature of lipid vesicles and the overall stability of the bilayer.
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CHAPTER 1
COUNTER-ANION EFFECTS ON TRANSITION METAL CATALYST

ACTIVTIY DURING POLYKETONE COPOLYMERIZATION
1.1 Introduction
1.1.1 Polyketone Background

Polyketones are a versatile class of polymer known for their high tensile strength, as
well as strong chemical- and physical resistance.l 2 3 Applications include injection
molding to form gears or other plastic parts,* fire resistant foams,® and films and coatings.®
"Commonly, polyketones are synthesized by the copolymerization of an olefin and carbon

monoxide (CO) to create either perfectly alternating or random copolymers® (Figure 1.1).

O R

PN

n

/\R+CO

Figure 1.1: Copolymerization of olefin and carbon monoxide to make polyketones.

1.1.2 Metal Catalysts and Associated Ligands

Typically, such reactions are catalyzed by square planar cationic metal complexes with
a d® electron configuration and an oxidation state of +2.° The most common metals used
are nickel,'® ! rhodium,!? 3 and palladium.'* > ¢ Typically, a bidentate ligand will
accompany the metal with amines or phosphines as the chelating groups.t® 171819 The
active catalyst has two vacant coordination sites, one from which the polymer chain will

grow and the other, for incoming monomer which is to be incorporated into the chain



(Figure 1.2).° Therefore, pre-catalysts will most often possess two ancillary ligands

opposite the bidentate chelate which can easily be dissociated.
1.1.3 Counter-Anions and Effects on Catalysis

The cationic catalysts are typically paired with weakly coordinating anions.
Coordination strength of the anion impacts catalysis in multiple ways. Anions that prefer
the outer coordination sphere will not compete with monomer for binding,® 2° while more
strongly coordinating anions may form discrete bonds to the metal®! 22 and block incoming
monomers. However, very weakly coordinating anions may not effectively stabilize
unsaturated cationic intermediates, initiating premature decomposition.?® (Figure 1.3)
Indeed, altering the coordination strength of counter-anion in the copolymerization of
olefin and carbon monoxide affects the reaction rate.® 2* 2> Though comprehensive studies
are lacking, early research and patents suggest that a counter-anion of weaker coordination

strength is preferred for best results.’

Lo X

N s \/
CM\ —»CM
L A L N

Pre-catalyst Active Catalyst

Figure 1.2: General pre-catalyst and active catalyst forms used in olefin carbon
monoxide copolymerization. Bidentate ligand is denoted by “L” and ancillary
ligands by “A”. Blank boxes represent the vacant coordination sites.
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Figure 1.3: Possible coordination modes of counter-anion and metal cation complex.
Metal is denoted by “M”, ligands by “L” and counter-anion by “X”.

Solvent is yet another factor affecting rate, as solvent molecules may compete with
monomer for the vacant site on the metal complex. Small molecular solvents of high
polarity like methanol or ethanol are likely exhibit stronger coordination to the metal
cation, whereas more sterically encumbered polar solvents like tert-butyl alcohol exhibit a
weaker binding.?® Factors such as metal identity, bidentate ligand type, counter-anion
coordination ability and solvent, all contribute to overall catalyst activity and therefore
impact the polymerization. Changing variables in this process is therefore a delicate

balancing act that - if tweaked correctly - produces a polymer of desirable properties.
1.1.4 Mechanism of Polyketone Copolymerization

The overall mechanism of the copolymerization of olefin and carbon monoxide is
generally well understood, though the rate-determining step and identities of individual
species remain elusive.?” Three main steps of the polymerization cycle are initiation,
propagation, and termination.® Initiation involves activating the metal species to begin the
polymerization process. This may be done by either addition of methanol or olefin to the

metal species, producing either a carbomethoxy species or a metal hydride.® Two



competing initiation mechanisms, in conjunction with two termination mechanisms,
creates polymers with three possible end group combinations: the keto-ester, diester and

diketone (Figure 1.4).°

O
n
O
Diketone o
\OMO\
n
0 O
O\ Diester
n
O
Keto-ester

Figure 1.4: Possible polymer end groups following initiation and termination steps.

Propagation follows the initiation and involves the alternating insertion of olefin
and carbon monoxide to the metal species. Double insertions of carbon monoxide do not
occur due to thermodynamic unfavorability.?® 2° Likewise, double insertions of olefin are
also not observed, because the more strongly coordinating carbon monoxide is unlikely to
be displaced by an olefin.® % As the polymer chain grows during propagation, there is a
competition for the vacant metal site between counter-anion, solvent, and monomer. There
is another possibility during propagation specifically: intramolecular chelation of a
carbonyl group on the polymer chain (Figure 1.5).3! Chelation may stabilize the metal
species in between coordination of monomer, prevent binding of coordinating solvents,
and prohibit double olefin insertions, thus maximizing the overall rate of
copolymerization.® However, if the carbonyl does not dissociate for the incoming

monomer, it may hinder catalyst activity. There are two chelation possibilities: a less stable



six atom ring formation in which the chelate may be more easily displaced (gamma
chelate), and a stronger five atom ring structure (beta chelate) (Figure 1.5).° Coordination
of the olefin can occur with the functional group alpha or beta to the metal, which may
result in the orientation of the olefin being head-to-head or head-to-tail within the resulting

polymer.®

—|+

L\
C/M‘ =
L o

Gamma Chelate Beta Chelate

Figure 1.5: Possible chelation modes of polyketone carbonyl group to metal catalyst.
“P” signifies the growing polymer chain.

Chain termination is the third and final portion of the polymerization cycle and is
thought to follow two possible mechanisms. The first is protonolysis of the metal-polymer
bond which produces a diketone end functionality, and the second being alcoholysis,
producing the ester functionality (Figure 1.6).° Each cycle is competitive at higher
temperatures,® and therefore polyketones may be produced with mixed end group

functionalities.
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Figure 1.6: Mechanism for the metal catalyzed copolymerization of olefin and
carbon monoxide with three possible polymer end group combinations. Adapted
from Drent, E.; Budzelaar, P. H. M. Chem. Rev. 1996, 96, 663-681.

1.1.5 Project Goals

Although the mechanism of metal catalyzed polyketone polymerization is generally
well understood, the aforementioned phenomenon of carbonyl chelation during the
propagation step remains an area of interest. The balance between maintaining a chelate,
which stabilizes the metal cation in between monomer coordination, and dissociation,
which allows an incoming monomer to propagate polymerization, depends on substrate,

solvent, and counter-anion. Modifying catalyst activity, and therefore polymer properties,

(ep]



depends in part on controlling access to the metal’s coordination site. The work discussed
herein is based on the proposal that counter-anion strength can be tuned such that it is weak
enough to encourage chelation in between monomer incorporation, but strong enough to
displace other competitive binding modes (Figure 1.7). Previous studies within the
Dobereiner Lab investigated the effect Lewis acid additives have on metal catalyst activity
during the polymerization of polyketones. It was found that increased activity was observed
upon addition of Tris(pentafluorophenyl)borane (BCF) which resulted in high polymer
molecular weights and yield. Conversely, the use of triflate additives resulted in catalyst
poisoning and lower polymer yields and molecular weight.®? The observation of such

effects suggest that counter-anion identity may also impact polymerization activity.

or

0 0
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Figure 1.7: Possible effects of differing anion strength on catalyst polymerization
activity.

To test the hypothesis that catalyst activity can be tuned through modifying anion
coordination strength, anions of varying metal affinity are needed. The imidazolyl-phenyl
(IMP) anions of the Dobereiner group allow for precise tuning of coordinating ability while

keeping steric volume relatively constant.®® These anions serve as useful counter-anions



for catalysis due to their large size, making them effective at charge dispersion. Anion
tuning is achieved by modifying the phenyl ring with functionality of varying electron
donating or withdrawing capabilities (“R” in Figure 1.8). Therefore, these species may
serve as the ideal counter-anions to probe the role of counter-anion binding in the

polymerization of olefin and carbon monoxide.

B(CeFs)s
N
O~ @
N
B(CeF5)3
IMP

Figure 1.8: Imidazolyl-phenyl (IMP) anions. The variable functional group is
depicted by “R”.

The main interest of this work is to investigate the impact of IMP anions on the
polymer resulting from palladium catalyzed copolymerization of olefin and carbon
monoxide, with the hypothesis that catalyst activity and therefore polymer properties will
be affected when anion coordination strength is altered. As the functionality on the IMP
anion is changed to more or less electron donating character, the catalyst activity is inferred

through the resulting polyketone yield, molecular weight, and polydispersity.
1.2 Results and Discussion
1.2.1 Catalyst Development

For the initial copolymerization studies the palladium catalyst precursor
[(dppp)Pd(N,N-dimethylbenzylamine)][X] (dppp = 1,3-Bis(diphenylphosphino)propane),

(X = counter-anion) described by Schwarz and coworkers3* was paired with the following



anions with the identity IMP-R which were synthesized following literature procedure

(Figure 1.9).%

_l Na
B(CesFs)3

N B(CgFs) N
(5O S —On
PhMe

N . N
a -
35°C to RT B(CoFs)s
16-24 hours

Figure 1.9 Synthesis of imidazolyl-phenyl (IMP) anions.

IMP-H (1), IMP-CFz (2), and IMP-CO2Me (3) Where IMP is the imidazolyl-
phenyl group and R is the phenyl group functionality (Figure 1.8). Complexes
[(dppp)Pd(C,P-tri(orthotolyl)phosphine][X] were also synthesized in accordance with the
literature®* and paired with anions: IMP-H (4), IMP-CFs (5), IMP-CO2Me (6) and IMP-
N(CH3)CO (7). Following trials of these catalysts, palladium complexes with only one
bidentate were used using the procedure outlined by Dekker and coworkers.® The cation
configuration [(dppp)Pd(CH3)(CH3CN)]* was paired with IMP anions consisting of
functionality: R = H (8), R = CF3 (9), R = CO2Me (10), R = N(CHz3)2CO (11), R = NO2
(12). The same cation was also paired with a [{3,5-(CF3)2CsHs}4B]" (BArFs) anion (13).
Lastly, the metal complex [(dppp)Pd(CHsCN)][(BF4)2] described by Chein and

coworkers®® was also used (Figure 1.10).
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Figure 1.10: Palladium catalysts and their associated counter-anions used in the
copolymerization of olefin and carbon monoxide.

1.2.2 Copolymerization of 1-Hexene and Carbon Monoxide

[Pd]

DCM/MeOH n
rt, 24 hr

N+ CO

Figure 1.11: Copolymerization of 1-hexene and carbon monoxide by palladium
catalyst.

Polyketones were made by copolymerization of carbon monoxide and 1-hexene

(Figure 1.11). The rationale for using 1-hexene for this study is in part because of its liquid
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state at room temperature and its lack of functionality, eliminating unwanted side reactions
with the catalyst. Reactions were run with each catalyst in dichloromethane (DCM), with
some methanol added to activate the catalyst. Upon recovery of the resulting polyketone
and removal of the metal catalyst, molecular weight data was obtained by gel permeation
chromatography (GPC). Molecular weight average (Mw) and molecular number average
(M) are both recorded along with the polydispersity index (D). This data, along with
polymer yield (calculated by assuming the polymer is made entirely of perfectly alternating
monomers) was used to estimate catalyst activity (Table 1.1). Catalysts 1-3, which contain
the bidentate dimethylbenzylamine ligand, yielded trace amounts of polymer that were
insufficient for GPC analysis. Therefore, molecular weights are unknown for these
polymers. Similarly, catalysts 4-7, which contain the bidentate x*>-(C,P)-
triorthotolylphosphine ligand, produce little to no polymer. It may be that the
dimethylbenzylamine and triorthotolylphosphine ligands are too tightly bound to the metal

center and do not dissociate, and therefore polymerization cannot occur.
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Catalyst Yield (%) Mw (kDa) Mn (kDa) b
1 0.1 - - -
2 0.3 - - -
3 0.1 - - -
82 33 20.6 14.3 15
gb 47 22.7 16.0 14

10P 33 28.0 18.7 15
11° 26 27.3 19.7 14
122 37 23.5 16.0 14
132 34 26.5 18.6 14
14 30 38.6 26.1 15

Table 1.1: 1-hexene/carbon monoxide copolymer yield and molecular weight data.
aAveraged over two separate experiments, averaged over three separate
experiments. No polymer was observed for catalysts 4-7. B = polydispersity index
(Mw/Mn).

Catalysts 8-14 can more easily make two coordination sites available (through
dissociation of labile acetonitrile (MeCN) and/or protonolysis of Pd-CHz) and show good
polymerization activity, but molecular weights observed for differing cation/anion pairs
are similar to one another. Lower yield, albeit higher M and My, were achieved with 14
(paired with the more coordinating BF4 anion). As functionalization on the IMP anion is
changed from electron donating to withdrawing, it was expected that coordination to the
metal would become stronger or weaker and therefore alter the polymer yields and

molecular weights. This, however, is not observed. Catalyst 9, which has the CFz-derived
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IMP anion - among the most weakly coordinating anions known - displays similar activity
to catalyst 11, which has an IMP anion derived with a highly coordinating -CO-N(CHs3)2

group. IMP functionalization does not appear to influence polymer yield or properties.

The IMP anions themselves may not have adequate coordination strength in the
reaction medium (DCM) to affect the catalyst activity. The steric bulk of the anions
themselves may prevent a close inner sphere interaction in this coordination environment,
thereby preventing the anions from displacing any chelate or other species in a catalyst
vacant site. Insufficient coordination may also impact catalyst stability, where the
unsaturated palladium center is reduced and deactivated. Pd black was in fact observed to
ultimately occur in all cases in varying amounts, although it is unclear at this stage if

decomposition rate is impacted by anion.

1.2.3 Copolymerization of Allyl Glycidyl Ether and Carbon Monoxide

Polyketones synthesized by the copolymerization of carbon monoxide and allyl
glycidyl ether (AGE) as the olefin were also studied (Figure 1.12). AGE was chosen in part
due to its ease of polymerization under the same conditions as 1-hexene/CO
polymerizations. In addition to a change in olefin monomer, the reaction solvent in some
instances was changed to benzene. This decrease in solvent polarity is theorized to decrease
the charge separation in solution and therefore increase the extent of cation/anion
interactions. For CO/AGE copolymerization, the same cation/anion catalyst species were
tried, in the hopes that activity difference between anion functionalization would be
apparent. Such a difference in activity may be apparent in olefin monomers which compete
less with the counter-anion for the catalyst coordination site. In addition to the previous

catalysts, the cation [(dppp)Pd(CHz)(CH3CN)]* was paired with a benzyl-imidazolyl
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(BIM) anion, 15 (Figure 1.13). This anion has a more delocalized charge in comparison to

the typical IMP anion.

° [Pd] i
/\/()\/A + CO >
Solvent/MeOH

n
rt, 24 hr

Figure 1.12: Palladium catalyzed copolymerization of allyl glycidyl ether and
carbon monoxide.

Catalyst Yield (%) Mw (kDa) Mn (kDa) b
8 7.2 5.2 3.8 14
9 1.1 15.5 11.6 1.3
102 27.8 17.2 8.7 2.3
13 2.0 - _ 3
14 - - - -
15° 24.3 52.1 19.7 2.7

Table 1.2: Allyl glycidyl ether/carbon monoxide copolymerization yield and
molecular weight data. 2Averaged over three separate experiments. "Reaction done
in DCM. “Averaged over two separate experiments.
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15

Figure 1.13: Palladium cation paired with benzyl-imidazolyl anion.

Unlike 1-hexene/CO copolymerization, for AGE/CO copolymers, the polymer
yield and properties depend on the catalyst used (Table 1.2). A trial with catalyst 14
produced little to no polymer. Catalyst 13 produced minimal amounts of polymer
insufficient for molecular weight to be determined via GPC, perhaps due to facile catalyst
decomposition when paired with the very weakly coordinating BAr4~ anion. Catalyst 8
(IMP-H) produced 7% vyield of low molecular weight polymer, whereas polymerization
with catalyst 9 (IMP-CF3) was extremely low yielding yet higher in molecular weight. Like
BArT, the IMP-CF3 anion may be too weakly coordinating, and the catalyst may be
decomposing before any significant amount of polymer is produced. Unfortunately, further
reactions with catalyst 9 produced no polymer at all. Here, a very low rate of initiation
could be leading to irreproducibility. Trace deactivating contaminants may be harmless
when concentrations are far lower than the concentration of active catalyst, but a low rate
of initiation reduces active catalyst concentration and increases susceptibility to trace

contaminants.

Both catalysts 10 (IMP-CO2Me) and 15 (BIM) produce polymers with modest

yields and higher molecular weights compared with the rest of the catalysts, though
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polydispersity is higher in each case. Higher polydispersity indicates a larger distribution
of molecular weights as seen by GPC (Figure 1.14). The counter-anion ester group on 10
is more coordinating than the trifluoromethyl group on 9 due to the greater delocalization
effects of fluorine.®” Therefore, the anion of catalyst 10 may be the optimal coordination

strength for this polymerization reaction.

Anion effects are more apparent in AGE/CO copolymerization than 1-hexene/CO,
probably due to the nature of solvent. With the AGE/CO reaction, benzene could be used
as solvent because polar AGE monomer keeps the catalyst soluble. The resulting

benzene/AGE reaction medium is probably more non-polar than DCM/1-hexene, making
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Figure 1.14: GPC trace of polymers produced by catalyst 8 (blue) and by catalyst 15
(orange).
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cation/anion interactions stronger. Unfortunately, DCM had to be used in 1-hexene

copolymerization, because the catalyst has poor solubility in the benzene/hexene mixture.

Some of the poor yields and high polydispersity of polymers produced may be
explained by functionality on the olefin. The epoxide group may be non-innocent during
polymerization, opening and causing cross linking between polymer chains, or leading to
olefin homo-polymerization and therefore higher polydispersity (Figure 1.15). Allyl
glycidyl ether homo-polymers are in fact known and are typically polymerized by anionic
initators.®® It may be possible for methanol to initiate this event, but such species are

difficult to observe in *H NMR spectra.

—
Q

Figure 1.15: (Left) potential cross linking of epoxide groups. (Right) allyl glycidyl
ether homo-polymerization.

1.3 Conclusion

The mechanism of metal catalyzed olefin and carbon monoxide copolymerization to
form polyketones is generally well understood, though there is still uncertainty about the
effect of competition between monomer, solvent, and anion for coordination sites prior to

the propagation step. This work focused on the strength of the counter-anion coordination
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and what effect it has on the metal cation’s activity and therefore the resulting polymer

properties.

It was hypothesized that by comparing catalyst activity with a series of anions of
varying coordination strength, an optimal anion for copolymerization could be identified.
The hypothesis was tested by pairing palladium catalysts with the tunable IMP anion
library, polymerizing two different olefins with carbon monoxide, and analyzing the

resulting polyketone yield and molecular weight to infer catalyst activity.

Polymers produced with 1-hexene as the olefin showed no relationship between
catalyst activity and anion coordination strength. The anion/cation interactions were
probably too weak to modify reactivity in the polar DCM medium required to maintain
reaction homogeneity. When allyl glycidyl ether (AGE) was used as the olefin, weaker
coordinating anions such as IMP-CFs; and BAr, produced little or no polymer in
comparison to anions of greater coordination strength. Although there may be an influence
of anion coordination on AGE/CO copolymerization activity, the AGE epoxide is prone to
side reactions or cross-linking that complicate the interpretation of any anion/catalysis
relationship. Future work will explore monomers that share the polarity of AGE but avoid

the high reactivity of the epoxide moiety.
1.4 Experimental
1.4.1 General Methods

All preparations or reactions, which were noted to be air- or moisture-sensitive,
were performed in a glove box under nitrogen atmosphere or using Schlenk techniques.

Chemicals were purchased commercially unless otherwise noted and no additional
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purification methods were taken. Solvents used in inert atmosphere were degassed by a
solvent purification system and dried using molecular sieves. *H and **C NMR spectra
were collected on a Bruker AVI111-500 or a Bruker AV400 spectrometer. All NMR spectra
were referenced to residual protio-solvent. Polymer molecular weight analysis was
conducted on a Shimadzu LC 20-AT chromatograph with three 300 x 7.5 mm Agilent
PolarGeL® columns (two M, one L) at an oven temperature of 30 °C and flow rate of 0.5
mL/min with acetone as the mobile phase. Molecular weight was determined by use of a
refractive index detector calibrated with polymethyl methacrylate standards (200-71,800
Da). IR spectra were collected on a Thermo Scientific Nicolet is5 ATR-FTIR
spectrophotometer. Copolymerization with carbon monoxide was conducted in a 100 mL
Parr Instrument Co 4590 Micro stirred reactor. IMP/BIM anions and compounds 1-13 were
synthesized in the Dobereiner laboratory in accordance with literature procedure®. The
yield of polymers was found by finding the mol percent of the recovered polymer, then

dividing by the initial mass of the olefin (Equation 1.1 and Equation 1.2).

Molar Mass Olefin
Molar Mass Olefin +Molar Mass CO

mol % = (1.1)

Mass of Polymer
Initial Mass of Olefin

% yield = x 100 (1.2)

1.4.2 Synthesis of [Pd(CH3CN)4][(BF4)2] (16)

Procedure was followed according to literature precedent.® In a glove box:
nitrosonium tetrafluoroborate (4.67 mmol, 542 mg) was dissolved in acetonitrile in a
Schlenk flask. Palladium sponge (2.33 mmol, 248.5 mg) was added, and the vessel was
sealed and taken outside the box to react under nitrogen atmosphere on a Schlenk line.

Solution was stirred at room temperature overnight to afford the tetrakis acetonitrile
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compound [Pd(CHsCN)4][(BF4)2]. The solution was then purified in the glove box by
filtration through a glass frit to remove unreacted palladium, then concentrated to less than
half its original volume. The solution was next layered with diethyl ether which
precipitated the tetrakis compound as a yellow solid which was further dried under vacuum.

'H NMR: (500 MHz, CD3CN) Bound acetonitrile: & 2.15 ppm (s).
1.4.3 Synthesis of [(dppp)Pd(CH3CN)2][(BF4)2] (14)

Procedure was followed according to literature precedent.®® In a glove box: catalyst
16 (0.525 mmol, 233 mg) and diphenylphosphinopropane (0.525mmol, 216 mg) were
dissolved in acetonitrile at room temperature then stirred for 24 hours. The solution was
concentrated to less than half its original volume then layered with diethyl ether. After the
solution was decanted, the yellow precipitate was washed further with ether and dried
under vacuum. *H NMR: (500 MHz, CD3Cl) & 7.68 (dd, 8H), 7.49 (m, 12H), 2.94 (s, 4H),

2.31 (m, 2H), 1.87 (s, 6H).
1.4.4 Synthesis of 1-Hexene/Carbon Monoxide Copolymers

The general procedure for the synthesis of 1-hexene/CO copolymers is modified
from Rieger and coworkers®® and is as follows: in a glove box, a stock solution of
catalyst:olefin ratio of 0.001:1 was created in dichloromethane or benzene. 0.150
equivalents of methanol with respect to olefin were added, and the solution was divided
equally into three vials equipped with a septum cap and pierced with a needle. The solutions
were sealed in a Parr reactor then taken out of the glove box and pressurized with carbon
monoxide at 500 psi. The vessel was left to stir at room temperature for 24 hours, after

which the reactor was opened, and the solutions were individually passed through a silica
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plug using ethyl acetate as the eluent. Filtered solutions were then concentrated via rotary
evaporation then redissolved with minimal amounts of dichloromethane and layered with
methanol. The resulting polymer was precipitated out as a translucent gel and dried under
vacuum. *H NMR: (500 MHz, CDCls) & 2.91 (br), 2.65 (br), 2.39 (br), 1.79 (br), 1.58 (br),
1.26 (br), 1.05 (br), 0.89 (br). 212.8 3C NMR: (126 MHz, CDCl3) 5 212.8, 45.7, 30.2, 22.8,

14.3. IR: C=0 (1702 cm™).
1.4.5 Synthesis of Allyl Glycidyl Ether/Carbon Monoxide Copolymers

In a glove box: a stock solution of catalyst:olefin ration of 0.001:1 was created in
benzene. 0.150 equivalents of methanol were added, and the solution was divided equally
into three portions, equipped with a septum line cap, and pierced with a needle. The
solutions were then sealed in a Parr reactor and removed from the glove box, then
pressurized with carbon monoxide at 500 psi and left to react at room temperature for 24
hours. The resulting solutions were passed through a silica plug using ethyl acetate as the
eluent then concentrated via rotary evaporation. A minimal amount of dichloromethane
was added then layered with methanol. The resulting polymer was precipitated out as a
clear gel and dried under vacuum. *H NMR: (500 MHz, CDCls) § 3.71 (br), 3.52 (br), 3.31
(br), 3.20 (br), 3.09 (br), 2.89 (br), 2.76 (br), 2.55 (br). 3C NMR: (126 MHz, CDCls) &

209.5, 128.5, 71.9, 50.7, 46.6, 44.2. IR: C=0 (1702 cm™).
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Figure 1.16: 'H NMR spectra of allyl glycidyl ether/carbon monoxide copolymer (500 MHz, CDClzs).
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CHAPTER 2

POST-POLYMERIZATION FUNCTIONALIZATION OF INDUSTRIAL

POLYKETONES AND POTENTIAL APPLICATIONS
2.1 Introduction
2.1.1 Background

As of 2018 there were 27 million tons of plastic in landfills across the United States,
accounting for approximately 18.5% of all solid waste.! Of these plastics worldwide,
approximately 80% are thermoplastic polymers.?2 Known for their tunable transition
temperatures and chemical resistance,® thermoplastics are molded for applications
including food or material packaging,* high-stress-enduring parts in automobiles,® and
electronic chip manufacturing.® Value in essential areas is undoubtedly the cause of their
exponential growth in usage.” With the enormous volume of plastic generated, it is

imperative that methods to safely dispose of, or reuse, these materials be developed.

Thermoplastic polymers are either crystalline, amorphous, or semi-crystalline.
Crystalline polymers are rigid and possess high impact strength like high density
polyethylene or polypropylene, whereas amorphous materials are flexible and randomly
ordered.® Semi-crystalline polymers share properties of both crystalline and amorphous

polymers (Figure 2.1).2
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Figure 2.1: Examples of crystalline, semi-crystalline and amorphous thermoplastic

polymers.

2.1.2 Plastic Recycling Methods

Recycling thermoplastic materials is often difficult as result of the same qualities

which make them desirable. For instance, secondary recycling, which involves melting and

remolding plastic waste, can typically only be performed two or three times on a material

due to a decrease of plastic strength as a result of thermal degradation.® After these plastics

have been reused the maximum amount of times they may be placed in a land fill, which
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presents the issue of soil contamination.® They may also be incinerated for energy

reclamation, though this produces harmful pollutants such as dioxins.*

One promising solution to the accumulation of plastic waste is chemical recycling,
which involves the depolymerization of polymer chains to shorter-chained oligomers or
monomers in order to be used in a different application.® ! Such a process would minimize
the amount of waste produced, and the recovered monomers could be used to prepare
plastics with the strength and durability of the original material. Unfortunately, research
into this topic is underdeveloped and chemical recycling is not widely used. Currently
known methods require high energy inputs or expensive and exotic metal catalysts.*? The
only two chemolysis methods to have reached prominence are glycolysis-like
degradation™ 4 and methanolysis.> ' Hydrolysis methods are also used, however these
may require high reaction temperatures (Figure 2.2).1® Furthermore, such methods are
typically only suited for condensation polymers. Polyolefins and polyketones are

significantly more difficult to degrade chemically.
2.1.3 Degradation of Polyketones

Polyketones, which contain carbonyl functional groups and a hydrocarbon
backbone, are significantly more difficult to depolymerize than condensation polymers.
Polyketones degrade through irradiation by gamma rays*® or ultraviolet!® 2° but these
processes are not controlled and run the risk of generating undesirable side products due to
free radical formation. It is essential that a method which depolymerizes polyketones does
so effectively and in a controlled manner, and it would be preferable if it can be applied to

other thermoplastics that share similar structure or functionality.
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Figure 2.2: Commonly used chemical recycling methods for the degradation of
polyethylene terephthalate.

One method for the degradation of polyketones requires post-polymerization
modification, where reaction of polymer functional groups change the physical or chemical
properties of the existing polymer. For chemical recycling, the modifications could
facilitate subsequent controlled degradation reactions; alternatively, modifications may
change properties to allow the polymer to be used in a different application entirely (Figure

2.3). Examples of the latter include use of the Paal-Knorr reaction on aliphatic polyketones
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for application in luminescence,? anion exchange membranes,?? and coatings.?® Some
instances of controlled depolymerization of polyketones have in fact been demonstrated,
however these typically contain built-in segments on the monomer which allow for
reversibility?* 2° or thermal induced depolymerization.?® Processes which incorporate or
alter existing functionality post-polymerization for chemical recycling are an

underdeveloped area in plastics research.

Depolymerization

CO + R
0] R
Postfunc)t(lf);?/lzatlol / N\ X=0.N, S
R, "

Figure 2.3: General scheme for the depolymerization and post-polymerization
functionalization of 1,4-polyketones.

2.1.4 Polyoximes: Applications and Synthesis

_____________

Figure 2.4: Oxime functional group.

Oximes are a common chemical functionality consisting of a carbon-nitrogen
double bond with a pendant hydroxyl group on the nitrogen atom (Figure 2.4). This unique

structure induces electron delocalization in the sp? carbon which allows for higher
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resistance towards hydrolysis.?” 2 As such, this functionality is commonly found within
bio conjugates where it is used as a linker to form larger biomolecular constructs which are
resistant to physiological conditions.?” Oxime functionality have also found use as cross-
linking agents in larger polymeric structures,?® *° exchangeable bond units in vitrimers,®
and self-healing polymers.®> 22 The functional diversity of the oxime group makes it an
ideal platform for the modification of polymers with the purpose of tuning chemical or

physical properties.

R Si gel R1_ OH
=0  + NHOHHCI —————> N
Microwaves
R2 R
R, R - R; R
1_: 3 TiCI3 1 3
R, NO pH 6.5 K, N-OH
2 2 aq.THF 2
Ry R Zn( BHy), Ry Rs
— —_— T \
R, NO, DME R, N-OH

Figure 2.5: Common synthetic routes for the synthesis of oxime functionality.

A variety of synthetic routes exist for oxime synthesis, the most prominent include
oximation of a carbonyl by hydroxylamine,® and reduction of corresponding nitro
compounds using reductants such as titanium (111) chloride,*® or zinc borohydride®® (Figure
2.5). For the synthesis of polyoximes, the previous methods may therefore be applied
through post-polymerization functionalization to polymers containing the specified
functionalities. Alternativity, polyoximes polymers can be synthesized by the
copolymerization of monomers containing oxime functionality,3’ though this appears to be

a lesser implemented route.
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2.1.5 Project Goals

The focus of this project is the development of methods for post-polymerization
functionalization of polyketones, either to facilitate chemical recycling, or to prepare a
material with novel properties suitable for application in different fields. Since the carbonyl
group of the polyketone backbone is selected as the primary target for functionalization,
the reactions investigated are centered around ketone chemistry. The polyketone of choice
for post-polymerization functionalization attempts is the PK-VM Natural 4774 line of
polyketones made by Akrotek® (Figure 2.6). These polyketones possess high impact
strength, are resistant to solvent and acid/base exposure and degrade at high temperatures.
As such, these polymers find application in injection molding to form plastic parts typically

used in the automotive industry.®

O

Figure 2.6: Akrotek® PK-VM 4774 polyketone.

Since the selected polymer possesses chemical inertness as well as thermal and
stress resistance, it poses a significant challenge for current chemical recycling methods.
A series of post-polymerization reactions are studied and the avenues for depolymerization
or reapplication are explored for the ultimate purpose of chemical recycling of this polymer

and future application to others like it.
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2.2 Results and Discussion
2.2.1 Post-Polymerization Functionalization of Polyketone to Polyoxime

Post-polymerization modification of polyketone carbonyls could improve
solubility of the polymer and enable subsequent depolymerization by providing a site of
greater reactivity. As a starting point we chose a procedure of Lu and coworkers,*® who
converted polyketones to polyoximes by use of aqueous hydroxylamine to replace carbonyl
groups with oxime groups. A modified version of this procedure was followed, which
included swelling the polyketone pellets in dimethylformamide (DMF) at 150 °C rather
than refluxing them in toluene due to the later solvent having no effect on the solubility of
the polyketone pellets. The resulting solution was then reacted with methanol and aqueous
hydroxylamine at room temperature for five days to yield PK-VM polyoximes (2) as a

yellow powder (Figure 2.7).

.OH

O N
W NH,OH (50 % in water) |
n m 1. DMF,150 °C n [| /m
o 2. MeOH/DMF Ho N
rt,5d
1 2

Figure 2.7: Reaction of Akrotek® 4774 PK-VM polyketones with aqueous
hydroxylamine to form polyoximes.

Oxime functionality was confirmed by observing the N-OH proton in the *H NMR
spectra (Figure 2.8, A) and the C=N functionality through **C NMR (Figure 2.8, B). No
NMR spectra were obtained for the parent PK-VM polyketone due to its insolubility in

common NMR solvents at room temperature.
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Figure 2.8: (A) 'H NMR spectra of polyoxime with hydroxyl proton inset at 10.37
ppm. (B) 3C NMR spectra of polyoxime with imine bond shown in inset at 157 ppm.
(Solvent: DMSO- db).
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Infrared spectra of the solid polyketone and polyoxime products were compared
(Figure 2.9). The strong and sharp carbonyl stretch seen at 1689 cm™ for the polyketone
sample is not seen in the polyoxime spectrum. Instead, a large broad peak observed at 3200
cm™ can be attributed to a oxime O-H stretch. A peak at approximately 1600 cm™ is likely

the C=N functionality. Though this potential imine peak is less clearly identified due to a

large amount of noise.

——PK-VM Polyketone
170.00

—Polyoxime

150.00

130.00

110.00

Transmission (%)
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Wavenumber (cm™?)

Figure 2.9: Infrared spectra of PK-VM polyketone (blue) and the polyoxime
product (red).
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The solubility of the polymer improved in DMSO after the functionalization from
carbonyl to oxime. DMSO is suitable for NMR analysis, however it is a poor work-up
solvent due to its high boiling point. GPC analysis is also difficult in DMSO as the mobile
phase resulting from the high viscosity. It was found that refluxing in xylenes (139 °C)
does dissolve the polyoxime thus this solvent was selected for GPC analysis. The molecular
weight obtained for this post-functionalized polymer is very low, though dispersity is

almost an ideal value of 1.0 (Table 2.1).

Mw (kDa) Mn (kDa) b (MW/ Mn)

14 1.6 1.2

Table 2.1: Molecular weight data of polyoxime. Xylenes used as a mobile phase
along with polymethyl methacrylate standards.

2.2.2 Thermal Analysis

In addition to NMR and infrared spectroscopy, the PK-VM polyketones and post-
functionalized polyoxime thermal degradation points and morphology were contrasted
through thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
respectively. TGA shows that upon heating, the PK-VM polyketone begins degradation at
approximately 355 °C and sharply declines to a loss of 50% of its mass at approximately
393 °C (Figure 2.10). This sharp decline in mass is expected as it is characteristic of a
semicrystalline polyketone.*® 4 The polyoxime however, degrades at almost half the

temperature that the original polyketone degrades at (Figure 2.10).
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Figure 2.10: Thermogravimetric analysis of PK-VM polyketone (blue) and
polyoxime yielded from post-functionalization of polyketone (red).

Beginning at approximately 168 °C, the polyoxime does not lose 50% of its original mass
until 570 °C and mass declination is over a gradual slope rather than a sharp drop. This
finding seems to indicate a change in polymer morphology after the post-polymerization
functionalization from ketone to oxime. Additionally, the thermal stability has clearly

decreased which may be beneficial for chemical recycling applications.

A deeper analysis by DSC gives insight into the potential alteration of polymer
morphology after functionalization. Again, the PK-VM polyketone precursor and its

functionalized polyoxime product are compared. When observing the first heating cycle
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Figure 2.11: Differential scanning calorimetry reading for PK-VM polyketone. The
first heating/cooling cycle is shown in red and the second, in blue.

for the polyketone, a glass transition temperature can be observed at approximately 63 °C
to 75 °C (Figure 2.11). Following this, a melt is observed at approximately 224 °C in the
first cycle and 214 °C in the second. Upon cooling, the polyketone then undergoes
crystallization at 165 °C in the first heating cycle and 160 °C in the second. These results
are expected and indicate what is likely a semi-crystalline polymer.*? In contrast, the
polyoxime obtained from the functionalization of this polyketone does not show these
characteristics. In both heating and cooling cycles there are no observable melting or
crystallization points (Figure 2.12). It should be noted that in this case a maximum
temperature of 150 °C was chosen based on the observed degradation point found in
thermogravimetric analysis, therefore no phase transitions are likely to be observed past

this window. Such an absence may be indicative of an amorphous polymer. The
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morphology has clearly been altered after post-polymerization functionalization of

carbonyl groups.
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Figure 2.12: Differential scanning calorimetry reading for the oxime functionalized
PK-VM polymer. The first heating/cooling cycle is shown in red and the second, in
blue.

2.2.3 Functionalization Attempts of PK-VM Polyoxime

In addition to the post-polymerization functionalization of the PK-VM polyketones,
the resulting polyoximes were envisioned to undergo additional functionalization to enable
the process of depolymerization to individual monomers. One method to achieve this goal
involved the transformation of the oxime groups on the polymer to amide functionality via
the intramolecular Beckmann rearrangement (Figure 2.13). This process has been
demonstrated by Michel and coworkers in their studies of intramolecular rearrangements

of polyketones.** Once the polyoxime was functionalized to polyamide, it was proposed
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that this polymer would then be able to undergo degradation via exposure to hydrochloric
or formic acid to yield its respective carboxylic acid and diamine monomers. Such a
process has in fact been demonstrated on the polyamide Nylon.** %> Other methods of
degradation for such a polyamide like UV exposure or pyrolysis are also possible however
these present the same issues discussed earlier.*® Therefore, this transformation is

promising due potential reclamation and reuse of monomers after depolymerization.

-
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Figure 2.13: Post-polymerization functionalization of PK-VM polyketone to
polyoxime. The Beckmann rearrangement is proposed to yield polyamides then
exposed to acid degradation to yield amine/carboxylic acid monomers.

A modified version of the procedure outlined by Michel and coworkers was
implemented due to poor solubility of the polymer in chloroform.** The polymer was
dissolved in DMSO as the solvent, then subjected to phosphorous pentachloride (PCls).
However, no evidence suggesting the formation of an amide was observed. Other oxidants
such as phosphorus pentoxide (P2Os) were also used but yielded similar outcomes. One
potential explanation for these results is the possibility that the oxidant is reacting with the
solvent instead of the polymer. Unfortunately, the reaction solvent choice is limited due to
restricted solubility of the polyoxime, and there is no other inert polar solvent known at

this time. Rather than a full depolymerization of the polymer, the transformation to
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polyoxime has at the very least lowered the thermal degradation point of the polymer

therefore making recycling an easier possibility for this material.
2.2.4 Application of PK-VM Polyoximes: Aqueous Metal Chelation

The potential application of the synthesized polyoxime in other areas was also
explored. One such area polyoximes have been utilized is in the water purification process.
Specifically, these polymers have been used as heterogenous chelating agents to bind metal
ions in aqueous solutions in order to remove potentially toxic substances from water
supplies.*” 48 49 Therefore, PK-VM polyoximes were investigated as to their applications
in this area as well. A series of metal ions of oxidation state +2, whose identity include
copper, cobalt, nickel, manganese, iron and chromium, and their possible chelation abilities

to the polymer were investigated (Figure 2.14).

by —e e g

M = Cu, Co, Ni, Mn, Fe, Cr

Figure 2.14: Possible metal chelation to PK-VM polyoximes in aqueous medium.

To measure the potential chelation ability of the polyoximes, the concentration of
the aqueous metal solution was determined before and after exposure to the polymer. Any
difference in metal concentration was attributed to chelation to the polymer. Solution
concentration was measured by use of UV-Vis spectrophotometry, with concentration

determined from absorption using standards and the Beer-Lambert law. When 100 mg of
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polyoxime was used, the aqueous metal filtrate had an absorbance of 0.462 (Table 2.2) at
Amax = 808 nm (Figure 2.15). Standard solutions of the copper (II) chloride salt had the
same Amax = 808 nm. Assuming a linear relationship between concentration and
absorbance, the amount of copper remaining in the filtrate after exposure to 100 mg
polymer was determined to be 33.97 mg/5 mL, implying 6.03 mg of copper was bound to

the 100 mg polymer sample.

— 100 mg Poloxime
0.8 20 mg/5mL std
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Absorbance
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Figure 2.15: Combined UV-Vis spectra of copper standards and metal ion solution
after exposure to 100 mg of polyoxime.
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Figure 2.16: Combined UV-Vis spectra of copper standards and metal ion solution
after exposure to 500 mg of polyoxime.

When 500 mg of polyoxime is used, UV-Vis results indicate a max absorption of
0.3698 at Amax = 778 nm (Figure 2.16). Here, Amax has shifted from the copper standards
(808 nm). Using the max absorption values of the standards, the amount of copper
remaining in the filtrate solution was determined to 26.8 mg which implies 13.2 mg would

be retained to the polymer (Table 2.2).

Clearly with these two instances, the amount of copper present in the final solution
decreases as polymer amount is increased. Whether this may be attributed to polymer
chelation, or some other factor is difficult to determine. Fluctuation of the oxime proton or
imine carbon shift as a result of copper coordination is difficult to monitor since the copper
ions may not be bound to the polymer for long before precipitation, if even bound at all.
Furthermore, since the polyoximes were synthesized in DMF, it may be the case that
residual amounts of this solvent present within the polymer are acting as the chelating

agent. A control experiment was conducted which contained two polyoximes: one in which
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the polymer was spiked with DMF during the work-up process and the other which was
washed copiously with dichloromethane and dried under vacuum until all observable traces
of DMF were removed. The sample which contained DMF showed a higher absorbance
and therefore a greater amount of copper retention was determined compared to the clean
polyoxime when used in the same copper chelation experiments (Table 2.2). This may
suggest that DMF plays a role in the binding of copper, though this does not rule out any
chelation ability of the polymer itself. With the data on hand at present, it is unclear what
degree residual solvent within the polyoxime plays in the chelation of copper ions in

aqueous solutions.

Polymer Cu?* Retained (mg) Filtrate Abs Max
Polyoxime (100 mg) 6.03 0.462
Polyoxime (500 mg) 13.2 0.370

DMF Spiked Polyoxime 8.1 0.435
Clean Polyoxime 1.4 0.541

Table 2.2: Amount of copper theoretically retained by polyoxime via chelation along
with the corresponding max absorption.

Since the polyoxime appears to bind copper, chelation of other metals was also
considered. It had been previously found that generally polyoximes have a higher uptake
for copper ions though other metals are also observed to chelate to a lesser degree.*”*° In

our instance, aqueous cobalt, nickel, manganese, iron, and chromium did appear to exhibit
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the same degree of chelation as copper. These results do not rule out any chelation ability
of the polymer towards these metals, however. The use of UV-Vis for the determination of
metal concentration is simple and quantitative, but sample range is limited to colored
solutions. Another technique such as atomic absorption spectroscopy may provide better
information on metal concentration. Furthermore, the ligation environment around the
metal ion itself may also play a factor in chelation. Further chelation studies on the metals

listed above may be more conclusive if other metal species are implemented.

2.3 Conclusion

This project explored the ability of a commercial polyketone to undergo post-
polymerization functionalization with two possible uses in mind: to facilitate
depolymerization routes, and to change chemical or physical properties. PK-VM 4774
polyketones supplied from Akrotek® underwent functionalization to polyoximes by

reaction with hydroxylamine.

We hypothesized that the resulting polyoxime could transform to polyamides via
the Beckmann rearrangement, which could then be depolymerized into the respective
carboxylic acid and amine-containing monomers. Although complete depolymerization
was unsuccessful, the polyoximes have a lower degradation temperature than the parent
polyketones, which be explored in future work targeting the degradation and chemical

recycling of thermoplastics.

The polyoxime was investigated for metal chelation in aqueous media. Results
obtained by UV-Vis spectrophotometry suggest that metal concentration in solutions after

exposure to the polyoxime decreased by a small amount, relative to the initial metal
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solution before any polymer addition. Though residual solvent appears to play some role
in the efficiency of the chelation. The chelation ability of the polymer towards other metal

species cannot be conclusively determined at this time.
2.4 Experimental
2.4.1 General Methods

All preparations or reactions which are noted to be air- or moisture sensitive were
performed in a glove box under nitrogen atmosphere or using Schlenk techniques.
Chemicals were purchased commercially unless otherwise noted and no additional
purification methods were taken. Solvents used in inert atmosphere were degassed by a
solvent purification system and dried using molecular sieves. *H and **C NMR spectra
were collected on a Bruker AV 111 500 or a Bruker AV400 spectrometer. All NMR samples
were referenced to a residual protio-solvent. Polymer molecular weight analysis was
conducted on a Shimadzu LC 20-AT chromatograph with three 300 x 7.5 mm Agilent
PolarGeL® columns (two M, one L) at an oven temperature of 30 °C and flow rate of 0.5
mL/min. Tetrahydrofuran or acetone were used as eluent unless noted otherwise. Molecular
weight was determined by use of a refractive index detector calibrated with polymethyl
methacrylate standards (200-71,800 Da). IR spectra were collected on a Thermo Scientific
Nicolet is5 ATR-FTIR spectrophotometer. Differential scanning calorimetry was
conducted on a TA Instruments Discovery DSC 250. Thermogravimetric analysis was
conducted on a TA Instruments Discovery 550 TGA. UV-Vis spectra were obtained on a

Shimadzu UV-1800 spectrophotometer.
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2.4.2 Post-polymerization Functionalization of Polyketones to Polyoximes

PK-VM 4774 Natural polyketones were purchased from Akrotek® as plastic
pellets. 500 mg of polymer was added to a vial containing 5 mL of DMF, then heated at
150 °C until the pellets melted into the solvent. The solution was removed from heat and
an additional 5 mL of DMF was added along with 6 mL of hydroxylamine (50% in water)
and 10 mL of methanol. The solution was stirred at room temperature for five days, after
which 25 mL of water was added and a white precipitate formed immediately. The solution
was filtered and the solid washed with water, methanol and DCM then dried under vacuum
overnight to yield the polyoxime product (2). *H NMR: (500 MHz, DMSO-ds) § 10.37 (br),
2.62 (br), 2.38 (br), 2.32 (br), 2.12 (br), 1.54 (br), 1.22 (br), 1.13 (br), 1.01 (br). 3C NMR:
(126 MHz, DMSO-ds) 157.39, 157.29, 150.39, 149.60, 60.43, 60.14, 30.83, 30.10, 29.72,

29.23,29.03, 25.91, 24.17, 24.01, 23.18, 23.03, 21.61. IR: 3200 cm™ (N-OH).
2.4.3 Procedure for Beckmann Rearrangement of Polyoximes

The procedure was modified from that described by Michel and coworkers.*® 250
mg of the polyoxime was dissolved in 6 mL of DMSO, 2.0 g of PCls was dissolved
separately in 6 mL of chloroform. The polymer solution was placed on an ice bath and once
solution temperature reached 0 °C, the PCls was added dropwise while stirring. After 30
minutes, the reaction was poured into a separatory funnel packed with ice then diluted with
water. A brown precipitate formed and was collected. The organic layer was isolated and
dried over MgSOs then concentrated to reveal a yellow oil. *H NMR and IR analysis of

both the brown precipitate and the yellow oil indicated no presence of a polyamide.
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2.4.4 Polyoxime Metal lon Chelation

The general procedure for polyoxime metal ion chelation in aqueous medium is
described as follows: A calibration curve was created by dissolving the metal salt hydrates
(CuClz* 2H20, NiCl; « 6H20, Co(OAC), * 4H20, FeSO4 + 7H20, MnCl, « 4H20, CrCly) in
DI water to the appropriate concentrations in 5 mL volumetric flasks. The metal solution
was created by dissolving 40 mg of metal ion hydrate in 5 mL of water then passing it over
the 100 or 500 mg of the polyoxime which was packed into a Schlenk frit. After being
passed through the frit packed with polyoxime, the metal ion solution was collected and
UV-Vis absorption was recorded along with the series of standards of known
concentration. The maximum absorption for each standard and the filtered metal solution
for copper as the metal is shown in Table 2.3.
The concentration of each standard’s max absorption was then plotted with respect to

concentration (Figure 2.17).

Sample Concentration (mg/5mL) | Max Absorption A Max (nm)
Standard 1 10 0.11447 809
Standard 2 20 0.26117 808
Standard 3 30 0.42963 811
Standard 4 40 0.57086 812
Standard 5 50 0.72072 813

Filtered Solution 33.98 0.36977 778

Table 2.3: Max absorption values for copper standard solutions and solution after
exposure to polyoxime along with corresponding wavelengths.
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Figure 2.17: Calibration curve plotted from copper ion standards listed in Table 2.3
with max absorption as a function of concentration.

Concentration of the filtered metal ion solution was determined by use of the Beer-
Lambert law (Equation 2.1). Where A is absorbance, ¢ is the molar absorptivity, b is the

width of the cell (1 cm), and C is the concentration.

A= ebC 2.1)

A modified version may be written setting equation 1 equal to the slope-intercept form of
a straight line (Equation 2.2). Where the slope m is equal to e(b) and x equal to

concentration (Equation 2.3).

y=mx-+b (2.2)

A= (eb)C +b (2.3)
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To find the concentration of the filtered solution, max absorbance for the sample was
substituted into Equation 3 as y, the slope value of 0.0152 from the calibration curve was
used for eb and 0.0373 for the y intercept b. Solving for x gives a concentration value of
33.98 mg/5mL (Table 2.3), or 33.98 mg of copper out of an initial 40 mg implying a

difference of 6.02 mg.
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CHAPTER 3

WASTE PLASTICS AS ADSORBENTS FOR PER- AND POLYFLUORINATED

ALKYL SUBSTANCES
3.1 Introduction
3.1.1 Background

Per- and polyfluorinated substances (PFAS) are a classification of man-made
organic compounds which typically contain long alkyl chain tails with carbon-fluorine
bonds accompanied by a polar functional group as the head (Figure 3.1). The variation of
PFAS identity is defined by the type of functional group located on the molecule as well
as the length of the fluorocarbon tail. As a result, thousands of PFAS compounds have been
classified though the most prominent are presented in Figure 3.2.1 Such unique structure
allows for variation between hydrophobic and hydrophilic properties as well as high
thermal stability.? Thus these chemicals find application in household items like nonstick
cookware,® food packaging,* flame retardants,® and textiles.® Industrially, PFAS
compounds are used in the aerospace and automotive industries ” as well as the main

component of Teflon products.®

n
w
}
O
M
N
3
Py

Figure 3.1: General structure of PFAS, where R may be any non-fluorinated atom,
typically a polar head group.
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3.1.2 PFAS Health Risks

Because of the widespread use of these chemicals and their resistance to
degradation owing to the strong carbon-fluorine bond, PFAS compounds are commonly
known as “forever chemicals”.® ¥ Indeed, PFAS compounds have been found in
waterways and drinking water across the United States and in some cases exceed the
Environmental Protection Agency’s (EPA) 2016 health advisory limit of 70 parts per
trillion (ppt).}! As of 2022, the EPA has further lowered the health advisory limit for
perfluorooctanoic acid (PFOA) in drinking water to 0.004 ppt and 0.02 ppt for
perfluorooctane sulfonic acid (PFOS).!2 Furthermore, PFAS compounds have been
detected in soil and plant life!® # as well as aquatic life.® This penetration of PFAS
pollution into seemingly every aspect of human life may have adverse health effects.
Notably, recent studies have indicated that PFOA may be linked to kidney and testicular
cancers.'® Additionally, immune suppression and obesity are thought to be linked to PFAS

exposure at a young age.'” 1

In addition to the alarming effects that exposure to PFAS may have on the health
of the human population, a 2012 study from the Centers for Disease Control (CDC) found
varying concentrations of PFAS present in the blood of 97% of Americans, some with
concentrations as high as 4 parts per billion (ppb).*® Though no concentration of PFAS in
the human body has been deemed “acceptable” yet, these results should not be dismissed.
Therefore, it is essential that in addition to prevention of the use of PFAS for
manufacturing, methods to capture existing PFAS within waterways throughout the United

States and other parts of the world be developed.
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n = 3 Perfluoropentanoic acid (PFPeA)
n =5 Perfluoroheptanoic acid (PFHpA)

n = 6 Perfluorooctanoic acid (PFOA)

Sulfonamides

n = 3 Perfluorobutanesulfonamide (FSBA)

n =7 Perfluorooctanesulfonamide (PFOSA)

Sulfonic Acids

n = 3 Perfluorobutane sulfonic acid (PFBS)
n =5 Perfluorohexane sulfonic acid (PFHxS)

n =7 Perfluorooctane sulfonic acid (PFOS)

Phosphonic Acids

n =5 Perfluorohexyl phosphonic acid (PFHxPA)

n =7 Perfluoroocryl phosphonic acid (PFOPA)

Figure 3.2: Common linear chain PFAS classified by functional head group.

3.1.3 PFAS Mitigation

Due to the potential health risks posed by PFAS and their presence in the

environment, current research has focused on methods for the capture and removal of these

chemicals from waterways. Effective techniques which have been demonstrated for the

capture of PFAS include adsorption to an inert material, or filtration by membrane or ion

resin exchange.?® Other removal methods such as chlorination,* UV treatment,?? and

advanced oxidation processes?® have also shown success, however these methods are not

deemed viable due to long contact times, and formation of unwanted radical species.?*
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Of the separation methods mentioned, use of membranes is beneficial for removal
of both long and short chain PFAS,? and are remarkably efficient since no adsorption is
occurring.?% 26 Despite this, membranes are prone to degradation and real-world application
in water treatment is costly.?® 27 Likewise, ion-exchange methods are efficient and good
for removal of long chain PFAS and anionic species,?>2:2° put can be costly to regenerate

and exclude shorter chain PFAS during filtration.2% 3031

Materials used for PFAS adsorption make use of the electrostatic and hydrophobic
interactions on the polar head and carbon-fluorine tail, respectively, in order to adhere to
the material’s surface.3? As such, typical adsorbents often possess high surface area, small
particle size, and varying surface charge.®® Activated carbon is one such material which
fits these criteria and thus is widely used as a PFAS adsorbent. Although excellent for
adsorption to long chain PFAS,** activated carbon is of limited use for smaller PFAS
molecules and can be ineffective around other organic molecules.?% % Other adsorbents
such as metal-organic frameworks (MOFs),% or silica®” may also be used, though these

materials are not entirely environmentally-friendly themselves.
3.1.4 Waste Plastic Adsorbents

Although various materials previously discussed herein have shown effectiveness
in adsorption capability to PFAS and thus offer promising removal and mitigation routes,
many of these materials must be synthesized, purchased, or regenerated after use through
costly methods.?° Thus, it would be ideal for materials used as PFAS adsorbents to come
from both abundant and reusable sources. One potential material suiting these
specifications are waste plastics. Though non-renewable, plastics such as polyethylene and

polypropylene account globally for 36% and 21% of non-fiber plastics, respectively.3® Of
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all plastics produced, only 10 % are recycled,® and in the United States approximately 69
% are stored in a land-fill.>® Because of the overabundance of these materials, the explosion
in production and use, and the limited space available within the planet, it is imperative

that either a viable disposal route or application of such landfilled materials is developed.

e, e

Polyethylene (PE) Polypropylene (PP)

(504 o

Polyethylene Terephthalate (PET) Polystyrene (PS)

n

Figure 3.3: Chemical structures of waste plastics commonly used as pollutant
adsorbents.

Given the associated risks that rising PFAS concentrations have in both the
environment and humans, as well as the seemingly permanent presence of waste plastics,
it would be ideal if both problems could be mitigated or reduced simultaneously. The use
of waste plastics for the adsorption and removal of PFAS in waterways is one such
application which theoretically would find use for landfilled plastics as well. Indeed, early
research suggests that such an application is possible. PFAS adsorption studies have been
conducted using adsorbents such as polyethylene, polystyrene, polyethylene terephthalate,

and polypropylene among others (Figure 3.3).% 41 42 Good uptake of PFAS and other
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contaminants such as polychlorinated biphenyls (PCBs) and even heavy metals is
observed, with polyethylene and polystyrene showing the most promising adsorption
capability.*® Factors which for such varying adsorption abilities include the solution pH,
salinity, polymer identity and shape, as well as microbe presence.* Among the factors
influencing adsorption capability, it has been suggested that surface area may play a critical

role though knowledge in this area is limited.** 4°
3.1.5 Project Goals

The primary aim of this project was to investigate the ability of waste plastics such
as polyethylene and polypropylene to adsorb PFAS pollutants in solution. Specific
inquiries focus on what effect the surface area of the plastic plays in its overall adsorption
capability, with the hypothesis that a smaller particle with a larger surface area should
adsorb a greater degree of PFAS. Surface modification is to be achieved either by chemical
means (oxidation of polymer chains) or by mechanical means (milling or grinding).
Determination of PFAS adsorption is to be accomplished using liquid chromatography
mass spectroscopy (LC/MS) to determine concentration of the solution before and after
exposure to the plastic. Therefore, the beginning stages of the project will primarily focus
on the establishment of a reliable LC/MS method to determine PFAS concentration and

thus plastic adsorption capability.
3.2 Results and Discussion
3.2.1 Polyethylene & PFOA Initial Adsorption Determination

Three variations of polyethylene and their adsorption capabilities to PFOA were

chosen. The first variation was that of low-density polyethylene (LDPE) and the next two
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being ultra-high molecular weight polyethylene (UHMWPE), and UHMWPE after seven
minutes of ball milling. Initial solutions of PFOA were made to a concentration of 500
ppm, then after exposure to the plastic, were diluted to a concentration of 61-63 ppm after
thoroughly washing the filtered polymers for any loosely bound PFOA. Aliquots of both
solutions were sent for LC/MS analysis with the difference in PFOA concentration to be
attributed to any which may be bound to the plastic. Along with the aliquots, a series of
PFOA standards ranging from 50 to 500 ppm were sent for analysis in order to determine

the concentration.

Sample Concentration (ppm) Peak Area
UHMWPE (1) 500 9.9*108
UHMWPE (F) 61? 2.5%108

Milled UHMWPE (1) 500 11*108
Milled UHMWPE (F) 632 2.3*108
LDPE (1) 500 9.6*108
LDPE (F) 63? 2.4*108
PFOA Standard 1 50 5.1*10’
PFOA Standard 2 100 10*10’
PFOA Standard 3 200 2.0*10°
PFOA Standard 4 400 3.3*10°
PFOA Standard 5 500 3.2*10°

Table 3.1: Plastic samples and associated PFOA solution concentrations with given

peak area obtained from LC/MS chromatogram. All solutions were run in DI water.

(1): Initial solution before plastic exposure, (F): final solution after plastic exposure.
@Theoretical concentration.
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Concentrations of solutions of PFOA before and after exposure to plastic and their
associated areas of the PFOA peak from the LC/MS chromatogram are shown in Table 1.
It should be noted that initial solutions of PFOA before exposure to the plastic have a higher
peak area than the solutions after exposure. Normally this would imply a decrease in
concentration of the PFOA in solution, which could then be attributed to adsorption to the
plastic. In this case, since the plastics were washed to remove any loosely bound PFOA,
and this wash added to the final solutions, the final concentrations are in fact lowered by
this process. Therefore, the decrease in peak area cannot be attributed to PFOA lost to
adsorption alone without knowledge of the exact concentration value. This variable was to
be determined by use of known standards of PFOA, though upon implementation the initial

PFOA solutions do not fit into the calibration range (Figure 3.4).

1.20E+09
@ Standards 1-5 @ UHMWPE (I) ® M UHMWPE (l) @ LDPE (1)

1.00E+09
8.00E+08

6.00E+08

y = 628667x+4E+07
R?=0.9336

Peak Area

4.00E+08

2 00E+08 .

0.00E+00
0 50 100 150 200 250 300 350 400 450 500

Concentration (ppm)

Figure 3.4: Calibration curve created from PFOA standards of known concentration
along with initial PFOA solutions before exposure to plastic. Peak area is retrieved
from LCMS and corresponds to the area of the PFOA peak in the chromatograph.
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One possible explanation for these discrepancies can be observed in the standards
themselves. At a concentration of 500 ppm the associated peak area no longer falls within
a linear incline. This may suggest that concentrations exceeding 400 ppm surpass the
instrument’s detection limit. This might explain the exceptionally high peak areas for the
three initial solutions, all of which are 500 ppm and do not align with the standard of the
same concentration. It is also possible that the rather low solubility of PFOA in water plays
a role in some of discrepancies, as well the possibility of micelle formation due to

hydrophobic interactions of the alkyl chain.

3.2.2 Polyethylene & PFOA Adsorption in Methanol

After the first adsorption investigation of LDPE and PFOA, standard
concentrations were lowered to a range of 100 to 300 ppm with the hopes that any such
instrument detection limit errors would be eliminated. The adsorption potential of LDPE
was studied again with some adjustments to experimental procedure. Plastics were not
washed after exposure to the PFOA solutions and as such, no dilutions were made to the
final solution. Furthermore, experiments were conducted in methanol rather than DI water

to eliminate the possibility of PFOA solubility issues or micelle formation.

Results listed in Table 3.2 indicate a calibration curve which is less linear than the
previous adsorption experiment shown in Figure 3.4. However, the initial solutions of
PFOA at a concentration of 300 ppm align closer to the standards of the same value (Figure
3.5). This may be a result of lowering the concentration away from the supposed instrument
detection limit, although both initial solution peak area values still vary slightly. Such
variations prevent the exact determination of a meaningful concentration value from the

calibration plot. PFOA solutions exposed to LDPE in methanol appear to have a decrease
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in PFOA peak area in comparison to aliquots from the initial solution. Since the polymers
were not washed and the final solution was not diluted, the change in peak area could be
attributed to adherence to the plastic. It may also be the case however that PFOA is being
adsorbed to the glass from the reaction flask, or even the cotton used to filter the polymer
from the final solution. It may be more likely that the latter two are plausible explanations
for the missing PFOA in the final solution. This is supported by the use of a control, which
contained no LDPE in the PFOA solution. Analysis of this control solution indicated a
decrease in PFOA peak area in the final solution. This implies either PFOA is adhering to
another surface instead of the plastic which is accounting for the difference in

concentration, or the two values fall within instrument error.

Sample Concentration (ppm) Peak Area
PFOA Standard 1 100 5.4*10°
PFOA Standard 2 150 9.2*10°
PFOA Standard 3 200 9.1*10°
PFOA Standard 4 250 9.8*10°
PFOA Standard 5 300 1.4*%107

LDPE () 200 1.0*107

LDPE (F) - 8.3*10°
Control (1) 200 1.2*107
Control (F) - 5.0*10°

Table 3.2: Standards of known PFOA concentration along with initial and final
solutions of PFOA before and after exposure to LDPE. PFOA control solutions with
no LDPE were also analyzed both in methanol.
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Figure 3.5: Calibration curve for standards of known PFOA concentration with
initial PFOA solutions of 300 ppm included.

3.2.3 Calibration Curve Refinement

After a series of seemingly inconsistent PFOA peak areas from standards of known
concentrations which prevented the exact determination of experimental concentration
values, the next step of the project focused on establishing a reliable analysis method.
PFOA standards in both methanol and water with concentrations ranging from 1 to 20 ppm
were run in triplicate, then given peak areas were averaged and standard error was
calculated (Table 3.3). Upper and lower peak area bounds appear within reasonable ranges
and average peak areas align in a linear fashion (Figure 3.6). It should be noted that

standards run in methanol appear to deviate from linearity more so than those in water.

71



It is possible that due to the volatility of methanol, solvent may have evaporated if
samples are left to sit long enough thus changing concentration and therefore peak area.
Regardless, it is likely necessary to run future samples in DI water and in triplicate or
greater. Despite linearity it is still unknown whether or not such a calibration plot can be
reliably applied to samples of unknown PFOA concentration. As such the next series of
experiments aim at ensuring that control samples of known PFOA concentration can be
accurately determined using the calibration method established here, then samples of

unknown PFOA concentration after exposure to plastic may be determined.

Sample | Conc. (ppm) | Solvent | Avg. Peak Area | Error (upper) | Error (lower)
STD 1 20 DI H,O 1.18*108 1.15*108 1.15*108
STD 2 15 DI H,O 9.60*10’ 9.63*10’ 9.55*10/
STD 3 10 DI H,O 6.15*10’ 6.20*10’ 6.10*10’
STD 4 5 DI H,O 3.00*10’ 3.05*10/ 2.97*107
STD5 1 DI H20 7.80*10° 8.06*10° 7.54*10°
STD 6 20 MeOH 1.08*108 1.09*108 1.07*108
STD7 15 MeOH 7.75*107 7.84*107 7.66*107
STD 8 10 MeOH 6.45*107 6.51*107 6.40*107
STD9 5 MeOH 2.49*107 2.55*107 2.43*107
STD 10 1 MeOH 9.69*10° 1.02*107 9.18*10°

Table 3.3: PFOA peak area values for standards of known PFOA concentrations in
both methanol and DI water.
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Figure 3.6: Calibration curve for standards of known PFOA concentration in DI
water (blue) and methanol (red), run in triplicate.

3.3 Conclusion

This project sought to investigate the effectiveness of waste plastic as adsorbents
for PFAS pollutants. Specifically, plastics such as polyethylene were hypothesized to be
most effective at adsorption when surface area is maximized. Such surface area
modification was to be achieved through use of milling or oxidation, with only the former
being implemented with success. Initially, solutions of PFOA with concentrations of 500
ppm were combined with plastic samples consisting of milled high molecular weight, low
density, and ultra-high molecular weight polyethylene. Analysis of the solutions before and
after exposure to plastic did not yield results which are comparable to standards of known
PFOA concentration. With the possibility of previous PFOA concentrations possibility

infringing on the instrument’s detection limit, concentration the experiments were
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conducted in was lowered. After samples again gave PFOA peak area values which did not
fall within the values of the calibration curve, focus was shifted to the establishment of a
reliable analysis method. After running standards of lower concentration in triplicate, a
linear and seemingly reliable calibration plot was obtained. Future experiments will
involve confirming the reliability of said calibration plot by applying samples with known
and unknown concentrations of PFOA. After confidence in the analysis method is
established, plastics of differing surface areas achieved through varied milling times and

their adsorption potential may be studied.

3.4 Experimental

3.4.1 General Methods

All chemicals and solvents were purchased commercially unless otherwise noted.
No additional purification methods were taken. PFOA samples were analyzed through use
of a Waters Acquity SQD liquid chromatography-mass spectroscopy instrument by
researchers at the University of Pennsylvania. Peak area was determined by integration of

the PFOA chromatograph peak.

3.4.2 UHMWPE and LDPE PFOA Adsorption

PFOA was added to three sperate vials, (12.4 mg, 0.03mmol) along with 25 mL of
DI water to create solutions with a concentration of 500 ppm. An initial 1 mL aliquot of
these solutions was taken for analysis. Additionally, a series of PFOA standards were also
created in DI water, with concentrations of 50, 100, 200, 400 and 500 ppm. 25 mg of

polymer was added to each vial and stirred overnight. Solution filtered using a Hirsch
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funnel into a 200 mL volumetric flask. The plastic was washed with DI water and the

plastic free PFOA solution was diluted to the mark. An aliquot was then sent for analysis.
3.4.3 Polyethylene PFOA Adsorption in Methanol

PFOA solutions were created by dissolving (10 mg, 0.024 mmol) of PFOA in 50
mL of methanol, then an initial aliquot of 1 mL was taken for analysis. A series of standards
with known concentrations of PFOA consisting of 100, 150, 200, 250, and 300 ppm were
created in methanol. To the first PFOA sample, 20 mg of LDPE was added. The second
sample contained no plastic and served as a control. Both solutions were stirred at room
temperature for 24 hours, after which an aliquot was taken and passed through a cotton

pipette, then sent for analysis.
3.4.4 Triplicate PFOA Standard Calibration Curve

PFOA standards of concentrations 20, 15, 10, 5 and 1 ppm were created by
fractional dilutions of a 20 ppm standard (10 mg PFOA/500mL solvent) detailed in Table
3.4. Identical standards were made for both water and methanol as the solvent. Each
standard was run in triplicate and peak areas were averaged before plotting. Standard
deviation of each peak area was calculated using the stdev.s excel formula. Standard error
was found by use of Equation 3.1 Where ¢ is the standard deviation and n is the number

of samples.

(3.1)

_ g
O',z—\/—ﬁ

Upper and lower peaks area bounds were found by adding average peak area to the standard

error and subtraction of peak area by standard error, respectively.
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Initial Conc. (ppm) | Dilution | Stock (mL) | Solvent (mL) | Final Conc. (ppm)
20 3/4 75 25 15
20 1/2 25 25 10
20 1/5 10 40 5)
20 1/20 10 190 1

Table 3.4: Fractional dilutions made from a stock solution of 20 ppm PFOA and
their respective final concentrations. Each was done in both methanol and DI water.
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CHAPTER 4

EFFECTS OF PER- AND POLYFLUORINATED ALKYL SUBSTANCES ON

PHOSPHOLIPID BILAYER MORPHPOLOGY
4.1 Introduction
4.1.1 Background

Per- and polyfluorinated alkyl substances (PFAS) have widely been linked to
adverse health effects such as cancer,™ 2 immune deficiencies,® * metabolic issues,® and
possible neurodevelopmental complications.® 7 Despite this information, the exact
mechanism for cellular uptake of PFAS is still undergoing research.® %1% Such information
pertaining to PFAS introduction into the body is critical to informed decision-making
regarding prevention and or limiting exposure to these compounds. It is suspected, for
instance, that PFAS head group and fluorocarbon chain length play a critical role in cellular
uptake and morphology changes.'™ 2 As such, particular PFAS possessing chemical

features known to facilitate cellular uptake should be should be avoided accordingly.

)

H O/M\V/A\V/A\V/A\V/A\v/“\//\\
| A0 Mo
~\ N
//N\V/A\O/R\ \H/A\V/A\V/A\V/A\V/A\V/A\v//
o o)

DMPC
O

H O/ﬂ\v/A\v/A\V/A\V/A\V/A\V/A\V/A\\
| R O\¢><;/O
~\ N
//N\V/A\O/R\ \W/«\//\\//\\//\\//\\//\\//\\//
o O

DPPC

Figure 4.1: Phospholipids DPPC and DMPC.
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Current research regarding PFAS uptake into membranes focuses primarily on the
effect PFAS have on phospholipid bilayers such as morphology change and membrane
incorperation.™® ** Phospholipids such as 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) are often selected as
the lipid of choice for PFAS bilayer studies,*>*8 due to the location of their phase transition
temperatures (23 °C and 42 °C respectively)!® and their presence in animal cell
membranes.?’ Although it is known that PFAS incorporation into bilayers alters liposome
morphology,? 2> 2 jt is essential that characterization methods encompassing this

occurrence are developed.

4.1.2 PFAS and Membrane Bilayer Interactions

Q020
006

Figure 4.2: Representation of the likely orientation of PFAS within a phospholipid
bilayer. The group “R” represents a polar functional group. Fluorocarbon tail is
shortened for sizing purposes.

P00
000

In the presence of water, phospholipids may form into bilayers by orienting the
hydrophilic head towards the polar medium with the hydrophobic alkyl tails aligned with
each other, away from the polar medium (Figure 4.2). These bilayers may then align into
liposomes of varying sizes and layers. The most common of which fall into the
classification of small unilamellar vesicles (SUVs) of up to 100 nm in diameter, large

unilamellar vesicles (LUVs) from 100 — 250 nm in diameter, and multilamellar vesicles
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(MLVs) ranging from 100 — 400 nm in diameter (Figure 4.3).2* Given the structural
similarities between many PFAS molecules and phospholipids such as DPPC and DMPC,
the observation of such high lipophilicity can be rationalized. It is likely that hydrophobic
interactions between the non-polar lipid alkyl tails and the PFAS fluorocarbon chain, as
well as potential hydrogen bonding by the polar lipid head and PFAS functional group are

responsible for such affinity.!> 2

>100 nm 100-250 nm 100-400 nm

SUV LUV MLV

Figure 4.3: Common liposomes formed by phospholipids and their associated
diameters and bilayer compositions.

Incorporation of PFAS into lipid membranes has been observed to cause a variety
of effects on overall membrane properties. These include increased permeability,®
increased fluidity,?” and alteration of overall stability of the bilayer.?® Although such
membrane effects by PFAS are known, studies regarding membrane degradation over time

and associated PFAS concentration thresholds are scarce. Furthermore, the mechanism of
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PFAS penetration into the bilayer, as well as the effect of bilayer thickness and lipid

identity on PFAS lipophilicity remain largely unknown.?
4.1.3 PFAS and Bilayer Interactions: Characterization Methods

In order to observe the effects PFAS have on the fluidity, permeability and stability
of the lipid bilayer, reliable methods of characterization must be employed. Several of these
methods exist and have been applied to varying degrees of success. For instance,
fluorescence anisotropy has been used to investigate the partitioning of perfluorobutane
sulfonate into phosphatidylcholine membranes, and exhibited disruption of the bilayers.?°
Membrane permeability of lipid bilayers in the presence of perfluorooctanoic acid (PFOA)
and perfluorooctanesulfonic acid (PFOS) has also been investigated using cyclic
voltammetry.® Less common techniques such as neutron reflectometry have also been

applied in studies regarding membrane stability in the presence of PFAS.!

One of the most widely used analytical techniques for observation of PFAS
interactions with lipid bilayers is likely differential scanning calorimetry (DSC). This
technique allows for the observation of phase transition temperatures of lipid vesicles,
giving insight on their morphology such as crystallinity of the membrane and other
thermotropic behavior.3! 32 Such information is of great use when studying the effects guest
molecules have on the structure and characteristics of membranes, hence the popularity of

the technique within PFAS research.
4.1.4 Project Goals

This project aims to investigate the effects of PFAS, specifically PFOA and PFOS,

on the morphology of liposomes consisting of DPPC and DMPC phospholipids.
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Specifically, the effect which PFAS has on the membrane fluidity and stability of varying
sizes of liposome diameter and bilayer thickness. Such information is a critical addition to
the knowledge pertaining to the mechanism by which PFAS enters cells and therefore is

essential to our understanding of health risks pertaining to PFAS.

Varying concentrations of PFOA and PFOS are incorporated into bilayers of DPPC
or DMPC SUVs and MLVs and the associated effects on the membrane are studied. The
time in which membranes deteriorate after incorporation of PFAS is also to be determined.
Investigation of such effects is achieved primarily through use of DSC, which will allow
for observation of any membrane stiffening in the presence of PFAS, and for the
monitoring of the overall integrity of the liposome. Such structural integrity of the
membrane may also be verified by use of dynamic light scattering (DLS), which is also

used to determine the approximate diameter of the vesicles.

4.2 Results and Discussion

4.2.1 DMPC and DPPC MLV Phase Transition Studies

Initial understanding of PFAS effects on liposome morphology and membrane
integrity began by establishing variation of the phase transitions of MLV liposomes at
altering ratios of PFAS concentration. MLVs synthesized from both DMPC and DPPC
were implemented, along with both PFOS and PFOA. Lipid to PFAS ratios varied from as
low as 10:1 to as high as 75:1, with the most observable changes in phase transition
temperature occurring as the ratio approached 1:1. DPPC MLVs with incorporated PFOA
show a slight decrease in temperature as PFOA ratio increases (Table 4.1 and Figure 4.4).

This trend is more observable however, when PFOS is implemented instead of PFOA.
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Lipid PFAS Eq (Lipid:PFAS) | Phase Transition (°C)
DPPC PFOA 10:1 404
DPPC PFOA 15:1 39.6
DPPC PFOA 25:1 40.5
DPPC PFOA 35:1 40.6
DPPC PFOA 50:1 40.7
DPPC PFOA 75:1 40.7
DPPC PFOA 100:0 41.1

Table 4.1: Phase transitions temperatures of DPPC MLVs in the presence of
varying ratios of PFOA.
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Figure 4.4: DSC trace for DPPC MLVs with varied ratios of PFOA. Data is
staggered on the y-axis for visual convenience.




In the case of PFOS, the decrease in phase transition is more noticeable as the ratio
of PFAS increases. For instance, at 75:1 equivalents of DPPC to PFQOS, phase transition
occurs at a temperature of 40.7 °C, this being only a slight difference from the transition
of pure DPPC at 41.1 °C. At a final ratio of 10:1, phase transition occurs at a temperature
of 39.1°C for a total difference of 1.6 °C or 2 °C from pure DPPC MLVs (Table 4.2). In
comparison with DPPC phase transitions obtained in the presence of PFOA which give a
total difference 0.3 °C from 75:1 to 10:1 or 0.7 °C from 100:0 to 10:1, a clear trend can be
observed (Figure 4.5). One possible explanation for this discrepancy could be the identity
of the functional group on the PFAS. The sulfonic acid group present on PFOS may exhibit
slightly more steric repulsion than the carboxylic acid group present on PFOS. Such steric
repulsion induced by PFOS may affect the morphology of the lipid bilayer by distorting
the phospholipid packing more so than that of PFOA. A morphological change such as this
would be likely be observable through a more drastic phase transition change as more

PFOS is incorporated.

Lipid PFAS Eq (Lipid:PFAS) Phase Transition (°C)
DPPC PFOS 10:1 39.1
DPPC PFOS 15:1 39.6
DPPC PFOS 25:1 39.8
DPPC PFOS 35:1 40.1
DPPC PFOS 50:1 40.4
DPPC PFOS 75:1 40.7
DPPC PFOS 100:0 41.1

Table 4.2: Phase transition temperatures of DPPC MLVs in the presence of varying
ratios of PFOS.
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Figure 4.5: DSC trace for DPPC MLVs with varied ratios of PFOS. Data is
staggered on the y-axis for visual convenience.

A similar trend can be observed when MLVs are formed from DMPC rather than
DPPC. DMPC MLVs were subject to PFOA incorporation at concentrations ranging from
10:1 to 75:1 equivalents of lipid to PFAS. MLVs with no incorporation of PFOA give a
phase transition of 23.4 °C, this is then lowered to a temperature of 23.1 °C at 75:1 and
finishes at 22.5 °C at 10:1 for a total difference of 0.9 °C (Table 4.3 and Figure 4.6). This
is a slightly larger downward trend in phase transition temperature than those observed
with DPPC and PFOA (0.7 °C), suggesting that chain length of the phospholipid may have
a slight effect in addition to any steric disruption produced by PFAS head group. Despite
studies which have suggested the contrary for membrane permeability and lipid chain

length towards PFAS.*
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Lipid PFAS Eq (Lipid:PFAS) | Phase Transition (°C)
DMPC PFOA 10:1 22.5
DMPC PFOA 15:1 22.6
DMPC PFOA 25:1 22.7
DMPC PFOA 35:1 23.3
DMPC PFOA 50:1 23.2
DMPC PFOA 75:1 23.1
DMPC PFOA 100:0 23.4

Table 4.3: Phase transition temperatures of DMPC MLVs in the presence of varying

ratios of PFOA.
——10:1 PFOA:DMPC —15:1 DMPC:PFOA
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Figure 4.6: DSC trace for DMPC MLVs with varied ratios of PFOA. Data is
staggered on the y-axis for visual convenience.




MLVs formed by use of DMPC in the presence of PFOA exhibited phase transitions

similar to their DPPC MLVs counterparts. At 75:1 equivalents of lipid to PFAS, a phase

transition of 23.1 °C was observed. This decreased to a temperature of 20.8 °C at 10:1

equivalents for a total decrease of 2.3 °C or 2.6 °C from pure DMPC MLVs at 23.4°C

(Table 4.4 and Figure 4.7). Though similar trends are exhibited with both DPPC and DMPC

in the presence of PFOA vs PFOS, a larger decrease in phase transition temperature is

observed when DMPC is implemented. In addition to PFAS head group playing a role in

potential membrane effects these data may also suggest lipid chain length plays small but

measurable effect on morphology change.

Lipid PFAS Eq (Lipid:PFAS) | Phase Transition (°C)
DMPC PFOS 10:1 20.8
DMPC PFOS 15:1 21.8
DMPC PFOS 25:1 22.5
DMPC PFOS 35:1 22.8
DMPC PFOS 50:1 23.1
DMPC PFOS 75:1 23.0
DMPC PFOS 100:1 23.1
DMPC PFOS 100:0 23.4

Table 4.4: Phase transition temperatures of DMPC MLVs in the presence of varying

ratios of PFOS.
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Figure 4.7: DSC trace for DMPC MLVs with varied ratios of PFOS. Data is
staggered on the y-axis for visual convenience.

4.2.2 DMPC and DPPC SUV Phase Transition Studies

In addition to DMPC and DPPC MLVs with multiple bilayers, the effect which
PFAS have on single bilayer SUV morphology was also investigated. PFOS and PFOA are
used for DPPC and DMPC, respectively. DPPC SUVs with incorporated ratios of PFOS
ranging from 10:1 to 60:1 equivalents of lipid to PFOS were created and associated phase
transitions measured. DPPC SUVs with no PFOS give a phase transition temperature of
41.2 °C, then decrease to 40.8 °C at 60:1, finishing at 10:1 with a broad peak centering at

approximately 39.9 °C (Table 4.5 and Figure 4.8).
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Eq (Lipid:PFAS) | Phase Transition (°C) | Size (nm)
10:1 39.9 (Broad) 159
20:1 40.5 146
40:1 40.7 137
50:1 40.8 141
60:1 40.8 157
100:0 41.2 180

Table 4.5: Phase transition temperatures of DPPC SUVs with varying ratios of
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Figure 4.8: DSC trace for DPPC SUVs with varied ratios of PFOS. Data is staggered

on the y-axis for visual convenience.
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DMPC SUV phase transition temperatures were also measured in the presence of
varying ratios of PFOA, again ranging from 10:1 to 60:1 equivalents of lipid to PFOA.
Pure DMPC was observed to give a phase transition temperature of 24.2 °C, then decreases
to 23.5°C at 60:1 and reaches 22.3 °C at 10:1 equivalents for a total difference of 1.9 °C
(Table 4.6 and Figure 4.9). In comparison to the temperature difference of 1.3 °C from
DPPC SUVs, it would appear again that DMPC liposomes have a greater shift in overall

phase transition temperature upon PFAS incorporation.

Eq (Lipid:PFAS) | Phase Transition (°C) | Size (nm)
10:1 22.3 198
20:1 23.1 83.6
30:1 23.3 78.5
40:1 23.5 59.1
50:1 23.7 55.0
60:1 23.5 99.1
100:0 24.2 74.0

Table 4.6: Phase transition temperatures of DMPC SUVs at varying ratios of PFOA.

Other than the identity of the lipid and PFAS, the size of the vesicle itself appears
to play arole in the degree of phase transition temperature shift. MLVs containing multiple
phospholipid bilayers within the vesicle appear to have a lesser observable shift in

temperature in comparison to their single bilayer SUV counterparts. This is evident when

95



comparing the total temperature difference of 0.9 °C from DMPC MLVs from no PFOA
incorporation to 10:1 equivalents to those of DMPC SUVs, which give a total difference
of 1.9 °C. Thus, it may be the case that incorporation of PFAS into a smaller vesicle has a

more observable effect on the overall morphology.

1400 —10:1 DMPC:PFOA
——20:1 DMPC:PFOA

1200 ——30:1 DMPC:PFOA
40:1 DMPC:PFOA
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——60:1 DMPC:PFOA

—DMPC SUV
800

600

400 _//\

200

Heat (uW)

15 20 25 30

-200 Temperature (C)

Figure 4.9: DSC trace for DMPC SUVs with varying ratios of PFOA. Data is
staggered on the y-axis for visual convenience.

4.2.3 PFOS Uptake Kinetics of Lipid MLVs and SUVs

In addition to the effects of PFAS on lipid vesicle morphology, the time in which
the contaminant is taken up into the membrane was also of interest. PFOS is selected rather
than PFOA due to its greater observed effect on phase transition discussed previously.

Initially, MLVs were synthesized separately from PFOS, which was then added to the
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vesicles such that 25:1 lipid:PFAS would result. The resulting phase transition temperature

was measured over time in order to gauge the uptake of PFOS (Figure 4.10).
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Figure 4.10: DSC traces over time of DPPC MLVs after addition of PFOS. Data is
staggered on the y-axis for visual convenience.

DPPC MLVs with no addition of PFOS gave a phase transition temperature of 41.2
°C. After 2 hours of PFOS addition, two peaks can be observed with one overlapping at a
temperature which corresponds to the MLV peak with no PFOS added, the other appearing
at 40.0 °C. The later lower temperature peak is likely vesicles with PFOS beginning to
accumulate, whereas the higher temperature peak may be vesicles which are still
uncontaminated. The intensity of the lower temperature peak appears to increase as time
passes, signifying that more PFOS is being incorporated into the vesicles. For instance,

after four days at room temperature, the higher temperature peak appears drastically
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reduced to a small shoulder. After 15 days at room temperature plus an additional three
hours of heating at 45 °C, the DSC traces shows only the lower temperature peak indicating

that all vesicles have been incorporated with PFOS.

The effect which multiple levels of bilayers plays into the uptake time of PFAS was
also explored. As such, single bilayer DMPC SUVs were synthesized and added to a
solution of PFOA such that a 40:1 lipid to PFAS ratio was achieved. The resulting phase
transition of the PFOA incorporated vesicles occurs at a temperature of 23.2 °C, which is
shifted from an initial temperature of 24.2 °C. such a shift occurs immediately after
exposure to PFOA, as subsequent measurements of the PFOA incorporated SUVs yield
overlapping peaks at a temperature of 23.2 °C indicating that likely all of the vesicles in

solution have been subject to PFOA penetration (Figure 4.11).
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Figure 4.11: DSC traces over time of DMPC SUVs after addition of PFOS. Data is
staggered on the y-axis for visual convenience.
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The fast uptake of PFOA into SUVs as observed here is logical due to the presence of only
one bilayer. It is likely that PFAS enters SUVs at a faster rate than in MLVs, where they
must traverse multiple membranes. Furthermore, it may be that because SUVs are
significantly smaller and contain only one bilayer, they require less PFAS incorporation in

order to make any observable change in vesicle morphology.
4.2.4 Lipid Vesicle Stability in the Presence of PFOS

The stability of lipid SUVs after exposure to PFOS was also studied. This was
accomplished by synthesizing SUVs from DPPC lipids and exposing them to PFOS such
that a ratio of 1:1 lipid to PFAS was achieved. Vesicles were allowed to sit at room
temperature and the corresponding phase transition temperatures of the SUV before PFOS

addition, after PFOS addition overnight and three days after PFOS addition were measured

(Figure 4.12).
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Figure 4.12: DSC trace of DPPC SUVs at varying times after incorporation of 1:1
equivalents of lipid to PFOS.
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From the DSC trace, it can be observed that PFOS addition to the SUV causes a
significant decrease in the intensity and sharpness of the initial peak, after sitting at room
temperature overnight. Oddly, the downward shift in temperature is not observed in this
case. However, the decrease in peak intensity may be indicative of vesicles deforming due
to the large concentration of PFOS. After three days, there appears to be no peak present
in the DSC trace which would seemingly imply all the vesicles in solution have
incorporated an amount of PFOS which has disrupted the stability of the bilayers. Further
insight may be gained from the approximate diameters of the vesicles over the course of

the experiment.

Sample Phase Transition (°C) Average Size (nm)
SUV No PFOS 41.1 289
SUV with PFOS O/N 42.1 216
SUV with PFOS 3 days No Peak 2051

Table 4.7: Phase transition temperatures and average diameters of DPPC SUVs
before and after PFOS addition.

Initially, SUVs with no added PFOS gave an average diameter of 289 nm, then
decreased to a diameter of 216 nm after addition of PFOS overnight. Measurement of the
PFOS SUV sample after 3 days at room temperature gave a larger average vesicle size of
2051 nm (Table 4.7). A visual depiction of the DLS plot is shown in Figure 4.13, where it
can be observed that SUV peaks near 100 nm mostly disappear after three days of PFOS

addition. What remains are peaks located above 1000 nm, which are also present in the
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initial SUV plot. It is unclear if these are larger liposomes or impurities such dust.
Regardless, SUV peaks clearly lessen after addition of PFOS, corresponding with the DSC

data suggesting membrane fouling by PFOS incorporation over time.
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Figure 4.13: (Top): DLS plot of DPPC SUVs before PFOS addition. (Bottom): DLS
plot of DPPC SUVs after PFOS addition over a period of three days.
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Additional experiments regarding SUV stability in the presence of PFOS were also
conducted. These included the monitoring of phase transition temperature over time of a
DPPC SUV aliquot with a 1:2 ratio of lipid:PFAS. The aliquot was left in the DSC cell and
measurements were taken at various time intervals. Thus, the lipid vesicles within this
aliquot were cycled from a temperature of 5 °C to 55 °C throughout the experiment. The
resulting data indicates that after 23 hours and 10 heating cycles, SUVs are deformed by

PFOS and no longer show phase transitions (Figure 4.14).
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Figure 4.14: DSC trace over time of DPPC SUV aliquot with 1:2 equivalents of
lipid:PFAS. Data is staggered on the y-axis for visual convenience.

As observed in previous experiments with stability of SUVs and PFOS, there is not
a drastic shift in peak temperature. Rather, a decrease of peak intensity and sharpness over

time, which signifies the deterioration of the lipid vesicle. It should be noted that vesicle
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deformation occurs significantly faster when the sample undergoes continuous heating
cycles than when left at room temperature. This is likely a result of increased membrane
permeability upon heating past the phase transition temperature, which allows more PFOS
to enter the vesicle therefore accelerating deformation. Furthermore, from 45 minutes to
130 minutes another peak can be observed at 23.3 °C in addition to the primary DPPC
phase transition at 41 °C. This is likely a pre-transition of the lipid which is thought to be
the result of ripple-like disruptions within the bilayer.3* Such disorder is likely caused by

the incorporation of large amounts of PFOS which more than likely distort said bilayers.
4.3 Conclusion

This project sought to explore the effects of PFAS on liposome vesicles of varying
sizes and bilayer composition. Specifically, what effect the incorporation of PFAS have on
the phase transition temperatures of DPPC and DMPC lipid vesicles. In addition, the
overall vesicle membrane stability, and permeability were also studied. Additional
inferences were drawn between the identity of the PFAS and the phospholipid chain length.
It was found that incorporation of PFAS into lipid MLVs and SUVs shifts the phase
transition to a lower temperature as PFAS concentration increases. Furthermore, the
identity of the PFAS functional group appears to make a difference in the overall
downward trend in temperature shift. Chain length of the lipid also appears to factor, with
DMPC liposomes and PFOS displaying the most observable trend. The uptake of PFAS
into lipid membranes was found to occur significantly faster in SUVs rather than MLVs
likely due to the total levels of bilayers. In addition to membrane permeability towards
PFAS, the stability of the vesicles in the presence of large concentrations of PFAS was also

studied. Deformation of lipid vesicles was shown to occur at a much faster rate when heated
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then when left at room temperature, likely due to increased membrane permeability
resulting from heating the lipid over the phase transition temperature. Ultimately, the work
discussed herein contributes to overall understanding of PFAS interactions with cellular

membranes and broader adsorption capabilities to macromolecules.
4.4 Experimental
4.4.1 General Methods

All chemicals were purchased commercially unless noted otherwise. No additional
purification methods were taken. Phase transition temperature of lipid vesicles were
measured through a TA Instruments model 6300 Nano DSC at a heating rate of 2 °C per
minute. Lipid vesicle size was determined by use of DLS on a Malvern Zetasizer Nano ZS
instrument. Lipid vesicles were sized accordingly via an extrusion kit from Avanti Polar

Lipids with associated membrane filters.
4.4.2 Synthesis of DMPC and DPPC MLVs

A representative procedure for the synthesis of DMPC and DPPC MLVs with
incorporated PFAS is as follows. The lipid and PFAS were added to a 20 mL vial at the
appropriate molar ratio. The solids were dissolved in chloroform, then a stream of air was
passed over the solution to evaporate the solvent. The resulting film was then dried under
vacuum. The lipid/PFAS film was hydrated with a solution of 0.1 mM NaCl in water at a
temperature above the lipid phase transition temperature (DMPC: 25 °C, DPPC: 45 °C).

Resulting solutions were then analyzed by DSC.
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4.4.3 Synthesis of DMPC and DPPC SUVs

A representative procedure for the synthesis of DMPC and DPPC SUVs with
incorporated PFAS is as follows. The lipid and PFAS were added to a 20 mL vial such that
the appropriate molar ratio was reached. The solids were dissolved in chloroform, then a
stream of air was passed over the solution to evaporate the solvent. The resulting film was
dried under vacuum, then hydrated with a 0.1 mM NaCl solution above the lipid phase
transition temperature. The resulting solution underwent three cycles of freezing and
thawing in a dry ice acetone bath. SUVs were formed by passing the lipid solution through
an extruder containing appropriate membrane pore sizes above the lipid phase transition
temperature. The resulting SUV diameter was verified through DLS, and phase transition

temperature obtained through DSC.

4.4.4 PFOS Uptake Kinetics of DPPC MLVs

DPPC (15 mg, 0.02 mmol) was added to a 20 mL vial and dissolved in 5 mL of
chloroform. A stream of air was passed over the solution to evaporate the solvent. The
resulting film was dried under vacuum, then hydrated with a 0.1 mM solution of NaCl in
water and heated to 45 °C. 1 mL of a 0.8 mM solution of PFOS (0.0008 mmol) added to
the lipid vesicles, then phase transition temperature was measured through DSC over time.

After 15 days, the solution was heated at 45 °C for three hours then measured again.

4.4.5 PFOS Uptake Kinetics of DMPC SUVs

1 mL (25 mg, 0.04 mmol) of a 25 mg/mL DMPC solution in chloroform was placed
under a stream of air to evaporate the solvent. The resulting lipid film was dried under

vacuum then hydrated with 0.1 mM solution of NaCl in water at 25 °C. The lipid solution
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underwent three freeze thaw cycles in a dry ice acetone bath, then sonicated in a water bath
at 30 °C until a clear solution resulted. Vesicle size was verified though DLS. 1 mL ofa 1
mM solution of PFOA (0.001 mmol) was added to the lipid solution and DSC

measurements were taken every 30 minutes for two hours.

4.4.6 Stability of DPPC SUVs in the Presence of PFOS at Room Temperature

DPPC (15 mg, 0.02 mmol) was added to a 20 mL vial and dissolved in 1 mL of
chloroform. A stream of air was passed over the solution to evaporate the solvent. The
resulting film was dried under vacuum, then hydrated with 0.1 mM NaCl at 45 °C. The
lipid solution then underwent three freeze thaw cycles in a dry ice acetone bath. The lipid
vesicles were extruded using a 200 nm membrane filter, then DSC and DLS measurements
were taken. PFOS (10 mg, 0.02 mmol) was added and DSC measurements were taken after

letting the solution sit overnight, then over the course of three days.

4.4.7 Stability of DPPC SUVs in the Presence of PFOS During Heat Cycles

DPPC (15mg, 0.02 mmol) was dissolved in 1 mL of chloroform then solvent was
evaporated by passing a stream of air over the solution. The resulting film was dried under
vacuum then hydrated with 0.1 mM NaCl at 45 °C. The lipid solution underwent three
freeze thaw cycles in a dry ice acetone bath then was extruded using a 200 nm membrane
filter. Only 1 mL of lipid solution remained after extrusion (5 mg, 0.007 mmol). To this,
PFOS (7 mg, 0.014 mmol) was added to make a 1:2 lipid:PFAS solution. A 0.650 mL
aliquot of this solution was taken for DSC analysis. A total of 10 heat cycles were

conducted over the course of 24 hours with a temperature range of 5 °C. to 50 °C.
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