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Abstract

The solubility, polymerization, and the macromolecular characterization of cured blends of BPA-based
benzoxazine (BA-a) in end group tosylated poly(ethylene glycol) (mPEGOTs), polysulfone (PSUOTs),
and poly(D,L-lactic acid) (PDLLAOTs) are studied and compared to their hydroxyl terminated analogues.
The cure temperature for BA-a blends with tosylated polymers was reduced by ~60 °C compared to that
of the pure BA-a. This confirms that the tosylated polymer is an accelerant for BA-a ring opening
polymerization (ROP). There are two proposed mechanism for the production of free tosylate and cationic
BA-a based initiators as a cure catalyst for BA-a ROP – where the former was detected by TGA-FTIR
and TGA-MS. SEM confirmed a grafted polymer network from BA-a and mPEGOTs, P(BA-a)-graftmPEGOTs, this homogenous microstructure was also found in PBA-a/PSUOTs blends. The glass
transition temperature and the thermal stability of the P(BA-a)-graft-mPEGOTs can be tuned based on the
composition of the BA-a/mPEGOTs resin. The potential applications of such grafted polymers may lead
to novel materials for the biomedical plastics, electronics, membranes, and aerospace industries. Further
blends were prepared with microparticles of silica (SiOH) and the tosylate- (SiOTs) and phenyl- (SiPh)
functionalized analogues. Increased modulus of PBA-a was found in all silica blends, the reduction in
cure temperature was found only in blends of BA-a and SiOTs. By SEM, PBA-a/SiOTs blends were
determined to have a unique morphology. Three benzoxazine-based surfactants were synthesized from the
coupling of p-hydroxy methylbenzoxazine with mPEGOTs. All three surfactants had good monomer
loading, up to 4.72 monomer to surfactant by mass.

iv

Acknowledgements

The completion of this work would not be possible without the guidance and support of many
mentors, colleagues, and friends. I would like to thank my committee, Dr. Gregory O’Neil and Dr. John
Misasi, for their patience and assistance during my time at Western Washington University. I would also
like to thank our collaborators, Zodiac Aerospace, for the many opportunities they have provided me both
as an undergraduate and graduate student.
I extend my gratitude to the current and past members of the Rider group and to the researchers of
CB 420 for their continuous help and motivation. Foremost, I would especially like to thank Ayesha
Nadeem for her contributions and assistance as well as her limitless patience and knowledge. Her
perseverance and dedication is deeply appreciated.
Finally, I would also like to thank my mentor, Dr. David Rider, for his advice, encouragement,
and the countless opportunities he has afforded me. Under his leadership I have been able to flourish and
explore many avenues of interest. His unending support and motivation has been the foundation of my
research. Thank you for your guidance.

v

Table of Contents

Abstract ........................................................................................................................................................ iv
Acknowledgements ....................................................................................................................................... v
List of Figures ............................................................................................................................................ viii
List of Tables .............................................................................................................................................. xv
List of Schemes .......................................................................................................................................... xvi
Chapter 1: Introduction ................................................................................................................................. 1
Chapter 2: Pegylated polybenzoxazine from miscible blends of poly(ethylene glycol) and benzoxazine
monomer ..................................................................................................................................................... 20
2.1 Introduction ................................................................................................................................. 20
2.2 Experimental ............................................................................................................................... 22
2.3 Results and discussion................................................................................................................. 24
2.4 Conclusions ................................................................................................................................. 44
Chapter 3: Alternative blends of bisphenol A benzoxazine with polymers and particles ........................... 46
3.1 Introduction ................................................................................................................................. 46
3.2 Experimental ............................................................................................................................... 48
3.3 Results and discussion................................................................................................................. 52
3.4 Conclusions ................................................................................................................................. 76
Chapter 4: Benzoxazine based surfactants for monomer processing .......................................................... 78
4.1 Introduction ................................................................................................................................. 78
4.2 Experimental ............................................................................................................................... 81

vi

4.3 Results and discussion................................................................................................................. 84
4.4 Conclusions ................................................................................................................................. 98
Chapter 5: Conclusions ............................................................................................................................... 99
Works Cited .............................................................................................................................................. 103
Appendix A ............................................................................................................................................... 118
Appendix B ............................................................................................................................................... 128
Appendix C ............................................................................................................................................... 135
List of Abbreviations ............................................................................................................................... 137

vii

List of Figures
Figure 1.1. Synthesis of benzoxazine monomer from a phenol, an amine, and formaldehyde. R1-R3 can be
a variety of substituents to target different functionalities. ........................................................................... 2
Figure 1.2. Nomenclature of benzoxazine and the oxazine substructure. .................................................... 3
Figure 1.3. Synthesis of mono-functional benzoxazine, 3,4-Dihydro-2H-3-phenyl-1,3-benzoxazine. ....... 4
Figure 1.4. The thermal polymerization of benzoxazine monomer into the phenoxy and phenolic form of
polybenzoxazine. ......................................................................................................................................... 4
Figure 1.5. Tosylate initiators for the ROP polymerization of benzoxazine studied by Endo et al. listed
with their induced cure temperature when loaded at 1 mol %. ..................................................................... 5
Figure 1.6. Mechanisms proposed by Endo et al. responsible for the accelerated ROP of benzoxazine. .... 6
Figure 1.7. Effect of (a) heat rates and (b) sample size on thermal events in the DSC heat curve. ............. 7
Figure 1.8. The polymerization of (a) mono-, (b) bis-, and (c) tri- functional benzoxazine into linear or
densely cross-linked polybenzoxazine networks. ......................................................................................... 9
Figure 1.9. Novel benzoxazine molecules functionalized by alternative starting materials, the
benzoxazine functional group is colored in orange..................................................................................... 10
Figure 1.10. Synthesized polymers from literature containing benzoxazine in the main or side chain
which possess the ability to further polymerize upon thermal activation to yield a densely crosslinked
material. The benzoxazine functional group is colored in orange. ............................................................. 11
Figure 1.11. Example of Gordon-Taylor relationship between two arbitrary glass transition temperatures
of 130 and 50 °C with the fitting constant of (a) 0.10, (b) 0.50, and (c) 0.90. ............................................ 14

viii

Figure 2.1. DSC curves from the first heat cycle after quenching (exothermic direction is up) of BA-a
blends with either (a) mPEGOH2000 or (b) mPEGOTs2000. Curves have been offset for clarity. Plots for the
percent crystallinity of (c) mPEGOH2000, (d) mPEGOTs2000, and (e) mPEGOTs900. The dash line in (c-d)
represents the theoretical crystallinity of PEG assuming no interaction with non-crystallizable BA-a. .... 26
Figure 2.2. DSC cure study of quenched blends of benzoxazine with (a) mPEGOH2000, (b) mPEGOTs2000,
and (c) mPEGOTs900. Plots for the percent cure of blends with (d) mPEGOH2000, (e) mPEGOTs2000 (●)
and mPEGOTs900 (▲). The dash line represents the theoretical cure of benzoxazine assuming no
interaction with PEG. (f) Plot for the Tg of the PBA-a for cured samples from the mPEGOTs900 series.
The theoretical curve superimposed over the data points is the result of fitting a Gordon–Taylor relation.
.................................................................................................................................................................... 29
Figure 2.3. FTIR spectra (C-H and O-H stretch region) for cured blends of BA-a with (a) mPEGOH2000
and (b) mPEGOTs2000. The minima for the OH stretch signal for selected samples are connected by dotted
and dashed lines in each figure. The dotted line at 3372 cm-1 in (a) tracks the wavenumber corresponding
the highest signal for the hydroxyl-region and indicates that the phenolic residues in the mPEGOH series
are largely free of H-bonding. The dashed line at 3245 cm-1 in (b) tracks the wavenumber corresponding
the highest signal for the hydroxyl-region and indicates that the phenolic residues in the mPEGOTs series
have significant H-bonding. ........................................................................................................................ 33
Figure 2.4. FTIR tracer plots for S-OH stretch at 885 cm-1 of the effluent from PBA-a blends with (a)
mPEGOH900 and (b) mPEGOTs900 from thermogravimetric analysis. The generation of the p-TSA
fragment with increasing temperature (c) as determined with (i) TGA thermogram (ii) Tracer plot of the
signal at 885 cm-1 (iii) TGA-MS spectrum scan for m/z 91 and (iv) a DSC thermogram of the 1:1 BAa:mPEGOTs900 blend. ................................................................................................................................. 38
Figure 2.5. SEM images for chloroform extracted PBA-a blends with decreasing mPEGOH2000 (a-g) and
mPEGOTs2000 (h-n) content. In (a-g) the original mPEGOH2000 content was 90, 80, 70, 60, 50, 40 and 20

ix

wt %, respectively. In (h-n) the original mPEGOTs2000 content was 90, 80, 70, 60, 50, 40 and 20 wt %,
respectively. The scale bar in (h) applies to all SEM images. .................................................................... 40
Figure 3.1. X-ray diffraction patterns of blends of BA-a at 40 wt % PEG with (a,b) mPEGOH2000 and
(c,d) mPEGOTs2000. The plots in the right column are the baseline corrected versions of those in the left
column. ....................................................................................................................................................... 55
Figure 3.2. (a) The percent crystallinity of BA-a blends with mPEGOH2000 from the spectra in Figures 1
and 2. The dotted and solid lines are the linear fits of the mPEGOH2000 and mPEGOTs2000 blends
respectively. The fit for the mPEGOTs2000 blends ignores the data point at 70 wt %. (b) A sketch of
predicted crystallinity behavior dependent on PEG/PBA-a miscibility. .................................................... 56
Figure 3.3. Tan delta from the DMA of benzoxazine blends with either (a) mPEGOH500, (b)
mPEGOTs900, or (c) mPEGOTs2000 at various weight loading. (d) The glass transition temperatures their
respective Gordon-Taylor fits determined from the peak tan delta signals in b-c for blends with
mPEGOTs900 (triangles, dashed fit, k = 0.95) and mPEGOTs2000 (empty squares, dotted fit, k=1.25)
overlaid with the glass transition temperatures and their fit for mPEGOTs900 (circles, solid line, k = 0.41)
as determined from the DSC data in chapter 2. .......................................................................................... 57
Figure 3.4. DSC heat curves from the first scan of blends of BA-a with (a) PSUOH and (b) PSUOTs. (c)
The onset of cure and (d) the peak cure temperature of the blends with PSUOH and PSUOTs with linear
fits in the dotted and solid lines respectively. (e) The percent cure was determined by the enthalpy of the
exotherm from the scans in (a) and (b). ...................................................................................................... 59
Figure 3.5. SEM images of PBA-a blends with either PSUOTs at 80, 50, and 20 PSUOH wt % (a-c) or
PSUOH at 80, 50, and 20 PSUOTs wt % (d-f) after a rinse in chloroform. ............................................... 61

x

Figure 3.6. (a) Tensile modulus of PSU blends with PBA-a determined from stress-strain curves and (b)
the error in the tensile modulus measurements plotted against PSU content. (c) An image of a
representative film of 50:50 PSUOTs and PBA-a. ..................................................................................... 63
Figure 3.7. FTIR of the cured PBA-a and its blends with either PSUOH (blue, dotted line) or PSUOTs
(solid, orange) from 1200 to 700 cm-1. ....................................................................................................... 64
Figure 3.8. First heat scan from the DSC of blends of BA-a with (a) non-functionalized silica, (b)
tosylated silica, and (c) phenyl functionalized silica. (d) The enthalpy values of the exothermic peaks
from the polymerization of BA-a of all blends. .......................................................................................... 66
Figure 3.9. (a) The onset of cure and (b) the max curing temperature of PBA-a blends with silica as
determined from DSC. ................................................................................................................................ 67
Figure 3.10. (a-c) The storage modulus, (d-f) loss modulus, and (g-i) the tan delta for blends of PBA-a
with SiOH, SiPh, and SiOTs respectively at varying loading..................................................................... 69
Figure 3.11. (a) The storage modulus at 30 °C, (b) glass transition temperature determined from the max
signal of the tan delta, (c) the max loss modulus signal, (d) the temperature at max loss modulus, and (e)
the loss modulus at 100 °C of pure benzoxazine and its blends with SiOH, SiOTs, and SiPh particles. ... 70
Figure 3.12. SEM images of (a) SiOTs and blends of PBA-a with (b) SiOTs and (c) SiOH at 50 wt %
silica content. .............................................................................................................................................. 71
Figure 3.13. The first heat scans from DSC of blends of BA-a with (a) PDLLAOH and (b) PDLLAOTs.
.................................................................................................................................................................... 72
Figure 3.14. The (a) DSC curve of 50:50 PLGA blended at 50 wt % with BA-a and (b) the TGA curve of
50:50 PLGA. ............................................................................................................................................... 73

xi

Figure 3.15. (a) The stacked 1H NMR of the degradation of PLLDAOH in acetonitrile-3 and D2O (9:1),
with DMAP, acquired over several days. The integrated area of the signals corresponding to methine of
the internal polymer (5.15 ppm), the D- and L-methine end groups (4.84 and 4.24 ppm), and the methine
of the lactic acid (3.86 ppm) of (b) PDLLAOH, (c) 50:50 PDLLAOTs/PBA-a, and (d) 50:50
PDLLAOH/PBA-a. ..................................................................................................................................... 74
Figure 4.1. Examples of benzoxazine-based surfactants from literature. .................................................. 80
Figure 4.2. The 1H NMR spectra (500 MHz) of pHBA-a in (a) DCM-d2 to provide characterization of the
aromatic region and in (b) CDCl3 to characterize the methylene groups. ................................................... 85
Figure 4.3. The 1H NMR spectrum (500 MHz, CDCl3) of mPEGOTs500. ................................................. 87
Figure 4.4. Representative 1H NMR spectrum (500 MHz, CDCl3) of the surfactant, mPEGpHBA-a900. 88
Figure 4.5. MALDI spectra of both (a) mPEGpHBA-a500 and (b) mPEGpHBA-a900. In (a) the peaks
belonging to the surfactant are outlined with the dashed line. *Artifacts from the α-cyano-4hydroxycinnamic acid and 2,5-dihydroxybenzoic acid matrices at 650, 552, 462, 450, and 434 m/z. ...... 89
Figure 4.6. Pictures of (a) unloaded micelles of mPEGpHBA-a900 in nanopore water and (b) the loaded
micelles of all three PEG-based surfactants with their monomer to surfactant mass loading ratios. ......... 90
Figure 4.7. The difference in interfacial volume of surfactants with differing tail lengths. ...................... 91
Figure 4.8. Performance of the synthesized surfactants in this work (green) compared to commercially
available surfactants (orange) and benzoxazine-based surfactants from literature (blue). ........................ 92
Figure 4.9. (a) Changing micelle diameter over time for the loaded mPEGpHBA-a900 micelle and the (b)
micelles solutions at 100 hours, all solutions were loaded at a monomer to surfactant mass ratio of 1.5. . 93
Figure 4.10. First heat scans from DSC of the (a) neat surfactants and pHBA-a, (b) surfactants blended
with pHBA-a, and (c) lyophilized micelles of surfactants loaded with pHBA-a. ....................................... 94

xii

Figure 4.11. 1H NMR (500 MHZ, CDCl3) of PAGE surfactant with the addition of (a) 1 g of AGE or (b)
4 g of AGE during the synthesis. *Chloroform; **tetrahydrofuran. .......................................................... 96
Figure A1. (a) Plots for the peak exotherm temperature of cure of BA-a in blends with mPEGOH2000 (■),
mPEGOTs2000 (●), and mPEGOTs900 (▲) as a function of PEG wt %. (b) Plots for the onset temperature
for cure of BA-a in blends with mPEGOH2000 (■), mPEGOTs2000 (●), and mPEGOTs900 (▲) as a function
of PEG wt %. Empty triangles () are used to identify the onset and max cure temperatures of pure BA-a
monomer. .................................................................................................................................................. 118
Figure A2. DSC curves of BA-a/mPEGOTs900 from the first heat after liquid nitrogen quench. The wt %
of PEG in each sample is listed above the data curve. The y-axis is correlated to the curve of the pure
mPEGOTs, all other curves have been offset for clarity. ......................................................................... 119
Figure A3. 1H NMR spectra (500 MHz in D6-DMSO) of extractable polymer from cured (a)
mPEGOH2000 blends and (b) mPEGOTs2000 blends. The original content of PEG in (a) and (b) are 20, 40,
and 50 wt % (i-iii). .................................................................................................................................... 121
Figure A4. FTIR tracer plots for sp3 νCH stretching at 2973 cm-1 from the effluent of PBA-a blends with
(a) mPEGOH900 and (b) mPEGOTs900 from TGA..................................................................................... 122
Figure A5. FTIR tracer plots for νCO ether stretch at 1136 cm-1 from the effluent of PBA-a blends with (a)
mPEGOH900 and (b) mPEGOTs900 from TGA. ......................................................................................... 122
Figure A6. FTIR tracer plots for sp2 νCH stretch at 3048 cm-1 from the effluent of PBA-a blends with (a)
mPEGOH900 and (b) mPEGOTs900 from TGA. ......................................................................................... 123
Figure A7. The TGA thermograms for PBA-a blends with (a) mPEGOH900 and (b) mPEGOTs900. The
TD5% and the char yield at 475 °C of (c, e) mPEGOH900 and (d, f) mPEGOTs900 blends were determined
from the thermograms. Triangles (▲) are used to identify the TD5% and char yield at 475 °C of pure BA-a
monomer in (c-f). ...................................................................................................................................... 124

xiii

Figure A8. The generation of the p-TSA fragment with increasing temperature as determined with (i)
TGA thermogram, (ii) FTIR tracer plot of the signal at 885 cm-1 from the TGA effluent, (iii) TGA-MS
spectrum scan for m/z 91 of the blend sample (●) and pure BA-a (▼), and (iv) a DSC thermogram of the
1:1 BA-a:mPEGOTs900 blend. .................................................................................................................. 125
Figure A9. TGA-FTIR absorbance maps of blends composed of BA-a with (a) mPEGOH900 and (b)
mPEGOTs900 with PEG wt % content of 20, 40, 50, 60, 70, and 100 % (i-vi). TGA-FTIR absorbance
maps of pure PBA-a (c) and pure p-toluene sulfonic acid (d). For datasets i-vi in (a), i-iv in (b), and those
in (c-d), the FTIR absorbance data for the final isotherm is included in the maps. The absorbance scale is
shown as a colored intensity bar beside each map. ................................................................................... 126
Figure B1. (a) Silicon molds filled with silica blends for DMA sample preparation prior to cure, and (b)
the cured samples. ..................................................................................................................................... 128
Figure B2. 1H NMR of 50:50 poly(lactic-co-glycolic acid) in CDCl3. .................................................... 128
Figure B3. 1H NMR spectrum of tosylated polysulfone in CDCl3........................................................... 129
Figure B4. 1H NMR of tosylated poly(D,L-lactic acid) in CDCl3. .......................................................... 129
Figure B5. X-ray diffraction patterns of blends of BA-a with mPEGOH2000 at (a,b) 40, (c,d) 50, (e,f) 60,
(g,h) 70, and (i,j) 80 wt %. The plots in the right column are the baseline corrected versions of those in the
left column. ............................................................................................................................................... 130
Figure B6. X-ray diffraction patterns of blends of BA-a with mPEGOTs2000 at (a,b) 40, (c,d) 50, (e,f) 60,
(g,h) 70, and (i,j) 80 wt %. The plots in the right column are the baseline corrected versions of those in the
left column. ............................................................................................................................................... 131
Figure B7. Storage modulus (a-c) and loss modulus (d-f) of PBA-a blends with mPEGOH500,
mPEGOTs900, mPEGOTs2000 at varying weight loading. .......................................................................... 132

xiv

Figure B8. TGA scans of neat SiOH, SiOTs, and SiPh particles from 30-400 °C. ................................. 133
Figure B9. The exothermic peak from the DSC heat scan of the 60 wt % SiOTs blend and the fitted
components of each peak as determined with CasaXPS. .......................................................................... 133
Figure B10. The pH change of as PLGA degrades in PBS at 37 °C over several days with an exponential
fit of the data. ............................................................................................................................................ 134
Figure C1. 1H NMR spectrum (500 MHz, CDCl3) of p-toluenesulfonyl chloride................................... 135
Figure C2. 1H NMR spectrum (500 MHz, CDCl3) of p-toluenesulfonic acid. ........................................ 135
Figure C3. 1H NMR spectrum (500 MHz, CDCl3) of mPEGpHBA-a500. ................................................ 136
Figure C4. 1H NMR spectrum (500 MHz, CDCl3) of mPEGpHBA-a2000. *Chloroform, **excess pHBA-a
.................................................................................................................................................................. 136

List of Tables
Table 1.1. The resulting micellar geometry as determined by the shape of the surfactant and its
corresponding packing parameter.. ............................................................................................................. 17
Table 4.1. The diameter, polydispersity index (PD), and mass loading of monomer of the three PEGbased surfactants. ........................................................................................................................................ 90
Table A1. Equilibrium melting points for BA-a/mPEGOH and BA-a/mPEGOTs blends....................... 118
Table A2. Enthalpy of benzoxazine cure exotherms for BA-a/mPEGOH and BA-a/mPEGOTs blends. 119
Table A3. Enthalpy of melting for PEG in BA-a/mPEGOH, BA-a/mPEGOTs, PBA-a/mPEGOH and
PBA-a/mPEGOTs blends.......................................................................................................................... 120

xv

List of Schemes
Scheme 2.1. Proposed pathways (A-C) for the generation of cationic species to initiate the ROP of BA-a.
Pathways A and B show the nucleophilic attack by the oxygen atom or the nitrogen atom from the
oxazine ring of a BA-a at the tosylate end group of mPEGOTs, respectively. Pathway C shows the
thermal dissociation of mPEGOTs. All three pathways show the formation of a free-tosylate that is
associated with the generation of possible cationic ROP initiators. ........................................................... 42
Scheme 2.2. Proposed mechanism for the generation of HOTs catalyst, subsequent initiation and
propagation of BA-a monomers, and the grafting of mPEG to cured blends of BA-a with mPEGOTs..... 44
Scheme 3.1. α,ω-Bistosylate polymer attaching to PBA-a ........................................................................ 53
Scheme 3.2. PBA-a growing around tosylated particle ............................................................................. 54
Scheme 3.3. Degradation of poly(lactic acid) via hydrolysis and the morphology after degradation in a
polymerized blend....................................................................................................................................... 76
Scheme 4.1. Synthesis of pHBA-a from formaldehyde, aniline, and p-hydroxybenzyl alcohol ............... 84
Scheme 4.2. The synthesis of mPEGOTs500 from mPEGOH500 ................................................................. 86
Scheme 4.3. Reaction for mPEGpHBA-a from mPEGOTs and pHBAa .................................................. 87
Scheme 4.4. Polymerization of allyl glycidyl ether with pHBA-a ............................................................ 95
Scheme 4.5. Polymerization of glycidyl methyl ether with pHBA-a ........................................................ 97

xvi

Chapter 1: Introduction
1.1 Thermoplastics and thermosets
Engineering polymers are typically divided into two categories, thermoplastics and thermosets. Usually,
thermoplastics are linear polymeric chains with low to very high molecular weight (~1 to >1000 kDa).
Thermoplastics are termed as such due to possessing more elastic properties upon heating to or above the
glass transition temperature. Thermoplastics typically have low modulus, low glass transition
temperatures, good toughness, and good overall solubility. Thermoplastics are typically thermally stable
with low melting temperatures which allows for re-processing and recycling. Common thermoplastics
exist in most everyday commodities such as the polyethylene in plastic bags, nylon and polyester in
clothing, polytetrafluoroethylene in the Teflon of cookware, polystyrene in Styrofoam, or even the
polyvinyl chloride in vinyl records hence their common name. Thermosets, as their name suggests, are
polymers that “set” upon heating, typically by polymerizing a monomer by the addition of heat, UVradiation, or an activating compound. Thermosets tend to have high modulus, high glass transition
temperatures, good thermal resistance, and low flammability. Common thermosets include polyurethane
in mattresses, epoxy resin in adhesives and protective coatings, and bismaleimide in circuit boards. One
of the most common uses of thermosets is the production of fiber reinforced polymers, also known as
composites, which are used in car, aircraft, and naval frames, as well as gas and oil pipelines. The
mechanical properties and low density of these composites make them desirable over traditional materials
such as steel or wood. Many thermosets have high moduli and low fracture resistance despite their
strength, meaning that upon failing they are more likely to break rather than stretch. The toughening of
thermosets can be achieved by the alloying of a thermoset resin with a thermoplastic.

1.2 Benzoxazine and polybenzoxazine

Figure 1.1. Synthesis of benzoxazine monomer from a phenol, a primary amine, and formaldehyde. R1R3 can be a variety of substituents to target different functionalities.
One thermoset that has recently gained much popularity is the class based on benzoxazines (BA).
Benzoxazine materials are a relatively new and expanding field with a large and diverse scope of
applications. The synthesis of these small molecules, by the condensation of a phenol and an amine with
formaldehyde (Figure 1.1), was first published in 1944 by Holly and Cope. The polymerization of large
molecular weight polybenzoxazines (PBA) from multi-functional monomers wasn’t explored until
1985.1,2 Ning and Ishida were the first to study the properties these thermosets in 1994.3 These relatively
new materials have good mechanical, thermal, and dielectric properties. Polybenzoxazine materials,
resins, and pre-impregnated fiber are currently marketed by Henkel and Huntsman. Current applications
in industry of PBAs include aerospace and naval composites, automotive frames and components,
composite pipes for gas or oil, prepreg tooling, circuit boards, protective coatings, and paints.4,5 Current
literature has demonstrated their function in aerogels, self-healing materials, shape memory materials,
batteries, and other textile applications.6-12. The mentioned properties of this relatively new material make
PBAs desirable in various fields.
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Figure 1.2. Nomenclature of benzoxazine and the oxazine substructure.
Benzoxazines have a heterocyclic fused ring structure containing a benzene and oxazine ring. The IUPAC
name of the benzoxazine which has the thermal ring opening polymerization (ROP) functionality is 3,4dihydro-2H-1,3-benzoxazine. The 1,3-benzoxazine refers to the position of the oxygen and nitrogen,
where 1,2- and 1,4- benzoxazine do not show the same polymerizable capabilities. The oxazine structure
is a diene containing ring with three isomers denoted as 2H, 4H, and 6H, which signifies the presence of a
hydrogen and specifies the position lacking a double bond. Finally, the 3,4-dihydro prefix specifies the
saturated bond, in this case the N-C bond. In this work, the use of the name benzoxazine refers only to
3,4-dihydro-2H-1,3-benzoxazine and molecules containing this substructure. Benzoxazine monomers are
often termed by their starting materials in a “phenol”-“amine” format. For instance, benzoxazine
synthesized from phenol and aniline is typically called P-a, or monomer synthesized from biphenol A and
aniline is termed BA-a. Another example would be p-hydroxybenzyl alcohol and aniline: pHBA-a.

3

Figure 1.3. Synthesis of mono-functional benzoxazine, 3,4-dihydro-2H-3-phenyl-1,3-benzoxazine.
Ishida has reported the presence of an intermediate species in the formation of benzoxazine monomer. In
the case of aromatic amines the formaldehyde and aryl amine will form hexahydro-1,3,5-triphenyl-1,3,5triazine which further undergoes the formation of the hetero cyclic oxazine ring with the phenol species
(Figure 1.3).13

Figure 1.4. The thermal polymerization of benzoxazine monomer into the phenoxy and phenolic form
of polybenzoxazine.
Upon heating benzoxazine monomers, the heterocyclic ring undergoes a cationic ROP seen in Figure
1.4.14-16 The polymerization of thermosets is colloquially termed a “cure”. The mechanism of this curing
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process has been determined to result in the formation of an iminium cation which further activates
adjacent monomer.17-19 It is proposed that the ROP may form two different ring open structures noted as
the phenoxy and the phenolic linkages (Figure 1.4).20-22 The former is considered the less thermodynamic
intermediate that will convert to the latter upon further heating.
1.3 Known benzoxazine cure accelerants and the polymerization mechanism

Figure 1.5. Tosylate initiators for the ROP polymerization of benzoxazine studied by Endo et al. listed
with their reduction in cure temperature when loaded at 1 mol %.
Several groups have studied many small molecules that act as accelerants to the cure of benzoxazine.
These typically include Lewis acids, organic acids and bases, imidazoles, transition metal compounds,
and metal-organic frameworks.16,23-28 Ishida and Rodriguez have characterized several organic acids,
reducing the curing temperature by 50 °C.23 Ishida and Wang were able to identify many chlorinated
accelerants such as PCl5, PCl3, and POCl3 as well as organic triflates that cure benzoxazines at room
temperature over a 20 hour period.16 First row transition metal complexes of acetylacetonate have reduced
the curing temperature up to 60 °C.24 Tosylates are among these well-known organic accelerants.25,29
Endo et al. studied several tosylates (Figure 1.5), reducing the curing temperature significantly.
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Figure 1.6. Mechanisms proposed by Endo et al. responsible for the accelerated ROP of benzoxazine.
The mechanism largely thought to be responsible for the acceleration of the cationic ROP is the
nucleophilic attack from the oxazine ring from the lone pair of either the nitrogen or oxygen onto the
proton or alkyl substituent of the tosylate, effectively giving the oxazine ring a positive charge (Figure
1.6). In the case of the latter, the ring converts into the iminium cation (Figure 1.6) previously discussed
which then initiates further ROP polymerization. In the case of the former the alkyl or proton attached to
the now positively charged nitrogen is then attacked by an oxygen from an adjacent oxazine ring, which
then leads to the previously discussed pathway.25
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(a)

(b)

Figure 1.7. Effect of (a) heat rates30 and (b) sample size31 on thermal events in the DSC heat curve. All
data was reproduced with permission.
The polymerization of benzoxazine is typically studied with differential scanning calorimetry (DSC).
There are many modifiable parameters to this instrument and sample preparation that all have an effect on
the obtained data. For instance, it is typical to have some “thermal lag” in the system where the average
temperature of the sample, or the temperature at the center of the sample, is less than that read by the
thermocouple in the furnace. This results in a cure temperature being read at a higher temperature than
actual. This thermal lag may also be exaggerated by the ramp rate of the instrument. For instance, it is
known that temperature rates of 10-20 °C will show thermal events happening at higher temperatures than
what is found with temperature rates of 3-5 °C (Figure 1.7a). Another factor that may result in this
thermal lag is the sample size. Larger samples are more likely to have a different temperature at the core
of the sample than at the surface or than that which is being read by the instrument due to a slower
transfer of heat through a larger sample. Finally, the thermal history of a sample may strongly effect the
results found in DSC. Samples which may have differing crystallinity or even partial curing will have a
different temperatures of cure or different thermal events during the DSC heat scans. The blend technique
used to disperse the accelerant may also effect the results obtained from the DSC heat scans. Additives
may be co-dissolved or melt mixed, the homogeneity of these methods is important for the dispersion of
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the accelerant. All of these mentioned factors are necessary to take into consideration when evaluating
thermal measurements from literature.
1.4 Benzoxazine functionalization
Since Ning and Ishida’s work in 1994, publications in this field have expanded significantly, the synthesis
of new benzoxazine monomers to develop new functionalities have been a very active area of research.
The polybenzoxazine material can be easily functionalized for desired properties through the synthesis of
new small monomers or co-polymerization. The wide molecular design flexibility of these molecules
makes them good candidates to replace traditional phenolic resins such as resole and novolac, such resins
present the risk of small, toxic compounds such as formaldehyde. The utility of these monomers can be
manipulated to out preform existing thermosets such as bismaleimide and epoxies, or even thermoplastics
using cresol and methylamine based monofunctional benzoxazine or molecular analogues of the former.32
Bis- or tri- functionalized benzoxazine can typically be synthesized by the use of a similarly
functionalized amine or phenol starting material. These multi-functional monomers will yield densely
cross-linked materials, which exhibit good mechanical properties and considerable thermal resistance.3,3338

In the case of the mono-functional benzoxazine (Figure 1.8a), the monomer must be ortho and para

substituted on the benzene ring to impede any crosslinking to achieve the thermoplastic product, this leads
to only phenoxy linkages unlike in the bis- and tri- functional benzoxazine monomer.
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(a)

(b)

(c)

Figure 1.8. The polymerization of (a) mono-, (b) bis-, and (c) tri- functional benzoxazine into linear or
densely cross-linked polybenzoxazine networks.
Already, many unique benzoxazines exist, synthesized for specified applications beyond those of
traditional PBAs. Properties targeted in recent literature of monomer design encompass liquid
benzoxazines,39-43 elastic properties,32 high modulus,44-48 modified surface chemistry,49-51 telechelic
materials for highly dense crosslinking,52,53 thermal stability,54 reduced curing temperature,55-58 low
flammability,53 and altered solubility.55,59-61
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Figure 1.9. Novel benzoxazine molecules functionalized by alternative starting materials, the
benzoxazine functional group is colored in orange.
The intended application is as listed: I liquid,42 II and III high modulus,44,52 IV modified surface
chemistry,50 V and VI improved thermal stability,54,62 VII reduced curing temperature,56,63 VIII
modified solubility.61
Benzoxazine can be further synthesized into the main-chain or side-chain of polymers yielding a polymer
with the potential for further crosslinking. Such polymers possess high molecular weight,64,65 reduced
cure temperature and increased thermal stability,66 by installing thermally curable groups within the
polymer’s main-chain or side-chain (Figure 1.10).
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Figure 1.10. Synthesized polymers from literature containing benzoxazine in the main or side chain
which possess the ability to further polymerize upon thermal activation to yield a densely crosslinked
material. The benzoxazine functional group is colored in orange.
Synthesis of the monomer can also be done cost-effectively with no by-product, thereby reducing or
eliminating subsequent purification steps. Solventless syntheses are also known and typically apply the
amine or phenol component as the reaction media.13,33,67 The Lomonaco group has also had success in
synthesizing monomer in a matter of minutes using microwave technology, even in large quantities.68
Furthermore, there has been extensive work done on the development of “green chemistry” benzoxazine
monomer from natural sources. These monomers can be synthesized from cardanol, catechol,
furfurylamine, stearylamine and other renewable materials.46,68-71
1.5 Benzoxazine in industry
Processing of benzoxazine monomer remains one of the largest obstacles in this field. Current
thermosetting resins such as phenolic resins, like resole or novolac, remain the leading competitors to
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benzoxazines of similar expenses due to their shorter cure times, lack of post cures, and lower curing
temperatures, as well as ease of casting and lower melting temperatures despite the superior mechanical
properties of benzoxazines. This is largely due to the high melting point, high curing temperatures, and
longer curing times of benzoxazine, which have been addressed in synthesizing benzoxazine monomers
with properties that are intrinsic to the molecule without the need of additives.56,63,72-74 Many of these
enhanced benzoxazine monomers also possess melting temperatures that begin to encroach on the curing
temperature which only allows for a very narrow temperature window for processing.66,75,76 These
problems are addressed in this work by the introduction of blended tosylated polymers with benzoxazine
to yield melting temperatures between 35-50 °C, curing temperatures of 140-210°C, and possible
increased conversion of monomer thereby alleviating the need of a post cure, depending on the selected
polymer/particle blend and composition.
One of the most common commercially available benzoxazines is BA-a, a bisphenol A (BPA) based
benzoxazine. Recently there has been growing concern regarding the health and environmental impact of
BPA and its prevalence in a variety of common plastics and coatings. While there is not much known
about the effects of BPA based benzoxazines, there are several groups working to design similar
benzoxazines with comparable properties and equivalent synthetic methods.77,78
1.6 End group influence on polymer
End group functionalization of polymers often play a role in polymer chemistry and behavior. Karaman et
al. studied the surface energy and acid-base parameters of poly(ethylene glycol) (PEG) and its tosylated
analogue. They found that the addition of a tosyl end group to PEG of 400 g/mol molecular weight
significantly increased both its surface energy and basic characteristics.79 End group influence on polymer
miscibility at the lower critical solution temperature (LSCT) of poly(2-isopropyl-2-oxazoline) was studied
by Huber et al. They found that the termination of the polymer with hydrophilic groups increased the
LCST while the opposite was observed in the case of hydrophobic end groups.80 Beuermann et al.
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determined the dependence of crystallization and morphology of poly(vinylidene fluoride) (PVDF) on
end groups. They found that the choice of end group can affect the degree of crystallinity of PVDF from
26-64 %. It was also observed with AFM that the end group influenced the structure of their PVDF thin
films.81 In this work the homogeneity of the blends prior to cure was determined with the percent
crystallinity using differential scanning calorimetry (DSC) or post-cure with X-ray diffraction (XRD). A
significant difference of BA miscibility in polymer was observed between the functionalized polymers
and their unmodified precursor. This difference was largely attributed to the behavior of the end group of
these polymers.
1.7 Targeting benzoxazine processability
Poly(ethylene glycol) blends or co-polymers with PBA have been studied previously by several groups,
most notably are F.-C. Chang, S. Zheng, and P. Verge, the latter directly interested in incorporating PEG
into the molecular PBA network by α,ω-termination of PEG with mono-functional benzoxazine.82-84 Since
the disclosure of the second chapter of this work, K. Koschek’s group has reported findings that are in
agreement with our own. Koschek’s group reported the grafting of poly(ε-caprolactone) (PCL) onto the
PBA network concurrently with the polymerization of the benzoxazine monomer.7 Unlike in most of our
blends where one terminus of the polymer is tosylated, Koschek’s group studied blends of α,ω-tosylated
PCL polymers with PBA-a. The hydroxyl group that is produced upon ROP of PBA-a performs an SN2
substitution with the tosylated PCL thereby crosslinking two polymer chains resulting in a highly
interconnected polymer network. Koschek was able to determine the shape-memory of these blends by
the cured material’s shape fixity and recovery properties.
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1.8 Gordon-Taylor relationship of polymer blends

𝑇𝑔,𝑎𝑏 =
(a)

(b)

𝑤𝑎 𝑇𝑔,𝑎 + 𝑘𝑤𝑏 𝑇𝑔,𝑏
𝑤𝑎 + 𝑘𝑤𝑏

(1)
(c)

Figure 1.11. Example of Gordon-Taylor relationship between two arbitrary glass transition
temperatures of 130 and 50 °C with the fitting constant, k, of (a) 0.10, (b) 0.50, and (c) 0.90.
The miscibility of a two polymer mixture can be estimated based on the fit of the Gordon-Taylor
relationship (Equation 1). The glass transition temperature of polymer blends (Tg,ab) is expected to be
found anywhere in the interval of the glass transition temperatures of each pure polymer, Tg,a and Tg,b,
weighted by the weight percent of each polymer, wa and wb. The homogeneity of these polymers can be
assessed by the value of the fitting constant, k. Figure 1.11 demonstrates expected Gordon-Taylor
relationships for varying k values where Tg,b> Tg,a. When there is little homogeneity in the sample, k is
closer to 0 as seen in Figure 1.11a where k is 0.10. In systems with good homogeneity k is closer to 1 as
seen in Figure 1.11c where the k is 0.90. At low homogeneity the glass transition temperature of the
blended material is largely dominated by one of its components. However, once the fitting parameter
approaches 0.50, the differences between the glass transition temperatures vary little from a system with a
fitting parameter of 1. This example shows the insignificance in the improvement of a k value from 0.50
to 1. Few groups have been able to determine any Gordon-Taylor relationships between such polymer
blends with BA.83,85,86 The grafting of our polymers onto the PBA network improves the homogeneity of
such blends resulting in a Gordon-Taylor relationship found in the glass transition temperature as
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determined with differential scanning calorimetry and dynamic mechanical analysis, resulting in highly
tunable blend properties by composition.
Further blends of PBA have been studied including polymers such as poly(caprolactone),86,87
polysulfone,88 polycarbonate,85 poly(ether imide),89 poly(imide-siloxane),90 polyarylene ether nitriles,91
and others.92-94 Gu et al. studied polysulfone blends with benzoxazines. After installing sulfonate groups
along the backbone of these polymers they discovered a reduction in the cure temperature of the
benzoxazine monomer, noticing a trend of decreasing curing temperature with increasing sulfonate
content, as explored in this work.88 Drawbacks of the inclusion of PEG are further explored and addressed
in this work. The increase of PEG content in these PBA materials results in weakening of the overall
polymer with decreased storage modulus. PEG also imparts some flammability and smoke density which
are undesirable in the aforementioned fields that have expressed interest in the PBA materials. The
capabilities and chemistry investigated in the PEG/PBA blends can also be assigned to a wide variety of
other blends, which in this work include polylactic acid, polysulfone, and silica additives. Each polymer
incorporates and imparts its own unique chemical and mechanical properties onto the novel PBA
material. In this work it was found that the PSU and silica blends provide increased modulus and possible
reduced flammability or chemical sensitivity, while still providing homogenous blends and reducing the
cure temperature by 17 and 79 °C, respectively, similarly seen in the PEG blends. The chemistry resulting
in the tosylation of such polymers is well established and easily implemented.
1.9 Water-soluble, benzoxazine-based surfactants
Processing of benzoxazine typically includes solvent casting, solvent baths, and hot melting. Easier
alternatives to these processing methods have come under much interest, several solutions including liquid
benzoxazine monomers (typically increasing the flammability of BA).39,73,95 The Taden, Ishida, Krajnc,
and Notley groups have recently published several studies on the synthesis and utility of benzoxazinebased surfactants for aqueous media. 59-61,96,97 Such methods are attractive because of the decrease in
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toxicity and risks associated with the fabrication of such materials using baths of water at or near room
temperature. Benzoxazine based surfactants are more desirable over their commercially available
counterparts such as cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS), etc. due to
the incorporation of the surfactant into the final cured PBA material. Many routes for the synthesis of such
surfactants have been explored. Non-polymerizable surfactants often form moieties in the finished product
as it comes out of phase with the macromolecular structure of the PBA which makes the incorporation of
these co-polymerizable surfactants attractive. Such deformities or faults in materials like protective
coatings, interfaces and thin films or even aerospace applications with narrow acceptable parameters for
mechanical failure may lead to fractures and faults in the product. Co-polymerizable surfactants, like
Benzoxazine-based surfactants, avoid these complexities.
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1.10 Surfactant Geometry
Table 1.1. The resulting micellar geometry as determined by the shape of the surfactant and its
corresponding packing parameter.

Critical Packing Parameter

Surfactant Shape
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Micelle Geometry

A surfactant is shorthand for surface active agent, its shape and functionality tends to translate to the
overall structure of the micelle. The micelle shape can effect monomer loading and the critical micelle
concentration (CMC), the lowest concentration required to form micelles within a solution. It is typical for
nonionic surfactants to have lower CMC values than those of ionic surfactants, however oxyethylene based
nonionic surfactants may increase the CMC as well.98 The surfactant shape can be determined by its
critical packing parameter (CPP) which can be estimated by Equation 2,98 where V is the volume of the
tail, A is the area of the head group and, and l is the length of the tail. Therefore the CPP represents a
unitless ratio that can be manipulated by changing one of these three factors.

CPP =

𝑉
𝐴∙𝑙

(2)

1.11 Biodegradability of thermoset composites
The disposal of composites and materials made from PBAs has also been under much investigation.
Currently, most fiber reinforced polymers are largely disposed by solvolysis, which requires heating the
composites in large baths of water or organic solvents at high temperatures for long periods of time until
the monomer degrades into a more suitable condition for disposal.99-102 Most other parts are left to sit in
landfills for centuries in the cases of most plastics and thermosets. Several groups are working to reduce
the burden of disposing these materials by synthesizing reversible benzoxazine monomers or forming new
co-curing components that will “de-polymerize”.103-105 This not only leads to green disposable alternatives
but may actually aid in reusing monomer/starting materials to synthesize new monomer which will also
reduce the expenses of these highly engineered materials. Alternatively, the incorporation of a
biodegradable component can also fulfill this need. Poly(lactic acid) (PLA) may also provide the
opportunity for installing biodegradable thermoplastic into the network for easier disposal of PBA blend
materials.106,107
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1.12 Scope of project
The aims of the work in this thesis is to provide solutions to current processing obstacles of
polybenzoxazines as well as explore new applications to this unique polymer. The following represents
the main objectives in this work:
1. To formulate liquid benzoxazine blends with thermoplastics at room temperature.
2. To increase homogeneity between benzoxazine monomer and these thermoplastics by end group
functionalization.
3. To reduce the curing temperature of polybenzoxazine by installing a thermally latent catalyst on
the end group of these thermoplastics.
4. To induce grafting of the thermoplastic on the polybenzoxazine network in order to maintain
homogeneity of the now cured polybenzoxazine and thermoplastic.
5. To increase the modulus of blended polybenzoxazine materials.
6. To increase thermal stability of polybenzoxazine.
7. To increase the strength of the polybenzoxazine materials by blending with high modulus, end
group functionalized thermoplastics, or functionalized particles.
8. To synthesize a water-soluble benzoxazine-based surfactant with competitive monomer loading to
commercially available surfactants.
9. To synthesize a surfactant with the ability to co-polymerize with loaded monomer in order to reduce
faults from non-polymerizable aggregates in the material.
10. To study the effect of chain length and functionalization on the surfactant geometry.
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Chapter 2: Pegylated polybenzoxazine from miscible blends of poly(ethylene glycol) and benzoxazine
monomer
Reproduced with permission from Brown, E. A.; Rider, D. A. Pegylated polybenzoxazine Networks with
increased thermal stability from miscible blends of poly(ethylene glycol) and a benzoxazine monomer.
Macromolecules 2017, 50, 6468-6481. Copyright 2017 American Chemical Society.[Link]
2.1 Introduction
Polybenzoxazines, PBA or P(BA)s, are an emerging class of thermosetting resins that display excellent
properties such as high glass transition temperatures, low water absorption and flammability, near-zero
volumetric cure shrinkage, and very good dielectric, thermal and mechanical properties even at modest
polymer molecular weights.108 Crosslinked P(BA-a)s are typically produced from monomers containing
two or more benzoxazine rings per molecule and the ring-opening polymerization (ROP) of these rings
leads to a macromolecular networked structure mostly consisting of Mannich-bridged phenolic moieties.
The synthetic scope for benzoxazine monomers, which usually consists of the condensation of
formaldehyde with a primary amine and a phenolic molecule, is very large and has led to a wide class of
P(BA)s. Recent examples include P(BA)s with hydroxyl, phenyl, maleimide, propargyl, allyl, and carboxy
crosslinking groups, or aliphatic residues for tailored thermal stability, low-brittleness and other
properties.3,43,64,109-116 The ROP is commonly triggered by a high temperature condition (from 160-270
°C)20,74,109,117,118 but other cure conditions such as electrochemical oxidation14 or photoinitiation have been
reported.119 The high temperatures required for the thermal ROP of benzoxazines have in part contributed
to the lack of widespread deployment of these resins into various industries. Accelerators such as organic
acids23 and bases,26 Lewis acids,16 imidazoles,28 transition metal compounds,24 and metal-organic
frameworks27 can reduce this polymerization temperature.
Functionalizing PBA with other polymers offers interesting opportunities for creating hybrid materials with
stable, tunable physical, chemical and mechanical properties.120 Accordingly, PBA functionalized with
polystyrene,109,121,122 poly(methyl methacrylate),123 polyesters,109 polyethers,124,125 poly(ε-caprolactone),126
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polysiloxanes,127,128 and polyacetylenes129 have been synthesized. PBA with blended additives including
silicates,130-132 carbon black,133 lignin,134 and nanoparticles and nanotubes135 are also well-described. For
some applications, improved flexural and impact properties in P(BA)s would be desirable and could be
achieved by the incorporation of complementary low glass transition temperature (T g) polymer.136-138
Curing benzoxazine monomers in a polymer matrix often leads to phase separated polymer-polymer blends
due to reduced entropic contributions as the molecular weight of the PBA increases.20 Previously for
example, solutions of a bisphenol A benzoxazine [PBA-a or P(BA-a)] monomer in α,ω–dihydroxy
poly(ethylene glycol) (α,ω–HO-PEG-OH) were studied for miscibility and subsequent thermal ROP.139 In
this case, cured solutions afforded a phase separated blend of PBA-a and α,ω–HO-PEG-OH, where the
phenolic hydroxyl groups of the PBA-a were in a non-associated form, i.e. lacking any significant
hydrogen-bonding within the PBA-a network or to the PEG phase. Less-well described are blends where
the complement polymer is capable of several roles such as solubilizing the benzoxazine monomer,
accelerating its cure and controllably grafting to the resulting PBA-a network so as to permit adjustment of
the chemical and thermal properties of the hybridized material. We therefore present herein a study on the
solubility, polymerization and the molecular characterization of blends of BA-a in end group monotosylated poly(ethylene glycol) (mPEGOTs). More specifically, we prepare and characterize blends of
BPA-based benzoxazine (BA-a) with either α–hydroxyl-terminated (mPEGOH) or tosylate-terminated
mPEGOTs. Contrary to the mPEGOH blends, a decrease in the cure temperature is found for the BAa/mPEGOTs combination. Infrared spectroscopy and mass spectroscopy were used to monitor heated
blends and have identified free tosylate as a possible catalyst in curing blends of BA-a/mPEGOTs. In
contrast to cured mPEGOH blends, 1H NMR and FTIR revealed that the PBA-a network synthesized in
mPEGOTs consists of a phenolic rich molecular structure with strongly H-bonded hydroxyl residues and
grafted PEG-chains. Scanning electron microscopy confirmed that P(BA-a)-graft-mPEGOTs [P(BA-a)-gmPEGOTs] is homogeneous in its microstructure. The tuning of the Tg and the thermal stability of the
P(BA-a)-g-mPEGOTs was also demonstrated in mPEGOTs blend series. Since most PBA-a alloys are
synthesized from monomer/monomer blends,140 this work has novelty arising from the demonstrated access
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to well-defined PBA-a alloys from BA-a/polymer blends. We expect that the details of the novel reaction
and covalent bonding between curing BA-a and mPEGOTs may apply universally to other miscible
benzoxazine/polymer blends and would allow for greater tuning of the resulting properties of the graft copolymers based on tuned molecular weight and structure in the initial tosylated polymer. The potential
applications of such chemistry and alloys is large in scope and may lead to novel materials for the
biomedical plastics, electronics, membranes and aerospace industries.
2.2 Experimental
2.2.1 Materials. The bisphenol-A benzoxazine (BA-a) monomer was used as received from Hunstman.
The methoxypoly(ethylene glycol) (mPEGOH2000; Mn 2000), methoxypoly(ethylene glycol) tosylate
(mPEGOTs2000; Mn 2000), and methoxypoly(ethylene glycol) tosylate (mPEGOTs900; Mn 900) were
acquired from Sigma Aldrich. The methoxypoly(ethylene glycol) (mPEGOH900; Mn 900) was used as
received from Polymer Source. Acetone (99.7 % purity) was used as received from Fisher Scientific.
Chloroform (99.8 % purity) was used as received from J.T. Baker. Deuterated dimethyl sulfoxide (99.9 %
purity) was used as received from Cambridge Isotope Laboratories, Inc. Neutral aluminum oxide was used
as received from Acros Organics.
2.2.2 Methods. A Vega TS 5136MM scanning electron microscope (SEM), operated with an accelerating
voltage of 15 kV, was used to capture micrographs of samples that were coated with a thin layer of gold
and platinum to dissipate charge (nominal Au thickness ~1 nm). Cured blend samples were prepared for
SEM by fracturing the sample followed by a soak in chloroform for 30 minutes before drying in ambient
conditions. A Nicolet iS10 FTIR spectrometer equipped with an attenuated total reflectance (ATR)
accessory was used for FTIR studies (64 scans at 4 cm-1 resolution per spectra). A Bruker AVANCE-III,
HD 500 MHz NMR spectrometer was used to collect 1H NMR spectra. Samples for NMR were prepared
from cured materials that were soaked in DMSO-d6 for 30 minutes.
2.2.3 Preparation of Blends of Poly(ethylene glycol) and N-Phenyl Bisphenol A Benzoxazine. The
preparation of blends of either mPEGOH or mPEGOTs with N-phenyl bisphenol A benzoxazine (BA-a)
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follows a modified procedure outlined by Lü et al.83 The general procedure for the preparation of BA-a
blends is as follows: separate solutions of 1.45 g BA-a in 2.90 mL acetone and 2.05 g of either mPEGOH,
mPEGOTs900, or mPEGOTs2000 in 4.10 mL of acetone were prepared. Appropriate volumes from each
solution were then combined to total 1 mL in a 10 mL round bottom flask. Each sample was dried in vacuo
and then dried in a vacuum oven at 50 ˚C for 9 hours.
2.2.4 Thermal Analysis. A TA Instruments Q500 thermogravimetric analysis (TGA) instrument equipped
with an inline Thermo Scientific iS10 Fourier Transform Infrared (FTIR) Gas Cell Spectrometer was used
for TGA/TGA-FTIR experiments.141 TGA experiments were performed with a 1 min isotherm at 75 °C
followed by a 25 °C/min ramp from 75 to 30 °C and then a 10 °C/min ramp from 30 °C to a minimum of
400 °C to analyze the weight changes during the melting and curing of BA-a, mPEGOH, mPEGOTs and
their blends, and to determine any char yields. An isothermal transfer line (225 °C) was used to direct
effluent from the TGA sample furnace to the FTIR spectrometer using dry nitrogen as a carrier gas (flow
rate = 90 mL/min). The background signal of FTIR spectra was collected from a 5 minute isotherm before
and after this temperature program. FTIR spectra (consisting of 4 scans at 8 cm-1 resolution and acquired at
a 2.7 sec interval) were corrected for background created from a time averaged signal (5 min) for the blank
nitrogen carrier gas. A Perkin Elmer 4000 thermogravimetric analysis (TGA) instrument equipped with an
inline Hiden QGA gas analysis mass spectrometer (MS) was used for TGA-MS experiments. Effluent from
the sample was carried to the MS spectrometer via an isothermal transfer line (80 °C) and dry nitrogen gas
flowing at 20 mL/min.
A TA Instruments Q100 differential scanning calorimetry (DSC) instrument was used for DSC-based cure
studies on all samples. Blends were heated (in hermetically sealed DSC pans) for 3 min at the elevated
temperature of 100 °C for mPEGOH blends and 50 °C for mPEGOTs blends. The pans were rapidly
transferred to liquid nitrogen for a –200 °C quench then loaded into the DSC instrument. For cure studies,
the samples were then scanned at 5 °C/min from –70 °C to 75 °C to –70 °C to 75 °C (heat, cool, heat). The
samples were heated and quenched as before and then scanned at 5 °C/min from -70 °C to 260 °C to -70
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°C to 260 °C. Exothermic cure was estimated by integration of the exothermic peak using a tangential
sigmoidal baseline (see Figure A1 and Table A2 in the supporting information).
2.3 Results and discussion
2.3.1 Miscibility of BA-a in mPEGOH and mPEGOTs and Crystallization. The miscibility of Nphenyl bisphenol A benzoxazine (BA-a) monomer in hydroxyl or tosylate end group functionalized
poly(ethylene glycol) (PEG) was investigated in order to better describe the polymerization, cross-linking
and grafting reactions that may occur in their heated blends. Mixtures of BA-a with either
methoxypoly(ethylene glycol) (mPEGOH2000; Mn = 2000 Da) or methoxypoly(ethylene glycol) tosylate
(mPEGOTs2000 or mPEGOTs900; Mn = 2000 and 900, respectively) were prepared by first co-dissolving in
acetone, a common solvent for both BA-a and the PEG-based polymers. The solvent was evaporated at low
pressure and temperature to create blended samples which were then sealed in hermetic vessels. The vessels
were heated to melt any PEG-based crystallites and then thermally quenched in liquid nitrogen prior to
thermal analysis by DSC. Shown in Figure 2.1 are the heating curves for the BA-a, mPEGOH2000, and
mPEGOTs2000 and the BA-a/mPEG blends. Similar heat curves for the mPEGOTs900 series are found in the
supporting information (Figure A2). The PEG polymer used for samples in Figure 2.1a was mPEGOH2000
and that for samples in Figure 2.1b was mPEGOTs2000. The bottom-most curves in Figure 2.1a and 2.1b
depict the thermograms for the isolated mPEGOH2000 and mPEGOTs2000. Each curve shows no evidence
for an exothermic transition which confirms crystallization of the polymer occurred during the quench step.
There was also little evidence for a glass transition temperature in the heating curves which suggests that
there is relatively little amount of amorphous content in these PEG samples. Each curve however depicts a
notable endotherm with peak temperature values of 51 °C and 50 °C for the mPEGOH 2000 and
mPEGOTs2000, respectively. This endotherm corresponds to the melt transition (Tm) of PEG for which the
Tm values agree with previous reports for other PEG samples of similar molecular weight and
structure.142,143 The enthalpy of melt (ΔHm) values for the mPEGOH2000 and mPEGOTs2000 were found to
be 149 and 165 J/g, respectively, and are also in agreement with similar molecular weight PEGs.144-147 The
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top-most heating curve in Figures 2.1a and 2.1b depict the thermograms for the isolated BA-a monomer
and show no evidence for crystallization, melting or curing. A notable difference between the blends with
mPEGOH2000 and mPEGOTs2000 was observed in the change of their respective ΔHm before and after cure
of the benzoxazine content (Table A3). Generally the former series maintained similar ΔHm in two
successive heat curves with the second heat cycle mostly characterizing the sample after a cure event has
occurred. The latter series however had a significant decrease in the ΔHm of the PEG in the second heat
curve with no endotherm observed at all for blends ≤ 50 wt % mPEGOTs. We hypothesize that a random
grafting of the PEG onto the PBA-a network occurs in this series and is responsible for suppressing
crystallization of the grafted PEG (vide infra) in the second heating scan in the DSC curves.
From the first heat cycle in the DSC curves for the BA-a/mPEGOH2000 blends, it is apparent that
crystallization and melting of PEG is not impeded by the presence of BA-a monomer for blends with
compositions that range from 40 to 100 wt % mPEGOH. BA-a/mPEGOH2000 blends with an overall PEG
content less than 40 wt % exhibit complete suppression of the melt endotherm and are therefore comprised
of a majority amorphous state that hosts the dissolved BA-a. Similarly, from the DSC curves for the BAa/mPEGOTs2000 blends, crystallization and melting of PEG is not impeded by BA-a monomer when blends
are formulated with the composition range of 50 to 100 wt % mPEGOTs. BA-a/mPEGOTs2000 blends with
an overall PEG content less or equal to 50 wt % exhibit complete melt suppression. Similarly, BAa/mPEGOTs900 blends with an overall PEG content less or equal to 60 wt % exhibit complete melt
suppression. The similar blend range for miscibility between BA-a and mPEGOTs and mPEGOH suggests
that the end group of mPEGOTs is not important for compatibilizing the solute.79 Huang et al. have
previously observed a similar affect for PEG blended with a similar benzoxazine monomer.84 Also evident
in Figure 2.1a is a significant decrease in the Tm of mPEGOH2000 with increasing BA-a content in its blends.
The melting point depression in Figure 2.1a is due to the thermodynamic effect of incorporating the miscible
phase into a crystalline mPEGOH phase.84,139 There is less melt point depression in the BA-a/mPEGOH
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system. The lowest melt points of the mPEGOH2000 and mPEGOTs2000 in the BA-a-richest blends are found
at relatively similar values of 43 and 38 °C, respectively.
(a)

(c)

(b)

(d)

(e)

Figure 2.1. DSC curves from the first heat cycle after quenching (exothermic direction is up) of BA-a
blends with either (a) mPEGOH2000 or (b) mPEGOTs2000. Curves have been offset for clarity. Plots for
the percent crystallinity of (c) mPEGOH2000, (d) mPEGOTs2000, and (e) mPEGOTs900. The dash line in
(c-d) represents the theoretical crystallinity of PEG assuming no interaction with non-crystallizable
BA-a.
The inhibition of crystallization can be better represented by plotting the theoretical percent of
crystallization of the PEG component versus the blend composition. Figures 2.1c-e report the percent of
crystallization of the mPEG component versus the BA-a blend composition for the mPEGOH2000,
mPEGOTs2000, and mPEGOTs900 series. The enthalpy of melt for a completely crystallized PEG has been
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reported as ~205 J/g,148,149 and is used to determine the percentage of crystallization in each blend sample
discussed above. The enthalpy of crystallization for the pure mPEGOH2000 was used to determine the degree
of crystallization which corresponded to a value of 74 %, a value that agrees with previous reports for
similar PEG materials quenched from its melt state.144,150 The degree of crystallization for the pure
mPEGOTs2000 and mPEGOTs900 had values of 84 % and 63 %, respectively. The difference in molecular
weight of the two polymers is responsible for the difference in the degree of crystallinity of the two
mPEGOTs polymers.151 If the crystallization of PEG was not influenced by the inclusion of the BA-a solute,
then the percent of crystallization should correspond to the product of the fractional content of mPEG in
the blend and the enthalpy of melt for the pure mPEG. Each plot in Figures 2.1c-e reports this theoretical
percent of crystallization as a dotted line. In the mPEGOH2000 series (Figure 2.1c), the percentage of
crystallinity in the polymer does not deviate significantly from the predicted value for blends with ≥ 50 %
polymer content. In this same series, there is a dramatic decrease in crystallinity from the expected trend
when the content of BA-a is more than 60 wt % which indicates a miscibility range for the polymer and the
BA-a monomer. In the mPEGOTs2000 and mPEGOTs900 series (Figures 2.1d and 2.1e, respectively), similar
characteristics are found in the corresponding plots but with an important difference. The miscibility range,
indicated by the break from trend of the high PEG content blends (excluding pure PEG), is wider. Generally,
the crystallization of the polymer is uninhibited for blends that are greater than 70 wt % mPEGOTs2000 or
mPEGOTs900.
2.3.2 Cure of BA-a in mPEGOH and mPEGOTs blends. The thermal ROP of BA-a proceeds at elevated
temperatures (> 160 °C) and involves a cationic polymerization mechanism.14,152 A DSC cure study was
conducted to understand the cure of the BA-a/mPEG blends. The temperature scan range of all the DSC
runs were limited to 260 °C to minimize the influence of PEG degradation in this study. Shown atop in
Figure 2.2a is the DSC trace for pure N-phenyl bisphenol A benzoxazine (BA-a) which depicts an exotherm
with a peak value and an onset value of 220 and 205 °C, respectively. This exothermic signal corresponds
to the energy of the thermal ROP reaction which was calculated to be 242 J/g, a value that agrees with
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previous literature.153 As PEG is introduced in the mPEGOH2000 blend series, the exotherm of the thermal
ROP reaction for BA-a was found to shift to higher temperatures. Most curves are symmetric and
monomodal with peak values in the range of 232-240 °C. The onset of these peaks were also found to shift
to higher temperatures as well (215-226 °C). There appears to be neither a trend in the exotherm temperature
values with composition of the blend nor any significant distinction of highly miscible blends from phase
separated samples (i.e. samples described in Figure 2.1a with < 40 wt % PEG). The increase in the
temperature required to cure the BA-a into PBA-a suggests that the mechanistic steps for initiation and
propagation do not benefit from any interaction with PEG repeat units, or with the hydroxyl end group of
the polymer. The additional temperature for cure is likely a consequence of kinetic factors such as reduced
heat transfer across the excluded and melted PEG phase to the monomer for polymerization. Inspection of
the DSC curves for blends of BA-a with mPEGOTs reveals important distinctions. The DSC trace of the
pure BA-a sample that was heated at 50 °C, similar to the mPEGOTs blends, is shown atop in Figures 2.2bc. The enthalpy of the thermal ROP reaction was calculated to be 287 J/g for this sample with a peak and
onset exotherm at 227 and 217 °C. As mPEGOTs2000 is enriched in its BA-a blend series, the exotherm of
the thermal ROP reaction for BA-a was found to decrease to lower temperatures with most peaks values in
the range of 186-207 °C. The onset of these peaks were also found to shift to lower temperatures (161-193
°C). The exotherm curves remain monomodal until the mPEGOTs2000 content exceeds a value of 50 wt %.
Based on the miscibility range inferred from Figure 2.1b, it follows that the higher temperature exotherm
shoulders would correspond to the cure of BA-a that is more closely associated with the once crystalline
domains of the mPEGOTs. Overall, it appears that a beneficial interaction for polymerization exists
between BA-a with mPEGOTs2000 and, since the p-toluenesulfonate group distinguishes this polymer from
the aforementioned one, we propose that this end group is responsible for the reduction in energy required
for initiation and propagation step in the polymerization of BA-a. In the three selected blends with
mPEGOTs900, the presence of the p-toluenesulfonate end group decreases the temperature of the thermal
ROP reaction for the BA-a as well with peak temperatures between 170-185 °C and onset temperatures
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between 150-172 °C, significantly lower than the mPEGOTs2000 blends. The blends with high mPEGOTs900
content at 60 and 80 wt % exhibit bimodal exotherms similar to the mPEGOTs2000 blends.
(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.2.

DSC cure study of quenched blends of benzoxazine with (a) mPEGOH 2000, (b)

mPEGOTs2000, and (c) mPEGOTs900. Plots for the percent cure of blends with (d) mPEGOH2000, (e)
mPEGOTs2000 (●) and mPEGOTs900 (▲). The dash line represents the theoretical cure of benzoxazine
assuming no interaction with PEG. (f) Plot for the T g of the PBA-a for cured samples from the
mPEGOTs900 series. The theoretical curve superimposed over the data points is the result of fitting a
Gordon–Taylor relation.
The standard enthalpy of cure for the thermal ROP reaction for the BA-a used in this work is 354 J/g.154,155
The exothermic signal for the exotherm atop in Figure 2.2a corresponds to a percent cure value of 68 %
under the conditions used for the in-situ cure in the DSC. If the polymerization or cure reaction of BA-a

29

into pure PBA-a was not influenced by the inclusion of the PEG, then the percent of cure should correspond
to the product of the fractional content of BA-a in the blend and the enthalpy of cure for the pure BA-a. The
dotted lines in Figures 2.2d-e reports these theoretical percent of cure predictions. The exotherm data in
Figure 2.2a was quantified by integration in order to estimate and report the enthalpy of cure for BA-a in
these blends (see data in Figure 2.2d). As PEG is introduced in the mPEGOH2000 blend series, the percent
of cure of the BA-a closely follows the theoretical curve, suggesting that the thermal ROP of BA-a largely
proceeds in the mPEGOH2000 without complication or side reaction. This also suggests that the hydroxylterminus of the PEG-OH does not undergo any reaction with the BA-a or PBA-a under these conditions
and would result in a phase-separated or interpenetrating network mixture of the PBA-a and mPEGOH2000.
The corresponding data for the mPEGOTs2000 and mPEGOTs900 blend series shows significant differences.
The exothermic signal for the thermal ROP of BA-a atop in Figures 2.2b-c represents a percent cure value
of 81 %. Likewise the exotherm data in Figure 2.2b-c was calculated by integration and the percent of cure
was reported in Figure 2.2e. As the PEG is introduced in this series, the percentage of cure into pure PBAa deviates positively from the predicted trend suggesting that there is a more complete cure reaction and/or
a secondary exothermic reaction. Chemical information gleaned from FTIR and 1H NMR supports the latter
of these hypotheses. The amount of positive deviation from the theoretical BA-a cure trend line appears to
be maximized when the BA-a:mPEGOTs is highest and exhibits no crystallization of the PEG component
(i.e. 50 and 60 wt % mPEGOTs2000 and mPEGOTs900 samples, respectively). The lower melt viscosity for
the lower molecular weight mPEGOTs900 appears to favor higher exotherm values in this regime.
The Gordon-Taylor relation can be used to generate a metric that quantifies the miscibility arising from
favorable intermolecular interactions between components in polymer alloys.156 This relation, shown in eq.
1, calculates the glass transition temperature of miscible polymer-polymer systems (Tg,ab), using glass
transition values of the independent blend components (Tg,a) and (Tg,b), and the weight fraction of each
polymer in the blend (Wa and Wb).
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𝑇𝑔,𝑎𝑏 =

𝑤𝑎 𝑇𝑔,𝑎 + 𝑘𝑤𝑏 𝑇𝑔,𝑏
𝑤𝑎 + 𝑘𝑤𝑏

(1)

The constant, k, in the Gordon-Taylor equation is a fitting parameter that provides curvature to the Tg,ab
versus blend composition curve and usually takes on values from 0-1. The k values often increase as the
number and strength of favorable intermolecular interactions increases in blend systems. 157,158 Shown as
an inset in Figure 2.2f are the DSC curves for the PBA-a created from the thermal ROP of BA-a and selected
cured PEG blends from the mPEGOTs2000 series. All samples were cured using a heating program
consisting of 10 °C/min scans from 25 °C to 260 °C to 25 °C to 260 °C. A glass transition value for pure
PBA-a of 165 °C was found which also agrees with previous work.153,155,159-161 A glass transition value for
pure PEG (Mn = 2000 Da) is also included on the plot.162,163 PEG-rich blends (those with mPEGOTs2000 >33
wt %) were not included in the plot. The fit of the Gordon–Taylor equation to the Tg values of the cured
blends in Figure 2.2f was quite good (R2 value of 0.998) and gave rise to a fit constant k equal to 0.41. This
fitting value suggests there are very favorable molecular bonding interactions between the PEG and the
cured BA-a material.
A FTIR study of cured blends of BA-a with mPEGOH2000 and mPEGOTs2000 was conducted in order to
interrogate functional groups capable of intermolecular interactions as indicated in the Gordon-Taylor
analysis above. The PBA-a that results from the thermal ROP of BA-a is expected to have phenol-based
hydroxy residues that are capable of acting as a hydrogen bond donors. The oxygen atoms in the backbone
of PEG are well-known H-bond acceptors164 and, together, these groups could lead to favorable
intermolecular bonding interactions for improved miscibility to favor a more hybridized structure. Shown
in Figure 2.3 are the C-H and O-H stretch regions of the FTIR spectra of the cured samples from the BAa/mPEGOH2000 series. The spectra atop in both Figures 2.3a and 2.3b display the FTIR data for pure PBAa with signals for both sp3 CH3 and CH2 residues (νCH3: 2870-2970 cm-1; νCH2,: 2850-2925 cm-1, respectively)
and aromatic sp2 CH residues (νaromatic CH: 3010-3050 cm-1) as well as a broad signal for phenol hydroxyl
groups (νO-H phenol: 3360 cm-1).165,166 The broadness of the OH-stretch peak reflects a wide distribution of
weakly hydrogen-bonded hydroxyl groups that are characteristic of phenolic polymers. 84,85,160,167 As PEG
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is increased in content in the blend series for mPEGOH2000 (down the stack plot in Figure 2.3a), the intensity
of the peak associated the νCH2 stretching mode of sp3 bonded CH2 strengthened and evolved in accordance
with the increase in the methylene content in the PEG loaded sample. The signal for the aromatic sp2 CH
residues (νaromatic CH,: 3010-3050 cm-1) also became less prominent with increasing PEG content. The broad
signal associated with phenol hydroxyl groups became reduced with increasing PEG content and, displayed
its maximum signal at a near constant wavenumber of 3360 cm-1, which indicates a similar chemical
distribution of polymeric hydroxyl groups regardless of blend composition. Only the sample with 90 wt %
PEG showed a shift in this hydroxyl stretch, showing the peak at 3424 cm-1, which indicates reduced
hydrogen bonding. Therefore, as a whole, PBA-a phenol groups are largely weakly associated with the PEG
constituent across the entire compositional range of samples. Inspection of Figure 2.3b shows some
similarities and differences in cured samples from the mPEGOTs2000 series. In similarity to the
aforementioned series, as the mPEGOTs2000 increases in these samples (down the stack plot in Figure 2.3b),
the transmission peak associated νCH3 sp3 bonded CH3 decreased in favor of increased νCH2 signal for sp3
bonded CH2. Similarly, the νaromatic CH signal for the aromatic sp2 CH residues became less prominent with
increasing PEG content. In contrast however, the hydroxyl stretching band shifted to a lower frequency of
about 3250 cm-1 when the mPEGOTs2000 content was between 40-70 wt %. The samples with 80 and 90 wt
% mPEGOTs2000 also showed this low frequency peak but only as a prominent shoulder on the overall
hydroxyl peak. The dotted and dashed lines in Figures 2.3a and 2.3b track the maximum signal of the
hydroxyl stretching mode for the mPEGOH and mPEGOTs series. The low frequency hydroxyl stretch
mode is associated with hydrogen bonding interactions between ring-opened BA-a and the PEG chain and
indicates a hydroxyl hydrogen bond interaction that is much stronger in mPEGOTs blends than that found
in the pure PBA-a polymer (atop in Figure 2.3) or in mPEGOH blends. Clearly, a molecular scale
integration of the PBA-a and mPEGOTs has occurred in this series of blends.
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(a)

(b)

Figure 2.3. FTIR spectra (C-H and O-H stretch region) for cured blends of BA-a with (a) mPEGOH2000
and (b) mPEGOTs2000. The minima for the OH stretch signal for selected samples are connected by
dotted and dashed lines in each figure. The dotted line at 3372 cm-1 in (a) tracks the wavenumber
corresponding the highest signal for the hydroxyl-region and indicates that the phenolic residues in the
mPEGOH series are largely free of H-bonding. The dashed line at 3245 cm-1 in (b) tracks the
wavenumber corresponding the highest signal for the hydroxyl-region and indicates that the phenolic
residues in the mPEGOTs series have significant H-bonding.
1

H NMR spectra of extractable polymer segments from cured blends (Figure A3) confirms that the

molecular structure of the PBA-a network generated in mPEGOTs blends is enriched in phenolic groups.
Previous work has shown that when BA-a is cured with a short cure time or without a catalyst, the resulting
PBA-a polymer consists of a more phenoxy–rich structure with more methylene signals in the 4.3–5.0 ppm
range in the 1H NMR spectrum. A prolonged cure time or the introduction of a Lewis acid catalyst 20,27,168
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accesses the more phenolic-rich structure typically evidenced by a greater intensity of methylene peaks in
the 3.5–4.0 ppm range.20 The aromatic region of the spectrum also becomes more well-defined with greater
intensity to fewer peaks in the 6.5-7.0 ppm range for phenolic-rich PBA-a. Based on the three broad
methylene peaks at 4.5, 5.0, 5.4 ppm in Figure A3a, the PBA-a network that results from the thermal ROP
of dissolved BA-a in mPEGOH appears to be enriched in the less thermodynamically stable phenoxy
molecular structure. Conversely, the lack of significant peaks in the 4.3–5.0 ppm range and the greater
intensity associated with a shoulder peak (δ = 3.8 ppm) on the foot of PEG methylene peak (δ = 3.5 ppm)
in the 1H NMR for BA-a/mPEGOTs blends (Figure A3b) indicates a significant enrichment in the more
thermodynamically stable phenolic structure in these crosslinked PBA-a networks. The appearance of more
well-defined aromatic peaks at 6.5, 6.7 and 6.9 ppm in the spectra of these cured blends also supports this
structural assignment.
The excess exothermic energy in the cure DSC study and the high level of molecular mixing for the cured
BA-a/mPEGOTs series suggests that a reaction occurs between the two components during the thermal
cure process. In order to probe at the nature of the chemical reaction between BA-a/mPEGOTs and at the
thermal stability of the resulting materials, Thermogravimetric-Fourier Transform Infrared (TGA-FTIR)
and Thermogravimetric-Mass spectroscopy (TGA-MS) studies were performed. Lower molecular weight
mPEGOH and mPEGOTs (both with Mn = 900 Da) were selected in order to better emphasize signal
associated with the end groups of the polymers. FTIR intensity maps for temperature vs. wavenumber of
the TGA-FTIR data sets are included in the Supporting Information file (Figures A4-6). The corresponding
TGA curves are also shown in the Supporting Information file (Figure A7). Generally, TGA curves for the
BA-a/mPEGOH900 samples show two main weight loss events with onset temperature values of ~220 °C
and ~370 °C. Those with more PEG content show more pronounced weight loss at 370 °C. TGA curves
for the BA-a/mPEGOTs900 show one major weight loss event at 380 °C. Interestingly, the thermal stability
of the cured blends increases as mPEGOH and mPEGOTs are introduced. This thermal stability is reflected
in the plots for the temperature for 5 % weight loss (TD5%) versus the PEG content (Figures A7c-d). The
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increase in the thermal stability in the mPEGOH series is modest however, with a maximum value in Figure
A7c of 225 °C for the 70 wt % mPEGOH sample which is only 12 °C above that of pure PBA-a.
Remarkably, the influence of the mPEGOTs on the thermal stability is much more pronounced. Cured
blends are generally much more thermally stable than those from the mPEGOH series and, notably more
stable than pure PBA-a. As the mPEGOTs content is set from 0 to 20 wt %, the TD5% increases by ~50 °C
(see Figure A7b). This metric for thermal stability also appears to follow a relatively good correlation to
the composition of the blend, where mPEGOTs content in excess of 20 wt % adjusts the thermal stability
to a lower value but still in excess of that of pure PBA-a. The char yield at 475 °C for pure PBA-a is 41 %.
The char yield of BA-a/mPEGOH blends appears to follow a decreasing linear trend for the samples with
greater than 20 wt % mPEGOH. Only the sample with 20 wt % mPEGOH blend exhibits a char yield in
excess of that of the pure PBA-a. The 475 °C char yield of BA-a/mPEGOTs blends appears to decrease
with increasing mPEGOTs but does so with a non-linear dependence on the mPEGOTs content. Most of
the tested blends exhibit 475 °C char yield values (28-39 %) close to that of the pure PBA-a. It appears
once again that blends from the mPEGOTs favor good thermal stability even in the high temperature range
past the main mass loss event. We hypothesize that the increased thermal stability of the BA-a/mPEGOTs
blends arises from the increased phenolic structure deduced by the

1

H NMR data. The less

thermodynamically stable phenoxy linkages that were enriched in the BA-a/mPEGOH blends may lead to
a greater content of labile bonds and increased reactivity at lower temperatures and consequently reduced
mass during the thermal stress of the TGA analysis.
FTIR intensity tracer plots that relate the intensity of absorbance for vibrational modes associated with
volatiles from the samples were created and reported in the supporting information file (Figures A4-6) and
Figures 4a, 4b and 4c(ii). In the mPEGOH900 series, the tracer plots for the νCH3 (2973 cm-1) all showed that
a methyl-containing volatile is liberated at approximately 380 °C with its peak intensity at 430 °C (with the
exception of the pure PBA-a and mPEGOH constituents, see Figure A4a). Similarly, an ether-containing
volatile (detected with a νCO at 1136 cm-1) is liberated with similar onset and peak temperature values for
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blends. This peak shifts to lower temperature for the mPEGOH and is not present in the pure PBA-a (see
Figure A5a). Volatiles associated with a νaromatic CH at 3048 cm-1 are liberated from mPEGOH blends with
an onset and peak temperature of 250 °C and 280 °C, respectively, (see Figure A6a). Pure PBA-a shows a
similar volatilization of aromatic compounds bearing sp2 CH units suggesting an excellent retention of
carbon at high temperatures, a high char yield characteristic that is well-documented for P(BA-a)s.87,154 No
significant signal for sulfonate containing groups (that would be identified by a ν S-OH stretch at 885 cm-1,
see Figure 4a) was found for pure PBA-a, mPEGOH900 or their blends. Given the phase separated state that
was indicated in the DSC study of the BA-a blends with mPEGOH2000 and the fact that PEG is known to
degrade at ~360°C,169,170 we hypothesize that additional reduced thermal stability may arise from a higher
surface area PBA-a material that is generated when phase-separated PEG is volatilized from the blends.
Significant loss of mPEGOH is confirmed with the ether signal in the TGA-FTIR in Figure A5a which
aligns with this hypothesis.
As expected, the TGA-FTIR study for the mPEGOTs900 series shows differences in its tracer plots. In
general, signals for volatiles with methyl, ether and sulfonate residues were detected. Furthermore, samples
that demonstrated high miscibility of BA-a for mPEGOTs (40-60 wt % mPEGOTs) showed signals for
these volatiles at higher temperatures than those that were phase separated (see Figure 2.1c). Particularly
interesting was the lack of signal for volatiles containing aromatic groups. This result indicates a better
retention of sp2 carbon and explains the increased fractional char yield for mPEGOTs samples (see Figure
A7 for a comparison of the TGA plots for blends for 40-60 wt % mPEGOH with 40-60 wt % mPEGOTs).
The tracer plots for the S-OH stretch at 885 cm-1 vs. temperature for BA-a blends with mPEGOH900 and
mPEGOTs900 are reported in Figures 2.4a and 2.4b, respectively, and also include the analogous data
acquired from the TGA-FTIR for p-toluene sulfonic acid (p-TSA). In the latter, the onset for the major
signal is 220 °C and shows a maximum intensity at 250 °C. A weak signal for the νS-OH, beginning at ~110
°C, largely coincides with the onset for the first mass loss event found by TGA. The coinciding signals for
the major p-TSA flux and that of the pure mPEGOTs900 strongly suggests that heating the tosylate capped
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mPEG leads to a scission of the p-TSA group from the polymer allowing for liberated p-TSA to act as a
catalyst for the thermal ROP of BA-a. The detection of the S-OH signal for miscible blends at higher
temperatures suggest that the p-TSA also has additional intermolecular interactions in the BA-a blends
which would demand additional energy for volatilization. The hypothesis for generating p-TSA from heated
mPEGOTs was also confirmed in a TGA-MS study of the BA-a/mPEGOTs900 blend where the mPEGOTs
content was 50 wt %. Shown as plot iii in Figure 2.4c is the partial pressure signal associated with the tolyl
molecular ion fragment (m/z = 91 Da) of volatilized p-TSA171 as the temperature is ramped. A control
experiment confirmed that this signal did not originate from curing BA-a into PBA-a (see Supporting
Information Figure A8). Co-plotted with this data are the corresponding TGA, DSC and νS-OH tracer data.
Plot iii in Figure 2.4c shows that two fluxes of p-TSA evolve from the sample, where the initial rise in
signal for the tolyl fragment begins at ~100 °C and plateaus by a temperature of 180 °C, a temperature
range which largely coincides with the onset for the first mass loss event found by TGA. A weak qualitative
signal for the νS-OH in the tracer plot is also found near this temperature. The secondary MS signal for the
tolyl fragment initiates at ~200 °C which closely aligns with the maximum in the cure exotherm as found
in the DSC (see plot iv in Figure 2.4c). These two fluxes of evolved p-TSA suggest that two mechanisms
are involved in the generation of the molecule with the lower temperature event associated with generation
of initiators and the higher temperature event being strongly associated with the ROP of BA-a.
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(a)

(b)

(c)

Figure 2.4. FTIR tracer plots for S-OH stretch at 885 cm-1 of the effluent from PBA-a blends with (a)
mPEGOH900 and (b) mPEGOTs900 from thermogravimetric analysis. The generation of the p-TSA
fragment with increasing temperature (c) as determined with (i) TGA thermogram (ii) Tracer plot of the
signal at 885 cm-1 (iii) TGA-MS spectrum scan for m/z 91 and (iv) a DSC thermogram of the 1:1 BAa:mPEGOTs900 blend.
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Scanning electron microscopy (SEM) was used to investigate the microstructure of the cured BA-a blends
(see Figure 2.5). Following a cure condition (identical to that used in the DSC study), the mPEGOH 2000
and mPEGOTs2000 samples were extracted with chloroform and then cooled for cleavage prior to the SEM
study. All samples from the mPEGOH2000 series showed a highly porous morphology. The sample that was
weighted the most with mPEGOH2000 (90 wt %) exhibits the most heterogeneous structure with large void
spaces that are greater than 10 µm in size. The void space in these samples has arisen from regions that
were previously occupied by the mPEGOH2000, material that was extracted by the chloroform solvent. As
the mPEGOH2000 content is decreased (Figures 2.5a-g) the void space is observed to decrease and the
uniformity in the PBA-a phase increases. The ability to tune the void content in the cured PBA-a from
blends with mPEGOH2000 may prove useful for tuning transparency, macroscopic density and strength
characteristics in cured macroscopic parts made from these blends. Indeed, all cured mPEGOTs/PBA-a
materials are a transparent yellow-orange materials while those of cured mPEGOH/PBA-a are orange and
opaque. The PBA-a-richest samples tend to adopt a fused particle like morphology with complex and wide
interconnections that makes measurements of the void and particle size difficult. There is little evidence for
any structural implications that would be from the miscible condition that was observed for uncured samples
with <40 wt % mPEGOH2000 (Figure 2.1a). The SEM data therefore agree with the conclusion from the
FTIR study that the polymerization of BA-a monomer leads to a PBA-a that is phase-separated from the
mPEGOH2000 polymer. Lü and coworkers found a very similar result for PBA-a that was cured in HOPEG-OH (where the molecular weight was 20000 Da).83 A similar morphology for PBA-a and PEG blends
has been described in some detail by Huang et al.84 The SEM study of the cured mPEGOTs2000 blends led
to a different conclusion regarding the morphology and structure of the PBA-a. For cured samples with a
completely suppressed crystallization of mPEGOTs2000 (Figure 2.1b) and a high content of hydrogenbonded hydroxyl groups (<50 wt % mPEGOTs2000), a highly continuous and smooth morphology was
indicated in the SEM images (see Figures 2.5l-n). The microstructure of cured samples where there was
crystallization of mPEGOTs2000 resulted in a porous microstructure, reminiscent of that in the mPEGOH2000
series. This structure is highly uniform, where sphere-like nanoparticles of PBA-a become larger and more
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well-defined as the mPEGOTs2000 content increases (varying from ~50 to ~500 nm in diameter for the 60
to 90 wt % mPEGOTs samples, respectively). A rather abrupt transition in particle size was found between
samples that were 80 and 70 wt % mPEGOTs2000 which coincides with the threshold ratio needed to
suppress some of the crystallization of the mPEGOTs2000 (Figure 2.1b). This in combination with the data
from the SEM, DSC, and FTIR studies highly support a more hybridized and bonded chemical structure
for cured BA-a/mPEGOTs samples. We therefore assign a graft structure to P(BA-a)-g-PEG samples.

Figure 2.5. SEM images for chloroform extracted PBA-a blends with decreasing mPEGOH2000 (a-g) and
mPEGOTs2000 (h-n) content. In (a-g) the original mPEGOH2000 content was 90, 80, 70, 60, 50, 40 and 20
wt %, respectively. In (h-n) the original mPEGOTs2000 content was 90, 80, 70, 60, 50, 40 and 20 wt %,
respectively. The scale bar in (h) applies to all SEM images.
2.3.3 Mechanistic aspects for the cure of BA-a/mPEGOTs blends. There are several proposed
mechanisms for the thermal cure benzoxazine rings.21,172,173 Ishida et al. have reported a mechanism for the
cationic ring-opening polymerization of benzoxazines via alkylation or protonation of the oxygen or amine
centers of the oxazine ring by low steric demand sulfonic acid or alkylsulfonates. 15,18,32,119 By extension,
when polymerization of the BA-a/mPEGOTs blends are considered, a pegylated cationic oxonium species
would result from the nucleophilic attack by the oxygen site of a BA-a monomer at the tosylate end group
of the mPEGOTs (see Pathway A in Scheme 2.1). This oxonium would establish an equilibrium with the
ring-opened iminium species, both of which may initiate ROP of other BA-a monomers. In the alternative
Pathway B, the nitrogen center of the BA-a monomer acts as the initial nucleophile and a pegylated
ammonium species is afforded by reaction with the mPEGOTs. This species may undergo a secondary
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nucleophilic attack by another BA-a molecule to produce the same pegylated cationic oxonium species
discussed in Pathway A. Corey and Sudo et al. have also found that thermal dissociation of bulky alkyl ptoluenesulfonates can produce free p-toluenesulfonate (-OTs) and cationic species such as the cyclohexyl
secondary carbocation for initiation of BA-a.25,174 The thermal dissociation of the mPEGOTs is shown as
Pathway C in Scheme 2.1 and would produce a primary carbocation by this mechanism. We propose that
the high reactivity of primary carbocation makes pathway C unlikely, and favors the generation of the
cationic initiators by either Pathway A or B. Both of these routes lead to free –OTs as a byproduct in the
early stages of the thermal cure of the BA-a/mPEGOTs blends. The TGA-MS experiment described above
detected this early flux of –OTs (i.e. a tolyl molecular fragment) which further supports a thermal initiation
of BA-a by its nucleophilic attack on the mPEGOTs.
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Scheme 2.1. Proposed pathways (A-C) for the generation of cationic species to initiate the ROP of BAa. Pathways A and B show the nucleophilic attack by the oxygen or nitrogen atom from the oxazine
ring of a BA-a at the tosylate end group of mPEGOTs, respectively. Pathway C shows the thermal
dissociation of mPEGOTs. All three pathways show the formation of a free-tosylate that is associated
with the generation of possible cationic ROP initiators.

Previous groups have successfully used p-toluenesulfonic acid (HOTs) to accelerate the cure of BA-a. In
these studies it was concluded that the strong nucleophilic and good leaving group characteristics of HOTs
led to monomer conversion and reduced curing temperatures.20,21,24,25 Any HOTs generated in the blends
from the mPEGOTs series could therefore act as an accelerant by analogous mechanisms. We also draw
attention to alternative pathways that lead to cationic benzoxazinyl molecules to initiate the cationic
polymerization of other neutral BA-a monomers. Shown in Scheme 2.2 are these initiation and propagation
steps. For clarity, the scheme first considers the conversion of one benzoxazinyl functional group from BAa followed by a separated step for the cross-linking reaction for the other benzoxazinyl functional group.
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This proposed mechanism also applies the pegylated cationic oxonium species that was in common in both
Pathway A and B in Scheme 2.1, and does not focus on other cationic species such as the iminium species
or show the formation of N,O-acetal-type linkages that are also known for P(BA-a)s.17,20,21 After initiation
and the generation of an initial flux of -OTs, a free BA-a monomer attacks the cationic center of the oxonium
initiator and the cationic charge is transferred to this attacking BA-a. Proton transfer restores the aromaticity
in the attacking BA-a unit and leads to the Mannich bridged structure that is shown atop at the middle of
Scheme 2.2. The process repeats itself with new BA-a monomer that adds to the cationic molecule so as to
extend the polymer in a chain growth process. The ROP reaction of each benzoxazinyl functional group
therefore leads to the more thermodynamically favored phenolic residue that should be further considered
for reaction with mPEGOTs. These newly created phenol residues nucleophilic attack the tosylate end
group of other mPEGOTs molecules and lead to random mPEG grafts along the PBA-a backbone with
concomitant formation of HOTs, a byproduct associated with this propagation step. This secondary flux of
HOTs was detected by both TGA-MS and TGA-FTIR. In the control series, the PBA-a was found to phaseseparate from mPEGOH during the thermal ROP,83 and cured at higher temperatures. The pegylated
oxonium initiator originating in the mPEGOTs blends would be expected to have high solubility in the BAa/mPEGOTs miscible phase, which would allow the onset temperature for cure to be reduced relative to
that of phase-separated analogues. The Gordon-Taylor-predicted Tg values for the cured BA-a/mPEGOTs
blends and the FTIR evidence for strongly hydrogen bonded OH groups suggests that the grafting reaction
of mPEG to the PBA-a proceeds to a large extent leading to a hybridized graft co-polymer with a high
compatibility with free mPEGOTs and/or BA-a.
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Scheme 2.2. Proposed mechanism for the generation of HOTs catalyst, subsequent initiation and
propagation of BA-a monomers, and the grafting of mPEG to cured blends of BA-a with mPEGOTs.

2.4 Conclusions
The roles of end group functionalized methoxypoly(ethylene glycol) (mPEG) for solubilizing, accelerating,
and grafting to a polybenzoxazine network derived from bisphenol A-based benzoxazine (BA-a) was
studied. The nature of the end group had little effect on the miscibility range for BA-a in a mPEG-based
matrix, where a wide loading range of ~100-40 wt % BA-a was possible. When the end group of the mPEG
was a hydroxyl (OH) residue, the temperature required for ring-opening polymerization (ROP) of dissolved
BA-a increased subtly by ~5-10 °C. Conversely, when the end group of the mPEG was a p-toluenesulfonate
(OTs) residue, a significant decrease in temperature of the ROP was found with the onset for cure occurring
at ~20-60°C less than that of the pure BA-a monomer. This onset for the cure temperature was linearly
correlated to the weight loading of mPEGOTs in the blends and supports the assignment of the role of the
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mPEGOTs as an accelerant for BA-a cure. In-situ monitoring of the headspace above curing blends using
FTIR and MS identified free tosylate and suggests that the mPEGOTs is activated by nucleophilic attack
by BA-a at ~110 °C in order to create HOTs catalysts and cationic initiators for the ROP of BA-a. The
molecular structure of soluble extracts and the glass transition of cured mPEGOTs blends indicate that a
significant amount of grafting has occurred in these materials, where, a phenolic rich structure consisting
of hydrogen-bonded phenols is present. The cured mPEGOH blends are more phenoxy-rich and have
insignificant hydrogen bonding in any phenols. All cured mPEGOTs/PBA-a materials are a transparent
yellow-orange materials while those of cured mPEGOH/PBA-a are orange and opaque. A homogeneous
P(BA-a)-graft-PEG molecular structure is assigned for the former whereas a phase-separated PBA-a/PEG
structure is assigned for the latter. Scanning electron microscopy supports this assignment where a highly
voided PBA-a results from solvent extraction of PEG from the phase-separated cured mPEGOH/PBA-a
materials.
The resulting P(BA-a)-graft-PEG exhibit improved and tunable thermal and physical properties. The glass
transition of the P(BA-a)-graft-PEG can be adjusted predictably over a wide temperature range (40-160 °C
experimentally demonstrated) where values follow a Gordon-Taylor relation based on the composition of
the initial mPEGOTs/BA-a blend. Most P(BA-a)-graft-PEG exhibit higher thermal stability with a
temperature of 276 °C (based on a 5 wt % mass loss TD5% metric) where most samples were more stable
than pure PBA-a (TD5% = 214°C) or materials created from phase-separated mPEGOH/PBA-a (TD5% = 202225 °C). We expect that the highly tunable properties demonstrated thus far will also be found in other
mechanical and chemical characteristics and some of this remains as our future work in this area.
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Chapter 3: Alternative blends of bisphenol A benzoxazine with polymers and particles
3.1 Introduction
There is much left to be explored in the topic of blends of benzoxazines with tosylated complements.
Further investigation into the mechanical properties of the existing cured BA-a blends with PEG for both
the OH and OTs series is of interest. There is also a need to further explore the role of alternative
tosylated polymers for the cure acceleration and bonding to BA-a. Several blends of thermoplastics with
benzoxazines has been researched as mentioned in chapter 1 and 2 (polycarbonate, polysulfone,
polymethyl methacrylate, etc.).85-90,160,175 However, outside of our own PEG system the Koschek group is
the only other group studying these tosylated polymers.7 Koschek et al. have so far defined a bis-tosylated
polycaprolactone (PCL) system and found unique characteristics beyond its reduced cure and toughening.
The crosslinking of PBA-a with flexible PCL increased the shape memory capabilities of these thermoset
materials. This example further widens the scope of this topic and justifies further work in this area.
This chapter not only further defines the existing PEG systems but explores the possibility of BA-a blends
with other additives with a range of chemical and mechanical properties. The most robust additive of
these blends are that of silica particles which is already a well-defined system. The survey of polymers
chosen for these blends are polysulfone (PSU) and poly(lactic acid) (PLA). Both of these polymers impart
their own unique properties onto these blends and address issues presented in the PEG blends. While the
decreased mechanical properties and reduced hardness in mPEGOTs blends may be attractive for some
applications, the complement of increased mechanical properties is also desirable.
Talc, silica, and other silicates have long been used to increase the mechanical properties of
thermosets.176-181 Such additives in benzoxazine are typically added at 1-10 wt % with a typical increased
modulus of 5-8 GPa.182 Weight loading outside of this range remains fairly uncharacterized. Monomer
blends with functionalized silica have yet to be fully developed. As with polymers, tosylated silica can be
used to both decrease the curing temperature of benzoxazine and produce a stronger and more durable
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material. The organic surface alone will also affect the interaction between the particles and the monomer.
For this reason, phenyl-functionalized silica was chosen to determine the effect of improved wetting and
compatibility of a silica surface rich in aromatic rings while lacking the sulfonate group.
Polysulfone has a higher storage modulus than PEG (about 1.9 GPa at room temperature), a high Tg of
186 °C, and thermal stability with a Td5% of 460 °C.183-187 PSU also has very low flammability, low smoke
density, and a high limiting oxygen index which make blends of BA-a and PSU very desirable for
composite applications in the naval and aerospace fields.188,189 As plastics became an increasingly integral
material in today’s technology so did the need to classify the smoke density of these products. Smoke
density is quantified by the method standardized by the American Society for Testing and Materials
where a sample of known area is ignited and burned under controlled conditions and the transmission of a
beam of light passed through its smoke is monitored.190 Such standards are incredibly useful to the naval
and aerospace fields. Polysulfone has a vast amount of applications including membranes for
hemodialysis and food processing, proton-exchange membranes in fuel cells, and various medical
applications.191-195
Currently PLA and its analogue, poly(lactic-co-glycolic acid) (PLGA), have been typically thought of as
biodegradable plastic alternatives.196-200 PLGA has been researched as an alternative to PLA which
possesses a dramatically shorter biodegrable lifespan.201-204 The Saiani group has found that the majority
of the degradation of bulk PLGA (50:50 molar ratio of lactic to glycolic acid) happens within one month
in phosphate buffer at 37 °C. As PLGA degrades and glycolic and lactic acid is produced into the
solution, the degradation can be tracked by the pH.205 These polymers can be produced from renewable
resources such as corn and are typically used in food packaging, drug delivery, and biomedical
devices.206-208 Tosylated PLA and PLGA do not only offer the labile accelerant but also the acid generated
during the degradation of these polymers during the cure.
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3.2 Experimental
3.2.1 Materials. The bisphenol A benzoxazine (BA-a) monomer was used as received from Hunstman.
The methoxypoly(ethylene glycol) (mPEGOH2000; Mn = 2000), methoxypoly(ethylene glycol) tosylate
(mPEGOTs2000; Mn = 2000), methoxypoly(ethylene glycol) tosylate (mPEGOTs900; Mn = 900), α,ωdihydroxy polysulfone (PSUOH; Mn = 22000) and triethylamine (≥99% purity) were acquired from
Sigma Aldrich. Methylene chloride (99.9 % purity), methanol (99.9%), and potassium phosphate
monobasic (>99% purity) was purchased from Fisher Scientific. Chloroform (99.8% purity), sodium
phosphate dibasic (99.8% purity), and sodium azide were received from J.T. Baker.
Methoxypoly(ethylene glycol) (mPEGOH500; Mw 500), D,L-lactide (99% purity), and p-toluenesulfonyl
chloride (99% purity) was received from Acros Organics. The 1,4-butanediol (99% purity) and tin (II) 2ethylhexanoate (96% purity) were purchased from Alfa Aesar. Hydroxy terminated poly(D,L-lactic acid)
(PDLLAOH; Mw = 25000) was purchased from Polysciences. The 1,4-dioxane-2,5-dione (97 % purity)
was purchased from Maybridge. Deuterium oxide (>99% purity), chloroform-d3 (>99% purity), and
acetonitrile-d3 (>99% purity) were purchased from Cambridge Isotope Laboratories. Silica flash (SiOH),
and sulfonic acid and phenyl functionalized silicas (SiOTs and SiPh) were received from Silicycle and
conditioned in a vacuum oven at 120 °C for 12 h to remove water from the particles. Sodium chloride was
purchased from Macron Fine Chemicals. 4-Dimethylaminopyrdine (DMAP; 98% purity) was purchased
from Oakwood Chemicals.
3.2.2 Methods. A PANalytical X'Pert Pro diffractometer using monochromatic Cu Kα radiation (λ =
0.15418 nm) was used for X-Ray Diffraction (XRD) studies. XRD data fitting was done using an X’Pert
HighScore Plus software package. A Vega TS 5136MM scanning electron microscope (SEM) was used to
capture micrographs with an accelerating voltage of 15 kV. Cured polymer blend samples were prepared
for SEM by fracturing the sample and soaking it in chloroform for 1 hour then allowing it to dry in
ambient conditions. All SEM samples were coated with a thin layer of gold and platinum to dissipate
charge (nominal Au thickness ~1 nm). A Nicolet iS10 FTIR spectrometer with an attenuated total
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reflectance (ATR) accessory was used for FTIR studies (64 scans at 4 cm-1 resolution per spectra). A
Bruker AVANCE-III, HD 500 MHz NMR spectrometer was used to collect all 1H NMR spectra.
3.2.3 Preparation of blends. The general procedure for the preparation of either PLA, PLGA, or PSU
with N-phenyl bisphenol A benzoxazine (BA-a) is as follows: to a 25 mL flask the desired mass of
polymer and BA-a were added to a combined mass of 3 g and dissolved in dichloromethane (10 mL).
Each sample was concentrated in vacuo and then dried in a vacuum oven for 12 hours. The silica blends
were prepared in a similar fashion to the polymer blends in 5 mL of dichloromethane and then
concentrated in vacuo while rotated at >200 rpm to ensure dispersion of the particles in the monomer
followed by further drying in a vacuum oven for 12 hours.
3.2.4 Dynamic mechanical analysis sample preparation. Dried PEG blends were deposited into silicon
molds with dimensions of 60 x 6 x 1 mm and then heated at 125 °C for 4 h in a vacuum oven to remove
any residual solvents. The samples were then ramped to 225 °C and allowed to cure for 2.3 h while still
under vacuum. The silica blends were dissolved in minimal amounts of dichloromethane and stirred to
maintain good dispersion of the particles before being solvent casted into the same molds as the PEG
samples. The silica blends were then heated at 150 °C for 20 min to remove the majority of the solvent,
and then they were allowed to heat at 150 °C for an additional 3.6 h under vacuum to remove residual
solvent. The silica blends were then cured at 225 °C for 2.3 h under vacuum. (See Figure B1 in Appendix
B).
3.2.5 Preparation of PSU/PBA-a films. To a vial the desired amounts of BA-a and polysulfone are
added and dissolved in chloroform to maintain a concentration of 100 mg/mL of polysulfone. A 38 x 38
mm glass substrate is spin coated with 0.4-0.8 mL of the blend solution at an acceleration of 2650 rpm/s
to 2000 rpm for 60 s. The slides are then cured in a vacuum oven at 225 °C for at least 1.5 h. The film is
then lifted from the glass substrate in a water bath.
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3.2.6 Thermal analysis. Thermogravimetric analysis (TGA) experiments were performed with a TA
Instruments Q500. Each scan began with a 5 min isotherm at 30 °C followed by a 10 °C/min ramp to 600
°C. A TA Instruments Q100 differential scanning calorimetry (DSC) instrument was used for DSC-based
cure studies on all samples. In hermetically sealed, aluminum DSC pans an average of 3 mg per sample of
polymer or silica blends were scanned. All DSC scans started with a 5 min isotherm at 30 °C then ramped
to 260 °C, then to 30 °C and back to 260 °C at 5 °C/min with a modulated temperature of ±0.53 °C every
40 s. Exothermic cure was estimated by integration of the exothermic peak using a tangential sigmoidal
baseline unless indicated otherwise.
3.2.7 Mechanical analysis. Dynamic Mechanical Analysis (DMA) was performed with a TA Instruments
Q800 equipped with a film tension clamp. PEG blends were equilibrated and held at an isotherm at -50 °C
then scanned at a frequency of 1 Hz and a ramp of 5 °C/min to 275 °C to survey the blends entire range of
mechanical characteristics. Silica blends were scanned from room temperature to 280 °C at a frequency of
1 Hz and a ramp of 2 °C/min. A minimum of three stress-strain curves of each PSU/PBA-a film was
obtained with an ADMET load cell with a cross-head speed of 0.55 mm/min.
3.2.8 Degradation of PDLLA and its blends with benzoxazine. Pure hydroxy terminated poly(lactic
acid) (PDLLAOH), tosylate terminated poly(lactic acid) (PDLLAOTS), and both of their blends with BAa were studied in this experiment. Blended samples were cured similar to the DMA sample preparation
method from the 50:50 blends. The procedure for the degradation of PDLLA was adapted from C.
Shih.209 The general procedure is as follows: PDLLA (10 mg) (20 mg of the 50:50 blend), was dissolved
in a 9:1 acetonitrile-d3/D2O solvent (0.5 mL). To the solution DMAP (23 mg, 0.19 mmol) was added. The
solution was heated at 65 °C for several days and 1H NMR spectra were acquired periodically as
indicated.
3.2.9 Degradation of PLGA. The degradation of PLGA was adapted from Saiani et al.205 A phosphate
buffer solution (PBS) was prepared by dissolving NaCl (4.00 g), KH2PO4 (0.10 g), Na2HPO4 (0.61 g), and
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NaN3 (0.10 g) in 500 mL of nanopure water, the pH was adjusted to 7.4 using HCl (0.1 M). To the PBS
(20 mL) PLGA (0.300 g) was added and heated at 37 °C. The pH was measured with a pH sensor from
Vernier that was calibrated against a phthalate buffer solution (4.01 pH) and a phosphate buffer solution
(7.00 pH).
3.2.10 50:50 PLGA polymerization
Poly(lactic-co-glycolic acid) To a 50 mL round bottom flask with a gas inlet, D,L-lactide (1.00 g, 6.95
mmol) and 1,4-dioxane-2,5-dione (0.537 g, 4.62 mmol) was added for an initial 60:40 lactide to glycolide
monomer ratio. The flask was stirred while heated at 130 °C under nitrogen until all solids melted. A
solution of tin(II) 2-ethylhexanoate [Sn(Oct)2; 0.033 g, 81 μmol] in 1,4-butanediol (1.01 g, 11.2 mmol)
was prepared and used immediately. To the flask 0.055 g of the Sn(Oct)2/diol solution was added via
needle injection. The reaction stirred under inert gas for 24 h before quenching in an ice bath. The
polymer was dissolved in methylene chloride (50 mL) and precipitated in methanol before being dried in
a vacuum oven for 24 h. The polymer was collected as a white solid. 1H NMR (500 MHz, CDCl3, ppm): δ
5.20 (m, O-CH-C), 4.78 (m, O-CH2-C), 1.58 (m, CH3). Mn= 2,700 g/mol; PDI = 1.46 by GPC.
3.2.11 Tosylation of polymers
α,ω-Bistosylate polysulfone (PSUOTS) The following procedure represents the tosylation of both
polysulfone and PDLLA. To a 100 mL round bottom flask with a gas inlet Mn 22000 polysulfone (5.00 g,
0.227 mmol) was added and stirred in chloroform (23 mL) until completely dissolved. In chloroform (4.5
mL) p-toluenesulfonyl chloride (0.869 g, 4.56 mmol, 20 equiv) was dissolved. To the stirred polymer
solution triethylamine (1.82 mL, 13.0 mmol) was added under inert gas. To the reaction flask the end
group solution was added drop wise. The reaction was stirred for 16 h under inert gas at room
temperature. The reaction mixture was precipitated in methanol and dried in a vacuum over for 12 h. To
remove the p-toluenesulfonic acid contaminant the polymer was dissolved in chloroform (25 mL) and
passed through a silica column with subsequent chloroform. The eluent was concentrated in vacuo
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yielding a white transparent solid (3.23 g). 1H NMR (500 MHz, CDCl3, ppm): δ 7.84 (d, main chain
ArH), 7.80 (d, 2H, end group ArH), 7.35 (d, 2H, end group ArH), 7.23 (d, main chain ArH), 7.00 (d, main
chain ArH), 6.93 (d, main chain ArH), 2.45 (s, end group CH3), 1.69 (s, CH3). Mn= 26,000 g/mol by 1H
NMR.
Tosylate ether poly(D,L-lactic acid) (PDLLAOTs) Polymer was collected as clear, colorless solid. 1H
NMR (500 MHz, CDCl3, ppm): δ 7.80 (d, end group ArH), 7.36 (d, end group ArH), 5.19 (m, main chain
O-CH-C), 2.45 (s, end group CH3), 1.56 (m, repeat unit CH3). Mn= 7700 g/mol by 1H NMR.
3.3 Results and Discussion
3.3.1 Characterization of PLGA and tosylated materials by 1H NMR. The 1H NMR spectrum of the
50:50 PLGA (Figure B2) matches that found in literature.210 The integration of the peak at 5.20 ppm,
corresponding to the methine of the lactic acid repeat unit, and the peak at 4.80 ppm, corresponding to the
methylene of the glycolic acid repeat unit, have a ratio of 1:2, confirming the synthesis of 50:50 PLGA.
The 1,4-butanediol initiator is not observable in the 1H NMR spectrum.
As seen in Figures B3 and B4, both the polysulfone and the poly(D,L lactic acid) have successfully been
tosylated from the presence of their doublets at 7.80 and 7.35 ppm corresponding to the aromatic protons
of the end group. Any residual p-toluenesulfonic acid (HOTs) has been successfully removed as
determined from the lack of a doublet near 7.30 ppm. The absence of doublets at 7.90 and 7.40 ppm
signifies that the excess starting material of p-toluenesulfonyl chloride (TsCl) has also been successfully
quenched and removed.
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Scheme 3.1. α,ω-Bistosylate polymer grafting to PBA-a

The grafting of poly(ethylene glycol) (PEG) onto PBA-a was determined in the previous chapter by SEM,
DSC enthalpy, the trending glass transition temperature, and FTIR. It is then plausible that alternative
tosylated polymers or materials may also yield unique grafted materials via a similar mechanism as the
PEG blends after curing their blends. In the case of α,ω-bistosylate polymers such as the synthesized
PSUOTs (Figure B3), the possibility of crosslinking exists as shown previously with bis-tosylated PCL.7
These newly crosslinked materials may also show some interesting shape-memory behavior. In chapter 2
it was proposed that pathway A and B of the grafting of PEG onto the PBA-a network were more
energetically favorable. This is likely the case for PDLLAOTs (Figure B4) as well considering the sp3
carbon α to the tosylate group. However, in the case of the PSUOTs, the α carbon is within a rigid phenyl
group and is unlikely to undergo an SN2 displacement of the tosylate by the bulky polybenzoxazine. In the
case of PSUOTs, pathway C which results in the dissociation or elimination of the tosylate and a
secondary and resonance stabilized carbocation may be the more energetically favorable route.211
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Scheme 3.2. PBA-a growing around tosylated particle

The purchased tosylated silica particles are fundamentally different from the tosylated polymers in that
the attachment to the additive is from the benzene group and not across the sulfate (Scheme 3.2). Such an
orientation will not result in the release of the HOTs accelerant and therefore will also not result in the
grafting of the benzoxazine onto the particle surface. Instead the tosylated particle surface may react more
similarly to neat HOTs, the effects of which have been well established by other groups.20,21,24,25 Instead
of grafting, it is proposed that the monomer nearest to the particles will densely polymerize first due to
the high concentration of accelerant which will form a hard PBA-a shell over the particle that is not
directly grafted, sitting in a matrix of less dense PBA-a. It is expected that the functionalized silica
particles will have a higher affinity and homogeneity with the PBA-a than that of non-functionalized
silica.
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3.3.2 Crystallinity of PEG blends by XRD.
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Figure 3.1. X-ray diffraction patterns of blends of BA-a at 40 wt % PEG with (a,b) mPEGOH2000 and
(c,d) mPEGOTs2000. The plots in the right column are the baseline corrected versions of those in the left
column.
An XRD study on the mPEGOH2000 and mPEGOTs2000 series with 40-80 wt % PEG revealed intensity
maxima at 2θ angles of 14.5°, 15.1°, 19.1°, 23.2°, 26.1°, 26.8° and 32.5°, which, are due to diffraction
from the (021), (110), (120), (032), (024), (131) and (114) planes in crystallized PEG, respectively
(Figure 3.1, see Figures B5 and B6 for the complete series).212 The large halos are the result of amorphous
PBA-a and grafted PEG in the case of the mPEGOTs series. The degree of crystallinity was determined
from the ratio of the area of the diffractogram that excluded amorphous halos with that of the total area
for the diffractogram that included areas for diffraction from crystallites and halos from amorphous
material.213 The degree of crystallinity of the cured mPEGOH blends was significantly higher than that of
their mPEGOTs blend counterparts (Figure 3.2).
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Figure 3.2. (a) The percent crystallinity of BA-a blends with mPEGOH2000 from the spectra in Figures
B5 and B6. The dotted and solid lines are the linear fits of the mPEGOH2000 and mPEGOTs2000 blends
respectively. The fit for the mPEGOTs2000 blends ignores the data point at 70 wt %. (b) A sketch of
predicted crystallinity behavior dependent on PEG/PBA-a miscibility.
Both the mPEGOTs and mPEGOH blends show a linear trend of increasing sample crystallinity with
increasing PEG content. The trend starts after reaching a similar threshold determined by the percent
crystallinity from the enthalpy values of their DSC data. By XRD this threshold starts at 40 wt % PEG in
the mPEGOTs2000 blends and, theoretically from the linear fit, near 23 wt % PEG in the mPEGOH2000
blends. The crystallinity values determined by XRD for both series are significantly smaller than that
found by DSC analysis. This difference may be attributed to the phases of PEG in the cured samples that
were analyzed by XRD being constricted by the surrounding PBA-a and impeding it from assuming its
preferred crystalline packing. While in the case of the crystallinity before the cure, determined by DSC,
the polymers have more mobility in the surrounding benzoxazine monomer. Overall, the XRD analysis is
in agreement with the DSC crystallinity study, that these PEG blends have good miscibility with BA-a up
to 40-60 wt % PEG content.
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3.3.3 Mechanical studies of PEG blends.
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Figure 3.3. Tan delta from the DMA of benzoxazine blends with either (a) mPEGOH500, (b)
mPEGOTs900, or (c) mPEGOTs2000 at various weight loading. (d) The glass transition temperatures and
the respective Gordon-Taylor fits determined from the peak tan delta signals in b-c for blends with
mPEGOTs900 (triangles, dashed fit, k = 0.95) and mPEGOTs2000 (empty squares, dotted fit, k=1.25)
overlaid with the glass transition temperatures and the fit for mPEGOTs900 (circles, solid line, k = 0.41)
as determined from the DSC data in chapter 2.
The glass transition temperatures were determined from peaks in the tan delta signals from the DMA
scans of the PEG blends (Figure 3.3a-c, see Figure B7 for storage and loss modulus). Regardless of the
amount of PEG content in the mPEGOH500 series there is an obvious bimodal system in its tan delta
signal, one peak near 0-30 °C and the other near 140-160 °C. The first and lower temperature Tg is likely
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from the phases of higher PEG content while the higher temperature Tg is from the higher PBA-a content
phase. The bi-modal system is present in all samples due to low homogeneity between mPEGOH and
PBA-a across the entire series of the mPEGOH blends. The heterogeneity of these samples has also
widened the temperature range where the Tg values are found. The tan delta scans in both of the tosylated
series show a shifting maxima over the different weight loadings. With increasing polybenzoxazine
content, the glass transition temperature was found to increase. These glass transition temperatures are
plotted in Figure 3.3d and overlaid with the glass transition temperatures determined from the DSC scans
of mPEGOTs900 blends. Like with the DSC results, the Tg has a strong Gordon-Taylor relationship with a
k of 0.95 for the mPEGOTs900 blends and a k of 1.25 for the mPEGOTs2000. The difference between these
k values may be due to a difference in thermal history of the samples. The k values from the DMA data
that are closer to 1 indicate very good mixing and good homogeneity between the blend components. The
similarity between the fits and data of the tosylated blends despite the difference in their molecular weight
suggest that the grafting of these polymers into the benzoxazine network has a larger impact on its glass
transition temperature, therefore the mPEGOH500 blends are a comparable blend.
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3.3.4 Thermal behavior of blends of PBA-a with PSU.
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Figure 3.4. DSC heat curves from the first scan of blends of BA-a with (a) PSUOH and (b) PSUOTs.
(c) The onset of cure and (d) the peak cure temperature of the blends with PSUOH and PSUOTs with
linear fits in the dotted and solid lines respectively. (e) The percent cure was determined by the
enthalpy of the exotherm from the scans in (a) and (b).
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Similar to the PEG blends we see a decrease in the curing temperature and an increase in the enthalpy of
cure of BA-a blends in the tosylated series. Again, we see an increase in temperature in both the onset and
peak of the exotherm of cure in the PSUOH blends. While the onset of cure temperature decreased by ~15
°C with increasing PSUOTs (Figure 3.4c) the same was not seen for the peak cure temperature of such
blends, instead there was a slight increase in the peak temperature while still remaining below that of pure
BA-a by about 5-10 °C (Figure 3.4d). This is a result of the broadened exotherm of cure seen in the heat
scans (Figure 3.4a), likely a result of the higher molecular weight of the blended polymer, slowing the
cure. While the reduced cured temperature is not as significant as that of the mPEGOTs blends, it is
significant with respect to end group concentration of the two polymers, 500 and 77 µmol/g in mPEGOTs
and PSUOTs respectively. Interestingly, the increase in the curing temperatures are much more dramatic
with an increase of about 40 °C in the 80 wt % sample when compared to the mPEGOH system where the
increase of the peak was about 10 °C in the 90 wt % sample. This is likely due again to the higher
molecular weight of the PSUOH. The noticeable broadening of the curing exotherm of the BA-a in the
PSUOTs blends that is not present in the PSUOH blends speaks to the differences in the homogeneity of
these two series. Likely, the BA-a in the PSUOH that polymerized did so in an isolated phase, separated
from the polymer which results in an exotherm that looks very similar in shape to that of pure BA-a while
shifted to a higher temperature.
As was seen in the mPEGOTs system, the PSUOTs system results in a higher enthalpy of cure of
benzoxazine. It is again proposed that excessive enthalpy that is greater than what was projected is due to
the grafting of the polymer onto the PBA-a network as it was the case in the mPEGOTs system.
Furthermore, the large enthalpy may also be a result of higher monomer conversion due to being in phase
with its polymer solvent.
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3.3.5 Morphology of PSU blends.

Figure 3.5. SEM images of PBA-a blends with either PSUOTs at 80, 50, and 20 PSUOH wt % (a-c) or
PSUOH at 80, 50, and 20 PSUOTs wt % (d-f) after a rinse in chloroform. The scale in image (a) is
relevant to all images.
The SEM images of the fractured surfaces of the PSUOH and PSUOTs blends show very different
morphologies (Figure 3.5). Unlike in the PEG images the lower polymer content samples do not exhibit a
uniformly smooth surface. Instead, nearly all samples present a morphology consisting of spheres.
However, the 80 wt % PSUOH blend is an exception. The shapes of these spheres are much more uniform
in the PSUOTs blends than they are in the PSUOH. The 20 wt % PSUOTs sample has two obvious
features, smooth, uniform spheres and an underlying branched polymer network. The smooth surface of
these branches are similar in texture to the homogenous P(BA-a)-graft-PEG blends. This branched
network is most likely the result of PSU grafted PBA-a from the BA-a and PSUOTs miscible phase. The
spheres are similar to those seen in the heterogeneous mPEGOH blends from the immiscible BA-a. These
spheres are uniform in both the 80 and 50 wt % as well. The uniformity in the PSUOTs blends that is not
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seen in the PSUOH blends speaks to the difference in the homogeneity between these two different
blends. In the PSUOH series as the PSU content increases the spheres seem to conglomerate. In the 80 wt
% PSUOH, the spheres are not present and likely the result of the PBA-a forming its own isolated phase.
3.3.6 Mechanical characteristics of PSU blends. While polybenzoxazine is a highly desirable
engineering material due to its remarkable mechanical, thermal, and dielectric properties, it suffers from
its brittleness. Such brittleness inhibits the processing of polybenzoxazine films and thin films. The
current remedy to this issue is to synthesize polymers with benzoxazine moieties in the main chain. Such
polymers can be further polymerized to induce cross-linking by the ROP of the oxazine ring as discussed
in chapter 1.9,65,214,215 These benzoxazine units are usually connected by ether or aliphatic segments or
other polymers and the films they produce are 0.1-1.0 mm in thickness.215-217 As seen with polymer blends
both in current research and in chapter 2, the inclusion of non-benzoxazine material impedes the
benzoxazine ROP and pushes it to a higher temperature.9,45,109 There are many groups producing films by
co-polymerizing benzoxazine with other resins such as epoxy, these films are also typically 100 μm at the
thinnest.218,219 Some groups are mitigating the rigidity of the benzoxazine by blending it with polymers as
we have done. Some of the existing films made from blends include benzoxazine blended with lignin,220
poly diglycidyl ether of bisphenol A/butadiene acrylonitrile co-polymer221, benzoxazine functionalized
polycaprolactone,222 and styrene-butadiene-styrene triblock co-polymers.223 Of these, the Gu group
achieved the thinnest benzoxazine-based thin film with a thickness of 40-50 μm.221 As far as we are
aware, there has yet to be a film produced incorporating benzoxazine that is ~1 μm; oligomer, main-chain
benzoxazine polymer, co-polymer, blended, or otherwise.
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Figure 3.6. (a) Tensile modulus of PSU blends with PBA-a determined from stress-strain curves and
(b) the error in the tensile modulus measurements plotted against PSU content. (c) An image of a
representative film of 50:50 PSUOTs and PBA-a.
All PSU/PBA-a films that were prepared were transparent with an average thickness of ~1 μm. The
higher content PBA-a films are more yellow in color. The higher content PBA-a films were also
noticeably more stiff and easier to tear due to the lower content of flexible PSU material.
From the stress-strain curves of the PSUOH and PSUOTs blends the tensile modulus was determined by
the linear slope of the data. The blends of PBA-a with PSUOH do not have any significant change in
tensile modulus across the compositionally varied samples with values around 22 MPa. The measured
tensile modulus of these films also exhibit a very large error (Figure 3.6a and 3.7b). The error in the
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tensile modulus of the PSUOH/PBA-a films decreases as PSUOH content increases from 70 to 100 wt %.
As more non-homogeneous PBA-a content becomes present in the blends the uniformity of the samples
diminishes. The PSUOTs/PBA-a blends benefit from the homogeneity of the films with smaller error in
the obtained tensile modulus values. There is also a statistically significant improvement in tensile
modulus in the 80 wt % PSUOTs/PBA-a blend from that of pure PSUOTs, increasing from 20.6 to 26.5
MPa, almost 30 %. The possible formation of a P(BA-a)-graft-PSU material likely was responsible for
the improvement in the tensile modulus and the reduced error due to a more homogeneous material
compared to the PSUOH/PBA-a films.
3.3.7 Miscibility of blends of PBA-a with PSU.
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Figure 3.7. FTIR of the cured PBA-a and its blends with either PSUOH (blue, dotted line) or PSUOTs
(solid, orange) from 1200 to 700 cm-1.
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The acquired FTIR spectra for the PSUOH and PSUOTs blends show fairly different profiles (Figure
3.7). Most noticeable are the difference in the intensities of the signals from the PSU component relative
to the PBA-a signals between the two series across all compositions. The profile of the FTIR spectra for
the blends with 80 and 50 wt % PSU in both series assume a similar shape to pure PSU. The only blends
that have spectra similar to that of PBA-a is at 20 wt % PSU. From 1200-700 cm-1 the most noticeable
peaks in the blends and pure materials are at 1174, 875, 831, and 747 cm-1. The signal at 1174 cm-1 is
from the PBA-a component in these blends from the asymmetric C-N-C stretch (νas C-N-C).224 This broader
signal is only present in the 20 wt % PSU sample and is much stronger in the PSUOTs blend than in the
PSUOH. The peaks at 831 and 875 cm-1 are the δ CHoop deformation bands in of the aromatic rings in the
PSU.225 This 875 cm-1 signal is also weakly present in the PBA-a spectra from the tetra-substituted
benzene ring of the phenolic linkage, confirming the ring opened structure.226,227 The lack of a peak at
960-910 cm-1 corresponding to one of the modes of the benzene ring, only present when the oxazine ring
is closed, also confirms the polymerization of the BA-a.4 Finally there is a strong, isolated signal at 747
cm-1 that is considered to the ring breathing mode from benzoxazine.4 The presence of stronger signals
from PBA-a in the 20 wt % PSUOTs spectra suggests better miscibility than in other compositions or in
the PSUOH blends as observed in the morphology in the SEM images.
3.3.8 Thermal behavior of particle blends. In the TGA scans of the silica particles (Figure B8), it was
found that after the evaporation of water there was no significant mass loss up to 400 °C. Therefore, there
is no degradation of the organic material of the phenyl- or tosylate-functionalized particles and they can
be conditioned within this temperature range without deterioration.
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Figure 3.8. First heat scan from the DSC of blends of BA-a with (a) non-functionalized silica, (b)
tosylated silica, and (c) phenyl functionalized silica. (d) The enthalpy values of the exothermic peaks
from the polymerization of BA-a of all blends.
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The shape of the exotherms from the first DSC heat scans are very different between the three blends of
BA-a with SiOH, SiOTs, and SiPh. The blends with the phenyl functionalized silica have the least change
across the range of compositions. The exotherm neither drifts nor broadens and remains gaussian in
shape. The enthalpy of cure follows the expected trend of decreasing with decreasing BA-a (Figure 3.8d).
The individual enthalpies of cure for the first and second peak of the SiOTs blends were fit with CasaXPS
software with a residual STD <0.08, an example of the fitted exothermic peaks can be seen in Figure B9.
The cure diminishes with increasing silica content but is not completely suppressed at the 80 wt % unlike
the heat scan for the 80 wt % SiOH. In the SiOH blends the exotherm is slightly broadened but remains in
the same position. There is no increase in cure temperature as has been seen in the hydroxy terminated
polymers. The silica likely has less of an impact on the heat transfer across the blend like the polymer
does, thus not increasing the curing temperature. As the silica content in the SiOTs blends increases, a
bimodal exotherm appears, starting at the 40 wt % sample. The exotherms at both peaks are significantly
broader compared to that of pure benzoxazine. The lower temperature exothermic peak has a similar onset
and peak temperature across all compositionally varied blends. The higher temperature exothermic peak
has lower onset and peak temperatures than that of pure BA-a.
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Figure 3.9. (a) The onset of cure and (b) the max curing temperature of PBA-a blends with silica as
determined from DSC.
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The onset temperature of the exotherm for samples in the SiOTs series decreased more significantly than
other blends. The blend sample with 80 wt % SiOTs exhibited the greatest reduction in cure temperature
with the onset of the exotherm appearing at about 80 °C lower than that of pure BA-a. The onsets for the
cure of BA-a in SiPh and SiOH series only decreased by about 10-30 °C most likely from slight
broadening of the exotherm rather than by cure acceleration. The onset temperature of cure for the SiOTs
blends, plotted in Figure 3.9a, was of the higher temperature peak where the bulk of the exotherm was,
the onset of the first peak remained near constant around 120 °C. The peak exotherm in both of the SiOH
and SiPh remains the same as pure BA-a , the presence of organic content on the surface of the SiPh
particles did not have an effect on the cure of the BA-a content. The blends containing SiOTs had a
significant decrease in the peak exotherm, the mechanism of the accelerated cure from p-toluenesulfonic
acid is likely also present in these blends where the sulfonic acid is exposed to BA-a. The peak exotherm
from the first exotherm did not drift or show any trend and remained near 140 °C. This first exotherm is
likely from the polymerization of the monomer that is closer to the surface of the SiOTs particles. As
more SiOTs is added into the system, the enthalpy shifts from the second exotherm to the first.
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3.3.9 Mechanical properties of PBA-a/particle blends.
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Figure 3.10. (a-c) The storage modulus, (d-f) loss modulus, and (g-i) the tan delta for blends of PBA-a
with SiOH, SiPh, and SiOTs respectively at varying loading.
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Figure 3.11. (a) The storage modulus at 30 °C, (b) glass transition temperature determined from the
max signal of the tan delta, (c) the max loss modulus signal, (d) the temperature at max loss modulus,
and (e) the loss modulus at 100 °C of pure benzoxazine and its blends with SiOH, SiOTs, and SiPh
particles.
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The storage modulus at 30 °C in all blends has an optimal mass loading at 30 wt %. There was a
significant increase across the entire loading range in all blends from that of PBA-a at 5 GPa, with peaks
at 32, 29, and 16 GPa for the SiOH, SiOTs, and SiPh blends respectively. While the SiOH particles
preformed better at the 30 wt %, the SiOTs had higher storage modulus at 20 and 40 wt %, effectively
widening the range of increased modulus. The storage moduli of the SiPh blends were lower than that of
the other two. The mechanical properties of the SiPh blends did not benefit from the organic surface. The
high modulus found in the SiOTs blends is from the presence of the accelerant causing a difference in the
polymerization behavior of the PBA-a. Despite the increase in storage modulus there is a significant
decrease in the glass transition temperatures in all blends across the loading compositions except for the
20 and 40 wt % SiPh. The glass transition temperature minima in all three blends are found in the 30 wt
% at 166, 169, and 174 for the SiOH, SiPh, and SiOTs blends respectively. The glass transition
temperature of the SiOTs blends were as impacted by the presence of the particles as the SiOH blends,
possibly from the organic content. The SiPh particles had the least impact on the glass transition
temperature of its blends.
3.3.10 Morphology of silica blends.

Figure 3.12. SEM images of (a) SiOTs and blends of PBA-a with (b) SiOTs and (c) SiOH at 50 wt %
silica content.
There is a noticeable morphological difference between the cured SiOH and SiOTs blends in the SEM
images in Figure 3.12. In the SEM image of the fractured SiOH blends the particles are well defined with
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a smooth phase of PBA-a filling between the individual fragments. However, the images acquired of the
fractured SiOTs blends reveal a rough and bumpy texture on the particles despite their originally smooth
surface. The SiOTs particles are also indistinguishable from the PBA-a phase. This unique morphology is
possibly from densely polymerized PBA-a, creating a shell over the particle and integrating them into the
polymer network. The presence of the PBA-a shell on the particle is due to the initiation of the cure of the
monomer at the surface of the tosylate functionalized silica.
3.3.11 Thermal behavior of blends of PBA with PDLLA.
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Figure 3.13. The first heat scans from DSC of blends of BA-a with (a) PDLLAOH and (b)
PDLLAOTs.
There is a unique difference between the blends of the PDLLA and the other polymers, in that there is an
acceleration in the benzoxazine polymerization in both the tosylated and non-tosylated blends. The
tosylated blends show a slightly lower onset and peak curing temperatures at 191 and 208 °C for the 50
wt % blend and 155 and 194 °C for the 80 wt % blend. The PDLLAOH had an onset and peak curing
temperature at about 190 and 205 °C for both the 50 and 80 wt %. The blends only benefit from the
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presence of the tosylate at the higher loadings. As the blends reach the higher temperature the PDLLA
likely begins to degrade.228,229 As the polymer degrades to produce lactic acid and more of the carboxylic
acid end group is exposed to the BA-a content which may then dominate the accelerated cure mechanism
as seen in literature.23 The degradation occurs in both the PDLLAOH and the PDLLAOTs resulting in the
decrease in curing temperature for both blends.
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Figure 3.14. The (a) DSC curve of 50:50 PLGA blended at 50 wt % with BA-a and (b) the TGA curve
of 50:50 PLGA.
As was seen in the PDLLAOH blend the PLGA blend also results in a reduction of the curing temperature
with an onset of cure at 183 °C and the peak at 209 °C (Figure 3.14a). The PLGA is significantly more
sensitive to hydrolysis and thermal degradation than the PDLLA and will result in the presence of the
carboxylic acid that reduces the cure of the BA-a as well. The endotherm just before the cure at 170 °C is
likely the result of the degradation of the polymer which has a TD5% at 220 °C for the major mass loss
event as determined by the TGA of PDLLA in Figure 3.14b. The degradation of pure PLGA was
characterized by monitoring the change in pH of the sample in PBS. As lactic acid and glycolic acid is
freed into the solution via hydrolysis by water, the pH expectedly decreased (Figure B10). These findings
were in agreement with literature.205
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3.3.12 Degradation of blends of PBA-a with PDLLA.
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Figure 3.15. (a) The stacked 1H NMR spectra of the degradation of PDLLAOH in acetonitrile-d3/D2O
(9:1), with DMAP, acquired over several days. The integrated area of the signals corresponding to
methine of the internal polymer (5.15 ppm), the D- and L-methine end groups (4.84 and 4.24 ppm), and
the methine of the lactic acid (3.86 ppm) of (b) PDLLAOH, (c) 50:50 PDLLAOTs/PBA-a, and (d)
50:50 PDLLAOH/PBA-a.
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In the initial 1H NMR (Figure 3.15a), the spectrum displays the characteristic peaks for the polymer at
5.15 and 1.49 ppm with smaller signals corresponding to the D and L end groups at 4.84 and 4.24 ppm.
As the degradation progresses the internal polymer signals decrease and the end group signals increase as
the end group to internal polymer ratio increases. The quartet from the methine hydrogen at 3.86 ppm
begins to appear as well. The initial polymer increase between the first two points of data is likely from
the polymer continuing to dissolve into solution. At about 20 hours the polymer signal has completely
subsided and the spectrum is dominated by the signal from the end groups and lactic acid. At this point
these end groups are likely not polymer but essentially a lactic acid dimer. At about 35 hours the end
group signal has begun to diminish and the lactic acid continues to grow in. Finally at >200 hours all
polymer and end group signals have waned and only lactic acid remains, resulting in the complete
degradation of the polymer. The degradation of phases of PDLLAOH or PDLLAOTs should leave microor nano-pores that will lead to easier disposal or degradation by solvolysis of PBA-a. However, it is only
in the blends of PDLLAOTs, where polymer grafting is possible, that molecular holes along the PBA-a
backbone may appear after degradation of the PDLLA, exposing more of the PBA-a backbone.
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Scheme 3.3. Degradation of poly(lactic acid) via hydrolysis and the morphology after degradation in a
polymerized blend.
3.4 Conclusions
In this chapter, the PEG system was further defined and three new systems were explored. From the
mechanical analysis of the mPEGOTs system, the Gordon-Taylor relationship between benzoxazine and
PEG was redefined and determined to have a k of near 1. The reduced curing temperature of benzoxazine
blends was reaffirmed with two new tosylated polymers and tosylated silica. Compared to the previous
PEG blends, the PSU blends did not achieve the same effect on the curing temperature of benzoxazine. At
the same mass loading, the PSUOTs blends only reduced the curing temperature to 217-220 °C which is
only slightly below the cure temperature of BA-a at about 230 °C. In comparison, the PSUOH had a
much more dramatic effect on the blends than the mPEGOH system did, increasing the curing
temperature to nearly 260 °C. The lessened effect of the tosylated PSU is likely due to the effect of the
larger polymer size increasing the cure, offsetting the temperature of polymerization. The PSUOTs blends
also resulted in a higher enthalpy of polymerization as the mPEGOTs blends did, therefore it is likely that
the cured PSUOTs blends also possess a similarly unique grafted polymer network. The tosylated silica
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and PDLLA had a more significant impact on the curing temperature, both decreasing the max exotherm
temperature to about 190 °C, with the onset of cure for silica near 140 °C, the lowest achieved in this
work. From the PSU blends thin films of benzoxazine were made and characterized with a load cell, the
PSUOTs blends had a significantly lower error in its tensile modulus indicating better homogeneity over
the PSUOH blends. A higher loading of silica particles than traditional was characterized by DMA at 2040 wt % silica. The higher modulus of the SiOTs blends was determined to be due to the sulfonic acid and
not the organic surface as a lower storage modulus was found in the SiPh blends. By SEM, the cured
SiOTs blends displayed a different texture on the surface than the cured SiOH blends, most likely due to
the instigation of the PBA-a cure at the surface of the particle. The curing temperature of the benzoxazine
blends with PDLLA or PLGA benefitted from the degradation of the polymer, adding a carboxylic acid
accelerant. The degradation of these blends to lactic acid was determined by a 1H NMR time study with
DMAP, water, and heat. Each of these blends further expands the scope of benzoxazine. Polysulfone aids
in the process of making thin films from benzoxazine for applications such as fuel cell membranes. SiOTs
blends offer a heightened modulus range for more durable materials. The PDLLAOTs blends offer the
opportunity to degrade and remove components of the materials leaving a highly craterous and porous
polybenzoxazine material that can easily be milled and repurposed as filler in other materials.
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Chapter 4: Benzoxazine based surfactants for monomer processing
4.1 Introduction
As the scope of benzoxazine broadens, so too must its processing in order to achieve newer applications.
Traditionally, benzoxazine materials are produced by melt or solvent casting with organic solutions.
Water soluble benzoxazine surfactants provide a solution to solvent casting without organic solvents.
Such surfactants are present in current research as benzoxazines gain more popularity.
Water soluble benzoxazine monomers are fairly uncommon, typically there are concerns surrounding
water uptake of the final polybenzoxazine material as it becomes more hydroscopic. There are few water
soluble benzoxazine monomers existing in the literature, such a monomer will typically require a large
polar group.69 Based on previous findings concerning blends of benzoxazine with non-curable
components in literature as well as in the work presented in chapters 2 and 3 of this thesis, the addition of
organic substituents to a benzoxazine unit results in an increased polymerization temperature and reduced
mechanical properties. Surfactants can bypass this issue by suspending conventional benzoxazine
monomer within water stable micellar structures and in principle would result in processed
polybenzoxazine with properties closer to that of the conventional material.
In theory, a benzoxazine-based surfactant could co-polymerize with the hosted conventional monomer.
The co-polymerization of these surfactants is a large benefit over commercial ones. Commercial
surfactants like sodium dodecyl sulfate (SDS), cetyltrimethylammonium bromide (CTAB), or
cetyltrimethylammonium p-toluenesulfonate (CTAT) will create non-polymer moieties or segments
within the material. Mechanical failure of the material may occur at the interfaces between the polymer
and surfactant.230-234 A co-polymerizable surfactant will be molecularly integrated into the
polybenzoxazine network and would be less likely to create these concentrated stress points within the
fully cured polymeric material.
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Benzoxazine monomer is best solubilized by the benzoxazine head group of the surfactant, this provides a
bulky hydrophilic structure that must be further functionalized to improve its water solubility. A
polymeric tail must be carefully selected to satisfy this need. A hydrophilic polyether such as
poly(propylene glycol) or poly(ethylene glycol) is typically used. Such a surfactant structure with a
hydrophilic tail and a hydrophobic head group is uncommon and should lead to a reverse micelle structure
with the benzoxazines concentrated at its center.
Emulsions of monomer in benzoxazine surfactants are a fairly new area within the benzoxazine field.
Taden et al. were the first to synthesize a polymerizable nonionic benzoxazine surfactant in 2010.61 They
were able to successfully load benzoxazine monomer in water at a 4:1 ratio by weight using a bisbenzoxazine surfactant with two hydrophilic tails (see structure I in Figure 4.1). In 2011 their group
further established the concept by the synthesis and study of a main chain benzoxazine polymer surfactant
with segments of hydrophobic and hydrophilic blocks capable of loading similar amounts of
benzoxazine.96 Finally, Taden with Ishida and Froimowicz developed a surfactant (structure IV in Figure
4.1) with a lower critical solution temperature that, upon heating, desolvated and precipitated in the form
of a homogenous film.235 In all three of these examples the surfactant was successfully co-polymerized
with the suspended benzoxazine monomer.
These benzoxazine surfactants have also been utilized for stabilizing other non-benzoxazine-based
monomers and materials. In 2014 and 2016, Krajnc et al. have successfully loaded water-stable
benzoxazine micelles (structure I, III, and VI in Figure 4.1) with epoxy with a loading ratio of 9:1.60,236
Wang et al. have recently used benzoxazine-based surfactants similar to those made by the Taden group
to suspend graphene flakes and ultimately form graphene films with high strength and electrical
conductivity after polymerization of the surfactant head group.237 They have also improved their graphene
exfoliation yield, surpassing commercial surfactants such as SDS and CTAB.97,238
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Synthesis of these surfactants is possible due to the design flexibility of the benzoxazine monomer,
typically using a linear polyether amine or a similar amine terminated hydrophilic polymer to fulfill the
primary amine requirement of the oxazine ring.61,236,238 This molecular design installs the tail directly onto
the oxazine ring which can impede curing.61,96 Ishida et al. synthesized a surfactant in which the
hydrophilic tail is attached to the benzene ring (structure V in Figure 4.1) from the vanillin starting
material (4-hydroxy-3-methoxybenzaldehyde) which resulted in a bimodal cure at high temperatures.59

Figure 4.1. Examples of benzoxazine-based surfactants from literature.
I60,61,97,237,238, II239, III236, IV96, V59, VI60
In this work, the synthesis of a benzoxazine surfactant by way of pegylation on the benzyl unit of a
benzoxazine monomer is studied. The benzoxazine monomer bearing a hydroxy handle, p-hydroxy
methylbenzoxazine (pHBA-a) is synthesized from p-hydroxybenzyl alcohol as described in literature.56
An alternative synthesis by the polymerization of allyl glycidyl ether using pHBA-a as an initiator is also
studied. This method allows for a more tunable tail length and possibly a more tunable surfactant
geometry while also improving purity of the final product.
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4.2 Experimental
4.2.1 Materials. The methoxypoly(ethylene glycol) tosylate (mPEGOTs2000; Mn = 2000),
methoxypoly(ethylene glycol) tosylate (mPEGOTs900; Mn = 900), aniline (99.8% purity), allyl glycidyl
ether (>99% purity), cetyltrimethylammonium bromide (99% purity), and cetyltrimethylammonium ptoluenesulfonate were acquired from Sigma Aldrich. Methylene chloride (99.9 % purity), ethylene acetate
(99.9% purity), acetone (99.6% purity), methanol (99.9% purity), and sodium dodecyl sulfate were
purchased from Fisher Scientific. Chloroform (99.8% purity), diethyl ether (99% purity), and anhydrous
magnesium sulfate (99% purity) were received from J.T. Baker. Methoxypoly(ethylene glycol)
(mPEGOH500; Mw 500), p-toluenesulfonyl chloride (99% purity), paraformaldehyde (96% purity),
pyridine (99% purity), 15-crown-5 (98% purity), and potassium in mineral oil (98% purity) were received
from Acros Organics. Anhydrous sodium sulfate (99% purity), p-hydroxybenzyl alcohol (99% purity),
and naphthalene (99% purity) were purchased from Alfa Aesar. Chloroform-d3 (>99% purity), methylene
chloride-d2 (99.8% purity), acetonitrile-d3 (99.8% purity), and deuterium oxide (99.9% purity) were
purchased from Cambridge Isotope Laboratories. Sodium chloride, toluene, sodium bicarbonate,
tetrahydrofuran, and hexanes were purchased from Macron Fine Chemicals. Sodium hydride in paraffin
(60% by mass) was purchased from Tokyo Chemical Industry.
4.2.2 Methods. A Bruker AVANCE-III, HD 500 MHz NMR spectrometer was used to collect all 1H
NMR spectra. Matrix assisted laser desorption/ionization – time of flight (MALDI-TOF) spectra were
collected with a Bruker AutoFlex II in positive ion mode. MALDI samples were prepared with a 2:1
matrix of α-cyano-4-hydroxycinnamic acid/2,5-dihydroxybenzoic acid. The sample solution was then
spotted onto gold well plates. Micelle diameter was measured by dynamic light scattering (DLS) and was
acquired with a Delsa Nano HC particle analyzer from Beckman Coulter equipped with a red laser (633
nm). Data for each sample was acquired in triplicate in glass cuvettes and particle size was determined
with the CONTIN algorithm.
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4.2.4 Thermal analysis. A TA Instruments Q100 differential scanning calorimetry (DSC) instrument was
used for DSC-based cure studies on all samples. In hermetically sealed, aluminum DSC pans an average
of 3 mg per sample were scanned. All DSC scans started with a 5 min isotherm at 25 °C then ramped to
300 °C, then to 25 °C and back to 300 °C at 10 °C/min.
4.2.5 Benzoxazine emulsions with surfactants. The surfactant was dissolved in nanopure water to a
concentration of 20 mg/mL and filtered with a PTFE 0.45 μm syringe filter. The empty micelle solutions
were then sonicated for 5 minutes with a Branson 450 Sonifier at 120 W for a 30 % time duration. The
pHBA-a monomer was dissolved in THF at a 25 wt % and filtered with a 0.45 μm syringe filter. The
monomer solution was then added dropwise to the micelle solution while being sonicated under the same
conditions until solids began to form at which point the limit of loading was defined. The loaded micelle
solution was then decanted from the solids and concentrated in vacuo to remove the THF solvent.
4.2.6 Preparation of blends. The following procedure is the general method for blend preparation. In a
10 mL round bottom flask the surfactant and pHBA-a were co-dissolved in acetone at a 1:4 ratio by mass.
The blend was concentrated in vacuo and further dried over 12 h in a vacuum oven.
4.2.7 Lyophilization of blends. Micelle solutions were loaded at 75 % of their maximum and were
prepared by lyophilization by freezing them with dry ice before removing the water with a Labconco
FreeZone 2.5 L freeze dry system.
4.2.8 Synthesis.
Synthesis of (3-Phenyl-3,4-dihydro-2H-1,3-benzoxazin-6-yl)methanol (pHBA-a) To a 100 mL round
bottom flask with a gas inlet aniline (2.00 mL, 21.5 mmol), p-hydroxybenzyl alcohol (2.50 g, 20.1 mmol),
and paraformaldehyde (1.21 g, 40.3 mmol) were added. The solids were dissolved in toluene (30 mL) and
stirred under nitrogen at 100 °C for 8 hours. The reaction mixture was then concentrated in vacuo after
the solids were removed and dissolved in chloroform (30 mL). The solution was washed with NaHCO3
(0.5 M, 3 x 30 mL) and deionized water (30 mL) before drying over Na2SO4. The product was allowed to
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crystallize in the chloroform solution at 0 °C and collected as a white solid (95 %). 1H NMR (500 MHz,
DCM, ppm): δ 7.25 (2H, t, Ar-H), 7.10 (2H, d, Ar-H), 7.09 (1H, d, Ar-H), 7.05 (1H, s, Ar-H), 6.92 (1H, t,
Ar-H), 6.76 (1H, d, Ar-H), 5.37 (2H, s, O-CH2-N), 4.63 (2H, s, C-CH2-N), 4.54 (2H, d, C-CH2-OH), 1.64
(1H, t, OH).
Tosylation of methoxypoly(ethylene glycol) (mPEGOTs500) To a 500 mL round bottom flask with a gas
inlet mPEGOH500 (6.00 g, 12.0 mmol) was dissolved in DCM (150 mL) was added. To the flask pyridine
(20 mL, 0.253 mol) and p-toluenesulfonyl chloride (22.88 g, 120 mmol, 10 equiv) were added. The
reaction was stirred under nitrogen at room temperature for 48 hours. The reaction mixture was
concentrated in vacuo and dissolved in ether before being run through a column packed with neutralized
alumina and subsequent additions of ether followed by chloroform. The chloroform eluent was then
concentrated in vacuo and collected as a colorless oil (95 %). 1H NMR (500 MHz, CDCl3, ppm): δ 7.80
(d, Ar-H), 7.34 (d, Ar-H), 4.16 (t, O-C2H4-SO4), 3.80-3.48 (m, CxH2x), 3.38 (s, O-CH3), 2.45 (s, Ar-CH3).
Synthesis of benzoxazine terminated poly(ethylene glycol) (mPEGpHBA-a) The following procedure
represents the synthesis of all PEG-based surfactants in this work. To a 100 mL round bottom flask with a
gas inlet pHBA-a (0.50 g, 2.0 mmol), potassium iodide (0.30 g, 1.8 mmol), 15-crown-5 (0.14 g, 0.64
mmol), and sodium hydride in paraffin (0.25 g, 6.3 mmol NaH) were added and dissolved in THF (10
mL). While the reaction was stirred under nitrogen mPEGOTs ( 0.63 mmol) in THF (5 mL) was added
dropwise. The reaction mixture was allowed to stir under nitrogen for 4 days before being quenched with
a few drops of methanol. The reaction mixture was concentrated in vacuo and dissolved in DCM before
being washed with NaHCO3 (2 x 50 mL) and brine (2 x 50 mL). The organic layer was dried over MgSO4
and concentrated in vacuo. The product was then ran through a column packed with silica in ethyl acetate
followed by THF. The THF eluent was concentrated in vacuo yielding a yellow oil. 1H NMR (500 MHz,
CDCl3, ppm): δ 7.26 (t, Ar-H), 7.10 (d, Ar-H), 7.07 (d, Ar-H), 7.01 (s, Ar-H), 6.92 (t, Ar-H), 6.76 (d, ArH), 5.35 (s, O-CH2-N), 4.62 (s, C-CH2-N), 4.44 (d, C-CH2-O), 3.80-3.48 (m, CxH2x), 3.38 (s, O-CH3).
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Synthesis of benzoxazine terminated poly(allyl glycidyl ether) (PAGEpHBA-a) In an inert environment
the potassium in mineral oil was rinsed with hexanes and the oxidized layers were cut away. A 1 M
solution of potassium in dry THF was prepared. A concentrated solution of pHBA-a (99.4 mg, 0.412
mmol) in THF was prepared and titrated with the potassium solution until a dark orange color. To the
alkoxide solution, allyl glydyl ether (1.00 g, 8.76 mmol or 4.00 g, 35.0 mmol) was added and allowed to
stir in the inert environment for 15 days. 1H NMR (500 MHz, CDCl3, ppm): δ 7.25 (t, Ar-H), 7.10 (d, ArH), 7.06 (d, Ar-H), 76.98 (s, Ar-H), 6.92 (t, Ar-H), 6.76 (d, Ar-H), 5.88 (m, CH2=CH) 5.35 (s, O-CH2-N),
5.25 and 5.15 (d, CH=CH2), 4.62 (s, C-CH2-N), 4.41 (d, C-CH2-O), 3.98 (d, O-CH2-CH), 3.70-3.40 (m,
O-CH2-CH and O-CxH1.5x).
4.3 Results and Discussion
4.3.1 Characterization of head group and surfactants. The synthesis of the benzoxazine head group of
the surfactant molecule follows the conventional mechanism of the 1:1:2 reaction of phenol, aniline, and
formaldehyde, respectively. The functionalization of the methyl alcohol on the phenol residue provides a
handle for pegylation. At the benzoxazine synthesis stage, the aromatic alcohol will react during the
monomer synthesis to form the oxazine ring. The hydroxy of the methylol substituent is deactivated by
the methylene spacer and will not participate in any unwanted reaction.
Scheme 4.1. Synthesis of pHBA-a from formaldehyde, aniline, and p-hydroxybenzyl alcohol
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Figure 4.2. The 1H NMR spectra (500 MHz) of pHBA-a in (a) DCM-d2 to provide characterization of
the aromatic region and in (b) CDCl3 to characterize the methylene groups. *Methylene chloride;
**water.
In the 1H NMR spectrum of pHBA-a in Figure 4.2a, the aromatic region is resolved allowing for the
assignment of the aromatic protons within the structure. The characteristic peaks of the oxazine ring are
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also observable at 5.37 and 4.63 ppm (Figure 4.2b). The integral value of each signal has the expected
value for 2 hydrogens. In this range, the methylene from the p-hydroxybenzyl alcohol is also present at
4.54 ppm and also integrates to 2 hydrogens. For these three signals, the 2:2:2 ratio confirms that the
synthesis and purification/isolation of the pHBA-a proceeds without contamination by starting materials.
Interestingly, this methylene has a doublet splitting pattern in both spectra and the adjacent hydroxy at
1.56 ppm (Figure 4.2a) displays a corresponding triplet pattern. Such a pattern is present in similar
compounds.240
Scheme 4.2. The synthesis of mPEGOTs500 from mPEGOH500

As in chapter 3, tosylation of the polymer proceeds in the presence of a weak base. Due to the chain
length of these polymers, it is necessary to have the head group in a large molar excess. This excess of
tosylate provides a challenge in its purification due to its two main contaminants present after the
synthesis: the remaining unreacted p-toluenesulfonyl chloride, and the side production p-toluenesulfonic
acid. The p-toluenesulonic acid (HOTs), as previously discussed, is a well-established accelerant for
benzoxazine and should be absent in isolated material to avoid polymerizing the benzoxazine head group
or the micellar structures.20,21,24,25 Therefore the purification of the mPEGOTs500 is critical in order to
avoid the HOTs contaminant that may result in the curing of the pHBA-a during the synthesis of the
surfactant.
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Figure 4.3. The 1H NMR spectrum (500 MHz, CDCl3) of mPEGOTs500. *Chloroform
In Figure 4.3, the spectrum of mPEGOTs500 clearly shows the repeat unit ethylene oxide signals of PEG at
3.80-3.48 ppm, the peak labeled as b at 4.16 ppm corresponds to the ethylene oxide adjacent to the
tosylate end group. The peaks in the aromatic region at 7.80 and 7.34 ppm, with a 2:2 integral ratio,
confirms the presence of the product as the shift is similar to that of aklyl tosylates.241 The ptoluenesulfonyl chloride typically has aromatic signals at 7.90 and 7.40 ppm, and equivalent signals from
HOTs would appear at 7.80 and 7.30 ppm (See Appendix C, Figures C1 and C2). No such signals are
found in the 1H NMR spectrum of mPEGOTs500. Furthermore, the signal for the methoxy end group, peak
a at 3.38 ppm, integrates to 3 hydrogens, the 2:2:3 ratio of peaks c:d:a confirms there are no starting
material contaminates from either the tosylate or the PEG.
Scheme 4.3. Reaction for mPEGpHBA-a from mPEGOTs and pHBA-a

87

The replacement of the tosylate end group of PEG with pHBA-a required a specific set of reaction
conditions. The presence of the of the strong NaH base, solubilized by 15-crown-5, helped to deprotonate
the hydroxy of the pHBA-a in order to promote the nucleophilic attack of the alkoxide onto the α carbon
to the tosylate of the mPEGOTs. The KI helped to detosylate the mPEGOTs via a Finkelstein reaction.242244

Figure 4.4. Representative 1H NMR spectrum (500 MHz, CDCl3) of the surfactant, mPEGpHBA-a900.
*Chloroform; **ethyl acetate.
In Figure 4.4, the 1H NMR spectrum displays all the signals for the PEG and the benzoxazine group. Most
noticeable is the shift of peak b, the benzylic protons of the pHBA-a head group, from 4.54 to 4.44 ppm.
This shift is present in all of the surfactant 1H NMR spectra (Figures C3 and C4). After pegylation of the
methylol, oxygen becomes less electron withdrawing and the methylene becomes more shielded and its
signal shifts upfield. The integration of peaks g, f, b, and m have a ratio of 2:2:2:3, by 1H NMR there are
no starting material contaminant. There was a striking difference in purity by 1H NMR of the three
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surfactants. The mPEGpHBA-a900 was the most pure by 1H NMR at 81 %, with purities of mPEGpHBAa500 and mPEGpHBA-a2000 at about 75 %, mPEGpHBA-a2000 having excess head group impurities.
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Figure 4.5. MALDI spectra of both (a) mPEGpHBA-a500 and (b) mPEGpHBA-a900. In (a) the peaks
belonging to the surfactant are outlined with the dashed line. *Artifacts from the α-cyano-4hydroxycinnamic acid and 2,5-dihydroxybenzoic acid matrices at 650, 552, 462, 450, and 434 m/z.
The MALDI spectra in Figure 4.5 show a typical pattern for polymers with a peak distance of 44 m/z, the
mass of the PEG repeat unit. In Figure 4.5a, the spectrum also contains signals from artifacts of the matrix
at 552, 462, 450, and 434 m/z. The mPEGpHBA-a500 has its distribution centered at 650 m/z, in this case
a mPEGpHBA-a with a degree of polymerization of 8 complexed with a Na+ ion. The spectrum of
mPEGpHBA-a900 shows two distributions within the 700-1300 m/z range, both have a 44 m/z peak
distance indicating that both of these distributions are PEG polymers and are not from the polymerization
of the benzoxazine head group. The distribution with a relatively higher intensity is centered at 958 m/z
corresponding to a mPEGpHBA-a with a degree of polymerization of 15 complexed with a Na+ ion. The
relatively lower distribution is centered at 940 m/z which suggests the presence of a
methoxypoly(ethylene glycol) contaminant that is likely a byproduct from the surfactant synthesis or a
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contaminant in the starting material. By MALDI, the mPEGpHBA-a500 is significantly more pure than the
mPEGpHBA-a900.
4.3.2 Comparison of surfactant loading.
(a)

(b)

Figure 4.6. Pictures of (a) unloaded micelles of mPEGpHBA-a900 in nanopore water and (b) the loaded
micelles of all three PEG-based surfactants with their monomer to surfactant mass loading ratios.
The solution containing the empty micelles exhibits minor scattering of light (Figure 4.6a), indicating the
presence of small particles suspended in solution. After benzoxazine has been loaded into the solutions
they turn cloudy white (Figure 4.6b), indicating much larger particles in suspension.
Table 4.1. The diameter, polydispersity index (PD), and mass loading of monomer of the three PEGbased surfactants determined by DLS.
Unloaded Micelles

Loaded Micelles

Surfactant

Diameter
(nm)

PD

Diameter (nm)

PD

Monomer/surfactant by mass

mPEGpHBA-a500

78.2

0.125

160.6

0.454

3.70

mPEGpHBA-a900

108.0

0.187

1545.1

0.219

4.72

mPEGpHBA-a2000

33.6

0.277

1813.6

0.731

3.24

In all surfactant solutions, the diameter of the micelles increases after loading with benzoxazine
monomer. For mPEGpHBA-a2000, the diameter ratio of the loaded to unloaded micelles is about 55 (Table
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4.1). The diameter of the loaded micelles of the three surfactants increases with growing surfactant tail
length despite the mPEGpHBA-a2000 having the smallest unloaded micelle diameter. It appears that larger
loaded micelles result from surfactants with longer PEG tails. The longer tail of the mPEGpHBA-a2000
assumes a larger volume, resulting in a greater interfacial volume and a smaller internal diameter (Figure
4.7). The mPEGpHBA-a500 and mPEGpHBA-a900 have a similar tail length and a similar unloaded
diameter. The larger diameter values of the loaded micelles favored by increased tail length may indicate
that the large chain lengths are necessary to suspend larger particles. Loaded micellar particles assembled
from smaller surfactants quickly destabilize and form precipitate.

Figure 4.7. The difference in interfacial volume of surfactants with differing tail lengths.
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Figure 4.8. Performance of the synthesized surfactants in this work (green) compared to commercially
available surfactants (orange) and benzoxazine-based surfactants from literature (blue). *mPEGpHBAan
Ref 1.
Ref 2.
Ref 3.
Ref 4.

Sawaryn, C.; et al. Macromolecules 2011, 44, 5650-5658.96
Van, A.; et al. Polymer 2014, 55, 1443-1451.59
Ambrožič, R.; et al. eXPRESS Polym. Letters 2014, 8, 574-587.60
Chiou, K.; et al. Macromolecules 2014, 47, 3297-3305.235

The mPEGpHBA-a surfactants synthesized in this work load benzoxazine more effectively than
commercial surfactants. All three outperformed SDS and CTAT, but only the mPEGpHBA-a900 and
mPEGpHBA-a500, the two most pure of the three, outperformed the CTAB. It is possible that the
remaining head group impurities fill the formed micelles in mPEGpHBA-a2000 and interfere with further
loading. All four literature examples had better monomer loading than the commercial surfactants and
three performed better than all three mPEGpHBA-a surfactants. These surfactants all have poly(propylene
oxide) (PPO) segment closest to the benzoxazine group. The PPO polymer is slightly more nonpolar
compared to that of the PEG and may help with loading the monomer.245
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Figure 4.9. (a) Changing micelle diameter over time for the loaded mPEGpHBA-a900 micelle and the
(b) micelle solutions at 100 hours, all solutions were loaded at a monomer to surfactant mass ratio of
1.5.
In Figure 4.9a the loaded micelle diameter starts very large, near 15 μm, but over the first few hours it
decreases in size quickly to 4 μm. After the first 4 hours, it remains near constant for several days. The
emulsions during this time remain white and turbid, displaying a suspension of large monomer particles
in solution. The initial decrease in size is likely due to the release of excess monomer until the micelles
reach their optimal size. It may also be due to the formation of larger precipitates, leaving only loaded
micelles near 4 μm in suspension.
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4.3.3 Co-polymerization of surfactants with monomer.
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Figure 4.10. First heat scans from DSC of the (a) neat surfactants and pHBA-a, (b) surfactants blended
with pHBA-a, and (c) lyophilized micelles of surfactants loaded with pHBA-a.
In each of the three DSC studies in Figure 4.10 the surfactants behave very differently. Both
mPEGpHBA-a500 and mPEGpHBA-a900 cure at very different temperatures. The mPEGpHBA-a500 cures
at a lower temperature than the mPEGpHBA-a900. The neat mPEGpHBA-a500 has and onset and peak
exotherm temperature of 181 and 216 °C, which is lower than pure pHBA-a which has an onset and peak
cure exotherm temperature at 218 and 227 °C. The reduction in cure temperature may be from any small
contaminants from the synthesis of the surfactant. The pure mPEGpHBA-a900 cures at the highest
temperature of the three with an onset and peak temperature at 251 and 270 °C. The mPEGpHBA-a900
cures much higher likely due to the presence of more PEG and the possible PEG contaminant that would
further impeded the cure as was discovered in chapter 2 with mPEGOH. The onset and peak exotherm
temperature of both the blend and lyophilized micelles of mPEGpHBA-a500 are similar to those of the
pure pHBA-a. This is likely due to the good miscibility of the two. These blends are also monomodal
which is indication of co-polymerization of the surfactant with the loaded monomer. The blend of the
mPEGpHBA-a500 with pHBA-a had a reduced temperature of cure compared to pure pHBA-a, with
similar cure temperatures to that of pure mPEGpHBA-a500. In both blends it seems the cure is initiated by
the component with a lower curing temperature.
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4.3.4 Alternative synthesis approach. The coupling of mPEGOTs to the pHBA-a head group synthesis
suffers from impurities in the remaining product after running through a silica column. Such a purification
process already impedes the ability to produce this surfactant at high volume for industry use. To increase
the yield and reduce any need for rigorous purification, a second synthesis of the target molecule was
studied. Instead of pursuing a coupling method, the hydrophilic polymer tail was grown from the head
group with allyl glycidyl ether monomer.
Scheme 4.4. Polymerization of allyl glycidyl ether with pHBA-a

The epoxy of the allyl glycidyl ether (AGE) can undergo a ring opening polymerization (ROP) similarly
to benzoxazine. Typically the polymerization of AGE into poly(allyl glycidyl ether) (PAGE) at room
temperature will be initiated by an alkoxide.245 The deprotonation of the an alcohol initiator can be
promoted by a strong nucleophile such as potassium naphthalenide or cesium hydroxide.246,247 However,
epoxy has been co-polymerized with benzoxazine,248,249 this polymerization is done at room temperature
which should avoid any ROP of the benzoxazine head group. The ROP of epoxy in this reaction is an
anionic ROP unlike benzoxazine which polymerizes through a cationic ROP, this also reduces the
prospect of co-polymerization of the pHBA-a head group.
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(a)

(b)

Figure 4.11. 1H NMR (500 MHZ, CDCl3) of PAGE surfactant with the addition of (a) 1 g of AGE or
(b) 4 g of AGE during the synthesis. *Chloroform; **tetrahydrofuran.
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In both the spectra in Figure 4.11 the signals for PAGE and pHBA-a are apparent. Again there is a shift
of peak b, the methylene of the pHBA-a, from 4.54 to 4.41 ppm, confirming the presence of the
PAGEpHBA-a product. There is a noticeably higher ratio of PAGE signal to pHBA-a signal in the spectra
from the product of the synthesis with 4 g of AGE. The increased AGE content should correlate to a
larger PAGE tail. By 1H NMR, the doublets corresponding to the primary alkene in the repeat unit of
PAGE at 5.25 and 5.15 ppm (peak p) compared to the isolated methylenes of the pHBA-a head group
(peaks f and b) should yield an estimation of the length of the PAGE tail. In Figure 4.11a, the
PAGEpHBA-a product has a degree of polymerization of about 41. In Figure 4.11b, by the same
comparison yields a degree of polymerization of 115.
Unfortunately, the PAGE polymer has a low affinity to water and is unable to host any pHBA-a
monomer. However, the chemistry of an epoxy ROP with a pHBA-a initiator has been established
without any polybenzoxazine side products. The same reaction can be repeated with an alternative epoxy
monomer with a higher hydrophilicity. Many small epoxy monomers are typically gases or very reactive,
making them difficult to work with. However, glycidyl methyl ether (GME) (Scheme 4.5) is proposed as
a promising alternative to the AGE. Like AGE, GME is also a liquid at room temperature, is
commercially available, and can feasibly be handled. The polymer of GME will have less alkyl content
and will have better water solubility.250
Scheme 4.5. Polymerization of glycidyl methyl ether with pHBA-a
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4.4 Conclusions
Within this chapter the successful synthesis of a benzoxazine/PEG-based surfactant is described from the
coupling of tosylated PEG onto p-hyrdoxybenzyl alcohol based benzoxazine monomer. The benzoxazine
termination of PEG was confirmed with 1H NMR and MALDI. The surfactants had comparable
benzoxazine loading values to other literatures surfactants with up to 4.72 g of monomer per 1 g of
surfactant in the case of the mPEGpHBA-a900. This loading also exceeded that of commercial surfactants
prepared with the same method. Micelle diameter was observed to increase with increased length of the
PEG tail as expected. This tunable micelle size is beneficial to the resin infiltration into woven fiber
composites. The loaded micelles had a long shelf life up to several days, retaining decent monomer
loading and enlarged micelle diameter of about 50x the diameter of the unloaded micelle. An alternative
synthesis approach was studied to access similar surfactants with higher yields. This surfactant was
synthesized from the initiation of the polymerization of allyl glycidyl ether with a benzoxazine monomer
without formation of polybenzoxazine. This polymerization widens the scope of pHBA-a and synthesis of
surfactants with the potential to initiate glycidyl methyl ether for a more hydrophilic surfactant.
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Chapter 5: Conclusions
Benzoxazines are a rapidly growing area in thermoset research and offer a wide scope of applications and
chemistries. While previous research has characterized many thermoplastic or polymer blends with
benzoxazine and polybenzoxazine, this work expands the versatility of these blends by defining and
confirming the concept for generating novel polymer grafted polybenzoxazine and composite hybrids
from end group functionalized polymer. The effects of tosylated blend components was explored with a
range of additives with differing mechanical, thermal, and FST (flame, smoke, toxicity) properties, each
imparting unique features onto the polymerized material. Three tosylated polymers and one particle were
either purchased or synthesized; PEG, PSU, PDLLA, and amorphous silica microparticles. All tosylated
series showed reduced polymerization temperatures by DSC and good homogeneity in all tosylated
polymer blends. The applications and processing of benzoxazines are further developed with the synthesis
of water-soluble benzoxazine-based surfactants capable of stabilizing a benzoxazine monomer in aqueous
emulsions.
Blends of BA-a with methoxypoly(ethylene glycol) (mPEG) with either hydroxy or tosylate terminals
were investigated. Materials from each of these blend series had distinctly different thermal and
mechanical properties. Miscibility of BA-a in PEG was determined by quantifying the percent
crystallinity in phase separated mPEG. By DSC, the mPEGOH blends were found to be miscible up to 40
wt % PEG and the mPEGOTs were miscible up to 50 or 60 wt %. The molecular weight effects were
thought to be the cause of decreased miscibility in the mPEGOTs2000 blends from the mPEGOTs900
blends. From the same DSC scans, there was also a noticeable reduction in the curing temperature in the
mPEGOTs blends from the evolution of the tosylate end group, the acid of which is a known BA-a cure
accelerant. The onset of cure in the mPEGOTs900 blends was found to be as low as 151 °C at 80 wt %
PEG. However the addition of non-polymerizable content to the BA-a did not benefit the cure of BA-a in
the mPEGOH blends. While the onset of cure for the mPEGOH remained near constant, the peak cure
temperature increased by nearly 20 °C at the same weight loading of PEG. Furthermore, the enthalpy of
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the exotherm of the mPEGOTs blends was much higher than predicted for the enthalpy of cure of the
content of BA-a in each blend. The mPEGOH blends followed the expected trend in enthalpy from BA-a
content. The increased enthalpy, as well as the greater miscibility of the cured mPEGOTs blends
determined from FTIR, XRD, and the Gordon-Taylor trending glass transition temperature, confirms the
formation of a grafted network denoted as P(BA-a)-graft-mPEGOTs. This grafted material was
investigated by scanning electron microscopy. After a solvent extraction, voids were found in the cured
mPEGOH blend samples, where unbound mPEG was once located. The mPEGOTs analogues show a
noticeable shift to a material free of voids with a smoother surface. This characteristic dominated blends
at the miscibility threshold of 50 wt %. This smooth surface was the result of grafted mPEG that was
unable to be extracted.
While the PEG improves the handling of BA-a, two alternative polymers were selected, one more
chemically sensitive and one more robust with good FST properties, PDLLA and PSU. Tosylated silica
was also studied to represent the more extreme scenario of chemical and mechanical stability. All three
series of tosylated additives had a reduced curing temperature, SiOTs of which had the lowest curing
temperatures near 135 °C. The PSUOH blends were the only blend to increase the curing temperature
which had a much more significant effect than the mPEGOH blends. Neither SiOH nor PDLLAOH
increased the curing temperature. The PDLLAOH blends had a similarly reduced cure to their
PDLLAOTs analogues, this was likely from the cleavage at the ester in PDLLA at the elevated
temperature resulting in the exposure of the carboxylic acid to the BA-a phase. Carboxylic acids, like
adipic acid, are known accelerants for benzoxazine polymerization and are the likely cause of the reduced
polymerization temperature in the PDLLA blends.172
There was an excess of enthalpy of the PSUOTs blends as was seen in the mPEGOTs blends. This
increased enthalpy during the cure is also likely due to the grafting of the polymer onto the
polybenzoxazine network, which was possible on both terminals of PSU. This grafting mechanism is
supported by the improved homogeneity of the PSUOTs blend films from the PSUOH blend films. Free100

standing films of cured PSUOTs and PBA-a with a ratio of 80:20 exhibited higher modulus as a result of
the increased crosslinking/bonding between the PBA-a and PSU. Additionally, there was a smaller error
in the tensile modulus measurements in the PSUOTs films which is likely a consequence of increased
homogeneity throughout the films.
All three of the polymer blends with BA-a offer new applications for benzoxazine. The films of the
PSUOTs blends benefit from the addition of the benzoxazine monomer, showing a greater tensile
modulus at the 80 wt % PSU than that of pure PSUOTs. This novel grafted material with improved
modulus could serve multiple applications including fuel cell membranes as PSU becomes more widely
used in this area.251-253 The degradation of PDLLA in benzoxazine can improve the disposal and reduce
waste of composite materials, but may also improve the recyclability of benzoxazine as they become
easier to mill and use as additives in other materials.
Despite the tosylate on the silica being attached by the phenyl, which would negate any grafting of PBA-a
to the silica, there was a noticeably unique morphology between the SiOTs and SiOH blends observed by
SEM analysis. The SiOTs particles were better integrated and less distinguishable from the PBA-a phase,
this was likely due to the immobilized tolylsulfonate groups located at the surface of the SiOTs particles,
which act as local cure accelerants for BA-a. This results in a PBA-a shell, likely rich in the
thermodynamic phenolic PBA-a structure, forming tightly around the particle. The shell of PBA-a may
better compatibilize the surrounding PBA-a material. Both blends of SiOTs and SiOH microparticles
showed decently improved modulus at high mass loading, both more than doubling the storage modulus
at 30 °C relative to pure PBA-a. The SiOTs blends also had a wider compositional range for materials
exhibiting improved storage modulus.
Benzoxazine based surfactants for creating water-based formulations were synthesized from the
pegylation of the benzene ring of pHBA-a. This synthesis was also successful with mPEG of three
different molecular weights. The mPEGpHBA-a2000 had minor head group impurities determined by 1H
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NMR and the mPEGpHBA-a900 had mPEGOH900 impurities determined by MALDI. The further
purification of these surfactants may be accomplished by dialysis. The termination of the mPEG by
pHBA-a was confirmed by both 1H NMR in all three and MALDI in the two lower molecular weight
surfactants. All three had high monomer loading values, the mPEGpHBA-a900 had the highest loading
capacity of 4.72 monomer/surfactant by mass. Both mPEGpHBA-a900 and mPEGpHBA-a500 also had
better loading of benzoxazine monomer than other commercial surfactants (CTAB, CTAT, or SDS ). We
hypothesize that the enthalpy of mixing of BA-a into a micelle with a benzoxazine core is beneficial for
loading and stability. The mPEGpHBA-a900 emulsion was very stable up to several days determined by
DLS. When either the mPEGpHBA-a500 or mPEGpHBA-a900 were cured with benzoxazine monomer,
their exothermic profile in the DSC scan assumed a similar shape and polymerization temperature to that
of the pure monomer. These exotherms were monomodal in both cases suggesting a complete copolymerization of the surfactant with monomer. Not only do these surfactants improve the environmental
impact benzoxazine processing has, but similar benzoxazine-based surfactants have already been used for
xerogels, films, and coatings with benzoxazine monomer.60,96,235,236,254
In an effort to establish a larger scale route to similar benzoxazine-based surfactants, the initiation of the
polymerization of allyl glycidyl ether by a benzoxazine monomer, pHBA-a, was demonstrated. The
attachment of the pHBA-a head group onto the polymer was determined by 1H NMR. The signals at 5.35
and 4.62 ppm from the still intact oxazine were present and there were no signals corresponding to the
ROP products of benzoxazine, therefore there was no co-polymerization between the epoxy and the
benzoxazine. Such chemistry can be applied to the polymerization of a more hydrophilic epoxy based
polymers such as glycidyl methyl ether or ethylene oxide. This polymerization route to benzoxazinebased surfactants should yield pure, easily tunable, and water-soluble benzoxazine-based surfactants in
high quantities that are relevant to industrial processes.
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Appendix A
Table A1. Equilibrium melting points for BA-a/mPEGOH and BA-a/mPEGOTs blends.
BA-a:PEG
ratio
0:100
10:90
20:80
30:70
40:60
50:50
60:40
80:20
100:0

(a)

BA-a/mPEGOH2000

BA-a/mPEGOTs2000

BA-a/mPEGOTs900

(°C)
50.79
50.34
47.06
46.18
45.77
41.92
42.67
None
None

(°C)
50.1
47.86
45.81
45.14
39.27
38.93
38.68
None
None

(°C)
24.77
25.56
24.56
22.99
21.23

None
22

None
None

(b)

Figure A1. (a) Plots for the peak exotherm temperature of cure of BA-a in blends with mPEGOH2000 (■),
mPEGOTs2000 (●), and mPEGOTs900 (▲) as a function of PEG wt %. (b) Plots for the onset temperature
for cure of BA-a in blends with mPEGOH2000 (■), mPEGOTs2000 (●), and mPEGOTs900 (▲) as a function
of PEG wt %. Empty triangles () are used to identify the onset and max cure temperatures of pure BAa monomer.
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Table A2. Enthalpy of benzoxazine cure exotherms for BA-a/mPEGOH and BA-a/mPEGOTs blends.
BA-a:PEG
ratio

BA-a/mPEGOH2000

BA-a/mPEGOTs2000

BA-a/mPEGOTs900

(J/g)

(J/g)

(J/g)

0:100
10:90
20:80
30:70
40:60
50:50
60:40
80:20
100:0

0
26.89
33.01
81.85
94.84
146.25
132.03
144.92
242.18

0
50.52
76.84
89.91
142.1
165.8
185.3
255.7
286.8

0

91.35
195.7
206.9
286.8

Figure A2. DSC curves of BA-a/mPEGOTs900 from the first heat after liquid nitrogen quench. The wt %
of PEG in each sample is listed above the data curve. The y-axis is correlated to the curve of the pure
mPEGOTs, all other curves have been offset for clarity.
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Table A3. Enthalpy of melting for PEG in BA-a/mPEGOH, BA-a/mPEGOTs, PBA-a/mPEGOH and
PBA-a/mPEGOTs blends.
Heat Cycle 1

Heat Cycle 2

BA-a:PEG
ratio

BA-a/mPEGOH2000

BA-a/mPEGOTs2000

0:100
10:90
20:80
30:70
40:60
50:50
60:40
80:20
100:0

(J/g)
148.8
125.5
95.32
98.23
86.05
59.12
9.082
0
0

(J/g)
164.8
134.2
116
103
74.55
48.05
3.188
0
0
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PBA-a/mPEGOH2000 PBA-a/mPEGOTs2000
(J/g)
142.2
125.2
98.7
92.88
75.26
55.55
43.52
0
0

(J/g)
105.9
106.4
103.6
88.82
18.89
0
0
0
0

(a)

(b)

Figure A3. 1H NMR spectra (500 MHz in D6-DMSO) of extractable polymer from cured (a) mPEGOH2000
blends and (b) mPEGOTs2000 blends. The original content of PEG in (a) and (b) are 20, 40, and 50 wt % (iiii).
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(a)

(b)

Figure A4. FTIR tracer plots for sp3 νCH stretching at 2973 cm-1 from the effluent of PBA-a blends with
(a) mPEGOH900 and (b) mPEGOTs900 from TGA.
(a)

(b)

Figure A5. FTIR tracer plots for νCO ether stretch at 1136 cm-1 from the effluent of PBA-a blends with
(a) mPEGOH900 and (b) mPEGOTs900 from TGA.
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(a)

(b)

Figure A6. FTIR tracer plots for sp2 νCH stretch at 3048 cm-1 from the effluent of PBA-a blends with (a)
mPEGOH900 and (b) mPEGOTs900 from TGA.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure A7. The TGA thermograms for PBA-a blends with (a) mPEGOH900 and (b) mPEGOTs900. The
TD5% and the char yield at 475 °C of (c, e) mPEGOH900 and (d, f) mPEGOTs900 blends were determined
from the thermograms. Triangles (▲) are used to identify the TD5% and char yield at 475 °C of pure BAa monomer in (c-f).
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Figure A8. The generation of the p-TSA fragment with increasing temperature as determined with (i)
TGA thermogram, (ii) FTIR tracer plot of the signal at 885 cm-1 from the TGA effluent, (iii) TGA-MS
spectrum scan for m/z 91 of the blend sample (●) and pure BA-a (▼), and (iv) a DSC thermogram of
the 1:1 BA-a:mPEGOTs900 blend.
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(a)
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(b)

(c)

(d)

Figure A9. TGA-FTIR absorbance maps of blends composed of BA-a with (a) mPEGOH900 and (b)
mPEGOTs900 with PEG wt % content of 20, 40, 50, 60, 70, and 100 % (i-vi). TGA-FTIR absorbance
maps of pure PBA-a (c) and pure p-toluene sulfonic acid (d). For datasets i-vi in (a), i-iv in (b), and
those in (c-d), the FTIR absorbance data for the final isotherm is included in the maps. The absorbance
scale is shown as a colored intensity bar beside each map.
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Appendix B
(a)

(b)

Figure B1. (a) Silicon molds filled with silica blends for DMA sample preparation prior to cure, and
(b) the cured samples.

Figure B2. 1H NMR of 50:50 poly(lactic-co-glycolic acid) in CDCl3. *Methylene chloride,
**Methanol
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Figure B3. 1H NMR spectrum of α,ω-bistosylated polysulfone in CDCl3. *Chloroform, **ethyl
acetate, ⁂Water

Figure B4. 1H NMR of tosylated poly(D,L-lactic acid) in CDCl3. *Chloroform, **Methanol
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Figure B5. X-ray diffraction patterns of blends of BA-a with mPEGOH2000 at (a,d) 40, (b,e) 50, (c,f)
60, (g,i) 70, and (h,j) 80 wt %. The baseline corrected plots are directly below the uncorrected pattern.
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Figure B6. X-ray diffraction patterns of blends of BA-a with mPEGOTs2000 at (a,d) 40, (b,e) 50, (c,f)
60, (g,i) 70, and (h,j) 80 wt %. The baseline corrected plots are directly below the uncorrected pattern.
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Figure B7. Storage modulus (a-c) and loss modulus (d-f) of PBA-a blends with mPEGOH500,
mPEGOTs900, mPEGOTs2000 at varying weight loading.
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Figure B8. TGA scans of neat SiOH, SiOTs, and SiPh particles from 30-400 °C.
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Figure B9. The exothermic peak from the DSC heat scan of the 60 wt % SiOTs blend and the fitted
components of each peak as determined with CasaXPS.
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Figure B10. The pH change of solution as PLGA degrades in PBS at 37 °C over several days with an
exponential fit.

134

Appendix C

Figure C1. 1H NMR spectrum (500 MHz, CDCl3) of p-toluenesulfonyl chloride. *Chloroform

Figure C2. 1H NMR spectrum (500 MHz, CDCl3) of p-toluenesulfonic acid. *Satellite, **chloroform
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Figure C3. 1H NMR spectrum (500 MHz, CDCl3) of mPEGpHBA-a500. *Chloroform, **butylated
hydroxytoluene

Figure C4. 1H NMR spectrum (500 MHz, CDCl3) of mPEGpHBA-a2000. *Chloroform, **pHBA-a
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List of Abbreviations
Abbreviation

Definition

AGE

Allyl glycidyl ether

ATR

Attenuated total reflectance

BA

Benzoxazine

BA-a

Bisphenol A-based benzoxazine

CMC

Critical micelle concentration

CPP

Critical packing parameter

CTAB

Cetyltrimethylammonium bromide

CTAT

Cetyltrimethylammonium p-toluenesulfonate

DLS

Dynamic light scattering

DMA

Dynamic mechanical analysis

DMAP

Dimethylaminopyridine

DSC

Differential scanning calorimetry

FST

Flame, smoke, toxicity

FTIR

Fourier-transform infrared spectroscopy

GME

Glycidyl methyl ether

HOTs

p-Toluenesulfonic acid

MALDI-TOF

Matrix assisted laser desorption/ionization-time of flight

Mn

Number average molecular weight

mPEG

Methoxypoly(ethylene glycol)

mPEGOH

Methoxypoly(ethylene glycol)

mPEGOH2000

Methoxypoly(ethylene glycol) Mn 2000

mPEGOH500

Methoxypoly(ethylene glycol) Mn 500

mPEGOH900

Methoxypoly(ethylene glycol) Mn 900

mPEGOTs

Methoxypoly(ethylene glycol) tosylate

mPEGOTs2000

Methoxypoly(ethylene glycol) tosylate Mn 2000

mPEGOTs500

Methoxypoly(ethylene glycol) tosylate Mn 500

mPEGOTs900

Methoxypoly(ethylene glycol) tosylate Mn 900
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mPEGpHBA-a

Benzoxazine terminated methoxypoly(ethylene glycol)

mPEGpHBA-a2000

Benzoxazine terminated methoxypoly(ethylene glycol) Mn 2000

mPEGpHBA-a500

Benzoxazine terminated methoxypoly(ethylene glycol) Mn 500

mPEGpHBA-a900

Benzoxazine terminated methoxypoly(ethylene glycol) Mn 900

MS

Mass spectrometry

Mw

Weight average molecular weight

NMR

Nuclear Magnetic Resonance

P(BA-a)-g-mPEGOTs P(BA-a)-graft-mPEGOTs
PAGE

Poly(allyl glycidyl ether)

PBA

Polybenzoxazine

PBA-a

Poly bisphenol A-based benzoxazine

PBS

Phosphate buffer solution

PCL

Poly(ε-caprolactone)

PDLLA

Poly(D,L-lactic acid)

PDLLAOH

Hydroxy terminated poly(D,L-lactic acid)

PDLLAOTs

Tosylate terminated poly(D,L-lactic acid)

PEG

Poly(ethylene glycol)

pHBA-a

p-Hydroxy methylbenzoxazine

PLA

Poly(lactic acid)

PLGA

Poly(lactic-co-glycolic acid)

PSU

Polysulfone

PSUOH

α,ω-Dihydroxy polysulfone

PSUOTs

α,ω-Bistosylate polysulfone

ROP

Ring opening polymerization

SDS

Sodium dodecyl sulfate

SEM

Scanning electron microscopy

SiOH

Silica

SiOTs

Tosylate functionalized silica

SiPh

Phenyl functionalized silica
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Td5%

Temperature at 5 % mass loss

Tg

Glass transition temperature

TGA

Thermogravimetric analysis

TGA-FTIR

Thermogravimetric analysis-Fourier-transform infrared
spectroscopy

TGA-MS

Thermogravimetric analysis-Mass spectrometry

Tm

Melt transition temperature

TsCl

p-Toluenesulfonyl chloride

wt %

Weight percent

XRD

X-ray diffraction

α,ω-HO-PEG-OH

α,ω-Dihydroxy poly(ethylene glycol)

ΔHm

Enthalpy of melt
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