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ABSTRACT
Polymers that can selectively and continuously depolymerize are finding increasing use as
responsive materials.

Depolymerizable polymers have been employed to create microscale

pumps, responsive capsules, small-molecule sensors, and shape-changing plastics. Selective,
continuous depolymerization provides rapid and dramatic changes within a material that are
difficult to achieve via other methods.

The design and synthesis of new depolymerizable

polymers, however, is an unmet challenge. Only a handful of polymers have been shown to
undergo selective, continuous depolymerization, and fewer still have been demonstrated to
respond in the solid state. This dissertation describes a new class of depolymerizable poly(benzyl
ethers) synthesized from stabilized quinone methide monomers. Upon application of a chosen
stimulus and exposure to basic conditions, the poly(benzyl ethers) undergo an anionic elimination
cascade to release their constituent monomers within minutes. These poly(benzyl ethers) remain
stable against non-selective degradation from acid, base, or heat while end-capped, and
furthermore, can depolymerize rapidly in low polarity solutions, as well as in the solid state. This
dissertation also details efforts to create photoresists and responsive bulk materials from these
responsive poly(benzyl ethers).

iii

Table of Contents
List of Figures............................................................................................................................... vii
List of Tables ............................................................................................................................... xiii
Acknowledgements ..................................................................................................................... xiv
Chapter 1: Introduction to Depolymerization............................................................................. 1
1.1 Depolymerization as a Method for Creating Stimuli-Responsive Materials ..................... 1
1.2 Classification of the Various Forms of Depolymerization ................................................ 1
1.3 Responsive Materials from FDb Polymers and CDb Polymers .......................................... 3
1.4 Responsive materials from FDr Polymers ......................................................................... 5
1.5 Overview of CDr Polymers ................................................................................................ 6
1.5.1 CDr Poly(benzyl carbamates) ................................................................................... 8
1.5.1.1 CDr poly(benzyl carbamates) as Detection Reagents in Paper-Based
Microfluidic Devices .................................................................................... 10
1.5.1.2 CDr Poly(benzyl carbamates) Materials for Controlled Release .................. 11
1.5.2 CDr Poly(aldehydes)............................................................................................... 13
1.5.2.1 CDr Poly(aldehydes) as Shape-Changing and Vanishing Materials ............. 14
1.5.2.2 CDr Poly(aldehyde) Materials for Controlled Release ................................. 15
1.5.2.3 CDr Poly(phthalaldehyde) Materials as Non-Mechanical Pumps ................ 16
1.5.3 Cyclizing CDr Polymers ........................................................................................ 17
1.5.3.1 Materials for Controlled Release from Cyclizing CDr Polymers ................. 19
1.6 Conclusion ....................................................................................................................... 19
1.7 References ....................................................................................................................... 20
Chapter 2: Development of Poly(benzyl ethers) as a New Class of CDr Polymers ............... 26
2.1 Introduction ..................................................................................................................... 26
2.2 Experimental Design ....................................................................................................... 29
iv

2.3 Results and Discussion .................................................................................................... 29
2.3.1 Synthesis of the Monomer ..................................................................................... 30
2.3.2 Synthesis of CDr Poly(benzyl ethers) ..................................................................... 30
2.3.3 End-Capping the Poly(benzyl ethers) ..................................................................... 32
2.3.4 Factors that Affect the Length of the Poly(benzyl ethers) ...................................... 33
2.3.5 Accessing High Molecular Weight Poly(benzyl ethers) ......................................... 35
2.3.6 Depolymerization of Proton End-Capped Poly(benzyl ether) ................................ 35
2.3.7 Selective Depolymerization of an End-Capped Poly(benzyl ether) ....................... 37
2.3.8 Chemical and Thermal Stability of Proton End-Capped Poly(benzyl ether) .......... 39
2.4 Conclusion ....................................................................................................................... 40
2.5 References ....................................................................................................................... 41
Chapter 3: Depolymerizable Polymers as Photoresists to Reduce Image Blur in
Photolithography ...................................................................................................... 44
3.1 Introduction ..................................................................................................................... 44
3.2 Experimental Design ....................................................................................................... 47
3.3 Results and Discussion .................................................................................................... 48
3.3.1 Solid-State Behavior of Proton End-Capped Poly(benzyl ether) ............................ 48
3.3.2 Effect of Reaction-Based Detection Unit Accessibility on the Solid-State Response
of CDr Materials ...................................................................................................... 49
3.3.3 Design and Synthesis of Comb CDr Poly(benzyl ether) with Pendant ReactionBased Detection Units ............................................................................................ 50
3.3.4 Solid-State Depolymerization of UV-Responsive CDr Poly(benzyl ether) ............ 52
3.3.5 Continuous Solution-Phase Depolymerization in Response to UV Light ............. 53
3.3.6 Performance of CDr Poly(benzyl ether) as a Photoresist for i-Line Lithography .. 54
3.3.7 Performance of CDr Poly(benzyl ether) as a Resist for EUV Lithography ............ 58
3.3.8 Performance of CDr Poly(benzyl ether) as a Resist for e-Beam Lithography ........ 61
3.4 Conclusion ....................................................................................................................... 64
v

2.5 References ....................................................................................................................... 64
Chapter 4: Cross-Linked CDr Poly(benzyl Ethers) as Vanishing Materials .......................... 67
4.1 Introduction ..................................................................................................................... 67
4.2 Experimental Design ....................................................................................................... 68
4.3 Results and Discussion .................................................................................................... 68
4.3.1 Synthesis and Polymerization of a Quinone Methide Monomer Bearing a Propargyl
Ether ..................................................................................................................... 68
4.3.2 Synthesis and Characterization of the Cross-Linked Poly(benzyl ether)................ 69
2.3.3 Synthesis of a Fluoride-Responsive Cross-Linked Copolymer ............................. 71
2.3.4 Solid State Depolymerization of a Cross-Linked Poly(benzyl ether) ..................... 73
2.4 Conclusion ....................................................................................................................... 75
2.5 References ....................................................................................................................... 75
Chapter 5: Materials, Methods, Experimental Procedures, and Characterization ............... 78
5.1 Materials ........................................................................................................................... 78
5.2 Methods ........................................................................................................................... 78
5.3 Chapter 2: Experimental Procedures and Characterization ............................................. 80
5.4 Chapter 3: Experimental Procedures and Characterization ............................................. 91
5.5 Chapter 4: Experimental Procedures and Characterization ........................................... 100
5.6 References ..................................................................................................................... 106
Appendix A: NMR Spectra ....................................................................................................... 108
Appendix B: GPC Reports ........................................................................................................ 150
Appendix C: UV/vis Spectra, AFM Reports, SDT Reports, ATR-IR Spectra .................... 179

vi

List of Figures
Chapter 1
Figure 1-1. Classification of the four types of depolymerization

2

Figure 1-2. Cleavage of a reaction-based detection unit from an FDr polymer

5

Figure 1-1. Depiction of the depolymerization mechanisms of generic CDr polymers

7

Figure 1-2. Scheme depicting the polymerization and depolymerization of a
poly(benzyl carbamate)

8

Figure 1-3. A CDr poly(benzyl carbamate) comb polymer

9

Figure 1-4. CDr poly(benzyl carbamate) precursor used to create stimuli responsive
microcapsule

11

Figure 1-5. Block copolymers of CDr poly(benzyl carbamates) for polymersome

12

Figure 1-6. Polymerization and depolymerization of poly(4,5-dichloro-phthalaldehyde)

13

Figure 1-7. Polymerization and end-capping of poly(ethyl glyoxalate)

14

Figure 1-8. Amphiphilic triblock copolymer of CDr poly(ethyl glyoxalate) for
responsive nanoparticles

16

Figure 1-9. Polymerization and depolymerization of cyclizing CDr polymer

17

Figure 1-10. Cyclizing CDr polymers that depolymerize via alternating intramolecular
cyclization and 1,6-quinone methide eliminations

18

Figure 1-11. Cyclizing CDr polymer for IR light-responsive nanoparticles

19

vii

Chapter 2
Figure 2-12. Selective disassembly of a benzyl ether oligomer

27

Figure 2-13. Synthesis and disassembly of responsive benzyl ether oligomers

27

Figure 2-14. Stabilized quinone methide monomers capable of homopolymerization

28

Figure 2-15. Generic scheme for the depolymerization of a poly(benzyl ether)

29

Figure 2-16. Synthesis of monomer 2-6

30

Figure 2-17. Synthesis of end-capped poly(benzyl ethers)

31

1

Figure 2-18. H NMR of t-butyldimethylsilyl end-capped poly(benzyl ether)

32

Figure 2-19. Graph of the effect of polymerization temperature and initiator

equivalents on the molecular weight of the poly(benzyl ethers)
Figure 2-20. Depolymerization of proton end-capped poly(benzyl ether)

33
36

Figure 2-21. GPC traces monitoring the selective depolymerization and stability against
non-selective degradation of end-capped poly(benzyl ethers)

38

Figure 2-22. GPC traces showing chemical and thermal stability of end-capped
poly(benzyl ether)

39

Figure 2-23. Simultaneous DSC-TGA of end-capped poly(benzyl ether)

viii

40

Chapter 3
Figure 3-1. Cartoon of patterning in a positive-tone CAR

45

Figure 3-24. Generic scheme depicting the acid-catalyzed solubility change of a
dissolution-inhibiting polymer

45

Figure 3-25. Generic depolymerization mechanism of poly(acetal) in response to a
photoacid

46

Figure 3-26. Mechanism for the cleavage of an o-nitrobenzyl oxycarbonyl as a reactionbased detection unit
Figure 3-27.

47

ATR-IR spectra of the solid-state behavior of high-molecular-weight

proton end-capped poly(benzyl ether) to solution-phase base

48

Figure 3-28. Cartoon of distribution of reaction-based detection units within the
polymer matrix

49

Figure 3-29. Scheme depicting the synthesis of the UV-responsive monomer

50

Figure 3-30. Scheme depicting the anionic polymerization of the UV-responsive
monomer

52

Figure 3-31. ATR-IR spectra showing the solid-state depolymerization of polymer 3-15

53

Figure 3-32. GPC traces showing continuous depolymerization of polymer 3-15 in
response to UV light and DBU

53

Figure 3-33. Graphs showing the effects of development time and base concentration on
film clearance

55

Figure 3-34. Photograph of the i-line-patterned dose array

56

Figure 3-35. Graph of the dose response of polymer 3-15 thin film to 365 nm light

57

Figure 3-36. Optical microscopy images of the i-line patterned thin films

57

ix

Figure 3-37. Dose-response of a thin film of polymer 3-15 to EUV radiation

59

Figure 3-38. Image of the low-flare bright-field LBNL reticle

59

Figure 3-39. AFM measurement of the EUV patterned 80 nm pitch line/spaces

60

Figure 3-40. AFM measurement of film thinning with EUV patterned 1 m pitch
60

line/spaces
Figure 3-41. Composite microscope image of a portion of the e-beam patterned dose
calibration array

61

Figure 3-42. Graph showing dose response of polymer 3-15 under various development
conditions

62

Figure 3-43. Optical profilometry measurement of a gold-coated wafer

x

63

Chapter 4
Figure 4-44. General design for a cross-linked CDr polymer that can depolymerize in
the solid state

68

Figure 4-45. Scheme depicting the synthesis of a quinone methide monomer bearing a
propargyl ether

69

Figure 4-46. Scheme depicting the anionic polymerization of monomer 4-2

69

Figure 4-47. Scheme depicting the cross-linking of the propargyl bearing poly(benzyl
ether) using the Huisgen azide-alkyne “click” reaction
Figure 4-48. ATR-IR spectra showing the completion of the cross-linking reaction

70
71

Figure 4-49. Scheme depicting the synthesis of a quinone methide monomer bearing a
tert-butyldimethylsilyl ether

72

Figure 4-50. Scheme depicting the anionic copolymerization of monomers 4-8 and 4-2

73

Figure 4-51. Scheme depicting the Huisgen azide-alkyne cross-linking reaction used to
form copolymer 4-9

73

Figure 4-52. Photographs showing the solid-state depolymerization of the fluorideresponsive cross-linked polymer 4-10

xi

74

Chapter 5
Figure 5-53. Synthetic scheme for monomer 2-6

80

Figure 5-54. Synthetic scheme for polymer 2-13

82

Figure 5-55. Synthetic scheme for polymer 2-14

83

Figure 5-56. Synthetic scheme for polymer 2-15

84

Figure 5-5. Synthetic scheme for polymer 2-16

84

Figure 5-6. Synthetic scheme for polymer 2-17

85

Figure 5-7. Synthetic scheme for polymer 2-18

85

Figure 5-8. Synthetic scheme for polymer 2-19

87

Figure 5-9. Synthetic scheme for polymer 2-20

88

Figure 5-57. Synthetic scheme for polymer 3-7

91

Figure 5-58. Synthetic scheme for monomer 3-14

92

Figure 5-59. Synthetic scheme for polymer 3-15

95

Figure 5-60. Synthetic scheme for compound 4-2

100

Figure 5-61. Synthetic scheme for polymer 4-3

101

Figure 5-62. Synthetic scheme for compound 4-8

103

Figure 5-63. Synthetic scheme for polymer 4-9

104

xii

List of Tables
Chapter 2
Table 2-1. Effects of polymerization temperature on the polymerization of poly(benzyl
ether)

34

Table 2-2. Effects of the number of equivalents of initiator on the polymerization of
poly(benzyl ether)

34

xiii

ACKNOWLEDGEMENTS
I owe every advantage in life to my parents, Joan and Bert. Thank you so much for your
unwavering love and support. Mark, Missy, and Matt have been the best siblings anyone could
have asked for; I am truly blessed to have such kind and fun people for a family. I cannot express
how excited I am to return home to Pittsburgh, and I am looking forward to many more family
adventures.
To my advisor, Scott Phillips, for supporting me when the pressures of grad school piled
up and for encouraging me to grow both as a scientist and as a professional. It was been an
exciting five years, and I continue to be impressed by your drive and creativity. I would like to
thank my committee members, Harry Allcock, Ayusman Sen, Mike Hickner, and especially Alex
Radosevich, who has twice now filled in on my committee after scheduling conflicts arose. It
was also a great pleasure to collaborate with Grant Willson and the whole Willson Group; thank
you all for your generosity.
The past and present members of the Phillips Group have been some of the brightest,
most hard-working chemists I have ever met. I would not have gotten through my graduate
studies without the mentorship of great people like Jesse Robbins, Matt Baker, and Kimy Yeung.
Thanks to Greg Lewis for being the best lab-buddy anyone could ask for, even if he did like to
contaminate my hood with heavy metals. No acknowledgement section from a Phillips Group
member would be complete without highlighting Anthony DiLauro. Thanks for keeping me
company during late nights in lab, for putting up with my many dumb questions, for always
playing the best music, and most of all, for being an amazing friend.
Special thanks go to Kristin for being a great roommate and friend, for putting up with
my grumpy moods, and for always keeping our couch company. Thank you, Tammy, Mike, Dan,
and Inna for the many amazing game nights. If I was ever too stressed, I could count on you guys
xiv

to cheer me up. Finally, thanks to Andrew, Chris, Zack, Ben, Josh, Billy, Luciano, and Luke for
giving me a life outside of lab.

xv

Chapter 1
Introduction to Depolymerization

1.1

Depolymerization as a Method for Creating Stimuli-Responsive Materials
Polymeric materials that change their shape,1 color,2 structural integrity,3 or surface properties4

have all found wide spread use in commercial and academic applications. In many cases, the response of
these materials arise from changes in the phase of the polymer, intermolecular interactions, or from
dynamic formation/cleavage of cross-links,5 rather than from chemical changes within the polymer
backbone itself. Depolymerization, which is roughly defined as any process that converts a polymer into
smaller units (i.e., molecule products) is therefore a complementary way to create a response within a
material. Depolymerizable polymers have several advantages over traditional responsive polymers, such
as the ability to produce an amplified response and the ability to change the stimulus that triggers a
response in order to suit a given application. This dissertation describes the creation of one such
depolymerizable polymer and its modification and formulation for use in photolithography and as a
shape-changing plastic.
1.2

Classification of the Various Forms of Depolymerization
Since the chemical literature is inconsistent with the terminology used for depolymerization,

Phillips and coworkers have developed a new classification system for delineating differences between
depolymerizable polymers.6 While all forms of depolymerization involve the conversion of a polymer
into smaller units, examples of depolymerization are subdivided based on the mechanism of
depolymerization and how the process is initiated (Figure 1-1).
Continuous depolymerization occurs when a reactive chemical species is generated on the
polymer chain (e.g., cation, anion, radical, or nucleophile). This reactive chemical species then initiates
an electron cascade or series of intramolecular reactions that propagates along the polymer backbone to

1

release small molecule products. This process continues even if the initiating stimulus is removed. The
reaction cascade proceeds from the point of initiation (often the “head” of the polymer chain) to the
terminus of the polymer.

If the reaction cascade is triggered in between the polymer ends, the

depolymerization cascade may propagate uni- or bi-directionally depending on the polymer architecture.
Since a single reaction releases multiple copies of the small molecule products, continuous
depolymerization is an amplified process. Thus, polymers with higher degrees of polymerization will
give greater levels of amplification. In contrast, fragmentation depolymerization does not directly lead to
small molecule products. Instead the polymer chain is cleaved into smaller polymeric or oligomeric
products.

To complete the depolymerization process, these products must continue to react with

additional equivalents of the initiating species or be exposed to longer periods of the initiating physical
stimulus.

Fragmentation depolymerization gives no amplification, and if the initiating stimulus is

consumed or removed, the process ceases.

Figure 1-1. Cartoon depicting polymers undergoing the four different types of depolymerization: (a)
continuous depolymerization upon cleavage of a reaction-based detection unit (CDr), (b) continuous
depolymerization due to random bond scission in the polymer backbone (CDb), (c) fragmentation
depolymerization in response to cleavage of a reaction-based detection unit (FDr), and (d) fragmentation
depolymerization due to random bond scission in the polymer backbone (FDb). Adapted with permission
from Phillips, S. T.; DiLauro, A. M. “Continuous Head-to-Tail Depolymerization: An Emerging Concept
for Imparting Amplified Responses to Stimuli-Responsive Materials.” ACS Macro Lett. 2014, 3, 298–
304. Copyright 2014 American Chemical Society.
Depolymerizable polymers are characterized based on how the depolymerization process is initiated.
Most examples of depolymerization result from random bond scission of the polymer backbone. Since

2

the reactivity of these types of polymers is derived from the chemical functionalities found in the polymer
backbone (e.g., hydrolysis of polyesters), the initiating stimulus cannot be changed.

Alternatively,

depolymerization can result from cleavage of a reaction-based detection unit (sometimes referred to as a
“trigger” or “end-cap”). The reaction-based detection unit can be appended as an end-capping group on
the polymer terminus, or it can be attached as a pendant group along the backbone. Reaction-based
detection units often are based on well-established protecting group chemistry and are known to cleave
selectively in response to a specific signal (e.g., fluoride, palladium, or light).7 Since the reaction-based
detection unit is not part of the polymer backbone, it can be replaced with another group to change the
triggering stimulus without altering the mechanism of depolymerization. Moreover, polymers with
different, orthogonal reaction-based detection units can be incorporated within the same material, since
the physical properties of the parent polymers should not be greatly affected, to create a material that has
several independent responses.
With these distinctions, all depolymerizable polymers can undergo one of four types of
depolymerization: continuous depolymerization upon cleavage of a reaction-based detection unit (CDr),
continuous depolymerization due to random bond scission in the polymer backbone (CDb), fragmentation
depolymerization in response to cleavage of a reaction-based detection unit (FDr), or fragmentation
depolymerization due to random bond scission in the polymer backbone (FDb). It should be noted that,
depending on the conditions, a polymer may depolymerize via different mechanisms. For example, a
polymer may be classified as CDr when it depolymerizes selectively in response to a solution of fluoride,
but the same polymer could alternatively be classified as CDb if it depolymerizes non-selectively when
heated to 300 °C. Thus, when classifying a particular polymer, one should consider the conditions
associated with the application of interest. Alternatively, the polymer may be classified by combining
terms (e.g., CDr/b).

3

1.3 Responsive Materials from FDb Polymers and CDb Polymers
Most commercial resins are classified as FDb or CDb polymers, and therefore it is not surprising
that approximately 98% of articles involving depolymerization focus on one of these two catagories.6
The hydrolysis,8 solvolysis,9 and biodegradation10 of condensation polymers, such as poly(ethylene
terephthalate) or poly(lactic acid), proceeds through an FDb process. When put under mechanical strain,
most polymers undergo an FDb process as the physical strain homolytically cleaves bonds in the polymer
backbone to give shorter chains.11

Since complete depolymerization is only achieved when these

polymers are continuously subjected to often harsh conditions over long periods of time, the use of FD b
polymers in responsive materials is mainly limited to controlled release from microcapsules and gels,
where slow hydrolysis over days is desired.8
The most common example of CDb polymers are poly(olefins) when heated above their
decomposition temperature (Td). Above its Td, a polymer will undergo random homolytic bond scission.
If the Td is also above the ceiling temperature (Tc) of the polymer (the temperature at which the forward
and reverse reactions for a living polymer are balanced), then the polymer will undergo a reaction cascade
to give small molecule products.12 Thermally initiated depolymerization is limited, however, by the
required extreme temperatures. Not only does the high temperature prevent the generalization of this
depolymerization method, but side reactions often quench the depolymerization process and alter the
products that are produced by the reaction.
CDb polymers that respond at room temperature have found use as responsive materials in a few
niche applications. Poly(cyanoacrylates) have been shown to depolymerize in response to base,13 and this
property has been exploited to create micro-pumps and micro-motors powered by the concentration
gradient produced by the released small molecules.14,15 Poly(olefin sulfones), which respond to base and
ionizing radiation, have found use as radiation sensors,16 photoresists for lithography,17–20 and as materials
that change elasticity.21 Poly(pththalaldehyde), which is unstable in the presence of strong acids or
ionizing radiation, has been developed into a resist for photolithography (which will be detailed further in
chapter 3).22–27 While these CDb polymers create responsive materials that give rapid and dramatic
4

changes as a result of the continuous depolymerization process, the inability to select the initiating
stimulus limits their wide-scale use.
1.4 Responsive materials from FDr Polymers
FDr polymers (sometimes referred to as “chain shattering polymers”) are both the newest class of
depolymerizable polymers and the least prevalent in the chemistry literature. Almutairi and coworkers
were the first to report an unambiguous example of a polymer undergoing a selective fragmentation
depolymerization (Figure 1-2).28 Polymer 1-1 was synthesized in a condensation polymerization with
adipoyl chloride and a diol monomer (from a four step synthesis). When exposed to 350 nm UV light, the

Figure 1-2. Scheme depicting cleavage of a single reaction-based detection unit (blue) from the FDr
polymer 1-1 in response to UV light.28
reaction-based detection unit, 6-nitroveratryl oxycarbonyl (NVOC), undergoes a radical-mediated
rearrangement to give a hemiacetal species, which then rapidly hydrolyzes to cleave off the nitroso
byproduct (1-2).

Loss of carbon dioxide reveals a secondary amine, which then undergoes an

intramolecular addition into the carbamate to release a urea (1-3) and generate a phenoxide ion on the
5

polymer backbone (due to the presence of trimethylamine in the solution). The phenoxide anion initiates
a 1,4-quione methide elimination to cleave the polymer backbone, releasing an oligomeric species or a
single repeating unit depending on where the reaction takes place along the polymer chain. The resulting
quinone methide species (1-4) is then trapped by water to regenerate the phenoxide anion. A second 1,4quionemethide elimination followed by addition of water gives the released diol (1-5) and the remaining
portion of the polymer.

Since fragmentation depolymerizations are not amplified, the degree of

depolymerization was found to be dependent on the time of irradiation. Exposing polymer 1-1 to 350 nm
light for one minute followed by 120 h without exposure lead to an approximate 45% reduction in
molecular weight, whereas 15 min irradiation lead to a 85% reduction after 120 h. The incomplete
depolymerization may also be due to the inefficiency of NVOC as a reaction-based detection unit.29
In addition to UV light, other stimuli have been employed to trigger FDr polymers including
acid,30 base,31 thiols,30,32 fluoride,33 hydrogen peroxide,34 and IR light.35 This variety of initiation methods
has enabled FDr polymers to be developed into biodegradable substrates for cell culturing,32 as well as,
multi-responsive thin films for photolithography and micro-patterning.36 Many groups have investigated
FDr polymers to form microcapsules and nanoparticles for controlled release applications. 28,31,33,34,37–39
Cheng and coworkers developed a standout example, using the chemotherapy agent 10hydroxycamptothecin (HCPT) as a monomer to construct UV- and peroxide-sensitive FDr polymers.34
Formulated into nanoparticles with poly(ethylene glycol)-block-poly(L-lactide), the FDr nanoparticles
could achieve a 92% drug loading efficiency, compared to 10% efficiency for HCPT loaded into nonresponsive nanoparticles. The FDr nanoparticles showed low cytotoxicity (IC50 = 1230-1687 nM) in
HeLa cell cultures in the absence of the triggering signal, but also gave a 2.5-fold greater apoptosis index
over controls when triggered in mice with 4T1 tumors (a breast cancer model). While versatile, current
FDr polymers suffer from cumbersome monomer and polymer syntheses and undesirable background
degradation.

6

1.5 Overview of CDr Polymers
Prior to the work presented in this dissertation, only three general CDr polymer architectures had
been reported (Figure 1-3). These polymers included poly(benzyl carbamates),40–49 poly(aldehydes),14,50–
56

and cyclizing polymers.57–62 This dissertation details the development of a fourth type of CDr polymer,

poly(benzyl ethers).63,64

Figure 1-3. Schemes depicting the depolymerization mechanisms of generic CDr polymers: (a)
poly(benzyl carbamates), (b) poly(phthalaldehyde), and (c) cyclizing poly(carbamates).
Each class of CDr polymer depolymerizes via a unique mechanism.

Depolymerization of

poly(benzyl ethers) involves cleavage of the reaction-based detection unit and subsequent loss of CO2
generates a phenyl nitranion (Figure 1-3a). This species undergoes a 1,6-azaquinone methide elimination
to release the reaming polymer chain. The resulting azaquinone methide is trapped by nucleophiles to
generate the aniline product. Cleavage of the reaction-based detection from poly(phthalaldehyde) creates
a hemiacetal anion, which rapidly proceeds through an intramolecular reaction cascade to release the
7

aldehyde monomer (Figure 1-3b). Instead of forming an anion upon cleavage of the reaction-based
detection unit, cyclizing poly(carbamates)/poly(carbonates) generate a tethered nucleophile, which
undergoes a 5-exo-trig cyclization to release a cyclic product (Figure 1-3c). These polymer may also
include alternating 1,6-quinone methide eliminations, but the cyclization reaction is always the ratelimiting step of depolymerization. These general structures give each of the three classes of CDr
polymers unique advantages and limitations, often causing a trade-off between increasing the rate of
depolymerization at the expense of the stability of the polymer.
1.5.1 CDr Poly(benzyl carbamates)
Poly(benzyl carbamates) were the first to be developed into CDr polymers (Figure 1-4),41
extending previous work using benzyl carbamates for prodrugs65 and responsive dendrimers.66,67
Monomer 1-6 was synthesized in four steps and then polymerized in the presence of dibutyltin dilaurate
(DBTL) to activate the masked isocyanate.

The polymerization was quenched with 4-hydroxy-2-

butanone to form the reaction-based detection unit, which is cleaved by bovine serum albumin (BSA).

Figure 1-4. Scheme depicting the polymerization and depolymerization of poly(benzyl carbamate) 1-7.
(a) Condensation polymerization, endcapping, and post-polymerization deprotection to generate polymer
1-7. (b) Depolymerization of polymer 1-7 to give the fluorescent product 1-8.41
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Polymer 1-7 was designed with pendant carboxylic acids to increase its solubility in water. These
carboxylic acids had to be protected as tert-butyl esters during the polymerization and then deprotected
post-polymerization with trifluoroacetic acid (TFA). The low degree of polymerization (approximately
15 repeating units) is likely due to the low solubility of the protect polymer in hot toluene. Solubility
problems are a reoccurring issue with poly(benzyl carbamates); to date the longest synthesized CDr
poly(benzyl carbamate) was 50 repeating units.43
Depolymerization was monitored by measuring the release of the aniline product 1-8 via
fluorescence spectroscopy (Figure 1-4b). In response to 1 mg/mL BSA in pH 7.4 buffered water,
polymer 1-7 completely depolymerized in under 10 h. In the absence of BSA, however, approximately
10% non-selective depolymerization was observed.41 This background reaction is likely due to the
inherent chemical instability of the carbamate groups and is a significant limitation for all CDr
poly(benzyl carbamates).

Figure 1-5. A CDr poly(benzyl carbamate) comb polymer. Cleavage of the reaction-based detection
unit (blue) by penicillin G amidase (PGA) releases seven equivalents of 4-nitroaniline (yellow) via an
vinylogous 1,4-quinone methide elimination.40
CDr poly(benzyl carbamates) also have the unique ability to release up to two pendant side chains
during the normal depolymerization process. Shabat and coworkers were the first to demonstrate this
capability with a comb polymer that released a reporter molecule (4-nitroaniline) every other repeating
unit (Figure 1-5).40 During the depolymerization process, the repeating units baring the 4-nitroaniline
carbamate undergo a 1,6-quinone methide elimination to release the remaining polymer chain. After
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the quinone methide species is trapped by nucleophiles in solution, the generated aniline undergoes a
vinylogous 1,4-quinone methide elimination and loss of carbon dioxide to release 4-nitroaniline. This
process may be useful for controlled release applications, such as the release of a drug or imaging
reagent.
Like polymer 1-7, a repeating unit baring a free carboxylic acid was incorporated into polymer 19 to increase the water solubility of the polymer.40 Cleavage of the reaction-based detection unit (blue)
by penicillin G amidase (PGA) in a pH 7.4 phosphate buffered solution (PBS) led to complete
depolymerization within 6 h. In the absence of PGA, however, the undesired background release of 4nitroaniline was over 20% during the same time period.

This background reaction is likely a

combination of hydrolysis of the p-nitroaniline carbamate and a CDb process caused by hydrolysis of
the backbone carbamates.

The depolymerization process is also highly solvent dependent.

A

poly(benzyl carbamate) composed solely of the 4-nitroaniline baring repeating units took over 55 h for
complete depolymerization in a solution of methanol-dimethylsulfoxide.
1.5.1.1 CDr poly(benzyl carbamates) as Detection Reagents in Paper-Based Microfluidic Devices
While there are several examples of using CDr poly(benzyl carbamates) as detection reagents in
the solution phase,40–42 there are relatively few applications of these polymers as solid state materials. In
one such example, Phillips and coworkers were able to incorporate CDr poly(benzyl carbamates) into
paper-based microfluidic devices.44,45,47 These paper-based devices use patterned wax barriers to create
3D hydrophilic channels in which various assays are performed. In order to create a simple read-out for
these assays, Phillips and coworkers used paper coated with CDr poly(benzyl carbamates) to meter the
wicking rate of water through the microfluidic device.

The depolymerization process converts

hydrophobic polymer into hydrophilic small molecules, and therefore, higher levels of the analyte of
interest correspond to faster wicking times through the device (as compared to a control pathway). Thus,
an analyte in a sample can be quantified using only a stopwatch to time the wicking of a sample through
the device.
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These paper-based devices were first used to quantify concentrations of hydrogen peroxide in
solution,44 and then this method was expanded by means of signal transduction reagents to quantify levels
of enzymes45 and heavy metals.47 These paper-based microfluidic devices are both extremely selective
toward the analyte of interest, but also very sensitive, quantifying enzymes with a femtomolar limits of
detection45 and heavy metals at the parts per billion level.47 As would be expected for CDr polymers, the
limit of detection was found to be dependent on the degree of polymerization of the poly(benzyl
carbamate) due to the amplification of the CDr process.44
1.5.1.2 CDr Poly(benzyl carbamates) Materials for Controlled Release
Moore and coworkers used CDr poly(benzyl carbamates) to create microcapsules that could
respond to orthogonal signals.43 The polymers were end capped with either a tert-butyl carbamate (110), which responds to strong acid, or with 9-fluorenylmethyl carbamate (1-11), which responds to base
(Figure 1-6).

Figure 1-6. CDr poly(benzyl carbamate) precursor used to create stimuli responsive microcapsule.
The reaction-based detection units (blue) respond to acid (1-10) or base (1-11).43
The polymers were cross-linked by reacting the pendant alcohol groups (Figure 1-6, orange) with 2,4toluene diisocyanate. The cross-linked polymers were then emulsified with ethyl phenylacetate (the
microcapsule cargo) in an aqueous solution of gum arabic. The suspension was treated with 1,4-butanediol at 70 °C for 1.5 h to give capsules 4–40 m in diameter. Gas chromatography was used to measure
the release of ethyl phenylacetate from the microcapsules.

When exposed to a solution of 4 M

hydrochloric acid, capsules made from polymer 1-10 achieved complete release of the cargo within 48 h.
Treating capsules made from polymer 1-11 with a solution of 5% piperidine in tetrahydrofuran (THF)
lead to complete release in 24 h. When treated to the orthogonal triggering conditions, microcapsules
11

from polymer 1-11 showed no significant release to 4 M hydrochloric acid for 48 h, while microcapsules
from polymer 1-10 release approximately 10% of its cargo when exposed to 5% piperidine in THF for 48
h. This background release is likely due to a CDb process caused by piperidine cleaving carbamates in the
polymer backbone.
Liu et al. extended upon this work to create polymersomes that are self-assembled from block
copolymers of hydrophobic CDr poly(benzyl carbamates) and hydrophilic poly(N,N-dimethylacrylamide)
(Figure 1-7).49

The poly(benzyl carbamates) were end-capped with reaction-based detection units

selective for visible light (1-12), UV light (1-13), and thiols/reducing conditions (1-14). The block
copolymers were synthesized by coupling the terminal benzyl alcohol of each poly(benzyl carbamate)
with

2-(propylthiocarbonothioylthio)-2-methylpropionic

acid

and

then

preforming

a

RAFT

polymerization with N,N-dimethylacrylamide. When suspended in water, the block copolymers formed
polymersomes with hydrodynamic diameters of ~250 nm.

Figure 1-7. Block copolymers of CDr poly(benzyl carbamates) and poly(N,N-dimethylacrylamide).
Depolymerization will only proceed along the poly(benzyl carbamate) portion of the copolymer, leaving
behind the intact poly(N,N-dimethylacrylamide). The reaction-based detection units (blue) respond to
visible light (1-12), UV light (1-13), or thiols/reducing conditions (1-14) 49
Depolymerization of the CDr poly(benzyl carbamate) portion of the block copolymers was
monitored in by measuring the release of 4-aminobenzyl alcohol via high pressure liquid chromatography
(HPLC). In a suspension of water, polymersomes of polymers 1-12 and 1-13 fully depolymerized after
30 min irradiation with 420 nm and 365 nm light respectively followed by a 12 h incubation period.
Polymersome 1-14 depolymerized after 24 h when exposed to 10 mM dithiothreitol (DTT). The slower
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rate of depolymerization for polymersome 1-14 is likely due to the fact that the reaction-based detection
unit is buried within the hydrophobic shell of the polymersome. Therefore, chemical triggers like DTT
are slower to initiate depolymerization than physical ones like UV light. The interaction between the
reaction-based detection unit and triggering stimulus is often a rate-limiting step for the depolymerization
of CDr polymers.
1.5.2 CDr Poly(aldehydes)
CDr

poly(phthalaldehyde)

was

first

reported

by

Phillips

and

coworkers.14,50–53

Poly(phthalaldehyde) was synthesized from commercially available o-phthalaldehyde, although a
rigorous

purification

was

necessary

to

make

the

anionic

polymerization

reproducible.

Poly(phthalaldehyde) depolymerizes within seconds to minutes even in low polarity solvents due to its
low ceiling temperature (Tc = -40 °C).50 The applicability of poly(phthalaldehyde) is somewhat limited,
however, due to the thermal and chemical instability of the polymer. Phillips and coworkers have begun

Figure 1-8. (a) Anionic polymerization of poly(4,5-dichloro-phthalaldehyde) with the phosphazene base,
1-tert-Butyl-2,2,4,4,4-pentakis(dimethylamino)-2λ5,4λ5-catenadi(phosphazene) (P1-t-Bu). The tertbutyldimethylsilyl ether reaction-based detection unit (TBS, blue) endcaps both termini of the polymer.
(b) Depolymerization of allyloxycarbonyl end-capped poly(4,5-dichloro-phthalaldehyde) in response to
palladium(0).56
to address this challenge with the use of the electron deficient monomer 1-15 (Figure 1-8).55 Low
temperature anionic polymerization with a sterically hindered phosphazene base allows for the creation of
high molecular weight polymers. Unique to this class, the polymers can be synthesized with reaction13

based detection units at both termini of the polymer, such as polymer 1-16 (figure 1-8).56 In theory, two
orthogonal reaction-based detection units could be appended to the same polymer, allowing for complete
depolymerization in response to either or both stimuli.
Gillies and coworkers subsequently reported the synthesis of CDr poly(glyoxalates).54 Like
poly(phthalaldehydes), poly(glyoxalates) are synthesized via an anionic polymerization to give high
molecular weight polymers with reaction-based detection units at both termini (Figure 1-9).

After

exposure to 300-350 nm UV light in 9:1 deuterated acetonitrile–deuterium oxide for 80 minutes, the
depolymerization of polymer 1-19 progressed to 80% completion over seven days.54 This slow rate of
depolymerization and inability to reach completion is likely due to the higher ceiling temperature of
poly(ethyl glyoxalate) (Tc = 38 °C)68 as compared to poly(phthalaldehyde) (Tc = -40 °C).

Figure 1-9. Anionic polymerization of ethyl glyoxalate and end-capping with two NVOC reaction-based
detection units (blue).54
1.5.2.1 CDr Poly(aldehydes) as Shape-Changing and Vanishing Materials
Materials from CDr poly(phthalaldehyde) can be formulated to change shape by selectively
depolymerizing portions of the material in a subtractive manor. Since the reaction-based detection units
on CDr polymers usually do not affect the physical properties of the material, CDr polymers that respond
to orthogonal stimuli can be seamlessly patterned into a single material. Phillips and coworkers have
demonstrated this concept with a thin film that reveals a circular hole in response to fluoride,50 as well as,
a multi-layer “sieve” created by selective laser-sintering that successively increases in porosity in
response to chemical signals.56
Similarly, CDr vanishing materials would be useful for recycling and preventing the accumulation
of plastic waste in the environment. Phillips and coworkers have created vanishing poly(phthalaldehyde)
that responds selectively to solutions of fluoride or palladium in under 1 h.56 Alternatively, UV14

responsive poly(phthalaldehyde) depolymerized in less than one minute when irradiated with a 400 W
metal-halide lamp for 10 minutes as a dry solid and then submerged in ethyl acetate. 51 As a proof of
concept for recycling CDr materials, Phillips and coworkers demonstrated that the products of
depolymerizing poly(4,5-dichloro-phthalaldehyde) could be converted into a synthetic precursor of the
original monomer.56
1.5.2.2 CDr Poly(aldehyde) Materials for Controlled Release
Phillips, Weitz, and coworkers created fluoride-responsive core–shell microcapsules from CDr
poly(phthalaldehyde) using a flow-focusing microfluidic technique.53 The process creates an aqueousorganic-aqueous double emulsion with the poly(phthalaldehyde) organic layer encapsulating an aqueous
cargo. Fluorescein isothiocyanate labeled dextran was used as a fluorometric reporter to quantify release
from the microcapsules. In response to 50 mM tetrabutylammonium fluoride, the release from the
microcapsules followed a sigmoidal curve, reaching completion after 80 h. 53 In the absence of fluoride,
less than 10% release was observed after 100 h.

Scanning electron microscope images of the

microcapsules reveal the formation of pinholes in response to fluoride before the complete breakdown of
the shell wall, which may help to explain the sigmoidal release of the microcapsule contents. A linear
correlation was found between the molecular weight of the poly(phthalaldehyde) and the time to 90%
release of the microcapsule contents.

Shorter polymers will likely have a higher concentration of

reaction-based detection units present on the shell wall surface, thus speeding the rate of initiation for
depolymerization.
CDr poly(glyoxalates) have also been developed for controlled release. Gillies and coworkers
created a UV-responsive, amphiphilic triblock copolymer (Figure 1-10) that self-assembled into micellar
nanoparticles in water.54 1H-NMR analysis was used to quantify the depolymerization of the poly(ethyl
glyoxalate) portion of the copolymer 1-20. Exposure to 300-350 nm UV light in pH 7.4 solution of
5:1deuterium oxide–deuterated dimethylsulfoxide at 37 °C, afforded complete depolymerization within
six minutes. A non-irradiated control showed 10% depolymerization after 25 minutes. As opposed to
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chemical signals, physical stimuli, like UV light, can more easily penetrate the solid state matrix of the
nanoparticles and thus give more rapid responses.

Figure 1-10. Amphiphilic triblock copolymer of CDr poly(ethyl glyoxalate) constructed with two UVresponsive reaction-based detection units (blue).54
1.5.2.3 CDr Poly(phthalaldehyde) Materials as Non-Mechanical Pumps
Phillips, Sen, and coworkers have also used fluoride-responsive CDr poly(phthalaldehyde) to
create non-mechanical microscale pumps.14,52 When a thin film of the poly(phthalaldehyde) is treated
with 0.1 M aqueous sodium fluoride, a flow is generated, which is measured by the movement of
microscopic polystyrene tracer particles.14

The pumping action is attributed to the creation of a

concentration gradient as released o-phthalaldehyde monomer is released from the polymer film. Using a
signal transduction reagent, the films were made to pump in response to -glucuronidase (a biomarker of
E. coli) to simulate a self-sterilizing surface.
The accessibility of the reaction-based detection unit to the chemical stimulus in solution was
found to have a significant effect on the pumping speed, and therefore, the rate of depolymerization.
Phillips, Sen, and coworkers investigated the effects of various silyl ether reaction-based detection units,
controlling for differences in polarity and sterics.52 It was found that the pumping speed of the thin films
was correlated with the polarity of the reaction-based detection unit. This result is explained by the fact
that the more polar reaction-based detection units were also present in greater levels at the surface of the
films, as determined by X-ray photoelectron spectroscopy (XPS). Likewise, the molecular weight of the
poly(phthalaldehyde) was inversely correlated with both the pumping speed and the concentration of the
reaction-based detection units at the surface of the thin films.
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1.5.3 Cyclizing CDr Polymers
The final class of CDr polymers includes polymers that depolymerize through a series of
intramolecular cyclization reactions. This class of polymers is the most diverse of the CD r polymers and
it includes polymers that depolymerize via intramolecular cyclization reactions58 (Figure 1-11), as well as,
via alternating intramolecular cyclization reactions/1,6-quinone methide eliminations57,59–62 (Figure 1-12).

Figure 1-11. (a) In situ deprotection of monomer 1-21 with TFA generates a secondary amine and
initiates a condensation polymerization. The polymer is end-capped with reagent 1-22, trietylamine
(TEA), and 4-dimethylaminopyridine (DMAP) to form polymer 1-23. (b) Depolymerization of polymer
1-23 occurs after the disulfide bond in the reaction-based detection unit (blue) is cleaved by DTT.58
Gillies and coworkers synthesized monomer 1-21 in five steps, which was then deprotected and
polymerized via a condensation reaction.58 All cyclizing CDr polymers in this class require similar multistep syntheses for their respective monomers. Likewise, all cyclizing CDr polymers in this class are
created via deprotection of the monomer precursor followed by condensation polymerization. The
depolymerization of polymer 1-23 is initiated via a thiol-disulfide interchange with DTT and proceeds
through a series of intramolecular cyclization reactions. After 15 days, however, the depolymerization of
1-23 plateaus at 80% completion. It is likely that the incomplete depolymerization is the result of nonresponsive macrocycles formed either during polymerization of polymer 1-23 or during the
depolymerization process.
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To increase the rate of depolymerization of these cyclizing CDr polymers, Gillies and coworkers
compared three derivatives (Figure 1-12). To make direct comparisons between the three polymers, the
reaction-based detection units were cleaved under conditions where depolymerization was extremely
slow. The deprotected polymers were isolated and dissolved in pH 7.4 3:2 deuterium oxide–deuterated
acetone at 37 °C.

Figure 1-12. Cyclizing CDr polymers that depolymerize via alternating intramolecular cyclization and 1,6quinone methide eliminations.57,59
The original design, polymer 1-26, was synthesized from N,N’-dimethyl ethylenediamine and
contained only carbamate linkages. The depolymerization reaction was monitored by 1H-NMR and
reached completion within 7 days.57

Gillies and coworkers next tested polymer 1-27, a derivate

synthesized from N-methyl aminoethanol. Since carbonates are more electrophilic than carbamates, it
was expected that the rate-limiting cyclization step was sped significantly. Indeed, depolymerization of
polymer 1-27 occurred within ~7 h.59

Next, Gillies and coworkers investigated the effect of the

nucleophilicity of the cyclizing species. Polymer 1-28, synthesized from 2-thioethanol, contained a thiol
in place of the secondary amine (which is partially protonated under these conditions) as the cyclizing
species.

This substitution again sped the rate of the cyclization reaction, as polymer 1-28 fully

depolymerized after ~5 h.59 The rate of background hydrolysis also increased with these substitutions,
again highlighting the challenge of increase the rate of depolymerization for CD r polymers without
sacrificing stability.
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1.5.3.1 Materials for Controlled Release from Cyclizing CDr Polymers
Gillies and coworkers used a 4-bromo-7-hydroxycoumarin reaction-based detection unit (Bhc) to
create light-responsive nanoparticles from polymer 1-29 (Figure 1-13).60

Using a single emulsion

technique, Nile red was encapsulated in the nanoparticles. Release of the Nile red was measured by a loss
in flourescence. In response to a 5 minutes exposure to 350 nm UV light in a solution of 3:4 acetonitrile–
pH 7.4 phosphate buffer water followed by 10 minutes incubation at 37 °C, nanoparticles from polymer
1-29 showed a 40% reduction in fluorescence. This response is much more rapid than the time required
for 1-29 to depolymerize in solution (~1 h). It is possible that the release from the nanoparticles occurs
due to cleavage of the reaction-based detection unit alone, rather than from depolymerization.

Figure 1-13. Cyclizing CDr polymer used to construct near IR light-responsive nanoparticles.60
1.6 Conclusion
CDr polymers are unique in their ability to respond to specific applied signals by depolymerizing
continuously into small molecule products. Unlike other degradable polymers, CDr polymers give an
amplified response upon depolymerization and can be seamlessly formulated into materials to give
multiple, orthogonal responses. Responsive CDr materials show great promise for use in recycling,
sensing, controlled release, and as shape-changing objects. The extension of this work into real-world
applications will depend on having a large library of CDr polymers from which to choose the most
appropriate physical and chemical properties.
Surely the three examples of CDr polymers presented within this chapter only represent a small
fraction of all the types of polymers that could undergo this type of depolymerization. An ideal CDr
polymer would depolymerize quickly even in low polarity solvents or as a bulk material. There would be
no background degradation and the material would be stable during routine use and processing. Synthesis
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of the monomer would come from cheap commercial sources or a high-yielding synthesis with few steps.
Ideally the polymerization would give careful control over the degree of polymerization and produce
polymer with high yields and high molecular weight. The products of depolymerization should be nontoxic or of some functional use.
This dissertation details the creation of a new class of CDr polymer, poly(benzyl ethers), that
begins to meet some of these goals. We then demonstrate the development of responsive materials
enabled by these CDr poly(benzyl ethers), specifically the creation of a photoresist for use in extreme UV
photolithography.
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Chapter 2
Development of Poly(benzyl ethers) as a New Class of CDr Polymers

2.1 Introduction
Each of the current classes of CDr polymers have attractive features for certain applications, but
also less-desirable aspects that ultimately limit their widespread use. To continue advancing this area of
head-to-tail depolymerization new polymers are needed that are (i) easily prepared with lengths extending
to hundreds or thousands of repeating units, (ii) stable to acid, base, and heat, (iii) easily modified with an
end-cap that mediates depolymerization, (iv) soluble in common solvents for facile manipulation of the
material, and (v) capable of depolymerizing rapidly, completely, and cleanly to monomers in seconds to
minutes in both low and high polarity environments. Herein, we describe the design, synthesis, and
evaluation of a new class of CDr polymers—poly(benzyl ethers)—that begin to satisfy many of these
criteria.
Building on work using benzyl ethers as protecting groups for carbohydrates,1 McGrath and
coworkers created a variety of responsive benzyl ether dendrimers.2–7 Similar to CDr polymers, these
dendrimers were end-capped with a reaction-based detection unit. Under basic conditions, selective
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cleavage of the reaction-based detection unit generates a phenoxide ion, which initiates a series of 1,6quinone methide eliminations to release small molecules (Figure 2-1).

Figure 2-1. Selective disassembly of a benzyl ether oligomer upon cleavage of a reaction-based detection
unit.
The longest benzyl ether oligomer created by McGrath and coworkers was four repeating units
(Figure 2-2a).7 Starting from allyl ether 2-1 (synthesized in three steps from vanillin, 2-2), each repeating
unit is attached in three steps: reduction of the aldehyde, halogenation of the benzyl alcohol, and Sn2
coupling with a phenol. Tetramer 2-5d was synthesized in 13 steps, nine of which required purification.

Figure 2-2. (a) Reaction scheme for the synthesis of oligomers 2-5a-d and (b) Graph depicting
absorbance at 412 nm of released p-nitrophenol from the disassembly of 2-5a (), 2-5b (), 2-5c (),
and 2-5d ().7 Solutions were prepared such that complete disassembly of each oligomer would give a
final absorbance of 1. Adapted from reference 8 with permission of The Royal Society of Chemistry.
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The benzyl ether oligomers and dendrimers disassemble in response to palladium2,3,5–7 or UV
light.4,6,7

Allyl ether protected oligomers 2-5a-d disassemble in under two minutes in response to

palladium(0) and sodium borohydride in a solution of dimethylformamide-methanol (Figure 2-2b).7 The
disassembly of oligomers 2-5a-d did not reach completion, however, likely due to the released quinone
methide reaching an equilibrium concentration that stops the depolymerization process. From these
reports it remained unclear if polymers of benzyl ethers would fully depolymerize or if depolymerization
would occur in low polarity solvents /the solid state.
McGrath and coworkers have also synthesized benzyl ether dendrimers using iterative Mitsunobu
coupling reactions,6 as well as, iterative copper catalyzed Ullman coupling reactions,5 but these step-wise
syntheses are only useful for creating short oligomers and dendrimers. Our own efforts to adapt Ullman
coupling conditions for aryl ethers into a polymerization method were unsuccessful, due in part to the
tendency of beta-hydride elimination side reactions.
Lin and coworkers were the first to demonstrate the homopolymerization of a stabilized quinone
methide monomer.8 This work was then extended to other stabilized quinone methide monomers by
Iwatsuki and coworkers,9 and by Itoh and coworkers to
create a variety of monomers (Figure 2-3).10–17 Typically
quinone methide species are too unstable to isolate.
Attaching electron withdrawing groups or groups with Figure 2-3. Examples of stabilized quinone
methide monomers capable of undergoing
conjugated pi-systems at the 7 position of the para- homopolymerization.8–16
quinone methide helps to decrease the electrophilicity of the quinone methide.18 Additionally, attaching
sterically bulky groups at the 2 and 6 positions further reduces the reactivity of the quinone methide.
With these modifications, these stabilized para-quinone methide species can be isolated as pure solids and
even purified via recrystallization.8 Depending on the electrophilicity of the monomer, these stabilized
quinone methides can undergo anionic,8–10,12–16 cationic,9,10 radical,9–11 or thermal17 polymerizations.
It was uncertain, however, whether polymers synthesized from these stabilized quinone methides
would depolymerize, or if depolymerization would occur in low polarity solvents or the solid state. The
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ceiling temperature for the radical polymerization of monomer 2-9 was found to be ~116 °C (too high to
be used as a CDr polymer).11 No ceiling temperature was reported for any of the anionic or cationic
polymerizations. While these initial reports were not encouraging for our purposes, we endeavored to
further investigate the viability of CDr poly(benzyl ethers).
2.2 Experimental Design
After synthesizing several known and unreported stabilized para-quinone methide species, we
rationalized that a more electron rich monomer would depolymerize more quickly. This hypothesis was
also supported by studies on the disassembly of benzyl carbamate oligomers by Phillips and coworkers,
which showed a rate enhancement with increasing electron donating character and from extended pisystems.19,20

We therefore chose to target monomer 2-6, which is based on the work of Lin and

coworkers (Figure 2-4).8

Figure 2-4. Depiction of end-capped poly(benzyl ethers) that depolymerize to monomer upon cleavage
of the end-cap from the polymer when the end-cap is exposed to a specific signal.
This design includes dimethyl substituents on each repeating unit to prevent the monomer from
undergoing uncontrolled polymerization, as well as, a pendant phenyl group to provide an enthalpic
driving force for depolymerization to complement the entropic gains. More specifically, while the
quinone methide in the monomer is less favorable enthalpically (i.e., less aromatic) than the repeating unit
in the polymer, the extended conjugation of the pendant phenyl group in the monomer helps offset this
difference in stability. It is also likely that the added steric bluk and electron denistiy of the phenyl group
helps to prevent undesired dimerization and polymerization of the monomer in the absence of base.
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2.3 Results and Discussion
2.3.1 Synthesis of the Monomer
Monomer 2-6 was prepared using an analogous route to the one described by Lin and
Coworkers,8 with the exception that we employ a Brønsted acid-catalyzed Fries Rearrangement (rather
than an aluminum chloride catalyzed Friedel-Crafts acylation), and we reduce the ketone 2-11 under
catalytic hydrogenation conditions, rather than using heavy metal amalgams (i.e., zinc-mercury) (Figure
2-3). These changes provide access to the monomer in four steps and with a 70% overall yield. Thus, the
monomer can be obtained easily in tens of grams scale, which is the largest scale that we have tested to
date.

Figure 2-5. Synthesis of monomer 2-6.
Rigorous purification and drying of the monomer proved essential for achieving reproducible
polymerization reactions. Consequently, the monomer was recrystallized from cyclohexane three times
and then dried under reduced pressure at 1.1 mmHg for 36 h. The dried monomer was transferred under
nitrogen from the vacuum manifold to an inert atmosphere glove box, where it was stored for use in
polymerization reactions.
2.3.2 Synthesis of CDr Poly(benzyl ethers)
Polymerization

of

monomer

2-6

was

accomplished

using

1-tert-butyl-2,2,4,4,4-

pentakis(dimethylamino)-2λ5,4λ5-catenadi(phosphazene) (P2-t-Bu), a strong nitrogen base,21

and an

alcohol as the initiator, such as isopropanol or methanol (Figure 2-6a). This new method anionic
polymerization is rapid (reaction times on the order of hours) and provides polymers that can be endcapped with a proton (by addition of acetic acid), silyl ethers, carbonates, or alkyl groups (Figure 2-6b).
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The end-caps in these latter examples (with the
exception of polymer 2-18) can, in theory, be
cleaved from the polymer selectively in response
to a desired signal (Figure 2-6b) to initiate
depolymerization. For example, polymer 2-14 is
designed to respond to fluoride,22 polymer 2-15
to UV light,23 polymer 2-16 to palladium(0),24
and polymer 2-17 to base,25 but these examples
provide only a subset of all the reactive end-caps
that can be incorporated at the terminus of the
polymer.26 Not surprisingly, the yields for the
polymers vary depending on the scale of the
reaction, with smaller scale reactions (e.g., 0.25
g monomer) providing lower yields on average
(~50%) than reactions run on 0.5−1.0 g of
Figure 2-6. Synthesis of end-capped poly(benzyl

(a) Conditions for preparing the
polymers. These polymerization conditions were
provided in Figure 2-6b reflect a lower limit for designed to provide access to short polymers for
end-group analysis using 1H NMR spectroscopy.
the polymerization reaction. We believe that this (b) Various end-capped polymers to demonstrate
the versatility of the procedure.
monomer (~80% yield).

Therefore the yields ethers).

difference in isolated yield arises from the

washing steps used to purify the polymers (i.e., on small scale, more material relative to the total quantity
of polymer is lost to the frit in the polymer purification apparatus than on a larger scale). Moreover, we
verified that the isolated polymers represent the bulk material (before washing) by obtaining GPC spectra
before and after washing the polymers.
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2.3.3 End-Capping the Poly(benzyl ethers)
A critical aspect to preparing these end-capped depolymerizable polymers is ensuring that the
end-capping procedure is quantitative since polymers lacking end-caps will respond non-selectively. The
end-capping procedure in Figure 2-6a provides nearly complete end-capping fidelity as determined by 1H
NMR end-group analysis for the short polymers depicted in Figure 2-6b.

1

Figure 2-7. Partial H NMR spectrum for polymer 2-14 (Mn = 9.3 kDa, PDI = 1.2) showing

complete incorporation of the t-butyldimethylsilyl (TBS) end-cap as determined by relative
integration values. The full spectrum with complete integration values is provided in Appendix
A.
We did notice, however, that a small, nearly undetectable (by 1H NMR) quantity of polymer often
remained un-end-capped. This observation was made when the end-capped polymers (e.g., polymer 2-14)
were treated with base, which causes depolymerization (vide infra) and produces monomer, which is
bright yellow (max = 346 nm). This small fraction of un-end-capped polymer can be removed from the
end-capped material easily by treating the polymer with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) for 60
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min in tetrahydrofuran (THF) followed by washing of the remaining end-capped polymer to remove the
small portion of resulting monomer. Figure 2-7 shows the 1H NMR spectrum for polymer 2-14 to
demonstrate the purity and end-group fidelity that results from this procedure. Similar spectra for
polymers 2-15 through 2-17 are provided in Appendix A.
2.3.4 Factors that Affect the Length of the Poly(benzyl ethers)
Because the polymerization occurs through a living anionic mechanism, the length of the polymer
obtained can be easily tuned either by altering the number of equivalents of initiator (e.g., methanol)
relative to the monomer (Figure 2-8, blue data), or by changing the temperature at which the
polymerization reaction is conducted (Figure 2-8, black data). For example, 2 h polymerization times at 0
°C using 0.05 equiv of the P2-t-Bu base provide a linear relationship between the number of equivalents
of initiator (methanol) and the length (Mn) of the resulting polymer).

Figure 2-8. Effect of the quantity of initiator (black data) and the temperature (blue data) on the

length of the polymer obtained during the polymerization reaction. In all cases, the reactions
were conducted at 0.8 M monomer using 0.05 equiv (in relation to the monomer) of the P2-t-Bu
base. The polymerization reactions were conducted at 0 °C for the experiments where the
number of equivalents of initiator were varied.
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Polymerization reactions conducted under identical conditions (i.e., 0.05 equiv of P2-t-Bu, 0.025
equiv of MeOH, 2 h polymerization times), but with variations in the reaction temperature provide similar
control over the length (Mn) of the resulting polymer (Figure 2-8, blue data). However, variations in the
temperature of the reaction also affect the PDI of the resulting polymer (Table 2-1), where colder
temperatures increase the PDI value. At lower temperatures, therefore, the rate of conjugate addition of
the initiator into monomer 2-6 begins to be comparable with the rate of the polymerization propagation
step. Initiation using a pre-activated monomer should give lower polydispersities. The polymerization
yields did not vary greatly under the various conditions, and the isolated polymer was likely less than the
actual due to mass loss during the precipitation of the polymer.
Table 2-1. Effects of polymerization temperature on the synthesis of polymer 2-19.
Entry

Polymerization
Temperature (°C)

Mn (kDa)

PDI

% Yield

1

-20

15.1

1.73

38

2

-10

11.8

1.67

48

3

0

9.9

1.48

35

4

10

7.3

1.34

49

5

20

5.3

1.23
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Table 2-2. Effects of the number of equivalents of initiator (MeOH) on the synthesis of polymer 2-19.
Entry

Equivalents of Initiator

Mn (kDa)

PDI

% Yield

1

0.020

11.8

1.43

52

2

0.025

11.4

1.54

45

3

0.050

8.39

1.35

38

4

0.075

6.38

1.28

51

5

0.080

5.45

1.26

41
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As the temperature of the polymerization reaction increases, the length (Mn) of the polymer
decreases. Extrapolation of the best-fit line in Figure 2-8 to the x-axis suggests that 41 °C is the
temperature at which polymerization and depolymerization are in equilibrium under the specific reaction
conditions used for these polymerizations, and thus is the point at which the yield of polymer will be
negligible. Since these polymerizations were carried out at 0.8 M, this temperature should be close to the
ceiling temperature of the anionic polymerization in THF (ceiling temperature is usually defined for a 1
M solution).

2.3.5 Accessing High Molecular Weight Poly(benzyl ethers)
The reaction conditions used to establish the relationships in Figure 2-8 do not perform as well
when the number of equivalents of initiator used in the reaction is less than 0.02 equiv; in this
circumstance, the resulting polymers display bimodal distributions in the GPC chromatograms. To solve
this issue and to gain access to longer polymers, we modified the polymerization conditions to include
pre-mixing of the initiator and P2-t-Bu (1:1 ratio) at 1.0 M concentrations in THF, followed by addition of
this solution in one portion to a −20 °C solution of monomer 2-6 (1.49 M). These modified conditions
provide polymers with at least 2300 repeating units (e.g., polymer 2-19; 0.01 equiv methanol as initiator,
acetic acid used to end-cap with a proton; 484 kDa, Mn; PDI = 1.5), which was the longest polymer that
we prepared to date.
2.3.6 Depolymerization of Proton End-Capped Poly(benzyl ether)
Prior to exploring whether the end-caps can be used to enable selective depolymerization, we first
established that the un-end-capped poly(benzyl ethers) are capable of depolymerizing. For example,
treatment of polymer 2-13 (72 kDa, Mn) with 122 mM DBU (1000 equiv) in CD2Cl2 at 18 °C provided
clean depolymerization to monomer within ~2 h (Figure 2-9).
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Figure 2-9. Depolymerization of polymer 2-13 (72 kDa, Mn) at 18 °C when exposed to 1000 equiv
DBU in CD2Cl2. The partial 1H NMR spectra show clean conversion of polymer 6 (0.122 mM) to
monomer 5 over 3 h. The full 1H NMR spectra are provided in Appendix A.

In the absence of base, polymer 2-13 shows no signs of depolymerization for at least 24 h (this
was the length of the experiment). Perhaps more uniquely, when exposed to 220 equiv of DBU, polymer
2-13 depolymerizes quickly in both polar and non-polar solvents, which is an attribute that has yet to be
achieved in depolymerizable poly(carbamates). For example, in DMF (ε = 36.7), 2-13 (72 kDa, Mn)
depolymerizes completely in less than 30 min, in CD2Cl2 (ε = 8.93) complete depolymerization requires
~2 h, and in THF (ε = 7.58) depolymerization is complete in <44 h. Clearly the polarity of the solvent
affects the time required for complete depolymerization, which is a point that is further emphasized by the
slow rate of depolymerization in toluene (ε = 2.38) (~7% polymer remains after 1 week). Despite this
dependence of depolymerization on the polarity of the solvent, the ability of these polymers to
depolymerize in nonpolar solvents, and to depolymerize rapidly over a large polarity range (i.e., ε = 8.93
to ε = 36.7) is rare among the current classes of head-to-tail depolymerizable polymers,27 and thus offers a
useful characteristic for certain applications.
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2.3.7 Selective Depolymerization of an End-Capped Poly(benzyl ether)
End-capped poly(benzyl ethers) depolymerize in response to specific applied signals, with the
composition of the end-cap dictating the selectivity for the depolymerization event. For example,
treatment of t-butyldimethylsilyl (TBS) end-capped polymer 2-14 (164.5 kDa, Mn; 0.144 M) with
fluoride (8.35 M tetrabutylammonium fluoride (TBAF)) in a 100:1 solution of THF−phosphate buffered
water (12.5 mM phosphate, pH 7) at 18 °C for 30 min provided complete depolymerization of the
polymer as monitored by GPC (Figure 2-10a, blue data). In contrast, treatment of 2-14 under the same
conditions, but with 8.35 M tetrabutylammonium chloride (TBAC) instead of the fluoride salt, caused
no noticeable depolymerization (Figure 2-10a, orange data). Likewise, treatment of allyl carbonate (alloc)
end-capped polymer 2-16 (7.1 kDa, 0.57 mM) with tetrakis(triphenylphosphine)palladium(0) (0.57 mM),
DBU (150 mM), and acetic acid (75 mM) in a 9:1 solution of THF−DMSO at 18 °C for 1 h provided
complete depolymerization of the polymer (Figure 2-10c, blue data). Under the same conditions, but in
the absence of palladium, polymer 2-16 does not depolymerize (Figure 2-10c, orange data). Perhaps
equally importantly: (i) polymer 2-14 (the TBS end-capped polymer) does not depolymerize when
exposed to Pd(0)(PPh3)4 (Figure 2-10b, blue data), (ii) polymer 2-16 (alloc end-capped) does not
depolymerize when exposed to TBAF (Figure 2-10d, blue data); and (iii) a methyl end-capped polymer
(2-18; 27.6 kDa, Mn) does not depolymerize when exposed to either TBAF (Figure 2-10e, blue data) or
Pd(0)(PPh3)4 (Figure 2-10f, blue data). These results confirm that, as designed, depolymerization of these
polymers is controlled by the reactivity of the reaction-based detection unit (end-cap).
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Figure 2-10. Selective depolymerization and stability of polymers 2-14, 2-16, and 2-18. (a)
Depolymerization of polymer 2-14 in response to TBAF. GPC trace of unexposed polymer (black), a
control experiment with tetrabutylammonium chloride (orange), and TBAF conditions (blue). (b) No
depolymerization when polymer 2-14 exposed to Pd(0) conditions (blue) as compared to a control
(black). (c) Depolymerization of polymer 2-16 in response to Pd(0) (blue), control without Pd(0)
(orange), and unexposed polymer (black). (d) No depolymerization of polymer 2-16 in response to
TBAF (blue) as compared to a control (black). (e) No depolymerization of polymer 2-18 in response to
TBAF (blue) as compared to a control (black). (f) No depolymerization of polymer 2-18 in response to
Pd(0) (blue) as compared to a control (black).
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2.3.8 Chemical and Thermal Stability of Proton End-Capped Poly(benzyl ether)
The methyl end-capped polymer (2-18; 27.6 kDa Mn) was used to measure the stability of the
polymer backbone when exposed to acid, base, and heat. Other types of polymers that depolymerize from
head-to-tail quickly, even in non-polar solvents (such as end-capped poly(phthalaldehydes)) depolymerize
non-specifically when exposed to acid, base, or heat, whereas the ideal CDr polymer will not.27

Figure 2-11. GPC traces for methyl end-capped polymer 2-18 (28 kDa, Mn). The orange trace represents
unexposed polymer 2-18 (175 μM, 18 °C, peak area: 115). The green trace represents polymer 2-18
heated at 40 °C for 24 h (175 μM, 40 °C, peak area: 109). The blue trace represents polymer 2-18 exposed
to acetic acid for 24 h (164 μM, 18 °C, peak area: 103). The black trace represents polymer 2-18 exposed
to DBU for 24 h (164 μM, 18 °C, peak area: 109). Change in peak area is due to the dilution of the
polymer solution with the addition of the reagents (~7% change in volume).
To test for stability, methyl end-capped polymer 2-18 (28 kDa, Mn) was dissolved in
dichloromethane (1.00 mL, 175 μM). A GPC trace was obtained for the stock solution as a reference. To
test the chemical stability of the polymer, 69 μL of 1.0 M acetic acid (~400 equiv) or 69 μL of 1 M DBU
(~400 equiv) was added to the polymer solution (1.00 mL) at 18 °C. To test the effect of temperature, the
polymer solution (1.00 mL) was transferred to a sealed reaction tube and heated to 40 °C. After 24 h,
GPC traces were obtained for each reaction solution. From the peak shape, it was determined that no
depolymerization occurred under these conditions.
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Figure 2-12. Simultaneous differential scanning calorimetry (DSC)/ thermal gravimetric analysis (TGA)
of polymer 2-14 (164.5 kDa, Mn). Using 8.90 mg in an alumina pan under 50 mL/min N2, the sample was
equilibrated at 35 °C, and then ramped at 5 °C/min to 500 °C.
Simultaneous DSC-TGA was used to measure the thermal stability of polymer 2-14 in the solid
state. While no glass transition was observed for the polymer under these conditions, a significant
endothermic event was observed in the DSC trace with an onset temperature of 175 °C. This coincided
with a greater exothermic event starting around 200 °C and reaching a maximum at 225 °C. These events
match closely with the TGA trace, which shows mass loss occurring at 195 °C. Since no DSC or TGA
data has been reported for the other CDr polymers, no direct comparisons can be made, but we suspect
CDr poly(benzyl ethers) will prove to have a significantly higher onset temperature of thermal
degradation as compared to the other existing CDr polymers.
2.4 Conclusion
In conclusion, we have developed a new class of CDr polymer from the anionic
polymerization of a stabilized para-quinone methide monomer. Key features of this polymer include (i)
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the ability to depolymerize (when un-end-capped and exposed to base) within minutes to hours even in
low polarity solvents; (ii) the ability to depolymerize selectively when exposed to a specific stimulus; and
(iii) stability to acid, base, and heat that often cause non-specific decomposition in other depolymerizable
polymers. The combination of these features should enable a variety of useful applications, including
those that require depolymerization in the solid state.
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The EUV lithography experiments were performed in collaboration with the Lawrence Berkeley National
Laboratory under the supervision of Dr. Chris Anderson. AFM analysis of the EUV-patterned wafer was
performed by Austin Lane.>

Chapter 3
Depolymerizable Polymers as Photoresists to Reduce Image Blur in
Photolithography

3.1

Introduction: Resist for Extreme Ultraviolet Photolithography
The continued success of the microelectronics industry is predicated upon steadily reducing the

size of features patterned by photolithography. Current commercial lithography techniques employ
multistep patterning techniques using 193 nm deep-UV light (DUV) sources to obtain 22 nm half-pitch
features.1 In order to keep pace with Moore’s Law, 10 nm features will need to be obtained by 2016. The
most promising method for realizing sub-22 nm features would be moving to a shorter wavelength light
source, such as 13.5 nm extreme UV light (EUV). However, transitioning to EUV photolithography will
require the development of new photoresists,2 as current resists are not expected to perform well due to
their low sensitivity to EUV light and the high levels of image blur and line-edge roughness (LER)
produced after development.1
Current photolithographic processes often rely on chemically amplified resists (CARs) to achieve
higher sensitivities and to increase wafer throughput. Traditionally, a positive-tone CAR contains three
components: a polymer matrix that is soluble in aqueous base, a responsive hydrophobic polymer for
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dissolution inhibition, and a photoacid generator (PAG). CARs are spin coated onto silicon wafers
(sometimes with an oxide layer or other adhesion-promoting layer) to act as an etch resist (Figure 3-1).

Figure 3-1. Cartoon of patterning in a positive-tone CAR.
In optical lithography, a mask is used to pattern regions of the coated silicon wafer that are
exposed to light (e.g., i-line photolithography uses 365 nm UV light). The exposed PAG liberates a
strong acid catalyst, which, during a post-exposure bake, diffuses through the polymer matrix (Figure 3-1,
orange regions). When the dissolution inhibitor component of the CAR reacts with the acid catalyst, the
polymer is converted from being insoluble to soluble in alkaline solutions. This conversion is typically
accomplished by the cleavage of an acetal or ester, to reveal a phenol or a carboxylic acid (Figure 3-2).
When the wafer is washed with an alkaline solution, the regions of the CAR that were exposed to light
dissolve

away.

The

Figure 3-2. Generic scheme depicting the acid-catalyzed solubility change of a dissolution-inhibiting
polymer. The PAG, 3-1, responds to light to generate triflic acid. The dissolution inhibitor, 3-2, is
protected with an acid-sensitive tetrahydropyranyl (THP) acetal. The reaction of 3-2 with triflic acid
generates the 4-hydroxystyrene polymer 3-3, which is soluble in alkaline solutions, as well as
regenerating the triflic acid catalyst.
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exposed silicon wafer can then be etched with fluoride, and the remaining CAR can be stripped from the
wafer to reveal the patterned bare silicon.
While the diffusion of the acid catalyst facilitates an amplified response to light in the CAR and
decreases throughput time, it also leads to undesired image blurring and LER. Blur is defined as the
difference between the patterned areas and the larger developed regions,3 which results from diffusion of
the acid catalyst through the polymer matrix and past the original exposed areas, it can diffuse past the
original exposed areas.4 LER presents as a wavy effect in what should be straight patterned features.
This roughness occurs from statistical fluxuations in the PAG distribution, catalyst diffusion, or photon
flux. Since sensitivity, blur, and LER all depend on the diffusion of the acid catalyst, it is extremely
challenging to improve a CARs sensitivity without sacrificing the quality of the patterned image. 5,6 This
dilemma only becomes a bigger issue with smaller feature sizes, and therefore is a major limitation to
developing EUV photoresists.2
A variety of methods have been proposed for limiting image blur, including polymer-bound
PAGs,7,8 pitch division using photoacid and photobase generators,7,9–11 and non-CAR polymer-metal
hybrids.12 An alternative currently under investigation would be to make the dissolution inhibitor the
source of the amplification via depolymerization. One strategy that has been explored is the use of FDb
polymers. Using a polyester or polycarbonate dissolution inhibitor and PAG, these systems use acidcatalyzed FDb depolymerization to impart a solubility change.13–15

Even though the FDb

depolymerization mechanism is not amplified in itself, the conversion of long polymer to shorter, acidbearing oligomers does produce an amplified effect. Another strategy, which was introduced by Ito,
Willson,

and

coworkers

during

their

CARs,=
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development

of

traditional

Figure 3-3. Generic depolymerization mechanism of poly(acetal) in response to a photoacid.
Poly(phthalaldehyde), 3-4, reacts with the acid catalyst generating hemiacetal and oxonium species.
These fragments then fully depolymerize, possibly catalyzed further by acid/water, to give the ophthalaldehyde monomer, 3-5.
involved the use of CDb polymers (specifically poly(acetals)) as dissolution inhibitors (Figure 3-3).16–18
While this system can produce a great amount of amplification due to the continuous depolymerization
process, it still requires a diffusible acid catalyst.
3.2

Experimental Design
We hypothesized that CDr polymers could serve as a method for producing amplified phase-

switching behavior while also minimizing blur in the resulting image, as compared to traditional CARs or
FDb/CDb photoresist. In particular, we considered that CDr poly(benzyl ethers) would be an ideal choice
due to their ease of synthesis, good chemical and thermal stability, and rapid depolymerization in lowpolarity environments.

As a proof of concept, a poly(benzyl ether) end-capped with o-nitrobenzyl

oxycarbonyl as a reaction-based detection unit (Figure 3-4, polymer 3-6) could be tested as a photoresist
for i-line photolithography (365 nm UV light). Since the o-nitrobenzyl group is known to respond to both
UV light and e-beam lithography when used in PAGs,19 we hypothesized that this polymer would also be
useful for e-beam and EUV lithography.
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Figure 3-4. Cleavage of an o-nitrobenzyl oxycarbonyl as a reaction-based detection unit. Upon exposure
to ionizing radiation, polymer 3-6 is converted to the proton end-capped polymer, 3-7, which can
depolymerize in the presence of base.
3.3

Results and Discussions

3.3.1

Solid-State Behavior of Proton End-Capped Poly(benzyl ether)
Since the proposed UV-responsive poly(benzyl ether) (3-6) would depolymerize via the proton

end-capped poly(benzyl ether) intermediate (3-7), the solid-state response of 3-7 was investigated first.
Polymer 3-7 (36.2 kDa, Mn) was spin coated onto a polypropylene (PP) disk. The presence of the thin
film could be observed by attenuated total reflection infrared spectroscopy (ATR-IR). Since ATR-IR
spectroscopy can measure at least 500 nm into a material, the ATR-IR spectrum of the thin film (~100
nm) also shows IR stretches from the PP substrate (Figure 3-5, blue). Complete depolymerization would
involve loss of IR transmittance peaks at 1530, 1200, and 1150 cm-1 and give an ATR-IR spectrum
identical to that of the PP substrate (Figure 3-5, black).
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Figure 3-5. High-molecular-weight proton end-capped poly(benzyl ether), 3-7, does not depolymerize in
the solid state. An overlay of the ATR-IR spectra of the bare PP substrate (black), ~100 nm thin film of
3-7 (36.2 kDa, Mn) on PP (blue), and the latter after submerging the thin film in 5% w/w
tetrabutylammonium hydroxide in isopropanol for 20 min (orange). No change in transmittance was
observed for IR stretches characteristic of polymer 3-7 (highlighted by arrows).
The thin film of 3-7 was submerged in a 5% w/w tetrabutylammonium hydroxide (TBAH) in
isopropanol (iPrOH) for 20 min. The film was rinsed with iPrOH, air-dried, and analyzed by ATR-IR
spectroscopy. The IR spectrum (Figure 3-5, orange) was identical to that of the thin film prior to
exposure to base, indicating that no depolymerization had occurred. This result was supported by the
qualitative observation that no color was produced during the experiment (the quinone methide product of
depolymerization is intensely colored). This result was unexpected since depolymerization of 3-7 is
~50% complete in less than 30 min in dichloromethane (DCM, ε = 8.9) under similar conditions.20
3.3.2

Effect of Reaction-Based Detection Unit Accessibility on the Solid-State Response of CDr

Materials
The absence of solid-state depolymerization with polymer 3-7 in response to base could be
explained by the distribution of the reaction-based detection unit (phenol end-cap) at the polymer-solution
interface. If the reaction-based detection unit is buried within the polymer matrix, the base in the solution
phase will not be able to deprotonate the phenol to initiate depolymerization (Figure 3-6, left). The effect
of the reaction-based detection unit distribution on solid-state depolymerization has been previously
studied by Phillips and coworkers.21

It was found that more polar reaction-based detection units

selectively partitioned to the solid-solution interface, allowing for more rapid solid-state
depolymerization. Furthermore, higher-molecular-weight polymers were found to depolymerize more
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slowly in the solid state, likely because the mass ratio of the reaction-based detection unit versus the
repeating units is much lower. Therefore, it is statistically less likely for the reaction-based detection unit
to be present at the solid-solution interface.

Figure 3-6. Cartoon of distribution of reaction-based detection units within the polymer matrix. If the
CDr polymer only has one reaction-based detection unit (blue) as an end-cap (left), the reaction-based
detection unit may be buried deep in the polymer matrix, and therefore be unable to interact with
chemical species at the solid-solution interface. The proposed CDr polymer (right) contains reactionbased detection units (blue) as pendant groups on each repeating unit of the polymer, thus increasing the
chances of interactions occurring with solution-phase stimuli.
When designing a dissolution resist, however, it could be counter-productive to include a
hydrophilic end-cap to enable solid-state depolymerization. Likewise, limiting the molecular weight of
the CDr polymer to achieve better solid-state behavior would negatively impact the amplification
achieved by the system. Therefore, we designed a CDr poly(benzyl ether) that contains reaction-based
detection units on each repeating unit (Figure 3-6, right). This comb design was hypothesized to increase
the number of reaction-based detection units at the solid-solution interface.

In this design,

depolymerization would still be continuous and amplified, occurring from whichever reaction-based
detection unit was triggered to the end of the polymer chain.
3.3.3

Design and Synthesis of Comb CDr Poly(benzyl ether) with Pendant Reaction-Based

Detection Units
Monomer 3-14 was prepared as part of a five-step convergent synthesis in a 40% overall yield
(Figure 3-7). The reaction-based detection unit precursor, 3-10, was synthesized in two steps via a
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Figure 3-7. Scheme depicting the synthesis of monomer 3-14. The reaction-based detection unit is
highlighted in blue.
Williamson reaction between 4-methyl-3-nitrophenol and 1-bromohexane followed by visible lightinduced radical bromination using n-bromosuccinimide and azobisisobutyronitrile. Bisphenol 3-12 was
synthesized via an acid-catalyzed condensation reaction between 2,6-dimethylphenol and formaldehyde.
Compounds 3-10 and 3-12 were coupled via a Williamson reaction. An excess of compound 3-12 was
used to increase the reaction yield, since the synthesis of compound 3-12 used less expensive starting
materials and required fewer purification steps. The low yield for this reaction is likely due in part to the
statistical distribution of products from the desymmetrization reaction and possibly because the monoalkylated product reacts more quickly than the bisphenol starting material, leading to a higher yield of the
di-alkylated byproduct. The resulting phenolic compound, 3-13, was oxidized using silver(I) oxide to
give the quinone methide 3-14. Compound 3-14 was purified twice via recrystallization from hot hexanes
to give the pure monomer.
The hexyl chain on monomer 3-14 was included to increase the solubility of the compound in the
polymerization solvents (i.e., THF or DCM). Without the alkyl chain, only short oligomers were
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produced under the anionic polymerization conditions described in Chapter 2. Several alkyl chains were
compared, and the hexyl ether derivative was found to have the best solubility in THF (~0.65 M) while
introducing the least amount of mass to the final monomer. The hexyl chain was attached to compound
3-9 as an ether for ease of synthesis. While the ether group does shift the absorption maximum of the onitrobenzyl group, this was not a major concern for using monomer 3-14 as a proof of concept.
Polymer 3-15 was synthesized via an anionic polymerization with P2-t-Bu as a non-nucleophilic
base and methanol as the initiator (Figure 3-8). To keep the polydispersity index of the polymer low, the
polymerization was pre-initiated at room temperature and then chilled to -20 °C. The polymer was endcapped with acetyl chloride since every repeating unit already is functionalized with a reaction-based
detection unit. The polymer was isolated by precipitating into methanol in >90% yields. To remove
polymer that was not end-capped or polymer that had already reacted with UV-light, the crude polymer
was dissolved in dimethylformamide (DMF) and treated with 1,8-diazabicycloundec-7-ene (DBU). After
30

min,

the

Figure 3-8. Anionic polymerization of monomer 3-14. Cleavage of any reaction-based detection unit
(blue) on polymer 3-15 leads to continuous depolymerization of all “downstream” portions of the
polymer.
polymer was precipitated into methanol. This process was continued until no additional depolymerization
was observed by gel permeation chromatography (GPC) analysis (generally two washing cycles). After
this cleaning procedure, polymer 3-15 was obtained in ~70% yield.
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3.3.4

Solid-State Depolymerization of UV-Responsive CDr Poly(benzyl ether)
The solid-state response of polymer 3-15 was investigated by again monitoring the response of a

thin film by ATR-IR spectroscopy. Polymer 3-15 (12.2 kDa, Mn) was spin coated onto a PP substrate.
The IR spectrum of the thin film (Figure 3-9, blue) shows characteristic peaks for an aryl nitro group and
carbon-oxygen ether bonds (Figure 3-9, arrows). The thin film was exposed to broad-spectrum UV light
for 1 s and then was submerged in 5% w/w TBAH in iPrOH. The thin film instantly became purple,
which is characteristic of the anion of bisphenol 3-12. After 20 s, the PP substrate was rinsed with iPrOH
and air-dried. The IR spectrum (Figure 3-9, orange) no longer shows the characteristic peaks of polymer
3-15, and instead matches the IR spectrum of the bare PP substrate (Figure 3-9, black), indicating that the
thin film had depolymerized.

Figure 3-9. IR spectra showing the solid-state depolymerization of polymer 3-15. The IR spectrum of
the thin film of 3-15 on the PP substrate (blue) shows characteristic peaks at 1540, 1200, 1150, and 1020
cm-1 (highlighted by arrows). After exposure to UV light and treatment with a solution of TBAH, the IR
spectrum (orange) matches the IR spectrum of the bare PP substrate (black), indicating complete
depolymerization.

3.3.5

Continuous Solution-Phase Depolymerization in Response to UV Light
To confirm that polymer 3-15 depolymerizes continuously in response to UV light (and thus

gives an amplified response), the solution-phase depolymerization of the polymer was monitored by GPC.
A solution of polymer 3-15 (4.4 kDa, Mn) in tetrahydrofuran (THF) was exposed to broad-spectrum UV
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light for 10 s and then was allowed to rest in the dark for 1 h. GPC analysis showed a decrease and
broadening

of

the

Figure 3-10. GPC traces showing continuous depolymerization of polymer 3-15 in response to UV light
and DBU. A 10 s exposure to broad-spectrum UV light followed by 1 h rest still shows a polymer peak
at a retention volume of 14.5 mL (orange trace) as compared to the polymer starting material (black
trace). 10 s exposure to broad-spectrum UV light followed by the addition of 1 equivalent DBU and rest
for 1 h shows complete disappearance of the polymer peak (blue trace).
refractive index signal from the polymer (Figure 3-10, orange trace) as compared to the starting polymer
material (Figure 3-10, black trace). This result was unsurprising as base would still be needed to
deprotonate the resulting phenol to initiate depolymerization even if every reaction-based detection unit
was cleaved. To confirm this hypothesis, a solution of polymer 3-15 (4.4 kDa, Mn) in THF was again
exposed to broad-spectrum UV light for 10 s, and then one equivalent of DBU was added to the reaction
solution. After 1 h, the solution was analyzed by GPC, which showed a complete disappearance of the
polymer peak (Figure 3-10, blue trace). As expected, polymer 3-15 (4.4 kDa, Mn) showed no significant
depolymerization by GPC when treated with DBU in the absence of light for 1 h. Together, these results
suggest that the solid-state response was indeed the result of a CDr process and therefore was an amplified
response to the UV light exposure.
3.3.6

Performance of CDr Poly(benzyl ether) as a Photoresist for i-Line Lithography
Polymer 3-15 was first tested as a photoresist using i-line photolithography (365 nm light).

Typically Novolac (a condensation polymer of phenol and formaldehyde) is used as the matrix resin in
combination with a dissolution inhibitor and PAG to make the photoresist.22 Polymer 3-15, however, was
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found to be phase-incompatible with novolac. Since no suitable resist matrix could be found, we opted to
instead test polymer 3-15 as a single-component thin film. Since dissolution inhibitors are typically only
~10% by mass of the photoresist, a photoresist comprised only of a “dissolution inhibitor” would be
expected to need much higher doses of light to achieve complete dissolution. Despite this limitation, we
expected that the homogenous thin film of polymer 3-15 would still give high sensitivity due to the
amplified response of the depolymerization process.
Polymer 3-15 (12.2 kDa, Mn) was spin coated onto silicon wafers using a bottom anti-reflection
coating (BARC) underlayer as an adhesion promoter. While BARC underlayers can be used to prevent
standing waves from forming in the photoresist during UV exposure (which can lead to increased LER), 22
the thickness of the BARC layer was not optimized for this purpose. After screening several casting
solvents and spin coating conditions, it was found that spin coating polymer 3-15 (12.2 kDa, Mn) in a
solution of propylene glycol monomethyl ether acetate (PGMEA) followed by a soft bake at 110 °C for
60 s gave the most uniform thin films. Film thicknesses were measured by ellipsometry, but since the
optical properties of polymer 3-15 were not well known, the film thickness measurements also were
validated by atomic force microscopy (AFM).

Figure 3-11. Graphs showing the effects of development time and base concentration on film clearance.
a) Graph of film clearance versus development time in 1 M TBAH in MeOH: 5 s (), 10 s (), 30 s (),
and 60 s (X). (b) Graph of film clearance versus concentration of TBAH in MeOH for 60 s development:
1.0 M (), 0.33 M (), 0.25 M (), 0.125 M (X), 0.0625 M ().
i-Line contact printing was performed using a SUSS MA/BA6 mask aligner (7.5 mW/cm2
intensity at 365 nm) and a chromium-patterned glass photomask (with regions of varying transparency for
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dose-response experiments).

No post-exposure bake (PEB) was performed, as PEBs are used in

conjunction with CARs to promote diffusion of the catalyst. Aqueous tetramethylammonium hydroxide
(TMAH), which is a standard developing solution for photoresists, did not develop the exposed thin film
of polymer 3-15 (12.2 kDa, Mn), most likely due to the hydrophobicity of the thin film. Various organic
developers were screened by measuring the thin film clearance by ellipsometry, as well as by observing
the effects of the developer solution on line/space patterns. Tetrabutylammonium hydroxide (TBAH) in
MeOH was found to fully dissolve the exposed regions without leaving behind residual material. To
optimize these conditions, various development times were tested (Figure 3-11a).

Extending the

development time from 5 to 60 s improved the film clearance three fold. Varying the concentration of
TBAH, however, showed no effect (Figure 3-11b). More dilute developer solutions sometimes show
positive effects with photoresists, but this is due to the protonation level of the polymeric dissolution
inhibitor.

Since polymer 3-15 changes solubility by depolymerizing and not by revealing acidic

functionalities, it is unsurprising that the TBAH concentration had no effect. From these results, the best
development conditions were determined to be 1 M TBAH in MeOH for 60 s. Importantly, no film
thinning was observed for unexposed regions under these development conditions.
The dose response of the photoresist was obtained using fixed exposure times and using the areas
of varying transparency on the photomask to meter the level of UV exposure (Figure 3-12). Ellipsometry
was used to measure the amount of film thinning after development.

Figure 3-12. Photograph of the i-line-patterned polymer 3-15 photoresist with dose array. The thin film
of polymer 3-15 (93 nm) appears gold when at full thickness and green/purple when thinner. The BARC
underlayer appears brown/black when the thin film of polymer 3-15 has been fully removed.
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For a 93 nm thin film of polymer 3-15, the dose to clear (E0) was ~100 mJ/cm2 (Figure 3-13).
Typical CARs give dose-response curves that are sharply sigmoidal, which gives the patterned image
high contrast, as there is a very narrow dose range between total clearance and no clearance. This
contrast behavior is a function of the dissolution inhibitor having a solubility rate that is highly dependent
on the dose.23 It is likely that the thin film of polymer 3-15 is opaque to the UV light at 365 nm, and
therefore the top of the film must be overexposed in order for the bottom of the film to be fully exposed.
This would explain the linear dose-response curve (Figure 3-13). Direct comparisons with commercial
photoresists will be more useful when CDr poly(benzyl ethers) are formulated to be phase-compatible
with a photoresist matrix resin.

Figure 3-13. Graph of the dose response of polymer 3-15 (93 nm) to 365 nm light (i-line contact printing
lithography).
From the linear portion of the dose-response curve, the thin film of polymer 3-15 (12.2 kDa, Mn)
was found to have a clearance rate of 1.02 nm/(mJ/cm2). Commercial i-line CAR photoresists have a
dose-dependent film clearance rate between 7-13 nm/(mJ/cm2).24 Since a dissolution inhibitor formulated
from polymer 3-15 might only be present at 10% w/w in a hypothetical photoresist, it could be expected
that the film clearance rate would be an order of magnitude higher in this case, and therefore, on par with
those of commercial photoresists.
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Figure 3-14. Optical microscopy images of micron-sized line/space patterning from i-line lithography.
Ideal photoresist and development conditions would give 1:1 line/space pattern. a) Dark-field exposure
with 504 mJ/cm2 dose. The thin film of 3-15 is tan while the exposed BARC underlayer is black/blue.
The circular irregularities are artifacts from the microscope lens. b) Clear-field exposure with 92.4
mJ/cm2 dose. The thin film of 3-15 is blue/white while the exposed BARC underlayer is black.
The same i-line photomask was also used to make line/space patterns (Figure 3-14). The SUSS
MA/BA6 mask aligner has a maximum resolution of 1 m, so line/space patterns of 2-10 m pitch were
used to test the ultimate resolution of the photoresist. The best results with dark-field exposure were
obtained with a fairly high dose of 504 mJ/cm2 (Figure 3-14a). The 10 m line/spaces were somewhat
underexposed, while the line/space pattern below 6 m pitch appeared overexposed. The clear-field
exposure gave the best resolution with a dose of 92.4 mJ/cm2 (Figure 3-14). The 4 m pitch and smaller
line/space patterns appeared to be nearly properly dosed, while the larger pitch features appeared
overexposed. These results are promising, although there is certainly room for further optimization with
the exposure dose, development step, and resist formulation.
3.3.7

Performance of CDr Poly(benzyl ether) as a Resist for EUV Lithography
Since o-nitrobenzyl groups will cleave in response to both UV light and high-energy electrons,19

it was expected that polymer 3-15 would have some sensitivity toward EUV radiation. An ideal resist
would need to be transparent enough to EUV radiation so that the full thickness of the film can be dosed,
but also absorbent enough to maintain high sensitivity and quantum yield. It is know that low-density,
aromatic polymers have low EUV absorbtion.25 Therefore, we expected polymer 3-15 would not be
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overly opaque to EUV radiation. In a typical CAR resist, the EUV radiation is mostly absorbed by the
matrix resin, which then produces secondary electrons which activate the PAG. 26 The absorption of EUV
radiation is dependent on the elemental composition of the material. Compared to the relative EUV
absorptions of hydrogen (1) and carbon (23.8), nitrogen (49.6) and oxygen (93.4) help to sensitize the
resist toward EUV radiation. While it was not clear whether the o-nitrobenzyl ether functional group
would cleave under EUV radiation as it does under UV light, we theorized that the added nitrogen and
oxygen content would still make polymer 3-15 a promising resist candidate.
The EUV lithography experiments were performed at the Lawrence Berkeley National
Laboratory (LBNL) Center for X-ray Optics (CXRO). To obtain a dose-response curve, polymer 3-15
(12.3 kDa, Mn) was spin coated onto BARC-coated silicon wafers and then baked at 110 °C for 60 s to
give 50 nm thin films. Film thicknesses were measured using a Nanospec instrument, although these
values could not be verified by a second method. The wafer was exposed on the Berkeley Dose
Calibration Tool (DCT) from 5 to 55 mJ/cm2, and then was developed in 1 M TBAH in iPrOH for 60 s.
The dose-response curve shows only a 40% reduction in film thickness (20 nm) at the highest dose of 55
mJ/cm2 (Figure 3-15). Commercial EUV resists have E0 of ~10 mJ/cm2, although this sensitivity comes
at the expense of added LER.25

Figure 3-15. Dose-response of a 50 nm thin film of polymer 3-15 (12.3 kDa, Mn) to EUV radiation.

Due to scheduling restraints that delayed the analysis of the DCT image, the E0 dose had to be
estimated by the operator when using the LBNL Microfield Exposure Tool (MET). A 50 nm thin film of
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polymer 3-15 (12.3 kDa, Mn) was patterned using the low-flare bright-field LBNL reticle with a center
dose of 26 mJ/cm2 and exponential steps of 7.5% of E0 (Figure 3-16).

Figure 3-16. Image of the low-flare bright-field LBNL reticle. White areas indicate regions of EUV
exposure.

Even at the highest dose, 32.3 mJ/cm2, the patterned image was significantly underdeveloped.
This is to be expected since E0 was significantly underestimated.

Interestingly, some regions of the

imaged thin film, while still underdeveloped, showed more film development than what was seen with the
DCT at an equivalent dosage. The low-flare bright-field 80 nm pitch line/space pattern of Figure 3-17 has
fully dosed regions to both sides. This region has a depth of 29 nm, while the equivalent dose with the
DCT had a depth of 7.6 nm. It is unclear if this discrepancy is a byproduct of the MET or DCT reticle, or
an error in the measurement by the Nanospec instrument.

Figure 3-17. AFM measurement of 80 nm pitch line/space pattern.
Film thinning was also observed for some features. Pitch line/space patterns of 1 m were
observed with 14 nm depths, but also 7 nm of film thinning (Figure 3-18). It is unclear what might be
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causing film thinning, and without a proper E0 it is difficult to draw conclusions about the resolution of
this resist.

Figure 3-18. AFM measurement of film thinning with 1 m pitch line/space patterns.
While these results show that thin films of polymer 3-15 are not an optimal resist for EUV
lithography, this is not entirely unsurprising or discouraging. With a different reaction-based detection
unit and possibility a sensitizer designed to better absorb EUV radiation, CDr poly(benzyl ethers) could
still prove to be useful as an alternative method for amplification in EUV lithography.
3.3.8

Performance of CDr Poly(benzyl ether) as a Resist for e-Beam Lithography
To further investigate the low sensitivity of the resist and film thinning observed with EUV

lithography using a lower cost and more accessible technique,we tested our CDr poly(benzyl ether) using
e-beam lithography. While there are significant differences between how resists perform with EUV and
e-beam lithography, there is some evidence that the E0 dose of each method is linearly correlated for some
resists.27 Specifically, we were interested in whether the film thinning seen by EUV lithography was a
byproduct of the depolymerization of the poly(benzyl ether) or if it was a blurring effect caused by the
scattering of secondary electrons.28
New development conditions were screened, since the opacity of polymer 3-15 under e-beam
lithography conditions is likely different from what was observed under i-line lithography conditions. A
75 nm thin film of polymer 3-15 (25.3 kDa, Mn) was spin coated onto BARC-coated Si wafers using
PGMEA and a soft bake of 110 °C for 60 s. The dose response of the thin film was measured by
patterning three arrays of forty rectangular regions at varying doses (Figure 3-19). The exposed regions
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were made with dimensions of 100 x 300 m to obtain an accurate determination of the applied
dose

Figure 3-19. Composite microscope image of a portion of the patterned array for determining the doseresponse of the thin film. The blue regions are polymer 3-15 (25.3 kDa, Mn) and the brown regions are
where the BARC underlayer is exposed. Each rectangle is 125 x 300 m. The first rectangle in the array
(#1) is dosed with 125 C/cm2. Each successive rectangle is dosed with an additional 5% of the previous
dose (up to 838 C/cm2, #40). The full pattern includes two additional arrays with starting doses of 40
and 400 C/cm2.
without the need for proximity-effect corrections. These patterned images proved to be challenging to
measure, however, as stylus profilometry scratched the thin films even under the lowest force conditions.
AFM measurements of the step height at each dosed region proved to be too time consuming and could
not measure regions with film thinning from overexposure as the required scan lengths were too large.
The patterned wafers were ultimately coated with an 80 nm thin film of gold and then measured by
optical profilometry. The gold layer prevents optical artifacts caused by the exposed BARC underlayer in
areas of complete film clearance.
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Figure 3-20. Graph showing the dose response of polymer 3-15 (25.3 kDa, Mn) to e-beam lithography
under various development conditions. (a) The e-beam pattern wafers were developed using 4% v/v
DBU in iPrOH for 5 min (), 10 min (), or 60 min () or using 2% w/w TMAH in 1:1 H2O–iPrOH
for 5 min (). (b) Enlarged section of the dose-response curves to show behavior at low dosages.
As observed with i-line-patterned thin films of polymer 3-15, aqueous developers were not
effective, likely due to the hydrophobicity of the polymer and low solubility of the released small
molecule products of depolymerization.

Solutions of tetramethylammonium hydroxide (TMAH) in

mixtures of water and iPrOH did show some development, but ultimately were inferior to pure organic
developing solutions and tended to leave behind polymer residue in the patterned regions. As observed
with i-line photolithography, the best developer solution was found to be 4% v/v DBU in iPrOH. Longer
development times increased the amount of film clearance without causing film thinning in unexposed
regions of the wafer (as determined by AFM). Increasing the development time from 5 min to 10 min
gave complete clearance at dosages above 1500 C/cm2 (Figure 3-20, a). Development times of up to 1 h
were tested, but only showed slight improvement over 5 min development times for dosages below 70
C/cm2. Longer development times likely improve the amount of film clearance at lower dosages
because only a few reaction-based detection units have been cleaved at the surface of the thin film. In
these situations, the rate limiting step is between the interaction between the solution phase base and the
liberated phenols on the polymer surface. With higher doses, where multiple reaction-based detection
units have been cleaved, less time is needed to imitate depolymerization and dissolve the small molecule
products.
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The high doses required to achieve complete film clearance can be attributed to the high
absorptivity of the thin film to the incident electrons. The rate of film clearance is initially high for low
doses, but plateaus at higher doses as the top portion of the thin film screens the bottom portions from
being fully exposed. This result suggests that the low sensitivity seen with EUV lithography might also
be an issue of the thin film being too opaque to function as a resist, but the amplification from
depolymerization does appear to be high especially at low dosages with long development times. It will
be necessary to reformulate the poly(benzyl ether) to serve as a dissolution inhibitor within a matrix resin
to achieve better sensitivities.

Figure 3-21. Optical profilometry measurement of gold-coated wafer. The pattern was dosed at 617.5
C/cm2 and developed with 4% v/v DBU in iPrOH for 5 min. The step height was measured to be 32 nm.
The deposition of the gold layer adds some surface roughness (usually <2 nm).
While some film thinning was observed for extremely high doses with e-beam lithography, little
to none was observed otherwise. Measurements using both AFM and optical profilometry showed less
than a few nanometers of film thinning at the sides of the patterned rectangles (Figure 3-21). This image
blur can be attributed to the scattering of secondary electrons within the thin-film matrix. To fully rule
out blur from the depolymerization process, sub-micrometer pitch line/space patterns would need to be
investigated to compare with the EUV lithography results, but these initial results are promising.
3.4

Conclusion
After observing that CDr poly(benzyl ethers) with only one reaction-based detection unit did not

depolymerize in the solid state, we redesigned the poly(benzyl ethers) with pendant reaction-based
detection units on every repeating unit. Future work could focus on making block copolymers between
the responsive and non-responsive monomers to modulate the sensitivity of the polymer.
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We successfully demonstrated that a CDr poly(benzyl ether) with an o-nitrobenzyl ether on every
repeating unit could be used as a photoresist in i-line, e-beam, and EUV lithography. While using the
poly(benzyl ether) as a pure thin film necessitated that high exposure doses were required for complete
film clearance, these results still show that the resist increased sensitivity imparted by the
depolymerization reaction. Future work to formulate these poly(benzyl ethers) into dissolution inhibitors
for use in a matrix resin is expected to drastically reduce E0 for these photoresists. The sensitivity of
these resists could also be improved by screening other reaction-based detection units to optimize for the
desired form of lithography. Ultimately, these CDr polymers are promising new photoresists which are
not subject to the negative effects of catalyst diffusion encountered with other CARs.
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Chapter 4
Cross-Linked CDr Poly(benzyl Ethers) as Vanishing Materials

4.1

Introduction to Responsive Cross-Linked Materials
Thermosetting materials are useful for their ability to form permanent, intractable objects that

remain unaffected by temperature or solvents. Thermosets gain their mechanical strength and durability
from cross-links that form during the curing process, but these same properties complicate the recycling
and degradation of thermosets materials. Thermoset polymers cannot be melted or remolded for primary
recycling and the insolubility of these materials can prevent chemical recycling.1 To address these
limitations significant research has been directed toward creating thermoset polymers with reversible
cross-links to create recyclable, vanishing, or shape-memory materials.2 UV light,3 heat,4–7 base,8,9
acid,10,11 thiols,12 and alkylating reagents13 have all been used as stimuli for the cleavage or dynamic
rearrangement of polymer cross-links.
Materials that employ reversible cross-linking reactions can be classified as FDb or FDr polymers
— these materials require either stoichiometric amounts of the triggering reagent or continuous
application of the physical stimulus to reverse the cross-linking reactions.

Without a source of

amplification, these materials frequently require high temperatures or long periods of time to respond.
Furthermore, these thermoset materials are often formulated as gels or soft rubbers to enable interaction
between the triggering stimulus and the cross-linking bonds. An ideal vanishing thermoset material
would be able to respond rapidly at ambient conditions even as a large, dense object. This chapter details
the creation of cross-linked CDr poly(benzyl ethers) with multiple reaction-based detection units (like
those demonstrated in Chapter 3) to create solid, dense thermoset materials that can vanish in response to
an applied stimulus.
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4.2

Experimental Design
Our goal was to create a CDr poly(benzyl ether)

that could be solution cast and then cross-linked under
mild conditions to give rigid, insoluble materials that
would still depolymerize in the solid-state.

To

accomplish this, we developed a copolymer that bears
Figure 4-1. General design for a cross-linked
and CDr polymer that can depolymerize in the solid
state.
functional groups for cross-linking (Figure 4-1). While
both

pendant

reaction-based

detection

units

there are a variety of methods for creating cross-links within a polymeric material,14 we chose to pursue
the copper-catalyzed Huisgen azide-alkyne 1,3-dipolar cycloaddition15,16 due to its wide functional group
tolerance.17 We also envisioned that a tert-butyldimethylsilyl (TBS) ether could function as a stable and
selective reaction-based detection unit for enabling solid-state depolymerization.18
4.3

Results and Discussion

4.3.1

Synthesis and Polymerization of a Quinone Methide Monomer Bearing a Propargyl Ether
The viability of using the Huisgen azide-alkyne cycloaddition as a cross-linking reaction was first

studied using a polymer with only the propargyl ether pendant group. Figure 4-2 depicts the synthetic
route to monomer 4-2. The Williamson ether coupling between compound 3-12 and propargyl bromide
was low yielding, likely because the monosubsituted product reacts more readily than compound 3-12
with propargyl bromide, leading to the dialkylated byproduct. We attempted to optimize this reaction by
screening other solvents and the number of equivalents of propargyl bromide, but we had limited success.
Compound 4-1 was oxidized to the quinone methide monomer 4-2 using a biphasic reaction with
potassium ferricyanide. Silver oxide was not able to perform this oxidation, likely because it reacts with
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the terminal alkyne. Monomer 4-2 was purified by hot recrystallization from 1:1 hexanes–diethyl ether.

Figure 4-2. Scheme depicting the synthesis of a quinone methide monomer bearing a propargyl ether..
Monomer 4-2 was polymerized anionically using the phosphazene base P2-t-Bu and methanol as
an initiator (Figure 4-3). The living polymer was end-capped with acetyl chloride to give a polymer that
should not depolymerize under standard conditions. Polymer 4-3 (35.7 kDa, Mn) was obtained in a 50%
yield after removing non-end-capped polymer by treating the polymer in solution with DBU and then
precipitating into MeOH.

Figure 4-3. Scheme depicting the anionic polymerization of monomer 4-2.
4.3.2

Synthesis and Characterization of the Cross-Linked Poly(benzyl ether)
To find the best conditions for the Huisgen azide-alkyne cycloaddition cross-linking reaction, we

screened various solvents, reaction temperatures, ligands, and copper catalysts. In all cases, 1,11-Diazido3,6,9-trioxaundecan (Figure 4-4, compound 4-4) was used as the cross-linking reagent. Due to the
hydrophobicity of polymer 4-3 (35.7 kDa, Mn), conditions for the Huisgen azide-alkyne cycloaddition
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that required aqueous solutions or water-soluble reducing agents (e.g., sodium ascorbate)16,19,20 did not
show any signs of cross-linking.

Adapting conditions from other post-polymerization “click”

reactions,17,21,22 we found that using the triamine ligand, 4-5, with a copper(I) catalysts and just enough
PGMEA to give a viscous gel produced a rigid material after curing at 90 °C for 1 h (Figure 4-4). The
resulting cross-linked material was completely insoluble in THF, DCM, and DMF (all solvents that
readily dissolve polymer 4-3). Running the cross-linking reaction at temperatures below 90 °C or for less
than 1 h gave material that appeared to be only partially cross-linked — the material swelled in organic
solvents and had a tacky consistency.

Figure 4-4. Scheme depicting the cross-linking of the propargyl bearing poly(benzyl ether) using the
Huisgen azide-alkyne “click” reaction.
Attempts to monitor the cross-linking reaction by

1

H-NMR spectroscopy proved to be

unsuccessful. The cross-linked polymer 4-6 could not be dissolved or swollen in a deuterated solvent in
order to obtain a spectrum, nor could the reaction be run in CD2Cl 2, CDCl3, or DMSO-D6. DSC analysis
of the curing process was complicated by the use of PGMEA as a solvent for the reaction, as thermal
events from the polymer dissolved in PGMEA swamped out any heat flow from the curing process. DSC
analysis of 4-3 (35.7 kDa, Mn) and 4-6, however, revealed that both undergo thermal degradation at ~226
°C (Appendix C), showing that the polymer backbone was not degraded by the curing conditions.
Therefore, to determine the completion of the cross-linking reaction, ATR-IR spectroscopy was used to
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observe the conversion of the alkyne functional group into the triazole group (Figure 4-5). The loss of the
alkyne C-H peak at 3270 cm-1 indicates that the cross-linking reaction has gone to competition.

Figure 4-5. ATR-IR spectra of polymer 4-3 (35.7 kDa, Mn) (black) and cross-linked polymer 4-6 (blue).
The peak at 1730 cm-1 corresponds to the carbonyl group of residual PGMEA.
Polymer 4-6 could also be prepared as a cross-linked thin film by spin coating the reaction
mixture onto silicon wafers before heating to 90 °C for 4 h. AFM analysis showed that polymer 4-3 (35.7
kDa, Mn) and the ethylene oxide linker 4-4 gave a homogenous material once cross-linked, as no microor nano-scale regions of differing modulus were observed. AFM quantum nanomechanial analysis using
a relative calibration to a polystyrene standard showed that the elastic modulus of the material increased
from 2.8 GPa in thin films of polymer 4-3 to 3.0 GPa after cross-linking.
4.3.3

Synthesis of a Fluoride-Responsive Cross-Linked Copolymer
A TBS ether was chosen as the reaction based detection unit (responsive to fluoride) since it was

expected to be stable under the cross-linking reaction conditions.23 Figure 4-6 depicts the synthetic route
to monomer 4-8. The Sn2 reaction between compound 3-12 and tert-butyldimethylsilyl chloride was not
fully optimized, but the low yield can again be attributed to formation of the disubstituted byproduct.
Compound 4-7 was oxidized using potassium ferricyanide in a biphasic mixture of petroleum ether and an
aqueous solution of potassium hydroxide to give the quinone methide monomer. The high solubility of
monomer 4-8 in non-polar solvents complicated efforts to purify the compound, but the monomer was
eventually isolated as a yellow solid by recrystallizing from pentane at −78 °C.
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Figure 4-6. Scheme depicting the synthesis of a quinone methide monomer bearing a tertbutyldimethylsilyl ether reaction-based detection unit (blue).
Copolymer 4-9 (9.0 kDa, Mn) was synthesized from the anionic polymerization of monomers 4-8
and 4-2 using MeOH and the phosphazene base P2-t-Bu. For the polymerization, monomers 4-8 and 4-2
were premixed in a 1:1 ratio with the goal of obtaining a random copolymer. We hypothesized that a
random copolymer would provide the most uniform cross-linking for creating a dense material but also
contain enough reaction-based detection units at the material surface for rapid solid-state
depolymerization. The polymer was end-capped with acetyl chloride and purified by treating the polymer
in solution with DBU to depolymerize non-end-capped polymer.

1

H-NMR analysis of copolymer 4-9

showed a relative ratio of 7:3 between propargyl and TBS groups (Appendix A). It remains unclear if the
low incorporation of the TBS functionalized monomer is a result of the electronics of the quinone methide
monomer, and therefore an issue of relative reaction-rates between the two monomers, or if the TBS
groups are cleaving during the polymer purification step. The lower molecular weight and yield of
copolymer 4-9 (9.0 kDa, Mn) relative to polymer 4-3 (35.7 kDa, Mn) may be attributed to impurities from
monomer 4-8.
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Figure 4-7. Scheme depicting the anionic copolymerization of monomers 4-8 and 4-2.

Copolymer 4-9 (9.0 kDa, Mn) was cross-linked using the same conditions for synthesizing 4-6
(Figure 4-8). Again, the cross-linking reaction could not be monitored or analyzed by NMR or DSC, so
ATR-IR was used to confirm the conversion of the alkyne groups by monitoring the disappearance of the
alkyne C-H peak in the cross-linked material (Appendix C).

Figure 4-8. Scheme depicting the Huisgen azide-alkyne cross-linking reaction used to form copolymer
4-9.
4.3.4

Solid State Depolymerization of a Cross-Linked Poly(benzyl ether)
To test the solid-state depolymerization of 4-10, a macroscopic object of 4-10 was prepared by

running the cross-linking reaction of polymer 4-9 (9.0 kDa, Mn) in a Teflon mold (Figure 4-9, a). The
cross-linked object (75 mg, 1.7 cm x 0.7 cm x 0.1 cm) was suspended in DCM for 24 h to extract out any
unreacted reagents, ligand, catalyst, and solvent. To show that any depolymerization does not occur as a
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result of swelling, the object made from 4-10 was massed before and after suspending it in MeCN for 12
h. The mass change was less than a 2% increase, proving that 4-10 does not appreciably swell in MeCN.
The object made from 4-10 was first subjected to conditions under which depolymerization
should not occur. The object was submerged in 0.2 M tetrabutylammonium bromide (TBABr) in a
solution of 1:75 H2O–MeCN for 12 h (Figure 4-9, b), and any depolymerization was monitored visually
by taking photographs every 30 min, as well as by massing the object before and after subjecting it to
TBABr. No color change was observed, which would have been indicative of depolymerization, and the
object lost less than 2% of its mass.

Figure 4-9. Photographs showing the solid-state depolymerization of the fluoride-responsive crosslinked polymer 4-10. (a) An object made of 4-10 (1.7 cm x 0.7 cm x 0.1 cm). The light colored spots are
bubbles that formed on the surface of the material during the cross-linking reaction. (b) The object after
treatment with 0.2 M TBABr in 1:75 H2O–MeCN for 12 h. Treating the same object with 0.2 M TBAF in
1:75 H2O–MeCN shows immediate signs of depolymerization after 1 min (c), but no significant change
after 12 h (d).
Subjecting the object made from 4-10 to 0.2 M tetrabutylammonium fluoride (TBAF) in a
solution of 1:75 H2O–MeCN showed immediate signs of depolymerization (Figure 4-9, c). The purple
color generated upon treatment with TBAF is attributed to the anion of the released quinone methide
monomer from depolymerization.

After 12 h, the object had noticeably shrunk in size, but the

depolymerization appeared to have significantly slowed (Figure 4-9, d). After treatment with TBAF for
12 h, the object of 4-10 showed a ~45% reduction in mass.

This result is consistent with the

incorporation of the fluoride-responsive monomer into copolymer 4-9 (~30%). The remaining material
may either have relatively few repeating units with pendant TBS ether groups, or these responsive units
may be inaccessible to the solution-phase. In the future, creating block copolymers with the responsive
repeating units at the head of the polymer may enable complete depolymerization within much shorter
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timeframes. This design would ensure that cleaving any of the reaction-based detection units would lead
to depolymerization of the cross-linked regions of the polymer.
4.4

Conclusion
We have developed a cross-linked poly(benzyl ether) that can depolymerize in the solid-state in

response to a mild, solution-phase chemical stimulus. In contrast to other examples of degradable
thermoset materials, we have shown that cross-linked CDr polymers with multiple reaction-based
detection units can respond in the solid-state without the need for the material to be swollen by solvent.
This design strategy provides a way for creating responsive thermoset polymers that can depolymerize for
chemical recycling, shape-changing objects, or vanishing materials. This work represents only a first
attempt at creating a CDr thermoset material, as many other variations of reaction-based detection units,
cross-linking reagents, and parent CDr polymers could be used in a similar design strategy.
4.5
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Chapter 5
Materials, Methods, Experimental Procedures, and Characterization

5.1 Materials
Reagents were purchased commercially and were used as received unless otherwise noted.
Dichloromethane (DCM), diethyl ether, N,N-dimethylformamide (DMF), dimethylsulfoxide (DMSO),
toluene, and tetrahydrofuran (THF) were purified by the method of Pangborn et al. 1 Methanol (MeOH)
was dried over activated 3Å molecular sieves for 24 h and then distilled from fresh activated 3Å
molecular sieves. Pyridine and N,N-diisoproylethylamine were distilled from ninhydrin, dried over
activated 5Å molecular sieves for 24 h, and then redistilled from fresh activated 5Å molecular sieves.
Isopropanol (iPrOH) was distilled from calcium hydride and stored over 3Å molecular sieves. Deionized
water was purified using a Millipore purification system (Barnstead EASYpure II UV/UF). Potassium
carbonate and cesium carbonate were dried at 120 °C under at 0.65 Torr for 24 h and then stored in a
glove box under an inert atmosphere. Acetyl chloride, allyl chloroformate, azobisisobutyronitrile, Nbromosuccinimide, and 4-dimethylaminopyridine were purified according to published procedures.2
5.2 Methods
All reactions were performed in oven-dried glassware under a positive pressure of nitrogen,
unless otherwise noted. Air- and moisture-sensitive liquids were transferred via syringe or cannula.
Organic solutions were concentrated by rotary evaporation at ambient temperature under reduced
pressure. Flash column chromatography was performed as described by Still, Kahn, and Mitra,3
employing silica gel (60 Å pore size, 32−63 μm, standard grade, Dynamic Adsorbents). Thin-layer
chromatography was carried out on Dynamic Adsorbents silica gel TLC (20 × 20 w/h, F-254, 250 μm).
Proton nuclear magnetic resonance (1H NMR) spectra were recorded at 25 °C. Proton chemical
shifts are expressed in parts per million (ppm, δ scale) and are referenced to the residual protium in the

78

solvent (CHCl3, 7.27 ppm; CH2Cl2, 5.32 ppm).

Data are represented as follows: chemical shift,

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet and/or multiple resonances, br s
= broad singlet), integration, and coupling constant (J) in hertz. Carbon nuclear magnetic resonance
spectra (13C NMR) were recorded at 25 °C. Carbon chemical shifts are expressed in parts per million
(ppm, δ scale) and are referenced to the carbon resonances of the NMR solvent (CDCl3,77.0 ppm;
CH2Cl2, 54.0 ppm).
Number-average molecular weight (Mn), weight-average molecular weight (Mw), and
polydispersity (Mw/Mn) values were determined by size exclusion chromatography (SEC) using an
Agilent Technologies 1260 Infinity gel permeation chromatography (GPC) system equipped with a
refractive index detector, a Malvern Viscotek model 270 Dual Detector with right and low-angle light
scattering, and either a Viscotek T-column (300 mm × 7.8 mm, CLM3012) and Agilent Resipore column
(300 mm × 7.5 mm) in series or a single Agilent Resipore column (300 mm ×7.5 mm) using THF (dn/dc
= 0.185) or DMF (dn/dc = 0.159) as the mobile phase (flow rate: 1 ml/min, 25 °C).
Thermogravimetric analysis (TGA) was performed using a TA Instruments 2050 under N2 using
a platinum pan. Samples were heated from 23 to 700 °C at a rate of 10 °C/min. Simultaneous differential
scanning calorimetry and thermogravimetry analysis (SDT) was performed using a TA Instruments Q600
with a N2 atmosphere in open alumina pans. Unless otherwise noted, samples were equilibrated to 35 °C
then ramped to 500 °C at a rate of 5 °C/min. The data was analyzed using the TA Instruments Universal
Analysis V4.5 program. Ellipsometry was performed using a J. A. Woollam VB 400 VASE with
wavelengths from 382 to 984 nm at a 65° angle of incidence. AFM images were obtained using a Bruker
Icon in peak-force tapping mode with a scanasyst-air probe unless otherwise noted.
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5.3 Chapter 2: Experimental Procedures and Characterization

Figure 5-1. Synthetic scheme for monomer 2-6.
Synthesis of compound 2-11. Benzoyl chloride (9.5 mL, 82 mmol, 1 equiv) was added dropwise to a
solution of 2,6-dimethylphenol (2-10, 10 g, 82 mmol, 1 equiv) in pyridine (30 mL) at 0 °C. The reaction
mixture was allowed to warm to 23 °C and stirred for 2 h. Ethyl acetate (100 mL) was added to the
reaction mixture, and the resulting solution was washed with water (2 × 100 mL). The organic layer was
dried over sodium sulfate, the solids were removed by filtration, and the solution was concentrated by
rotary evaporation. Trifluoromethanesulfonic acid (25 mL) was added in one portion to the resulting
solid at 0 °C and the flask was purged with argon. The reaction mixture was heated to 60 °C and stirred
for 16 h. The reaction mixture was cooled to 23 °C and then poured into ice water (100 mL). The
resulting solution was extracted with ethyl acetate (100 mL) and the aqueous later was neutralized with
saturated aqueous sodium bicarbonate. The aqueous layer was extracted with ethyl acetate (2× 100 mL)
and the combined organic layers were dried over sodium sulfate. The solids were removed by filtration,
the solution was concentrated by rotary evaporation, and the residue was purified by silica gel flash
column chromatography (100% v/v hexanes increasing to 30% v/v ethyl acetate in hexanes) to afford
compound 2-10 as a peach, amorphous solid (17.4 g, 76.7 mmol, 90% over two steps).1H NMR (CDCl3,
400 MHz) δ 7.76–7.74 (m, 2H), 7.59–7.55 (m, 1H), 7.52 (s, 2H), 7.52–7.45 (m, 2H), 5.95 (s, 1H), 2.29 (s,
6H); 13C NMR (CDCl3, 400 MHz) δ 196.6, 157.0, 138.4, 132.0, 131.8, 129.9, 129.4, 128.3, 123.2, 16.1.
The NMR data matches the known spectra for this compound.4,5
Synthesis of compound 2-12. Palladium (10% by weight on carbon powder) (0.87 g, 5% by weight of
compound 2-11) was added in one portion to a solution of compound 2-11 (17.4 g, 75.8 mmol, 1.0 equiv)
in ethanol (250 mL) under a N2 atmosphere. The flask was evacuated and purged three times with H2 gas.
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The reaction mixture was stirred vigorously for 3 h at 23 °C under an atmosphere of H 2 (balloon). The
flask was evacuated, purged with argon, and the reaction mixture was filtered through a pad of celite. The
solvent was removed by rotary evaporation, and the residue was purified by silica gel flash column
chromatography (5% v/v ethyl acetate in hexanes, increasing to 10% v/v ethyl acetate in hexanes) to
afford compound 2-12 as a white, amorphous solid (15.3 g, 72.0 mmol, 95%).1H NMR (CDCl3, 400
MHz) δ 7.997.88 (m, 5H), 7.51 (s, 2H), 4.52 (s, 2H), 2.88 (s, 6H) ;13C NMR (CDCl3, 400 MHz) δ 151.0,
142.6, 133.3, 129.3, 129.1, 128.8, 126.2, 123.5, 41.5, 16.1. The NMR data matches the known spectra for
this compound.4,5
Synthesis of compound 2-6. Potassium ferricyanide (25.0 g, 75.9 mmol, 4 equiv) and potassium
hydroxide (4.5 g, 80.0 mmol, 4.2 equiv) in deionized water (100 mL) was added in one portion to a
solution of compound 2-11 (4.0 g, 19.0 mmol, 1 equiv) in hexanes (500 mL) under an N2 atmosphere.
The reaction mixture was stirred vigorously for 1 h at 23 °C. The aqueous layer was separated and
extracted with hexanes (200 mL). The combined organic layers were washed with brine (200 mL) and
dried over sodium sulfate. The solids were removed by filtration and the solution was concentrated by
rotary evaporation. The resulting crude orange oil was dissolved in pentane (1.0 L) and filtered to remove
insoluble orange impurities. The solution was concentrated by rotary evaporation and purified by three
successive hot-filtration recrystallizations from cyclohexane at 55 °C to afford compound 2-6 as yellow
needles (3.15 g, 15.0 mmol, 79%). Compound 2-6 was dried in a schlenk flask at 1.1 mmHg for 36 h.
The flask was back-filled with an N2 atmosphere and stored in a glove box. 1H NMR (CDCl3, 400 MHz)
δ 7.51 (s, 1H), 7.45–7.38 (m, 5H), 7.15 (s, 1H), 7.04 (s, 1H), 2.05 (s, 6H); 13C NMR (CDCl3, 400 MHz) δ
187.75, 143.1, 139.3, 138.0, 136.2, 136.0, 132.2, 131.8, 130.9, 129.7, 129.2, 17.3, 16.7. The NMR data
matches the known spectra for this compound.4,5 Monomer 5 was also prepared using silver(I) oxide as
described by Lin and coworkers in a 82% yield.4
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Synthesis of End-capped Polymers 2-13 through 2-18:
Polymerization Procedure A corresponding to Figure 2-8:
A 10 mL round bottom flask and stir bar were flame dried under vacuum (1.1 mmHg) and backfilled with
an Ar atmosphere. To the flask was added compound 2-6 (0.210 g, 1.00 mmol), dry THF (1.16 mL), and
freshly distilled isopropanol (38.0 µL, 0.500 mmol). The solution was then chilled to –10 °C using an
isopropanol bath and recirculating chiller for 10 min. To the solution was added a 2.0 M P2-t-Bu
phosphazene base solution in THF (25.0 µL, 0.050 mmol) at a rate of 1 drop/sec. After 1 h, the endcapping reagent (0.1 equiv) and base (0.1 equiv) were added to the solution. The solution was stirred at –
10 °C for 1 h and then at rt for 12 h. The polymer was precipitated by addition to MeOH (40 mL) at –10
°C. The solvent was drained using a polymer washer,6 dissolved in THF (4.0 mL), and precipitated again
with MeOH (40 mL). N2 was bubbled through this solution for 15 min and the solvent was drained.
Acetonitrile was added (40 mL), N2 was bubbled through this solution for 15 min, and the solvent was
drained. This process (starting from re-dissolution) was repeated twice more. The resulting polymer was
dried under vacuum (1.1 mmHg) for 12 h.

Figure 5-2. Synthetic scheme for polymer 2-13.
Synthesis of polymer 2-13 (5.1 kDa, Mn). Following general polymerization procedure A, the reaction
mixture was quenched by end-capping with HCl (1.14 mL of a 1.25 M solution in MeOH) to yield
polymer 2-13 as a white solid (0.088 g, 42%). Mn= 5.1 kDa, Mw = 8.2 kDa, PDI = 1.6.
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Synthesis of polymer 2-13 (72.1 kDa, Mn). Following general polymerization procedure A with the
following quantities of reagents: Compound 2-6 (2.0 g, 9.5 mmol), THF (11.9 mL), iPrOH (36 µL), P2-tBu base (0.24 mL), HCl (1.14 mL of a 1.25 M solution in MeOH) to give polymer 2-13 as a white solid
(1.64 g, 82%). Mn = 72.1 kDa, Mw = 78.0 kDa, PDI = 1.08.

Figure 5-3. Synthetic scheme for polymer 2-14.
Synthesis of polymer 2-14 (9.3 kDa, Mn). Following general polymerization procedure A, the reaction
mixture was quenched by end-capping with tert-butyldimethylsilyl chloride (0.18 g, 1.2 mmol) and
imidazole (0.082 g, 1.2 mmol) to yield polymer 2-14 as a white solid (0.14 g, 56%). Mn = 9.3 kDa, Mw =
11.3 kDa, PDI = 1.2.

Synthesis of polymer 2-14 (164.5 kDa, Mn). Following general polymerization procedure A with the
following quantities of reagents: Compound 2-6 (0.5 g, 2.38 mmol), THF (2.86 mL), iPrOH (9.0 µL,
0.119 mmol), and P2-t-Bu base (60.0 µL, 0.119 mmol). The reaction mixture was quenched by endcapping with tert-butyldimethylsilyl chloride (0.036 g, 0.24 mmol) and imidazole (0.016 g, 0.24 mmol) to
yield polymer 2-14 as a white solid (0.344 g, 69%). Mn = 164.5 kDa, Mw = 78.0 kDa, PDI = 1.08.
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Figure 5-4. Synthetic scheme for polymer 2-15.
Synthesis of polymer 2-15 (6.4 kDa, Mn).Following general polymerization procedure A, the reaction
mixture

was

quenched

by

end-capping

with1-[[(chlorocarbonyl)oxy]methyl]-4,5-dimethoxy-2-

nitrobenzene (0.33 g, 1.2 mmol) and 4-(dimethylamino)pyridine (0.15 g, 1.2 mmol) to yield polymer 2-15
as a white solid (0.11 g, 45%). Mn = 6.4 kDa, Mw = 8.1 kDa, PDI = 1.3.

Figure 5-5. Synthetic scheme for polymer 2-16.
Synthesis of polymer 2-16 (3.6 kDa, Mn). Following general polymerization procedure A, the reaction
mixture was quenched by end-capping with allyl chloroformate (0.13 mL, 1.2 mmol) and 4(dimethylamino)-pyridine (0.15 g, 1.2 mmol) to yield polymer 2-16 as a white solid (0.20 g, 80%). Mn =
3.6 kDa, Mw = 4.3 kDa, PDI = 1.2.
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Figure 5-6. Synthetic scheme for polymer 2-17.
Synthesis of polymer 2-17 (6.5 kDa, Mn). Following general polymerization procedure A, the reaction
mixture was quenched by end-capping with fluorenylmethyloxycarbonyl chloride (0.31 g, 1.2 mmol) and
4-(dimethylamino)pyridine (0.15 g, 1.2 mmol) to yield polymer 2-17 as a white solid (0.10 g, 41%). Mn
= 6.5 kDa, Mw = 8.9 kDa, PDI = 1.4.

Figure 5-7. Synthetic scheme for polymer 2-18.
Synthesis of polymer 2-18 (3.9 kDa, Mn). Following general polymerization procedure A, the reaction
mixture was quenched by end-capping with methyl iodide (0.075 mL, 1.2 mmol) and pyridine (0.097 mL,
1.2 mmol) to yield polymer 2-18 as a white solid (0.15 g, 60%). Mn = 3.9 kDa, Mw = 4.8 kDa, PDI = 1.2.

Synthesis of polymer 2-18 (27.6 kDa, Mn). Following general polymerization procedure A with the
following quantities of reagents: Compound 2-6 (0.5 g, 2.4 mmol), THF (2.76 mL), iPrOH (18.0 µL, 0.24
mmol), and P2-t-Bu base (60.0 µL, 0.119 mmol). The reaction mixture was quenched by end-capping
with methyl iodide (0.15 mL, 2.4 mmol) and pyridine (0.2 mL, 2.4 mmol) to yield polymer 2-18 as a
white solid (0.39 g, 80%). Mn = 27.6 kDa, Mw = 53.1 kDa, PDI = 1.9.
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Molecular Weight Control Studies for Polymer 2-13:
Polymerization Procedure B corresponding to Figure 2-8:
A 10 mL round bottom flask and stir bar were flame dried under vacuum (1.1 mmHg) and then purged
with dry N2. In a glovebox, compound 2-6 (0.25 g, 1.2 mmol) was added to the flask, which was then
backfilled with an Ar atmosphere. Anhydrous THF (1.4 mL) was added to the flask. The solution was
degassed via the freeze-pump-thaw method three times, backfilling with Ar on the final cycle. The
solution was allowed to equilibrate to the reaction temperature over 20 min stirring at 350 rpm using a hot
oil bath for reactions at elevated temperatures and isopropanol bath with recirculating chiller for reactions
below room temperature. A stock solution of freshly distilled MeOH in anhydrous THF (10.0 mL) was
prepared and 100 µL of this solution was added at a rate of 1 drop/s to the reaction mixture, immediately
followed by addition of the 2.0 M P2-t-Bu phosphazene base solution in THF (30 µL, 0.06 mmol) at a rate
of 1 drop/s. After 2 h, the reaction mixture was either quenched with glacial acetic acid (50 µL) or the
end-capping reagent (1 equiv) and base (1 equiv). The reaction mixture was allowed to warm to rt over 15
min and the polymer was precipitated into MeOH (40 mL) at -10 °C and allowed to sit for 5 min. The
solvent was drained using a polymer washer,5 dissolved in THF (4.0 mL), and precipitated again by
addition to MeOH (40 mL). N2 was bubbled through the solution for 15 min and the solvent was drained.
Acetonitrile was added (40 mL), N2 was bubbled through this solution for 15 min, and the solvent was
drained. This process (starting from dissolution in THF) was repeated twice more. The resulting polymer
was dried under vacuum (1.1 mmHg) for 12 h.
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Figure 5-8. Synthetic scheme for polymer 2-19.
Synthesis of polymer 2-19 (484 kDa, Mn). General polymerization procedure B was used with some
modifications as follows: Compound 2-6 (0.5 g, 2.38 mmol), THF (1.60 mL), MeOH (0.48 µL, 11.9
µmol), and P2-t-Bu base (6.0 µL, 11.9 µmol).

In another deviation from general polymerization

procedure B, no freeze-pump-thaw degassing was performed on the monomer solution. Additionally, a
2.0 M solution of MeOH in THF (30 µL) was added to the 2.0 M solution of P2-t-Bu base in THF (30 µL)
in a flame-dried vial under an Ar atmosphere at rt. After 15 min, 12 µL of this initiator-base solution was
added to the chilled monomer solution at –20 °C. The reaction mixture was quenched with glacial acetic
acid (100 µL) to give polymer 2-19 as a white solid (1.64 g, 82%). Mn = 484.3 kDa, Mw = 711.4 kDa, PDI
= 1.5.
Synthesis of polymer 2-19 (27 kDa, Mn). General polymerization procedure B was used with some
modifications as follows: Compound 5 (0.25 g, 1.2 mmol), THF (1.5 mL), MeOH (0.26 µL, 6.0 µmol),
and P2-t-Bu base (3 µL, 6.0 µmol). All glassware was flame dried under vacuum (1.1 mmHg) and then
purged with dry Ar. (10.0 mL) was prepared. In a glovebox, a 3 mL vial with stir bar was load with
compound 2-6 (75.6 mg, 0.359 mmol). To this vial was added a 0.6 M stock solution of MeOH in THF
(0.30 mL, 0.18 mmol MeOH) followed by THF (0.30 mL). The solution was degassed via the freezepump-thaw method three times, backfilling with Ar on the final cycle. To this solution was added the 2.0
M P2-t-Bu phosphazene base solution in THF (90 µL, 0.18 mmol) in a single portion at 20 °C. The
solution was stirred for 45 min. A 20 µL aliquot of this initiator solution was added to a degassed
solution of compound 2-6 (0.25 g, 1.2 mmol) in THF (1.5 mL), pre-chilled to -20 °C. The reaction
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mixture was quenched with glacial acetic acid (68 µL) to give polymer 2-19 as a white solid (0.16 g,
64%). Mn = 26.6 kDa, Mw = 29.7 kDa, PDI = 1.1.
Synthesis of polymer 2-19 (2.9 kDa, Mn). General polymerization procedure B was used with some
modifications as follows: Compound 2-6 (0.25 g, 1.2 mmol), THF (1.5 mL), MeOH (2.6 µL, 60.0 µmol),
and P2-t-Bu base (30.0 µL, 60.0 µmol). The polymerization reaction was conducted at 20 °C. The
reaction mixture was quenched with glacial acetic acid (68 µL) to give polymer 2-19 as a white solid
(0.093 g, 37%). To test the effect of washing the polymer on the molecular weight and PDI, the polymer
was analyzed by GPC directly after precipitating the reaction solution in MeOH (Mn = 2.6 kDa, Mw = 3.5
kDa, PDI = 1.3) and after the full washing procedure (Mn = 2.9 kDa, Mw = 3.7 kDa, PDI = 1.3).
Effect of Polymerization Temperature on Polymer Molecular Weight:
The effect of polymerization temperature on the molecular weight of polymer 2-19 was investigated
following general polymerization procedure B using 0.025 equiv MeOH (0.122 mL, 2.98 mmol in THF
stock solution) and quenching with acetic acid as shown in Table 2-1.
Effect of Equivalents of Initiator on Polymer Molecular Weight:
The effect of equivalents of initiator (MeOH) on the molecular weight of polymer 2-19 was investigated
following general polymerization procedure B at 0 °C and quenching with acetic acid as shown in Table
2-2.

Figure 5-9. Synthetic scheme for polymer 2-20.
Synthesis of polymer 2-20 (7.1 kDa, Mn). General polymerization procedure B was used with some
modifications as follows: Compound 5 (0.25 g, 1.2 mmol), THF (1.5 mL), MeOH (1.2 µL, 30 µmol), and
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P2-t-Bu base (30 µL, 60 µmol). The polymerization reaction was conducted at 0 °C. Allyl chloroformate
(0.13 mL, 1.2 mmol) and 4-(dimethylamino)-pyridine (0.15 g, 1.2 mmol) were used to quench the
reaction mixture and yielded polymer 2-20 as a white solid (0.20 g, 80%). Mn = 7.1 kDa, Mw = 10.3 kDa,
PDI = 1.5.
Procedure for Determining the Clean Conversion of Polymer to Monomer:
To a solution of proton end-capped polymer 2-13 (72 kDa, Mn) in CD2Cl2 (500 μL, 139 μM) was
added a portion of 1M DBU (69 μL, 1000 equiv)) in CD2Cl2 and 1H NMR’s were acquired periodically
over the period of 180 min (Figure 2-9).
Procedure for Testing the Selective Depolymerization of End-capped Polymer in Response to
Fluoride:
Stock solutions were prepared of (i) tetrabutylammonium fluoride (TBAF) (43.7 mg, 0.167
mmol) in THF (0.10 mL) and 1.25 mM pH 7.0 potassium phosphate buffer solution (0.200 mL) and (ii)
tetrabutylammonium chloride (TBAC) (46.4 mg, 0.167 mmol) in THF (0.10 mL) and 1.25 mM pH 7.0
potassium phosphate buffer solution (0.200 mL). Stock solutions of TBS end-capped polymer 2-14 (165
kDa, Mn), Alloc end-capped polymer 2-20 (7.1 kDa, Mn), and methyl end-capped polymer 2-18 (28 kDa,
Mn) were prepared using THF (5.0 mL, 0.146 mM). To 0.985 mL of the polymer solution was added 15
μL of either the TBAF or TBAC solution at 18 °C under air in a plastic eppendorf tube. The reaction
mixtures were vortexed for 30 seconds, filtered, and analyzed by GPC every 30 min for 2 h. As a control,
0.985 mL of each stock polymer solution were diluted with 15 μL of a 1:2 THF-deionized water solution,
filtered and analyzed by GPC after 30 min (Figure 2-10).
Procedure for Testing the Selective Depolymerization of End-capped Polymer in Response to
Palladium:
Stock solutions were prepared of (i) DBU (0.14 mL, 0.95 mmol) and AcOH (27 μL, 0.48 mmol)
in DMF (10.0 mL) and (ii) Pd(0)(PPh3)4 (6.6 mg, 5.7 mmol) in DMSO (10.0 mL). Stock solutions of
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TBS end-capped polymer 2-14 (165 kDa, Mn), Alloc end-capped polymer 2-20 (7.1 kDa, Mn), and
methyl end-capped polymer 2-18 (28 kDa, Mn) were prepared with the DBU–AcOH solution (3.0 mL,
0.57 μM). To the polymer solution (0.90 mL) was added DMSO (0.199 mL) and the Pd(0)(PPh3)4
solution (1 μL). The reaction mixtures were vortexed for 30 seconds, filtered, and analyzed by GPC every
30 min for 2 h. As a control, 0.90 mL of each stock polymer solution was diluted with 0.10 mL DMSO,
filtered and analyzed by GPC after 30 min (Figure 2-10).
Procedure for Testing the Stability of the Proton End-Capped Poly(benzyl ether) Backbone:
A solution of proton end-capped polymer 2-18 (72 kDa, Mn) in CH2Cl2 (500 µL, 69 µM) was
prepared at 18 °C in a sealed flask. A GPC trace was acquired for this solution at time 0 min to act as a
reference, and then after 24 h to monitor for decomposition (Figure 2-11).

Procedure for Testing the Stability of the Poly(benzyl ether) Backbone:
Methyl end-capped polymer 2-18 (27.6 kDa, Mn) was dissolved in DCM (1.00 mL, 175 μM). A GPC
trace was obtained for the stock solution as a reference. To test the effect of acid, 69 μL of 1.0 M acetic
acid (~400 equiv) was added to the polymer solution (1.00 mL) at 18 °C. To test the effect of base, 69 μL
of 1 M DBU (~400 equiv) was added to the polymer solution (1.00 mL) at 18 °C. To test the effect of
temperature, the polymer solution (1.00 mL) was diluted with DCM (69 μL), transferred to a sealed
reaction tube, and heated to 40 °C. After 24 h, GPC traces were obtained for each reaction solution.
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Figure 5-10. Synthetic scheme for polymer 3-7.
Synthesis of polymer 3-7 (36.2 kDa, Mn). A 5 mL round bottom flask and stir bar were flame dried
under vacuum (1.1 mmHg) and backfilled with an Ar atmosphere. To the flask was added compound 2-6
(0.260 g, 1.24 mmol, 1 equiv), dry THF (1.20 mL), and 2,2-dimethylpropan-1-ol (32.7 mg, 0.371 mmol,
0.3 equiv). The solution was then chilled to –20 °C using an isopropanol bath and recirculating chiller for
10 min. To the solution was added a 2.0 M P2-t-Bu phosphazene base solution in THF (31.0 µL, 0.062
mmol, 0.05 equiv) at a rate of 1 drop/sec. After 4 h, the polymerization was quenched with HCl (1.0 mL
of a 1.25 M solution in MeOH). The solution was stirred at –20 °C for 10 min and then the polymer was
precipitated by addition to MeOH (40 mL). The solvent was drained using a polymer washer,6 the
isolated material was dissolved in THF (4.0 mL), and precipitated again with MeOH (40 mL). The
resulting polymer was dried under vacuum (1.1 mmHg) for 12 h and then further dried using a lyophilizer
for 24 h to give polymer 3-7 as a white solid (0.13 g, 50%). Mn = 36.2 kDa, Mw = 38.7 kDa, PDI = 1.07.
Procedure for testing the solid-state behavior of polymer 3-7 (36.2 kDa, Mn):
Cut 2 cm x 2 cm chips from an undyed polypropylene sheet, washed the material with iPrOH followed by
EtOAc, and air dried. Measured the virgin polypropylene substrate with a diamond ATR-FTIR. Spin
coated 3-7 (36.2 kDa, Mn) (10 mg) in chloroform (1 mL) onto the polypropylene chip with a dynamic
dispense of 500 rpm for 20 s followed by 2500 rpm for 20 s. Optical profilometry showed a film
thickness of <500 nm (variable due to roughness of the polypropylene substrate). Obtained a second
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ATR-FTIR spectrum of the thin film of 3-7 (36.2 kDa, Mn) on the polypropylene substrate. In a glass
recrystallization dish, submerged the thin film in a solution of tetrabutylammonium hydroxide 30-hydrate
(3.0 g) in iPrOH (17.0 g) for 1 min. Rinsed the thin film with iPrOH and let air dry before obtaining a
final ATR-FTIR spectrum.

Figure 5-11. Synthetic scheme for monomer 3-14.
Synthesis of compound 3-9. To a mixture of 4-methyl-3-nitrophenol (15.0 g, 98.0 mmol, 1 equiv) and
K2CO3 (27.1 g, 196 mmol, 2 equiv) in DMF (100 mL) was added 1-bromohexane (20.6 mL, 142 mmol,
1.5 equiv) and heated to 50 °C for 12 h. The reaction was quenched with saturated NH4Cl (200 mL) and
water (600 mL) extracted twice with Et2O (100 mL). The combined organic layers were washed with 1
M NaOH (200 mL) twice, washed with water (200 mL), washed with brine (200 mL), dried (Na2SO4),
and concentrated to yield the product (22.2 g, 93.6 mmol, 95.5%) as a yellow oil. IR(DATR): 2931.0,
2859.0, 1525.1, 1345.2, 1027.8, 814.1 cm-1; 1H-NMR (CD2Cl2, 300 MHz) δ 7.45 (s, 1H), 7.18 (d, J = 8.5
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Hz, 1H), 7.02 (d, J = 8.5 Hz, 1H), 3.95 (t, J = 6.5 Hz, 2H), 2.48 (s, 3H), 1.77 (q, J = 7.9 Hz, 2H), 1.46–
1.32 (m, 8H), 0.89 (t, J = 6.8 Hz, 3H); 13C-NMR (CDCl3, 300 MHz) δ 157.7, 149.4, 133.4, 125.2, 120.3,
109.7, 68.7, 31.6, 29.1, 25.7, 22.6, 19.7, 14.0; HRMS (TOF MS ES+, m/z): calculated for C13H23N2O3 (M
+ NH4) 255.1709, found 255.1711.
Synthesis of compound 3-10.

A solution of 3-9 (5.80 g, 24.5 mmol, 1 equiv), N-bromosuccinimide

(4.36 g, 24.5 mmol, 1 equiv), and azobisisobutyronitrile (20.0 mg, 0.123 mmol, 0.005 equiv) in benzene
(245 mL) was degassed by bubbling Ar through the solution for 20 min. The solution was then irradiated
with a 500 W halogen T3 flood lamp at 15 cm with a 2 mm polycarbonate sheet to filter UV light. After
4 h, the solution was filtered, washed with water (100 mL) and then washed with brine (50 mL). The
organic layer was dried over magnesium sulfate, concentrated by rotary evaporation, and the crude
residue was purified by silica gel flash chromatography (10% v/v benzene in hexanes increasing to 2%
v/v EtOAc and 10% v/v benzene in hexanes) to afforded compound 3-10 as a yellow oil (5.88 g, 18.6
mmol, 76%). IR(DATR): 2931.0, 2859.0, 1515.2, 1345.2, 1027.9, 814.1 cm-1; 1H-NMR (CDCl3, 300
MHz) 7.52 (d, J = 2.6 Hz, 1H), 7.45 (d, J = 8.6, 2.7 Hz, 1H), 7.10 (dd, J =8.6, 2.6, 1H), 4.77 (s, 2H),
4.00 (t, J = 6.5 Hz, 3H), 1.79 (q, J = 6.8 Hz, 2H), 1.45–1.32 (m, 6H), 0.89 (t, J = 6.7 Hz, 3H); 13C-NMR
(CDCl3, 300 MHz) δ 159.7, 148.5, 133.6, 124.4, 120.2, 111.0, 69.0, 31.5, 29.4, 28.9, 25.6, 22.6, 14.1;
HRMS (TOF MS ES+, m/z): calculated for C13H22N2O3Br (M + NH4) 333.0814, found 333.0805.
Synthesis of compound 3-12.

To a mixture of 2,6-dimethylphenol (150.0 g, 1.23 mol, 0.5 equiv) in

petroleum ether (bp 60–90 °C, 645.0 mL) was added 37% w/w formaldehyde in water with 10–15% w/w
methanol (224.7 mL, 2.77 mol, 4.5 equiv) under Ar at 23 °C. 12 M HCl was added to this solution via a
dropping funnel at a rate of 2 drops per second. A water bath was used to keep the reaction mixture at 23
°C. After 2 h, the white precipitate was collected via vacuum filtration and washed with DI H2O (250 mL
x 3). The isolated solid was dried with a lyophilizer, dissolved in EtOAc (200 mL), and dried over
magnesium sulfate. The solution was filtered, concentrated via rotary evaporation, and the residue was
purified via hot-filtration recrystallization at 40 °C from DCM to yield the product (134 g, 0.522 mol,
85%) as white needle-like crystals. The NMR data matches the known spectra for this compound.7–9
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Synthesis of compound 3-13.

A mixture of 3-10 (5.86 g, 18.5 mmol, 1.0 equiv), 3-12 (9.50 g, 37.6

mmol, 2.0 equiv), and K2CO3 (3.84 g, 27.8 mmol, 1.5 equiv) in DMF (74 mL) was heated to 50 °C for 12
h. The reaction was quenched with saturated NH4Cl (100 mL) and water (500 mL) and extracted twice
with Et2O (100 mL). The combined organic layers were washed with water (200 mL) twice, washed with
brine (200 mL), dried (Na2SO4), concentrated, and purified by flash chromatography (SiO2, Hex — 8:2
Hex-EtOAc) to yield compound 3-13 (4.75 g, 9.65 mmol, 52%) as a pale yellow solid. IR(DATR):
3391.6, 2950.7, 2925.4, 2867.2, 1528.8, 1336.3, 1203.9, 1015.1, 828.8 cm-1;

1

H-NMR (CD2Cl2, 300

MHz) δ 7.98(d, J = 8.7 Hz, 1H), 7.62 (d, J = 2.6 Hz, 1H), 7.27 (dd, J = 8.7, 2.6 Hz, 1H), 6.86 (s, 2H),
6.81 (s, 2H), 5.09 (s, 2H), 4.61 (s, 2H), 4.05 (t, J = 6.6 Hz, 2H), 3.71 (s, 2H), 2.20 (s, 12H), 1.84–1.77 (m,
2H), 1.45–1.41 (m, 2H), 1.37–1.34 (m, 6H), 0.92 (t, J = 6.9 Hz, 3H); 13C-NMR (CDCl3, 300 MHz) δ
187.2, 159.4, 159.1, 147.1, 142.7, 139.1, 137.4, 135.3, 132.6, 131.4, 130.6, 129.9, 129.1, 124.6, 120.8,
115.3, 110.4, 68.9, 66.9, 31.6, 29.0, 25.7, 22.6, 17.0, 16.3, 15.6, 5.7; HRMS (TOF MS ES-, m/z):
calculated for C30H36NO5 (M - H) 490.2593, found 490.2569.
Synthesis of compound 3-14. 3-13 (1.60 g, 3.25 mmol, 1 equiv) and silver (I) oxide (1.58 g, 6.83 mmol,
2.1 equiv) were suspended in diethyl ether (108 mL, 0.03 M). The reaction flask was covered in
aluminum foil to protect the reaction mixture from light. The reaction mixture was stirred at room
temperature for 12 h. The reaction mixture was filtered and the collected solid was rinsed with diethyl
ether (2 x 50 mL). The combined organic solutions were concentrated via rotary evaporation. The
orange residue was dissolved in boiling hexanes (1 L), filtered, and concentrated via rotary evaporation,
affording compound 3-14 as bright yellow solid (1.45 g, 2.96 mmol, 91%). IR(DATR): 2942.4, 2915.9,
2856.1, 1617.2, 1531.3, 1342.3, 1230.4, 1216.5, 1026.2, 1005.1, 810.4 cm-1;

1

H-NMR (CDCl3, 300

MHz) δ 7.99 (d, J = 8.4 Hz, 1H), 7.66 (s, 1H), 7.55 (s, 1H), 7.28 (d, J = 6.7 Hz, 1H), 7.16 (s, 2H), 7.06 (s,
1H), 7.01 (s, 1H), 5.20 (s, 2H), 4.05 (t, J = 6.0 Hz, 2H), 2.31 (s, 6H), 2.08 (s, 3H), 2.05 (s, 3H), 1.82 (m,
2H), 1.49 (m, 2H), 1.36 (m, 4H), 0.92 (m, 3H);

C-NMR (CDCl3, 300 MHz) δ 187.2, 158.8, 156.9,
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147.3, 142.8, 139.1, 137.3, 135.3, 131.8, 131.7, 131.4, 131.1, 129.7, 125.7, 120.8, 110.0, 70.2, 68.8, 31.5,
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29.0, 25.6, 22.6, 16.9, 16.5, 16.2, 14.0; HRMS (TOF MS ES+, m/z): calculated for C30H36NO5 (M + H)
490.2593, found 490.2608.

Figure 5-12. Synthetic scheme for polymer 3-15.
General Polymerization Procedure C, Corresponding to the Synthesis of Polymer 3-15:
Synthesis of polymer 3-15 (25.3 kDa, Mn). A 25 mL round bottom flask with stir bar and a 5 mL round
bottom flask were flame dried under vacuum (1.1 mmHg) and then purged with dry Ar. The 5 mL round
bottom flask was loaded with 3-14 (0.102 g, 0.21 mmol, 0.04 equiv) and anhydrous MeOH (4.3 L, 0.105
mmol, 0.02 equiv) in anhydrous THF (0.44 mL). To this solution is added a 2.0 M P2-t-Bu phosphazene
base solution in THF (0.105 mL, 0.0526 mmol, 0.01 equiv) at a rate of 1 drop/s. The reaction mixture
was stirred at room temperature for 10 min before transferring via cannula to a solution of 3-14 (2.48 g,
5.05 mmol, 0.96 equiv) in anhydrous THF (8.36 mL) chilled at -20 °C using an iPrOH bath and
recirculating chiller. After 4 h, acetyl chloride (74.9 L, 1.05 mmol, 0.2 equiv) was added in one portion
followed by 4-dimethylaminopyridine (0.129 g, 1.05 mmol, 0.2 equiv). The reaction mixture was stirred
at -20 °C for 12 h before precipitating into MeOH (50 mL). The polymer was collected using a polymer
washer,5 dried under house vacuum for 20 min, dissolved in DCM (2 mL). 1,8-Diazabicycloundec-7-ene
(78.5 L, 0.053 mmol, 0.01 equiv) was added to the polymer solution, and after 30 min, the polymer was

95

precipitated into MeOH (50 mL). This process was repeated until no color was generated upon the
addition of 1,8-Diazabicycloundec-7-ene to the polymer solution (usually two cycles). The resulting
polymer was dried under vacuum (1.1 mmHg) for 12 h and yielded polymer 3-15 (1.74 g, 67%) as a tan
solid. Mn = 25.28 kDa, Mw = 43.08 kDa, PDI = 1.70.
Synthesis of polymer 3-15 (4.95 kDa, Mn). Following general polymerization procedure C with the
following quantities of reagents: 3-14 (0.40 g, 0.817 mmol, 1 equiv), anhydrous MeOH (0.35 L, 0.00817
mmol, 0.01 equiv), 2.0 M P2-t-Bu phosphazene base solution in THF (1.2 L, 0.00409 mmol, 0.005
equiv), acetyl chloride (14.5 L, 0.204 mmol, 0.25 equiv), and 4-dimethylaminopyridine (30 mg, 0.245
mmol, 0.3 equiv). Yielded polymer 3-15 (0.32 g, 80%) as a tan solid. Mn = 4.95 kDa, Mw = 6.81 kDa,
PDI = 1.376.
Synthesis of polymer 3-15 (12.2 kDa, Mn). Following general polymerization procedure C with the
following quantities of reagents: 3-14 (1.40 g, 2.86 mmol, 1 equiv), anhydrous MeOH (1.2 L, 0.0286
mmol, 0.01 equiv), 2.0 M P2-t-Bu phosphazene base solution in THF (10.7 L, 0.0215 mmol, 0.0075
equiv), acetyl chloride (50.8 L, 0.714 mmol, 0.25 equiv), and 4-dimethylaminopyridine (0.105 g, 0.857
mmol, 0.3 equiv). Yielded polymer 3-15 (1.0 g, 72%) as a tan solid. Mn = 12.16 kDa, Mw = 18.17 kDa,
PDI = 1.494.
Procedure for Testing the Solid-State Behavior of Polymer 3-15 (12.2 kDa, Mn):
Followed the general procedure used to measure the solid-state response of polymer 3-7 (36.2 kDa, Mn)
as a thin film on polypropylene with the following changes: After obtain the ATR-FTIR spectrum of the
thin film of 3-15 (12.2 kDa, Mn) on the polypropylene substrate, the thin film was exposed to broad
spectrum UV light from a metal-halide lamp (Uvitron IntelliRay 600) for 1 s under air.
Procedure for Testing the Solution-Phase Depolymerization of Polymer 3-15 (4.9 kDa, Mn):
A stock solution of polymer 3-15 (4.9 kDa, Mn) (12.0 mg) in anhydrous THF (3.0 mL) was prepared. As
a control, 0.250 mL of the polymer stock solution was diluted with MeCN (0.050 mL) and a GPC trace
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was obtained. To show the stability of the polymer in the absence of UV light, a solution of 10% v/v 1,8diazabicycloundec-7-ene in MeCN (0.050 mL) was added the polymer stock solution (0.250 mL). After 1
h, a GPC trace was obtained. To show that UV light alone was not leading to full depolymerization, a
mixture of the polymer stock solution (0.250 mL) and MeCN (0.050 mL) was exposed to broad spectrum
UV light from a metal-halide lamp (Uvitron IntelliRay 600) for 10 s under air and allowed to rest for 1 h
before obtaining a GPC trace.

A second GPC trace was obtained after 24 h to rule out slow

depolymerization. To observed the effect of depolymerization, a mixture of the polymer stock solution
(0.250 mL) and a solution of 10% v/v 1,8-diazabicycloundec-7-ene in MeCN (0.050 mL) was exposed to
broad spectrum UV light from a metal-halide lamp (Uvitron IntelliRay 600) for 10 s under air and
allowed to rest for 1 h before obtaining a GPC trace.
Procedure for the Preparation of BARC Coated Silicon Wafers:
100 mm diameter P/Boron<100> test grade silicon wafers were purchased from WRS Materials. The
silicon wafers were cleaned by submerging in a solution of deionized water (325 mL), 27% w/w
ammonium hydroxide (65 mL), and 30% hydrogen peroxide (65 mL) at 70 °C for 15 min. The wafer was
then rinsed with deionized water and the wafer was dehydrated by heating on a hot pate at 200 °C for 15
min. The 29SR BARC adhesion promotor was spin coated to the desired thickness and cured with a softbake at 190 °C for 60 s. The BARC layer thickness was measured either with a J. A. Woollam VB 400
VASE ellipsometer with wavelengths from 382 to 984 nm at a 65° angle of incidence or by scratching the
film with a steel needle and measuring the step height by AFM using a Bruker Icon with a scanasyst-air
probe.
Procedure for i-Line Contact Printing of 3-15 (12.2 kDa, Mn) Coated Wafers:
Polymer 3-15 (12.2 kDa, Mn) was spin coated onto a BARC (90 nm) coated silicon wafer using a 5% w/w
solution in PGMEA with a 500 rpm dynamic dispense and then ramping to 2300 rpm for 60 s. The wafer
was then baked at 110 °C for 60 s using a hot plate under air to give a 93 nm thin film of polymer 3-15
(12.2 kDa, Mn). i-Line contact printing was performed using a SUSS MA/BA6 mask aligner (7.5
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mW/cm2 intensity at 365 nm) with exposure times of 30 s, 60 s, or 120 s using an Opto-Line chromiumpatterned glass photomask.

The photomask cotained regions of varying transparency (from 1-60%

transparency) for measuring dose-response behavior, as well as bright and dark field line/space patterns
(from 1 m to 1 nm pitches). After exposure, the wafers were immediately developed using either 1,8diazabicycloundec-7-ene or 1,5,7-triazabicyclo[4.4.0]dec-5-ene in MeOH or iPrOH at various
concentrations and for various development times. The wafers were then rinsed with either MeOH or
iPrOH to match the development conditions and dried under a clean air stream. Film thicknesses were
measured by ellipsometry. The polymer 3-15 (12.2 kDa, Mn) was tested for film thinning after a 5 min
development using 4% v/v 1,8-diazabicycloundec-7-ene in iPrOH, and then measuring film thickness by
ellipsometry. Patterned images were imaged using a Nikon L200ND Optical Microscope and scale bars
were applied using the associated software.
Procedure for EUV Lithography Patterning of 3-15 (12.2 kDa, Mn) Coated Wafers:
Polymer 3-15 (12.2 kDa, Mn) was spin coated onto a BARC (90 nm) coated silicon wafer using a 3.5%
w/w solution in PGMEA with a 500 rpm dynamic dispense and then ramping to 2500 rpm for 60 s. The
wafer was then baked at 110 °C for 60 s using a hot plate under air to give a 50 nm thin film of polymer
3-15 (12.2 kDa, Mn). EUV lithography was performed by the staff at the Lawrence Berkeley National
Laboratory (LBNL) Center for X-ray Optics (CXRO). Dose-response experiments were conducted using
the Berkeley Dose Calibration Tool (DCT) with 50 linear steps from 5 to 55 mJ/cm2. The wafer was
developed using 4% v/v 1,8-diazabicycloundec-7-ene in iPrOH for 60 s, then rinsing with iPrOH and
drying under a clean air stream. Film thicknesses were measured using a Nanospec 010-180 spectroreflectometer. The LBNL Microfield Exposure Tool (MET) was used to pattern wafer with the LowFlare Bright-Field LBNL reticle (R8C3) using an annular 0.35-0.55 illumination, a center dose of 26 mJ,
and seven steps with a 7.5% exponential change in dose and 50 nm change in focus. The wafer was then
developed using 4% v/v 1,8-diazabicycloundec-7-ene in iPrOH for 60 s, then rinsing with iPrOH and
drying under a clean air stream. The patterned image was measured by AFM.
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Procedure for Measuring the Dose-Response of Thin Films of Polymer 3-15 (25.3 kDa, Mn) to eBeam Lithography:
Polymer 3-15 (25.3 kDa, Mn) was spin coated onto a BARC (92 nm) coated silicon wafer using a 3% w/w
solution in PGMEA with a 500 rpm dynamic dispense and then ramping to 1800 rpm for 60 s. The wafer
was then baked at 110 °C for 60 s using a hot plate under air to give a 79 nm thin film of polymer 3-15
(25.3 kDa, Mn). e-Beam patterning was performed using a Raith EBPG 5200 tool with a 50 nm beam
step size at 20 nA and a 200 m aperture beam defocused to 75 nm. The patterned regions consisted of
three sets of 10 x 4 arrays (125 m x300 m exposed regions with 375 m between columns and 200 m
between rows). Each array had a base dose of 40 C/cm2, 125 C/cm2, or 400 40 C/cm2 with a 5%
exponential increase with each step.

The patterned wafers were developed using 4% v/v 1,8-

diazabicycloundec-7-ene in iPrOH for 5, 10, or 60 min, with or without a post-exposure bake at 110 °C
for 60 s, or the wafers were developed using 2% w/w TBAH in H2O or 1:1 H2O-iPrOH for 5 min. The
wafers were rinsed with iPrOH and air dried. The patterned regions were imaged using AFM. A 80 nm
thin film of gold was then deposited on the wafer using a Kurt J. Lesker Lab 18 thermal evaporator with a
rate of 1 Å/s and a rotating sample stage chilled to 5 °C. The gold coated wafer was then analyzed with a
Zygo NewView 7300 optical Profilometer using a 10x objective and 0.5x zoom. The stitched images
were flattened by subtracting a cylindrical surface using the Mx MetroPro software.
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Figure 5-13. Synthetic scheme for compound 4-2.
Synthesis of compound 4-1. Propargyl bromide (9.5 mL, 88 mmol, 1.5 equiv) was added dropwise over
two minutes to a refluxing mixture of 4-1 (15 g, 59 mmol, 1.0 equiv), sodium iodide (0.88 g, 5.9 mmol,
0.1 equiv), and ceasium carbonate (30 g, 94 mmol, 1.6 equiv) in acetone (195 mL). The reaction mixture
was stirred at reflux for 1 h then concentrated via rotary evaporation. The residue was then extracted into
Et2O (250 mL) and 0.6 M HCl (250 mL), the organic layer was washed with brine (100 mL), dried over
sodium sulfate, filtered, and concentrated via rotary evaporation. The residue was purified via column
chromatography (SiO2, hexanes increasing to 9:1 hexanes-ethyl acetate) to afford 4-1 (4.8 g, 16 mmol,
30%) as a slightly tan solid. IR (DATR, cm-1): 3465.8, 3299.2, 3009.0, 2926.2, 3946.3, 3924.7, 2850.8,
1481.0, 1313.7, 1190.9, 1147.0, 1005.7, 882.66, 853.9, 682.3; 1H-NMR (CDCl3, 400 MHz):  6.90 (s,
2H), 6.87 (s, 2H), 4.65 (s, 1H), 4.54 (s, 2H), 3.79 (s, 2H), 2.56 (s, 1H), 2.35 (s, 6H), 2.27 (s, 6H);

13

C-

NMR (CDCl3, 400 MHz):  153.6, 150.6, 137.8, 133.0, 131.0, 129.2, 129.0, 123.1, 79.6, 75.0, 59.9, 40.6,
16.6, 16.0; HRMS (TOF MS ES-, m/z): calculated for C20H21O2 (M – H) 293.1542, found 293.1548.
Synthesis of compound 4-2. To a solution of 4-1 (10.6 g, 36.1 mmol, 1 equiv) in petroleum ether (bp 6090 °C, 900 mL) was added a solution of potassium ferricyanide (47.5 g, 144.4 mmol, 4 equiv) and
potassium hydroxide (8.5g, 151.6 mmol, 4.2 equiv) in deionized water (190 mL). The reaction mixture
was violently stirred under air for 30 min before separating the organic layer and washing the aqueous
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layer with DCM (100 mL). The combined organic layers were dried over sodium sulfate, filtered, and
concentrated via rotary evaporation. The residue was then dissolved in a hot solution of 2:1 Et 2Ohexanes, filtered, and recrystallized via slow cooling to afford 4-2 (9.44 g, 32.3 mmol, 90%) as a yellow
solid. IR (DATR, cm-1): 3232.9, 2974.4, 2941.9, 2914.0, 2860.1, 2119.4, 1637.9, 1604.3, 1590.5, 1547.7,
1475.5, 1370.2, 1334.3, 1205.9, 1142.7, 1034.4, 1005.2, 958.1, 918.4, 906.3, 779.4; 1H-NMR (CDCl3,
400 MHz):  7.52 (s, 1H), 7.13 (s, 2H), 7.04 (s, 1H), 7.00 (s, 1H), 4.55 (d, J = 3 Hz, 2H), 2.54 (t, J = 3
Hz, 1H), 2.36 (s, 6H), 2.06 (s, 3H), 2.04 (s, 3H);

C-NMR (CDCl3, 400 MHz):  187.3, 156.5, 142.8,

13

139.1, 137.5, 135.5, 132.0, 131.9, 131.5, 131.4, 131.3, 79.0, 75.6, 60.0, 17.0, 16.8, 16.3; HRMS (TOF MS
ES-, m/z): calculated for C20H21O2 (M + H) 293.1542, found 293.1537.

Figure 5-14. Synthetic scheme for polymer 4-3.
Synthesis of polymer 4-3 (35.5 kDa, Mn). 25 mL round bottom flask with stir bar and a 5 mL round
bottom flask were flame dried under vacuum (1.1 mmHg) and then purged with dry Ar. The 5 mL round
bottom flask was loaded with 4-2 (40.0 mg, 0.137 mmol, 0.02 equiv) and anhydrous MeOH (2.8 L,
0.068 mmol, 0.01 equiv) in anhydrous THF (1.0 mL). To this solution is added a 2.0 M P2-t-Bu
phosphazene base solution in THF (34.2 L, 0.00684 mmol, 0.01 equiv) in one portion. The reaction
mixture was stirred at room temperature for 10 min before transferring 0.10 mL of the reaction mixture
via gas-tight syringe to a solution of 4-2 (2.0 g, 6.84 mmol, 1 equiv) in anhydrous THF (6.7 mL) at room
temperature. After 10 min the reaction mixture was chilled to -20 °C using an iPrOH bath and a
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recirculating chiller. After 4 h, acetyl chloride (48.6 L, 0.684 mmol, 0.1 equiv) was added in one
portion followed by 4-dimethylaminopyridine (83.6 mg, 0.684 mmol, 0.1 equiv). The reaction mixture
was stirred at -20 °C for 12 h before precipitating into MeOH (50 mL). The polymer was collected using
a polymer washer,5 dried under house vacuum for 20 min, dissolved in DCM (4 mL).

1,8-

Diazabicycloundec-7-ene (0.10 mL, 0.068 mmol, 0.01 equiv) was added to the polymer solution, and
after 30 min, the polymer was precipitated into MeOH (50 mL). This process was repeated twice. The
resulting polymer was dried for 12 h and yielded polymer 4-3 (1.01 g, 50%) as a white solid. Mn = 35.51
kDa, Mw = 47.55 kDa, PDI = 1.339.
Procedure for the cross-linking of polymer 4-3 (35.5 kDa, Mn):
A stock solution was prepared with N,N,N’,N’’-pentamethyldiethylenetriamine (35.7 L, 0.171 mmol)
and CuI (32.6 mg, 0.171 mmol) in propylene glycol monomethyl ether acetate (PGMEA) (10.0 mL)
under N2. To a solution of polymer 4-3 (35.5 kDa, Mn) (50.0 mg, 0.171 mmol propargyl groups) and
1,11-diazido-3,6,9-trioxundecane (17.9 L, 0.0855 mmol, 0.5 equiv with respect to the propargyl
functionality) in PGMEA (0.070 mL) in a flame dried 3 mL glass vial was added 0.010 mL of the copper
stock solution under Ar. The reaction mixture was stirred mechanically and degassed by placing the
reaction mixture under vacuum (1.1 mmHg) for 5 min. The reaction mixture was then heated to 90 °C
without stirring. After 1 h, the reaction mixture was allowed to cool to room temperature and the vial was
shattered to free the cross-linked material (52.3 mg). Excess reagents and solvent was removed by
suspending the material in DCM (10 mL) for 24 h, and then placing the material under vacuum (1.1
mmHg) for 24 h. This purification step was repeated once more to afford the cross-linked material 4-6
(49.3 mg, 94 %). An ATR-FTIR spectrum of the final material was obtained and compared to polymer 43 (35.5 kDa, Mn) to assess the extent of the cross-linking (Chapter 4).
Procedure for the Creation of Thin Films of Cross-Linked Polymer 4-6:
A stock solution was prepared with N,N,N’,N’’-pentamethyldiethylenetriamine (35.7 L, 0.171 mmol)
and CuI (32.6 mg, 0.171 mmol) in propylene glycol monomethyl ether acetate (PGMEA) (10.0 mL)
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under N2. To a solution of polymer 4-3 (35.5 kDa, Mn) (50.0 mg) 1,11-diazido-3,6,9-trioxundecane (17.9
L, 0.0855 mmol, 0.5 equiv with respect to the propargyl functionality) in PGMEA (0.070 mL) was
added 0.010 mL of the copper stock solution under Ar. This mixture was diluted to a 5% w/w solution
with PGMEA (0.873 mL). 0.2 mL of this solution was used to spin coat a BARC (83 nm) coated silicon
shard with a static dispense then ramping to 1500 rpm for 60 s. The thin film was cured in a glass
chamber heated to 90 °C for 4 h. The modulus of the thin film was measured by AFM peak force-QNM
using a Bruker OTESPA-R3 silicon probe (k = 26 N/m) with a relative calibration to a polystyrene
standard (2.7 GPa). To compare with an the non-cross-linked material, 1,11-diazido-3,6,9-trioxundecane
(21.3L) was added to a solution of 5% w/w polymer 4-3 (35.5 kDa, Mn) in PGMEA (1.19 g). 0.2 mL of
this solution was used to spin coat a BARC (83 nm) coated silicon shard with a static dispense then
ramping to 1500 rpm for 60 s. The wafer was then placed under vacuum (1.1 mmHg) for 12 h. The
modulus of the material was measured by AFM peak force-QNM.

Figure 5-15. Synthetic scheme for compound 4-8.
Synthesis of compound 4-7. To a solution of 3-12 (20.0 g, 78.0 mmol, 1.0 equiv) and imidazole (6.4 g,
93.6 mmol, 1.2 equiv) in N,N-dimethylformamide (156.0 mL) at 0 °C under N2 was added tertbutyldimethylsilylchloride (12.9 g, 85.8 mmol, 1.1 equiv). After stirring at 0 °C for 15 min, the reaction
mixture was heated to 50 °C. After 12 h, the reaction mixture was cooled to room temperature and
concentrated by rotary evaporation. The crude residue was dissolved in EtOAc (150 mL) and washed
successively with saturated NH4Cl(aq) (50 mL), water (100 mL), and brine (100 mL). The organic layer
was dried over magnesium sulfate and concentrated by rotatory evaporation. The residue was purified via
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column chromatography (SiO2, hexanes increasing to 9.5:0.5 hexanes-ethyl acetate) to afford 4-7 (11.7 g,
31.6 mmol, 41%) as a yellow oil. 1H-NMR (CDCl3, 400 MHz):  6.80 (s, 2H), 6.78 (s, 2H), 4.45 (s, 1H),
3.71 (s, 2H), 2.21 (s, 6H), 2.18 (s, 6H), 1.03 (s, 9H), 0.18 (s, 6H); 13C-NMR (CDCl3, 400 MHz):  150.5,
150.3, 134.4, 133.5, 129.2, 129.1, 128.5, 123.0, 40.4, 26.3, 18.9, 18.0, 16.0, -2.8. The NMR data matches
the known spectra for this compound.8
Synthesis of compound 4-8. To a solution of 4-7 (11.7 g, 31.6 mmol, 1.0 equiv) in petroleum ether (bp
60-90 °C, 790 mL) was added a solution of potassium ferricyanide (41.6 g, 126.4 mmol, 4 equiv) and
potassium hydroxide (7.4 g, 132.7 mmol, 4.2 equiv) in deionized water (169 mL). The reaction mixture
was violently stirred under air for 1 h before separating the organic layer and washing the aqueous layer
with petroleum ether (2 x 100 mL). The combined organic layers were dried over sodium sulfate, filtered,
and concentrated via rotary evaporation. The residue was then dissolved in pentane (30 mL) and the
product was precipitated by chilling to -78 °C to afford 4-8 (9.09 g, 24.7 mmol, 78%) as a yellow solid. .
H-NMR (CDCl3, 400 MHz):  7.61 (s, 1H), 7.15 (s, 2H), 7.04 (s, 1H), 7.02 (s, 1H), 2.27 (s, 6H), 2.10 (s,

1

3H), 2.07 (s, 3H), 1.07 (s, 9H), 0.25 (s, 6H);13C-NMR (CDCl3, 400 MHz):  187.3, 154.3, 143.7, 139.4,
137.1, 135.0, 131.7, 131.6, 130.3, 129.4, 129.0, 26.1, 18.9, 18.0, 17.1, 16.3, -2.7. The NMR data matches
the known spectra for this compound.8

Figure 5-16. Synthetic scheme for polymer 4-9.
Synthesis of polymer 4-9 (9.0 kDa, Mn). 50 mL round bottom flask with stir bar and a 5 mL round
bottom flask were flame dried under vacuum (1.1 mmHg) and then purged with dry Ar. The 5 mL round
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bottom flask was loaded with 4-2 (40.0 mg, 0.137 mmol, 0.02 equiv) and anhydrous MeOH (2.8 L,
0.068 mmol, 0.01 equiv) in anhydrous THF (1.0 mL). To this solution is added a 2.0 M P2-t-Bu
phosphazene base solution in THF (34.2 L, 0.00684 mmol, 0.01 equiv) in one portion. The reaction
mixture was stirred at room temperature for 10 min before transferring 0.10 mL of the reaction mixture
via gas-tight syringe to a solution of 4-2 (2.0 g, 6.84 mmol, 0.5 equiv) and 4-8 (2.5 g, 6.84 mmol, 0.5
equiv) in anhydrous THF (13.7 mL) at room temperature. After 10 min the reaction mixture was chilled
to -20 °C using an iPrOH bath and a recirculating chiller. After 4 h, acetyl chloride (97.3 L, 1.37 mmol,
0.1 equiv) was added in one portion followed by 4-dimethylaminopyridine (0.167 g, 1.37 mmol, 0.1
equiv). The reaction mixture was stirred at -20 °C for 12 h before precipitating into MeOH (50 mL). The
polymer was collected using a polymer washer,5 dried under house vacuum for 20 min, dissolved in DCM
(4 mL). 1,8-Diazabicycloundec-7-ene (0.10 mL, 0.068 mmol, 0.01 equiv) was added to the polymer
solution, and after 30 min, the polymer was precipitated into MeOH (50 mL). This process was repeated
twice more. The resulting polymer was dried for 12 h and yielded polymer 4-9 (1.56 g, 37%) as a white
solid. Mn = 8.95 kDa, Mw = 14.61 kDa, PDI = 1.632.

1

H-NMR analysis of the polymer shows

approximately 70% incorporation of the propargyl ether containing repeating unit (Appendix A).
Procedure for Cross-Linking Polymer 4-9 (9.0 kDa, Mn):
A stock solution was prepared with N,N,N’,N’’-pentamethyldiethylenetriamine (35.7 L, 0.171 mmol)
and CuI (32.6 mg, 0.171 mmol) in propylene glycol monomethyl ether acetate (PGMEA) (10.0 mL)
under N2. To a solution of polymer 4-3 (35.5 kDa, Mn) (0.150 g, 0.476 mmol propargyl groups) and 1,11diazido-3,6,9-trioxundecane (48.7 L, 0.234 mmol, 0.5 equiv with respect to the propargyl functionality)
in PGMEA (0.212 mL) in a flame dried 3 mL glass vial was added 27.8 L of the copper stock solution
under Ar. The reaction mixture was stirred mechanically and degassed by placing the reaction mixture
under vacuum (1.1 mmHg) for 5 min. Deposited the reaction mixture into a Teflon mold (14 mm x 6.9
mm x 3 mm) and placed in an oven at 90 °C under air. After 4 h, removed the cross-linked material from
the mold and suspended in DCM for 24 h then dried under vacuum (1.1 mmHg) to produce 4-10 (74.8
105

mg, 13 mm x 7 mm x 1 mm). An ATR-FTIR spectrum of the final material was obtained and compared
to polymer 4-3 (35.5 kDa, Mn) to assess the extent of the cross-linking (Appendix C).
Procedure for Testing the Solid-State Response of 4-10:
To test for solvent swelling, 4-10 (74.8 mg, 13 mm x 7 mm x 1 mm) was suspended in MeCN for 12 h,
air dried for 1 h, and then massed (75.4 mg). As a control, 4-10 (75.4 mg, , 13 mm x 7 mm x 1 mm) was
submerged in a solution of tetrabutylammonium bromide (9.67 g, 30 mmol) in MeCN (148 mL) and H2O
(2 mL) for 12 h. A photograph was obtained after 1 min and after 12 h. The object was rinsed with
MeCN and dried under vacuum (1.1 mmHg), and massed (73.9 mg). To test conditions that should cause
depolymerization, 4-10 (73.9 mg, 13 mm x 7 mm x 1 mm) was submerged in a solution of
tetrabutylammonium fluoride trihydrate (9.46 g, 30 mmol) in MeCN (148 mL) and H2O (2 mL) for 12 h.
A photograph was obtained every 30 s for 3 h, and then every 30 min for 9 h. The object was rinsed with
MeCN and dried under vacuum (1.1 mmHg), and massed (41.2 mg, 56%).
5.6
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<Spectra in this chapter have been modified to add chemical structures, add solvent labels, or to remove
old annotations and labels>

Appendix A: NMR Spectra
1

H NMR spectrum of compound 2-11 in CDCl3.
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13

C NMR spectrum of compound 2-11 in CDCl3.
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DEPT 45 NMR spectrum of compound 2-11 in CDCl3.
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1

H NMR spectrum of compound 2-12 in CD2Cl2.

111

13

C NMR spectrum of compound 2-12 in CD2Cl2.
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1

H NMR spectrum of compound 2-6 in CD2Cl2.
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13

C NMR spectrum of compound 2-6 in CD2Cl2.
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1

H NMR spectrum for polymer 2-14 (9.3 kDa, Mn).

1

H-NMR spectrum for polymer 2-15 (6.4 kDa, Mn).
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1

H-NMR spectrum for polymer 2-16 (3.6 kDa, Mn).

1

H-NMR spectrum for polymer 2-10 (6.5 kDa, Mn).

116

1

H-NMR spectrum for polymer 2-18 (3.9 kDa, Mn).

1

H NMR spectrum of polymer 2-13 (72 kDa, Mn) in CD2Cl2 before addition of DBU (Figure 2-9).

117

1

H NMR spectrum of polymer 2-13 (72 kDa, Mn) in CD2Cl2 30 min after addition of DBU.

1

H NMR spectrum of polymer 2-13 (72 kDa, Mn) in CD2Cl2 3 h after addition of DBU.
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1

H-NMR spectrum of polymer 2-14 (9.3 kDa, Mn) in CD2Cl2.
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13

C-NMR spectrum of polymer 2-14 (9.3 kDa, Mn) in CD2Cl2.
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1

H-NMR spectrum of polymer 2-15 (6.4 kDa, Mn) in CD2Cl2.
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13

C-NMR spectrum of polymer 2-15 (6.4 kDa, Mn) in CD2Cl2.
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1

H-NMR spectrum of polymer 2-16 (3.6 kDa, Mn) in CD2Cl2.
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13

C-NMR spectrum of polymer 2-16 (3.6 kDa, Mn) in CD2Cl2.
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1

H-NMR spectrum of polymer 2-17 (6.5 kDa, Mn) in CD2Cl2.
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13

C-NMR spectrum of polymer 2-17 (6.5 kDa, Mn) in CD2Cl2.
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1

H-NMR spectrum of polymer 2-18 (3.9 kDa, Mn) in CD2Cl2.
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13

C-NMR spectrum of polymer 2-18 (3.9 kDa, Mn) in CD2Cl2.

128

1

H-NMR spectrum of compound 3-9 in CDCl3 (400 MHz).
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13

C-NMR spectrum of compound 3-9 in CDCl3 (400 MHz).
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1

H-NMR spectrum of compound 3-10 in CDCl3 (400 MHz).
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13

C-NMR spectrum of compound 3-10 in CDCl3 (400 MHz).
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1

H-NMR spectrum of compound 3-12 in CDCl3 (400 MHz).
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13

C-NMR spectrum of compound 3-12 in CDCl3 (400 MHz).
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1

H-NMR spectrum of compound 3-13 in CDCl3 (400 MHz).
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13

C-NMR spectrum of compound 3-13 in CDCl3 (400 MHz).
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1

H-NMR spectrum of compound 3-14 in CDCl3 (400 MHz).
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13

C-NMR spectrum of compound 3-14 in CDCl3 (400 MHz).
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1

H-NMR spectrum of polymer 3-15 (6.9 kDa, Mn) in CDCl3 (400 MHz).
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1

H-NMR spectrum of compound 4-1 in CDCl3 (400 MHz).
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13

C-NMR spectrum of compound 4-1 in CDCl3 (400 MHz).
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1

H-NMR spectrum of compound 4-2 in CDCl3 (400 MHz).
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13

C-NMR spectrum of compound 4-2 in CDCl3 (400 MHz).
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1

H-NMR spectrum of polymer 4-3 (35.7 kDa, Mn) in CD2Cl2 (400 MHz).

144

1

H-NMR spectrum of compound 4-7 in CDCl3 (400 MHz).
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13

C-NMR spectrum of compound 4-7 in CDCl3 (400 MHz).
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1

H-NMR spectrum of compound 4-8 in CDCl3 (400 MHz).
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13

C-NMR spectrum of compound 4-8 in CDCl3 (400 MHz).
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1

H-NMR spectrum of polymer 4-9 (9.3 kDa, Mn) in CD2Cl2 (400 MHz).
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<Reports in this chapter have been modified to add chemical structures, add solvent labels, or to remove
old annotations and labels. For GPC traces run with THF the dn/dc value is 0.185 ml/g, while those run
with DMF are 0.159 mL/g.>

Appendix B: GPC Reports
GPC trace of polymer 2-13 (5.1 kDa, Mn).
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GPC trace of polymer 2-13 (72.1 kDa, Mn).

151

GPC trace of polymer 2-14 (9.3 kDa, Mn).

152

GPC trace of polymer 2-14 (164.5 kDa, Mn).

153

GPC trace of polymer 2-15 (6.4 kDa, Mn).

154

GPC trace of polymer 2-16 (3.6 kDa, Mn).

155

GPC trace of polymer 2-17 (6.5 kDa, Mn).

156

GPC trace of polymer 2-18 (3.9 kDa, Mn).

157

GPC trace of polymer 2-18 (27.6 kDa, Mn).
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GPC trace of polymer 2-13 (484.3 kDa, Mn).

159

GPC trace of polymer 13 (7.1 kDa, Mn).

160

GPC trace of polymer 2-13 (26.6 kDa, Mn).

161

GPC trace of polymer 2-13 (2.9 kDa, Mn) before washing.

162

GPC trace of polymer 2-13 (2.9 kDa, Mn) after washing.

163

GPC trace of polymer 2-13 (Table 2-1, entry 1).
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GPC trace of polymer 2-13 (Table 2-1, entry 2).
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GPC trace of polymer 2-13 (Table 2-1, entry 3).
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GPC trace of polymer 2-13 (Table 2-1, entry 4).
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GPC trace of polymer 2-13 (Table 2-1, entry 5).

168

GPC trace of polymer 3-7 (36.2 kDa, Mn).

169

GPC trace of polymer 3-15 (4.9 kDa, Mn).

170

GPC trace of the depolymerization study of polymer 3-15 (4.9 kDa, Mn) 1 h after adding DBU (no UV).

171

GPC trace of the depolymerization of polymer 3-15 (4.9 kDa, Mn) after UV exposure and 1 h rest.

172

GPC trace of the depolymerization of polymer 3-15 (4.9 kDa, Mn) after UV exposure and 24 h rest.

173

GPC trace of the depolymerization of polymer 3-15 (4.9 kDa, Mn) after UV exposure with DBU and then
1 h rest.

174

GPC trace of polymer 3-15 (12.2 kDa, Mn).

175

GPC trace of polymer 3-15 (25.3 kDa, Mn).

176

GPC trace of polymer 4-3 (35.5 kDa, Mn).

177

GPC trace of polymer 4-9 (8.9 kDa, Mn).
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<Spectra and reports in this chapter have been modified to add chemical structures or to remove old
annotations and labels>

Appendix C: UV/vis Spectra, AFM Reports, SDT Reports, ATR-IR
Spectra
UV/vis absorbance spectra of compound 2-6 in THF (0.238 mM)

179

UV/vis absorbance spectra of polymer 2-14 (165 kDa, Mn) in THF (0.238 mM)

180

UV/vis absorbance spectra of polymer 3-15 (12.2 kDa, Mn) in THF (0.2 mM)

181

AFM-QNM report for thin film of polymer 4-3 mixed with compound 4-4

z
AFM-QNM report for thin film of the cross-linked polymer 4-6

182

DSC-TGA curve of polymer 4-3 (35.7 kDa, Mn): 14.34 mg sample in alumina pan, under 50 mL/min N2,
equilibrated to 35 °C, ramped 5 °C/min to 600 °C

183

DSC-TGA curve of the cross-linking reaction between polymer 4-3 (35.7 kDa, Mn), 4-4, 4-5, and CuI in
PGMEA: 19.56 mg sample in alumina pan, under 50 mL/min N2, ramped 10 °C/min to 90 °C, held
isothermal for 250 min

184

DSC-TGA curve of polymer 4-3 (35.7 kDa, Mn) in PGMEA: 17.00 mg sample in alumina pan, under 50
mL/min N2, ramped 10 °C/min to 90 °C, held isothermal for 250 min

185

DSC-TGA curve of cross-linked polymer 4-6: 8.85 mg sample in alumina pan, under 50 mL/min N2,
equilibrated to 35 °C, ramped 5 °C/min to 500 °C

186

ATR-IR spectra of polymer 4-9 (9.3 kDa, Mn)

187

ATR-IR spectra of cross-linked polymer 4-10
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