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ABSTRACT

Polyolefins are an important and ubiquitous class of commodity polymers in modern
society. They possess remarkable stability and chemical resistance, making them highly
desirable materials. These materials are often used as single-use plastics despite their
biodegradability. Methods of recycling, such as mechanical recycling, post-polymerization
modification (PPM), and depolymerization, can incentivize plastic waste collection by
upcycling or adding value to the waste material. However, the lack of reactivity of
polyolefins requires harsh conditions for PPM or depolymerization. Recent advances in C—
H functionalization of both small molecules and polymers have allowed access to highly
reactive intermediates under mild conditions, such as C-centered radicals at room
temperature without the use of peroxides and heat. Unfortunately, functionalization above
just a few mol% is accompanied by degradation of the polymer chain due to the highly
reactive intermediates present. Therefore, new methods of PPM must be developed so that
functionalization is preferred over polymer degradation. Alternatively, the degradation

observed during PPM could be used to encourage polymer deconstruction.

In this thesis, three photocatalysts are investigated as potential catalysts to degrade
polyolefins. The catalysts were chosen because of their reported ability to enable hydrogen
atom transfer (HAT). Benzophenone (BP), tetrabutylammonium decatungstate (TBADT),
and FeCls are investigated with specific attention to squalane as a small molecule analog
of poly(propylene) (PP). Spectroscopic analysis — "H NMR spectroscopy, °C APT NMR
spectroscopy, IR spectroscopy, and APCI mass spectrometry — supports addition of BP
to squalane to form an a-alkylbenzhydrol, while TBADT and FeCls facilitated oxidation
of squalane to alcohols and ketones. The results with BP support its tendency to form
unintended C—C bonds with reactive intermediates, while the results with TBADT and
FeCl; are consistent with their use as oxidation catalysts for hydrocarbons (i.e.,
cyclohexane). These results may be used to show that BP could be attached to PP and that
TBADT and FeCls may be used to oxidize PP.
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Chapter 1: Introduction
Commercial plastics are prevalent in modern life because they are cheap,
lightweight, chemically inert, and durable.' Since 1950, the growth of global annual
plastic production has outpaced all other manufactured materials.*® However, many
commercially available plastics accumulate in the environment because they are
chemically inert. More than 6,300 million metric tons of plastic waste have been generated,
almost 80% of which exists in landfills or as environmental pollution.”® Poly(ethylene)
(PE), poly(propylene) (PP), and poly(styrene) (PS) comprise more than 60% of global
plastic production.® These materials are exceptionally durable and chemically inert because
their backbones are composed of strong sp*-hybridized C—C and C-H bonds (Figure 1).
poly(styrene)  poly(propylene) poly(ethylene)
PS PP PE

Ph Me

weak -:D [| D l: strong

H H Q H
Ph/k,\;]ee Me/l"""e H HJ‘,'_"H

cumene isobutane cyclohexane methane
84 95 99 105

Figure 1: Bond dissociation energies of representative compounds of PS, PP, and PE.

This bond strength can be quantified in terms of bond dissociation energy (BDE): 84, 95,

and 99 kcal/mol for cumene, isobutane, and cyclohexane, respectively.

Mechanical recycling is the most common method of recycling plastics. In this
process, the plastic waste is separated, shredded, and processed in the melt phase. However,
the separation process often leaves contaminants — other plastics, food residue, additives,
etc. — that contribute to deleterious side reactions. Ultimately, the recycled material loses
its original mechanical properties after just a few cycles.>’® Mechanical recycling,
therefore, is referred to as “downcycling”. It is essential to develop new strategies to
chemically recycle plastic waste because downcycling offers little incentive to reclaim

plastic waste.



Alternatively, plastic waste can be “upcycled” into new products. In this approach,
plastic waste is reframed as a springboard to new polymers (diversification), small
molecules (deconstruction), or high-performance materials."” Existing diversification
methods suffer from poor selectivity because highly reactive species are required to

activate strong sp® C-C and C-H bonds of polyolefins (Figure 2).” For example,

O
O¢Q§o
N Maleic anhydride
n (MAH) X
Me — Me Me Me
(PP) 150 °C, peroxide (PP-g-MAH)

Figure 2: Typical industrial preparation of PP-g-MAH.

poly(propylene-graft-maleic anhydride) (PP-g-MAH) is commercially prepared through
peroxide-initiated free radical PPM in the melt phase (>150 °C).!° The combination of
highly reactive intermediates and high temperatures decrease material uniformity because
high temperatures promote f-scission. Ideally, the C-centered radicals react with maleic
anhydride (MAH) to form a new C—C bond; however, this is not always the case. The C-
centered radical of one chain of PP can react with the C-centered radical of another chain
of PP to form “crosslinks” or promote “f-scission” — the spontaneous C—C cleavage of
the bond $- to the radical (Figure 3). Scission is more likely to occur in polymers that can

produce stabilized radicals (e.g., PP, which can produce tertiary radicals).!!
R R R R

WY+M+)Y

Figure 3: B-scission at a radical on a tertiary C, resulting in a new radical and C=C bond.

Polymers degrade predominately through S-scission at elevated temperatures.'?
The thermodynamics of polymerization are represented by the Gibbs free energy equation

(Equation 1):

(1)  AG, = AH, — TAS,

Where ASp and AHp are the change in entropy and enthalpy during polymerization,
respectively. It follows that there is a ceiling temperature, 7c, at which the rates of
polymerization and depolymerization are equal, i.e. the concentration of monomer and

polymer are in equilibrium'® (Equation 2):



_ AHp

@ T=5%

At Tc, C—C bonds along the backbone spontaneously dissociate to generate terminal
radicals on the backbone.'? The radicals along the backbone can undergo further C—C
cleavage through f-scission. However, there are processes below the ceiling temperature
where C—C cleavage occurs through the generation of radicals along the polymer backbone.
Oxidative degradation, sheer forces, and light are other methods of generating radicals
along the backbone of polyolefins.!?!*!5 Other polymers with heteroatoms in the backbone,
such as polyesters and polyurethanes, also degrade by glycolysis or hydrolysis in addition

to S-scission.!®

Pyrolysis is a method of deconstructing polymers through f-scission at elevated
temperatures in the absence of Oz. Radicals are generated at random points along the

polymer backbone, enabling cleavage of C—C bonds to yield short-chain hydrocarbons.!”!®

For example, Celik et al."

developed a Pt/SrTiOs catalyst that facilitates the pyrolysis of
PE in the presence of H2 at 300 °C. The number average molecular weight (Mn) was
reduced from 64.3 kDa to 0.6 kDa. The reaction was successfully adapted to deconstruct a
plastic bag; the Mn was reduced from 33.0 kDa to 1.0 kDa. In both cases, the products were
a distribution of hydrocarbon oils. However, the chemical similarity of these products

greatly complicates their isolation. Additionally, the catalytic system requires a precious

metal (e.g., Pt) to work effectively.

A major disadvantage to pyrolysis is the random nature of the polymer
deconstruction, which generates many chemically similar products. A more precise process
that generates a limited set of valuable products is highly desirable. Conk et al.** and

12! independently developed an alternative approach to deconstruct PE

Arroyave et a
through dehydrogenation and metathesis/isomerization. First, dehydrogenation is used to
install C=C bonds as reactive handles along the backbone. Then, the metathesis catalyst
and ethylene break the C—C bond adjacent to the C=C bond, generating a terminal alkene
and propene. The isomerization catalyst converts the terminal alkene into an internal

alkene. Finally, the metathesis catalyst and ethylene convert the internal alkene into



propene. Although the process produces a valuable feedstock — propene — it requires

precious metals (Ir, Ru, and Pd) and ethylene at high pressures.

Thermally driven methods of polymer deconstruction generate many products
because radicals are generated at random points along the backbone of the polymer;
therefore, a controlled method of generating radicals along the backbone of the polymer
would reduce the number of products generated. Hydrogen atom transfer (HAT) processes
are used to activate the relatively inert C—H bonds of small molecules and polymers (Figure
4)." Similar to reactions of polyolefins, the small molecule reactions traditionally require
toxic or harsh reagents for activation, such as tributyltin® or peroxides and high
temperatures>>. Fortunately, recent advances in synthetic organic chemistry have resulted

in processes that use light to generate highly reactive intermediates that activate C—H bonds

saehCH
/‘ HAT % -

| T

A & L~
HAT

FON

Y-H Y

under mild conditions.?

Figure 4: General photocatalytic HAT scheme with BP as the photocatalyst.
PC = photocatalyst, Y = H-atom acceptor

Fazekas et al.** developed a process which modifies the C—H bonds of PE and PP

through HAT. The major side reaction that occurs during PPM — f-scission — is a result
of the production of radicals on tertiary C-atoms, which have a relatively long lifetime
compared to radicals on secondary- or primary C-atoms. Thus, the authors chose a highly
reactive, sterically hindered radical trap to prevent f-scission. Although the authors
produced functionalized PE that had properties markedly different from the parent
material, they were only able to achieve less than 4% functionalization without f-scission.
This is an improvement to previous works that achieved 1-2% functionalization,?>® but
these yields remain much lower than those observed for small molecules, where the

substrate can be used as the solvent.?



Alternatively, HAT could be used to generate C-centered radicals on the backbone

as “weak points” to promote C—C bond cleavage. If tertiary C-atoms are targeted, the

1.27 1'28

generation of radicals could promote fS-scission. Oh et al.”’ and Li et al.”° used ferric
chloride and fluorenone, respectively, to deconstruct PS into benzoic acid, benzaldehyde,
and other aromatic products that can be used as chemical feedstocks. Additionally, Kong
et al.*® used TBADT and DIAD to deconstruct PE into functionalized oligomers. We were
inspired by these works to apply HAT deconstruction to other polymers, such as PP. We
envisioned that this approach would trigger deconstruction of PP due to the formation of

radicals on tertiary C-atoms.

For PPM methods, there is a delicate balance between desired C-H
functionalization and undesirable side reactions that result in polymer degradation.! It is
also established that PP degradation pathways primarily follow a HAT mechanism:
following macroradical generation, cleavage of C—C bonds is caused by S-scission.*? The
occurrence of f-scission is indicated by formation of 7z-bonds (C=C or C=0 in oxidative

mechanisms), a decrease in Mhx, and an increase in P.

Thesis overview
Different H-atom abstractors were investigated for their ability to alter squalane,
poly(styrene), and poly(methyl methacrylate) to induce S-scission. Squalane was used as a
small molecule analog of poly(propylene) to narrow the variety of products that may be
generated through deconstruction. Chapter 2 focuses on the ability of benzophenone to
abstract H-atoms from poly(styrene), poly(methyl methacrylate), and squalane. Chapter 3
introduces other HAT catalysts: tetrabutylammonium decatungstate and ferric chloride as

H-atom abstractors for squalane. Finally, concluding remarks are discussed in Chapter 4.



Chapter 2: Hydrogen atom transfer from poly(methyl methacrylate), poly(styrene),

and squalane to benzophenone for C—H functionalization

2.1: Background

Aromatic ketones, such as benzophenone (BP), are well-known for their reactivity
when excited by near-UV light.>> When excited by light, an electron is promoted to the
singlet state, then undergoes intersystem crossing (ISC) to a triplet state, BP*, that is similar
in reactivity to an alkoxy radical.>* The O-centered radical abstracts an H-atom from the
substrate, R—H, to generate another radical, R", and a reduced species, BP—-H. Then, BP is
restored through hydrogen atom transfer (HAT) to another substrate. Aromatic ketones are
soluble in the nonpolar solvents required to dissolve polymers and are relatively cheap and
commercially available. Irradiation of poly(styrene) (PS), poly (methyl methacrylate)
(PMMA), and squalane in the presence of BP will result in the generation of C-centered

radicals. These radicals can incite -scission or couple with each other (Figure 5).

| B-scission
N P
% ~ .
Coupling s i

\ ‘\\\

.4

Figure 5: Depiction of the fate of the C-centered radical: S-scission (top) or coupling
with another C-centered radical (bottom).

2.2: Poly(methyl methacrylate) and poly(styrene)

BP was first investigated as an initiator of deconstruction of PMMA and PS.
PMMA lacks a tertiary C-atom, which should preclude its potential for deconstruction. On
the other hand, PS should be more prone to deconstruction because HAT from the tertiary
C-atom will generate a stabilized benzylic radical. Gel permeation chromatography (GPC)
was used as the main characterization technique because deconstruction should result in a
decrease in number average molecular weight (Mn). An increase in Mn suggests that radical
termination occurred between polymer chains. Both PS (Mh=31.9 kDa and P = 1.03; from
anionic polymerization) and PMMA (Mh = 14.9 kDa and D = 1.49; from free-radical

6



polymerization) were irradiated with varied concentrations of BP (mol%), with respect to
moles of polymer chains, at 370 nm. PMMA reactions were run in acetonitrile, while PS

reactions were run in dichloromethane (DCM) due to better solubility.

Irradiation of PS resulted in a decrease in Mn and an increase in dispersity (D)

(Figure 6). indicating that degradation occurred in the presence (Mn = 27.2 kDa, D =1.27)

7 8 9 10
Retention time (min.)

Figure 6: GPC trace of PS (black), PS at 370 nm (blue), PS with 1 mol% BP at 370 nm
(red). Refractive index detector used.

and absence (Mn = 17.1 kDa, D = 1.38) of BP. It is known that exposure to light with A <

400 nm promotes PS degradation in the presence®! or absence of BP.*? Mita et al. observed
that BP promoted degradation of PS; however, we observed that the presence of BP slowed
degradation. It is possible that low amounts of BP act like a “sunscreen” for PS: the UV

light is absorbed by BP instead of PS, and HAT does not occur from the backbone of PS.



Irradiation of PMMA (Mh=13.3 kDa, D = 1.50) in the presence of BP (vide supra)
resulted in a slight increase in UV absorbance by GPC (Figure 7). This is significant

5.5 7.5 9.5
Retention time (min.)

Figure 7: GPC traces of PMMA (black) and PMMA with 1 mol% BP at 370 nm (red).
Solid lines are the refractive index detector trace and dotted lines are the UV detector
trace.

because unmodified PMMA is nearly undetectable on the UV detector trace. PMMA
synthesized by RAFT (Mn = 23.8 kDa and P = 1.09) was irradiated at 390 nm in the
presence of BP (Mn = 54.3 kDa and P = 1.04) (Figure 8). Interestingly, the M of PMMA

approximately doubled following irradiation in the presence of BP. It is possible that

5 6 7 8 9
Retention time (min.)

Figure 8: GPC traces of RAFT-synthesized PMMA (black) and RAFT-synthesized
PMMA with 1 mol% BP at 370 nm (red). Refractive index detector used.

exposure to UV light caused dissociation of the thiocarbonylthio chain end (Figure 9) to

yield a PMMA macroradical.®* Then, the macroradicals terminated together, doubling the

Mh of the polymer.



The large size of the polymer chains of PS and PMMA precluded investigation of
the location of C—C cleavage or functionalization by BP. A small molecule model system
was selected to enable more facile investigation of the BP system.

Me | Me
b
’e\wn/\‘/ g oMe

R R S

[

Me .
_Me S s\,(/ﬁ\
mh/ + \n/ ~Me
R S

R
Figure 9: Dissociation of the thiocarbonylthio end group from PMMA.

2.3: Squalane
A small molecule system was chosen to better elucidate the degradation products.
Squalane was chosen as a small molecule because it is commercially available and

possesses six tertiary C-atoms, which likely have similar C—-H BDEs to PP (Figure 10). As

Me Me
Me
£ weANAI Oy
Me Me Me
Poly(propylene) Squalane

Figure 10: Structures of PP and squalane. Tertiary C-atoms are highlighted in red.

previously mentioned, PP should be prone to S-scission because of its tendency to form
tertiary radicals. Regularly placed methyl groups along the backbone may also produce a
steric environment like that in PP. PS tends to degrade in near-UV light, while PMMA

does not possess tertiary C-atoms. Therefore, PP was chosen as the target polymer system.

To mimic the conditions that would be used for the polymeric system, one
equivalent of BP for each tertiary C—H bond — corresponding to six equivalents of BP for

each molecule of squalane — was used (Figure 11). Irradiation of squalane in the presence

Me

Me Me
Me/‘\/e\/KMMe ,_______B_P_QQQ_TP_Q|?/9)_ ------ - %/y
Me Bl DCM (0.12 M), N, N
Squalane 390 nm, 45 °C, 24 h

a-alkylbenzhydrol
Figure 11: Conditions for squalane/BP reactions.




of BP yielded an amber oil. The crude product mixture was triturated with cold n-hexanes

to separate the oil from BP.

CH,CI

1 L

1 M

i

75 70 65 60 55 50 15 10 05 ppm

Figure 12: '"H NMR spectra of BP (blue), squalane (red), and the triturated product (green) in
CDCls.

NMR spectroscopy was used to analyze the product to gain broad insight into the

structural nature of the products. The 'H NMR spectrum of the extracted oil in CDCl3
featured peaks shifted downfield relative to squalane, upfield relative to BP, and a peak at

3.5 ppm (Figure 12). Peaks associated with the vinylic protons (5—6 ppm) expected of C=C

Intensity

||||||| | L B B B B S S N B S S S B B H S e

3600 2800 2000 1200 400
Wavenumbers cm-

Figure 13: IR spectra of squalane (black), BP (gray), and the product (red).
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bond formation were absent, indicating that f-scission did not occur. The location of the
observed aliphatic and aromatic peaks is consistent with reported '"H NMR spectra of a-
alkylbenzhydrols of paraffin and BP.** The '*C APT NMR spectra feature a new positive
peak — corresponding to a tertiary or primary carbon — in the aliphatic region (32 ppm)
(Figure 24). Formation of an a-alkylbenzhydrol should be accompanied by an —OH group.
Although the —OH group can be detected by NMR spectroscopy, it was not observed

because the hydrogen bonding reduces the reliability of detection.

The IR spectrum of the product (Figure 13) featured a faint broad peak in the region
of 3600-3300 cm™!, and peaks in the region of 18001700 cm™', corresponding to O—H
and C=0 stretching, respectively. The former is expected of a-alkylbenzhydrol formation

(Figure 14); however, the latter is unexpected, because there is only one peak in the '3C

OH
Me : Me
A)\/y Ph)\Ph %/y
Ph H
PhO

a-alkylbenzhydrol
Figure 14: Reaction pathway for a-alkylbenzhydrol formation.

APT NMR spectra — at 196 ppm — which corresponds to the carbonyl carbon of
remaining BP. The other carbonyl stretches in the IR spectrum are unaccounted for in the
13C APT NMR spectrum. The stretch at 1805 cm™ is consistent with an acid halide or acid
anhydride, while the stretch at 1710 cm™ is consistent with a ketone or aliphatic carboxylic
acid. These peaks are unattributed to BP, as its C=0 stretch is located around 1650 cm™.
BP is known to possess long-lived reactivity after irradiation,>* which may be responsible

for producing oxidized species.

Finally, the samples were analyzed by atmospheric pressure chemical ionization
mass spectrometry (APCI-MS) to determine whether there were multiple BP molecules
attached to the squalane molecules. The most prominent peak associated with the product

is at m/z = 603.5 in the positive ion spectrum; however, this value is inconsistent with the

Ph
HO Ph
&;t/y RS
Me Me

P pH
Figure 15: Examples of a-alkylbenzhydrol products featuring a n-bond.
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expected m/z of the a-alkylbenzhydrol (m/z = 605.6) and indicates an additional unit of

unsaturation (a ring or z-bond) present in the structure (Figure 15).

2.4: Conclusion

The observed spectra are consistent with a change to the chemical environment of
squalane. However, the spectra are inconsistent with each other. The '"H NMR displayed
no evidence of vinylic H atoms, which are indicative of C=C bond formation. The '*C APT
NMR spectrum contained only C=O signals associated with BP. Additionally, any signals
that would indicate C=C bond formation in squalane were obscured by signals associated
with aromatic C=C bonds. However, the APCI-MS had a prominent peak at m/z = 603.5,
indicating 7-bond formation. Observed '"H NMR spectra are consistent with reported
spectra of a-alkylbenzhydrols of paraffin and BP; a small amount of O—H stretching is
present in the IR spectra; and APT NMR spectra contain new aliphatic peaks associated
with tertiary or primary substituted carbon atoms. However, further details remain elusive:
the location of C—C bond formation and the nature of the carbonyl products observed by
IR spectroscopy. Additionally, BP has undesirable reactivity in its reduced state, resulting
in C—C bond formation. Ultimately, BP does not support the goal of triggering C—C bond
cleavage; therefore, an alternative HAT initiator was selected. Future work may focus on
choosing an aromatic ketone that does not have the tendency to form C—C bonds. Known
compounds such as anthraquinone could be investigated, or a derivative of BP with a
sterically hindered C=0 bond could be synthesized. However, we chose to avoid this issue
altogether by choosing H-atom abstractors that would not form C—C bonds with squalane:

TBADT and FeCls.
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Chapter 3: Hydrogen atom transfer from squalane to inorganic hydrogen-atom

abstractors for C—H functionalization

3.1: Background

The primary issues encountered with BP were related to separation and purification
of the product(s) (i.e., BP could not be fully separated from reacted squalane) and C-C
bond formation. Inorganic H-atom abstractors — DT and FeCls — were chosen to remedy
the issues encountered with BP. The mechanism of DT is like BP: excitation by light
triggers a transfer of electrons away from the oxygen atoms. The highly electronegative
oxygen atoms, like the oxygen atom of BP, abstract H atoms from aliphatic C—H bonds.*
DT is reported to break strong C—H bonds, such as those in methane (BDE = 105
kcal/mol).2*3¢ A strong H-atom abstractor such as DT may facilitate more HAT from

squalane and cause more f-scission.

On the other hand, FeCls operates by LMCT. Excitation by light triggers homolytic
cleavage of the Fe~Cl bond to generate C1" and Fe'.?” Then, CI" abstracts an H atom from
the substrate to generate HC1 (BDE = 103 kcal/mol).>” This bond is also stronger than the
C-H bond of a tertiary carbon (BDE = 95 kcal/mol).?” FeCl3 is known to abstract H atoms
from aliphatic hydrocarbons, such as 2-methylpentane.*® Oh and Stache?” recently reported
that FeCls and light leads to the formation of radicals on the backbone of PS, promoting

deconstruction.

3.2: Decatungstate for hydrogen atom transfer

The DT anion, [W10032]*, is a polyoxometalate with well-reported photochemical
reactivity.233°4! For example, photoexcited DT has been documented to abstract
hydrogen atoms from very strong C—H bonds, including methane (BDE = 105 kcal/mol).
DT is effective at low catalyst loadings because it does not dimerize like aromatic
ketones.?** Noting the impressive reactivity of TBADT, we were inspired to investigate
DT as an initiator for the deconstruction of squalane. TBADT was synthesized according
to a literature procedure*” and the UV-visible absorbance spectrum and cyclic

voltammogram were consistent with previous reports.*** The tetrabutylammonium salt
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was used because it is more soluble in organic solvents than the sodium salt.?**> The C-H
functionalization of THF with DIAD was successfully replicated from a literature

procedure,*® supporting that TBADT could initiate HAT within the experimental design.

OH

Meww Me  TBADT@mo) . Jon e

2 2 4:1 DCM:MeCN (0.12 M), O, W \(u>/ \e\e\
Squalane 390 nm, 45 °C, 24 h OH

Figure 16: Scheme for reactions between squalane and TBADT.

Irradiation of squalane in the presence of TBADT (Figure 16) resulted in a deep
blue solution, often accompanied by a blue precipitate. The UV-visible absorbance

spectrum (Figure 17) of the irradiated product was recorded immediately after the vessel
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Figure 17: UV-Visible spectra of TBADT (black), TBADT after 5 minutes of irradiation
(A =390) (blue), and the reaction mixture after 24h of irradiation (red).

was removed from the light. Several irradiated solutions featured an absorption at A = 370
nm, consistent with the monoreduced H [W10032]* species that forms as a result of HAT.*
The solvent was removed from the product mixture prior to qualitative characterization by

'H NMR spectroscopy.

A distinct feature of the 'TH NMR spectrum of squalane (Figure 18) is the nonet at
1.55 ppm, which is associated with the terminal tertiary protons of squalane (Figure 16).
Changes to the multiplicity and relative intensity of this signal suggest alteration in the
chemical environment of these protons. Functionalization of adjacent C—H bonds would

result in a decrease of the nonet multiplicity because the H atoms responsible for the nonet

14



%
T

J

T T T T T T T
5.5 5.0 2.0 1.5 1.0 0.5 ppm

Figure 18: 'H NMR spectra of squalane (blue), reaction in N2 (red), reaction with Oz and
dry solvent (green), and reaction with O2 and solvent used as-is (purple).

are diminishing. Alternatively, functionalization of the tertiary C-atoms would result in a
decrease in the nonet intensity because functionalization would cause the tertiary C-atoms
to become quaternary. Although this does not provide information about the entire
molecule, it can be used as a snapshot of the structure. The multiplicity of the nonet changes
only in the presence of Oz and as-is solvent. The nonet centered around 1.55 ppm —
corresponding to the two terminal tertiary protons — of reacted samples was compared to
that of the starting material. The most notable features of the product mixture are a broad
multiplet centered around 1.71 ppm — downfield of the original peak — and suppression
of the nonet. The changes were most noticeable upon irradiation of squalane in the presence
of Oz (or constant stream of air) and solvents containing water (i.e., used as-is without
drying). Solvents containing water were used because the water molecules may be used as
a source of hydroxyl radicals, triggering further oxidation. Crude products with 'H NMR

spectra markedly different from the starting material (i.e., exhibited a change to the nonet
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at 1.71 ppm, meaning that a notable change in chemical environment occurred) were

further analyzed by IR spectroscopy and APCI-MS.

3400 2400 1400 400
Wavenumbers (cm)
Figure 19: IR spectra of squalane (black) and oxidized sample (red).

Products such as alcohols, ketones, aldehydes, and carboxylic acids are expected
from an oxidative mechanism. These functional groups have distinct peaks in IR spectra.
The IR spectra of the mixtures (Figure 19) feature two new peaks at 3300-3600 (broad)
and 1718 cm’, corresponding to O-H stretching and C=O stretching, respectively.
Although the O—H stretch may be attributed to absorbed water, the C=O stretch can only
come from the product. The presence of C=O stretching indicates that the reaction
conditions facilitated oxidation of squalane. However, it is unclear whether oxidation of a
secondary C-atom or oxidation and p-scission occurred. Oxidative degradation of
polyolefins proceeds through a free radical mechanism accompanied by p-scission,
resulting in products with carboxylic acid, ketone, aldehyde, and hydroperoxyl functional
groups.*® Carbonyl-containing functional groups result from f-scission of the C—C bond a-

to the alkoxy radical or oxidation at a secondary carbon atom.

Squalane was irradiated in the presence of TBADT and DIAD (radical trap).
Ethylene carbonate was added as an internal standard to quantify the amount of reacted
DIAD. The 'H NMR spectrum of the DIAD-functionalized squalane features a septet
around 5.0 ppm, which is upfield relative to the septet of DIAD, consistent with addition
of DIAD to an aliphatic substrate (Figure 25). The evidence supports the oxidation of
squalane initiated by TBADT. Reactions in the presence of air and water resulted in more

changes to the 'H NMR spectra of the products. The IR spectra of the products also featured
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O-H and C=O stretching, consistent with oxidation products. This led us to hypothesize
that deconstruction of squalane could be driven by a HAT-oxidation mechanism (Figure

20). First, radicals are generated on the backbone (through HAT, heat, or light) and O2

® e M@*M

or HAT

B-scission —4—@—4— HAT — \r® < B -scission - M

(&
@ T .OjR@ - ﬁ-scissfion -> OTH —@—» OYOH

Figure 20: Mechanism of oxidative degradation of polyolefins.

from the atmosphere reacts to generate a hydroperoxide species. The O—O bond breaks,
leaving an alkoxy radical, which undergoes S-scission, generating a ketone and a primary
radical. Through repeated HAT, oxidation, and fS-scission, further fragmentation occurs to
form aldehydes and carboxylic acids. This is valuable information; however, it turned out
that the impressive reactivity of TBADT was insufficient for deconstruction of squalane
because its solubility contrasts with that of squalane. This was demonstrated by the blue
precipitate that was frequently present in the product mixtures. The presence of the
precipitate possibly represents TBADT “stuck™ in a catalytic cycle, where it cannot turn
over and initiate more HAT oxidation of squalane. Despite the impressive reactivity of DT,
its selectivity is dominated by steric hinderance.*! Thus, the desired target — the C-H
bonds of tertiary C-atoms*’ — was at odds with the selectivity of DT. These factors of

solubility and selectivity led to the selection of a new photocatalyst.

3.3: Ferric chloride for hydrogen atom transfer

FeCls is well-reported to promote photooxidative degradation of polyolefins,?”-*%%

and has gained attention as a photocatalyst in synthetic methodology involving small
Me Me

Mew/\h/\hwle FeCls (20 wt%) _
2 2 4:1 DCM:MeCN (0.12M), O,

Me Me
Squalane 390 nm, 45°C, 24 h

Figure 21: Conditions for squalane and FeCls reactions.
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organic molecules.’! UV or visible light triggers homolysis of the Fe—Cl bond, generating
CI'. Therefore, FeCls could be considered as a source of highly reactive Cl-radicals. Recent
works?7-285233 have reported that treatment of PS with FeCls as a HAT initiator results in
deconstruction, primarily yielding benzoic acid accompanied by a marked decrease in Mn.
The Cl-radicals abstracted H-atoms from the tertiary C-atoms of PS, resulting in a
macroradical, which ultimately led to continued fS-scission. Again, squalane was used as a

small molecule model of PP.

In the mechanism, CI' abstracts an H atom from the polymer to generate a
macroradical, which is critical for the oxidative degradation of polyolefins (Figure 20).The
macroradical reacts with Oz (from air) to generate a peroxyl radical (ROO"). The peroxyl
radical abstracts another H atom to generate a hydroperoxyl species (RO—-OH), which has
a weak O—O bond that readily homolyzes to yield an alkoxy (RO") and hydroxyl (HO")
radical. The alkoxy radical undergoes f-scission to generate two polymer chains: one with
a terminal ketone, and the other with a terminal primary carbon radical. This mechanism

propagates until small molecule products are generated. Additionally, this oxidative

JMM\

1:6 1.|5 1.|4 1.|3
Figure 22: '"H NMR spectra of squalane (purple), reaction of squalane and TBADT in O2
(red), and reaction of squalane and FeCls in air (blue).

degradation mechanism is largely understood to be the primary mode of degradation for

other polyolefins such as PE and PP.!*%

18



Inspired by observations with TBADT and recent work with FeCls, reactions of
squalane and FeCls were investigated (Figure 21). Squalane and FeCl3 were dissolved in
a mixture of 4:1 DCM:MeCN and irradiated for 24 hours at 390 nm. The product was
characterized by "H NMR spectroscopy (Figure 22). The '"H NMR spectrum of squalane
irradiated in the presence of FeCls and air appeared to be like that of the reactions between
squalane and TBADT. The nonet decreased in intensity and there was a new multiplet
downfield relative to squalane. This suggests that the FeCl3 system required less O2 to

proceed, suggesting that FeCls was a more potent photocatalyst than DT.

The IR spectrum (Figure 23) contains strong peaks at 1800 and 1770 cm™!, 1160

cm™!, and 1070 cm™!, and a broad peak centered around 3400 cm ™. These features indicate

.................
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Figure 23: IR spectra of squalane (black), reaction of squalane and TBADT in Oz (blue),
and reaction of squalane and FeCls in air (red).

C=0 stretches, a secondary alcohol C-O stretch, a primary alcohol C-O stretch, and an O—

H stretch, respectively. The location of the C=0O peaks of the FeCls reaction differs from
that of the TBADT reaction. These C=0 peaks are likely from ethylene carbonate — added
as an internal standard for 'H NMR — which has C=O peaks at 1800 and 1770 cm™.
Although the chemical shift of the C=0 peaks suggest an acid anhydride, it is unlikely that
acid anhydrides were present because they typically decompose into carboxylic acids in
the presence of water.>* Surprisingly, there were no tertiary alcohol C—O stretches (1210
1100 cm™"), which would be expected if HAT from a tertiary C-atom occurred. The IR

spectrum suggests that HAT occurred from primary and secondary C-atoms.
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3.4: Conclusion

The C—H oxidation of squalane was observed for both catalysts — TBADT and
FeCls. Both reacted samples of squalane contained IR signals consistent with C=0O bonds.
Based on work by Oh and Stache,?’ carboxylic acids should be produced by oxidative
deconstruction of squalane. The 1H NMR spectra contain significant changes to the nonet
centered at 6 = 1.55 ppm, indicating that the chemical environment around protons of the
terminal tertiary C-atoms (Figure 21) changed. Small amounts of O—H stretching were
observed in both cases, but it is unclear whether this is from the reacted material or from

absorbed water.
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Chapter 4: Concluding remarks

Plastics possess highly desirable properties; however, these same properties cause
them to accumulate in the environment. The work described herein focused on adapting
small molecule methodology — photocatalytic HAT — to deconstruct polymers. Initially,
PS and PMMA were targets of deconstruction; however, the plethora of potential degraded
products precluded more detailed chemical analysis. Eventually, squalane was chosen as a
model system for PP because it is a small molecule analog that was predicted to elucidate
mechanistic pathways not easily detectable in macromolecules (i.e., polymers). Three
photocatalysts — BP, TBADT, and FeCls — were used. However, the choice of squalane
precluded facile analysis of the system. It was found that BP reacted with squalane to form
a C—C bond, along with one unit of unsaturation (confirmed by APCI-MS). Next, TBADT
oxidized squalane, as evidenced by the presence of C=0 stretching by IR spectroscopy and
the nature of the reaction conditions (in air, non-dried solvent). Finally, FeCls was also
found to oxidize squalane, as evidenced by the presence of C=O stretching by IR

spectroscopy.

As a direct follow-up to this work, deconstruction of PP should be investigated with
the aforementioned catalytic systems. A major challenge to this future work is that PP does
not have the same solubility as squalane, so reactions must be run at elevated temperatures
(> 100 °C). It is known that S-scission is more likely to occur at elevated temperatures.'?
Kong et al. investigated the deconstruction of PE in the presence of DIAD, noting that TCE
solubilized both TBADT and PE.* To mitigate issues with solubility, initial studies could
use atactic PP. A successful deconstruction reaction would yield quantifiable small
molecule products, similar to the work done by Oh and Stache with PS.?” Further studies
could expand to include isotactic PP, which is commonly found in consumer-grade PP.
Finally, the effect of additives commonly present in PP could be studied, by adding the

additives individually and evaluating the obtained product distribution.

Other future work may focus on changing the polymer or catalyst. The choice of a
polymer and catalyst that are soluble in the same non-halogenated solvent is ideal because
halogenated solvents are environmentally hazardous. The ideal ‘green’ solvent is water;

however, commodity plastics are insoluble in water. A possible future direction is to grind
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the polymer into fine powder — to maximize surface area — and disperse it in an aqueous

solution of photocatalyst. This would work for inorganic photocatalysts DT and FeCls.

Additionally, a polymer with C—H BDE lower than PP, such as PBD (allylic C-H
BDE = 82 kcal/mol)*” or PVA (RCH(OH)R’ BDE = 91 kcal/mol) should be investigated
— a lower BDE decreases the barrier to HAT and enables more facile evaluation of
whether repeated HAT will promote f-scission. Another approach to lower the C—H BDE
is to add electron-withdrawing atoms, such as N or O, a- to the C—H bond that is desired

to be broken, such as PVA or PEG.

Other photocatalysts may be evaluated for deconstruction of polymers. Previous
reports indicate that f-scission is more likely to occur when stabilized radicals (e.g., a
radical on a tertiary vs. a secondary C-atom) are formed.'>* Small H-atom abstractors
should be selected to target tertiary radical formation. The chlorine radical, CI°, shows some
promise because it is highly reactive compared to the C—H bond (H-CI BDE = 103
kcal/mol, isobutane C—H BDE = 95 kcal/mol)*’ and is not sterically hindered like BP or
TBADT.
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APPENDIX

Chemical spectra
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Figure 24: 3C APT NMR spectra of squalane (blue), BP (red), and triturated product
(green).
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Figure 25: '"H NMR spectra of squalane-DIAD (blue), squalane (red), and DIAD (green).

General reagent information

All reagents were purchased from Sigma Aldrich, Oakwood Chemical, Acros,
Beantown Chemical, Tokyo Chemical Industry America, or Thermo Fisher Scientific.
NMR spectra were collected on a Bruker Avance 400 MHz spectrometer using CDCI3 as
a solvent, unless otherwise indicated. UV-Visible absorption spectra were collected on an
Agilent Cary 60 UVvisible spectrophotometer (Agilent Technologies, Inc.) using a quartz
cuvette (Starna Cells). IR transmittance spectra were collected on a Nicolet iS10 with a
Smart iTX ATR attachment (Shimadzu). Samples were prepared for GPC by dissolving
the sample and filtering the solution through a 0.45 um filter. GPC traces were collected
on a Tosoh EcoSEC equipped with both Refractive Index (RI) and Ultraviolet (UV)
detectors. Number average molecular weights (Mn) and weight average molecular weights

(Mw) were calculated relative to linear poly(methyl methacrylate) standards.
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Air-free photochemical reaction conditions — poly(methyl methacrylate)

To a 1 dram vial with a septum cap, poly(methyl methacrylate) (50 mg, Mh = 12.88, b =
1.49) and benzophenone were dissolved in acetonitrile (2.3 mL) with sonication. A 0.7 cm
stir bar was added and the vial was sealed. The solution was purged with N2 for 15 minutes.
The vial was placed on a stir plate, 2 cm away from a Kessil 390 nm lamp and irradiated
for 24 h. A fan was used to keep the temperature low. The solvent was removed, and the
sample was redissolved in 0.7 mL CDCI3 for NMR spectroscopy. Approximately 2-4 mg
of sample were dissolved in tetrahydrofuran (THF) for GPC.

Air-free photochemical reaction conditions — poly(styrene)

To a 1 dram vial with a septum cap, poly(styrene) (50 mg, Mn» = 31.86, B = 1.03) and
benzophenone were dissolved in dichloromethane (2.3 mL) with sonication. A 0.7 cm stir
bar was added and the vial was sealed. The solution was purged with N2 for 15 minutes.
The vial was placed on a stir plate, 2 cm away from a Kessil 390 nm lamp and irradiated
for 24 h. A fan was used to keep the temperature low. The solvent was removed, and the
sample was redissolved in 0.7 mL CDCI3 for NMR spectroscopy. Approximately 2-4 mg
of sample were dissolved in tetrahydrofuran (THF) for GPC.

Air-free photochemical reaction conditions — squalane

To a 1 dram vial with a septum cap, squalane (50 mg, 0.118 mmol, 1.00 equiv.) and
photocatalyst (benzophenone, decatungstate, or ferric chloride) were dissolved in either
DCM or 4:1 DCM:acetonitrile (2.3 mL total). A 0.7 cm stir bar was added and the vial was
sealed. The solvent was purged with N2 for 15 minutes. The vial was placed on a stir plate,
2 cm away from a Kessil 370 nm or 390 nm lamp and irradiated for 24 h. A fan was used
to keep the temperature low. The solvent was removed, and the sample was redissolved in
0.7 mL CDCIs for NMR spectroscopy. Approximately 15 mg of ethylene carbonate (& =

4.542 ppm) was added as an internal standard.

Photochemical reaction conditions in air — squalane

To a 1 dram vial with a septum cap, squalane (50 mg, 0.118 mmol, 1.00 equiv.) and
photocatalyst (benzophenone, decatungstate, or ferric chloride) were dissolved in either
DCM or 4:1 DCM:acetonitrile (2.3 mL total). A 0.7 cm stir bar was added and the vial was

sealed. The septum was pierced with a needle, which was left in the septum for the duration
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of the reaction. The vial was placed on a stir plate, 2 cm away from a Kessil 370 nm or 390
nm lamp and irradiated for 24 h. A fan was used to keep the temperature low. The solvent
was removed, and the sample was redissolved in 0.7 mL CDCls for NMR spectroscopy.
Approximately 15 mg of ethylene carbonate (6 = 4.542 ppm) was added as an internal

standard.

Synthesis of tetrabutylammonium decatungstate

To a 1 L beaker, tetrabutylammonium bromide (2.40 g, 7.45 mmol, 0.49 equiv.),
deionized water (800 mL), and a 2” Teflon stir bar were added. To a separate 2 L beaker,
sodium tungstate dihydrate (5.00 g, 15.15 mmol, 1.00 equiv.), deionized water (800 mL),
and a 3” Teflon stir bar were added. Both beakers were wrapped with aluminum foil (for
insulation) and heated to 90 °C with rapid stirring. When both solutions reached 90 °C, a
small amount of concentrated HCI was added to both solutions until the pH stabilized at 2.
The sodium tungstate dihydrate solution turned pale yellow green. The contents of the 1 L
beaker were added to the 2 L beaker and a white precipitate formed. The contents of the
beaker were stirred for an additional 30 minutes. The reaction was cooled to room
temperature and filtered through a silica gel plug. The white powder was washed with water
and dried under vacuum. The receiving flask was exchanged, and the silica plug was
washed with acetonitrile (3 x 100 mL). The filtrate was collected, and the solvent was
removed under vacuum. The filtrate was recrystallized from acetonitrile at -20 °C for 48 h.
The crystals were washed with minimal cold acetonitrile and dried under vacuum. The
recrystallization was performed again on the filtrate for a second crop of crystals (3.82 g,

1.151 mmol, 76% yield).
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