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Abstract

UV curable films and coatings have a wide range of applications in
everyday life and various industrial sectors. With surface microstructures,
patterned coatings can be used as a general way to provide surface textures or
serve critical design purposes, such as providing engineered optical performances
and altering the surface hydrophobicity. This thesis addresses key challenges in
the UV curing process and their patterning applications, aiming to make UV

curing faster, better, and cheaper.

Firstly, the UV curing speed is the bottleneck of the process throughput
for many applications. Traditionally, high-intensity light sources are used to
achieve fast cure but bring with potential problems, e.g. significant heat
accumulation. In this thesis, the intense pulsed light was investigated as an
alternative curing method, where the UV energy is delivered in discrete pulses
with a dark period between pulses. A systematic study was performed on a model
acrylate system to understand the curing conversion as a function of various
processing parameter, including illumination conditions, the photoinitiator
concentration, and the curing temperature. It was revealed that sufficient curing
of acrylates was achieved within seconds without significant heat built-up in the

substrate.

Second, this thesis investigates the fabrication of surface microstructures
with UV curable materials. The UV micromolding process is used for pattern
replication, where a liquid coating is brought into contact with a patterned mold
and then UV cured to obtain surface microstructures. However, the wide
application of this process is limited the stringent material requirements of the
process: low viscosities, fast cure, low surface energy, and tunable mechanical
properties. This thesis describes the design of thiol-ene based coating

formulations for the UV micromolding process. The coating system allows for

il



the preparation of microstructured coatings within seconds and significantly

expands the achievable mechanical and surface properties of cured materials.

Finally, continuous fabrication of microstructured coatings was explored
to move the process a step further towards mass production. The roll-to-roll
imprinting process with thiol-ene based formulations was discussed. In the
process, a roller mold was used for pattern replication on large-area substrates.
The coating formulations were optimized for a fast cure and high curing extents.
In addition, the influences of processing variables on the curing extents were

studied systematically.
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1 Introduction

1.1 Motivation

UV curable films and coatings are ubiquitous in everyday life and various
industrial applications, including protection layers', adhesives® and dental
materials®. With surface microstructures, patterned coatings can serve critical
design purposes, such as providing engineered optical properties like anti-
reflection films*, altering surface properties of a substrate like superhydrophobic
coatings’, or delivering specific functionality like microfluidic devices® 7 and
flexible electronics®1°.

A UV curable system typically contains monomers or oligomers,
photoinitiators, and additives like rheology modifiers and surfactants. The
coating is applied to a substrate in the liquid state and then solidified upon UV
illumination to form crosslinked polymer networks. Fast photopolymerization is
highly demanded to enable large-volume and low-cost manufacturing processes
with UV curable materials. At the same time, a high curing extent is required to
ensure low levels of residue monomers for safety and long-term stability concerns.
The curing rate and extent are strongly dependent on the monomer chemical
structures, light sources, curing temperatures, and photoinitiator loadings. One of
the main objectives of this research is to understand the curing kinetics of UV
curable coatings and to investigate how to boost the curing speed without

compromising the curing extent.



UV micromolding (imprinting) is one of the most promising techniques to
fabricate surface microstructures on UV curable coatings. It involves three steps:
mold filling, UV curing, and demolding. First, a liquid UV curable material is
coated on a substrate and a mold with surface patterns is brought into contact with
the liquid coating. Then, the coating is solidified by UV exposure with the mold
in place. Finally, the mold is peeled off to obtain a patterned coating. Because
UV micromolding is a contact process, a grand technical challenge of the UV
micromolding process is the defect rate. Defects may generate in each step of the
process. For example, incomplete mold filling can lead to bubble defects,
uncured materials can result in a tacky surface or poor pattern fidelity, and
adhesion failure may occur during demolding. In traditional integrated circuit
manufacturing, the acceptable error rate of functioning devices is below 0.1
defects/cm?.!! However, the demonstrated defect density is roughly 1 defects/cm?
for micromolding processes.'? Closing the gap in the defect density between
conventional lithographic techniques and the micromolding (imprinting) process
calls for the optimization of material properties (kinetics, rheological and
mechanical properties), a systematic understanding of their influences on the
pattern quality, and critically engineered product functionalities.

For the application of UV micromolding in mass manufacturing, a high
throughput is required to reach a given annual avenue. Towards this end,
micromolding is moving roll-to-roll. With the roller mold, it is possible to
fabricate patterned coatings and films on a moving web at large volume and thus

significantly enhance the throughput. In roll-to-roll processing, the mold filling,



curing, and demolding take place continuously and complete within seconds,
putting forward even more stringent requirements on materials properties.
Therefore, it is of great importance to design a UV curable material system with
tunable material properties and to demonstrate its scale-up capability in roll-to-

roll imprinting processes.

1.2 Thesis outline

The results presented in this thesis advance the understanding of UV
curing kinetics and extend the application of UV curable materials to the
fabrication of microstructured coatings in roll-to-roll processing. Chapter 2
provides some of the essential background information on UV curing and gives an
overview of surface replication techniques.

In this research, the UV curing process of acrylate coatings was
investigated under intense pulsed light irradiation conditions using a xenon flash
lamp. The curing extents of a model acrylate system were monitored using the
Fourier transform infrared spectroscopy (FTIR). The results are discussed in
Chapter 3. FTIR results revealed that the use of a single pulse of intense
illumination achieved sufficient curing extents within milliseconds. For the
curing with multiple pulses, the total UV dose is the dominant factor of curing
extents. However, the curing speed is a function of various processing variables
including the dose rate, the PI concentration, and the curing temperature. In
addition, the depthwise curing gradient in flash lamp curing was studied and

compared with that obtained with a traditional mercury lamp.



Chapter 4 discusses the design of UV curable coatings for the surface
replication technology of UV micromolding. A ternary thiol-ene-acrylate coating
system was developed for the fabrication of surface microstructures at high
throughput. The elastic modulus of cured materials was tuned over two orders of
magnitude by adjusting the crosslinking density of cured polymer networks
through the acrylate content. A fluorinated polymer additive was designed and
synthesized to modify the surface property of the thiol-ene-acrylate system.
Combing UV LED curing and the thiol-ene-acrylate coating system, the
preparation of microstructured coatings was achieved within 10 seconds. In
addition, the fabrication of challenging patterns, dense and tall microchannel
arrays, was demonstrated with the fluorinated coating formulation.

Chapter 5 presents the fast and continuous fabrication of microscale
structures by roll-to-roll UV imprinting on a 150 mm wide web. This process is
enabled by a UV curable thiol-ene-acrylate resin system. A series of formulations
were developed with fast curing speeds at ambient conditions, low viscosities, and
tunable mechanical properties. The rate and extent of curing in the roll-to-roll
process were investigated with Fourier transform infrared spectroscopy as a
function of the formulation composition and the processing variables. All the
prepared thiol-ene-acrylate formulations show improved curing speeds compared
to a commercial benchmark and reached high double bond conversions (>80%).
The thiol-ene-acrylate coating is demonstrated to be a versatile material system

for patterning applications and roll-to-roll imprinting is a powerful tool that



allows continuous and large-area fabrication of microstructured coatings and

films. Finally, Chapter 6 offers possible directions for future research.



2 Background Information

2.1 UV curable systems

UV curing is a method to synthesize thermoset materials from liquid
monomers or oligomers into highly crosslinked polymers with UV light. The
advantage of using UV light to initiate polymerization is mainly the fast reaction
speed under intense illumination. In addition, UV curing only occurs in the
illuminated area, which allows spatial resolution and thus complex relief patterns
to be produced. Furthermore, UV curing presents other desirable features,
including ambient temperature operation, low energy consumption, and solvent-
free formulations.

UV curing has found a wide range of applications in various industrial
sectors. This technology is commonly used to solidify protective coatings,
adhesives, and films in the automotive and infrastructure sectors.'? In addition, in
the semiconductor industry, high-resolution images are fabricated with UV

illumination by photolithography to manufacture microcircuits. '#

2.1.1 Free Radical Photopolymerization

Free radicals can be generated upon UV illumination of photoinitiators
either by homolytic cleavage of C-C bonds or by hydrogen abstraction. Acrylates

are by far the most widely used UV curable materials mainly due to their fast



reaction speed. In addition, acrylate-based materials exhibit remarkable

mechanical, optical and chemical properties. A vast variety of acrylate monomers

and oligomers are commercially available to allow for the tunability of

mechanical properties.

Table 2.1 Different types of UV-curable resins!>17

Mechanism Radical Cationic Thiol-ene click
reaction
Photoinitiator | Aromatic ketone Aryliodonium salt | Aromatic ketone or
0 0 N v no photoinitiator
©/U\/RL©J.- R. ©/\© DH.
|
©/ + @ + D+ H
Monomers (1) Acrylate (1) Epoxide (1) thiol and ene
and oligomers | 5y y3ncaturated (2) Vinyl ether | R-SH + H,C=CHR
polyester/styrene
G v
(o]
- o\ﬂ/\ ~0-C=CH,

0
z
~ 0. X O
+
o

Advantages (1) Fast cure (1) Not sensitive | (1) Fast cure
(2) Excellent to oxygen (2) No oxygen
mechanical, optical, (2) Small curing | inhibition
and chemical contraction (3) Low volume
properties (3) Good thermal | shrinkage
(2) Commerecial and chemical
availability stability
Drawbacks (1) Oxygen inhibition | (1) Slow cure (1) Unpleasant
(2) High shrinkage odor
(2) Short shelf-life

Besides acrylates, the copolymerization of unsaturated polyesters and

styrene is another resin to be used in large-scale applications. Although this




system shows inferior product properties and lowers curing speed compared to
acrylate resins, it is still widely used because of its low cost.

However, it is well known that free radical photopolymerization is
inhibited by oxygen, which significantly lowers the curing speed in the presence
of air and may result in tacky surfaces.'® To resolve this issue, inert atmosphere'®
(e.g. nitrogen blanketing) and intensive irradiation' have long been utilized in
practical applications. Furthermore, increasing the photoinitiator concentration
has been utilized to deal with oxygen inhibition in acrylate systems?°, which is
similar to using intensive irradiation in that both lead to more initiating radicals
and thus a rapid consumption of oxygen. Additionally, new photoinitiators have
been developed and reported to effectively hinder oxygen inhibition. For example,
photoinitiators with covalently bonded fluorinated?! or alkylsiloxane®? groups
result in improved surface cure in air because they tend to collect on the top
surface due to the reduced surface energy. These hydrophobic photoinitiators
have potential negative effects, such as enhancing the oxygen solubility in
coatings and incompatibility with printing inks. Type II photoinitiators (radicals
are produced in a bimolecular reaction between sensitizer and co-initiator) has
been frequently reported to outperform Type I photoinitiators (radicals are
generated in a monomolecular reaction through bond cleavage) in overcoming
oxygen inhibition.?*>* 25 Co-initiators (typically amine, thiol, and alchol) that act
as the hydrogen donors can react with oxygen or peroxide to decrease the

concentration of oxygen. Besides co-initiators, a few sensitizers used in Type 11



photoinitiator systems could also directly contribute to oxygen consumption, e.g.
2-ethylanthraquinone (EAQ).?°

In addition to oxygen inhibition, volume shrinkage of acrylic materials (as
high as 10%?7) can raise problems in patterning applications because of the
resulting dimensional inaccuracy of cured products. Associated with volume
shrinkage, stress development within UV cured materials will lead to defects, e.g.

curling and cracking.?®

2.1.2 Cationic Photopolymerization

The most efficient cationic photoinitiators are diaryliodonium or triaryl
sulfonium salts.?* In the presence of hydrogen donors, cationic photoinitiators
undergo photolysis reaction, generating protonic acids and free radicals. Cationic
photopolymerization is used to cure monomers that are insensitive towards free
radicals, in particular, epoxides and vinyl ethers. Upon UV illumination, the ring-
opening reaction of epoxides proceeds efficiently in the presence of protonic acids
to produce a polyether. The curing of epoxides is generally an order of magnitude

t.3! For

lower than acrylates, probably due to a lower propagating rate constan
vinyl ethers, their electron-rich double bonds are not reactive towards free radicals
but undergo a fast and complete cationic polymerization. Vinyl-ether terminated
oligomers containing urethane, ester, or ether structures offer a wide range of
tailor-made properties.

There are three main differences between free radical and cationic

photopolymerization.®* ** First, cationic curing is not sensitive towards



atmospheric oxygen. Second, cationic curing shows significant dark reaction, i.e.
living character, due to the lack of bimolecular termination. Third, the volume

contraction of cationic cured systems is less compared to acrylates.

2.1.3  Thiol-ene reaction

Chain transfer
H J—
R S_C_C_R R SH

R-SH Thiol
R—C=C Ene

R-S* R-S-C-C-R R-C=C| ool . Acryate

Propagation Homopolymerization

Figure 2.1 Mechanism of thiol-ene reaction.

Mechanism adapted from literature!”.

Classical radical- or cationic-based photopolymerization involving
acrylates and epoxies provides both temporal and spatial control of the reaction
and finds a plethora of applications, from coatings, adhesives, to photolithography
processes. However, traditional UV curing processes and materials are plagued
by their inherent limitations in balancing curing speed, internal stress, and
sensitivity to oxygen and air, as discussed in the above sections.

Recently, a new class of UV curable materials based on thiol-ene has
drawn increasing attention.**¢ The light-mediated thiol-ene reaction undergoes a
radical-mediated step-growth mechanism where the thiol radicals add across the

ene double bonds and cause the molecular weight growth. Similar to free-radical
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photopolymerization, the thiol-ene reaction proceeds as fast as acrylates under
UV illumination, which can be controlled at specific times and locations. Unlike
classical radical-based process, this reaction enjoys a high yield with less by-
product generation. Moreover, the thiol-ene reaction takes place in mild
conditions without requirements of high temperature or inert environment curing.
Additionally, the developed polymer networks show a high degree of
homogeneity and thus exhibit a narrower glass transition range, which is highly
desirable in applications focusing on excellent mechanical properties, for example,
energy absorbing materials. Beneficial from the uniform network structure, the
shrinkage and stress of cured materials are significantly reduced, lowering the
possibility of defect formation common in classical UV curable materials.

These advantages have made thiol-ene based materials the focus of
extensive research efforts and practical applications. They have been successfully
used for fundamental research purposes such as basic chemical synthesis and

polymer surface modifications.?”-*® In recent years, their applications have been

39, 40 41-43

extended to new areas in microfluidic devices and nano-imprinting
However, the wide use of thiol-ene in large-scale manufacturing processes is still
plagued by several limitations such as the unpleasant odor of thiols and the

relatively short shelf-life, which needs to be addressed in future research.

2.2 Photopolymerization Kinetics

2.2.1 Basic process

The basic photopolymerization process involves autoacceleration,

propagation, and vitrification.!®* At the very beginning of the irradiation,
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photopolymerization exhibits an autoacceleration characteristic until reaching a
maximum reaction rate. This is due to the rapid increase of viscosity and the
resulting mobility restriction of free radicals. As the termination step becomes
diffusion controlled, the radical concentration builds up and leads to an increase
in the polymerization rate. Following the autoacceleration process, the
propagation step also becomes diffusion controlled. As a result, the reaction
slows down and ultimately stops due to vitrification. Because most of the UV
curable resins are based on acrylate monomers and oligomers, in this section, the

discussion will be focused on free radical photopolymerization kinetics.

2.2.2 Initiation Efficiency

Cage Reaction

VL hv fi I
Pl &= PI* —— Re f, Monomer
Polymer

Figure 2.2 Schematic of photoinitiated radical polymerization.

Mechanism adapted from Reference [**].

The photoinitiator (PI) plays a key role in UV curable systems regarding
both the curing speed and the achievable conversion. In the selection of
appropriate photoinitiators, desirable features include strong absorption of UV
light in the range of illumination wavelengths, a fast photolysis reaction, and

photobleaching behavior for sufficient cure depth.*> Upon UV illumination,

12



photoinitiators go through the excited state to generate free radicals and then react
with monomers to initiate photopolymerization (Figure 2.2). The effectiveness of
a photoinitiator can be evaluated by the initiation efficiency, which is defined as
the number of radicals generated per PI molecule. It can be expressed by the
product f; - f,, where f; is the fraction of PI excited states that produce free

radicals and f;, is the fraction of radicals that combine with monomers. By
.. . . . d[PI
definition, the initiation rate, 1;, is proportional to the loss rate of PI (%) and the

initiation efficiency as shown in Equation 2.1. In addition, it can be expressed as

a function of the polymerization rate (Rp) according to Equation 2.2:

d[PI] Equation 2.1
n=——"hF
dt
2k, " R,” Equation 2.2
r, = ———
t kpz - [M]?

where k,, is the propagation rate constant, k; is the termination rate constant, and

[M] is the molar concentration of functional groups. Combining the above
equations leads to the following equation:

2k, - Ry’ Equation 2.3

kpz - [M]? %

fifa=

Therefore, the initiation efficiency can be quantitatively evaluated from the initial
polymerization rate recorded with real-time FTIR and the initial PI loss rate
measure with real-time UV spectroscopy, respectively.** It was reported that the
initiation efficiency of diphenyl(2,4,6-trimethyl benzoyl) phosphine oxide (TPO)

was 1.3 radicals per TPO, which is close to the theoretical value of 2 and explains
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the great reactivity of TPO towards acrylate double bonds.** However, it should
be pointed out that although the fast decomposition of photoinitiators upon UV
illumination is beneficial for increasing the polymerization speed, the depletion of
photoinitiators might result in the premature ending of the curing process. Thus
optimizing both the type and concentration of photoinitiators is critical to

achieving fast curing speed as required in various applications.

2.2.3  Curing speed

The rate of photopolymerization, Rp, can be expressed as:

ko Equation 2.4
_ 0.5
Rp = 2k, )08 [M]r;

r=®;-1, Equation 2.5

where k,, is the propagation rate constant, k. is the termination rate constant, [M]
is the molar concentration of functional groups, 7; is the rate of initiation, ®; is
the initiation quantum yield, and I, is the absorbed light intensity.** It should be
noted that Equation 2.4 is derived based the steady state of radical concentration
and bimolecular termination, which holds true for the early stage of curing until
vitrification takes place. According to Equation 2.4, first of all, the reaction speed
depends on the chemical structure of a UV curable resin. It explains why acrylate
resins have a high polymerization rate: the high propagation rate constant (k,, ~
10* - mol™! - s71) and the relatively low termination rate constant (k, ~ 10° [ -

mol~1 - s71) contribute to the observed fast reaction upon UV illumination.*®
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Second, the reaction speed increases with the molar concentration of functional
groups. Therefore, materials with high functionalities and/or lower molar mass
typically exhibit fast curing characteristics. Third, the photopolymerization

proceeds faster upon intense UV illumination because of a higher initiation rate.

2.2.4  Achievable conversion

It is well known that for most UV curable systems, the final conversions
are less than 100%, which might raise concern in long-term stabilities such as
hardening or coloration upon heat or UV aging. There are different factors
affecting the achievable UV curing conversions, mainly including the chemical
structure, light intensity, and the curing temperature.?’> 4+ 4’

First, different types of chemical structures significantly affect the curing
process by controlling the mobility of reactive species during curing, the polymer
network structure, and the final properties. High degree of conversions
(approaching 100%) can be reached with aliphatic telechelic acrylate oligomers,
leading to the formation of elastomeric materials with a glass transition
temperature lower than the room temperature, well suited for adhesive and
footwear applications.*®>° By contrast, with aromatic acrylates or multi-functional
crosslinkers, glassy materials can be prepared which typically show a conversion
far from 100% and a T, higher than room temperature.?® In the latter case, the

polymerization stops prematurely after vitrification because the molecular

mobility becomes restricted.
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Second, increasing the sample temperature either during or after curing is
another way to achieve complete curing in photopolymerization.®' During UV
curing, the mobility of reactive species increases with the sample temperature, so
the reaction can proceed to a higher conversion. After UV curing, thermal aging
can restore the mobility of trapped radicals, leading to additional curing with
unreacted functional groups. Additionally, the higher conversion after thermal
aging can be attributed to the decomposition of hydroxides previously formed by
the reaction of free radicals with oxygen and therefore the generation of more
initiating radicals such as hydroxyl and alkoxy radicals.>? It should be mentioned
that curing at elevated temperature can also lead to changes in the final properties
of cured materials. As a result of more complete conversions, the 7, of the cured
material is higher and, concomitantly, the polymer hardness increases.
Furthermore, it is expected that the long-term stability is enhanced in cases of
curing at elevated temperatures because of less residual photoinitiator fragments
and less uncured double bonds.

Third, a complete photopolymerization can be achieved by performing UV
curing at higher light intensity, which could be explained by two possible

27,53, 5% and a rise of the sample

hypotheses: a greater excess free volume
temperature >. According to the former theory, as the polymerization rate
increases with the light intensity, the actual specific volume of the polymer
network is not able to shrink as fast as the thermodynamic equilibrium specific

volume. The generated excess free volume enhances the mobility of reactive

species and therefore leads to a higher maximum achievable conversion. For the
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latter hypothesis, a temperature rise typically associates with the intense light
curing and explains the observed conversion increase. Because of the fast
reaction rate at high UV intensity, the heat generated from photopolymerization is
significant within a short period of time, resulting in resorted molecular mobility
high temperatures and increased conversions as discussed previously. Evidence
in favor of this process was obtained by developing a novel method based on real-
time FTIR, where the sample temperature was monitored in situ using a
polypropylene film as a temperature probe and the sample conversion was
recorded by the spectrometer during UV curing.>® Results showed that samples
developed a higher maximum temperature when exposed to more intense UV

light and the final conversion was linear with the maximum temperature.

2.2.5 Influence of atmospheric oxygen

02

PI* — Pl

0, DH
R* et ROO* —epn ROOH +D-

Figure 2.3 Schematic of the inhibitory effect of oxygen on free radical
photopolymerization

Adapted from reference [*]

It is well known that the free radical photopolymerization suffers from the
oxygen inhibition problem.!®** The presence of oxygen can quench the excited
state of PI, lowering the photoinitiator efficiency. In addition, the formed free
radicals can react with oxygen to form peroxy radicals, which is inactive towards
acrylate double bonds. The peroxy radicals further undergo hydrogen abstraction
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with other monomers or polymers, yielding hydroperoxides and alkoxy radicals,
which can also be scavenged by oxygen. Therefore, upon UV illumination, the
generated free radicals first need to consume the dissolved oxygen in the system.
The UV curing will only start until the oxygen concentration is sufficiently low to
allow for monomers to successfully compete with oxygen for initiating radicals.
There are several factors affecting the inhibitory effect of oxygen during
UV curing: photoinitiator efficiency, formulation viscosity, film or coating
thickness, and the light intensity. Using PI with higher photoinitiator efficiency
can suppress the influence of oxygen during curing because the oxygen will be
removed faster at a high flux of initiating radicals.'® Increasing formulation
viscosity leads to a reduced oxygen inhibition effect due to slower oxygen
diffusion into the UV curable materials.>’ Similarly, oxygen diffusion is limited in
cases of thick film or coatings although insufficient cure of the surface layer can
also be a problem due to its direct contact with air.® Increasing the light intensity
is commonly used in the industrial environment to address the oxygen problem by
raising the overall reaction rate.!” As a result of the fast reaction, the formulation
viscosity builds up faster under intense illumination, reducing the exposure time
during which oxygen diffuses into the system. Besides intense UV exposure,
curing under an inert environment is sometimes necessary to achieve efficient
curing.’® Nitrogen and carbon dioxide have been used to protect UV curable

materials from the influence of atmospheric oxygen.

2.3 Surface Replication Technologies
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2.3.1 Applications of microstructured coatings and films

Broad applications of microstructured coatings and films have been
witnessed. For example, patterned coatings can be used to produce surface
textures in the wood finishing industry. In addition, surface microstructures
impart materials with new functionalities for applications in functional optical

films®’, hydrophobic characteristic’, and flexible electronics®'. (See Figure 2.4)

Functional optical films Self-cleaning surface Flexible electronics

Figure 2.4 Applications of microstructured films and coatings.
61-63

Pictures adapted from references

A. Optical applications
Materials with surface nano/microstructures are widely adopted to
fabricate optical tools including optical data storage devices® %, flat panel

displays®, and fiber coupling®’. Chang et al.%

fabricated microlens arrays with a
UV curable material and a soft mold with micro-holes. With the proper
combination of imprinting pressure, imprinting duration, and UV curing dosage,

the shape and height of microlens can be well controlled. Taniguchi et al.%
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demonstrated the fabrication of self-supporting antireflection structures using a
UV curable material. In addition to surface structures, the elimination of interface
reflection reduces reflection to 0.2-0.3% in the optical spectrum range of 430-950
nm. Inspired by the moth-eye structures, optical films with excellent optical
transparency were achieved with the incorporation of surface microstructures.”
However, it should be mentioned that the overall film thickness (including the
height of microstructures and the thickness of a residual layer underneath the
raised features on the mold) strongly influences the light absorption of films and
can restrict optical applications like light-enhancing films and solar cells.
Therefore, a thin film with minimized residual layer thickness is typically

desirable in these optical applications.

B. Medical applications

The capability to fabricate surface nano/microstructures with high
precision and throughput makes it possible to manipulate protein, DNA, small
molecules and nanoparticles, which is suitable for applications in protein delivery,
drug delivery, and biosensors.’" > Microneedle arrays are used as an efficient
drug delivery tool, which can be readily prepared with the inclined/rotated UV
lithography process. Based on spatially controlled UV exposure, the microneedle
fabrication process can be significantly simplified and at the same time achieve
higher precision and reduced cost.”> ’* Moreover, complex nano/microstructures

like microchannels and microcups are basic components of biosensors, especially
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useful for state-of-art cancer diagnosis where large panels of molecular markers

have to be evaluated.” 7

C. Electronic applications

Due to the flexibility and low cost of polymer materials, polymeric
coatings and films with surface nano/micropatterns are raising increasing interest
as an alternative technology to replace conventional silicon-based photovoltaic
devices. Patterned polymeric materials have found various electronic applications
including electro-optic modulators’’, wire-grid polarizers’®, silver electrodes’”,
and organic electronics®®. Mahajan et al.%’ achieved a self-aligned strategy for the
fabrication of flexible electronic devices. Multilevel trench networks were
fabricated on a polymer substrate and silver ink was then deposited into the
networks using capillary force, achieving the fabrication of major building blocks
of integrated circuits such as transistors, resistors, and capacitors. In addition,
Ahn et al.”® pioneered the continuous fabrication of surface nanograting structures
using roll-to-roll imprinting process with UV curable resins and demonstrated its

application as wire-grip polarizers.

2.3.2  Overview of surface replication techniques

Optical photolithography is by far the dominant technology in the
semiconductor industry to manufacture devices with increasing levels of
functionality in smaller spaces. In photolithography, UV illumination transfers

geometric patterns to a UV curable material (photoresist) through a photomask.
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Modern photolithography tools, using 193 nm of illumination, are capable of
fabricating features at a resolution of 38 nm within an uncertainty of 2.5 nm.!!
Achieving such a high resolution of photolithography requires careful engineering
of the mask and precise control of the illumination incident on the mask, which
relies heavily on available computing power and even multiple masks at a high
cost. However, because of the inherent limitation in resolution due to light
diffraction, extreme ultraviolet lithography (EUV) evolves as an alternative
lithography tool, which operates at a wavelength of 13.5 nm, for the fabrication of
devices with greater circuit densities.®! EUV brings higher costs related to
complexity and the use of much shorter wavelength but greatly reduces the
difficulty in mask design. As impressive as the current state-of-art
photolithography technologies are, it should be pointed out that there is a
significant trade-off between the resolution and cost and therefore the technology
only needs to be as good as it needs to be considering the economic gain with
increasing circuit densities. In addition, the accurate layer-to-layer overlay is
more critical compared to the absolute dimensions of integrated circuit
applications. Thus, certain variations in the overall size and shape up to a few

percentages are acceptable in practical applications.

Pressing b UV exposure c Peeling
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Figure 2.5 Imprinting process with UV curable coatings

(a) a liquid coating forms conformal contact with a patterned mold, (b) the coating
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is exposed to UV light through the mold, and (c) the cured coating obtains surface
microstructures after the mold is peeled off.

Imprinting lithography uses an imprint stamp with relief patterns for the
fabrication of surface micro/nanostructures. Based on the characteristics of
imprinted materials, there are two main imprinting methods: thermal-imprinting
and UV-imprinting.®* 3 For thermal imprinting, thermoplastic materials are
softened and patterned at high temperatures, followed by solidification through a
cooling cycle. Due to the high viscosities of thermoplastic materials at elevated
temperatures, high pressures are needed for successful pattern transfer. For UV
imprinting (Figure 2.5), the imprint stamp is brought into contact with a liquid
UV curable material, which is cured with the mold in place to lock the surface
features. Different from thermal imprinting, UV imprinting process can be
operated at room temperature and ambient pressure, potentially lowering the
process cost. Because the pattern replication of imprinting processes is based on
mechanical deformation rather than spatially selective UV illumination as in
optical photolithography, the resolution of imprinting can be pushed to less than
10 nm. Another benefit comes from the ability of imprinting lithography to
fabricate multilevel patterns simultaneously, which significantly reduces the

complexity of device fabrication.

23



UV light

Figure 2.6 Schematic of R2R imprint process.

An attractive feature of the imprinting technology is its compatibility with
the roll-to-roll system (Figure 2.6); by using a roller mold, it is possible to
fabricate nano/microstructured films and coatings in a continuous way. This can
significantly increase throughput and reduce the cost to a range between 0.1 $/m?
to 1 $/m>.!! It is especially suitable to applications where single-level structures
are used such as holographic wrapping paper®* and superhydrophobic surfaces®.
Extending to nanoscale features, the roll-to-roll imprinting process would enable a
wide range of applications including wire-grid polarizers’®, organic photovoltaic

devices®®, and antireflective coatings®’.
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3 Pulsed Irradiation for High-throughput
Curing Applications*

3.1 Background and Motivation

A xenon flash lamp was used to create intense pulsed light (IPL)
irradiation to cure acrylate coatings at very high rates and ambient temperature.
In this chapter, we studied the ambient temperature IPL curing of an acrylate
monomer system that is known to present a limited attainable cure with low-
intensity UV irradiation. The capability of xenon flash lamps for fast
photopolymerization of acrylate resins was investigated using a single pulse and a
multiple pulse pattern. We wished to determine whether the achievable cure and
cure rate can be increased with [PL and as the IPL parameters are changed to
increase the net rate of irradiation dose - with more intense pulses, with longer
pulses, and with shorter pulse periods (i.e., more closely timed pulses). We also
examined whether the achievable cure depends on the PI concentration and the
curing temperature.

High-powered mercury lamps are widely used to provide high UV
intensities in order to increase the rate of cure. However, mercury lamps can
result in temperature increases - both from nonselective irradiation and from high

reaction rate - ozone production and excessive power consumption %5,

*Reproduced in part with permission from (Y. Du, et al., “Pulsed irradiation for
high-throughput curing applications”, Prog. Org. Coat. 2017, 104, 104-109)
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Lasers, attractive for emitting monochromatic high-intensity light, produce
reactions in a localized area, so are limited to applications like microlithography
and 3D printing. With recent advancements in the UV LED technology, UV LED
systems can provide UV light of a tight, specific range of wavelengths without
ozone production or IR radiation, but they put forward more stringent
requirements on formulating compatible UV curable coatings.

A promising alternative light source that might avoid the disadvantages of
mercury lamps is the xenon flash lamp, which can produce intense pulsed
irradiation at ambient temperature over large areas. In this approach, termed
"Intense Pulsed Light" (IPL) %, the high pulse intensity enables rapid generation
of reactive species, while the dark periods between pulses can allow dissipation of
the heat of reaction and of nonselective light absorption. These systems are used
in the manufacture of medical devices, optical fibers, and electronics, and it has
been suggested that xenon flash lamp can reduce the curing time to a few minutes
(in some cases within seconds) for automotive coatings %% %!, Recently, IPL
curing has become attractive to researchers working on the roll-to-roll processing
of printed electronics, where fast cure and low temperature are highly valued.
Xenon flash lamps have been employed in the fabrication of dielectric capacitors
92 and electrically conductive adhesives ** on a laboratory scale, achieving
complete cure much faster than the current mainstream methods of continuous
UV curing.

There are only a few studies, though, quantitatively examining the factors

that affect the speed and the extent of cure in IPL curing processes. Previous IPL
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curing investigations show the curing processes are completed within several
minutes, determined by the number of pulses necessary for the achievable

88,90.91 " We aim to explore whether the curing speed can be further

conversion
enhanced by carefully tuning a full range of processing variables in a model UV
curable system. Work so far °*°! illustrates a general pattern that the cure
conversion increases with the number of pulses, but it reaches a plateau at a
maximum "achievable" conversion when the mobility of reactive groups becomes
too limited for further reaction. Following the excess free volume hypothesis
suggested by Kloosterboer and coworkers 3, we are interested in whether the
achievable conversion might be higher with higher irradiation dose rate. Previous
work by Decker et al. >° suggested that increasing intensity with continuous
mercury lamp irradiation might raise the achievable conversion, but they noted
the strong possibility that temperature rise due to the reaction and to radiation
absorption might be the cause.

This chapter presents a systematic investigation of the curing conversions
of UV curable coatings as a function of pulsed light processing parameters,

temperature, and the PI concentration. Conversion of coatings was measured

using Fourier transform infrared (FTIR) spectroscopy.
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3.2 Experimental

3.2.1 Materials

(a) TMPTA (b) Syna epoxy 28
CM
- )
\/N\ 0
Qo
(c) DMPA (d) Sultfonium salt
I OCH,

W —OCH,

Figure 3.1 Chemical structure of UV curable coatings

In this chapter, trimethylolpropane triacrylate (TMPTA; Sigma-Aldrich, St.
Louis, MO) was the monomer and 2,2-dimethoxy-2 phenylacetophenone (DMPA;
Sigma-Aldrich, St. Louis, MO) was the PI for the acrylate system. For the epoxy
coating system, bis (3,4-epoxycyclohexyl) methyl) adipate (Syna epoxy 28) was
the monomer and a mixed triaryl sulfonium hexafluoroantimonate salt was used
as the cationic PI. Their chemical structures are shown in Figure 3.1. DMPA has
UV absorption peaks at 252 nm and 335 nm, the molar absorption coefficients of
which are 16510 L-M-cm™ and 266 L-M!-cm™!, respectively **. Coating
formulations were prepared by dissolving PI into monomers and then stirring in
the dark for 1 h. The amount of PI varied from 0.05 mol% to 5 mol% (expressed
as the ratio of moles of PI molecules to the moles of monomer functional groups

in the formulation).
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3.2.2

Figure 3.2 Schematic of the illumination mode for multiple pulses of flash

lamp

Corp., Wilmington, MA) in the burst mode, where a predetermined number of

pulses was emitted. As shown in Figure 3.2, the time-varying irradiation pattern
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curing.

The light source utilized was a xenon flash lamp (Sinteron 2010, Xenon

is determined by four processing parameters: the number of pulses (count),

voltage (setting the energy level per unit time during pulses), the pulse width (the

time duration of each pulse), and the pulse period (the delay from the leading

edge

45

w w S
o (3] o

N
(6]

-
(9]

Absolute Irradiance
> S

[$)]

0

of one pulse to that of the next pulse).

| ¥

5

|

/ v

J

Wl

200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100

Wavelength (nm)

Figure 3.3 Spectrum of the xenon lamp.

Figure provided by the manufacturer.
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According to the information provided by the manufacturer, the peak
irradiation dose rate increases linearly with the lamp voltage. In addition to the
pulsed irradiation mode, the xenon flash lamp is different from a conventional
mercury lamp in both spectrum distribution and light intensity; it is energy-rich
from 246 nm to 1000 nm with intensity on the order of 10 mW/cm? (Figure 3.3,

Courtesy of Xenon Corp.). The lamp-to-sample distance was fixed at 25.4 mm.

3.2.3 Conversion Measurement

An FTIR spectrometer (Magna IR-750, Nicolet Instrument Co., Madison,
WI) in transmission mode was used to measure the extent of cure of TMPTA
coatings. Spectra were recorded with 32 scans and a resolution of 2 cm™! at room
temperature. The Thermo Scientific OMNIC software package was used for
spectra collection and data analysis. A background spectrum was collected before
each sample measurement and subtracted from the sample spectrum. The uncured
resin was sandwiched between two sodium chloride plates separated by a 0.025 x
25 mm steel spacer (McMaster-Carr, Chicago, IL), which was then exposed to
pulsed irradiation. This arrangement permits UV transmission during curing due
to the fact that sodium chloride is transparent to UV light from 200 nm to 400 nm
% and effectively avoids oxygen inhibition problems associated with free-radical
photopolymerization. Coating thickness was 25 pm, controlled by the thickness

of spacers but with certain variance among samples.

A. Real-time FTIR measurement
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The curing kinetics of UV curable acrylates and epoxies was analyzed
with the real-time FTIR technique, as shown in shown in Figure 3.4. UV
irradiation from a mercury lamp with a light intensity of 200 puW/cm? was
introduced to the FTIR chamber. A UV curable film was sandwiched between
two salt plates separated by a 25 um spacer as described above. The liquid film
was exposed to UV light and IR spectra were taken continuously during UV

curing, enabling the analysis of curing kinetics in real-time.

FILM OF EPOXY SALT PLATES

]
N1 |

Figure 3.4 Schematic of real-time FTIR measurement
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The extent of cure (x), measured by the fractional conversion of acrylate
double bonds, was calculated from the drop in the absorption of C=C
characteristic peaks at 1635 and 1619 cm™ (symmetric C=C stretch and
asymmetric C=C stretch) :

Ay — A i )
0 t o 100% Equation 3.1

where A, represents the absorption of double bonds before IPL curing and A,
represents that after IPL curing % °¢. The absorption value, proportional to the
double bond concentration in the sample, was calculated by integrating the area
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under both peaks from 1660 to 1580 cm™! (where the photoinitiator has negligible
IR absorption) for acrylates. For epoxy-based coatings, the epoxy functional
group shows a characteristic peak at 790 cm™!, which was used for the conversion

analysis.

B. Final conversion measurement

In the evaluation of conversions for coatings cured with the xenon flash
lamp, IR spectra of each sample were recorded before and after IPL curing,
respectively. It should be noted that to eliminate the effects of coating thickness
on the IR signal and thus the calculated conversion. The C=0O peak at 1720 cm™!
was used as an internal reference peak because the concentration of carbonyl
groups remain constant during UV curing. Additionally, the final conversions
measured with the transmission mold are the averaged conversion across the

coating thickness.

C. Evaluation of the conversion gradient

Both FTIR-ATR and confocal Ramen microscopy could be used for the
evaluation of the conversion gradient across the coating thickness. In the FTIR-
ATR measurement, samples are pressed against the ATR crystal. IR beam hits
the sample surface and the reflected IR signal was measured, as is shown in
Figure 3.5. Due to the limited penetration depth of IR beam within samples
(typically on the order of 100 um), the measured conversion corresponds to the

curing extent of the surface layer. In this chapter, the top and bottom surfaces of a
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cured coating were measured with the ATR technique and compared to evaluate

the uniformity in the degree of cure.

Depth of
penetration

¢\‘ sample

)

crystal

IR beam

Figure 3.5 Schematic of ATR measurement.

Confocal Raman microscopy is another powerful tool to study the
depthwise conversion gradient of UV curable materials. It combines the spatial
resolution of confocal microscopy with the chemical information of vibrational
spectroscopy.”’ The Raman intensities of a functional group scale with its
concentration and also depend on the position of the characteristic peak in the
Ramen spectrum. By comparing the Raman spectrum of the uncured coating
formulation with that of a cured coating, we can calculate the relative conversion
of a functional group. In this section, the Raman microscope is equipped with an
argon laser (Omnichrome, CA) at a wavelength of 532 nm. The spectrum was
collected using a grating with 600 g/mm. Computer controlled movement in the
z-direction of the microscope results in a depth profiling of the UV crosslinking

reaction. The double bond conversion was analyzed using its characteristic peak
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at 1635 cm!.  In addition, the peak for the carbonyl group at 1725 cm™ was

utilized as an internal reference.

3.2.4 Heat Transfer Analysis

The heat transfer equations describing the heat generation during IPL
curing of the TMPTA coatings were solved using a heat transfer model within the
COMSOL software package (version 4.4) in a similar manner to *®. The model
substrate configuration used for simulations comprised, from top to bottom, a 4
mm NaCl layer, a 25 um TMPTA layer, and a 4 mm NaCl layer. Upon these
geometries, the maximum element sizes were limited to 0.1 um in the TMPTA
layer and 20 um in the NaCl layers. The top surface of the structure was allowed
to cool through convective heat transfer with the surroundings at a temperature of
293.15 K with an assumed heat transfer coefficient of 10 W/m?-K. The bottom
surface of the model structure was assumed to be held at a constant temperature,
T =293.15 K, due to its contact with a solid surface which acts as a heat sink.
The pulse duration of 100 us and the pulse period of 1 s were used to simulate
heating from 10 lamp pulses during IPL curing. The heat generation from
nonselective light absorption was negligible compared to the heat from the
reaction. The heat flux ¢ resulting from polymerization was calculated according

to the following equations:

. _ @BHrypra Equation 3.2
1= 7a¢
p ion 3.
AHrpypra = AHe— ¢ X M X f Equation 3.3
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where « is the degree of conversion (using results from FTIR experiments),
AH7ppr4 18 the heat of polymerization of TMPTA monomers per unit volume
(0.872 kl/cm?), At is the flash duration (100 ps), AH—. is the molar heat of
polymerization of carbon double bonds (78.2 kJ/mol), p is the monomer density
(1.102 g/cm?), M is the monomer molecular weight (296.32 g/mol), and f is the
acrylate functionality of TMPTA (3).

The temperature profile during10 pulses was simulated with the following
heat flux values for each pulse: 1.57x10'2, 1.31x10'2, 4.36x10'!, 4.36x10'",
4.36x10'"!, 5.23x10'°, 5.23x10'°, 5.23x10'°, 5.23x10'°, 5.23x10'° W/cm®. These
values were calculated with Equation 3.2. To accurately model the rapid transient
heating during each pulse, the simulation time-steps during pulses were set to 107

s; time steps were increased to 50 ms when the pulse was off.

3.2.5 UV-Vis spectroscopy

A thin layer of UV curable formulation containing 0.05 mol% PI was
placed between two salt plates separated by a 25 pm thick spacer. The UV-vis
spectra were measured on both uncured and cured samples. Samples cured with a
xenon flash lamp curing and the mercury lamp were compared. The sample was
placed into a UV spectrometer and the UV absorption in the wavelength range of
200 to 800 nm was measured. Because of our acrylate coating system the
photoinitiator DMPA shows strong UV absorption at 250 nm, this peak was

utilized to quantify the concentration of PI in the system.
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3.3 Results and Discussion

3.3.1 Comparison of acrylate and epoxy curing kinetics with a mercury lamp

The curing kinetics of both acrylate and epoxy-based coatings were
investigated with real-time FTIR. It should be noted that in this section, UV
curing was carried out with a low-intensity mercury lamp at a light intensity of
200 uW/cm?2 and a peak wavelength of 365 nm. This light source was selected to
allow for real-time measurements and the trend observed can shed light on the
interpretation of results obtained with a xenon flash lamp. Figure 3.6 shows the
FTIR spectrum of TMPTA before UV curing and the inset shows the
characteristic peaks for acrylate double bonds. Upon UV illumination, the peak
intensity decreased because the double bonds were consumed during the
photopolymerization process. Plotting the double bond conversion as a function

of UV curing time gives us the curing kinetics curves shown in Figure 3.7.
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Figure 3.6 Real-time FTIR spectra of acrylates under UV illumination.

The inset shows the characteristic peaks for acrylate double bonds at 1620 and
1635 cm’!, the peak intensity of which decreases with the curing time due to the
consumption of double bonds.
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From Figure 3.7, we noticed that the polymerization of acrylate monomers
proceeded very rapidly upon illumination and then slowed down due to
solidification of the system, characteristic of the curing of multifunctional
monomers.”® Solidification conversion could be found at the inflection point of
the curve and was determined to be ca. 35%. Furthermore, the conversion of the
acrylate system leveled off at around 52%, because the mobility of reactive
species was severely restricted in the highly cross-linked polymer networks.
These results are consistent with previous kinetic studies on TMPTA coatings,

where the final conversion was found to be in a range from 46% to 48%.%8
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Figure 3.7 Comparison of curing Kinetics of acrylate and epoxy under the
exposure of a mercury lamp.

For both the acrylate and the epoxy samples, the coating thickness was 25 um and
the curing conditions were mercury lamp curing at 365 nm and 200 pW/cm?
intensity.

The measurement of conversion in the epoxy system was based on

changes in the concentration of epoxide rings. The absorbance of the

characteristic peak at 790 cm™' was monitored to track the conversion of epoxy
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resin by real-time FTIR. As expected, the epoxy system based on cationic
polymerization cured much slower than the acrylate system. As depicted in
Figure 3.7, the conversion increased gradually throughout curing process and
reached 28% after 1h. A previous study on the same epoxy system showed a
similar conversion profile but a lower final conversion due to different curing
conditions.? Therefore, the UV curing of epoxies under ambient conditions were
much slower compared to acrylates, which is in good agreement with previous

studies.

3.3.2  Single pulse curing
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Figure 3.8 Conversion versus the net illumination time for the single pulse
curing and the multiple pulses curing of TMPTA coatings.

Single pulse exposed coating was cured at 2.2 kV lamp voltage and 0.5 mol% PI
concentration. Multiple pulse cured coating contained 0.5 mol% PI and was
illuminated at 2.2 kV lamp voltage, 100 us pulse width and 1 s pulse period.
Three samples were tested for each irradiation condition.
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A single pulse with various pulse duration was used to cure the TMPTA
coating and the resulting extent cure of a coating was measured with FTIR. Asis
shown in Figure 3.8, the double bond conversion of acrylate coatings depends on
the net illumination time, which develops rapidly at early stages of curing and
then increases much slower after 1 ms of irradiation. Such a trend in conversion
development is typical of the UV curing of acrylate systems 27-2% 1% [t is thought
that free radicals grow extensively upon illumination, after which cross-linking
will slow down the diffusion of radicals and monomers, resulting in a drop in the
conversion rate *4.

The double bond conversion of single pulse curing reached a maximum
achievable value of 50% with only 10 ms of illumination. To our knowledge, it is
the first time that the xenon flash lamp curing of UV curable resins within
milliseconds has been reported. In comparison, the achievable conversion
recorded for a less powerful light source (a mercury lamp with a wavelength of
365 nm and an intensity of 4 mW/cm?) is 48.8% after 5.2 minutes of exposure,
measured using photo-differential scanning calorimetry under nitrogen 2’. The
IPL curing speed is several orders of magnitude higher than that of mercury lamps,
as fast as the ultrafast polymerizations induced by laser beams **. Such a high
curing speed could be attributed to a much higher light intensity in consideration

of the following expressions of the polymerization rate (Rp):

Equation 3.4

k
— p 0.5
RP - (Zkt)O'S [M]Rl

R, = 2¢;l, Equation 3.5
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where k,, is the propagation rate constant, k, the termination rate constant, [M]

the monomer functional group concentration, R; the initiation rate, ¢; the
composite initiation quantum yield, and I, the absorbed light intensity. These
idealized equations assume a pseudo-steady state and bimolecular termination
only. They clearly reveal that the curing speed is enhanced in a wide range by
simply increasing the light intensity. We do not employ these equations directly
however, because I, is unknown.

The results also suggest that IPL does not significantly improve the
achievable conversion of TMTPA monomers. Previous studies carried out with
conventional mercury lamps, however, have shown the achievable conversion
increases with the light intensity and explained it by two possible hypotheses: a

27,5334 and a rise of the sample temperature *°.

greater excess free volume
According to the excess free volume theory, as the polymerization rate increases
with the light intensity, the actual specific volume of the polymer network is not
able to shrink as fast as the thermodynamic equilibrium specific volume. The
generated excess free volume enhances the mobility of reactive species and
therefore leads to a higher maximum achievable conversion. The hypothesis
concerning the temperature rise suggests that the intensity effect on conversion
results from a higher sample temperature, which increases molecular mobility. In
our experiments with IPL, the failure to observe higher achievable conversions
supports the latter hypothesis. Although the pulsed light intensity is much higher

than that of mercury lamps, the sample temperature remains nearly constant

during IPL curing because of the effective heat transfer from coating to salt plates
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and of the fact that a measured single pulse can avoid significant heat

accumulation from excessive exposure.

3.3.3  Multiple pulse curing

In an industrial roll-to-roll process, coatings are exposed to short periods
of UV light from successive UV lamps to achieve sufficient curing dose at high
web speeds, so the curing of coatings actually takes place under a multiple-pulse
irradiation condition. A comparison between single pulse curing and multiple
pulse curing based on the same irradiation dose was made to investigate the effect
of dark periods on the curing of TMPTA coatings (Figure 3.8). In the experiment,
samples were exposed to different numbers of pulses, with a pulse duration of 100
us and a pulse period of 1 s. The irradiation dose is directly proportional to the
net illumination time, which is the product of the pulse duration and the pulse

number according to:

Irradiation dose = f (voltage) x pulse duration x number of pulses Equation 3.6

where /" is a linear function relating the dose rate with the lamp voltage. Similar
to the trend observed in single pulse curing, the conversion of multiple pulse
curing increases with the net illumination time and then reaches a plateau value at
2 ms of illumination (20 pulses), which agrees with previous results of Stropp *°
and Magg .

Hypothesis tests were performed to justify whether the average

conversions curing at the same irradiation dose are the same for the single pulse
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curing and the multiple pulse. A difference in mean test based on t-statistic was
used, where the null hypothesis is that two averages are the same. Test results,
shown in Table 3.1, suggest that the average conversions are statistically different
for the two curing patterns, except for the case of the shortest illumination time.
For the multiple pulse curing, the achievable conversion at a given irradiation
dose is higher due to the introduction of dark periods between pulses. This might
be explained by two reasons: the possibility of bimolecular termination of free
radicals is reduced compared to the single pulse curing, where a large number of
radicals are initiated in an extremely short period of time; the free radical

polymerization proceeds efficiently during dark periods.

Table 3.1 Hypothesis tests for the equality of sample means of single pulse
curing (SP) and multiple pulse curing (MP) at different net illumination
times (t).

t, Average Standard Degree  Calculated Critical — Test
ms  conversion, % error, % of t-statistic  t-value result
freedom
SP MP SP MP

0.2 35 37 2.2 2.0 6 0.65 1.9 Accept
0.5 40 48 0.30 0.42 5 14 2.0 Reject
1 43 52 0.91 0.87 6 6.5 1.9 Reject
2 43 53 1.4 1.1 6 54 1.9 Reject
10 50 62 0.19 1.9 3 6.8 2.4 Reject

 The critical t-values are obtained from the t-table at 10% level of significance
with the corresponding degree of freedom.

The following discussion focuses on IPL curing where the total irradiation
dose is delivered in multiple pulses and explore the effects of various processing
variables on the extent and speed of curing, including the lamp voltage, the pulse
duration, the pulse period, PI concentration, and temperature. To facilitate
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discussion, experimental conditions of a base case are listed in Table 3.2;
thereafter, the effects of changing processing variables from the base case are
discussed.

Table 3.2 Base case experimental conditions

Pulse
number Voltage Pulse width Pulse period PI concentration Temperature
20 2.2kV 100 ps ls 0.5 mol% 25 °C

3.3.4 Effects of irradiation dose rate
The irradiation dose rate in IPL curing is determined by three processing
variables, the light intensity, the pulse duration and the pulse period:

Irradiation dose rate = f (voltage) x pulse duration/pulse period = Equation 3.7

The effects of irradiation dose rate on the speed and the extent of cure
were evaluated by tuning these three variables independently.

Table 3.3 Irradiation dose rate and achievable conversion

Curing Voltage, Pulse Pulse Pulse  Curing Conv. Conv. Conv. Average
condition kV period duration, number time,s 1,% 2,% 3,% conv.,
.S ms %
Base case 2.2 1 0.1 20 20 514 50.1 50.6 51
Voltage-1 1.8 1 0.1 20 20 45.8 48.0 46.5 47
Voltage-2 2.6 1 0.1 20 20 533 509 55.0 53
Voltage-3 3 1 0.1 20 20 532 547 54.0 54
Period-1 2.2 0.1 0.1 20 2 53.7 47.1 51.0 51
Period-2 2.2 0.5 0.1 20 10 51.9 50.2 51.6 51
Period-3 2.2 5 0.1 20 100 50.1 53,5 52.7 52
Duration-1 2.2 0.1 0.2 10 1 49.6 528 549 52
Duration-2 2.2 0.5 0.2 10 5 532 543 53.7 54
Duration-3 2.2 1 0.2 10 10 523 53,5 545 53

? The base case is included in the discussion of each independent variable
(voltage, pulse period and pulse duration).
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As the average dose rate rises with an increase in voltage, as is shown in
Table 3.3 curing conditions of voltage-1, 2 and 3, the average double bond
conversion is hardly changed. A similar result was observed previously in

continuous intense UV light curing systems ** >

, while for UV curing at low
intensities it was shown that the increasing the light intensity is more effective in
enhancing the achievable conversion 2. Considering the decomposition of
DMPA proceeds rapidly under intense illumination, one of the possible reasons
for the saturation of the intensity effect is that PI is exhausted at a relatively low
voltage (2.2 kV), leaving the polymerization reaction insensitive to any further
increase in voltage.

In roll-to-roll applications, the pulse duration is determined by the lamp
geometry and the pulse period depends on the distance between lamps, and
therefore the optimization of these two variables has significant practical
implications for the design of coating production lines. In IPL curing of the
TMPTA coatings, we used various pulse periods and kept all the other curing
variables the same (curing conditions of period-1, 2 and 3 in Table 3.3 Irradiation
dose rate and achievable conversion). In additional experiments to evaluate the
role of pulse duration, the pulse duration was doubled while the number of pulses
was reduced by half to keep the total dose invariant, i.e. 10 flashes of 200-us-long
pulses were used to cure coatings (curing conditions of duration-1, 2 and 3 in
Table 3.3). Despite a wide variation in the pulse period and the pulse duration,

the conversion data cluster tightly around a value of 50%. The result reveals that

the details of how the energy is delivered in IPL do not significantly affect the
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final conversions of TMPTA coatings. Similarly, Vaessen et al. studied the
effects of lamp cycling in the UV-cured TMPTA coating system with longer cycle
times of several minutes, suggesting that the curing conversion did not change
with the cycle time 25.

The IPL curing speed, however, increases significantly with the average
curing rate - higher lamp voltage, longer pulses, and shorter pulse duration -
considering the irradiation dose to attain the maximum achievable conversion is
approximately constant for curing a specific coating system at ambient
temperature. For instance, under the curing condition of duration-1, coatings can
be fully cured in only a second without sacrificing the extent of cure, which is the
fastest IPL curing case in our Sinteron-cured TMPTA system. It is possible that
some other multiple pulse patterns (e.g., with shorter dark periods and fewer
pulses) may still have benefits, but we have not sought to optimize this. These
experimental results present a simple rule for the selection of variables in IPL
curing processes to improve curing throughput and serve to practically guide the

design of industrial roll-to-roll lines.

3.3.5 Effects of PI concentration

Approaches to cure coatings with low PI concentrations or without PI
have been attractive to researchers to reduce the formulation cost, toxic PI
residues and the depthwise conversion gradients in cured coatings 2°. We
investigated the effects of PI concentration in IPL curing, varying the PI

concentration from 0.05 mol% to 5 mol% and keeping all the other curing
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conditions the same. As is shown in Figure 3.9, for TMPTA coatings containing
0.05 mol% PI, 41% of double bonds on average are consumed after 20 pulses of
illumination; the reaction continues given more UV light, yielding an average
conversion of 48% at 40 pulses. At such a low PI concentration, it is suggested
that the photopolymerization evolves at a lower speed due to a decreased
initiation rate, but it will reach a similar achievable conversion. For coatings
containing 5 mol% PI, the 10-fold increase in PI concentration leads to only a 4%
increase in the averaged conversion compared to the base case (53% vs. 57%). It
is suggested that IPL curing process has the potential to attain the same
achievable cure with low PI concentrations, which could be attributed to high

initiation efficiency with such a bright light source.
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Figure 3.9 Conversion versus PI concentration for TMPTA coatings.

Coatings were cured at 2.2 kV, 100 us pulse width, 1 s pulse period and 20 pulses.
The three bars for each PI concentration are results of parallel measurements on
different samples. All samples were irradiated to the same total dose.
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3.3.6 Effects of temperature
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Figure 3.10 Temperature profile in IPL curing of a TMPTA film sandwiched
between two NaCl plates.

Curing conditions: 2.2 kV, 100 us pulse width, 1 s pulse period, 10 pulses and 0.5
mol% PI concentration. Inset: schematic of the theoretical heat transfer model for
calculation of the temperature of IPL cured TMPTA film.

During IPL curing process, the intense pulses initiate photopolymerization
that generates a great amount of heat in a very short time, while the dark periods
between pulses facilitate cooling of the sample. Knowledge of the sample
temperature evolution is critical to UV curing processes at that temperature has a
strong influence on both the curing speed and the curing extent **,

Figure 3.10 shows the temperature profile of a TMPTA coating between
two salt plates during 10 pulses of exposure, simulated using the finite element
method (FEM). According to Figure 3.10, the coating temperature rises
instantaneously upon illumination and returns rapidly to ambient temperature

between pulses due to an effective heat transfer to NaCl plates as well as air-
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cooling. During each pulse, IPL is a largely adiabatic process because the heat
generation within the sample is much faster than the heat transfer between the
sample and the environment. Thus, the released heat of polymerization is
converted to the heat inside the coating, resulting in a temperature rise
proportional to the polymerization rate. In our system, the highest temperature is
reached during the first pulse, leading to a maximum temperature increase of 13
degrees. After 5 pulses, a nearly flat temperature profile is obtained upon
illumination. Therefore, it is proved that the combination of extremely short
pulses and dark periods of IPL can effectively avoid heat build-up on the substrate.
Experiments have been carried out to investigate the effects of temperature
on the achievable conversions of IPL cured acrylate coatings. TMPTA coatings
were irradiated at 25°C, 40°C, 55°C and 70°C, respectively, and the net
temperature rise during curing was expected to be similar in all cases. A higher
achievable conversion was observed when the curing temperature was raised to
55°C, as is shown in Figure 3.11. According to past work on continuous
irradiation of low-viscosity UV-curable systems, the kinetics of
photopolymerization is similar at different temperatures and the achievable
conversion is closely related to the maximum temperature in sample >. For the
TMPTA coating cured at 55°C under IPL, the estimated maximum temperature
(estimated to be 68°C from the FEM simulation) exceeds the typical glass
transition temperature of cured TMPTA coatings (62°C), so the higher achievable
conversion may result from the softening of polymerized coating networks and

therefore an enhanced mobility of reactive species.
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Figure 3.11 Conversion versus curing temperature for TMPTA coatings.

Coatings were cured at 2.2 kV, 100 ps pulse width, 1 s pulse period, 20 pulses and
0.5 mol% PI concentration. The three bars for each temperature are results of
parallel measurements on different samples. All samples were irradiated to the
same total dose.

However, a further increase in temperature shows a negligible effect on
improving the achievable conversion. Such a temperature saturation effect could
be attributed to the strong steric hindrance rooted in the chemical structure of the

polymer networks or the fact that the chain transfer reaction dominates over chain

propagation at high temperatures !,

3.3.7 PI Consumption

Upon UV illumination, photoinitiators will undergo photolysis to generate
free radicals and initiate photopolymerization. Considering the process
throughput, a high PI concentration is desired because the resulting higher radical

concentration leads to increased reaction speed. However, as a result of high PI
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concentrations, the residual PI concentration is also higher, which can affect the
long-term stability of UV curable materials. Upon further illumination to UV
light, residual PI can cause hardening of the materials, degradation, or yellowing
of the cured material. Therefore, complete consumption of Pl is a critical

criterion for UV curable system.
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Figure 3.12 PI loss during UV curing for TMPTA coatings.

The curves shown in this figure correspond to the absorption difference between
uncured and cured TMPTA coatings due to the photolysis of DMPA upon UV
exposure. Different curing conditions were compared: mercury lamp curing for
15 min at 200 uW/cm? and flash lamp curing for 20 flashes with a flash duration
of 100 ps and a flash spacing of 1 s.

The UV-vis spectra of both uncured and cured TMPTA coatings were
characterized. DMPA has a strong UV absorption at a wavelength of 250 nm.
Upon UV illumination, DMPA undergoes a photobleaching process where the PI
molecules decompose and the produced photoproducts have negligible absorption
in this range. Therefore, the intensity of the absorption peak at 250 nm decreased
after UV curing. By comparing the UV-vis spectra before and after UV curing,

the absorption difference is proportional to the PI loss during UV curing.
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According to Figure 3.12, the absorption difference was larger for the flash lamp
cured coating compared to that cured with a mercury lamp, suggesting that more
PI was consumed during flash lamp curing. This can be explained by the fact that
the high intensity of Sinteron leads to a higher initiation rate and a lower residual
level of DMPA, which is beneficial for various applications with high

requirements in the long-term stability.

3.3.8 Depthwise curing gradient
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Figure 3.13 Depth profiles of curing conversion of TMPTA coatings cured
with a mercury UV lamp and a xenon flash lamp, respectively.

For UV curable coatings, depthwise curing gradient may develop due to
two main reasons: oxygen inhibition and UV light attenuation. First, it is widely
known that a potential problem with UV curable acrylate coatings is the
insufficient surface cure resulting from the oxygen inhibition problem. As the

result, the coating surface might be tacky or the elastic modulus is lower
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compared to the bulk modulus of the materials. Second, according to the Beer-
Lambert law, the UV light intensity decreases with the penetration depth into the
system, leading to a reduced curing content with increase in the coating thickness.
The conversion gradient across the coating thickness can lead to the development
of internal stress and thus wrapping or cracking of UV curable coatings.

In the xenon flash lamp curing, the depthwise conversion gradient is
expected to be lower because of a high light intensity and emission of long-
wavelength UV irradiation. The high UV intensity can lead to fast
polymerization, which suppresses the diffusion of oxygen into the materials. In
addition, the emission spectrum of a xenon lamp covers the long wavelength

irradiation that penetrates deeper into the coating.
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Figure 3.14 Top and bottom conversions measured with the FTIR-ATR
technique.

Coatings were exposed to a xenon flash lamp for 20 pulses at a pulse width of 100
us and a pulse duration of 1 s.
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Raman microscopy was used to evaluate the conversion of the TMPTA
coating as a function of the depth. The effects of the light source on the
conversion gradient were investigated by comparing coatings cured with a xenon
flash lamp and a mercury pencil lamp, respectively. In both cases, coatings were
exposed to sufficient dosage to ensure the UV curing was complete. For the
xenon lamp curing, the sample was exposed to 20 pulses at a pulse width of 100
us and a pulse width of 1 s. For the mercury lamp curing, the sample was
exposed to the UV pencil lamp for 15 min at a light intensity of 200 pW/cm?.
Figure 3.13 show that the curing extent was constant across the coating thickness
for TMPTA coatings cured with the mercury UV lamp and Sinteron. It is
suggested that for clear formulations at a small coating thickness (25 pm),
sufficient cure throughout the coating is not a problem. This was further
confirmed using the FTIR-ATR technique where the top and the bottom of a
cured coating was characterized respectively. As is shown in Figure 3.14, relative
to the bottom conversion, the curing extent of the coating surface is 92%,

indicating a high degree of uniformity across the coating thickness.

3.4 Summary

In this chapter, IPL curing of a model acrylate system of TMPTA
monomers has been investigated with a xenon flash lamp and FTIR spectroscopy.
In all cases, cure conversion increases with the number of pulses until it plateaus
at the maximum achievable value when the reduced mobility of reactive species

prevents further reaction. Changing the pulse intensity, the pulse duration, and
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the pulse period - and even changing the photoinitiator loading - do not
appreciably affect the achievable conversion at ambient temperature. Increasing
the temperature can result in somewhat higher achievable conversion, but with the
loss of advantages of ambient temperature cure. Consistent with the expectation
that the cure rate should depend strongly on intensity, a single measured pulse
with high dose rate can achieve millisecond-timescale cure of acrylate coatings,
providing adequate curing dose while avoiding damage to the substrate from
excessive exposure. In multiple pulse patterns, the achievable cure can be
attained more quickly with higher dose rate; as opposed to a single pulse
irradiation, the introduction of dark periods can reduce the total irradiation dose

needed to attain the achievable cure conversion.
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4 Modulus- and Surface Energy-Tunable
Thiol-ene for UV Micromolding of
Coatings*

4.1 Background and Motivation

The fabrication of nano/micro scale surface structures is essential to a

102,103 “optical films!'%,

variety of applications, including textured coatings
superhydrophobic surfaces'?, and flexible electronics®! 7. Photolithography, a
conventional nanofabrication technique, involves curing through a photomask to
achieve the spatially selective reaction of photoresists and a subsequent
developing step to remove unreacted materials. The development of
photolithography for the mass production of structured surfaces is limited due to
the waste involved with etching and its stringent requirements on processing
conditions. Nanoimprint lithography has received growing research interests as
an alternative lithographic technique.®> ®* Unlike photolithography, it creates a
surface pattern based on the mechanical deformation of materials using a stamp

with surface relief structures, followed by pattern solidification assisted with

either heat or ultraviolet (UV) exposure.

*Reproduced in part with permission from (Y. Du, et al., “Modulus- and surface
energy-tunable thiol-ene for UV micromolding of coatings”, ACS Appl. Mater.
Interfaces 2017, 9(29), 24976-24986.)
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While nanoimprint lithography mainly focuses on the fabrication of
nanostructures and involve etching to transfer patterns from photoresists to the
underlying rigid substrate, micromolding of UV curable materials (UV
micromolding) is promising for microscale applications in which the final
structured coating is the aim of the process. In micromolding, a liquid UV
curable coating is deposited onto a substrate, a flexible mold with microscale
features is then pressed into conformal contact with the coating, UV exposure
solidifies the coating with the mold in place, and the mold is peeled off to obtain a
coating with surface structure.!° With the application of roller molds, UV
micromolding is compatible with continuous roll-to-roll (R2R) processes and
large area substrates.!?” 1% Although processing rates on the order of meters-per-
minute have been reported for continuous versions of imprint processes'®’,
improvements in throughput are needed for UV micromolding processes to be
viable for mass production. Key challenges in boosting the throughput include
the complete filling of mold cavities, the fast curing of coatings, and the clean
release of surface microstructures, all of which are closely related to the
development of new UV-curable materials with specific characteristics.

Acrylates and epoxies are the widely used UV curable materials for
coating applications and potential candidates for UV micromolding. Acrylates
have high curing speeds and desirable physical properties, such as hardness, and a
large variety of acrylate monomers and oligomers are commercially available to
fulfill application-specific requirements.'® 1% ''! For UV micromolding, however,

acrylates have two main disadvantages. First, due to their free-radical, chain-
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growth photopolymerization mechanism, the curing of acrylates is inhibited by
oxygen and thus may lead to uncured edges under ambient curing conditions.
Second, high levels of volume shrinkage during curing limit the accuracy of
replicated patterns and leads to stress that can cause cracking or distortion of the
final product. The photoreaction of epoxy, proceeding via the cationic, step-
growth photopolymerization, is insensitive to oxygen and develops less shrinkage
during curing.!'? However, the curing speeds of epoxy resins are generally lower,
and their viscosities are higher compared to those of acrylates.

As an alternative class of UV curable materials, the thiol-ene chemistry is
mediated by the free-radical, step-growth photopolymerization and displays many
properties desirable for high-throughput UV micromolding applications.!”*’
Beneficial from the free-radical scheme, thiol-ene systems undergo a rapid
photopolymerization process at ambient temperatures. At the same time, due to
the step-growth nature, photoreactions of thiol-ene are insensitive to oxygen and
generate polymer networks with a high homogeneity and less volume shrinkage.
Furthermore, acrylates can be incorporated into the thiol-ene reactions, which
homopolymerize among acrylate double bonds or partly react with thiol groups,
depending on the specific chemistries utilized.** 3> !> While preserving the
advantages of the thiol-ene chemistry, thiol-ene-acrylate coatings enjoy an
extended range of material properties provided by a large number of
commercially available acrylates.

Previously, Carter and coworkers*> 4> 14 have reported the pattern

replication capability of thiol-ene coatings in imprint lithography, while Lin et
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al.*1: 115 extended the coating chemistry to siloxane-containing monomers to

fabricate microstructures with enhanced etch resistance and thermal stability.
However, these studies have not focused on the optimization of curing conditions
and thus do not fully reflect the compatibility of thiol-ene with R2R processing.

Quite recently, Stadlober and coworkers'!®

utilized coating systems based on
polyurethane acrylate oligomers and thiol monomers in R2R imprinting processes
and fabricated surface patterns with multi-length scales at large areas.
Furthermore, most previous studies only addressed the fabrication of shallow
features (less than 1 um in height) and the complete displacement of liquid UV
curable materials from beneath the stamp to facilitate subsequent etching. The
replication of microscale features with high aspect ratios still presented a
substantial processing challenge. Patterned coatings can be deformed or torn off
from the substrate due to the strong interaction between the coating and the mold
in the presence of interfacial microstructures. Although coatings with low surface
energies were utilized to reduce demolding-related defects for nanoscale

features!!'> 116

, the roles of material properties in replicating features in micron
size scales were not fully understood. Experimental investigations of the
demolding force have been limited to nanoimprinting processes, where the whole
mold is separated from a nanostructured coating in a normal separation
direction.!'”"!% In practical applications, especially a roll-to-roll process, the
peeling separation is preferred over the normal separation because of a much

smaller peeling force and the roller geometries. Peel tests have been widely used

in determining the interfacial strength between polymer-polymer surfaces and a
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recent work successfully applied it to study the geometrical effects in the peeling
of a commercial adhesive from patterned PDMS surfaces.!? Therefore,
conventional peel tests provide an effective method to measure the demolding
strength in UV micromolding processes.

In this chapter, a pattern replication approach utilizing the thiol-ene
photopolymerization and the micromolding process with a UV LED light source
was reported. With 10 seconds of UV LED exposure, microscale gratings with a
high pattern density were replicated at high accuracy in thiol-ene coatings. The
thermomechanical properties of cured coatings were easily adjusted over a wide
range by changing the acrylate content in the formulation, covering properties of
stiff polymer networks and soft materials. The surface energy of a thiol-ene
coating was significantly reduced through the introduction of a fluorinated
polymer at a 1 wt% loading. Surface microstructures with higher aspect ratios
were attainable with the fluorinated coating formulation, which were subject to
failures during demolding in coatings without the fluorinated additive. The
demolding behaviors of micro-gratings were quantitatively evaluated in 90° peel
tests, while the coating properties and the pattern geometries were adjusted in
isolation. It was found that the demolding strength increased with the coating

surface energy, Young’s modulus, and the pattern height.
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4.3 Materials and Methods

4.3.1 Thiol-Ene-Acrylate Coating Formulation

HS—\_<O
Hsﬂo

Figure 4.1 Chemical structures of materials employed in coating
formulations.

(a) pentaerythritol tetrakis(3-mercaptopropionate) (PTMP), (b) 1,3,5-triallyl-
1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TTT), (c) 2,2-dimethoxy-2-
phenylacetophenone (DMPA) (d) 1,6-hexanediol ethoxylate diacrylate (HEDA),
and (e) fluorinated acrylate copolymer (F-PMMA).

Figure 4.1 shows the chemical structures of materials. Pentaerythritol
tetrakis(3-mercaptopropionate) (PTMP), 1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TTT), and 2,2-dimethoxy-2-phenylacetophenone
(DMPA) were purchased from Sigma-Aldrich. 1,6-Hexanediol ethoxylate
diacrylate (HEDA) was provided by Sartomer. All the materials were used as
received. Fluorinated acrylate copolymers were synthesized by free radical

polymerization. See Supporting Information for more details.
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Table 4.1 Composition of coating formulations

Formulation Tt (mol%) Er (mol%) Ar (mol%) Fr (wt%)
TE 50 50 - -
TEAS 47.5 47.5 5 -
TEA10 45 45 10 -
TEA25 37.5 37.5 25 -
TEF 50 50 - 1

[a] All formulations include 0.25 wt% of DMPA.

4.3.2 Coating Formulation Preparation.

The coatings were formulated based on a stoichiometric balance of thiol
functional groups (Tr) and ene functional groups (E¢). In the preparation of thiol-
ene(-acrylate) coatings, acrylate functionalities (Af) were added to the base thiol-
ene mixture, with the molar percentages of all three functional groups (T, Ef, and
Ap) totaling 100%.'2! The fluorinated additive (Fr) and DMPA were added at
concentrations of 1 wt% and 0.25 wt% of the coating mixture, respectively.
Compositions of all the UV-curable coating formulations employed in this study
are summarized in Table 4.1 Composition of coating formulations. All the
components of a formulation were added into a glass vial and stirred at room
temperature for 4 h. The glass vials were wrapped in aluminum foil to avoid any
pre-polymerization. In the preparation of TEF, F-PMMA was dissolved in 2 mL
tetrahydrofuran (THF) and then added to the mixture of other components.

Unpatterned Coating Preparation. Unpatterned coatings were prepared by
casting coating formulations on glass substrates using a wire-wound rod.
Especially, the applied fluorinated formulation was allowed to dry under ambient
conditions for 5 min to ensure the removal of THF. Liquid coatings were exposed

to UV light (at a wavelength of 365 nm and an intensity of 100 mW/cm?) from a
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LED source (Tangent Industries Inc.) at room temperature. The thickness of the
obtained coating was approximately 100 um. Cured coatings were directly used

for subsequent characterizations unless otherwise noted.

4.3.3 Synthesis of F-PMMA

The synthesis of F-PMMA is described elsewhere.!'?> Methyl methacrylate
(MMA) and 2-(perfluorooctyl) ethyl acrylate (CFA) were obtained from Sigma-
Aldrich. MMA and CFA monomers were passed through alumina powder to
remove inhibitors prior to use. Then 8g MMA and 2g CFA were added into a
50mL flask along with 0.1g recrystallized AIBN and 20 mL dioxane. The
reaction was conducted at 70 °C for 6h under purified argon atmosphere after 20
min of degassing by argon purge. The reaction was terminated by quenching in
ice water and the polymer was precipitated in cold methanol followed by

methanol washing for 6 times. The polymer was dried in vacuum oven for 24h.

4.3.4 Kinetic Analysis

Real-time Fourier transform infrared spectroscopy (FTIR) was performed
to monitor the photopolymerization kinetics of prepared coatings on a Magna IR-
750 FTIR spectrometer (Nicolet Instrument Co.) in the transmission mode.** 123
Samples were prepared by sandwiching a thin layer of the uncured formulation
(~25 um) between two sodium chloride plates separated by around steel spacer

(0.025 x 25 mm) and then polymerized in the sample chamber. The UV light

(365 nm, 200 uW/cm?) for initiating reactions was from a mercury pencil lamp
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(Spectronics Corp.) placed inside the IR main chamber. The polymerization
processes were monitored in real-time by the FTIR spectrometer operated at 5
scans per spectrum and a 2 cm™! resolution. Resulting conversions of functional
groups were analyzed using the Thermo Scientific OMNIC software package by
integrating the area under characteristic IR absorption peaks (the thiol peak at
2570 cm’!, the ene peak at 3083 cm™!, and the acrylate double bond peak at 810
cm™). Integrated values of the peak area were proportional to the corresponding
concentrations of the functional group in the sample. The functional group
conversions (x) at various curing times were calculated from the peak area after

curing for time t (4,) and that at the start of curing (4):

_ Ao — 4

0

x x 100% (1)

4.3.5 Analyses of Cured Materials Properties

A. Thermal Analysis

Differential scanning calorimetry (DSC) was used to characterize thermal
properties of cured coatings on a TA Q1000 calorimeter (TA instrument).
Samples (5 - 10 mg) were sealed in aluminum pans and heated from -50°C to
100°C at a heating rate of 10°C/min. The second heating scan was used to

determine the glass transition temperatures.

B. Mechanical Properties
Standard tensile tests were conducted to measure the moduli of UV cured

free-standing films on an RSA G2 solid analyzer (TA Instruments) according to
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ASTM D638. Samples were prepared from coatings on silicone release films and
cut into 2.5 cm % 1 cm x 100 um specimens. Stress-strain behaviors were

recorded at a crosshead speed of 1 mm/min under ambient conditions.

C. Surface Analysis

Contact angle measurements were performed to measure the static contact
angles of cured coatings using a drop shape analyzer (Kriiss). The equipment was
enclosed in a transparent plastic box to reduce exposure to organic solvents.
Water and diiodomethane (Sigma-Aldrich) were used as solvents with a droplet
size of 2 uL. Two specimens were prepared for each coating formulation, and
three drops were made on each specimen. The contact angle of a droplet was
measured at room temperature using the Advance software. The surface energy
of the surface of a cured coating was analyzed according to ASTM D7490 based

the Owens-Wendt-Kaelble equation:

v:(1 + cos 0)

_ (Vldl/sd)l/z + (Vszsp)l/Z Equation 4.1
2

Ys = Ve + Vsp Equation 4.2

where 0 is the contact angle of the testing liquid on the tested coating surface, y;
and y; are the surface tension of the testing liquid and the surface energy of the
solid coating, respectively, and y%and y? are the dispersion component and the
polar component, respectively. The surface tension values for water and

diiodomethane are known (water: y, = 72.8 dyn/cm, y{ = 21.8 dyn/cm, and Y, =
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51.0 dyn/cm; diiodomethane: y, = 50.8 dyn/cm, y& = 49.5 dyn/cm, and ylp= 1.3
dyn/cm). X-ray photoelectron spectroscopy (XPS) measurements were performed
on an SSX-100 XPS system (Surface Science Laboratories) equipped with a
monochromatic Al Ko X-ray source operating at 200 W under 10~ Torr. All
spectra were recorded with the Esca Capture software. Binding energies were

calibrated with respect to C 1s at 285 eV.

4.3.6 Mold Fabrication

A. Master mold fabrication

Silicon wafers were deep cleaned with a Piranha solution (1:1 H2SO4 with
H>0,) at 120°C for 10 min and rinsed with deionized water and dried. The master
mold with a feature height of 20 pm was prepared by spin-coating a silicon wafer
with SU-8 2010 photoresist (MicroChem Corp.) at 500 rpm for 10 s followed by
1000 rpm for 30 s. The coated wafer was soft-baked at 95°C for 4 min and then
exposed to UV light through a patterned Chrome photomask for 16 s using an
MA-6 Karl Siiss contact aligner. The exposed wafer was post-baked at 95°C for 5
min. The wafer was developed with the SU-8 developer for 3 min, and then
rinsed with isopropanol (IPA) thoroughly, and dried. The completed wafer was
baked at 150°C for 5 min.

In the preparation of 50-um-tall features, SU-8 2050 photoresist was spin-
coated on a wafer at 500 rpm for 5 s followed by 3000 rpm for 30 s. Soft baking
was conducted at 65°C for 3 min and at 95°C for 7 min. The coated wafer was

exposed through a Chrome photomask for 24 s. The exposed silicon wafer was
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post-baked at 65°C for 1 min and at 95°C for 7 min. The wafer was immersed in
the SU-8 developer for 5 min and rinsed with IPA and dried. The developed
wafer was hard-baked at 150°C for 5 min.

For 100-pum-tall feature preparation, SU-8 2075 photoresist was spin-
coated on a wafer at 500 rpm for 10 s followed by 2200 rpm for 30 s, followed by
soft baking at 65°C for 5 min and 95°C for 20 min. The exposure time was set at
30 s. The post-baking step was 5 min at 65°C and 10 min at 95°C. The wafer
was slowly cooled down under ambient conditions for 20 min and then immersed
in the SU-8 developer for 20 min. After rinsing with IPA and drying, the

developed wafer was hard-baked at 150°C for 5 min.

B. PDMS Mold Fabrication

The PDMS prepolymer and its curing agent (Sylgard-184, Dow Corning)
were mixed at a 10:1 weight ratio and then vacuum degassed for approximately
20 min until the mixture was clear. The mixture was poured onto the SU-8 master
mold and degassed for another 20 min to remove any entrapped air bubbles. See
Supporting Information for the photolithography fabrication processes of SU-8
master molds. The PDMS layer was cured in an atmospheric oven at 90°C for 2
h. After cooling down to room temperature, the cured PDMS was peeled off from
the SU-8 master to obtain the PDMS mold.

The light transmittance property of the PDMS mold (with a thickness of
1.7 mm) was characterized with a UV-visible spectrometer (Thermo Scientific,

Evolution 220). Figure 4.2 shows that the PDMS mold has a high transmittance
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(> 90%) from 300 nm to 800 nm. In the wavelength range corresponding to the
emission spectrum of the UV LED light source, 365 + 5 nm, the average
transmittance is higher than 95%, suggesting the mold does not significantly

affect the photopolymerization of coatings during micromolding experiments.
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Figure 4.2 UV-visible spectrum of the PDMS mold.
PDMS thickness was 1.7 mm.

4.3.7 Micromolding Experiments

The prepared coating formulation was applied to al00-um-thick PET
substrate (3M) using a wire-wound bar with a wet film thickness of approximately
100 um. Before the coating application, the substrates were roughened with
silicone carbide powders, rinsed with acetone and water, and blow-dried with air.
The PDMS mold was placed on the liquid coating from one end of the mold to the
other with the patterned side facing down. The wetting front of the liquid coating
moved along the grating direction to avoid air entrapment between the liquid

coating and the mold. The coating was cured through the PDMS mold by UV
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LED light (365 nm and 100 mW/cm?). After UV curing, the mold was peeled off

by hand to obtain the microstructured coating.

4.3.8 Patterned Coating Imaging

A Hitachi S4700 scanning electron microscopy (SEM) was used for
obtaining images of the fabricated microstructures in an oblique view and a cross-
sectional view. The coating cross-sections were cryo-microtomed at -120°C
using a Leica UC6 microtome instrument equipped with a diamond knife.

Samples were sputter-coated with a thin layer (5 nm) of Iridium before imaging.

4.3.9 Peel Strength Measurement.

The peel strength was measured with 90° peel tests on an RSA G2 solid
analyzer, which operated in the spring mode using an upper tension fixture and a
3D-printed test stage. The assemblies of a cured coating and a PDMS mold were
subjected to peel testing without any post-cure treatment. The coating on a PET
substrate was attached to a piece of aluminum foil, which connected to the force
sensor. The PDMS mold was mounted on a glass slide that provided rigid support
and fixed on the test stage. See Figure 4.3. During a test, a cured coating on the
substrate was peeled off from the mold on the solid analyzer during which the
peel force was recorded as a function of the displacement of the crosshead. A
photo of the peeling apparatus midway through the demolding step. In our

experimental set-up, the peeling rate equals the crosshead speed, 30 mm/min, and
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the peeling angle is approximately 90°. The peel force (F) was normalized with

respect to the sample width (w), yielding the peel strength (P):

P=F/w Equation 4.3

. crosshead
force sensor
patterned
coating on . .
PET aluminum foil
glass slide
PDMS mold test stage

Figure 4.3 Schematic representation and picture of the apparatus for the peel
strength measurement.

Samples were peeled off at 90° and 30 mm/min.

In the present work, the value of the peeling strength was calculated using
the area method'?*. For each measured curve of peeling strength versus
displacement, the area under the plateau region was integrated (the work done by
the external peel force per unit width) and then divided by the corresponding
displacement. The middle part of the plateau region (D = 5 mm) was used for the
calculation to remove any influences of the instabilities at the edge of the
patterned area. The long and flexible aluminum foil could reduce the systematic

error in peeling angles by increasing the distance between the force sensor and the
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sample (d = 120 mm). The theoretical change of the peeling angle during a test

was £ 1.2° [tan_l(g +d)].

4.4 Results and Discussion

4.4.1 Photopolymerization Kinetics

The curing kinetics of the TEA10 coating were investigated with the FTIR
under UV exposure at an intensity of 100 mW/cm?. The characteristic peaks of
all functional groups in the coating were followed as a function of time, including

the thiol peak at 2570 cm’!, the ene peak at 3083 cm™!, and the acrylate peak at

810 cm™.
100+
8
80r 88 g 8 8 ;
;\g | 8
c 60k
(@]
[
aé 40}
o) P’ _
O 20} o thiol
° ene
acrylate
0 i 1 i 1 ; ] ; I i 1
0 2 4 6 8 10

Irradiation time (s)

( 4.4 Functional group conversion vs. time for a TEA10 coating. The sample
contains 0.25 wt.% DMPA and was exposed to UV light at 100 mW/cm2.

As shown in ( 4.4, the acrylate conversion reaches 100% immediately

after UV exposure, indicating that acrylate double bonds mainly react through
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homopolymerization at the initial stage of curing. Thiol and ene groups
polymerize rapidly initially and then both reach plateau conversions. The thiol
groups have a slightly higher limiting conversion compared with that of ene
groups, which could be due to the fact that a small portion of thiol radicals
undergo the chain transfer reaction with acrylate double bonds.!?!

Furthermore, the real-time FTIR results show that, for all the thiol-ene(-acrylate)
formulations, the acrylate oligomers attained full conversions immediately upon
UV exposure, while the conversions of thiol and ene functional groups increased
rapidly initially and then both reached a limiting conversion value (shown in (
4.4). Bowman et al. observed similar results in thiol-ally ether-acrylate ternary
systems and attributed it to the reactivity difference of between acrylates and ally
ethers.!?! Because the electron density of the acrylate double bond is higher than
that of the ene double bond, the chain polymerization of acrylates dominates the
initial stage of the curing process, generating acrylate oligomers. Following this
stage, thiol and ene functional groups react to form crosslinked networks. The
limiting curing extent of thiol groups is slightly higher than that of ene groups
because a proportion of thiols undergo chain transfer reaction with the acrylate
double bonds.

We investigated the effects of acrylate addition on the curing kinetics of
coatings, represented by the conversion of thiol functional groups. It should be
noted that real-time FTIR measurements were conducted with a low-intensity UV
lamp, but the observed trend in the curing kinetics should be similar to that with a

higher intensity LED lamp.
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Figure 4.5 Thiol group conversion as a function of the irradiation time in
thiol-ene(-acrylate) photopolymerizations monitored by real-time FTIR.

The curing kinetics of TEF was identical to that of TE and thus not shown in the
plot. Samples contained 0.25 wt% DMPA and were exposed to a 365 nm
mercury lamp at 200 pW/cm?.

As shown in Figure 4.5, all the formulations exhibited high
photopolymerization rates even at a low light intensity (200 pW/cm?) and
achieved limiting conversions at around 10 minutes of exposure. According to
the light intensity and the exposure time, the curing dosage of the thiol-ene(-
acrylate) coating system is approximately 120 mJ/cm?, which is among the lowest
dosage values for UV coatings used in micromolding applications. The curing
dosage of a urethane acrylate coating®? is reported to be 300 mJ/cm? and the
lowest reported value is 80 mJ/cm? for an epoxy silicone coating!'?. Therefore,
the thiol-ene(-acrylate) coating system shows great promise for use in high-

throughput micromolding applications.
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The limiting conversion, however, increased with the acrylate
concentration. In the case of TE, the relatively low limiting conversion (~60%)
results from the fact that highly crosslinked networks restrict the mobility of the
reactive species and thus further reactions of functional groups, which is in good

123 High limiting conversions (80 — 90%)

agreement with the previous results
were attained in coatings containing acrylate oligomers, due to an enhanced

mobility afforded by the flexible ether linkage along with a lower functionality of

acrylate oligomers.

4.4.2 Tunability of Thermomechanical Properties

It has been well documented that thermomechanical properties of thiol-
ene(-acrylate) coatings depend on the chemical structures of monomers, the
crosslinking density, and the curing extent. For instance, flexible ether groups
lead to low glass transition temperatures and low moduli, and ring structures
result in stiff materials with glass transitions at higher temperatures.'?> Moreover,
the moduli of cured coatings increase with the crosslinking densities of polymer
networks, which can be achieved by decreasing the length of spacer between
functional groups, increasing the monomer functionality, or increasing the
concentration of crosslinkers.!'* 12¢ Additionally, the curing extent of functional
groups also has an effect on mechanical properties due to the plasticization effect
of unreacted dangling chains.

Based on our current knowledge of the thermomechanical properties of

thiol-ene(-acrylate) coatings, we selected a tetrafunctional thiol monomer (PTMP)
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and a trifunctional ene monomer (TTT), which photopolymerize into materials
presenting a high 7, and a high modulus, along with a diacrylate oligomer
(HEDA) with a long and flexible spacer between functional groups. In the curing
of samples, a LED light source was used considering that its high intensity (100
mW/cm?) could increase the curing speed and that the narrow wavelength
distribution (365 £ 5 nm) could reduce the heat generation during curing.'*’
Samples were exposed to a sufficient dosage of UV light (10 seconds) to ensure
limiting conversions were attained and cured samples were not subject to any

thermal annealing process after UV curing.
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Figure 4.6 DSC curves of the first and second heating cycles of TE.

Experiments were performed at a heating rate of 10°C/min.

The effects of the acrylate addition on the thermal properties of thiol-ene(-
acrylate) coatings were investigated using DSC. For TE, an exothermic peak was
observed during the first heating cycle and disappeared in the second (See Figure

4.6), which could be due to the continued polymerization of residual monomers at
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elevated temperatures, further confirming the limited conversion value of TE
from the FTIR experiment. In cases of coatings containing acrylates, the first and
the second heating cycles overlapped since almost complete conversions were
reached in these coatings. The second heating cycles were used for the

comparison of the glass transition behaviors of the coating system.
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Figure 4.7 DSC curves of thiol-ene(-acrylate) networks at a 10°C/min heating
rate.

Results from the second heating cycle were presented.

Shown in Figure 4.7, the DSC curves of all the coatings exhibited a
distinct and narrow glass transition region (~15°C in width), indicating that the
polymer networks were homogenous upon acrylate addition. The obtained 7§ of
the thiol-ene coating (45°C) was in agreement with the literature value (45°C)'%.
Furthermore, the glass transition temperatures decreased with increasing acrylate
concentrations as summarized in Table 4.2. The observed trend in 7 could be

attributed to a combined effect of the chemical structures and the network
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crosslink densities. It is inferred that acrylate oligomers introduce flexible ether
linkage into polymer networks and thus enhance the segmental mobility; at the
same time, the lower functionality of acrylates reduces the crosslinking density,

resulting in a less restricted segment movement.
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Figure 4.8 Stress-strain curves of UV-cured thiol-ene(-acrylate) coatings
under ambient conditions.

The inset shows the region of elastic deformation used for the modulus
calculation. The crosshead speed was 1mm/min.

The mechanical properties of cured thiol-ene(-acrylate) films were
investigated by tensile testing under ambient temperature, providing information
on coating performances under typical processing conditions and application
environments. In the cases of TE, TEAS, and TEA10, the stress increased
linearly with the strain and then exhibited a maximum followed by a broad
interval of nearly constant stress values (Figure 4.8). On the contrary, the stress
of TEA2S developed linearly with the strain up to relatively large strain values.

The difference in stress-strain behaviors could be explained by previous DSC T,
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results: samples based on TE, TEAS, and TEA10 exhibited yielding as ductile
materials because the testing temperature was slightly lower than their 7§ values,
while TEA25 showed typical characteristics of elastic materials when tested
above its 7.

The elastic moduli of cured films, as calculated from the slope of the
stress-strain curve at small strains (0 - 2%), decreased by two orders of magnitude
with increasing the acrylate concentration. Consistent with previous results!!3 12,
TE-based samples showed a high modulus of 1.74 GPa, which is comparable to
those of common thermoplastics'?® (PMMA and PS) and epoxy resins*>. With the

addition of acrylate oligomers, the significantly decreased modulus was due to the

flexibility of acrylate oligomers and a lower crosslink density.

Table 4.2 Thermomechanical properties of UV-cured thiol-ene(-acrylate)
films

Formulation T, (°C) E (MPa)
TE 45 1740 £ 153
TEAS 34 994 + 190
TEA10 27 440 + 101
TEA25 5 13+£2
TEF 41 522 +38

[a] The standard deviations of tensile moduli were based on testing results of five
samples for each formulation.

4.4.3 Surface Energy Reduction

The surface energy of thiol-ene coatings was modified using a fluorinated
acrylic copolymer (F-PMMA), synthesized from methyl methacrylate and 1H,
1H, 2H, 2H-perfluorodecyl acrylate by free radical polymerization (details in the

Supporting Information).'?> The chemical structure of F-PMMA is composed of a
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long fluorinated side chain to reduce the surface energy and an acrylate backbone
to ensure good miscibility with the thiol-ene mixture. Specifically, THF was
added with the F-PMMA to accelerate the dissolution of polymers in the thiol-ene
mixture and to facilitate the migration of F-PMMA by lowering the viscosity of
the formulation. The excess solvent was allowed to evaporate for 5 min after
coating application and thus had negligible influence on the curing process.

SEC was employed to determine the molecular weight and dispersity of
the fluorinated copolymer with THF as the mobile phase. Universal calibration
was performed with the Mark-Houwink parameters of Poly(methyl methacrylate)
K =8.97, a=0.71'?. The SEC trace of synthesized F-PMMA is provided in

Figure 4.9.
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Figure 4.9 SEC trace of F-PMMA.

The incorporation of the fluorinated monomer in the copolymer was

confirmed with "H NMR. Approximately 0.1g of copolymers were dissolved in
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CDCls with internal reference TMS and then NMR experiments were done using
Bruker HD-500. The NMR trace is provided in Figure 4.10 with characteristic

peaks assigned.

T™MS

CDCl, 14,5

Chemical Shifts [ppm]

Figure 4.10 1H NMR trace of F-PMMA

The static contact angles of the thiol-ene coating (TE) and the fluorinated
coating (TEF) were examined using water and diiodomethane (oil with a low
polarity). Both the water contact angle (6w) and the diiodomethane contact angle
(0;) significantly increased upon only 1 wt% addition of F-PMMA (Figure 4.11).
Further increasing the F-PMMA loading resulted in marginal changes of contact
angles, indicating that the surface coverage of fluorinated side groups saturates at
a very low concentration. According to the surface elemental analysis by XPS
(Figure 4.12), TEF exhibited strong signals related to the binding energy of F 1s
at 688.6 eV'3°, which did not exist in the spectrum of TE coatings. The results

support the mechanism of surface energy reduction proposed in previous
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studies'!* 1*2: fluorinated side groups tend to assemble at the air and liquid
interface to reduce the surface tension of the coating system, forming a
fluorocarbon-rich layer at the surface. The surface segregation of fluorinated

groups is enthalpy driven due to the difference in surface tension between

monomers and the fluorinated polymers.!3?

-

Figure 4.11 Contact angle measurement of TE and TEF coatings.

Cured TE surfaces with (a) a water droplet and (b) a diiodomethane droplet
compared with cured TEF surfaces with (c) a water droplet and (b) a
diiodomethane droplet.

The surface free energies (y) of coatings were determined on the Owens-
Wendt-Kaelble method (the calculation is described in the experimental section).
According to Table 4.3, the surface energy of a TE coating is similar to that of
PET films (49.8 mJ/m?)'3*, a relatively high value among polymeric surfaces.
With fluorinated additives, TEF exhibits a remarkable low surface energy
136

comparable to that of PDMS (~19.6 mJ/m?)!%. Compared to a previous study

on the surface modification of thiol-ene coatings using a fluorinated monomer (at
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~20 wt%), our approach based on the polymeric fluorinated additive is more

environmentally friendly and works at much lower loadings.
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Figure 4.12 XPS survey spectra for cured TE and TEF coating surfaces.

Table 4.3 Surface properties of cured TE and TEF coatings.

Formulation Ow () 0i () y (mJ/m?)
TE 63.4+23 19.5+1.3 52.2
TEF 98.6 £ 0.8 76.5 + 2.8 20.2

[a] Standard deviations of contact angles were calculated from 12 measurements.

Thermomechanical properties of films prepared from TEF were evaluated
with DSC and tensile testing. Comparing the DSC curves of TE and TEF in
Figure 4.7, the T value slightly decreased upon the addition of F-PMMA, which
could be explained by the plasticization effect that the chain ends of F-PMMA
enhance the mobility of the segments on polymer networks. Moreover, tensile

testing results show that the fluorinated additives resulted in a lower elastic
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modulus of the cured coating. Since F-PMMA is not expected to appreciably
affect the crosslinking density of thiol-ene networks at such a low loading, it is
inferred that the observed decrease of modulus comes from a higher level of

heterogeneity due to the segregation of fluorinated polymers.

4.4.4 Thermal stability of thiol-ene(-acrylate) coatings
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Figure 4.13 TGA thermograms of thiol-ene(-acrylate) cured coatings.

The thermal stability of thiol-ene(-acrylate) coatings was investigated with
thermogravimetric analysis. All the thiol-ene based coatings are thermally stable
up to ca. 350 °C. The TE network has a degradation temperature of 368°C, as
determined by the temperature of 10% weight loss. The addition of acrylates
leads to a slight decrease of the degradation temperature, which can be attributed
to a decreased crosslink density and the chemical structure of acrylates. The

degradation temperatures of TEF and TE are the same, suggesting that the
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fluorinated polymer has negligible effects on the thermal stability of cured

materials.
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Figure 4.14 Modulus tunability of thiol-ene(acrylate) coating system.
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Figure 4.15 Surface energy tunability of the thiol-ene(acrylate) coating.

Before discussing the coating performances in the micromolding process,

we summarize the materials properties of the prepared thiol-ene coating system
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including the modulus and the surface energy (Figure 4.14 and Figure 4.15). The
elastic moduli vary across two orders of magnitude with the change of the
acrylate content. With 1 wt% of fluorinated copolymers, the surface energy of
cured coating is reduced by more than a half. The ability to tune the modulus and
the surface energy independently is critical to a better understanding of the roles

of material properties in the micromolding process

4.4.5 Pattern Fidelity

Figure 4.16 SEM images of the surface microstructures of thiol-ene(-
acrylate) coatings with different moduli.

(a) TE coating with a modulus of 1.74 GPa, (b) TEAS coating with a modulus of
994 MPa, (c) TEA10 coating with a modulus of 440 MPa, and (d) TEA25 coating
with a modulus of 13 MPa. All pattern dimensions were 50 um width by 50 um
spacing by 50 um height. Images were taken at 45°.

To examine the pattern replication capability of the prepared thiol-ene(-

acrylate) formulations, we tested microscale grating patterns with a high pattern-
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density (a line width of 50 um and a spacing of 50 um). Typical replica molding
procedures were performed under ambient conditions using a PDMS stamp,
which was fabricated from an SU-8 master. For master fabrication,
microstructures made of SU-8 photoresists on a silicon wafer were directly used
and the feature height was determined by the coating thickness of SU-8. As
opposed to the commonly used silicon masters (microstructures are fabricated by
the etching of wafer and the subsequent removal of photoresists), SU-8 masters
possess smoother sidewall profiles. It should be noted that the master and the
mold were not subject to any surface treatment, e.g. silanization. The PET
substrates were roughened to enhance the adhesion between coating and substrate.
Coating formulations with various acrylate concentrations were used to
prepare gratings of 20-um-height. The patterns were successfully replicated from
the PDMS mold in all the formulations after 10 sec of UV exposure at 100
mW/cm?. The fast replication of patterns could be attributed to the efficiency of
the photoinitiator (DMPA), the high reactivity of the monomers, and the high
light intensity of the LED source. Moreover, the replicated surface
microstructures showed straight lines, sharp corners, and smooth sidewalls; no
significant difference was observed among the patterns in spite of the vastly
different moduli of cured coatings (Figure 4.16). Therefore, combining the LED
curing technique and a UV curable thiol-ene(-acrylate) coating system, we
achieved the fabrication of microscale patterns within seconds at high accuracy

and expanded the achievable material properties in UV micromolding processes.
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Figure 4.17 SEM images of microstructured TEF coatings with various
grating heights: (a) 20 pm, (b) 50 pm, and (c¢) 100 pm.

All the gratings were 50 pm wide and 50 um spaced. Inset images are the cross
sections of the microstructures.

The performance of TEF in the UV micromolding process was evaluated,
with the goal of eliminating demolding-related defects by lowering the surface
energy of the coating. With 10 seconds of UV illumination, cured TEF coatings

could be easily peeled off from the mold. Gratings of the same pattern density but
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higher aspect ratios (with 50 um and 100 pm heights) were successfully replicated
using TEF. The resulting microstructures showed well-defined shapes as
presented in typical SEM images (Figure 4.17).

Table 4.4 Modulus and surface energy values of elastomeric mold materials
used in UV micromolding processes

Material Modulus (MPa) Surface energy
(mN/m?)

TEF 522 20.2

PDMS (Sylgard 184)!37 2.0 19.6

Polyurethane acrylate (PUA)!!! 20 -320 20 - 60

Ethylene tetrafluoroethylene 1200 15.6

(ETFE)78, 138

Perfluoropolyether (PFPE)!?> 1% 155 23.6

In addition to the direct application as UV curable resins, the TEF-based
formulation represents an exciting alternative to the traditional mold material
PDMS. It is known that the attainable pattern resolution of a mold material is
determined by the modulus and the surface energy; typically, a high modulus
helps maintain the integrity of surface features while a low surface energy is
required for clean mold release. Table 4.4 compares the modulus and the surface
energy values of TEF to those of mold materials currently used in UV
micromolding processes. Accordingly, TEF outperforms PDMS by a much
higher modulus, and it is comparable to other newly developed mold materials in

consideration of the theoretically achievable resolution.

4.4.6 Demolding Analysis

In the replication of 100 um tall gratings, the demolding failure occurred

in all the formulations except for TEF: TEF patterned coatings were peeled off
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from the PDMS mold without any contamination of the mold; on the contrary,
coatings without the fluorine addition were completely removed from the PET
substrate, adhering to the mold surface. In the thiol-ene(-acrylate) coating system,
the modulus and the surface energy of cured coatings can be adjusted
independently, allowing for an investigation of their roles during demolding. In
the subsequent discussion, we quantitatively compared the demolding
performances of different coating formulations using peel tests. Because the peel
strength is known to correlate with the peeling angle and the peeling rate'*’, we
ensured the reproducibility of tests by controlling the peeling rate at 30 mm/min
and the peeling angle at 90° (with an approximated variance of =1.2° in each

measurement).
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Figure 4.18 Representative peel strength versus displacement of the peel
front of patterned TEA10 and TEF, which have different surface energies
but similar moduli. Grating height: 50 pm.
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The effects of surface energy on the peel strength were investigated using
formulations of TEF (y = 20.2 mJ/m?, E = 522 MPa) and TEA10 (y = 50.1 mJ/m?,
E =440 MPa) with the peeling direction perpendicular to the gratings. Typical
curves for the peel strength as a function of the displacement of the peel front is
shown in Figure 4.18. For both coatings, the peel strength rises sharply when the
peel front reaches the patterned area and remains at the plateau value across the

patterned region.

\FEF/PET u PDMS/TEA10 PET:

|

Figure 4.19 (a) Clean release of the TEF coating and (b) demolding failure of
the TEA10 coating.

Especially, in the case of TEA10 coating with a 100 um grating height, the
strength needed to separate the coating from the mold exceeds the adhesion
strength between coating and substrate. As a result, fracture occurs at the
coating/substrate interface, which explains the demolding failure observed during
the previous micromolding experiments. Figure 4.19 shows representative
images of microstructured coatings after demolding. Figure 4.19a shows the
PDMS mold with a delaminated TEA10 coating (the opaque region is the
backside of the patterned coating due to the roughness of the original coating/PET

interface). Figure 4.19b shows the PET substrate used to hold the coating. The
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PDMS molds in both pictures were patterned with gratings that were 50 um wide,
50 pum spaced, and 100 pm high.

The demolding behavior of TEF (1% Fr) and TEA10 (no Fr) were
compared at different grating heights and summarized in Figure 4.20. The peel
strength is lower with the fluorine addition because of the reduced surface energy
of a coating. Moreover, patterns with higher aspect ratios result in increased peel
strength, which could be attributed to a larger interfacial area between the

microstructured coating and the mold.
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Figure 4.20 Averaged peel strength of TEA10 and TEF at grating heights of
20 pm, 50 pm, and 100 pm.

No peel strength is reported for TEA10 with 100 um features because demolding
failed. Error bars were based on repeated tests of 5 samples.

We further studied the effects of elastic modulus on the peeling strength of
microstructured coatings. With an increase of the acrylate content, the elastic
modulus of the cured coating decreases without a significant change in the surface

energy. Figure 4.21 shows that peeling strengths decrease with increasing the

90



acrylate content in coating formulations. In Figure 4.22, similar trends were
observed in coatings with 20 um and 50 um gratings (data for 100-um-high
gratings were not available because demolding failures occurred in coatings
without any fluorine addition). Therefore, in addition to the surface energy,
decreasing modulus of a coating also significantly reduces the demolding work

(peel strength).
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Figure 4.21 Representative peel strength versus displacement for TEAx
coatings with various moduli but similar surface energies.

Grating height: 20 um. Error bars were based on repeated tests of 5 samples.

We propose the following explanation: the work done by the external peel
force is mainly consumed by the work of adhesion and the elastic energy stored in
the system during demolding. Gratings on the coating surface need to deform
elastically to be released from the mold. As the coating get softer, less energy is
consumed during the elastic deformation of surface features, and thus the apparent

work done by the external force is smaller.
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Figure 4.22 Averaged peel strength plotted against TEAXx coatings at grating
heights of 20 pm and 50 pm.

All the patterns investigated are 50 um wide and 50 um spaced and the peel
direction was perpendicular to the gratings. Error bars were based on repeated
tests of 5 samples.

4.4.7 One illustration of the promise of this approach: fabricating

superhydrophobic microstructured TEF coatings

Superhydrophobic surfaces have attracted growing interests due to their
great potential in applications such as self-cleaning surfaces and catalyst supports.
A low-surface energy TEF coating was patterned with 10 um wide and 10 pm
spaced micro-gratings using the micromolding process demonstrated in Figure
4.23.

The fabricated microstructured TEF coating shows superhydrophobic
wetting, as evidenced by a blue-dyed water droplet sitting on the surface; the
surface contact angle of the patterned coating reaches 153° (Figure 11b). The
superhydrophobicity can be attributed to the inherent low surface energy of TEF

and to the densely packed microscale surface topography. Moreover, the
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patterned TEF surface is mechanically robust with an elastic modulus of 500 MPa
and thermally stable up to ca. 370°C. The combination of the UV LED
micromolding and the modified thiol-ene chemistry provides a powerful approach

with high throughput potential for the fabrication of superhydrophobic surfaces.

Figure 4.23 SEM image of the surface patterns of TEF.
Gratings width is 10 pm, grating spacing is10 pm, and grating height is 20 um.

Figure 4.24 Static water contact angle for TEF coatings patterned with micro
grating arrays. Inset: photograph of a blue-dyed water droplet on the surface
of a patterned TEF coating.
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4.5 Summary

In summary, we developed a UV curable coating system based on the
thiol-ene chemistry to achieve high-throughput micromolding processes
compatible with R2R manufacturing. Starting from commercially available
monomers, thiol-ene(-acrylate) coatings cured into materials with drastically
different mechanical properties, with Young’s moduli tunable over two orders of
magnitude through the variation of the acrylate concentration. A fluorinated
acrylic polymer was designed for the surface modification of thiol-ene coatings,
which has not been realized in previous studies of thiol-ene systems. The thiol-
ene coating attained excellent hydrophobicity and oleophobicity at only 1 wt%
loading of fluorinated additives, achieving a surface energy value as low as that of
PDMS. With 10 seconds of UV exposure, densely spaced microstructures were
accurately replicated in various thiol-ene(-acrylate) coatings of vastly different
elastic moduli. Using the fluorinated coating formulation, we replicated surface
microstructures of high aspect ratios without any defect formation, which was
typically observed during the demolding of tall features. At controlled peeling
angle and rate, the demolding strengths of micro-gratings were measured with 90°
peel tests. It was suggested that failures to release the structured coating from the
mold would occur when the demolding strength between the coating and the mold
exceeded adhesion strength between coating and substrate. Coatings with high
moduli or/and surface energies and tall features resulted in increased demolding

strengths and thus demolding defects.
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5 Roll-to-Roll Micromolding of UV Curable
Coatings

5.1 Background and Motivation

Polymer films or coatings with surface nano-/microstructures are
attracting growing research interests and finding a wide range of applications

within optical films'#!, electronic devices®! 3

, and microfluidics. Imprinting (also
known as embossing or micromolding) is one of the most promising techniques
for the mass production of structured polymer materials, offering both high
resolution and low cost.!! Depending on the nature of polymer materials,
imprinting processing falls into two main categories of thermal and UV
imprinting. Thermal imprinting involves heating up a thermoplastic above its
glass transition temperature, imprinting with a patterned stamp (or mold), and
subsequent cooling to lock surface patterns. In UV imprinting, a UV curable
liquid material is pressed with a mold and then solidified with UV light. Starting
from a low-viscosity liquid material, UV imprinting can be performed at room
temperature and moderate pressures. Compared to thermal imprinting, which
involves time-consuming heating/cooling cycles and thermal expansion of
patterns, UV imprinting has greater potential in terms of process speed and
pattern replication fidelity. With a roller mold, Roll-to-roll (R2R) imprinting

enables large-area and continuous fabrication of structured films and coatings,

achieving throughputs potentially matching the demands of industrial applications.
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During the past decade, the development in R2R imprinting has enjoyed

great momentum. Guo et al.!3®

a pioneered the research in pilot-scale R2R
nanoimprinting on flexible substrates, demonstrating the continuous fabrication of
patterns down to 70 nm feature dimensions with a UV curable epoxysilicone
material, which finds applications as wire-grid polarizers. Furthermore, they
presented a thorough investigation on the residual layer thickness of imprinted
coatings as a function of the web speed and the applied force.”® Carter and his
group reported R2R imprinting at sub-100 resolution with a commercial UV
curable resin'*? and successfully fabricated infrared sensors by subsequent
deposition of carbon nanotubes'*. Recently, Peng ef al. reported the
implementation of anodic aluminum oxide molds in R2R nanoimprinting and the
fabrication of multiscale features, achieving polymer surfaces with both
antireflective and superhydrophobic properties.

These studies shed light on the great potential of R2R imprinting stepping
into industrial applications, but available UV curable materials are still limited
currently. Most previous studies are based on traditional UV curable materials,
acrylates and epoxies. Acrylate materials cure fast and are readily available with
a large number of monomers and oligomers. However, acrylates are known to
suffer from oxygen inhibition and require inert atmospheres for high process
speeds. In addition, the volume shrinkage of acrylates during curing can be as
high as 10%, leading to loss of pattern accuracy and defects due to internal stress
buildup. The curing of epoxies is not inhibited by oxygen and the volume

shrinkage is smaller after curing, but the reaction speed is much lower compared
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to acrylates. Another concern with epoxy materials in imprinting is their strong
adhesion, which may lead to demolding failures and defects in replicated patterns.

Thiol-ene chemistry, as an alternative UV curable system, cures as fast as
acrylates under ambient conditions and the level of shrinkage are lower.!** There
are only a few previous studies on the application of thiol-ene in R2R imprinting
processing.'* Li et al.’* fabricated superhydrophobic coatings based on
multifunctional thiol and ene monomers. Recently, Leitgeb et al.!'® demonstrated
the application of the thiol-ene-acrylate ternary system in R2R NIL processing
and achieved the replication of multi-length scale patterns at high accuracy and
process speed.

The research mentioned above demonstrated that thiol-ene chemistry is a
promising candidate for high-throughput R2R NIL processing. However, the
influence of processing variables on the quality of imprinted patterns is not fully
understood. Especially, the curing content of imprinted films and coatings is of
great importance from both processing and application perspectives. Insufficient
cure of coatings lead to a lower modulus and result in permanent deformation
during the demolding step. Additionally, residual reactive species in the patterned
polymers can migrate to the surface over time, leading to long-term stability
issues and raising potential health concerns.

This chapter aims to expand the material variety for R2R imprinting
processing and unveil the effects of processing parameters on the curing of the
patterned coating. We demonstrate a continuous and large-area R2R imprinting

with a UV curable thiol-ene based coating system. The material system offers
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great flexibility in achievable materials properties, including the liquid viscosity
and the mechanical property of cured materials. All the coatings were sufficiently
cured within a second under ambient conditions. Furthermore, the curing extents
of patterned coatings were quantitatively analyzed with Fourier Transform
Infrared Spectroscopy (FTIR) as a function of the lamp power, the lamp distance,
and the web speed. Microscale surface patterns with various shapes and
dimensions were successfully fabricated on a 5-inch wide flexible web at a web

speed up to 1 cm/s.

5.2 Materials and Methods

5.2.1 Materials
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Figure 5.1 Materials of R2ZR UV imprinting coating formulations.

(a) Ebercryl 8210 (UAO), (b) hexanediol diacrylate (HDDA), (¢) pentaerythritol
tetrakis(3-mercaptopropironate) (4T), and 2,2-dimethoxy-2-phenylacetophenone
(DMPA).

Figure 5.1 shows the chemical structure of materials utilized in UV
curable formulations. Ebecryl 8210 (UAO) was a tetrafunctional acrylate

oligomer ordered from Allnex. Hexanediol diacrylate (HDDA) was provided by
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Sartomer. Pentaerythritol tetrakis(3-mercaptopropironate) (4T) and 2,2-
dimethoxy-2-phenylacetophenone (DMPA) were purchased from Sigma-Aldrich.

All the materials were used as received.

Table 5.1 summarizes the compositions of liquid formulations, percentages shown
based on the total amount of functional groups (4Tr represents the thiol groups of
the tetrathiol monomer, HDDA ¢ represents the double bonds of HDDA, and UAO¢
corresponds to the double bonds of UAO). All the formulations contain 3 wt.% of
DMPA as photoinitiators. All the components were added to a glass vial wrapped

with aluminum foil and stirred for 4 h at room temperature.

Table 5.1 Compositions of R2R UV imprinting formulations

Formulation 4Tt (mol%) HDDAf (mol%) UAO¢ (mol%)
15-85 UAOS50 15 42.5 42.5
20-80 UAOS50 20 40 40
25-75 UAOS50 25 37.5 37.5
30-70_UAOS50 30 35 35
50-50 UAOS50 50 25 25
20-80 UAO25 20 60 20
20-80 UAO75 20 20 60

5.2.2  Dynamic Viscosity Measurement

The dynamic viscosity of liquid coating formulations was measured on an
AR-G2 rheometer (TA Instruments). The parallel plate geometry was used with a
plate diameter of 25 mm and a gap of 1 mm. The measurements were performed

at room temperature with the shear rate ranging from 1 to 100 s™..

5.2.3 FTIR spectroscopy
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The curing kinetics of UV curable formulation was analyzed with on a
Nicolet 6700 FTIR spectrometer in the transmission mode. Samples were
prepared by sandwiching uncured resin between two sodium chloride plates. The
sample thickness was 25 pm controlled by a steel spacer. Samples were exposed
to UV at 210 mW/cm? with a mercury lamp (OmniCure 1500, Excelitas
Technologies) inside of the IR chamber. A series of IR spectra were taken during
at a sample interval of 0.02s. The spectrometer was operated at a resolution of 32
and 1 scan per spectrum.

The conversion of cured samples from the R2R experiment was
determined with FTIR-ATR spectroscopy. Cured samples were placed in contact
with a diamond crystal on the FTIR spectrometer. The peak areas of thiol (2570
cm™) and for acrylate double bond (1635 and 1619 cm™) were analyzed,
normalized using the carbonyl IR peak (1725 cm™) as an internal reference. The
conversion (x) of a functional group (thiol group at or double bonds) was

determined by using equation 1:

Ao — A

X 100% Equation 5.1

where Ay is the peak area before curing and A;1s that after curing.

5.2.4 Photo-rheology measurement

The development of rheological behaviors of the resin during UV curing
was characterized on a Discovery Hybrid Rheometer (DHR) with a UV curing

accessary (TA Instruments). The parallel plate geometry was used for the
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measurements with a diameter of 20 mm and a gap of 0.1 mm. A disposable
aluminum plate was used as the top plate and a UV transparent quartz plate was
used as the bottom. UV light was exposed through the bottom plate through the
light guide to the OmniCure S2000 light source. The light source is a mercury
lamp with peak illumination at 365 nm and light intensity adjustable through the
power level setting. At power levels of 1%, 2%, 4%, 7%, and 10%, the measured
UV intensities was 0.3, 1.3, 3.8, 7.2, and 11.6 mW/cm?, respectively. A
controlled strain of 1% was imposed on the sample at a frequency of 5 Hz.
Rheological baseline was collected at the beginning of each measurement and UV
light was turned on after 10 s. All measurements were performed at the ambient

temperature.

5.2.5 Dynamic mechanical analysis

The dynamic mechanical analysis was conducted on an RSA-G2 solid
analyzer (TA instruments) with a tension fixture. Samples were cured materials
with dimensions of 20 mm (length) x 5 mm (width) % 0.18 mm (thickness).
Curing conditions were UV curing at 500 mW/cm? for 2 min followed by thermal
cure at 120°C overnight in the oven. A temperature ramp was performed from
25°C to 200°C at a heating rate of 3°C/min and a frequency of 1 Hz. The
oscillation strain was 0.02% and was allowed for auto adjustment from 0.001% to

3%.

5.2.6 Preparation of roller mold
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PDMS imprinting molds were prepared from master patterns fabricated on
4-inch diameter silicon wafers prepared by traditional photolithography processes
(details of the fabrication conditions were described in Section 4.3.6). These
patterns consisted of parallel raised lines and square dots 15 um in depth, the
lateral dimensions of which range from 10 um to 80 pm. 30 grams of liquid
PDMS (Sylgard 184, Dow Corning) at 10:1 base: curing agent by weight was
mixed thoroughly and vacuum degassed to remove all air bubbles. The liquid
PDMS was then poured over the silicon wafer master pattern in a petri dish and
cured at 75 °C for 2 hours in an oven before demolding. The PDMS was then
thermally annealed at 120 °C for 2 hours and 210 °C for two hours. The cured
PDMS stamps were secured to a piece of silicone coated PET (Hotpress) using
PDMS mixed at a 10:4 base: curing agent ratio as an adhesive. The assembled
stamp was then cured for 24 hours at 45 °C. After curing, the stamp was clamped

to the imprinting roller in the roll-to-roll imprinting line.

Figure 5.2 Roll-to-roll UV imprinting line at the University of Minnesota.
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5.2.7 Roll-to-roll imprinting line operation

Roll-to-roll imprinting was performed on a commercial roll-to-roll
nanoimprinting machine from Carpe Diem Technologies (shown in Figure 5.2). A
clear 127 um thick PET web was unwound and passed through a web cleaner.
Then, reverse gravure coating was used to deposit a 25 um thick layer of the UV-
curable resin onto the web. The coated web then passed to the imprinting station
where web tension pressed the UV-curable resin into the features of the
imprinting stamp as the coated web passed around the imprinting drum. Web
tension was maintained at 8.9 N during the imprinting process, and speed was
varied to test imprinting conditions. While the web passed around the imprinting
drum, it was illuminated through the PET web with a mercury arc lamp UV light
source. The length of web illuminated (L) was controlled by adjusting the
distance separating the light source from the web. Light intensity was also
adjusted to test imprinting conditions. After curing, the web was delaminated

from the imprinting drum and rewound on a collection drum.

5.3 Results and Discussion

We constructed UV curable coating formulations based on four main
components. A tetrafunctional thiol monomer, pentaerythritol tetrakis(3-
mercaptopropionate) (4T), was selected due to its fast cure and the capability to
reduce oxygen inhibition. A tetrafunctional urethane acrylate oligomer (UAO)
was selected because of the high functionality and relatively low molar mass in

consideration of the cure speed and the liquid coating viscosity. The selected
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UAO has been widely used as a crosslinker in UV curable acrylate systems to
provide fast cure and good mechanical properties in applications such as

147,148 and 3D printing'#’. In addition, an acrylate monomer,

protective coatings
hexanediol diacrylate (HDDA) was used as a reactive thinner to reduce the
formulation viscosity to facilitate mold filling. Last, 2,2-dimethoxy-2-
phenylacrtophenone (DMPA) was used as the photoinitiator to induce
photopolymerization. Two sets of formulations were prepared to optimize for
R2R UV imprinting applications. First, the molar ratio between thiol groups and
double bonds was varied from 15:85 to 50:50, with the molar ratio of double
bonds from UAO kept at 50% for all formulations. Second, the molar ratio
between UAO and the acrylate monomer was varied while the thiol and double
bond ratio were constant.

For the optimization towards R2R UV NIL applications, three criteria
were considered: liquid coating viscosity, cure speed, and the modulus of cured
materials. A relatively low viscosity was preferred to facilitate mold filling but
too low a viscosity can decrease the liquid coating thickness, which may lead to
unfilled defects. For UV curing, high cure speeds are highly demanded because it
is considered as the current bottle net for further enhancing the total process
speed. Additionally, coatings need to reach sufficient cure extents after curing to
avoid the existence of excess free monomers. Furthermore, the modulus of the
cured coating should be high enough to withstand the mechanical deformation

during demolding. At the same time, a certain extent of flexibility is necessary to

allow for the release of surface microstructures from the mold.
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5.3.1 Characteristics of Liquid Formulations
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Figure 5.3 Dynamic viscosity for coating formulations with different ratios of
thiol groups and acrylate double bonds.
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Figure 5.4 Dynamic viscosity for formulations with various UAO contents.
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All the formulations are Newtonian liquids in the range of shear rates
investigated. The coating viscosity was adjustable over a wide range from 0.03
Pa-s to 0.3 Pa-s, which increased with the content of acrylate mixtures and was
dominantly affected by the amount of UAO (Shown in Figure 5.3 and 5.4). It is
comparable to the viscosities of commercial benchmarks of UV curable resists

and much lower than those of resins during thermal imprinting.'%

5.3.2  Curing kinetics

Curing kinetics is important to R2R UV imprinting applications because
high cure speeds enable high-throughput production and sufficient cure extents
guarantee application-related requirements, such as safety concerns, hardness of
cured materials, and long-term stability. In thiol-ene chemistry, the curing
kinetics are influenced by the functionality of monomers and oligomers, the
reactivity of functional groups, the stoichiometric ratio of thiol-to-ene functional
groups, and the viscosity of formulations.'’

In this research, monomers and oligomers with high functionalities and
reactivities were selected to formulate coating materials. The ratio between
different components was adjusted to investigate the effects of thiol-to-ene ratio
and the coating viscosity on curing behaviors.

To quantitatively investigate how the curing speed and extent vary with
different formulations, real-time FTIR was performed on the aforementioned
coating formulations at UV intensity comparable to that used on the R2R

imprinting line, i.e. 500 mW/cm?. The UV light was turned on 5 seconds after the
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start of IR spectrum collection. Both the thiol group and the double bond
conversion were analyzed according to their characteristic IR peaks at 2570 and
810 cm™!, respectively.

In Figure 5.5, the double bond conversion was plotted against the
exposure time for coatings with various concentrations of thiol groups, ranging
from 15% (for 15-85 UAO50) to 50% (for 50-50 UAO50) based on the molar
ratio of functional groups. All the coating formulations react instantly upon UV
exposure, reaching the limiting conversion within a second. As the thiol-to-ene
ratio increases, both the reaction speed and the limiting conversion of double
bonds increase. Similar trends were observed in previous studies on thiol-ene
curing kinetics at lower light intensities.** The presence of thiol accelerates the
reaction of acrylate double bonds by reducing the oxygen inhibition effects.!>°
Moreover, the formulation viscosity decreases with the addition of thiols, which
increases the mobility of reactive species and decreases the tendency of trapping

radicals in solidified polymer networks, therefore leading to higher reaction rate

and conversions.'!®
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Figure 5.5 Double bond conversion for formulations with different thiol-to-
ene ratio recorded by real-time FTIR.

Experiments were performed at a light intensity of 500 mW/cm?. The ratio
between UAO and HDDA was constant. Coatings were exposed to air at a
thickness of 20 um.

According to Figure 5.6, the thiol groups were sufficiently cured with a
conversion of about 80% except for the formulation containing 50% thiol groups
(50-50_UAO50), which is due to the completion between the thiol-acrylate
reaction and the acrylate homopolymerization. Typically, a conversion of about
80% is considered to guarantee acceptable material properties with respect to the
final application. Therefore, for UV curable thiol-acrylate formulations, a thiol
group concentration of 20 to 30% is optimal for both the reaction rate and curing

extent considerations.
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Figure 5.6 Thiol conversion for formulations with different thiol-to-ene ratio
recorded by real-time FTIR.

Experiments were performed at a light intensity of 500 mW/cm?. The ratio
between UAO and HDDA was constant. Coatings were exposed to air at a
thickness of 20 um.
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Figure 5.7 Double bond conversion coating formulations with various UAO
content.

Experiments were performed at UV intensity of 500 mW/cm?. The thiol-to-ene
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ratio was kept constant. Coatings were exposed to air at a thickness of 20 um.
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Figure 5.8 Thiol group conversion for coating formulations with various
UAO content.

Experiments were performed at UV intensity of 500 mW/cm?. The thiol-to-ene
ratio was kept constant. Coatings were exposed to air at a thickness of 20 um.

Another series of thiol-acrylate formulations were prepared with a
controlled thiol-acrylate ratio (20% thiol group) but various UAO-to-HDDA
ratios. In the nomenclature of formulations, the number following UAO indicates
the percentage of double bonds from UAO out of the total amount of double
bonds. According to Figure 5.7 and Figure 5.8, all the formulations exhibit high
cure speeds, reaching sufficient cure in less than a second. However, the limiting
conversions of double bonds and thiol groups slightly decrease with increasing
the oligomer concentration. This could be explained by the fact that the higher

viscosity of the oligomer restricts the mobility of propagating radicals.
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Figure 5.9 Dynamic storage and loss moduli versus UV exposure time
measured by photo-rheology.

The measurement was performed with the 20-80 UAOS50 formulation at a light
intensity of 1.3 mW/cm?, a film thickness of 0.2 mm, and ambient temperature.
Representative photo-rheology results for the formulation of 20-
80 UAOS50 were shown in Figure 5.9. The storage modulus (G’) and the loss
modulus (G”) increase with the exposure time. The mechanical gelation is
defined as the crossover of G’=G”.!3! Therefore, the gel time at an intensity of 1.3
mW/cm? was 2.7 s for the formulation of 20-80 UAOS50. After gelation, the
growth of storage and loss moduli slowed down and reached their plateau values.

Table 5.2 Gel times of coating formulations at different light intensities.

Coating formulation Power level, % Light intensity, Gel time, s
mW/cm?

20-80 UAO25 1 0.3 5.1
2 1.3 3.6
4 3.8 2

20-80 UAOS50 1 0.3 3.1
2 1.3 2.7
4 3.8 1.7

20-80 UAO75 1 0.3 3
2 1.3 2.7
4 3.8 1.8
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Coating formulations with different oligomer concentrations but the same
thiol-to-ene ratio were investigated, results shown in Table 5.2. As expected, for
each formulation, the time to reach the gel point decreases with increasing the
light intensity because of the fast photopolymerization. However, as the
concentration of oligomers increase, the gel time decreases at a comparable light
intensity. With more oligomers in the coating formulation, although the reaction
is slowed down due to the increased formulation viscosity, the polymer networks
are more crosslinked due to the high functionality of the oligomers. In the
investigated series of formulations, the effects coming from polymer network
structures appear to have larger effects on the observed gel time. Additionally, it
should be mentioned in the roll-to-roll imprinting experiments as discussed
below, the light intensity was higher and the coating thickness was lower
compared to those in photo-rheology measurements, so the gel time is expected to
be shorter. For all the formulations, the gelation took place within seconds,

confirming their high throughput potential.

5.3.3  Mechanical properties of cured materials

Figure 5.10 shows the temperature-dependent viscoelastic properties of
cured coating formulations with various UAO content. The three formulations
have the same thiol-to-ene ratio (20% thiol groups) and the percentage of double

bonds from UAQO was varied from 25% to 75%.
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Figure 5.10 Storage modulus as a function of temperature for cured
materials with different UAO concentrations.

After curing, the materials develop high elastic moduli of 1-2 GPa at the
room temperature and exhibit glass transition temperatures higher than room
temperatures, indicating the formation of hard and glassy materials. According to
Figure 5.10, the plateau storage modulus at high temperatures increases with the
UAO content. Based on the ideal rubber elasticity theory, it is suggested that the
crosslinking density of cured polymer networks increase with the addition of
high-functionality oligomers. !>

From tand curves shown in Figure 5.11, the 7, values were 75°C, 95°C,
and 115°C for formulations containing 25%, 50%, and 75% UAO double bonds,
respectively. Furthermore, tand peaks broaden as UAO content increases,
suggesting a lower degree of network homogeneity due to the heavily cross-

linked polymer networks.?’
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Figure 5.11 Tano as a function of temperature for cured materials with
different UAO concentrations.

5.4 R2R UV Imprinting

5.4.1 Effects of thiol and oligomer contents on conversions

R2R UV imprinting experiments were performed with in-house prepared
thiol-ene coating formulations. All the formulations were coated using a reverse
gravure coating unit, forming a uniform liquid coating on a PET web. The roller
mold was wrapped with a PDMS mold, which imprints coatings continuous with
microscale regular patterns. Due to the relatively low viscosities of thiol-ene
formulations, 0.03 to 0.3 Pa-s, the mold cavities were successfully filled without
significant bubble defects on the cured coating. In addition, cured coatings were
peeled off from the mold without any problems, due to the low surface energy of

the PDMS mold and the sufficient mechanical strength of cured materials.

114



-~ 100 | —s.— 5 — 8§ — 8§ —@~®

X

- e

9 90+

2

g S S

7 801 —=—20-80_UAO50

(&) —=—30-70_UAO50
—=—50-50_UAO50

70 1 1 1

02 04 016 018 1j0 12 14
Web Speed (cm/s)

Figure 5.12 Double bond conversions of thiol-ene coatings plotted against the
web speed of R2R imprinting for formulations with different thiol-to-ene
ratios.

Conversions were measured with FTIR-ATR on the top surface of the coating in
contact with mold and averaged over three parallel measurements.

The curing extents of the UV imprinted coatings were characterized with
FTIR ATR and plotted against the web speed. Due to a limited penetration depth
of the ATR technique (c.a. 1 um from the coating surface) and the relatively small
amounts of thiol groups in the formulation, the thiol peaks were noisy and thus
not employed for the analysis in this section. The curing extents of imprinted
coatings were represented by the double bond conversion and plotted against the
web speed in Figure 5.12. It is suggested that all the coating formulations were
sufficiently cured in the invested range of web speeds. According to Figure 5.12,
the limiting double bond conversion increases with the thiol-to-ene ratio
increases, similar to the trend observed in the real-time kinetic study shown in

Figure 5.5. This suggests that the addition of thiol monomers facilitate the curing
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of acrylates, which could be attributed to a reduced oxygen inhibition effects and
a lower viscosity of the formulation. However, the limiting conversion values of
imprinted coatings measured by ATR (Figure 5.12) were slightly lower compared
to those measured in the transmission mode (Figure 5.5) for the same formulation,
respectively. The observed difference may come from the characterization
technique and a depth-wise conversion gradient. The ATR date represents the
coating surface conversion while in the FTIR technique the average conversion
throughout the coating thickness is characterized. Therefore, it is suggested that
the surface conversion was slightly lower, which could be attributed to the
presence of oxygen in the PDMS mold inhibiting the polymerization. In addition,
because the coating was exposed to UV from the surface in contact with the web,
the light intensity at the top surface was lower due to the UV light attenuation,
leading to a lower conversion. As discussed previously, the thiol conversion was
not complete in a stoichiometric mixture of thiol and ene groups (50-50 UAOS50)
although the double bond conversion was higher. The thiol-ene ratio was kept at
30 to 70 in the following study of oligomer contents on R2R imprinting.

As shown in Figure 5.13, lowering the oligomer content of a formulation
raises the double bond conversion, especially at high web speeds. With the
formulation containing 25% oligomer (30-60 UAQ?25), a web speed of 2.7 cm/s
was achieved at high pattern fidelity while at the same time maintaining a high
curing extent (85% conversion of double bonds). As the ratio between UAO
(molar mass, M=400 g/mol; functionality, f=4) and HDDA (M=230; f=2) varies,

the initial double bond concentration (proportional to /M) was similar. The main
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difference among these formulations results from an increase formulation
viscosity associated with higher UAO content, which slows down UV curing
because of the limited mobility of reactive species. In comparison, the attainable

web speed was 0.17 cm/s with a commercially available optical adhesive
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Figure 5.13 Double bond conversions of thiol-ene coatings plotted against the

web speed of R2R imprinting for formulations with different oligomer
contents.

Conversions were measured with FTIR-ATR on the top surface of the coating in
contact with mold and averaged over three parallel measurements.

(NOA73) under same imprinting conditions, which is 15 times slower

than a thiol-ene based formulation.
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3.2.2. Effects of processing variables on conversions
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Figure 5.14 (a)UV impriting unit of the R2R pilot coating line. (b)
Schematic of the imprinting unit.

The UV curing of the coating during the roll-to-roll micromolding process
is crucial to the successful fabrication of the surface microstructures, affecting
both the microstructure integrity, mechanical properties, and long-term stability.
The curing extent is determined by the UV dosage received by the coating, which
can be calculated by the following:

IhL Equation 5.2
=, xt=—(1—e %
] a V ( e )

Here, ] is the curing dosage, I, and [, are the absorbed light intensity and the
initial light intensity, respectively, L is the length of UV exposure area on the
roller mold (shown in Figure 5.14), d and d,, are the coating thickness and its
penetration depth respectively. As demonstrated in equation 5.2, the curing

extents depend on both process parameters (IL/V') and coating characteristics

(d/dy).
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Table 5.3 Base processing conditions for UV R2R Imprinting

Parameter Base condition
Lamp power (%) 100%
Lamp distance (cm) 0.75 cm
Web speed (cm/s) 0.34 cm/s
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Figure 5.15 Effect of lamp power on conversion of imprinted coatings.

The lamp distance was 0.34 cm and the web speed was 0.34 cm/s.

The influence of light intensity on the double bond conversion was
investigated with FTIR-ATR. As the lamp power was varied from 40% to 100%,
the UV intensity increased proportionally with the lamp power from 220 mW/cm?
to 500 mW/cm?. As shown in Figure 5.15, different conversions were observed
across the cured coating: the area in contact with mold reached a plateau
conversion at the lowest lamp power, and in contrast, the curing of the open area
needs a much higher lamp power due to oxygen inhibition. In the presence of

oxygen, increasing the intensity leads to not only a faster initiation rate but also
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suppressed oxygen inhibition due to the faster viscosity build-up, both

contributing to the strong dependence of conversion on UV intensity.
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Figure 5.16 Effect of lamp distance on the imprinted coating conversion at a
lamp power of 100% and a web speed of 0.34 cm/s.

The effect of lamp distance on the conversion of imprinted coatings was
investigated. As the distance from lamp to web was varied from 0.75 cm to 1.5
cm, the UV intensity decreased from 500 mW/cm? to 220 mW/cm? and the
exposure length along the web moving direction expanded from 1.6 cm to 3.1 cm.
Therefore, the UV light distribution rather than the total UV dosage will change
with the lamp distance. The double bond conversions as a function of lamp
distance for the area in contact with mold and the open area were shown in Figure
5.16. The conversion is invariant to the lamp distance, indicating the curing
extent of coating depends on the total UV dosage and is insensitive to the light

distribution.
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At controlled UV exposure conditions (lamp power and lamp distance),
the effect of web speed on the imprinted coating conversion was studied. As
shown in Figure 5.17, the patterned area of coating (in contact w/ mold) can be
sufficiently cured at a web speed up to 1 cm/s. However, the unpatterned area of
the coating was tacky at high web speeds. The corresponding double bond
conversion decreased significantly from 80% to 30% when increasing the web

speed because of less exposure time and the resulting insufficient UV dosage.
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Figure 5.17 Effect of web speed on the imprinted coating conversion at a
lamp power of 100% and lamp distance of 0.34 cm.

Overall, curing with higher lamp powers and reduced web speeds
produces a similar effect on the imprinted coating conversions. There is a lack of
dependence of conversion on the lamp distance assuming the total UV energy

received by the materials is the same. According to Equation 5.2, the UV dosage
is proportional to % for a specific coating system in the roll-to-roll imprinting

process. Further study of coatings imprinted with different processing variables
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(lamp power, lamp distance, and web speed) show that the coating conversion
was predominately determined by the exposure dosage as shown in Figure 5.18.
The critical exposure dose for the coating system to reach the plateau conversion
is less than 800 mJ/cm? on the patterned area. For the area of coating cured in air,
the critical dose significantly climbed to 2000 mJ/cm? due to oxygen inhibition.
Given the curing conditions (intensity and exposed web length), the achievable
web speed can be estimated with the critical exposure dosage. In addition, by
improving the mold design to avoid any open area of the coating, we can further

ramp up the roll-to-roll process speed without sacrificing the curing extent.
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Figure 5.18 Influence of exposure dosage on the imprinted coating
conversion.

3.3. Continuous Fabrication of Microstructured Coatings
The patterning process with thiol-ene based formulations was successfully
scaled up on an R2R UV micromolding pilot line. The 20-80 UAOS50

formulation was selected for the large-area fabrication of microstructured coatings
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and a web speed of 0.6 m/min was achieved. Figure 5.19 displays SEM images of
microstructures on the surface of cured coatings. Surface microstructures with
various shapes, square dots, and channels, were replicated. The patterns are 10 pm
in depth and the lateral dimensions of which range from 10 um to 80 um. The
exact pattern replication from the roller mold to the UV curable thiol-ene coating

demonstrates the excellent pattern replication fidelity of the R2R micromolding

process and the scale-up capability of the custom coating formulations.

200 pm T 200pm

T 200 pum pm

Figure 5.19 R2R micromolding fabricated patterns with the 20-80_UAOQOS50
coating formulation

(a-c) square dots with pattern widths of 10, 20, 80 pum, respectively; (d-f)
microchannel arrays with channel widths of 10, 20, 80 um, respectively, and
width: spacing = 1:1 for all three patterns; (g-1) microchannel arrays with width:
spacing = 2:1, 1:1, and 1:2, respectively, a channel width of 40 um for all three
patterns. All the surface microstructures were 10 um in depth.
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5.5 Summary

In this chapter, the continuous fabrication of microstructured coatings with
UV curable thiol-ene formulations was demonstrated. The liquid viscosity and
the elastic modulus of cured materials were tunable over a wide range by
adjusting the thiol-to-ene ratio and the oligomer content. All the coating
formulations cured fast under UV exposure, achieving high double bond
conversions, c.a. 80%, within seconds. Roll-to-roll imprinting was achieved with
the formulated thiol-ene-acrylate coatings at ambient conditions. The limiting
double bond conversions increase with increasing the thiol-to-ene ratio and
decreasing the urethane acrylate content. In addition, the effects of processing
variables on the curing conversions for a representative coating formulation were
investigated. FTIR results revealed that the curing extent increase with the UV
exposure dose, which is proportional to the light intensity and the exposure
length, and inversely proportional to the web speed. The maximum achievable
web speed with the custom thiol-ene-acrylate formulations was 0.8 mm/min.
Compared to a commercial benchmark (NOA73), the achievable web speed leads

to a 6-fold increase under the same processing conditions.
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6 Summary and Future Directions

6.1 Summary

First, this work presented in this thesis advances the understanding of the
UV curing kinetics under intense pulsed irradiation. Ultrafast
photopolymerization of acrylate resin is attained within a few milliseconds with a
single pulse from the xenon flash lamp, which is among the fastest curing
processes recorded. In our model coating system, the achievable conversion with
IPL curing is determined by the total irradiation dose, which increases and then
levels off at a specific dose. The maximum achievable conversion is comparable
to that attained with low-intensity mercury lamps and insensitive to changes in
other variables, including the average dose rate and the PI concentration. IPL
curing process with multiple pulse patterns cures acrylate coatings at a higher
energy efficiency compared to the single pulse curing, and the time to maximum
achievable conversion can be reduced to a few seconds with higher irradiation
dose rates, attained by increasing the lamp voltage, the pulse duration and
decreasing the pulse width. The achievable extent of cure can be increased
effectively by curing at elevated temperatures, owing to the restored mobility of
reactive species, but the advantage of the ambient cure of IPL curing is lost.

Second, a robust micro molding approach integrating the thiol-ene
polymerization and the UV LED curing has been demonstrated. The moduli of

cured thiol-ene coatings were tuned over two orders of magnitude by simply
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adjusting the acrylate concentration of a coating formulation, and curing was
complete within 10 seconds of LED exposure. Surface properties were modified
with a fluorinated polymer, achieving a surface energy reduction of more than a
half at a loading of 1 wt%. Densely packed 50-um-wide gratings were faithfully
replicated in coatings from soft materials to stiff highly crosslinked networks.
100-um-tall defect-free patterns were attained with the introduction of fluorinated
additives. The demolding strengths of microstructured coatings were
quantitatively compared using peel testing, which increased with the coating
surface energy, the coating modulus, and the grating height. This micromolding
process combined with the tunability in thermomechanical and surface properties
makes thiol-ene microstructured coatings attractive candidates for functional
optical films, superhydrophobic surfaces, and flexible electronics.

Finally, the continuous fabrication of microstructured coatings and films
were demonstrated on a roll-to-roll imprinting system with thiol-ene-acrylate
coating formulations. The liquid and cured properties and their influences on the
imprinting process were systematically investigated. The maximum achievable
conversion increased with increasing the relative thiol content and decreasing the
viscous urethane acrylate oligomer content. Furthermore, the UV lamp power,
the lamp distance, and the web speed were systematically varied to elucidate the
parameter interactions affecting the process throughput. Defect-free and well-
cured microstructured coatings were formed only given sufficient exposure
dosage, which is proportional to the lamp power, inversely proportional to the

web speed, and independent of the lamp distance. Microscale channel and dot
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arrays with various dimensions and pattern densities were continuously fabricated
at web speeds up to 2.7 cm/s. Our findings expand the available materials space
and can serve as a predictive guideline for the selection of processing conditions
for the manufacturing of microstructures using roll-to-roll imprinting processes,
opening up potential applications in areas of textured coatings, superhydrophobic

surfaces, and printed electronics.

6.2 Future Directions

6.2.1 Metal-polymer nanocomposite

Metal-polymer composites are an interesting class of materials for UV
curing applications. Traditionally, metal-polymer composites are fabricated via
top-down approach, where metal nanoparticles are dispersed into the polymer
matrix. However, achieving good dispersion of nanoparticles remains a
challenge. Alternatively, nanoparticles can be synthesized within a UV curable
system with UV exposure.!>-15° Specifically, in this bottom-up approach, metal
salts can be mixed with a UV curable formulation and then photochemically
reduced to form nanoparticles upon UV exposure. The in situ formation of
nanoparticles can avoid agglomeration and limit the particle size. Careful control
of the metal salt concentration and processing conditions may allow for the
preparation of UV curable conductive materials. Combined with surface
replication technology, the metal-polymer composite system is a promising

candidate to fabricate flexible electronics. Moreover, it is possible to prepare
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microfluidic chips combining the antimicrobial characteristic of silver-polymer

156, 157

composite materials and surface replication techniques.

6.2.2 Inorganic-organic hybrid materials

Polyhedral oligomeric silsesquioxanes (POSS), composed of a siloxane
cage structure and pendant functional groups, is emerging as a class of inorganic-
organic hybrid materials.*"> !> 158 The rigid core imparts POSS with excellent
thermal stability and mechanical strength. At the same time, the pendant
functional groups make POSS compatible with a variety of polymer matrix.
Especially, POSS with pendant acrylate double bonds can be incorporated in
thiol-ene based formulations and used in UV imprinting applications. The UV
curable materials containing POSS been shown to have good optical clarity, high
etch resistance, and thermal stability. In addition, because the dimension of POSS
is on the order of nanometers, good pattern fidelity of replicated surface
nano/microstructures can be achieved is POSS is well dispersed.

Phase separated composite

Polymer composite materials can be fabricated by phase separation of two
interpenetrating networks with different crosslinking densities and glass transition
temperatures.®’ Phase separation can take place during UV curing between UV
networks and the materials properties can be tailored by monomer structures,
functionalities, and processing conditions. Phase-separated hybrid materials may

exhibit high toughness due to the increased interfacial area. Employing phase-
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separated materials in UV imprinting processes will allow for the fabrication of

microstructured films with improved toughness.

6.2.3 Fluorinated mold materials

The fabrication of roller molds with high replication accuracy and low
cost is highly demanded the fabrication of microstructured films and coatings at
large area. Currently, silicon, quartz, nickel, and silicon nitride have been utilized
to fabricate hard molds for roll-to-roll imprinting.'>® However, their fabrication
requires a clean room environment and etching process and thus relatively high
cost. Alternatively, soft polymer molds can be fabricated at lower costs but may
suffer from limited timespan and resolution issues at high pressure.'®® The thiol-
ene UV curable formulation containing fluorinated additives (TEF) can serve as a
promising mold material. It can be patterned at room temperature by the roll-to-
roll imprinting process to produce microstructured coating at large-area. The
flexible TEF coating on polymer substrates can be wrapped around a steel roller
as the roller mold. Due to a high crosslinking density and high modulus (500
MPa), the TEF based mold is expected to have a longer lifetime. In addition, the
low surface energy can allow for the clean release of the surface pattern. In the
future, fluorinated polymers with pendant double bonds can be synthesized as a
reactive additive for the flexible mold fabrication. In this case, the additives can
polymerize with the UV curable monomers and be covalently bonded to the

polymer network, thus increasing the wear resistance of the fluorinated material.
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6.2.4 Multilevel patterns

Currently, process overlay and long-range placement accuracy are still
challenging for the application of roll-to-roll imprinting process in flexible
electronics. This is mainly due to the flexibility of the web and thus its tendency
to deform especially at high processing speeds. To address this challenge, self-
aligned imprinting lithography (SAIL) has been developed which utilizes a stamp
with multilevel patterns for imprinting. The stamp encodes all the geometric
information into pre-aligned structures, enabling the entire device fabrication
process into one step and significantly reducing the process complexity and cost.
Although R2R manufacturing with SAIL has been demonstrated in a previous
study'®!, a robust UV curable material is demanded to understand the
fundamentals and to enable the wide application of the process. Due to the
presence of multilevel surface features, the clean release of patterns will be more
challenging. It is possible to design a dual-cure coating system to facilitate the
mold release process without sacrificing the final mechanical properties, which
include a UV curable phase and a thermally curable phase in the coating
formulation. Upon UV exposure, the UV phase solidifies to a soft layer with a
relatively crosslinking density and transfers the pattern from the mold. In the
following post-processing step, a second thermal cure step takes place to

significantly enhance the mechanical properties.
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