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Abstract: This dissertation discusses two main projects focusing on synthesizing
degradable vinyl copolymers. The first project describes the development of a general
approach to synthesizing degradable vinyl random copolymers through photocontrolled
radical ring-opening cascade copolymerization (rROCCP). The rROCCP of a
macrocyclic allylic sulfone with acrylates or acrylamides mediated by visible light at
ambient temperature achieved near-unity comonomer reactivity ratios over the entire
range of feed compositions. Such a powerful approach provides degradable vinyl
random copolymers with comparable material properties to their non-degradable
counterparts. Experimental and computational evidence also revealed an unusual
reversible inhibition of chain propagation by in situ generated sulfur dioxide (SO>),
which was successfully overcome by reducing the solubility of SO, during
polymerization. The second project depicts a general method for organocatalyzed
photocontrolled radical copolymerization of a macrocyclic allylic sulfone and various
types of vinyl monomers, including acrylates, acrylamides, styrene, and methacrylate.
Catalyzed by Eosin Y under visible light irradiation, copolymerization of the
macrocyclic allylic sulfone and acrylic monomers displayed near unity comonomer
reactivity ratios by fitting the copolymer composition to the Beckingham-Sanoya-Lynd
integrated model. The macrocyclic allylic sulfone was also successfully copolymerized
with styrene or methyl methacrylate to generate degradable polystyrene and

poly(methyl methacrylate). These degradable vinyl copolymers exhibited tunable



thermal properties correlated with the incorporation of degradable main-chain diester

motif.
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Chapter 1

Degradable Polymers from Radical Ring-Opening Polymerization

A significant portion of the work described in this chapter has been published in:
Yuan, J.; Wang, W.; Zhou, Z.; Niu, J. Cascade Reactions in Chain-Growth

Polymerization. Macromolecules 2020, 53, 5655-5673.



1.1 Introduction

Radical polymerization is best known for constructing all-carbon polymer
backbones. While an all-carbon backbone demonstrates high chemical and mechanical
stability, it becomes a liability when the degradability of a polymer is a property of
interest. With the ever-growing need for degradable polymers in biomedical
applications and our society’s increasing awareness of sustainability and carbon
neutrality, polymers with bio-based or degradable main-chain functionalities have
recently attracted significant attention.!> Therefore, radical ring-opening
polymerization (rROP) approaches capable of facilely incorporating degradable main-
chain functionalities into polymer backbones hold great potential. In general,
monomers capable of rROP often contain a cyclic structure bearing a vinyl or exo-
methylene group, as shown in Figure 1.1. During polymerization, radical addition to
the terminal double bond is followed by a ring-opening process to release ring strain
and yield thermodynamically favored open-chain intermediates capable of
propagation.® Since the first report in the 1960s,* numerous exo-methylene-type
monomers for rROP have been reported. Examples of vinyl-type monomers include
vinyl cyclopropane (VCP),’ vinylcyclobutane (VCB),® vinyl oxirane (VO),” and cyclic
vinyl sulfone (CVS)? (Figure 1.1A). Examples of exo-methylene-type monomers
include sulfide cyclic methacrylate (SCM),!° cyclic allylic sulfide (CAS),'!"1? cyclic
ketene acetal (CKA),'* spiro-ortho-carbonate (SOC),!* and vinyl cyclohexadiene
(VCH)'>16 (Figure 1.1B). Extensive work has been devoted to implementing these
rROP techniques to fabricate functional materials for applications such as low-

shrinkage materials,!” degradable polymers,'® and drug delivery."
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Figure 1.1. Structures of two types of cyclic monomers capable of rROP. (A) Vinyl-

type cyclic monomers (B) Exo-methylene-type cyclic monomers.

1.2 Radical ring-opening polymerization of cyclic ketene acetals

Among rROP monomers, cyclic ketene acetals (CKAs) were comprehensively
studied over several decades. The popularity of CKAs can be primarily attributed to
their ability to facilely generate aliphatic polyesters by rROP, which are well-known for
their excellent biodegradability. As depicted in Figure 1.2A, the mechanism of CKA
rROP includes the radical addition of an exo-methylene group and a subsequent ring-
opening process to form an ester group in the main chain. A main side reaction in the
polymerization of CKAs is a 1,2-addition pathway that generates an all-carbon main
chain structure, resulting in heterogeneous backbone composition and nondegradable
segments. Although great efforts have been made in studying how ring size, steric
hindrance, solvent, and temperature influence the reactivity of CKAs, a general
monomer design principle remains elusive. To date, only 2-methylene-1,3-dioxepane

(MDO), 5,6-benzo-2-methylene-1,3-dioxepane (BMDO), and 2-methylenephenyl-1,3-



dioxolane (MPDL) (Figure 1.2B) are known to undergo quantitative ring-opening

polymerization under a broad range of conditions.?

A rROP Mechanism of CKAs
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Figure 1.2. (A) rROP mechanism of CKAs. (B) Representative CKA structures.

As the main interest of CKA rROP lies within the incorporation of degradable
functionality into the polymer backbone, copolymerization of CKA monomers with
traditional acyclic monomers (e.g., styrene and acrylates) provides a promising solution,
as it combines the degradability from CKAs with the low cost and predictable reactivity
of styrene and acrylates. Moreover, copolymerization allows the regulation of polymer
degradability by simply varying comonomer ratios. However, the low reactivity of
CKAs compared to styrene and acrylates makes it a great challenge to achieve a high

ratio of degradable units.?!22

1.3 Radical ring-opening polymerization of vinyl cyclopropanes
The rROP of vinyl cyclopropanes (VCPs), a vinyl-type cyclic monomer, has been

studied extensively.’ The original interest in this monomer class stems from their ability



to undergo a unique 1,5-ring-opening pathway to form an internal double bond (denoted
as /) in the polymer main chain (Figure 1.3A). However, a competing intramolecular
cyclization to form cyclobutane (denoted as c¢) often occurred with uncontrollable
frequencies (Figure 1.3B). The first rROP of VCP that led to predominant 1,5-ring-
opening products was the atom transfer radical polymerization (ATRP) of 1,1-
bis(ethoxycarbonyl)-2-vinylcyclopropane (ECVCP) reported by Rimmer et al. (/
content > 98%).2 However, under these conditions, polymers were generated with only
modest conversion and low M,, perhaps caused by catalyst deactivation due to the
coordination with ECVCP. In 2019, this challenge was overcome by Miyake et al. using
organocatalyzed ATRP (O-ATRP), where highly reducing organic photoredox catalysts
enabled a fast chain end activation/deactivation cycle and eliminated the unfavorable
monomer coordination.?*? High-molecular-weight polyVCPs with well-defined linear
structures were readily prepared. The excellent polymerization control was further
demonstrated by elaborately designed control experiments, kinetic characterizations,
chain-end group analysis, and block copolymerization. The temporal control of the
polymerization was successfully achieved by using pulsed irradiation. Interestingly,
polyVCPs with high ¢ content could also be prepared when reactions were conducted
at a low initial monomer concentration and high temperature. A highlight of this study
is that the //c contents of well-defined high-molecular-weight polyVCPs can be readily

controlled by tuning the reaction conditions.
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Figure 1.3. rfROP of VCPs (A) Formation of the inner double bond (/ content). (B)

Formation of cyclobutane (¢ content)

1.4  Radical ring-opening polymerization of sulfide cyclic methacrylates

In 1994, Rizzardo et al. reported sulfide cyclic methacrylates (SCMs) as an exo-
methylene-type monomer for rROP.!® The mechanism of this polymerization consists
of an initial radical addition to the terminal vinyl group, followed by f-elimination of a
thiyl radical for chain propagation (Scheme 1.4A). It is noteworthy that the severe
cross-linking observed in the homopolymerization of monomer 4a could be effectively
suppressed by incorporating a methyl group at the fS-position (4b), as a trisubstituted
alkene formed after the f-elimination of a thiyl radical is less susceptible to further
radical attack compared to the terminal alkene formed in the reaction of 4a. Hawker et
al. further introduced ester, thioester, and disulfide groups into SCM monomers to build
up main-chain degradable polymers (Scheme 1.4B, 4c-€).2® This seminal work
highlighted the utility of rROP in overcoming the non-degradability challenge
associated with polyacrylates. However, a prominent shortcoming is the high dispersity
(D > 1.8) in the homo- and copolymerization of SCMs, which is attributed to the

incompatibility of thiyl radical and RAFT process.
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Figure 1.4. (A) rROP of SCMs and (B) Examples of SCM monomers.

1.5  Radical ring-opening polymerization of thionolactones

Besides ester groups, incorporating thioester groups into the polymer main chain
also affords an efficient way of introducing degradability. Among different potential
structures to incorporate thioesters, thionolactones have recently emerged as an
impressive candidate to prepare degradable polymers by rROP. In 2019, Roth?’ and
Gutekunst?® independently reported dibenzo[c,e]oxepane-5-thione (DOT) as a new
cyclic monomer for the radical copolymerization with acrylic monomers (Figure 1.5).
The synthesis of DOT only involves two major steps (Figure 1.5A): reduction of
diphenic anhydride and subsequent vulcanization of the resulting lactone with
Lawesson’s reagent. The mechanism of DOT rROP is depicted in Figure 1.5B: the
radical of an initiator/polymer chain end attacks the C=S double bond. Subsequent
rearrangement and fragmentation generate a thermodynamically more stable thioester
as well as a benzylic radical which can undergo reversible deactivation/reactivation for
controlled radical polymerization. In 2022, Johnson?’ and Guillaneuf*® expanded the

comonomer scope of DOT by incorporating thioesters as cleavage points into originally



non-degradable polystyrene and realized excellent vinyl polymer circularity. Recently,
Guillaneuf et al. further exemplified the usage of DOT in 3D-printed polymer networks,
such as poly(pentaerythritol triacrylate)*! and poly(styrene-co-divinylbenzene)*, both
of which were able to undergo efficient degradation. Roth and coworkers further
reported fully degradable polyacrylate networks®?> and degradable linear and
bottlebrush thioester-functional copolymers®® enabled by DOT. However, the

homopolymerization of DOT remains elusive.

A Synthesis of DOT

O o S0
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;_\‘ (2) conc. HCI MeCN, 85 °C
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B rROP Mechanism of DOT
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Figure 1.5. (A) Synthesis of DOT. (B) rROP of DOT.
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Chapter 2

Degradable Vinyl Random Copolymers through Photocontrolled Radical Ring-

Opening Cascade Copolymerization

A significant portion of the work described in this chapter has been published in:
Wang, W.; Zhou, Z.; Sathe, D.; Tang, X.; Moran, S.; Jin, J.; Haeffner, F.; Wang, J.; Niu,
J. Degradable Vinyl Random Copolymers via Photocontrolled Radical Ring-Opening

Cascade Copolymerization. Angew. Chem., Int. Ed. 2022, 61, No. €202113302.
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2.1  Introduction

Vinyl polymers have been widely used in an array of applications, including
packaging, structural materials, synthetic fibers, coating, absorbents, and many others.
While an all-carbon backbone makes vinyl polymers highly robust materials, it has also
created significant challenges in their degradation, leading to critical environmental

12 Therefore,

issues, including plastic accumulation in landfills and the ocean.
significant efforts have been made in recent years to develop innovative synthetic
polymers that possess thermal and mechanical properties comparable to the original
nondegradable vinyl polymers but can undergo facile degradation at the end of their life
cycle.’** Among various approaches to degradable vinyl polymers, radical ring-opening
polymerization (rROP) is of great interest. Attractive features of rROP include its ability
to incorporate labile functional groups (e.g., esters, thioesters, disulfide, etc.) into the
main chain®’ of polymers and the ability to interface with reversible deactivation
radical polymerization (RDRP) techniques for the synthesis of polymers with complex
and defined macromolecular architectures.’

Since the advent of rROP, various cyclic monomers have been successfully
developed for the synthesis of degradable vinyl (co)polymers.® As a representative class
of rROP monomer, cyclic ketene acetals (CKAs) (Figure 2.1A) have been extensively
investigated since the 1980s.° Despite the recent progress made by Dove,!% !4 Nicolas, !>

20 and Sumerlin,?!'-??

unfavorable reactivity ratios in the copolymerization of CKAs with
other vinyl monomers often led to gradient or tapered compositions of the resultant
copolymer.?® Gradient composition, in turn, resulted in highly dispersed degradation
products and large non-degradable fragments, as part of the copolymer lacked main-

chain degradable units. Although new cyclic monomer classes, including macrocyclic

allylic sulfides (MASs)**?7 and dibenzo[c,e]oxepane-5-thiones (DOTs),?83 (Figure

14



2.1A) have demonstrated promising properties, ideal random copolymers of these
cyclic monomers with acrylates or acrylamides, which require both comonomer

reactivity ratios to equal one in copolymerization, remain challenging.

A. Recent rROP developments: B. Photocontrolled polymerization of simple vinyl monomers:
Q j'\ photocatalysts
JL 0-- z7 Y0 M + X-Y T» X—P,—Y
(oo} -
S | I \r
| H S h \ ;
o] o
CKA MAS poT : ﬁ)j\on‘ \)LQI‘RZ A pn \on etc.
. L - R
* Unfavorable reactivity ratios in copolymerization R !
* Controlled homopolymerization is challenging

C. This work: degradable vinyl random copolymers via photocontrolled rROCCP:
Mechanistic insight into reversible SO, inhibition:

(o] . H
A X :
R + photocatalyst H RESE
+ = +CTA e %
[¢] : 0.0 :
9 Q9 Q : 00 0 .50, 0% o
(6] copolymerization b Paa X A — ,;
2 ideal random copolymers & o +S0, "R o
Ph™ "Szqo H Ph Ph
(o) H
@ : degradable building block :
0 : CTA
- Excellent control « Tunable copolymer composition
+ Switching “on” and “off” by light and SO, ' Propagation is inhibited Propagation via RDRP

Figure 2.1. Degradable vinyl random copolymers through photocontrolled radical ring-

opening cascade copolymerization (rROCCP).

In 2018, we reported an approach to thermally initiated radical ring-opening cascade

I The radical cascade

polymerization of allylic sulfone macrocyclic monomers.?
reaction of the macrocyclic allylic sulfone could extrude sulfur dioxide (SO2) and
generate a secondary alkyl radical capable of controlled chain propagation.>? However,
the macrocyclic allylic sulfone exhibited a significantly faster rate of incorporation than
acrylates in the thermally initiated copolymerization, resulting in unfavorable
comonomer reactivity ratios. Therefore, it is essential to develop a method that provides

access to ideal random copolymers with tunable compositions and evenly distributed

main-chain functional groups.
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Previous studies have suggested that temperature has a strong influence on the
reactivity ratios of cyclic and acyclic vinyl comonomers during radical
copolymerization.®3* We reasoned that performing the copolymerization at lower
temperatures would provide a key opportunity to modulate the reactivity ratios of vinyl
comonomers. Therefore, we turned our attention to light-mediated polymerization
techniques, as recent works have demonstrated that they are versatile tools to mediate

43-47

controlled polymerization following radical,**** cationic, and metathesis

48-30 at ambient temperature (Figure 2.1B).>! In particular, we envisioned that

pathways
photoinduced electron/energy transfer-reversible addition/fragmentation chain transfer
(PET-RAFT) polymerization developed by Boyer and coworkers®’¢ could be
employed to mediate radical ring-opening cascade copolymerization (rROCCP)>"-8 of
the macrocyclic allylic sulfone with acrylates or acrylamides (Figure 2.1C). Unlike the
polymerization that is thermally initiated by azobisisobutyronitrile (AIBN), which
requires high temperatures (80-100 °C) to maintain a sufficiently high rate of
propagation, PET-RAFT can be performed at mild temperatures, thereby enabling
favorable comonomer reactivity ratios in copolymerization.’® To the best of our
knowledge, photocontrolled rROCCP represents the first general approach to nearly

ideal random copolymers of cyclic and acrylic monomers over an entire range of

comonomer feed compositions.

2.2 PET-RAFT homopolymerization of macrocyclic allylic sulfones

Our investigation began by screening various well-established photocatalysts to
mediate photocontrolled homopolymerization of allylic sulfone macrocyclic monomer
1 under visible light irradiation (Table 2.1).52%¢ We screened an array of photocatalysts,

including fac-[Ir(ppy)s], Ru(bpy):Cla, ZnTPP, and Eosin Y (Table 2.1). We identified

16



fac-[Ir(ppy)3] as a promising photocatalyst for the reaction due to the excellent control

over polymerization when combined with a chain transfer agent (CTA).
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Table 2.1. Screening of photocatalysts for PET-RAFT polymerization of 1.

CTA1 [0} (o} S
Photocatalysts
HO O/\/\/\/\/OH‘ SJJ\S/\
DMF |

hv Ph
-S0,4

Ir(p-F-ppy)s Ir(p-CF3-ppy)s Ir(dFppy); [||‘(dtbbPY)tg3l:)V)2]PFs
Entry* Photocatalysts Light A(nm) Conv., M, MySEO b
(g mol)* (g mol )

1 Ru(bpy)s;ClL2 blue 450 0 - - -
2 ZnTPP blue 450 0 - - -
3 ZnTPP green 525 0 - - -
4 ZnTPP red 660 0 - - -
5 Eosin Y blue 450 20% 3650 5300 1.08
6 fac-Tr(ppy)s blue 450  67% 11700 9800 1.1
7 Ir(p-F-ppy)s blue 450  44% 7800 8100  1.08
8 Tr(p-CF3-ppy)s blue 450  39% 6900 7700 1.08
9 Tr(dF-ppy)s blue 450  35% 6200 7400 1.08
10 [Ifdtbbpy)(ppy):]PFe  blue 450  28% 5000 7000 1.07

“Experimental conditions: 25 °C under argon in a sealed vial for 10 h with
[M]o:[CTA]o:[PC] = 50:1:0.01, [M]o = 0.2 M, [PC)/[M]o = 200 ppm. "Monomer
conversion was determined by 'H NMR spectroscopy. “Theoretical M, was calculated
based on [M]o/[CTA]o and conversion. %M, and D were determined by SEC analysis

calibrated to polystyrene standards.
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At a monomer/CTA ratio of 50:1, our initial attempt at polymerization of macrocyclic
allylic sulfone 1 mediated by fac-[Ir(ppy)s] and CTA1 under 450 nm light irradiation
yielded P-1 with number average molecular weight (MySFO) of 9.8 kg/mol and

dispersity (P) of 1.11 (Table 2.2).

Table 2.2. Effect of CTA on PET-RAFT polymerization of 1.

j\\)L CTA o) o} S
fac-Ir(ppy)
i > HO o/\/\/\/\/om/g\sj\s/\
DMF I o ’n

A =450 nm Ph
50,4
1 P-1
HOOC_ _S S. NC S S. HOOC_ _S S. NC_ _S S.
\r Y CaHs N[ CizHas x Y CaHs 7< Y CaHs

S S S S

CTA1 CTA2 CTA3 CTA4
Entry® CTAs Conv.? My(the0) MySEO b
(g mol'")* (g mol )

1 CTAl 67% 11700 9800 1.11

2 CTA2 66% 11600 10600 1.11

3 CTA3 43% 7400 7700 1.12

4 CTA4 26% 4700 3700 1.07

“Experimental conditions: 25 °C under argon in a sealed vial for 10 h with
[M]o:[CTA]o:[Ir] = 50:1:0.01, [M]o = 0.2 M, [PC}/[M]o = 200 ppm. "“Monomer
conversion was determined by 'H NMR spectroscopy. “Theoretical M, was calculated
based on [M]o/[CTA]o and conversion. %M, and D were determined by SEC analysis

calibrated to polystyrene standards.
Further examination of reaction conditions revealed that the optimal polymerization
was achieved when the monomer concentration was 0.2 M in N, N-dimethylformamide

(DMF), and the catalyst loading was 200 ppm (Table 2.3-2.5).
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Table 2.3. Influence of solvent on PET-RAFT polymerization of 1.

(o}
j\\)ko CTA1 (o} (o} S
fac-l
'8 ac-Ir(ppy)s > HO O/V\/\/\/OH\SJLS/\
Ph™ "S=0 Solvent I 0o ’n
o A =450 nm Ph
5 -50,4
1 P-1
Entry® Solvents Conv.? Myt MySEO b
(g mol )¢ (g mol)’
1 DMF 67% 11700 9800 1.11
2 Dioxane 67% 11700 10000 1.14
3 Toluene 53% 9300 8800 1.10
4 THF 41% 7300 7100 1.11
5 DMSO 48% 8500 9600 1.26

“Experimental conditions: 25 °C under argon in a sealed vial for 10 h with
[M]o:[CTA]o:[Ir] = 50:1:0.01, [M]o = 0.2 M, [PC}/[M]o = 200 ppm. "“Monomer
conversion was determined by 'H NMR spectroscopy. “Theoretical M, was calculated
based on [M]o/[CTA]o and conversion. %M, and D were determined by SEC analysis

calibrated to polystyrene standards.
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Table 2.4. Effect of initial monomer concentration on PET-RAFT polymerization of 1.

o)
\/I\\)L o CTA1 0 s
fac-Ir
2 PRV wo 0NN OW(L}SJ\S/\
Ph™ "S=0 DMF | o
)\n/o A =450 nm n
-S0
o) o4
] P-1
Entry* Mo Conv.? M) M5O 2%
(g mol'")* (g mol'H)?
1 0.1 M 47% 8300 7700 1.08
2 02M 67% 11700 9800 1.11
3 04M 76% 13300 10600 1.14

“Experimental conditions: 25 °C under argon in a sealed vial for 10 h with

[M]o:[CTA]o:[Ir] = 50:1:0.01, [PC}/[M]o

200 ppm. "Monomer conversion was

determined by 'H NMR spectroscopy. “Theoretical M, was calculated based on

[M]o/[CTA]o and conversion. “M, and P were determined by SEC analysis calibrated

to polystyrene standards.
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Table 2.5. Influence of catalyst loading on PET-RAFT polymerization of 1.

(0]
j\\)L o CTA1 0 0 s
fac-l
18 ac-Ir(ppy)s > HO O/VVV\/OH\S)LS/\
Ph S=0 DMF | 0
)\n/o A =450 nm Ph n
: -50,4
) P-1
Entry® Cat. loading Conv.? My(the0) MySEO b
(g mol' ) (g mol™)?
1 100 ppm 53% 9300 8600 1.11
2 200 ppm 67% 11700 9800 1.11
3 400 ppm 72% 12600 10300 1.18

“Experimental conditions: 25 °C under argon in a sealed vial for 10 h with

[M]o:[CTA]o:[Ir] = 50:1:0.01, [M]o = 0.2 M. “Monomer conversion was determined by

"H NMR spectroscopy. ‘Theoretical M, was calculated based on [M]o/[CTA]o and

conversion. “M, and D were determined by SEC analysis calibrated to polystyrene

standards.

Polymerization of 1 at other monomer/CTA ratios of 25:1, 100:1, and 200:1

successfully yielded polymers with predictable M, and low D, demonstrating excellent

control over the polymerization (Table 2.6).
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Table 2.6. PET-RAFT polymerization of 1 with different monomer/CTA ratios.

o)
j\\)\o CTA1 o o) s
fac-Ir(pp
2 Vs HO 0NN OTW/L}SJLS/\
Ph S=0 DMF | o n
o A=450 nm Ph
o -50,4
1 P-1
Entry” [M]o/[CTA]o Conv.b M, (theo) M,SEO bl
(g mol') (g mol'")?
1 25/1 68% 6100 6900 1.09
2 50/1 67% 11700 9800 1.11
3 100/1 62% 21500 23000 1.14
4 200/1 57% 39100 39100 1.14

“Experimental conditions: 25 °C under argon in a sealed vial for 10 h with [M]o = 0.2
M and [PC]/[M]o = 200 ppm. “Monomer conversion was determined by 'H NMR
spectroscopy. “Theoretical M, was calculated based on [M]o/[CTA]o and conversion.

M, and P were determined by SEC analysis calibrated to polystyrene standards.

Similarly, macrocyclic allylic sulfone 2, which is a smaller ring, was also polymerized
with good control under the same conditions (Table 2.7). It is noteworthy that no ring-
retaining propagation of both allylic sulfone macrocyclic monomers 1 and 2 was

observed.
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Table 2.7. Effect of monomer ring strain on PET-RAFT polymerization of macrocyclic

allylic sulfones.

(o]

j\\)ko ) CTA1 ) 0 s
m fac-Ir(ppy)
:9 3 > HO o/\(v)/\/o SJLS/\
Ph™ "Szg DMF I m A
)\n,o A =450 nm Ph
-50,1

(0]
1:m=5 P-1:m=5
2:m=1 P-2:m=1
Entry* m Conv. M) M5O %
(g mol)y* (g moly’
1 5 67% 11700 9800 1.11
2 1 69% 10100 7500 1.09

“Experimental conditions: 25 °C under argon in a sealed vial for 10 h with
[M]o:[CTA]o:[Ir] = 50:1:0.01, [M]o = 0.2 M, and [PC]/[M]o = 200 ppm. “Monomer
conversion was determined by 'H NMR spectroscopy. “Theoretical M, was calculated
based on [M]o/[CTA]o and conversion. ‘M, and D were determined by SEC analysis

calibrated to polystyrene standards.

Following the exploration of reaction conditions, we examined the living

characteristics of the polymerization. First, kinetic analysis revealed that the

polymerization of 1 deviated from first-order kinetics in the late stage (Figure 2.2).
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Figure 2.2. Kinetic plot of In([M]o/[M]:) versus reaction time, where [M],, is the initial

monomer concentration and [M], is the monomer concentration at a given time .

This observation was consistent with our previous results when cascade polymerization
of the macrocyclic allylic sulfone was thermally initiated.':** Despite the kinetic
anomaly, the polymerization of 1 still exhibited a linear increase of M, with respect to
monomer conversion and retained low D throughout the reaction, suggesting that

control over the polymerization was well maintained even after the rate decreased in

the late stage (Figure 2.3A).
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Figure 2.3. Analysis of PET-RAFT polymerization of macrocyclic allylic sulfones. (A)

Plots of M, and P as a function of monomer conversion. (B) MALDI-TOF analysis of

P-1-5k. The spacing between these discrete oligomers was consistent with the expected

mass of the repeating unit (344 g/mol). Each peak corresponds to a discrete oligomer

that consists of an a- and w-chain end, the number of repeating units multiplied by its

molar mass, and a sodium cation. (C) SEC analysis of block copolymer P-2-b-P-1. (D)

In([M]o/[M];) vs. reaction time with intermittent light exposure.

"H NMR analysis of P-1-6k (M,SE©) = 6.4 kg/mol, D = 1.07) confirmed the fidelity of

the chain end groups (2.46 and 1.21 ppm for a-chain end and 4.81 and 3.36 ppm for w-

chain end, Figure 2.4), an important indicator of controlled polymerization.
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Figure 2.4. '"H NMR spectroscopy of P-1-6Kk.

Besides, the discrete oligomers of P-1-5k (M, = 5.5 kg/mol, D = 1.10) observed by
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry showed masses consistent with the predicted values of these oligomers
with intact chain ends (Figure 2.3B). Furthermore, chain extension of the macroinitiator
P-2-4k (M.EC©) = 3.9 kg/mol, B = 1.16) by 1 exhibited a clear shift to the higher
molecular weight region on size-exclusion chromatogram (SEC), suggesting the
formation of a diblock copolymer P-2-b-P-1 (M, SO = 13.0 kg/mol, D = 1.20, Figure
2.3C). Finally, the reaction exhibited excellent temporal control: chain propagation
completely halted when the light was switched “off’; polymerization resumed
efficiently after the light was switched back “on” (Figure 2.3D). Taken together, these
results unambiguously supported that PET-RAFT polymerization of the macrocyclic
allylic sulfone maintained excellent control throughout the reaction despite deviating

from first-order kinetics at the late stage.
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23 Copolymerization of macrocyclic allylic sulfone with acrylates or
acrylamides

Building upon the results of photocontrolled homopolymerization of macrocyclic
allylic sulfones, we then investigated the copolymerization of 1 and various acrylic
monomers (denoted hereafter as comonomer B). First, 1 was copolymerized with
methyl acrylate (MA) at a feed composition of /1° = 0.05, where f1° is the molar fraction
of 1 in the initial comonomer mixture, yielding copolymer P-1-co-MA with M,SE®) of
44.0 kg/mol and D of 1.28 (Table 2.8, entry 1). The propagation of both comonomers

demonstrated first-order kinetics throughout copolymerization (Figure 2.5A).
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Figure 2.5. Photocontrolled rROCCP of the macrocyclic allylic sulfone with various
acrylates or acrylamides generates nearly ideal random copolymers. (A) Kinetic plots
of In([M]o/[M];) versus reaction time of both comonomers. (B) Plots of M, and
incorporation of 1 (F1) as a function of total conversion. (C) Plot of total conversion
with respect to [1(t)]/[1(0)] or [B(t)]/[B(0)] is fitted to Equations (2) and (3) of the BSL
model independently to derive the reactivity ratios. (D) The reactivity ratios of 1 and
MA in photocontrolled rROCCP remained close to unity in a broad range of monomer
feed compositions. The error bars indicate a 95% confidence interval of the reactivity

ratios.
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Table 2.8. Photocontrolled rROCCP of 1 with various acrylates or acrylamides.

o
j\\)‘,\oo o fa:rT(:;v)a 0 1 o ag j\
Ph” St MR NN v HO I o(’\)‘: / s s
)\nxo A =450 nm Ph o n
0
1 comonomer "B" random copolymer of 1 and B
g ' NaOMe | MeOH/THF
(A= Ko~ ?foJ< ?fo’\© l Ph
0s R Ph MeOMOMe
?fpll/ LIV }fn/\ ' MeOYLm\J\KOMe + o , o
LS 0 _____ (o] m (o] HO A~~~
Degraded
(SEC)
Entry B f° r’ re? Conve Mo . DY Fede g SEO Degra:lded
(kg/mol) (ke/mol)’ D
1 MA 0.05 1.07+0.03 0.94+0.02 88% 44.0 1.28  0.05 2.8 1.58
2 MA 0.09 1.05£0.03 0.95+0.02 82% 21.7 1.27  0.10 1.3 1.33
3 MA 0.17 1.04£0.03 0.96+0.02 76% 14.8 1.15  0.17 0.7 1.30
4 MA 0.50 1.06£0.03 0.94+0.03 70% 93 1.12  0.51 0.6 1.12
5 MA 0.67 1.04£0.03 0.96+0.03 75% 7.7 1.18  0.68 0.5 1.07
6 MA 0.80 1.04+0.06 0.97+0.07 61% 6.8 1.17  0.80 0.5 1.06
7 BA 0.09 1.04£0.04 0.96+0.03 85% 39.0 1.29  0.09 2.6 1.34
8 BnA 0.09 0.84+0.03 1.19+0.04 89% 22.1 1.38 0.08 29 1.35
9 DMA 0.09 1.03£0.03 0.97+0.03 75% 16.1 1.21  0.09 1.8 1.42
10 DEA 0.09 0.89+0.06 1.16+0.08 79% 20.1 1.14  0.07 2.2 1.38
11 NAM 0.09 0.94+0.05 1.07£0.06 82% 209 1.34  0.09 2.8 1.32

“Experimental conditions: 18 W blue LED light (Amax = 450 nm), 25 °C under argon in

a sealed vial for 8 h; light intensity at the reaction vial = 34 mW/cm?, [PC]/[M]o = 200

ppm. “The reactivity ratios were obtained by fitting the comonomer conversion and

composition of copolymers to the BSL integrated model. The mean and 95% confidence

interval of the reactivity ratios were calculated based on five to seven independent

fitting results. ‘Monomer conversion and Fi©"Y were determined by 'H NMR

spectroscopy. “M, and P were determined by SEC analysis calibrated to polystyrene

standards.
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The molecular weight also increased linearly with respect to the overall monomer

conversion, which is defined by Equation (1):

[1(®O]+[B(®)]
[1(0)]+[B(0)] M

conv.=1—
where [1(t)] and [B(t)] are the respective instantaneous concentrations of 1 and
comonomer B at time ¢, and [1(0)] and [B(0)] are the respective initial concentrations
of 1 and comonomer B (Figure 2.5B). Importantly, the instantaneous molar fraction of

1 incorporated into the copolymer (denoted hereafter as F1) remained identical to f;°

throughout the copolymerization (Figure 2.6).

P-1-co-MA with f,° = 0.05 . (|)B
o o A s
HOWO/\/\/\NO r SJLS/\ J}V\M\‘
Ph X 0x~n T
fon: 25 9 B 16 1 10
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. L A
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Figure 2.6. Compositional analysis of copolymers P-1-co-MA at fi° = 0.05 at different

time points of the reaction by '"H NMR spectroscopy.
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Correspondingly, the final copolymer composition, F1¢"Y, when the reaction reached
the end point, was also identical to £;° (Table 2.8, entry 1). These results suggested that
the reactivities of the two comonomers are highly similar in chain propagation. To
determine the reactivity ratios of the copolymerization, the compositional data of 1 and
B throughout copolymerization was fitted to the Beckingham-Sanoja-Lynd (BSL)

integrated model reported by Lynd et al.®! [Equations (2) and (3)]

1) 1(t)
conv.=1— f1 -1 f1) (2)
1(0) 1(0)

B(t) B(t)
conv.=1—f; [B(;) --5s 3)

where 71 and 7 are the reactivity ratios of 1 and comonomer B. It is noteworthy that
although the BSL model is derived for ideal copolymerization where the product of
comonomer reactivity ratios equals unity, such as ionic or metal-catalyzed
copolymerization systems, we reasoned that copolymerization of the macrocyclic
allylic sulfone and acrylic monomers is a close approximation of ideal
copolymerization, because the allylic sulfone motif was designed such that the
propagating secondary alkyl radical formed after the radical cascade process is
structurally similar to the propagating radical of polyacrylates.®? Independent fitting of
the polymer compositional data to Equations (2) and (3) supported this rationale, as the
derived reactivity ratios of comonomers were 71 = 1.07+0.03 and rg = 0.94+0.02, with
r1 x rg = 1.01£0.05 (Figure 2.5C). These results suggested that the copolymerization
reaction is indeed highly analogous to an ideal copolymerization and that the copolymer
generated from the reaction is very close to an ideal random copolymer. The reactivity
ratios of 1 and MA in the entire range of monomer feed compositions (fi° = 0-1)

remained close to unity (Table 2.8, entries 1-6 & Figure 2.5D & Figure 2.7-2.16).
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Figure 2.7. Compositional analysis of copolymers P-1-co-MA at fi° = 0.09 at different

time points of the reaction by '"H NMR spectroscopy.
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P-1-co-MA with £,° = 0.17 B
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Figure 2.8. Compositional analysis of copolymers P-1-co-MA at fi° = 0.17 at different

time points of the reaction by '"H NMR spectroscopy.
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P-1-co-MA with f,° = 0.50 B
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Figure 2.9. Compositional analysis of copolymers P-1-co-MA at fi° = 0.50 at different

time points of the reaction by '"H NMR spectroscopy.
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P-1-co-MA with f,° = 0.67 B
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Figure 2.10. Compositional analysis of copolymers P-1-co-MA at /1 = 0.67 at different

time points of the reaction by '"H NMR spectroscopy.
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P-1-co-MA with f,° = 0.80
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Figure 2.11. Compositional analysis of copolymers P-1-co-MA at /;° = 0.80 at different

time points of the reaction by '"H NMR spectroscopy.
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Figure 2.12. Plot of total conversion with respect to [1(t)]/[1(0)] is fitted to the BSL

model to derive the comonomer reactivity ratios for copolymerization of 1 and MA at

£9=0.09 at 25 °C.
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Figure 2.13. Plot of total conversion with respect to [1(t)]/[1(0)] is fitted to the BSL
model to derive the comonomer reactivity ratios for copolymerization of 1 and MA at

A9=0.17 at 25 °C.
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Figure 2.14. Plot of total conversion with respect to [1(t)]/[1(0)] is fitted to the BSL
model to derive the comonomer reactivity ratios for copolymerization of 1 and MA at

£9=0.50 at 25 °C.
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Figure 2.15. Plot of total conversion with respect to [1(t)]/[1(0)] is fitted to the BSL
model to derive the comonomer reactivity ratios for copolymerization of 1 and MA at

A= 0.67 at 25 °C.
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Figure 2.16. Plot of total conversion with respect to [1(t)]/[1(0)] is fitted to the BSL
model to derive the comonomer reactivity ratios for copolymerization of 1 and MA at

£9=0.80 at 25 °C.

Furthermore, copolymerization of 1 with other acrylic comonomers, including fert-
butyl acrylate (BA), benzyl acrylate (BnA), N,N-dimethylacrylamide (DMA), N, N-
diethylacrylamide (DEA), and N-Acryloylmorpholine (NAM), at £i° = 0.09 all

exhibited excellent control over polymerization and near-unity reactivity ratios,
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suggesting that this method is generally applicable to a wide range of acrylates and

acrylamides (Table 2.8, entries 7-11 & Figure 2.17-2.26).
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Figure 2.17. Compositional analysis of copolymers P-1-co-fBA at f1° = 0.09 at different

time points of the reaction by '"H NMR spectroscopy.
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P-1-co-BnA with f,° = 0.09 B ™"
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Figure 2.18. Compositional analysis of copolymers P-1-co-BnA at fi° = 0.09 at

different time points of the reaction by '"H NMR spectroscopy.
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P-1-co-DMA with f,° = 0.09
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Figure 2.19. Compositional analysis of copolymers P-1-co-DMA at £i° = 0.09 at

different time points of the reaction by '"H NMR spectroscopy.
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Figure 2.20. Compositional analysis of copolymers P-1-co-DEA at £i° = 0.09 at

different time points of the reaction by '"H NMR spectroscopy.
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P-1-co-NAM with ;9= 0.09
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Figure 2.21. Compositional analysis of copolymers P-1-co-NAM at £i° = 0.09 at

different time points of the reaction by '"H NMR spectroscopy.
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Figure 2.22. Plot of total conversion with respect to [1(t)]/[1(0)] is fitted to the BSL

model to derive the comonomer reactivity ratios for copolymerization of 1 and BnA at

£9=0.09 at 25 °C.
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Figure 2.23. Plot of total conversion with respect to [1(t)]/[1(0)] is fitted to the BSL
model to derive the comonomer reactivity ratios for copolymerization of 1 and /BA at

£9=0.09 at 25 °C.
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Figure 2.24. Plot of total conversion with respect to [1(t)]/[1(0)] is fitted to the BSL
model to derive the comonomer reactivity ratios for copolymerization of 1 and DMA

at fi° = 0.09 at 25 °C.
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Figure 2.25. Plot of total conversion with respect to [1(t)]/[1(0)] is fitted to the BSL
model to derive the comonomer reactivity ratios for copolymerization of 1 and DEA at

A9=0.09 at 25 °C.
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Figure 2.26. Plot of total conversion with respect to [1(t)]/[1(0)] is fitted to the BSL
model to derive the comonomer reactivity ratios for copolymerization of 1 and NAM

at fi° = 0.09 at 25 °C.

As acrylates and N,N-dialkylacrylamides have been shown to exhibit similar

63-64

reactivities in radical copolymerization, our results further indicate that the
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macrocyclic allylic sulfone, which is designed to resemble acrylates in radical

propagation, also possesses a similar reactivity to these two monomer classes.

To investigate how degradability is influenced by the composition and distribution
of degradable building blocks in the copolymers, the copolymers were treated with
sodium methoxide to cleave the main-chain esters. SEC analysis of degradation of
copolymer P-1-co-MA prepared by photocontrolled rROCCP (F1¢" = (.10, M,SFC) =
19.2 kg/mol, and D = 1.27) exhibited a dramatic molecular weight reduction, resulting
in oligomers with MaSE® of 1.3 kg/mol and P of 1.33 (Table 2.8, entry 2 & Figure
2.27A). In contrast, degradation of the copolymer with a similar overall composition
(F1nd = 0.08, M,OEO) = 16.4 kg/mol, and P =1.52) generated by thermally initiated
copolymerization produced fragments with higher M, and P (M,SF© = 7.3 kg/mol, D

= 1.98) (Figure 2.27A).
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Figure 2.27. Material properties of degradable vinyl random copolymers prepared by
photocontrolled rROCCP. (A) Degradation of P-1-co-MA generated by
photocontrolled copolymerization (F1©"Y = 0.10) and thermally initiated radical
copolymerization (F1¢"9 = 0.08) respectively. (B) T4 of copolymers P-1-co-MA with
different compositions demonstrated similar thermal stability with PMA. (C) T, of
copolymers P-1-co-MA could be fine-tuned by the initial comonomer feed composition.
(D) Storage moduli, loss moduli, and tan(d) for PMA and P-1-co-MA (F;©"9 = 0.05)

were obtained from rheological measurements.
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Furthermore, the degradation of copolymers with different comonomer compositions
generated by photocontrolled rROCCP consistently produced fragments with low M, and
narrow molecular weight distributions (Table 2.8). These results indicated that while the
thermally initiated copolymerization yielded a gradient copolymer that could only be
partially degraded, copolymers generated by photocontrolled rROCCP possessed even and
tunable distributions of the main-chain degradable functionalities that could be degraded
efficiently into low molecular weight fragments.

The thermal properties of the copolymers were evaluated by thermogravimetry (TGA)
and differential scanning calorimetry (DSC) analyses. Copolymers P-1-co-MA with main-
chain degradable functionalities at different copolymer compositions exhibited a thermal
stability comparable to that of poly(methyl acrylate) (PMA) with a 5% weight loss
decomposition temperature (73) between 363-368 °C (Figure 2.27B). Furthermore, the
glass transition temperature (7g) of P-1-co-MA can be fine-tuned by the initial comonomer
feed composition in the copolymerization, highlighting the potential utility of this method
in generating degradable vinyl polymers with tailor-made material properties (Figure
2.27C). The thermomechanical properties of P-1-co-MA (F1©¥ = 0.05) and PMA were
further studied using temperature sweep measurements with a parallel plate rheometer. The
T,s measured from the storage moduli (G”) for P-1-co-MA and PMA were 4.6 °C and 13 °C
(Figure 2.27 D), respectively, which agree well with the DSC analyses. Furthermore, the
onset of the terminal region for P-1-co-MA was 31.5 °C, while the value for PMA was
41.2 °C. Similar to the effect on T, the incorporation of 5% of 1 only resulted in minimal
impacts on the mechanical properties of the polymer; the G’ at the onset of the rubbery

plateau was ~0.4 MPa for PMA and 0.3 MPa for P-1-co-MA. Compared to PMA, the
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slightly larger tan(d) peaks for P-1-co-MA during the glass transition and the transition to

the terminal region indicate slightly higher viscous responses to deformation.

2.4  Degradable nanostructures through polymerization-induced self-assembly
Degradable nanostructures are of great interest for their potential applications in drug
delivery and self-healing materials.®®> The excellent control over PET-RAFT
homopolymerization of the macrocyclic allylic sulfone and its ability to undergo chain
extension created a unique opportunity to generate block copolymer nanostructures. In
particular, we are interested in exploring the formation of degradable nanostructures via
polymerization-induced self-assembly (PISA), an emerging approach to complex
nanostructures without the requirement for post-polymerization processing.® In 2016,
Zhang et al. reported a mPEGi0-b-PfBA diblock copolymer that could undergo PISA in a
thermally initiated RAFT polymerization.®’ Inspired by this work, we envisioned that a
triblock copolymer mPEGu1o-b-P-1-b-PfBA, in which a short degradable P-1 middle block
was inserted into the previously reported mPEGi00-b-PfBA diblock copolymer, could lead
to the formation of degradable nanostructures via PISA, as the short degradable middle
block would likely not affect the strong phase separation between the mPEG block and the

PrBA block (Figure 2.28A).
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Figure 2.28. Generation of degradable nanoparticles via PISA. (A) Scheme of the triblock
copolymer nanoparticle synthesis and degradation. (B) TEM image of the nanoparticles
formed via PISA. (C) TEM image of the nanoparticles after NaOH treatment at 50 °C. The

large aggregates are the insoluble PrBA fragments after nanoparticle degradation.

To this end, a macroCTA, trithiocarbonate-terminated poly(ethylene glycol) monomethyl
ether (MPEG100-TTC, M,F© = 4.7 kg/mol, B = 1.14), was first extended by macrocyclic
monomer 1 at a monomer/CTA ratio of 10:1, to generate a soluble diblock mPEG19o-b-P-
1 copolymer with a short P-1 block (M,SF® = 10.4 kg/mol, D = 1.16). The diblock
copolymer was further extended by /BA at a ratio of fBA/CTA = 500:1 using PEG400 as a
solvent to induce PISA. SEC analysis of the triblock copolymer clearly showed a shift to

the higher molecular weight region after each chain extension (Figure 2.29-2.30).
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Figure 2.29. SEC analysis of diblock copolymer mPEG1¢0-b-P-1.
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Figure 2.30. SEC analysis of nanoparticle mPEGio-b-P-1-b-PfBA. The broad dispersity
of the final P/BA block is likely caused by the aggregation of the triblock copolymer as it

was being formed.

Well-defined nanoparticles with diameters ranging from 100 to 200 nm were observed by

transmission electron microscopy (TEM) (Figure 2.28B). Interestingly, these nanoparticles
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were found to be resistant to hydrolytic degradation in a 2.5 M sodium hydroxide (NaOH)
aqueous solution at room temperature. We reasoned that the short base-labile P-1 block
was buried within the hydrophobic P/BA core due to its hydrophobicity and, consequently,
was protected from the base. We hypothesized that elevating the temperature could
facilitate the degradation due to the increased permeability of the hydrophilic shell. Indeed,
the nanoparticle disintegrated after exposure to 2.5 M NaOH at 50 °C (Figure 2.28C). SEC
analysis also confirmed the degradation of the P-1 middle block and the formation of two

independent fragments after treatment with NaOH at 50 °C (Figure 2.31).
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Figure 2.31. Degradation of nanoparticle mPEGigo-b-P-1-b-PfBA. The two peaks in the
SEC trace of the degraded copolymer correspond to the PfBA and mPEG fragments,

respectively.
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2.5 Understanding the unusual Kkinetic behavior

Our studies have shown that while PET-RAFT homopolymerization and
copolymerization (Figure 2.2 & Figure 2.32-2.39) involving macrocyclic allylic sulfones

deviated from first-order kinetics, the polymerization remained well-controlled.
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Figure 2.32. Kinetics of photocontrolled rROCCP of 1 and MA at £;° = 0.09 at 25 °C.
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Figure 2.33. Kinetics of photocontrolled rROCCP of 1 and MA at ;° = 0.17 at 25 °C.
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Figure 2.34. Kinetics of photocontrolled rROCCP of 1 and MA at £;° = 0.50 at 25 °C.
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Figure 2.35. Kinetics of photocontrolled rROCCP of 1 and MA at £;° = 0.67 at 25 °C.
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Figure 2.36. Kinetics of photocontrolled rROCCP of 1 and MA at £;° = 0.80 at 25 °C.
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Figure 2.37. Kinetics of photocontrolled rROCCP of 1 and /BA at f;° = 0.09 at 25 °C.
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Figure 2.38. Kinetics of photocontrolled rROCCP of 1 and DMA at f;° = 0.09 at 25 °C.
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Figure 2.39. Kinetics of photocontrolled rROCCP of 1 and NAM at £;° = 0.09 at 25 °C.

This phenomenon was in stark contrast to traditional controlled polymerization in which
the deviation from first-order kinetics is usually a sign of loss of control, suggesting an
unusual kinetic behavior that warranted further investigation. Furthermore, the near-unity
reactivity ratios of the comonomers during photocontrolled rROCCP at lower temperatures
also differ from some conventional radical copolymerization systems, in which

comonomer reactivity ratios move further away from unity when temperature decreases.*?
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We suspected that the in situ generated SO; during the radical cascade process affected the

reaction kinetics and comonomer reactivities in the copolymerization (Figure 2.40A).68-70
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Figure 2.40. Mechanistic investigation of the cascade process of the polymerization of the
macrocyclic allylic sulfone. (A) SO: is hypothesized to inhibit chain propagation by
recombining with the propagating radical. M denotes monomers. (B) DFT calculations. All
geometry optimizations and frequency calculations were carried out employing the
B3LYP/6-31G(d) method and the SMD solvation model in DMF. Single-point energies
were calculated using the M06-2X/6-311++G(d,p) method and the SMD solvation model
in DMF. (C) EPR studies of the polymerization of the macrocyclic allylic sulfone. The
experimental results are shown as solid lines. The simulated EPR spectra based on the
hypothesized composition of the reaction mixture at different stages of the reaction are

shown as dotted lines. The experimental EPR spectra are well aligned with the simulated
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ones. Spectrum [: Early stage of polymerization (first two hours). Spectrum II: Late stage
of polymerization (after five hours). Spectrum III: Injection of exogenous SO at the early

stage of polymerization.

To investigate the aforementioned hypothesis, Density Functional Theory (DFT)
calculations were carried out by the use of the M06-2X/6-311++G(d,p)//B3LYP/6-31G(d)
method in conjunction with the Solvation Model based on Density (SMD) simulating the
effect from DMF to compute a plausible potential energy surface of the cascade process in
the polymerization of the macrocyclic allylic sulfone (Figure 2.40B).”! Our calculations
showed that the a-scission/SO» extrusion step (G2 to G3) has a low energy barrier of 5.9
kcal/mol and that the transformation is exergonic by 2.8 kcal/mol. The low activation
energy and relatively small change in Gibbs free energy indicate that this step is likely
reversible. The DFT calculations also suggest that Gz, with the lowest energy in the whole
cascade process, exists at a high enough concentration during steady-state conditions,

making it a plausible intermediate for chain propagation (Figure 2.41).
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Compared to chain propagation (G3-TSs-Ga, with an energy barrier of 20.7 kcal/mol), two
alternative reaction pathways of G3 with lower energy barriers are the reversible addition
by the CTA (G3-TSs5-Gs, with an energy barrier of 12.0 kcal/mol) or SO» (G3-TS3-G2, with
an energy barrier of 8.7 kcal/mol). While the former serves as the reversible deactivation
of chain propagation to achieve controlled polymerization, the latter is a reverse reaction
of the a-scission/SO; extrusion step and regenerates the sulfonyl radical G». Because of a
high energy barrier of 19.7 kcal/mol and being endergonic by 9.8 kcal/mol, chain
propagation of Gz by the monomer (G2-TSe-Gg) is prohibited thermodynamically and
kinetically. These results indicate that excess SO> in the reaction could indeed recombine
with the propagating alkyl radical to regenerate the sulfonyl radical and inhibit chain
propagation.

To provide further evidence of the presence and accumulation of the sulfonyl radical
over the course of the reaction, we employed electron paramagnetic resonance (EPR) to
monitor the evolution of radical species in the reaction in situ (Figure 2.40C). In the early
stage (initial two hours) of the reaction, the EPR spectrum only consisted of signals
corresponding to the alkyl radical Gz (go = 2.004) and the degenerative intermediate Gs (go
=2.009) (Spectrum I, Figure 2.40C). The g-values of the peaks and patterns of the spectrum
are both consistent with the radical species generated in the radical polymerization of MA.
The EPR spectrum gradually evolved as the polymerization proceeded. In the late stage
(after five hours) of the reaction, a new peak with a g-value of 2.014 appeared in the EPR
spectrum (Spectrum II, Figure 2.40C), which is consistent with the g-value of the sulfonyl
radical G reported in the literature.’”? Furthermore, the simulated EPR spectra (dotted lines)

based on the absence and presence of the sulfonyl radical in the reaction perfectly fit the
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experimental data as shown in Spectrum I and II, respectively, confirming the proposed
assignments. Notably, Spectrum II is also consistent with Spectrum III obtained after the
exogenous SO» gas was introduced to the system at the early stage of the reaction (Figure
2.40C). Collectively, the DFT calculations and EPR analyses are consistent with the
observed kinetic results, confirming that G2, Gs, and Gs (Figure 2.40B & 2.40C) are long-
lived radical intermediates in the polymerization of the macrocyclic allylic sulfone and that
the concentration of SO2 could have a significant effect on the direction of the reaction.
The inhibition of chain propagation by SO; also explains the favorable comonomer
reactivity ratios in photocontrolled rROCCP at lower temperatures, as SO» likely retards
the rate of incorporation of the macrocyclic allylic sulfone more than that of

acrylates/acrylamides when the temperature decreases.

2.6  Overcoming the propagation inhibition by SO,

Based on the DFT calculations, we reasoned that the propagation inhibition by the in
situ generated SO2 may be reversible, given the low energy barrier of the process. This
reversibility implies that the extrusion of SO, and the formation of the alkyl radical are
favored at low SO, concentrations, whereas the recombination of SO; and the formation of
the sulfonyl radical are favored at high SO> concentrations. Therefore, the propagation
inhibition could be alleviated by removing SO, from the reaction. Indeed, we found that
sparging the reaction mixture with argon (Ar) steadily increased the rate of PET-RAFT

homopolymerization of 1 in the late stage of the reaction at 25 °C (Figure 2.42).

62



144 m Without Ar /7
{ ® With Ar 7 °
/
1.2
J /s
1.0 s
= 7/
=, 0.8 s ® "
:c V) ]
= 4 [ ]
= 06 /( .
= J
~ 0.4 s
] [
0.2 L4
l 7
0.0«
! 1 1 T 1 1
0 100 200 300 400 500
Time (min)

Figure 2.42. Kinetics of PET-RAFT homopolymerization of 1 at 25 °C with and without

Ar.

In fact, both the SO; inhibition and reactivation of chain propagation by argon sparging

were reversible, and the polymerization could be switched “on”/“off” by alternating the

exogenous SO; and Ar introduced into the reaction vessel (Figure 2.43-2.44).
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Figure 2.43. Alternating introduction of Ar and SO: gas to PET-RAFT

homopolymerization of 1 at 25 °C.
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Figure 2.44. Alternating introduction of Ar and SO: gas to PET-RAFT

homopolymerization of 1 at 50 °C.

Similarly, the propagation inhibition was also alleviated in the copolymerization of 1 and

BnA (i° = 0.09) by argon sparging at 25 °C (Figure 2.45).
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Figure 2.45. Kinetics of photocontrolled rROCCP of 1 and BnA at fi°= 0.09 at 25 °C with

and without Ar.
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Additionally, increasing the reaction temperature to 50 °C was also found to improve the

rate of PET-RAFT homopolymerization of 1 in the late stage (Figure 2.46).
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Figure 2.46. Kinetics of PET-RAFT homopolymerization of 1 at 25 °C and 50 °C in a

sealed vial.

Combining Ar sparging and temperature elevation to 50 °C further improved the reaction
kinetics of PET-RAFT homopolymerization of 1, allowing it to remain pseudo-first order

throughout the reaction (Figure 2.47-2.48).
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Figure 2.47. Kinetics of PET-RAFT homopolymerization of 1 under different temperatures

with Ar bubbling.
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Figure 2.48. Pseudo-first-order kinetics were achieved in PET-RAFT homopolymerization

of 1 by elevating the temperature to 50 °C plus argon sparging.
The rate of the copolymerization of 1 and MA was also improved when the reaction

temperature was elevated to 50 °C (Figure 2.49), but a modest deviation of the comonomer

reactivity ratios from unity was observed (Figure 2.50).
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Figure 2.49. Kinetics of photocontrolled rROCCP of 1 with MA at f;° = 0.09 at 50 °C.
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Figure 2.50. Plot of total conversion with respect to [1(t)]/[1(0)] is fitted to the BSL model

to derive the comonomer reactivity ratios for copolymerization of 1 and MA at fi° = 0.09

at 50 °C. The result, 71 = 1.32 and rg = 0.76, suggests that the resulting copolymer may

have a gradient composition.

We reasoned that an alternative strategy to reduce the propagation inhibition by SO2 was

to switch the solvent from DMF to dioxane, in which SO> has lower solubility (Figure

2.51).
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Figure 2.51. The solubility of SO2 in DMF and dioxane was determined to be 0.69 g/mL

and 0.43 g/mL, respectively. The solubility of SO in each solvent was measured through

mass difference before and after vigorously purging the solvent with SO, gas for 5 min.

Encouragingly, we found that the kinetics of the copolymerization of 1 and BnA at 25 °C

remained pseudo-first order throughout the reaction when dioxane was used as the solvent

(Figure 2.52).
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Figure 2.52. Photocontrolled rROCCP of 1 and BnA at fi°= 0.09 in dioxane remained

pseudo-first order throughout the reaction.
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2.7  Conclusion

A general approach to degradable vinyl random copolymers with tunable main-chain
compositions through photocontrolled radical ring-opening cascade copolymerization
(rROCCP) is presented in this article. Compared to existing rROP systems, photocontrolled
rROCCP enabled the synthesis of degradable vinyl random copolymers with evenly
distributed, tunable composition of main-chain labile groups at ambient temperature. These
copolymers demonstrated readily tunable 7,s based on the composition and possess
thermal and mechanical properties comparable to the corresponding nondegradable
homopolymers when the composition of main-chain labile groups was kept low (e.g., F1¢"9
= 0.05). Computational and EPR analyses revealed that the reversible inhibition of chain
propagation by the in situ generated SO2 caused an unusual kinetic behavior that showed a
deviation from first-order kinetics in the late stage of the reaction. Removal of SO> was
found to reverse the inhibition of chain propagation and improve the reaction kinetics in
both the homopolymerization and the copolymerization involving the macrocyclic allylic
sulfone. Taken together, excellent control and favorable comonomer reactivity ratios make
photocontrolled rROCCP a powerful strategy for the preparation of degradable vinyl
random copolymers with tunable main-chain compositions for a wide range of applications.
In addition, the mechanistic insights into the reversible inhibition of chain propagation by

SO, shed light on using chemical cues to control radical chain-growth cascade

polymerization systems.
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Experimental section
Materials

Organic solvents, such as tetrahydrofuran (THF), dichloromethane (DCM), DMF,
toluene, and dioxane, were purchased from Fisher Scientific and used after purification by
a dry solvent system (Pure Process Technology). Dimethyl sulfoxide (DMSO) was
purchased from Acros and used as received. Chain transfer agents were prepared according
to the reported procedures.”® Chemicals were purchased from Alfa Aesar, Sigma-Aldrich,
Acros, Fisher Scientific, or TCI chemical companies and used as received without further
purification. SO gas was purchased from Sigma-Aldrich (>99.9%, #295698). Thin layer

chromatography was performed on Merck TLC plates (silica gel 60 F254).

Instrumentation and characterization

Photocontrolled polymerization was performed in a HepatoChem EvoluChem
PhotoRedOx Box TC with EvoluChem LED spotlights (P201-18-2, 450 nm, 18W, light
intensity = 34W/cm?) and circulated water heating/cooling (Figure 2.53). Silica gel
chromatography was carried out using automated flash chromatography (Biotage). 'H and
13C NMR spectra were recorded in CDCIls on either a Varian Gemini-600 (600 MHz) or
Varian Inova-500 (500 MHz) NMR spectrometer using residual chloroform (6 = 7.26 for
'H NMR and & = 77.16 for *C NMR) as internal standard. High-resolution mass
spectrometry was performed on JEOL AccuTOF DART Micromass LCT ESI-MS. SEC
measurements were performed on Tosoh’s high-performance SEC system HLC-8320GPC
with TSKgel Alpha-M columns at 50 °C and a flow rate of 0.6 mL/min. HPLC grade DMF

with 0.01 M LiBr (anhydrous, purchased from Sigma-Aldrich) was used as the eluent.
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Polystyrene standards (ReadyCal Kit, Sigma-Aldrich #81434) were used to determine the
molecular weight and molecular weight distribution of polymers. The polymers were
dissolved in the DMF solution with 0.01 M LiBr and filtered through a 0.20 um PTFE filter
before being injected into the SEC system. Gel permeation chromatography (multi-angle
light scattering detector) was performed on an Agilent GPC220 in THF at 40 °C with three
PL gel columns (10 pm) in series. DSC measurements were performed on a Netzsch
instrument DSC 214 Polyma for three heating cycles from -100 °C to 200 °C at a ramp of
10 °C/min. TGA measurements were performed on a Netzsch instrument STA 449 F1

Jupiter from room temperature to 600 °C at a ramp of 10 °C/min.

Figure 2.53. Experimental setup for photocontrolled polymerization.
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Scheme 2.1. Synthesis of allylic sulfone macrocyclic monomer 1-2.
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o) A slightly modified procedure was followed.?! A mixture of benzaldehyde
j\\)LOtB” (53.1 g, 0.5 mol), tert-butyl acrylate (64.1 g, 0.5 mol), and 1,8-
OH

s1 diazabicyclo[5.4.0]lundec-7-ene (45.7 g, 0.3 mol) was allowed to stir at 25
°C for 100 hours. The mixture was then diluted with ethyl acetate (EA) (100.0 mL). The
organic phase was washed with 3M HCI aqueous solution (3 x 100.0 mL), brine (50.0 mL),
dried over Na>SQOg4, and concentrated in vacuo. The residue benzaldehyde and tert-butyl
acrylate were distilled away under reduced pressure to give a yellow liquid S1 (75.5 g,
322.2 mmol, 64.4% yield). "H NMR (500 MHz, CDCl3): 8 7.35-7.18 (m, 5H), 6.20 (s, 1H),
5.74 (s, 1H), 5.42 (d,J=4.3 Hz, 1H), 3.58 (d, J=4.7 Hz, 1H), 1.34 (s, 9H); 3C NMR (125

MHz, CDCL): 6 165.7, 143.8, 141.9, 128.4, 127.7, 126.9, 124.8, 81.5, 73.2, 28.0.
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0 Acetic anhydride (31.9 g, 312.1 mmol) and N,N-dimethylaminopyridine
j\\)LO'Bu (6.4 g, 52.0 mmol) were added to an ice-cooled solution of S1 (60.9 g,
Ph™ "OAc
S2 260.0 mmol) in DCM (100.0 mL). The reaction mixture was brought back
to 25 °C and stirred for 16 hours. The reaction mixture was washed with 1M HCI aqueous
solution (3 x 50.0 mL), brine (50.0 mL), dried over Na>SQO4, and concentrated in vacuo.
The resulting residue was purified by silica gel chromatography to give a yellow liquid S2
(71.9 g, 254.8 mmol, 98.0% yield). '"H NMR (500 MHz, CDCl5): § 7.38-7.27 (m, 5H), 6.64
(s, 1H), 6.32 (t, J = 1.1 Hz, 1H), 5.72 (t, J = 1.4 Hz, 1H), 2.10 (s, 3H), 1.37 (s, 9H); *C

NMR (125 MHz, CDCl3): & 169.5, 164.3, 141.2, 138.1, 128.4, 128.4, 127.9, 124.8, 81.5,

73.5,28.0,21.2.

o 1,4-diazabicyclo[2.2.2]octane (36.7 g, 327.0 mmol) was added to a well-
YLO'BU stirred solution of S2 (75.3 g, 272.5 mmol) in THF (150.0 mL) at 25 °C
e )S\[rOH for 60 minutes, followed by addition of 100.0 mL 2-mercaptopropionic
830 acid (28.9 g, 272.5 mmol) and 1,4-diazabicyclo[2.2.2]octane (30.6 g,
272.5 mmol) THF solution. After stirring for 1 hour at 25 °C, the solvent was removed. It
was then diluted with EA (100.0 mL), washed with 3M HCI aqueous solution (3 x 100.0
mL), brine (30.0 mL), dried by Na,SOs4, and concentrated in vacuo. The resulting residue
was purified by silica gel chromatography to afford a colorless oil S3 (87.9 g, 245.3 mmol,
90.0% yield). '"H NMR (500 MHz, CDCl3): § 7.41 (d, J = 7.5 Hz, 2H), 7.28 (m, 3H), 6.33
(s, 1H), 5.85 (s, 1H), 5.27 (s, 1H), 3.14 (q, J = 7.2 Hz, 1H), 1.39 (s, 9H), 1.36 (d, J = 7.2
Hz, 3H); *C NMR (125 MHz, CDCl3): 6 179.1, 164.9, 141.9, 139.6, 128.7, 128.6, 127.6,

126.3, 81.6, 49.3, 40.9, 28.0, 16.8.
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o] To a solution of S3 (30.1 g, 93.4 mmol) in 1,4-dioxane (30.0 mL), 6N

OH HCI aqueous solution (30.0 mL) was added. The reaction mixture was

i j\n/OH refluxed at 90 °C for 2 hours. After completion, the reaction mixture was
sS4 o cooled to 25 °C, diluted with water (100.0 mL), and extracted with EA (2
% 100.0 mL). The organic layer was washed with brine (3 x 100.0 mL), dried by Na»SOs,
and concentrated in vacuo to give a white solid S4 (22.5 g, 84.5 mmol, 90.5% yield). 'H
NMR (500 MHz, CDCl): 6 7.48 (d, J = 7.7 Hz, 2H), 7.33 (m, 3H), 6.50 (s, 1H), 5.84 (s,
1H), 5.41 (s, 1H), 3.18 (g, /= 7.2 Hz, 1H), 1.35 (d, J= 7.2 Hz, 3H); 1*C NMR (125 MHz,

CDCl3): 6 179.9, 171.5, 140.2, 139.1, 129.7, 128.8, 128.7, 127.9, 48.7, 41.3, 16.5.

o To the ice-cooled solution of S4 (8.3 g, 31.0 mmol) in dry DCM (80.0
j\\)LO mL), oxalyl chloride (15.7 g, 123.9 mmol) was added dropwise,
o )S\n//ot? followed by the addition of five drops of DMF. The solution was left
2 stirring at 25 °C for 2 hours. The solvent was then removed, and the
remaining oil was immediately dissolved in dry DCM (40.0 mL) and transferred into a
syringe. Then, 1,8-octanediol (4.5 g, 31.0 mmol) was dissolved in dry THF (30.0 mL) and
dry DCM (10.0 mL) and transferred into another syringe. Both solutions were added via a
syringe pump to a solution of pyridine (12.3 g, 154.9 mmol) in dry DCM (400.0 mL) over
120 minutes. After completion, the reaction mixture was left to stir for another 60 minutes,
which was then concentrated, yielding brown pyridinium chloride salts. The residue was

filtered, and the supernatant was diluted with DCM (50.0 mL) and washed with 1M HCI

aqueous solution (3 x 100.0 mL). Subsequent concentration in vacuo and purification via
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silica gel chromatography yielded a colorless 0il 3 (2.8 g, 7.4 mmol, 23.9% yield). '"H NMR
(500 MHz, CDCl3): 6 7.40 (d, J= 7.4 Hz, 2H), 7.33 (t,J = 7.5 Hz, 2H), 7.26 (t,J= 7.3 Hz,
1H), 6.46 (s, 1H), 5.97 (s, 1H), 5.27 (s, 1H), 4.27-4.06 (m, 4H), 3.05 (q, /= 7.3 Hz, 1H),
1.74-1.41 (m, 12H), 1.29 (d, J=7.3 Hz, 3H); 3*C NMR (125 MHz, CDCl3): § 173.9, 165.8,

140.9, 139.8, 128.7, 128.6, 127.8, 127.2, 65.8, 64.7,49.4, 40.9, 28.3, 27.5, 26.9, 26 .4, 24.6,

23.7,17.2.
o To the solution of 3 (2.8 g, 7.4 mmol) in DCM (50.0 mL) at 0 °C, 77
j\\)LO wt% mCPBA (5.0 g, 22.3 mmol) was added. The reaction mixture

Ph” > S%q
)\[]/0 was brought back to 25 °C and stirred for 2 hours. After completion,

(0]

the reaction mixture was filtered. The supernatant was collected,
concentrated, and purified by silica gel chromatography to give a colorless oil (2.6 g, 6.4
mmol, 86.5% yield). '"H NMR (500 MHz, CDCl3): § 7.65 (d, J = 7.8 Hz, 2H), 7.46-7.36
(m, 3H), 6.76 (s, 1H), 6.55 (s, 1H), 6.11 (s, 1H), 4.44 (dt, J=11.3, 5.8 Hz, 1H), 4.32-4.20
(m, 3H), 3.88 (q, J = 7.4 Hz, 1H), 1.81-1.35 (m, 15H); *C NMR (125 MHz, CDCl3): &
166.3, 165.4, 132.6, 132.5, 131.8, 130.3, 129.5, 129.3, 67.1, 66.0, 65.0, 59.5, 28.5, 28.2,

27.3,26.5,24.3,23.7,9.3.

To the ice-cooled solution of S4 (10.6 g, 39.7 mmol) in dry DCM (80.0

(o]
j\\)LOO/; mL), oxalyl chloride (20.2 g, 158.9 mmol) was added dropwise, followed
Ph )s'i;,/

o by the addition of five drops of DMF. The solution was left stirring at
0 25 °C for 2 hours. The solvent was then removed, and the remaining oil

was immediately dissolved in dry DCM (40.0 mL) and transferred into a syringe. Then,
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1,4-butanediol (3.6 g, 39.7 mmol) was dissolved in dry THF (30.0 mL) and dry DCM (10.0
mL) and transferred into another syringe. Both solutions were added via a syringe pump to
a solution of pyridine (15.7 g, 198.6 mmol) in dry DCM (400.0 mL) over 120 minutes.
After completion, the solution was left to stir for another 60 minutes, which was then
concentrated, yielding brown pyridinium chloride salts. The residue was filtered, and the
supernatant was diluted with DCM (50.0 mL) and washed with 1M HCI aqueous solution
(3 x 100.0 mL). Subsequent concentration in vacuo and purification via silica gel
chromatography yielded a colorless oil S5, which was directly subjected to oxidation. To
the solution of S5 (2.4 g, 7.4 mmol) in DCM (50.0 mL) at 0 °C, 77 wt% mCPBA (4.9 g,
22.1 mmol) was added. The reaction mixture was brought back to 25 °C and stirred for 2
hours. After completion, the reaction mixture was filtered. The supernatant was collected,
concentrated, and purified by silica gel column chromatography to give a white solid 2 (2.2
g, 6.2 mmol, 15.6% total yield). 'H NMR (500 MHz, CDCIl3): 8 7.67-7.59 (m, 2H), 7.46-
7.37 (m, 3H), 6.70 (s, 1H), 6.31 (s, 1H), 6.19 (s, 1H), 4.49-4.27 (m, 4H), 3.85 (q, J = 8.4,
7.8 Hz, 1H), 2.19-1.79 (m, 4H), 1.57 (d, J = 7.3 Hz, 3H); 1*C NMR (125 MHz, CDCl;3): §
166.8, 165.3, 132.9, 132.8, 131.1, 130.7, 129.5, 129.1, 67.0, 66.7, 66.0, 61.3, 25.8, 25.1,

10.2.
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Scheme 2.2. General procedure of PET-RAFT homopolymerization of macrocyclic allylic

sulfones and NMR data of their polymers.

zS S~

R\n/R’

(o]
TLOO‘“ " S o ... .
" 1 photocatalyst K .
Ph S:O . > R I (o] (0] Jl\ R
0.-" A =450 nm Ph 5 S S
A =T n

All polymerization reactions were performed under argon in 4 mL glass vials equipped
with TFE lined silicone SURE-LINK septa (Chemglass CG-4909-04) using a HepatoChem
EvoluChem PhotoRedOx Box TC with EvoluChem LED spotlights (P201-18-2, 450 nm,
18W, light intensity = 34 W/cm?) and circulated water heating/cooling. The stock solution
of allylic sulfone macrocyclic monomers 1 and 2, CTAs, and photocatalysts was prepared
and stored in a freezer. A typical procedure for PET-RAFT homopolymerization of
macrocyclic allylic sulfones is given as follows. A 4 mL glass vial equipped with a stir bar
was charged with allylic sulfone macrocyclic monomer (0.1 mmol), CTA (2.0 pumol),
photocatalyst (20.0 nmol), and solvent (0.5 mL). The mixture was covered in aluminum
foil and degassed with argon for 20 minutes. The mixture was then irradiated by a blue
LED lamp (18 W, Amax =450 nm, light intensity = 34 W/cm?) at 25 °C. The vial was exposed
to air to stop the polymerization. The reaction mixture was diluted with DCM and
precipitated in hexane three times. The resulting polymers were analyzed by 'H NMR

spectroscopy, *C NMR spectroscopy, and SEC.
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(o] 0 S
HOWO/\/\/\/\/C’”SJ\S/\
O 'n

Ph
'"H NMR (500 MHz, CDCLy): § 7.73 (s, 1H), 7.40-7.28 (m, 5H), 4.19 (t, J = 6.7 Hz, 2H),
4.02-3.89 (m, 2H), 2.95 (dd, J = 13.3, 6.6 Hz, 1H), 2.83-2.67 (m, 2H), 1.70 (p, J = 6.8 Hz,
2H), 1.60-1.48 (m, 2H), 1.44-1.24 (m, 8H), 1.08 (d, J= 6.8 Hz, 3H). 13C NMR (125 MHz,
CDCL): 5 176.0, 168.2, 140.7, 135.6, 131.1, 129.3, 128.7, 128.6, 65.2, 64.6, 38.8, 31.0,

29.3,29.3,28.8, 28.7, 26.1, 26.0, 16.8.

(o] (o] S
HOWO/\/\/OW/Q\ SJLS/\
Ph o n

'H NMR (500 MHz, CDCl3): & 7.72 (s, 1H), 7.40-7.28 (m, SH), 4.24-4.15 (m, 2H), 4.06-
3.96 (m, 2H), 2.96 (dt, J = 13.2, 5.8 Hz, 1H), 2.82-2.67 (m, 2H), 1.82-1.62 (m, 4H), 1.08
(d, J = 6.8 Hz, 3H). *C NMR (125 MHz, CDCls): & 175.8, 168.0, 141.0, 135.5, 130.9,

129.3, 128.7, 128.7, 64.6, 64.0, 38.9, 31.0, 25.5, 25.5, 16.8.
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Scheme 2.3. Procedure for synthesis of diblock copolymers P-2-b-P-1 through

photocontrolled cascade polymerization.

j\\)Lo CTAA1, fac-Ir(ppy); o (o] S
A =450 nm
2 HO o OWH}SJ\S/\
Ph”™ "S=0 DMF, 25 °C, 3 h [ o
)\n/o [2]:[CTA1]:[Ir] = 30:1:0.006 Ph

Following a general polymerization procedure, a 4 mL glass vial equipped with a stir
bar was charged with allylic sulfone macrocyclic monomer 2 (0.1 mmol), CTA1 (3.3 pmol),
fac-[Ir(ppy)3] (20.0 nmol), and DMF (0.5 mL). The mixture was covered in aluminum foil
and degassed with argon for 20 minutes. The mixture was then irradiated by a blue LED
lamp (18 W, Amax = 450 nm, light intensity = 34 W/cm?) at 25 °C for 3 hours. The monomer
conversion was monitored by '"H NMR spectroscopy (46% monomer conversion). The vial
was then exposed to air to stop the polymerization. The reaction mixture was diluted with
DCM and precipitated in hexane three times. The resulting polymers were analyzed by 'H

NMR spectroscopy, *C NMR spectroscopy, and SEC.

o] o]
O\/\/\/\/\ S S
HOWO/\/\/OWH%SJ\S/\ fﬂﬁ'f(PPY)aA 450 nm |-|O)H/<j)L M o)‘j% g ~
O 'n

DMF25 °C,3h

Ph [11:[P-2]:[Ir] = 50:1:0.01
P2 P-2-b-P-1

A 4 mL glass vial equipped with a stir bar was charged with allylic sulfone macrocyclic
monomer 1 (0.1 mmol), macroinitiator P-2 (2.0 umol), fac-[Ir(ppy)3] (20.0 nmol), and
DMF (0.5 mL). The mixture was covered in aluminum foil and degassed with argon for 20

minutes. The mixture was then irradiated by a blue LED lamp (18 W, Amax = 450 nm, light
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intensity = 34 W/cm?) at 25 °C for 5 hours. The monomer conversion was monitored by
'"H NMR spectroscopy (64% monomer conversion). The vial was then exposed to air to
stop the polymerization. The reaction mixture was diluted with DCM and precipitated in
hexane three times. The resulting polymers were analyzed by '"H NMR spectroscopy, *C

NMR spectroscopy, and SEC.

Scheme 2.4. Procedure for synthesis and degradation of random copolymers from

photocontrolled rROCCP.

o
Y5 o wowwn R [_3 pUB
3
a + (,\),o -~
PR S%g g v HO 7 oUY, s s
)\[ro A=450 nm Ph 0 Jix X
o
1 comonomer "B"
NaOMe | MeOH/THF

l _____________________ K/ ° ° 0 HO A~~~

Synthesis of degradable vinyl random copolymers

A typical procedure for photocontrolled rROCCP of the allylic sulfone macrocyclic
monomer with acrylic comonomer is given as follows. A 4 mL glass vial equipped with a
stir bar was charged with allylic sulfone macrocyclic monomer 1 (0.1 mmol), acrylic
comonomer (1.0 mmol), CTA (2.0 umol), photocatalyst (20.0 nmol), and solvent (0.5 mL).
The mixture was covered in aluminum foil and degassed with argon at 0 °C for 20 minutes.
The mixture was then irradiated by a blue LED lamp (18 W, Amax = 450 nm, light intensity

=34 W/cm?) at 25 °C. The vial was exposed to air to stop the polymerization. The reaction
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mixture was diluted with DCM and precipitated in hexane (80% MeOH/H>0O (v/v) mixture
for P-1-co-fBA) three times. The resulting polymers were analyzed by 'H NMR

spectroscopy and SEC.

Degradation of degradable vinyl random copolymers

In a 4 mL glass vial equipped with a stir bar, 10.0 mg random copolymers were
dissolved in 1.0 mL THF. A solution of sodium methoxide (20.0 pL of a 25 wt% solution
in methanol) was added, and the vial was capped. After 20 minutes, the reaction was
stopped by the addition of a 1 M aqueous HCI solution (0.1 mL). To collect the degraded
products for NMR and GPC analyses, the mixture was extracted with DCM (2 x 2.0 mL).

The organic phase was dried with Na>SO4 and concentrated in vacuo.

Determination of monomer conversion by 'H NMR spectroscopy

The monomer conversion for the polymerization of allylic sulfone macrocyclic
monomer 1 was determined based on the assignment that the integral of the doublet at 6 =
1.09 ppm (Peak a, Figure 2.54) corresponds to the methyl group of polymer P-1 (3H), and
the integral of the singlet at 8 = 6.53 ppm (Peak b, Figure 2.54) corresponds to the terminal
alkene of unreacted monomer 1 (1H). When the integral of Peak a is normalized, the
monomer conversion € is calculated based on the following equation, where /I, is the

integral of Peak b.
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Figure 2.54. 'H NMR determination of monomer conversion for the polymerization of

allylic sulfone macrocyclic monomer 1.

Determination of degree of polymerization by monomer conversion
The degree of polymerization of P-1 could be determined based on the following
equation, where [M]o is the initial concentration of monomer 1, [CTA]o is the initial

concentration of CTA1, and &1is the conversion of allylic sulfone macrocyclic monomer 1.

[M]o
[CTA],

DP = X 0
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Determination of theoretical M, of P-1

After the degree of polymerization was obtained by monomer conversion, the
theoretical M, of P-1 was determined based on the following equation, where MWRUY is the
molecular weight of the repeating unit, and MW<™ is the molecular weight of the CTA.

M,"¢° = MWRU x DP + MW €TA

Determination of degree of polymerization by chain end analysis

The degree of polymerization of P-1 could also be determined based on the assignment
that the integral of a doublet of doublet at & = 2.95 ppm (Peak ¢, Figure 2.55) corresponds
to the a position of the carbonyl group in the backbone of polymer P-1 (1H), and the
integral of the quartet at 6 = 4.81 ppm (Peak d, Figure 2.55) corresponds to the a position
of the carbonyl group linked with a trithiocarbonate chain end (1H). The degree of
polymerization (DP) is calculated based on the following equation, where /. is the integral

of Peak ¢, and I is the integral of Peak d:
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Figure 2.55. '"H NMR determination of degree of polymerization of purified P-1.

Determination of monomer conversion for random copolymerization of 1 and MA
The monomer conversion for random copolymerization of 1 and MA was determined
based on the assignment that the integral of the multiplet at & = 1.13 ppm (Peak a, Figure
2.56) corresponds to the methyl group of P-1 unit (3H); the integral of the singlet at 6 =
6.51 ppm (Peak b, Figure 2.56) corresponds to the terminal alkene of unreacted allylic
sulfone macrocyclic monomer 1 (1H); the integral of the singlet at 6 = 3.67 ppm (Peak c,
Figure 2.56) corresponds to the methyl group of PMA unit (3H); and the integral of the
singlet at 0 = 3.75 ppm (Peak d, Figure 2.56) corresponds to the methyl group of unreacted

MA (3H). The monomer conversion & of 1 and MA is calculated based on the following

84



equation, where I, is the integral of Peak a, Iy is the integral of Peak b, I. is the integral of

Peak c, and /4 is the integral of Peak d.
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Figure 2.56. 'H NMR analysis of random copolymerization of allylic sulfone macrocyclic

monomer 1 and MA.

Determination of mean and 95% confidence interval of reactivity ratios
The reactivity ratios were obtained by fitting the comonomer conversion and
composition of copolymers to the Beckingham-Sanoja-Lynd integrated model. The mean

values of reactivity ratios were calculated based on five to seven independent fitting results.
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The 95% confidence interval of reactivity ratios was calculated based on the equation

below:

Xt

Bk

)2
where ¢ is the “student t factor”, s = ’Z(:Tx)’ n is the number of data points.

MALDI-TOF analysis
The mass spectrum was obtained using a Bruker Auto Flex Max instrument (positive
mode). a-Cyano-4-hydroxycinnamic acid (10.0 mg/mL in THF) was used as the matrix,

with Nal (1.0 mg/mL in THF) added as the cation source for all the polymers.

Thermomechanical property analysis

Oscillatory temperature sweeps were performed on a TA DHR-2 rheometer with an 8
mm parallel plate geometry. The sample thickness was controlled to be approximately 900
um. Strain sweep experiments were done to identify the appropriate strains. The angular
strains used for PMA and P-1-co-MA (F1©"Y = 0.05) were 0.2% and 1.0%, respectively.
An angular frequency of 0.5 rad s!' was used for both samples. The temperature was

ramped at a rate of 3 °C min™! from -10 °C to 100 °C.

EPR studies
Sample preparation
The stock solution of allylic sulfone macrocyclic monomer 1, CTA1, and fac-[Ir(ppy)s3]

was prepared in the glove box. 1 (75.0 pmol), CTA1 (1.5 pmol), fac-[Ir(ppy)3] (15.0 nmol),
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and dioxane (0.4 mL) were mixed in a vial and transferred to an EPR tube in the glove box.
The mixture was then irradiated by a blue LED lamp (18 W, Amax =450 nm) during the EPR
measurement at 25 °C. The exogenous SO> was injected through the rubber septum of the

EPR tube for 10 seconds and sealed with wax after completion.

EPR measurement and simulation

X-band continue wave electron paramagnetic resonance (CW-EPR) spectra were
recorded on a Bruker EMX-Plus spectrometer at 300 K. The microwave bridge frequency
of the CW-EPR measurements was at 9.4 GHz; microwave power was set at 20.0 mW. The
modulation amplitude and modulation frequency were adjusted at 2.0 G and 100.0 kHz.

The simulation was carried out by the Xenon SpinFit software package (Bruker BioSpin).

DFT calculations

All geometry optimizations and frequency calculations were carried out employing the
B3LYP/6-31G(d) method and the SMD solvation model in DMF. Single-point energies
were calculated using the M06-2X/6-311++G(d,p) method and the SMD solvation model
in DMF. Gibbs free energies (298.15 K and 1.0 atm) were computed as the sum of single-
point energies and the Gibbs free energy corrections using unscaled normal mode
frequencies. All quantum chemical calculations were carried out with the Gaussian 09

computer program.’*
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Gibbs free energies

Method MO06-2X/6-311++G(d,p)//B3LYP/6-31G(d)
Unit Hartree kcal/mol
Go (SitInitiator) -1933.707434 0.0
TS: -1933.679279 17.7
G -1933.725471 -11.3
TS: -1933.710842 -2.1
G2 -1933.730277 -14.3
TS -1933.720772 -8.4
G31S0; -1933.734664 -17.1
TS4 -3051.140600 3.6
Gy -3051.191546 -28.3
TSs -4082.103486 -5.1
Gs -4082.129667 -21.6
TSe -3599.730839 5.4
Gs -3599.746706 -4.5
S1 -1666.032045
Initiator -267.675389
Gs -1385.141584
SO; -548.593079
Gs_CTA -2696.980961
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Cartesian coordinates for intermediates and transition states

56

S -0.590 -2.591 0.560

O -0910 -2.112 1.920
O -1462 -3.622 -0.040
O 0.607 0.325 -2.656
O 1.590 1.770 -1.210
O 3216 -2.292 0.300
O 2199 -2.112 2316
C -0580 -1.175 -0.654

H -0.200 -1.653 -1.560

C 0342 -0.022 -0.300

C 085 0.692 -1.520

C 2125 2599 -2.282
H 1900 3.623 -1.973
H 1587 2377 -3.206

@

3.627 2389 -2.418



s

T &-Z O @m0

@

4.029

4.070

5.574

5.641

6.497

4.419

4.593

4.227

2.205

1.115

1.321

-2.024

-2.695

-2.179

-4.026

-4.535

-4.698

-5.732

-4.033

-4.547

-2.706

-2.191

0.636

3.241

2.448

-1.998

-3.091

-1.657

-1.650

-2.018

-0.574

-2.479

-3.329

-3.453

-0.762

0.098

0.506

0.449

1.118

-0.052

0.226

-0.909

-1.300

-1.265

-1.932

0.407

-2.983

-1.415

-0.105

-0.166

0.385

0.822

1.835

0.874

1.160

0.511

-0.555

-0.896

-0.017

0.847

-0.253

0.436

-1.370

-1.555

-2.251

-3.126

-2.013

-2.700

0.935
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H 1.280

s

0.256

@

1.052

2.030

0.306

T T T

0.811

@

4.031

C 5523

C 35475

@

5.856

3.787

3.424

6.114

5.842

4.457

6.136

6.932

T T - T - ZE T =

5.351

1.266

-0.089

-4.695

-5.179

-5.336

-4.580

1.080

0.742

-1.393

0.095

1.165

0.250

1.660

0.064

-1.545

-1.954

0.188

0.652

Frequencies --

Red. masses --

1.080

1.820

1.211

1.127

0.736

2.272

-3.116

-2.944

-1.516

-1.586

-4.184

-2.734

-3.071

-3.747

-1.895

-2.189

-1.387

-0.784

1 2

20.0325 26.1259

4.7728 5.6356

Zero-point correction=

3
36.2334
4.0722

0.468455 (Hartree/Particle)
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Thermal correction to Energy= 0.496283

Thermal correction to Enthalpy= 0.497227
Thermal correction to Gibbs Free Energy= 0.408784
Sum of electronic and zero-point Energies= -1666.142687
Sum of electronic and thermal Energies= -1666.114859
Sum of electronic and thermal Enthalpies= -1666.113915
Sum of electronic and thermal Free Energies= -1666.202358
Item Value Threshold Converged?

Maximum  Force 0.000019 0.000450 YES
RMS Force 0.000003 0.000300 YES
Initiator

(o)
HOJHO
10

C -2767 1.713 0.143
C -1.645 2618 0.062
C -4.193 2076 -0.046
O -0474 2.283 0.227
O -1.987 3907 -0.218
H

-1.149 4410 -0.244



H -2.506 0.681 0.360
H -4333 3.142 -0.234
H -4784 1.794 0.839
H -4.627 1512 -0.886

1 2
Frequencies -- 84.8260 123.8148
Red. masses -- 1.1179 2.6550

Zero-point correction=

3
261.8526
3.6235

0.076689 (Hartree/Particle)

Thermal correction to Energy= 0.082489
Thermal correction to Enthalpy= 0.083433
Thermal correction to Gibbs Free Energy= 0.046875
Sum of electronic and zero-point Energies= -267.672892
Sum of electronic and thermal Energies= -267.667092
Sum of electronic and thermal Enthalpies= -267.666147
Sum of electronic and thermal Free Energies= -267.702706
Item Value Threshold Converged?
Maximum  Force 0.000093 0.000450 YES
RMS Force 0.000029 0.000300 YES

93



66

C -0.444 2582

1.368

C 0.177 0.052 -0.383

3.134

3.449

1.854

1.045

1.816

1.262

C 0425 0542 0.881

H -0.218 3.758

H 1.018 2510 2.945
C -0.046 2722 2.800
H -0.637 2.070

O -2.756 2244

C -1.865 2472

S -0.720 -2.533 0.452
O -1.060 -2.078

O -1.558 -3.582 -0.165
O 0.657 0.263 -2.718
O 1547 1.760 -

O 3.123 -2.223 0.274
O 2.011 -1.948 2.227
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Z T O =ZE - O T @Z-m O Z-m T O

@

-0.730

-0.292

0.813

2.147

1.940

1.636

3.648

4.084

4.061

5.508

5.551

6.414

4319

4.429

4.160

2.067

1.004

1.228

-2.179

-3.097

-2.790

4414

-5.115

-1.110

-1.569

0.676

2.545

3.582

2317

2.300

3.140

2.360

-2.014

-3.111

-1.677

-1.607

-1.956

-0.524

-2.360

-3.224

-3.336

-0.775

-0.363

-0.278

-0.062

0.254

-0.749

-1.640

-1.577

-2.332

-2.054

-3.269

-2.418

-2.976

-1.402

-0.014

-0.033

0.508

0.842

1.872

0.860

1.088

0.416

-0.648

-1.083

-0.108

0.928

-0.461

0.306
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o =m T =T O

@

T T =-m T & T =T

-4.828

-5.852

-3.918

-4.230

-2.604

-1.901

1.330

0.012

0.966

1.959

0.248

0.701

4.048

5.541

5.488

5.875

3.802

3.440

6.133

5.855

4.491

6.181

6.951

-0.163

0.076

-0.575

-0.661

-0.886

-1.207

1.116

0.044

-4.599

-5.055

-5.256

-4.501

0.981

0.644

-1.459

0.026

1.049

0.159

1.558

-0.053

-1.623

-2.045

0.121

-1.792

-2.065

-2.769

-3.806

-2.415

-3.177

1.034

1.749

1.104

1.034

0.610

2.160

-3.095

-2.921

-1.448

-1.550

-4.163

-2.698

-3.070

-3.710

-1.875

-2.066

-1.352
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H 5372 0.603 -0.761
H 0.173 3.059 0.613
O -2.112 2651 -0.277
H -3.063 2466 -0.410

1 2
Frequencies -- -425.2710 14.8751
Red. masses -- 8.4249 4.3283

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

3

24.0335

5.1185

0.547186 (Hartree/Particle)

0.581312
0.582256
0.478593
-1933.802884
-1933.768757
-1933.767813

-1933.871476

Item Value Threshold Converged?
Maximum  Force 0.000004 0.000450 YES
RMS Force 0.000001 0.000300 YES
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-0.913

0.395

-0.629

-0.709

-1.296

-3.129

-2.111

-0.290

-0.086

-1.155

0.826

1.468

3.322

2.464

-1.000

-0.897

4.434

3.336

3.380

2.672

2914

2.970

2.757

-2.407

-2.157

-3.534

0.062

1.807

-2.807

-0.757

-0.865

-1.157

1.803

2.282

1.894

0.540

2.626

0.592

-0.033

0.076

1.521

-0.332

-2.713

-1.406

0.662

0.232

-0.785

-1.832
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-0.180

0.743

2.350

2.173

2.035

3.818

4.410

3.993

5.736

5.862

6.590

4.482

4.540

4.292

2.442

1.385

1.328

-2.481

-2.998

-2.336

-4.372

-4.757

-5.247

0.365

0.704

2.343

3.421

1.967

2.037

2.816

2.165

-2.472

-3.553

-2.133

-2.243

-2.784

-1.188

-1.968

-2.693

-2.166

-0.768

-0.856

-1.034

-0.749

-0.829

-0.540

-0.572

-1.668

-2.429

-2.390

-3.405

-2.141

-2.642

-1.065

0.511

0.373

1.114

1.348

2.296

1.548

0.116

-0.715

-1.674

-0.451

0.851

1.692

1.074

2.087

0.006
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-6.316

-4.741

-5.413

-3.369

-2.981

-0.242

0.768

-0.882

1.600

2.565

0.818

1.608

4315

5.781

5.748

5.946

4.212

3.667

6.339

6.253

4.822

6.559

6.951

-0.455

-0.448

-0.292

-0.568

-0.504

1.184

1.225

0.694

-4.187

-4.332

-4.589

-4.748

0.663

0.392

-1.777

-0.253

0.623

-0.126

1.338

-0.263

-2.023

-2.216

-0.042

0.184

-1.293

-2.132

-1.519

-2.533

0.681

1.109

1.419

-0.936

-1.431

-1.583

0.002

-2.618

-2.218

-0.861

-0.827

-3.710

-2.218

-2.257

-2.964

-1.399

-1.458

-0.436
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H 5239 0.209 -0.125
H -0.041 3.160 -0.174
O -2.115 2568 -1.375
H -3.052 2.563 -1.659

1 2
Frequencies -- 23.0009 26.6247
Red. masses -- 4.8990 5.3319

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

3

36.0278

4.9737

0.550740 (Hartree/Particle)

0.584493
0.585437
0.483694
-1933.843075
-1933.809322
-1933.808378

-1933.910120

Item Value Threshold Converged?
Maximum  Force 0.000018 0.000450 YES
RMS Force 0.000004 0.000300 YES
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0.212

0.227

1.431

1.070

1.079

1.064

2.513

2.085

2.167

2.178

0.486

2.185

3.016

1.761

1.933

3.259

0.120

-0.034

0.208

-0.310

-0.396

-0.472

0.563

-0.612

-0.759

-0.955

-3.038

-1.027

0.145

-2.147

-2.772

-1.335

0.096

2.565

-4.198

0.606

1.997

-1.983

-3.740

-1.633

-0.151

2.656

-2.038

3.740

-2.410

-4.550

-2.247

0.522
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3.262

2.239

4.379

3.735

4.695

5.101

4.094

4.112

2.909

4.408

5.946

6.141

5.613

2.001

6.891

4.198

5.805

1.566

3.352

1.695

5.434

3.337

2.868

-1.430

-3.017

0.583

-2.897

0.006

0.389

-1.738

-1.881

-3.641

-2.025

-4.809

-3.200

-3.770

-5.186

-3.081

-3.825

-3.158

-4.311

1.396

-4.422

-3.848

2.967

1.980

1.913

-4.088

-1.957

4324

-1.088

-2.757

-0.041

2.418

-1.537

-3.803

-5.503

-4.765

-5.531

-4.046

-7.061

-5.165

-6.914

-4.538

-4.388

-5.618

-7.682

-5.665

-5.633
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0.497

1.786

2.339

3.461

4.235

4.500

6.040

5.937

6.251

6.623

3.887

3.130

5.148

5.771

3.233

4.694

5.024

5.228

4.074

5.839

6.807

2.580

2.969

-4.273

2.101

2.880

2493

2.672

2.106

3.509

2.443

1.872

2.208

2.341

2.561

-1.777

-0.939

1.147

1.273

0.368

-1.223

-1.914

-1.540

-0.701

1.481

0.101

-4.319

-5.550

-0.838

-0.572

-2.504

-1.609

-0.965

-1.196

-0.316

-2.018

0.700

1.280

-7.083

-8.206

-6.857

-7.318

-8.531

-6.142

-7.271

-9.124

-7.922

-7.675

-6.665
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H 5374 1.053 -6.484
H 4874 2324 -7.583
H 5.631 0.929 -9.252
H 4.088 0.125 -9.056

1 2
Frequencies -- -223.9178 18.9871
Red. masses -- 10.3213 6.1531

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

3

30.4432

5.6791

0.549221 (Hartree/Particle)

0.583048
0.583992
0.481029
-1933.835040
-1933.801212
-1933.800268

-1933.903232

Item Value Threshold Converged?
Maximum  Force 0.000009 0.000450 YES
RMS Force 0.000002 0.000300 YES
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-0.763

0.856

0.295

0.828

0.394

-0.183

0.045

7.800

6.411

8.203

3.235

2.801

8.933

8.694

3.454

3.753

6.615

6.234

6.896

6.770

7.923

8.862

7.685

-7.988

-7.547

-9.404

5.469

4.679

-4.594

-5.289

8.034

7.767

-5.234

-5.850

-5.181

-3.747

-5.547

-3.021

-2.821

-1.733

-1.415

-1.485

-0.477

-2.552

-0.284

-2.430

-1.570

-0.557
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2.954

3.007

2.874

2.261

2415

4.309

4.749

4.895

7.420

6.945

6.869

8.862

9.369

9.431

8.833

8.962

9.952

3.645

4.089

4.322

4.281

4.632

4.036

7.020

5.671

3.314

2.742

3.272

2.801

2.931

3.413

-2.705

-2.879

-3.297

-3.190

-3.079

-2.668

-5.513

-6.927

-7.307

9.454

9.904

9.187

11.265

11.591

12.203

-2.313

-1.659

-2.060

-2.762

-1.069

-2.035

-3.032

-1.339

-0.745

0.229

-1.486

-0.687

-1.648

0.085

-1.243

-0.684

-0.958

-1.905

-3.163

-3.944

-3.406

-4.381

-2.400
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4.185

3.617

3.439

3.439

3.124

2.338

2.860

2.442

8.674

9.423

8.751

7.682

4.382

5.819

7.343

5.904

3.796

3.906

6.398

6.300

7.834

7.912

5.417

13.262

11.770

12.491

10.410

10.077

7.140

6.488

8.163

-7.135

-6.589

-8.195

-6.768

1.325

0.792

-1.216

-0.690

0.719

1.197

1.390

0.938

-1.054

-0.630

-0.841

-2.593

-1.139

-0.345

-0.891

0.095

-3.690

-4.399

-4.054

0.797

1.379

1.055

1.072

-1.621

-1.563

-1.109

-1.175

-2.328

-0.637

-0.844

-2.541

-2.079

-0.372

-0.200
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H 5333 -1.288 -1.900
H 0.698 5.744 -3.398
O -0.381 7.047 -1.707
H -0.851 7.710 -1.161

1 2
Frequencies -- 8.4356 13.7888
Red. masses -- 6.3981 6.5825

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

3

17.9054

7.8203

0.548147 (Hartree/Particle)

0.584070
0.585014
0.471120
-1933.863960
-1933.828037
-1933.827092

-1933.940987

Item Value Threshold Converged?
Maximum  Force 0.000004 0.000450 YES
RMS Force 0.000001 0.000300 YES
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6.878

7.933

7.693

0.647

2.334

1.303

0.930

1.220

-0.989

-0.500

1.389

2.409

9.032

10.055

1.209

0.964

-2.288

-2.546

-3.632

7.987

7.583

7.491

6.012

8.023

6.510

5.881

1.739

3.483

-3.461

-1.624

3.264

2.205

-8.871

-9.871

-10.841

-0.146

0.220

0.579

0.739

1.533

2.151

1.233

0.783

-0.234

-6.286

-7.160

3.113

3.043
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1.618

1.769

2.640

2.689

1.777

3.934

4.759

3.858

7.453

6.638

7.522

8.759

9.606

8.707

9.677

9.894

10.602

1.014

1.882

2.761

1.653

2.341

0.556

3.841

2.899

2.678

3.406

2.025

1.880

2.567

1.175

-1.968

-2.658

-1.235

-2.750

-2.096

-3.539

-2.784

-3.597

-3.161

3.845

4.794

5.125

5.281

6.006

4.834

1.960

0.801

-1.420

-2.233

-1.577

-1.318

-1.091

-0.481

-5.124

-5.379

-5.937

-5.047

-4.824

-4.292

-7.252

-8.462

-9.162

4.452

5.026

4.481

6.313

6.741

7.053
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0.379

-0.303

-1.151

-0.067

-0.730

1.890

2912

1.809

9.596

10.413

9.559

8.670

4.232

5.529

7.142

5.841

4.295

3.392

5.462

6.367

7.976

7.078

5.005

5.218

3.877

3.512

3.378

2.624

5314

5.461

5.845

5.047

-5.606

-5.380

-5.320

1.119

0.302

-1.252

-0.441

1.835

0.449

-0.422

0.971

-0.583

-1.992

-1.112

8.055

6.505

7.078

5.226

4.808

1.747

1.378

2.697

-8.553

-8.066

-9.594

-8.040

-2.618

-2.553

-3.803

-3.858

-3.450

-2.849

-1.728

-2.308

-3.547

-2.992

-4.104
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H 5904 0.286 -4.682
H 1.002 5.510 -0.228
O -1.198 4953 0.541
H -2.090 4.909 0.944

1 2
Frequencies -- -42.4387 8.4801
Red. masses -- 12.4905 6.5019

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

3

12.8712

6.3392

0.545222 (Hartree/Particle)

0.581544
0.582488
0.467348
-1933.857757
-1933.821436
-1933.820492

-1933.935631

Item Value Threshold Converged?
Maximum  Force 0.000003 0.000450 YES
RMS Force 0.000001 0.000300 YES
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2.314

2.747

-4.302

2.232

0.840

2.764

-1.473

-5.320

-3.671

-2.831

0.234

0.813

-3.847

-4.477

-2.502

-2.317

4.408

4.211

7.072

3.744

4.321

2.821

5.864

6.496

6.893

7.599

3.795

3.463

7.017

7.199

5.278

5.166

-7.446

-5.727

-3.223

-6.571

-4.035

-6.845

-3.724

-0.996

-2.340

-2.414

-4.966

-6.252

-0.188

-1.071

-1.502

-3.655
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-3.130

-1.112

0.172

-2.941

-1.079

-1.781

-5.163

-5.012

-3.969

-6.652

-5.802

-4.170

-2.598

-5.652

-6.317

-7.022

-5.494

-6.753

-5.954

-6.928

-7.761

-7.435

-9.858

5.458

3.554

2.998

5.323

3.443

3.738

8.778

8.636

4.750

8.251

8.939

9.340

3.011

8.816

10.373

10.561

11.089

14911

13.433

13.904

13.062

14.003

14.118

-2.387

-2.828

-6.995

_4.544

-4.905

-3.674

1.137

-1.022

-2.319

0.344

0.258

-1.105

-3.646

-1.898

0.282

-0.532

0.214

3.947

4.511

4.344

3.369

5.309

4.011
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-9.116

-8.922

-6.961

-9.993

-10.482

-8.787

-8.269

-10.766

-10.186

-9.115

-10.979

-10.511

-12.366

-12.980

-12.959

-14.038

-12.169

-12.636

-7.965

-6.970

-8.444

-7.248

-9.437

13.710

9.861

10.689

10.185

9.647

10.717

10.378

10.232

10.116

9.973

10.138

10.039

10.275

10.294

10.368

10.460

10.331

10.393

11.624

11.196

11.716

13.001

13.777

3.140

0.779

1.544

3.339

2.528

3.037

1.670

4.590

5.868

5.964

7.015

7.991

6.913

7.809

5.651

5.560

4.503

3.523

3.928

4.094

4.904

2.407

1.828
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H -10.330 14.175 1.773

1 2
Frequencies -- -16.6910 6.4817
Red. masses -- 2.0345 4.9614

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

3

13.7645

5.0457

0.536176 (Hartree/Particle)

0.568107
0.569051
0.465160
-1385.268964
-1385.237033
-1385.236089

-1385.339980

Item Value Threshold Converged?
Maximum  Force 0.000008 0.000450 YES
RMS Force 0.000001 0.000300 YES
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-0.713

-1.032

-1.485

-0.765

-0.998

-1.883

-1.209

0.221

-0.001

-0.859

-0.272

1.229

0.998

0.169

0.677

2.241

-0.307

1.129

1.756

1.685

3.111

3.380

3.260

3.916

5.426

5.734

5.650

6.256

7.769

8.050

8.031

8.593

-3.572

-3.602

-2.653

-4.809

-4.939

-4.357

-6.001

-4.503

-4.664

-4.049

-5.706

-4.271

-4.361

-3.695

-5.380

-3.997
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1.989

1.198

1.640

3.246

2.977

3.026

2.705

2.571

2.144

1.861

3.873

3.592

3.261

2.808

4.489

4.970

5.115

5.801

6.452

4.221

2475

2.084

1.297

10.107

10.368

10.408

10.896

12.320

13.033

14.480

14.976

15.981

14.330

14.973

15.525

16.568

14.935

15.482

15.774

16.980

14.991

15.584

13.940

15.189

16.590

16.863

-4.030

-3.315

-5.025

-3.683

-3.594

-4.741

-4.513

-3.091

-3.087

-2.561

-2.233

-0.831

-0.878

-0.345

-0.203

-2.909

-2.842

-3.631

-4.061

-2.158

-5.644

-5.860

-6.999
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0.867

1.237

0.912

2.044

2.358

0.252

1.015

2.466

3.128

2.532

3.289

3.616

4.040

2.586

3.058

1.526

2.075

0.446

1.088

-0.381

-1.091

0.614

-0.341

18.156

19.217

20.229

18.971

19.794

18.336

16.042

17.675

17.521

14.609

12.535

10.630

10.731

8.305

8.342

5.997

5.975

3.686

3.599

-0.906

-0.596

-0.558

-1.995

-7.288

-6.457

-6.684

-5.344

-4.707

-8.166

-7.654

-5.046

-4.201

-6.563

-5.823

-2.689

4415

-2.993

-4.689

-3.244

-4.915

-3.454

-5.097

-2.244

-1.471

-1.922

-2.301
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-0.240

-2.801

-3.207

-2.731

-2.942

-3.413

-1.825

-5.129

-2.782

-4.639

-0.073

-3.369

-5.228

-2.907

1.806

-0.982

-4.594

-2.756

-6.179

-4.852

-3.538

-0.997

0.364

-0.722

-1.181

-0.178

-1.667

-5.002

-4.959

-3.793

-6.126

-4.269

-5.592

-3.303

-4.207

-5.539

-1.941

-3.176

-4.043

-4.857

-3.448

-6.033

1.409

0.000

-5.518

-5.429

-4.453

-3.982

-3.987

-3.017

-0.710

-1.688

-2.541

-1.096

-2.725

-1.905

-4.503

-3.998

-3.170

-5.125

-7.252

-5.410

-4.210

-5.162

-3.353

-6.900

-6.307

-5.333

-7.744
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-3.347

0.688

-4.169

-0.586

-5.056

-3.226

-0.460

1.070

2318

-3.553

-4.751

-1.386

-2.416

1.483

0.389

-3.158

-0.266

-1.429

-3.697

-0.186

-2.076

1.912

-2.473

-1.324

-2.715

0.721

-3.554

-4.823

-3.797

-4.787

0.440

-0.820

-1.967

0.017

-5.367

1.935

-0.449

-1.411

1.497

-4.458

-2.932

2.342

1.555

-0.243

-0.186

0.696

-6.408

-7.166

-7.405

-7.176

-5.194

-6.085

-8.063

-6.671

-6.550

-7.432

-8.005

-8.062

-7.565

-7.149

-7.078

-8.245

-9.090

-7.488

-8.697

-8.232

-8.961

-8.592

-9.363
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H 2619 0.654 -8.566
C -0.001 1424 -9.306
H 2472 -1.056 -8.956
H -3.237 0412 -10.100
H

0.055 -0.732 -9.533

C 0.757 0.111 -9.562
C -1.345 1486 -10.057
H 0.637 2267 -9.607
H -1.661 2.532 -10.172
H 1.159 0.131 -10.584
H -1.198 1.101 -11.076

1 2 3
Frequencies -- -394.1616 7.3408 12.9425
Red. masses -- 9.3587 5.6536 6.0465
Zero-point correction= 1.007368 (Hartree/Particle)
Thermal correction to Energy= 1.068412
Thermal correction to Enthalpy= 1.069356
Thermal correction to Gibbs Free Energy= 0.900541
Sum of electronic and zero-point Energies= -3051.399306
Sum of electronic and thermal Energies= -3051.338262
Sum of electronic and thermal Enthalpies= -3051.337318
Sum of electronic and thermal Free Energies= -3051.506133
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Maximum

RMS
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-3.059

-2.458

-3.512

-3.931

-4.350

-5.717

-6.246

-6.366

-7.310

3.447

2.298

Item

Force

Force

-3.914

-0.638

-0.554

0.651

0.168

0.266

-0.372

0.830

-0.311

-4.745

-3.834

Value

0.000006

0.000001

-3.302

-2.899

-3.142

-1.412

-2.290

-2.559

-3.684

-1.895

-3.899

-7.581

-5.548

Threshold

0.000450

0.000300

Converged?
YES

YES
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2.277

2.372

0.473

1.862

2.076

-0.138

1.656

1.988

0.409

2.880

-0.937

-2.030

1.872

0.583

1.843

-1.660

-2.342

-2.060

-2.161

0.819

-1.984

0.670

-3.429

-5.862

-4.917

-5.390

-3.782

-2.802

-4.631

-5.044

-5.973

-3.792

-3.954

-2.593

-6.290

-3.877

-5.174

-2.916

-4.523

-5.862

-6.555

-3.257

-3.857

-4.096

-4.883

-5.757

-6.886

-7.434

-4.817

-6.549

-6.978

-5.540

-8.788

-9.271

-6.427

-10.196

-3.768

-4.352

-9.767

-8.599

-9.235

-5.566

-5.307

-6.107

-4.273

-10.891

-6.517

-11.255

-5.315
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1.196

-0.761

-0.533

-3.194

0.332

-2.356

-0.562

-4.035

-2.496

-3.859

-3.306

-1.639

-1.341

-0.535

-1.791

-5.412

-2.706

-1.903

-5.830

-1.580

-2.964

-3.228

-3.875

-3.284

-3.588

-3.261

-2.002

-1.296

-1.234

-1.728

-1.194

-1.635

-2.657

-2.471

-0.981

-3.652

-1.418

-1.083

-1.100

-1.634

-0.050

-1.602

1.268

1.838

2.649

1.334

-11.749

9.424

-10.448

-5.254

-10.050

-6.228

-10.520

-4.276

-7.639

-5.822

-8.032

-8.446

-11.080

-11.574

-9.891

-4.532

-10.115

-10.230

-5.401

-6.422

-6.146

-5.279

-7.007
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-5.240

-5.466

-5.857

-5.442

-6.886

-7.147

-7.573

-7.112

-8.545

-8.792

-9.248

-8.764

-10.196

-10.441

-10.908

-10.380

-11.717

-12.680

-14.016

-14.075

-15.113

-13.590

-13.386

1.821

2.005

0.995

3.074

3.588

3.799

2.797

4.850

5.390

5.607

4.609

6.652

7.196

7.434

6.431

8.450

8.998

8.517

9.131

10.337

10.593

10.110

11.608

-6.895

-5.843

-7.257

-7.740

-7.672

-6.625

-8.009

-8.514

-8.433

-7.384

-8.760

-9.276

-9.185

-8.142

-9.520

-10.032

-9.883

-10.698

-10.398

-9.487

-9.270

-8.531

-10.063
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-13.420

-14.451

-12.908

-12.919

-14.093

-15.186

-13.372

-13.910

-12.350

-15.065

-16.507

-17.278

-18.650

-19.289

-20.360

-18.545

-19.038

-19.222

-16.787

-17.168

-16.613

-14.807

-12.472

12.750

13.019

12.446

13.644

12.033

12.561

11.748

12.029

11.370

8.544

8.825

8.729

8.971

9.286

9.467

9.348

9.566

8.906

8.473

9.121

9.136

7.750

7.671

-9.038

-8.786

-8.119

-9.426

-11.339

-11.396

-12.447

-13.216

-10.311

-11.019

-10.924

-12.100

-12.081

-10.878

-10.859

-9.697

-8.753

-13.002

-13.036

-9.717

-8.785

-11.718

-11.553
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H -9719 9.253 -9.697
H -10.195 8.251 -11.090
H -8.058 7.431 -8.954
H -8.524 6.434 -10.327
H -6.411 5.632 -8.187
H -6.863 4.634 -9.564
H -4754 3.854 -7.389
H -5.172 2849 -8.780
C -0.491 2202 -5.887
H -0565 2319 -4.801
H -0573 3.197 -6.338
H 0500 1.801 -6.125
H -1.484 1.177 -7.506
C -1398 -0.158 -5.807
H -1.403 -0.066 -4.720

H -0.384 -0.475 -6.088

1 2 3
Frequencies -- 5.2755 10.4894 11.5789
Red. masses -- 5.7363 5.7381 6.0856
Zero-point correction= 1.009946 (Hartree/Particle)
Thermal correction to Energy= 1.071063
Thermal correction to Enthalpy= 1.072007
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Thermal correction to Gibbs Free Energy= 0.901122

Sum of electronic and zero-point Energies= -3051.439091

Sum of electronic and thermal Energies= -3051.377973

Sum of electronic and thermal Enthalpies= -3051.377029

Sum of electronic and thermal Free Energies= -3051.547915

Item Value Threshold Converged?

Maximum  Force 0.000006 0.000450 YES
RMS Force 0.000001 0.000300 YES
TSs

OH
1
oY)
N
Ph O\io
S,".

S Sas

o)
Ph™ X (0)
HO™ ~O
137

H 7.119 1312 -6.663

C 7333 1757 -7.642
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7.710

6.015

8.379

7.055

6.695

8.601

7.397

-6.160

7.680

-7.891

-7.077

4.378

5.083

7.090

-4.819

-4.308

-6.889

4.615

5.249

-6.688

-2.204

-0.097

-2.074

3.748

3.438

1.549

3.257

1.259

6.494

3.988

12.009

5.713

11.789

12.522

6.592

5.227

6.610

13.608

10.777

13.150

7.073

6.281

12.366

9.885

9.001

11.798

-6.847

-7.290

-7.889

-7.570

-8.380

-10.183

-9.236

-17.506

-9.036

-17.191

-17.197

-9.791

-7.781

-7.610

-16.178

-13.193

-15.810

-8.699

-7.562

-15.077

-11.998

-10.836

-13.643
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2.012

-5.700

0.040

4.269

-5.924

2.149

-4.580

-4.048

-8.782

-8.158

-1.948

-2.539

0.178

-0.425

2.303

3.823

4.384

1.705

4.735

5.167

-4.754

-4.563

-5.409

8.109

14.153

10.878

8.965

14.925

9.947

12.693

11.764

14.654

13.872

10.903

11.920

10.023

11.023

9.133

9.223

8.349

10.123

6.628

5.949

16.702

11.919

14.790

-9.687

-15.820

-12.518

-10.342

-16.558

-11.419

-13.783

-12.801

-16.082

-15.392

-11.670

-12.656

-10.537

-11.532

-9.421

-9.378

-8.358

-10.429

-6.165

-5.424

-16.758

-11.851

-14.478
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-8.537

3.646

-2.416

-4.944

-5.408

-2.315

-0.269

1.906

-0.168

-5.438

4.155

4.973

1.985

-5.795

-9.340

-5.555

-5.916

-4.870

-6.636

-6.914

-5.399

-6.733

-7.101

13.562

6.514

11.037

13.919

18.678

12.939

10.183

9.334

12.046

17.426

10.222

7.657

11.147

18.553

14.090

16.098

17.246

14.263

19.523

20.400

16.348

18.251

19.369

-14.131

-6.141

-10.684

-13.348

-18.074

-12.317

-9.544

-8.417

-11.219

-16.327

-9.085

-5.883

-10.142

-17.066

-13.938

-14.166

-15.015

-12.180

-16.514

-17.094

-13.118

-14.460

-15.205
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-7.087

-7.743

22.474

22.732

23.253

21.653

22.606

23.106

21.770

19.602

17.733

19.005

19.323

19.356

20.367

15.850

17.150

19.796

17.444

20.509

17.515

11.328

19.234

18.142

20.125

-5.609

-5.488

-6.021

-4.491

-6.232

-7.334

-5.535

-1.867

-0.112

-2.543

-2.448

-3.869

-6.204

1.618

-0.848

-5.680

-0.725

-7.230

-2.264

7.308

-4.891

-13.438

-14.762

-13.918

-10.374

-9.737

-12.262

-11.496

-11.603

-12.557

-11.711

-11.354

-11.092

-10.051

-11.570

-12.630

-10.968

-10.782

-13.405

-9.729

-12.972

-11.248

-9.994

-10.696
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11.910

13.946

17.235

19.605

15.271

15.562

18.843

15.654

11.185

11.575

15.364

13.390

12.072

16.951

13.668

19.239

13.774

11.074

13.486

10.642

19.361

11.524

18.795

5.216

3.331

-2.397

-6.203

0.859

0.953

-4.746

-0.537

6.371

5.190

-0.636

2.544

6.282

-3.002

2.606

-7.295

1.167

6.381

1.105

7.319

-8.726

4.057

-7.090

-11.410

-10.528

-12.301

-11.322

-10.421

-9.365

-9.549

-10.927

-9.466

-10.231

-11.984

-10.003

-7.522

-10.665

-8.942

-10.612

-10.560

-7.981

-11.619

-7.623

-10.933

-9.486

-9.639
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H 15.074 -1.293 -10.378

C 11.896 2.818 -10.134

H 18.867 -8.603 -13.036

C 19.149 -9.259 -12.219

11.587 2.855 -11.182

19.777 -9.230 -8.874

C 19.639 -9.621 -9.880

H 13.196 0.391 -10.037

C 19.249 -10.631 -12.447

H 10475 5.543 -7.608

C 19.754 -10.990 -10.112

C 19562 -11.501 -11.399

H 19.073 -11.022 -13.446
H 19983 -11.659 -9.287
H 11.311 2.051 -9.617
H 19.641 -12.569 -11.581
H -7.314 13.287 -17.944
H 23450 -5.112 -13.885
H 21866 -5.113 -14.683
H 22.632 -6.649 -14.223
1 2 3
Frequencies -- -143.3542 3.1684 6.4689
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Red. masses -- 10.6909 7.4162 6.3690

Zero-point correction= 1.154042 (Hartree/Particle)
Thermal correction to Energy= 1.229077
Thermal correction to Enthalpy= 1.230022
Thermal correction to Gibbs Free Energy= 1.019104

Sum of electronic and zero-point Energies= -4082.392111

Sum of electronic and thermal Energies= -4082.317076

Sum of electronic and thermal Enthalpies= -4082.316132

Sum of electronic and thermal Free Energies= -4082.527050

Item Value Threshold Converged?

Maximum  Force 0.000001 0.000450 YES
RMS Force 0.000000 0.000300 YES

137



Gs

OH
04\90(
)
Ph I 0/\(]\5/0;(0

)
/\s)'\s

137

H 7.640

@

7.636

8.529

6.752

T T T

8.523

@

7.632

H 6.745

S 8.517

S 7.612

H -5.251

C 7782

H -7.010

1.605

1.973

3.895

3.879

1.574

3.499

1.570

6.710

4.123

11.103

5.866

10.978

)Yo

Ph

-4.928
-5.961
-5.461
-5.420
-6.465
-5.945
-6.456
-8.900
-7.685
-17.717
-7.543

-17.536
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-6.169

4.618

5.101

7.063

-3.968

-3.802

-6.076

4.681

5.213

-5.963

-1.827

0.160

-1.511

2.169

-4.853

0.465

4.452

-4.992

2.446

-3.969

-3.563

-7.890

-7.347

11.681

6.722

5.396

6.803

12.847

10.443

12.495

7.211

6.462

11.818

9.670

8.894

11.403

8.105

13.457

10.648

9.073

14.124

9.880

12.264

11.471

13.988

13.300

-17.569

-8.681

-6.561

-6.245

-16.526

-13.147

-16.271

-7.568

-6.358

-15.422

-11.694

-10.272

-13.490

-8.880

-16.319

-12.049

-9.257

-17.172

-10.643

-14.009

-12.862

-16.907

-16.065
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-1.606

-2.074

0.380

-0.109

2.375

3.870

4.332

1.880

4.576

4.962

-3.749

-4.172

-4.646

-7.829

3.491

-2.184

-4.311

-4.213

-1.870

-0.188

1.834

0.109

_4.425

10.716

11.631

9.939

10.859

9.148

9.312

8.474

10.082

6.837

6.196

15.818

11.755

14.268

13.187

6.696

10.939

13.551

17.618

12.678

10.151

9.355

11.905

16.620

-11.436

-12.576

-10.009

-11.135

-8.609

-8.364

-7.269

-9.722

-5.023

-4.225

-17.528

-12.001

-15.058

-14.807

-5.079

-10.527

-13.782

-19.142

-12.321

-9.091

-7.677

-10.871

-17.250
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4.109

4.767

2.101

-4.675

-8.625

-4.760

-5.002

-4.316

-5.503

-5.697

-4.677

-5.804

-6.064

-6.232

-6.697

19.601

22.095

22.978

19.914

21.382

21.851

19.965

18.210

10.329

7.881

11.124

17.649

13.757

15.611

16.641

14.055

18.718

19.516

15.998

17.745

18.764

17.791

19.599

-5.660

-4.821

-5.204

-4.239

-5.771

-6.858

-5.319

-1.595

-8.042

-4.757

-9.448

-18.159

-14.756

-14.943

-15.965

-12.671

-17.807

-18.518

-13.928

-15.613

-16.528

-14.615

-16.239

-15.874

-13.471

-13.288

-14.278

-14.117

-14.394

-14.423

-13.013
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16.486

18.165

18.955

18.449

18.977

14.737

16.437

17.965

17.193

19.041

16.790

10.730

19.057

10.445

12.961

16.040

19.228

14.681

15.428

19.394

15.046

10.354

10.650

0.047

-2.137

-1.772

-3.515

-6.009

1.661

-0.549

-5.698

-0.130

-7.085

-2.008

6.985

-4.287

4.528

3.259

-2.435

-5.698

1.058

1.476

-3.874

-0.396

6.331

4.909

-12.027

-12.064

-11.405

-12.421

-13.436

-11.067

-11.104

-13.720

-10.425

-13.603

-11.422

-9.594

-11.495

-10.409

-10.149

-12.102

-11.977

-10.149

-9.459

-10.397

-10.474

-8.799

-9.273
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14.293

12.911

12.039

16.766

13.633

19.631

13.283

10.955

12.538

10.765

19.838

11.182

19.860

14.997

11.511

18.116

18.988

10.752

21.557

20.909

13.226

19.227

10.534

-0.815

2.663

6.576

-2.604

3.095

-6.578

1.206

6.734

0.779

7.794

-8.034

4.151

-6.145

-0.998

2.776

-8.516

-8.907

2.391

-7.933

-8.590

0.612

-10.282

6.149

-11.157

-9.229

-7.467

-10.501

-8.523

-11.032

-9.535

-7.458

-10.222

-7.266

-11.110

-8.300

-10.059

-9.555

-8.637

-12.331

-11.816

-9.323

-9.809

-10.384

-8.611

-11.823

-6.635
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C 21.155 -9.962 -10.404

@

20315 -10.813 -11.127

18.554 -10.939 -12.367

21.996 -10.367 -9.847

11.439 2.241 -7.687

20.500 -11.884 -11.136

-6.308 12.337 -18.434

20.278 -5.164 -16.578

18.581 -5.328 -16.094

T T - T - ZE T =

19.658 -6.739 -16.051

1 2
Frequencies -- 2.6145 6.7761
Red. masses -- 7.3947 5.8420
Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

3

8.7689

5.8579

1.156650 (Hartree/Particle)

1.231449
1.232393
1.022637
-4082.410681
-4082.335882
-4082.334938

-4082.544694
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Maximum

RMS
Gs CTA

(s

(o)

Item

Force

Force

Value Threshold
0.000009 0.000450
0.000001 0.000300

o hgllgn

o

PTO
HO™ ~O

74

H 6.959

@

7.425

7.028

5.723

T T T

8.504

@

6.806

H 7.251

S 8.940

S 7.524

H -6.247

C 73817

H -7.963

1.336

1.864

3.856

3.185

1.916

3.255

1.269

6.634

4.120

12.003

5.802

11.778

-6.826

-7.666

-6.886

-7.897

-7.484

-7.772

-8.569

-9.745

-9.247

-17.477

-8.846

-17.091

Converged?
YES

YES
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-7.151

4.424

5.098

7.051

-4.850

-4.292

-6.906

4.625

5.225

-6.669

-2.191

-0.087

-2.052

2.021

-5.720

0.063

4.290

-5.970

2.170

-4.551

-4.018

-8.830

-8.155

12.514 -17.129

6.550 -9.794
5.183 -7.778
6.632 -7.471

13.597 -16.189

10.809 -13.164

13.139 -15.750

7.031 -8.696

6.237 -7.539

12.354 -15.029

9.903 -11.997

8.992 -10.855

11.807 -13.649

8.074 -9.712

14.145 -15.811

10.868 -12.535

8.918 -10.341

14.905 -16.553

9912 -11.438

12.718 -13.777

11.798 -12.788

14.618 -15.933

13.857 -15.269
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-1.920

-2.506

0.200

-0.394

2.314

3.834

4.378

1.728

4.627

5.032

-4.797

-4.522

-5.389

-8.446

3.541

-2.379

-4.903

-5.480

-2.267

-0.243

1.909

-0.122

-5.463

10.918

11.939

10.010

11.018

9.095

9.179

8.302

10.093

6.553

5.874

16.668

11.972

14.806

13.571

6.413

11.060

13.953

18.622

12.957

10.173

9.294

12.038

17.405

-11.674

-12.659

-10.554

-11.545

-9.440

-9.383

-8.355

-10.448

-6.168

-5.412

-16.828

-11.835

-14.490

-13.980

-6.208

-10.685

-13.355

-18.162

-12.326

-9.560

-8.439

-11.234

-16.390
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H 4.167 10.176 -9.085
H 4824 7584 -5.861

H 2.020 11.113 -10.161
C -5.836 18.520 -17.140
H -9.238 14.097 -13.743
C -5521 16.120 -14.200
C -5901 17.253 -15.060

O -4.804 14316 -12.195

@

-6.653 19.506 -16.581

-6.944 20.373 -17.169

T T

-5.335 16.389 -13.161

@

-6.693 18.274 -14.500

@

-7.078 19.381 -15.255

-7.016 18.188 -13.465

-7.701 20.149 -14.806

T T T

-7.421 13.279 -17.864

1 2 3
Frequencies -- 10.5011 12.3606 13.8590
Red. masses -- 5.9873 6.2147 6.5414
Zero-point correction= 0.617059 (Hartree/Particle)
Thermal correction to Energy= 0.658049

Thermal correction to Enthalpy= 0.658993
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Thermal correction to Gibbs Free Energy= 0.533006

Sum of electronic and zero-point Energies= -2697.129093
Sum of electronic and thermal Energies= -2697.088103
Sum of electronic and thermal Enthalpies= -2697.087159
Sum of electronic and thermal Free Energies= -2697.213146
Item Value Threshold Converged?

Maximum  Force 0.000010 0.000450 YES
RMS Force 0.000002 0.000300 YES
TSs

OH
(0 o

122

H 2108 2285 -5.385

O 0516 0.091 -3.725

C 1326 2380 -6.143
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-0.020

1.287

-0.038

-0.814

0.286

-1.485

-2.278

-3.039

-2.094

-2.881

-3.543

-4.318

-3.621

-4.910

-2.797

-4.088

-3.390

-4.167

-4.832

-5.608

-5.369

-4.680

-5.455

0.153

3.426

1.990

2.051

3.556

3.328

3.232

2.543

5.234

4.582

5.247

4.579

4.438

6.485

5.371

7.402

7.277

6.610

7.278

6.611

9.447

9.308

8.641

-5.110

-6.464

-5.594

-6.363

-3.779

-2.135

-2.881

-2.508

-3.645

-3.245

-2.030

-1.628

-4.043

-3.159

-1.232

-0.347

-2.760

-2.358

-1.148

-0.745

0.540

-1.878

-1.473
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H

-6.112

-6.900

-6.203

-5.948

-7.012

-6.712

-5.949

-7.242

-8.020

-7.508

-6.934

-8.525

-8.397

-8.923

-7.481

-7.325

-6.802

-7.878

-9.246

-10.107

-9.042

-10.114

-10.664

9.308

8.659

8.519

11.344

12.525

10.662

14.742

11.335

12.915

10.567

15.185

11.082

13.284

11.818

13.796

15.565

16.035

14.138

10.326

11.439

11.966

12.119

10.705

-0.257

0.145

-2.270

-0.994

2.844

-0.613

2.500

0.560

2.666

-1.355

2317

0.899

3.621

2.145

0.754

3.266

1.638

1.712

0.268

2.676

5.189

5.122

2.096
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-10.784

-10.822

-10.287

-12.187

-9.247

-12.209

-12.723

-12.891

-12.757

-9.736

-13.972

-9.868

-10.627

-0.452

-1.733

1.583

-2.329

0.689

-2.490

-2.417

-3.347

-3.849

-2.046

11.879

12.507

12.678

12.004

14.746

12.662

11.794

12.406

12.966

14.432

12.509

15.430

14.833

2.799

2.558

1.764

-0.358

-0.547

0.527

-0.220

-1.430

-1.819

-1.851

3.907

6.261

7.191

3.884

1.465

6.211

2.962

5.018

7.099

0.244

4.974

2.256

0.182

-4.373

-4.054

-7.007

-5.117

-6.205

-5.721

-4.046

-0.379

-1.261

-2.429
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T T

-5.790

-3.113

-5.220

-0.357

-3.742

-5.851

-2.651

1.117

-1.514

-5.115

-3.002

-6.916

-3.179

-2.497

-1.949

-1.205

-2.831

0.321

-2.799

-1.183

-5.611

-3.617

-1.715

-1.901

-2.053

-2.086

-3.072

-2.561

-2.597

-1.587

-5.540

-3.930

-2.838

-2.815

-2.813

0.599

-0.572

-4.946

-6.825

-1.701

-4.734

-0.422

-4.799

-3.240

-3.458

-6.226

-0.322

2.424

-1.229

-4.173

-3.571

-2.364

-5.677

-5.944

-4.506

-3.526

-4.872

-2.348

-9.284

-7.793

-3.528

-5.348

-7.154

-6.381

-9.213

-6.132

-4.406

-5.509

-6.104
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2.058

2.637

-3.265

-3.597

-2.790

-0.695

2.002

0.611

-1.558

_1.544

-1.700

-1.693

1.188

-1.295

2.378

-1.289

3.382

1.263

2.466

-2.125

0.405

1.391

0.039

-2.338

-3.771

-2.705

-1.119

-6.241

-0.192

-3.425

-3.679

-0.598

-6.681

-4.196

0.040

-1.715

-2.718

-4.098

-2.035

-3.740

-2.389

-5.179

-2.345

-4.224

-3.849

-2.172

-7.545

-6.669

-7.705

-9.479

-5.906

-9.544

-7.487

-7.144

-10.087

-7.086

-6.880

-10.970

-9.557

-9.701

-8.805

-10.559

-9.073

-10.421

-8.638

-11.200

-9.653

-9.956

-11.332

154



H 2.182 -2.101 -10.951
H 0.186 -1.274 -11.948
H 1.695 -4464 -10.814
H -0.028 -3.013 -12.036

1 2
Frequencies -- -260.0869 4.0833
Red. masses -- 10.5793 6.0027

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

3
7.6738
5.7919
1.017890 (Hartree/Particle)
1.082567
1.083511
0.904098
-3599.993797
-3599.929120
-3599.928176

-3600.107589

Item Value Threshold Converged?
Maximum  Force 0.000017 0.000450 YES
RMS Force 0.000001 0.000300 YES
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0. 0
X8
S:Oo

122

H 1727 1989 -5.329
O 0.190 -0.038 -3.448
C 0912 2.048 -6.055
S -0.373 -0.067 -4.815

H 0865 3.074 -6.432

C -0429 1.697 -5419
H -1.233 1716 -6.160
O -0.019 3.440 -3.789
H -1.673 3.406 -2.045
C -2518 3.188 -2.702
H -3.210 2516 -2.188
H -2507 5.083 -3.719
C -3.219 4457 -3.167

156



c &z o0 - £ T T£T 60 o @B ¥ & O a0 @m T =TZm T T T O

@

-3.799

-4.479

-4.022

-5.369

-2.986

-4.306

-3.876

-4.552

-5.125

-5.789

-5.662

-5.236

-5.898

-6.473

-7.143

-6.717

-6.598

-7.368

-7.244

-6.577

-7.723

-8.420

-8.096

5.243

4.593

4.184

6.233

5.517

7.581

7.158

6.510

7.296

6.641

9.624

9.218

8.555

9.321

8.667

8.271

11.265

12.678

10.563

14.990

11.315

12.983

10.307

-1.983

1414

-3.865

-3.093

-1.296

-0.549

-2.987

-2.411

-1.225

-0.643

0.233

-2.216

-1.641

-0.442

0.130

-2.318

-1.407

2.359

-0.874

1.888

0.272

2.325

-1.509
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C

H

H

-7.613

-8.910

-8.672

-9.263

-8.136

-7.961

-7.622

-8.493

-9.588

-10.270

-11.260

-11.344

-10.677

-10.863

-11.910

-12.262

-11.014

-9.926

-12.033

-10.721

-11.592

-12.481

-10.496

15.326

10.946

13.358

11.768

13.790

15.726

16.140

14.159

10.038

11.263

9.673

10.717

10.320

11.716

11.043

10.254

13.062

14.620

12.383

13.862

13.386

12.642

14.080

1.767

0.803

3.319

2.006

0.340

2.725

1.034

1.305

0.351

2.758

4.603

4.897

2.398

4.025

6.128

6.786

4.413

1.114

6.507

3.743

5.641

7.462

0.015
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-11.708

-10.531

-11.422

-0.780

-2.037

1.127

-2.176

0.296

-2.738

-2.300

-3.860

-4.284

-2.359

-6.328

-3.434

-5.668

-0.565

-3.962

-6.201

-2.595

1.023

-1.721

-5.353

14.432

15.381

14.399

2.621

2.406

1.380

-0.582

-0.864

0.321

-0.770

-2.342

-2.510

-2.596

-2.477

-2.650

-2.589

-3.574

-2.875

-2.815

-1.733

-5.650

-4.282

-2.962

5.916

1.847

-0.013

-4.257

-3.835

-6.891

-4.670

-5.857

-4.924

-3.605

-0.313

-1.299

-2.249

-0.608

-2.398

-1.465

-3.990

-3.678

-2.736

-5.508

-6.008

-4.581

-3.834
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-3.102

-7.277

-2.981

-2.420

-2.328

-1.331

-2.743

0.251

-2.650

-1.266

-5.772

-3.681

-1.788

2.060

2.591

-3.148

-3.467

-2.874

-0.528

1.980

0.578

-1.388

-1.535

-3.014

-2.883

1.088

-0.333

-5.399

-7.024

-1.572

-4.815

0.051

-4.902

-3.142

-3.525

-6.317

-2.353

-3.923

-2.461

-0.554

-6.360

0.244

-3.434

-3.712

-0.046

-6.620

-4.923

-2.874

-8.686

-7.375

-3.831

-5.816

-6.967

-6.433

-8.766

-6.289

-4.821

-5.697

-6.512

-7.257

-6.613

-7.709

-9.165

-6.405

-9.004

-7.375

-7.108

-9.622

-7.534
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-1.736 -4.192 -6.974

-1.473  0.720 -10.404

1.298 -1.367 -9.167

T T = T

-1.210 -2.208 -9.550
C 2364 -3.898 -8.777
C -1.147 -1.407 -10.295
H 3390 -3.551 -8.960
C 1380 -1.899 -10.125
H 2398 -4996 -8.786
H -1.968 -1.586 -11.003
H

0.413 -3.786 -9.676

C 1423 -3418 -9.894
C 0206 -1.480 -11.032
H 2332 -1.579 -10.570
H 0417 -0.502 -11.489
H 1.724 -3.905 -10.832
H 0.134 -2.192 -11.865
1 2 3
Frequencies -- 5.1527 10.1274 13.2199
Red. masses -- 6.4312 5.7734 5.9699
Zero-point correction= 1.020096 (Hartree/Particle)
Thermal correction to Energy= 1.084650
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Thermal correction to Enthalpy=

1.085595

Thermal correction to Gibbs Free Energy= 0.907406
Sum of electronic and zero-point Energies= -3600.003741
Sum of electronic and thermal Energies= -3599.939186
Sum of electronic and thermal Enthalpies= -3599.938241
Sum of electronic and thermal Free Energies= -3600.116430
Item Value Threshold Converged?

Maximum  Force 0.000005 0.000450 YES
RMS Force 0.000001 0.000300 YES
SO:
3
O 13.744 16.175 -1.961
S 12963 14.984 -1.616
O 13498 13.672 -1.987

1 2 3
Frequencies -- 500.1737 1138.9015 1320.6621
Red. masses -- 18.5441 18.0217 20.2989

Zero-point correction=

Thermal correction to Energy=

0.006743 (Hartree/Particle)

0.009831
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Thermal correction to Enthalpy= 0.010775

Thermal correction to Gibbs Free Energy= -0.018145
Sum of electronic and zero-point Energies= -548.588930
Sum of electronic and thermal Energies= -548.585842
Sum of electronic and thermal Enthalpies= -548.584897
Sum of electronic and thermal Free Energies= -548.613817
Item Value Threshold Converged?
Maximum  Force 0.000295 0.000450 YES
RMS Force 0.000211 0.000300 YES
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NMR Spectra of Monomers and Polymers
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'H and '3C NMR spectra of 2
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'H and '3C NMR spectra of P-1
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'H and '*C NMR spectra of P-2-b-P-1

Ph

(o) (0] _ (o)
S S
HO O\/\/\o o/\/\/\/\/o /=\ ~
_
O 'n o) m S

Ph

L[sf | L% : ng

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
Chemical Shift (ppm,

172



Ph

(o] o] _ (o]
S._S
_sf{o)\(o o§/\/\/>of\Y oo
O 'n (o] m S

Ph

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
Chemical Shift (ppm,

173



"H NMR spectrum of P-1-co-MA at fi° = 0.05.
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"H NMR spectrum of P-1-co-MA at fi° = 0.09.
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'"H NMR spectrum of P-1-co-MA at fi°=0.17.
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"H NMR spectrum of P-1-co-MA at fi° = 0.50.
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"H NMR spectrum of P-1-co-MA at fi° = 0.67.
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"H NMR spectrum of P-(1-co-MA) at fi° = 0.80.
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'"H NMR spectrum of P-1-co-fBA at fi°= 0.09.
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'"H NMR spectrum of P-1-co-BnA at f;° = 0.09.
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'"H NMR spectrum of P-1-co-DMA at £;° = 0.09.
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'"H NMR spectrum of P-1-co-DEA at £;° = 0.09.
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'"H NMR spectrum of P-1-co-NAM at fi° = 0.09.
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Chapter 3

Organocatalyzed Photocontrolled Radical Copolymerization of Macrocyclic Allylic

Sulfone with Vinyl Monomers

A significant portion of the work described in this chapter has been published in:
Wang, W.; Rondon, B.; Wang, Z.; Wang, J.; Niu, J. Macrocyclic Allylic Sulfone as A
Universal Comonomer in Organocatalyzed Photocontrolled Radical Copolymerization

with Vinyl Monomers. Macromolecules 2023, 56, 2052-2061.
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3.1 Introduction

The global annual production of plastics has increased dramatically over the past four
decades and is now approaching 400 million metric tons, approximately 70 percent of
which are vinyl plastics.! Thanks to their low cost, high durability, and easy processability,
vinyl plastics have been widely used in various types of applications, including packaging,
construction materials, adhesives, coatings, and synthetic fibers. However, the half-lives of
many types of commodity vinyl plastics are much longer than necessary for their
applications, leading to the accumulation of plastic waste in the environment.?® A potential
solution to this challenge is to achieve polymer degradation at the end of their life cycle by
incorporating labile functionalities into the main chain of vinyl polymers.

Since the first report in the 1960s,’ radical ring-opening polymerization has emerged
as a powerful approach to incorporating labile functionalities, such as ester, disulfide, or
carbonate, into the backbone of vinyl polymers.®!! Pioneered by Bailey!'? and Endo,"?
cyclic ketene acetals!'*!7 have been extensively investigated to copolymerize with various
vinyl monomers but were often found to have non-optimal copolymerization reactivities
and poor rates of incorporation. Recently reported by Roth!® and Gutekunst!® in 2019,
dibenzo[c,e]oxepane-5-thiones (DOTs)?** have shown successful copolymerization with
acrylates, acrylamides, acrylonitrile, maleimide, and styrene to synthesize degradable
linear copolymers and degradable polymer networks. However, copolymerization of DOTs
and methacrylates remains challenging.

Polymerization regulated by light serves as a great alternative to thermally initiated
polymerization due to its economic and ubiquitous nature.?” Integrated with reversible

28-30

deactivation radical polymerization, photocontrolled radical polymerization could
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produce macromolecular structures with defined molecular weight and architecture under
mild conditions. Light-mediated polymerization at low temperatures (-20 to 50 °C) also
enabled fine-tuning of polymer tacticity as well as composition.?!-32 In 2021, we reported
that fac-Ir(ppy)s-mediated photocontrolled radical ring-opening cascade copolymerization
(rROCCP) of the macrocyclic allylic sulfone and acrylic monomers produced degradable
vinyl copolymers with favorable reactivities.’> However, potential toxicity and challenges
in the removal of transition-metal photocatalysts may preclude the use of these degradable
vinyl copolymers in biomedical and electronic applications. Therefore, we explored
organocatalyzed photocontrolled TROCCP.>*3® We demonstrated that the macrocyclic
allylic sulfone serves as a “universal” cyclic monomer in organocatalyzed photocontrolled
rROCCP and can copolymerize with a variety of vinyl monomers, including acrylates,
acrylamides, styrene, and methacrylate, incorporating degradability to otherwise

nondegradable vinyl polymers (Figure 3.1).
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Figure 3.1. Organocatalyzed photocontrolled rROCCP of macrocyclic allylic sulfone and

a variety of vinyl monomers generates degradable vinyl copolymers.

3.2 Organocatalyzed photocontrolled homopolymerization of macrocyclic allylic
sulfone

Adopting the organocatalyzed photoinduced -electron/energy transfer-radical
addition/fragmentation chain transfer (PET-RAFT) method reported by Xu and Boyer,*¢
the homopolymerization of macrocyclic allylic sulfone 1 was first investigated (Figure
3.2A). Polymerization of 1 ([M]o = 0.2 M) was initially attempted with control of Eosin Y
(EY, [EY]o/[M]o = 200 ppm) and chain transfer agent CTA1 ([M]o/[I]o = 50/1) under Amax

=450 nm blue light irradiation (Figure 3.2A).
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Figure 3.2. (A) Organocatalyzed photocontrolled homopolymerization of 1. (B) Kinetic
plot of In([M]o/[M];) versus reaction time, where [M]o is the initial monomer concentration
and [M]; is the monomer concentration at a given time z. (C) Plots of M, and D of P-1 as a
function of monomer conversion. (D) MALDI-TOF analysis of P-1-3k. Each peak
corresponds to a discrete oligomer that consists of a- and w-chain ends, the number of
repeating units multiplied by its molar mass, and a sodium cation. A set of minor peaks was
observed, which corresponded to the loss of the w-chain end of P-1-3k during MALDI-
TOF measurement. (E) SEC analysis of the formation of diblock copolymer P-1-b-PMA

from an extension of a macroinitiator P-1-8k by MA.
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The reaction reached 20% conversion in 10 hours and yielded well-defined polymer P-1
with a number average molecular weight (M,5F®) of 3.0 kg mol™!' and dispersity (D) of
1.08 by size-exclusion chromatography (SEC) (Table 3.1, entry 1). Further optimization of
initial monomer concentration ([M]o) and photocatalyst loading ([EY]o/[M]o) revealed that
the polymerization reached 68% conversion with [M]o = 0.5 M and [EY]o/[M]o = 1000
ppm, affording P-1 with M,F® of 7.7 kg mol'! and P of 1.13 in 4 hours (Table 3.1, entry

5).

Table 3.1. Screening of photocatalyst loading and initial monomer concentration for

organocatalyzed photoredox radical homopolymerization of 1.

A =450 nm HO
o 80,4
! P-1 S o FesinY
Entry  [EY]o/[M]o [M]o Conv.” M,EO D
(kg mol )¢

1 200ppm 02 M 20 % 3.0 1.08

2 500ppm 02 M 56 % 6.6 126

3 1000 ppm 02M 69 % 7.2 1.37

4 1500 ppm 02 M 68 % 7.4 137

54 1000 ppm  0.5M 68 % 7.7 113

“Reactions were performed at 25 °C under nitrogen with an 18 W blue LED light (Amax =
450 nm) for 10 hours. “Monomer conversion was determined by 'H NMR spectroscopy.
“M, and P were determined by SEC analysis calibrated to polystyrene standards. “Reaction

time: 4 hours.
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Next, we examined the living/controlled characteristics of organocatalyzed radical
homopolymerization of 1. Kinetic study of the polymerization of 1 exhibited first-order
kinetics (Figure 3.2B). The observed rate constant for 1 was calculated as k&1 = 0.11 h!. At
the feeding monomer/initiator ([M]o/[1]o) ratio of 50/1, linear growth of M,SF© of P-1 with
respect to monomer conversion was observed, and low dispersity (P < 1.2) was maintained
throughout the polymerization (Figure 3.2C), indicating an excellent control of the
polymerization. Proton nuclear magnetic resonance ('"H NMR) analysis of well-defined
polymer P-1-8k showed an equal stoichiometry of the a-chain end (1.21 ppm) and w-chain

end (3.36 ppm), suggesting a high chain-end fidelity (Figure 3.3).

H
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Figure 3.3. 'H NMR spectroscopy of P-1-8Kk.
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The molecular weight of P-1-8k determined by '"H NMR integration ratio of the polymer
backbone to w-chain end was 8.9 kg mol™!, which was consistent with the theoretical value

(theo) = 8 9 kg mol!) as well as the

based on [M]o/[I]o ratio and monomer conversion (M;
value obtained from SEC analysis (M,SF© = 8.3 kg mol!) (Figure 3.3). Matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry analysis of a
lower molecular weight polymer P-1-3k showed discrete peaks spaced by 344.2 g mol!,
which corresponds to the mass of the repeating unit (Figure 3.2D). These peaks were
unambiguously assigned to discrete oligomers with a propionic acid group as a-chain end
and an ethyl trithiocarbonate group as w-chain end, respectively, consistent with the 'H
NMR spectroscopy results. Encouraged by the excellent end-group fidelity, a block-
copolymerization experiment was further conducted. First, organocatalyzed radical
homopolymerization of 1 yielded a macroinitiator P-1-8k (M,8F) = 7.9 kg mol™!, B =1.13),
which was then used to polymerize methyl acrylate (MA) to generate a diblock copolymer
P-1-b-PMA (M,SE© = 12.8 kg mol"!, B = 1.13, Figure 3.2E). A clear shift of the original
unimodal peak to a higher molecular weight region was observed on SEC after block
copolymerization, suggesting the formation of a diblock copolymer. Taken together, these

results supported that organocatalyzed photocontrolled homopolymerization of 1

maintained excellent control throughout polymerization.

3.3  Copolymerization of macrocyclic allylic sulfone with acrylic monomers

Encouraged by the homopolymerization results of 1, we then investigated the

copolymerization of 1 and acrylic monomers. First, 1 was copolymerized with tert-butyl
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acrylate (rBA) at [fBA]:[1]:[CTA1] = 100:10:1, affording copolymer P-1-co-fBA with

M,B5EO of 11.3 kg mol™! and D of 1.11 (Scheme 3.1, Table 3.2, entry 1, and Figure 3.4A).

Scheme 3.1. Degradable Vinyl Copolymers through Organocatalyzed Photocontrolled

rROCCP and Their Degradation under Basic Conditions.
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Table 3.2. Organocatalyzed Photocontrolled rROCCP of 1 and Vinyl Monomers.

M. (SEC)

Entry® B [B]:[1]:[CTA] Conv.? A° Fyend? (ke nmol")” be
1 BA 100:10:1 90% 0.09 0.09 11.3 1.11
2 BA 200:10:1 90% 0.05 0.05 22.5 1.15
3 BA 200:20:1 92% 0.09 0.09 239 1.25
4 BA 200:66:1 90% 0.25 0.25 24.4 1.26
5 DMA 100:10:1 92% 0.09 0.09 8.0 1.18
6 DMA 200:10:1 94% 0.05 0.05 15.7 1.29
7 DMA 200:20:1 95% 0.09 0.09 14.7 1.28
8 DMA 200:66:1 73% 0.25 0.25 13.6 1.31
9 MA 100:10:1 78% 0.09 0.09 7.8 1.10
10 MA 200:20:1 91% 0.09 0.09 17.9 1.24

114 NAM 100:10:1 83% 0.09 0.09 7.7 1.12
124 NAM 200:20:1 87% 0.09 0.09 19.2 1.22
13¢ St 100:10:1 44% 0.09 0.16 8.8 1.23
14¢ St 200:10:1 51% 0.05 0.07 13.0 1.35
15¢ St 200:20:1 41% 0.09 0.15 14.0 1.31
16¢ MMA 100:10:1 77% 0.09 0.01 11.5 1.36
17¢ MMA 50:50:1 62% 0.50 0.25 7.4 1.26

“Reactions were performed at 25 °C under nitrogen with an 18 W blue LED light (Amax =

450 nm) for 5 hours. [M]o = 0.5 M; [EY]o/[M]o = 1000 ppm. “Monomer conversion and

F1©9 were determined by '"H NMR spectroscopy. ‘M, and D were determined by SEC

analysis calibrated to polystyrene standards. “Reaction time: 75 minutes. “Reaction time:

50 hours.
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Figure 3.4. (A) Organocatalyzed photocontrolled rROCCP of 1 and rBA. (B) Kinetic plots
of In([M]o/[M]y) versus reaction time of 1 and rBA. (C) Plots of M, and P of P-1-co-tBA
as a function of total conversion. (D) Plots of total conversion with respect to [1(t)]/[1(0)]
and [BA(t)]/[tBA(0)] are fitted to Equations (2) and (3) of the BSL integrated model
independently to derive the reactivity ratios of 1 and /BA. (E) Degradation of P-1-co-rBA

exhibited a clear shift of the copolymer peak to a lower molecular weight region on SEC.
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Kinetic analysis of the copolymerization of 1 and /BA monitored by 'H NMR spectroscopy
revealed that both 1 and /BA followed first-order kinetics throughout copolymerization
(Figure 3.4B). Their observed rate constants were calculated for 1 and rBA as k1 = 0.44 h-
Uand kma = 0.43 h'!, respectively. The molecular weight of P-1-co-fBA increased linearly
with the total conversion (Conv.) of the two monomers (Figure 3.4C), which is defined by
Equation (1):

_ [A@I+B@)

conv. = 1 = o)+ Bo)

(1)

where [1(t)] and [B(t)] are the instantaneous concentrations of 1 and vinyl monomer B at
time ¢, respectively, and [1(0)] and [B(0)] are the initial concentrations of 1 and vinyl
monomer B, respectively. The dispersity of P-1-co-fBA remained low throughout
copolymerization (P < 1.2) (Figure 3.4C). These results indicated excellent control
throughout the copolymerization. By analyzing the 'H NMR spectroscopy of the purified
copolymers at different conversions, the molar fraction of 1 incorporated into the
copolymer (denoted hereafter as F1) remained identical to the molar fraction of 1 in the

initial comonomer mixture (denoted hereafter as f1°) throughout copolymerization (F1 = f;°

=0.09) (Figure 3.5).
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Conversion: 27 % F1=0.096
M,: 4.2 kg/mol

Conversion: 53 % F;=0.092
M,: 7.8 kg/mol

Conversion: 68 % F;=0.092
M,: 9.4 kg/mol

Conversion: 82 % Fy=0.092
M,: 10.6 kg/mol

Conversion: 90 % _

M,: 11.3 kg/mol Fy=0.092

™ T
29.65 1.00

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
Chemical Shift (ppm

Figure 3.5. Compositional analysis of P-1-co-fBA at fi° = 0.09 at different time points of

the copolymerization by '"H NMR spectroscopy.

These results suggested that the reactivities of 1 and 7BA are similar during
organocatalyzed photocontrolled rROCCP. We used reactivity ratios to quantitatively
assess the reactivities of two comonomers in organocatalyzed photocontrolled rROCCP.
To determine the reactivity ratios, the respective concentrations of 1 and /BA compared to
the total conversions were fitted to the Beckingham-Sanoja-Lynd (BSL) integrated model,
which is defined by Equations (2) and (3).3°-4°

1(t)
conv.=1—f a1-0 [1(0)

10

)
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B(t)]"1 B(t)

conv.=1—f [— -1-) [— (3)

B(0) B(0)
The BSL integrated model is known to accurately determine the reactivity ratios of non-
terminal copolymerization, where the rate of propagation completely depends on the
reactivities of monomers with minimal dependence on the propagating species.
Independent fitting of the respective instantaneous concentrations of 1 and rBA at various
Conv. values to Equations (2) and (3) yielded reactivity ratios of 1 and /BA as r1=1.04 and

rsa= 0.96, respectively (Table 3.3, entry 1 and Figure 3.4D).

Table 3.3. Reactivity Ratios of 1 and Vinyl Monomers and Degradation of Vinyl

Copolymers.

Entry® B 21 s AY F|edr (B0 D Degraded MnSE©  Degraded

(kg mol ) (kg mol !y b
1 BA 1.04 096 0.09 0.09 11.3 1.11 1.8 1.46
2 MA 1.02 098 0.09 0.09 7.8 1.10 1.3 1.55
3 DMA 098 093 0.09 0.09 8.0 1.18 1.0 1.13
4 NAM 0.99 1.01 0.09 0.09 7.7 1.12 1.4 1.33
5 St 3.02 035 0.09 0.16 8.8 1.23 1.4 1.32
6 MMA 0.18 581 050 0.25 7.4 1.26 1.5 1.45

“Reactions were performed at 25 °C under nitrogen with an 18 W blue LED light (Amax =
450 nm). [M]o = 0.5 M; [EY]o/[M]o = 1000 ppm. *F1¢"Y was determined by 'H NMR
spectroscopy. ‘M, and D were determined by SEC analysis calibrated to polystyrene

standards.

The product of the two independently derived reactivity ratios equals unity (r1 X rpa =

1.002), suggesting that the BSL integrated model can be applied to this copolymerization
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system.3* The close-to-unity reactivity ratios also suggest that the copolymerization of 1
and rBA formed random copolymers (v, = r» = 1) with the main-chain diester motif
statistically incorporated in the copolymer backbone. Organocatalyzed photocontrolled
rROCCP of 1 and /BA at other feed ratios (fi° = 0.05 and 0.25) afforded copolymers P-1-
co-BA with predictable M,SF®) and low D (Table 3.2, entry 2-4). Meanwhile, the 1" of
the resulting copolymers all remained the same as their fi° (Table 3.2, entry 2-4). We further
explored the copolymerization of 1 and other acrylic monomers, including MA, N,N-
dimethylacrylamide =~ (DMA), and N-acryloylmorpholine (NAM). All these
copolymerization exhibited excellent control over polymerization and near-unity reactivity
ratios (1= 1.02 and rma = 0.98; 1= 0.98 and rpma = 0.93; 1= 0.99 and rnam = 1.01),
suggesting that organocatalyzed photocontrolled rROCCP is generally applicable to acrylic

monomers (Table 3.2, entry 5-12, Table 3.3, entry 2-4, and Figure 3.6-3.17).
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Figure 3.6. Compositional analysis of P-1-co-MA at fi° = 0.09 at different time points of

the copolymerization by '"H NMR spectroscopy.
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Figure 3.8. Plots of M, and D of P-1-co-MA as a function of total conversion.
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Figure 3.9. Plots of total conversion with respect to [1(t)]/[1(0)] and [MA(t)]/[MA(0)] are

fitted to Equations (2) and (3) of the BSL integrated model independently to derive the

comonomer reactivity ratios for the copolymerization of 1 and MA at £;° = 0.09.
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Figure 3.10. Compositional analysis of P-1-co-DMA at 1° = 0.09 at different time points

of the copolymerization by '"H NMR spectroscopy.
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Figure 3.12. Plots of M, and D of P-1-co-DMA as a function of total conversion.
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Figure 3.13. Plots of total conversion with respect to [1(t)]/[1(0)] and [DMA(t)]/[DMA(0)]
are fitted to Equations (2) and (3) of the BSL integrated model independently to derive the

comonomer reactivity ratios for the copolymerization of 1 and DMA at £;° = 0.09.
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Figure 3.14. Compositional analysis of P-1-co-NAM at £1° = 0.09 at different time points

of the copolymerization by '"H NMR spectroscopy.
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Figure 3.15. Kinetic plots of organocatalyzed photocontrolled radical ring-opening

cascade copolymerization of 1 and NAM at £;° = 0.09.
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Figure 3.16. Plots of M, and D of P-1-co-NAM as a function of total conversion.
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Figure 3.17. Plots of total conversion with respect to [1(t)]/[1(0)] and [NAM(t)]/[NAM(0)]
are fitted to Equations (2) and (3) of the BSL integrated model independently to derive the

comonomer reactivity ratios for the copolymerization of 1 and NAM at £i° = 0.09.

To further confirm the statistical distribution of degradable building blocks in the
copolymer backbone, the copolymers were treated with sodium methoxide (NaOMe) to
cleave the main-chain diester motif. Taking P-1-co-fBA as an example, after incubating
with 25 wt% NaOMe in methanol at 25 °C for 30 minutes, the M,SE© of the copolymer
decreased from 10.6 kg mol! to 1.8 kg mol!, as evidenced by a clear shift of the original
unimodal peak to a higher elution time region on SEC (Table 3.3, entry 1 and Figure 3.4E).
Notably, 'H NMR analysis revealed that the methylene groups adjacent to the main-chain
esters (3.78 to 4.22 ppm) disappeared, while the fert-butyl group stayed untouched (1.44
ppm) after degradation (Figure 3.18). This result suggests that the ester linkages in the main
chain of P-1-co-fBA were selectively cleaved, while the tert-butyl esters on the side chain

remained intact.
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Figure 3.18. '"H NMR analysis of degradation of P-1-co-fBA.

Furthermore, the degradation of P-1-co-MA, P-1-co-DMA, and P-1-co-NAM all exhibited
a similarly dramatic molecular weight reduction (degraded M,SE© < 1.5 kg mol™),

suggesting the statistical incorporation of degradable units in the copolymer backbone

(Table 3.3, entry 2-4 and Figure 3.19-3.24).
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Figure 3.19. Degradation of P-1-co-MA exhibited a clear shift to a lower molecular region
on SEC.
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Figure 3.20. Degradation of P-1-co-DMA exhibited a clear shift to a lower molecular
region on SEC.
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Figure 3.21. Degradation of P-1-co-NAM exhibited a clear shift to a lower molecular

region on SEC.
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Figure 3.22. '"H NMR analysis of degradation of P-1-co-MA.
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Figure 3.23. '"H NMR analysis of degradation of P-1-co-DMA.
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Figure 3.24. '"H NMR analysis of degradation of P-1-co-NAM.

34 Copolymerization of macrocyclic allylic sulfone with styrene

With a global annual production of more than 16 million metric tons, polystyrene is
one of the major sources of synthetic plastics, and new approaches to degradable
polystyrene have attracted much attention.??> We explored organocatalyzed
photocontrolled rROCCP of 1 and styrene (St) to incorporate degradable functionalities
into the backbone of polystyrene. Regulated by Eosin Y and CTA1 under Amax = 450 nm
blue light irradiation, the copolymerization of 1 and St at [St]:[1]:[CTA1] = 100:10:1
yielded P-1-co-St with M,5EC of 8.8 kg mol! and D of 1.23 (Scheme 3.1, Table 3.2, entry

13, and Figure 3.25A).
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Figure 3.25. (A) Organocatalyzed photocontrolled rROCCP of 1 and St. (B) Kinetic plots

of In([M]o/[M];) versus reaction time of 1 and St. (C) Plots of M; and D of P-1-co-St as a

function of total conversion. (D) Plots of total conversion with respect to [1(t)]/[1(0)] and

[St(t)])/[St(0)] are fitted to Equations (2) and (3) of the BSL integrated model independently

to derive the reactivity ratios of 1 and St. (E) Degradation of P-1-co-St exhibited a clear

shift of the copolymer peak to a lower molecular weight region on SEC.
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Degradable polystyrene with higher molecular weight (13.0 and 14.0 kg mol'!) was also
obtained when [M]o/[I]o ratios were increased (Table 3.2, entry 14-15). Kinetic study of the
copolymerization of 1 and St monitored by '"H NMR spectroscopy displayed first-order
kinetics of both 1 and St, despite a slower incorporation of St during the copolymerization
(k1 =0.030 h'! and ks¢ = 0.011 h'!) (Figure 3.25B). The copolymerization of 1 and St also
exhibited slower kinetics compared to the copolymerization of 1 and acrylic monomers,
which is attributed to the lower reactivity of St than acrylic monomers and reduced catalyst
efficiency caused by the triplet quenching of St.*® Despite lower polymerization rates, the
M,SEC of P-1-co-St increased linearly with the total conversion of 1 and St, and low P was
maintained throughout the copolymerization (Figure 3.25C), indicating a well-controlled
copolymerization. By fitting the instantaneous concentrations of 1 and St at various Conv.
values to the BSL integrated model, the reactivity ratios of 1 and St were determined as 71
= 3.02 and rs; = 0.35, respectively (Table 3.3, entry 5 and Figure 3.25D). The product of
the two independently derived reactivity ratios approximately equals unity (r1 X rs¢ = 1.04),
supporting that the BSL integrated model is suitable to determine the reactivity ratios in
the copolymerization of 1 and St. Higher incorporation of 1 (end-point copolymer

(end) = (,16) in the copolymer than the feed composition (/i° = 0.09) was

composition Fi
confirmed by '"H NMR analysis of the purified P-1-co-St (Figure 3.26). "H NMR analysis
of the purified copolymers at different conversions also suggested that the ratio of

degradable units incorporated into P-1-co-St decreased as the total conversion increased

(Figure 3.26).
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Figure 3.26. Compositional analysis of P-1-co-St at /;° = 0.09 at different time points of

the copolymerization by '"H NMR spectroscopy.

"H NMR analysis of degraded P-1-co-St revealed successful cleavage of the main-chain

ester groups in P-1-co-St (Figure 3.27).

226



P-1-co-St

NN Y [P

After degradation

A P

90 85 80 75 7.0 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
Chemical Shift (ppm

Figure 3.27. '"H NMR analysis of degradation of P-1-co-St.

SEC analysis of degraded P-1-co-St also exhibited a dramatic molecular weight reduction
(degraded M,5EC = 1.4 kg mol'!, D =1.32) (Table 3.3, entry 5 and Figure 3.25E), suggesting

that P-1-co-St can be efficiently degraded.

3.5  Copolymerization of macrocyclic allylic sulfone with methyl methacrylate

We next turned our attention to the copolymerization of 1 and MMA. The initial attempt
of organocatalyzed photocontrolled rROCCP of 1 and MMA at [MMA]:[1]:[CTA1] =
100:10:1 mediated by CTA1 led to the loss of control. A dithiobenzoate chain transfer agent

CTA2 with an enhanced addition rate and reduced fragmentation rate has been reported to
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facilitate better control over radical homopolymerization of MMA.*! Consistent with the
previous report, control over the copolymerization of 1 and MMA mediated by CTA2 was
improved, affording P-1-co-MMA with M;5E€ of 11.5 kg mol! and D of 1.36 (Table 3.2,

entry 16, and Figure 3.28A).
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Figure 3.28. (A) Organocatalyzed photocontrolled rROCCP of 1 and MMA. (B) Kinetic
plots of In([M]o/[M];) versus reaction time of 1 and MMA. (C) Plots of total conversion
with respect to [1(t)]/[1(0)] and [MMA(t)]/[MMA(0)] are fitted to Equations (2) and (3) of
the BSL model independently to derive the reactivity ratios of 1 and MMA. (D)
Degradation of P-1-co-MMA (Fi©"9 = (0.01) exhibited a moderate shift to a lower
molecular weight region on SEC. (E) Degradation of P-1-co-MMA (Fi©"9 = 0.25)

exhibited a clear shift to a lower molecular weight region on SEC.
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Kinetic analysis of the copolymerization of 1 and MMA showed that both 1 and MMA
followed first-order kinetics (Figure 3.28B). Control over the polymerization was further
confirmed by a linear increase of MySE¢ of P-1-co-MMA with respect to the total

conversion of 1 and MMA (Figure 3.29).
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Figure 3.29. Plots of M, and D of P-1-co-MMA as a function of total conversion.

However, the notably faster incorporation of MMA than 1 in the copolymerization (k1 =
0.006 h'! and kvmma= 0.033 h'!) suggested that Fy was lower than £i°. Indeed, 'H NMR
analysis of purified copolymers P-1-co-MMA revealed that less degradable main-chain

diester motifs were incorporated in the backbone (F;¢"9 =

0.01) compared to its feed ratio
(fi° = 0.09) (Table 3.2, entry 16 and Figure 3.30). 'H NMR analysis of the purified
copolymers at different conversions also suggested that, contrary to P-1-ce-St, the ratio of

degradable units incorporated into P-1-co-MMA increased with the total conversion

(Figure 3.30).
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Figure 3.30. Compositional analysis of P-1-co-MMA at f1° = 0.09 at different time points

of the copolymerization by '"H NMR spectroscopy.

Independently fitting the instantaneous concentrations of 1 and MMA of P-1-co-MMA at
various Conv. values to the BSL integrated model yielded the reactivity ratios of 1 and
MMA as r1 = 0.18 and rmma = 5.81, respectively (Table 3.3, entry 6 and Figure 3.28C).
The product of 71 and rmma equals 1.04, suggesting that the BSL integrated model is
suitable for determining the reactivity ratios in the copolymerization of 1 and MMA. SEC
analysis of degradation of copolymer P-1-co-MMA with F1©"Y = 0.01 only exhibited a
moderate molecular weight reduction when treated with NaOMe, yielding oligomers with

M,SEC 0f 7.2 kg mol! and P of 1.29 (Figure 3.28D). The poor degradability is likely caused
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by the low incorporation of 1 in the copolymer. To improve the degradability of P-1-co-
MMA, £1° was increased to 0.50, leading to an F1*"Y = (.25 in the resulting copolymer
(Table 3.2, entry 17). The degradability of the resulting P-1-co-MMA with F;¢9 = 0.25
was notably improved, producing fragments with lower molecular weight (degraded M,5E¢
= 1.5 kg mol'!, B = 1.45) after the NaOMe treatment (Table 3.3, entry 6, Figure 3.28E, and

Figure 3.31).
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Figure 3.31. '"H NMR analysis of degradation of P-1-co-MMA.

232



3.6 Thermal properties of the degradable vinyl copolymers

The thermal properties of the degradable vinyl copolymers were analyzed by
thermogravimetry (TG) and differential scanning calorimetry (DSC). The TG analysis
revealed that the 5% weight loss decomposition temperature (73) of P-1-co-St (T4 = 325-
347 °C when F1® = 0.03-0.15) are higher than their corresponding homopolymers, T4

(polystyrene) = 307 °C (Figure 3.32A).
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Figure 3.32. Thermal properties of the degradable vinyl copolymers in comparison to their
corresponding homopolymers. (A) T4 of polystyrene and P-1-co-St at F1¢"9 = 0.03, 0.04,
0.07, and 0.15. (B) T4 of PMMA and P-1-co-MMA at F;"9 = (.01, 0.04, 0.11, and 0.25.
(C) Ty of polystyrene and P-1-co-St at F1¢"Y = 0.03, 0.04, 0.07, and 0.15. (D) T, of PMMA

and P-1-co-MMA at F1©"9 = (.01, 0.04, 0.11, and 0.25.

Similar results were also observed when 1 was copolymerized with MMA, where P-1-co-
MMA (T4 = 275-313 °C when F1©"Y = 0.01-0.25) demonstrated improved thermal stability
compared to PMMA (74 = 255 °C) (Figure 3.32B). On the other hand, the glass transition

temperatures (7gs) of the degradable vinyl copolymers are dependent on the copolymer
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compositions. Tys of P-1-co-St (T = 87 °C when F1©" = 0.03, T, = 73 °C when F;"9 =
0.04, Ty = 65 °C when F1©"9 = 0.07, and T, = 28 °C when F1¢"Y = (.15) were reduced
compared to the homopolymer, 7, (polystyrene) =91 °C, when more degradable units were
incorporated into the copolymer backbone (Figure 3.32C). While 7y of P-1-co-MMA
remains the same as the corresponding homopolymer when the composition of the
degradable motif is low (Ty = 93 °C when F1©®"9 = 0.01), it decreases at a higher
incorporation ratio of the degradable motif (7, = 44 °C when F;©"¥ = 0.04, T; = 38 °C when
F1©9 =011, and T, = 19 °C when F;©"9 = 0.25) (Figure 3.32D). The higher T4 and lower
T, values of the degradable vinyl copolymers can both be attributed to the incorporation of
the main-chain diester motif from 1, which has high thermal stability and contains a flexible
octanediol spacer that reduces the rigidity of the copolymer chains. Therefore, the thermal
properties of the copolymers are readily tunable by the incorporation of the degradable

motif.

3.7  Conclusion

In summary, this work demonstrated that the macrocyclic allylic sulfone can serve as a
universal comonomer to copolymerize with various conjugated vinyl monomers, including
acrylates, acrylamides, styrene, and methacrylate, in organocatalyzed photocontrolled
radical ring-opening cascade copolymerization. Fitting the copolymer compositions to the
Beckingham-Sanoya-Lynd integrated model revealed unity reactivity ratios in the
copolymerization of the macrocyclic allylic sulfone and acrylic monomers. While the
macrocyclic allylic sulfone exhibited similar reactivity to acrylates and acrylamides in the

copolymerization, its incorporation rate is higher than styrene but lower than methyl
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methacrylate. As a result, a higher initial feed composition of the macrocyclic allylic
sulfone is required to achieve appreciable incorporation in the copolymerization with
methyl methacrylate. The approach described in this article represents a powerful method
to incorporate degradability into mass-produced commodity vinyl plastics. Moving
forward, improvement of the reactivity of macrocyclic allylic sulfones in the
copolymerization with various vinyl monomers may benefit from further optimization of
the structure of macrocyclic allylic sulfone and reaction conditions (e.g., solvent,

temperature, and method of initiation).
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Experimental section
Materials

Organic solvents, including DMF, were bought from Fisher Scientific and purified by
solvent purification systems (Pure Process Technology). Chain transfer agents were
synthesized according to the reported procedures.*> Chemicals were bought from Sigma-

Aldrich, Strem Chemical, or Fisher Scientific and used without further purification.

Instrumentation and Characterization

Photocontrolled polymerizations were performed in a HepatoChem EvoluChem
PhotoRedOx Box TC with an EvoluChem LED spotlight (P201-18-2, 450 nm, 18W) and
a recirculating chiller. Silica gel column chromatography was carried out using automated
flash chromatography (Biotage). '"H NMR spectra were recorded in CDCI3 by a Varian 600
MHz spectrometer, a Varian 500 MHz spectrometer, and two Bruker AVANCE NEO 500
MHz spectrometers, one with a Prodigy and the other with a Helium CryoProbe, using
residual chloroform (8 = 7.26 for 'H NMR) as internal standard. The mass spectrum was
obtained using a Bruker Auto Flex Max instrument (positive mode). a-Cyano-4-
hydroxycinnamic acid was used as the matrix, with Nal added as the cation source. SEC
measurements were performed on Tosoh’s high-performance SEC system HLC-8320GPC
with TSKgel Alpha-M columns at 50 °C and a flow rate of 0.6 mL/min. HPLC grade DMF
with 0.01 M LiBr was used as the eluent. Polystyrene standards (ReadyCal Kit, Sigma-
Aldrich #81434) were used to determine the molecular weight and molecular weight
distribution of polymers. The polymers were dissolved in the above DMF solution and

filtered through a 0.20 um PTFE filter before being injected into the SEC system. DSC and
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TGA measurements were performed on a Netzsch instrument STA 449 F1 Jupiter at a ramp

of 10 °C/min.

Scheme 3.2. General procedure of organocatalyzed photocontrolled radical

homopolymerization of the macrocyclic allylic sulfone.
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Organocatalyzed photocontrolled radical homopolymerization of macrocyclic allylic
sulfone 1 was performed under nitrogen in 4 mL glass vials equipped with TFE lined
silicone SURE-LINK septa (Chemglass CG-4909-04) using a HepatoChem EvoluChem
PhotoRedOx Box TC with an EvoluChem LED spotlight (P201-18-2, 450 nm, 18W) and
a recirculating chiller. Macrocyclic allylic sulfone 1 was prepared following the reported
procedures.? The stock solution of 1, CTA1, and eosin Y was prepared and stored in the
fridge (4 °C). A 4 mL glass vial equipped with a stir bar was charged with allylic sulfone
macrocyclic monomer (0.1 mmol), CTA (2.00 pmol), eosin Y (0.1 pmol), and DMF (0.2
mL). The mixture was covered under aluminum foil and degassed with nitrogen for 20
minutes. The mixture was then irradiated by a blue LED spotlight (18 W, Amax = 450 nm)
at 25 °C. The vial was exposed to air to stop the polymerization. The reaction mixture was
diluted with dichloromethane (DCM) and precipitated in hexane three times. The resulting
polymers were analyzed by "H NMR spectroscopy and SEC. 'H NMR data matches that in

the literature.3?
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Scheme 3.3. Procedure for synthesis of diblock copolymers P-1-b-PMA.
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A 4 mL glass vial equipped with a stir bar was charged with allylic sulfone macrocyclic
monomer 1 (0.2 mmol), CTA1 (5.0 umol), eosin Y (0.2 pmol), and DMF (0.4 mL). The
mixture was covered under aluminum foil and degassed with nitrogen for 20 minutes. The
mixture was then irradiated by a blue LED spotlight (18 W, Amax = 450 nm) at 25 °C for 4
hours. The monomer conversion was monitored by 'H NMR spectroscopy (64%
conversion of 1). The vial was then exposed to air to stop the polymerization. The reaction
mixture was diluted with DCM and precipitated in hexane three times. The resulting
polymers were analyzed by '"H NMR spectroscopy and SEC.

A 4 mL glass vial equipped with a stir bar was charged with methyl acrylate (MA) (0.4
mmol), macroinitiator P-1 (2.0 pmol), eosin Y (0.4 pumol), and DMF (0.8 mL). The mixture
was covered by aluminum foil and degassed with nitrogen at 0 °C for 20 minutes. The
mixture was then irradiated by a blue LED spotlight (18 W, Amax =450 nm) at 25 °C for 4
hours. The monomer conversion was monitored by 'H NMR spectroscopy (69%
conversion of MA). The vial was then exposed to air to stop the polymerization. The
reaction mixture was diluted with DCM and precipitated in hexane three times. The

resulting polymers were analyzed by "H NMR spectroscopy and SEC.
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Scheme 3.4. General procedure for synthesis and degradation of degradable vinyl

copolymers from organocatalyzed photocontrolled radical ring-opening cascade

copolymerization.
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Copolymerization of macrocyclic allylic sulfone and vinyl monomers

A 4 mL glass vial equipped with a stir bar was charged with allylic sulfone macrocyclic
monomer (0.1 mmol), vinyl comonomer (1.0 mmol), CTA (10.0 pmol), EY (1.1 pmol), and
DMF (0.2 mL). The mixture was covered under aluminum foil and degassed with nitrogen
at 0 °C for 20 minutes. The mixture was then irradiated by a blue LED spotlight (18 W,
Amax = 450 nm) at 25 °C. The vial was exposed to air to stop the polymerization. The
reaction mixture was diluted with DCM and precipitated in hexane three times. The

resulting polymers were analyzed by '"H NMR spectroscopy and SEC.

Degradation of degradable vinyl copolymers

In a 4 mL glass vial equipped with a stir bar, 10 mg degradable vinyl copolymers were

dissolved in 0.5 mL THF. A solution of sodium methoxide (100 uL of a 25 wt% solution in
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methanol) was added. After 30 minutes, the reaction was stopped by the addition of a 1 M
aqueous hydrochloric acid. To collect the degraded products for 'H NMR spectroscopy and

SEC analyses, the mixture was extracted with DCM. The organic phase was dried with

Na»S0O4 and concentrated in vacuo.

241



Determination of monomer conversion by 'H NMR spectroscopy

The monomer conversion for the polymerization of macrocyclic allylic sulfone 1 was
determined based on the assignment that the integral of the doublet at 6 = 1.09 ppm (Peak
a, Figure 3.33) corresponds to the methyl group of the polymer P-1 (3H), and the integral
of the singlet at 6 = 6.76 ppm (Peak b, Figure 3.33) corresponds to terminal alkene of
unreacted monomer (1H). When the integral of Peak a is normalized, the monomer

conversion @ is calculated based on the following equation, where I, is the integral of Peak

b.

g=— 0
T+3x1, < 100%

Y - g1

1.001.000.96 5.31

90 85 80 75 7.0 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
Chemical Shift (ppm

Figure 3.33. Determination of monomer conversion for organocatalyzed photoredox

radical homopolymerization of macrocyclic allylic sulfone 1 by 'H NMR spectroscopy.
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Determination of comonomer conversions for the copolymerization of 1 and MA

The comonomer conversions for the copolymerization of 1 and MA were determined
based on the assignments that the integral of the multiplet at 6 = 1.13 ppm (Peak a, Figure
3.34) corresponds to the methyl group of P-1 unit (3H); the integral of the singlet at d =
6.55 ppm (Peak b, Figure 3.34) corresponds to the terminal alkene of unreacted allylic
sulfone macrocyclic monomer 1 (1H); the integral of the singlet at 6 = 3.75 ppm (Peak c,
Figure 3.34) corresponds to the methyl group of unreacted MA (3H); and the integral of
the singlet at 6 = 3.67 ppm (Peak d, Figure 3.34) corresponds to the methyl group of PMA
unit (3H). The monomer conversion # of 1 and MA is calculated based on the following
equations, where 7, is the integral of Peak a, I, is the integral of Peak b, I. is the integral of

Peak c, and /4 is the integral of Peak d.

lq

I
X 100% Oya = —2

6, = ——
7L +3x1, I.+1,

X 100%
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Figure 3.34. 'H NMR analysis of photocontrolled organocatalyzed radical ring-opening

cascade copolymerization of allylic sulfone macrocyclic monomer 1 and MA.
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Figure 3.35. '"H NMR spectrum of diblock copolymer P-1-b-PMA.
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Figure 3.36. '"H NMR spectrum of degradable vinyl copolymer P-1-co-St at ;°= 0.09.
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Figure 3.37. '"H NMR spectrum of degradable vinyl copolymer P-1-co-MMA at f;° = 0.09.
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