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The advancement of the microelectronics industry is heavily dependent on the
design, synthesis, and integration of new materials.

Non-chemically amplified

photoresists (NCAR) consist of a base resin and photoactive additive which inhibits the
dissolution of the this resin. The robustness of NCARs has made them well suited to the
unique material requirements of the photomask making industry for many years.
However, smaller feature sizes now require mask makers to move to shorter wavelengths
of light and thus a more transparent polymer and photoactive compound are needed for
these applications. During the search for 157nm photoresists, it was found that polymers
containing the hexafluoroisopropanol functionality are transparent well into the
ultraviolet region and possess dissolution characteristics similar to the Novolak resins
utilized in NCARs. A suitable photoactive compound (PAC) has been identified; the
synthesis of the PAC and transparent polymers, as well as their formulation, dissolution
properties, and lithographic evaluation will be presented.
vii

Additionally, the base catalyzed imidization of poly(amic acid ethyl ester)
(PAETE) provides a good tool for developing a photosensitive polyimide insulator.
However few base photogenerators (PBG) exist that absorb at the appropriate wavelength
(>400nm) for use in these opaque films. Two sensitized systems were evaluated; their
synthesis, photophysical evaluation, and attempted imaging in PAETE will be described.
Additionally, the synthesis and photophysical evaluation of a red-shifted thiophene-based
PBG will be described.
Finally, step and flash imprint lithography exhibits a great promise as a cost
effective alternative imaging solution to traditional optical lithography. A strippable
resist is needed to preserve the templates used in this process should they become
contaminated. The thermal reversibility of urethanes, specifically those derived from
aromatic oximes, make them well suited for integration into a thermally degradable
diacrylate crosslinker. The synthesis of urethane linked diacrylates, their incorporation
into cross-linked polymer networks, and thermal degradation will be described.
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Chapter 1 Introduction to Photolithography
Truly great inventions are so pervasive and change the world to such a degree that
those of us born after their inception can not imagine life before them.

Vaccines,

antibiotics, automobiles, the light bulb, and the printing press all made this kind of impact
on the world. For instance, before the invention of the printing press by Gutenberg in
1440 a vast majority of the world was illiterate.1 Gutenberg’s invention spurred a rapid
increase in literacy and allowed facile dissemination of information to the masses,
thereby transferring the power of knowledge from a select few to the common man and
setting the stage for momentous events, such as the Protestant Reformation.
The invention of the transistor and its subsequent incorporation into integrated
circuits (ICs) has had a similarly profound impact on society. Prior to these solid state
developments, computers were comprised of vacuum tubes, which are large fragile,
unreliable components that consume huge amounts of electricity, and produce copious
amounts of heat. Early computers filled large rooms, required teams of technicians to
maintain them, and could, therefore, only be afforded by large research institutions.
Conversely, an IC is comprised of transistors, rather than vacuum tubes, and currently is
no larger than a thumbnail. Due to such miniaturization, computers are now faster, more
energy efficient and affordable to the average person. The average personal computer
now has more computing power than NASA did when they landed on the moon. This
rapid increase in power and decrease in cost ushered in great advancements such as the
internet—spurring an information revolution similar to that brought about by
Guttenberg’s printing press.

1

Knauer, K., Great Inventions: Geniuses and Gizmos: Innovations in Our Time. Time Inc.: New York,
2003.
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Figure 1.1: ENIAC made in 1945 was the first digital computer. It weighed more than
60,000 lbs. and contained more than 18,000 vacuum tubes.
The transistor was invented by William Shockley of Bell Labs in 1947 and is
simply an electronic “valve” that controls the flow of electricity in a circuit.2 In figure
1.2, electricity flows in through the wire on the left and out through the wire on the right.
The flow is controlled by the semiconductive, triangular piece of material joining the two
wires. In this example, the material is germanium and when a voltage is applied from the
top wire, it becomes a better conductor thereby completing the circuit and allowing
current to flow from the wire on the left to the wire on the right. The transistor is much
smaller, more efficient, and more robust than the vacuum tube; therefore, engineers were
able to design and fabricate more intricate circuits.

2

Turley, J., The Essential Guide to Semiconductors. Prentice Hall: New Jersey, 2003.

2

Figure 1.2: First transistor invented at Bell Labs by William Shockley in 1947.
Although the transistor was a major improvement on vacuum tubes, the
manufacturing of devices still required large numbers of resistors, capacitors, and
transistors to be fabricated and assembled on a circuit board via soldering. This was
costly, unreliable, and still produced relatively large devices compared to modern day
microprocessors. The invention of the integrated circuit changed all of this. The IC was
invented in 1958 by two different researchers simultaneously: Jack Kilby of Texas
Instruments and Robert Noyce of Fairchild Semiconductor. Noyce received the patent
for the invention but Kilby eventually received the Nobel Prize in 2000.3 Kilby would
later write of his thought process in devising the invention in a 1976 article titled,
“Invention of the IC”.
Further thought led me to the conclusion that semiconductors were all that were
really required — that resistors and capacitors [passive devices], in particular,
could be made from the same material as the active devices [transistors]. I also
3

Moreau, W. M., Semiconductor Lithography: Principles, Practices, and Materials. Plenum Press: New
York, 1998.
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realized that, since all of the components could be made of a single material, they
could also be made in situ interconnected to form a complete circuit
This is exactly what Kilby and Noyce did. They formed all of the requisite
devices for a processor on a semiconducting substrate thereby decreasing its size and
allowing engineers to pack more components into a given area. This miniaturization of
components served two purposes. First, by making the transistors smaller the device was
able to operate at a higher speed. There are two factors that control the speed of a
integrated circuit: (1) the time it takes to charge and discharge a capacitor and (2) the
time it takes a signal to propagate from one circuit to another. The capacitance of a
device is directly proportional to its size. By making the devices smaller they can be
located in closer proximity to one another, therefore, it takes less time for a signal to
propagate. The second advantage of making the devices smaller was economic in nature.
By making the components smaller, more can be produced in less time, thereby
decreasing the cost of production.3 The two factors of speed and cost have driven the
microelectronics industry to pack more and more components into a given area over the
past 50 years. Some the newest chips available have features smaller than 90 nm and
contain more than 200 million transistors.

Figure 1.3: One of Jack Kilby’s first ICs, measuring 7/16 x 1/16 of inch.

4

Figure 1.4: AMD dual core Opteron™ processor.
LITHOGRAPHY
The metal oxide semiconductor field effect transistors (MOSFETs) utilized in ICs
consist of a source and drain (the wires on the side of the transistor in figure 2) which
contact two regions of like doped silicon that sandwich a third region of oppositely doped
silicon. When voltage is applied to the gate metal, shown in figure 5, current is able to
flow from the source to the drain. When the voltage is removed, the current ceases to
flow and the circuit is turned “off”. The complex three-dimensional geometry and small
feature size (manufactured gate dimensions are now as small as 90 nm) require engineers
to utilize lithography to accurately form the patterns necessary to fabricate MOSFETs.

5

Figure 1.5: Schematic of MOSFET
PHOTOLITHOGRAPHY
Lithography is simply a means of transferring a pattern from a template to a
material of interest. It was adopted by the microelectronics industry from the printing
industry. The printing industry uses this process to make lithographic plates. The
process begins by first coating a glass plate with a photoactive polymer resin, termed
photoresist. The “photo” portion of the name implies that the material is photoactive
while the “resist” portion is used to convey that the material resists a later etching step;
this term is often just shortened to resist. The resist is then irradiated by light that has
passed through a mask containing some template design. The masks consist of opaque
portions on a transparent substrate wherein the pattern blocks light in some areas while
allowing it pass through in others.
The exposed areas are rendered more or less soluble (depending on the chemistry
of the particular resist) than the unexposed areas producing a latent image of the template
in the resist. The resist is then submerged in a developer solution and, in the case where

6

the exposed areas are more soluble, a positive-tone relief image is produced in the resist
(Figure 1.6). If the exposed areas are rendered less soluble, a negative-tone image is
produced (Figure 1.6).
The plate is then exposed to an etchant and bared areas are etched while those
areas still protected by resist remain unchanged. The resist is then stripped from the plate
and the pattern from the template is now etched into the substrate. If light is used to
transfer the pattern from the template to the substrate as just described this process is
called photolithography.4
Photoresist
Coating

Substrate
hv

Mask

Exposure
Negative

Positive

Develop

Transfer

Strip

Figure 1.6: The photolithographic process.

4

Thompson, L. F., et al., Introduction to Microlithography. 2nd ed.; American Chemical Society:
Washington D.C., 1994.

7

MICROLITHOGRAPHY
When used to manufacture semiconductor chips this process is termed
microlithography. The fabrication of a transistor is achieved by multiple iterations of this
process with different layers of interest being coated with each cycle. The formation of a
single layer begins with a highly pure silicon wafer cut from a single silicon crystal
ingot.5 Depending on the function of the feature to be patterned a conducting metal,
either aluminum or copper, or an insulating material is deposited on the silicon wafer.
On top of this is coated a layer of photoresist. The photoresist begins as a solution of
polymer resin, photoactive compounds, and other additives dissolved in an organic
solvent. The resist is dispensed onto the wafer and the wafer is typically spun for 60-90
seconds at 1500-2000 RPM to distribute the solids and remove the solvent in a process
known as spincoating. The wafer is then subjected to a post application bake (also
known as a soft bake) at 90°C for 90 seconds to drive off any residual solvent. It is then
cooled to about 20°C before exposure.
The wafer is then exposed through a quartz mask containing the circuit pattern to
be transferred to the wafer. The circuit is usually patterned in chromium, a metal opaque
to both UV and visible light. The wafer is then subjected to a post-exposure bake at 90°C
for 90 seconds for reasons to be explained later. It is then cooled again to 20°C and
developed with a suitable solvent. Most commercial positive tone resists will then be
developed with a 0.26N aqueous solution of tetramethyl ammonium hydroxide (TMAH)
followed by a water rinse. In the case of a negative tone resist, the solvent may be
organic in nature. At this stage in the process there will now be exposed areas of the
underlying substrate in the pattern of the circuit. The pattern is transferred into the

5

Wolf, S.; Tauber, R. N., Silicon Processing for the VLSI Era: Volume 1: Process Technology. Lattice
Press: Sunset Beach, 1986.
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substrate via either a reactive-ion or plasma etch. Initially a wet etch procedure was
utilized, however this produces isotropic etching—meaning material is etched laterally at
the same rate as it is etched vertically, which produces undercutting. Finally, the resist is
stripped to yield the pattern specified in the mask as a three dimensional feature in
insulating or conducting material.

Figure 1.7: A) Profile resulting from wet etch and B) resultant profile of dry etch.

DRIVE TO MINIATURIZATION
As previously mentioned, the goal of the microelectronics industry is to make
faster, less expensive devices. Because many of the capital expenses, such as tool
ownership, are fixed once a fab is in place, the best way to decrease device cost is to
make more at one time per wafer. The first obvious solution to this problem is to make
the silicon wafers bigger. Silicon wafers have steadily increased in size from 76 mm in
1976 to the enormous 300 mm ones used in current production facilities. The second,
equally obvious, but more difficult way to increase the number of devices on a wafer
while simultaneously increase their speed, is, as described above, to decrease device size.
The microelectronics industry has, in fact, done this at a rapid rate so predictable that in
1965 Gordon Moore, the CEO of Intel, observed that for integrated circuits, the number
of transistors per square centimeter doubled every twelve months.6 This observation

6

Peercy, P. S., Nature (London) 2000, 406, 1023-1026.
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came to be known as Moore’s law. Although this is not a true scientific law as it is not
based in physics, it has provided a solid, empirical economic indicator of where the
industry needs to be at a given time to be competitive and profitable.

Figure 1.8: Moore’s Law
The industry’s ability to continually cram more and more transistors into a square
centimeter of silicon has relied largely on advances made in photolithography. In order
to discuss the challenges of modern lithography it is helpful to understand the early
technology and the changes that were made to keep pace with Moore’s Law over the past
50 years.

NON-CHEMICALLY AMPLIFIED RESISTS
Contact Printing
The first photoresists were borrowed directly from the printing industry. The first
devices fabricated at Bell Labs in the 1940s were made with a negative-tone
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polyvinylcinnamate resist.7 However, these materials suffered from poor adhesion and
were quickly replaced by a two component resist consisting of partially cyclized poly(cisisoprene) and a UV-active bis-aryl-azide. Upon irradiation with 365nm radiation, the bisazide is photolyzed to produce N2 and a bis-nitrene which acts a crosslinker between
adjacent polymer chains rendering the film insoluble in organic developer.
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Figure 1.9: Bisarylazide/cyclized rubber resist imaging.
These early devices were fabricated first by contact printing and later by
proximity printing. In these processes the minimum resolution of a printed featured is
defined by equation 1.1. Where W is the minimum line width, λ is the wavelength of the

7

Dammel, R., Diazonaphthoquinone-based Resists. SPIE-The International Society for Optical
Engineering: Bellingham, 1993; Vol. TT 11.
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2W = 3(λ(S + d/2))1/2
Equation 1.1: Resolution limit of contact and proximity printing.
exposure radiation, S is the gap between the mask and the wafer, and d is the thickness of
the resist. In contact printing, the mask is placed directly on the wafer during exposure,
so S = 0 and the minimum feature size attainable by exposure with 400nm radiation is
800nm.

This capability far exceeded the needs of the industry in the 1960s when

minimum feature sizes were on the order of 5µm. Unfortunately, the intimate contact
between the mask and wafer resulted in damage to the mask from debris present on the
wafer. These defects would then be replicated in subsequent exposures and resulted in
high defect densities.

Figure 1.10: Contact and proximity printing schemes.
The immediate solution to contact printing was proximity printing in which the
mask is maintained at some constant distance (~10µm) above the wafer. This prevents
contact with wafer-bound contaminants while minimizing the gap size, S, in the above
equation. Using this technique features as small as 3.1µm can be printed with 400nm
radiation. Unfortunately, although this reduced damage to the mask, proximity printing
also has its limitations. Maintaining a constant gap between the mask and wafer proved
to be quite an engineering challenge and variability in wafer thickness and substrate
12

topology adds to the difficulty. Variations in the distance between the mask and wafer
resulted in diminished image quality and this eventually forced engineers to resort to
projection printing.
Projection Printing
In projection printing the mask is removed from the close proximity of the wafer,
thereby eliminating the problems outlined above. In projection printing the radiation is
first collimated through a lens, then projected through the mask (or reticle), and finally
focused on the wafer through a second 4:1 reduction lens system. This means that the
features on the mask are four times larger than what will be printed on the wafer. Due to
lens constraints, only a portion of the features to be printed on the wafer can be exposed
at any one time. Because of this constraint, the mask contains some portion of the total
number of devices to be printed, therefore, the wafer is exposed portion by portion in a
stepwise fashion and the exposure tool has thus been termed a “stepper”.

Figure 1.11: Projection printing using a 4:1 reticle through reduction optics.
Although projection printing eliminates direct contamination of the lens and
reduces the focusing challenges associated with proximity printing, due to swelling of the
13

resist, the resolution of the bisazide/cyclized rubber resists was limited and new materials
were needed. Again, technology borrowed from the printing industry would prove to be
the best solution. A two component positive-tone resist consisting of a novolac resin and
diazonaphthoquinone (DNQ) sensitizer was implemented.

Novolac is step-growth

polymer synthesized by the acid-catalyzed condensation of formaldehyde and cresol.
The novolac resin is inherently soluble in aqueous-alkaline developer. However, when
formulated with the DNQ sensitizer the resin dissolution rate is greatly reduced. Contrast
is achieved through a photochemical Wolff rearrangement of the DNQ to produce an
indene-carboxylic acid, which increases the dissolution rate of the matrix beyond that of
the resin. Through this polymer system high contrast images as small as 350 nm can be
produced.
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Figure 1.12: Acid catalyzed polymerization of m-cresol with formaldehyde.
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Figure 1.13: Novolac dissolution characteristics.
THE END OF AN ERA

Unfortunately, like contact printing, the resolution of projection printing is limited
by the wavelength of the exposure radiation and can be expressed in the following lens
equation

F =k

λ
NA

Equation 1.2. The Rayleigh lens equation.
where the resolution (F = feature size) is proportional to the wavelength of exposure
radiation λ, and inversely proportional to the numerical aperture (NA) of the lens system.
The constant k is unique to the individual resist, mask type, and patterning scheme.
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Although feature size can be reduced by increasing the numerical aperture of the lens,
which physicists do, the industry would eventually move to shorter wavelengths of light
to print the features necessary to keep pace with Moore’s Law.

Using shorter

wavelengths of light to reduce feature size was not new to the microelectronics industry:
a transition was made early from 436-nm (G-line) to 365-nm (I-line) radiation. Although
this required some “fine tuning” of the novolac-DNQ resist system in the form of
optimized resin and PAC structure and improved material purity, researchers were able to
build upon the existing platform and simply make improvements. The move to deep-UV
radiation (248-nm), however, would require a new model in resist design.
The first problem encountered when trying to use Novolac-DNQ based resists in
the deep-UV is the optical density of the resin. The wavelengths of light available for
exposure are determined by the emission spectrum of the mercury arc lamps utilized in
exposure tools. As can be seen in figure 1.14, moving to shorter wavelengths from
365nm there is a strong emission line centered at about 300nm and then a much weaker
line at about 250nm. Some work was done to develop resist systems to be used in the
mid-UV, but ultimately researchers would decide to focus on the deep-UV. Although
transparent in the mid to near-UV, both the polymer and PAC absorb strongly at 248nm.
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Figure 1.14: Emission spectra for a mercury arc lamp.
It is important for the resist system to be transparent or bleach (meaning that the
photoproducts are more transparent than the starting materials) at the exposure
wavelength to insure that the photochemical solubility switch is effected throughout the
resist film. If the light does not penetrate to the bottom of the film, unexposed resist
remains, resulting in incomplete pattern transfer and sloped sidewalls.

As will be

discussed in chapter 2, both the Novolak resin and the PAC photoproducts absorb
strongly in the deep-UV. It would be necessary to develop new materials that are more
transparent at the shorter wavelengths in order to continue the trend toward smaller
features.
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Figure 1.15: Effect of optical density on resist profile.
CHEMICALLY AMPLIFIED RESISTS
In addition to the need for a more transparent resist, the low intensity of the
emission at 248nm would require a more sensitive resist. In the Novolak-DNQ systems,
each photon absorbed results in a single solubility switching reaction. Because of the
drastic decrease in flux when moving from 365nm to 248nm, an increase in sensitivity of
over 100-fold would be required to maintain the productivity obtained with the i-line
exposure tools. An increase in sensitivity of this magnitude would require researchers to
incorporate gain, or amplification, into the new resist system. Willson, Frechet, and Ito
developed such a system in the early 80’s at IBM and termed it a chemically amplified
resist.
This system consists of a t-boc protected poly(hydroxystyrene) (PHOST) which
was formulated with

a photoacid generator (PAG).
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The t-boc protected

poly(hydroxystyrene) is a hydrophobic polymer that is insoluble in aqueous alkaline
solutions whereas the unprotected poly(hydroxystyrene) is soluble in these solutions.
The protected PHOST undergoes thermal deprotection at about 200°C, but in the
presence of an acid catalyst the decomposition temperature is reduced to just over 100°C.
This difference in deprotection temperatures allows for selective deprotection, and a
resultant solubility switch, when exposed in the presence of a PAG and heated below the
thermal deprotection temperature of the pure resin. Because the deprotection reaction is
catalytic in acid, a single photon of light can produce a cascade of further deprotections
and provide the requisite gain needed for the low intensity deep-UV irradiation.
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Figure 1.16: Photoinitiated deprotection of t-boc protected PHOST and thermogram of
uncatalyzed versus catalyzed mass loss.
DEMAND FOR CHEMICALLY AMPLIFIED RESIST ALTERNATIVES
Chemically amplified resists (CARs) quickly became the system of choice for the
microelectronics industry and still are today. Over twenty years later, a majority of
resists systems are still chemically amplified in nature. However, CARs do have some
drawbacks. Due to their dependence on acid for their solubility switch, they are very
susceptible to base contamination. The presence of amine contaminants in parts-per19

billion concentrations can adversely affect their performance.

Because of this,

microelectronic fabrication facilities (fabs) are equipped with state-of-the-art filtration
systems and the newest 300mm fabs are designed in such a way as to almost completely
eliminate all contact between wafers and the outside environment from start to finish
during the fabrication process. Although this is a justifiable expense when producing
state-of-the-art microprocessors and memory chips, there are some situations where this
expense would be cost prohibitive.
DISSERTATION STRUCTURE
NCARs, though less sensitive, are much less susceptible to environmental
contaminants. Because they are not dependent upon acid for their solubility switch, they
are unaffected by amines present in the environment and are stable for long periods of
time. Because of advances in exposure tools there are now high power deep-UV lasers
that make the low sensitivity NCARs inconsequential. Unfortunately, the transparency
requirement still exists so the development of a deep-UV NCAR would still require the
invention of a more transparent resin and PAC. Chapter 2 will describe the synthesis of a
bleachable PAC and polymer matrix and their subsequent formulation and imaging
evaluation.
Additionally, the processes described for the imaging of device features are very
expensive and time consuming. As described above, there are many steps involved to
transfer a device design from a template to the resist and then transfer that design into the
underlying layer of interest. If the functional layer of interest could be patterned directly,
a great number of manufacturing steps could be eliminated thereby reducing production
costs. For many device layers, i.e. metal layers, these processing steps are unavoidable as
there is no known way to pattern metals directly. However some of the insulating layers
are organic in nature so one can imagine designing a polymer system that is both
photosensitive and has the low dielectric constant requisite for insulating layers. Work
towards the development of such a system will also be described (chapter 3).
20

Finally, production costs to manufacture the high density microprocessors and
memory chips described in Moore’s Law have followed a trend similar to the exponential
increase in device density. For this reason researchers have begun looking for less
expensive imaging tools to produce future devices. Imprint lithography has risen as one
possible alternative. Impressive advances have been made with this technology over the
past ten years, but there are still some concerns that are preventing it from supplanting
optical lithography for future technology nodes. In imprint lithography the template
actually molds the resist into the desired features. Because the template comes in direct
contact with the resist, there is concern that a portion of the cured resist could become
fixed in the template, resulting in defects that would be transferred to subsequent
imprints. Because the cured resist is a crosslinked matrix, it cannot be dissolved with
traditional organic solvents.

Efforts towards the development of a strippable resist

system will be described (chapter 4).
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Chapter 2 Deep-UV Non-Chemically Amplified Photoresists
THE NEED FOR A NON-CHEMICALLY AMPLIFIED RESIST
State-of-the-art projection lithography uses 193nm light produced from ArF lasers
to manufacture devices with features as small as 90nm. As briefly described in the
previous chapter, these devices are fabricated using very sensitive resists in highly
sophisticated facilities. The photomasks used in this process are also manufactured using
a microlithographic process as outlined in figure 1.6. A substrate, generally quartz, is
first coated with ca. 100nm of chromium followed by a layer of chromium oxide (Cr2O3)
to reduce the reflectivity of the metal. A resist is then applied to the blank by spincoating and a pattern is generated in the resist by some type of irradiation. Finally, the
resist is developed in a suitable solvent and the pattern is transferred into the metal layer
through a dry etch process.5

Although the mask making process is similar to

semiconductor device formation, the manufacturing requirements are very different.
The primary difference stems from the facility in which the masks are produced.
Mask making facilities (mask houses) are much less sophisticated than wafer fabs,
lacking both the filtration systems and the ability to spin coat resist which requires them
to receive their mask blanks pre-coated with chromium and resist.

Due to this

requirement, any resist used to manufacture masks must be robust enough to withstand
exposure to the environment both during shipment to the facility and during processing,
all of which makes NCARs the materials of choice for mask fabrication.
Many e-beam resists are single component resists comprised of a polymer that is
able to undergo chain scission upon e-beam radiation.

Poly(methyl methacrylate)

(PMMA) is the industry standard. As depicted in Figure 2.1, upon exposure to e-beam
radiation, homolysis of the main-chain carbonyl carbon bond results in a tertiary radical
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that can then undergo beta scission resulting in chain fragmentation. This fragmentation
results in decreased molecular weight of the polymer thereby decreasing chain
entanglement and increasing its solubility in developer solution.4 Imaging of PMMA
with e-beam produces very high resolution images and does not require acid catalysis;
therefore, PMMA is very stable to shipment and storage. However this resolution and
stability comes at the expense of productivity.
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Figure 2.1: PMMA e-beam induced fragmentation mechanism.
As there is no template for a mask, the device design is patterned directly with an
e-beam writing tool from a computer aided drafting (CAD) design. Because of the serial
nature of the writing, it takes many hours to pattern a mask with an e-beam writer,
whereas an entire wafer can be imaged in a matter of seconds with optical lithography by
transferring the pattern data in parallel. This low production rate causes high costs for the
very fine images required for the critical features. However, for the larger features, a
faster process is available. A 365nm laser writer allows mask makers to pattern the
masks using traditional Novolak-DNQ resists at a much higher rate. Because the mask
features are four times larger than the printed features on the wafer, 365nm radiation is
able to produce acceptable resolution for many masks. However, minimum feature sizes
have decreased to a point that a shorter wavelength exposure radiation is necessary.
Additionally, printed features are now so small that corrections must be made on the
mask to produce the desired feature on the wafer. With optical proximity correction

23

(OPC), the lines on the mask are often smaller than what would be expected to produce
the desired line width on the wafer. Tool manufacturers now produce a DUV laser mask
writer capable of printing the feature sizes required for state-of-the-art devices; however,
an NCAR is still needed to support the DUV mask process.8
NCA DUV RESIST DESIGN
Polymer Design
The design of an NCA resist for DUV applications has proven to be a very
challenging task. A great deal of time and effort has been expended to understand and
attempt to replicate Novolak-based resist systems. The resin, at first glance, appears to
be a very simple polymer.

However, it must satisfy a great number of material

requirements to perform the functions it does so well. It must first be soluble in both
organic solvents and aqueous alkaline developer. It does this through ionization of its
acidic phenolic protons. Second, it must resist etching by reactive ion bombardment.
This etch resistance derives from its high carbon to hydrogen/oxygen ratio.

This

requirement for etch resistance was first reported by Ohnishi in 1983 and an empirical
relationship was described as shown in Equation 2.1.9

Etch Rate ∝

NT
( NC − NO )

Equation 2.1: The Ohnishi parameter
This relationship would later become known as the “Ohnishi parameter” where NT is the
total number of atoms in the monomer, NC is the number of carbon atoms, and NO is the
number of oxygen atoms.

It must also be transparent to radiation at the exposure

wavelength. As can be seen in figure 2.2, Novolak is transparent at the g and i-line, but

8

Jackson, C. A., et al., Proceedings of SPIE-The International Society for Optical Engineering 2004, 5377,
1005-1016.
9 Gokan, H., et al., Journal of the Electrochemical Society 1983, 130, 143-6.
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becomes opaque in the DUV.

Finally, its dissolution rate must be inhibited by a

photoactive additive (DNQ). The first three requirements can be easily met by a great
number of polymers. The most obvious replacement candidate for novolac was poly(phydroxytyrene) (PHOST). Since it is simply a structural isomer of novolac it has similar
solubility and etch resistance, but unlike novolac it has an absorbance minimum at 248
nm (figure 2.3). Unfortunately, DNQ does not inhibit the dissolution of PHOST.

Figure 2.2: Absorbance spectra of Novolak resin and DNQ PAC.

25

Figure 2.3: UV absorbance of PHOST.
Photoactive Compound Design
Just as the search for a polymer that is inhibited by DNQ has proved difficult; a
photoactive compound that inhibits novolac has been equally elusive. The first and most
obvious feature of the DNQ dissolution inhibitor is the photoactive chromophore that
exhibits moderate absorbance at the exposure wavelength, but bleaches upon undergoing
a photoinduced Wolff rearrangement. Unfortunately, as stated in the previous chapter, it
bleaches very little in the deep-UV.
O

O

hν

N2

- N2

Figure 2.4: Photoinduced bleaching of DNQ.
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Although the DNQ chromophore remained constant throughout its lifetime the
PAC compound as a whole has undergone a great deal of refinement. We have now
learned that each component of the molecule plays an important role as an additive for
NCA resists. It has been learned that the incorporation of a central ballast group with
many possible isomers helps to reduce crystallization of the compound and improve film
forming characteristics.7 However, it was not immediately obvious what portion of the
molecule was important for inhibition.
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Figure 2.5: A popular DNQ based dissolution inhibitor developed by researchers at IBM
termed “TDQ” for its tricyclodecane ballast group.
Early work focused solely on the obvious part of the PAC, the DNQ
chromophore. Meldrum’s diazo was identified as a viable candidate as it was known to
have a strong but bleachable absorbance in the DUV and undergo the Wolff
rearrangement to form a ketene upon irradiation.10 Formulation of the diazo compound
with novolac resin did allow researches to produce positive tone images, however, when
performing a post-application bake the chromophore sublimed from the film producing
unreliable images. Additionally, no carboxylic acid product is produced upon photolysis
of the Meldrum’s diazo so the mechanism of dissolution contrast has to be different from
that of DNQ.

Efforts aimed at reducing the volatility of the compound proved

unsuccessful and it was abandoned as a replacement for DNQ.
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Figure 2.6: Meldrum’s Diazo (2,2-dimethyl-4,6-dioxo-5-diazo-1,3-dioxolane)

Figure 2.7: Bleaching curve for 1,3-diacyl-2-diazo chromophore.
Since the 1,3-diacyl-2-diazo cromophore appeared to have to the appropriate
bleaching characteristics in the DUV, other compounds with this chromophore were
investigated. Diazopiperdinediones and diazocoumarins were investigated but showed
little dissolution inhibition.11 However, these compounds did exhibit the appropriate
spectral bleaching characteristics in the DUV. It would later be discovered that the
chromophore by itself does not inhibit dissolution effectively.

11

Willson, C. G., et al., Proceedings of SPIE-The International Society for Optical Engineering 1987, 771,
2-10.
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Researchers at Japan Synthetic Rubber Company showed that hydrophobic
compounds which contain hydrogen bond acceptor functionality, such as diphenyl
sulphone and benzophenone, successfully inhibited the dissolution of Novolak resin.12
Hydrophilic analogues such as methyl phenyl sulfone, dimethyl sulfone, or even
diazonaphthoquinone showed little dissolution inhibition.

Additionally, using X-ray

photoelectron spectroscopy (XPS), they showed that films formulated with the
hydrophobic compounds exhibited a higher surface concentration of the additive after
submerging in alkaline developer. Films containing the hydrophilic analogues showed no
change after the alkaline treatment. From this they concluded that upon development the
Novolak resin begins to dissolve leaving behind the insoluble unexposed PAC forming a
barrier to further dissolution. Upon irradiation the PAC is rendered soluble and dissolves
with the polymer providing no dissolution inhibition. More important than their theory
though, was their demonstration that it is not the chromophore that imparts dissolution
inhibition to a PAC.
Many theories would arise as to the method of dissolution inhibition which
Dammel and McAdams summarize well so they will not be reviewed again here.7,13
However it was work done by Willson and co-workers that best explained this
phenomenon. They described a critical ionization model which showed that in order for
a polymer to dissolve in aqueous alkaline developer it must have a certain percentage of
its ionizable groups deprotonated.14 Building upon this they later showed that the pKa of
a polymer was not only dependant upon the percentage of ionized groups, but upon their
relationship to one another.15 It was shown that polymers with linkages that allowed the
ionizable groups to hydrogen bond intramolecularly resulted in polymers with a higher
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Murata, M., et al., Proceedings of SPIE-The International Society for Optical Engineering 1989, 1086,
48-55.
13 McAdams, C. Doctoral Thesis, University of Texas at Austin, Austin, 2000.
14 Tsiartas, P. C., et al., Macromolecules 1997, 30, 4656-4664.
15 Flanagin, L. W., et al., Macromolecules 1999, 32, 5337-5343.
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pKa. This led to the theory that an additive that increases the hydrogen bonding of the
polymer would decrease its dissolution rate.
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Figure 2.8: Hydrogen bonding between PAC and novolac resin.
McAdams showed dissolution inhibitors with greater electron density on their
hydrogen bonding groups were more effective dissolution inhibitors. By plotting the log
of the dissolution rate of various formulations of substituted benzophenones in Novolak
versus the σ+ values for the substituents on the benzophenone rings in a Hammett plot he
was able to show a positive correlation between electron donating ability and dissolution
inhibition.16 Leeson added further practical evidence for this phenomenon by measuring
the dissolution rates of novolac resin formulated with dissolution inhibitors differing only
in their linkage (sulfonate versus ester) and showed that sulfonate linkages produced the
slowest dissolution rates.17 It was at this point that they realized that a photoactive
dissolution inhibitor must contain a photoactive solubility switching group, hydrogen
bond acceptor linker and lipophyllic ballast group.
Using this information, a photoactive dissolution inhibitor was designed in a
modular fashion. Building upon years of work to understand dissolution inhibitors, a list
of requirements could finally be formulated. In addition to being soluble in common
casting solvents and possessing sufficient thermal stability to withstand the high

16
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temperatures associated with lithographic processing, a functional dissolution inhibitor
needed three key components:
1) Photoactive solubility switching group with bleachable absorbance
2) Hydrogen-bonding dissolution inhibiting group
3) Solubility enhancing ballast group.
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Figure 2.9: Modular approach to PAC design.
Using this modular approach, several PACs were designed and synthesized. After
several iterations, two were found to be the most viable candidates as DUV photoactive
dissolution inhibitors. The first was a bis-functional diazocoumarin (DC) as shown in
figure 2.10.18 This PAC bleached well in the DUV, inhibited the dissolution of Novolak,
and produced a lithographic image upon development in 0.26N TMAH. Unfortunately
when a post-exposure bake was performed, the carboxylic acid photoproduct proved
thermally unstable and decarboxylated rendering the exposed and baked film insoluble.

18
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Figure 2.10: 3-Diazo-4-oxocoumarin dissolution inhibitor
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Figure 2.11: Thermal decarboxylation of coumarin photoproduct leading to insolubility.
While work was being done to develop the DC PAC, a diazopiperidinedione
(DPD) PAC was being developed simultaneously.

The initial DPD PAC had the

chromophore attached to the disulfonate ballast group via an ethylene linker. Despite
possessing all characteristics required by the PAC design, this arrangement failed to
inhibit Novolak dissolution. It was hypothesized that the sulfonate arrangement was
susceptible to hydrolysis via nucleophilic substitution by hydroxide developer solution
thereby producing two soluble products that lack any inhibiting functionality.19
Replacing the ethylene spacer with a phenyl spacer precluded the possibility of
nucleophilic attack without compromising transparency. Once this hurdle was overcome
the DPD PAC proved to be superior to the DC in every category outlined above for a
19
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DUV PAC. It bleached more completely in the DUV upon exposure, inhibited the
dissolution of Novolak better, and was stable to a post-exposure bake treatment. Most
importantly, when formulated with Novolak resin and treated with traditional
lithographic processing conditions it was able to produce a positive tone image.19
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Figure 2.12: Diazopiperidine dione dissolution inhibitor (2.1).
DEEP-UV NON-CHEMICALLY AMPLIFIED RESIN CANDIDATE
This only solved one piece of the DUV NCA resist puzzle. A transparent resin
with dissolution characteristics similar to Novolak was still needed. During work to
develop a resist for 157nm applications, an attractive candidate was identified as a
potential

DUV

NCA

base

resin.

Poly(2-(3,3,3-triflouro-2-trifluoromethyl-2-

hydroxypropyl)bicyclo[2.2.1] hept-5-ene (PNBHFA) is a palladium catalyzed addition
polymer first reported by Tran et al. that is now commercially available and transparent
well into the ultraviolet region.20 It was discovered that the dissolution of partially t-boc
protected PNBHFA was inhibited by blending with its partially t-boc protected carbon
monoxide copolymer.21 The dissolution of the polymer blend decreased with increased
loading of the copolymer up to 10 wt% where the dissolution rate of the blend is reduced

20
21

Tran, H. V., et al., Macromolecules 2002, 35, 6539-6549.
Chambers, C. R. Doctoral Thesis, University of Texas at Austin, Austin, 2005.
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to nearly 0nm/sec. Upon testing with DNQ, it was discovered that the dissolution of
PNBHFA is inhibited better than that of Novolak as evidenced in figure 2.15.
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Figure 2.13: UV absorbance spectrum for NBHFA.
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Figure 2.14: Partially t-boc protected PNBHFA and partially t-boc protected NBHFA
carbon monoxide copolymer.
A Meyerhofer plot displays the dissolution inhibiting ability of a sensitizer-resin
combination as a function of sensitizer concentration.22 The log of the dissolution rate is
plotted against PAC concentration for both fully exposed and unexposed films. The
22

Meyerhofer, D., IEEE Transactions on Electron Devices 1980, ED-27, 921-6.
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metric used to compare different combinations is the difference (Dx) in dissolution rate
between fully exposed and unexposed resin at some particular concentration (x). As can
be seen in figure 2.15, at 3wt% loading of DNQ in PNBHFA the D3 is ca. 0.9 vs. ca. 0.4
in Novolak, a substantial difference since this is presented on a log scale.21 With this
promising development, it appeared that a fully functional DUV NCA resist could be
formulated with the DPD PAC and the PNBHFA resin.
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Figure 2.15: Meyerhoffer Plot of DNQ in Novolak and PNBHFA.
SYNTHESIS OF DPD PAC
The synthesis of this PAC is convergent in nature, the sulfonate ballast group was
first synthesized from commercially available 4,8-bis(hydroxymethyl)tricyclo[5.2.1.02,6]decane) and then condensed with the alcohol of the chromophore which was synthesized
from commercially available 4-cyanophenol, as shown in figure 2.16.
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Figure 2.16: Retrosynthetic analysis of DPD PAC (2.2)
The diol, 2.5, was first converted to the bis-tosylate with tosyl chloride and then
to the bis-bromide with lithium bromide in almost quantitative yield from the alcohol.
Due to the high yielding nature of these reactions this two step route to the bromide
proved to be more efficient than other more direct halogenation reactions of alcohols.
Addition of the bis-bromide to a solution of benzylthiolate produced the bis-thioether;
also in quantitative yields. The bis-thioether was oxidized to the bis-sulfonyl chloride
according to a published procedure by bubbling chlorine gas through an aqueous solution
of the bis-thioether in acetic acid at 0°C.23

The benzyl chloride side-product was

removed by distillation and the pure bis-sulfonyl chloride, 2.3, was obtained in 48% yield
after column chromatography.

23

Langler, R. F., Canadian Journal of Chemistry 1976, 54, 498-9.
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Figure 2.17: Synthesis of bis-sulfonyl chloride ballast group (2.3)
The diazopiperidione was synthesized by first protecting 4-cyanophenol with
benzyl chloride under Finkelstein conditions followed by reduction of the nitrile with
LiAlH4 in the presence of aluminum chloride. Both of these reactions were performed in
good yields. The benzyl amine was then converted to 2.11 through Michael addition with
methyl acrylate by slow addition of the amine to a solution methyl acrylate at 0°C. The
reaction was allowed to warm to room temperature while being monitored by TLC and
stopped when the diadduct began to form (~6-8hours). Purification over silica gel
provided the mono-Michael adduct in 62% yield. This was then converted to the amide,
2.12, by heating in dimethyl malonate at 140°C while removing methanol with a nitrogen
purge and replenishing dimethyl malonate as needed. Excess dimethyl malonate was
removed with rotary evaporation under high vacuum. The crude product was purified
with silica gel chromatography to provide an off-white crystalline product in nearly
quantitative yields. The cyclization was performed by slow addition of the amide in dry
toluene to a refluxing mixture of potassium carbonate and 18-crown-6 in toluene over
one hour. The reaction was refluxed overnight to provide 2.13 as a white crystalline
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product after silica gel chromatography in 98% yield. The cyclized product was
decarboxylated by refluxing in aqueous acetonitrile to produce the piperidione 2.14 as an
off-white crystalline solid in quantitative yields. This was then deprotected by
hydrogenolysis over palladium on activated carbon under 30psi of hydrogen.
Diazotization was performed with tosyl azide (prepared via a literature procedure24) and
N-methylmorpholine to provide the target molecule, 2.4, as a crystalline solid after silica
gel column chromatography in 42% yield. Two equivalents of the phenolic PAC
chromophore were condensed with the bis-sulfonyl chloride ballast group and Nmethylmorpholine as a base overnight to provide the functional PAC, after purification
by silica gel column chromatography, as a white solid.

24

Ollivier, C.; Renaud, P., Journal of the American Chemical Society 2001, 123, 4717-4727.
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Figure 2.18: Synthesis of diazopiperidione (2.4)
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MATERIAL CHARACTERIZATION
Bleaching Studies
The PAC was then formulated in the PNBHFA resin at 10 wt/wt%, spin-coated
onto a NaCl salt plate, treated with a post-application bake (PAB) and exposed through a
248nm filter with a mercury arc lamp at increasing doses of irradiation and the UV-Vis
absorbance was measured after each exposure. As would be expected considering the
transparency of the resin, the formulation bleached completely at 248nm after a total dose
of 1J/cm2.
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Figure 2.20: UV absorbance bleaching curves for DPD PAC in PNBHFA.
Dissolution Studies
Dissolution rate measurements were made using a dissolution rate monitor similar
to those described first by Konnerth and Dill25 and later by Meyerhofer22 and built by
Tsiartas and Henderson in the Willson research group.26,27 These systems determine
dissolution rates by measuring the change in intensity of a beam of light reflected from
the resist-coated wafer surface during development.

As the light intensity is the

combination of the light reflected at both the developer-resist interface and resist-wafer
interface, the reflected light intensity fluctuates with film thickness due to constructive
and destructive interference. When the resist thickness is a multiple of λ/2n, the reflected
light is a local intensity maximum. By plotting light maxima and minima versus time the
dissolution rate can be very accurately measured. For a more detailed discussion of this

25

Konnerth, K. L.; Dill, F. H., IEEE Transactions on Electron Devices 1975, ED-22, 452-456.
Tsiartas, P. C. Doctoral Thesis, University of Texas at Austin, Austin, 1998.
27 Henderson, C. L. Doctoral Thesis, University of Texas at Austin, Austin, 1998.
26
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measurement technique, the reader is directed to works by Dammel7, Willson4, and
Rathsack.28

Intensity

λ

2n

Resist
Thickness

Time

Figure 2.21: Dissolution rate monitor output
The dissolution rate inhibition was studied for the new DPD PAC-PNBHFA
system and compared to the DPD PAC in the industry standard, Novolak. Novolak
polymer solutions were formulated with DPD PAC loadings ranging from 0-30wt%
whereas the PNBHFA solutions only needed 3wt% to almost completely inhibit film
dissolution. The resist formulations were spin-coated onto silicon wafers, treated with a
PAB for 90 seconds at 90°C, and exposed through a narrow band pass 248 nm filter with
a dose sufficient to completely bleach the film. They were then developed with 0.26N
TMAH in the dissolution rate monitor. The results of these studies can be seen in Figure
2.22. Upon inspection of these results two things become evident. The dissolution rate
of the PNBHFA is strongly inhibited by the DPD PAC, much stronger than the Novolak
resin. However, upon exposure, the Novolak dissolution is accelerated by the PAC
photoproducts, therefore, increased PAC loading accentuates the acceleration even more,
a common effect in Novolak resins. This means that the contrast of the resist can be
increased by increasing the amount of PAC in the formulation.

28

Rathsack, B. M. Doctoral Thesis, University of Texas at Austin, Austin, 2001.
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Unfortunately, the

PNBHFA resin does not exhibit this same phenomenon and this would soon prove to be a
problem.
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Figure 2.22: Meyerhofer plots of DPD PAC in Novolak and PNBHFA
Imaging
Despite the limitation in maximum contrast, we were able to obtain a contact
image as shown figure 2.23 and proceeded to projection imaging. However, initial
projection imaging attempts were unsuccessful producing severely rounded images with a
good deal of top loss (film thinning). The sloped sidewalls evident in figure 2.24 are a
good indication that our early concerns were accurate; the resist does not possess good
contrast. The contrast of a resist (γ) is a good measure of the materials ability to resolve
features. It is typically measured by exposing a coated wafer with increasing irradiation
doses (figure 2.25), then developing the wafer and measuring the remaining film
thickness at each quadrant. The normalized remaining film thickness is then plotted
versus dose as shown in figure 2.26. The dose to clear the film from the wafer (D0) is
designated as the x intercept. The slope of the tangent at D0 is defined as γ and can be
calculated using equation 2.2 where D1 is the dose at the intercept of the tangent and full
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film thickness. The contrast was measured for a 5% wt/wt PAC in PNBHFA and a γ of
1.33 was obtained.

Figure 2.23: Contact image produced with 10 wt % DPD in PNBHFA

Figure 2.24: 10 wt% PAC in PNBHFA full strength developer 20 sec development time,
200 nm 1:1 lines and spaces

γ=

1
D0
log( )
D1

Equation 2.2: Contrast (γ) Equation.
44

Figure 2.25: Wafer exposed with increasing irradiation dose in serpentine fashion.
Lowest dose is in top left and highest dose is in lower right.
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Figure 2.26: Contrast curve for DPD PAC in PNBHFA
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D0
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This value (1.33) is considerably lower than common NCA resists which typically
have values greater than 3. Traditionally, the exposed dissolution rate of Novolak-DNQ
type resists is accelerated by increased levels of PAC as shown in figure 2.22. This
means that contrast can be improved by increasing the PAC loading. However, the
exposed dissolution rate of PNBHFA decreases with increased PAC loadings, therefore,
the contrast of this resist is very limited.

Additionally, the dissolution rate of the

bleached resin is only 69nm/s while the unexposed is ca. 2 nm/s so the difference is
limited to less than two orders of magnitude. These two factors combine to produce the
low γ and poor image quality.
ALTERNATIVE HEXAFLUOROALCOHOL (HFA) RESINS
Since reist contrast is determined by the difference in dissolution rate between
exposed and unexposed areas, one possible solution is to find a resin with a faster initial
dissolution rate. With the promising results obtained with the PNBHFA, we chose to
investigate other polymers that contain the hexafluorisopropanol functionality.

We

synthesized several polymers that contain the hexafluorisopropanol functionality but have
dissolution rates that vary from insoluble to very fast. It was hoped that these polymers
might be inhibited similar to PNBHFA, and could be blended with each other or
PNBHFA to tune the dissolution rate to a range that provided good contrast.
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Figure 2.27: HFA-containing polymers with varying dissolution rates.
Synthesis of HFA Polymers
The three methacrylate monomers were graciously donated by the Japan Synthetic
Rubber company and were used as received. The monomers were polymerized with 2,2'azo-bis(isobutyronitrile) (AIBN) as an initiator. Weight-average molecular weights of
20,500 (PDI = 1.99), 11,100 (PDI=1.31), and 14,700 amu (PDI = 1.46) were obtained for
polymers 2.16 through 2.18 respectively.
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Figure 2.28: Polymerization of HFA containing methacrylates.
Evaluation of HFA Polymers
The dissolution characteristics of polymers 2.16 through 2.19 were evaluated in
the presence of 0, 10, and 20 wt/wt% TDQ and compared to PNBHFA. The polymers
were formulated in ethyl lactate and spin-coated on silicon wafers to produce films with
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thicknesses between 1000-1500 nm. Four coated wafers for each formulation were
prepared, their thickness was measured via profilometry, and half were exposed with 1
J/cm2 of broadband irradiation. The dissolution rate was measured by placing the wafers
in 0.26N TMAH and noting the time required to completely dissolve the film. PHFABMA’s (2.17) very slow dissolution rate is inhibited to ca. 7 nm/s at 20 wt/wt% TDQ and,
more interestingly, upon exposure its dissolution rate is drastically increased to over 1100
nm/s at a similar loading. Novolak exhibits a similar behavior, although not at this
extreme rate. At the highest loading a D20 of 3.06 is achieved for PHFAB-MA indicating
that it is a good candidate for the DPD PAC.
As can be seen in figure 2.29, PCDHFA-MA (2.18) dissolves very quickly and its
dissolution is slightly inhibited by TDQ. However, the dissolution rate of the 20 wt/wt%
formulation is still very fast at 200nm/s. On the other hand, PNBHFA-MA (2.16) is
insoluble at all PAC loadings. This drastic difference in solubility between PCDHFAMA and PNBHFA-MA, coupled with the inhibition seen in the former polymer, indicate
that these may be good blend candidates.
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Figure 2.29: Meyerhofer plots of HFA containing polymers with TDQ.
With the promising result obtained for PBHFA-MA it was decided to evaluate it
with the DPD PAC.

Formulations ranging from 0-20 wt/wt% were evaluated as

described above and compared to PNBHFA. As can be seen in figure 2.30, the DPD
PAC produces the same dissolution characteristics as observed with TDQ. Unfortunately
DPD PAC does not inhibit this resin as well as TDQ and the D20 is only 0.89.
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Figure 2.30: Meyerhofer plot of DPD PAC in PHFAB-MA and PNBHFA
Evaluation of HFA Polymer Blends
Several polymer blends of PDHFAC-MA with PNBHFA-MA and PNBHFA with
PDHFAC-MA were made in an attempt to increase the dissolution rate of the exposed
film. Formulations were prepared and evaluated as described for the initial screening
experiment described above. The blends shown in figure 2.31 were the best ratios of the
two blends and only the PNBHFA/PDHFAC-MA (3:1) formulation provided the contrast
and minimal dark dissolution rate desired. All other blends exhibited either a slow
exposed dissolution rate or a dark dissolution rate that was too fast.
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Figure 2.31: Polymer Blends of PDHFAC with PNBHFA-MA and PBHFA-MA.
EFFECT OF MW ON DISSOLUTION RATE AND CONTRAST
As briefly mentioned above, a great deal of work has been done to refine the
Novolak resin and thereby optimize its performance in traditional NCA resists. It has
been shown that the molecular weight (Mw) and polydispersity (PDI) of the resin plays an
important role in the performance of the resist.29,30,31,32 It was found that the dissolution
rate for both exposed and unexposed polymers decreased with increasing molecular
weight. High Mw resins (>5000g/mol) were shown to exhibit low dark loss and high
thermal stability, but low sensitivity. Low Mw (150-500g/mol) resins exhibited high
sensitivity, but low thermal stability and large dark loss. And as expected, intermediate
Mw (500-5000g/mol) resins and resins with large PDIs possessed characteristics that were
intermediate to their high and low Mw counterparts.
29

Hanabata, M., et al., Proceedings of SPIE-The International Society for Optical Engineering 1986, 631,
76-82.
30 Hanabata, M., et al., Proceedings of SPIE-The International Society for Optical Engineering 1987, 771,
85-92.
31 Hanabata, M., et al., Proceedings of SPIE-The International Society for Optical Engineering 1991, 1466,
132-40.
32 Hanabata, M., et al., Proceedings of SPIE-The International Society for Optical Engineering 1988, 920,
349-54.
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By fractionating polydisperse Novolak and blending the high and low fractions it
was found that the thermal stability imparted by the high Mw fraction and the sensitivity
of the low Mw fraction was maximized in the blend relative to the polydisperse resin.
Additionally, it was found that these tandem resins exhibited a so-called induction period
which translated to improved contrast.31,32 As shown in figure 2.32, the dissolution rate
of the resin does not substantially increase until the dose reaches some threshold value.
Film Thickness
Dissolution Rate
Dissolution Rate

Normalized Film
Thickness

1

0
Dose

Figure 2.32: Induction period in dose response curve for ideal resist.
This has proven critical in producing high resolution images because, due to
diffraction, projection imaging systems produce an imperfect aerial image as shown in
figure 2.33. This means that the resist must exhibit a non-linear change in solubility in
response to the analog signal received from the mask to produce the ideal image
portrayed in figure 2.33 upon development.4 If the resist exhibits a linear dose response,
then the result is sloped sidewalls in the partially exposed areas of the film.
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Figure 2.33: Comparison of ideal and real aerial images.
This behavior was first documented by Hanabata et al. with little explanation for
the phenomena.29,30,33

They suspected that a decreased propensity to azo-coupling

between the resin and PAC might be responsible. However, a better explanation would
later be presented by researchers at Olin Microelectronics and work presented in the
remainder of this chapter will help to disprove Hanabata’s original theory. The Olin
researchers attribute this behavior to leaching of the low Mw polymer chains from the
surface of partially exposed films.34 High Mw Novolak resin was formulated with low
Mw fluorinated polymers and partially developed. XPS analysis of the films before and
after partial development showed diminished fluorine concentration in the partially
developed films. Additionally, the PAC to polymer ratio, as determined by the S/C ratio,
was found to increase more in the films containing low Mw polymer. It was proposed
that preferential leaching of low Mw polymer chains increases the surface concentration

33 Hanabata, M.; Furuta, A., Proceedings of SPIE-The International Society for Optical Engineering 1990,
1262, 476-82.
34 Kawabe, Y., et al., Proceedings of SPIE-The International Society for Optical Engineering 1996, 2724,
420-437.

53

of the hydrophobic PAC in the unexposed regions thereby requiring a higher dose to
affect dissolution.

Evaluation of Tandem PNBHFA
Narrow polydispersity samples of PNBHFA with the molecular weights shown in
table 2.1 were graciously supplied by Promerus. The monodisperse samples exhibited
the dissolution characteristics observed in novolac resins (figure 2.34) and the desired
increased dissolution rate was observed in the low Mw sample.
Mw (PS)

PDI

PNBHFA-Std

7.0K

1.91

PNBHFA-1

3.78K

1.45

PNBHFA-2

8.41K

1.07

PNBHFA-3

10.26K

1.57

PNBHFA-4

19.99K

1.90

Table 2.1: PNBHFA fractionated samples.
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Figure 2.34: Dose response curves for narrow polydispersity PNBHFA samples. Resins
formulated with 20% (wt/wt) TDQ PAC.
The resins of narrow polydispersity were blended to provide mixed molecular
weight resins and formulated with TDQ PAC. Their dissolution rates were measured as a
function of dose in hope of identifying a viable combination for imaging experiments.
As can be seen in figure 2.35, the induction period is preserved in the two blends
comprised of the largest two polymers, although dissolution begins at a lower dose (25mJ
vs 37.5mJ/cm2) relative to the narrow polydispersity samples. The dissolution rate of the
3.7k/20k polymer film treated with an exposure dose of 200mJ/cm2 was increased to
80nm/s from 25nm/s for the 20k sample. This appeared to be a very good candidate to be
screened with our DPD PAC.
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Figure 2.35: Dose response curves for mixed molecular weight resins.
PNBHFA (polydisperse) was blended with PDHFAC-MA (88:12) and formulated
with DPD PAC (80:20). High (20kg/mol) and low (3.8kg/mol) Mw PNBHFA were
blended in equal parts and formulated similarly. Dose response curves were generated as
above and plotted in the graph seen in figure 2.36. As can be seen below, the PDHFACMA blend dissolves very quickly (ca. 450nm/s) at 200mJ/cm2 but lacks the requisite
inhibition period, and begins dissolving at a rate of 21nm/s with only a dose of 25mJ/cm2.
This rapid dissolution rate at low dose would require very short development times,
thereby resulting in a very small process window.

The mixed molecular weight

PNBHFA formulation provided much better results. The dissolution rate is near 0nm/s
after a 50mJ/cm2 dose and almost 200nm/s after irradiation with 200mJ/cm2.
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Figure 2.36: Dose response curves for mixed molecular weight PNBHFA and PNBHFA
PHFAB-MA blends formulated with DPD PAC (20wt%).
A contrast curve of the mixed Mw (tandem) resist was performed to obtain a
quantitative measure of the resists resolving capability. The formulation described above
was used to perform the contrast curve measurement. The contrast was calculated to be
~4.5. This is very good for an NCAR, comparable to commercial Novolak resists.
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Figure 2.37: Contrast Curve for mixed Mw PNBHFA formulation with DPD PAC
(20wt%) and 30s development.
Projection Imaging Tandem PNBHFA
The same solution used to generate the above contrast curve was utilized for
imaging experiments. This formulation was spin-coated on wafers treated with a bottom
anti-reflective coating (BARC) to produce films of ca. 150nm thickness. A BARC was
utilized to eliminate the need for a post-exposure bake thereby reducing the number of
variables in the experiment. The effect of development time on image quality was first
investigated. The formulation was imaged with a focus-exposure matrix, in which the
focus and dose were varied across the wafer to determine optimal exposure conditions.
This imaging scheme allowed evaluation of multiple exposure doses simultaneously.
Following irradiation, the wafers were treated with a 30, 60, or 120 second development
in TMAH developer. As can be seen in figure 2.38, all of the images are underexposed at

58

115mJ/cm2 as indicated by the sloped sidewalls. As expected, dark loss increased with
development time and final film thicknesses were 157, 140, and 126nm for the 30, 60,
and 120 second development times respectively.

a) 30 sec dev

b) 60 sec dev

c) 120 sec dev

Figure 2.38: SEMs of 200nm (nominal) lines and spaces with dose of 157mJ/cm2 in
150nm films with differing development times.
In an effort to obtain maximum aspect ratio images, the film thickness was
increased to 300nm. The dose range was increased to 350mJ/cm2 and the development
time was limited to 30 seconds. Using these parameters, 180nm images were obtained as
shown in figure 2.39. This is especially impressive when one considers that imaging was
performed on a tool with a 0.6 NA lens system. This means that the resolution limits of
this tool are expected to be ca. 330nm if one assumes a k value of ca. 0.8.4

Figure 2.39: SEM of 180nm (nominal) lines and spaces produced with a dose of 215
mJ/cm2 in 300nm film with 30s development.
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CONCLUSIONS AND FUTURE WORK
The image shown in figure 2.39 represents the culmination of over 20 years of
research done by a great number of industrial researchers and academic post-docs and
graduate and undergraduate students.

It is the first image produced with 248nm

irradiation with a NCA novolac-type resist. However, process optimization still remains
to be done to improve the feature profile.
In addition to the inherent robustness of NCA resists, they offer some other
attractive characteristics not shared by their more sensitive successors. As discussed
above, CA resists achieve high sensitivity through the catalytic nature of their
deprotection. Therefore, it is necessary for the acid molecule to migrate through the film
to achieve maximum gain. Critical feature sizes have decreased such that the sphere of
influence of a single acid molecule is a substantial portion of the desired feature size and
is believed to play a role in the large relative line-edge-roughness (LER) seen in 193nm
lithography.
Because NCA resists do not depend on the migration of an acid catalyst for their
solubility change, they should exhibit reduced LER. Due to the high transparency of
PNBHFA at 157nm and above, it is an attractive candidate for 193nm lithography.
However, use of PNBHFA in 193nm applications would require a more transparent PAC.
The most obvious way to reduce the absorbance of the DPD PAC would be
removal of the aromatic rings present in the chromophore. As discussed previously,
however, replacing the phenyl ring with a methylene spacer eliminates the PAC’s ability
to inhibit novolac dissolution by rendering it susceptible to SN2 hydrolysis.19
Incorporation of a neopental carbon should serve to prevent nucleophilic attack while
maintaining transparency. The chromophore could be prepared using a reaction sequence
similar to that used to prepare the DPD PAC starting from commercially available 2amino-2-methyl-1-propanol.
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Chapter 3
Photobase Generators for Photoimagible Polyimide
Much of the focus of both industrial and academic research in microlithography is
aimed at reducing the minimum feature size at the critical gate level. However, forming
the nanoscale devices on a microprocessor chip or memory device is just part of the
challenge. That device must not only perform in the lab, but withstand the drastic
conditions associated with mounting it to a board and the less drastic but constant
changes associated with variations of the ambient environment. Microelectronic devices
are often surrounded by some kind of plastic packaging material to protect them from
moisture and ionic particles in the environment. These packaging materials can impart a
good deal of stress on the device due to differences between the coefficients of thermal
expansion for the passivation layer deposited on the device and the packaging material.
This stress can result in cracks in the packaging material or even cause deformation of the
bonding wires which can lead to decreased device performance or possibly device failure.
Applying a relatively thin layer of some stress-buffer coating between the device and
packaging material has been found to reduce this stress and increase the reliability of the
device.35,36

35

Makino, D., ACS Symposium Series 1994, 537, 380-402.
Flack, W. W., et al., Proceedings of SPIE-The International Society for Optical Engineering 1996, 2726,
169-185.

36
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Figure 3.1: Cut-away showing stress-buffer coating and cross-section of CMOS device36
Aromatic polyimide has been found to be a good material for this application.
Aromatic polyimide has high thermal stability, often greater than 300°C, good hydrolytic
stability, with the exception of strongly alkaline aqueous solutions, good resistance to
organic solvents, a low coefficient of thermal expansion, and low dielectric constant.
Because of its low solubility in organic solvents it usually synthesized in a two-step
process. Polyimide is a step-growth polymer often synthesized from an aromatic diamine
and aromatic dianhydride or diacid chloride diester. It is usually polymerized in a polar
aprotic solvent such as N-methylpyrrolidinone to produce either the poly(amic ester) or
acid depending on the starting materials. This material is then processed into its final
form and treated with a final curing step to effect cyclization of the imide ring rendering
it insoluble in most organic solvents.37

37

Odian, G., Principles of Polymerization. 4th ed.; John Wiley & Sons: Hoboken, 2004.
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Figure 3.2: Synthesis and curing of typical polyimide (Kapton ®)

In the microelectronics industry polyimide is applied, cured, and then patterned
using traditional lithographic processing techniques. Polyimide is applied as the amic
acid or amic acid ester using traditional spin-coating techniques and cured to effect
imidization. It is then coated with an adhesion promoter followed by photoresist. The
wafer stack is then exposed through a photomask, the resist is developed, and the
resulting image is transferred into the polyimide. The photoresist and adhesion promoter
are finally stripped. In addition to these steps, all of the requisite baking and cooling
steps must be performed at the appropriate time.

PHOTOSENSITIVE POLYIMIDE
To eliminate some of these costly and time consuming steps, researchers have
developed photosensitive polyimide allowing them to pattern the polyimide layer
directly. As can be seen in figure 3.3, this saves a large number of processing steps.
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Traditional Lithography

Photosensitive Polyimide

Coat polyimide and
adhesion promoter

Coat polyimide

Coat photoresist

Expose and develop
resist
Transfer etch, strip
resist, strip adhesion
promoter, and cure
polyimide

Expose, develop,
and cure polyimide

Resist
Bonding Pad

Polyimide
Si Wafer

Figure 3.3: Traditional imaging process versus photosensitive polyimide.
But of course, this added efficiency and cost savings does not come without a
price. Photosensitive polyimide, like photoresist, can be designed in both the negative
and positive tone; each having its own specific advantages and disadvantages. Positive
tone resists are advantageous because often only a small amount of material needs to be
removed from the wafer. If a negative tone resist were used in this situation, most of the
mask would have to be clear. This leads to unintentional exposure in the areas to be
cleared due to scattered or stray light resulting in incomplete vias (or holes) where the
wires are to be bonded.38 Additionally, any particle that may fall on the mask is likely to
fall on a clear area in a positive tone scheme causing a defect. If the reverse tone is used,
negative tone, the particle is more likely to fall on chromium with no adverse effects.

38

Culver, R., Solid State Technology 1997, 40, 151-152, 154.
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Figure 3.4: Example of negative tone mask for bond pad vias (white area is clear).
Positive Tone Photosensitive Polyimide
A number of positive tone schemes have been devised; most are non-chemically
amplified in nature. 39,40,41,42 A representative example of such a system is that developed
by

Ueda

which

consisted

of

a

poly(hydroxyimide)

tris(diazonaphthoquinone)benzophenone dissolution

(PHI)

inhibitor.43

and

a

2,3,4-

Presumably the

benzophenone dissolution inhibitor behaves similarly to DNQ of the positive tone NCA
I-line resists. The hexafluoroisopropylidene group acts to break up the conjugation in
backbone of the polymer and incorporates fluorine into the material thereby decreasing
the optical density of the polymer. The system was developed in aqueous alkaline
developer and produced 8 µm features. These systems offer the advantage of a positive
tone resist outlined above plus the elimination of organic developer solvents used in
negative tone resists. However, because of the aqueous solubility requirement of these
resists, researchers are limited in the structural modifications they can make to optimize
material properties since most polyimide is insoluble in water.44

39

Seino, H., et al., Journal of Polymer Science, Part A: Polymer Chemistry 1998, 36, 2261-2267.
Feng, K., et al., Journal of Polymer Science, Part A: Polymer Chemistry 1998, 36, 685-693.
41 Hsu, S. L.-C., et al., Journal of Polymer Science, Part A: Polymer Chemistry 2004, 42, 5990-5998.
42 Negi, Y. S., et al., Journal of Macromolecular Science, Polymer Reviews 2001, C41, 119-138.
43 Nakayama, T., et al., Reactive & Functional Polymers 1996, 30, 109-115.
44 Ree, M., et al., Journal of Polymer Science, Part B: Polymer Physics 1995, 33, 453-65.
40
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Figure 3.5: Representative positive photosensitive polyimide system.
Negative Tone Photosensitive Polyimide
Negative tone polyimide, though requiring organic solvents for development and
suffering from the traditional drawbacks of negative-tone resists, do offer some distinct
advantages to the positive-tone systems.

Because they are patterned as polyimide

precursors, which are more soluble than polyimide, they allow greater latitude in material
design.45 Most commercial negative tone photosensitive polyimides accomplish their
solubility switch through a photocrosslinking mechanism. There are two basic classes of
these crosslinking materials, covalently and ionicly bound photosensitive crosslinkers.
Both of these materials can be derived from polyimide monomers such as pyromellitic
dianhydride (PMDA) and oxydianiline (ODA). The covalent version, first reported by
Rubner et al. is available from Siemens and utilizes hydroxyethylmethacrylate to
crosslink the resin as shown in figure 3.6.46 Toray offers the ionic version, initially
reported by Hiramoto, which utilizes ionic interactions between the carboxylate of the
polymer backbone and dimethylamonium-ethylmethacrylate to attach the photosensitive
crosslinking moiety.47
45

Wilson, D., et al., Polyimides. Chapman and Hall: New York, 1990; p 297 pp.
Rubner, R., et al., Photographic Science and Engineering 1979, 23, 303-9.
47 Yoda, N.; Hiramoto, H., Journal of Macromolecular Science, Chemistry 1984, A21, 1641-63.
46
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Figure 3.6: Siemens covalent negative-tone photosensitive polyimide
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Figure 3.7: Toray ionic negative-tone photosensitive polyimide
These systems are both processed in a similar fashion. The organic soluble
polyimide precursor is spin-coated onto the substrate and then irradiated to effect
crosslinking through the covalently or ionicly pendant methacrylates. Immersion in an
organic solvent produces pattern development and a subsequent curing step effects
imidization of the polymer.

As can be seen in figure 3.8, the large methacrylate

crosslinking group is volatilized during the curing step producing a large amount of
shrinkage in the final film. Additionally, because of the large absorbance of the polyamic
film and oxygen inhibition of the generated radicals, large exposure doses, greater than
1J/cm2, are often required which decreases throughput.

Although the previous two

examples have found a place in the microelectronics industry despite suffering from large
amounts of film shrinkage and low sensitivity, a chemically amplified, low shrinkage
68

polyimide is highly desired. Some chemically amplified systems have been described,
but work done by researchers at IBM appears to be the most promising.48,49
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Figure 3.8: Imaging scheme for crosslinking negative tone polyimide.
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Jung, M.-S., et al., Journal of Polymer Science, Part A: Polymer Chemistry 2005, 43, 5520-5528.
Naitoh, K., et al., Journal of Photopolymer Science and Technology 1992, 5, 339-42.
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Low Shrinkage Chemically-Amplified Photosensitive Polyimide
Polyimide precursors require high bake temperatures (>200°C) to effect full
imidization of the polymer and imidization doesn’t begin to occur until about 170°C.
However, researchers at IBM discovered that the imidization process for poly(amicalkyl
esters) begins at a much lower temperature in the presence of catalytic amounts of amine
bases.50 They found that the rate of imidization increased in the presence of more basic
amines such as 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU).

The mechanism for this

catalysis could not be elucidated, but it was proposed that an isoimide intermediate may
be involved.

50

Volksen, W., et al., ACS Symposium Series 1994, 537, 403-16.
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Figure 3.9: Proposed amine catalyzed imidization mechanism.
By formulating polyimide precursors based upon poly(amicalkyl esters) with a
photosensitive compound which generates base upon irradiation they were able to pattern
polyimide without the large amount of shrinkage associated with the systems described
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above.51 Through variation of polymer structure, a good understanding was developed
as to the material requirements for a photosensitive polyimide system.52
Aromatic polyimide is strongly absorbing in the ultraviolet region so the
photoactive base generator must absorb to the red of polyimide, or efforts must be made
to decrease the characteristic absorbance of the polymer. Most available photobase
generators are photoactive in the UV region to the blue of 365nm so IBM researchers
initially focused on reducing the optical density of the polymer. An oxygen linker was
employed to break up the conjugation just as Ueda did in his system. This produced a
polymer transparent beyond 360nm but the flexible polymer backbone was too soluble at

Abs

the extent of imidization achieved so a good deal of film thinning was observed.

Wavelength (nm)

Figure 3.10: Polyimide absorbance spectra
In an effort to decrease solubility at low imidization, the more rigid polymer
shown in figure 3.12 was employed. There are two possible isomers for the poly(amic
alkyl ester) polyimide precursor. It was found that the more rigid para isomer provided
greater contrast between the partially imidized film and imide precursor.53 Because of

51

McKean, D. R., et al., Proceedings of SPIE-The International Society for Optical Engineering 1993,
1925, 507-15.
52 McKean, D. R., et al., ACS Symposium Series 1994, 537, 417-27.
53 Konieczny, M., et al., Polymer 1997, 38, 2969-2979.
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this polymer’s strong absorbance, it was formulated with both a photobase generator and
a sensitizer that absorbed to the red of the polymer. Using this system the researchers
were able to produce images with little film shrinkage in 4µm films with an exposure
dose of 500mJ/cm2.
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Figure 3.11: Transparent polyimide
Unfortunately, because polyimide is used as an insulator thick films (>20 µm)
must be imaged. The strong absorbance of the poly(amicethyl ester) prevented imaging
in thick films.
required.

Additionally, because of inefficient sensitization a large dose was

Despite these shortcomings, a good understanding was gained as to the

requirements for a chemically amplified photosensitive polyimide. A system had been
designed that produced:
1) Good contrast at low extent of imidization
2) Low shrinkage
3) Good material characteristics (cured polymer is Kapton ®, a polyimide with low
CTE and high thermal stability).
If a photobase generator could be designed that was photoactive to the red of the
poly(amicethyl ester), or an efficient sensitizer-photobase generator combination could be
found, this system would contain all of the characteristics desired by the microelectronics
industry.
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Figure 3.12: Rigid polymer backbone decreases solubility at low degree of imidization.

PHOTOBASE GENERATOR DESIGN
Cobalt Amine Complexes
A large amount of work has been done to develop compounds that decompose
upon exposure to irradiation to produce acidic species capable of initiating further
reactions.54,55,56 But until recently a relatively small amount of attention has be paid to
developing compounds that photolyze to produce base. Cobalt(III) amine complexes
were among the first base generating photoactive species discovered and applied to
microlithography. These compounds are photoactive in the DUV and generate five
equivalents of amine per photochemical reaction.

Kutal and Willson first used

Co(NH3)5Br2+ to cure the copolymer system glycidyl methacrylate and ethyl
54

Shirai, M., et al., Trends in Photochemistry & Photobiology 1999, 5, 169-185.
Houlihan, F. M., et al., Journal of Fluorine Chemistry 2003, 122, 47-55.
56 Allen, N. S., Journal of Photochemistry and Photobiology, A: Chemistry 1996, 100, 101-107.
55
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methacrylate.57

The compound’s utility was later expanded by synthesizing

Co(NH2R)5Br2+ where R is either ethyl or n-propyl which produces the significantly
stronger alkyl amine.58,59 Unfortunately, in addition to amine, cobalt metal is produced
upon photolysis which is unacceptable to the microelectronics industry.
hv
Co(NH2R)5X2+
Co2+ + 5NH2R + X
248 nm
R = H, CH3, or (CH2)2CH3
X = Br or Cl

Figure 3.13: Cobalt amine photolysis.
α,α-Dimethyl-3,5-dimethoxybenzyloxy Photobase Generator
Drawing upon amine protection chemistry, Frechet and Cameron made good
contributions to the development of covalent amine photogenerators. The first of these
protecting groups to be utilized was the (α,α-dimethyl-3,5-dimethoxybenzyloxy carbonyl)
(Ddz) group.60,61 Using this chemistry they were able to synthesize base generators that
produced either primary or secondary amines shown in figure 3.5.

This system is

proposed to undergo heterolytic cleavage of the benzyloxy bond resulting in a carbamate
which undergoes decarboxylation to produce free amine and α-methyl styrenic
photoproducts. Amine production was observed by GC analysis of the photoproducts
but, the chromophore has a limited exposure window from about 250-300nm and the
photoproducts exhibit strong antibleaching, meaning that the photoproducts absorb more
intensely than the starting material.

57

Kutal, C.; Willson, C. G., Journal of the Electrochemical Society 1987, 134, 2280-5.
Weit, S. K., et al., Chemistry of Materials 1992, 4, 453-7.
59 Kutal, C., et al., Proceedings of SPIE-The International Society for Optical Engineering 1995, 2438,
795-802.
60 Frechet, J. M. J.; Cameron, J. F., Polymeric Materials Science and Engineering 1991, 64, 55-6.
61 Cameron, J. F.; Frechet, J. M. J., Journal of Organic Chemistry 1990, 55, 5919-22.
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o-Nitrobenzyl PBGs
o-Nitrobenzyl protecting groups had been shown to be effective photolabile
masking agents for acidic species by Houlihan et al.62 and were later investigated as
potential photobase generators.63

These compounds undergo a photoinduced

intramolecular oxidation-reduction reaction as shown in figure 3.16, to liberate a
carbamate which decarboxylates to produce free amine. These compounds exhibit good
thermal stability (>200°C), modest quantum efficiency (0.1), and can be synthesized to
produce primary or secondary free amine, and have been shown to initiate chemical

62
63

Houlihan, F. M., et al., Macromolecules 1988, 21, 2001-6.
Cameron, J. F.; Frechet, J. M. J., Journal of the American Chemical Society 1991, 113, 4303-13.
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reactions in polymer films.64,65 However, their bleachable absorbance falls under that of
polyimide.

α-Keto Carbamates
A final contribution from these researchers is a series of photobase generators
derived from 3’,5’-dimethoxybenzoin.66,67 This protecting group was selected for its
almost quantitative conversion to form benzo[b]furan without the production of possible
deleterious side products as found with the photolysis of the o-nitrobenzyl carbamates.
These compounds produced base upon irradiation but, like the previous example,
displayed a bleachable absorbance band under that of polyimide at about 300nm. Unlike
the previous example, these only produced base with a quantum efficiency of 0.03-0.08.
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Figure 3.16: o-Nitrobenzyl carbamates photolysis mechanism.
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Tertiary Amine Photogenerators
As shown in the work done at IBM to develop base catalyzed photosensitive
polyimide, the rate of imidization increased with the pKb of the amine catalyst. For this
reason, tertiary amine photogenerators would be the ultimate photoactive additive for
these systems. Unfortunately, few examples of this type of photogenerator exist in the
literature. Those that do can be divided into two small classes: quarternary ammonium
salts and amineimides. A representative example of the quarternary ammonium salts is
the work done by Tsunooka to produce N,N-dimethyldithiocarbamates.68,69 These are
believed to undergo electron transfer from the thiocarbamate to the excited ammonium
cation followed by radical coupling of the phenacyl and thiocarbamate radicals. These
systems undergo photolysis as evidenced by UV spectral analysis to produce
triethylenediamine as shown by NMR and have been used to effect photo-initiated
68

Tsunooka, M., et al., Polymer Preprints (American Chemical Society, Division of Polymer Chemistry)
2001, 42, 720-721.
69 Tachi, H., et al., Journal of Polymer Science, Part A: Polymer Chemistry 2001, 39, 1329-1341.
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insolubilization of poly(glycidyl methacrylate) films. The compounds are unfortunately
not very thermally stable and begin to cause insolubilization in PGMA films below
100°C.
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Figure 3.18: Quarternary ammonium salt photolysis mechanism.
Tsunooka also developed the amineimide shown in figure 3.19.70,71

These

compounds displayed good thermal stability (up to 200°C), and underwent photolysis as
detected by UV-vis spectroscopy and GC-MS analysis of the photolysate and photolysis
resulted in an increased pH of aqueous solutions. The mechanism of decomposition
could not be determined, nor the exact chemical structure of the photogenerated base.
These compounds are also not photoactive in the visible region.
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Figure 3.19. Amine amide photobase generator
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Katogi, S.; Yusa, M., Journal of Photopolymer Science and Technology 2002, 15, 35-39.
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RED-SHIFTED BASE PHOTOGENERATOR DESIGN
Oximes
As discussed above, the base photogenerators available in the literature all absorb
at the wrong wavelength for use in photosensitive polyimides, and many suffer from low
quantum efficiencies. For that reason, the work described in this thesis focused on a
different class of compounds.

Aryl oximes are an interesting class of photoactive

compounds that have been studied for quite some time.

Padwa studied the

photoisomerization of oxime ethers in 197272 and a few years later it was shown that Oacyloximes derived from aromatic ketones undergo homolytic cleavage of the N-O bond
upon irradiation.73 It has since been shown that oxime-urethanes derived from aromatic
ketones undergo photolysis followed by decarboxylation to produce amine. Tsunooka
first showed this with polymer bound oxime urethanes derived from benzophenone.74 He
and others showed that amine generation was accentuated in the presence of
benzophenone. It was hypothesized that these compounds could be sensitized to be
photoactive beyond the absorbance of polyimide.
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Figure 3.20: Proposed photolysis mechanism for acetophenone oxime based base
photogenerators.
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Sensitized Base Photogenerator
Sensitization is a process commonly used in the microelectronics industry and by
photochemists.75 Upon absorption of a photon of ultraviolet or visible light, the electrons
of organic molecules can be excited from their ground state (HOMO) to higher energy
states (LUMO) as shown in figure x. Most organic molecules reside in the singlet ground
state (S0), meaning that their electrons are spin paired. Excitation from the ground state
results in an electron being promoted to the first excited singlet state (S1). From the
excited singlet state the electron can return to the ground state and release its “extra”
energy in the form of light, a process called fluorescence. Another option is a process
called intersystem crossing, which involves a spin flip of the electron and results in the
electron occupying the triplet excited state of the molecule (T1) which is lower in energy
than the S1 excited state. Return to S0 from T1 is a quantum mechanically disallowed
process therefore it occurs much slower resulting in long T1 lifetimes (10-1-10 s-1).
From the T1 state, the molecule has several options. The first is return to the S0
state with concomitant release of a photon of light in a process called phosphorescence.
Because the T1 state is a higher energy state in which the electronic configuration is
different from that of the ground state, chemical reactions are possible from the T1 state
that are not accessible from the ground state. The photolysis reactions described above
are good examples of the possibilities for molecules in the excited T1 state. Another
possibility is to transfer the energy of its excited state electron to another molecule
(quenching).

75

Katogi, S., et al., Chemistry Letters 2003, 32, 418-419.
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Figure 3.21: Jablonski diagrams A) depicting excitation to the S1 excited state and B)
depicting intersystem crossing (ISC) to the T1 excited state.
There are two general mechanisms for energy transfer: the Dexter and Forster
mechanisms.

Only the Dexter mechanism will be discussed here as the Forster

mechanism applies mostly to singlet energy transfer. The Dexter mechanism can be
represented schematically as shown in figure 3.22. The energy donor (D) is excited
through absorption of radiation to an excited singlet state (1D*) which undergoes ISC to
produce the excited triplet state (3D*).

Upon a collision of 3D* with an acceptor

molecule (A), through interaction of their wavefunctions, A is excited to the excited
triplet state (3A*) in what is thought of as an electron exchange. For a more detailed
description of this process, the reader is directed to reference 77. This process is useful
for exciting a molecule that does not absorb the particular wavelength of irradiation used
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for excitation. Or to excite a molecule to the triplet state that does not efficiently undergo
ISC.76 Our experiments will show that both are necessary for our chosen compounds.

3 *

D

3 *

D

A

A

Figure 3.22: Dexter energy transfer mechanism
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Figure 3.23: General sensitization scheme.
For efficient triplet energy transfer, the T1 of the acceptor molecule (PBG) should
be lower in energy than the T1 of the donor (sensitizer). The wavelength of light capable
of exciting a molecule is directly related to the energy gap between the molecule’s S0 and
S1 state. Because we want to irradiate at a longer wavelength of light (longer wavelength
equates to lower energy radiation) than our PBG is sensitive to, we need to find a
sensitizer that has a smaller energy gap between its S0 and S1 states than our PBG but
whose T1 state lies above that of our PBG. The triplet energy and absorption spectrum
for many common sensitizers are well known, so we must only determine the triplet
energy of our PBGs.

76

Anslyn, E. V.; Dougherty, D. A., Modern Physical Organic Chemistry. 1st ed.; University Science
Books: Sausalito, 2006.
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Figure 3.24: Sensitization and resultant decomposition of PBG to form amine.
Red-Shifted Base Photogenerator
An interesting covalent photoacid generator (PAG) was recently developed by
scientists at Ciba Chemical.77,78 The extended conjugation of the thiophene ring allows
this PAG to produce acid upon exposure to g-line irradiation with good quantum
efficiency. Scaiano showed that aryl oxime sulfonates undergo homolysis of the N-O
bond upon irradiation in a fashion similar to the aryl acyloximes described above.79 The
synthesis of the thiophene oxime utilized by Ciba in their PAG was first described by
Marey in the 60’s, but for some reason it has not been utilized in a photobase generator.80
We hypothesized that this oxime could be incorporated into an efficient red-shifted
photobase generator.
CN

O
S
N

O

S

C3H7

O

Figure 3.25: Proposed structure of Ciba thiophene based photoacid generator.
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Yamato, H., et al. New oxime sulfonates and use thereof as latent sulfonic acids for photoresists. 98EP3750
9901429, 19980619., 1999.
78 Tsuchiya, K., et al., Journal of Polymer Science, Part A: Polymer Chemistry 2004, 42, 2235-2240.
79 Arnold, P. A., et al., Photochemical & Photobiological Sciences 2004, 3, 864-869.
80 Fournari, P.; Marey, T., Bulletin de la Societe Chimique de France 1968, 3223-33.
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Figure 3.26: Absorbance spectra of Ciba thiophene based PAG.
The design, synthesis, and photophysical evaluation of both a red-shifted
photobase generator and sensitized g-line photoactive base generating system will be
described. This system must meet several requirements to function in a photosensitive
polyimide. The following characteristics are requisite for our system:
1)

Good quantum efficiency to avoid secondary photoreactions upon extended
irradiation (>0.3).

2)

Good solubility in organic casting solvents,

3)

Thermally stable (>150°C) to the high temperatures required for the partial
curing step utilized in IBM’s process.

4)

Must undergo photolysis to produce amine upon exposure to g-line
irradiation.
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Ar = Phenyl (3.1)
Naphthyl (3.2)
Figure 3.27: Oxime urethanes selected for sensitized photobase generator system.
The oxime urethanes shown in figure 3.8 were chosen for our sensitized system
because work in our group has shown that they undergo photolysis via direct excitation
with good quantum efficiency.81 Unfortunately attempts to measure quantum efficiencies
for base production were unsuccessful.

It is possible that the volatility of the

photoproducts played a part in this failure. Others have attempted to measure base
production with similar results. Although the production of base hasn’t been quantified,
is has been shown qualitatively that base is produced by such techniques as change in pH
of irradiated solutions and percent insolubilization of irradiated polymer solutions. Shirai
measured base production via GC analysis by derivitizing the amine photoproduct to the
amide with acetic anhydride but the quantum efficiency was not reported.82109
Additionally, in the work described above, many of the researchers found that the degree
of insolubilization of polymer solutions was increased by the addition of sensitizers. The
replacement of the volatile amines used in literature with dibenzyl amine should
eliminate the possibility of volatilization of photoproducts. Additionally, the aromatic
nature of the photoproduct should allow quantification of base production via HPLC with
a UV detector.

81
82

Holtzman, B. Masters, University of Texas at Austin, Austin, 1999.
Suyama, K., et al., Journal of Photopolymer Science and Technology 2005, 18, 141-148.
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SENSITIZED SYSTEM
Synthesis
The synthesis of acetophenone oxime and acetonaphthone oxime was performed
as described by Holtzman.81 An aqueous ethanolic alkaline solution of acetophenone was
refluxed with hydroxylamine hydrochloride to produce acetophenone oxime as a
crystalline solid after recrystallization.

Synthesis of the acetonaphthone oxime was

accomplished by refluxing an ethanolic solution of acetonaphthone with 3.5 equivalents
of hydroxylamine hydrochloride and 8.3 equivalents of pyridine. Upon recrystallization
from methanol, the oxime was obtained as a white crystalline solid.
OH
O

N

HONH2 HCl
NaOH EtOH/H2O

Figure 3.28: Synthesis of acetophenone oxime.
OH
O

N

HONH2 HCl
Pyridine EtOH

Figure 3.29: Synthesis of acetonaphthone oxime.
Attempts to synthesize the carbamates via the chloroformate of the oxime proved
unsuccessful. The isolated product appeared to be dimer based upon NMR and IR
analysis.

Optimal yields for the synthesis of the carbamates were realized by first

deprotonating the oxime with sodium hydride at 0°C and allowing the mixture to warm to
room temperature. The sodium oximate salt was then allowed to react with dibenzyl
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carbamoyl chloride.

The products were obtained as crystalline solids after column

chromatography followed by recrystallization.
OH
N

O
N

NaH
Bn2NCOCl

Ar

NBn2

O
Ar

Ar = Phenyl (3.1)
Naphthyl (3.2)

Figure 3.30: General synthesis of oxime urethanes.
The carbamoyl chloride was prepared according to a literature procedure.83
Tribenzyl amine was reacted with excess phosgene in a reaction that was initially
intended as a deprotection reaction of benzyl protected amines. The carbamoyl chloride
was stable to silica gel chromotagraphy and obtained as a clear oil in good yields.
Bn3N + COCl2

Bn2NCOCl

Figure 3.31: Synthesis of dibenzyl carbamoyl chloride.
Photophysical Evaluation

UV-Visible Absorbance
Absorbance spectra of the carbamates were measured in various solvents of
differing polarity and hydrogen bond donating ability. The λmax remains constant in the
varying solvents indicating that the excited states are similar to the ground states with
respect to polarity and hydrogen bonding.84 The extinction coefficients in the various
solvents agree well with literature values for similar compounds.85 As the chromophore

83

Jorand-Lebrun, C., et al., Synthetic Communications 1998, 28, 1189-1195.
Reichardt, C., Solvents and Solvent Effects in Organic Chemistry. 2nd Ed. 1988; p 534 pp.
85 Lalevee, J., et al., Journal of Photochemistry and Photobiology, A: Chemistry 2002, 151, 27-37.
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is unchanged from previous acetonaphthone and acetophenone based carbamates

Absorbance

synthesized in this group, the lack of absorbance beyond 400nm is as expected.81
2
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Figure 3.32: Acetophenone carbamate 3.1 absorbance spectra
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Figure 3.33: Acetonaphthone carbamate 3.2 absorbance spectra
ACN
PBG
Carbamate 3.1
Carbamate 3.2

MeOH

λmax (nm)

εmax (M-1 cm-1)

λmax (nm)

εmax (M-1 cm-1)

244

15417

246

16351

246

44112

247

46443
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Table 3.1: Absorption properties of carbamates.

Triplet Energy Measurements
Transient-absorption spectroscopy is a powerful tool for probing the existence and
lifetimes of short-lived intermediates in organic reactions.

The experimental setup

consists of a high power fast pulse laser used to excite the sample; and a probe source,
which is used to analyze the intermediates through optical spectroscopy. The sample is
first excited with a pulse of light on the nanosecond timescale. The excited state species
generated by the irradiation have an absorbance spectrum unique from that of the ground
state molecule. The absorbance of light from the probe source is calculated by collecting
the light transmitted through the sample with a photomultiplier tube. By measuring this
absorbance at multiple wavelengths via a monochromator, the absorbance spectrum of
the transient excited state can be measured. More importantly, by measuring at a given
wavelength at increasing time scales as shown in figure 3.35, the lifetime of the transient
can be determined.

LASER
SHUTTERS

Xe
LAMP

I0

It
FILTER WHEEL

DIGITIZER

Figure 3.34: Laser Flash Photolysis Setup.
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Figure 3.35. Transient absorption spectra generated by time resolved absorbance
spectroscopy.
Due to the high energy nature of excited state molecules, they have a finite
lifetime and release their extra energy through radiative decay (fluorescence or
phosphorescence) or radiationless decay in the form of photoreactions or energy transfer
to a lower energy molecule(s). The presence of energy acceptors, therefore, decreases the
lifetime of the excited state molecule. In the presence of an acceptor molecule (A) the
lifetime (τ) of an excited state molecule (D*) is related to the concentration of A as
described by the Stern-Volmer equation where τ, τ0, kq, and [A] are the observed lifetime
of D*, the lifetime of D* in the absence of A, the quenching rate constant, and
concentration of A respectively.76,86
1/τ = 1/τ0 + kq[A]
Equation 3.1. Stern-Volmer equation.
Equation 3.1 can be rewritten to the form of equation 3.2 where kd and k0 equal
1/τ and 1/τ0 respectively. By exciting D in the presence of A and measuring the change
in absorbance as a function of time, kd can be extracted as the slope of the resultant line.
We can then derive kq from a plot of kd as a function of [A]. Sensitizers that are
quenched with a diffusion controlled rate constant (109 M-1sec-1) can be assumed to have
86

Lowry, T. H.; Richardson, K. S., Mechanism and Theory in Organic Chemistry. 3rd Ed. 1987; p 1090
pp.
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a triplet energy of at least 3kcal/mol higher than that of the quencher. By measuring kq
for our carbamates with multiple sensitizers of varying known triplet energies we can
closely approximate their triplet energy.
kd = k0 + kq[A]

Equation 3.2: Alternative form of Stern-Volmer Equation.

Figure 3.36: Decay trace of thioxanthone monitored at 640nm in the presence of
carbamate 3.1.
The excited state of sensitizers with known triplet energy (table 3.2) was
produced by 355nm laser excitation; the sensitizers exhibit reasonable absorbance at this
wavelength but the carbamates are transparent. The triplet decay was monitored at a
suitable wavelength for each sensitizer (between 430-640nm); again this was beyond the
absorbance region of the ground state carbamates. The triplet lifetime was measured in
the presence of increasing concentrations of carbamate and kd was plotted against
carbamate concentration to determine kq as shown in figures 3.37 and 3.38.
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Figure 3.37: Stern-Volmer Analysis of Carbamate 3.1.
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Figure 3.38: Stern-Volmer Analysis of Carbamate 3.2.
Carbamate 3.1 exhibited diffusion-controlled quenching rate constants for
xanthone, benzophenone, and thioxanthone.

However kq was 7 x 107 M-1sec-1 for

anthracene and it failed to quench acetonaphthone and benzil. With the exception of
benzil and anthracene, carbamate 3.2 exhibited kq values of at least 109 M-1sec-1 for all of
the sensitizers. It can be approximated that the triplet energy of carbamate 3.1 is between
59 and 64kcal/mol and that of 3.2 is between 54 and 59kcal/mol. Both of these values
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agree well with literature data for similar oxime carbamates.87 These data indicated that
both carbamates could be sensitized with thioxanthone which has a small absorbance
beyond 400nm.
TE (kcal/mol)

kq (3.1) (M-1 sec-1)

kq (3.2) (M-1 sec-1)

Xanthone (XT)

74

7 x 109

1 x 1010

Benzophenone (BP)

69

2 x 109

1 x 1010

Thioxanthone (TX)

65

4 x 109

1 x 1010

Acetonapthone (AN)

59

DNQ

4 x 109

Benzil (BZ)

54

DNQ

DNQ

Anthracene (AT)

47

7 x 107

6 x 107

Sensitizer

*DNQ = Did Not Quench

Table 3.2: Triplet Sensitizers and quenching rate constants for Carbamates 3.1 and 3.2.

Quantum efficiency measurements
Quantum efficiency (Ф) is simply a measure of the number of reactions per
photon absorbed.

A number of methods have been used to measure the quantum

efficiency of photoactive species.88 If one is certain of the photoproducts produced, the

Φ=

moles of product formed
moles of photons absorbed

Equation 3.2: Quantum efficiency equation
consumption of starting material can be simply measured. Traditional spectroscopic
measurements work well for this. If the material bleaches in the UV-Vis region the
consumption of starting material can be monitored by simply measuring the change in
87
88

Allonas, X., et al., Chemistry Letters 2000, 1090-1091.
Ray, K., et al., Chemistry of Materials 2004, 16, 5726-5730.
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absorbance as a function of dose. This complicates the measurement because only a
percentage of incident light is absorbed by the film or solution and corrections in dose
must be made. IR is a good measurement technique because the film or solution can be
opaque in the UV-Visible region but still allow transmission in the IR. These are two of
the techniques utilized in the discussion above, but as was pointed out, this only
measures consumption of starting material.89 It has been shown that due to the radical
nature of the photolysis, the product mixture is quite complex resulting in dimerization of
the intermediates. To gain a better understanding of the efficiency of this photochemical
process we sought to measure photogenerated base directly. To do this we separated the
product mixture by HPLC while monitoring with a photodiode array detector and
comparing the chromatograms to known standards. Because of the high sensitivity of
UV-Vis detection (ppm), we were able to detect amine production at small percent
conversions.90 It is important to measure the quantum efficiency below 10% conversion
because secondary photolysis and internal filtering caused by photoproducts can become
an issue at higher conversions.
Determination of Flux
As shown in equation 3.2, it is important to know, with good accuracy, how many
photons of light are absorbed by the sample during irradiation. This can be done in a
number of ways. The easiest method measures the intensity of the incident light through
some kind of power meter, usually a thermopile, which gives the power (I) as a function
of area, i.e. mW/cm2. Plugging I into equation 3.3 along with the exposure time (t), and
exposed area will provide the amount of energy absorbed.

E = I * Area*t
Equation 3.3. Absorbed energy

89

Cameron, J. F.; Frechet, J. M. J., Journal of Photochemistry and Photobiology, A: Chemistry 1991, 59,
105-13.
90 Skoog, D. A., et al., Fundamentals of Analytical Chemistry. 5th Ed. 1988; p 894 pp.734
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The number of photons is a function of the wavelength of irradiation and can be
expressed as shown in equation 3.4 where h is Plank’s constant (6.624 x 10-31 mJ*sec),

# photons =

∆E
hc / λ

Equation 3.4: Flux.
c is the speed of light (3 x 1010cm/sec), and λ is the wavelength of irradiation.

Thermopiles are very easy to use, however they require periodic calibration.
Additionally, this equation assumes monochromatic light and even the best filters will
have a bandwidth of 10-20nms. This measurement also does not account for reflection at
the surface of the cell.
Chemical actinometry provides a more involved, but more accurate alternative to
power measurement. Chemical actinometry allows the flux of photons to be measured
directly. By irradiating a chemical with known quantum efficiency for a given amount of
time we can back calculate from equation 3.4 to determine the number of photons
absorbed over that period. This technique accounts for any variation in wavelength or
reflectance by the cell.
There are many chemical actinometers available, each with its own specific
advantages.91,92,93

Potassium ferrioxalate is very popular for its ease of use and

insensitivity to variations in wavelength, temperature, and solution concentrations.
Potassium ferrioxalate (K3Fe(C2O4)3) undergoes a photoredox reaction that converts
Fe(III) to Fe(II). Fe(II) forms a complex with 1,10-phenanthroline which absorbs in the
visible (510 nm).
2Fe3+ + C2O42-

hv

2Fe2+ + 2CO2

Equation 3.5: Photoredox reaction for potassium ferrioxalate.
91
92

Forbes, G. S.; Heidt, L. J., Journal of the American Chemical Society 1934, 56, 2363-5.
Pitts, J. N., Jr., et al., Journal of the American Chemical Society 1964, 86, 3606-10.
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The extinction coefficient for the ferrous-1,10-phenanthroline complex is known
so the moles of photoproduct can be determined by measuring the absorbance change
after irradiation and applying Beer’s Law where A is the absorbance of the solution, ε is

A=εlc
Equation 3.6: Beer’s law.
the extinction coefficient of the ferrous-1,10-phenanthroline complex, l is the pathlength,
and c is the concentration of the complex. The intensity of light can then be calculated
using equation 3.7 where I is the intensity of light, Ф is the known quantum efficiency
(1.11 x 104 L/mol cm) of the actinometer system, and t is the exposure time.

I=

c
Φt

Equation 3.7. Calculation used to determine light intensity from ferrous production.
. The actinometer solution was prepared according to Kurien’s modification to
Hatchard and Parker’s original procedure using freshly distilled deionized water.94,95
Potassium ferrioxalate is photoactive to ambient light so all solution preparation and
measurements were done under a red light. To test the procedure for linearity, solutions
were exposed for 5, 10, and 20 seconds through a 365nm narrow bandpass filter and the
absorbance was plotted versus exposure dose. As can be seen in figure 3.39 the ferrous
production scales linearly with dose.

To determine the flux for each wavelength,

ferrioxalate solutions were irradiated for 20 seconds through an appropriate filter before
the first sample and after the last sample and these results were averaged.

93

Murov, L. S., et al., Handbook of Photochemistry. 2nd ed.; Marcel Decker Inc.: New York, 1993.
Kurien, K. C., Journal of the Chemical Society [Section] B: Physical Organic 1971, 2081-2.
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Figure 3.39: Linear regression for actinometry experiment.
Measurements
Another benefit of measuring dose with actinometry is that the equation for
quantum efficiency becomes very simple as shown in equation 3.8 where t is the
irradiation time in seconds. As stated above the moles of amine produced was

Φ=

moles amine
I *t

Equation 3.8: Simplified quantum efficiency equation.
determined by HPLC analysis. A gradient solvent system (90:10 water:methanol to 1:99
water methanol over 60minutes) was used with a reversed phase C18 column.

To

determine the suitability of the system, a dibenzyl amine standard calibration curve was
obtained.

In an effort to increase the accuracy of the measurements, the standard

solutions were prepared from a stock solution of the sensitizer (thioxanthone) so it could
be used as an internal standard.
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Figure 3.40: Calibration curve for dibenzylamine.
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Figure 3.41: Calibration curve using thioxanthone as an internal standard.
The sample solutions were prepared from a stock thioxanthone (TX) solution to
provide solutions that were ca. 2.5 mmol in PBG and TX. Solutions were transferred to a
cylindrical quartz cell equipped with a stir bar and sealed with a rubber septum. The
septum was soaked in toluene overnight prior to use to extract plasticizers that could
potentially quench the PBG or sensitizer. All samples were purged with nitrogen for 10
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minutes prior to irradiation unless otherwise noted. After purging the cyclohexadiene
(CHD) was added as a hydrogen source. The samples were irradiated with stirring and
analyzed by HPLC. The results are summarized in table 3.3.
Acetonaphthone Oxime Carbamate Quantum Efficiency Results

Figure 3.42: Unexposed carbamate 3.2.

Figure 3.43: Carbamate 3.2 exposed for 2140 seconds.
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Base generation QE
Percent conversion
Photolysis QE
Photons (moles)

250 sec
w/CHD
TX

250 sec
w/CHD
TX

2140 sec
w/ CHD
TX

250 sec
w/ TX
w/o CHD

250 sec
w/CHD
TX w/
O2

800 sec
w/CHD
w/o TX
@ 254

1600 sec
w/CHD
w/o TX
@ 254

0.14
24%
0.40
1.85E+18

0.14
19%
0.33
1.85E+18

0.06
89%
0.18
1.58E+19

0.07
23%
0.39
1.85E+18

0.09
19%
0.33
1.82E+18

0.09
19%
0.30
2.02E+18

0.08
32%
0.25
4.03E+18

Table 3.3: Summary of quantum efficiency results for carbamate 3.2.
As can be seen in figure 3.43, dibenzyl amine (DBA) is produced upon photolysis
of the carbamate.

Confirmation of the identity of the photoproduct was made by

coinjecting the photolysate with an authentic sample of DBA. The 250 second exposure
sample with TX and CHD was run in duplicate to confirm the results and they proved to
be reasonably reproducible. The quantum efficiency decreases at extended exposure
doses; however, this is expected as figure 3.43 shows that the product mixture becomes
increasingly complex at this high exposure dose increasing the probability of deleterious
side reactions.
As discussed above, a hydrogen abstraction is postulated as part of the photolysis
mechanism so a sample was exposed without CHD and as can be seen in the results this
reduced the efficiency to about half that of the samples with CHD helping to confirm this
proposed mechanism. Additionally, it was shown that oxygen quenches the excited state
so a sample was exposed in the presence of oxygen. This produced a lower quantum
efficiency for base production, but seemed to have little effect on the overall photolysis.
Finally, Tsunooka reported that although these carbamates can be excited with reasonable
quantum efficiency, they do not undergo intersystem crossing to get to the reactive triplet
state with any appreciable efficiency (ca. 0.01). To test this, samples were exposed at
254nm and as can be seen the quantum efficiency is greater than that reported by
Tsunooka, however they are lower than the sensitized samples.
Acetophenone Oxime Carbamate Quantum Efficiency Results
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Samples of carbamate 3.1 were prepared in a similar manner to those above. All
sensitized samples were made from a stock TX solution, formulated with CHD, and
degassed with nitrogen. Because these were expected to undergo photolysis with a lower
quantum efficiency, the lowest exposure time was 300 seconds. As shown in table 3.4,
they do exhibit a lower quantum efficiency than the previous samples, however, 300
seconds produced a 20% percent conversion which is about twice the target conversion.
The quantum efficiencies are lower, but remain constant at higher exposure doses. This
could be due to the cleaner conversion to photoproducts as evidenced in the
chromatogram of the 900 second exposure sample.

Base generation QE
Percent conversion
Photolysis QE
Photons (moles)

300 sec
w/CHD TX

600 sec
w/CHD TX

900 sec w/
CHD TX

800 sec
w/CHD @
254

1600 sec
w/CHD @
254

0.10
20%
0.27
2.22E+18

0.09
42%
0.28
4.44E+18

0.07
51%
0.23
6.66E+18

0.00
26%
0.41
2.02E+18

0.00
50%
0.38
4.03E+18

Table 3.4: Acetophenone oxime carbamate 3.1 quantum efficiency results

Figure 3.44. Chromatogram of sensitized 900 second exposure with carbamate 3.1.
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The carbamate was tested with direct excitation at 254nm.

Unlike the

acetonaphthone oxime carbamate, it did not form base upon direct exposure. It did
undergo photolysis; however, this did not result in the formation of base. To the best of
our knowledge there has been no mechanism elucidated or even proposed that does not
include homolysis of the N-O bond. As can be seen in figures 3.44 and 3.45, the
photoproduct at ca. 51 minutes is present in both samples. However its concentration is
much greater in the sample that is excited directly. For reference, the direct irradiation
dose was about 60% of that for the sensitized sample displayed in figure 3.44. At the
current time we can not explain this difference.

Figure 3.45: Chromatogram of carbamate 3.1 after 1600 second direct excitation at
254nm.
Attempted Imaging with Sensitized PBG System
Although the quantum efficiencies for both systems were below our target of 0.3,
imaging of poly(amic ethyl ester) was attempted. The low quantum efficiency should
equate to larger exposure doses, but in light of the large exposure doses utilized for
current photosensitive polyimide systems we thought that the chemically amplified nature
of our system might allow it to cure within the acceptable range. Polymer solutions were
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formulated with equal molar sensitizer to PBG ratios. The solutions were formulated in
N-methylpyrrolidinone (NMP) freshly distilled from ninhydrin to reduce trace
methylamine impurities. The small molecules were 20wt/wt % of the solution solid
content. The total solids content was 20wt/wt% and produced a 20µm film after spin
coating and soft bake. The film was irradiated through 404 nm narrow bandpass quartz
filter using standard contact imaging protocol. Upon exposure with a 1J/cm2 dose, a
latent image was produced in the film after a 150°C hard bake. Upon development in a
suitable solvent an image began forming, but faded before complete development of the
unexposed regions.
It was hypothesized that the degree of imidization was not sufficient to produce
the contrast needed to image the film. To test this, qualitative imidization experiments
were performed. Films formulated with 1 wt/wt% DBA, were heated in 10°C increments
and their IR spectra were measured after a 10 minute curing period. These results were
compared to spectra obtained from similarly processed films containing dibutylamine.
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Figure 3.46: PAETE Curing with dibutylamine. Red=50 °C, Blue=200°C.
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Figure 3.47: PAETE curing with dibenzyl amine.
As can be seen in figures 3.46 and 3.47, imidization begins at 50°C in the
dibutylamine films whereas the dibenzylamine film does not reach a similar level of
imidization until about 175°C.
Additionally, the dibutylamine solution gelled at room temperature within ca. 15
minutes. The dibenzylamine solution remained a liquid for several days. Volksen et al.
showed in their seminal work on this material that amines with increased basicity
produced greater imidization.50

The dibenzyl amine was selected for its UV-active

chromophore for HPLC analysis and high boiling point. It was not suspected that its
slightly lower pKb would be detrimental to the system’s performance. In light of these
findings, a dibutylamine carbamate has been synthesized and awaits testing.
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RED-SHIFTED SYSTEM
Synthesis of thiophene
CN
S

S
NO2

N

1)KOH

+

OH

2) AcOH aq.
3.3

NC

Figure 3.48: Synthesis and proposed structure of thiophene oxime product.
The synthesis of thiophene oxime 3.3 was adapted from the procedure found in Ciba’s
patent. Both potassium hydroxide and sodium methoxide were evaluated to deprotonate
the benzyl cyanide.

It was found that higher yields were obtained with potassium

hydroxide. The benzyl cyanide was deprotonated at 0°C and allowed to warm to room
temperature. Increased yields could be realized if the solution was then cooled to -41°C
before addition of the nitrothiophene. The reaction could be monitored by thin layer
chromatography (TLC) and was usually done within 4 hours. Side products began to
form upon extended reaction. The acidic workup was best done with cold aqueous acetic
acid and no product was obtained when the solution was neutralized during workup. The
crude product was obtained as a dark viscous oil, but flash column chromatography with
a good eluent mixture provided almost pure oxime in good yield (>90%) as evidenced by
TLC and NMR.
It was found that totally pure oxime could be obtained by further purification with
a weaker solvent mixture. It was initially assumed that the structure of the product was
that represented in figure 3.27, however, upon performing a second chromatographic
purification and allowing the fractions to slowly evaporate two products were obtained.
The crystal structures of the isolated product were found to be the E and Z isomers
depicted in figure 3.49.
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Figure 3.49: Isolated products identified by crystallography.
The Z isomer was the major product so all further reactions were performed with
this isomer. Unfortunately, this purity came at a price. Isolated yields after the second
chromatographic purification were less than 25%. It was hypothesized that the product
was degraded on the column. However two-dimensional TLC did not support this as rf
values of 0.236 and 0.219 were obtained for the first and second elutions; well within
experimental error. However, two TLC plates were spotted with a solution of oxime x
and one was run immediately, whereas the second was stored in the dark for 1 hour. The
sample that was run immediately had an rf of 0.29 whereas the second sample had an rf
of 0.20. This confirmed that prolonged exposure to the silica gel caused degradation of
the material. However, because these materials would eventually be used as analytical
samples it was decided that increased purity at the expense of yield was an acceptable
cost. Additionally, this compound was found to decompose when dissolved in a solution
and exposed to ambient light. However, it was stable for extended periods of time (>12
months) as a solid.
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Figure 3.50: Synthesis of carbamate 3.4.
Purification of the carbamate proved equally frustrating. Carbamate 3.4 was
synthesized by the procedure developed for carbamates y and z. The reaction was
monitored by TLC and quenched with water upon consumption of the starting material.
However upon purification by silica gel chromatography with a weak solvent system no
product was recovered. It was found that elution with a stronger solvent mixture would
produce the carbamate as an oil that could be precipitated with ether to provide pure
carbamate in modest yield (ca.60%).
Photophysical Evaluation

UV-Visible Absorbance
The UV-Vis absorbance spectra were measured in acetonitrile, dichloromethane,
and methanol and as can be seen in figure 3.51, there is very little solvent effect on the
spectra. It is also obvious from figure 3.51 that this carbamate shows good promise for
use in polyimide because of its strong absorbance beyond 400nm. Upon irradiation of
the sample at 404nm the absorbance peak bleaches efficiently as seen in figure 3.52.
Several isosbestic points are present, implying stoichiometric conversion of starting
materials to photoproducts.
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Figure 3.51: UV-Vis absorbance spectra of thiophene oxime carbamate 3.4.
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Figure 3.52: UV-Vis bleaching curve.

Quantum Efficiency Measurements
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The quantum efficiency of the thiophene oxime based carbamate was evaluated
similarly to the above carbamates.

A stock solution was prepared in HPLC grade

acetonitrile with a concentration of ca. 2.5mmol. As described above, all samples were
purged with nitrogen for 10 minutes prior to irradiation unless otherwise noted. After
purging, cyclohexadiene (CHD) was added as a hydrogen source. The samples were
irradiated through a 404nm narrow bandpass quartz filter with stirring and analyzed by
HPLC. The results are summarized in table 3.5.
As can be seen in table 3.5, the quantum efficiency lies between 0.05 and 0.13
depending on the dose. Table 3.6 shows that oxygen has little effect on the quantum
efficiency of base production. Additionally, the lack of CHD does not appear to retard
base production.

Both of these data are inconsistent with the proposed photolysis

mechanism described above.

Base QE
%conversion
Photolysis QE
Photons

100 sec

100 sec

200 sec

400 sec

800 sec

2000 sec

4000 sec

0.07
3%
0.10
9.52E+17

0.07
5%
0.16
9.52E+17

0.05
14%
0.22
1.90E+18

0.11
6%
0.05
3.81E+18

0.11
40%
0.16
7.62E+18

0.13
88%
0.14
1.90E+19

0.05
100%
0.08
3.81E+19

Table 3.5: Thiophene Oxime quantum efficiency results

Base generation QE
Percent conversion
Photolysis QE
Photons

200 sec

200 sec
w/o CHD

200 sec
w/o
degas

0.05
14%
0.22
1.90E+18

0.06
14%
0.22
1.90E+18

0.06
16%
0.26
1.90E+18

Table 3.6: Effect of oxygen and hydrogen source (CHD) on quantum efficiency.
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Figure 3.53: Carbamate Consumption and base generation versus dose.
At low conversion approximately 1 mole of base is generated for every 2 moles of
carbamate consumed but at higher conversions, this ratio begins to approach unity. The
reason for this can best be seen by analysis of the chromoatograms which can be seen in
figures AI.1-6 in Appendix I and by comparison of PBG peak response decay versus
photoproduct concentration. It appears that the carbamate is photolyzed to produce an
intermediate (with retention time = ~55 mins.), the concentration of which begins to rise
at low dose and is then converted to amine at higher doses.

111

7.0E+07

Detector Response

6.0E+07

photoproduct

5.0E+07

PBG

4.0E+07
3.0E+07
2.0E+07
1.0E+07
0.0E+00

0

1000

2000

3000

4000

Exposure time

Figure 3.54: Detector response as a function of time for PBG consumption compared to
photoproduct concentration.
Base concentration increases continually with exposure time up to 2000 seconds,
but then falls off with the 4000 second exposure.

Secondary photolysis of the

dibenzylamine photoproduct is unlikely since it is transparent at the exposure
wavelength. It has been shown that dibenzylamine predominately undergoes hydrogen
abstraction in the presence of radicals.96

However, if dibenzylamine reacts with a

dibenzylamino radical this would just result in a zero net change in dibenzylamine
concentration. Dibenzylamino disproportionation has been shown to predominate over
dimerization. It’s possible that the concentration of dibenzylamino radicals increases due
to hydrogen abstraction by other photogenerated radicals; a situation that would increase
the incidence of the disproportionation. The fate of the photoproducts at high conversion
was not studied as product mixtures become very complex upon extended photolysis.

96

Ratcliff, M. A., Jr.; Kochi, J. K., Journal of Organic Chemistry 1972, 37, 3275-81.
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One peculiarity that was observed in this series of measurements was the greater
than unity formation of dibenzylamine relative PBG consumption in the 400 second
sample (#4 in figure 3.55).

This is evidence that the analytical method could be

improved. It is possible that during degassing, a greater amount of solvent evaporated
from this sample. This would result in a more concentrated solution of PBG. Because
the stock solution was opaque at the exposure wavelength, no more light would be
absorbed by this sample than the more dilute samples meaning that amine production
would be constant. However, it would appear that less PBG was consumed because
consumption was calculated based upon the unexposed samples. This would produce the
observed results. Because it was shown that the presence of oxygen had little effect on
the photolysis, these experiments should be repeated to confirm the initial results. Or
possibly the stock solution could be degassed and aliquots transferred via syringe to the
exposure cell. Despite this one peculiarity, the remaining results are fairly consistent
among the many samples that were measured. These measurements provide a good
approximation of the quantum efficiency for this compound.

PBG Consumed

5.00E-06

Amine Generated

moles

4.00E-06
3.00E-06
2.00E-06
1.00E-06
0.00E+00
1

2

3

4

5

6

7

8

9

Figure 3.55: Amine production versus photobase generator consumption.
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Solid State Photolysis
Although the confirmed production of base upon photolysis with modest quantum
efficiency was a promising result, the PBG must undergo similar chemistry in the solid
state to be useful in a microelectronics application. The production of base in the solid
state was observed with FTIR spectroscopy.

The carbamate was formulated into a

poly(methyl methacrylate) resin and spin-coated onto a double-polished aluminum
backed wafer. The wafer was exposed with increasing dose and the N-H stretch (ca.
3250 cm-1) was monitored after each successive dose. As can be seen in figure 3.56, the
amine stretches grows quickly with as little as a 100 mJ/cm2 dose.

Figure 3.56: IR spectra of thiophene oxime PBG exposed in PMA film.
Thermal Stability
As stated above, for these compounds to be useful in photosensitive polyimide
they must be thermally stable to temperatures greater than 150°C. As can be seen in the
thermogravimetric analysis trace (figure 3.57), carbamate 3.4 begins to produce volatiles
upon heating to 145°C. To determine the products of this thermolysis, a polymer film of
the carbamate in poly(methylacrylate) was coated onto an aluminum backed silicon
wafer. The wafer was heated in 10°C increments and the IR absorbance was measured
during each heating cycle with the instrument in attenuated total reflectance mode. As
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evidenced by the N-H stretch growing in at ca. 3300 cm-1, amine is being produced as the
carbamate is thermolyzed.

Figure 3.57: Thermogravimetric analysis trace for carbamate 3.4.

Figure 3.58: IR absorbance spectra of carbamate x with increased heating.
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Although this carbamate efficiently undergoes photolysis upon irradiation beyond
400nm, it is not a suitable candidate for inclusion in a photosensitive polyimide system
because of thermal instability. However, it could find use in many other photocurable
polymer systems where high bake temperatures are not required to affect curing of the
film.

CONCLUSIONS AND FUTURE WORK
Two triplet sensitized red-shifted photobase generator systems have been
designed and tested. The acetonaphthone oxime based carbamate undergoes photolysis
to form amine with greater efficiency than its acetophenone analogue. Oxygen appears to
have little effect on photolysis quantum efficiency which is in agreement with
Tsunooka’s findings, which he attributed to a very short triplet lifetime.85 The absence of
CHD decreases amine production quantum efficiency which agrees with the proposed
mechanism presented above. To the best of our knowledge, the difference in base
production between the compounds upon direct excitation is a novel finding and may
warrant further photophysical investigation.
A red-shifted thiophene oxime based photobase generator has been designed,
synthesized, and shown to produce base with good quantum efficiency. This compound
shows little response to a lack of CHD or presence of oxygen. Little photophysical
information is available for this compound making it difficult to draw conclusions based
upon these findings. The combination of these findings along with the nonlinear amine
production make this compound a good candidate for further photophysical investigation.
A new acetonaphthone PBG synthesized to release dibutylamine upon photolysis
has been synthesized and should produce increased imidization rates relative to its
dibenzylamine analogue.
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Chapter 4 Thermally Reversible Polymer Systems for SFIL

STEP AND FLASH IMPRINT LITHOGRAPHY
The impressive trend of increased device density predicted by Moore’s law and
made reality by the microelectronics industry has been accompanied by an overwhelming
increase in production costs. The exposure tools briefly described in chapter one have
become increasingly sophisticated and more expensive with each new generation of
lithography. Current exposure tools cost as much as $25 million and next generation
tools are expected to be as high as $50 million.97 Imprint lithography has emerged as a
less expensive solution for the need to print smaller and smaller features.98,99 Step and
flash imprint lithography (SFIL) shows great promise as a low-cost, high-resolution
alternative to traditional photolithography.
SFIL replaces the mask used in optical lithography with a transparent template
which molds the resist into the desired feature. A low viscosity photocurable prepolymer
resist is dispensed onto the wafer and the template is then brought in contact with the
wafer filling the features on the template with resist. The resist is then irradiated through
the template in a curing process transforming the prepoplymer into a crosslinked solid
material. The template is removed leaving behind an inverse relief image of the mold.
The image is finally transferred into the underlying substrate with a traditional
anisotropic RIE process.

97

Resnick, D. J., et al., Materials Today 2005, 8, 34-42.
Mancini, D. P., et al., Solid State Technology 2004, 47, 55-56, 58.
99 Chou, S. Y., et al., Science (Washington, D. C.) 1996, 272, 85-7.
98
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Figure 4.1: SFIL process.
Using this process, researchers have printed 20nm features and because exposure
is performed with a mercury arc lamp (the same exposure source found in many
university research labs) through relatively simple optics, the cost of prototype research
tools is as low as $500,000 and the first production tools cost less than $8 million.100 The
intimate contact between the resist and template, however, poses challenges similar those
encountered with contact lithography. The template is susceptible to contamination by
picking up debris from the wafer or from residual resist left in its recesses. To make
matters worse, the resist is a silicon based resist with diacrylate crosslinkers so upon
exposure a highly crosslinked silicon matrix is produced with etch characteristics similar
to the quartz template. Therefore, any cleaning process that would remove the resist
would also damage the template.

100

Stewart, M. D., et al., J. Microlith., Microfab., Microsyst. 2005, 4, 011002-1-6.
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As explained in chapter two, projection lithography masks are 4:1 reduction
templates. Because the template for SFIL produces an exact inverse image of itself it is a
1:1 template for the sub 50nm desired features to be printed.

Production of these

templates requires a very slow precise e-beam writer causing the templates to cost as
much as $70,000. If these expensive templates cannot be cleaned in the probable event
of contamination, SFIL could become cost prohibitive. Additionally, wafers are routinely
stripped of resist and “reworked” if defects are detected. This crosslinked resist would
prevent it from being reworked. Because of these two reasons, a strippable resist is
highly desired and practically requisite for SFIL to find a place in the microelectronics
industry.

CROSS-LINKER DESIGN
During work to develop photobase generators it was found that Ocarbamoyloximes of the type depicted in figure 4.2 reversibly thermolyze to their
precursor isocyanate and oxime.81,101,102,103
O
N
C

O

C N
H

N
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CH3

OH
+

OCN

CH3

Figure 4.2: Thermally reversible decomposition
These thermoreversible compounds are known as blocked isocyanates in the
coatings and polymer community. A great deal of work has been done with these
materials and a great number of blocking agents have been identified.104,105

These

compounds are especially attractive for preparing stable isocyanate derivatives that can
be deblocked and used as crosslinking agents.
101

Ben-Ishai, D.; Katchalski, E., Journal of Organic Chemistry 1951, 16, 1025-30.
Gaylord, N. G.; Sroog, C. E., Journal of Organic Chemistry 1953, 18, 1632-7.
103 Davis, T. L.; Blanchard, K. C., Journal of the American Chemical Society 1929, 51, 1801-6.
104 Wicks, Z. W., Jr., Progress in Organic Coatings 1975, 3, 73-99.
105 Wicks, Z. W., Jr., Progress in Organic Coatings 1981, 9, 3-28.
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Figure 4.3: General scheme for polymerizing blocked isocyanates.
It was envisioned that if these blocked isocyanates were incorporated into a
crosslinker containing bis-acrylates that such a material could function as a strippable
crosslinker as shown in scheme 1. A monomer such as 4.1 could be incorporated into an
acrylate formulation so that upon exposure in the presence of a radical initiator, the
system would polymerize and crosslink rendering it insoluble. If the need arose to strip
the cured material, it could be submerged in an organic solvent (in which the acrylate
polymer is soluble) heated to the urethane’s thermolysis temperature and the urethane
linkages would dissociate to their precursor oxime and isocyanate thereby decrosslinking
and reducing the molecular weight of the polymer so that it dissolved in the solvent.
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Figure 4.4: Material processing for curing and stripping of blocked isocyanate
crosslinkers.
In addition to strippable materials, these oxime urethanes could function as remendable materials if a difunctional oxime was reacted with a diisocyanate.

Re-

mendable, or more broadly, dynamic polymer systems have gained great interest as of
late.106,107 These dynamic polymer systems fall into two broad categories: hydrogen
bonding noncovalent linkages such as those used by Lehn108 and Meijer109 and reversible
covalent linkages such as Diels-Alder adducts utilized by Wudl.110

106

Lehn, J.-M., Progress in Polymer Science 2005, 30, 814-831.
Brunsveld, L., et al., Chemical Reviews (Washington, D. C.) 2001, 101, 4071-4097.
108 Fouquey, C., et al., Advanced Materials (Weinheim, Germany) 1990, 2, 254-7.
109 Folmer, B. J. B.; Cavini, E., Chemical Communications (Cambridge) 1998, 1847-1848.
110 Chen, X., et al., Science (Washington, DC, United States) 2002, 295, 1698-1702.
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Figure 4.5: Hydrogen bonding dynamic polymer systems.
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Figure 4.6: Wudl dynamic Diels-Alder polymer system.
These materials exhibit drastically different material properties at different
temperatures. At lower ambient temperatures they behave as solid polymeric materials,
but above the dissociation temperature they begin behave as monomers and flow. Wudl
has used this to create re-mendable materials that if cracked, can reportedly be heated and
allowed to flow back together to repair itself. The oxime-urethanes described above
should behave in a similar fashion when incorporated into a linear polymer system.

MODEL COMPOUND STUDIES
Synthesis
In an effort to synthesize monomers that closely resemble the initial PBGs in
which this phenomenon was observed we focused on commercially available diacyldiphenyl. The dioxime was synthesized by a method similar that described in chapter 3
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for the synthesis of acetonaphthone oxime. This compound exhibited minimal solubility
in most organic solvents and subsequent reactions had to be carried out in dioxane. In an
attempt to synthesize a model compound to study the solid state reversibility of blocked
isocyanates while simultaneously exploring a possible novel dynamic polymer system,
the dioxime was incorporated into a polyurethane with with diisocyanates. Polyurethanes
were synthesized with diisocyantes of varying alkyl spacer lengths in refluxing dioxane.
It was hoped that the increased flexibility of the longer alkyl spacers would increase the
solubility of the polymer.

Unfortunately, all of these polymers precipitated out of

solution and were found to be insoluble in all organic solvents preventing
characterization and further studies. For this reason initial proof-of-concept experiments
were performed on monomeric model compounds.
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Figure 4.7: Diacyldiphenyl dioxime monomer synthesis
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Figure 4.8: Attempted polymer synthesis with varying alkyl spacers.
Two model compounds were synthesized using the acetophenone oxime
described in chapter 3.

A monofunctional carbamate was synthesized by reacting

acetophenone oxime with cyclohexyl isocyanate and a difunctional carbamate was
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synthesized by reacting two equivalents of the same oxime with hexamethylene
diisocyanate.

Both products were obtained as white crystalline solids after column

chromotagraphy.
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Figure 4.9: Monofunctional carbamate model compound synthesis.
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Figure 4.10: Difunctional carbamate model compound synthesis.

Thermal Analysis
The difunctional model compound was first analyzed by DSC in hope of
observing a repeatable endotherm and exotherm indicative of deblocking and
condensation respectively. Unfortunately this was not observed. As seen in figure 4.12
(note endo is up in this particular calorimetry curve), there is one endotherm on each of
the two cycles. The lower temperature endotherm (~140 °C) occurs on the first cycle and
is coincident with the melting point of the material. The second endotherm occurs on the
second heating cycle at a higher temperature.

Levine and Fech proposed an

intramolecular mechanism for the deblocking of oxime urethanes as shown in figure
4.12.111 It is postulated that during the first cooling cycle a crystalline matrix is formed
which requires increased energy to allow the freedom of motion necessary for the
molecules to organize themselves into the orientation shown below. Although this result

111

Levine, A. W.; Fech, J., Jr., Journal of Organic Chemistry 1972, 37, 2455-60.

124

does not prove recombination, the difference in the two endotherms does preclude this as
merely a melting point.
Ar
N
H
O
O

H

O
Ar

Ar

N

C

HO
N

O

N

N
Ar

Ar

Ar

Ar

Ar

Figure 4.11: Proposed intramolecular deblocking mechanism proposed by Levine and
Fech.

Figure 4.12: Differential scanning calorimetry curve of model compound x (note endo is
up).
Thermogravimetric analysis would confirm that deblocking was occurring at ca.
140 °C in the DSC above. Upon heating to ca. 140°C a 59% mass loss was observed
correlating well with the two oxime units which evaporate under 120°C as shown in
figure 4.13.
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Figure 4.13: Thermogravimetric analysis trace for model compound 4.4.

Figure 4.14: Thermogravimetric analysis trace for acetophenone oxime.
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The monofunctional model compound 4.3 was next subjected to variable
temperature IR analysis. The monofunctional compound was selected for this experiment
because of its better film forming ability over its difunctional analogue. A film of the
compound was sandwiched between an aluminum coated wafer and KBr salt plate and
heated in 10degree increments up to 140°C, then allowed to cool back to 25°C. IR
spectra were measured at each increment. As can be seen in figure 4.15, the amine peak
at ca. 3350cm-1 decreases and the broad oxime hydroxyl grows in with heating.
Additionally, an isocyanate stretch can be seen at ca. 2250cm-1 upon heating to 130°C.
Upon cooling to 25°C, the amine stretch returns and the isocyanate disappears. However,
none of the stretches return to their original intensity which was attributed to evaporation
of the oxime. With this final confirmation that the deblocking occurs in the solid state, a
functional deblocking crosslinker was synthesized.
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Figure 4.15: FTIR spectra of model compound upon heating and subsequent cooling.
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FUNCTIONAL CROSSLINKER
Synthesis of Crosslinker
The functional crosslinker depicted in figure 4.18 was chosen to model the
original oxime carbamate yet allow facile attachment of a photopolymerizable group.
Synthesis was begun from 4-hydroxyacetophenone would require protection of the
alcohol before formation of the oxime. Because of the basic reaction conditions required
for formation of the oxime, a robust protecting group was needed.

The t-

butyldimethylsilyl (tBDMS) ether group is known to be 104 times more stable than its
trimethylsilyl analogue.112 The tBDMS group was added using standard conditions in
good yields.113

The formation of the oxime was performed as described for the

acetophenone oxime and urethane formation was accomplished as described above for
the model compounds.
O
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TBDMSCl
Imidazol DMF
HO
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4.5

Figure 4.16: tBDMS protection of 4-hydroxyacetophenone.
The deprotection of the oxime proved to be the most challenging step in this
synthesis.

Many of the deprotection reactions hydrolyzed the urethane.

The most

common reagent for removal of a silyl protecting group is tetrabutylammonium fluoride
(TBAF). The driving force for this reaction is the strong Si-F bond formed in the
liberation of the free alcohol. Unfortunately, treatment with TBAF produced a complex
mixture of products that could not be separated. A number of milder deprotections were
attempted but resulted in hydrolysis of the urethane or failed to cleave the silyl ether.

112
113
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Additionally, an allyl ether was introduced and attempts were made to cleave it through
the mild transition metal catalyzed isomerization and hydrolysis reported by Martin.114
Again this produced the hydrolyzed product. Finally, it was found that HF in pyridine
efficiently cleaved the silyl ether while leaving the urethane intact.115
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Figure 4.17: Cleavage of tBDMS ether.
The introduction of the acrylates was accomplished by reaction with acryloyl
chloride in the presence of triethylamine. Prior to concentration of the crude product, pmethoxyphenol was added to prevent polymerization. The final product was obtained as
a low melting solid in ~50% yield after silica gel chromatography.
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Figure 4.18: Diacrylate formation.
Formulation and attempted curing
Current SFIL formulations consist of a photoinitiator, such as Darocur®, and 1020 wt/wt% diacrylate crosslinker. The large concentrations are necessary to produce a
cured film with a high modulus so that it separates from the template rather than
undergoing cohesive failure. Unfortunately, our crosslinker was soluble to less than
3wt/wt % in the common acrylates used (isobutyl, t-butyl, and methyl acrylate). The
formulations were sandwiched between a glass slide and a silicon wafer and exposed to
114
115

Martin, S. F.; Garrison, P. J., Journal of Organic Chemistry 1982, 47, 1513-18.
Masaki, M. E., et al., Tetrahedron 2004, 60, 7041-7048.
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broad band UV irradiation to cure the film. This was not a sufficient loading to produce a
rigid cured film. Upon curing the glass slide could not be removed from the wafer.
O

OH

Figure 4.19: Darocur® photoinitiator (2-hydroxy-2-methyl-1-phenyl-1-propanone)
The low solubility of the urethane crosslinker can be easily understood by looking
at the crystal structure of the intermediate 4.8. The planar molecules form sheets that
stack nicely to produce a highly crystalline material. A more soluble crosslinker is
needed to utilize this deblocking chemistry in a strippable material for SFIL.
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Figure 4.20: Packing structure of crystal lattice.
Solution Phase Crosslinked Polymer Network Formation
Crosslinked polymer networks with degradable linkages have received a great
deal of attention as of late.116,117,118,119,120,121 To demonstrate the utility of the oxime
urethane diacrylate as a degradable cross-linker, polymer networks were synthesized by
copolymerization of methyl methacrylate with the methacrylate analogue of 4.9 in a

116

De Clercq, R. R.; Goethals, E. J., Macromolecules 1992, 25, 1109-13.
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119 Ogino, K., et al., Chemistry of Materials 1998, 10, 3833-3838.
120 Ruckenstein, E.; Zhang, H., Macromolecules 1999, 32, 3979-3983.
121 Themistou, E.; Patrickios, C. S., Macromolecules 2006, 39, 73-80.
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solution of THF. The methacrylate analogue 4.10 was synthesized from 4.8 by reaction
with methacryloyl chloride.
A low cross-linker feed ratio (~6 mole %) was utilized to allow analysis of both
the cross-linked network and degraded linear polymer by GPC and 1H NMR analysis.
Additionally, the polymerization was initiated with a relatively high ratio of AIBN to
monomer to limit the molecular weight of the polymer network. The resulting polymer
network had a Mn of 20kg/mole and PDI of 4.23 indicative of a lightly cross-linked
polymer. Additionally, the incorporation of cross-linker was confirmed by the presence
aryl 1H NMR resonances at 7.18 and 7.67ppm. The integral ratio of the cross-linker aryl
protons to that of the methacrylate methoxy protons indicated 15% cross-linker
incorporation.
25C
150C w/ DBA

Mn
20,000
8,800

Mw
87,000
14,400

PDI
4.23
1.62

Table 4.1: Decrosslinking polymer networks.
Polymer Network Thermolysis
Thermolysis of the polymer network was achieved by heating to 150°C in
mesitylene for 3 hours. Dibutyl amine was incorporated to trap the generated isocyanate
and prevent recombination. The resultant linear polymer was precipitated into hexane
three times to remove liberated bis-1,6-(dibutylurea)hexane (subsequent precipitations
were made from THF).
The linear polymer was found to have a Mn of 8.8kg/mole and PDI of 1.62 as
measured by GPC. The Mn is in good agreement with the predicted Mn (8.3kg/mole). A
comparison of the 1H NMR spectra of the polymer before and after thermolysis indicate
quantitative degradation of the urethane cross-links. The methylene (δ 1.577 (F), 1.631
(E), and 3.298ppm (D)) and amide (δ 6.424ppm (C)) protons of the hexyl urethane linker
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are not present in the spectrum of the thermolyzed polymer.

The combination of the

absence of cross-linker resonances in the 1H NMR spectrum and low polydispersity of
the thermolyzed polymer provide strong evidence for degradation of the urethane crosslinks in the initial polymer network.
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Figure 4.21. 1H NMR spectra of polymer network before and after thermolysis.
*Protons at δ 2.25 and 6.78 correspond to residual mesitylene.
DYNAMIC POLYURETHANE
Polymer Synthesis
Although attempts to develop a strippable resist using deblocking chemistry were
not successful, model compound studies indicated that these compounds behave in a
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dynamic manner in the solid state. Therefore, we decided to try to utilize them to design
a dynamic or re-mendable system similar that described by Wudl.122,123
A difunctional oxime was synthesized from commercially available 4hydroxyacetophenone.

1,3-bis(4-acetylphenoxy)propane was synthesized by the

modification of literature procedures.124,125 The dioxime was synthesized as described for
the acetonapthone oxime, in ethyl alcohol with triethylamine as a base.
O

O

O

1) NaH
2) Br(CH2)3Br

HO

O

O

Figure 4.22: Synthesis of difunctional acetophenone.
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Figure 4.23: Synthesis of dioxime.
Initial attempts to synthesize the polymer resulting from the reaction of the
difunctional oxime with hexamethyl diisocyanate in equimolar ratios produced polymers
that precipitated out of solution.

It was hoped that dynamic behavior could be

investigated with GPC analysis, therefore, requiring the polymer to be soluble in THF. In
an effort to reduce the molecular weight of the polymer, an excess of the dioxime was
used in the polymerization. This served two purposes. First an excess of one monomer
in a condensation polymerization will limit the highest possible molecular weight of the
polymer as expressed in equation 4.1, a version of the Carothers equation where r is the
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OH

ratio of A-A monomers to B-B monomers in an A-A B-B polymerization.126 Second,
unreacted isocyanates are undesirable because they will decompose to amines which will
form irreversible urea linkages with deblocked isocyanates upon heating.
Xn = (1 + r)/(1 – r)
Equation 4.1: Expected degree of polymerization based upon stoichiometric imbalance.
Using equation 4.1, number-average degrees of polymerization of 79, 39, and 19
were expected if 0.975, 0.95, and 0.9 molar equivalents of diisocyanate were used in the
polymerization respectively. However, all of these polymerizations resulted in polymer
precipitating out of solution and the number-average molecular weight for all of the
polymerizations was about 1400amu with broad polydispersities. It was hypothesized
that any polymers bigger than this precipitated out of solution leaving behind these small
polymer chains. In lieu of determining the optimal monomer ratios, a polymerization
was performed with 0.9 equivalents of diisocyanate (which produced the highest yield)
and the resulting polymer was fractionated to obtain narrow polydispersity polymer for
studying.
N

OH
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Figure 4.24: Synthesis of polyurethane.
Thermal Analysis
In an attempt to demonstrate dynamic behavior in the polymer system the
fractionated polymer was heated to 150°C under nitrogen to affect deblocking of the
polymer. One sample was cooled slowly by turning off the hotplate and allowing the oil
bath to return to room temperature overnight. A second sample was removed from the oil
bath and quenched in liquid nitrogen. It was hypothesized that the sample cooled slowly
126

Allcock, H. R.; Lampe, F. W., Contemporary Polymer Chemistry. 1980; p 599 pp.
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would have a molecular weight, as measured by gel permeation chromatography (GPC),
similar to an unheated polymer and the sample quenched in liquid nitrogen would be
mostly small molecules because it was able to recombine. The samples were dissolved in
dimethylformamide (DMF) and analyzed by GPC.

It was found that both samples

increased in molecular weight as shown in table 4.2.
Sample

Molecular weight (Mw)

Polydispersity

Control (not heated)

19743

1.2

Cooled Slowly

56960

1.8

Quenched in liquid N2

39201

1.88

Trapped w/ DBA

3736

1.01

Dioxime

5041

1.01

Table 4.2: GPC results of deblocking experiment.
In an effort to trap the isocyanate, the polymer was heated in the presence of
dibutylamine. Upon heating the polymer melted at ~100°C. The material was taken up
in DMF and analyzed by GPC.

The molecular weight was reduced to that of the

monomer and the PDI was very narrow. It could be argued that aminolysis rather than
trapping of the blocked isocyanate was occurring, but Levine demonstrated that the
kinetics of deblocking isocyanates is first order in the urethane and reaction rate is not
affected by increased amine concentration.127
H-NMR analysis of the polymer before and after heating revealed very little
change in dioxime unit incorporation. If the resonance at ~6.9 is assumed to be the aryl
protons of the terminal acetophenone oxime functionality and that at ~7.0 is assumed to
be that of main chain protons, then it can be seen that the relative ratio of these units
changes very little upon heating. The resonance at 6.9 integrates well with the O-H

127

Levine, A. W.; Fech, J., Jr., Journal of Organic Chemistry 1972, 37, 1500-3.
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resonance at ca. 10.9 and the O-H functionality can also be seen to remain constant
throughout heating.
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Figure 4.25: Aromatic region of polyurethane 1H NMR spectrum
Analysis of the aliphatic region of the 1H NMR spectrum before and after heating
indicates a slight decrease in the hexamethylene protons (4) relative to the dioxypropyl
protons (5).

A new resonance (6) grows in just upfield from the hexamethylene

resonance; however, its integration does not correlate to the decrease in 4. This new
resonance does not correspond to the analogous protons of hexamethylene diisocyanate
or the hexamethylene diamine that would result from reaction with adventitious water. A
strong water resonance can be seen in both spectra; however, this is most likely
attributable to insufficiently dried NMR tubes as flame dried glassware was used for the
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experiment and the polymer was dried under vacuum prior to heating. The absence of
hexamethylene diamine resonances confirms that water was not an issue in this
experiment.
Before Heating 150C
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0.41

4.00

After Heating 150C

3.50

0.40

3.26

0.27

4.00
4.00
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Figure 4.26: Aliphatic region of polyurethane 1H NMR spectrum
Very little mass loss was observed by thermogravimetic analysis until the
polymer was heated to over 230°C. This result would imply that the equilibrium constant
for deblocking lies far to the side of urethane formation. Based upon 1H NMR analysis,
the diisocyante makes up about 45mole%, or ~29% (wt/wt), of the polymer and it begins
to volatilize around 100°C, therefore an equivalent mass loss would be expected at
around 150°C.
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Figure 4.27: Thermogravimetric Analysis Trace of dynamic polymer
In an effort to observe isocyanate formation a film of the polymer was spin-coated
onto an aluminum backed silicon wafer. The film was heated in 10 °C increments and
allowed to equilibrate for 10 minutes at each temperature before the IR spectrum was
measured via reflectance IR spectroscopy. No isocyanate stretch (2250cm-1) is observed
within the temperature range of this experiment. As stated above, the diisocyanate begins
to evaporate upon heating to ~100°C, therefore, it is possible that upon deblocking both
sides of the diurethane, the resulting diisocyanate volatilized from the film.

The

continual decrease in intensity of the carbonyl stretch (1724cm-1) with increased
temperature supports this possibility. However, any decrease in carbonyl intensity should
be accompanied by an increase in the O-H stretch (~3300-3500cm-1) associated with the
newly formed oxime which does not begin to volatilize until ~240°C.

This is not

observed; all of the signals appear to decrease equally with heating. Additionally, this
result would be in contradiction with the TGA results.
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Figure 4.28: R-FTIR spectra of polymer with heating.
CONCLUSIONS AND FUTURE WORK
A thermally reversible cross-linker was synthesized and incorporated into a
polymer network. The cross-links of the network were degraded by thermolysis as
evidenced by both GPC and 1H NMR analysis. To the best of the author’s knowledge,
this is the first demonstration of a thermally degradable oxime urethane cross-linker.
This demonstrates the possibility of developing a strippable cross-linked resist if
solubility of the cross-linker can be increased.

An aliphatic oxime urethane model

compound was synthesized (see Appendix I for synthesis) that exhibits high solubility in
methyl methacrylate, as high as 20%. This compound exhibits a higher decomposition
temperature as evidenced by TGA, however, it has been shown that deblocking is
catalyzed by amines.127 If a stripping solvent which incorporates a high boiling amine,
such as that used for the thermolysis of the above described polymer networks, was

140

utilized it is plausible that this model compound could be incorporated into a functional
thermally-strippable crosslinker.
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Figure 4.29: Aliphatic oxime urethane model compound.

Figure 4.30: Thermogravimetric analysis trace for dioxime based model compound.
Linear polyurethane was synthesized and evaluated as a re-mendable polymer
system. Chromatographic data indicates that the polymer behaves in a dynamic fashion
as evidenced by the increase in molecular weight upon heating and decrease when the
intermediate isocyanate was trapped with dibutyl amine. The polymer became visibly
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softened as it flowed during heating, however, spectroscopic and thermogravimetric
experiments produced conflicting results and failed to provide conclusive evidence for
depolymerization.
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Appendix I Experimentals
Solvents and reagents.
Diethyl ether, tetrahydrofuran (THF), and dimethyl formamide (DMF) were
obtained from our dry solvent system.
potassium hydroxide.

Pyridine and triethylamine were dried over

All other solvents (Fisher) were reagent grade (99.9%).

All

reagents were purchased from either Aldrich or Acros and used as received unless
otherwise specified.
General.
All reactions were performed under a dry nitrogen atmosphere unless otherwise
noted. Thin-layer chromatography was performed on Whatman AL SIL G/UV F254
plates. Silica used for flash chromatographic separation was Sorbent Technologies 60 Å
(230-450 mesh).
Analysis.
1H and 13C NMR spectra were acquired at room temperature (unless otherwise
noted) on a Varian Unity Plus 300 or 400 spectrometer at 300 or 400 MHz. All NMR
data are reported in parts per million and calibrated (1H against CDCl3 = 7.24 ppm or
DMSO-d6 = 2.49 ppm, 13C against CDCl3 = 77.0 ppm or DMSO-d6 = 39.5 ppm.
Splitting patterns are designated as follows: s, singlet; d, doublet; t, triplet; q, quartet; p,
pentet; dd, doublet of doublets; m, multiplet. Low-resolution mass spectra (LRMS) were
obtained on a Hewlett-Packard 5971A GC-MS spectrometer equipped with a DB-1 (15 m
x 0.25 mm, 1 mm film thickness) capillary column; high-resolution mass spectra
(HRMS) were obtained on a VG ZAB2-E mass spectrometer. Except for those highresolution mass spectra indicated as requiring fast atom bombardment (FAB) ionization,
all mass spectra were achieved by chemical ionization (CI). Thermo-gravimetric analysis
was performed on a TA Instruments TGA Q-500. Differential scanning calorimetry was
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performed on a TA Instruments DSC Q100. Infrared spectra were recorded on a Nicolet
Magna-IR 550 spectrometer. Molecular weights (Mw) and polydispersity indices (PDI)
were measured from THF solutions using an Agilent 1100 Series GPC equipped with a
set of two Agilent PLgel 5 mm crosslinked polystyrene columns (104 Å and 100 Å) and
are reported relative to polystyrene standards. Melting points are not corrected. Thin
Layer Chromatography was visualised using either 254nm U/V light , ethanolic
phosphomolybdic acid or permanganate. Film thickness measurements were made on
either a Tencor Alpha Step 200 profilometer or J. A. Woollam Co. ellipsometer.
UV Irradiation
UV irradiation was performed with an Oriel high pressure mercury arc lamp.
Exposures at 248, 254, and 365 nm were performed through bandpass filters with 20 nm
bandwiths centered at 248, 254, and 365 nm, respectively, obtained from Barr Associates.
Exposure at 404 nm was performed through a bandpass filter with 20 nm bandwith
centered at 404 nm obtained from Edmund Optics.
CN

CN

KI, K2CO3, BnCl

DMF
HO

BnO

4-Benzyloxybenzonitrile (2.9)
To a solution of p-cyanophenol (32 g, 269 mmol) in 240 mLs of dry DMF was
added 44 g (318 mmol) of K2CO3, 3 g (18.1 mmol) of KI, and 40 g (322 mmol) of
benzylchloride. The reaction was stirred overnight at room temp. The reaction was
quenched by the addition of 300 mLs of dH2O and extracted with three 100 mL portions
of THF and adequate Et2O to effect separation. The organic phases were combined,
washed with brine solution, and dried over MgSO4.
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The solvent and remaining

benzylchloride were removed in vacuo to yield the crude product which upon
recrystallization from ethanol, provided 50.76 g (~90% yield) of clear needle-like
crystals. 1H NMR (CDCl3): δ 7.50 (d, J 8.6, 2H), 7.39-7.29 (m, 5H), 6.95 (d, J 8.6, 2H),
4.53 (s, 2H); 13C NMR (100 MHz, CDCl3): δ 161.816, 135.565, 133.87, 128.63,
128.279, 127.355, 119.068, 115.448, 103.999, 70.111;

FTIR (film) υmax=3091.71,

3045.30, 2912.71, 2866.30, 2223.20, 1904.97, 1653.04, 1600.00, 1556.85, 1513.81,
1447.51 cm-1; HRMS (CI): m/z calc’d for C14H11NO 210.091889, found 210.091633.
CN
NH2

LiAlH4, AlCl3

THF 0oC - RT
BnO

BnO

4-Benzyloxybenzylamine (2.10)
To a mixture of LiAlH4 (5.9 g, 155 mmol) and AlCl3 (6.4 g, 48 mmol) in dry THF
(250 mL) at 0˚C was added, portionwise, 4-benzyloxybenzonitrile (2.9) (25 g, 120
mmol). The mixture was allowed to warm to room temperature and stirred overnight.
The reaction was quenched by slowly pouring over ice over a period of 1 h after which an
additional 500 mls of water was added and the solution stirred for 1 h. The organic phase
was separated and the aqueous phase washed with THF (3 x 100mL). An appropriate
amount of Et2O was added to effect separation of the two phases. The combined organic
phases were dried (MgSO4) and evaporated in vacuo to yield a yellow oil which
solidified to a low melting material, (22.0 g, 97.5%). 1H NMR (300 MHz, CDCl3): δ
7.43-7.30 (m, 5H), 7.21 (d, J 8.6, 2H), 6.93 (d, J 8.6, 2H), 5.03 (s, 2H), 3.78 (s, 2H), 1.55
(s, 2H); 13C NMR (75 MHz, CDCl3): δ 157.6, 137.0, 135.8, 128.5, 128.2, 127.8, 127.3,
114.9, 70.0, 45.8; FTIR (film): υmax = 3400, 3064, 3032, 2915, 2865, 1608, 1510 cm1

;LRMS (CI) m/z (rel. intensity): 655 (50), 307 (100), 289 (60); HRMS (CI): m/z calcd

for C14H15ON (M +) 213.1154, found 213.1146.
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O

NH2

Methyl Acrylate

N
H

OMe

MeOH 0oC - RT
BnO

BnO

3-(4-Benzyloxybenzylamino)-propionic acid methyl ester (2.11)
A solution of methyl acrylate (12.0g, 139.4mmol) in methanol (150mL) was
added dropwise over a period of 1 h to a solution of 4-benzyloxybenzylamine (2.10)
(29.7g, 139.4mmol) in methanol (200 mL) at 0˚C. The mixture was allowed to warm to
room temperature and was stirred for an additional 6h. Evaporation of the solvent in
vacuo yielded the crude product, which was purified by flash column chromatography
eluting with hexanes: ethyl acetate, 2:1 until the disubstituted product was eluted, after
which, the target compound was eluted with hexanes: ethyl acetate, 1:1, as a colorless oil,
(26g, 62%): 1H NMR (300 MHz, CDCl3): δ 7.42 - 7.28 (m, 5H), 7.21 (d, J 8.6, 2H),
6.91 (d, J 8.6, 2H), 5.02 (s, 2H), 3.71 (s, 2H), 3.64 (s, 2H), 2.86 (t, J 6.5, 2H), 2.50 (t, J
6.5, 2H), 1.72 (s, 2H); 13C NMR (75 MHz, CDCl3): δ 173.0, 157.7, 137.0, 132.5, 129.1,
128.4, 127.7, 127.3, 114.7, 69.9, 53.0, 51.4, 44.3, 34.5; FTIR (film): υmax = 3320, 3031,
2950, 2841, 1734, 1511 cm-1; LRMS (CI) m/z = 300 HRMS (CI): m/z calcd for
C18H22O3N (M+H +) 300.1600, found 300.1591.
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O

O

OMe

N-(4-Benzyloxybenzyl)-N-(2-methoxycarbonyl-ethyl)-malonamic acid methyl ester
(2.12)
3-(4-Benzyloxybenzylamino)-propionic acid methyl ester (2.11) (15.0 g, 50 mmol) was
mixed with dimethylmalonate, (50 mL) in a three-neck roundbottom flask equipped with
a flow control valve and one neck was left opened. The mixture was heated to 160˚C
under a current of nitrogen to effect removal of generated methanol. The colorless
mixture turned pale yellow and evaporated dimethylmalonate was replenished as needed.
Upon completion of reaction, as monitored by TLC, the mixture was cooled and the
dimethylmalonate was evaporated in vacuo on a high vacuum rotary evaporator. The
crude product was purified by flash chromatography eluting with hexanes: ethyl acetate,
1:1 providing the target compound as crystalline solid (18.0g, 90%). mp 79-81 °C; 1H
NMR (300 MHz, CDCl3) (mixture of rotomers): δ 7.43 - 7.31 (m, 10H), 7.18 (d, J 8.6,
2H), 7.10 (d, J 8.6, 2H), 6.96 (d, J 8.7, 2H), 6.91 (d, J 8.7, 2H), 5.04 (s, 2H), 5.02 (s, 2H),
4.55 (s, 2H), 4.50 (s, 2H), 3.79 - 3.46 (m, 20H), 2.62 (t, J 6.9, 2H), 2.53 (t, J 6.9, 2H);
13C NMR (75 MHz, CDCl3) (mixture of rotomers): δ 172.1, 171.1, 167.9, 167.7, 166.3,
166.1, 158.3, 158.1, 136.8, 136.6, 129.1, 128.9, 128.4, 128.1, 127.8, 127.7, 127.6, 127.2,
115.2, 114.9, 69.9, 52.2, 52.0, 51.7, 51.4, 47.2, 42.7, 42.7, 42.6, 41.0, 40.7, 32.7, 32.0;
FTIR (film): υmax = 3320, 2952, 1734, 1652, 1511 cm-1; LRMS (CI) m/z = 400 HRMS
(CI): m/z calcd for C22H26O6N (M+H+) 400.1760, found 400.1756.
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N-(4-Benzyloxybenzyl)-2,4-dioxo-piperidine-3-carboxylic acid methyl ester (2.13)
A solution of N-(4-benzyloxybenzyl)-N-(2-methoxycarbonyl-ethyl)-malonamic
acid methyl ester (2.12) (13.0 g, 32.5 mmol) in dried toluene (40 mL) was added, over a
period of 1 h, to a mixture of potassium carbonate (22.4 g, 162.5 mmol) and 18-crown-6
ether (4.40 g, 16.25 mmol) in toluene (160mL) at reflux. The mixture was heated at
reflux for 6 hours before being worked up. The material was cooled and poured into a
separatory funnel. The flask was washed with water (4 x 60mL) and this was transferred
into the funnel. The funnel was swirled rather than shaken to avoid the formation of an
emulsion. The aqueous phase was separated and the organic phase washed with water (2
x 60 mL). The aqueous phase was chilled in an ice bath and stirred with dichloromethane
(100 mL). The basic solution was acidified to pH 6 with 6N HCl solution and separated
immediately. The aqueous phase was saturated with brine and extracted with
dichloromethane (2 x 100 mL). The combined organic phase was dried (MgSO4) and
evaporated in vacuo. The crude product was purified by flash chromatography eluting
with hexanes: ethyl acetate, 1:1 providing the target compound as crystalline solid (11.5
g, 96.6%). 1H NMR (300 MHz, CDCl3): δ 7.42 - 7.13 (m, 7H), 6.91 (d, J 8.5, 2H), 5.00
(s, 2H), 4.54 (s, 2H), 3.89 (s, 3H), 3.63 (s, 1H), 3.26 (t, J 6.8, 2H), 2.53 (t, J 6.8, 2H); 13C
NMR (75 MHz, CDCl3): δ 182.8, 172.1, 162.0, 158.1, 136.8, 129.8, 129.2, 128.4, 128.0,
127.2, 114.8, 70.3, 69.9, 52.3, 48.8, 41.3, 29.3; FTIR (film): υmax = 3032, 2951, 1733,
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1653 cm-1; LRMS (CI) m/z (rel. intensity): 300 (30), 197 (100); HRMS (CI): m/z calcd
for C21H22O5N (M+H +) 368.14980, found 368.14934.
O

O

O

OMe
aq. ACN

N

O

N

O

OBn

OBn

N-(4-Benzyloxybenzyl)-piperidine-2,4-dione (2.14)
N-(4-Benzyloxybenzyl)-2,4-dioxo-piperidine-3-carboxylic

acid

methyl

ester

(2.13) (7 g, 19 mmol) was dissolved in acetonitrile (150 mL) and water (5 mL). The
mixture was heated at reflux for 2.5 h before being cooled and the solvents evaporated in
vacuo. The material was collected as an off white crystalline solid (5.6g 95%), which was
used without any further purification. mp 89-92 °C; 1H NMR (300 MHz, CDCl3): δ 7.42
- 7.35 (m, 5H), 7.20 (d, J 8.7, 2H), 6.94 (d, J 8.7, 2H), 5.05 (s, 2H), 4.62 (s, 2H), 3.46 (t, J
8.3, 2H), 3.40 (s, 2H), 2.51 (t, J 8.3, 2H); 13C NMR (75 MHz, CDCl3): δ 205.0, 166.2,
158.5, 136.8, 129.5, 128.5, 128.5, 128.0, 127.4, 115.2, 70.0, 49.4, 48.9, 42.1, 38.6; FTIR
(film): υmax = 3063, 3027, 2919, 2884, 2858, 1718, 1653 cm-1; LRMS (CI) m/z = 310
HRMS (CI): m/z calcd for C19H20O3N (M+H +) 310.1443, found 310.1435.
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O

O
Pd/C 10% wt/wt H2 (40 psi)

MeOH

N

O

N

OBn

O

OH

N-(4-Hydroxybenzyl)-piperidine-2,4-dione (2.15)
10% Palladium on charcoal (0.62 g, 8% (w/w)) was added to a solution of N-(4benzyloxybenzyl)-piperidine-2,4-dione (2.14) (7.8 g, 25 mmol) in methanol (80 mL) in a
parr bomb glass insert. The vessel was flushed with hydrogen 3 times and placed under
60 p.s.i. pressure. The mixture was stirred overnight. The hydrogen used was replaced
and the mixture left to stir for a further 4 h. The mixture was filtered through a plug of
celite and the solvent evaporated in vacuo to yield a clear crystalline solid, (4.5 g, 83%).
mp 100-101; 1H NMR (300 MHz, CD3OD): δ 7.09 (d, J 8.5, 2H), 6.73 (d, J 8.5, 2H),
4.52 (s, 2H), 3.46 (t, J 6.2, 2H), 2.43 (t, J 6.2, 2H); 13C NMR (75 MHz, CD3OD): δ
205.8, 169.0, 158.1, 130.5, 128.5, 116.5, 50.3, 48.7, 43.4, 39.0; FTIR (film): υmax = 3146,
1728,1635, 1616, 1594, 1516 cm-1; LRMS (CI) m/z = 220 HRMS (CI): m/z calcd for
C12H14O3N (M+H +) 220.09737, found 220.09723.
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O

O
N2

TsN3, NMM

DCM 0oC - RT

N

O

N

OH

O

OH

3-Diazo-N-(4-hydroxybenzyl)-piperidine-2,4-dione (2.4)
To a solution of N-(4-hydroxy-benzyl)-piperidine-2,4-dione (2.15) (2.27 g, 10.4
mmol) in methanol (30 mL) at 0˚C was added toluene sulfonylazide (2.04 g, 10.4 mmol)
followed by N-methyl morpholine (2.1 g, 20.8 mmol). The mixture was allowed to warm
to room temperature over a period of 2h. The solvents were evaporated in vacuo and the
residual solvent removed on the high vacuum. The crude material, a viscous oil, was
purified by flash column chromatography using 1% methanol in chloroform. The product
was obtained as a clear oil, (1.1 g, 42%): 1H NMR (300 MHz, CDCl3): δ 7.12 (d, J 8.4,
2H), 6.79 (d, J 8.4, 2H), 4.57 (s, 2H), 3.36 (t, J 7.6, 2H), 2.58 (t, J 7.6, 2H); 13C NMR
(75 MHz, CDCl3): δ 188.1, 160.6, 156.2, 129.5, 127.2, 115.8, 76.1, 49.7, 41.8, 36.2;
FTIR (film): υmax = 3357, 3261, 2137, 1652, 1635, 1616cm-1; LRMS (CI) m/z = 246
HRMS (CI): m/z calcd for C12H12O3N3 (M+H+) 246.08787, found 246.08723.
O

O
N2

O

N
N2

N

O

N2

O

O

NMM
+
ClO2S

DCM 0oC - RT
O
SO2Cl

O

S
O

OH
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O
O
S
O

N

4,8-Bis-(3-diazo-N-(4-benzyloxymethylsulfonyl)-piperidine-2,4-dione)tricyclo[5.2.1.02,6]decane (2.2)
N-Methyl morpholine (1.16 g, 11.4 mmol) was added to a solution of 3-diazo-N-(4hydroxybenzyl)-piperidine-2,4-dione (2.4) (1.0 g, 4.08 mmol) in dried dichloromethane
(25 mL) at 0˚C.

To this was added a solution of bis(methylsulfonylchloride)-

tricyclodecane (2.3) (0.718 g, 1.96 mmol) in dichloromethane (5 mL). The solution was
allowed to warm to room temperature and stirred overnight. The crude product was
concentrated in vacuo and purified by flash column chromatography over silica gel
(1%methanol:chloroform) to yield a clear glassy solid, (0.69 g, 35%): 1H NMR (300
MHz, CDCl3): δ 7.35 - 7.31 (m, 4H), 7.28 - 7.23 (m, 4H), 4.67 (s, 4H), 3.58 - 3.02 (m,
4H), 3.40 (t, J 6.3, 4H), 2.62 (t, J 6.3, 2H), 2.64 - 1.18 (m, 14H); 13C NMR: δ (75 MHz,
CDCl3) 187.4, 160.7, 148.5, 148.5, 135.5, 135.4, 129.6, 122.4, 122.4, 75.9, 56.7, 56.5,
56.0, 49.5, 46.2, 44.9, 42.4, 41.2, 41.1, 39.9, 39.3, 36.9, 36.7, 36.3, 30.9, 24.9; FTIR
(film): υmax = 2953, 2135, 1669, 1641, 1349, 1148 cm-1; LRMS (CI) m/z = 779 HRMS
(CI): m/z calcd for C12H12O3N3 (M+H+) 779.2169, found 779.218.

TsCl + NaN3

H2O/Acetone

TsN3

p-Toluenesulfonyl azide 128
To a solution of p-toluenesulfonyl chloride (17.86 g, 94 mmol) in acetone (200 mL) at 0
o

C was added dropwise a solution of sodium azide (9.48 g, 146 mmol) in water (60 mL).

The solution was allowed to warm to room temperature and stirred overnight. The
acetone was removed under vacuo and the resulting aqueous phase was extracted with
ethyl acetate (200 mL), washed with water (2 x 100 mL), aqueous Na2CO3, and brine.
The solution was dried over MgSO4 and concentrated in vacuo (behind a blast shield) to
yield a colorless oil which was precipitated in 10:1 Hexane:Et2O at -78 °C; yield 17.1 g
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92%; 1H NMR (300 MHz, DMSO-d6): δ 7.92 (d, 2H), 7.55 (d, 2H), 2.46 (s, 3H);

13

C

NMR (75 MHz, DMSO-d6): δ 146.5, 134.5, 130.6, 127.3, 21.1; FTIR (evap. film): υmax =
3067, 2980, 2924, 2126, 1371, 1190, 1167, 662, 593, 539.

Caution:

Pure

toluenesulfonyl azide decomposes rapidly but quietly upon warming to approximately
105°C, but crude product detonates violently upon heating. All azides should be handled
with care using appropriate safety precautions. The purification technique described
above safely provides highly pure toluenesulfonyl azide.
TsCl, TEA
HO

TsO

THF

OTs

OH

4,8-Bis(toluenesulfonyloxymethyl)tricyclo [5.2.1.02,6]decane (2.6)
4,8-bis(hydroxymethyl)tricyclo[5.2.1.02,6]decane (BHD) was dried prior to use by
azeotroping with three portions of toluene on rotary evaporator. Into 100 mLs of dry
THF was dissolved 45 g (250 mmol) of dry BHD at room temp. To this solution was
added 90 mLs (650 mmol) of triethylamine and the reaction was stirred for 30 mins. at
room temp. To this, 123.5 g (650 mmol) of tosylchloride dissolved in 200 mLs of dry
THF, was added dropwise and stirred overnight at room temp. The white precipitate
formed was filtered off and the solvent removed under vacuo to provide 121 g of the
target compound (>99% yield). The compound was used in the crude form for the next
reaction. 1H NMR (CDCl3): δ 7.843 (d, J 8.4, 2H), 7.712 (d, J 8.1, 2H), 7.352 (d, J 8.1,
2H), 7.315 (d, J 8.2, 2H), 3.7 (m), 3.06 (m), 0.78-2.43 (m). HRMS (CI): m/z calc’d for
C26H33O6S2 (M+H+) 505.1717, found 505.1717.
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LiBr
TsO

Br

Acetone
OTs

Br

4,8-Bis(bromoethyl)tricyclo[5.2.1.02,6]decane (2.7)
In

150

mLs

of

dry

acetone

was

dissolved

14.35

Bis(toluenesulfonyloxymethyl)tricyclo [5.2.1.02,6]decane (2.6).

g

(28.5

mmol)

4,8-

To this solution was

added 14.8 g (171 mmol) of lithium bromide and the reaction was refluxed with stirring
overnight. Solid formed was filtered off and solvent removed under vacuo. The crude
product was taken up in ether and washed with two portions of water and one portion of
brine solution. The organic was dried over MgSO4 concentrated on the rotary evaporator.
It was then purified by dry flash chromatography with hexane to provide 8.5 g (92%
yield) of the pure target compound.

1

H NMR (CDCl3): δ 3.1-3.5 (m, 4H), 0.8-2.6 (m,

14H). HRMS (CI): m/z calc’d for C12H18Br2 (M+H+) 319.977523, found 319.977305

BnS-Na+

Br

BnS

EtOH
SBn

Br

4,8-Bis(benzylmethylthioether)tricyclo[5.2.1.02,6]decane (2.8)
In a 3 neck round bottom flask, 0.375 g (16.3 mmol) of sodium was dissolved in dry
ethanol over a 30 min. period. To the reaction was added dropwise a solution of 2.0 g
(16.1 mmol) benzylmercaptan in 20 mLs of dry ethanol. The reaction was stirred for 30
min.

before

adding

dropwise

2.57

g

(7.98

mmol)

of

4,8-

Bis(bromoethyl)tricyclo[5.2.1.02,6]decane dissolved in 20 mLs of dry ethanol and
refluxing for 2 hrs. The reaction was quenched with 50 mLs of dH2O and the crude
product was exctracted with three 100 mL portions of chloroform. The organic phase
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was combined, dried over MgSO4, and the solvent was removed under vacuo to provide
3.2 g (100% yield) of a clear yellow oil which was used without further purification. 1H
NMR (CDCl3): δ 7.18-7.39 (m, 10H), 3.6-3.77 (m, 4H), 0.8-2.5 (m, 18H). HRMS (CI):
m/z calc’d for C26H33S2 (M+H+) 409.20237, found 409.203346.
Cl2
BnS

H2O/AcOH 0oC - RT

ClO2S
SO2Cl

SBn

4,8-Bis(methylsulfonylchloride)tricyclo[5.2.1.02,6]decane (2.39)
To a 3 neck round bottom flask equipped with a cold finger at -78°C containing 8g
(19.6mmol) of 4,8-Bis(benzylmethylthioether)tricyclo[5.2.1.02,6]decane was added 90mL
glacial acetic acid and 30mL dH2O and the flask was cooled to 0°C. Chlorine gas was
bubbled into the solution as slow as possible for 30 minutes and the originally cloudy
solution immediately went clear. The ice bath was removed and the reaction solution
was stirred for an additional 10 minutes. After 10 minutes, 30mL dH2O was added and
the solution became cloudy again. The aqueous solution was extracted with DCM (3x)
and the organic extract was washed with brine and dried over MgSO4. The solution was
concentrated under vacuo and distilled at ~120°C and 1torr to remove the benzyl chloride
side product producing a brown oil. The crude product was purified by flash column
chromatography over silica gel (DCM:Hexane, 2:1) to provide 3.44g (48.6% yield) of the
target compound as a clear viscous oil:
0.993-2.786 (m, 14H);

1

H NMR (CDCl3): δ 3.440-4.019 (m, 4H),

FTIR (film): νmax = 2952.49, 2872.93, 2521.55, 1732.60,

1460.77, 1361.33 cm-1; HRMS (CI): m/z calc’d for C12H18Cl2O4S2 (M+H+) 361.010183,
found 361.010922.
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O

O

C

C
CH3

H3C

OH

HO

NH3OH HCl

N

N

C

C
CH3

H3C

Pyridine/EtOH

4,4’-(Diethanone oxime)biphenyl
To 50 mL three-neck round-bottom flask containing ~10 mL absolute EtOH was added
4,4’-diacetylbiphenyl (0.42 mmol), NH2OH·HCl (2.9 mmol), and pyridine (6.7 mmol).
The mixture was brought to reflux and stirred 18 hrs. Upon completion, the reaction
mixture was cooled to room temp. and concentrated under vacuo. The solid was taken up
in THF, washed with saturated NaCO3H, and brine. The organic fraction was dried over
MgSO4 and solvent removed in vacuo to yield an off-white solid whose melting point
could not be determined due to decomposition upon elevated heating: yield 82%; 1H
NMR (300 MHz, DMSO-d6): δ 11.25 (s, 2H), 7.73 (q, J=1.8, 8H), 2.18 (s, 6H);

13

C

NMR (75 MHz, DMSO-d6): δ 153.25, 140.20, 136.86, 127.17, 126.83, 12. 173; FTIR
(Nujol): νmax = 3224.31, 3073, 2952.49, 2846.41, 1460.77, 1374.59, 1295.03 cm-1; LRMS
(CI): m/z = 268; HRMS (CI): m/z calc’d for C16H16N2O2 (M+H+) 268.1212, found
269.1211.
N

OH
N

OCN-(CH2)6-NCO
THF

O

N(CH2)6N
O

O

N

O

1,6-bis-(isopropylidenaminooxycarbonyl-amino)-hexane
This procedure is representative of the procedure utilized to synthesize subsequent
diurethanes. To a 100 ml three-neck round-bottom flask equipped with a condenser
containing 20 ml dry THF under a N2 atmosphere was added Acetophenone oxime (3.3
mmol) and 1,6-diisocyanatohexane (1.5 mmol) portionwise and heated at reflux with
stirring for 18 hrs. Upon completion as monitored by TLC (2:1 Hex:EtOAc), the reaction
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mixture was cooled to room temp. and the solvent was removed in vacuo to produce a
white solid. The product was purified by flash column chromatography on silica (2:1
Hex:EtOAc) to remove residual oxime and produce a white powder: yield 59%; mp =
134-136 °C; 1H-NMR (400 MHz, CDCl3): δ 1.363 (m, 4H), 1.571 (m, 4H), 2.38(s, 6H),
3.29(q, J=6.8, 4H), 6.475(m, 2H), 7.402(m, 6H), 7.63(m, 4H);

13

C-NMR (100 MHz,

CDCl3): δ 14.39, 26.24, 29.59, 40.91, 126.62, 128.57, 130.44, 134.77, 155.44, 159.9;
FTIR υmax = 3344 , 3052, 2999, 2933, 2853, 1713, 1494, 1308, 1229 cm-1; LRMS (CI):
m/z = 439; HRMS (CI): m/z calc. for C24H30N4O4 (M+H+) 439.2345, found 439.2341.

O

O
Br

HO

K2CO3 DMF

O

4-Allyloxyacetophenone
To a suspension of 4-hydroxyacetophenone (14.7 mmol) and K2CO3 (22 mmol) in 15 ml
of dry DMF was added 3-bromopropene (16.9 mmol) dropwise. The reaction mixture
was stirred for 18 hrs at room temp. Upon completion the mixture was filtered and water
was added to the filtrate. The aqueous layer was extracted with Et2O (3x). The organic
extracts were combined, washed with brine, dried over MgSO4, and concentrated under
vacuo. The crude product was purified by flash column chromatography on silica (2:1
Hex:EtOAc) to produce a white low-melting crystalline solid: yield 98%; 1H-NMR (400
MHz, CDCl3): δ 2.514 (s, 3H), 4.56 (d, J=8.4, 2H), 5.28 (m ,1H), 5.39 (m, 1H), 6.04 (m,
1H), 6.9 (d, J=4.8, 2H), 7.89 (d, J=4.8, 2H); 13C-NMR (75 MHz, CDCl3): δ 26.27, 68.78,
114.29, 118.11, 130.32, 130.48, 132.4, 162.38, 196.67; LRMS (CI): m/z = 177. HRMS
(CI): m/z calc. for C11H12O2 (M+H+) 177.091555, found 177.091337.
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N

O

OH

NH2OH HCl / NaOH
EtOH / H2O
O

O

1-(4-Allyloxy-phenyl)-ethanone oxime
This procedure is representative of the procedure used to synthesize subsequent
oximes. To a solution of NH2OH·HCl (42.6 mmol) in 30 ml of absolute ethanol and 50
ml water was added a solution of NaOH (29.75 mmol) in 30 ml of water with stirring. To
this solution was added 4-allyloxyacetophenone (8.5 mmol). The reaction vessel was
equipped with a condenser and heated at reflux for 18 hrs.

Upon completion, as

determined by TLC (2:1 Hex:EtOAc), the reaction was cooled to room temp. Upon
cooling the product crystallized and was filtered. The precipitate was washed with dH2O
and dried under vacuo to produce white needlike crystals: yield 78%; mp 119-121 ºC;
1

H-NMR (400 MHz, CDCl3): δ 2.26 (s, 3H), 4.544 (dt, Jd=5.4, Jt=1.5, 2H), 5.284(dq,

Jd=9, Jq=1.5, 1H), 5.4(dq, Jd=17.4, Jq= 1.5, 1H), 5.976-6.086 (m, 1H), 6.902(d, J=4.5,
2H), 7.55(d, J=4.5, 2H);

13

C-NMR (100 MHz, CDCl3): δ 12.13, 68.79, 114.65, 117.85,

127.35, 129.08, 132.96, 155.55, 159.49; FTIR υmax = 3283.98, 3012.15, 1606.63,
1507.18, 1215.47 cm-1; LRMS (CI): m/z = 192. HRMS (CI): m/z calc. for C11H13NO2
(M+H+) 192.102454, found 192.102755
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N

OH
N

OCN-(CH2)-NCO
THF

O

N(CH2)6N
O

O

O

N

O

O

O

N,N’-Bis(1-(4-allyloxy-phenyl)-ethanone oximocarbamoyl)-1,6-hexanediamine
To a solution of x (927mg, 4.85mmol) in 20mL dry THF was added
hexamethylene diisocyanate (370mg, 2.2mmol). The reaction solution was heated to
reflux with stirring overnight. The reaction solution was concentrated under vacuo and
the crude product was purified by flash column chromatography on silica (1:1
Hex:EtOAc) to produce a white powdery solid: yield 66%; 1H-NMR (400 MHz, CDCl3):

δ 1.384 (m, 4H), 1.588 (m, 4H), 2.37(s, 6H), 3.304 (q, J=7.2, 4H), 4.56 (dt, Jd=5.2,
Jt=1.2, 4H), 5.293(dq, Jd=10, Jq=1.2, 2H), 5.404(dq, Jd=19.2, Jq=1.6, 2H), 5.997-6.066
(m, 2H), 6.46(m, 2H), 6.91-6.945(m, 4H), 7.583-7.612(m, 4H); LRMS (CI): m/z = 551.
HRMS (CI): m/z calc. for C30H39N4O6 (M+H+) 551.2870, found 551.2872.
O

O

TBDMSCl
Imidazol DMF
HO

TBDMSO

4-tert-butyldimethylsilyloxyacetophenone
To a 3 neck round-bottom flask containing 25 ml dry DMF was added 4hydroxyacetophenone (7.4 mmol) and cooled to 0 ºC with stirring. Imidazole (24.42
mmol) and tert-butyldimethyl silyl chloride (8.14 mmol) were added portionwise and the
reaction was allowed to warm to room temp and stirred for 16 hrs. The reaction mixture
was diluted with EtOAc and the organic fraction was washed with NaHSO4, NaHCO3,
brine, dried over MgSO4, and concentrated in vacuo to produce a clear oil. The crude
product was purified by flash chromatography on silica (2:1 Hex:EtOAc) to produce a
clear oil which solidified upon standing: yield 96%; 1H-NMR (300 MHz, CDCl3): δ
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0.21 (s, 9H), 0.96 (s, 6H), 2.52 (s, 3H), 6.85 (d, J=4.2, 2H), 7.86 (d, J=4.2, 2H); 13C-NMR
(100 MHz, CDCl3): δ -4.4, 18.21, 25.55, 26.32, 119.85, 130.47, 130.84, 160.24, 196.83;
FTIR υmax = 3489, 3045, 2959, 2925, 2853, 1680, 1593, 1501, 1467, 1414, 1361, 1169
cm-1; LRMS (CI): m/z = 251. HRMS (CI): m/z calc. for C14H22SiO2 (M+H+) 251.1467,
found 251.1471.

O

N

OH

NH2OH HCl / NaOH
EtOH / H2O
TBDMSO

TBDMSO

1-(4-tert-butyldimethylsilyloxy-phenyl)-ethanone oxime
This was prepared as described above with the following exceptions:

upon

cooling the aqueous layer was extracted with DCM (3x). The organic fractions were
collected, washed with NaHCO3, dried over MgSO4, and concentrated under vacuo to
produce an off-white oil. The product was purified by flash chromatography on silica
(2:1 Hex:EtOAc) to produce a white powder: yield 86.5%; mp 70-71 ºC; 1H-NMR (300
MHz, CDCl3): δ 0.212 (s, 6H), 0.987 (s, 6H), 2.291 (s, 3H), 6.847 (d, J=8.7, 2H), 7.529
(d, J =8.7, 2H), 9.081(s, 1H);

13

C-NMR (75 MHz, CDCl3): δ 159.23, 128.59, 127.56,

120.14, 25.63, 18.23, 12.48, -4.407; FTIR (film) υmax = 3271, 3019, 1600, 1507, 1467,
1262, 1209 cm-1; LRMS (CI): m/z = 266. HRMS (CI): m/z calc. for C14H23SiNO2
(M+H+) 266.15763, found 266.157536
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N

OH
N

OCN-(CH2)-NCO
THF
TBDMSO

O

N(CH2)6N
O

O

N

O

TBDMSO

OTBDMS

N,N’-Bis(1-(4-tert-butyldimethylsilyloxy-phenyl)-ethanone

oximocarbamoyl)-1,6-

hexanediamine
This was prepared as described above with the following exceptions: The crude product
was purified by flash column chromatography on silica (2:1 Hex:EtOAc) to produce a
clear viscous oil upon drying under high vacuum: yield 13.5 g (84%); 1H-NMR (400
MHz, CDCl3): δ 0.171(s, 18H), 0.938(s, 12H), 1.356(m, 4H), 1.536(m, 4H), 2.334(s, 6H),
3.277(q, J=6.8, 4H), 6.48(t, J=6, 4H), 6.829(d, J=6.8, 4H), 7.527(d, J=6.8, 4H); 13C-NMR
(100 MHz, CDCl3): δ -4.516, 14.112, 18.099, 25.492, 26.233, 29.609, 40.874, 120.084,
127.599, 128.05, 155.583, 157.867, 159.341; FTIR (film) υmax = 3409.94, 3012.15,
2919.34, 2853.04, 1712.71, 1600.00, 1507.18, 1208.84 cm-1.

N

O

N(CH2)6N
O

O
O

N

THF 0 ºC

TBDMSO

N

HF/Pyridine

OTBDMS

O

N(CH2)6N
O

O

N

O

25ºC

HO

OH

N,N’-Bis(1-(4-hydroxy-phenyl)-ethanone oximocarbamoyl)-1,6-hexanediamine
To a solution of 7b (7.16 mmol) in 50 ml dry THF in a 3 neck round-bottom flask under a
N2 atmosphere at 0ºC was added HF/Pyridine (1 ml 70% HF) dropwise over ~5 mins.
The reaction was allowed to warm to room temp. and stirred for ~2 hrs. Upon addition of
HF, the solution turned cloudy immediately and became a thick white suspension at 2 hrs.
Upon completion as determined by TLC (2:1 Hex:EtOAc), the reaction mixture was
neutralized with NaHCO3 and chalky white precipitate rose to the top. The mixture was
filtered and the precipitate washed with dH2O, collected and dried under high vacuum to
produce a white chalky solid which decomposed before melting (126-128°C): yield
84.6%; 1H-NMR (400 MHz, CDCl3): δ 1.285(s, 4H), 1.48(s, 4H), 2.258(s, 6H), 3.075161

3.123 (m, 4H), 6.806(d, J=8.8, 4H), 7.49 (t, J=5.6, 2H), 7.697(d, J=4, 4H), 9.924(s, 2H);
13

C-NMR (100 MHz, CDCl3): δ 13.27, 26.012, 29.39, 33.19, 115.24, 125.15, 128.56,

154.98, 158.79, 159.58; FTIR (Nujol) υmax = 3364, 3171, 1706, 1593, 1461, 1375 cm-1.
N,N’-Bis(1-(4-acryloyl-phenyl)-ethanone oximocarbamoyl)-1,6-hexanediamine (4.9)
N

O

N(CH2)6N
O

HO

O

N

O

O

Cl
OH
N

O

N(CH2)6N
O

O

O

N

O

O

O
O

To a 3 neck round-bottom flask containing ~50 mL dry DMF was added 8 (4.36
mmol) and cooled to 0 ºC. Acryloyl chloride (13 mmol), followed by Et3N (13 mmol),
were added dropwise and the solution turned a pale yellow. The reaction mixture was
protected from light and allowed to warm to room temp. and stirred for 18 hrs. Upon
completion as determined by TLC (1% vol/vol MeOH:CHCl3), the reaction mixture was
diluted with dH2O and the aqueous fraction extracted with DCM (3x). The organic
fractions were combined, washed with brine, dried over MgSO4, and the solvent was
removed in vacuo to yield a yellow viscous oil. The crude product was purified by flash
column chromatography on silica (1% v/v MeOH:CHCl3) to produce a light colored
viscous oil which crashed out upon standing to give an amorphous solid: yield 41.66%;
1

H-NMR (400 MHz, CDCl3): δ 1.317(m, 4H), 1.512(m, 4H), 2.36(s, 6H), 3.12-3.138(m,

4H), 6.186(d, J=8.7, 2H), 6.389-6.605(m, 4H), 7.296(d, J=9, 4H), 7.62(m, 2H), 7.934(d,
J=8.7, 4H);

13

C-NMR (100 MHz, CDCl3): δ 14.44, 26.265, 29.633, 40.985, 121.83,

127.536, 127.981, 132.51, 133.109, 152.268, 155.384, 159.169, 164.11.
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N

O

N(CH2)6N
O

O

O

N

Cl

O

HO

OH
N

O

N(CH2)6N
O

O

O

N

O

O

O
O

N,N’-Bis(1-(4-methacryloyl-phenyl)-ethanone oximocarbamoyl)-1,6-hexanediamine
This was prepared according to the procedure for 4.9 with the following exceptions.
After purification by silica gel chromatography, the product was dissolved in a minimum
amount of diethyl ether and precipitated into pentane to provide a the target compound as
a white solid (723mg, 24.98% yield): 1H-NMR (400 MHz, DMSO-d6): δ 1.296(m, 4H),
1.488(m, 4H), 2.00(s, 6H), 3.107(q, J=6.4, 4H), 5.914(s, 2H), 6.292(s, 2H), 7.267(d,
J=8.4, 4H), 7.915(d, J=8.8, 4H); 13C-NMR (100 MHz, DMSO-d6): δ 154.610, 152.120,
135.062, 132.146, 128.202, 127.996, 121.909, 29.252, 25.901, 17.963, 13.479; FTIR
(film) υmax = 3380.30, 3051.93, 2919.34, 2859.67, 1736.98, 1501.74 cm-1.

DCM
+

O
O

Bicyclo[2.2.1]hept-5-en-2-yl-ethanone
To a solution of freshly cracked cyclopentadiene (CPD) (8.2g, 276mmol) in dry
DCM at 0oC was added, dropwise, methyl vinyl ketone (19.2g, 276mmol). The reaction
solution was allowed to warm to room temperature overnight with stirring. The crude
product was concentrated under vacuo. The crude product was purified by flash column
chromatography on silica gel eluting with hexanes to remove residual CPD followed by
ethyl acetate to provide a clear colorless oil: Yield >99%; 1H NMR (300 MHz CDCl3)
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δ= 6.04 (dd, J1=5.47, J2=3.08, 1H), 5.75 (dd, J1 =5.47, J2=2.74, 1H), 3.14 (s, 1H), 2.91
(m, 1H), 2.79 (s, 1H), 2.02 (s, 3H), 1.64 (m, 1H), 1.40-1.32 (m, 2H), 1.23 (m, 1H).

13

C

NMR (75 MHz CDCl3): δ= 209.91, 208.19, 137.73, 137.32, 135.37, 130.84, 53.20, 51.85,
51.16, 49.52, 45.40, 44.95, 42.25, 41.24, 29.35, 28.72, 28.58, 26.95. FTIR (film) υmax =
3059.89, 2973.79, 2870.64, 1709.12.

H2 Pd/C
O

MeOH

O

1-Bicyclo[2.2.1]hept-2-yl-ethanone
To a 250 ml Parr reaction bottle containing a solution of Bicyclo[2.2.1]hept-5-en-2-ylethanone (18.34 g 135 mmol) in dry methanol was added 10% palladium on carbon (1.46
g, 8 wt/wt%). The bottle was purged (3x) and pressurized to 60 psi with hydrogen on a
Parr hydrogenation apparatus and run overnight.

The reaction mixture was filtered

through a celite plug and condensed under vacuo. The resulting oil was distilled under
reduced pressure at 55 °C and 6 mmHg to produce a clear oil: yield 18.1 g (97.3%); 1HNMR (300 MHz, CDCl3): δ 2.815(m, 1H), 2.593(m, 1H), 2.420(m, 1H), 2.213(m, 1H),
2.093(d, J=0.9, 3H), 1.75-1.00(m, 7H);

13

C-NMR (75 MHz, CDCl3): δ 209.82, 54.68,

40.53, 37.08, 35.90, 29.62, 29.01, 24.40; FTIR (film) υmax = 2954.89 cm-1 2871.23 cm-1,
1708.66, 1358.27, 1171.31 cm-1; LRMS (CI): m/z = 154.LRMS (CI): m/z = 139. HRMS
(CI): m/z calc. for C9H14O (M+H+) 139.1123, found 139.1120.
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NH2OH.HCl/NaOH
EtOH/H2O 50 oC
O

N
OH

1-Bicyclo[2.2.1]hept-2-yl-ethanone oxime

This was prepared as described above with the following exceptions: Upon cooling
product precipitated out of solution and was filtered. The product was taken up in
dichloromethane, washed with saturated NaHCO3, brine, and dried over MgSO4, and
concentrated under vacuo to yield a white solid. The crude product was recrystallized
from hexane at 0 °C: yield 5.75 g after recrystallization (51.8%); mp 72-76ºC; 1H-NMR
(400 MHz, CDCl3): δ 1.002-1.731 (m, 11H), 2.135-2.558 (m, 3H), 10.267 (s, 0.27H),
10.325 (s, 0.57H);

13

C-NMR (100 MHz, CDCl3): δ 13.81, 14.53, 23.50, 28.85, 29.84,

29.96, 30.22, 34.21, 35.97, 36.42, 37.03, 39.23, 39.23, 39.51, 39.80, 47.29, 48.32, 159.32,
160.33; FTIR υmax = 3257.46, 2939.23, 2846.41, 1659.67, 1440.88, 1361.33 cm-1; LRMS
(CI): m/z = 154. HRMS (CI): m/z calc. for C9H16NO (M+H+) 154.1232, found 154.1235

OCN(CH2)6NCO
DCM

O

50 oC

N

O

N
OH

O

N
H

(CH2)6 N
H

N
O

N,N’-Bis(1-Bicyclo[2.2.1]hept-2-yl-ethanone oximocarbamoyl)-1,6-hexanediamine

Synthesis was achieved as described above with the following exceptions:

upon

completion of the reaction as determined by FTIR, the solvent was removed under vacuo
to provide a white solid. The crude product was powdered with a mortar and pestle and
stirred in refluxing hexane. The insoluble product was filtered hot to remove residual
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oxime and afford 4.96g (87.9% yield) of the title compound as a white solid: mp 136138 °C; 1H-NMR (300 MHz, CDCl3): δ 6.36 (s, 2H), 3.28 (q, J=6.3, 4H), 2.66 (m, 2H),
2.48 (s, 2H), 1.98 (s, 6H), 2.28 (2, 2H), 1.70-1.37 (m, 20H), 1.25-1.15 (m, 4H); 13C-NMR
(75 MHz, CDCl3): δ 164.54, 47.43, 40.83, 39.80, 39.50, 36.97, 30.25, 29.66, 26.35,
23.65, 16.52; FTIR (film) vmax = 3417, 3019, 1719, 1500, 1209 cm-1; LRMS (CI): m/z =
475. HRMS (CI): m/z calc. for C26H42N4O4 (M+H+) 475.3284, found 475.3279.
O

O

O

1) NaH
2) Br(CH2)3Br

HO

O

O

1-{4-[3-(4-Acetyl-phenoxy)-propoxy]-phenyl}-ethanone

To a slurry of NaH (0.174 g, 7.28 mmol) in dry DMF at 0 °C under nitrogen was added
4-hydroxybenzophenone (1 g, 7.35 mmol) dissolved in DMF dropwise with stirring. The
mixture was allowed to warm to room temperature and stirred until the evolution of
hydrogen ceased.

Br2(CH2)3 (0.665 g, 3.31 mmol) was added portionwise and the

reaction was heated to 140 °C and salts began to precipitate within 30 minutes. The
reaction was heated with stirring for 12 hours.

The reaction was cooled to room

temperature and diluted with dH2O resulting the precipitation of the product. The solid
was filtered, washed with dH2O, taken up in DCM, and dried over MgSO4. The solvent
was removed under vacuo to provide 0.800 g (yield 77.5%) of the title compound as an
off white solid which was carried through without any further purification: mp 126-127
°C; 1H-NMR (300 MHz, CDCl3): δ 7.93 (d, J=4.8, 4H), 6.94 (d, J=8.7, 4H), 4.237 (t, J=6,
4H), 2.55 (s, 6H), 2.32 (p, J=6, 2H);

13

CNMR (75 MHz, CDCl3): δ 196.77, 162.65,

130.60, 130.43, 114.11, 64.40, 29.01, 26.33; FTIR (film) = 3019, 2952, 2873, 1673,
1600, 1501, 1421, 1355, 1249, 1169 cm-1; LRMS (EI): m/z = 312 HRMS (EI): m/z calc.
for C19H20O4 (M) 312.1362, found 312.1360.
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O

N

O

OH

N

OH

NH2OH HCl/TEA
O

O

EtOH

O

O

1-(4-{3-[4-(1-Hydroxyimino-ethyl)-phenoxy]-propoxy}-phenyl)-ethanone oxime

To a suspension of # (3.0 g, 49.6 mmol) in 50 mL of absolute ethanol was added
hydroxylamine hydrochloride (2.355g, 33.6 mmol) and triethylamine (8.059g, 79.8
mmol). The mixture was heated to reflux, at which time solids went into solution, and
stirred for 12 hours. After heating for 12 hours product precipitated out of solution as a
white solid. The reaction was cooled to room temperature and diluted with 50 mL of
water. The precipitate was collected by filtration, washed with water, and dried under
vacuo to produce 3.11g (yield 62%) of the title compound as a white fluffy solid: mp
194-196 °C; 1H-NMR (400 MHz, DMSO-d6): δ 2.091(s, 6H), 2.161(p, J=6, 2H), 4.134(t,
J=6.4, 2H), 6.939(d, J=8.8 4H), 7.557(d, J=8.8, 4H), 10.953(s, 2H); 13C-NMR (75 MHz,
DMSO-d6): δ 158.35, 152.34, 126.85, 114.26, 82.01, 71.99, 64.23, 11.45; FTIR (nujol):

υmax = 3198, 3039, 1892, 1600, 1514, 1461, 1375, 1242 cm-1; LRMS (EI): m/z = 342.
HRMS (EI): m/z calc. for C19H23N2O4 (M) 342.1580, found 342.1577.
N

OH

OH OCN-(CH ) -NCO
2 6
N

O

N

N

O

THF
O

H
H
N (CH2)6 N

O

O

O

O

Poly(hexamethylene{di[1-(4-{3-[4-(1-Hydroxyimino-ethyl)-phenoxy]-propoxy}phenyl)-ethanone oxime]}carbamate)

Hexamethylene Diisocyanate (0.08845g, 0.527 mmol) was combined with x (0.200g,
0.585 mmol) in dry THF (20 mL). The reaction was stirred at reflux for 12 hours. The
polymer was precipitated in hexanes to provide 0.175 g (yield 60.7%) of a white solid
upon filtration.

The crude polymer was fractioned by dissolving in a THF and

precipitating with hexanes: Mw 19743g/mol; PDI 1.2 (polystyrene standards); 1H-NMR
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O

(400 MHz, DMSO-d6): δ 1.21-1.31, 1.40-1.51, 2.08-2.30, 3.04-3.13, 4.12-4.19, 6.937.00, 7.51-7.57, 7.78-7.80, 10.98 (s).
Bn3N + COCl2

DCM
0 oC-RT

Bn2NCOCl

Dibenzyl carbamoyl chloride
To a 3 neck round-bottom flask containing phosgene (2.98 g, 26.1 mmol) in
toluene at 0 ºC was added dropwise with stirring Bn3N (5.0 g, 17.4 mmol) dissolved in
DCM. The solution was allowed to warm to room temp and stirred for 18 hrs. The
solvent was removed in vacuo to produce a hazy clear oil. The crude product was
purified by flash column chromatography on silica (98:2 Pet. Ether:EtOAC then 9:1
Pentane:Et2O) to produce 3.65 g (yield 81%) of clear viscous oil:
CDCl3) δ 7.46-7.29 (m, 10H), 4.68 (s, 2H), 4.57 (s, 2H);

1

H-NMR (300 MHz,

13

CNMR (75 MHz, CDCl3) δ

150.16, 135.13, 128.80, 128.02, 127.13, 52.81; FTIR υmax = 3091.81, 3071.43, 3032.29,
2945.55, 1739.24 cm-1.

N

OH

N

O

NBn2

O
Cl

NBn2

O

Representative procedure for synthesis of carbamates:
O-(N,N-dibenzylcarbamoyl)-2-Acetonaphthone Oxime
To a slurry of NaH (29.7 mmol) in THF at 0 ºC was added 2-acetonaphthone
oxime (27 mmol) and the mixture was stirred for ca. 1 hr. Dibenzylcarbamoyl chloride
(29.7 mmol) dissolved in THF was added dropwise. The mixture was warmed to room
temp. and stirred for 12 hrs. The reaction was quenched with dH2O and concentrated in
vacuo. The solid was taken up in Et2O, washed with 1 N HCl, sat. NaHCO3, brine, and
dried over MgSO4. The organic fraction was concentrated in vacuo to produce a light
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yellow oil. The crude product was purified by flash column chromatography on silica
(3:1 Pentane:Et2O then 1:1 Pentane:Et2O) to produce a white crystalline solid: yield
77%; mp 112-113; 1H-NMR (300 MHz, CDCl3): δ 2.309(s, 3H), 4.53(s, 2H), 4.563(s,
2H), 7.24-7.335(m, 10H), 7.478-7.51(m, 2H), 7.847(m, 3H), 7.985(d, J=1.8, 1H),
8.133(s, 1H);

13

C-NMR (75 MHz, CDCl3): δ 14.12, 123.89, 126.44, 127.12, 127.17,

127.59, 127.66, 128.17, 128.67, 132.32, 132.87, 134.19, 136.99, 155.22, 161.05; FTIR
(film): υmax = 3051.93, 29.59.12, 2866.30, 1725.97, 1606.73, 1460.77, 1407.73, 1142.54
cm-1; LRMS (CI): m/z = 409. HRMS (CI): m/z calc. 409.1916, found 409.1915.

N

OH

N

O

NBn2

O
Cl

NBn2

O

O-(N,N-dibenzylcarbamoyl)Acetophenone Oxime
This was prepared as described above with the following exceptions: The crude
product was purified by column flash chromatography on silica (3:1 Pentane:Et2O)
followed by recrystallization from petroleum ether: yield 48%; mp 90-91 °C; 1H-NMR
(400 MHz, CDCl3): δ 2.225(s, 3H), 4.582(s, 2H), 4.52(s, 2H), 7.252-7.783(m, 15H); 13CNMR (100 MHz, CDCl3): δ 14.31, 126.94, 127.56, 128.42, 128.68, 130.27, 134.95,
136.96, 155.17, 161.31; FTIR (film): υmax = 3066, 3012, 1726, 1408, 1215 cm-1; LRMS
(CI): m/z = 359.

HRMS (CI): m/z calc. for C23H22N2O2 (M+H+) 359.1760, found

359.1758.
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O

OH
S

N

S
1) NaH/THF -41 C
2) Bn2COCl

NBn2

N
O
N

N

[2-(O-{N,N-dibenzylcarbamoyl}) hydroxyimino-thiophen-3-ylidene]-phenylacetonitrile
This was prepared as described above with the following exceptions: NaH (0.115g, 4.8
mmol)/THF slurry was cooled to –41 ºC before addition of oxime (1.0 g, 4.4 mmol).
Two equivalents of dibenzyl carbamoyl chloride (2.28 g, 8.8 mmol) were used and the
reaction was stirred for 4 hrs before workup. The crude product was purified by flash
column chromatography on silica (2:1 Hex:EtOAc) followed by recrystallization from
hexane to produce 1.24 g (yield 62.6%) of a light yellow fluffy solid: mp 140-142 °C;
1

H-NMR (400 MHz, CDCl3): δ 4.45(s, 2H), 4.55(s, 2H), 6.626(d, J=7.6, 1H), 6.816(d,

J=6.4, 1H), 7.24-7.52(m, 15H); 13C-NMR (100 MHz, CDCl3): δ 49.27, 50.31, 111.2,
118.01, 123.15, 127.77, 128.7, 129.02, 129.43, 130.06, 132.68, 134.43, 136.43, 144.26,
153.07; FTIR (film): υmax = 3019, 1706, 1414, 1355, 1209 cm-1; LRMS (CI): m/z = 452.
HRMS (CI): m/z calc. for C27H21N3O2S (M+H+) 452.1433, found 452.1432.
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OH
S

S

NO2

KOH
N

N

EtOH -11 C

N

(2-hydroxyimino-thiophen-3-ylidene)-phenyl-acetonitrile
To a solution of KOH (6.95g, 124 mmol) in absolute ethanol (~20 mL) at room
temperature was added dropwise with stirring a solution of benzylcyanide (4.014g, 34.1
mmol) in absolute ethanol (~20 mL). The reaction solution was stirred for 1 hour at
which time it became pale yellow in color. It was then cooled to -41 °C and to it was
added dropwise a solution of 2-nitrothiophene (4.0g, 31.0 mmol) in absolute ethanol (~50
mL). The reaction was warmed to room temperature and the progress of the reaction was
monitored by TLC (3:1 Pen: Et2O). The starting material was typically consumed within
4 hours (extended reaction time results in deleterious side reactions and no target
compound) and the reaction solution turned dark red upon addition of 2-nitrothiophene.
Upon completion of the reaction, it was quenched with cold 1N HCl, which resulted in a
pale yellow solution, and transferred to a separatory funnel. The organic phase was
separated, washed with brine, dried over MgSO4, and concentrated under vacuo. The
crude product was purified by dry flash column chromatography over silica by elution
with hexane: ethylacetate (2:1). This product was then further purified by flash column
chromatography over silica gel by elution with a mixture of pentane: ether (9:1) to
provide 1.725g (24.4% yield) of the target compound as a light orange solid. If allowed
to evaporate slowly, crystals suitable for crystallography were obtained:

1

H-NMR (300

MHz, acetone-d6): δ 12.15(s, 1H), 7.458-7.57(m, 5H), 7.312(d, J=6.6, 1H), 6.63(d, J=6.9,
1H); 13C-NMR (75 MHz, DMSO-d6): δ 151.87, 145.61, 136.30, 134.51, 129.42, 129.12,
122.57, 119.23, 104.23; FTIR (film): vmax = 3483, 3251, 3065, 1706, 1361, 1222 cm-1;
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LRMS (CI): m/z = 229. HRMS (CI): m/z calc. for C12H8N2OS (M+H+) 229.0436, found
229.0439.
OH
O

N

HONH2 HCl
NaOH EtOH/H2O

Acetophenone oxime
To a round bottom flask containing 100mL ethanol and 200mL dH2O was acetophenone
(8.42g, 70.2mmol) and hydroxyl amine hydrochloride (24.3g, 347mmol) and allowed to
dissolve. To this was added a solution of sodium hydroxide (10g, 250mmol) in 100mL
dH2O. The reaction solution was heated to reflux and stirred for 1hour before cooling to
room temperature. The cooled solution was extracted with DCM (3x) and the organic
fractions combined, washed with brine, and dried over MgSO4. The crude product was
concentrated under vacuo to provide a clear oil, which crystallized under high vacuum.
The crude product was then recrystallized from hexanes to provide 7.2g (76% yield) of
the target compound:

1

H-NMR (300 MHz, DMSO-d6): δ 11.218 (s, 1H), 7.659-7.627

(m, 2H), 7.372-7.336 (m, 3H), 2.149 (s, 3H); 13C-NMR (75 MHz, DMSO-d6): δ 152.922,
137.024, 128.612, 128.372, 125.568, 11.556; FTIR (film): vmax = 3250.83, 3051.93,
2925.97, 1639.78, 1500.55, 1447.51, 1367.97, 1288.40;
OH
O

N

HONH2 HCl
Pyridine EtOH

Acetonaphthone oxime
To a solution of pyridine (92.7g, 1.174mol) in absolute ethanol was added
acetonaphthone (24g, 141 mmol) and allowed to dissolve. To this solution was added
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hydroxyl amine hydrochloride (35g, 500mmol). The reaction solution was stirred under
reflux for 4 hours before cooling to room temperature. The solvent was removed under
reduced pressure and the crude product was diluted with 500mL dH2O causing the
product precipitate out of solution. The product was taken up in DCM and washed with
10% HCl, saturated NaHCO3 solution, and brine before drying over MgSO4 and
concentrating under vacuo. The crude product was purified by recrystallization from
methanol: Yield 14.4 g (55%); 1H-NMR (300 MHz, DMSO-d6): δ 11.360 (s, 1H) 8.111
(s, 1H), 7.946-7.843 (m, 4H), 7.52-7.48 (m, 2H), 2.278 (s, 3H);

13

C-NMR (75 MHz,

DMSO-d6): δ 152.737, 134.279, 132.873, 132.791, 128.266, 127.622, 127.392, 126.383,
126.309, 125.111, 122.973, 11.238;

O

O

+
Cl

(C4H9)2NH

OC2H5

TEA
DCM 0 oC - RT

(C4H9)2N

OC2H5

N, N-Dibutyl ethylcarbamate
To a solution of ethyl chloroformate (30 g, 276.4 mmol) in 300 mL dry DCM at 0
°C was added dry triethylamine (139.582 g, 1.382 mol) dropwise. Dibutylamine (32.16
g, 248.8 mmol) was added dropwise over 60 minutes and the reaction solution was
allowed to warm to room temperature. The reaction was stirred for an additional 60
minutes before concentration under vacuo to provide a slurry that was filtered to remove
salts. The salt cake was washed with hexanes and the organic fractions were combined
and solvent was removed under vacuo to provide 14.17g (28.3% yield) of the target
compound as a translucent pink oil which was used without further purification:

1

H-

NMR (300 MHz, CDCl3): δ 4.04(q, J=7.2, 2H), 3.093(t, J=7.2, 4H), 1.189(sextet, J=7.2,
4H), 1.394(p, J=8.1, 4H), 0.813(t, J=7.2, 6H);

13

C-NMR (75 MHz, CDCl3): δ 156.164,

60.526, 46.536, 30.295, 19.750, 14.419, 13.559; FTIR (neat): υmax = 2959.12, 2925.97,
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2866.30, 2243.09, 1686.19 cm-1; LRMS (CI): m/z = 202. HRMS (CI): m/z calc. for
C11H23NO2 (M+H+) 202.1807, found 202.1810.

O

O

POCl3
ACN
(C4H9)2N

(C4H9)2N

OC2H5

Cl

N, N-Dibutyl carbamoyl chloride
N, N-Dibutyl ethylcarbamate (2 g, 9.94 mmol) was dissolved in freshly distilled
Acetonitrile (30 mL).

Phosphorous Oxychloride (7.62 g, 49.7 mmol) was added

portionwise and the reaction solution was heated to reflux with stirring for 17 hours.
Upon completion, the reaction was allowed to cool to room temperature and diluted with
DCM. The diluted reaction solution was slowly poured over ice (50 g) and transferred to
a seperatory funnel. The organic layer was removed and the aqueous layer was extracted
with DCM (3 x 20 mL). The combined organic fractions were dried over MgSO4 and
concentrated under vacuo to produce an orange oil. The crude product was purified by
distillation under reduced pressure at 97-99 °C and 5 mm Hg to produce 1.42g (70.1%
1

yield) of a clear translucent oil:

H-NMR (300 MHz, CDCl3): δ 3.329(p, J=7.8, 4H),

1.567(m, 4H), 1.296(m, 4H), 0.911(q, J=7.2, 6H);

13

C-NMR (75 MHz, CDCl3): δ

148.852, 50.913, 49.580, 30.397, 29.443, 19.801, 19.757, 13.741, 13.618; FTIR (neat):

υmax = 2959.12, 2932.60, 3866.30, 2249.72, 1719.34 cm-1; LRMS (CI): m/z = 192.
HRMS (CI): m/z calc. for C9H18ClNO (M+H+) 192.1155, found 192.1157.
OH

O

N

N(C4H9)2

N

O

O
(C4H9)2N

Cl

O-(N,N-dibutylcarbamoyl)Acetophenone Oxime
This material was prepared as described above for the dibenzyl derivatives:

1

H-NMR

(300 MHz, CDCl3): δ 8.152(s, 1H), 8.015(dd, Jd=1.8, Jd=6.9, 1H), 7.890-7.815(m, 3H),
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7.496(p, J=3.9, 2H), 3.336(t, J=6.9, 4H), 2.457(s, 3H), 1.626(p, J=6.9, 4H), 1.374(sextet,
J=7.5, 4H), 0.959(t, J=7.2, 6H);

13

C-NMR (75 MHz, CDCl3): δ 159.973, 154.540,

134.068, 132.823, 132.524, 128.584, 128.045, 127.594, 126.975, 126.327, 123.887,
20.048, 13.996, 13.843; FTIR (neat): υmax = 3058.56, 2965.40, 2866.30, 2236.46,
1719.34 cm-1; LRMS (CI): m/z = 341. HRMS (CI): m/z calc. for C21H28N2O2 (M+H+)
341.2229, found 341.2225.

IR analysis
Imidization of Poly(amic ester) with Dibenzylamine
A 12 % wt/wt solution of dibenzylamine to poly(amic ester) in NMP was spun coat onto
a double polished aluminum backed wafer at 2000 rpm for 30 seconds.

A post

application bake at 90ºC for 60 seconds was subsequently performed on the wafer. It was
then heated on a hotplate for 10 minutes at 90ºC and the IR absorption was measured
using a reflectance IR spectrophotometer. Subsequent bakes at 10 degree intervals were
performed for 10 minutes each with IR absorptions measured after each bake.

Imidization of Poly(amic ester) with Thiophene Oxime Photobase Generator
A 12.3% wt/wt solution of PBG to poly(amic ester) in NMP was spun coat onto a double
polished aluminum backed wafer at 2000 rpm for 30 seconds. A post application bake at
90ºC for 60 seconds was subsequently performed on the wafer. The wafer was exposed to
1 J/cm2 of UV radiation without a filter and the IR absorption was measured using a
reflectance IR spectrophotometer. The wafer was heated on a hotplate for 10 minutes at
90ºC and subsequent bakes at 10 degree intervals were performed for 10 minutes each
with IR absorptions measured after each bake.

Solid State Photolysis of Thiophene Oxime Photobase Generator
A 16.6% wt/wt solution of PMMA and thiophene oxime PBG in chlorobenzene was spun
coat onto a double polished aluminum backed wafer at 2000 rpm for 30 seconds. A post
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application bake at 90ºC for 60 seconds was subsequently performed on the wafer. The
thickness of the film was found to be over two microns by profilometer. Reflectance IR
was used to obtain all IR spectra for this experiment.

Thermal Decomposition of Thiophene Oxime Photobase Generator
A 16.6% wt/wt solution of PMMA and thiophene oxime PBG in chlorobenzene was spun
coat onto a double polished aluminum backed wafer at 2000 rpm for 30 seconds. A post
application bake at 90ºC for 60 seconds was subsequently performed on the wafer. The
wafer was heated on a hotplate for 10 minutes at 90ºC and subsequent bakes at 10 degree
intervals were performed for 10 minutes each with IR absorptions measured after each
bake.

Development Experiments
Solutions ranging from 15-20% wt/wt of dibenzylamine to poly(amic ester) in NMP,
along with solutions of poly(amic ester) without dibenzylamine in NMP, were spun coat
onto silicon wafers at 2000 rpm for 30 seconds. A post application bake at 90ºC for 60
seconds was subsequently performed on the wafers. Films were baked at 120ºC for 15
minutes. Developers were tested in a small dish for times ranging from 30 seconds to 2
minutes. A Tencor Alpha Step 200 profilometer was used to measure film thickness
before and after development.

Quantum Efficiency Measurements
Solution Preparation
All solutions were prepared in HPLC grade acetonitrile (ACN).

Thioxanthone was

incorporated as an internal standard and all standard solutions were prepared from a stock
solution of TX (277mg in 500mL ACN, 2.613mM). A stock standard solution was
prepared by dilution of 262mg N,N-dibenzylamine, freshly distilled from CaH2, in 50mL
TX stock solution (26.58mM). Standard solutions were prepared by dilution of the stock
standard to provide standard concentrations of 2.658, 1.329, and 1.063mM.
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Stock

photobase generator solutions were prepared by dissolution of the appropriate carbamate
in either TX stock solution or ACN in the concentrations shown in table AI.1.
Sample

Diluent

Mass (mg)

Volume (mL)

Conc. (mM)

Sensitized Nap

TX stock

53.2

50

2.61

Nap

ACN

51.8

50

2.54

Sensitized Aceto

TX stock

44.0

50

2.46

Aceto

ACN

46.1

50

2.57

Thiophene

ACN

28.4

25

2.52

Table AI.1: Quantum Efficiency sample concentrations.
Irradiation
Irradiation was performed on 2mL aliquots of the stock solutions in a cylindrical quartz
cell (2cm (d) x 1cm (h)) equipped with a sidearm and stir bar and the sides were blocked
out to eliminate reflected light. Aliquots were transferred to the cell and stoppered with a
rubber septum. Rubber septa were soaked in toluene overnight (2x) to remove any
plasticizers. All samples were degassed with N2 for 10 minutes and charged with 2µL
cyclohexadiene unless otherwise noted. Irradiation was performed at 254, 365, and
404nm as noted in table AI.2. Dose was determined by chemical actinometry as
described below.

Analysis
HPLC analysis was performed with a system consisting of a Waters 600E solvent
delivery system, 996 PDA detector, 2410 differential refractometer, and Supelco
Discovery C18 reversed phase column with 5µm particle size (15 x 4.6mm). HPLC
grade methanol and water were used as received and acidified with trifluoroacetic acid to
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a final concentration of 0.1 % (v/v). A gradient solvent system was utilized; beginning
with an initial composition of 10% MeOH and 90% water and increasing linearly to 99%
methanol over 60 minutes. At 60 minutes the composition was returned to the initial
concentration linearly over 10 minutes to provide a total run time of 70 minutes. PDA
Detector response was monitored at 215 nm. When possible, thioxanthone was utilized
as an internal reference.
System suitability was determined by injection of the three DBA standards described
above. A plot of both relative response (TX) and peak area produced r2 values of 1.00
indicating linear detector response compared to DBA concentration.
Exp. λ

Dose

Nap Sensitized
NA
0
365
1.85 E18
365
1.85 E18
365
1.58 E19
365
1.85 E19
365
1.85 E19
Nap Direct Exp.
NA
0
254
2.02 E18
254
4.03 E18
Aceto Sensitized
NA
0
365
2.22 E18
365
4.44 E18
365
6.66 E18
Aceto Direct Exp.
NA
0
254
2.02 E18
254
4.03 E18
Thiophene
NA
0
404
9.52 E17
404
9.52 E17
404
1.90 E18
404
3.81 E18
404
7.62 E18
404
1.90 E19

CHD

Degas

PBG area

TX area

Ratio

DBA
area

No
Yes
Yes
Yes
No
Yes

No
Yes
Yes
Yes
Yes
No

9.67 E7
7.13 E7
7.91 E7
9.60 E6
6.94 E7
7.33 E7

4.21 E 7
4.06 E 7
4.27 E 7
3.87 E 7
3.93 E 7
3.95 E 7

2.29
1.76
1.85
0.25
1.76
1.85

0

No
Yes
Yes

No
Yes
Yes

7.78 E7
6.58 E7

NA
NA
NA

NA
NA
NA

No
Yes
Yes
Yes

No
Yes
Yes
Yes

6.93 E7
5.51 E7
4.03 E7
3.37 E7

3.87 E 7
3.84 E 7
3.88 E 7
3.85 E 7

1.79
1.43
1.04
0.87

No
Yes
Yes

No
Yes
Yes

7.11 E7
4.82 E7

NA
NA
NA

NA
NA
NA

NA
0
0

NA
NA
NA

No
Yes
Yes
Yes
Yes
Yes
Yes

No
Yes
Yes
Yes
Yes
Yes
Yes

7.03 E7
6.82 E7
6.68 E7
6.04 E7
6.62 E7
4.24 E7
8.56 E6

NA
NA
NA
NA
NA
NA
NA

0

NA
NA
NA
NA
NA
NA
NA
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NA
NA
NA
NA
NA
NA
NA

Ratio

3.49 E6
3.54 E6
1.26 E7
1.68 E6
2.17 E6

0.09
0.08
0.33
0.04
0.05

NA
2.28 E6
4.13 E6

NA
NA
NA

0

NA

2.72 E6
5.05 E6
5.77 E6

0.07
0.13
0.15

8.82 E5
7.95 E5
1.28 E6
5.45 E6
1.07 E7
3.08 E7

404
404
404

3.81 E19
1.90 E18
1.90 E18

Yes
No
Yes

Yes
Yes
No

0
6.06 E7
5.87 E7

Table AI.2: Quantum efficiency raw data.

Figure AI.1: Carbamate 2.4 exposed for 100s.

Figure AI.2: Carbamate 2.4 exposed for 200s.
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NA
NA
NA

NA
NA
NA

2.36 E7
1.34 E6
1.52 E6

NA
NA
NA

Figure AI.3: Carbamate 2.4 exposed for 400s.

Figure AI.4: Carbamate 2.4 exposed for 800s.
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Figure AI.5: Carbamate 2.4 exposed for 2000s.

Figure AI.6: Carbamate 2.4 exposed for 4000s.
Actinometry
Synthesis of Potassium Ferioxalate
3K2C2O4 + FeCl3

H2 O

K3Fe(C2O4)3 + 3KCl

To a solution of K2C2O4.H2O (82.98 g, 450 mmol) in 100 mL distilled water was
added a solution of FeCl3 (24.33 g, 150 mmol) in 100 mL distilled water. The reaction
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solution was stirred overnight at room temperature protected from light.

Upon

completion of the reaction, green crystalline solid precipitated out of solution and was
collected by vacuum filtration. The crude product was recrystallized (3x), under red
light, from refluxing dH2O to provide 39.699 g (53.9% yield) of green crystalline
K3Fe(C2O4)3.3H2O.

Solution Preparation
All solutions were prepared in distilled DI water. A 0.1M stock solution of K3Fe(C2O4)3
was prepared by the dissolution of 4.912 g (999.9 mmol) in 100 mL 0.05 M H2SO4. oPhenanthroline (0.100 g) was dissolved in 100 mL dH2O to provide a 0.1 % (wt/wt) stock
solution. An acetate buffer solution was prepared by dissolution of K2O2CCH3 (5.89 g,
42.9 mmol) in 36 mL 0.05 M H2SO4 and dilution to a final volume of 100 mL with
dH2O. The potassium ferrioxalate actinometer solution was prepared by combining 10
mLs 0.1 M K3Fe(C2O4)3 stock solution with 4 mLs 0.1% (wt/wt) o-phenanthroline stock
solution, and 6 mLs of acetate buffer. Care was taken to only handle the K3Fe(C2O4)3
stock solution and final actinometer solution under red light and the final actinometer
solution was stored in the dark.

Exposure and Absorbance Measurements
Irradiation was performed on aliquots of the actinometer solution in a cylindrical quartz
cell (2cm (d) x 1cm (h)) equipped with a sidearm and stir bar and the sides were blocked
out to eliminate reflected light. Exposure was performed at 254, 365, and 404 nm with
stirring.

Exposure was performed for 5, 10, and 20 seconds at each of the above

wavelengths to asses the linearity of ferrous production with exposure.

Ferrous

production was measured via visible absorbance spectral analysis at 510 nm in duplicate.
Exposure was performed at 254, 365, and 404 nm for 20 seconds before and after
quantum efficiency exposures to measure the photon flux of the exposure source. Upon
completion of each exposure dose, ferrous production was measured as above in triplicate
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for the exposures done at 365 and 404 nm and in duplicate for the 254 nm exposures. All
results were averaged to obtain the photon flux.
Exposure Rep

Abs. (254 nm)

1

0.442
0.442

2

0.444

Average

0.44225

0.441

Rel. Std. Dev.

0.28%

Table AI.3: 254 nm Actinometry raw data.
Exposure Rep

Abs. (365 nm)

1

1.256
1.24
1.253

2

1.246
1.246

Average

1.256167

1.296

Rel. Std. Dev.

Table AI.4: 365 nm Actinometry raw data.
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1.62%

Exposure Rep

Abs. (404 nm)

1

1.516
1.544
1.569

2

1.476
1.504

Average

1.537

Rel. Std. Dev.

1.524333
2.15%

Table AI.5: 404 nm Actinometry raw data.
Laser Flash Photolysis
Solution Preparation
Sensitizers were recrystallized from appropriate solvents, dissolved in ACN (Omnisolve
grade) to provide a solution with absorbance equal to ca. 0.5, and purged with O2 free N2.
Carbamates 2.1 and 2.2 were recrystallized from ACN @ 0°C and dissolved in ACN to
provide solutions of 28.96 and 25.29 mmol/L respectively.

Laser Flash Photolysis
The sensitizer solutions, contained in a 7 x 7 mm Suprasil quartz cuvettes, were excited
by pusles using the third harmonic, 355nm, of a Surelite Nd/Yag laser (≤25mJ per 7ns
pulse). A Tektronix 2440 digitizer was used to capture the transient absorption signals
from the monochromator-photomultiplier system. Insert data acquisition and processing
software specifics. Decay profiles were obtained for each sensitizer containing 0, 10, 20,
40, 80, and 160µL of carbamate solution transferred via syringe.

Raw Data
Thermal Deblocking of Model Compound
A concentrated solution of x was dropped onto a double polished aluminum backed wafer
and allowed to evaporate. The wafer was covered with a NaCl salt plate and placed on a
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hot plate controlled by a thermocouple. The wafer was heated on the hotplate for 10
minutes at 100 ºC and subsequent bakes at 10 degree intervals were performed for 10
minutes up to 140 ºC and then cooled to 25 ºC. IR absorbance was measured after each
bake.

GPC and 1H NMR Analysis Solid State Deblocking
Into a flame dried round bottom flask under nitrogen purge was placed ~50mg of linear
polyurethane.

The flask was evacuated and held under vacuum to further dry the

polymer sample. The flask was then heated in an oil bath at 150°C for 1 hour. The
sample was then either removed and placed directly into liquid nitrogen, or the hotplate
was turned off and allowed to cool to room temperature overnight. Following the heating
and cooling cycles, the sample was then dissolved in ~1mL of DMF and filtered through
a 0.45µm filter. The sample was then analyzed by GPC (Waters/DMF) and the molecular
weight was calculated relative to polystyrene standards. Samples to be analyzed by 1H
NMR were treated similarly, but were dissolved in ca. 1mL DMSO-d6.

IR Analysis of Solid State Polymer Deblocking
Polymer was dissolved in THF to make a 20% (wt/wt) solution and spin-coated on to a
double polished aluminum backed silicon wafer. The wafer heated in 10°C increments
from 100-200°C and held at each temperature for 10 minutes.

FTIR spectra were

measured in reflectance mode at each heating interval.

Synthesis of MMA MA-crosslinker Polymer Network
CH3

CH3

+
O

H3CO

H2
C
C
H2

C
H2

85

O

O

H
N

CH3

15

O

R

CH3

AIBN

O
OCH3

O

O
N

N

O

O
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H2
C

H
N

O

C
H2

R
C
H2

To a solution of AIBN (1.2mg, 0.008mmol) in THF (2mL) was added 4.10 (50mg,
0.08mmol) and methyl methacrylate (105mg, 1.05mmol). The solution was heated to
50°C overnight with stirring.

Upon completion, the cross-linked polymer was

precipitated into hexanes and collected by filtration: Yield 107mg (69%); 1H NMR (400
MHz, CDCl3):

δ 7.770-7.592, 7.294-7.089, 6.509-6.356, 3.699-3.497, 3.371-3.242,

2.438-2.327, 2.120-0.752; Mn = 20kg/mol, Mw = 87kg/mol, PDI = 4.23 (PMMA
standards).

Thermolysis of Polymer Network
To a solution of dibutylamine (~20mg) in mesitylene (2mL) was added poly(MMA-coMMA-crosslinker) network (37mg). The solution was heated to reflux with stirring for 1
hour before being cooled to room temperature.

The polymer was precipitated into

hexanes in a scintillation vial and the white polymer was allowed to settle to the bottom.
The hexanes and mesitylene were removed via pipette and the polymer was taken up into
THF. The polymer was reprecipitated into hexanes to remove liberated diurea. The
THF/Hexanes were removed via pipette and the polymer was dried under vacuo: Yield
20mg;

1

H NMR (400 MHz, CDCl3): δ 7.724-7.569, 7.202-7.044, 3.979-3.893, 3.684-

3.405, 2.345-0.623; Mn = 8.8kg/mol, Mw = 14.4kg/mol, PDI = 1.62 (PMMA standards).

DPD PAC UV Bleaching Studies
A polished KBr salt plate was spin coated with a 10 wt % PAC in PNBHFA and PGMEA
at 1500 RPM and treated with a 90 sec/ 90 oC PAB. The plate was then exposed at 248
nm with a 10, 20, 30, 50, 100, 200, and 500 mJ/cm2 dose. The UV absorbance of the
film was measured before and after each exposure dose.

Dissolution Rate Measurements
Evaluation of DPD in PNBHFA
The resist was formulated into 0, 0.5, 1.0, 2.0, and 3.0 wt% DPD/PNBHFA solutions in
PGMEA. Five 2” wafers were pretreated with (HMDS) the resist formulations were spin
coated at about 900 nm and processed with a 90s/ 90oC PAB. The wafers were then split
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in half. One half of the wafers was exposed at 248 nm with a 100 mJ/cm2 dose and
processed with a 90 sec/ 90 oC PEB. The spin coated wafers were then developed in 0.26
N tetramethyl ammonium hydroxide (TMAH) and its dissolution rate was measured with
a homemade dissolution rate monitor.

Evaluation of Methacrylate Polymers, Blends, and Tandem Resins
Samples were prepared and spin-coated similarly to those described above in the
concentrations shown in table 5.x. Dissolution rates were determined by measuring the
initial film thickness via profilometry, then dissolving the samples in 0.26N TMAH and
timing how long it took for the film to completely dissolve.

Contact Printing DPD/PNBHFA Resist
A 10 wt% DPD in PNBHFA in PGMEA formulation was spin coated onto a HMDS
pretreated 2” wafer and processed with a 90 sec/ 90 oC PAB. The wafer was exposed
with a chromium mask at 248 nm with a 200 mJ/cm2 dose at 40% T. It was processed
with 90 sec/ 90 oC PEB and developed for 30 secs in 0.26 N TMAH
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Poly(2-Methyl-acrylic acid 5-(3,3,3-trifluoro-2-hydroxy-2-trifluormethyl-propyl)bicyclo[2.2.1]hept-2-yl ester) Poly(NBHFA-MA) (2.16)
CH3

CH3

AIBN

O

O
O

O

CF3

CF3

OH

OH

2.16a

2.16

CF3

CF3

This synthesis is representative of the procedure utilized for the following two
methacrylate polymers. To a flask containing 2.16a (5.0g, 13.88mmol) was added AIBN
(0.114g, 0.694mmol) and 15mL methyl ethyl ketone (MEK). The solution was degassed
by bubbling nitrogen through the solution for 15minutes. The reaction solution was
heated to reflux and stirred for 6hours. Upon cooling it was precipitated from hexanes
and vacuum filtered to provide the polymer in greater than 90% yield:
(400MHz, acetone-d6):

1

H NMR

δ 6.756-6.617, 4.516 (s), 2.930 (s), 2.339-0.817; Mw =

20.5kg/mol, PDI = 1.99 (PMMA standards).

Poly(2-methyl-acrylic

acid

4,4,4-trifluoro-3-hydroxy-1-methyl-3-trifluoromethyl-

butyl ester) Poly(HFAB-MA) (2.17)
CH3

CH3

AIBN

O

O

O

O
CF3

CF3
OH

OH

CF3

2.17 CF3

This polymer was prepared as described above with the following exceptions: Upon
precipitating into hexanes, the polymer was allowed to settle out and hexanes were
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decanted.

The white viscous liquid was washed with hexanes (2x), hexanes were

decanted, and the polymer was transferred to a round bottom flask and concentrated and
dried over night under vacuo: Yield 3.548g (71.0%); 1H NMR
(400MHz, acetone-d6): δ 5.126 (s), 2.445-1.921, 1.647-1.008; Mw = 10.2kg/mol, PDI =
1.33 (PMMA standards).

Poly(2-methyl-acrylic

acid

3,5-bis-(2,2,2-trifluoro-1-hydroxy-1-trifluoromethyl-

ethyl)-cyclohexyl ester) Poly(CDHFA-MA) (2.18)
CH3

CH3
AIBN

O

O

O

O

F3C
HO

CF3

F3C

CF3

F3C

OH

HO

CF3
CF3

F3C

OH

2.18
This polymer was prepared as described above with the following exceptions: Upon
precipitating into hexanes, the polymer was allowed to settle out and hexanes were
decanted.

The white viscous liquid was washed with hexanes (2x), hexanes were

decanted, and the polymer was taken up into acetone to transfer to a round bottom flask
to be concentrated and dried over night under vacuo: Yield 3.759g (75.2%); 1H NMR
(400MHz, acetone-d6): δ 7009-6.6, 5.215 (s), 4.612 (s), 2.952 (s), 2.620-0.945; Mw =
13.9kg/mol, PDI = 1.51 (PMMA standards).

Projection Printing
DPD PAC was formulated with a 1:1 polymer blend of 19.99 and 3.78kg/mol PNBHFA
in ethyl lactate to provide a 20% (wt/wt) formulation of PAC relative to resin with a total
solids content of 20% (wt/wt). The formulation was spin-coated over 55nm of Brewer
Science DUV30® BARC to provide a final resist thickness of 300nm. Wafers were
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treated with a 120°C/60s post-application bake. Exposure was performed on a Cannon
EX3 stepper through a binary mask with features ranging from 100-300nm with doses
ranging from 5-345mJ/cm2. Development was performed with Shipley 2.38% TMAH
developer for 30, 60, or 120s.

Spin-coat, bake, and development steps were all

performed on an in-line TEL CLEAN TRACK Mark 8 track system. Scanning electron
micrographs were obtained with a Hitachi S4200 SEM.

Contrast Curve
The resist formulation described above for projection imaging studies was utilized to
generate a contrast curve.

The formulation was spin-coated over 38nm of Brewer

Science DUV30® BARC to provide a final resist thickness of 300nm. Wafers were
treated with a 120°C/60s post-application bake. Open frame exposures were performed
in a serpentine pattern across the wafer in 100 locations with an initial dose of 5mJ/cm2
and final dose 500mJ/cm2 in 5mJ/cm2 increments. Exposures were performed on a
Cannon EX3 stepper and film thickness measurements were made an N&K ANALYZER
3000. Development was performed with Shipley 2.38% TMAH developer and coating,
baking, and development procedures were performed on an in-line TEL CLEAN TRACK
Mark 8 track system.

190

Appendix II Crystal Structures
General X-ray Experimental:

The data were collected on a Nonius Kappa CCD

diffractometer using a graphite monochromator with MoKα radiation (λ = 0.71073Å).
The data were collected at reduced temperatures using an Oxford Cryostream low
temperature device. Details of crystal data, data collection and structure refinement are
listed in tables AII.1, 3, and 5 . Data reduction were performed using DENZO-SMN.
The structure was solved by direct methods using SIR97

130
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and refined by full-matrix

least-squares on F2 with anisotropic displacement parameters for the non-H atoms using
SHELXL-97.131 The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2
+ (X*P)2 + (Y*P)] and P = (|Fo|2 + 2|Fc|2)/3, where the parameters, X and Y, are
suggested during the refinement process. Definitions used for calculating R(F), Rw(F2)
and the goodness of fit, S, are given below.132 The data were checked for secondary
extinction effects. Neutral atom scattering factors and values used to calculate the linear
absorption coefficient are from the International Tables for X-ray Crystallography
(1992).133 All figures were generated using SHELXTL/PC.134

129 Carter, C. W., Jr., et al., Macromolecular Crystallography, Part A. [In: Methods Enzymol., 1997; 276] .
1997; p 700 pp.
130 Altomare, A., et al., Journal of Applied Crystallography 1999, 32, 115-119.
131 Sheldrick, G. M. (1994). SHELXL97. Program for the Refinement of Crystal Structures. University
of Gottingen, Germany.
132 R (F2) = {Σw(|F |2 - |F |2)2/Σw(|F |)4}1/2 where w is the weight given each reflection.
w
o
c
o
R(F) = Σ(|Fo| - |Fc|)/Σ|Fo|} for reflections with Fo > 4(σ(Fo)).
S = [Σw(|Fo|2 - |Fc|2)2/(n - p)]1/2, where n is the number of reflections and p is the number of refined
parameters.
133

Wilson, A. J. C.; Editor, International Tables for Crystallography, Vol. C; Mathematical, Physical and
Chemical Tables. 1992; p 900 pp.
134 Sheldrick, G. M. (1994). SHELXTL/PC (Version 5.03). Siemens Analytical X-ray Instruments, Inc.,
Madison, Wisconsin, USA.
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O
N2

N

O

OH

X-ray Experimental for 3-Diazo-N-(4-hydroxybenzyl)-piperidine-2,4-dione (2.4):
Crystals grew as clusters of large, yellow prisms by slow evaporation from chloroform.
The data crystal was cut from a large cluster and had approximate dimensions; 0.40 x
0.16 x 0.15 mm.
Figure AII.1: View of 2.4 showing the atom labeling scheme. Displacement ellipsoids
are scaled to the 50% probability level.
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Table AII.1: Crystal data and structure refinement for 1.
Empirical formula

C12 H11 N3 O3

Formula weight

245.24

Temperature

153(2) K

Wavelength

0.71073 Å

Crystal system

Orthorhombic

Space group

Pbca

Unit cell dimensions

a = 7.3546(1) Å

α= 90°.

b = 14.6179(3) Å

β= 90°.

c = 21.5302(4) Å

γ = 90°.

Volume

2314.69(7) Å3

Z

8

Density (calculated)

1.407 Mg/m3

Absorption coefficient

0.104 mm-1

F(000)

1024

Crystal size

0.40 x 0.16 x 0.15 mm

Theta range for data collection

2.94 to 27.49°.

Index ranges

-9<=h<=9, -18<=k<=18, -27<=l<=27

Reflections collected

4928

Independent reflections

2650 [R(int) = 0.0218]

Completeness to theta = 27.49°

99.8 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2650 / 0 / 208

Goodness-of-fit on F2

1.002

Final R indices [I>2sigma(I)]

R1 = 0.0376, wR2 = 0.0907

R indices (all data)

R1 = 0.0557, wR2 = 0.1009

Extinction coefficient

9.0(12)x10-6

Largest diff. peak and hole

0.148 and -0.179 e.Å-3
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Table AII.2: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103)
for 1. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
________________________________________________________________________________
x

y

z

U(eq)

________________________________________________________________________________
N1

2850(2)

7183(1)

6404(1)

28(1)

C2

3260(2)

7984(1)

6129(1)

28(1)

C3

1910(2)

8321(1)

5689(1)

27(1)

C4

403(2)

7819(1)

5429(1)

31(1)

C5

382(2)

6843(1)

5648(1)

32(1)

C6

1087(2)

6732(1)

6308(1)

32(1)

O7

4658(1)

8435(1)

6230(1)

42(1)

N8

2210(2)

9160(1)

5476(1)

34(1)

N9

2432(2)

9863(1)

5286(1)

55(1)

O10

-655(2)

8145(1)

5054(1)

49(1)

C11

3936(2)

6849(1)

6929(1)

33(1)

C12

4690(2)

5900(1)

6829(1)

27(1)

C13

4114(2)

5173(1)

7189(1)

38(1)

C14

4861(2)

4306(1)

7124(1)

38(1)

C15

6221(2)

4158(1)

6692(1)

28(1)

C16

6778(2)

4870(1)

6314(1)

34(1)

C17

6015(2)

5734(1)

6385(1)

34(1)

O18

6954(1)

3298(1)

6654(1)

37(1)

_______________________________________________________________________________
_
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OH
S
N

NC

E isomer

X-ray

Experimental

acetonitrile:

for

(2Z,3E)-(2-hydroxyimino-thiophen-3-ylidene)-phenyl-

Crystals grew as long, yellow lathes by slow evaporation from 9:1

pentane:ether. The data crystal was cut from a larger crystal and had approximate
dimensions; 0.45 x 0.23 x 0.05 mm.

Figure AII.2: View of 1 showing the atom labeling scheme. Displacement ellipsoids are
scaled to the 50% probability level.
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Table AII.3: Crystal data and structure refinement for 1.
Empirical formula

C12 H8 N2 O S

Formula weight

228.26

Temperature

153(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P2/n

Unit cell dimensions

a = 12.3254(8) Å

α= 90°.

b = 5.9356(4) Å

β= 91.349(4)°.

c = 14.5906(11) Å

γ = 90°.

Å3

Volume

1067.13(13)

Z

4

Density (calculated)

1.421 Mg/m3

Absorption coefficient

0.280 mm-1

F(000)

472

Crystal size

0.45 x 0.23 x 0.05 mm

Theta range for data collection

3.31 to 27.50°.

Index ranges

-15<=h<=16, -7<=k<=6, -18<=l<=18

Reflections collected

4965

Independent reflections

2218 [R(int) = 0.0589]

Completeness to theta = 27.50°

90.2 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2218 / 0 / 178

Goodness-of-fit on

F2

1.034

Final R indices [I>2sigma(I)]

R1 = 0.0509, wR2 = 0.0852

R indices (all data)

R1 = 0.0950, wR2 = 0.1002

Extinction coefficient

8.4(14)x10-6

Largest diff. peak and hole

0.285 and -0.262 e.Å-3
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Table AII.4: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103)
for 1. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
________________________________________________________________________________
x

y

z

U(eq)

________________________________________________________________________________
S1

8056(1)

47(1)

4174(1)

29(1)

C2

7163(2)

1301(4)

4950(2)

20(1)

C3

7671(2)

3216(4)

5444(2)

20(1)

C4

8775(2)

3457(5)

5130(2)

29(1)

C5

9068(2)

1957(5)

4506(2)

31(1)

N6

6172(2)

661(4)

5018(1)

21(1)

O7

5970(1)

-1128(3)

4411(1)

31(1)

C8

7215(2)

4615(4)

6062(2)

18(1)

C9

7834(2)

6569(5)

6326(2)

22(1)

N10

8321(2)

8162(4)

6522(1)

29(1)

C11

6161(2)

4368(4)

6531(2)

18(1)

C12

5966(2)

2462(5)

7061(2)

21(1)

C13

5024(2)

2327(5)

7558(2)

25(1)

C14

4268(2)

4052(5)

7523(2)

28(1)

C15

4459(2)

5942(5)

6999(2)

29(1)

C16
5410(2)
6108(5)
6515(2)
25(1)
________________________________________________________________________________
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OH
S
N

CN

Z isomer

X-ray

Experimental

for

(2Z,3Z)-(2-hydroxyimino-thiophen-3-ylidene)-phenyl-

acetonitrile: Crystals grew as very nicely formed yellow prisms by slow evaporation
from 9:1 pentate:ether. The data crystal had approximate dimensions; 0.22 x 0.17 x 0.13
mm.

Figure AII.3: View of 1 showing the atom labeling scheme. Displacement ellipsoids are
scaled to the 50% probability level.
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Table AII.5: Crystal data and structure refinement for 1.
Empirical formula

C12 H8 N2 O S

Formula weight

228.26

Temperature

153(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P21/c

Unit cell dimensions

a = 10.8638(2) Å

α= 90°.

b = 7.25470(10) Å

β= 104.1050(10)°.

c = 14.0683(2) Å

γ = 90°.

Volume

1075.34(3) Å3

Z

4

Density (calculated)

1.410 Mg/m3

Absorption coefficient

0.278 mm-1

F(000)

472

Crystal size

0.22 x 0.17 x 0.13 mm

Theta range for data collection

2.99 to 27.41°.

Index ranges

-13<=h<=14, -9<=k<=9, -18<=l<=18

Reflections collected

4619

Independent reflections

2448 [R(int) = 0.0304]

Completeness to theta = 27.41°

99.9 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2448 / 0 / 178

Goodness-of-fit on F2

1.012

Final R indices [I>2sigma(I)]

R1 = 0.0362, wR2 = 0.0750

R indices (all data)

R1 = 0.0609, wR2 = 0.0834

Extinction coefficient

1.45(17)x10-5

Largest diff. peak and hole

0.272 and -0.289 e.Å-3
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Table AII.6: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103)
for 1. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
________________________________________________________________________________
x

y

z

U(eq)

________________________________________________________________________________
S1

11196(1)

6408(1)

6894(1)

26(1)

C2

10097(2)

6248(2)

7630(1)

20(1)

C3

8775(2)

6321(2)

7045(1)

19(1)

C4

8781(2)

6575(2)

6019(1)

22(1)

C5

9938(2)

6659(2)

5863(1)

26(1)

N6

10415(1)

6098(2)

8568(1)

23(1)

O7

11735(1)

6081(2)

8909(1)

27(1)

C8

7722(2)

6114(2)

7404(1)

20(1)

C9

7836(2)

5712(2)

8420(1)

20(1)

N10

7817(1)

5378(2)

9215(1)

27(1)

C11

6387(2)

6179(2)

6807(1)

20(1)

C12

5525(2)

4837(3)

6931(1)

28(1)

C13

4290(2)

4872(3)

6367(1)

32(1)

C14

3891(2)

6241(3)

5683(1)

28(1)

C15

4729(2)

7603(3)

5568(1)

30(1)

C16

5973(2)

7590(3)

6133(1)

26(1)

_______________________________________________________________________________
_
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Appendix III Frequently Used Acronyms
CAR
CHD
DBA
DNQ
DUV
1
H NMR
NCAR
NMM
NMP
RIE
SFIL
THF
PAC
PAB
PAG
PBG
PEB

chemically amplified resist
cyclohexadiene
dibenzyl amine
diazonaphthoquinone
deep-ultraviolet
hydrogen nuclear magnetic resonance
non-chemically amplified resist
N-methylmorpholine
N-methylpyrrolidinone
reactive ion etch
step and flash imprint lithography
tetrahydrofuran
photoactive compound
post-application bake
photoacid generator
photobase generator
post-exposure bake
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