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ABSTRACT

Carbohydrates are fundamental building blocks for natural polymers; their
bioavailability, chemical functionality, and stereochemical diversity make them attractive
starting materials for the development of new synthetic polymers. This dissertation
describes the development of polycarbonate materials from derivatives of one such
carbohydrate, p-glucopyranoside. Several novel monofunctional and multifunctional
monomers were synthesized to produce linear and branched/crosslinked polymers. The
regiochemical and stereochemical sophistication inherent to carbohydrates was harnessed in
each project to study the effects on chemical reactivity of the monomers and on
physicochemical properties of the resulting polymers.

A library of linear poly(glucose carbonate)s (PGCs) was synthesized from a single
monomer, methyl 4,6-O-benzylidene-2,3-O-carbonyl-a-p-glucopyranoside (MBGC), via
ring-opening polymerization (ROP) followed by post-polymerization reactions, to determine
the effect of repeat unit structure and molar mass on polymer properties. Beyond the
production of homopolymers, MBGC was further employed to afford amphiphilic
copolymers and block copolymers via ROP with a small molecule initiator and a
macroinitiator, respectively. Within these different polymeric systems, a wide range of
thermal decomposition temperatures (221-339 °C), glass transition temperatures (-48-222
°C, Tg), and water contact angles (38-128°) were achieved. Further, assembly of the
amphiphilic copolymers and block copolymers under aqueous conditions revealed

interesting morphological differences as a function of composition.



In efforts to produce multifunctional monomers for branched/crosslinked polymeric
materials, a difunctional cyclic carbonate monomer methyl 2,3:4,6-di-O-carbonyl-o-p-
glucopyranoside (MGDC) for ROP, as well as a synthetic methodology for multifunctional
alkene-containing monomers for thiol-ene photopolymerization were developed. ROP of
MGDC was studied by varying the conditions to produce branched and linear
homopolymers. In addition to homopolymerization, MGDC was also used as a comonomer
to create branched/crosslinked PGCs. The multifunctional alkene-containing monomers
were copolymerized with a variety of multifunctional thiols to produce networks with a
range of thermal and physical properties depending on the comonomer composition, with
Tgs from -17 to 58 °C and storage moduli from 0.4 to 30 MPa.

This dissertation focuses on the development of monomers that will allow for the
straightforward synthesis of glucose-based polycarbonates. Multiple monomers and
polymerization techniques were utilized in this work to produce polymers with varied
architectures. Throughout, the effect of different functionalities and regiochemistries of the
monomers were correlated to the properties of the resultant polymers. Overall these highly
tunable, glucose-based degradable polymeric platforms hold great promise for the
sustainable production of advanced engineering materials, biomaterials, and composites for
implementation in a diverse range of applications, from medicine to electronics, and many

others.
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CHAPTER I

INTRODUCTION

Polymeric materials have enabled many of the major technological advances of the
last 50 years. Polymers are used in a variety of important applications including electronics,
engineering materials, transportation, biomedical devices, and packaging. In these
applications, plastics have provided significant improvements over previous materials used,
allowing for more efficient production and robust, tunable properties through varying the
polymeric architectures and structures. Because of these advantages, in the past 50 years
there has been > 20x increase in the amount of virgin plastic produced each year using
petroleum-based feedstocks.»? Approximately 40% of these newly produced polymers are
used in single-use packaging, such as drink bottles, household good containers, or food
containers.? Following the end of the useful lifetime of these materials, they are disposed
by the consumers and enter waste streams. It is estimated that, of these materials, 40% are
landfilled, 15% are recycled into new materials, 15% are incinerated for energy recovery,
and 30% do not enter regulated waste streams.'* The materials that do not enter regulated
waste streams are either inappropriately disposed, or are left to litter the environment.
Approximately 8 million tons of this plastic material will enter the Earth’s waterways each
year,* and can cause significant damage to the ecosystem, humans, and animals that rely
on these waterways. Eventually the plastics in local waterways, such as rivers and streams,
enter the open ocean, where they tend to aggregate and form what are generally referred to

as garbage patches. One of the most well know of these is the “Great Pacific Garbage Patch”



in the Pacific Ocean.® It is estimated that 80,000 metric tons of trash is in the Pacific garbage
patch, and that it spans 1.6 million square kilometers (roughly 3 times the size of France, or
2 times the size of Texas).”> The majority of the plastic materials in the patch are not
anticipated to degrade over time to small molecules, but will breakdown physically into
smaller particulates.” Depending on the size of these particles, they are referred to as
microplastics or nanoplastics. The effects of these small plastic particulates on the
ecosystem is not fully understood, but several studies have demonstrated that these
particulates accumulate in the flesh of various aquatic animals and may be a source of
persistent organic pollutants.38-11

To alleviate the negative effects of plastic accumulation in the environment and
provide materials for high value applications such as biomedical devices, research has been
undertaken into the development of polymers with labile chemical bonds within the polymer
chain. For applications that require degradability under general environmental conditions,
chemical linkages sensitive to agueous environments hold important potential as linkages
along the polymer backbone. Several different types of chemical bonds are able to degrade
under hydrolytic conditions, such as acetals, esters, carbonates, phosphoesters, and others.
Significant work has been completed to include these linkages into the backbones of various
polymers.1?1® Monomers amenable to traditional radical polymerization techniques have
been developed to insert these different linkages into polymers,}’1%20 while other
polymerization methodologies have also been developed that allow for the direct
incorporation of these linkages into the polymer backbone.??? Using these various types of
polymer materials allows for not only physical degradation of the plastic materials, but also

chemical degradation into small molecules that may be more readily cleared from the
2



environment. The ability of these polymers to degrade into small molecules adds different
challenges and factors to the choice and development of new polymeric materials. One of
these factors is the small molecules produced upon degradation of the polymer, and ensuring
that these degradation products cause minimal damage to the environment and exhibit
negligible toxicity as the polymer degrades.

An attractive characteristic of both natural and synthetic polymers derived from
renewable feedstocks is that they can undergo degradation by photochemical, thermal,
enzymatic, or hydrolytic processes into small molecules that are presumed to be relatively
non-toxic to the environment. Currently many chemicals that are vital to industrial and
academic research are traditionally produced from petrochemical sources, and as the scarcity
of petroleum increases, there is a need to identify new sources for commodity chemicals. A
variety of target molecules have been identified as high-value added chemicals that can be
derived from biomass, with many being targeted as “drop-in” replacements for current
commodity chemicals produced from petroleum sources.?>2° In the past 20 years, hundreds
of companies have been formed with the focus of producing commodity chemicals and
materials from biosources. The commodity chemicals that are produced from natural
sources by these companies can in many cases be directly used as monomers to produce
traditional polymeric materials. One well known example of this is from the Coca-Cola®
Company and their use of biosourced ethylene glycol in the production of polyethylene
terephthalate used in the PlantBottle®. As the field of sustainably sourced chemicals
increases, naturally-derived polymers will have significant potential to address the desire of
the public for more sustainable, but still fully functional polymeric materials. Biosourced

polymers can be generated in two main methods: they can be isolated directly from Nature
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(e.g., polysaccharides, polynucleic acids, polypeptides, etc.) or used to produce naturally
sourced monomers amenable to a variety of polymerizations. Natural products can be
isolated from plants, animals, fungi, bacteria, etc. and include a variety of classes of
chemicals including saccharides, amino acids, neolignans, cyclitols, flavinoids, and many
others.

A Department of Energy report on “Top Value Added Chemicals from Biomass”
identified 30 target molecules from biosources; from these 30, a further set of 12 molecules
were identified as molecules that can serve as drivers for the development new biorefinery
operations. All 12 molecules were derived from saccharide starting materials. Saccharides,
also called carbohydrates or sugars (these three names will be used interchangeably
throughout this dissertation), are a class of natural products with the general chemical
formula CyH2nOn, and can range from simple monosaccharides (glucose, fructose, etc.) to
complex polymeric architectures (starch, DNA, etc.). Sugars play a variety of different roles
in living organisms, including energy storage, transmission of genetic information, as well
as structural formation. Saccharides are attractive starting materials in the production of
renewable materials; as the fundamental building blocks of different natural polymers, they
have several biomass sources including potatoes, rice, beets, sugar cane and wood.3%32 In
addition, the industrial fermentation of saccharides yields several renewable chemicals on
commodity scales, such as lactic acid, succinic acid and ethanol.*>3132 Beyond their ability
to be used as precursors for a range of different molecules, the wide range of stereochemical
diversity, regioselectivity, and high degree of functionality of carbohydrates make them
attractive starting materials in the synthesis of functional molecules. Carbohydrate linkages

have been included in the backbones and side chains of a variety of different polymeric
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architectures, to make use of their structural diversity and favorable bioactivity.?43340
Polymers synthesized via radical polymerization techniques include sugars as side chain
functionalities to act as targeting moieties for various biomedical applications.***> These
materials, however, have non-degradable polymer backbones, hindering clearance from the
body or environment. Therefore, significant efforts have been put towards the development
of monomers and polymerization methods that allow for the inclusion of the sugar molecules
in the backbones of well-defined polymeric materials.

Combining the advantageous properties of polycarbonates with natural product-
based monomers has great potential for the production of benign degradable polymers.
Upon degradation of a polycarbonate, the small molecule by-products will be CO> and a
diol, these are expected to be more easily tolerated by the environment than the degradation
products of some other classes of degradable polymers which can cause inflammation.
Polycarbonates are widely used materials in a range of technically challenging and
demanding applications, from impact resistant materials to commodity goods to biomedical
devices.**4¢ Multiple polymerization techniques can be used to synthesize polycarbonates
in a straightforward manner. Most commonly used are condensation polymerizations (such
as those involving phosgene analogs and diols),**4"*8 transesterification of a carbonate
comonomer with a diol monomer,*® copolymerization of CO. with ring-opening of an
epoxide,>®>* or ring-opening polymerizations (ROP) of cyclic carbonate monomers.3">5-60
Of these polymerization techniques, ROP of currently provides the greatest control over the
molar mass, selectivity of the reaction and, ultimately, over the properties of the final

materials.



ROP is a powerful controlled polymerization technique that allows for the
straightforward inclusion of heteroatoms into the backbone of polymer chains. Several
different types of polymers can be synthesized via ROP, including polyesters, polyamides,
polyethers, polycarbonates, and others.®® In recent years, a large variety of catalysts has
been developed for ROP of cyclic monomers.>®>®2®  QOrganocatalysts are becoming
competitive with inorganic catalysts, both in price and reactivity, overcoming toxicity
concerns and difficulties with the availability of metal-based catalysts.?:22°557.63-65 Eyrther,
the ability of ROP to include heteroatoms in the polymer backbone makes it a powerful tool
not only for the inclusion of degradable chemical linkages, but also saccharides into polymer
backbones. The combination of a degradable polymer backbone having biocompatible
sugars as part of the repeat unit offers high potential of hydrolytic degradation into easily
metabolized by-products. Although there is interest in the use of sugars in a variety of
polymeric architectures and morphologies, this dissertation will focus on the production of
poly(saccharide carbonate)s, which have been produced from several different
carbohydrates and their derivatives, including xylose,*"%®%” deoxyadenosine,®® isosorbide,*
and pyranosides.>74048.56.596069-74 - G cose is of particular interest to include in polymeric
materials, since as the main component of cellulose it is able to be isolated commercially in
large quantities. The Wooley laboratory has a significant interest in the development of
synthetic methodologies for the preparation of well-defined poly(glucose carbonate)s, tuning
their properties and investigating their implementation in a diverse range of applications.*®"
78

This dissertation will describe the design of scalable and robust synthetic

methodologies for the production of cyclic glucose carbonate monomers for ROP as well as
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a carbonate-containing monomer for a thiol-ene photopolymerization (Figure 1.1). Several
guidelines have encompassed the synthesis of the glucose carbonate monomers and
polymers, including the use of simple, scalable and translatable chemistries. The monomers
and polymers are designed such that the resulting material properties are easily manipulated
by further functionalization. Additionally, each study was designed to understand the effect
of different repeat unit structures, molar masses, and polymeric architectures on the final
polymer properties. It was an aim of this work to increase the understanding and usefulness
of glucopyranosides in the field of polymer science and lay a foundation from which new

chemistries, engineering, and biomedical applications may be explored.
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CHAPTER II
ORGANOCATALYZED ROP OF A GLUCOPYRANOSIDE DERIVED 5-MEMBERED

CYCLIC CARBONATE!

2.1 Introduction

Polycarbonates, predominantly composed of phenolic-type monomers, e.g.
bisphenol A, are fundamental mainstay materials that serve broad purposes in technically
demanding conditions, for instance automotive components and commodity materials.
However, aliphatic polycarbonates are also of significant value. Over the past decade,
aliphatic polycarbonates have garnered increasing interest for use in biomedical
applications, primarily because of their tissue compatibility, potential degradation in vivo,
and benign degradation products.**** The wide range of stereochemical diversity and high
degree of functionality of carbohydrates, as well as the ability to perform functional group
transformations and combine different carbohydrates, make them attractive starting
materials in the synthesis of monomers that can be converted into polymer materials with a
diversity of structures and properties. Moreover, due to the extensive bioavailability of
carbohydrates, their use as feedstocks for the synthesis of polycarbonates can reduce the
dependence on petrochemical starting materials and offers a high potential of hydrolytic

degradation into easily metabolized byproducts. Significant work has been done to produce

!Adapted with permission from “Organocatalyzed ROP of a Glucopyranoside Derived Five-Membered Cyclic
Carbonate” by Felder, S. E.; Redding, M. J.; Noel, A.; Grayson, S. M.; Wooley, K. L., Macromolecules, 2018,
51(5), 1787-1797. Copyright 2018 American Chemical Society
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poly(saccharide carbonate)s from various carbohydrates and their derivatives, including
xylose,*"%%%7 deoxyadenosine,® isosorbide,*® and pyranosides.3”:40:48:56.59,60.69-74
Polycarbonates are most commonly synthesized by condensation polymerizations
(such as those with phosgene analogs and a diol),*%4"#8 transcarbonation of a carbonate
comonomer with a diol monomer,*® copolymerization of carbon dioxide with the ring
opening of an epoxide,>®>2 or ring-opening of cyclic carbonate monomers.3”>%  Among
these methods, ring-opening polymerization (ROP) provides the greatest control over the
molar mass, selectivity of the reaction and, ultimately, over the properties of the final
materials. In recent years, a large variety of catalysts has been developed for the ROP of
cyclic carbonates.>®>®? QOrganocatalysts are becoming competitive with inorganic catalysts,
both in price and reactivity, overcoming the toxicity, and difficulties with the availability of
metal-based catalysts.>>°"%% However, their application in certain ROPs are still limited by
monomer reactivity. For instance, the polymerization of 5-membered cyclic carbonate
monomers is challenging under common catalytic conditions. Monomers of this ring size,
for esters or carbonates, generally do not undergo polymerization,” or even ring opening to
produce acyclic molecules under common catalytic conditions.8% In cases where
polymerization was achieved, side reactions, such as the elimination of CO2 during the
polymerization leading to a poly(carbonate-co-ether) rather than the desired polycarbonate,
were also a main issue.®>®" One of the early examples of an efficient 5-membered ROP
leading to a polycarbonate was the anionic polymerization of methyl 4,6-O-benzylidene-2,3-
O-carbonyl-a-p-glucopyranoside (MBGC), a fused trans-cyclic carbonate.®® In this anionic
ROP, the effect of solvent, monomer concentration, and initiator were studied thoroughly by

the Endo and Haba groups.®®"27388 The selective ROP of other trans-fused ring carbonate
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monomers has been investigated further by Guillame and Carpentier et al., using several
catalysts, including an organocatalyst.®®! The additional strain from the cyclic carbonates
being in a trans-fused bicyclic conformation was likely the driving force for these
polymerizations. These interesting results guided us to examine the ability of MBGC to
undergo organocatalyzed ROP.

Herein, we report a study of the organocatalytic scope and a kinetic analysis of the
MBGC polymerization to confirm its controlled nature. Optimized experimental conditions
were then applied to the synthesis of several molar masses of PMBGC to explore the
thermophysical properties. The acid sensitivity of the benzylidene protecting group was then
used to generate the deprotected, polyhydroxyl-presenting polycarbonates, which were
further functionalized. Finally, the physical properties and hydrolytic stabilities of the
synthesized polymers were analyzed and compared in terms of molar mass and side chains
(benzylidene acetal, hydroxyl, or acetyl), which revealed interesting mechanistic differences

under acidic vs basic aqueous conditions.

2.2 Results and Discussion

On the basis of our interest in the production of well-defined poly(glucose
carbonate)s,*®%%8."1 and reported ROPs of 5-membered cyclic carbonates,?:727381.88-90 \ye
investigated the polymerization of a five-membered cyclic carbonate of glucose under a
range of organocatalytic conditions, the post-polymerization modification of the polymers

produced, and their thermophysical and degradation properties

2.2.1 Monomer synthesis
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The methyl 4,6-O-benzylidene-2,3-O-carbonyl-a-p-glucopyranoside (MBGC)
monomer may be synthesized from the commercially available methyl 4,6-O-benzylidene-
a-p-glucopyranoside by establishment of a five-membered cyclic carbonate through the
hydroxyl groups at positions 2 and 3. This carbonylation reaction has been reported to
proceed by using excess (30 equivalents) ethyl chloroformate® or 2 equivalents of
phosgene.® To overcome the safety hazards associated with gaseous phosgene, we chose to
employ equivalent phosgene, generated in situ from triphosgene, as the carbonylation agent.
Several other carbonylation agents were tested, and none was able to produce the cyclic
product in an acceptable isolated yield (Table 11.3 and Figure 11.28). Although, the use of
triphosgene requires additional safety precautions, as it degrades into phosgene, the nearly
quantitative yield and ease of purification made this route our favored method of synthesis.
All relevant NMR and IR spectra for the monomer and polymers can be found in Figures

11.10-27.

2.2.2 Organocatalytic scope of polymerization and kinetic study

Literature precedent suggested the five-membered cyclic carbonate would require
highly active catalyst regimes.®%887%0  Consequently, the polymerization of MBGC
(initiator:monomer, 1:50) was initially tested using a range of organocatalysts among the
most active organobase catalysts (1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), a mixture of
DBU and N-[3,5-bis(trifluoromethyl)phenyl]-N"-[(1R,2R)-2-
(dimethylamino)cyclohexyl]thiourea (TU), a mixture of DBU and TBD, or TBD)>®
Surprisingly, all the conditions tested were able to polymerize MBGC with reasonable molar

masses (2.9-5.8 kDa, as measured by CHCI3z SEC), narrow dispersities (P, 1.19-1.29), and
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good yields (63-78%, Table I1.1 and Figure 11.1). The trans-fused bicyclic configuration of
the cyclic carbonate generates strain energy and was likely responsible for the feasibility of
the ROPs. As expected, higher catalyst loadings (4 mol % vs. 2 mol %) gave slightly higher
molar masses over the same reaction time, as did more active catalyst regimes (TBD vs.
DBU). The highest Mns and lowest D were achieved with TBD as the catalyst. The molar
masses and P were initially measured via SEC with CHCI3 eluent (this was necessary to
ensure separation between the SEC signals for the eluent injection and the lowest molar mass
polymers). While the Mxs determined by this SEC were lower than anticipated, the trend in
MW is valid, indicating that TBD produced the largest polymers at the 5 h time point,
relative to the other organobase catalyst systems. Therefore, the kinetics of the

polymerization were studied using TBD.

Table I1.1. Effect of organocatalyst system on the ROP of MBGC, each measured at a
time point of 5 h.2

oo ot 8y @ S
(mol%)

DBU 421 2:8 132 ?3

DBUTU ;51 1% o

TBD/DBU i ;‘;? 1;8 ZQ

TBD L 55 110 s

MBGCJo =0.50 M, MBGC:MBA =50:1, 30 °C, 5 h, in DCM. ®Measured with SEC (CHClIz eluent) calibrated with
polystyrene standards. cAfter three precipitations into methanol, no monomer detected by SEC.
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Figure 11.1. SEC traces (CHCIz eluent) for the polymerization of MBGC with various
organocatalysts. [MBGC]o = 0.50 M, MBGC:lInitiator = 50:1, 30 °C, 5 h, in DCM. Inset
shows the same traces.

The kinetics of the ring-opening of MBGC were studied using 4-methylbenzyl
alcohol (MBA) as an initiator (initiator:monomer, 1:50), and TBD as a catalyst (2 mol % to
MBGC, Figure I1.3 and Table 11.4). The monomer conversion was monitored by SEC using
an internal standard because significant overlap between monomer and polymer proton
resonance frequencies was responsible for inaccurate conversion values by *H NMR.
Naphthalene was chosen as an internal standard because of its compatibility with the reaction
conditions and its unique signal in the SEC from monomer and oligomers. The
polymerization had reached 50% conversion after 90 min and full conversion after 180 min.
The SEC traces revealed monomodal signals during the polymerization, which progressed
to lower elution times as the monomer was consumed. The polymer molar mass grew
linearly with the conversion of monomer, while maintaining relatively low D. As expected,
[M]o
(M

a kinetic plot of ln—] versus time confirmed the controlled nature of the polymerization

and indicated the polymerization was pseudo-first-order with respect to the monomer
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(Figure 11.2). Comparing these data to the polymerizations described by our group of six-
membered glucose carbonate monomers, the polymerization overall required significantly
longer time to reach full conversion, supporting the lower reactivity of the five-membered
glucose carbonate monomer.” As with the investigation of the organocatalytic scope, the
molar mass values determined are lower than expected; however, use of the SEC with
CHCl3 eluent was necessary as it was the only instrument accessible that provided separation
between the retention volumes for the monomer, internal standard, and the growing polymer
chain, without overlap with the eluent injection negative peak. The conversion values were
determined independently and are not subject to potential errors from the artificially reduced
MWs determined; therefore, the trends determined from these data are valid (Figure 11.2).
Absolute molar mass determination was attempted using matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF MS, Figures 11.5, 23, 32, 33);
however, the data were not accurate because of the relatively high Hs and the resulting non-

Gaussian distributions observed in the MALDI-TOF spectra for several of the samples.
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(right axis, blue) vs. monomer conversion of MBGC using TBD (catalyst), MBA (initiator),
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Figure 11.3. SEC traces (CHCIs eluent, UV detector) for the kinetic analysis of the MBGC
polymerization. [MBGC]o = 0.50 M, MBGC:lInitiator = 50:1, 30 °C, in DCM.

2.2.3 Polymer synthesis and post-polymerization modification

A series of PMBGCs with different degrees of polymerization were synthesized
using MBA as initiator and TBD as catalyst (Table 11.2). The breadth of PMBGC molar
masses was then used to investigate the effect of the degree of polymerization on the
thermophysical properties. Three of the PMBGC syntheses were conducted on a gram scale
to allow for post-polymerization modification reactions and further investigations (Figure
11.36). For these large-scale reactions, each polymer was obtained in good yield (>75%),

with D < 1.36 (2, 3, and 5).
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initiator and TBD catalyst. Polymer structures shown are all supported by MALDI-TOF

MS, Figures 11.29-33, and are colored to match the initiating or terminating species (MBA —
purple, water impurity — blue, TBD — red, methanol — green.

Analysis of the PMBGC samples by MALDI-TOF MS provided further insight into
the mechanism of the polymerization. The mass spectra of the PMBGC samples exhibited
narrow polymer distributions with the expected monoisotopic repeating unit of 308.10 Da
(RUtheor = 308.09),% confirming CO, was not eliminated during the polymerization, and the
benzylidene protecting groups were retained throughout the polymerization and acidic work-
up (Figure 11.5). Further examination of the data (Figure 11.29) revealed the presence of
multiple distributions, each with a 308.1 Da repeat unit, resulting from different initiating
and terminating events (Figure 11.4, 30, 31). The major distribution corresponded to the
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expected polymer species, with MBA as the initiating end group and a free hydroxyl on
either the 2- or 3-position of the glucopyranoside as the terminating functionality. The
second series of signals was consistent with PMBGC polymers with water as the initiating
group and an alcohol terminating group, resulting in a —147.9 Da mass shift with respect to
the main distribution. Unlike the polymers initiated from MBA, this product undergoes a
single decarboxylation to yield a free hydroxyl group on the initiating end (Figure 11.30).
This peak series represents ~10% of the total peak area relative to that of the main
distribution. While these MALDI-TOF MS data cannot be considered as accurate for
quantification purposes, they do qualitatively suggest this species is a minor component.
There are no *H NMR signals unique to this initiating species that would allow for a more
accurate quantitation of this species. Finally, in some samples, a third series of signals was
identified that was consistent with the MBA initiation, but termination with a methyl
carbonate end group rather than the expected 2- or 3-free hydroxyl group. This distribution
exhibited a +58.0 Da shift with respect to the main distribution and is proposed to have
originated from a competing termination during the methanolic purification, wherein the
TBD present would allow methanol to react with the carbonate backbone (Figure 11.4, 31).
This side reaction is similar to the previously reported intentional organocatalytic
depolymerizations in the presence of alcohols.8%-" The use of dendritic calibrants in the
mass range of interest enable sufficient mass accuracy (generally £0.1 Da) to make these
assignments with confidence.®® Further confirmation of these proposed mass spectral
assignments was gained by analyzing an alternative initiation with 4-tert-butylbenzyl
alcohol (tBBA, Figure 11.29c,d). As expected, analogous series to the first and third

distributions described in the MBA initiated polymers were observed, but shifted +42.0 Da,
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corresponding to the mass increase for the tBBA initiator. The distribution which was
identified in the MBA initiated polymerization as the water-initiated series, on the other
hand, showed no shift in molar mass, confirming that this species originated from

adventitious initiation with water.
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Figure 11.5. Entire MALDI-TOF mass spectrum of PMBGC (above) and expanded inset

(below) showing the monoisotopic masses (Mmi) observed for PMBGC with the proposed
chemical structures of each individual species identified.

The presence of competing termination chemistry during the purification with
methanol led to the investigation of alternative work-up procedures, and the products of
these alternative protocols were subsequently analyzed by MALDI-TOF MS. The
substitution of a non-nucleophilic solvent, diethyl ether, for methanol in the purification did

cause the disappearance of the methyl carbonate chain ends; however, a new polymer species
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was identified as the major distribution with a —5.0 Da mass shift relative to the main
polymer distribution observed as a result of the methanolic purification (Figure 11.32). A
cation competition study, comparing the mass spectra of samples prepared with added
lithium, sodium, and potassium salts, was explored to confirm the ionizing species for this
distribution. During this study, regardless of the added cation, there was no shift in the
distribution. It was therefore verified that the polymer species included a preionized cationic
end group, which was determined to be the TBD cation (Figure 11.32). This study showed
two polymer populations: one with initiation by the TBD catalyst during the polymerization
and a second with both a MBA chain end and a TBD cation chain end (Figure 11.4). There
was no presence of the expected MBA-initiated hydroxyl-terminated polymer by MALDI-
TOF MS; however, 'H NMR spectroscopy showed the expected signal of the MBA initiator.
This observation may result from the amplification of mass spectral signals from the TBD-
functionalized chains, owing to their inherent cationic nature and therefore increased
ionization efficiency. To probe this inconsistency, an additional precipitation into methanol
was performed after the ether precipitation (Figure 11.33). This final methanol precipitation
caused the MS signals of the TBD chain end populations to disappear, as the TBD cation is
an excellent leaving group and would be removed upon exposure to nucleophilic methanol.
The resultant PMBGC samples exhibited only two distributions in their mass spectra, the

expected MBA initiated product, and a minor water-initiated distribution (Figure 11.2).
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The benzylidene protecting group on MBGC was chosen specifically for its ease of
removal in acidic conditions to produce free hydroxyl groups, allowing for a switching of
the polymer chain character, from hydrophobic to hydrophilic, through a straightforward
post-polymerization modification. The PMBGCs that were synthesized on a gram scale
were therefore deprotected to generate polyhydroxyl polymers (8, 9, and 10, synthesized
from 2, 3, and 5, respectively; Figure 11.6). The deprotection was achieved under acidic
conditions (trifluoroacetic acid/water in DCM). The completion of these reactions (>78%
yield) was confirmed through the disappearance of *H and 3C NMR signals corresponding
to the benzylidene group (Figures 11.21-24) as well as the appearance of an IR signal at

3600-3200 cm* corresponding to the O-H stretch (Figure 11.27). Upon deprotection,
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the M, of the precipitated polymer sample, measured by SEC (DMF), was larger than the
protected precursor polymer (Table 11.2). Examination of the reaction supernatant suggested
transcarbonation reactions between the deprotected hydroxyl groups and the carbonate units
in the backbones may have contributed to the larger than expected Mn. Intra- and
intermolecular transcarbonation reactions could explain the observation of cleaved chains
appearing at longer retention times in the SEC of the reaction supernatant (Figure 11.36d)
and could also produce the observed longer polymeric chains by intermolecular
transcarbonations (Figure 11.35).  Alternatively, the shorter retention times for the
deprotected polymer precipitant could also be attributed to a more flexible monocyclic repeat
unit of PMGC vs the bicyclic repeats of PMBGC, with the PMGC being better solvated by
DMF than were the PMBGC precursors, giving them larger hydrodynamic volumes, even at
comparable degrees of polymerization. Examination of the *H NMR spectra of 3 and 8 also
supports transcarbonation reactions occurring during the deprotection. In sample 3, the DP
value is calculated to be 30, whereas in sample 8, the DP value calculated is 70, suggesting
that not every polymer chain retained its initiator. The deprotected polymers were further
analyzed by MALDI-TOF MS to probe the completeness of the deprotection as well as the
presence of polymer species caused by transcarbonation (Figure 11.34). Although the
protected PMBGC precursors exhibited a relatively narrow molar mass distribution in their
mass spectra, the PMGC product signal patterns were consistent with an increased dispersity,
further supporting transcarbonation occurred under the acidic reaction conditions.
Meaningful average molar mass and dispersity data could not be gained from these samples;
however, analyses of the distributions did give information about the repeat unit and end

group structure. For example, at least four different distributions were observed in these
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samples, but all exhibited a 220.1 Da spacing, consistent with complete removal of the
benzylidene protecting groups on each repeat unit. Furthermore, end group analysis
confirmed the two major distributions corresponded to water initiated polymer chains with
a hydroxyl end group and water initiated chains with a methyl carbonate end, from the
PMBGC precursor. The expected product, the MBA-initiated polymer with a hydroxyl end
group, was also observed, though the signals were less intense. The fact that the MBA
distribution appeared to have been significantly attenuated relative to the protected starting
material provides further evidence of transcarbonation reactions during the benzylidene
removal. Finally, a fourth distribution is observed which is consistent with cyclic polymers
having no end groups. Again, this observation is consistent with transcarbonation occurring

during the deprotection reaction.

Table 11.2. Properties of PMBGC, PMGC, and PMACc,GC.

ToC T Water
b° onset  midpoint contact
(°C) (C) angle’ (°)

M, Mn*

.]a
Polymer Sample Ml (kDa)  (kDa)

1 20 4.1 6.4 1.22 - 87 -
2 25 7.8 8.6 1.32 296 104 108 + 13
3 40 9.7 115 1.36 307 134 116 + 7
PMBGC 4 50 10.3 12.4 1.28 - 172 -
5 55 12.5 13.7 1.27 339 220 128 + 9
6 100 18.6 16.8 1.38 347 232 -
7 200 - 18.2 1.41 346 233 -
8 - - 9.6 134 279 132 38+3
PMGC 9 - - 12.6 1.26 247 148 58 +£10
10 - - 16.4 1.23 233 158 40+ 8
11 - - 16.0 1.15 264 140 110+ 4
PMACc.GC 12 - - 17.4 1.16 247 149 103 + 11
13 - - 20.7 1.19 290 156 94 +5

AMBGC:MBA. "Measured by NMR comparing the aromatic signals of the polymer to the methyl signal of the initiator.
®Measured with SEC (DMF eluent) calibrated with polystyrene standards. 9Measured by TGA. ¢Measured by DSC.
fMeasured with a droplet of water, average of 4 droplets with measurements taken over 10 s. Polymers 8, 9, and 10, were
synthesized from 2, 3, and 5 respectively, and 11, 12, and 13, were synthesized from 8, 9, and 10 respectively.
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Further reaction of the hydroxyl side chains was also conducted to probe the SEC
behaviors without the significant solubility difference. The PMGCs were functionalized
with acetic anhydride to facilitate SEC characterization, confirming the apparent higher
degree of polymerization after the deprotection reaction, and demonstrating the reactivity of
the resulting hydroxyl groups (11, 12, and 13 synthesized from 8, 9, and 10, respectively).
Additionally, this functionalization would allow for differentiation between the changes in
the thermophysical properties of the polymers caused by the presentation of hydroxyl groups
and those caused by the transcarbonation that may have occurred during the benzylidene
removal. The success of the acetylation was confirmed through the disappearance of the OH
stretch in the IR spectrum, the appearance of the methyl signals in both the *H (2.17-1.85
ppm) and 3C (21.1-19.8 ppm) NMR spectra, and the appearance of the 3C signal of the
ester carbonyls (Figures 11.25, 26). As expected, the SEC (DMF) traces for the PMACc2GCs

shifted to shorter elution times than their PMGC and PMBGC precursors.

2.2.4 Thermal and Physical Properties of the PMBGCs, PMGCs, and

PMACc2GCs

The thermal and physical properties were examined by thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), and contact angle measurements (Table
[1.2). The analyses performed on the polymers highlighted the correlation between the repeat
unit structure and thermal properties. For the protected polymers, PMBGCs and PMACc2GCs,
higher numbers of repeat units resulted in higher thermal decomposition temperatures
(Tq, Figure 11.37); between the smallest polymer and the largest (8.6 to 18.2 kDa, as

measured by SEC, DMF eluent), the Tq rose ca. 50 °C. The deprotected materials (PMGC),
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however, demonstrated the opposite trend: as the molar mass increased, a ca. 50 °C decrease
was observed in the Tq. We do not have an explanation for the observed dependence of T4 on
molar mass. However, contributions of the hydroxyls to these changes in Tq are supported
by the general increase in Tq with molar mass upon capping of those hydroxyl groups by two
different protecting groups, as seen in the PMAc.GC and PMBGC series of polymers.

The polymers were then examined by DSC to determine their glass transition
temperatures (Tgs). Inconsistencies in the Tg values determined from the polymers led us to
the hypothesis that water was being absorbed by the polymer samples and having an effect
on the glass transition. The effect of water on the polymers was confirmed by monitoring
the changes in T for two polymer samples (5 and 10) as a function of added water (0, 5, and
10 wt %, Figures 11.41, 42, Table 11.5). Therefore, because of the changes in Ty caused by
water, all samples were dried under reduced pressure with mild heating prior to analysis by
DSC. As expected, the Tgs of all the dried samples of polymers increased with the molar
mass. The observed changes in Tg with increasing MW were most pronounced in the
PMBGC polymers with a ca. 150 °C change vs a change of 15-30 °C in the PMGCs and
PMAC.GCs (Figures 11.38-40). This significant change in T4 for the PMBGC series over the
3-fold range of M,, from below to above an expected entanglement molar mass, is in
accordance with the classical dependence of Tq on Mn of linear homopolymers, with an
apparent (Tq)- of ca. 230 °C (Figure 11.7). In contrast, the PMGCs and PMACc>GCs were
each of higher and narrower ranges of molar masses. The relatively high Tgs in the PMBGC
series are likely due to the rigidity of the bicyclic backbone repeat unit. Upon deprotection,
the changes in the Tgs are presumably caused by the removal of the benzylidene acetal to

give a monocyclic repeat unit, rather than the transesterification that occurred during the
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deprotection. This hypothesis is supported by the similar T4 values observed in both PMGC

and PMAC2GC (Figures 11.39, 40).

250 4 = PMBGC
| |
R?=0.9 "
200 |
| |
. 150
QO n
G
100 .
u
50
0 — T T v v T T [ T T T TN
6000 9000 12000 15000 18000

M, (Da)
Figure I11.7. Dependence of the glass transition temperature on the molar mass of PMBGC.
M values were measured by SEC (DMF eluent) calibrated with polystyrene standards.
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Water contact angles, as expected, revealed significant differences in the wettabilities
(Figure 11.8, 43, Table 11.2). The benzylidenated and acetylated polymers were hydrophobic
(contact angles between 94° and 128°) while PMGC was hydrophilic (38°-58°). PMGC is,
in fact, moderately water-soluble. This observation did not affect the contact angle
measurements, as several hours were required for PMGC to dissolve in buffer or water, and
intact films were observed after the measurement. In addition, the polymer length had little

to no effect on the polymer hydrophilicity.

2.2.5 PMBGC Bulk Degradation and Identification of the Degradation Products

The bulk degradation of 2, 3, and 5 as polymer pellets was investigated under acidic,
basic, and neutral aqueous conditions. When the polymer was exposed to physiological
conditions (PBS, pH = 7, 37 °C), no significant bulk degradation or pellet swelling was
observed over several months (Figure 11.44). More rigorous aqueous conditions (1 M HCI
or 1 M NaOH) were then used to examine the bulk hydrolytic degradation, revealing
differing degradation kinetics and profiles (Figures 11.45, 46). Under acidic conditions, an
incubation period was observed, between 0 and 40 days, where no significant degradation
(> 90% mass remaining) or swelling occurred (< 5%). This initial period was followed by a
rapid loss of pellet weight, increased swelling as the pellet degraded, and complete
degradation within 4 months total for all samples. However, under basic conditions, no
incubation period was observed; instead, a gradual weight loss occurred, with 0-10% of the
pellet weight being lost in 2 days, followed by 10-20% in the first week, and complete

degradation in 9 months. These differing degradation profiles and kinetics suggested that
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acidic and basic conditions proceeded via different degradation mechanisms, which was
further investigated by NMR spectroscopy.

'H NMR spectroscopy was used to identify the degradation products and, thereby,
the likely degradation mechanisms, for PMBGC and PMGC. Pristine polymer samples were
added to either 1 M DCI or 1 M NaOD in D20, and the portions of the materials that
underwent dissolution into the aqueous solutions were, subsequently, examined over time.
In basic solutions, both PMBGC and PMGC degraded into their monomeric repeat units,
methyl  4,6-O-benzylidene-a-p-glucopyranoside and methyl o-p-glucopyranoside,
respectively (Figure 11.9, 50, 51). PMBGC showed sharp signals matching in chemical shift
and integration with methyl 4,6-O-benzylidene-a-p-glucopyranoside within 7 days, with
solid remaining in the NMR tube, whereas PMGC degraded even more rapidly, undergoing
full dissolution with the appearance of sharp H resonance signals corresponding to methyl
a-p-glucopyranoside within 1 day. However, in acidic conditions (Figure 11.9, 47, 48), no
significant degradation of the polymer backbone appeared to occur over 30 weeks. The
PMBGC sample released the benzylidene protecting group after 40 days. The presence of
benzaldehyde was confirmed by the aldehyde *H resonance frequency at 9.89 ppm and the
aromatic signals at 7.93, 7.72, and 7.60 ppm. After removal of the benzylidene, the resulting
PMGC was soluble in the acidic aqueous solution; however, it did not appear to degrade
further into methyl a-p-glucopyranoside (Figure 11.49), as no sharp signals appeared in
the *H NMR spectrum consistent with saccharide chemical shifts (4.5-3.0 ppm).

Applying this knowledge of the degradation products to the bulk degradation of
PMBGC, the incubation period in 1 M HCI is likely the acidic solution removing the

benzylidene acetal, supported by a strong scent of almond in the degradation solution, and
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the pellet lost weight as the polymer became water-soluble as more hydroxyl groups were
released. In 1 M NaOH, the carbonate backbone itself was cleaved and the small molecule
diol was released, causing the pellet to lose weight. Taken together, these experiments
support the hypothesis that the difference in kinetics observed in the bulk degradation is
caused by a difference in degradation mechanisms occurring under acidic and basic

conditions.

o

1 Y S

(5 T
N ;.ﬁ'fg\ 1M DCin 0,0 6°'%\ 4
r arc @
A ! Mmoo
oH

b0
u°"i&;3.} 1M DG in D,0 !
§ s - No reaction

e

9

arec | |
S v/ A VAW |
o
Hggé_é;!
-LA-J"\._#\J\
P
R | { ‘
_.n‘_.l'L | 0 W f\‘____ll“__
Y s
I%, 1—:;)' 1M MNaCl in o.zo" '”*T-aﬁu_\« n
) a7 . J
. (!
.T S Jn‘-'l-.__... | I R N L -'l'-- —
o
@, 1M NaCD in D;0
e 2=
7eC
A
T T T T T T T T T T T T T T
10,0 55 2.0 8.5 8.0 7.5 7.0 6.0 55 50 4.5 4.0 35 3.0

6.5
f1 (ppm)

Figure 11.9. *H NMR spectra of PMBGC and PMGC, each collected as the latest time point
from acidic (1 M DCI/D20) and basic (1 M NaOD/D,0) degradation experiments (Figures
11.47-51), and the identified small molecule degradation products. The reactions shown with
each spectrum indicates the polymeric sample, reaction conditions, and degradation
products.
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2.3 Experimental Section

2.3.1 Materials

All materials were purchased from VWR or Sigma-Aldrich. Unless noted; all
reagents were used as received. Dichloromethane (DCM) was purified and dried by a solvent
purification system (J. C. Meyer Solvent System). 4-Methylbenzyl alcohol (MBA) and TBD
were dried over CaHa, dried under vacuum, and stored under an argon atmosphere. DBU
was dried over CaHo, distilled, and stored under an argon atmosphere. TU and MBGC were
dried under reduced pressure over P>Os and stored under an atmosphere of argon. Caution:
When working with phosgene precursors, including triphosgene, special precautions should

be taken as they are highly toxic by inhalation or ingestion.

2.3.2 Instrumentation

14, 18C, COSY, and HMQC NMR spectra were recorded on an Inova500
spectrometer; chemical shifts were referenced to the resonance signals of the deuterated
solvent.

IR spectra were recorded on a Shimadzu IR Prestige attenuated total reflectance
Fourier-transform infrared spectrophotometer and analyzed using IR solution v. 1.40
software.

Size exclusion chromatography was performed with (1) CHCIs as eluent on a Tosoh
EcoSEC for the organocatalytic scope and kinetic studies and (2) DMF as eluent on a Waters
chromatography system for the molar mass determinations across the polymer samples
having challenging solubilities due to the different side chain groups.
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Instrumental details: (1) Tosoh Co. (Tokyo, Japan) model HLC-8320 EcoSEC
system with a two-column set of TOSOH bioscience TSKgel columns (Super HM-M 6.0
mm i.d x 15 cm columns) and a guard column (Super H-H 4 um) with chloroform as the
eluent (0.300 mL/min) at 30 °C. Polymer solutions were prepared at ca. 3 mg/mL and an
injection volume of 200 pulL was used. The system was calibrated with Polymer Laboratories,
Inc. (Amherst, MA) polystyrene standards (580-271800 Da). (2) A Waters
Chromatography, Inc. (Milford, MA) system with an isocratic pump model 1515, a
differential refractometer model 2414, and a four-column set of 5 um Guard (50 x 7.5 mm),
Styragel HR 4 5 pum DMF (300 x 7.5 mm), Styragel HR 4E 5 pm DMF (300 x 7.5 mm), and
Styragel HR 2 5 um DMF (300 x 7.5 mm) with DMF (0.05 M LiBr) as the eluent (1.00
mL/min) at 70 °C. Polymer solutions were prepared at ca. 5 mg/mL, with toluene as a flow
marker, and an injection volume of 200 puL was used. The system was calibrated with
Polymer Laboratories, Inc. (Amherst, MA) polystyrene standards (580—-1 233 000 Da).

Mass spectral data were collected using a Bruker-Daltonics matrix assisted laser
desorption ionization time-of-flight (MALDI-TOF) Autoflex Il mass spectrometer in
reflector mode with positive ion detection. Typical sample preparation for MALDI-TOF
MS data acquisition was performed by making stock solutions in THF of matrix (20 mg/mL),
polymer analyte (2 mg/mL), and an appropriate cation source (2 mg/mL). The stock
solutions were mixed in a 25/5/1 ratio (matrix/analyte/cation), deposited onto the MALDI
target plate and allowed to evaporate via the dried droplet method. trans-2-[3-(4-tert-
Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) and a-Cyano-4-
hydroxycinnamic acid (a-cyano) were used as matrices for PMBGC and PMGC,

respectively. Sodium trifluoroacetate was used as the primary cation. Lithium iodide and
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potassium trifluoroacetate were used as cations for additional ionization studies. MALDI-
TOF MS data were calibrated against SpheriCal dendritic calibrants from Polymer Factory
(Stockholm, Sweden).

Glass transition temperatures were measured by differential scanning calorimetry
with a Mettler-Toledo DSC822° under N2, as the midpoint of the inflection tangent on the
third heating scan, with a 10 °C/min heating and cooling rate. Melting points were measured
as the onset of the inflection tangent of the first heating scan with a heating rate of 10 °C/min.
Measurements were analyzed using Mettler-Toledo Star®v.10.00 software.

Thermogravimetric analysis (TGA) was performed under an Ar atmosphere using a
Mettler-Toledo model TGA/DSC 1, with a heating rate of 10 °C/min. Measurements were
analyzed using Mettler-Toledo Star® v.10.00 software.

Contact angles were measured as static contact angles with an Attension Theta
optical tensiometer (Biolin Scientific). The static contact angle was calculated with the

Theta software (Biolin Scientific), using a Young—Laplace fit to the drops of liquid (water).

2.3.3 Synthesis

Synthesis of methyl 4,6-O-benzylidene-2,3-O-carbonyl-a-p-glucopyranoside
(MBGC). To asolution of methyl 4,6-O-benzylidene-a-p-glucopyranoside (6.0677 g, 21.5
mmol) in DCM (100 mL), pyridine was added (8.7 mL, 110 mmol). A solution of
triphosgene (2.3130 g, 7.79 mmol, 23.4 mmol of carbonylation agent generated in situ) in
DCM (75 mL) was added dropwise to the glucopyranoside solution. The reaction was
monitored using TLC and was stirred at RT until no starting material was present; a stain of

5% HCI in methanol was used for visualization. Any remaining triphosgene was quenched
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by the addition of a saturated solution of sodium bicarbonate; this mixture was stirred until
no bubbles were visible in the reaction vessel. The organic layer was then collected and
washed with saturated sodium bicarbonate, a 5% HCI solution, and finally a sodium chloride
brine solution. The organic layer was then dried over sodium sulfate, filtered, and
concentrated to yield 6.6102 g (99.8% vyield) of a white powder. FTIR (ATR): 3000-2800,
1807, 1454, 1385, 1275, 1213, 1169, 1097, 1065, 1038, 976, 951, 924, 785, 762, 698, 648
cm . 'H NMR (500 MHz, DMSO-ds): & 7.43 (overlapping, 2 H), 7.39 (overlapping, 3 H),
5.76 (s, 1 H), 5.36 (d, J = 3 Hz, 1 H), 4.84 (t, J = 11 Hz, 1 H), 4.66 (dd, J = 3 Hz, 11 Hz, 1
H), 4.31 (t, J = 9.5 Hz, 1 H), 4.24 (dd, J = 4.6 Hz, J = 10 Hz, 1 H), 3.90 (t, J= 10 Hz, 1 H),
3.67 (td, J = 4.6 Hz, J = 9.5 Hz, 1 H), 3.46 (s, 3 H) ppm. 3C NMR (125 MHz, DMSO-d):
0 153.2,136.9,129.1, 128.1, 126.2, 100.3, 95.9, 78.2, 77.0, 76.0, 67.4, 64.7, 55.3 ppm. MS

(ESI*): calculated [M + H]* for C1sH1707 309.0974; found 309.0973; m, = 110 °C.
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Figure 11.10. *H NMR (500 MHz) spectrum of MBGC in DMSO-ds.
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Figure 11.11. *3C NMR (125 MHz) spectrum of MBGC in DMSO-ds.
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General procedure for determining the organocatalytic scope for the polymerization
of MBGC. In a glovebox, to a solution of MBGC (100 mg, 0.32 mmol) in DCM (enough to
reach a final monomer concentration of 0.5 M, after the addition of all reagents), was added
a solution of 4-methylbenzyl alcohol (MBA, 0.79 mg, 6.5 pmol) in DCM (80 uL). The
reaction mixture was stirred for 2-3 min. A solution of organocatalyst in DCM (either 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU), DBU and N-[3,5-bis(trifluoromethyl)phenyl]-N'-
[(1R,2R)-2-(dimethylamino)cyclohexyl]-thiourea (TU), DBU and 1,5,7-
Triazabicyclo[4.4.0]dec-5-ene (TBD), or TBD), was added (2 or 4 mol% to MBGC). The
reaction mixture was stirred in the glovebox for 5 h, and was then quenched by the addition
of Amberlyst 15 H-form resin. The polymers obtained were purified by precipitation from
DCM into methanol three times to give PMBGCs as white powders (63-78 % yield). The
materials were analyzed by CHCIz SEC to determine the M, and D (Table 11.1, Figure 11.1).

Kinetic analysis of MBGC polymerization, in a glovebox, to a solution of MBGC
(220 mg, 0.71 mmol) in DCM (530 pL) was added a solution of naphthalene (36 mg) in
DCM (526 pL), and a solution of MBA (1.75 mg, 14.3 umol) in DCM (175 pL). The
reaction mixture was stirred for 2-3 min. A solution of TBD (1.99 mg, 14.3 pumol) in DCM
(200 pL) was added, to give a final monomer concentration of 0.50 M. At different times
after the addition of TBD (0, 15, 30, 45, 60, 90, and 180 min), an aliquot (200 pL) of the
reaction mixture was quenched using Amberlyst 15 H-form resin. The monomer conversion
was then determined with CHCIs SEC using a UV detector, (naphthalene was used as an
internal standard, a representative set of SEC data are shown in Figure 11.3). The signals in
the SEC traces were integrated to determine their areas, and monomer conversion was

measured by normalizing the monomer signal to the naphthalene signal in each trace and
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then comparing the normalized monomer signals at the different time points to the
normalized monomer signal at t = 0. The signals in Figure 11.3 from higher to lower elution
times are naphthalene, MBGC, benzaldehyde, and the growing polymer. The naphthalene
signal is relatively intense compared to the other signals because both the RI and UV
detectors were examined, and to have appreciable RI signal a larger amount of naphthalene
was required than in the UV. The UV detector was used to examine monomer conversion
as it gave more reproducible data, and had no solvent signal which could overlap with the
naphthalene signal by RI. The acidic quenching conditions for the polymerization produced
a trace amount of benzaldehyde (<5%) as a side product; to correct for any error this release
may have caused in the conversion or MW calculations these experiments were completed
in triplicate. The monomer conversions, My, and B from the triplicate experiments were
averaged and displayed in Figure 11.21 and Table 11.4.

Procedure for a single ring-opening of MBGC, in a glovebox, MBGC (50 mg, 0.16
mmol) and MBA (20mg, 0.16 mmol) were dissolved in DCM (320 pL), the reaction mixture
was stirred for 2-3 min. A solution of TBD was added (22 mg, 0.16 mmol) in 320 pL of
DCM, and the reaction was allowed to proceed for 12 h. TBD was removed from the
reaction mixture by running through a silica plug, the reaction mixture was further purified
to isolate the single ring-opened products via column chromatography (acetone/hexanes

eluent). See below for full NMR characterization.

36



o} ~ 0=<

ey

T T T T T T T
238 2.36 2.34 2.32 2.30 2.28 2.26 2.24 2.22 2.20
f1 (ppm)

Lo i U

T T T T T T T T T T T T T T T T T T T T T T T T T
76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20
f1 (ppm)

Figure 11.12. 'H NMR (500 MHz) overlayed spectra of a single ring-opening of MBGC
using MBA in DMSO-ds. Suggesting a non-regioregular ROP, and the shift of the methyl
signal (inset) of the MBA initiator based on the directionality of the RO. The maroon trace
is 2 to 3 ring-opening and teal trace is 3 to 2 ring-opening, Figures 11.13-20 show individual
NMR spectra for each structure.
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Figure 11.13. *H NMR (500 MHz) spectrum of a single ring-opening of MBGC using MBA
in DMSO-ds. Ring-opening was observed in the 2 to 3 direction, as shown in the structure.
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Figure 11.14. *C NMR (125 MHz) spectrum of a single ring-opening of MBGC using MBA
in DMSO-ds. Ring-opening was observed in the 2 to 3 direction, as shown in the structure.
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Figure 11.15. COSY NMR spectrum of a single ring-opening of MBGC using
DMSO-ds. Ring-opening was observed in the 2 to 3 direction.
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Figure 11.16. HSQC NMR spectrum of a single ring-opening of MBGC using
DMSO-ds. Ring-opening was observed in the 2 to 3 direction.
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Figure 11.17. *H NMR (500 MHz) spectrum g]:a single ring-opening of MBGC using MBA
in DMSO-ds. Ring-opening was observed in the 3 to 2 direction, as shown in the structure.
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Figure 11.18. *C NMR (125 MHz) spectrum of a single ring-opening of MBGC using MBA
in DMSO-ds. Ring-opening was observed in the 3 to 2 direction, as shown in the structure.
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Figure 11.19. COSY NMR spectrum of a single ring-opening of MBGC using
DMSO-ds. Ring-opening was observed in the 3 to 2 direction.
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Figure 11.20. HSQC NMR spectrum of a single ring-opening of MBGC using
DMSO-ds. Ring-opening was observed in the 3 to 2 direction.
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General procedure for the synthesis of poly(methyl 4,6-O-benzylidene-2,3-O-
carbonyl-a-p-glucopyranoside) (PMBGC). In a glovebox, MBGC (1.00 g, 3.24 mmol) was
dissolved in 4.8 mL of DCM. A solution of MBA (9.3 mg, 0.076 mmol) in 668 pL of DCM
was added, followed by a solution of TBD (9.5 mg, 0.068 mmol) in 1.0 mL of DCM. The
reaction was monitored by SEC (CHClIs eluent) and was quenched when there was no visible
monomer signal or change in MW of the polymer signal in the trace (2-9 h, for 1-
7 depending on the polymerization), by adding Amberlyst 15 H-form resin. The reaction
mixture was purified by precipitation into methanol from DCM (three times) to give 3 as a
white powder. FTIR (ATR): 3100-2750, 1759, 1454, 1373, 1277, 1234, 1215, 1092, 1049,
988, 752, 698, 656 cm™. H NMR (500 MHz, DMSO-ds): § 7.50-7.26 (br), 5.73-5.53 (br),
5.22-5.03 (br), 5.08-4.87 (br), 4.78-4.66 (br), 4.41-4.13 (br), 3.91-3.61 (br), 3.41-3.19 (br)
ppm. ¥C NMR (125 MHz, DMSO-dg): & 153.0, 137.0, 130.1-127.3, 127.0-125.2, 101.4—
99.5, 97.3-95.4, 78.0-76.3, 75.1-72.1, 68.0-66.9, 62.9-61.3, 56.8-54.3 ppm.

During MALDI-TOF MS analysis of these materials, it was determined that an
undesired side reaction occurred between the polymer backbone and methanol during the
precipitation, which was estimated to occur in approximately 10% of the polymer chains,
primarily caused by free TBD present during the first precipitation. This reaction could be
avoided by changing the precipitation procedure to use a non-nucleophilic solvent, such as
ether, followed by a final precipitation into methanol. Mechanistic explanation and MALDI-
TOF MS data are given on pages 49-54. 2: 79% vyield, My(DMF SEC) = 8600
g/mol, D(DMF SEC) = 1.32, Tg(midpoint) = 104 °C, TGA in Ar: 296-338 °C, 62% weight
loss, 14% mass remaining at 500 °C. 3: 97% yield, Mn(DMF SEC) =11 500 g/mol, D(DMF

SEC) = 1.36, Tg(midpoint) = 134 °C, TGA in Ar: 307-346 °C, 71% weight loss, 0% mass
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remaining at 500 °C. 5: 75% vyield, Mn(DMF SEC) = 13700 g/mol, D(DMF SEC) =
1.27, Tg(midpoint) = 220 °C, TGA in Ar: 339-370 °C, 70% weight loss, 5% mass remaining

at 500 °C.
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Figure 11.21. H NMR (500 MHz) spectrum of PMBGC in DMSO-ds. The methyl signal
of the initiator is broader than anticipated based on the differences in proton environment
based on the directionality of the RO during the initiation. See pages 33-37 for NMR

spectroscopic confirmation.
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Figure 11.22. 3C NMR (125 MHz) spectrum of PMBGC in DMSO-ds.

General procedure for the synthesis of poly(methyl 2,3-O-carbonyl-a-p-
glucopyranoside) (PMGC). Aqueous trifluoroacetic acid (200 uL, 88% v/v) was added to a
solution of 3 (410.1 mg, 0.038 mmol) in DCM (5.0 mL); the reaction was stirred at RT for
16 h. The reaction mixture was then precipitated three times into cold ether to give 9 as a
white powder. FTIR (ATR): 3600-3200, 3050-2850, 1763, 1450, 1281, 1234, 1161, 1038,
980,910, 779 cm*. H NMR (500 MHz, DMSO-dg): 5 5.66-5.34 (br), 5.05-4.84 (br), 4.76—
4.63 (br), 4.56-4.40 (br), 3.71-3.59 (br), 3.57-3.31 (br) ppm. 3C NMR (125 MHz, DMSO-
ds): & 153.8, 96.7-94.8, 77.9-75.3, 75.2-73.2, 73.0-71.8, 68.2-67.1, 60.6-59.4, 55.4-53.9
ppm. 8: 88% yield, Mn(DMF SEC) = 9600 g/mol, D(DMF SEC) = 1.34, Tq(midpoint) = 132

°C, TGA in Ar: 279-299 °C, 58% weight loss, 6% mass remaining at 500 °C. 9: 90%
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yield, My(DMF SEC) = 12 600 g/mol, D(DMF SEC) = 1.26, T¢(midpoint) = 148 °C, TGA
in Ar: 248-277 °C, 57% weight loss, 17% mass remaining at 500 °C. 10: 78%
yield, My(DMF SEC) = 16 400 g/mol, D(DMF SEC) = 1.23, T¢(midpoint) = 158 °C, TGA

in Ar: 233-260 °C, 43% weight loss, 25% mass remaining at 500 °C.
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Figure 11.23. *H NMR (500 MHz) spectrum of PMGC in DMSO-ds.
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Figure 11.24. 3C NMR (125 MHz) spectrum of PMGC in DMSO-ds.

General procedure for the synthesis of poly(methyl 4,6-di-O-acetyl-2,3-O-carbonyl-
a-p-glucopyranoside) (PMAC2GC). Acetic anhydride (69.0 uL, 0.730 mmol) was added to
a mixture of DCM (1.0 mL) and PMGC (41.3 mg, 0.188 mmol with respect to monomeric
repeat unit). After stirring for 10 min DMAP (91.8 mg, 0.751 mmol) was added, and the
reaction was stirred at RT until all of the solids had dissolved. The reaction mixture was
quenched and purified by precipitation into cold methanol from DCM (three times) to
give 12 as a white powder. FTIR (ATR): 30302820, 1744, 1445, 1368, 1287, 1223, 1169,
1132, 1034, 976, 924, 773, 602 cm™*. *H NMR (500 MHz, DMSO-de): & 5.15-4.87 (br),

4.87-4.61 (br), 4.24-3.97 (br), 3.97-3.78 (br), 3.43-3.32 (br), 2.17-1.85 (br) ppm. =C
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NMR (125 MHz, DMSO-ds): 6 170.8-169.1, 154.9-153.1, 97.1-95.0, 76.9-73.5, 68.4-65.9,
62.7-61.5, 55.9-54.6, 21.1-19.8 ppm. 11: 41% yield, My(DMF SEC) = 16000
g/mol, D(DMF SEC) = 1.15, Tg(midpoint) = 140 °C, TGA in Ar: 264-330 °C, 74% weight
loss, 5% mass remaining at 500 °C. 12: 56% yield, Mn(DMF SEC) =17 400 g/mol, D(DMF
SEC) = 1.16, Tg(midpoint) = 149 °C, TGA in Ar: 246-327 °C, 78% weight loss, 4% mass
remaining at 500 °C. 13: 59% yield, Mn(DMF SEC) = 20700 g/mol, D(DMF SEC) =
1.19, Tg(midpoint) = 156 °C, TGA in Ar: 290-327 °C, 70% weight loss, 4% mass remaining

at 500 °C.
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Figure 11.25. *H NMR (500 MHz) spectrum of PMAc.GC in DMSO-ds.
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Figure 11.26. 3C NMR (125 MHz) spectrum of PMACc,GC in DMSO-ds.
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Figure 11.27. IR spectra of MBGC (black), PMBGC (blue), PMGC (blue dashed), and
PMAC2GC (blue dotted).
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General procedure to determine the plasticization of polymer samples. Polymer
samples were weighed into vials, and a solution of THF with 1 %v/v deionized water was
added. The THF was allowed to evaporate under atmospheric conditions leaving polymer
samples with 5 and 10 wt% of added water. From these, DSC samples were prepared and
analyzed

Production of Bulk Polymer Samples. Pellets were produced using a high-pressure
hydraulic press heated to 120 °C. Between 13 and 18 mg of polymer was heated in a
homemade mold for 15 min under 1/2 ton of pressure, giving cylindrical pellets with a
diameter of 4 mm and a height of 2 mm.

Aqueous Degradation Studies. Preweighed pellets of PMBGC were individually
submerged in 4 mL of phosphate-buffered saline (PBS, pH =7),1 M HCI (pH =1),0or 1 M
NaOH (pH = 14) and placed in a heated shaker at 37 °C and 60 rpm. At designated time
points, samples were removed from the shaker, and the aqueous solution was withdrawn
using a syringe. The pellets were taken from their vials, any large droplets of aqueous
solution were blotted with a kimwipe, and a “wet” pellet weight was measured. The pellets
were then dried under vacuum at 40 °C for 7-8 h, and their weight was recorded as a “dry”
weight. Fresh PBS, HCI(aq), or NaOH(aq) solution was then added to the pellets, and the
samples were returned to the shaker. Swelling was measured by comparing the wet vs dry
pellet weights, and the mass remaining was measured by comparing the dry pellet weight to
the original dry pellet weight (Egs 1.1, 2).

NMR Degradation Studies. Pristine samples of PMBGC and PMGC were added to

NMR tubes, and 1 M NaOD or 1 M DCI was added; the samples were stored in a heated
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shaker at 37 °C and 60 rpm. At designated time points, the samples were removed from the

shaker and analyzed by *H NMR spectroscopy.

2.4 Conclusions

Our interest in functional polymer materials that lead to biologically benign
byproducts upon degradation, whether or not they are meant to degrade, has guided us
toward the development of synthetic methodologies that utilize carbohydrates as diverse
building blocks. In this current work, we have expanded the scope of glucose as a monomer
to generate a series of polymers having varied properties, which coincidentally advances
ROP to simple conditions for five-membered cyclic carbonates that are accessible across
laboratories. The five-membered cyclic carbonate monomer, methyl 4,6-O-benzylidene-
2,3-0-carbonyl-a-p-glucopyranoside, was synthesized in high yields (99%) through well-
established carbonylation techniques. The investigation of this monomer under various
organocatalytic conditions revealed the high potential of this trans-fused bicyclic monomer
to undergo controlled, pseudo-first-order ROP. The optimized polymerization conditions
using TBD as the organocatalyst were applied toward the preparation of different molar
masses of the protected polymer, PMBGC, which were then deprotected under acidic
conditions to give polyhydroxyl polymers (PMGCs). These deprotected polymers were then
functionalized with acetyl groups to yield PMAc.GCs. MALDI-TOF MS analysis gave
significant insight into the chemistries of the polymerization and post-polymerization
modification. For the synthesis of PMBGC, mass spectral analysis revealed the inclusion of
the entire monomeric repeat unit during the polymerization with no elimination of CO as

well as an undesired transcarbonation reaction that occurred during purification with
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methanol. This better understanding of the polymerization chemistry allowed for the
improvement of experimental procedures in future studies. Additionally, during the
deprotection to generate PMGC, unexpected changes in the molar masses were shown to be
caused in part by transcarbonation during the acid-catalyzed reaction.

The effects of the polymer length and protecting group presence on the
thermophysical properties were investigated. As expected, a significant change in the water
contact angle was observed between the protected polymers (hydrophobic material) vs the
deprotected polymer (hydrophilic material). The polymer length had a direct effect on
the Tq; the benzylidenated and acetylated polymers had higher Tqs as the polymer length
increased while the deprotected polymers had a decrease in the Tq with increasing molar
mass. The Tq of the benzylidenated materials rose as the polymer length increased, while
for the deprotected and acetylated polymers, no significant changes were observed in
the Ty with varying the molar mass over a narrower range.

Consequently, these natural product-derived versatile materials give access to a wide
range of thermophysical properties through a robust polymerization technique and simple
post-polymerization modifications. The potential optimization of the desired polymer
properties to a specific target application makes these materials suitable for biomedical and
engineering applications, such as orthopedic devices or drug delivery vehicles. Moreover,
the ability of the polymers to degrade hydrolytically into methyl a-p-glucopyranoside and
carbon dioxide, as benign small molecules, with the additional degradation product of
benzaldehyde or acetic acid in the protected forms, creates possibilities in applications using
engineering polymers, in general. The mechanical properties of these polymers as well as

their biological interactions are currently under investigation.
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2.5 Supplemental Information

o NN Carbonylation o 0O
agent
Ph)\o“‘ “/OH - Ph)\O“‘ “0

OH solvent, base 0-<

Figure 11.28. Synthesis of MBGC monomer.

Table 11.3. Reagents and catalysts evaluated for the synthesis of MBGC.

Equivalents Yield

Carbonylation Agent with Temperature Solvent Base (%)

respect to diol (°C)

Ethyl chloroformate 1.3 0, RT, 50, 80 DCM, NEts <10
4-Nitrophenyl 1.7 RT, 50, 80 THF, 'dir’le 10
chloroformate dioxane | P

1,1°- 1.6 RT, 50, 80 20
Carbonyldiimidazol
. NaOMe,
Diethyl carbonate 1.2 120 xylene KOEt <10
1.0 RT 30
Triphosgene 0.52 RT DCM pyridine | 19
0.34 RT 99.6

Table 11.4. Conversion and MW for the kinetic analysis of the MBGC polymerization

Error
Reaction Conversion M, (Da) Error B  Error Mo Mo
time (min) (%) Mn (%) b (%) [M] [M]
0 0.0 308 1 1.05 1 0.00 0.0
15 19.0 551 2 1.12 11 0.22 0.1
30 23.2 1675 8 1.17 8 0.27 0.2
45 41.1 1951 15 1.17 7 0.57 0.3
60 324 2479 15 1.23 2 0.39 0.1
90 50.9 3267 19 1.25 2 0.72 0.1
180 84.8 5477 13 1.29 0 1.95 0.4
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Figure 11.29. The monoisotopic masses (Mmi) observed in the MALDI-TOF MS spectrum
of PMBGC, precipitated into methanol with the proposed chemical structures of each of the
identified species. Initiated by both MBA (a, b), and tBBA (c, d). Analysis of PMBGC by
matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF
MS) revealed four populations, each with a spacing of 308 m/z equal to that of the expected
monomer repeat unit Structurally, these four sets of signals corresponded to populations with
distinct end groups, a major population initiated by MBA and three minor populations
corresponding to initiation by water, and two populations with a methyl carbonate chain ends
caused by an undesired side reaction during the purification of the polymer (Figures 11.30,
31 for mechanistic explanation of minor populations). There is no evidence for loss of CO»
as a side reaction during polymerization.
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Figure 11.32. The monoisotopic masses (Mmi) observed in the MALDI-TOF MS spectrum
of PMBGC, when precipitated into methanol (a,b) and precipitated into ether, but with
varying MALDI-TOF MS sample preparations, namely, with lithium cation (c,d), sodium
cation (e, f), and potassium cation (g, h). The proposed chemical structures of each of the
individual species identified are provided below. Analysis of PMBGC by MALDI-TOF MS
revealed two populations, each with a spacing of 308 m/z equal to that of the expected
monomer repeat unit. Structurally, these two sets of signals corresponded to populations
with distinct end groups, a major population initiated by TBD and minor populations
corresponding to both TBD and MBA chains. There is no evidence for loss of CO; as a side
reaction during polymerization.
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Figure 11.33.
comparison of PMBGC purification methods.
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The monoisotopic masses (Mmi) observed in the MALDI-TOF MS
Methanol (a, b), ether (c, d), and ether

followed by methanol (e, f) with the proposed chemical structures of each of the individual
species identified. Analysis of PMBGC by MALDI-TOF MS revealed two populations,
each with a spacing of 308 m/z equal to that of the expected monomer repeat unit.
Structurally, these two sets of signals corresponded to populations with distinct end groups,
a major population initiated by MBA and a minor population corresponding to initiation by
water. There is no evidence for loss of CO: as a side reaction during polymerization.
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Figure 11.34. The monoisotopic masses (Mmi) observed in the MALDI-TOF MS spectrum
of PMGC, synthesized from PMBGC precipitated into methanol (with sodium cation (a, b),
and potassium cation (c, d)) with the proposed chemical structures for each of the individual
species identified. Analysis of PMGC by MALDI-TOF MS revealed four populations, each
with a spacing of 220 m/z equal to that of the expected monomer repeat unit. Structurally,
these sets of signals corresponded to populations with distinct end groups, a population
initiated by MBA, a populations initiation by water, two populations with the methyl
carbonate chain ends, these four populations are caused by the structure of the PMBGC
precursor, and a fifth population corresponding to a cyclic species caused by
transcarbonation during the deprotection reaction (Figure 11.35, for mechanistic explanation
of the transcarbonation reactions that occur during the deprotection).
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Figure 11.36. SEC (DMF eluent) traces of PMBGC (solid lines), PMGC (dashed lines), and
PMAC2GC (dotted lines). The PMGC and PMACc.GC polymers were synthesized from (a)
2, (b) 3, (c) 5, and (d) 3 with comparison to the supernatant from the reaction of 3 to afford

the PMGC sample 9 (teal solid line).
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Figure 11.37. Thermogravimetric analysis of (a) PMBGC, (b) PMGC, and (c) PMACc.GC.
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Figure 11.38. Differential scanning calorimetry. The heating traces are on the bottom and
the cooling traces on the top. An instrumental z-shaped glitch appears in some traces
between 90-110 °C; the true Tg is seen in both the heating and cooling traces: (a) 2, (b) 3,

and (c) 5.
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Figure 11.39. Differential scanning calorimetry. The heating traces are on the bottom and
the cooling traces on the top. An instrumental z-shaped glitch appears in some traces
between 90-110 °C; the true Tq is seen in both the heating and cooling traces: (a) 8, (b) 9,

and (c) 10.
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Figure 11.40. Differential scanning calorimetry. The heating traces are on the bottom and
the cooling traces on the top. An instrumental z-shaped glitch appears in some traces
between 90-110 °C; the true Ty is seen in both the heating and cooling traces: (a) 11, (b) 12,

and (c) 13.

63



(a) (b)

T T T T T T 1 r T T T T T T 1
-50 0 50 100 150 200 250 300 -50 0 50 100 150 200 250 300
Temperature (°C) Temperature (°C)
(©)
T T T T T T T T T T T T T T 1
-50 0 50 100 150 200 250 300

Temperature (°C)

Figure 11.41. DSC traces of PMBGC as a function of the wt% of added H,O. The heating
traces are on the bottom and the cooling traces on the top. An instrumental z-shaped glitch
appears in some traces between 90-110 °C; the true Tq is seen in both the heating and cooling
traces. The wt% of water added to 5 increased: (a) 0 wt%, (b) 5 wt%, and (c) 10 wt%.
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Figure 11.42. DSC traces of PMGC as a function of the wt% of added H-O. The heating
traces are on the bottom and the cooling traces on the top. An instrumental z-shaped glitch
appears in some traces between 90-110 °C; the true Tq is seen in both the heating and cooling
traces. The wt% of water added to 10 increased: (a) 0 wt% (equilibrated in air), (b) 5 wt%,
and (c) 10 wt%.

Table I11.5. T4 values of polymer samples as a function of the wt% of added H-O.

Polymer Sample Water added (wt%) Tq (°C) ATq (°C)
0 (vacuum dried) 222 0
5 0 (equilibrated in air) 211 -11
5 212 -10
10 202 -20
0 (vacuum dried) 158 0
10 0 (equilibrated in air) 136 -22
5 108 or 178" | -50 or +20"
10 94 or 180" | -64 or +22"
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*
Because of the instrumental “glitch” in the DSC, measurements of the Tq values for these samples were inconclusive -
either decreasing to the point of overlapping with the “glitch” or increasing in an unusual inverse plasticization phenomenon

(a) (b)

Figure 11.43. Static contact angle images of water droplets on (a) 3, (b) 9, and (c) 12.

Equation 11.1. Aqueous bulk degradation mass remaining calculation.

Wo — Wy
——F—| X 100
Wy ]

W, = initial weight

W, = dry weight

% mass remaining = [1 —

Equation 11.2.  Aqueous bulk degradation swelling calculation.
Ww - Wd
Wa
W,, = wet weight
Wy = dry weigh

% swelling = ] x 100
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Figure 11.44. Aqueous bulk degradation, PBS pH =7, profile of 2 (black), 3 (blue), and 5 (red). Left
axis/squares percent mass remaining of the bulk polymer samples. Right axis/open circles weight
percent of buffer swelling in the polymer samples prior to drying, n = 8.
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Figure 11.45. Aqueous bulk degradation, 1 M HCI pH = 1, profile of (a) 2, (b) 3, and (c) 5. Left
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percent of aqueous swelling in the polymer samples prior to drying, n = 3.
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(b)

Figure 11.46. Aqueous bulk degradation, 1 M NaOH pH = 14, profile of (a) 2, (b) 3, and (c) 5. Left
axis/squares percent mass remaining of the bulk polymer samples. Right axis/open circles weight
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Figure 11.47. Aqueous degradation, *H NMR spectra of 2 in 1.0 M DCI/D;O at 0, 5, 6, 21, and 32
weeks.
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Figure 11.48. Aqueous degradation, *H NMR spectra of 8 in 1.0 M DCI/D,0 at 0, 10, 21, and 31
weeks.
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Figure 11.49. H NMR spectra of methyl a-p-glucopyranoside and PMGC in acidic media, 1 M
DCI/D-0O at week 31.
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Figure 11.50. Aqueous degradation, *H NMR sggctra of 2in 1.0 M NaOD/D20 at 0, 1, 15, and 32
weeks.
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Figure 11.51. Aqueous degradation, *H NMR spectra of 8 in 1.0 M NaOD/D,0 at 0, 1, and 7 days.
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CHAPTER Il
CONSTRUCTION OF NANOSTRUCTURES IN AQUEOUS SOLUTION FROM

AMPHIPHILIC GLUCOSE-DERIVED POLYCARBONATES?

3.1 Introduction

In the past several decades, there has been a significant effort in polymer science to
develop and synthesize functional polymeric materials from natural starting materials.
These new materials have focused on using various lignins, fatty acids, carbohydrates, and
other natural products as the building blocks for functional materials 2325273299
Carbohydrates (sugars) are of significant interest within this field, based on their structural
diversity and significant bioavailability. The wealth of research that has been done into the
placement of precise functionalities on carbohydrates in a regiospecific manner, as well as
their high degrees of chemical functionality and bioactivities has allowed for the inclusion
of sugars in the backbones and side chains of a variety of different polymeric
architectures.?***4%  The Wooley lab has a significant interest in the development of
synthetic methodologies for the preparation of well-defined poly(glucose carbonate)s, with
tuning of their properties and investigation of their translation across a diverse range of
applications.*®™>7® Recently, we reported the straightforward synthesis of a family of

poly(glucose carbonate) homopolymers from a single 5-membered cyclic carbonate

2Adapted with permission from “Construction of nanostructures in aqueous solution from amphiphilic glucose-
derived polycarbonates” by Osumi, S. O.5 Felder, S. E. $; Wang, H.; Lin, Y.-N.; Dong, M.;Wooley, K. L.,
Polym. Sci., Part A: Polym. Chem. 2018, DOI:10.1002/pola.29229. Copyright 2018 John Wiley and Sons
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monomer, methyl 4,6-O-benzylidene-2,3-O-carbonyl-a-p-glucopyranoside (MBGC).”
This system demonstrated a transferable and high yielding (>95%) monomer synthesis with
the ability to undergo a controlled organocatalyzed ring-opening polymerization. This
polymeric system was also designed to undergo a post-polymerization deprotection that
allowed for a switching of the hydrophilicity of the polymers from a hydrophobic to a
hydrophilic material. The slight water solubility demonstrated by the hydrophilic
poly(glucose carbonate) polymer, drove our interest in the overall ability of this system to
undergo self-assembly under aqueous conditions.

Morphological control over the supramolecular assembly of amphiphilic polymers
has been studied widely in the bulk and solution states.’1% A key advantage for
amphiphilic polymers and block polymers is their ability to undergo assembly in water. The
self-assembly of amphiphilic block copolymers into micelles or other nanostructures in
aqueous solution allows for investigation of their use as nanoscopic objects with potential
implementation in a range of vital applications from biomedical to engineering
applications.1%113  Degradable polymers are of great interest as they can enable
straightforward end-of-use options for polymeric systems, and a tunable cargo release based
on the degradation rate of the polymeric scaffold.*®1411> Sjgnificant efforts have been
directed towards the development of amphiphilic degradable polymers and the study of their
self-assembly behaviors.*®">7778112 |t s our premise that, in the design of these types of
polymeric materials, monomers should be chosen that allow for the corresponding polymers
to degrade into benign, or optimally, beneficial degradation products. Therefore, we have
focused for the past decade on the transformation of natural products, particularly sugars,

into functional polymer materials.?43+7>7678 Moreover, we harness the regiochemical and
74



stereochemical sophistication that is inherent to carbohydrates to study effects on chemical
reactivity, e.g. monomer synthesis and polymerizability, and on physicochemical properties
of the resulting polymers. Based on the attractive qualities of the MBGC synthesis and
polymerization, we herein extend the study of this polymer to the synthesis and self-
assembly behavior of amphiphilic copolymers and block copolymers. Polymers of different
molar masses were produced via the organocatalytic ring-opening polymerization of MBGC
initiated with a small molecule initiator (to afford homopolymers) or a hydrophilic polymer
macroinitiator (to afford block copolymers). The acid sensitivity of the benzylidene acetal
protecting group was used to generate copolymers with different degrees of benzylidene
remaining as a side chain, from 50 to 0%, as a method to modulate the amphiphilicity of the
polymers. The self-assembly behavior of these polymers was then examined under aqueous
assembly conditions. Comparisons of the assembly behaviors were made between the
original block copolymers and the deprotected block polymers, as well as copolymers made

from the acidic deprotection of PMBGC homopolymer.

3.2 Results and Discussion

Based on our interest in the development of well-defined poly(glucose carbonate)s,
we investigated the synthesis of amphiphilic block copolymers from mPEG and a glucose-
based 5-membered cyclic carbonate monomer via organocatalytic ring-opening
polymerization, and the post-polymerization modification of these polymers to increase their
hydrophilicity. The aqueous self-assembly characteristics of these materials were

investigated and compared to the corresponding glucose carbonate homopolymer.
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3.2.1 Polymer synthesis and post-polymerization modification

Amphiphilic degradable diblock copolymers, mPEG-b-PMBGC, were synthesized
via organocatalytic ring-opening polymerization of MBGC with TBD as a catalyst and
MPEG113 as a macroinitiator (Figure 111.1). The shift of the copolymer to lower retention
volumes in SEC than the mPEG113 macroinitiator confirmed the successful chain extension
to afford the anticipated copolymers (Figure 111.1). The polymerization was able to produce
well-defined polymers based on the monomodal molar mass distributions and the low
dispersity values of the synthesized polymers. The molar mass and glucose carbonate
content of the final block copolymer were controllable by the monomer-to-initiator ratio
used in the polymerization, and this control was utilized to synthesize a series of block
polymers with differing molar masses, hydrophilic-hydrophobic ratios, and glucose contents
(Table I11.1). The series of amphiphilic diblock copolymers 14, 15, and 16 with increasing
PMBGC block lengths and correspondingly decreasing hydrophilicity was synthesized. The
degree of polymerization was estimated by both SEC and *H NMR of the polymer following
purification by precipitation into diethyl ether. Although SEC requires a calibration,
polystyrene in this case, both methods were in agreement with the theoretical molar mass
expected from the monomer-to-initiator ratios. Monomer conversion was not monitored
quantitatively during these polymerizations because of challenges associated with its
measurement,’® SEC was used to qualitatively determine the presence of residual monomer
and monitor the relative evolution of the molar mass distributions.

We then sought to take advantage of the acid labile benzylidene protecting group on

the glucose carbonate repeat unit to transform 14 and 16 into block polymers 17, 18, and 19
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having increasing hydrophilicity by partial or full benzylidene removal. From the previously
reported acidic deprotection of the PMBGC homopolymer, it was found that a
transcarbonation reaction between the newly revealed hydroxyl groups along the polymer
side chains and the carbonate backbone of the polymer occurred during the benzylidene
removal. To reduce this undesired side reaction, the acidic deprotection of PMBGC was
further examined. Under the previously reported conditions, within 4 h approximately 95%
of the benzylidene residues had been removed from the PMBGC homopolymer. This
reaction time was then applied to the mPEG-b-PMBGC polymers and in 4 h, less than 25%
of the benzylidene residues had been removed, suggesting that the addition of mPEG to the
system significantly altered the kinetics of the deprotection. Initially, we hypothesized that
the change in kinetics was caused by the formation of assemblies during the reaction because
of the unfavorable solubility of the hydroxyl side chains in DCM. To combat this potential
shielding of the benzylidene groups, DMSO or DMF was added as a cosolvent. This addition
resulted in 0% removal of the benzylidene groups over 14 h. These same conditions were
then applied to the PMBGC homopolymer and the same phenomenon was observed,
indicating that DMSO and DMF have a significant negative effect on the deprotection
reaction. The equivalences of acid and water to the sugar repeat units were then varied, and
it was determined that higher equivalences of each, relative to the homopolymer, were
required for the reaction to proceed efficiently. Following this study of the deprotection,
copolymers were produced having different degrees of benzylidene removed, by reaction
with 67 vol% TFA in H20 at 3 molar equivalents TFA relative to benzylidene acetals along
the polymer backbone. The effect of the mPEG on the deprotection of the sugar block was

still observed under these conditions. For instance, 14 was not able to be fully deprotected,
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whereas 16, which has a significantly lower mPEG content, was able to reach full
deprotection. The overall success of these deprotections (>85% vyield) was confirmed
through the disappearance or reduction in the *H (7.55-7.18, 5.72-5.44 ppm) and $3C (137.5-
136.4, 129.6-127.4, 126.9-125.1, 101.6-99.0 ppm) NMR signals corresponding to the
benzylidene groups (Figures 111.9-12). Additionally, an IR absorbance appeared at
3675-3100 cm® (Figure 111.13), corresponding to the O-H stretch, with increasing relative

intensity as the amount of deprotection increased.

n
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Figure I11.1. a) Synthesis and post-polymerization deprotection of mMPEG-b-PMBGC to
afford mPEG-b-(PMBGC-co-PMGC) and schematic illustrations of the polymer lengths and
architectures; b) SEC (THF eluent) traces of mPEG-b-PMBGC compared to the mPEG113
macroinitiator.
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Table I11.1. Properties of mPEG-b-PMBGC, and mPEG-b-(PMBGC-co-PMGC).

Polymer Sample [M]:[I]? Theoretical Hydrophilic-  Mg° Md B
Mhn hydrophobic  (kDa) (kDa)
(kDa)® ratio
(mass/mass)

MPEG113-b-PMBGC2; 14 20 11.2 41:59 121 120 1.06

MPEG113-b-PMBGC2 15 30 14.2 36:64 139 148 115

MPEG113-b-PMBGCs; 16 50 20.4 24:76 207 189 1.05

MPEG113-b-(PMBGCys- 17¢ - 10.2 32:68 N/A? N/A"  N/A"
c0-PMGCys)23

MPEG113-b-(PMBGCy.1- 18°¢ - 9.6 937 N/A? N/A"  N/A"
CO-PMGCo,g)zs

MPEG113-b-PMGCs; 19f - 16.0 100:0 N/A? N/A" N/A"

3@ MBGC:PEG. " Calculated as Ma = 5000 Da + [M]:[I] ratio (308.29 Da) + 1 Da for the mPEG113 molar mass, PMBGC
DPn, MBGC repeat unit molar mass and proton terminator molar mass, respectively, given ca. complete conversion, and
rounded to appropriate significant figures. ¢ Measured by *H NMR comparing the aromatic signals of the polymer to the
methylene signal of the MPEG113. ¢ Measured with SEC (THF eluent) calibrated with polystyrene standards. ¢ Synthesized
from 14. T Synthesized from 16. 9 NMR indicates transcarbonation occurred making comparisons of sugar to mPEG signals
inaccurate. " Not soluble in THF.

Thermal analysis of the polymers by both TGA and DSC was complicated by the
hygroscopic nature of the polymers, making the identification of the thermal degradations
and transitions difficult. All the polymers demonstrated reasonable thermal stabilities >220
°C, and slightly decreased thermal stability upon deprotection (Figure I11.15). The thermal
degradation for 14 underwent a single stage mass loss, while 15-19 underwent dual stage
mass losses. The block of the polymer degrading in each stage was not quantitatively
identifiable by the percent mass loss. However, based on the homopolymer thermal
stabilities, the first mass loss was likely predominately the sugar block, whereas the second
block was likely predominantly thermal degradation related to the mPEG block. Under DSC
analysis, a glass transition for each block of the polymer was not identifiable. The polymers
gave traces with different extents of observable glass and melting transitions on subsequent

heating cycles. The reported transitions are, therefore, measured from the second heating
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and cooling cycle. Both the first and second heating cycle traces are available in the

Supporting Information (Figures 111.16-21).

3.2.2 Self-assembly of mMPEG-b-PMBGC

The self-assembly behavior of the amphiphilic diblock copolymers mPEG-b-
PMBGC were evaluated by the suspension of the polymer in nanopure water with acetone
as a cosolvent to allow for complete dissolution, followed by allowing the acetone to
evaporate from the solutions to give aqueous solutions with a final polymer concentration of
1 mg/mL. The morphological influence of varying the PMBGC block lengths on the self-
assembled nanostructures derived from 14, 15, and 16, with increasing PMBGC block
lengths, was characterized by TEM, AFM, and DLS (Figures 111.2, 3, Table 111.2). The
formation of micellar structures was expected with the hydrophobic PMBGC block
aggregating in the particle core, being shielded from the aqueous medium by the hydrophilic
mMPEG block as the particle shell. For the assembly of 14, both the TEM and AFM images
showed micellar structures and revealed the number-average diameter (Day) and average
height (Hav) of the nanoparticles were ca. 17 nm and ca. 6 nm, respectively. DLS showed
unimodal size distributions of the particles and the number-average hydrodynamic diameter
value [Dnqumben] Was 20 £ 5 nm. For the assemblies of 15 and 16, as the PMBGC block
length increased, vesicular structures were observed for TEM images with Day of ca. 50 nm
and ca. 44 nm, respectively, along with micellar structures. The switch in the morphologies
observed for the different polymers from micelles to vesicles can be attributed to the increase
in the sugar block length, which caused a corresponding decrease in the hydrophilic-

hydrophobic ratio of the polymers. The size of the vesicle morphologies (15 and 16) were
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consistently larger as measured by TEM and DLS, than those of the micelle assemblies (14).
Further support of the vesicle morphologies observed by TEM was given by the decrease in
the average heights observed by AFM for vesicles vs micelles. It is expected that the reduced
heights for the vesicles is due to disruption of their assembled state under the spin-casting
conditions used for preparation of AFM samples, as is suggested by the images of Figure

111.3b and 3c vs 3a.

Table I11.2. Morphological characterization of mPEG-b-PMBGC, PMBGC-co-PMGC,
MPEG-b-(PMBGC-co-PMGC).

Polymer Sample Da/? Ha® Dhumber®  Morphology
(nm) (nm) (nm)
MPEG113-h-PMBGC23 14 17+3 58+07 20+5 micelle
MPEG113-b-PMBGCas 15 50+6 40+19 40+10  Micelle+
vesicle
MPEG113-b-PMBGCs; 16 44+7 34+15 60+20 mv'ecsi'éfe*
PMBGC23 20 N/A N/A N/A precipitate
(PMBGCo.1-c0-PMGCo.)23 21 468 21+05 50+20 mv'g;'éf;
PMGC23 22 27+4 24+04 N/A micelle

MPEG113-b-(PMBGCo5-c0-PMGCos)s 179 22+6 2.0+04 20%10 micelle
MPEG113-b-(PMBGC01-c0-PMGCog)2s 18  31+5 27+0.6 50+20 micelle
MPEGa13-b- PMGCs: 19°  25+4 24+08 3010 micelle

2 Measured by TEM. ® Measured by AFM ¢ Measured by DLS. ¢ Synthesized from 14. ¢ Synthesized from 16.
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Figure 111.2. TEM images of nanoparticles negatively stained by 1 wt % phosphotungstic
acid (PTA) aqueous solution (10 pL) of 14 (a), 15 (b), and 16 (c). Number-, intensity- and
volume-based hydrodynamic diameters in nanopure water measured by DLS of 14 (d), 15
(e), and 16 (f). The scale bar on the TEM images represents 200 nm. The schematics are a
representation of the polymeric architecture being analyzed.
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Figure 111.3. AFM micrographs (a-c) and height profiles (d-f) from agqueous solutions of
mMPEG-b-PMBGC, 14 (aand d), 15 (b and e), and 16 (c and f) deposited on to freshly cleaved
mica, and then allowed to dry in air, 14 was spin coated prior to being allowed to air dry.
The height profiles were measured along the black line shown on the micrographs, the scale
bars on the micrographs represent 100 nm. The schematics are a representation of the
polymeric architecture being analyzed.
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3.2.3 Self-assemblies of PMBGC-co-PMGC and PMGC

The acidic deprotection of the homopolymer PMBGC to remove the benzylidene
side chains was utilized to produce partially-deprotected PMBGC-co-PMGC or fully-
deprotected homopolymer PMGC. These structures were attractive amphiphilic materials,
as the newly formed hydroxyls introduced hydrophilicity while the sugar backbone, as well
as any residual benzylidene groups, provided hydrophobicity (Figure 111.14). The self-
assembly behaviors of PMBGC, PMBGC-co-PMGC, and PMGC were studied by
suspension of the polymer in nanopure water with acetone as a cosolvent, followed by
allowing the acetone to evaporate from the solutions to give aqueous solutions with a final
polymer concentration of 1 mg/mL. Different polymers originating from the same PMBGC,
with the same sugar block length as 14, and decreasing percentages of benzylidene at 100%,
10%, and 0% were prepared and named as PMBGC>3, 20, (PMBGCo.1-c0-PMGCo.)23, 21,
and PMGCzz, 22, respectively. The morphological influence of varying the benzylidene
percentage on the self-assembled nanostructures was evaluated by TEM, AFM and DLS
(Figures 111.4, 5, Table 111.2). The solubility of 20 was much less than 1 mg/mL with
macroscopic precipitation and suspension observed (Figure 111.6). With the increase of
hydrophilic MGC content, the solubility of the polymer increased and 21 had fully dispersed
into aqueous solution at 1 mg/mL, with a strong Tyndall effect observed, indicating the
formation of nanoassemblies. Both the TEM and AFM images of assemblies derived from
21 showed vesicular structures of the nanoparticles with Day and Hay of ca. 46 nm and ca. 3
nm respectively, along with micellar structures. DLS showed unimodal size distributions

with Dnumbery Of 50 £ 20 nm. As there was no MBGC content remaining in 22, the polymer
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dispersed readily into aqueous solution at 1 mg/mL and a relatively weak Tyndall effect was
observed. Laser light scattering intensity was insufficient so that DLS was not achieved for
22 at this concentration. However, TEM and AFM images showed micellar nanoparticle
structures with Dav and Hay of ca. 27 nm and ca. 2 nm, respectively. Overall, these data
support the moderate water solubility of the hydroxyl-presenting PMGC polymer system,

despite the hydrophobic rigid nature of the polymeric backbone.
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Figure 111.4. TEM images of nanoparticles negatively stained by 1 wt % phosphotungstic
acid (PTA) aqueous solution (10 puL) of PMBGCo.1-c0-PMGCoy (a), PMGC (b). Number-,
intensity- and volume-based hydrodynamic diameters in nanopure water measured by DLS
of (PMBGCo.1-c0-PMGCo.)23 (€), PMGCa23 (d). The scale bar on the TEM images represents
200 nm. The schematics are a representation of the polymeric architecture being analyzed.
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Figure 111.5. AFM micrographs (a and b) and height profiles (c and d), from aqueous
solutions of (PMBGCoq.1-co-PMGCy.)23 (a and ¢), PMGC23 (b and d) deposited on to freshly
cleaved mica, spin coated, and then allowed to dry in air, PMGCz3z was spin coated prior to
being allowed to air dry . The height profiles were measured along the black line shown on

the micrographs, the scale bars on the micrographs represent 100 nm. The schematics are a
representation of the polymeric architecture being analyzed.
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Figure 111.6. Fully sugar-based polymers, PMBGC:3, (PMBGCy.1-c0-PMGCoy9)23, and
PMGC;3 in aqueous solution. The left side is under ambient light conditions, the right side
is with a laser being used to demonstrate the Tyndall effect.
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3.2.4 Self-assemblies of MPEG-b-(PMBGC-co-PMGC) and mPEG-b-PMGC

Based on the self-assembly behaviors of 14, 15, 16 and 20, 21, 22, the self-assembly
behaviors of MPEG-b-(PMBGC-co-PMGC) and mPEG-b-PMGC were studied by
suspension of the polymer in nanopure water with acetone as a cosolvent, followed by
allowing the acetone to evaporate from the solutions to give aqueous solutions with a final
polymer concentration of 1 mg/mL. The morphological influence of introducing mPEG to
the sugar block and varying the percentage of benzylidene residues on the self-assembled
nanostructures derived from 17, 18 and 19 was evaluated by TEM, AFM and DLS (Figures
[11.7, 8, Table 111.2). TEM and AFM images showed micellar structures of the nanoparticles
derived from 17 with D,y and Hay 0f ca. 22 nm and ca. 2 nm, respectively, in agreement with
the Dnumber) OF 20 £ 10 nm achieved by DLS. Compared to micelles derived from 14 (Day
=17 £ 3 nm, Hay = 5.8 £ 0.7 nm, Dhumbery = 20 £ 5 nm), micelles derived from 17 had a
similar Dnqumbery While the Day was slightly larger. This was likely due to the decreased
rigidity of the sugar block, upon switching from a bicyclic repeat unit to a monocyclic repeat
unit, potentially promoting the flattening of the micellar structures in the dry state on TEM
grids, which was further supported by the significantly decreased Ha.. For the mostly
deprotected 18, TEM and AFM images showed micellar structures with Day of the
nanoparticle of ca. 31 nm and Hay of ca 2 nm with Dngumbery Of 50 £ 15 nm. Compared to
the observation from 17, decreasing the percentage of benzylidene to 10% increased the Day,
which may have been caused by inefficient core packing brought on by the increased
hydrophilicity of the sugar block after further benzylidene removal. When compared to the

fully sugar based polymer 21 (Dav =46 = 8 nm, Hay = 2.4 £ 0.4 nm, Dh(number) = 50 £ 20 nm),
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introduction of the mPEG block switched the vesicular structure to micelles, corresponding
to the increased hydrophilic-hydrophobic ratio. TEM and AFM images for nanoparticles
derived from 19 showed micellar structures with Day and Hay Of ca. 25 nm and ca. 2 nm
respectively, in agreement with the Dhnumber) Of 30 £ 10 nm achieved by DLS. Comparing
this fully deprotected block polymer to its parent copolymer, 16, removing the benzylidene
units from the backbone caused a morphological change in the assemblies from vesicles to
micelles (Table 2) with a decrease in particle size, corresponding to the increased

hydrophilic-hydrophobic ratio.
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Figure 111.7. TEM images of nanoparticles negatively stained by 1 wt % phosphotungstic
acid (PTA) aqueous solution (10 uL) of 17(a), 18 (b), and 19 (c). Number-, intensity- and
volume-based hydrodynamic diameters in nanopure water measured by DLS of 17 (d), 18
(e), and 19 (). The scale bar on the TEM images represents 200 nm. The schematics are a
representation of the polymeric architecture being analyzed.
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Figure 111.8. AFM micrographs (a-c) and height profiles (d-f) from agqueous solutions of
MPEG-b-(PMBGC-co-PMGC), 17 (a and d), 18 (b and e), and 19 (c and f) deposited on to
freshly cleaved mica, spin coated, and then allowed to dry in air. The height profiles were
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3.3 Experimental Section

3.3.1 Materials

All materials were purchased from VWR or Sigma-Aldrich, unless otherwise noted.
Monomethoxy-monohydroxy-terminated poly(ethylene glycol) (mPEG113-OH, M, =5000 g
mol ') was purchased from Rapp Polymere (Germany). Unless noted, all reagents were used
as received. Dichloromethane (DCM) was purified and dried by a solvent purification
system (J. C. Meyer Solvent System). 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) was dried
over CaHy, dried under vacuum, and stored under an argon atmosphere. MBGC, PMBGC,
and PMGC were synthesized as previously reported,”® MBGC was dried under reduced
pressure over P2Os and stored under an atmosphere of argon prior to use in polymerizations.

mPEG was dried by azeotropic distillation with toluene.

3.3.2 Instrumentation

!H and C NMR spectra were recorded on an Inova500 spectrometer, chemical shifts
were referenced to the resonance signals of the deuterated solvent.

IR spectra were recorded on a Shimadzu IR Prestige attenuated total reflectance
Fourier-transform infrared spectrophotometer and analyzed using IR solution v. 1.40
software.

Size exclusion chromatography was performed on a Waters Chromatography, Inc.
(Milford, MA) system equipped with an isocratic pump (model 1515), a differential
refractometer (model 2414), and column set comprised of a PLgel™ 5 um guard column (50
x 7.5 mm), a PLgel™ 5 um Mixed C column (300 x 7.5 mm, Agilent Technologies) and
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two Styragel® columns (500 A and 104 A, 300 x 7.5 mm, Waters Chromatography, Inc.)
with THF as the eluent (1.0 mL/min) at 40 °C. Data were analyzed using Breeze software
(Waters Chromatography, Inc., Milford, MA). Molar masses were determined relative to
polystyrene standards (300-467,000 Da) purchased from Polymer Laboratories, Inc.
(Ambherst, MA). Polymer solutions were prepared at a concentration of ca. 3 mg/mL with
0.05 vol% toluene added as a flow marker, and an injection volume of 200 puL was used.

Melting (Tm) and glass (Tg) transition temperatures were measured by differential
scanning calorimetry (DSC) on a Mettler-Toledo DSC3/700/1190 (Mettler-Toledo, Inc.,
Columbus, OH) under a nitrogen gas atmosphere. Measurements were performed with a
heating rate of 10 °C/min and the data were analyzed using Mettler-Toledo STAR® v. 15.00a
software. The T4 was taken as the midpoint of the inflection tangent and the Trm was taken
as the peak maximum, with reported values obtained for transitions observed in the second
heating scan. The DSC traces collected during the first and second heating scans are
included in the Supporting Information (Figures 111.16-21).

Thermogravimetric analysis (TGA) was performed under an Ar atmosphere using a
Mettler-Toledo model TGA2/1100/464, with a heating rate of 10 °C/min. Measurements
were analyzed using Mettler-Toledo Star® v.15.00a software. Percentage mass values as a
function of temperature were determined from the derivative of the TGA traces.

Transmission electron microscopy (TEM) images were collected on a JEOL 1200EX
operated at 100 kV, and micrographs were recorded using a SIA-15C CCD camera. Samples
for TEM were prepared as follows: 10 uL of the dilute polymer solution in nanopure water
was deposited onto a carbon-coated copper grid, and after 1 min, excess solution was quickly

wicked away by a piece of filter paper. The samples were then negatively stained with a 1
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wt% phosphotungstic acid (PTA) aqueous solution (10 pL). After 30 s, excess staining
solution was quickly wicked away by a piece of filter paper and the samples were left to dry
under ambient conditions overnight.

Atomic force microscopy (AFM) was performed using a Multimode 8 system
(Bruker) using a ScanAsyst-Air Silicon Nitride probe (k = 0.4 N/m, fo = 70 kHz, Bruker).
AFM images were assessed with Nanoscope Analysis (Bruker). For AFM sample
preparation, expect for vesicle samples, the solution of nanoparticles in nanopure water (20
pL) at 0.5 mg/mL was deposited on the mica surface, followed by spin coating. The mica
surface was allowed to dry in an air flow. Sample preparation for vesicle containing samples
the solution of nanoparticles in nanopure water (4 pL) at 0.1 mg/mL was deposited onto the
mica surface and was allowed to dry in air flow.

Dynamic light scattering (DLS) measurements were conducted using a Delsa Nano
C instrument from Beckman Coulter, Inc. (Fullerton, CA) equipped with a laser diode
operating at 658 nm. Scattered light was detected at 165° and analyzed using a log correlator
over 70 accumulations for a 0.5 mL of sample in a glass size cell (0.9 mL capacity). The
photomultiplier aperture and attenuator were adjusted automatically to obtain a photon
counting rate of ca. 10 kcps. The particle size distribution and distribution averages were
calculated using CONTIN particle size distribution analysis routines in Delsa Nano 2.31
software. The peak averages of intensity, volume and number distributions from 70
accumulations were reported as the average diameter of the particles. All measurements

were repeated 10 times.
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3.3.3 Synthesis

General procedure for the synthesis of monomethoxy-terminated poly(ethylene
glycol)-block-poly(methyl 4,6-0-benzylidene-2,3-O-carbonyl-a-p-glucopyranoside)
(mPEG-b-PMBGC). This example includes reagent amounts for the preparation of 14. In
a glovebox, MBGC (40 mg, 0.13 mmol) and mPEGu113 (32 mg, 0.0065 mmol) were dissolved
in DCM (420 pL). A solution of TBD (0.9 mg, 0.0065 mmol) in 90 pL of DCM was then
added. The reaction was quenched after 2-3 h by adding Amberlyst 15 H-form resin. The
reaction mixture was purified by precipitation into diethyl ether twice, followed by
precipitation into methanol to give mPEG113-b-PMBGC3 as a white powder. FTIR (ATR):
3010-2755, 1757, 1643, 1454, 1373, 1360, 1342, 1279, 1240, 1215, 1192, 1146, 1103, 1047,
991, 962, 843, 787, 754, 700, 656 cm™. *H NMR (500 MHz, DMSO-ds): & 7.55-7.18 (br),
5.72-5.44 (br), 5.27-4.90 (br), 4.88-4.65 (br), 4.39-4.08 (br), 4.03-3.61 (br), 3.62-3.39 (br),
3.39-3.16 (br) ppm. 3C NMR (125 MHz, DMSO-ds): & 153.9-152.5, 137.5-136.4, 129.6-
127.4,126.9-125.1, 101.6-99.0, 97.2-95.5, 78.7-75.6, 75.2-72.2, 70.7-69.0, 68.4-66.6, 63.1-
61.1, 56.6-54.0 ppm. 14: 78% yield, Ma (THF SEC) = 12000 g mol %, B (THF SEC) = 1.06,
Tm =56 °C, Ty (midpoint) = 144 °C, TGA in Ar: 279-365 °C, 67% mass loss, 3% mass
remaining at 500 °C. 15: 74% yield, M (THF SEC) = 14800 g mol™, B (THF SEC) = 1.15,
Tm = 45 °C, T¢ (midpoint) = -31 °C, TGA in Ar: 251-324 °C, 43% mass loss, 324-398 °C,
43% mass loss, 6% mass remaining at 500 °C. 16: 87% yield, M, (THF SEC) = 18900 g
mol?, B (THF SEC) = 1.05, Tm = 52 °C, T4 (midpoint) = 166 °C, TGA in Ar: 267-338 °C,

41% mass loss, 338-397 °C, 41% mass loss, 0.5 % mass remaining at 500 °C.
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Figure 111.9. *H NMR (500 MHz) spectrum of mPEG113-b-PMBGCsz, 16, in DMSO-ds.
Assignments were made based on 2D analysis of 20 (figures 111.22, 23), as the PEG signal

caused oversaturation of the block polymer 2D analysis.
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Figure 111.10. 3C NMR (125 MHz) spectrum of mPEG115-b-PMBGCsy, 16, in DMSO-de.
Assignments were made based on 2D analysis of 20 (figures S18-S19), as the PEG signal
caused oversaturation of the block polymer 2D analysis.

95




General procedure for the synthesis of monomethoxy-terminated poly(ethylene
glycol)-block-poly[(methyl  4,6-O-benzylidene-2,3-O-carbonyl-a-p-glucopyranoside)-co-
poly(methyl 2,3-O-carbonyl-a-p-glucopyranoside)], mPEG-b-(PMBGC-co-PMGC). This
example includes reagent amounts for the preparation of 18 from 14. Trifluoroacetic acid
(TFA, 20.2 uL) and DI H20 (10.1 uL) were added to a solution of mPEG-b-PMBGC (49.3
mg, 55 wt% sugar, 0.088 mmol sugar repeat units) in DCM (640 pL). The reaction was
allowed to proceed at RT for 12.5 h. The reaction was then purified by precipitation into
ether three times to give MPEGii3-b-(PMBGCo.1-c0-PMGCog)23.  The percent of
benzylidene units remaining on the polymer backbone was estimated by comparing the
aromatic signal in the 'H NMR spectrum to the combined signals from both sugar repeat
units present. FTIR (ATR): 3675-3100, 3017-22752, 1765, 1460, 1454, 1358, 1342, 1279,
1236, 1144, 1101, 1038, 980, 962, 910, 841, 781, 654 cm™. *H NMR (500 MHz, DMSO-
ds): 8 5.66-5.45 (br), 5.47-5.27 (br), 5.10-4.78 (br), 4.78-4.58 (br), 4.56-4.36 (br), 3.74-3.55
(br), 3.57-3.44 (br), 3.43- 3.20 (br) ppm. 3C NMR (125 MHz, DMSO-dg): § 154.8-153.2,
96.7-94.6, 77.6-75.8, 75.2-73.6, 73.0-71.2, 70.7-68.8, 68.3-66.4, 61.0-58.9, 55.8-53.9 ppm.
17: synthesized from 14, 53% PMBGC:47% PMGC, 94% yield, Tm =50 °C, Ty (midpoint)
=-23 °C TGA in Ar: 221-306 °C, 37% mass loss, 306-410 °C, 48% mass loss, 8% mass
remaining at 500 °C. 18: synthesized from 14, 10% PMBGC:90% PMGC, 88% yield, Tm
=30 °C, Ty (midpoint) =-48 °C TGA in Ar: 244-322 °C, 33% mass loss, 322-412 °C, 40%
mass loss, 12% mass remaining at 500 °C. 19: synthesized from 16, 0% PMBGC:100%
PMGC, 93% vyield, Tm =44 °C, TGA in Ar: 246-293 °C, 50% mass loss, 293-380 °C, 24%

mass loss, 2% mass remaining at 500 °C.
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Figure 111.11. *H NMR (500 MHz) spectrum of mPEGi15-b-PMGCsz, 19, in DMSO-de.
Assignments were not made for the sugar signals because of complications caused by
transcarbonation during the deprotection reaction and an unavoidable water signal.
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Figure 111.12. 3C NMR (125 MHz) spectrum of mMPEG113-b-PMGCsy, 19, in DMSO-ds.
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Figure 111.13. IR spectra of mMPEG113-b-PMBGC33 (black), MPEG113-b-(PMBGCqs-co-

PMGCos5)23 (red), mPEG113-b-PMGCs; (magenta), PMGCas (teal dashed), PMBGC23 (green
dashed), mPEGai13 (blue dashed).

Preparation of polymeric nanoparticle assemblies. Because the PMGC
homopolymer was not soluble in acetone, an unconventional assembly procedure was
followed for all samples. In a typical experiment, the polymer was added as a solid to water
at an amount that would give a 1 mg/mL concentration, and acetone was then added until a
2:1 water:acetone mixture was produced. This solution was then sonicated until the

macroscopically-visible solid polymer had fully dispersed into solution. Acetone was then
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allowed to evaporate for 12 h to afford a series of poly(glucose carbonate) based

nanoparticles. The sizes and morphologies were characterized by DLS, AFM, and TEM

3.4 Conclusions

Our interest in the development and understanding of amphiphilic polymers which
undergo assembly into interesting morphologies, and can potentially undergo degradation
into environmentally-benign by-products after their useful lifetime has driven this
investigation into the synthesis and self-assembly of carbohydrate-based polycarbonates.
Amphiphilic copolymers, mPEG-b-PMBGC, were synthesized by the organocatalytic ROP
of a hydrophobic glucose-based bicyclic monomer platform, using a hydrophilic mPEG
initiator, to produce block polymers having benzylidene protecting groups along a segment
of the side chains. The ability of this system to undergo an acidic post-polymerization
deprotection to tune the compositions of the system was then examined, demonstrating the
significant influence of the overall polymeric architecture on the efficacy of the benzylidene
removal. The self-assembly behavior of these polymers was studied to determine the
changes in morphology caused by varying the hydrophilic-hydrophobic ratio and the
compositions of the copolymers. It was revealed that a mixture of vesicles and micelles
were formed by the starting mPEG-b-PMBGC polymers. Upon partial or complete removal
of the benzylidene protecting group the subsequent polymers produced micelles. Overall, it
was observed that the polymers with lower hydrophilic-hydrophobic ratios gave
predominately vesicle morphologies, whereas when the hydrophilic ratio increased micellar
morphologies were preferred, as expected. This change in morphologies driven by the acidic

deprotection endow these materials with significant potential as delivery vehicles that can
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both release cargo and change morphology under a stimulus. The conditions and polymeric
architectures required to form only vesicular structures and in situ benzylidene removal is
under current investigation to probe the practicality of this change under relevant biomedical

and environmental conditions.

3.5 Supplemental Information
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Figure 111.14. Synthesis of PMBGC.3 and (PMBGC:1x-c0-PMGCx)23 and schematic
illustrations of the polymer architecture.
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Figure 111.16. Differential scanning calorimetry of 14, (a) first heating and cooling cycle,
(b) second heating and cooling cycle. The heating traces are on the bottom and the cooling
traces on the top. The various transitions and their temperatures are identified on the traces.

a)
T,=-39°C
T,=47°C
A0 50 0 S0 100 150 200 250 o
Temperature (°C) m;ﬂ
O
[s]
o}
¥ 5
b) {c H
KJO 112
—0
T, =45°C
-1‘00 i’U El 5‘0 160 1;0 ZCIIO 2!‘30
3 Temperature (°C)

Figure 111.17. Differential scanning calorimetry of 15, (a) first heating and cooling cycle,
(b) second heating and cooling cycle. The heating traces are on the bottom and the cooling
traces on the top. The various transitions and their temperatures are identified on the traces.
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Figure 111.18. Differential scanning calorimetry of 16, (a) first heating and cooling cycle,
(b) second heating and cooling cycle. The heating traces are on the bottom and the cooling
traces on the top. The various transitions and their temperatures are identified on the traces.
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Figure 111.19. Differential scanning calorimetry of 17, (a) first heating and cooling cycle,
(b) second heating and cooling cycle. The heating traces are on the bottom and the cooling
traces on the top. The various transitions and their temperatures are identified on the traces.
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Figure 111.20. Differential scanning calorimetry of 18, (a) first heating and cooling cycle,
(b) second heating and cooling cycle. The heating traces are on the bottom and the cooling
traces on the top. The various transitions and their temperatures are identified on the traces.
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Figure 111.21. Differential scanning calorimetry of 19, (a) first heating and cooling cycle,
(b) second heating and cooling cycle. The heating traces are on the bottom and the cooling
traces on the top. The various transitions and their temperatures are identified on the traces.

104



84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24
1 (ppm)

Figure 111.22. 'H NMR (500 MHz) spectra of PMBGCz; (20, top, teal) and
MPEG113-b-PMBGCs; (16, bottom, maroon) in ds-DMSO.
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Figure 111.23. COSY NMR spectrum of PMBGC33, 20, in de-DMSO.
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CHAPTER IV
THE DEVELOPMENT OF A MULTIFUNCTIONAL GLUCOSE-BASED MONOMER

FOR ROP

4.1 Introduction

Natural polysaccharides play vital roles in a wide range of cellular functions such as
adhesion, differentiation, and infection. Mimicking the bioactivities of natural saccharides
is of significant interest in polymer chemistry, to this end many polymeric systems have
been developed to include sugars in their side chains and backbone repeat units,470.74.116-119
These polymers can be produced using several different polymerization techniques, with
those that include the sugar unit in the polymeric backbone being the most attractive mimics
of the structures of natural polysaccharides. Generally polymers containing saccharides in
their backbone are synthesized via ROP or condensation of a saccharide-based monomer,
allowing for the inclusion of a wide range backbone linkages such as ester, carbamate, or
carbonate linkages.?* %7119 Using these different backbone linkages is expected to combine
the advantageous properties of both the saccharide repeat units and the backbones linkages.
Monomers and polymerization techniques have been developed that offer control over the
orientation and functionality of the sugar repeat units with the aim of optimizing the overall
polymer properties for a specific application with predominantly linear polymeric
architectures,33-38404856,71.75,120.121  Ho\wever many of the important biological activities of
carbohydrates are driven by having multiple interactions with biological receptors.??-124

Nature allows for these interactions through polysaccharides with a variety of different
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branching units and architectures. Synthetic polymers are able to achieve a wide range of
architectures, such as linear, cyclic, star, branched, and crosslinked.'?>?"  Branched
structures are synthetically interesting as they can combine some of the benefits of dendritic
materials with the ease of synthesis of one pot linear polymers. In addition the thermal,
solution, and mechanical properties of branched polymers tend to be different from their
linear analogs.

Due to their high degree of functionality sugars have been used as branching points
in a variety of polymers,'?¢130 and several examples of branched sugar-based polymers
exist,24118126 there are relatively few examples of using ROP to produce sugar-based
branched architectures being investigated.>120 Several synthetic methodologies have been
developed for the synthesis of naturally-derived polycarbonate materials,2447:49:53:60.66-
68,74,131-134 egpecially using glucose as a monomer precursor.*856:69.71-73.75-77 Thege synthetic
methodologies offer exquisite control of the polymers produced, and allow for a vast range
of thermal, physical, mechanical, and degradation properties. Polycarbonates are of
particular interest because of their ability to be used in multiple applications from
engineering to biomedical material, and their benign degradation products. The monomers
for the production of linear poly(glucose carbonate)s via ROP have two general structural
motifs either a 5-membered cyclic carbonate between the 2 and 3 positions of the
sugar,%%72737%8 or a 6-membered cyclic carbonate between the 4 and 6 positions of the
sugar, 3385668717578 yith the hydroxyls on the other position protected by a non-reactive
functional group. The studies into these cyclic carbonate monomers have demonstrated
significant differences in the reactivities of the differently sized rings. The driving force in

most ROPs is the release of strain energy upon the opening of the cyclic monomer, generally
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in 5-membered rings the strain energy is not significant enough to drive the reaction, the
fusing of the ring in trans configuration is likely what favors the polymerization in the case
of the glucose carbonate monomers.”878%91 A multifunctional glucose monomer with both
a 5- and 6-membered cyclic carbonates may be able to take advantage of the observed
differences in polymerization kinetics to produce linear and branched architectures.

Herein, we report the synthesis of a multifunctional glucose-based monomer, methyl
2,3:4,6-di-O-carbonyl-a-p-glucopyranoside (MGDC), with a 5- and 6-membered cyclic
carbonate for ROP. A range of organocatalytic polymerization conditions were examined
to determine if any selectivity existed in the opening of the 5- vs. 6-membered carbonates of
MGDC. From these optimized conditions a series of PMGDCs were synthesized. Finally,
the ability of MGDC to be used as a comonomer/crosslinker with a monofunctional

monomer to produce branched structures was investigated.

4.2 Results and Discussion

4.2.1 Monomer synthesis

A direct synthesis of a dicarbonate glucose monomer MGDC monomer was initially
attempted from methyl o-p-glucopyranoside however the high degree of hydroxyl
functionality of methyl a-p-glucopyranoside caused significant side reactions to occur and
did not allow for reasonable isolated yields. Therefore, MGDC was synthesized in three
steps from a partially protected methyl 4,6-O-benzylidene-a-p-glucopyranoside (Figure
IV.1). The first step was the establishment of a 5-membered cyclic carbonate through the

hydroxyl groups at positions 2 and 3 to produce methyl 4,6-O-benzylidene-2,3-O-carbonyl-
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a-p-glucopyranoside (MBGC) as previously described.”® The benzylidene protecting group
was removed in the next step, where a variety of conditions were examined (Table 1V.3).
These conditions gave two major products, the desired methyl 2,3-O-carbonyl-a-p-
glucopyranoside (MGCz3), and the over deprotected methyl o-p-glucopyranoside.
Hydrogenolysis with 10 wt% Pd/C catalyst was able to produce the desired MGC;3 as the
major product in a good yield (>80%) following purification via column chromatography.
The success of this reaction was confirmed through the disappearance of all *H (7.50, 7.39,
5.75 ppm) and 3C NMR (138.3, 129.8, 128.9, 122.2, 101.9 ppm) resonances corresponding
to the benzylidene group (Figures 1V.4, 5), as well as the appearance of both protons on
position 6 of the sugar as a single signal (3.81 ppm), the hydroxyl groups on the 4 (5.08 ppm)
and 6 (3.82 ppm) positions of the sugar, and OH stretch in the IR (3500-3300 cm™, Figure
IV.6). MGDC was then synthesized by installing the second cyclic carbonate through the
hydroxyl groups on the 4 and 6 positions. Triphosgene was utilized as the carbonylation
agent as in the synthesis of MBGC as alternatives to phosgene derivatives gave very low
isolated yields. Initial attempts at the synthesis of MGDC were made using the conditions
that were used to synthesize MBGC. Using these conditions a mixture of products was
produced, purification of this mixture using silica gave less than 5% yield of the desired
product. It was then determined that MGDC degraded on silica and alumina, likely caused
by additional strain from the tricyclic structure. The instability of MGDC to common
purification methods drove the need for conditions that were able to provide high levels of
conversion to the cyclic product and very few side reactions as the desired product cannot
be purified via column chromatography. A range of conditions were examined, the

concentration and equivalences of base used in the synthesis were determined to have the
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greatest effect on the isolated yield. Upon optimization of the conditions good yields (>70%)
were obtained for the desired MGDC product. The success of this reaction was verified by
the disappearance of the *H NMR resonance (5.08, 3.82 ppm) and IR stretch (3500-3300 cm’
1y of the hydroxyl groups on MGC, 3. Additionally the two protons on position 6 of the sugar
appear as two resonances in the *H NMR spectrum (4.63, 4.49 ppm) because of their
diastereotopic nature, and the appearance of a second carbonyl signal in both the 3C NMR
(146.6 ppm) and IR (1807 cm™, Figures 1V.4-6) further supports the success of the ring-

closure.
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Figure 1V.1. Synthesis of MGDC and synthetic precursors.

4.2.2 Homopolymerization of MGDC

Previous experiments with the isolated 5- and 6-membered cyclic glucose carbonates
suggested that the kinetics of the ring-openings would be significantly different. The 5-

membered carbonate requires several hours at 30 °C with TBD as a catalyst to reach high
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levels of conversion, whereas the 6-membered carbonate reaches high conversion at -78 °C
within 20 minutes using the same catalyst. We sought to take advantage of these apparent
different reactivities between the two different rings to produce both linear and branched
polymeric architectures (Figure 1V.2). Initially the isolated 5-membered carbonate
monomer MBGC was examined under reaction conditions known to allow for the
polymerization of the 6-membered cyclic glucose carbonates. Under these conditions at
both -78 ° and -5 °C there was a complete recovery of unreacted MBGC following the
attempted polymerization. These conditions were then applied to the polymerization of
MGDC, immediately upon adding the organocatalyst, TBD, an opaque intractable white gel
was formed, suggesting the uncontrolled rapid opening of both 5- and 6-membered rings.
Small molecule studies were completed to analyze the initiation step of the mechanism
however in these experiments the major products were crosslinked networks rather than the
desired single ring-opened product.

Following this initial attempt at polymerizing MGDC, a range of conditions were
attempted (Table 1V.4) to gain better control of the ring-opening. Initially the strength of
the organocatalyst was varied by replacing TBD with the less basic DBU or DMAP while
maintaining the other conditions. Using DBU as the organocatalyst also produced a
precipitate during the polymerization, while DMAP gave recovery of unreacted MGDC.
Optimization of several parameters found that low temperatures, concentrations, and a
weaker organocatalyst (< -40 °C, <0.25 M, DBU) proved successful at synthesizing
oligomers and polymers that were suitable for further analyses, demonstrating the inhibition
of the crosslinking reactions. Using these conditions, a series of MGDC oligomerizations

and polymerizations were performed to measure the progress of the polymerization (Table
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IV.1, Figures IV.7, 8, 11, 12). From these polymerizations it was seen that as higher degrees
of monomer conversion were reached higher levels of branching occurred. Branching was
not calculable via a 'H NMR analysis because no unique signals for the branching versus
linear units of the polymer chains could be identified. MALDI-TOF MS analysis was used
to evaluate the presence of a branched population. Branching was first estimated by
comparing the molar mass measured by NMR and MALS SEC, although the molar mass
measured by MALS SEC is an absolute mass, there is inherent error in both molar mass
measurements, the branching calculated from these methods should be considered as only
an estimate not an absolute value. For the polymerization with the highest conversion
achieved (23) branching was estimated at 7-17% whereas for the lowest conversion
polymerizations branching >5% could be achieved. This branching trend was further
evaluated by MALDI-TOF MS analysis of the polymers. In the samples with estimated low
degrees of branching a single major population was seen matching with the expected end
groups (Figures 1V.13, 14), whereas the samples with higher estimated degrees of branching
have 2 main populations, 1 matching to the expected end groups and the second being +122
Da indicating an additional initiator on the polymer, suggesting 1 branching point exists in
the polymer backbone. Additionally, although signal intensities are not quantitative in
MALDI-TOF MS the relative intensity of the +122 amu distribution decreased in intensity
as the extent of branching decreased. The resolution of the current MALDI-TOF MS
measurements did not allow for the identification of populations with more than one
additional initiator as the mass of the monomeric repeat unit (+246 amu) and two initiators
(+244 amu) are too similar meaning that there may be additional populations with more than

one branching points in the polymer backbone.
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Table IV.1. Properties of PMGDCs.

Polymer  Sample DP?  Conversion My Mp” pP Branching
(%) (kDa) (kDa) units (%)°

23 10 100 6.6 4.2 1.55 7-17

24 14 70 4.5 4.4 1.49 2-6

25 15 75 6.5 4.8 1.35 1-5

26 17 57 6.2 4.6 1.36 1-3

PMGDC 27 17 57 6.6 4.9 1.34 1-4

28 21 70 8.2 5.6 1.47 1-3

29 20 50 8.0 54 1.46 1-3

30 23 57 9.7 6.6 1.46 1-3

aMeasured by comparing the aromatic signal of the initiator to the OMe of the polymer. PMeasured with SEC (DMF eluent)
with a RALS and LALS detectors calibrated with PMMA standards. °Estimated by comparing the mass calculated via 'H
NMR and SEC.
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Figure 1V.2. Polymerization of MGDC to afford homopolymers (a), and copolymers with
GCEPC (b).

4.2.3 Copolymerization of MGDC

As the homopolymerization study had demonstrated the ability of MGDC to undergo

ring-opening of both cyclic carbonates under the common conditions used to polymerize the
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isolated 6-membered glucose carbonate, MGDC’s use as a comonomer/crosslinker to
produce Dbranched structures was investigated. Methyl  4,6-O-carbonyl-2-O-
ethyloxycarbonyl-3-O-propargyloxycarbonyl-a-p-glucopyranoside (GCEPC) was chosen as
a comonomer based on its versatility and straightforward ability to undergo post-
polymerization modification. Copolymerizations of GCEPC and MGDC were completed
using 4-methylbenzyl alcohol as initiator and TBD as organocatalyst. These reaction
conditions were chosen to allow for both rings of the MGDC to open making each MGDC
monomer incorporated into the polymer chain a branching point in the chain. The targeted
total number of sugar repeat units was kept constant and the target percentage of MGDC
used as a comonomer was gradually increased from 0 to 50 mol% (Table 1V.2). Starting
with 14% intended incorporation of MGDC into the copolymer, organogels formed during
the polymerizations. These gels were transparent, stable overnight, intractable in organic
solvents, and qualitatively the gels formed with higher MGDC incorporation were more
mechanically robust, however a full mechanical analysis is needed to fully understand these
materials. For the polymerizations with a lower incorporation of MGDC, the polymers
remained in solution for the entirety of the polymerization and were soluble for further
analyses. The actual incorporation of MGDC was estimated via *H NMR by comparing the
methyl group of the ethyloxycarbonyl side chain (1.28 ppm) to the OMe (3.48 ppm) of the
sugar signals (Figure 1V.7,9). The signal at 1.28 ppm was solely from the GCEPC monomer
whereas the OMe signal was from both monomers, so the excess intensity in the OMe signal
was used to estimate the amount of MGDC included in the polymer. As the amount of

MGDC increased, the molecular mass distributions and B increased significantly reflecting
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the branching in the polymer chain (Figure IV.3). The branching structure was also

supported by the increase in intrinsic viscosity as the degree of branching increased.

Table 1V.2. Properties of PGCEPC-co-PMGDCs.

Polymer? Sample Target Actual M.* Ma" DY Intrinsic
MGDC MGDC (kDa) (kDa) viscosity®
(%) (%)° (dL/g)
PGCEPC47 31 0 0 182 144 1.23 0.089
PGCEPCso-co-PMGDC; 32 2 4 425 224 1.89 0.11
PGCEPC4s5-c0-PMGDC3 33 4 6 166.9 32.7 5.01 0.14
PGCEPC40-c0-PMGDC4 34 6 9 7576 33.0 239 0.18

8Measured by comparing the aromatic signal of the initiator to the OMe, and methyl protons of the ethyl carbonate group

of the GCEPC repeat unit. "Measured with SEC (DMF eluent) with a RALS, LALS, and viscometry detectors calibrated
with PMMA standards.
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Figure 1VV.3. SEC (DMF eluent) RI traces of PGCEPC-co-PMGDC.
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4.3 Experimental Section

4.3.1 Materials

All materials were purchased from VWR or Sigma-Aldrich. Unless noted, all
reagents were used as received. Dichloromethane (DCM) was purified and dried by a
solvent purification system (J. C. Meyer Solvent System). Anhydrous acetonitrile was
stored over molecular sieves under an argon atmosphere. 4-Methylbenzyl alcohol and TBD
were dried over CaH>, dried under vacuum, and stored under an argon atmosphere. DBU
was dried over CaH, distilled, and stored under an argon atmosphere. MBGC and methyl
4,6-0-carbonyl-2-O-ethyloxycarbonyl-3-O-propargyloxycarbonyl-a-p-glucopyranoside
(GCEPC) were synthesized as previously reported. MGDC was dried under reduced
pressure over P20s and stored under an atmosphere of argon. Caution: When working with
phosgene precursors, including triphosgene, special precautions should be taken as they are

highly toxic by inhalation or ingestion.

4.3.2 Instrumentation

4, 18C, COSY, and HMQC NMR spectra were recorded on an Inova500
spectrometer, chemical shifts were referenced to the resonance signals of the deuterated
solvent.

IR spectra were recorded on a Shimadzu IR Prestige attenuated total reflectance
Fourier-transform infrared spectrophotometer and analyzed using IR solution v. 1.40

software.
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A Waters Chromatography, Inc. (Milford, MA) system with an isocratic pump model
1515, and a four-column set of 5 um Guard (50 x 7.5 mm), Styragel HR 4 5 um DMF (300
x 7.5 mm), Styragel HR 4E 5 pum DMF (300 % 7.5 mm) and Styragel HR 2 5 um DMF (300
x 7.5 mm) with DMF (0.05 M LiBr) as the eluent (0.75 mL/min) at 70 °C. Polymer solutions
were prepared at ca. 5 mg/mL, with toluene as a flow marker, and an injection volume of
200 pL was used. The samples were analyzed using a Malvern Panalytical OMNISEC
REVEAL (Malvern, UK) with RI, LALS, RALS, and viscometer detectors calibrated against

a poly(methyl methacrylate) standard.

4.3.3 Synthesis

Synthesis of methyl 2,3-O-carbonyl-a-p-glucopyranoside (MGCz3). Methyl 4,6-O-
benzylidiene-2,3-O-carbonyl-a-p-glucopyranoside (5.033 g, 16.32 mmol) and palladium on
carbon (486.0 mg, 9.9 wt%) were mixed in 100 mL of a methanol/DCM solution. The
reaction vessel was evacuated and back-filled to remove oxygen and was then placed under
a hydrogen atmosphere. The reaction was allowed to take place at RT for 9 h. The reaction
mixture was run through a silica plug to remove the Pd/C catalyst, and then purified via
column chromatography (3:1 ethyl acetate:hexanes) to produce 2.967 g (82%) of a white
foam. FTIR (ATR): 3500-3300, 3000-2900, 1786, 1451, 1418, 1404, 1383, 1364, 1348,
1325, 1275, 1250, 1229, 1204, 1180, 1157, 1119, 1101, 1088, 1066, 1045, 1005, 966, 941,
905, 851, 820, 783, 770, 735, 665 cm™. 'H NMR (500 MHz, Acetone-dg): § 5.19 (d, J = 3.0
Hz, 1H), 5.08 (d, J = 5.7 Hz, 1H), 4.64 (dd, J = 9.8, 11.6 Hz, 1H), 4.35 (dd, J = 3.0, 11.6 Hz,

1H), 4.11 (dt, J = 5.7, 9.4 Hz, 1H), 3.82 (overlapping multiplet, 3H), 3.54 (multiplet, 1H),
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3,49 (s, 3H) ppm. 3C NMR (125 MHz, Acetone-ds): 5 154.5, 96.5, 80.9, 77.9, 76.2, 69.3,
61.3, 55.7 ppm. MS (ESI+): calculated [M+Li]" for CsH1207Li 227.0743, found 227.0746.

Synthesis of methyl 2,3:4,6-di-O-carbonyl-a-p-glucopyranoside (MGDC). MGC>;3
(2.0661 g, 9.384 mmol) was weighed into preweighed glassware and then dried under
vacuum to a constant weight. Anhydrous DCM (120 mL) and pyridine (4.0 mL, 50 mmol)
were added to the dried glucopyranoside and mixed until a homogeneous solution was
observed. A solution of triphosgene (1.1269 g, 3.797 mmol, 11.391 mmol of carbonylation
agent generated in situ) in anhydrous DCM (68 mL) was added slowly to the
glucopyranoside, and the reaction was allowed to proceed at RT for 14 h. To quench any
remaining triphosgene a saturated solution of sodium bicarbonate was added. The organic
layer was then washed with saturated sodium bicarbonate, 5% HCI (aq), and DI H20, dried
over magnesium sulfate, and concentrated to approximately 10% of its original volume. The
concentrated organic layer was then purified via a celite plug with DCM and was then
concentrated to dryness to yield 1.6860 g (73%) of a white powder. FTIR (ATR): 3000-
2800, 1807, 1755, 1477, 1429, 1414, 1396, 1381, 1367, 1331, 1260, 1200, 1175, 1146, 1109,
1094, 991, 932, 914, 789, 766, 737, 660 cm™. *H NMR (500 MHz, Acetone-ds): & 5.44(d,
J = 3.0 Hz, 1H), 4.98 (overlapping, 2H), 4.63 (overlapping, 2H), 4.49 (dd, J = 9.5, 10.7
Hz,1H), 4.31 (multiplet, 1H), 3.58 (s, 3H) ppm. ¥C NMR (125 MHz, Acetone-dgs): 5 153.5,
146.6, 97.5, 77.6, 76.8, 76.5, 69.8, 62.6, 56.5 ppm. MS (ESI-): calculated [M+CI] for

CoH100sCl 281.0064, found 281.0085.
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Figure 1V.4. Stacked *H NMR (500 MHz) of MBGC (green), MGC2,3 (black), MGDC
(purple) in Acetone-ds.
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Figure 1V.5. Stacked *¢ NMR (125 MHz) of MBGC (green), MGC2,3 (black), MGDC
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Figure IV.6. IR spectra of MBGC (green), MGC:3 (black), MGDC (purple).
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Synthesis of poly(methyl 2,3:4,6-di-O-carbonyl-a-p-glucopyranoside) (PMGDC).
All polymerizations were carried out using standard glovebox and Schlenk line techniques.
Polymerizations were conducted at -40 °C, the reagents were added to a vial inside a
glovebox and the reaction conducted in a fume hood. To a solution of MGDC in acetonitrile
(final monomer concentration 0.25 M), 4-methylbenzyl alcohol in acetonitrile was added
while stirring. DBU (4 mol% relative to monomer or 1:1 with initiator) in acetonitrile was
added to the reaction under Ar atmosphere. After stirring for a certain period of time (1 min
to 3 min), the reaction vial was opened to air and quenched by addition of acetic acid in
DCM. The polymer was purified by precipitation into ether (2x), followed by precipitation
into methanol (1x) and then dried under vacuum to give a white powder (average yield 55%).
FTIR (ATR): 3050-2825, 1829, 1755, 1645, 1452, 1240, 1163, 1007, 941, 779, 667 cm™.,
'H NMR (500 MHz, Acetone-de): & 7.33 (d, J = 7.8 Hz, 2H), 7.25 (d, J = 7.8 Hz, 2H), 5.46-
5.18 (br), 5.01-4.87 (br), 4.70-4.50 (br), 4.50-4.29 (br), 4.17-4.02 (br), 3.64-3.44 (br), 3.41-
3.19 (br), 2.35 (s, 3H) ppm. *C NMR (125 MHz, Acetone-de): & 153.4, 152.8, 129.1, 128.5,

95.6, 76.5, 72.4, 69.4, 66.0, 55.5, 20.3 ppm.
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Figure IV.8. 23C NMR (125 MHz) of PMGDC in Acetone-ds.
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Synthesis of poly(methyl 4,6-0O-carbonyl-2-O-ethyloxycarbonyl-3-O-
propargyloxycarbonyl-a-p-glucopyranoside-co-methyl 2,3:4,6-di-O-carbonyl-a-p-
glucopyranoside) (PGCEPC-co-PMGDC). All polymerizations were carried out using
standard glovebox and Schlenk line techniques. Polymerizations were conducted at -40 °C,
the reagents were added to a vial inside a glovebox and the reaction conducted in a fume
hood. To a solution of GCEPC in acetonitrile (final total monomer concentration 0.50 M),
MGDC (0-50 mol%) in acetonitrile was added. 4-methylbenzyl alcohol in acetonitrile was
added, followed by TBD (4 mol% relative to total monomer) in acetonitrile under Ar
atmosphere. After stirring for 10 min, the reaction vial was opened to air and quenched by
addition of acetic acid in DCM. The polymer was purified by precipitation into ether (2x),
followed by precipitation into methanol (1x) and then dried under vacuum to give a white
powder (average yield 64%). The copolymers with higher than 14 mol% MGDC formed
translucent intractable organogels during the polymerization and were not precipitated.
FTIR (ATR): 3325-3225, 3050-2850, 1756, 1447, 1373, 1333, 1246, 1171, 1117, 1092,
1018, 986, 907, 878, 781, 671 cm™. *H NMR (500 MHz, Acetone-ds): § 7.33 (d, J = 7.8 Hz,
2H), 7.23 (d, J = 7.8 Hz, 2H), 5.34 (t, J = 9.7 Hz), 5.13 (d, J = 3.3 Hz), 4.96 (t, J = 9.7 Hz),
4.88-4.74 (br), 4.48-4.41 (br), 4.37-4.28, 4.24-4.09 ppm. 3C NMR (125 MHz, Acetone-ds):

0 154.0, 153.9, 96.4, 77.2,76.7, 74.4, 73.4, 72.4, 66.9, 66.0, 64.4, 55.7, 55.1, 13.5 ppm.
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Figure IV.9. *H NMR (500 MHz) of PGCEPC-co-PMGDC in Acetone-ds.
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Figure 1V.10. 13C NMR (125 MHz) of PGCEPC-co-PMGDC in Acetone-ds.
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Figure IV.11. IR spectra of PMGDC (black), and PGCEPC-co-PMGDC (blue).

4.4 Conclusions

Our interest in functional materials with complex polymeric architectures, that can
potentially undergo degradation into benign by-products, has driven this investigation into
the development of synthetic methodologies utilizing carbohydrates as diverse building
blocks. In this current work the scope of glucose as a monomer was expanded to the
production of a difunctional monomer to generate a series of different polymers. The
difunctional monomer with a 5- and 6-membered cyclic carbonate, methyl 2,3:4,6-di-O-

carbonyl-a-p-glucopyranoside (MGDC), was synthesized in 3 steps with good yields (>70%
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for each step) from methyl 4,6-O-benzylidene-a-p-glucopyranoside using established
carbonylation and deprotection chemistries.

The investigation of MGDC under various organocatalytic conditions was
undertaken to evaluate changes in reactivity in the differently sized cyclic carbonates in the
difunctional monomer to their monofunctional analogs. Based on the monofunctional
analogs it was initially hypothesized that the 5- and 6-membered rings would open at
significantly different rates allowing for the synthesis of linear or branched polymers from
a single monomer. The production of predominantly linear PMGDCs (< 5% estimated
branching) was possible by targeting relatively low monomer conversion during the
polymerization. The investigation of the homopolymerization of MGDC revealed its high
potential to be used as a comonomer to produce highly branched glucose-based polymers.
A monofunctional 6-memebered glucose carbonate monomer methyl 4,6-O-carbonyl-2-O-
ethyloxycarbonyl-3-O-propargyloxycarbonyl-a-p-glucopyranoside (GCEPC) was
polymerized with MGDC under conditions that were expected to open both rings of MGDC.
As the percentage of MGDC in the copolymerization was increased, SEC analysis confirmed
a more branched structure through the increase of intrinsic viscosity of the polymers, and
the molar mass distributions. Incorporation of MGDC > 14% allowed for the production of
glucose-based organogels.

Overall, this newly developed difunctional monomer gave access to complex
polymeric architectures with fully glucose-based monomers via ROP. The ability of the
polymers to degrade into methyl a-p-glucopyranoside and carbon dioxide, as benign small

molecules, make these materials suitable for biomedical and engineering applications in
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general. Studies to probe the properties and further potential applications for these materials,

and to produce higher molar mass PMGDCs are ongoing.

4.5 Supplemental Information

Table 1V.3. Synthetic conditions examined for synthesis of MGC; 3 from MBGC.

Reagent Loading Time Product
(h)

Amberlyst Various 3 Methyl a-p-glucopyranoside
I2 High 0.61, 0.51 N .
Et:SiH equivalents 3 Methyl a-p-glucopyranoside

| Catalytic
2. 0.43 equivalents, 3 Methyl a-p-glucopyranoside
EtsSiH
5.2 mol%
H Major: Methyl 2,3-O-carbonyl-a-p-
Pd /ZC 20 wt% 12 glucopyranoside

Minor: Methyl a-p-glucopyranoside
Ha 10.6 W% 8 86 % yield Methyl 2,3-O?carb0nyl-a-D-
Pd/C glucopyranoside

Table IVV.4. Initial conditions screening for the polymerization of MGDC.
M:1  Catalyst Temperature Concentration Time Solubility

9] (M) (min)
25 TBD -5 0.5 0 intractable
25 DBU -5 0.5 4 intractable
25 DBU -5 0.25 5 intractable
10 DBU -5 0.25 5 intractable
10 DBU -5 0.25 2.5 intractable
10 DBU -35 0.25 2 polar organics
10 DBU -40 0.25 1  polar organics
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Figure IV.12. SEC (DMF eluent) RI traces of PMGDC, inset shows the same data.
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Figure 1VV.13. MALDI-TOF MS spectrum of PMGDC, 23, with a high estimated percent
of branching units. Analysis of PMGDC revealed two populations, each with a spacing of
246 m/z equal to that of the expected monomer repeat unit. Structurally, these two sets of
signals corresponded to populations with distinct end groups, a major population initiated
by MBA and a minor population corresponding to branched architectures at +122 m/z of the
major population. There is no evidence for loss of CO, as a side reaction during

polymerization.
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Figure 1V.14. MALDI-TOF MS spectrum of PMGDC, 29, with a low estimated percent of
branching units. Analysis of PMGDC revealed one population, with a spacing of 246 m/z
equal to that of the expected monomer repeat unit. Structurally this set of signals
corresponds to a population initiated by MBA. There is no evidence for loss of CO; as a
side reaction during polymerization.
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CHAPTER V
SYNTHESIS AND CHARACTERIZATION OF POLY(THIOETHER-CO-
CARBONATE) NETWORKS FROM RAPIDLY GENERATED GLUCOPYRANOSIDE

MONOMERS

5.1 Introduction

The accumulation of polymeric materials in the earth’s waterways is becoming a
significant hazard to aquatic and terrestrial life.3®1! Many of the plastics produced for
industrial applications are produced from petrochemical derivatives, and are estimated to
take at least 500 years to decompose.’®® When these non-degradable materials are
introduced into waterways they accumulate and are unable to break down into small
molecules that can potentially be cleared from the environment, and instead breakdown into
micro- and nano-particulates that can cause further damage to aquatic environments.®”° To
address this challenge, significant efforts have been undertaken to develop sustainable
polymeric materials from novel sources to reduce the reliance of polymers and plastic
materials on petrochemical-derived starting materials. Naturally-derived polymers have
significant potential as sustainable polymers that retain their usefulness as highly functional
and specialized materials.>26:27:2913%  Apother advantage of naturally sourced materials is
their potential to undergo chemical degradation under photochemical, thermal, enzymatic,
or hydrolytic pathways. Carbohydrates are of substantial interest as monomer sources to
develop synthetic natural product-based materials.*”%™ As the fundamental building

blocks of many natural polymers, carbohydrates have wide bioavailability, they also possess
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high levels of chemical functionality and stereochemical diversity that make them attractive
starting materials in the design of functional materials.?43338-40.70120 Gycose was chosen as
the monomeric source for examination in this work. A monomer was designed with
hydrolytically degradable carbonate linkages that would allow for the eventual chemical
degradation of the polymer into small molecules, rather than only physical degradation into
micro- and nano-plastic particulates.

Significant work has been completed in the Wooley lab towards the development of
naturally-derived polycarbonate materials, especially using glucose as a monomer
precursor,48:°67175-78.131-134 - These glucose-based methodologies give exquisite synthetic
control of the polymers produced, and allow for a vast range of thermal, physical,
mechanical, and degradation properties. However, the synthesis of these polymeric
materials can be challenging with significant purification steps being necessary, making
them currently ill-suited to adoption in an industrial application. A robust synthetic
methodology for a quinic acid-based monomer has been reported by our group, wherein
alkenyl units were attached to quinic acid and this monomer then underwent a solvent-free
photopolymerization with a range of thiol comonomers to produce poly(thioether-co-
carbonate) thermoset networks.32 This monomer synthesis and polymerization were highly
scalable and allowed for the rapid generation of polymeric materials with tunable properties
based on the thiol comonomer utilized in the polymerization. The scalability and tunability
of this system made it extremely attractive for further examination as a translatable
polymeric system, however the raw material cost of the quinic acid starting material is a

significant disadvantage of the system.
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In this work we set out to develop a rapidly producible, straight-forward, scalable
synthetic methodology to synthesize a glucose-based functional monomeric platform for use
in solvent free thiol-ene photopolymerizations. Further, we were aimed to alleviate some of
the translational disadvantages of the previously reported systems by combining our work
with glucose and quinic acid to generate alkene functionalized glucose monomers that were
able to undergo photopolymerization with a range of thiol comonomers. The thermal and
physical properties of the glucose-based poly(thioether-co-carbonate) networks were then
examined and correlated to the choice of glucose monomer and thiol comonomer. Following
this study two network formulations were chosen to examine the addition of different
functional additives to increase the overall potential value of the networks. The thermal and
physical properties of these networks were also examined to determine if there were any

significant changes in the network properties caused by the additives.

5.2 Results and Discussion

This study was driven by a desire to build on the work completed by the Wooley
laboratory on the development of polycarbonate containing materials from polyhydroxyl
natural products. In an effort to make these networks more commercially accessible, a
glucopyranoside derivative was chosen as the monomer source and a robust polymerization
technique was used to produce poly(thioether-co-carbonate) networks. The effects of using
a mixture of functionalized monomers, a range of different crosslinking comonomers, and

functional additives on the network properties were also examined.

5.2.1 Monomer Synthesis
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The glucose-based allyl monomers can be readily synthesized by the addition of allyl
chloroformate (AC) to a commercially available glucopyranoside derivative, methyl o-p-
glucopyranoside, with an amine base catalyst (Figure V.1). Glucopyranoside was chosen as
the monomer source as the rigidity of the cyclic backbone unit was expected to increase the
mechanical strength of the networks. In addition to the potential strength added to the final
polymeric networks, the protection of the anomeric position of the saccharide ring also
reduced the number of undesired side reactions during the functionalization reaction. The
previously reported synthetic methodology used a significant excess (2 equivalents per
hydroxyl) of AC to produce a single fully functionalized quinic acid-based monomer. To
increase the atom economy of the reaction, lower equivalents of AC per hydroxyl were
tested. Lower equivalents of AC were also examined to determine the effect of mixtures of
differently functionalized glucopyranosides on the thermal and mechanical properties of the
final polymer network. The success of this reaction (>95% yield) was confirmed by the
appearance of signals for the alkene group in both the *H (6.00-5.84, 5.41-5.31, 5.30-5.20)
and *C NMR (131.5-130.9, 119.5-118.7) spectra, as well as the carbonate signal in the 3C
NMR (156.1-152.6, Figures V.4, 5) spectrum. The high number of signals in the *H and 3C
NMR confirm the production of multiple differently substituted products observed by thin
layer chromatography. The average alkene functionality of the allyl monomer was
controllable by the equivalents of AC per hydroxyl used in the synthesis, eleven of the
potential alkenyl monomer structures produced are shown in Figure V.6. When a “low”
allyl functionality was targeted (3.5 equivalents of AC added per glucopyranoside, 0.87
equivalents per alcohol), 70% of the available AC reacted with the glucopyranoside to give

an average functionality of 2.5 alkene units per glucopyranoside. As higher average
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functionalities were targeted the percentage of AC that reacted with glucopyranoside
decreased, to reach an average functionality of 3.6 alkenes per glucopyranoside 6 equivalents
of AC, 1.5 equivalents per alcohol, were needed (60% of the ACs were reacted). This
synthesis was also easily replicated on a larger scale (>100 mmol) with no loss of yield. The
mixtures of allyl functionalized glucopyranoside were used without column purification in

the production of polymeric networks.
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Figure V.1. General synthesis of allyl functionalized glucopyranoside monomers.

5.2.2 Generation of Poly(thioether-co-carbonate) Networks and their Thermal and

Physical Properties

Polymeric networks were produced via a thiol-ene radical addition in a solvent-free
crosslinking copolymerization of the alkene functionalized glucopyranoside monomers and
various multifunctional thiol monomers. Allyl functionalized glucopyranosides were mixed
with a range of multifunctional thiols (Figure V.2), based on a molar equivalence of
functional groups (alkene to thiol) to produce homogeneous resins. Thiol comonomers

included 1,2-ethane dithiol (EDT), 2,3-butanedithiol (BDT), 1,6-hexanedithiol (HDT), 1,4-
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butanediol bis(mercaptoacetate) (BDBMA), tetraethylene glycol bis(3-
mercaptoproprionate) (TEGBMP), trimethylolpropanyl tris(3-mercaptopropionate)
(TMPTMP), pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), and dipentaerythritol
hexakis(3-mercaptoproprionate) (DPEHMP). A radical initiator, 2,2-dimethoxy-2-
phenylacetophenone (DMPA, 1 wt%), was then added to the resin which was cast into a
mold making various geometries possible (Figures V.3, 6). Crosslinking/polymerization
was initiated through exposure to UV irradiation to produce uniform bulk materials,
although heat can be explored in future studies. These materials were then postcured at 120

°C for at least 4 h to vulcanize any remaining thiol groups.
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Figure V.2. Thiol comonomers utilized in the productions of polymeric networks.

The properties of the bulk materials were modulated by varying the comonomer

formulations used in the photopolymerization. For example, the number of allyl
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functionalities on the glucopyranoside monomer, as well as the length and rigidity of the
thiol comonomer, affected the crosslink density of the final materials. The thermal and
physical properties were examined by thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), and dynamic mechanical analysis (DMA) (Table V.1, Figures
V.7, 8, 10-13). All of the networks produced gave good thermal stabilities (>280 °C), with
the thermal stability increasing slightly (<20 °C) when the glucose comonomer had higher
amounts of allyl functionality. This increase in Tq correlates with an increase in the
crosslinking density of the networks as each glucose unit is covalently bound to more of the
surrounding network. By varying the thiol comonomer and the degree of functionality of
the glucose comonomer materials, a wide range of glass transition temperatures (Tgs)
spanning over 75 °C were achieved. When examining material made with the same thiol
comonomer and different glucose comonomers, the change in T4 follows a similar trend as
Tq wherein as the alkene character of the glucose comonomer increased the Tg also generally
increased. However, to achieve significant differences in the Tgs varying the thiol
comonomer was significantly more effective.

The thiol structure correlated to the Tqs achieved in the final network, materials
synthesized with EDT, PETMP, and DPEHMP gave materials with the highest Tgs.
Chemically these Tgs, trends correlated to increased crosslinking density for the PETMP and
DPEHMP-based networks, whereas in the EDT-based networks their Tys were high because
these networks had the highest weight fraction of the rigid cyclic glucose comonomer in the
final networks. Networks synthesized with thiols containing longer more flexible spacers
between the thiols, TEGBMP and BDBMA, achieved much lower Tgs because of the

increased free volume caused by the additional flexibility between crosslinks. The storage
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moduli (E') for the different networks were measured at 5 and 25 °C, and the values
determined followed the same general trend as the T4 analysis wherein more flexible thiols
gave networks with lower E's and the more rigid comonomers gave higher E's, with the
system being able to achieve E' into the tens of MPa. As expected for the networks with Ty
below 25 °C there was a 1-20 MPa change in the E' at 5 vs. 25 °C as the networks had
undergone a switch from glassy to rubbery, whereas the networks with Ty above 25 °C gave
negligible changes in their E' at the temperatures examined. Networks were also made using
glucose comonomers with similar levels of allyl functionalities from different monomer
syntheses and TEGBMP thiol comonomer to probe the reproducibility of the network
generation. The thermal transitions and moduli measured were similar (Table V.3),

demonstrating the reliability of the network production.
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Table V.1. Thermal transition data and moduli exhibited by the poly(thioether-co-
carbonate) networks. For the glucose monomers low allyl has average functionalities of 2.5
while high allyl has average functionalities of 3.6 allyl groups per glucopyranoside.

Number Glucose Td, onset E'at5°C E'at 25 °C

Comonomer .t Thiols  Monomer (0) Te(C) (MPa) (MPa)
EDT 5 Low allyl 287 35 258x15 24120
High allyl 295 45 17427 171+£2.7
BDT 5 Low allyl 290 29 32.2+4.0 30.8+3.8
Highallyl 298 32  104+097  17.6+057
Low allyl 310 - - -
HDT 2 Highallyl 318 29 202+ 1.6 19.1+ 1.0
Low allyl 315 2 21.6 £12.7 5.44 + 4.32
BDBMA 2 High allyl 325 1 37.8x1.6 2.87x1.4
Low allyl 304 -11 28425 0.482 £ 0.0069
TEGBMP 2 High allyl 320 -17 117+£1.1 0.387 £0.0019
Low allyl 310 35 28.0+6.3 26.4 £6.0
TMPTMP 3 Highallyl 312 32 242+9.4 234 +84
Low allyl 301 51 150+£1.0 148+1.0
PETMP 4 Highallyl 313 51 188+ 2.4 183+ 2.3
Low allyl 279 33 139+1.1 136+£1.2
DPEHMP High allyl 309 58 13.2+15 11.5+0.87

5.2.3 Addition of Functional Additives to Poly(thioether-co-carbonate) Networks

To further tune the characteristics of the networks a range of functional additives can
be introduced into the resins prior to crosslinking to produce composite materials with
various mechanical, physical, and aesthetic properties. As the properties did not vary
significantly with different degrees of allyl functionalities, the more efficiently synthesized
glucose monomer with lower allyl functionality was examined with EDT and TEGBMP as
thiol comonomers. These thiols were chosen as they had similar degrees of functionality
and gave networks with the high and low thermal transitions and moduli. Three additives

with different desired properties were chosen — a glitter and a dye were chosen as aesthetic
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modifiers, an oil-based scent was also chosen. In these experiments a single resin was
generated and was then divided into different samples to ensure the differences in the
properties measured were caused by the additives, rather than different comonomer ratios.
Following the addition of the additives to the resin, DMPA was then added to the resin which
was cast into a mold making various geometries possible. Crosslinking/polymerization was
initiated through exposure to UV irradiation (365 nm) to produce uniform bulk materials.
These materials were then postcured at 120 °C for at least 4 h to vulcanize any remaining
thiol groups (Figure V.3)

The thermal and physical properties of the networks with functional additives were
examined by TGA, DSC, DMA (Table V.2, Figures V.9, 14, 15). The additives were added
in small quantities to ensure that they were <5 wt% of the total network, therefore the
properties of the network were not expected to vary significantly, although the overall
potential value of the network was increased. The Tgs and Tgs of both network types did not
vary significantly with the addition of the various additives, as the majority of the network
remained as the poly(thioether-co-carbonate). There were slight variations in the moduli
measured for the networks with the different additives, although the changes observed were
not consistent across the different resin formulations. In the TEGBMP-based networks no
significant differences were seen in the moduli values for any resin or additive mixture with
each value being within the experimental error, except for the E' at 25 °C for the network
with glitter. The E' at room temperature for the glitter containing network was lower than
the other networks, this may have been caused by the creation of macroscopic separation in
the networks as the resin was unable to penetrate the glitter flake. In the EDT-based

networks there were significant differences in the moduli values for the different additives,
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however as the Tg of that resin is above 25 °C temperature did not have an effect on the E'
at the values examined. The EDT formulation containing scent gave an almost 5 MPa
decrease in the E' measured, we hypothesize this was caused by poor solubility of the scent
within the polymer resin. Following the post cure step for that formulation, a layer of oil-
sheen was visible on the outside of the sample, this migration of the oil may have created an
internal pore structure that reduced the E' of the material, although there were no visible air
bubbles in the sample. In contrast the dye containing formulation had a 4 MPa increase in

its E".

Table V.2. Thermal transition data and moduli exhibited by the poly(thioether-co-
carbonate) networks with functional additives.

System  Additive 4™ T,(°C) E'at5°C(MPa) E'at25°C (MPa)

9

None 286 41 12.0+0.25 11.7+0.34

Low allyl- Dye 284 36 16.2 £ 0.96 15.6 £ 0.67
co- EDT Sc_ent 285 35 7.14 £+ 0.31 7.10 £ 0.048

Glitter 287 37 b b

All Three 288 34 17.5+0.84 16.4 + 0.65
None 309 -12 141+14 0.307 £ 0.025
Lowallyl-  Dye 307 113 168+ 1.4 0.331 +0.021
co- Scent 320 -13 163+14 0.372 £0.010
TEGBMP Glitter 324 -10 246+24 0.243 +0.011
All Three 321 -15 1.83+1.7 0.320 £ 0.020

aModulus values at 5 °C for low allyl-co-TEGBMP varied widely based on the starting temperature of the measurements,
resulting in the large observed error. °During the curing process the glitter did not remain suspended in the resin and formed
a mostly separated layer at the bottom of the mold.
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Figure V.3. Image of poly(thioether-co-carbonate) networks with various functional
additives.

5.3 Experimental Section
5.3.1 Materials

All materials were purchased from VWR, Sigma-Aldrich, or Wako Chemical.
Unless noted, all reagents were used as received. Dichloromethane (DCM) was purified and

dried by a solvent purification system (J. C. Meyer Solvent System).
5.3.2 Instrumentation

'H and 3C NMR spectra were recorded on an Inova500 spectrometer, chemical shifts
were referenced to the resonance signals of the deuterated solvent.

Glass transition temperatures were measured by differential scanning calorimetry
with a Mettler-Toledo DSC822° under N2, as the midpoint of the inflection tangent on the
third heating scan, with a 10 °C/min heating and cooling rate. Measurements were

analyzed using Mettler-Toledo Star® v.10.00 software.
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Thermogravimetric analysis (TGA) was performed under an Ar atmosphere using a
Mettler-Toledo model TGA/DSC 1, with a heating rate of 10 °C/min. Measurements were
analyzed using Mettler-Toledo Star® v.10.00 software.

Moduli values were measured on a TT-DMA dynamic mechanical analyzer from

Triton Laboratories with a heating rate of 3 °C/min.

5.3.3 Synthesis

General Procedure for the Synthesis of allyl functionalized glucopyranosides. This
example includes reagent amounts for the preparation of the “low” allyl functionality
monomer. A solution of methyl a-p-glucopyranoside (20.0085 g, 103.0 mmol) and
tetramethylethylenediamine (70.0 mL, 467 mmol) in anhydrous dichloromethane (135 mL)
was cooled to 0 °C. Allyl chloroformate (39.0 mL, 367 mmol), in 43 mL of anhydrous
DCM, was added dropwise to the glucopyranoside solution. The reaction was allowed to
warm to room temperature over 16 hours. The reaction mixture was then filtered to remove
any precipitates, the filtrate was diluted with additional DCM and was washed with a
saturated sodium bicarbonate, 5% HCI aqueous solution, and deionized water. The organic
layer was then dried with sodium sulfate and concentrated to yield a mixture of differently

protected glucopyranosides (43.81 g, 2.4 average allyl groups per glucopyranoside).
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Figure V.4. H NMR (500 MHz) spectrum of the high allyl glucopyranoside monomer in
CDCla.

154.05
131.07
119.09
96.42

mmmmmmmmm
mmmmmmmmm

T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

Figure V.5. 3C NMR (125 MHz) spectrum of the high allyl glucopyranoside monomer in
CDCls.
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General procedure for fabricating thiol-glucopyranoside networks. In a vial, allyl
glucopyranoside monomer and the desired thiol (1:1 alkene:thiol) were mixed by
sonication/vortexing until a homogeneous mixture was achieved, any desired additives can
be incorporated at this reaction step.  The radical initiator, 2,2-dimethoxy-2-
phenylacetophenone (1 wt%), was added and mixed into the resin by sonication/vortexing.
The resins were loaded into two molds, one pellet and one thin film, and exposed to UV light
(365 nm) for 1 minute per side. The materials were post-cured at 120 °C overnight to remove

any remaining thiols.

comonomers additives poly(thioether-co-carbonate)

o
o S
XN )k Thiol Functional Radical initiator Tunable, degradable
o~ "o + + —_—
heat or light
O\

N\
h > ? o
whnhere o
i el o:<o = oj<o
A )4 _ O
R R D SRR GPn oy
2N \/\O)k o] o) o)
%o o oH) o= O~
OHO\ e} ~ o)
o OH //) OH )
o OH \Ao)k 0 "o o
RN TS s
O’& OHO o:< O /)O/&o o:< SN
0 ~ o 7 o
/ / / \?
! ! i
o o oj<o
O:< o:< o
o o o o HOQ
VOJ\O OO vokﬂo ;) o/&o 0:<O SN
"
oL, O o o
r ° \? Y
o OH / 0
"o Oﬁ O:<
o o
/)O/&O o:<0 [eN§ \/\O)koo Q
/ ° o 0 b
/ //) o O:<o

Figure V.6. General scheme for the synthesis of poly(thioether-co-carbonate networks and
the inclusion of functional additives (top). Possible different glucose monomers present in
the mixtures used in the polymerizations (bottom).
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5.4 Conclusions

The development of bulk polymeric materials from naturally-derived chemicals is of
significant academic and industrial interest. Towards this end, a robust scalable synthesis
was developed to produce a glucose-based monomer with side chains containing both
carbonate and allyl functionalities. The carbonate linkages were incorporated to allow for
the eventual chemical degradation of the networks, while the alkenes were incorporated to
allow for the rapid generation of poly(thioether-co-carbonate) networks. The glucose-based
monomer was mixed with a variety of different thiol comonomers to produce polymeric
networks with a range of thermal and physical properties. The various networks were able
to span Tgs from -17 to 58 °C, and achieve E's from 0.4 to 30 MPa, with the properties of the
network being controlled by the comonomers chosen. More rigid thiol comonomers gave
materials with higher Tys and E', and the glucose monomers with higher alkene functionality
demonstrated the same trend. The addition of functional additives to the networks during
formation was also examined and the functional additives were found to generally have no
significant effect on the thermal and physical properties of the networks formed. Studies
involving different carbohydrate starting materials and naturally-sourced thiol comonomers
are currently ongoing to determine effects of different carbohydrates on the monomer
synthesis, subsequent polymerization, and the properties that can be achieved by the

networks.
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5.5 Supplemental Information

Table V.3. Thermal transition data and moduli exhibited by the low allyl-co-TEGBMP

system with glucopyranoside monomers from different batches.

Td, onset To(°C) E'at 5 °C? E'at 25 °C
(°C) g (MPa) (MPa)

Monomer

Original batch
(2.5 avg. 309 -12 141+14  0.307 £0.025
functionality)

New batch (2.4
avg. 300 -21 0.868 £ 0.65 0.208 + 0.004

functionality)
aModuli values at 5 °C for low allyl-co-TEGBMP varied widely based on the starting temperature of the measurements,
resulting in the large observed error.
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Figure V.7. Thermogravimetric analysis traces of networks synthesized with the high allyl
(black) or low allyl (red) glucose monomer and difunctional thiol comonomers EDT (a),
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glucose monomer and difunctional thiol comonomers EDT (a) or TEGBMP (b) with
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(pink), or a combination of dye, scent, and glitter (green).

150



Temperature (°C) Temperature (°C)
c) d)
L} T T T T T T T T L) T T T L} T U U T
60 40 20 0 20 40 60 B0 100 60 .40 20 )] 20 40 60 80 100
Temperature (°C) Temperature (°C)

T T T T T T T T T
-60 -40 -20 0 20 40 60 80 100

Temperature (°C)
Figure V.10. Differential scanning calorimetry of networks synthesized with the high allyl
glucose monomer and difunctional thiol comonomers EDT (a), BDT (b), HDT (c), BDBMA
(d), or TEGBMP (e). The heating traces are on the bottom and the cooling traces on the top.
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Figure V.11. Differential scanning calorimetry of networks synthesized with the high allyl
glucose monomer and multifunctional thiol comonomers TMPTMP (a), PETMP (b), or
DPEHMP (c). The heating traces are on the bottom and the cooling traces on the top.
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Figure V.12. Differential scanning calorimetry of networks synthesized with the low allyl
glucose monomer and difunctional thiol comonomers EDT (a), BDT (b), BDBMA (c), or
TEGBMP (d). The heating traces are on the bottom and the cooling traces on the top.
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Figure V.13. Differential scanning calorimetry of networks synthesized with the low allyl
glucose monomer and multifunctional thiol comonomers TMPTMP (a), PETMP (b), or
DPEHMP (c). The heating traces are on the bottom and the cooling traces on the top.
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Figure V.14. Differential scanning calorimetry of networks synthesized with the low allyl
glucose monomer and difunctional thiol comonomer EDT thiol comonomers and functional
additives. Networks with no additives (a), dye (b), scent (c), glitter (d), or a combination of
dye, scent, and glitter (e). The heating traces are on the bottom and the cooling traces on the
top.
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Figure V.15. Differential scanning calorimetry of networks synthesized with the low allyl
glucose monomer and difunctional thiol comonomer TEGBMP thiol comonomers and
functional additives. Networks with no additives (a), dye (b), scent (c), glitter (d), or a
combination of dye, scent, and glitter (). The heating traces are on the bottom and the
cooling traces on the top.

156



CHAPTER VI

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

This dissertation has presented the design, synthesis, and characterization of a range
of glucose-derived polycarbonates for biomedical and engineering applications. Glucose as
the main component of cellulose, is of keen interest as a renewable resource to produce
polymeric materials. This work has laid a foundation for the production of varied glucose-
based polymers with different functionalities, properties, and architectures. Polymer
properties were controlled through the design of the monomer by the incorporation of
various chemical functionalities or by the optimization of synthetic conditions employed in
the polymer synthesis or post-polymerization reaction.

Chapter Il focused on the synthesis of a series of glucose-based polycarbonates, from
a single monomer, methyl 4,6-O-benzylidene-2,3-O-carbonyl-a-p-glucopyranoside
(MBGC). Straightforward conditions for the polymerization of 5-membered cyclic
carbonates were developed and a series of PMBGCs were synthesized. These PMBGCs
underwent two post-polymerization functionalizations to produce hydroxyl or acetyl side
chain bearing polymers. The properties of these various polymers were tunable based on
the molar mass and repeat unit composition. A wide range of thermal decomposition
temperatures (233-347 °C), glass transition temperatures (87-233 °C), and water contact
angles (38-128 °) was achieved by this series of polymers. The hydrolytic degradability of

these polymers was also examined, demonstrating differing degradation mechanisms and
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kinetics based on the acidic vs. basic conditions used. Consequently, these natural product-
derived versatile materials give access to a wide range of thermophysical properties through
a robust polymerization technique and simple post-polymerization modifications.

In Chapter I1l, MBGC was further utilized to synthesize amphiphilic copolymers and
block copolymers. Organocatalyzed ROP was utilized with 4-methylbenzyl alcohol and
methoxy poly(ethylene glycol) as initiator and macroinitiator, to afford glucose-based
copolymers. To vary the hydrophilic-hydrophobic ratios of these polymers acidic
benzylidene cleavage reactions were performed to deprotect the sugar repeat units and
present hydrophilic hydroxyl side chain groups. Assembly of the polymers under aqueous
conditions revealed interesting morphological differences, based on the polymer molar mass
and repeat unit composition. The initial polymers, prior to the removal of the benzylidenes,
underwent a morphological change from micelles to vesicles as the sugar block length was
increased, causing a decrease in the hydrophilic-hydrophobic ratio. Deprotection of the
sugar block increased the hydrophilicity and gave micellar morphologies. This tunable
polymeric platform holds promise for the production of advanced materials for
implementation in a diverse range of applications

Chapter IV explored the development of a multifunctional carbonate monomer,
methyl 2,3:4,6-di-O-carbonyl-a-p-glucopyranoside (MGDC), for the synthesis of complex
polymeric architectures via ROP. The homopolymerization and copolymerization of
MGDC was investigated with a range of organocatalysts to control the openings of the two
cyclic carbonates of MGDC to produce polymers with different percentages of branching
along the polymeric backbones. These results provide an outlook to the synthesis of

polymeric architectures that can mimic the branching of natural polysaccharides, and
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therefore allow for future studies utilizing the multivalent characteristics of polysaccharide
bioactivities.

In Chapter V, thermosets were synthesized using alkene and carbonyl functionalized
glucose  monomers  with  multifunctional  thiol comonomers in thiol-ene
photopolymerizations. The synthesis of the glucose monomers was designed to allow for a
mixture of differently functionalized monomers to be used in the photopolymerization
reducing the number of synthetic steps needed to produce the functional polymers. The
thermomechanical properties of the materials could be tuned by the comonomers used in the
polymerization to give access to a wide range of Tgs (-17 to 58 °C) and E's (0.4 to 30 MPa).
These results demonstrated that future use in a range of applications is feasible given the
straightforward synthetic methodology and solvent-free polymerization technique

employed.

6.2 Future Work

There is significant future potential for new monomers and polymers derived from
saccharides and the subset of work completed here with glucose has new avenues of research
to undertake. Future work on these polymeric systems should and will include developing
a deeper understanding of the polymers and methodologies already developed and exploring
new specific applications in which they may have potential. There are also other polymer
types and polymerization methods that glucose is highly amenable to for future studies.

The cyclic carbonate monomers discussed in this dissertation were all synthesized
using phosgene derivatives to establish the carbonate moiety. Phosgene and its derivatives

have severe hazards associated with their use and storage. For this dissertation triphosgene,
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a solid, was used in place of gaseous phosgene to mitigate the hazards as much as possible,
but stringent chemical hygiene protocols are still necessary to ensure its safe usage.
Replacing phosgene-based carbonylation chemistries with non-toxic reagents would allow
for more straightforward reaction safeties, and also follows the principles of renewable and
green chemistries. In the past few years there have been exciting new synthetic methods
developed that allow for the direct usage of CO> as a carbonylation reagent to produce cyclic
carbonates, or polycarbonates via condensation polymerizations. There is also significant
potential in the production of glucose-based polycarbonates through the copolymerization
of CO2 and an epoxide. New synthetic methodologies are needed to develop monomers that
can be polymerized using these alternative carbonylation agents, but they hold significant
promise for more renewable syntheses using natural product starting materials. Further, in
future studies undertaken towards the use of these polymeric materials in a biocompatible
application, controls and comparisons to known biomaterials are needed. Especially in
degradation and mechanical analyses, commercially available materials, such as PLA and
PLGA, should be used as controls to provide a more complete understanding of the
properties of these novel materials relative to the current state-of-the-art.

In the characterization of the PMBGCs produced for Chapter Il unexpected and
intriguing results were generated. While examining the toxicity of the polymers it was noted
that thin films generated from the PMBGCs appeared to be antibiofouling (Figure V1.1),
with cells settling readily in defects of the films. PMBGC has a very high T4 based on its
rigid bicyclic repeat unit, and this high Tq causes significant drying patterns to form in the
thin films produced. Attempts were made to optimize the solvent casting of PMBGC films,

and the defects could be reduced, but were never fully eliminated. Additionally, blends of
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PMBGC with other biocompatible polymers was attempted but had similar challenges with
film defects. Further study is needed to allow for the production of homogeneous films,
these materials would have significant potential in biomedical applications. The block
copolymers synthesized in Chapter 11l hold potential in this area, as do other types of
copolymers both block, random, and branched. There is also a need to study fundamentally
what about the polymer structure is causing the antibiofouling properties, and whether a
glucose-based polymer can be designed that would capture that property while being better

suited to the production of thin films and bulk materials.
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Figure VI.1. Fluorescence images of preosteoblast cells (MC3T3) grown on glass, a
PMBGGC thin film cast from THF onto glass, and a PMBGC thin film cast from THF onto
polypropylene (PP). 24 h after cell placement, cells were tested with Live/Dead
assay. Green fluorescence from live cells and red fluorescence from dead cells were imaged
with a confocal microscope. Bright field images were also presented to show the
morphology of the substrates. Scale bar 100 pm.
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Chapter 111 demonstrated that PMGC, the hydroxyl side chain bearing derivative of
PMBGC, was water soluble and can be used in the self-assembly of copolymers into 3D
structures.  There is significant interest in the production of water-soluble glucose
carbonates. Towards this end another glucose monomer was developed (Figure V1.2) with
a 6-membered cyclic carbonate, and the 2 and 3 positions being protected by benzyl groups.
This monomer was able to undergo ROP to produce polymers, but the deprotection reaction
was not realized, hydrogenolysis experiments should be undertaken to determine if these
materials have potential as hydrophilic materials. A monomer with the 2 and 3 positions of
glucose in a cyclic acetal group was also attempted in the pursuit of a deprotectable polymer,
but initial synthetic attempts were not successful. The overall water solubility of PMGC and
its ability to be used as a hydrophilic repeat unit in a copolymer should also be examined

with different comonomers.
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Figure VI1.2. Synthesis of methyl 2,3-O-dibenzyl-4,6-O-carbonyl-a-p-glucopyranoside.
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The dicarbonate materials of Chapter IV are currently the least exploited from this
dissertation. Further studies into the kinetics of the polymerizations, the production of
polymers with higher molar mass, and the accurate determination of branching would be
useful. Examination of the changes in thermal and bulk properties of polymers and
copolymers incorporating the MGDC monomer are also of interest to better demonstrate the
structure property relationships within this system. Based on the production of organogels
during the polymerizations of MGDC. A study of this monomer and hydrophilic polymers
with reactive alcohol or amine side chains could be of interest towards the production of
functional gel materials and hydrogels. Beyond this specific application MGDC holds great
potential as a general crosslinking reagent for a variety of applications. Additionally there
are several literature examples of using dicarbonate monomers to synthesize poly(hydroxyl
urethane)s via condensation with a multifunctional amine, initial small molecule studies with
MGDC demonstrated its potential but a more complete small molecule study that is then

extended to the production of polymers is needed.
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