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 Triggerable transient materials are materials designed with temporary lifetimes, in which 

the lifetime is determined by an event which causes a change or degradation of the material. 

Having materials or parts of materials that are transient is beneficial for many applications. 

These types of materials have gained much interest in drug delivery, self-healing materials, 

materials for sacrificial layers, lithography, and transient electronics. All of these applications 

rely on a designed, temporary material to accomplish its purpose. By controlling the triggering 

event, materials can be designed and changed in a programmable manner. Each application will 

have different requirements of transience which allows for opportunities to further investigate 

and understand the properties of given materials.  

 In this thesis, transient materials were study for applications in lithography and transient 

electronics. The lithographic process relies on a chemical change in a photoresist material 

triggered by radiation. This chemical change allows for a solubility difference between the 

exposed and unexposed regions leading to pattern formation. The deposition conditions and film 

stability of two different types of small molecule photoresists were investigated to determine the 

effect on patterning performance. Electron beam radiation was used to trigger crosslinking in 

single component molecular glass resists with pendent chloromethyl groups. Thin films of CM-



  

 

 

calixarene were spin coated and physically vapor deposited (PVD) onto silicon wafers. The 

kinetic stability and density of the PVD glasses were evaluated and patterning performance 

compared. Deep UV radiation was used to trigger a solubility change in indomethacin to allow 

for patterning of the molecule for the first time. The patterning performance of PVD and spin 

coated samples were compared. 

 Thermally-sensitive and acid sensitive secondary and tertiary polycarbonates were 

investigated as substrate materials/packaging for transient electronics. Upon exposure to heat and 

acid, catalytic decomposition of the polycarbonate substrates occurs. The ability for a fast and 

clean decomposition allows these materials to be used as transient substrates triggered by heat. 

The thermal and mechanical properties of room temperature processed films (formed by solution 

casting and electrospinning) were investigated. The addition of acid additives and fabrication of 

polymer nanocomposites provided the necessary properties for the desired application.  
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Chapter 1: 

Transient Materials via Triggered Chemical Changes 
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Introduction 

 Transience is defined as something that is temporary or short-lived. This can refer to a 

property in a material or substance, or it can refer to the material or substance itself. Transience 

as a property can be a temporary magnetic moment and a transient material could be an 

intermediate in a chemical synthesis. 

 Some materials are specifically designed to be transient in nature or have parts of them 

that are transient; they are materials that are intended to undergo changes. These changes can 

give rise to new structures or material properties or lead to material degradation. The time at 

which the material undergoes this change can be controlled through a triggering event, meaning 

that a trigger must be applied to induce that change. If we focus our material scope to polymers 

and their chemical moieties, we can focus on chemical changes that give rise to new properties 

or degradation in polymeric materials. These general changes to polymeric materials are 

illustrated in Figure 1-1. After a trigger there are two general pathways for a material to undergo 

changes; the first is illustrated following the left arrow path in Figure 1-1 where the substrate 

begins to degrade due to the trigger. It loses its function and properties. The second pathway is 

for a material to have a change in properties due to a trigger, which can be seen by following the 

right arrow. Changes in polymer properties can result from loss or addition of substituents or 

crosslinking due to the triggering event. Typically, chemical changes can be triggered by heat, 

ultraviolet (or other types of) radiation, mechanical stresses, voltage, or introduction of other 

chemicals to the system (such as acids or bases). If the triggering event can be controlled then it 

can be used advantageously to change materials in a programmable manner
1–3

.  
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Figure 1-1. General changes in a material due to a triggering event leading to degradation of the 

materials or a change in the material’s properties. 

 

 Triggerable transient polymeric materials are of great interest in many fields or research 

and have found use in many applications including fabrication of nano- and microfluidics, drug 

delivery and controlled drug release, self-healing polymers, photoresists in lithography, and 

transient electronics. In the fabrication of air channels in microfluidic devices a transient or 

sacrificial polymer has often been used. The polymer layer is added during the fabrication 

process with the purpose of being removed at a later stage, making it transient. Multiple studies 

have shown the effective use of polycarbonates as a sacrificial polymer for air channels
4–7

. The 

polycarbonate is deposited onto a silicon substrate followed by deposition of a hard mask (such 

as a metal) which is at a higher decomposition temperature than the polycarbonate. After 

processing, heat is used to selectively remove the transient polycarbonate layer, leaving behind 

air channels or gaps. The same concept was used by Loo et al. using a thermally sensitive 
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polyoxymethylene as the sacrificial layer
8
. Another study by Abdallah et al. used ultraviolet 

radiation (UV) to induce porosity dielectric films using a UV-degradable polycarbonate 

materials
9
.  

 Another example of polymeric materials that have a controlled trigger for their transience 

is polymers used in drug delivery. Many polymer encapsulated drug delivery systems require a 

trigger to release the drug, allowing for the polymer to serve as a temporary delivery matrix. 

Since there is much research in this field, a few reviews have been written that nicely summarize 

triggering polymers for drug release
10–12

. Many polymers have been studied in drug delivery 

including poly(esters), poly(anhydrides), poly(amides), and polycarbonates
10,13

. These 

degradable and biodegradable polymers can deliver drugs to a target site and then upon a 

designed trigger the drug is released. Triggering mechanisms for drug release from these types of 

polymers include heat, ultrasound, magnetism, pH (specifically a change to an acidic pH), acids, 

and change in redox status
10–12

. 

 Self-healing polymers also possess transient properties. Typically a crack, scratch, or 

deformation triggers a change in the material that allows for its self-healing properties. 

Generally, materials can be intrinsically or extrinsically self-healing and there are three main 

approaches in materials design to create something that is self healing
14,15

. First is through a 

capsule-based approach (extrinsic), where damage triggers the release of agents from the capsule 

that allow for repair of the damage. The second approach is to have a vascular-like system 

integrated into your polymer that contains a healing agent (extrinsic), and its release will be 

triggered by a damaging event to the material. The third main concept is to have intrinsically 

self-healing materials, which incorporated reversible bonding mechanisms in the polymer 
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network. All methods for self-healing rely on the triggering event which leads to damage in the 

material and subsequent release of healing agents or a shift in the bonding environment
14,15

. 

 

Photoresists as Transient Materials for Lithography 

 Lithography is the process used to fabricate microelectronics in the semiconductor 

industry. The lithographic process involves the transfer of a pattern from a resist material into the 

substrate, typically a silicon wafer, allowing for the development of integrated circuits. This 

process can be seen in Figure 1-2. The photoresist (or resist) material, which is radiation 

sensitive, is coated onto a silicon wafer. It then is exposed to radiation through a photomask (or 

by direct write using an electron beam), which causes a change in the exposed area of the resist 

material. This change allows for development in select solvents which leaves behind the exposed 

pattern (negative tone patterning) or removes the exposed area (positive tone patterning). The 

pattern remaining is then transferred into the silicon wafer through an etch process, followed by 

removal of the remaining resist, resulting in a patterned silicon substrate. This process relies on 

transient resist materials, which are designed to undergo changes triggered by radiation. Resists 

serve a temporary purpose; once they are patterned and the pattern is transferred, the material is 

removed. 

In order to keep up with the demands of the semiconductor industry and the ever-

shrinking feature sizes, the lithographic process has evolved over time. In 1965 Gordon Moore 

stipulated that on a regular time interval, the density of circuits on a single microchip would 

double
16
. Driven by miniaturization of devices, Moore’s Law drove the evolution of lithography. 

Over time the radiation sources changed, moving from longer to shorter wavelengths, following 

Rayleigh’s Equation, which says that the lithographic resolution is proportional to the exposing 
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wavelength. Therefore, by moving to shorter wavelengths, smaller features sizes could be 

achieved
17

. Radiation sources started at 436 nm (g-line) and have since moved, in several steps, 

to 193 nm (ArF). Next generation lithography provides opportunities for achieving smaller 

patterns using electron beam lithography and extreme ultraviolet (13.5 nm) lithography and 

perhaps directed self-assembly (DSA).  

 

 

Figure 1-2. The lithographic process. 
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Evolution of radiation sources was accompanied by a change in the photoresist materials 

used. As depicted in Figure 1-1, photoresists follow the same general paths when exposed to 

radiation. The exposure either causes the material to change through cleavage of side groups or 

crosslinking, or it starts degradation of the photoresist. The following sections will present some 

examples of photoresists in which the exposure to radiation induces i) cleavage of a side group 

(deprotection), ii) crosslinking, or iii) degradation of the photoresist. 

 

Photoresists Triggered via Cleavage of a Side Group (Deprotection) 

 A major advance in lithographic processing was the introduction of chemically amplified 

photoresists. Chemically amplified photoresists incorporate a photoactive species which can 

induce a cascade event from a single photochemical event, greatly enhancing the sensitivity of 

photoresists
17

. The photoactive compound can be ionic or radical, but the most commonly used 

class of compounds is photoacid generators (PAGs). Upon irradiation the PAG produces a proton 

which under a subsequent post exposure bake step, the proton diffuses through the exposed area 

of the film reacting with the photoresist. The most common reaction being cleavage of pendent 

side groups on the photoresist, also referred to as deprotection of the photoresist.  

 The first example of resist that was successfully patterned via acid-catalyzed deprotection 

was  poly(4-tert-butoxycarbonyloxystyrene) (PBOCST) developed by IBM
18

. The acid-labile 

tert-butoxycarbonyl (t-BOC) group was added on to poly(4-hydroxystyrene) (PHOST), and the 

PBOCST was coated onto a wafer with a PAG. After exposure, a bake step was employed at a 

temperature below the decomposition temperature of the t-BOC group allowing for the acid to 

selectively deprotect, or cleave, the t-BOC group in the exposed regions of the polymer. The 

reaction and cleavage of the t-BOC side group can be seen in Figure 1-3. The deprotection of 
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PBOCST results in the formation of volatile degradation components of t-BOC leaving behind 

the PHOST polymer. This causes a large polarity change in the resist, going from a lipophilic 

polymer to a hydrophilic polymer. Dual tone imaging was achieved based on developer (solvent) 

choice, with alcohol and aqueous base developers producing positive tone images and nonpolar 

organic solvents producing negative tone images
19

. Many other polymers, including polymers 

and copolymers containing methacrylates, sulfones, and norbornenes have been protected by the 

t-BOC group and successfully patterned
17

. Additionally, small molecule photoresists called 

molecular glasses were also synthesized with the t-BOC protecting group and lithographically 

patterned
20,21

. 

  

 

Figure 1-3. Acid-catalyzed deprotection of PBOCST. 

 

 Additional side groups that can be triggered to cleave by acid have been used, including 

tertiary esters. ESCAP (environmentally stable chemically amplified photoresist) is a random 

copolymer of 4-hydroxystyrene and tert-butyl acrylate which undergoes acid catalyzed 

deprotection. When the ester group is cleaved, it results in a carboxylic acid group allowing for a 

solubility difference between the exposed and unexposed areas
22

. Many polymers containing 

methacrylates and norbornenes have been synthesized containing acid-cleavable ester groups
17

. 
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Crosslinking of Photoresists 

 Exposure to radiation can also trigger the crosslinking of polymers and small molecules. 

This leads to the formation of a higher molecular weight species in the exposed area causing a 

solubility difference in select developers. The most widely used crosslinking photoresist is SU-8, 

which is an epoxy-based resin and its structure can be seen in Figure 1-4. The formation of an 

acid from a PAG triggers the ring opening polymerization of the epoxy groups on the molecule 

leading to crosslinking in the exposed area of the film
23

. SU-8 allows for high aspect ratio 

patterns from thick films and can be developed in multiple organic solvents. The successful 

patterning of SU-8 lead to the development of copolymer photoresists containing allyl glycidyl 

ethers and formulation of photoresists based on commercially available epoxy materials
24,25

. In 

each case, the polymer or molecule had a PAG added to its formulation and then when exposed 

to radiation, the acid triggered crosslinking of the pendent epoxy or glycidyl ether groups. 

Additionally, Henderson and coworkers designed and synthesized epoxy-based molecular resists 

for high resolution electron beam lithography
26,27

. 

 

Figure 1-4. Structure of SU-8 photoresist. The epoxy groups undergo ring opening 

polymerization during lithographic processing to produce a crosslinked network. 
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 Photoresists with non-epoxy crosslinking groups have also been developed for 

lithography. Willson and coworkers developed a poly[4-(acetoxymethyl)styrene-co-4-

hydroxystyrene] polymeric photoresist in which radiation induces crosslinking through an 

electrophilic aromatic substitution process
28

. Molecular glasses with pendent chloromethyl 

groups have been synthesized that will crosslink when exposed to radiation
29

. Furthermore, 

crosslinking agents have been added to photoresist formulations to induce crosslinking upon 

irradiation. For example, multicomponent systems with an alcohol- or phenol-based resist, 

polyfunctional benzylic alcohol, and a photoacid generator were developed to effectively pattern 

via acid-catalyzed crosslinking of the resist
30–32

.  

 

Photoresists Triggered Through Degradation 

 A third mechanism by which photoresists pattern is through degradation of the 

photoresist after exposure to radiation. Polymers can be triggered to degrade from exposure to 

DUV, e-beam, or x-ray radiation, or the triggered release of acid from a PAG can catalyze chain 

scission and degradation of photoresists creating a positive tone resist system. Multiple polymers 

including poly(olefin sulfone)s, polycarbonates, poly(methyl methacrylate)s, and 

poly(phthalaldehyde)s have been incorporated into resist formulations as degradable polymers 

which can be developed in solvent or as dry-developable materials
19,33–35

. Both poly(olefin 

sulfone)s and polycarbonates (in the presence of acid) will undergo chain scission in the presence 

of radiation causing a change in molecular weight and allowing for a solubility difference 

between the exposed and unexposed regions
33,34

. The degradation of a polycarbonate can be seen 

in Figure 1-5. Irradiation of poly(methyl methacrylate) leads to cleavage of the pendent methyl 

ester groups which subsequently causes main chain scission of the polymer backbone
35

. Meta-
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stable poly(phthalaldehyde) can be encapped with acid sensitive groups, which when cleaved by 

a PAG will result in chain unzipping and depolymerization of the resist
19

. Chain scission or 

reversion to monomer creates a molecular weight difference and allows for develop in select 

solvents or through dry-developing conditions. 

 

 

Figure 1-5. Degradation of photoresists by polymer degradation. Degradation of a poly(olefin 

sulfone) (a), poly(phthalaldehyde (b), poly(methyl methacrylate) (c), and a polycarbonate (d). 

 

Transient Materials for Transient Electronics 

 Transient electronics are a class of electronic materials that have a designed short or 

temporary lifetime, where at the end of its lifetime, all or parts the device components physically 

disappear in a controlled or triggerable manner. This includes components necessary to run the 

electronics as well as its packaging material (typically polymers). The concept is to have a 

normal functioning electronic device that then undergoes a change, typically triggered, which 
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causes disintegration, dissolution, or depolymerization of its components. Devices with these 

properties have gained significant interest for applications including biodegradable electronics 

for medical devices, secure electronics, and vanishing environmental sensors. Triggered 

transience can potentially help avoid long-term, adverse effects in biomedical devices and 

eliminate disposal of electronic devices that otherwise end up as waste. If used as sensors, 

retrieval after use is eliminated. There have been two major thrusts in creating electronic 

components and packaging materials for these applications: i) transient materials that are 

biodegradable or bio-friendly and ii) transient materials for non-biological applications. 

 

Transient Materials for Biodegradable and/or Bioresorbable Electronics 

 To have an effective transient electronic for biomedical applications (implantable 

devices), the device must function on time frames useful for that medical device and then 

degrade or reabsorb into the body using water or biological fluids as the trigger. This concept 

was fully demonstrated by Rogers and coworkers in 2012 when they created a system level 

example of biodegradable, physically transient silicon based electronics
36

. They incorporated all 

necessary components for a silicon-based complementary metal oxide semiconductor (CMOS), 

including capacitors, resistors, interconnects, and a substrate, all of which can degrade in water, 

making a biodegradable system. The use of Mg, MgO, SiO2, Si nanomembranes, and a silk 

substrate allowed for the electronic components and substrate to dissolve or disintegrate in water, 

and this can be seen in Figure 1-6 (reprinted with permission)
36

. They subsequently showed that 

the processing of these devices were compatible with conventional microelectronics and that 

they were non-toxic and compatible with sub-dermal implants
37

. Additionally, Rogers and 

coworkers conducted detailed studies on the dissolution of metals and silicon oxides and nitrides 
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used for their transient electronics
38–41

. Yin et al. showed that dissolution in water and simulated 

body fluids of thin film metals such as Mg, Zn, Fe, W, and Mo is much different than in their 

corresponding bulk materials
38

. Dissolution experiments on thin film metals concluded that the 

films degrade in two stages, the first stage being fast (hours) dissolution/degradation of the base 

metal and the second stage being slower (weeks to months) dissolution/degradation of residual 

oxides
38

. Further studies on these thin metal foils showed biocompatibility and non-cytotoxic 

behavior
41

. Kang et al. demonstrated that dissolution of silicon oxides and nitrides in water 

depends on pH, ion concentration, temperature, and film growth method, with an increase in pH, 

ion concentration, and temperature leading to an increase in dissolution rate
39

. Additional studies 

showed that polycrystalline and amorphous silicon, SiGe, and Ge thin films could also dissolve 

in water with a temperature and pH dependence
40

. These silicon and germanium based 

semiconductors were also determined to be biocompatible
40

. 

Prior to and after the demonstration of a fully functioning biodegradable electronic 

device
36

, additional advances were made in demonstrating individual components or parts of 

devices and packaging that were biodegradable. Bettinger and Bao proved that organic thin film 

transistors could be fabricated on bioresorbable polymers, function, and then degrade in aqueous 

media
42

. They used DDFTTF as their semiconductor and made transistors on poly(L-lactide-co-

glycolide) (PLGA) and poly(vinyl alcohol) (PVA) and showed that all components would 

degrade in water with approximately 100% mass loss after 70 days. Another study used glucose, 

gelatin, and Ecoflux as biodegradable substrates onto which thin layers of natural (or nature 

inspired) organic dielectrics were evaporated
43

. This device functioned as an organic field effect 

transistor and was biocompatible and environmentally safe device
43

. Additional research by 

Rogers and coworkers showed successful fabrication of single-walled carbon nanotube field 
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effect transistors which dissolve in water
44

. To expand the scope of semiconductor nanomaterials 

in transient electronics, Hwang et al. demonstrated the use of silicon nanomembranes and 

nanoribbons in stretchable electronics
45

. These functioning electronics on poly(1,8-octanediol-

co-citrate) will dissolve in water and can adapt to deformations and strain due to their low 

modulus
45

. 

 

 

Figure 1-6. Demonstration platform for transient electronics, with key materials, device 

structures, and reaction mechanisms. (A) Image of a device that includes transistors, diodes, 

inductors, capacitors, and resistors, with interconnects and interlayer dielectrics, all on a thin silk 

substrate. (B) Exploded-view schematic illustration, with a top view in the lower right inset. (C) 

Images showing the time sequence of dissolution in DI water. (D) Chemical reactions for each of 

the constituent materials with water.
36

 

 

The substrate scope for biodegradable polymers coupled to transient electronics was 

expanded to include PVA composites, PLA, PCL, and PGA
46,47

. Acar et al. demonstrated that 

PVA could be combined with biocompatible additives, such as gelatin and sucrose, to tune the 

properties of the polymer films
46

. Transient substrates for biomedical applications need sufficient 
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chemical and mechanical properties, and by controlling the amount of the additive they could 

selectively tune the mechanical properties and dissolution rate of the films in water. This could 

allow fabrication of substrates based on device dissolution needs
46

. Biodegradable electronics 

have been tested on multiple biodegradable polymers including PLGA, PGA, PLA, and PCL
47

. 

A challenge during device fabrication is the stability of the substrate, and Hwang et al. proved 

that the electronics and substrate could be fabricated separately and then combined to create the 

biodegradable device. This allows for necessary processing of the electronics and maintaining 

the instability of the polymer films. They showed successful transfer of electronics onto the 

biodegradable polymers, and that when immersed in water the materials would dissolve within 

hours or up to weeks
47

.  

 

Transient Materials for Non-Biological Electronics 

 While it is important to understand the behavior and degradability of materials in water 

and other body fluids for biomedical applications, there are other disposable electronic 

applications that do not require biodegradation. Therefore additional materials and triggers for 

degradation can be explored. In 2014 Moore and coworkers integrated a metastable 

poly(phthalaldehyde) (PPA) as a UV-triggerable substrate material for transient electronics
48

. 

The cyclic form of PPA is stable at room temperature, but when introduced to an acid, the 

polymer depolymerizes back to monomer form allowing for a triggered transience. Moore and 

coworkers casted films of PPA with a photoacid generator (PAG), as an indirect acid source, and 

then printed/transferred silicon-based electronics onto the substrate
48

. When the device is 

exposed to UV light, it activates the PAG in the polymer film which begins degradation of the 

polymer and electronics. This can be seen in Figure 1-7 (reprinted with permission). After 
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approximately 230 mins of UV exposure, the majority of the film is degraded and there is 

destruction of the transistor array
48

. This work resulted in a system that incorporated working 

electronics on a polymer substrate which could be triggered to degrade and destroy the 

electronics without using dissolution-based triggering methods. 

 

 

Figure 1-7. Photoinduced transience of MBTT/cPPA substrate with electronics. Exposing the 

MBTT/cPPA substrate (left) to UV generates HCl (middle) that causes the rapid 

depolymerization of the acid sensitive cPPA polymer. This leads to the destruction of the 

electronics on the substrate (right). In addition to the disintegration of the substrate polymer, 

generated HCl also degrades the Mg electrodes.
48

 

 

 Subsequent work by Moore and coworkers used heat to trigger the degradation of a PPA 

substrate with electronics
49

. Magnesium resistors and Si PIN diodes were fabricated onto a PPA 

substrate and encapsulated with a wax coating which contained methanesulfonic acid (MSA). 

Once heated, resistor failure was accompanied by the wax melting and release of the MSA. The 

MSA then attacked the Mg resistors and polymer substrate, causing both to degrade, leaving only 

the wax and some electronic fragments behind. By controlling the substrate thickness, trigger 

temperature, and amount of MSA in the wax coating, the degradation temperature could be 
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tuned
49

. This work expanded the scope of triggers available to fabricate transient devices using a 

PPA substrate.  

 Previous work on synthesis and characterization of PPA determined that this polymer 

existed in a metastable state and could be triggered to depolymerize in a controlled manner.  

DiLauro et al. showed when PPA was synthesized through anionic polymerization, end caps 

could be incorporated on the chain ends of the polymer that could respond to a specific chemical 

or physical stimulus
50

. These end caps allow the polymer to be stable at room temperature, but 

through specific choice of end caps, specific stimuli can cleave the end groups and trigger the 

depolymerization of PPA. Additional studies by DiLauro et al. determined that linear PPA could 

be used to fabricate stimuli-responsive core-shell microcapsules with tunable rates of release as 

well as stimuli-responsive films
51,52

. These studies showed that PPA could be capped with 

groups that could be triggered by chemicals, such as Pd complexes or fluoride ions, or UV 

light
50–52

. Moore and coworkers demonstrated that PPA could also be synthesized by cationic 

polymerization methods to give a stable, yet labile cyclic form of PPA
53–55

. The cyclic form can 

be triggered to degrade via acid or heat
48,49

. Both the linear and cyclic form of PPA was proven 

to be susceptible to chain unzipping through a mechanical trigger
55,56

. Research on PPA has 

shown that controlled depolymerization of this polymer makes it a good candidate for transient 

applications. 

 Additional work on other potential substrate materials, such as poly(olefin sulfones) and 

polycarbonates, for transient electronics has been conducted. Lee et al. showed that the thermal 

degradation temperature of poly(vinyl butyl carbonate sulfone)s could be tuned by changing the 

carbonate side group incorporated into the polymer
57

. Since carbonate elimination is the rate 

determining step during degradation, changing the carbonate group’s stability will change the 
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degradation temperature, giving a range of degradation temperatures between 91 – 213 °C57
. 

Degradation studies also showed that thermal degradation left very little residue of the material, 

a desirable feature in some transient materials. Poly(propylene carbonate) (PPC) is also known to 

be a thermally labile polymer, leaving behind little to no residue after degradation
58

. The thermal 

degradation of PPC can also be catalyzed by acids and bases giving rise to a tunable degradation 

temperature
58–60

. Work has also been done using PPC blended with another polycarbonate as a 

thermally-triggerable vaporizable micropacket for transient electronics
61

. Gund et al. showed that 

a micropacket consisting of rubidium metal (heat source) inside a polycarbonate packaging 

sealed with a graphene valve could be triggered to release heat and lead to polymer 

degradation
61,62

. These micropackets can be arrayed and incorporated into an electronics system 

to provide a transient trigger for a device. 

 

Summary 

 Transient materials that can be triggered to undergo changes are very beneficial in many 

fields of research. From polymers used in drug delivery to self-healing polymers and materials 

used in lithography to electronics, all rely on designed temporary, transient materials to 

accomplish their purpose. By taking advantage of different triggering mechanisms, different 

applications can be addressed and a library of materials can be created to achieve that purpose. It 

is important to understand what properties in the material are needed to serve its purpose and 

then be triggered to change. Each application will have different requirements and allows for 

opportunities to expand upon the possible materials and mechanisms of their transience. 
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Investigation of Single-Component Molecular Glass Photoresists for 

Physical Vapor Deposition for Lithography 
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Abstract 

Photoresists in lithography allow for submicron feature sizes needed by the 

semiconductor industry. As the demand for smaller and smaller feature sizes increases, 

photoresists must evolve and a better understanding of their performance is needed. Molecular 

glasses have been identified as excellent candidates for resist materials using physical vapor 

deposition (PVD) as a thermal deposition technique, due to their small size, and high thermal 

stability compared to other patternable materials. Using PVD, ultra-stable films could then be 

created by controlling substrate temperature during the deposition of resist materials (as opposed 

to traditional room temperature solution depositions). PVD also allowed precise control of film 

thickness and formation of films free of solvent impurities. In this study multiple single-

component resist systems were synthesized and patterning performance was examined using 

electron-beam lithography. A model calixarene resist system was selected for PVD studies, 

where the film stability and resulting lithographic performance was investigated at various 

substrate temperatures. 

 

Introduction 

As the semiconductor industry pushes the resolution limits of resist technology, 

fundamental studies on film formation and stability are needed in order to more uniformly and 

reliably prepare higher resolution materials. The most common method of film formation of 

resist materials is through spin coating, where a solution containing the material is deposited 

onto a spinning substrate (usually a silicon wafer) creating an amorphous film. The solvent is 

then removed through a thermal bake step, leaving behind a film of the resist material. This 

process allows for high-throughput and large-area film coverage. However; it is unlikely that 
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current deposition methods used to form thin films at room temperature are optimal. Solvent-

based techniques allow for residual solvent and solvent impurities to be left behind in the film, 

and more importantly, there is little control over film properties. Physical vapor deposition 

(PVD) is an alternative film-forming technique that provides control over film properties and 

eliminates solvent-related issues. During the PVD process the pure, solid material is heated to 

sublimation and then condensed onto a temperature controlled substrate a set distance above it in 

a vacuum chamber. The process allows control over thickness, composition, and stability of 

glassy, amorphous films
1,2

. 

 Previous studies by Ediger and coworkers have shown ultrastable glass formation 

through control of substrate temperature during PVD
2–4

. Films of glassy materials, such as 

indomethacin and tris-naphthylbenzene isomers, physically vapor deposited onto temperature 

controlled substrates held below the glass transition temperature were found to have higher 

density and greater thermodynamic and kinetic stability than a film formed by cooling of the 

liquid of the same material
2,3,5–9

. Additionally these glassy films were found to have properties 

such as molecular packing and orientation, birefringence, and density that were highly dependent 

on the substrate temperature and/or the deposition rate
3,5,6,10–14

.  

As an evaporation technique, PVD can provide a solvent-free deposition route for resist 

materials to help mitigate negative aspects of solvent use. Schmidt and coworkers utilized PVD 

in combination with a water-developable resist material to create a more environmentally 

friendly process for lithography
15

. Using a combinatorial technique, multi-component systems 

including a resist molecule and photoacid generator was successfully vapor deposited onto a 

silicon substrate, and subsequent lithographic performance was evaluated
16

. Schmidt and 
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coworkers also used combinatorial methods for effective screening for film composition 

optimization and improved sensitivity in PVD films over solution cast films
17,18

. 

Typically resist films are subjected to a post apply bake after spin coating. This process is 

intended to drive off remaining solvent by baking above the boiling point of the spinning solvent 

and it has been thought to densify the film
19

. However, there is no control over this process 

besides the temperature and solvent used. PVD provides a solvent-free deposition method where 

the initial packing and mobility of the glassy material on the wafer can be controlled
6,10,13

. By 

varying the substrate temperature during deposition, resist density is controlled and varied, and 

subsequently the resist performance can be evaluated using lithography and compared to that of a 

spin coated film. To control resist film properties using the PVD process and to assess its effect 

on lithographic performance, molecular glass photoresist were evaluated. Molecular glass resists 

have shown promising results in achieving sub-30 nm resolution using UV lithography with 

conventional deposition and development conditions
20–22

, and have been identified as promising 

candidates for PVD due to their high thermal stability and high resolution patterning capabilities. 

Molecular glasses, unlike polymers, have the ability to sublime before degrading due to their 

smaller size, and their bulky, rigid, and asymmetric design favors glass formation
23

.  

In this study a series of single-component molecular glass resists were designed, 

synthesized, and characterized for use with physical vapor deposition and electron beam 

lithography. Resist candidates were designed with pendent chloromethyl groups, which will 

crosslink under radiation, producing a negative tone resist. Use of a single-component system 

allows for characterization of the resulting film (before lithographic patterning) as a pure system, 

without any additives.  Using PVD, the correlation between density and resolution can be 

investigated in order to provide insight into resist technology. 
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Experimental 

Materials 

 Reagents were purchased from Sigma Aldrich, except 1,1,1-Tris(4-hydroxyphenyl)ethane 

(CR5) and α,α,α'-Tris(4-hydroxyphenyl)-1-ethyl-4-isopropylbenzene (CR6) which were 

purchased from TCI America, and all reagents were used without further purification. HPLC 

grade solvents were purchased from Fisher Scientific and used without further purification. P-

chloromethylmethoxycalix(4)arene (CM-calixarene) was synthesized according to previously 

published protocols
24,25

, and the synthesis of CM-CR5 and CM-CR6 was modeled after the same 

published protocols for CM-calixarene. CR3 was synthesized according to previously published 

protocols
22

 and modified to CM-CR3 using a synthesis modeled after previously published 

protocols for CM-calixarene. 

 

Synthesis 

An example synthesis scheme and the final structure of the molecular glass resists can be seen in 

Scheme 2-1 and Figure 2-1 respectively. 

 

CM-CR3 

 Step 1, methoxy-CR3 (M-CR3): To a 300 mL round bottom flask equipped with a 

nitrogen inlet and a condenser, was added 0.802 g (0.0334 moles) of NaH (95%) and 60 mL of 

anhydrous THF. Next 1.0 g (0.00199 moles) of CR3 was added and the solution was allowed to 

stir for 10 min. Then 7.95 mL (0.127 moles) of MeI was added and the reaction was refluxed at 

70 °C overnight. The cloudy white solution was allowed to cool to room temperature, and the 

THF was evaporated off. Chloroform was added to dissolve the remaining mixture and washed 
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with water three times. The organic layer was dried of MgSO4 and the chloroform was 

subsequently evaporated off. The resulting solid was dried in vaccuo overnight at room 

temperature, resulting in 0.690 g of a white solid, yield = 62%, 
1
H NMR (400 MHz, DMSO-d) δ 

2.01 (s, 6H), 3.71 (s, 12H), 6.59 – 7 (m, 20H). 

Step 2, chloromethylmethoxy-CR3 (CM-CR3): To a 300 mL round bottom flask 

equipped with a condenser, 0.690 g (0.00124 moles) of M-CR3, 0.742 g (0.0247 moles) of 

paraformaldehyde, and 40 mL of dioxane were added. The reagents were stirred for 10 minutes 

until they dissolved. Then 3.9 mL (0.0682 moles) of acetic acid, 8.1 mL (0.329 moles) of HCl, 

and 7.4 mL (0.143 moles) of H3PO4 (85 wt%) were sequentially added. The reaction was brought 

to 100 °C and refluxed overnight. The clear solution was poured into ice water, forming a white 

precipitate. The white precipitate was filtered and the solid was dissolved in chloroform. The 

organic layer was washed with water four times and then the organic layer was dried over 

MgSO4. The chloroform was evaporated off and the resulting white glassy material was dried in 

vaccuo overnight at 40 °C. A mass of 0.412 g was obtained, yield = 44%, 
1
H NMR (400 MHz, 

DMSO-d) δ 2.07 (s, 6H), 3.80 (s, 12H), 4.64 (s, 8H), 6.8 – 7.2 (m, 16H). 

 

CM-CR5 

 Step 1, methoxy-CR5 (M-CR5): To a 300 mL round bottom flask equipped with a 

nitrogen inlet and a condenser, was added 3.2 g (0.133 moles) of NaH (95%) and 100 mL of 

anhydrous THF. Next 1.5 g (0.0049 moles) of CR5 was added and the solution was allowed to 

stir for 10 min. Then 8.56 mL (0.1372 moles) of MeI was added and the reaction was refluxed at 

70 °C overnight. The cloudy white solution was allowed to cool to room temperature, and the 

THF was evaporated off. Chloroform was added to dissolve the remaining mixture and washed 
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with water three times. The organic layer was dried of MgSO4 and the chloroform was 

subsequently evaporated off. The resulting solid was dried in vaccuo overnight at room 

temperature, resulting in 1.31 g of a white solid, yield = 86%, 
1
H NMR (400 MHz, DMSO-d) δ 

2.03 (s, 3H), 3.72 (s,  9H), 6.81 – 6.93 (m, 12H). 

 Step 2, chloromethylmethoxy-CR5 (CM-CR5): To a 300 mL round bottom flask 

equipped with a condenser, 1.31 g (0.00376 moles) of M-CR5, 1.69 g (0.0564 moles) of 

paraformaldehyde, and 100 mL of dioxane were added. The reagents were stirred for 10 minutes 

until they dissolved. Then 9.02 mL (0.154 moles) of acetic acid, 18.7 mL (0.763 moles) of HCl, 

and 17.34 mL (0.333 moles) of H3PO4 (85 wt%) were sequentially added. The reaction was 

brought to 100 °C and refluxed overnight. The clear solution was poured into ice water, forming 

a white precipitate. The white precipitate was filtered and the solid was dissolved in chloroform. 

The organic layer was washed with water four times and then the organic layer was dried over 

MgSO4. The chloroform was evaporated off and the resulting white glassy material was dried in 

vaccuo overnight at 40 °C. A mass of 658 mg was obtained, yield = 35%, 
1
H NMR (400 MHz, 

DMSO-d) δ 2.07 (s, 3H), 3.81 (s, 9H), 4.64 (s, 6H), 6.87 – 7.17 (m, 9H). 

 

CM-CR6 

 Step 1, methoxy-CR6 (M-CR6): To a 300 mL round bottom flask equipped with a 

nitrogen inlet and a condenser, was added 2.3 g (0.0959 moles) of NaH (95%) and 100 mL of 

anhydrous THF. Next 1.5 g (0.00355 moles) of CR6 was added and the solution was allowed to 

stir for 10 min. Then 6.17 mL (0.0989 moles) of MeI was added and the reaction was refluxed at 

70 °C overnight. The cloudy white solution was allowed to cool to room temperature, and the 

THF was evaporated off. Chloroform was added to dissolve the remaining mixture and washed 
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with water three times. The organic layer was dried of MgSO4 and the chloroform was 

subsequently evaporated off. The resulting solid was dried in vaccuo overnight at room 

temperature, resulting in an oily product, approximate weight 1.5 g, yield = ~100%, 
1
H NMR 

(400 MHz, DMSO-d) δ 1.58 (s, 6H), 2.01 (s, 3H), 3.58 – 3.70 (m, 9H) 6.62 – 7.15 (m, 16H). 

 Step 2, chloromethylmethoxy-CR6 (CM-CR6): To a 300 mL round bottom flask 

equipped with a condenser, 1.5 g (0.00321 moles) of M-CR6, 2.89 g (0.0963 moles) of 

paraformaldehyde, and 100 mL of dioxane were added. The reagents were stirred for 10 minutes 

until they dissolved. Then 15.4 mL (0.270 moles) of acetic acid, 32 mL (1.303 moles) of HCl, 

and 29.6 mL (0.568 moles) of H3PO4 (85 wt%) were sequentially added. The reaction was 

brought to 100 °C and refluxed overnight. The clear solution was poured into ice water, forming 

a white precipitate. The white precipitate was filtered and the solid was dissolved in chloroform. 

The organic layer was washed with water four times and then the organic layer was dried over 

MgSO4. The chloroform was evaporated off and the resulting white solid material was dried in 

vaccuo overnight at 40 °C. A mass of 1.2 g was obtained, yield = 61%, 
1
H NMR (400 MHz, 

DMSO-d) δ 1.61 (s, 6H), 2.04 – 2.05 (m, 3H), 3.71 – 3.82 (m, 9H), 4.6 – 4.71 (m, 6H), 6.82 – 

7.29 (m, 13H). 

 

Scheme 2-1. Synthesis route for molecular glass resists exemplified by the synthesis of CM-

CR5. 
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Figure 2-1. Structures of single component molecular glass resists. 

 

Characterization 

1
H NMR spectra were recorded on a Varian Inova-400 NMR spectrometer (400 MHz) at 

room temperature. Chemical shifts reported are quoted in parts per million (ppm) and relative to 

DMSO (δ 3.33). The decomposition temperature (Td) for each molecular glass was measured on 

a TA Instruments Q500 Thermogravimetric Analyzer (TGA) with a 10 °C/min ramp rate, and 

their glass transition temperatures (Tg) were measured on a TA instruments Q1000 Modulated 

Differential Scanning Calorimeter (DSC) with a 10 °C/min ramping and cooling rate. 
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Spin Coating 

 The molecular glass powder was dissolved in 2-butanone to make a 5 wt% solution. The 

solution was filtered using a 0.2 µm pore size filter onto a HMDS-primed silicon wafer. The 

filtered solution was spun at 2000 rpm for 60 s using a 1000 rpm/s ramp rate, followed by a post 

apply bake at 100 °C for 60 s. 

 

Vapor Deposition 

 Films of CM-calixarene were vapor-deposited in a custom built physical vapor deposition 

chamber at P = 10
-8

 torr. The chamber is equipped with a custom built temperature-controlled 

copper stage and substrate holders. Glasses were prepared by heating CM-calixarene in an 

alumina crucible to achieve a rate of 0.1 Å/s while the silicon wafer substrate was held at the 

desired temperature. 

 

Lithographic Processing 

 Electron beam (e-beam) lithography was performed using a JEOL 9500 electron beam 

system with an accelerating voltage of 100 kV. The films were developed by submerging the 

wafer into an organic alcohol for a designated amount of time. Scanning electron microscopy 

(SEM) was used to analyze resolution of the resulting patterns with a Zeiss Ultra 55 SEM. Line 

edge roughness and line width roughness (LER and LWR) of patterns were analyzed using 

SuMMIT software. 

 

Results and Discussion 

Thermal Analysis 
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 High thermal stability is important for molecules which are to be used for PVD, as they 

are exposed to high temperatures for film formation. The Td of CM-calixarene, CM-CR3, CM-

CR5, and CM-CR6 was determined by TGA, and the onset temperatures of decomposition are 

reported in Table 2-1. All of the glasses exhibit Tds above 200 °C, which is necessary for use in 

PVD. CM-CR6 showed the highest Td of 275 °C, while CM-CR5 showed the lowest Td of 234 

°C. The Tg of each glass was determine using DSC, and the values are reported in Table 1. CM-

CR3 showed the highest Tg of 62 °C, while CM-CR5 showed the lowest Tg of 38 °C.  

 

Table 2-1. Thermal properties of molecular glass resists. 

Molecule Td (°C) Tg (°C) 

CM-calixarene 250 52 

CM-CR3 260 62 

CM-CR5 234 38 

CM-CR6 275 43 

 

E-beam Lithography of Spin Coated CM-calixarene, CM-CR3, CM-CR5, and CM-CR6 

 In order to determine if these molecular glasses are effective single-component resists, 

CM-calixarene, CM-CR3, CM-CR5, and CM-CR6 thin films were subjected to e-beam 

lithography. Nanometer thick films were produced via spin coating, and the resulting films were 

exposed to range of doses from 500 – 1500 µC/cm
2
 and developed in various alcohols. 

Successful pattern formation was achieved for all four molecular glasses and optimal pattern 

formation was at a dose of 1200 µC/cm
2
 and development in 1-butanol for 10 s. CM-calixarene 

achieved a resolution of 60 nm 1:1 line:space patterns, with some residual resist remaining on the 

wafer. CM-CR3 and CM-CR6 achieved a resolution of 80 nm at 1:1 line:space patterns, while 

CM-CR5 was only able to resolve 150 nm 1:1 line:space patterns before pattern collapse was 

observed. The maximum resolution achieved by each resist can be seen in Figure 2-2. SuMMIT 
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software was used to analyze the LER and LWR of each resist at its maximum resolution. CM-

calixarene had a LER of 6.5 nm and a LWR of 10.7 nm. CM-CR3 and CM-CR6 had LERs of 5.0 

nm and 3.8 nm respectively and LWRs of 9.3 nm and 5.9 nm respectively. CM-CR5 had higher 

roughness values for both LER and LWR of 23.2 nm and 33.3 nm. CM-CR3 and CM-CR6 

performed better as molecular glass resists over CM-CR5 in terms of resolution and roughness, 

and are better candidates for future studies.  

 

Figure 2-2. Lithographic patterning of spin coated films of CM-calixarene (a), CM-CR3 (b), 

CM-CR5 (c), and CM-CR6 (d), showing maximum resolution of 1:1 line:space patterns. CM-

calixarene achieved 60 nm 1:1 line:space patterns, both CM-CR3 and CM-CR6 achieved 80 nm 

1:1 line:space patterns, and CM-CR5 achieved 150 nm 1:1 line:space patterns. 

 

Vapor Deposition and E-beam Lithography of CM-calixarene 

CM-calixarene was found to have good thermal properties, with a decomposition 

temperature of >250 °C and a glass transition temperature (Tg) of 51 °C (324 K), and was chosen 
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as the molecule to study using alternative deposition methods. PVD was used to form thin films 

(120 nm) of CM-calixarene on silicon wafers, which were held below the Tg of the resist at 

temperatures ranging from 263 K to 303 K. The resist is sublimed from a heated source and then 

deposited onto the temperature controlled wafer to create an amorphous thin film as shown in 

Figure 2-3. By varying the temperature of the wafer, the density at which the material deposits 

was varied. This allows the study of the effect of density on patterning performance using 

lithography. 

 

 

Figure 2-3. Process of physical vapor deposition followed by e-beam lithography. 

 

Film density was measured using spectroscopic ellipsometry. Vapor deposited films were 

placed on a temperature controlled stage and subjected to a heating and cooling ramp while the 

relative thickness change is monitored as a function of temperature. The as-deposited glass is 

heated above its Tg into a supercooled liquid state, and then subsequently cooled back down into 

an ordinary glass. An example of this process can be seen in Figure 2-4, where the percent 
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thickness change is plotted as a function of the temperature for the CM-calixarene deposited at 

293 K (0.88Tg). During the heating cycle, the curve passes through an inflection point where the 

slope dramatically increases because the as-deposited film has gone through a transition 

designated as the onset temperature (Tonset). The Tonset is the transition between the stable as-

deposited glass and the supercooled liquid state, and the point is where the apparent heat capacity 

begins to rise. As the supercooled liquid is cooled down, it transitions into an ordinary glass and 

passes through a second inflection point, which is the Tg of the molecule. Similarly to other PVD 

glasses, the Tonset is higher than the Tg, indicating that the as-deposited glass is more kinetically 

stable than the ordinary glass
3
. The percent thickness change between the starting and final states 

of the glass correlate to the density difference between the as-deposited and ordinary glass. As 

seen in Figure 2-5, the as-deposited CM-calixarene is 0.5% more dense than the resulting 

ordinary glass. The same trend continues for CM-calixarene deposited at other substrate 

temperatures below the Tg of the molecule. This indicated that kinetically stable and more dense 

glasses of CM-calixarene can be successfully deposited.  

 

 

Figure 2-4. Spectroscopic ellipsometry on PVD CM-calixarene deposited at a substrate 

temperature of 293 K. 
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Figure 2-5. Evaluation of the thickness change as a function of ramping temperature for PVD 

CM-calixarene at various substrate temperatures. 

 

E-beam lithography was performed on the PVD CM-calixarene films deposited at 

substrate temperatures of 263 K, 273 K, 283 K, 293 K, and 303 K. The films were exposed to a 

dose of 1200 µC/cm
2
 and developed in isopropanol for 5 s. A series of line and space patterns 

were investigated in order to systematically compare performance across samples. Scanning 

electron microscopy (SEM) was used to analyze resolution along with SuMMIT software to 

analyze roughness. Figure 2-6 shows the results after e-beam lithography, comparing the 

resolution of 1:1 line:space patterns across the various substrate temperatures. Resolution 

between 60 nm and 100 nm is shown, as 60 nm was the highest resolution any of the samples 

achieved. The highest resolution is shown for each sample and pattern collapse indicates that at 

that resolution the patterns began to bridge. CM-calixarene deposited at 283 K and 293 K 

achieved a resolution of 60 nm, samples deposited at 263 K and 303 K achieved 70 nm 

resolution, and the sample deposited at 273 K achieved 80 nm resolution. All samples were 

within tens of nanometers of each other. The slight changes in resolution across samples could be 

attributed to very slight changes in development time or slight variations in sample thickness. 
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The LER and LWR for each sample at its various resolutions are reported in Table 2-2. LER 

values ranged from 3.4 nm to 8.4 nm and LWR values ranged from 4.8 nm to 12.4 nm across the 

different temperature substrates and the different resolutions. The roughness values across the 

samples were within a few nanometers of each other and no apparent trend can be discerned. No 

one sample had significantly lower or higher roughness values than the others.  

 

 

Figure 2-6. Resulting 1:1 line:space patterns for patterned CM-calixarene deposited at various 

substrate temperatures. 
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Table 2-2. LER and LWR values for the resulting patterns of CM-calixarene deposited at various 

substrate temperatures. 

 

 

 It should be noted that optimal pattern formation for PVD CM-calixarene samples 

occurred when using isopropanol as the developer, while spin coated samples showed optimal 

pattern formation using 1-butanol. When spin coated samples of CM-calixarene were developed 

in isopropanol, there was a significant amount of residual resist left on the wafer and in between 

the patterns and can be seen in Figure 2-7. For PVD samples, the development time was short (5 

s) but for spin coated samples, even after 30 s of developing the patterns looked as they do in 

Figure 2-7. When PVD samples were tested with 1-butanol as the developer, the exposed 

patterned area washed off the wafer along with the unexposed regions. Despite the difference in 

developer, both spin coated and PVD CM-calixarene samples were able to achieve the same 

maximum resolution of 60 nm 1:1 line:space patterns with similar roughness values. There was 
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no change in the resolution based on the deposition conditions, but there was a difference in the 

pattern quality.  

 

 

Figure 2-7. SEM image of spin coated CM-calixarene developed in isopropanol for 20 s. 

 

Conclusion 

Four thermally-stable single-component molecular glass resists were successfully 

synthesized. Initial screening of lithographic parameters showed successful e-beam patterning of 

CM-calixarene, CM-CR3, CM-CR5, and CM-CR6 with nanometer resolution. CM-calixarene 

was selected for physical vapor deposition, thin film evaluation, and e-beam patterning. 

Homogeneous films of controlled thickness were successfully deposited at multiple substrate 

temperatures and film density was analyzed using spectroscopic ellipsometry. PVD films of CM-

calixarene were found to be 0.5% more dense than films resulting from the liquid-cooled glass. 

The lithographic evaluation across substrate temperatures showed no significant difference in 
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resolution or roughness of the resulting patterns. However, there was a difference in developer 

used and pattern quality between spin coated and PVD CM-calixarene samples. PVD samples 

had better removal of resist, leaving behind clean patterns, while spin coated samples had some 

residual resist between the patterns. This could indicate that spin coating is not the optimal 

deposition method for all resist molecules. A solvent-free deposition method may provide 

cleaner, more efficient pattern formation using lithography.  
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Appendix 

 

E-beam lithography of CM-CR6 

 The synthesized molecular glass resists were successfully patterned using e-beam 

lithography. Spin coated films showed optimal pattern formation at a fairly high dose of radation 

of 1200 µC/cm
2
, therefore a photoradical initiator was investigated to try to achieve pattern 

formation at lower doses. A film of CM-CR6 and 5 wt% DPAP (2,2-dimethoxy-2-

phenylacetophenone) photoradical initiator was solution cast onto a silicon wafer. Doses ranging 

from 100 – 1300 µC/cm
2
 were tested. SEM was used to analyze 1:1 line:space patterns, and 

optimal pattern formation at a resolution of 80 nm was achieved at a dose of 500 µC/cm
2
, and 

can be seen in Figure 2-S1. Figure 2-S1 compares the lithographic performance between CM-

CR6 with (2-S1b) and without (2-S1a) the addition of DPAP. The LER and LWR of the resulting 

patterns of CM-CR6 with DPAP were 2.8 and 5.6 nm respectively. The addition of DPAP 

resulted in patterns of the same resolution and approximately the same roughness as patterns 

without DPAP, except that it was achieved at half the dose. 

 

 

Figure 2-S1. Patterning results from e-beam lithography of CM-CR6 without (a) and with (b) 

DPAP. 
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Etch Resistance of CM-CR3, CM-CR5, and CM-CR6 

 The etch resistance of the molecular glass resists was measured using an Oxford 80+ 

plasma etcher and values were compared to poly(hydroxystyrene) (PHOST). Film thickness was 

measured as a function of etch time and the etch rate was determined in nm/min. For effective 

pattern transfer resists need to display a high etch resistance (low etch rate). Three gases were 

tested, CHF3/O2, CF4, and SF6/O2 and the resulting etch rates for each molecular glass and 

PHOST can be seen in Figure 2-S2. For CF4 and SF6/O2 all three molecular glass resists 

displayed a much higher etch rate than PHOST with etch rates ranging from 92.30 to 103.42 

nm/min in SF6/O2 and 84.95 – 104.12 nm/min in CF4, indicating they are not very effective in 

resisting etching of these gases. With CHF3/O2, CM-CR3, CM-CR5, and CM-CR6 all displayed 

much lower etch rates of 24.13, 35.78, and 30.83 nm/min respectively, and were comparable to 

PHOST. These results show that the molecular glasses are most resistant to CHF3/O2. 
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Figure 2-S2. Etch resistance rates for CM-CR3, CM-CR5, and CM-CR6 in various etch gases 

compared to PHOST. 
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Chapter 3: 
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Abstract  

We report indomethacin as a photoresist which can be dry-deposited (as well as spin 

coated), and developed in weak aqueous base. This is the first reported patterning of 

indomethacin as a resist material. Nanometer scale patterns were achieved through DUV 

photolithography and the underlying patterning mechanism was investigated.  

 

Introduction 

Photolithography is a process used to produce small scale features that is extensively 

used by the semiconductor industry, mainly in the manufacture of integrated circuits. 

Additionally, the lithographic process is increasingly finding use in developing fields which 

require small scale structures such as biotechnology, organic electronics or photonics. Often the 

desired structures are delicate and may interact in undesirable ways with the current chemical 

systems used in modern photoresists. Therefore, it may be valuable to reduce or eliminate 

solvent exposure 
1
 and identify patterning systems that provide mild development conditions to 

extend the use of photolithography into new applications. Previous efforts to reduce or eliminate 

the use of organic solvents have included the investigation of greener solvents including 

supercritical carbon dioxide
2-5

, water
6-8

, and linear methyl siloxanes
9
. Alternately films can be 

prepared without solvents by using physical vapor deposition (PVD) 
10,11

. PVD also offers the 

ability to deposit a photoresist on a curved surface, a feature of growing interest as curved 

displays, devices, and untraditional planar structures grow in importance. Small molecules, as 

opposed to polymers, offer compatibility with the PVD process. 

Indomethacin is a low molecular weight glass-forming molecule stable at high 

temperatures with radiation sensitivity, making it a good candidate for a small molecule resist. 

As a known prescription drug molecule, indomethacin is not harmful to humans at appropriate 
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doses
12

. Previous work has shown that indomethacin can form glassy films by PVD
13-16

. Physical 

vapor deposition of glass-forming small molecules, such as indomethacin, onto substrates held 

below their glass transition temperature can result in remarkably stable glasses with higher 

density and lower potential energy than the same glass formed by cooling of its liquid
13-21

. 

In this investigation we test indomethacin’s behavior as a resist using both spin coated 

and PVD samples. It is already well understood and characterized as a glassy material under 

PVD conditions, but has never been used as a photopatternable material. Here, we show the first 

reported pattern formation of indomethacin using dry deposition and aqueous development. We 

also propose the underlying mechanism which explains the solubility switch upon exposure 

resulting in pattern formation. 

 

Experimental, Results, and Discussion 

Pattern formation of indomethacin was studied using deep ultraviolet (DUV) 

photolithography. Spin coated samples were first employed to find optimal exposure and 

development conditions. Spin coated samples can be fabricated and reproduced quickly and, 

therefore, can be used for fast and efficient testing of lithographic parameters. Films were spin 

coated using a solution of 3 wt% IMC in 2-butanone, which was filtered using a 0.2 µm pore size 

filter onto a silicon wafer. Films were spun at 2000 rpm for 60 s using a 1000 rpm/s ramp rate, 

followed by a post apply bake at 100 °C for 60 s. The resulting films had a thickness around 130 

nm. After systematically screening doses and developers, it was found that a dose of 200 mJcm
-2

 

and development in a weak base solution (0.002N tetramethylammonium hydroxide) produced 

the best results, yielding negative tone patterns. However, there is some residual resist remaining 

on the wafer after development. Using these optimized conditions, we were able to achieve high 
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contrast patterning with micron resolution as seen in Figure 3-1a, using an ABM contact aligner 

with a 254 nm broadband wavelength light source. Additionally, we demonstrate that 

indomethacin has the capability of achieving nanometer resolution using an ASML DUV stepper 

with a 248 nm wavelength light source, as shown in panels b and c of Figure 3-1. Line patterns 

as small as 225 nm, with a 1:3 line:space  ratio were obtained.  These lines have a line edge 

roughness of 29 nm and a line width roughness of 52 nm. 

 

 

Figure 3-1. Spin coated films of indomethacin patterned by DUV photolithography showing, (a) 

micron scale resolution, (b) nanometer resolution, and (c) a zoomed in image of 225 nm lines. 

 

To investigate the patterning behavior of PVD films, indomethacin was deposited at three 

different substrate temperatures, 245 K, 265 K, and 285 K. Depositing at these temperatures, 

which are below the Tg (312 K) of indomethacin, has been shown to result in ultra-stable thin 

films
17

. Films of indomethacin were vapor-deposited in a custom built physical vapor deposition 

chamber at P = 10
-8

 torr. The chamber is equipped with a custom built temperature-controlled 

copper stage and substrate holders. Glasses were prepared by heating indomethacin (purchased 

from Sigma Aldrich and used without further purification) in an alumina crucible to achieve a 

rate of 0.2 nm/s while the silicon wafer substrate was held at the desired temperature. Films were 

deposited until a final thickness of 100 – 120 nm was achieved. For a detailed characterization of 

film formation and stability using physical vapor deposition of indomethacin, the interested 
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reader is directed to references 14, 15, and 18. Each sample was successfully patterned under the 

optimized conditions determined by the spin-coated samples. Photopatterning results of these 

PVD samples of indomethacin are shown in Figure 3-2. We successfully demonstrate the ability 

of the PVD samples to pattern micron-sized lines using DUV photolithography. Higher 

resolution patterns could not be obtained due to low development contrast. There was not a 

significant difference in the patterning behavior between the different substrate temperatures, 

indicating that the different packing arrangements
18

 found in these three glasses do not have an 

effect on patterning performance for this system.  

 

 

Figure 3-2. PVD samples of indomethacin patterned using DUV photolithography, obtaining 

micron scale resolution at different substrate temperatures of (a) 245 K, (b) 265 K, and (c) 285 

K. 

 

Spin coated samples of indomethacin were able to achieve nanometer resolution, whereas 

PVD samples were only able to achieve micron-scale resolution, and this behavior is likely 

associated with the different densities of the glasses.   Figure 3-3 shows that spin coated glasses 

are 1.4% less dense than a PVD glass deposited at 265 K. The thicknesses of a spin coated 

sample and a PVD sample were measured during temperature-cycling and compared with a glass 

cooled from the liquid at 1K/minute (ordinary glass). These measurements were performed using 

a J.A. Woollam M-2000U spectroscopic ellipsometer and fit with a Cauchy model (including a 

parameter to account for uniaxial birefringence of the PVD glass
14,18

). Before these 
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measurements, the spin coated sample was subjected to a post apply bake treatment at 100°C 

followed by rapid cooling, to emulate the procedure used to prepare samples for 

photolithography. PVD glasses show an onset temperature of 327 K, a result of enhanced 

packing in the deposited glass and previously characterized elsewhere
14

. PVD glasses deposited 

at 245 K and 285 K are also known to be much more dense than the liquid-cooled glass.  Thus, 

all the PVD glasses tested are considerably denser than the spin coated glass with the post apply 

bake. With this information, we offer two potential interpretations of the results in Figures 3-1 

and 3-2.  It may be that a less dense spin coated glass is more susceptible to a photochemical 

reaction than the higher density glasses of indomethacin prepared by PVD, leading to higher 

resolution patterning by spin coated glasses.  Alternately, the lower resolution of the PVD glass 

might be explained by more sluggish dissolution of the unexposed material in comparison to the 

spin coated glass.  

 

 

Figure 3-3: Percent thickness change of spin coated/post apply bake (blue) and PVD (red) 

glasses during temperature cycling, with comparison to a glass prepared by cooling the liquid at 

1 K/min (black). PVD glasses are about 1% denser than an ordinary glass, while a spin coated 

glass is 0.4 % less dense. 

 



  

59 

 

It is important for potential further optimization of any new photoresist system to 

understand the patterning mechanism and the underlying chemical changes that cause the shift in 

development contrast and change in solubility. We investigated the patterning mechanism of 

indomethacin using infrared (IR) spectroscopy and liquid chromatography mass spectrometry 

(LCMS). A Mattson Instruments Galaxy 2020 FT-IR was used for Fourier transform infrared 

analysis (FT-IR) of exposed and unexposed films. Indomethacin films were spin coated onto 

double polished silicon wafers, and one was exposed to 254 nm DUV light (200 mJ cm
-2

). As 

shown in Figure 3-4a, the spectra of the exposed and unexposed films are comparable except in 

the C=O stretching region. In the unexposed film (unmodified indomethacin) two peaks are 

clearly distinguishable in the carbonyl region, one representing the carbonyl of the amide group 

at 1685 cm
-1

 and one at 1712 cm
-1

 stemming from the carbonyl stretch vibration of the 

carboxylic acid
22

. However, in the exposed films only one peak in the carbonyl region at 1685 

cm
-1

 is observed. There is no peak corresponding to the carboxylic acid indicating the loss of that 

group upon exposure to radiation. Reverse-phase LCMS also confirmed the presence of two 

distinct compounds with a mass difference of 44 mass units before and after UV exposure, which 

corresponds to the loss of a carboxylic acid group. Therefore, it was determined that upon 

exposure indomethacin loses the carboxylic acid group resulting in the product seen in Figure 3-

4b, through the release of carbon dioxide
23,24

. The loss of the carboxylic acid group allows for a 

solubility change between the exposed and unexposed areas in base developer. The carboxylic 

acid group makes the unexposed molecules soluble in base, whereas the exposed material, which 

lacks the carboxylic acid, is not soluble in base, allowing for negative tone patterning. 
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Figure 3-4. (a) FT-IR traces of indomethacin before and after exposure. A zoomed in image of 

the carbonyl stretching region can be seen on the right. Upon exposure there is loss of the 

carboxylic acid stretching peak. (b) Proposed patterning mechanism for indomethacin using 

DUV lithography. 

 

Conclusion 

We demonstrated for the first time the use of commercially available indomethacin as a 

photoresist material for DUV photolithography. Thin films obtained by spin coating and PVD 

were investigated for comparison and showed negative tone patterning in an aqueous base 

developer with good pattern resolution. Spin coated samples achieved a resolution of 225 nm 

lines, which is roughly the limit of the exposure tool. Furthermore, we investigated the 

underlying patterning mechanism causing the solubility change in aqueous base. We 

demonstrated with IR spectroscopy and LCMS that upon DUV exposure, thin films of 

indomethacin lose the carboxylic acid group (in the form of CO2), substantially reducing the 

solubility of exposed regions in aqueous base and enabling pattern formation. PVD proved to be 
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an effective technique for deposition of indomethacin as a photoresist. Spin coated films of 

indomethacin were capable of higher resolution patterning than the PVD films and this 

observation suggests that the higher density of the PVD films resulted in less effective pattern 

formation.  
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Abstract 

 Transient materials, or materials with designed short lifetimes, are of great interest in 

many fields of research. This work describes the development of polycarbonates as a thermally-

triggered vaporizable substrate platform. Good mechanical properties over operational 

temperature ranges in combination with fast and clean decomposition at slightly higher 

temperatures create an effective transient substrate. Therefore, characterization of the thermal 

and mechanical properties of vaporizable polycarbonates (VPC) and their composites are 

indispensable for creating such materials systems. A tailor-made VPC and its blends with a 

commercially available poly(propylene carbonate) were investigated. Both polycarbonates have 

acid sensitive backbones; therefore, when combined with an acid source, catalyzed 

decomposition was observed within minutes, achieving a range of decomposition temperatures 

between 160 °C and 250 °C. Polymer-OMMT nanocomposites were investigated to provide 

structural support. These nanocomposites resulted in Young’s moduli ranging from 4 MPa to ~2 

GPa. Their tunable nature allows for designer control over the substrate’s properties based on 

application needs. 

 

Introduction 

 Transient polymeric materials are designed with a short or temporary lifetime and are 

attracting much interest in various fields of research. A controlled or triggerable loss of the 

physical and/or functional properties of these materials has found use in applications including 

fabrication of nano- or microchannels in fluidics devices
1–5

, controlled drug release
6–10

, and 

transient electronics
11–17

. In particular, the concept of a fully transient electronic device has 

gained momentum for technological advancement and potential applications where collection, 
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recovery, or disposal of the material may be difficult. To create an effective transient electronic 

device, it must be accompanied by transient substrates for support, and different applications will 

require specifically tailored properties (e.g. chemical, mechanical, and physical) from these 

transient materials. Recent work has shown that use of biodegradable polymers and electronic 

components can be combined to achieve a fully degradable implant for biomedical devices. 

Transient electronic components have been developed and circuits were tested on multiple 

biodegradable substrates including poly(lactic-co-glycolic acid), poly(lactic acid), 

poly(caprolactone), rice paper, and silk, where water and phosphate buffer solution are used to 

dissolve the substrate and electronic components
11,13,14,16

. Another study by Acar et al. showed 

that poly(vinyl alcohol) composites with glucose and sucrose could be fabricated into transient 

substrates with a triggered degradation occurring in the presence of water
15

. However, solution 

triggered degradation of these polymers limits their applications. Moore and coworkers have 

used metastable cyclic poly(phthalaldehyde) (cPPA) as a UV-sensitive substrate material for 

printed electronics
12

. When cPPA is combined with a photoacid generator (PAG) and cast into a 

substrate, UV light can be used to activate the PAG, which releases acid, which in turn causes 

chain unzipping (degradation) of cPPA. Upon continuous exposure to UV light there was 

destruction of a free standing transistor array on cPPA, leaving behind a slight residue. Park et. 

al. also showed that cPPA can be thermally triggered to degrade in the presence of acid, where 

heat is used to release encapsulated acid that degrades both the cPPA and the electronic 

components
17

. However, in both cases some material remains.  

In this paper, we report a thermally-sensitive polycarbonate system as a vaporizable transient 

substrate with tunable thermal and mechanical properties. Polycarbonates, like the 

polyphthalaldehydes, are acid sensitive, allowing for catalyzed decomposition in the presence of 
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acid and heat. Polycarbonates can be designed to degrade into volatile compounds, leaving no 

substantial residue behind upon disintegration, allowing for effective substrate transience. 

Previous work in the field of lithography has shown effective vaporization of polycarbonates 

when subject to acid and heat
18–20

. Applying these techniques, thin and thick film substrates 

containing acid can be heated leading to clean and fast decomposition. Two polycarbonates, 

poly(propylene carbonate) and a synthesized vaporizable polycarbonate (VPC) were investigated 

separately, and in a blend of the two as thermally-sensitive substrate materials. Studies of the 

thermal degradation of PPC indicate that the decomposition of PPC occurs via chain unzipping 

and chain scission, producing volatile products of cyclic propylene carbonate and 1,2-

propanediol, and that the addition of certain PAGs can significantly reduce the degradation 

temperature
21,22

. The thermal degradation products of polycarbonates, similar to the VPC 

synthesized in this report, were studied and found to also be volatile
23

. In this study we confirm 

the use of PAGs for acid catalyzed degradation and introduce a new acid source, a thermal acid 

generator (TAG), which also effectively catalyzes degradation of these polycarbonates and their 

combination. The use of multiple acid sources allows for tunable degradation temperatures. 

Lowering the degradation temperature, for example, lowers the amount of energy needed to 

vaporize a polymer, making transience more facile.  

Thermally-triggered transience is not the only important property needed in a substrate. To 

be an effective substrate or packaging for transient electronics, the material must have sufficient 

mechanical strength in order to allow the device to function during its operational lifetime. 

Different applications require various mechanical properties in substrates. Therefore, the 

modulus, toughness, and tensile strength of the polycarbonates were assessed and 

nanocomposites with an organo-modified montmorillonite (OMMT) (clay) were investigated as 
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a reinforcing phase to give a range of mechanical properties. The ability to behave as a stable 

substrate during process and operating conditions, possessing tunable thermal and mechanical 

properties, and employ of a thermal trigger for substrate degradation allow this polycarbonate 

system to achieve criteria necessary to be an effective transient substrate. 

 

Experimental 

Materials  

Reagents for the synthesis of VPC were purchased from Sigma Aldrich and used without 

purification, except for tetrahydrofuran, which was dried over calcium hydride before use. 

Triphenylsulfonium triflate was used as photoacid generator 1 (PAG1) and was purchased from 

Sigma Aldrich and used without further purification, and P-cumenyl(p-tolyl)iodonium 

tetrakis(pentafluorophenyl)borate was used as PAG2 and was purchased from Boc Sciences and 

used without further purification. 2,4,5-trichloronbenzenesulfonic acid was used as a thermal 

acid generator (TAG) and was purchased from Sigma Aldrich and used without further 

purification. Organo-modified montmorillonite (OMMT) 20A was purchased from Southern 

Clay Products. Poly(propylene carbonate) (PPC) at 130 kDa was supplied by Novomer. 

 

Characterization 

Molecular weight of VPC was determined using gel permeation chromatography (GPC) 

using a Waters Ambient Temperature GPC with THF as the solvent and measured against a 

polystyrene standard. The decomposition temperature (Td) was measured on a TA Instruments 

Q500 Thermogravimetric Analyzer (TGA) with a 10 °C/min ramp rate. The thermal 

decomposition products from the polymers were analyzed using gas chromatography mass 
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spectrometry (GC-MS) with an Agilent 6890 GC equipped with an autosampler and a JEOL 

double-focusing sector MS. High resolution images were taken using a Tescan-Mira3 scanning 

electron microscope (SEM). Young’s modulus for samples was measured on TA Instruments 

Q800 Dynamic Mechanical Analyzer (DMA) using a constant force ramp of 1 N/min at room 

temperature. Film thickness was measured using a P10 profilometer. 

 

Synthesis of VPC 

The custom-made vaporizable polycarbonate (VPC) was synthesized according to 

previous procedures
19,23

, and the final structure is depicted in Figure 4-1 (along with structures of 

PPC, PAG1, PAG2, and TAG). VPC had a molecular weight of 3.5 kDa. 

 

 

Figure 4-1. Chemical Structures of compounds used in this study. 
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Film Formation  

Solutions of VPC, VPC + PAG, and VPC + TAG were made by dissolving 5 wt% of 

VPC in dichloromethane (DCM) and adding in 5 wt%, with respect to solid content, of either 

PAG1 or TAG (or neither in the case of the native VPC solution). The solution was stirred 

vigorously to ensure complete dissolution and dispersion in DCM. The stirred solution was then 

dropped casted onto a silicon wafer and spun at a rate of 2000 rpms for 60 s with a ramp rate of 

1000 rpms/s. The spin coated film was then subjected to a post apply bake for 60 s at 120 °C. 

Solutions of PPC, PPC + PAG2, and PPC + TAG were made by dissolving 10 wt% of 

PPC in DCM and adding in 5 wt%, with respect to solid content, of either PAG2 or TAG (or 

neither in the case of the native PPC solution). The solution was stirred vigorously to ensure 

complete dissolution and dispersion in DCM. The stirred solution was then casted onto PDMS 

substrate and allowed to dry at room temperature overnight.  

PPC and VPC were also mixed in solution to create a PPC/VPC blend. PPC and VPC 

were mixed in a 70/30 ratio respectively in DCM to make the blend. Solutions of the blend + 

PAG2 and blend + TAG were made by dissolving 5 wt% with respect to solid content of the 

PAG2 or TAG into the blend in DCM. The solutions were stirred vigorously and subsequently 

casted onto a PDMS substrate and allowed to dry at room temperature overnight.  

Composites of PPC and the PPC/VPC blend with OMMT were made according to a 

previously published procedure with some modifications
24

. First a 10 wt% solution of PPC (or 

PPC/VPC blend) in DCM was made and sonicated until the polymer was completely dissolved. 

Next a separate solution of OMMT was made by mixing in 2, 5, or 10 wt% of the respective 

additive (the weight percent is with respect to the total solid polymer content) in DCM and 

sonicating the mixture at 2 W for 3 min using a cell disruptor sonication probe. These sonicated 
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mixtures were then rapidly stirred in a flask for 2 hrs. After 2 hrs, the polymer solution and the 

stirred mixture were combined and sonicated at 2 W for 3 min. Then polymer composite solution 

was placed in a flask and heated and stirred at 40 °C for 2 hrs. The polymer composites were 

then solution casted onto a PDMS substrate and allowed to dry at room temperature overnight. 

 

DUV Exposure 

 Films (after casting/drying) with PAG (1 or 2) were exposed to deep ultraviolet (DUV) 

light in order to activate the PAG. Films containing PAG1 were exposed to a dose of 100 mJ/cm
2
 

and films containing PAG2 were exposed to a dose of 4 J/cm
2
 using a hand-held UV lamp at a 

254 nm wavelength. 

 

Results and Discussion 

Film Formation 

Solution based casting techniques were used due to the thermal sensitivity of the 

polymers. By investigating polymers that are designed to decompose at lower temperatures, 

molding techniques such as melt processing may not be viable and low temperature casting 

methods, such as spin coating and solution casting, were used. Spin coating of VPC, VPC + 

PAG1, and VPC + TAG resulted in homogeneous thin films with a thickness of 150 nm. 

Solution casting of a 10 wt% VPC solution in DCM was attempted, but resulted in a brittle, 

flakey film not suitable for thickness or mechanical characterization. Solution casting of PPC, 

PPC + PAG2, and PPC + TAG, the corresponding blend solutions, and the PPC and blend 

composites resulted in thicker films of approximately 150 µm, and could easily be peeled off the 

PDMS substrate to give free-standing films. The thickness of the film can be controlled, and 
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films ranging from 100 – 300 µm were achieved. Spin coating of PPC films was done using a 5 

wt% solution of PPC in DCM and followed the same spin coating procedure as for VPC. Spin 

coating of PPC resulted in films with a thickness of 5 µm. By changing the film preparation we 

were able to achieve films of varying thickness which can be applied to numerous applications. 

 

Thermal Analysis 

 In order to create an effective thermally-sensitive substrate for transient materials, the 

polymer should be stable during fabrication and operation and only degrade upon introduction of 

a thermal trigger. Since many polymers are created to withstand high temperatures and not 

decompose, alternative and metastable polymers must be considered for transient material 

application. Polycarbonates have high decomposition temperatures, but they have acid sensitive 

backbones; therefore, when blended with an acid source, catalyzed decomposition is observed, 

allowing for the potential to reach lower decomposition temperatures that are just above 

operational temperatures. Multiple acid catalysts were screened to determine the effect on VPC, 

PPC, and the blend, by investigating degradation temperatures and thermal profiles for all casted 

films using thermogravimetric analysis (TGA). From previous literature, PAG1 and PAG2 were 

determined to be the most effective PAGs for the respective polymers, and PAG2 was used in 

the blend system since the majority component was PPC
18,22

. Multiple compounds were screened 

as potential TAGs to effectively catalyze the decomposition of both polymers, and 2,4,5-

trichlorobenzenesulfonic acid was determined to be the best candidate. 

 Spin coated films of VPC, VPC + PAG1, and VPC + TAG were scraped off their wafer 

substrate and the resulting powder was analyzed. The onset degradation temperature (Td,onset) and 

the degradation temperature at 50% weight loss (Td,50) can be seen in Figure 4-2, along with the 
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thermal profiles during the heating ramp for all three samples. As expected, the acid sources 

decrease the decomposition temperature, with the addition of 5 wt% PAG1 lowering the Td,50 by 

80 °C and the addition of 5 wt% TAG lowering the Td,50 by 98 °C. Solution cast films of PPC, 

PPC + PAG2, and PPC + TAG were peeled from their PDMS substrate and a piece of each film 

was analyzed. The Td,onset and Td,50 can been seen in Figure 4-2. As with VPC, the addition of 

acid sources to PPC lowered the Td,50 from 255 °C to 136 °C and 146 °C with PAG2 and TAG, 

respectively. The polymer blend material (70/30 PPC/VPC) was also subjected to thermal 

analysis as well as its acid composites. The Td,onset and Td,50 can been seen in Figure 4-2. Like its 

individual polycarbonate components, the blend showed a decrease in decomposition 

temperature with the addition of PAG2 and TAG. The blend had an initial Td,50 of 233 °C, and 

PAG2 and TAG were able to catalyze decomposition and lower the Td,50 to 208 °C and 165 °C, 

respectively. All of the polymer systems investigated exhibited thermal decomposition that 

leaves less than 5 wt% material remaining after heating, meaning there is very little residue (if 

any) left behind. These systems show that the acid catalysts are effective for both the individual 

polycarbonates as well as a blend of the two. By catalyzing the decomposition reaction of the 

polymers, less thermal energy is required to decompose them, allowing for thermal degradation 

to be more easily achieved. The use of different acids also allows for a variety of decomposition 

temperatures to be reached, which gives way to a tunable system based on application needs.  

Since the TAG has a free acid group, the room temperature stability over time of the 

acid-sensitive polycarbonates blended with TAG was measured. Film stability at room 

temperature was tested using the 70/30 PPC/VPC blend + TAG. Five films were cast as 

described above and were placed in glass vials and left at room temperature. After a designated 

amount of time, the film was removed and subjected to thermal analysis using TGA and the 
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change in decomposition over time was monitored. As seen in Figure 4-3, films were tested over 

a 7 week period and their thermal degradation profiles and degradation temperatures at 50 wt% 

loss were compared. The degradation temperature remained the same for all samples from 1 day 

to 7 weeks at 170 °C. The thermal profiles also remained the same, except for the change in the 

onset of degradation from 1 day to 1 week. This change can be contributed to residual solvent in 

the film for the 1 day sample, but the 1 week sample had ample time for residual solvent to 

evaporate from the film and extend the onset of degradation. Samples from 1 week to 7 weeks all 

show the same onset and thermal profile. This indicates that the films are stable at room 

temperature and only upon heating does the acid become mobile and have sufficient diffusion in 

the film to catalyze decomposition. 

 

 

Figure 4-2. Thermal Analysis of VPC with and without acid additives (A), PPC with and without 

acid additives (B), the 70/30 PPC/VPC blend with and without acid additives, and the Td,onset and 

Td,50 for each (D). 
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Figure 4-3. Stability study of the 70/30 PPC/VPC blend + TAG. Thermogravimetric analysis of 

solution casted films after varying amounts of time at room temperature. 

 

The polymer nanocomposites of PPC + TAG + OMMT and the blend + TAG + OMMT 

were analyzed to determine the effect of the addition of OMMT on the thermal properties of the 

systems. OMMT was added as a reinforcing phase to the flexible PPC-based polymers to provide 

a series of substrates with enhanced mechanical properties. The corresponding mechanical 

analysis for the samples is described below. As the amount of OMMT was increased from 2wt% 

to 10 wt%, the Td,onset and the Td,50 increased as seen in Figure 4. For PPC + TAG + OMMT 

(Figure 4-4A), the addition of 10 wt% OMMT increased the Td,50 from 146 °C to 203 °C, and for 

the blend + TAG + OMMT (Figure 4-4B), there was a 99 °C increase in Td,50 from 165 °C to 264 

°C with the addition of 10 wt% OMMT. With 2 and 5 wt% OMMT added there was less of an 

increase in the decomposition temperature. One possible explanation for the increase in 

decomposition temperature with the addition of OMMT is that the when MMT is modified to 

OMMT there are added surfactants which could interfere with the protonation and degradation of 

the polymer. Another possible explanation is that the OMMT acts as a diffusion barrier for the 

TAG resulting in an increase in the decomposition time and temperature. To help mitigate the 
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increase in decomposition temperature from the OMMT, the amount of TAG can be increased 

from 5 wt% to 10 wt% (while keeping the amount of OMMT constant). This helps lower the 

decomposition temperature (Td,50) by 52 °C, as seen in Figure 4-4C from 211 to 159 °C going 

from 5 to 10 wt% TAG. The addition of OMMT or a clay material introduces a non-degradable 

component to the polymer systems. This can be seen in the thermal profiles, where the weight 

fraction remaining at the end of the heating ramp corresponds to the amount of OMMT added (2, 

5, or 10 wt%) for both PPC and the blend. However, OMMT particles are between 2 – 13 µm in 

their longest dimension, which is considered invisible to the naked eye, meaning the remaining 

OMMT left behind after thermal degradation is unidentifiable and in a dust-like form. 

 

Figure 4-4. Thermal analysis of PPC and PPC/VPC 70/30 blend with TAG and OMMT. TGA 

curves of PPC (A) and the blend (B) with 5 wt% TAG and varying amounts of OMMT, and of 

the blend with 5 wt% OMMT and varying amounts of TAG (C).  Summary of Td,onset and Td,50 as 

a function of OMMT content of PPC and the blend with varying amounts of OMMT(D). 
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In all cases the thermal evaluation of the polymer materials showed a steep slope (when 

plotting weight% vs temperature) once degradation was triggered, indicating fast decomposition 

of the material. Both VPC and PPC have a single step degradation, which occurs within minutes 

of degradation starting and the blend polymer has a two step degradation, one step from the VPC 

component and one step from the PPC component. Even with the addition of OMMT to PPC and 

the blend, the resulting decomposition using TGA showed a steep degradation slope indicating 

that once started, degradation proceeds quickly. The thermal degradation in these systems 

provides a fast and clean (less than 5wt% remaining) method of triggered transience. 

For fast and clean decomposition of a thermally triggered transient material, the polymers 

should produce volatile products. PPC and polycarbonates similar to VPC have been reported to 

produce volatile decomposition products
21,23

; therefore GC-MS was used to identify the 

thermolysis products of both VPC and PPC to understand if similar decomposition pathways 

were followed. A film blend of 70/30 PPC/VPC (no other additives) was solution cast and used 

for decomposition product analysis since when the blend decomposes it will contain products 

from both VPC and PPC and both can be measured simultaneously. A small piece of the film 

was placed in a sealed vial and heated to decomposition. After cooling a small amount of DCM 

was added to the vial and shaken to dissolve any products. The solution was then analyzed using 

a GC-MS. The predicted products from thermal decomposition of PPC and VPC can be seen in 

Scheme 4-1. The resulting analysis of the products using GM-MS confirms these predicted 

products and the analysis of the mass peaks can be seen in Table 4-1. The peaks corresponding to 

the parent molecule and its resulting fragmentation peaks were identified for each degradation 

product. 
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Scheme 4-2. Major thermal degradation products of VPC (a) and PPC (b). 

 

 

Table 4-3. GC-MS analysis of the thermal degradation products of VPC and PPC. 

Polymer Fragment 
Characteristic peaks 

(m/z) 

VPC 
2,5-dimethyl-1,5-

hexadiene 
110, 95, 84, 73, 67, 56 

 1,4-cyclohexandiol 98, 83, 69, 55, 46 

PPC Propylene carbonate 102, 87, 58, 45 

 

  

 

Figure 4-5. Degradation mechanism of VPC polymer. 
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The previously reported acid catalyzed degradation mechanism for VPC and PPC can be 

seen in Figure 4-5 and 4-6, respectively. The VPC polymer is expected to undergo a random 

chain scission degradation
18,23

 as seen in Figure 4-5, with the production of carbon dioxide 

driving the degradation reaction forward. PPC will degrade via a chain unzipping 

mechanism
21,22

. In an acidic environment, the chain end will circle around and attack the 

protonated carbonate species, leading to the formation of cyclic propylene carbonate. The 

formation of this stable 5-membered ring species allows for lower activation energy for the chain 

unzipping decomposition route (as opposed to a random chain scission). 

 

 
 

Figure 4-6. Degradation mechanism of PPC polymer. 

It is possible to speculate that the degradation routes could interact or come in stages 

during the acid catalyzed decomposition. In studying the degradation of these polymers together 

(in the blended system), we do see two degradation stages in the TGA, with the degradations 

overlapping and in which both polymers degrade rapidly. In addition, given the degradation 
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products observed, it appears that there is no chemical cross-talk between the two polymers as 

they decompose. This feature is actually advantageous and offers the possibility of other mixed 

systems as vanishing materials in which the materials can be combined synergistically. 

 

Mechanical Analysis 

 The Young’s moduli, toughness, and tensile strength of the PPC + OMMT and the 

PPC/VPC 70/30 blend + OMMT composites were determined using DMA. As mentioned above 

the VPC alone did not form stable thick films and, therefore, DMA testing could not be 

conducted. The solution cast composites were peeled from their PDMS substrates and cut into 

3.5 mm strips. Each sample was mounted and subjected to a constant force ramp of 1 N/min at 

room temperature until the sample yielded, producing a stress vs strain curve. The Young’s 

modulus for each sample was determined from the linear portion during the initial strain (0.2 – 

0.4% strain) and can be seen in Figure 4-7. In the PPC + OMMT composite (Figure 4-6A and C), 

as the amount of OMMT added increased the modulus also increased, accessing a range of 

moduli from 2 MPa with no OMMT to 1.3 GPa with 10 wt% OMMT. The blend + OMMT 

composite showed a similar trend, with an increase in OMMT leading to an increase in modulus 

to a certain extent as seen in Figure 4-7B and D. At 10 wt% added OMMT there is a decrease in 

the Young’s modulus indicating that too much OMMT has been added and the system is past its 

percolation threshold. The addition of VPC to the PPC/VPC blend already helps improve the 

modulus from 2 MPa to 105 MPa, and the further addition of OMMT increases the modulus to a 

maximum of 1.9 GPa.  

The toughness of the polymers and their composites can be determined by finding the 

area under the curve in a stress vs strain plot, and can be seen in Figure 4-7A and C for PPC and 

Figure 4-7B and D for the blend. As the amount of OMMT increases the toughness of the 
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composites decreases, meaning they absorb less energy before failure. The OMMT adds a brittle 

component to the PPC and the blend, which improves their modulus but makes them less fracture 

resistant. The toughness decreases by two orders of magnitude for PPC when 10 wt% OMMT is 

added, and decreases by one order of magnitude for the blend when 5 wt% OMMT is in the 

composite. The tensile strength of the films can also be determined from the stress vs strain 

curve. The tensile strength is the maximum stress value the film achieves before failure. Tensile 

strength values for the films tested can be seen in Figure 4-7B and D for PPC + OMMT and 

blend + OMMT, respectively. As the amount of OMMT is increased, the tensile strength also 

increases. PPC alone had a measured tensile strength of 1.2 MPa, and the addition of 10 wt% 

OMMT increased the tensile strength to 7.2 MPa. The same trend was observed for the blend, 

with the blend alone having a tensile strength of 4.8 MPa and increased to 15 MPa with the 

addition of 10 wt% OMMT. The addition of OMMT allows for a range of mechanical properties 

to be achieved, allowing for the system to be used across various applications from flexible 

substrates to more rigid substrates.  
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Figure 4-7. Mechanical properties of PPC with various amounts of OMMT and the blend with 

various amounts of OMMT. The Young’s Modulus and toughness are plotted for comparison for 

PPC (A) and blend (B), and the values for modulus, toughness, and tensile strength are listed for 

PPC (C) and blend (D). 

 

Conclusion 

Several polycarbonate systems were analyzed to determine the effect of acid additives, 

composite formation, and blending on the thermal and mechanical properties of each material 

system. It was determined that effective films of varying thickness (100 nm – 300 µm) can be 

formed from VPC and PPC separately, as well as from a blend of the two polycarbonates. VPC 

and PPC, as well as the blend, were found to be acid sensitive and showed catalyzed 

decomposition with both PAG and TAG addition. The Td,50 was lowered with TAG by ~70 °C 
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and the films were stable at room temperature for up to 7 weeks. The addition of TAG allows for 

the blended polymer system to achieve lower degradation temperatures than with PAG, and the 

blended system provides the ability to form thick substrates. Both PPC and the blend had a fairly 

low modulus and are flexible materials, which is not beneficial in some applications. The 

addition of OMMT increased the modulus of the materials, but also decreased its toughness. 

Depending on application, one can adjust the amount of OMMT needed to achieve the desired 

mechanical properties. With addition of OMMT also comes an increase in the degradation 

temperature of the materials, which can be mitigated by increasing the amount of acid in the 

system. 

The thermal catalysis and tunable mechanical properties allows for the use of these polymers 

as thermally sensitive substrates in packaging for transient materials. These polymer substrates 

are stable at room temperature, but once heat is applied at mild temperatures the substrate 

degrades within minutes, allowing for a triggered transience to occur. Thus one can simply apply 

heat to a substrate and have it disappear after it has performed its desired function.  
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Appendix 

 

Synthesis of VPC 

 Synthesis of bis(carbonylimidazolide) of 2,5-dimethyl-2, 5-hexanediol: A solution of 2,5-

dimethyl-2, 5-hexanediol (20.0 g, 0.137 mol) dissolved in 200 mL of dry THF was allowed to 

slowly stir under Nitrogen atmosphere for 10 minutes.  Nitrogen gas was then bubbled into the 

solution for 10 minutes, while stirring continued. The bubbler was then removed and the solution 

treated with 1 g of potassium metal. The reaction mixture was then allowed to reflux at 80 °C for 

two hours, or until all of the potassium metal had fully reacted. The solution was then cooled to 

30 °C and transferred, under nitrogen, dropwise via cannula to a secondary flask prepared with a 

stirring solution of 1,1’-carbonyldiimidazole (44.3 g, 0.274 mol) in 100 mL dry THF. After 

transfer was complete, the solution was heated to 65 °C for 1 hour. A small amount of water was 

added to the reaction mixture, followed by ~150 mL ethyl acetate. The resulting solution was 

then washed with distilled water three times. The washed organic layer was dried over a short 

plug of silica gel and sodium sulfate and rinsed with ethyl acetate. The ethyl acetate was then 

removed via rotary evaporation to yield 43.4 g of product (95% yield). The resulting powder was 

dried in the vacuum oven at room temperature for 1 hour and stored in the freezer. 

 Synthesis of VPC: A mixture of the bis(carbonylimidazolide) monomer (12.0 g, 0.036 

mol) and 1,4-cyclohexanediol (4.17 g, 0.036 mol) was added to a flask and flushed with 

Nitrogen for 1 h. The reaction mixture was then dissolved in 35 mL DCM, and treated with 18-

crown-6 (0.720 g, 0.0027 mol) and powdered potassium carbonate (23.9 g, 0.173 mol). The 

solution was heated to 65°C and allowed to reflux overnight while stirring vigorously to ensure 

high conversion. The reaction mixture was then removed from the heat and filtered to remove 
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any remaining potassium carbonate. The resulting filtrate was collected and concentrated via 

rotary evaporation. Final recovery of the polymer was accomplished by precipitation of the 

concentrated solution in methanol while stirring vigorously. The precipitate was filtered and 

allowed to dry in the vacuum oven at room temperature overnight. VPC was obtained in a 60% 

yield. The synthesis can be seen in Scheme 4-S1. 

 

Scheme 4-S1. Synthesis of VPC. 

 

 

 

 

 

 

Synthesis of polyoxymethylene (POM) 

 A solution of 7.5 g trioxane (0.08 mol) in 200 mL of cyclohexane was dried over calcium 

hydride for 24 hrs under a nitrogen atmosphere. The trioxane/cyclohexane was distilled into a 

new flask and capped. In an inert atmosphere, 56.8 mg (0.0494 mL, 0.0004 mol) of  BF3Et2O 

was added to the distilled solution. The solution was shook and placed on a hotplate set to 35 °C. 

The solution was stirred for 10 mins, stirring was stopped and the solution was left to react for 20 

hrs. To terminate the reaction, a solution of 1 mL of N,N-diisopropylethylamine in 3 mL ethanol 

was added. The white precipitate from the reaction was filtered and washed with water, ethanol, 

and then acetone. The white powder was collected and dried under vacuum for 2 hrs at room 

temperature. The synthesis can be seen in Scheme 4-S2. 
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Scheme 4-S2. Synthesis of polyoxymethylene. 

 

 

The successful synthesis of POM was confirmed by TGA and powder x-ray diffraction (XRD), 

which can be seen in Figure 4-S1. The XRD (Figure 4-S1a) shows that POM is crystalline and 

peaks were consistent with those known for POM. POM had a degradation temperature (at 50 

wt% loss) of 193 °C (Figure 4-S1b). 

 

Figure 4-S1. Characterization of POM, powder x-ray diffraction (a) and thermogravimetric 

analysis (b). 
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Thermal Acid Generators  

 Multiple TAGs were screened to determine if they could effectively catalyze 

decomposition of the polymers. The compounds screened as TAGs are listed in Table 4-S1 along 

with the Td,onset and Td,50 of the compounds in the 70/30 PPC/VPC blend. 

 

Table 4-S4.  Degradation temperatures of 70/30 PPC/VPC blend with 5 wt% of various TAGs 

added. 

TAG Onset Td (°C)* 50 wt% Td (°C) 

p-toluenesulfonic acid  70 °C  200 °C  

benzoic acid 200 °C  233 °C  

bis(4-tertbutyl)phenyliodinium 

perfluoro-1-butanesulfonate  
200 °C  208 °C  

N-Hydroxynaphthalimide 

triflate  
200 °C  214 °C  

N-Hydroxy-5-norbornene-2,3-

dicarboximide perfluoro-1-

butanesulfonate  

200 °C  236 °C  

Triphenylsulfonium perfluoro-

1-butanesufonate  
200 °C  260 °C  

Tetrabutylammonium 

hydrogensulfate  
200 °C  256 °C  

methane sulfonic acid  89 °C  112 °C  

nonafluorobutane-1-sulfonic 

acid  
113 °C  133 °C  

toluene-4-sulfonic acid-3-

nitrophenyl ester  
183 °C  225 °C  

* This is the first onset temperature, as some thermal profiles have multiple steps in them. 

 

Most compounds showed no catalytic activity during heating and the TGA profile looked 

the same as if there was no compound added. TAGs of p-toluenesulfonic acid and methane 

sulfonic acid showed a lowering of decomposition temperature, but the Td,onset was too low for 

many practical applications (lower than 100 °C). Nonafluorobutane-1-sulfonic acid also was able 

to catalyzed decomposition, however when added to the polymer in solution, the solution turned 
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a reddish brown color indicating a reaction, which is not favorable. The polymer and TAG 

should be intact when the film is casted and stable in solution. 

 

Degradation Time Experiments 

 It is also important to determine the amount of time it takes for the polymer materials to 

degrade. To investigate how much time it takes for the film to degrade, isothermal TGA was 

used. The polymer films were ramped to a designated temperature and then held at that 

temperature for 60 minutes. After the 60 minutes the sample was ramped to 550 °C to complete 

any remaining degradation of the films. A plot of weight % vs time can be created, and the slope 

of the line at that particular isothermal temperature will give you the rate of degradation (weight 

%/min). The slope is determined from the curve at the start of the isothermal temperature until 

there is less than 10% mass remaining or until the next ramp cycle starts. The total weight % loss 

during this time can be divided by the slope of the line to get the amount of total time it takes for 

the sample to degrade. The different polymer film samples and the isothermal temperatures that 

they were tested at can be seen in Table 4-S2. As the isothermal temperature increases the 

amount of time it takes for the sample to degrade decreases. This is as expected because the more 

energy that is put into the system, the easier it is to break the bonds and the quicker the sample 

will degrade. 
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Table 4-S5. Degradation time at various isothermal temperatures for VPC, PPC, and PPC/VPC 

blend. 

Material 
Isothermal 

Temperature (°C) 

Degradation Time 

(minutes) 

VPC 
200 16.6 

220 4.4 

VPC + PAG1 

100 22.9 

120 5.8 

140 5.1 

PPC 
220 60 

240 18.4 

PPC + PAG2 
120 60 

140 7 

70/30 PPC/VPC 

+ PAG2 

200 2.9 

220 2.1 

70/30 PPC/VPC 

+ TAG  

140  11  

160  8.1  

180  5.3  

 

 

Energy Required for Degradation 

 Differential scanning calorimetry (DSC) was used to determine the enthalpy required for 

heating and degrading the 70/30 PPC/VPC blend + 5 wt% TAG. A sample was placed in the 

DSC pan and left open (the pan was not sealed shut). The sample was heated at a rate of 10 

°C/min until a temperature of 300 °C was reached. From the TGA experiments we know that the 

polymer blend will completely degrade before 300 °C. The resulting enthalpy needed to heat and 

decompose the polymer blend with TAG can be seen in Figure 4-S2. By integrating the area 
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under the curve, the total enthalpy can be determined. For the 70/30 blend + TAG the enthalpy 

required to heat and degrade the material is approximately 981.4 J/g. 

 

 

Figure 4-S2. Single heat cycle to determine the enthalpy of vaporization of the 70/30 PPC/VPC 

polymer blend + TAG using DSC. 

 

Gas Chromatography Mass Spectrometry (GC-MS) 

 GC-MS was used to determine the degradation products of the vaporization of the 70/30 

PPC/VPC polymer blend. The raw data of the time to reach the detector and the resulting mass 

peaks can be seen in Figure 4-S3. Fragments 1 and 3 are VPC degradation products and fragment 

2 is the PPC degradation product.  
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Figure 4-S3.  GC-MS results from the vaporization of the 70/30 PPC/VPC polymer blend. The 

time to detector vs counts for each product (a), mass (m/z) vs counts for VPC degradation 

product 1 (b), mass (m/z) vs counts for PPC degradation product (c), and mass (m/z) vs counts 

for VPC degradation product 2 (d).  

 

Additional Mechanical Analysis 

 Multiple composites with PPC were investigated to determine which would provide the 

largest range of mechanical properties. Additionally to the OMMT, a needle like polymer, 

polyoxymethylene (POM) (synthesis described above), and silane-treated microglass fibers 

(MGF) were tested. POM was synthesized following previous procedures and silane-treated 

microglass fibers with a fiber diameter of 16 microns and a fiber length of 150 microns (product 

9110) were supplied by Fibertec Inc. Composites with PPC and POM or MGF were made by 

solution intercalation. First a 10 wt% solution of PPC in DCM was made and sonicated until the 
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polymer was completely dissolved. Next a separate solution of POM or MGF was made by 

mixing in 2, 5, or 10 wt% of the respective additive (the weight percent is with respect to the 

total solid polymer content) in DCM and sonicating the mixture at 2 W for 3 min using a cell 

disruptor sonication probe. These sonicated mixtures were then rapidly stirred in a flask for 2 

hrs. After 2 hrs, the polymer solution and the stirred mixture were combined and sonicated at 2 

W for 3 min. Then polymer composite solution was placed in a flask and heated and stirred at 40 

°C for 2 hrs. The polymer composites were then solution casted onto a PDMS substrate and 

allowed to dry at room temperature overnight. The solution casted composites were peeled off 

their PDMS substrates and cut into 3.5 mm strips and subjected to DMA testing. Each sample 

was mounted and subjected to a constant force ramp of 1 N/min at room temperature until the 

sample yielded, producing a stress vs strain curve. The Young’s modulus for each sample was 

determined from the linear portion during the initial strain (0.2 – 0.4% strain). The resulting 

moduli of the composites can be seen in the Table 4-S3. Both POM and MGF only provided a 

slight increase in modulus from PPC without additives at 2 MPa. This indicates that these 

materials are not well intercalated into the PPC and do not provide significant additional strength 

to the films. 

 

Table 4-S6. Young’s moduli for PPC (130 kDa) with POM and MGF. 

Amount of 

Additive 

PPC + POM 

Young’s Modulus 

(MPa) 

PPC + MGF 

Young’s Modulus 

(MPa) 

2 wt% 20 16.5 

5 wt% 39.5 14 

10 wt% 32 52.5 
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In addition to the PPC provided by Novomer, PPC purchased from Sigma Aldrich was 

also tested. This was to determine the effect of polymer molecular weight on the mechanical 

properties. The PPC from Sigma Aldrich is 50 kDa, which is approximately half the molecular 

weight to that of the Novomer PPC (130 kDa). Sigma Aldrich PPC was solution casted from a 10 

wt% solution of the polymer in DCM in the same way as previously mentioned. Nanocomposite 

films of 50 kDa PPC and OMMT (2, 5, and 10 wt% added OMMT with respect to polymer 

content) were also fabricated following the previously mentioned procedure. The films were 

subjected to DMA analysis to determine the Young’s modulus. The resulting mechanical 

properties can be seen in Table 4-S4. With no OMMT added, the Young’s modulus is similar to 

that of the Novomer 130 kDa PPC. The addition of OMMT provides a modest increase in 

modulus. However, when OMMT is added, the resulting moduli are significantly lower than that 

of the Novomer PPC when comparing the same amount added. The lower molecular weight 

results in nanocomposites with lower moduli. Therefore, to achieve better mechanical properties, 

higher molecular weight PPC should be used. 

 

Table 4-S7. Mechanical Properties of 50 kDa PPC with and without OMMT added. 

Amount of OMMT added Young’s Modulus (MPa) 

0 wt% 11.2 

2 wt% 103.4 

5 wt% 133.4 

10 wt% 175.6 
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Abstract 

Electrospinning of polymers provides a room temperature method for forming nonwoven, 

fibrous substrates. Polymer fibers are of interest in many applications, ranging from biological 

scaffold materials to degradable scaffold components. In this study the thermal and mechanical 

properties of fibers formed from poly(propylene carbonate) (PPC) and poly(propylene 

carbonate)-OMMT composites are investigated. This is the first report of the investigation of 

PPC-OMMT fiber composites. Homogeneous fibers of PPC with an average diameter of 736 ± 

252 nm were achieved, and the addition of OMMT to the fibers provided a modest increase in 

Young’s modulus.    

 

Introduction 

 Transient polymeric materials, or materials that serve a temporary purpose, can be 

designed with a short, defined lifetime. By inducing a triggering event that results in loss of 

function or material, one can define the lifetime of the transient material. These types of transient 

or sacrificial materials have gained significant interest in the fields of microfluidics
1–5

, drug 

delivery
6–8

, and transient electronics
9–12

. Polymeric materials for these types of applications need 

to possess certain properties. They must be stable at processing and operating conditions, 

meaning they have the correct chemical, physical, and mechanical properties for their 

application, and they must be responsive to a triggering event which causes a change leading to 

loss of the material. In particular transient electronics require triggerable polymers for substrates 

and packing. Two sets of materials have been investigated, polymers that are biodegradable for 

biomedical transient
9,12,13

 devices and polymers that do not require biodegradation for disposable 

device applications
10,11,14

. Moore and coworkers showed that a metastable cyclic 
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polyphthalaldehyde was an effective transient substrate that could be triggered by ultraviolet 

light or heat to cause degradation of an electronic device
10,11

. However, in both cases there was 

not full degradation of the substrate and electronics and the amount of time it took to degrade 

was long. This offers opportunities to explore other materials that can provide a fast and clean 

degradation for transient electronics. 

 Poly(propylene carbonate) (PPC) is a thermally degradable polymer that is known to 

decompose into volatile products leaving no mass remaining after deocmposition
15

. PPC has 

been used previously as a sacrificial material to create microchannels in microfluidics
1–3

, and the 

degradation can be catalyzed with both acids and bases allowing for the use of lower temperature 

for decomposition
16,17

. The use of thermally sensitive polymers for transient material 

applications requires the use of room temperature (or close to room temperature) processing 

methods. Solution-based techniques such as spin coating, solution (or drop) casting, and 

electrospinning are all widely used to create films of polymers.  

 Electrospinning of polymers creates a fibrous material with fiber diameters in the 

micrometer to nanometer size regime, and these fiber assemblies allow for a high surface are to 

volume ratio in these materials. Polymer and polymer composite fibers have advantageous 

properties that have found use in many applications including filtration, tissue engineering and 

medical prosthesis, and wearable electronics
18–20

. Many biocompatible and biodegradable 

polymers have been investigated as potential fibrous scaffolds for tissues, including fibers 

formed from poly(propylene carbonate) (PPC)
21–24

. Additionally, polymer fibers have been used 

as thermally sacrificial materials for creating metal micro- and nano-tubes and vascularized 

networks
25–28

. Through electrospinning, PPC has the ability to form a nanofibrous network with 

high surface area which may facilitate a faster thermal decomposition.  
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 In this study, the thermal and mechanical properties of PPC fibers and PPC-OMMT 

(organo-modified montmorillonite) nanocomposite fibers were investigated as a fast and clean 

transient substrate material. As mentioned above, an effective transient material must possess the 

necessary mechanical properties to act as a substrate. Therefore, OMMT was investigated as a 

reinforcing phase to PPC, which is known to be a flexible substrate. The addition of OMMT to 

polymers is known to help improve mechanical and barrier properties
29–34

, and OMMT has been 

successfully incorporated into electrospun fibers
35–40

. The fiber formation of PPC and PPC-

OMMT nanocomposites were examined and the resulting thermal and mechanical properties of 

the fibrous films were investigated.  

   

Experimental 

Materials 

 Poly(propylene carbonate) at 130 kDa was provided by Novomer. Organo-modified 

montmorillonite (OMMT) 20A was purchased from Southern Clay Products. Reagent grade 

solvents of dichloromethane (DCM), tetrahydrofuran (THF), and dimethylformamide (DMF) 

were purchased from VWR and used without any further purification. 

 

Electrospinning of PPC 

First a solution of PPC was made with the desired concentration using selected solvents. 

For example, 15 wt% PPC was dissolved in a 80:20 DCM:DMF solution. Once dissolved the 

solution was placed on a wrist action shaker for 12 – 24 hrs to ensure homogeneous mixing. The 

solution was drawn up into a micromate glass syringe and fitted with a 0.21 gauge BD precision 

glide needle, which was then mounted onto a syringe pump. A continuous flow rate of 8.33 
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µL/min (0.5 mL/h) was used. The tip (of the needle) to collector distance was set at 15 cm. A 

voltage of 18 kV was applied and the fibers were collected on a copper plate wrapped in 

aluminum foil. 

 

Electrospinning of PPC-OMMT Nanocomposites 

 PPC-OMMT nanocomposite solutions were prepared by mixing 15 wt% PPC in 80:20 

DCM:DMF solution and then either 1, 3, or 5 wt% (with respect to polymer content) of OMMT 

was added. The solution was mixed using an ultrasonic cell disruptor probe operating at 3 W for 

2 min. To ensure complete homogeneous mixing, the solution was placed on a wrist action 

shaker for 12 - 24 hrs. The resulting solution was then electrospun using the same conditions as 

mentioned above (for electrospinning of PPC). 

 

Characterization 

High resolution images of the fibers mats were taken using a Tescan-Mira3 scanning 

electron microscope (SEM) operating at 3 kV. The fiber mat sample was sputter coated prior to 

imaging with a Au/Pd sputter system. Fiber diameter was determined using ImageJ. For a single 

sample image, the scale bar was calibrated and 50 measurements of the fiber diameter were taken 

and the average calculated. Mechanical properties were analyzed using a TA Instruments Q800 

Dynamic Mechanical Analyzer (DMA). The fiber mat sample was subjected to a constant force 

ramp of 1 N/min with an upper force limit of 15 N. The temperature dependence on the 

mechanical properties was investigated by analyzing the samples at 23 °C, 0 °C, and -30 °C, 

using liquid nitrogen to control the temperature. The decomposition temperature (Td) was 
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measured on a TA Instruments Q500 Thermogravimetric Analyzer (TGA) with a 10 °C/min 

ramp rate. 

 

Results and Discussion 

Fiber Formation 

 A variety of parameters including solvent, solution concentration, and tip-collector 

distance were screened in order to determine conditions for optimal fiber formation of PPC. The 

different parameters investigated can be seen in Table 5-1. First solvents were screened using a 

10 wt% PPC solution with starting parameters based on of previous literature
21,23,24

. Both DCM 

and THF were mixed with DMF due to its higher boiling point and to help solution conductivity. 

Both DCM and THF are too volatile to use on their own as they flash off too quickly during 

electrospinning and can clog the needle. The resulting fiber formation from select solvent 

systems can be seen in Figure 5-1. All samples show bead formation along the fibers indicating 

inhomogeneous fiber formation. Additional trials with varying solvent ratios were also tested as 

seen in Table 1, and they showed similar or more bead formation than the select images seen in 

Figure 1. Bead formation is more prevalent in samples containing THF indicating that the 

polymer dissolution in THF is worse than in DCM, and, therefore, DCM was chosen as the 

solvent moving forward. Additional variation in voltage and working distance did not improve 

fiber formation, however once the concentration and mixing conditions of the solution were 

changed, improved fiber formation was observed. Optimal fiber formation was achieved at a 15 

wt% concentration of PPC in a 80:20 DCM:DMF solvent ratio mixture (sample 15 from Table 5-

1), and the resulting fibers can be seen in Figure 5-2. Under these conditions homogenous PPC 

fibers with an average diameter of 736 ± 252 nm were achieved without any bead formation.  
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Table 5-8. Conditions screened for electrospinning of PPC. 
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Figure 5-1. SEM images of eletrospun fibers of 10 wt% PPC in select solvents. 

 

Figure 5-2. Electrospun PPC fibers from a 15 wt% PPC in 80:20 DCM:DMF solution (a) and the 

fiber diameter distribution (b). 
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Electrospinning of PPC-OMMT nanocomposite fibers were carried out using the same 

conditions for homogeneous fiber formation of PPC. Various compositions of PPC-OMMT 

fibers were electrospun from a 15 wt% PPC in a 80:20 DCM:DMF solvent ratio with either 1, 3, 

or 5 wt% (with respect to PPC concentration) added OMMT. Resulting fiber formation of the 

PPC-OMMT nanocomposites can be seen in Figure 5-3. As the amount of OMMT increases 

from 1 to 5 wt%, the fibers become less distinct and the OMMT sheets become more visible. At 

1 wt% added OMMT there is little difference from the fibers without OMMT added. While at 3 

and 5 wt% added OMMT, there is an apparent change in the fiber morphology. At 5 wt% added 

OMMT you can distinctly see OMMT sheets in the film and they seem to be clustered. This 

could be due to inhomogeneous mixing of the solution prior to spinning the fibers. Additional 

optimization of dispersing OMMT in PPC may be needed. 

 

 

Figure 5-3. SEM images of electropsun fibers of 15 wt% PPC in 80:20 DCM:DMF with 1, 3, and 

5 wt% added OMMT. 

 

 

 

Thermal Evaluation 

 The decomposition temperature (Td) and thermal degradation profiles of the PPC and 

PPC-OMMT fibers were analyzed using TGA and compared to the as received, neat PPC pellets. 
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The resulting degradation profiles can be seen in Figure 5-4. As shown in Figure 4a, the 

electrospun PPC fibers had a Td of 216 °C (at 50 wt% mass loss), which is approximately 40 °C 

lower than that of the as received PPC pellets. This could be due to the difference in processing 

methods of the material, as a previous study by Kohl and coworkers showed that the processing 

of PPC could affect the decomposition temperature
17

. The fibers offer a high surface area 

material which may be more susceptible to degradation. With the addition of OMMT, the 

resulting PPC-OMMT fiber composites had higher decomposition temperatures than those of the 

PPC fibers. At all amounts of added OMMT (1, 3, and 5 wt%) the resulting degradation profiles 

were similar as seen in Figure 5-4b. The Td of the PPC-OMMT fibers was 275 °C, which is 

higher than both the PPC fibers and the PPC pellets. In all cases, the degradation of PPC occurs 

very rapidly, indicated by the steep curve in the TGA traces, and leaves no mass remaining at the 

end of degradation, except in the cases of PPC + OMMT, where the mass remaining corresponds 

to the amount of OMMT in the composite.  

 

 

Figure 5-4. Thermal decomposition of PPC and PPC + OMMT fibers using TGA. The thermal 

degradation of electrospun (ES) PPC is compared to the as received, neat PPC (a) and the ES 

PPC with 0, 1, 3 and 5 wt% added OMMT are compared (b). 



  

111 

 

 

Mechanical Properties 

 The Young’s modulus and toughness values for the PPC and PPC-OMMT fibers were 

determined using DMA. Samples approximately 3 mm wide and 9 mm long were subjected to a 

constant force ramp, producing a stress vs. strain curve. The samples were in a temperature 

controlled chamber, and mechanical properties were tested at 23 °C, 0 °C, and -30 °C. From the 

stress vs strain curve, the Young’s modulus can be determined from the point of initial strain and 

toughness can be determined from the area under the curve. The mechanical properties of the 

fibers can be seen in Figure 5-5, which shows the Young’s modulus and toughness as a function 

of the amount of OMMT added at the various temperatures tested, and the values are listed in 

Table 5-2. At room temperature the Young’s modulus of the PPC fibers is approximately 200 

MPa. The addition of 1 and 3 wt% OMMT increased the modulus by a small margin, and then 

there was a decrease with the addition of 5 wt%. As the temperature was lowered during testing, 

the resulting moduli of the PPC fibers with no additives increased. While at each temperature, 

there was no apparent trend in the change in modulus amongst the different amounts of OMMT 

added. There appears to be a general decrease in toughness as the temperature was decreased 

during testing. However, again there is not much of a trend within the same temperature with the 

different amounts of OMMT added. This inconsistency could indicate there is not a significant 

change in mechanical properties of the fibers at the different temperatures or further testing must 

be done to confirm or clarify the collected data.  
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Figure 5-5.  Young’s Modulus (a) and toughness (b) of electrospun PPC fibers with and without 

OMMT. Mechanical properties were tested at room temperature (23 °C), 0 °C, and -30 °C. 

 

Table 5-9. Young’s Moduli and toughness values for electrospun PPC with and without OMMT. 

Mechanical properties were tested at room temperature (23 °C), 0 °C, and -30 °C. 
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Conclusion 

 In this study the mechanical and thermal properties of PPC and PPC-OMMT 

nanocomposite fibers were investigated. Homogeneous PPC fibers with an average fiber 

diameter of 736 ± 252 nm were achieved after proper selection of the solvent system, 

concentration, and mixing method. PPC-OMMT nanocomposite fiber substrates were fabricated 

in hopes to achieve better thermal and mechanical properties. This is the first report of analysis 

on fibers formed from PPC-OMMT composites. The thermal evaluation shows that the PPC 

fibers had a degradation temperature lower than that of the neat PPC. The addition of OMMT 

increased the degradation temperature, but there was little variation in Td between 1, 3, and 5 

wt% added OMMT fibers. PPC fibers were determined to have a Young’s modulus of around 

200 MPa at room temperature. The addition of OMMT slightly increased the modulus, but not 

significantly. The resulting mechanical properties of the PPC and PPC-OMMT fibrous films at 

various temperatures were inconclusive and additional testing must be done to clarify these 

results. These high surface area fibers provide an opportunity to improve upon the catalytic 

degradation of PPC, and the addition of acid or base to these fibers can be tested.  
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Chapter 6: 

Summary and Future Work 
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Triggerable transient materials are of great interest in many fields of research including 

drug delivery, self-healing materials, materials for sacrificial layers, lithography, and transient 

electronics. This thesis presented work on molecular glasses for lithography and polycarbonates 

as materials for transient substrates, both of which rely on triggered chemical changes to study 

the properties of these materials. Molecular glasses, such as indomethacin and CM-calixarene, 

can be caused to change by exposure to radiation (DUV or e-beam) allowing for lithographic 

patterning and evaluation of performance related to deposition conditions. Secondary and tertiary 

polycarbonates, such as VPC and PPC, are thermally sensitive and decomposition can be 

catalyzed by the addition of acid, allowing for fast and clean substrate degradation. Triggering 

chemical changes on demand allows for these materials to be used effectively as photoresists for 

lithography and substrates for transient electronics.  

Molecular glasses with pendent chloromethyl groups were synthesized as e-beam 

sensitive resist materials. E-beam radiation triggers the crosslinking of these groups causing a 

change in solubility of the resist material in a select alcohol developer. Physical vapor deposition 

was used to fabricate films of the CM-calixarene resist as an alternative method to spin coating. 

Physical vapor deposition provides a solvent-free deposition method in which the kinetic and 

thermodynamic stability of the glassy material can be controlled by varying the substrate 

temperature during deposition
1–5

. CM-calixarene was deposited onto silicon wafers of different 

substrate temperatures and the film density was analyzed using spectroscopic ellipsometry. The 

resulting PVD films were patterned using e-beam lithography, which produced patterns with 

nanometer resolution. Despite differences in film density, there was no apparent difference in the 

patterning resolution of glasses of CM-calixarene prepared at different substrate temperatures. 

The resolution of PVD CM-calixarene films was compared to the resolution of spin coated CM-
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calixarene films. The PVD-prepared films were more sensitive to the developer and resulted in 

clean patterns, while the spin coated films left residue behind. However, the difference in alcohol 

developers used did not affect the maximum resolution or the line edge and width roughness of 

the resulting 1:1 line:space patterns. This could indicate that different deposition conditions 

require different optimizations and that spin coating may not be optimal for all resists. A solvent-

free deposition method (PVD) may provide cleaner, more efficient pattern formation using 

lithography. In the future additional molecular glasses can be evaluated using physical vapor 

deposition. The CM-calixarene resist was a single-component system that allowed us to 

characterize the films as a pure system, without any additives; however, as a single-component 

system it required a very high dose for patterning. The long exposure to radiation could have 

“erased” any sample history, and one possible interpretation is that sample preparation and 

control over film density is not important for resolution improvement. However, resists that are 

much more sensitive to radiation can be examined to determine if this is true for all resists. A 

more sensitive resist system could allow us to compare the effect of dose as well as density of the 

resist on the lithographic performance. Multi-component deposition may be necessary to provide 

a more sensitive resist system and can be combined with a temperature-controlled stage to create 

films with different properties. Thermally-stable molecular glasses can be co-deposited with a 

photoacid generator or photoradical initiator to create a more sensitive system
6–8

. 

In another study, indomethacin was used as a molecular glass photoresist for DUV 

lithography. DUV radiation was used to trigger cleavage of a side group on indomethacin 

allowing for a solubility switch in the molecule. This change in solubility in a select aqueous 

base solvent made it a good candidate for photolithography. This was the first reported 

patterning of indomethacin as a resist material. Films prepared by physical vapor deposition and 
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spin coating were patterned using DUV lithography and the resulting lithographic performance 

was evaluated. The spin coated samples achieved higher resolution patterns and the underlying 

patterning mechanism was determined. Future work can be done to optimize the performance of 

indomethacin as a resist, investigate it’s etch resistance, and biocompatibility. In this chapter, the 

spin coated indomethacin samples were able to achieve nanometer resolution, while the PVD 

samples only achieved micron resolution, therefore, additional work can be done to try to 

optimize the performance of the PVD samples or determine why the reaction is different between 

the films prepared by the two different methods.  

 Room temperature casting methods of VPC and PPC were essential to create thermally-

sensitive substrates for transient electronics. Both solution casting and electrospinning were used 

to create micron thick substrates, and the resulting thermal and mechanical properties of the 

films were analyzed. In chapter 4, both acid and heat were used to trigger the decomposition of 

VPC and PPC. The polycarbonates decompose into volatile products allowing for fast and clean 

decomposition of the substrate. The addition of a PAG and TAG catalyzed the decomposition of 

solution cast VPC, PPC, and PPC/VPC blend films, lowering the decomposition temperature by 

100 °C in some samples. Lowering of the decomposition temperature means that less energy is 

required to vaporize the sample. Nanocomposites of PPC/VPC with OMMT were fabricated to 

provide improved mechanical robustness of the films. The Young’s modulus of soft, flexible 

solution cast films was improved from the MPa regime to the GPa regime with the addition of 

OMMT and formation of a dispersed nanocomposite. These thermally-sensitive polycarbonate 

films can be incorporated into a device architecture to provide support and a vanishing substrate 

to help achieve a transient electronic device
9
. 
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Electrospinning was used to create high surface area fibers of PPC and PPC + OMMT 

nanocomposites. Homogeneous fibers were achieved and the resulting thermal and mechanical 

properties were characterized. After screening multiple solvents and equipment parameters, 

homogeneous fibers with a diameter of 736 ± 252 nm were formed from a 80:20 DCM:DMF 

with a 15 wt% PPC content and mixing of the solution for 12-24 hrs. The resulting fibers had a 

decomposition temperature of 216 °C (at 50 wt% mass loss), which is approximately 40 °C 

lower than that of the as received PPC pellets, and a Young’s modulus of approximately 200 

MPa. The addition of OMMT increased the decomposition temperature slightly and provided a 

modest increase in modulus. However, there was clear indications of inhomogeneous 

incorporation of OMMT, so additional work must to be done to optimize PPC + OMMT 

nanocomposite fiber formation and to clarify the mechanical properties of the resulting PPC + 

OMMT fibers. In the future, the degradation of the PPC fibers can be studied in further detail. A 

PAG or TAG can be added to the PPC fibers to determine its catalytic effect on the 

decomposition of the fibrous substrates. The high surface area fibers may provide a faster 

decomposition rate than solution casted films.  

Additional work should be done in the future to investigate other triggering methods to 

create vanishing polycarbonate substrates. Instead of using acid additives (PAG or TAG) with 

VPC and PPC, a photobase generator (or other type of base generator) could be incorporated into 

the polymer films to catalyze the decomposition. Previous work has shown that base a base 

additive is effective at catalyzing the decomposition of PPC
10

. Furthermore, acid or base 

hydrolysis can be used as an alternative method to trigger the decomposition of polycarbonate 

substrates
11,12

. When using a solution-based triggering method some important things to consider 
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are how much solution is needed, which acid or base in solution is most effective at degrading 

the polycarbonate, and what strength of acid/base is needed.  

 Triggering changes in materials on demand allows for designer control over properties 

and functions, and the ability to have a transient substrate is useful for many applications. By 

taking advantage of different triggering methods and chemistries, different applications can be 

addressed and a library of materials can be created to achieve that purpose. Each application will 

have different requirements and allows for opportunities to expand upon the possible materials 

and mechanisms of their transience. 
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