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Abstract

Functionalized reactive polymer coatings can be used in various biomaterials
applications such as immunoassays and biomolecule immobilization. Poly(para-xylelene)
is a relatively new biomaterial that has attracted attention over the past few decades in these
areas due to its unique properties and biocompatibility. The introduction of functionalized,
particularly aminated, poly(para-xylylene) will extend the application of these polymer
coatings to a wide variety of biological studies. However, their application is not
widespread due to the difficulty in synthesizing the corresponding precursors. Here, a two-
step method for amine functionalization of [2.2]paracyclophane via direct nitration and
reduction is developed. Nitration at super acidic conditions and temperatures as low as -78
°C, improved the stability of [2.2]paracyclophane toward strong acids and successfully
minimized side reactions such as oxidation and polymerization. This procedure resulted in
quantitative yields of 4-nitro[2.2]para-cyclophane, which was successively reduced by
Raney nickel catalysis with sodium borohydride. Compared to the many other reduction
systems, this method is simple, inexpensive and applicable in large scales. It does not
require harsh reaction conditions and within short reaction times, delivers quantitative
amounts of the reduced product. At the end, 4-amino[2.2]paracyclophane was collected in
77% overall yield. Additionally, carboxylation of [2.2]paracyclophane using the Freidel-
Crafts acylation was attempted and so far, we have been able to show the synthesis of
intermediate acylated products. The successful syntheses of products were verified by FT-
IR, NMR and MS, and comparison of their solubility and physical properties showed
significant changes upon substitution of the pristine [2.2]paracyclophane. Then, through



the chemical vapour deposition polymerization of 4-amino[2.2]paracyclophane amine-
functionalized thin films were coated on Si wafer substrates and their properties were
compared with Parylene N and C, two well-known poly(para-xylylene) films. The
substrates coated with amino-poly(para-xylylene) showed a higher surface energy
compared with those of coated with un-substituted or chlorine substituted poly(para-
xylylene) films. Furthermore, results of the surface characterization conducted by grazing
angle reflectance IR spectroscopy and XPS, demonstrated that the CVVD process was able
to transfer the functionalities of the precursors to deposited polymer films without
alteration. However, with the applied process parameters we obtained a higher functional

density of amine groups on the surface.

These polymer films can be deposited on a variety of substrates and be used as
functional surfaces for a variety of applications. However, the stability of primary amine
groups in air and aqueous solutions is a matter of concern. Aging of 4-amino-
[2.2]paracyclophane and corresponding poly(para-xylylene) films in air and mili-Q water
was studied via XPS and NMR spectroscopies. The results showed a decrease in the amount
of primary amines with storage time in air or water for both aminated precursor and
polymer. The kinetics for these changes, however, were not equal for the precursors and
polymer films. The decay of amine groups was accompanied by the appearance and
increase of oxygen, indicating that the decrease of available amine groups is associated
with oxidation which can transform them to more stable amide and nitro compounds. In
total, practical challenges involved in manufacture, durability and applications of amine-

functionalized Parylene coatings are discussed and a reliable scheme for fabricating such



films with high tunabiliy of the surface functional density is demonstrated. The highly
practical method presented here provides great potential for widespread application of
amine-functionalized poly(para-xylylene) as an outstanding biomaterial for microarrays,

tissue engineering and cell culture studies.

Keywords: [2.2]Paracyclophane, Poly(para-xylylene), CVD polymerization,

Amine-functionalization, Stability of primary amines
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Chapter one: Introduction to functionalized Parylene coatings

1-1- Organic thin coatings: Parylene

There is great demand for thin-film polymer coatings for advanced applications
from integrated optoelectronic devices! and circuit boards? to biomaterials® and optical or
microelectro-mechanical systems.* ° Traditionally polymers of poly(para-xylylene)
(commercially trademarked as Parylene) are used as protective insulating thermoplastic
coatings for electronic devices.® This is due to the uniform conformal coating properties
of Parylene resulting from the specific nature of its polymerization, called chemical vapor
deposition (CVD). The high mobility of the gaseous monomer (para-xylylene) (PX) in this
process enables them to polymerize in the plane of the surface and create uniform surfaces
with very low sticking coefficient (<1 x 10°%) at room temperature.® Therefore, Parylene is

usually deemed a good candidate where an insulating conformal coating is needed.

In addition to high degree of uniformity (pinhole-free) that CVD polymerization
endows to its polymers, no catalysts, solvent or initiator and consequently no by-produts
are involved in this method. Therefore, polymers of poly(para-xylylene) (PPX) are
chemically inert (unless intentionally modified with functional groups), resistant to
swelling in aqueous solutions, and amenable to lithographic patterning on a variety of
substrates.” Owing to these unique properties and their high biostability compared to
traditional conformal coatings such as epoxies, silicones, acrylics, and urethanes, PPX-

related polymers have drawn significant attention as structural materials for microfluidic

1
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devices,® and as biomaterials.® 1° . This also means that Parylene-encapsulated medical
devices implanted in the body can remain stable for many years, making them attractive

for applications involving biological interfaces.

1-2- CVD polymerization of Parylene

In the past decades, vacuum deposited polymers have gained attention for their
unique properties, such as inherent cleanliness and minimal generation of hazardous
waste.!! These advantages derive from the nature of vapour deposition polymerization,
which does not require solvent and catalyst. The precursor used for depositing Parylene is
a dimer of PX, called [2,2]para-cyclophane (PCP, Scheme 1). Synthesis of Parylene
through vacuum polymerization of PX was first reported by Szwarc in 1947;'2 however,
Parylene found a wider commercial use with the introduction of the Gorham method for
CVD polymerization of PXs.!* He found that PCP could be cleaved efficiently at
temperatures as low as 600°C with 100% conversion into monomers.'* This temperature is
adequate for pyrolysis of many variants of PCPs and using higher temperatures is reported
to produce reactive species that lead to undesired side reactions, crosslinking, and
oligomerization.'® As a whole, the method involves sublimation and vacuum pyrolysis of
the PCP precursor at temperatures above 600 °C to yield the reactive monomers. Cooling
to room temperature polymerizes the monomers adsorbed onto the surface and a high
molecular weight Parylene film is formed on the surface. Because the pressure is still below

the vapor pressure of monomer gas it has a finite residence time on the chamber walls. A
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small fraction is consumed by either initiation or propagation; the remainder reenters the

gas.

12 13
11 14
10 1
CH
HzT 16 15 2
H,C 7 8 CH,
9 2
6 3
5 4

Scheme 1. Chemical structure of [2.2]paracyclophane, the simplest member of the

paracyclophane family

The deposition of PX in a CVD chamber is controlled both by chemical and
physical phenomena. Therefore, both aspects should be considered simultaneously to
elucidate the mechanism of polymerization and develop a model for CVD process that
allows us to predict and tune the final properties of the polymer films. The chemistry of
polymerization, most notably the initiation reaction, had been investigated for many years
until Errede and Szwarc illustrated a commonly-accepted pathway in 1958.° Initiation of
the CVD polymerization of p-xylylene was unknown until thermodynamic studies®®
showed that a small number (1) of PX molecules spontaneously convert into a single di-

radical, as shown in Scheme 2. Since A is greater than 1, polymerization does not occur in
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the gas phase, where the concentration of monomers is low. The monomer is present in

sufficient concentrations for initiation only after adsorption on the chamber walls.

Initiation

Ko .
A HQC=<:>:CH2 — CHZ-Q—CH2<CH2—®—CH24>CH2_®_'CH ,
22

M R P R
Propagation
kp
WCHzOCHZ + H2C=<:>=CH2—> MCHZOCHz—CHZ < > éH
2
R M P R

Scheme 2. Initiation and propagation reactions of para-xylylene polymerization (adapted
from ref. 18)

The minimum number of monomers (A) to initiate the polymerization is found to
be three for PX;!® however, it could be different for other substituted PXs. For instance,
Gaynor®® reported that the results of polymerization of dichloro-PX best fits the
experimental data when A is assumed to be four and consequently the initiation reaction has
a fourth-order kinetic rate with respect to the monomer. Therefore, in each initiation
reaction A monomer molecules (M) are consumed to produce two free-radical propagation
centers (R) and (A-2) polymer repeating units (P). The main step of polymerization,

propagation, occurs by the addition of monomer (M) to free radical polymer chain end

4
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propagation centers (R). Each single reaction, consumes one monomer molecule and
produces one polymer repeat unit (P). The net change in the number of propagation centers
(R) is zero (Scheme 2). Thus, the rates of consumption and production of these moieties in

the initiation and propagation reactions can be described as follows:

(55) = 2k;M? (Eq. 1-1)

Initiation J
I P
((‘;—t) = (A — 2)k;M*

(- (5) = (G2) = korM
Propagation { (Eq. 1-2)

The last step in the chemistry of deposition is termination of polymerization.
According to Errede and Szwarc,® propagation is assumed to continue as long as monomer
is present in the vicinity of propagating chains. Growth of the chains is ceased when they
are “buried” (isolated from the influx of fresh monomer) in the bulk of deposited polymer.
Consequently, there is no need to consider the effect of any chemical event that stops the
chain growth. Based on these findings, the polymer is assumed to be “living” and no
termination reaction is assumed in this polymerization.*® In order to determine
concentration of monomer in the film we need to have a clear understanding of the physics

of deposition as well. For this purpose, neglecting the volume change on polymerization,
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Henry’s law has been employed to relate the pressure of monomer gas to concentration of

monomers at the growth surface:*®

M, =2-L (Eq. 1-3)

Ky Psqt

Eventually, the first quantitative model for CVD polymerization of PX was
introduced by Beach in 1978.8 Almost every other model, published later, has used the
basic precepts of this model. The approach is based on a mass balance in which the amount
of monomer entering a volume element equals the amount of monomer that re-evaporates
plus the amount that is consumed by reaction or is removed by convection. The model is a
one-dimensional problem in which the only spatial dimension is the direction of film
growth, perpendicular to the film plane. Beach has developed a steady-state

diffusion/reaction model that assumes:

) Through the equilibrium between the monomer gas and monomers adsorbed on the
surface, surface concentration of monomers molecules on the surface is related to

the partial pressure of the monomer gas by Henry's Law.
i) The rate of initiation is very low compared to the rate of propagation.
iii) Convection effects in the film are negligible.

iv) All the temperature dependent parameters in reaction, diffusion and vaporization

follow Arrhenius behavior.
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With the simplifications introduced by Beach?® for steady-state growth of the film,
the properties of the polymer films (i.e. number average molecular weight and growth rate

of the film thickness) can be related solely to process parameters:

L y ((A+3)/4)

y = (,12?) /4 (kik, D?) ™* (ﬁ) p+/9 (Eq. 1-4)
_ 1.k 1/ Ky P, _ —((A—

iy = 0(2p2) V2 (7} 32 (K6P0/ ) (@072 pG-/2 (Eq. 1-5)

where y is the growth rate, 4 is the number of molecules required to create the di-radical
initiator, p is the film density, ki and kp are the initiation and propagation rate constants, D
is the diffusion rate of the monomer in the film, Ky is Henry’s constant, Po is the vapor
pressure of the monomer, P is the partial pressure of the monomer and w is the molecular
weight of the monomer. Gaynor®® extended this model into two dimensions and applied it
to the copolymerization of chloro-p-xylylene and p-xylylene. Additionally, Ganguli'®
showed that depending on the rate of polymerization, the CVD polymerization process can
take a significant amount of time to reach steady state. Thanks to the new analytical solution
methods, they were able to find a solution for the change of monomer concentration during
the transient phase of polymerization. However, numerical solution methods show that the
transient phase does not last long, and within a few seconds of starting the process, the

growth rate of the film’s thickness and the monomer concentration at the growth interface
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are independent of time. Therefore, the steady state assumption of Beach holds for almost

entire the process but a very short transient period at the beginning.

1-3- Functionalized coatings

Very soon after the discovery and development of PPX, researchers found that
functionalized PPX films exhibit improved performance when used for coating
applications. Beside PPX, a few other derivatives of Parylene are either well developed or
have been reported in the literature. Scheme 3 presents some of these derivatives with their
chemical structures and commercial names. Among these derivatives, chlorine-
functionalized PPX (PPX-C) is the most widely used variant of Parylene because it has
improved dielectric and moisture barrier properties compared to un-substituted PPXs.®
More importantly, there is an increasing demand for reactive polymer coatings, especially
in the rapidly growing area of biomaterials research. In this regard, Parylene coatings
containing reactive groups present interesting interfaces for biomedical applications, where
the surface functionality of Parylene could be used to further derivatize the coating after
polymerization. This could open new routes to biomaterials engineering by tuning the
surface properties based on the precursor(s) used for polymerization. For instance, reactive
Parylenes could be functionalized with biomolecules,?® such as proteins or biopolymers,
that improve the biocompatibility of Parylene coatings for their use in human body

implants.?
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Poly(p-xylylene), PPX Poly(chloro-p-xylylene), PPX-C
Cl
E : En n
Parylene N Parylene C
Poly(di-chloro-p-xylylene), PPX-D Poly(4-amino-p-xylylene-co-p-xylylene), PPX-A
NH,
Cl Cl
W W,
n
n
Parylene D Parylene A

Scheme 3. Some of the common derivatives of Poly(para-xylylene) and their structures

The introduction of amine and carboxyl group functionalities are particularly
interesting because they can provide reactive linking sites for covalent immobilization of
biologically active molecules to the substrate surfaces.?>?” A number of reports in the
literature have demonstrated the versatility of amine-functionalized coatings in cell
colonization?® or adhesion promotion applications.?® This is associated with positive
charges of primary amine groups at physiological pH and their tendency to attract living
cells via the negatively charged biomolecules present on the cell’s membrane.? *°

However, the majority of the reports are devoted to the utilization of such chemically

reactive groups as platforms in biochemistry for the covalent coupling of biomolecules. As
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of yet, carbodiimide chemistry is the most widely used approach for the amidation reaction
to link surface-tethered amine groups to mobile carboxyl groups. Using this method, in
addition to nucleic acids and proteins, a number of other bioactive molecules (e.g.
hyaluronic acid, heparin and other polysachharides) have been successfully immobilized

on amine-functionalized surfaces.?®

The carbodiimide coupling strategy can also be used to link carboxyl-functionalized
coatings to mobile amine groups, like those present in proteins. Similar to amine
functionalization, carboxyl groups can be inserted on the surface of substrates by
techniques such as plasma treatment and plasma polymerization,?? 3! or by exposure of the
polymer surfaces to strong oxidants.®? 3 The latter is applicable to any oxidation-sensitive
polymer, but can degrade the polymer to produce carboxylic acids and other groups in the
bulk of the polymer. A downside of plasma methods is that they usually leave behind free
radicals trapped in bulk of the polymer, which can then cause crosslinking or further
reactions with oxygen and water present in air or in solution. An alternate method to
introduce carboxyl functionality is to use an interlayer that already contains carboxyl
groups. The reactivity of the acid groups has been exploited for example in the adsorption
of charged lipid bilayers on plasma polymerized maleic anhydride films.?® 3 More
generally, carboxylated coatings, like aminated surfaces, could be useful platforms for
interfacial immobilization, via carbodiimide chemistry, of biomolecules that contain amine
groups. Covalent attachment of collagen, anticoagulants such as human thrombomodulin
and enzymes onto carboxyl-functionalized biomaterials have been successfully reported.?

Despite its successful synthesis,®® little attention has been paid to carboxylated Parylene

10
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and no direct application has been reported, despite the fact that no substantial difference
is expected between the reactivity of carboxyl groups on Parylene and that of other

polymers.

1-4- Substitution of [2.2]para-cyclophanes: amine and carboxyl derivatives

Since CVD polymerization is carried out under high vacuum and its maximum
temperature throughout the entire procedure is tolerable by many functional groups,
functionalization of Parylene films can be achieved by polymerization of the corresponding
substituted precursors. As discussed earlier, the simplest precursor used for the CVD of
Parylene films is [2,2]para-cyclophane (PCP, Scheme 1), a dimer of the well-known family
of aromatic materials called cyclophanes. Its chemistry has been extensively investigated
since the seminal studies of Donald J. Cram in the early 1950s.3® Among the functional
Parylenes reported, amine- and carboxyl-bearing films can be useful in biomedical
applications because biologically-active molecules can be covalently attached to these
groups through carbodiimide chemistry or the use of linker molecules such as
glutaraldehyde or succinimde.® Yet, their application by CVD is restricted due to the
challenges posed by the synthesis of the corresponding amino- and carboxyl-substituted

PCPs.

It can be envisioned that the simplest solution to obtain the amino-PCP, might be
the direct nitration of PCP, followed by subsequent reduction of the nitro substituent(s).

Since nitrated aromatic compounds in general are of industrial importance as organic
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intermediates, a variety of synthetic routes have been reported so far. These include the use
of nitrating acids, nitrate or nitrite salts, and solid acids. The method using a mixture of
concentrated or fuming nitric acid with sulfuric acid has been the most widely cited.*
Nevertheless, to nitrate the more reactive aromatic compounds and as well as to control the
regioselectivity of substitution, different approaches with nitrate/nitrite salts have been
developed.®®4% For instance, regioselective nitration of the phenyl groups of meso-
tetraphenylporphyrin (TPP) has been conducted using sodium nitrite (NaNO2) and
trifluorocetic acid (TFA).*! In a different approach, with the goal of reducing the amount
of sulfuric acid required for the nitration reaction, researchers have developed solid acids
by simply soaking small amounts of solid supports such as silica gel in sulfuric acid
followed by oven drying.*? This is predominantly to reduce the amount of water produced
as a byproduct when using excess sulfuric acid in industrial applications, which over the
course of the reaction can dilute the acid and slow the reaction, with the added benefit of

the concomitant reduction of risks of handling dangerous acids and process costs.

On the other hand, conversion of aromatic nitro compounds to corresponding
aniline structures through the reduction of nitro substituent is one of the most significant
transformations in synthetic organic chemistry. As a consequence, many reducing reagents
have been introduced so far for this purpose. The most common method involving the iron
catalysis in the presence of hydrochloric or acetic acid.*> Some other conventional and
important reducing agents reported in the literature are Sn/HCI, SnCIlo/HCI, Zn/HCI,

LiAlH4, NaBHa, TiCls, N2Ha/Zn, N2Ha/FeCls and so on.*" 4447
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However, most of these nitration-reduction systems are either incompatible or
inefficient with PCP. Conventionally, a five-step procedure is used to synthesize 4-
amino[2,2]paracyclophane from PCP.*8 This approach affords poor yields of 4-amino-PCP,
and does not produce the diamino-PCP product. In another work in 1997, Cipiciani*
conducted a three-step procedure to synthesize 4-amino-PCP in 46% vyield. They first
synthesized halogenated PCPs using the method initially described by Cram.*” Successive
metallation of 4-bromo[2,2]paracyclophane with n-butyllithium resulted in the 4-lithio
derivative that was subsequently aminated by methyllithium-methoxyamine to provide
amino-substituted PCP. Nevertheless, attempts to synthesize amino-substituted PCPs
directly by nitration and subsequent reduction of nitrated PCPs were not very successful.
This is due to the poor stability of PCPs in harsh oxidation conditions during the nitration
reaction, which results in numerous side reactions (e.g. polymerization and oxidation of
PCP). Cram™ was the first to directly synthesize amino-PCPs, by nitration and successive
reduction, with 26% yield for the mono- and 8% for the di-substituted products. However,
purification of the products from polymeric byproducts was difficult and isolation of the
products required repeated chromatography steps giving rise to a limited application of this
approach for preparing the amino-PCPs in quantitative scales. They subsequently utilized
platinum oxide catalysis in absolute methanol to reduce the 4-nitro[2.2]paracyclophanes.*’
Recently, Lahann®! reported the ability to nitrate the PCP in high yields at very low
temperatures (-78 °C). They first treated fuming nitric acid (100%) with
trifluoromethanesulfonic acid (triflic acid). This reaction liberates free nitronium ions that

possess high nitration power even at low temperatures. Therefore, using low temperatures
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and short reaction times they prevented the side reactions that are mostly favored at elevated
temperatures. Finally, they reported a yield of 93% for their dinitrated product. According
to the authors, stirring the reaction mixture for 20 min at -78°C followed by reaction for 2
h at -20°C delivered mainly dinitro-PCP and only traces of mononitro-PCP. These yields
remained constant through the reduction process, which involved using a triiron
dodecacarbonyl in toluene/aqueous KOH two-phase system with [18]crown-6 ether as the
phase-transfer catalyst. However, in our attempts to reproduce the procedure using the same
reactions, we were unable to obtain similar results. For the first step, as we allowed the two
acids to react at -78°C, a white precipitate appeared in the acidic solution and quickly
solidified in the flask. Ignoring the precipitate and proceeding with the reaction did not lead
to acceptable yields. Also, reducing the nitrated PCP using triiron dodecacarbonyl catalyst
afforded negligible yields of amino-PCP. Failing to quantitatively reduce the nitro-PCP,
we then tested a related model compound, 2-nitro-para-xylene, to assess reducing power of

the catalyst and found that it did not yield more than maximum 53% reduced product.

Therefore, with the aim of improving both nitration and reduction reactions of
[2.2]paracyclophane, we introduce a relatively simple procedure that does not suffer from
the above problems. For the first nitration reaction, we propose to replace the triflic acid
with triflic anhydride to avoid the formation of water that subsequently freezes at low
temperatures (-78°C) and interferes with the reaction. Also, we suggest a different reducing
agent for the second step that is faster, less expensive and easier to scale-up. This powerful
and highly selective reduction system which benefits from the ®Raney Nickel catalysis in

the presence of sodium borohydride (NaBHa), has been successfully tried on a number of
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aromatic nitro compounds with > 90% vyields. We observed comparable yields for the
reduction of 4-nitro[2.2]paracyclophane (92%) and the test compound, 2-nitro-para-xylene,
(94%). Another advantage of this procedure is that it avoids strong acidic media that can
degrade the starting nitrated compound, and does not require harsh reaction conditions (e.g.
high hydrogenation pressures or temperature refluxing). At the end, reproducibility of the
results was verified by a minimum of triplicate experiments for each set of reactions in
small to large scales ranging from 25 mg to 5 g. We also present a careful and
comprehensive characterization of the products at each step of the synthesis of amino-PCP
and of the amino-Parylene thin films produced from it. This careful characterization has
not been addressed in the literature, making the reproduction of synthesis protocols difficult

and the wide applicability of amino-Parylene coatings challenging.

On the other hand, despite the frequent reports that address the synthesis of
carboxyl-substituted PCP, we were unable to find any work in literature that targets the
synthesis of carboxyl-PCPs as the main product. Their synthesis has been targeted in many
works as intermediate PCP derivatives that can be subsequently converted to a variety of
other compounds such as amines,*” #8-52 cyanides® or even more complex structures such
as quinolinophane.®® The majority of mono- and di-substituted PCPs were obtained with
the aid of Friedel-Crafts electrophilic aromatic substitution either by alkylation or acylation
of the pristine PCP.4" 48535 | case of acylation, the resulting acetyl compounds have been
either used as synthesized, serving as an intermediate, or further modified, often through
hydrolysis, to obtain mono-substituted carboxyl-PCP or its derivatives. Like many other

substituted [2.2]paracycophanes, synthesis of carboxyl-PCPs and their related ketones were
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reported for the first time by Cram in 1955.%" First, acetylation of PCP was conducted under
‘very mild condition’ (-20 °C, 10 min) using acetyl chloride and AIClz in sym-
tetrachloroethane solvent. The reaction was then quenched with HCI(aqg.) and the extracted
crude product was purified by distillation and crystallization from aqueous ethanol solution
to yield 71% of 4-acetyl[2.2]paracyclophane. Following this, the isolated ketone was
hydrolyzed under basic aqueous conditions. This was performed by slowly adding a
solution of the ketone, from previous step, in dioxane solvent to a potassium hypobromite
solution at 0° C and conducting the reaction at room temperature for less than two hours.
The hydrolysis step was reported to yield 90% of 4-carboxyl[2.2]paracyclophane.
Changing the solvent to dichloromethane in the first step, acylation reaction, lowered the
yield to 43 % and gave rise a number of by-products which were not isolated or identified.>*
However, the authors claimed the isolation of 23% of the product by column
chromatography on the filtrate of the initial crystallization step. To study the direct
influence of substituents on the electrophilic substitution of [2.2]paracyclophanes, Cram
carried out the acylation reaction of mono-bromo-PCP under the similar conditions with
acetyl chloride/AIClIs reagents in dichloromethane solvent and obtained mainly the pseudo-
para isomer in 41% vyield. A similar methodology has been used by Waters.*® In order to
be able to conduct the acylation reaction of PCP at room temperature and to avoid the use
of subzero cooling baths, acetyl chloride was replaced by trifluoroacetic anhydride and the
reaction was allowed to continue for 30 min at room temperature. This acylation procedure
has reportedly yielded 95% of 4-trifluoroacetyl[2.2]paracyclophane as crude product at the

end. However, conducting the reaction at room temperature instead of controlling it at very
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low temperatures is contradicted by the general considerations that Cram remarks for
prevention of side reactions when doing a Friedel-Crafts acylation on PCPs.*" % The
subsequent hydrolysis of trifluoroacetyl-PCP, converting it to carboxyl-PCP, was carried

out by refluxing in aq. KOH (10% solution) which has been reported to yield 85%.4®

A different approach has been suggested by Yeh and Gorham starting with
halogenation, more specifically bromination of PCP and converting them to carboxylated
PCP in two steps.® In the presence of a catalytic amount of iron powder, the halogenation
reaction of PCP was carried out at 40-50 °C in carbon tetrachloride to yield 91% of di-
bromo-PCP which subsequently was converted to di-lithio-PCP through halogen-lithium
exchange chemistry. Treatment of di-bromo-PCP with n-butyllithium in refluxing benzene
under anhydrous conditions and cooling to room temperature gave a milky mixture
containing di-lithio-PCP, which was used for the next reaction step by simply decanting
into a beaker containing powdered dry ice. Extracting with water and acidifying with HCI
resulted in 95% of di-carboxyl-PCP. Slightly different procedures can be implemented to
convert the bromo groups to carboxyl groups using Grignard reagents.>” However, addition
of carbonyl groups at the end of this method was performed by bubbling of carbon dioxide,
dried on CaClz, SiO2, 5 A molecular sieves, P-Osand sulfuric acid for 18 h;% a procedure
that required considerable time and effort compared with previous methods. In all of the
above reports along with many other works, Carboxyl-PCP has been utilized as an
intermediate for synthesis of further substituted PCPs. Some works, convert them to
aminated PCPs,* 52 %3 while some introduce the possibility of synthesizing aminoacids

through multi step di- or multi-substitution mechanisms.>" %
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Among the above methods for substitution of PCPs with carboxyl groups, we
selected the Friedel-Crafts acylation approach as it does not implicate laborious
experimental conditions and has proved successful in some works. The first acylation
reaction was carried out following the procedure described by Waters,*® a method that
appeared to be the most straight forward reaction of all methods and reported to have a high
product yield. Unfortunately, different results were obtained in our work than what is
reported. In our hands, the acylation of PCP with trifluoroacetic anhydride at room
temperature resulted in the production of polymers in larger proportion than the desired
product. Hence, we attempted to improve this reaction by controlling it at very low
temperatures. In spite of controlling the inappropriate side reactions, the low reaction
temperature prolonged the main reaction as well and we recovered the majority of
unreacted starting material at the end of the reaction. Furthermore, we attempted to use
Cram’s method for acylation of PCP using acetyl chloride/AICIs in dichloromethane.> As
reported, the yield of this reaction is not expected to be more than 70% and the product is
contaminated with several by-products that needs to be isolated. To do this, Cram distilled
the crude product at 200 °C, crystalized in methanol and performed column
chromatography. To date, we have not been able to develop a reproducible method for
isolation of the product and as a result, we have not yet proceeded to the next step of these
reactions to convert the synthesized acetyl group to carboxyl acid derivative. Since we were
mostly focused on the synthesis of amine-functionalized PCPs as the main goal of this
project, we lacked of time to complete all the reactions required for the synthesis of

carboxyl-PCP and here we only report the best of our obtained results by to date.
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Chapter two: Experimental

2-1- Materials

Anhydrous sodium sulphate, sodium bicarbonate, sodium hydroxide, potassium
hydroxide, concentrated hydrochloric acid (38%), glacial acetic acid (99.7%) and solvents
including toluene, dichloromethane, chloroform, diethyl ether, n-pentane, absolute ethanol,
and methanol were purchased from Caledon Laboratories Ltd. [2.2]Paracyclophane (97%),
2-nitro-para-xylene (99%), sodium nitrate (99%), sodium nitrite (97%), sodium
borohydride (98%), sodium bisulfite (mixture of NaHSO3z and Na»S;0s), anhydrous
aluminum chloride (99.99%), fuming nitric acid (99.5%), trifluoromethanesulfonic (triflic)
acid (99%) and anhydride (99%), trifuoroacetic acid (99%) and anhydride (99%), acetyl
chloride (99%), bromine (99.5%), [18]crown-6 ether (99%), triirondodecacarbonyl
(contains 1-10% methyl alcohol) and Raney ® Nickel 2800, slurry in H20, active catalyst
were obtained from Sigma-Aldrich. Dichloromethane was distilled from calcium hydride

(CaH2) immediately prior to use. All other solvents and reagents were used as received.

2-2- Instrumentation

All glassware was dried in an oven prior to use and reactions were performed under
argon atmosphere where an inert atmosphere was needed. Flash chromatography was
performed on a Silica gel (230-400 mesh, Silicycle Inc.) column. Thin Layer

Chromatography (TLC) was carried out on pre-coated Aluminum-Backed TLC Sheets
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(EMD Millipore). Spots were visualized using short-wave ultraviolet light (254 nm) or by
iodine vapor. Low temperature baths were prepared by making a mixture of NaCl/ice (-20
°C) and a slurry of solid carbon dioxide (dry ice) with acetone (-78 °C). Chemical vapor
deposition polymerization of Parylene films was performed in a Labcoater2® Parylene
Deposition System (Specialty Coating Systems). The cold trap of the CVD machine was

cooled down using a mechanical chiller probe of FTS Systems Flexi-Cool, model FC100.

2-3- Synthesis of 4-nitro[2.2]paracyclophane
2-3-1- Nitration with triflic acid/anhydride

Similar conditions were employed using both triflic acid and triflic acid anhydride.
In a sample reaction DCM (30 mL) and triflic acid anhydride (3.5 mL, 20.803 mmol) were
mixed for 5 min in a 100 mL round bottom flask equipped with a magnetic stir bar and then
fuming nitric acid (1.6 mL, 38.343 mmol) was added to the solution and stirred for another
15 min at room temperature under argon atmosphere. The super-acidic solution was then
cooled to -78 °C followed by slow addition of PCP (1.000 g, 4.805 mmol) solution in DCM
(40 mL). The reaction mixture was stirred for 20 min at -78 °C and an additional 120 min
at -20 °C under argon atmosphere. The reaction was stopped by quenching in ice water
(700 mL) and subsequent neutralization with sodium bicarbonate. Sodium bicarbonate was
added until the solution became neutral or slightly basic. The crude mixture was extracted
with 3 x 250 mL of diethyl ether (Et.O). All organic phases were combined and dried over

anhydrous NaxSOg, filtered and evaporated under vacuum to afford the brown crude
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product. Dry flash chromatography was performed on a silica gel column to isolate the
nitrated products. To be able to dry load the compound, it was adsorbed onto the minimal
amount of silica gel by dissolving in DCM, adding silica gel (ca. 5 g) into the solution and
removing the solvent. Elution with n-pentane:Et,O gradient (97.5:2.5, 95:5, 90:10, 80:20,
60:40, 20:80, 100% Et>O, methanol) afforded 10 different fractions among which the third
fraction was identified as 4-nitro-[2.2]paracyclophane as a yellow brittle powder after
removing the eluent (1.021 mg, 84%). Rf=0.67 (60:40 n-pentane:Et;0); m.p. = 150 — 152
°C; IR (KBr): 5=868 (CN), 1196 (NO), 1338 and 1516 (N-O stretches), 1422, 1599, 2849
and 2920 (CH, sp®), 3036 (CH, sp?) cm™; 'H NMR (600 MHz, CDCls): 5= 7.22, (1H),
6.80(1H), 6.63 (2H), 6.55 (2H), 6.47 (1H), 4.03 (1H), 3.04-3.23 (4H), 2.92 (2H), 2.87(1H).
13C NMR (151 MHz, CDCls): 6= 149.57, 142.36, 140.04, 139.60, 138.05, 137.61, 136.72,
133.47, 133.40, 132.68, 130.24, 129.81, 36.27, 35.25, 35.06, 34.73; MS (El+, 70 eV): m/z
(%)= 253 [M*], 150 [CgHgNO-"], 104 [CgHs™], 103 [CgH7"], 78 [CsHs']; HRMS (Found:

253.1121), C16 H1s NO2 requires 253.1103.
2-3-2- Nitration with sodium nitrate/nitrite

Similar pathways were examined using both sodium nitrate and sodium nitrite salts.
Various concentrations of nitrating salts, reaction times (5-60 min) and temperatures (0-60
°C) were tested for the nitration reactions. In an example reaction, to a solution of PCP
(0.100 g, 0.481 mmol) in TFA (10 mL) was added NaNO- (0.063 g, 0.900 mmol) under
argon at 0 °C. The reaction mixture was stirred for 10 min and then quenched in ice/water
(50 mL). The mixture was extracted with DCM (3x25 mL). Then, the organic layers were
combined and washed once with 5% aq. solution of NaHCO3 (50 mL) and once with water
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(50 mL), dried over anhydrous Na>SO4 and concentrated with rotary evaporator to afford a
dark brown residue. TLC of the crude product in 60:40 n-pentane:Et2O solvent system
showed 11 different compounds. The fourth fraction was identified as 4-
nitro[2.2]paracyclophane (maximum vyields of 12 and 8% with NaNO, and NaNO3 salts

respectively).

2-4- Synthesis of 4-amino-[2.2]paracyclophane
2-4-1- Reduction with Raney Ni/NaBHa4

As-synthesized 4-nitro-[2.2]paracyclophane (1.000 g, 3.951 mmol) was dissolved
in ethanol (160 mL). Then, Raney Ni (0.100 g, ca. 1 mL of the slurry) was added into the
solution and stirred for 5 min at room temperature. The reduction reaction was started with
the subsequent addition of NaBH4 in excess amounts (0.747 g, 19.760 mmol, 5 equiv.). To
better control the hydrogenation over the time of reaction, addition of NaBHs was
conducted slowly and very carefully in a few portions, and the reaction vessel was kept at
room temperature using a water bath. After stirring for 30 min, the catalyst was removed
via vacuum filtration and washed with copious amount of methanol. Due to the pyrophoric
nature of Raney Ni, immediately after washing, the catalyst was transferred to a beaker of
distilled water, followed by neutralization with HCI to prevent auto ignition. The filtrate
was evaporated and the solid residue was partitioned between DCM (100 mL) and water
(100 mL). The organic layer was removed and the aqueous layer was further extracted with

2 x 50 mL of DCM. The organic layers were combined and dried over anhydrous Na;SOa,
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filtered and evaporated to obtain the pure 4-amino-[2.2]paracyclophane as a tan rigid
powder (0.811 g, 92%). Rf=0.33 (60:40 n-pentane:Et20); m.p. = 220 — 222 °C; IR (KBr):
IR (KBr): b= 722, 800, 1286, 1422, 1498, 1509, 1562, 1610, 2857, 2928 and 3002 (CH,
sp?), 3032 and 3061 (CH, sp?), 3375 and 3473 (NH stretches, primary amine) cm™; *H
NMR (600 MHz, CDCls): & = 7.17 (1H), 6.59 (1H), 6.41 (2H), 6.27 (1H), 6.15 (1H), 5.43
(1H), 3.40- 3.99 (2H), 3.06-3.16 (3H), 3.01-3.04 (2H), 2.94-2.98 (1H), 2.81- 2.86 (1H),
2.63-2.72 (1H); 3C NMR (151 MHz, CDCls): & = 144.80, 141.11, 139.01, 138.96, 135.31,
133.49, 132.48, 131.53, 126.86, 124.63, 123.01, 122.39, 35.41, 34.99, 33.06, 32.27; MS
(El+, 70 eV): m/z (%)= 223 [M*], 119 (main) [CsH7NH2"], 91 [C:H7], 78 [CeHs'], 65

[C5H5]; HRMS (Found: 223.1356), C16 H17 N requires 253.1361.
2-4-2- Reduction with triiron dodecacarbonyl

In a 50 mL round bottom flask equipped with a magnetic stirrer, were dissolved 4-
nitro[2.2]paracyclophane (0.100 g, 0.395 mmol), triiron dodecacarbonyl (0.199 g, 0.395
mmol) and [18]crown-6 ether (0.005 g) in toluene (10 mL). The reaction commenced by
adding 10 mL of 1N KOH at room temperature under vigorous stirring. After 2 h, the green
mixture was extracted with diethyl ether (2x10 mL) and then the combined organic layers
were washed once with water (10 mL), dried over anhydrous Na»SOs, filtered and
concentrated under vacuum to leave a green residue. In order to purify the reduced product
from crude, the residue was dissolved in minimal amount of n-pentane:Et:O solvent
mixture (95:5 v/v) and flash chromatographed on a 1.23 cm (1.D.) x 20.32 cm (E.L.) silica
gel column. First, the soluble catalyst was removed by elution with n-pentane (250 mL).
Once the green color disappeared, i.e. the entire catalyst was removed, the remaining
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material was eluted with 60:40 of n-pentane:Et2O (250 mL), which resulted in 3 different
compounds. The first two corresponded to the starting material and triiron dodecacarbonyl
catalyst, but the combined pure fractions of the third compound delivered 0.004 g (<5%

yield) of 4-amino[2.2]paracyclophane after evaporation of the solvent.

2-5- Reduction of 2-nitro-para-xylene

Reduction of 2-nitro-para-xylene was conducted in similar conditions to 4-

nitro[2.2]paracyclophane as follows:

- Raney Ni/NaBHa catalysis: To a solution of 2-nitro-para-xylene (0.028 g, 25 pL,
0.185 mmol) in methanol (2 mL) was pipetted Raney Ni (0.1 g, ca. 1 mL of the slurry) at
room temperature. After stirring for 2 min, NaBH4 (0.014 g, 0.370 mmol, 2 equiv.) was
added in a few portions at 2-minute intervals over a period of 10 minutes. Through the
subsequent vacuum filtration, the catalyst was removed and washed with copious amounts
of methanol. The solvent was removed under vacuum and the residue was partitioned
between DCM (10 mL) and water (10 mL). The aqueous layer was extracted again with
DCM (2 x 5 mL) and the organic layers were combined before being dried over anhydrous
Na>S0.. Evaporation of the solvent yielded a dark yellow oil (0.022 g), characterized as 2-
amino-para-xylene (96%). Rf=0.47 (60:40 n-pentane:Et20; visualized by iodine vapor as
the product was not UV-detectable); b.p. = 216-218 °C. *H NMR (600 MHz, CDClz): & =

6.95-6.97 (1H), 6.55-6.57 (1H), 6.54 (1H), 3.53-3.67 (2H, broad), 2.27 (3H), 2.16 (3H).
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- Triiron dodecacarbonyl catalysis: 1 N KOH (5 mL) was added to the solution of
2-nitro-para-xylene (0.028 g, 25 uL, 0.185 mmol), triiron dodecacarbonyl (0.094 g, 0.187
mmol) and [18]crown-6 ether (0.004 g) in toluene (5 mL) and the mixture was stirred
vigorously for 2h at room temperature. Extraction with Et.O and subsequent column
chromatography as described for 4-amino[2.2]paracyclophane delivered 0.012 g (52.9 %)

of 2-amino-para-xylene.

2-6- Synthesis of 4-trifluoroacetyl[2.2]paracyclophane

In a two-neck round bottom flask, equipped with an argon inlet, dropping funnel
and a magnetic stirrer, anhydrous aluminum chloride (0.114 g, 0.863 mmol) was dispersed
in DCM (3 mL) and cooled to -78 °C. A solution of trifluoroacetic anhydride (135 pL,
0.955 mmol) in DCM (2 mL) was added dropwise over 1 min through the dropping funnel
under argon at -78 °C. After the mixture was stirred for 15 min under argon at -78 °C,
[2.2]paracyclophane (0.100 g, 0.480 mmol) was added over 1 min and the mixture was
stirred for an additional hour. The reaction was quenched by transferring into a mixture of
ice/conc. HCI (5 mL) and washed with water (2 x 5 mL), 1 N NaOH (2 x 5 mL), and water
(5 mL). The combined aqueous layers were extracted with 5 mL of DCM and then the
organic layers were combined, dried over anhydrous Na,SOg, filtered and concentrated
under reduced pressure to yield 0.117 g of white residue. TLC of the crude compound
showed a mixture of two compounds under UV. The more polar compound that was

isolated by recrystallization from methanol was a light brown solid and characterized to be

25



M.Sc. Thesis - S. Rahimi Razin; McMaster University - Chemistry

4-trifluoroacetyl[2.2]paracyclophane (0.440 g, 28%) Rf=59.1 (80:20 n-pentane:Et.0 );
m.p. 81-83 °C. *H NMR (600 MHz, CDCls): § = 7.12 (m, 1H), 6.80 (dd, 1H), 6.64 (d, 1H),
6.53 and 6.59 (dABg, 2H), 6.38 and 6.43 (dABq, 2H), 3.94-3.98 (m, 1H), 3.18-3.25 (m,
4H), 3.01-3.07 (m, 2H), 2.91-2.96 (m, 1H). 3C NMR (151 MHz, CDCls): § = 181.04,
145.43, 140.27, 139.92, 139.40, 138.90, 136.97, 134.68, 132.97, 132.42, 131.36, 130.07,

117.49, 115.54, 36.31, 35.08, 35.05, 34.53.

2-7- Synthesis of 4-acetyl[2.2]paracyclophane

A solution of acetyl chloride (0.066 g, 60 pL, 0.842 mmol) in anhydrous DCM (1
mL) was added dropwise to a stirred anhydrous mixture of aluminum chloride (0.114 g,
0.856 mmol) in DCM (3 mL) under argon at -10°C. To the resulting homogenous solution,
was added [2.2]paracyclophane (0.100 g, 0.480 mmol) over 1 minute followed by stirring
for another 15 min at -10°C. The reaction mixture was poured onto a slurry of ice and
concentrated HCI (5 mL) and the aqueous phase was separated and extracted with DCM (2
x 5 mL). The organic phases were combined, washed with water (2 x 5 mL), dilute (5%)
bicarbonate solution (2 x 5 mL) and water (5 mL), then dried over anhydrous Na,SO4 and

filtered prior to evaporation of the solvent under vacuum to afford the crude product.

2-8- CVD polymerization

A piranha solution with the following recipe was prepared to clean Si wafers cut

into squares of size: 0.5x0.5, 1x1, and 2x2 cm? 200 mL of concentrated sulfuric acid
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(H2S04) was heated to approximately 80 °C. Then, hydrogen peroxide (H202) was added
to H2SOg4 in approximately 1/3 of the volume of the acid. Once the solution reached to
100°C, wafers were dipped into the solution for 10 min. This was followed by two
successive 5-min rinses in Mili-Q water. At the end, wafers were rinsed and kept in
methanol before being dried under N2 stream. (CAUTION! Extra care is needed when
handling Piranha solution as it is extremely dangerous and highly reactive with organic
compounds. For a safe disposal of the solution it is usually diluted with 5 folds of distilled

water).

The clean wafers were sputtered with chromium (20 nm) and gold (200 nm) layers
and then cleaned in acetone, methanol and ethanol baths (10 min each). The gold-sputtered
wafers, were placed in the deposition chamber of the CVD machine and 0.250 g of the
dimer precursor was used to coat the wafers with corresponding Parylene film. Temperature
and pressure at different zones of the machine were kept constant at 170°C and 1 Torr for
the sublimation zone, 690°C and 0.5 Torr for the pyrolysis furnace, and room temperature
and 0.1 Torr for the deposition chamber. Vacuum pressure of 0.001 Torr was created with
the vacuum pump and the cold trap was cooled down to -70°C with the aid of a mechanical

chiller probe.

2-9- Characterization of precursors

Melting points were determined on a MPA160 Melting Point Apparatus (Stanford

Research Systems, Inc.) and were uncorrected. Fourier transform infrared (FT-IR) spectra
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were recorded on a Thermo Scientific Nicolet 6700 FT-IR Spectrometer and processed in
transmission mode using OMNIC software (version 7.4.127) after 64 scans. The samples
of dimer precursors were oven dried at 110 °C for 2 h prior to incorporation into KBr pellets
(~1 wt%). *H and 3C NMR spectra were recorded on a Bruker Avance 600 spectrometer
at 600 MHz and 150 MHz for proton and carbon NMR, respectively. All experiments were
performed in deuterated chloroform at room temperature, unless otherwise noted. Chemical
shifts in *H and 3C NMR spectra are reported in parts per million (ppm) on the § scale
from an internal standard of residual chloroform (CDCls=7.26 ppm for *H NMR and
CDCI3=77.36 ppm for 3C NMR®’). Data are reported as follows: chemical shift,
multiplicity (with the following abbreviations: s = singlet; br s = broad singlet; d = doublet;
t = triplet; q = quartet; dd = doublet of doublets; dg= doublet of quartets; dt= doublet of
triplets; ABq = AB quartets, dABq = doublet of AB quartets; m = multiplet), and
integration. Low resolution and high resolution mass spectra (HRMS) were obtained at the
McMaster Regional Centre for Mass Spectrometry using a Waters GCT system El and a
Waters Micromass Global Ultima (MALDI/CapLC-ESI Quadrupole Time of Flight) mass

spectrometer, respectively.

2-10- Surface characterization

The surface energy (hydrophilicity) of the coated surfaces was assessed through
static water contact angle (WCA) measurements with the sessile drop technique using a
Ramé-Hart NRL C.A. goniometer, model 100-00-115, (Mountain Lakes, NJ) equipped

with an automated dispensing system and a Sanyo VC8-3512T camera. The above-
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mentioned FT-IR instrument could also be equipped with a narrow band Mercury Cadmium
Telluride (MCT) detector (cooled with liquid N2) and a smart SAGA (Smart Apertured
Grazing Angle) accessory to obtain the grazing-angle specular reflectance IR spectroscopy
of the thin polymer films. The p-polarized light was incident at 70 ° relative to the surface
normal of the substrate The spectra were acquired in a single reflection mode and were
reported in the %reflectance mode at a resolution of 4 cm™ relative to a clean gold surface.
128 scans were accumulated to achieve an acceptable signal/noise ratio. X-ray
photoelectron spectroscopy (XPS) data were collected using a Kratos AXIS Ultra with
monochromatic Al Ko X-ray excitation at 1486.7 eV.High resolution C1s, N1s and CI2p
(200 um spot size, 50W beam) spectra were acquired to find the elemental composition of

the deposited Parylene films.
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Chapter three: Results and Discussion

3-1- Preparation of Amine-functionalized Paracyclophanes and Paraxylenes

Synthesis of amine-functionalized Parylene films has been a challenge since the
initial investigations of Cram.*’ Between the two general approaches that have been utilized
to this end, the direct nitration-reduction method suffers from the nitration step. This is due
to the low yields and difficult purification of nitrated PCPs from the large number of by-
products that result from the poor stability of [2.2]paracyclophane to oxidation and
polymerization in acidic conditions. Recently, Lahann®! developed a procedure to control
the side reactions of PCP in acidic conditions and therefore improve the yield of the
nitration reaction and allow the large-scale preparation of the amino-PCP precursor. Their
fundamental contribution was to cool down the reaction to temperatures as low as -78 °C
to suppress side reactions (e.g. polymerization) that are favored at higher temperatures,
while using a superacidic condition at the same time to push the nitration reaction and
produce acceptable yields. Under these conditions, the authors reported the synthesis of
mainly two isomers of dinitro-PCP (93%) and only traces of mononitro-PCP.% %! In
principle, only four different isomers of dinitro[2,2]paracyclophane can be synthesized
through the direct nitration method. According to the work of Reich the four isomers could
be created by substitution of the second nitro group on four open positions of the
unsubstituted ring  (2bl-2blV in  Scheme 4)° % The NMR spectra of
dinitro[2,2]paracyclophanes allowed only the assignment that they are heteroannularly

disubstituted [2,2]paracyclophanes.® Since the two rings of the [2.2]paracyclophanes
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cannot rotate with respect to each other, four dinitro [2.2]paracyclophanes with nitro groups
in different rings can be drawn.®® During column or thin layer chromatography, the pseudo-
gem isomer is consistently more polar than the other known isomers. The pseudo-para and
pseudo-meta isomers are inseparable by chromatography but usually have a sufficient
solubility difference to allow reasonable separation on this basis. The pseudo-ortho isomers
are generally more polar than the pseudo-para isomers, as expected, since they should have

a higher dipole moment.52

NO AN NO
NN 2 02N | ON 2
NO,
(2I) Pseudo-gem (2II) Pseudo-meta
NO, NO,
N N
NO, O,N
(2111) Pseudo-ortho (21V) Pseudo-para

Scheme 4. Isomers of Dinitro[2.2]paracyclophane
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Although the approach used in Lahann’s work was expected to produce mainly two
pseudo-meta and pseudo-para isomers (at yields of ~20% and 70%, respectively), minor
amounts of pseudo-gem and pseudo-ortho isomers, and traces of monosubstituted
product,> different results were obtained in our work. Following Lahann’s procedure failed
to reproduce the reported results and, under most conditions, the major products were
identified as mononitro-PCP or polymeric by-products. Furthermore, varying reaction
conditions including reaction time (from 0.5 to 6 h), temperature (-78 to 60 °C), and molar
ratio of acid:PCP (1:1 to 20:1) did not result in noticeable amounts of dinitro-PCP. Based
on our observation, the main problem was the immediate precipitation of the acidic mixture
when cooled down to -78 °C. As the fuming anhydrous nitric acid was added to the solution
of triflic acid in anhydrous DCM and cooled down to subzero temperatures, we observed a
precipitate formed in the reaction vessel that gave rise to inefficient stirring as the stir bar
was trapped inside the precipitates. Considering the mechanism of formation of nitronium
ions (Scheme 5), we attributed the presence of precipitates to the formation of water as a
consequence of the reaction of triflic and nitric acids, which is not miscible with DCM and

freezes at subzero temperatures.

On the other hand, close scrutiny of the published results for the synthesis of dinitro-
PCP®! revealed that some spectroscopic data were inaccurately reported, which reduces the
reliability of the published method. These inaccuracies can be found for instance in NMR
data where almost the same shifts for 'H NMR and completely identical shifts for *C NMR
of dintro-PCP and mononitro-PCP have been reported. This is despite the reasonable

expectation of more than one deshielded aliphatic proton in *H NMR and two deshielded
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carbons in 3C NMR of dinitro-PCP. In addition, the amount of dinitro-PCP that has been
used for the following reduction step is based on the same molecular weights as that of the

mononitro-PCP.

o (0]

~o~ e,

® o

T .o @cl) + :-- |
ey AN
H
_— O—N—/—O0 + HZO

Scheme 5. Reaction of nitric acid with triflic acid and formation of nitronium ions

In order to overcome the precipitation problem, we replaced the triflic acid with
triflic anhydride to minimize the water content in the nitration reaction. Varying the time
of reaction and concentration of the acid, we found that the highest yield of mononitro-PCP
was obtained when PCP is reacted with respectively 8 and 4 equivalents of nitric acid and
triflic anhydride for 20 min at -78 °C and for an additional 2 h at -20 °C. The alternative

nitration reaction is presented in Scheme 6.
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HNO; (100%)

Trifluoromethanesulfonic anhydride

(A)

Dichloromethane (84%)
-78 °C (20 min)

-20 °C (120 min)

NO,

1) 3)

NaN02 / NaNO:;
Trifluoroacetic acid

(B) (12%)

0 °C (10 min)

Scheme 6. Nitration reaction of PCP using i) fuming nitric acid and triflic anhydride
(84%); and ii) TFA and nitrite or nitrate salts (12%)

In addition to the nitrating acid reactions (the most frequently used method), two

other nitrating systems have been proposed for aromatic compounds: nitrating salts and

solid acids. Following a procedure described by Luguya*! for the synthesis of meso-(para-

nitrophenyl)porphyrins, we explored the nitration of PCP using nitrate/nitrite salts (Scheme

6). This method involves treatment of a concentrated solution of PCP in TFA with NaNO..

The proposed electrophiles for the electrophilic substitution reaction are both NO2" and
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N203.%° High yields of nitrated products have been reported in nitration of benzene and

substituted benzenes under these conditions.3? 40

However, following the reported procedure, ! using either NaNO3z or NaNO at
room temperature, did not produce more than 8% of nitro-PCP. Also, varying the reaction
temperature, time, and the amount of NaNO, or NaNOs did not lead to significant progress
so that the maximum vyield that we achieved using this method was 12%. This was carried
out with 2 equiv. of NaNO2 at 0°C for 10 minutes. One of the restrictions of this method is
the comparatively high freezing points of acetic acid (16°C) and trifluoroacetic acid (-
15.4°C) that limit the reaction temperature. As a consequence, this approach resulted
mainly in polymer by-products rather than the desired nitrated products due to poor control
of side reactions. The reaction conditions for different nitrating systems and the obtained
results with each method as well as special remarks on each method are summarized in
Table 1. As shown in the table, the highest yield of mono-nitro PCP was achieved when 8
equivalents of fuming nitric acid is used along with triflic anhydride to treat a solution of
PCP in dichloromethane at very low temperatures under stringent prevention of moisture

and oxygen in the reaction medium.

For the reduction of the synthesized nitro-PCP, we first followed the procedure
described by Lahann.®® However, the reduction reaction of the nitro-PCP with triiron
dodecacarbonyl under organic/aqueous phase-transfer condition, shown in Scheme 7Ai,
did not yield quantitative amounts of the desired amino-PCP product. In addition, triiron
dodecacarbonyl is a homogeneous catalyst that completely dissolves in the reaction solvent
and consequently complicates the isolation of products. To isolate the products, the crude
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mixture was chromatographed on a tall silica gel column and the catalyst was washed
thoroughly with a nonpolar solvent (n-pentane) before starting elution of the compounds.

This reaction and purification process yielded only 5% of 4-amino[2.2]paracyclophane.

Table 1. Summary of different nitration reaction conditions and their results

Methods Nitrating system Yield Remarks

- Water formation

- Difficult Purification

- Water formation (precipitation)

- Difficult Purification

- Very sensitive to moisture and O
84 % | - No precipitation problem

HNO3/H,S04 N.A.

Fuming HNOs/ Triflic Aci 26%
Nitrating acid uming HNO/ Triflic Acid 6%

Fuming HNO/ Triflic

anhydride - Easier extraction
NaNOs/TFA 8% | - Limited to high temperatures
. o minimum -15°C
Nitrate/Nitrite salts NaNO./TFA 12% ( Appropriate for)regioselective
nitration
- Less pollution
Solid acids Silica based solid acids N.A. | - Appropriate for more reactive

materials

The low yields from this approach to the reduction step, prompted us to reexamine
the ability of the catalyst and the phase transfer approach to reduce nitrated aromatic
compounds. For this purpose, as shown in Scheme 7Aii, reduction of 2-nitro-para-xylene,
a similar compound, was attempted using the same procedure. Although 2-nitro-para-
xylene is much more reactive than 4-nitro[2.2]paracyclophane and it is expected to reduce
quantitatively in an efficient reduction reaction, it was reduced only in moderate yields
(~53%). The lack of efficiency of triiron dodecacarbonyl catalysis, motivated us to search

for a more efficient and compatible reducing agent.

36



M.Sc. Thesis - S. Rahimi Razin; McMaster University - Chemistry

Fe3(CO)y,
[18]crown-6
KOH IN

R—NO, R—NH,

) Ethanol I’ Methanol
rt, 30 min rt, 20 min
CHs
N
R= Q) (i1)
CHs

Scheme 7. Reduction of i) 4-nitro[2.2]paracyclophane and ii) 2-nitro-p-xylene via A)
Raney Ni/NaBH4 and B) triiron dodecacarbonyl/[18]crown-6 catalyses

In this regard, many of the traditional reduction systems such as Fe/HCI or
SnCIo/HCI were unsuitable for our system. The main reasons for this were the insolubility
of nitro-PCP in the reaction medium and that the use of co-solvents (e.g. methanol) did not
have a considerable effect on the reduction nitro-PCP. In addition, agents that have been
reported to be efficient in the reduction of many nitro compounds (e.g. Pd/C/Hz) were

avoided because they involved harsh conditions such as high pressure of hydrogenation or
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refluxing at high temperatures.5* Eventually, an alternative method was adapted from the
work of Pogoreli¢,** where a number of aromatic nitro compounds were successfully
reduced to corresponding aniline molecules using Raney Nickel/NaBH4 system. This
method was first employed in reduction of 2-nitro-para-xylene (Scheme 7Bii) to examine
the efficiency of Raney Ni catalysis and similar to the work of Pogoreli¢,*® a very high
yield (96%) was obtained. As the reduction of the model compound showed promising
results, the method was used in the reduction of 4-nitro[2.2]paracyclophane. Although we
obtained acceptable yields (78 — 82%) following the reported reaction conditions, we
observed that 4-nitro[2.2]paracyclophane was not completely soluble in the reaction
solvent, methanol. While the authors report that this reduction system performs best in
methanol, our best yields (92%) were obtained using ethanol, which more effectively
dissolves nitro-PCP (Scheme 7Bi) A summary of reaction conditions, their results and
selected remarks for all reduction systems that were considered in this work is given in
Table 2. A simple comparison of these methods suggest that the only drawback of the latter
method is pyrophoric nature of the Raney Ni catalyst that requires some care in handling
to avoid its autoignition. However, if care is taken to prevent its exposure to air, it has many
advantages over other reduction systems that make this reaction an ideal method for scale-
up productions. First, this method is straightforward and inexpensive. It does not require
harsh conditions such as high pressures for hydrogenation or refluxing at high temperatures.
In addition, it can be carried out in a short time (10-20 min) and affords a high purity crude

product, which obviates the need for chromatographic purification. All of these advantages
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alleviate the difficulties of scaling-up and in overall make this reaction a simple and

practical method.

Table 2. Summary of reduction reaction conditions and their results

Reduction System Yield Remarks
SnCl/HCI or Fe/HCI - Not soluble in HCI
Pd/C/H; N.A. High pressure of hydrogenation

Difficult isolation from the

0,
Fes3(CO)12/Toluene/ag. KOH 5% dissolved Catalyst

High purity of crude products

Raney Ni/NaBH 92% .
’ : ’ Pyrophoric catalyst waste

3-2- Preparation of Carboxyl-functionalized Paracyclophanes

Synthesis of carboxyl-functionalized PCP has been reported in some works as
useful intermediate compounds.*” % 52 The multistep procedures, generally involve
halogenation of the parent PCP followed by transformation of bromine groups to carboxyl
groups usually via organometallic chemistry in a few steps.®> 5" %8 However, simpler
approaches exploit the Friedel-Crafts acylation of PCP followed by hydrolysis of the
resultant ketones to convert to corresponding carboxylic acids.*” 8> In the investigations
of Cram on the chemistry of PCPs, it is advised to conduct such reactions under controlled
conditions to avoid polymerization of PCPs.>* However, recently Waters*® reported
quantitative acylation of PCP using trifluoroacetic anhydride/AIClz at room temperature.
Subsequent hydrolysis of the obtained 4-trifluoroacetyl[2.2]para-cyclophane in refluxing
KOH solution converted the acetyl groups to carboxylic acids. This method was originally
developed by Cram>* using acetyl chloride/AlCIs at very low temperatures (-40 to -20 °C).
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Additionally, the second step was carried out by the hydrolysis of the acetyl-substituted

PCP with hypobromite solution.

Scheme 8. Carboxylation of [2.2]paracyclophane via A) trifluoroacetyl and B) acetyl

functionalized intermediates

We adapted our synthetic route toward the carboxyl-PCP with a slight variation of
conditions in the last two procedures described for Friedel-Crafts acylation.*® 5* These two
approaches are illustrated in Scheme 8. In our experience, following the approach A as

originally reported*® led mostly to the polymerization of PCP, which required post-
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purification steps by column chromatography. Nevertheless, very low amounts of 4-
trifluoroacetyl-[2.2]para-cyclophane (<10%) was collected. Neither changing the amounts
of reagents nor shortening the reaction time prevented the production of polymers.
Therefore, considering the general remarks of Cram®* % we lowered the reaction
temperature to -78 °C to avoid side reactions. Despite succeeding in reducing the side
reactions, we have not been able so far to optimize the reaction condition to achieve the
highest yield of the desired 4-trifluoroacetyl-PCP. The majority of PCP (~75%) is yet
unreacted at the end of the reaction. Allowing the reaction to continue for longer periods
(3-5 h) at -78 °C or warming to room temperature for short periods (10-30 min) did not

increase the yield considerably.

Because of the inefficiency of the above method that still needs to be optimized and
pushed toward higher yields, the second step, hydrolysis of the synthesized 4-
trifluoroacetyl-PCP, is not attempted yet. Also, in approach B, we have only been able to
try the first step so far. Purification of acetyl-PCP from the crude product in this method is
reported to require distillation at high temperatures (~200 °C).*” In a different method a
combination of column chromatography and distillation has been utilized to isolate the
product.>* We failed in our initial experiments to effectively isolate a completely pure
product; however, this seems attainable by running a few experiments and finding the
optimized condition to purify the product. Due to the lack of time carboxylation of PCP
could not be studied completely and here, we only report our preliminary results and

observations of these reactions.

41



M.Sc. Thesis - S. Rahimi Razin; McMaster University - Chemistry

3-3- Characterization of functional compounds
3-3-1- Amine-functionalized para-xylene

All of the functionalized compounds and some byproducts were characterized by
traditional physical, chemical and spectrometric characterization techniques. In most cases,
the preliminary analytical identification was conducted with *H NMR and once promising
results were found, the samples were subjected to further characterization. For example, *H
NMR spectrum of 2-amino-p-xylene synthesized by direct nitration with fuming nitric acid
and triflic anhydride followed by Raney Ni/NABH4 reduction is shown in Figure 1.
According to the spectrum, the most characteristic chemical shift is shown at 8=3.62 with
the integration of 2, corresponding to two protons of amino-para-xylene.® In total the
following shifts are seen in the spectrum: 6=2.16 (3H), 6=2.27 (3H), 6= 3.62 (2H), 6= 6.54
(1H), 6= 6.55 - 6.57 (1H), 6= 6.95 — 6.97 (1H); that are in a good agreement with the

literature and the spectrum provided by the manufacturer of the same compound.®> ¢
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Figure 1. *H NMR spectrum of 2-amino-para-xylene synthesized by Raney Ni catalysis (crude)

43



M.Sc. Thesis - S. Rahimi Razin; McMaster University - Chemistry

As stated above, one of the advantages of the Raney Ni/NaBH4 reduction system
was its pure crude products. This is in contrast to most other procedures, which entail
further purification steps such as chromatographic separation. For example, the
homogenous catalysis system of Fe3(CO)12 resulted in difficult isolation of the final reduced
product. This can be observed 'H NMR spectra acquired from 2-amino-para-xylene
synthesized via both pathways. The *H NMR spectrum of 2-amino-para-xylene synthesized
via Fe3(CO)12 /[18]crown-6/ ag. KOH reduction system and purified on a tall silica gel
chromatography column is depicted in Figure 2. Compared to the spectrum in Figure 1, a
large number of impurities is observed in the spectrum of the Fe3(CO)> mediated
reduction, and integration of protons associated with primary amine group only reaches a
value of 1.7. MS was used to further prove the successful synthesis of 2-amino-para-xylene.
Figure 3 shows low resolution mass spectrum of 2-amino-para-xylene. The parent ion was
detected at = 122.1, which coupled with the NMR spectra indicates the successful synthesis
of the product. MS of the commercial analogous compound had a similar pattern, but with
more intense fragmentation peaks. This could be related to purity of the synthesized

compound.
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Figure 2. 'H NMR spectrum of 2-amino-p-xylene synthesized by Fes(CO)12 catalysis (purified by column chromatography)
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Figure 3. ESI Mass spectrum of 2-amino-p-xylene synthesized by Raney Ni catalysis (crude)

3-3-2- Nitro-PCP, amino-PCP and related by-products

To verify the successful production of amine-substituted PCPs, we characterized

the monosubstituted and pristine PCPs, and their physical properties were compared. The

correlation between substitution and structure of the PCP is clearly reflected in its physical
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properties. Pristine PCP has a symmetric and crystalline structure. Therefore, it is insoluble
in polar solvents and has a relatively high melting point (286°C). In contrast, Cram®*’
reported the melting point (m.p.) of mono-substituted PCPs at low temperature ranges (e.g.
155.5-156.5°C m.p. for 4-nitro[2,2]para-cyclophane), but did not specify the heating rate
for these measurements. The m.p. of our synthesized nitro-PCP was measured to be 150-
152.5°C at a rate of 10°C/min. Furthermore, solubility of mono-substituted PCPs is
generally improved compared to un-substituted PCP. The decrease in m.p. and
improvement of solubility is expected, because introducing a substitution on one of the
rings disturbs the symmetry of the molecule, resulting in a more amorphous structure of
the bulk material due to weaker molecular interactions.®> However, symmetry of the PCP
is not always the dominant parameter. The correspondence between the structure and
physical properties of substituted PCPs is also related to the nature of the substituents. For
example, changing the substituent from nitro to amino group, gives rise to about 90°C
higher m.p. for amino-PCP. Although, this is still lower than the m.p. of highly crystalline
PCP, the hydrogen bonding between the molecules of amino-PCP compensates to a great
extent for the effects of symmetry disturbance. For the same reason, solubility of the more
polar amino-PCP is further improved in solvents such as methanol which only partially
dissolves nitro-PCP. Isolation of all compounds produced in the nitration reactions by
column chromatography was a laborious task and almost always failed, since the polarity
of the compounds is too similar and they tend to co-elute from the column. Nevertheless,
by running three consecutive chromatography columns starting with a very non-polar

solvent system, and also using the solubility differences of compounds in some of the mixed
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fractions that never became pure by column chromatography, we isolated entire fractions
of one of the samples for characterization. We observed that the different nitration reaction
conditions conducted by triflic acid/anhydride produced similar products and by-products
but with different abundances. In addition to the major mono-nitrated product, 10 other
compounds were eluted through various experiments. Their Rf values (60:40 n-
penntane:Et.O solvent system) lie between 0.15 and 0.79 for polymer by product and
unreacted PCP respectively. In the optimized condition, that yielded 84% of 4-

nitro[2.2]paracyclophane, none of the other fractions exceeded more than 5%.

Regardless of their quantity, NMR spectra of the other compounds did not show a
consistent pattern, and the di-nitro-[2,2]paracyclophane could not be isolated under any of
the tested conditions. However, according to their NMR spectra, starting material (PCP)
and two other byproducts of the reaction can be assigned in addition to the main product.
The rest is attributed to polymer by-products through *H NMR spectroscopy. The *H NMR
spectrum of the first fraction, the least polar compound, showed 2 singlets at =3.05 (8H)
and 6=6.5 (8H) that are attributed to two types of aliphatic and aromatic positions in un-
substituted [2,2]paracyclophane (Figure 4). However, this fraction was not seen in all runs

and it was totally absent when longer reaction times or higher acid/PCP ratios were used.

'H NMR spectrum of the second fraction (Figure 5), showed a singlet at =10.76
integrating to 1 proton. Also, rather than a deshielded proton, three protons shifted upfield,
suggesting that one of the rings is substituted with an electron donating substituent. Cram®
reported that during the nitration of PCPs, hydroxyl groups could be created on the phenyl
rings while the other or the same ring is already substituted with NO2 group. Although the
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direct synthesis of such disubstituted PCPs has not been attempted yet, the authors reported
its formation as a byproduct of the nitration reaction. Studying the NMR spectra of some
commercial nitrophenols®’ suggests that the deshielding effect of the NO, group on the
phenolic proton can cause a large downfield shift (~10 ppm). According to this, we assigned
might attribute the second fraction to 4-hydroxyl-13-nitro[2,2]paracyclophane in which the
two substitutions are on different rings. Other chemical shifts are as follows: 6=1.9 (1H),
2.14 (1H), 2.47 (1H), 2.79 (2H), 3.14 (3H), 5.78 (1H), 5.96 (1H), 6.10 (1H), 7.18-7.22 (2H),

7.51 (1H) and 10.76 (1H).

In addition to these two fractions and the main nitro-PCP product collected in the
third fraction, we found that all the remaining fractions are polymers or oligomers of PX
with various molecular weights. This was determined by the appearance of too many alkyl
protons in the *H NMR spectra of these fractions. Usually, linear polymers are rich in
methylene groups in their backbones. Therefore, presence of very large amounts of
aliphatic protons compared to other types of protons reflects the formation of polymeric
chains. The *H NMR spectrum of the fourth fraction (Figure 6) shows a reasonable ratio
of integration for aromatic and those aliphatic protons that are connected to aromatic
moiety, but appearance of a few extra alkyl protons indicates that an oligomer of nitro-PX
has been synthesized. However, from fraction 5 to the final collected fraction, the
abundances of these alkyl protons increase to greater extent. They all have similar *H NMR
spectra but with different alkyl protons suggesting that a variety of polymers with different
chain lengths are generated as byproducts. For an example, *H NMR spectrum of the tenth

fraction is shown in Figure 7. Since the reaction is carried out under inert atmosphere,
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degradation of the PCP via strong acids or interference of the reaction solvent
(dichloromethane) could be considered as potential sources of alkyl units. Further to these
spectral characterization, physical appearance of most of these fractions resembled a pasty

malleable solid which is indicative of their large molecule sizes.
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Figure 4. 'H NMR spectrum of the first fraction in nitration reaction of PCP, identified as unreacted [2.2]paracyclophane
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Figure 5. *H NMR spectrum of the second fraction of nitration of PCP, identified as 4-hydroxyl-13-nitro[2.2]paracyclophane
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Figure 6. *H NMR spectrum of the fourth fraction of nitration of PCP, Oligomer of Nitro-para-xylylene
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Figure 7. 'H NMR spectrum of the polymer by-products produced in nitration of PCP
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Eventually, *H and *C NMR spectra of the third fraction confirmed the successful
synthesis of nitro-PCP. To compare the results of nitro- and amino-PCP, their spectroscopic
data is shown either together or after each other throughout the rest of the text. Figures 8
and 9 demonstrate H NMR spectra of 4-nitro[2.2]paracyclopane and 4-
amino[2.2]paracyclophane, respectively, while their *C NMR spectra are shown in
Figures 10 and 11. Characteristic shifts at 6=4.01 (1H, Figure 8) for nitro-PCP and
0=2.63-2.72 (1H, Figure 9) for amino-PCP are associated to the protons cis to the
substituent in the aliphatic bridge. Presence of the NO> electron-withdrawing group in the
nitro-PCP and the NH> electron-donating group in the amino-PCP give rise to downfield
and an upfield shifts, respectively. The broad singlet at 6=3.40-3.99 (2H, Figure 9) is
characteristic of two protons of the primary amine substituent in the amino-PCP. A marked
shift of aromatic protons is seen in the transition from nitro substituent to amino substituent.
The proton ortho to the substituent is shifted downfield by the nitro substituent which is an
electron withdrawing group, while it is shifted upfield by amine substituent, an electron
donating group. In addition, all protons in the other aromatic ring are shifted in the same
direction as the ortho proton. This is characteristic of monosubstituted-PCPs in which a
substitution on one aromatic ring, shifts the protons of other aromatic moiety due to
transannular electronic interactions.®? Similar shielding/de-shielding behavior of carbons is

observed in the *C NMR spectra (Figures 10 and 11).
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Figure 8. *H NMR spectrum of 4-nitro[2.2]paracyclophane
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Figure 9. *H NMR spectrum of 4-amino[2.2]paracyclophane.
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Figure 10. *C NMR spectrum of 4-nitro[2.2]paracyclophane.
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Figure 11. **C NMR spectrum of 4-amino[2.2]paracyclophane.
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Figure 12. Mass spectrum of 4-nitro[2.2]paracyclophane with corresponding fragment ions
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Figure 13. Mass spectrum of 4-amino[2.2]paracyclophane with corresponding fragment ions
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Figure 14. FT-IR spectra of PCP, Nitro-PCP and Amino-PCP

Mass spectrometry of substituted PCPs, exhibited peaks at m/z values representing

the relevant parent and characteristic fragment ions (Figures 12 and 13). In accordance

with the literature of substituted PCPs,% the predominant peak at each spectra is related to
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either of the substituted (nitro- or amino-PCP) or un-substitued para-xylylene halves. In
addition, FT-IR spectra of PCP, nitro-PCP and amino-PCP are shown at Figure 14.
Compared with PCP, which mainly shows aromatic C=C stretches at 1499 and 1588 cm™,
and sp® and sp? C-H stretches at 2846-2928 cm™ and 3000-3100 cm't, the spectrum of the
nitro-PCP has two distinct sharp peaks of N-O stretches at 1338 and 1516 cm™, while the
amino-PCP shows a sharp peak at 1610 cm™ attributed to the N-H bend and two peaks at

3375 and 3473 cm! corresponding to N-H stretches of the primary amine.

3-3-3- 4-trifluoroacetyl-[2.2]para-cyclophane

As discussed earlier, acylation of PCP with trifluoroacetic anhydride/AlClz at -78°C
gave us a mixture of two easily separable compounds monitored by TLC (80:20 n-
pentane:Et2O system). We found out that these two fractions have sufficient solubility
differences allowing them to be separated by dissolving in methanol. The first band in TLC
corresponded to pristine PCP which is insoluble in methanol. The NMR spectra taken from
this fraction are not shown here as they were identical to those of the PCP fractions obtained
previously in nitration reaction. But the second fraction was identified as 4-trifluoroacetyl-
[2.2]paracyclophane. The *H NMR and 3C NMR of this fraction are shown in Figures 15
and 16. As expected, its *H NMR spectrum resembles that of other mono-substituted PCPs
with electron-withdrawing substituents. Similar to nitro-PCP, we observe the proton cis to
the substituent shifted distinctly downfield (6=3.95) while the proton trans to the substituent
is shifted upfield (the first aliphatic proton at 6=2.91). Also, there is an obvious downfield

shift in the aromatic protons of the substituted moiety, particularly protons at orto (6=7.22)
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and para (6=6.85) positions to the substituent. A similar pattern can be seen for carbons in
13C NMR spectrum with the exception that for trifluoroacetyl-PCP we expect two more
distinctive peaks; one at the very high chemical shift (6=181.04), characteristic of carbonyl
group, and one at aliphatic region which is significantly shifted downfield (6=50.86),

associated with -CF3 group on the substituent.
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Figure 15. *H NMR spectrum of 4-trifluoroacetyl[2.2]paracyclophane
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3-4- Preparation of functionalized thin films

In order to investigate and compare the film properties of amine-functionalized
PPX-A with two well-known un-substituted PPX and chlorine-substituted PPX-C films
manufactured from commercially available precursors, CVD polymerization was carried
out using a procedure described by Gorham.'® As illustrated in Scheme 9, poly(para-
xylylene) films were obtained from the direct pyrolysis of the corresponding PCP
precursors. Briefly, the process commences with sublimation of powder-loaded dimer
precursors at 170°C. The vapor of sublimated dimer is then flowed into a pyrolysis furnace
where the dimer is heated to 690°C to ensure cleavage of the aliphatic C-C bonds yielding
the reactive para-xylylene monomers. Cooling the reactive material to room temperature
polymerizes the monomers adsorbed onto the surface of any products placed in the coating
chamber. Throughout the operation, excess process gas travels from the coating chamber
into an external cold trap. Different coating sets with various amounts of each precursor

were performed on piranha-cleaned SiO> wafers.
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Scheme 9. CVD polymerization of Parylene
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3-4-1- Characterization of the functional thin films

One of the major effects of substituting PPX films is the change of surface
properties such as optical and electrical properties, wettability, roughness and chemical
composition. In this regard, contact angle (CA) measurement is one of the most useful
techniques for surface analysis because only the top nanometer of the surface determines
the surface energy. Parameters that influence the CA of a liquid on a solid are both surface
roughness and chemistry.®® Water contact angle (WCA) measurements (Figure 17) show
the changes in wettability of the surface of the SiO> wafers coated with different PPX films.
The amount of dimer precursor loaded in the CVD machine was 0.250 g for all samples.
According to WCA values, coating the surface of SiO, wafers with all organic thin films
increased the hydrophobicity; however, introducing the hydrophilic amine group, improved
wettability of the wafers compared with the un-substituted and chlorine-substituted films.

This is reflected in surface energy of the polymer coating. Using the well-known Neumann
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equation®® the surface energy of these hydrophobic coatings was estimated. As noted in
Figure 17, introduction of primary amine groups on PPX films, increased the surface

energy considerably from 30.22 to 38.61 mJ/m?.
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Figure 17. WCA of uncoated (Blank) and coated SiO> wafers with PPX, PPX-C and PPX-A.

Error bars represent standard deviations (n = 9).
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One of the advantages of CVD polymerization is its compatibility with a variety of
functionalities. Pyrolysis of precursor dimers, usually cleaves the aliphatic C-C bonds
without altering the functionalities on the aromatic moieties. This enables us to engineer
the surface properties of the polymer films through a comparatively simpler chemistry of
the smaller corresponding molecules. IR specular reflectance provides a means of
analyzing thin films on reflective substrates such as metals. This non-contact technique can
be performed quickly, and requires no sample preparation or a definite sample size,

maintaining the samples intact for other purposes.™

To confirm the integrity of the functional groups in PPX-A films after
polymerization, we studied the reflectance spectra of thin films deposited on Si wafers that
were pre-coated with 200 nm of gold layer. Spectra that closely resemble those of their
corresponding precursors were obtained after CVD polymerization. As shown in Figure
18, the spectrum of un-substituted PPX film showed aliphatic and aromatic C-H stretches
at 2846 and 2928 cm™, and 3018 and 3068 cm™, respectively. In general, multiple weak to
medium peaks at 1400-1600 cm™ are assigned to aromatic C=C stretches, with aromatic
ring vibrations seen as a pair of bands at ~1550 cm™ and ~1610 cm™. Although, halogen
substituted aromatic compounds show no well-defined C-X absorptions, the presence of a
halogen atom on a benzene ring can be recognized by its electronic impact on the in-plane
C-H bending vibrations. The in-plane C-H bending vibrations of aromatic compounds
occur in the region 950-1150 cm™, where many organic functional groups show multiple
bands that make this region very crowded and infrequently used.”* Yet, due to the high

electronegativity of the chlorine atom, the intensity of these vibrations at 960 cm™ and 1051
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cm in PPX-C is enhanced and shifted to higher frequencies relative to the absorptions in
PPX. Similar to its precursor, the spectrum of PPX-A in addition to frequencies related to
aliphatic and aromatic C-H stretches, shows a sharp peak at 1629 cm™ and two peaks at

3363 and 3460 cm™, which are attributed to N-H bend and N-H stretches of primary amine

group.
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Figure 18. Grazing-angle specular reflectance IR spectra of thin PPX, PPX-C and PPX-A
films
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In addition to above characterizations, X-ray photoelectron spectroscopy (XPS)
provides a very powerful means of analyzing surface chemistry and the chemical
composition of thin films. In XPS, high-energy X-ray photons are directed to the surface
of the material and in response, electrons of the specimen are excited and ejected from the
sample via the photoelectric effect.”? Then, electron (or binding) energy of the ejected
electrons is measured through a detector, and because binding energy of electrons is
specific to each atom, it is attributed to its corresponding element. Therefore, XPS enables
the identification and relative quantification of the elements which is vital for many areas

of surface sciences.

The XPS spectra of uncoated and PPX-coated Si wafers and the relative elemental
composition of PPX films on each sample are presented in Figure 19 and Table 3,
respectively. The spectrum of the blank wafer showed peaks at 103.1, 154.2, 283.9, and
533.2 eVs which correspond to Sizp, Sizs, C1s and Oass signals, respectively. Although the
wafers were piranha cleaned before the application, non-negligible Cis signal in the
spectrum of uncoated SiO, wafer is indicative of organic contaminants, which could have
been adsorbed from the environment during the transportation and storage before
performing the measurement. As expected, the peaks related to Sizp and Sizs signals are
absent in the spectra of PPX-coated samples. PPX-N, shows only characteristic signal of
Cys at 283.9 eV. PPX-C however, shows additional peaks at 199.2 and 269.9 eV attributed
to the Clop and Clys signals. In addition to the above Cis peak, the PPX-A spectrum in Figure
19 exhibits a characteristic signal of Nis at 398.7 eV, and does not exhibit the Clzp and Clas

peaks of PPX-C. Appearance of Oss signal at 530.3 eV, which is absent from the other PPX
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films, implies that either some water vapor is adsorbed onto the surface of the film or the

amine group has been oxidized.

Table 3. Elemental composition of Parylene films

Elements C1ls N 1s O1s Cl2p
Thin Films Found | Calcd. | Found Calcd. Found | Calcd. | Found | Calcd.

PPX 100 100
PPX-C 87.63 88.89 - - 0.96 - 11.42 11.11
PPX-A 89.81 94.12 9.74 5.88 0.45

Comparison of the measured and calculated elemental compositions for PPX and
PPX-C, shows good agreement between the experimental and theoretical amounts. This
suggests the successful deposition of functionalized films with no loss of functional groups
during the CVD polymerization. However, there is an appreciable discrepancy between the
obtained and theoretically expected amounts of N atom for PPX-A film. This amount (9.47)
is closer to the theoretical amount of di-amino-PPX (11.11%). The higher abundance of N
atoms on the surface than expected suggests that the substituted and un-substituted PX units
are not equally distributed throughout the polymer, such that a high fraction of the polymer
consists of amino-PX rather than un-substituted PX. This implies that amino-PX had a
higher tendency to participate in polymerization under our conditions. This finding is not
reported elsewhere and could be specific to our CVD conditions. A reasonable answer for
that lies in the different deposition rates of the two moieties. Since amino-PX is denser than
PX, its deposition rate is believed to be faster than PX. The optimal conditions for CVD

polymerization of substituted PCPs have been reported in the literature.®* However, our
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CVD instrument is adjusted to different condition with lower pyrolysis and vaporizer
temperatures and lower pressure vacuum pressure, which could give rise to higher rate of

deposition and polymerization of amino-PX moieties.
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Figure 19. XPS spectra of gold-sputtered Si wafers; uncoated (blank) and coated with PPX,
PPX-C and PPX-A thin films
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In addition to XPS surveys from the surface of PPX films, high resolution XPS
spectra at C1s, N1s, Ol1s and ClI 2p regions provide more information about the chemical
structure of the films. Furthermore, once it is carried out carefully, deconvolution of these
spectra and fitting at characteristic binding energies of these elements, will disclose the
chemical bonds in which that specific element is contributed. The results of high resolution
XPS spectra and contribution of each chemical bond is presented in Table 4. All of the
chemical bonds are fitted in good correspondence with the characteristic binding energies
reported in the literature. Presence of a minimal amounts of N-C=0 band in both C1s and
N1s spectra of the films show that a small amount of amines are converted to amide prior

to the measurement.

Table 4. Contributions of each chemical bond type in the surface of Parylene thin films

PPX PPX-C PPX-A
BE (eV) | Atomic % BE (eV) | Atomic % BE (eV) | Atomic %
Cls 100 % 87.63 % 89.81 %
c-C 283.1 100.00 283.4 44.97 284.4 59.95
C-N 285.3 20.22
c-Cl 283.9 42.66
N-C=0 286.5 0.64
N 1s 9.74 %
N-C 391.2 9.03
N-C=0 400.9 0.71
O 1s [ 0.96 % | | 0.45 %
Cl 2p 11.43 %
CI-C (2p 1) 199.1 7.34
Cl-C (2p 3/2) 200.7 4.09
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3-5- Stability of the amine groups

As described in the Introduction, there is considerable interest in developing amine-
rich surfaces for a wide variety of biotechnological applications,?* 2> 27 28 73 including
protein synthesis’# and cell cultures in orthopaedic™ and cardiovascular medicine.’ It has
been shown that the presence of a high density of primary amines [-NH>] on the surface is
essential for applications such as promoting the adhesion of primer layers used for
metallized plastics,”” and for effective cell adhesion.”® For example, no adhesion of cells
was observed when human U-937 monocytes were applied on the surface of a thin organic
film bearing less than a critical [-NH2] concentration of 4.2 atomic % (per 100 atoms of C,
N and 0).” These functional surfaces have been prepared through different approaches
including direct chemical modification of the surface,? 28 or addition of a thin organic
coating that readily contains the desired functionality. The latter, could be done via plasma
assisted techniques and ultraviolet photopolymerization®* 26 or via CVD polymerization of
functional precursors.®® 8 Utilization of the last category for this purpose only applies for

Parylene coatings so far.

A challenge to the use of amine-rich surfaces is that amines have poor stability”
and can be oxidized by being exposed to air. Hence, many organic compounds such as
amine hydrochlorides and drugs that contain amine groups are either stored under inert
atmospheres or sold as salts. Various products, primarily nitro, nitroso and amide groups,
can result from the oxidation of amines, though the mechanisms of these reactions are yet
to be characterized. Therefore, many of the reports in the literature dedicate significant

efforts to address the question of whether the amine-rich surfaces are stable in the specific
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operational conditions; of particular interest is the stability of amine groups in air and/or in
aqueous solutions.” In all the categories described for fabrication of functional surfaces,
radicals are involved throughout the coating or modification processes. These free radicals
can sometimes be trapped in the bulk of a polymer and can react with oxygen or water,
causing drastic changes in the functional groups and/or their densities. Although the
kinetics and mechanisms relating to these reactions are not clearly known, various
researchers have studied the time-dependent stability of surface functional groups.3% 73 8%
82 The mechanisms proposed in these studies for the reaction of these bulk-trapped radicals

with O are shown in Scheme 10.7®

NH, NH, NH, NH,
| ho | 02
Rl—C|3H > Rl (|j ® — Rl_(|j_0_0' + Rl_(|:H
RZ R2 R2 R2
NH, NH,
Amides

—> R—C—O—OH + R—C* ——  Nitro compounds

R, R,

Scheme 10. Proposed mechanism for aging of polymers containing primary amines and

trapped-free radicals.”

In contrast with the plasma polymers and Vacuum-unltraviolet polymers, which

are rich in buried free radicals,®® PPXs have shown no detectable electro-spin resonance
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signal,®° suggesting that no trapped radicals are present after their deposition. Despite the
absence of free radicals in the surface of such films, the decay of surface primary amine
functionalities over the storage time (aging) has been also reported for amine-
functionalized PPXs. To the best of our knowledge, there is only one work in the literature
that has studied the aging of an amine-bearing PPX, commercially known as Parylene diX
AM, which is synthesized by the CVD polymerization of 4-aminomethyl[2.2]para-
cyclophane.® In this work, adhesion of U-937 monocytes on different amine-
functionalized polymer surfaces including Parylene diX AM and also aging of the surface
functionalities in air and mili-Q water were studied. The results of Parylene diX AM
showed that for each NH> group lost, exactly one oxygen atom appeared in the structure of
the film. In other words, during the storage time, amine decay and oxygen take-up occur at
the same rate and time constant. This was reflected in the time-evolving curves of
[NH2]/[C] and [O]/[C]measured at the surface over the same period of aging in ambient air,

in the darkThe two curves for Parylene diX AM were mirror images of one another.

Therefore, considering that certain functional groups such as primary amines are
inherently reactive, a mechanism that does not rely on the reaction of trapped-free radicals
is presumed. Scheme 11a presents a possible mechanism for the conversion of highly
reactive primary amines to oxygen-bearing groups. For polymers that still contain the
trapped-free radicals both aging mechanisms, presented in Schemes 10 and 11, are valid
and are expected to occur at a same time. The so-called parallel aging mechanisms justify
the lower time constants (or higher speeds) of oxygen take-up, ([O]J/[C]) (t) observed in

amine-bearing polymers that also contain trapped radicals. Also, it is stated that when all
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of these functional films were immersed in Mili-Q water, not only the previous reactions
took place with dissolved O (akin to atmosphere Oy), but water molecules were also
incorporated in the structure as shown in Scheme 11b.% Indeed, both phenomena can occur
in either media, with the consideration that the abundance of oxygen and water, and

consequently the percentage of these reactions might be reversed.

NH, NH,
L 0, | Amides
a) R, C|3H > R—C—0—O0H ——  Nitro compounds
R, R,
NH, NH;
| H,0 _
b) R —CH > R, c|:H + OH
R2 R2

Scheme 11. Proposed mechanisms for aging of amine-bearing polymers without the
interference of free radicals;a): reactions with Oz, and b) reaction with water.

3-5-1- Stability of amino-PCP

In light of the instability of amine-bearing coatings, we studied the aging of
Parylene A. The first observation in the course of our work refers to functionalization of
[2.2]-paracyclophane. Although no evidence of anomalies was found in the early
characterizations of 4-amino[2.2]paracyclophane that were performed immediately after its

synthesis, a color change from tan to very dark brown was observed in the compounds

79



M.Sc. Thesis - S. Rahimi Razin; McMaster University - Chemistry

stored for a few days in the lab environment. Solutions of 50 mg of as-synthesized and aged
(30 days) amino-PCP in dichloromethane (4 mL) are shown in Figure 20. Also, the TLC
spots that were not detectable unless a short wavelength UV light was used, turned to dark
smudges after only a few hours of finishing the TLC experiment. These basic laboratory

observations prompted us to re-examine the synthesized compounds.

Figure 20. Solutions of amino-PCP (50 mg) in dichloromethane (4mL); A) as-synthesized
amino-PCP, B) aged amino-PCP (30 days)

In order to obtain more reliable results, we carefully repeated the synthesis of
amino-PCP to produce high purity amino-PCP. The nitro-PCP synthesized in the first
nitration step was crystallized twice from methanol to assure its high purity prior to the
reduction step. The synthesized amino-PCP was immediately dried and stored under argon.

We then investigated the effect of aging on the chemical structure of amino-PCP via NMR
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spectroscopy. For this purpose, a small quantity of amino-PCP (50 mg) was set aside and
exposed to air for one day in the laboratory environment. Another 50 mg of the compound
was soaked in mili-Q water for 30 min, followed by a rapid vacuum filtration. The filtered
compound was re-dissolved in chloroform and dried over Na,SOj prior to evaporation of
the solvent under vacuum and subsequent NMR measurements. Also, it is crucial to purge
the NMR test tubes with an inert gas (e.g. Ar) and seal the cap with Parafilm to minimize
the probability of further oxidation during or before the test. NMR samples that were not
kept under inert condition showed unreliable results. The superimposed *H NMR spectra
of as-synthesized, aged for one day in air, and water-treated amino-PCPs are shown in
Figure 21. The spectra of these three samples were almost identical regarding the chemical
shifts and the number of protons. However, the chemical shift that is associated with
primary amine and its integration are different for these samples. As denoted on the spectra,
the relative integration of the protons on amine group is reduced from 1.95 (6=3.18-3.80),
to 1.72 (6=3.21-4.04) and to 1.64 (6=3.40-4.22) respectively for aged and water-treated
samples indicating the decrease in the amount of primary amine groups. Furthermore, the
decrease of intensity of the chemical shifts is accompanied by broadening to downfield.
The latter might result from the presence of electron withdrawing moieties such as carbonyl
groups of amides, supporting the hypothesis that the primary amine groups of the amino-
PCP are prone to oxidation in air and aqueous solutions. We did not observe any additional
chemical shift in the 3C NMR of these samples so far. This might be due to the very low

concentrations of the oxidized molecules at this early stages of aging.
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-NH? Chemical Shift of Amino-PCP
------------------ As-synthesized
Aged 1 day

— — — — Water-treated

195 --. i

ppm

Figure 21. Superimposed *HNMR spectra of Amino-PCP; Decay of protons associated with primary amine groups.
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3-5-2- Stability of Parylene films

As discussed earlier, the XPS and FTIR characterizations demonstrated that CVD
polymerization successfully transferred the functionality of the precursors, as well as
primary amine groups, onto the surface of deposited PPX-A films. However, we have
recently found out that XPS surveys performed on old PPX-A films depict different
chemical composition than that of the freshly-deposited films. Following that, a careful
literature review including all aspects of amine-functionalized surfaces, revealed that these
surfaces are subject to evolution of their functional groups during the storage times, in a
similar fashion to the precursor aging discussed above. We studied the evolution of primary
amine groups in the structure of PPX-A films by aging them for several days in ambient air

followed by XPS measurements.

The results of the XPS survey from the surface of aged PPX-A films are shown in
Figure 22 comparing with the fresh (as-deposited) PPX-A. Also, the detailed elemental
composition on the surface of these films are given in Table 5. As shown in their XPS
spectra, after only 1 day O atoms appear on the surface (2.27 at. %) and within 4 days it
reaches to 12.63 % (relative to C and N). The appearance and buildup of O is accompanied
by a 3.4 % decrement in the abundance of N atoms over 4 days. This is much lower (~ 1/4)
than the amount of Oxygen take-up suggesting that N atoms (and similarly, C atoms, Table
5) are not lost but its overall percentage is decreased due to the incorporation of O atoms
and introduction of other chemical bonds in the structure. Conversion of chemically

unstable amine groups to more stable functionalities such as amides or oximes without
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significant variations in the overall concentration of [N] on the surface is evidenced by XPS

studies in other works 78
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Figure 22. XPS spectra of aged PPX-A thin films; Evolution of the surface composition over

the storage time in air
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Table 5. Evolution of chemical composition during the aging of PPX films

Pre-Etch Post-Etch
Sample code Condition Cls N1s O1ls ClI2p Cls N1s Other
PPX 30 PP)? . 98.24 - 1.76 - 100 - -
30 days in air
PPX-C Cl2p
PPX-C 30 30 days in air 87.32 - 1.75 10.33 88.74 - (11.26)
PPX-A PPX_A.‘ 89.81 9.74 0.45 - 89.69 10.31
As-deposited
PPX-A 1 PPX._A. 89.38 829 227 0.07 89.92 10.08
1 day in air
PPX-A Ag 3d
PPX-A 2 2 days in air 8279 75 946 025 93.19 6.21 (0.61)
PPX-A 3 PPX._A . 81.12 6.9 1195 03 9453 5.47 -
3 days in air
PPX-A 4* PPX._A . 80.53 6.34 12.63 0.33 96.7 3.3 -
4 days in air
PPX-A1W PPX-A 90.24 869 095 0.12 NA NA NA

1day in mili-Q water

* Comprised also 0.18 % S2p trace impurity prior to etching

In addition to aging in air, we examined the durability of PPX-A in agueous media
by dipping a PPX-A-coated Si wafer in mili-Q water for one day. Based on the observation
of the faster decay of amines of amino-PCP in mili-Q water compared to air, we expected
a high degree of oxidation even after one day. But, the results were different than our
expectations as less than 1 % O was detected in the XPS analysis of PPX-A thin film stored
in mili-Q water for 1 day. If we consider that O> molecules are the predominant source of
oxidization, this observation aligns well with the lower content of dissolved Oz in water

compared to air but the reverse rates of oxidization of amino-PCP and PPX-A in water and
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air yet needs to be justified. A simple reason for this observation could be related to
technical errors as such these samples had different availabilities to the test media. In case
of amino-PCP, the precursor was appropriately dispersed in water, but for the air-aged
sample we failed to disturb the clumps of the precursor powder and to spread it over a large

flat surface to provide it with comparable availability to O as it had in water.

Aging of amine-bearing surfaces has been studied in some works in the literature;
however, no in depth study of these aging phenomena have been performed on PPX-A
polymer films. We found that the chemical composition of the films not only on the surface,
but also in the bulk of the films are subject to variation due to the oxidation phenomena
during aging of PPX-A films. In order to study the evolution of the chemical composition
in bulk of the aged films we applied an argon etch for 6s, followed by an immediate XPS
survey from the resultant films. The post-etch XPS spectra of aged PPX-A films (shown in
Figure 23) exhibits a significant decrease in the overall N at. % over the storage time.
Decay of nitrogen in the bulk (post-etch) of the aged films is presented in more detail in
Table 5. Since no other element contributed to XPS spectra of etched films, we can simply
conclude that variation of chemical composition is on the account of reduction in the
amount of [N] atoms. While, its content was almost constant in the bulk of un-aged PPX-
A films or samples that were prevented from aging by storing under argon in tightly sealed
containers. This observation was not changed by repeating the argon etch (6 s) depth
surveys and no meaningful variation in the amount of [N] was observed after 5 consecutive
etches for the un-aged PPX-A films. The difference in the resistance of bulk N atoms to

etching in aged and un-aged samples indicates that oxidization of PPX-A films can also
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occur in depth of the films. Such that, at least a part of the new chemical bonds that are
formed after oxidation are not as strong as the parent chemical bonds and are etched faster.
However, since the only contributing atoms to the XPS spectra of etched films are C and
N, elucidation of the oxidation mechanisms and consequently identification of the chemical

bonds that are formed seem infeasible even with high resolution XPS.
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Figure 23. XPS spectra of aged PPXA thin films after an argon etch for 6 s; Decay of

nitrogen atomic % in the bulk over the storage time in air
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We were not able with these preliminary experiments to track a consistent pattern
for the evolution of the composition in the bulk and consequently justify the decay of
nitrogen amines in bulk. However, considerable attention has been paid in literature to
investigate the effect of aging on the surface chemistry of amine-bearing polymers that
helped us to correlate the evolution of chemical composition on the surface of our PXX-A
films. For this purpose, we studied the high resolution XPS spectra acquired from the
surface of aged films. Figure 24 shows the deconvolved bands that are fitted at high
resolution C1s, N1s and O1s spectra of the PPX-A sample aged 4 days. According to these
high resolution spectra, various chemical bonds involving O are created after exposure of
the PPX-A film to air within 4 days. C1s spectrum shows that in addition to major C-C and
C-N bonds of amines, two other chemical bonds C-O and N-C =O (amide) are formed due
to the oxidation of PPX-A. This is reflected accordingly in N1s and O1s spectra as NC and

NC=0, and OC and O=C type bonds are detected respectively.

PPX-A 4

Intensity (a.u)

T T T T T T T T T T 1
288 286 284 282 401 400 399 398 534 532 530

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 24. Deconvolved high resolution C1s, N1s and O1s spectra of the PPX-A aged 4 days.
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As high resolution XPS spectra of the aged films suggest, within the exposure time
to air or water, O atoms are incorporated into the structure of the films through either amide
formation or oxidation of backbone (C-O).We previously stated in this section that two
general mechanisms are presumed for aging of amine-bearing films. In case of PPX,
however, no oxidation through the polymer backbone is expected due to the absence of
trapped free radicals Therefore, oxidation is presumed to occur on amine groups only.*°
However, this was found on aminomethyl-PPX where amine groups are connected to
aliphatic carbons. To further investigate this in PPX-A films, where amine groups are
connected to aromatic rings instead of aliphatic carbons, we compared the aging of PPX-A
with that of PPX and PPX-C films which lack amine groups in their structure. Their pre-
etch and post-etch elemental composition collected after 30 days of aging in air is shown
in Table 5. Although, a small amounts of O (1.75%) is detected on the surface of aged PPX
30 and PPX-C 30 films, their post-etch XPS surveys demonstrate similar results to un-aged
samples. Meaning that the expected amounts elements (C and Cl) as well as no O were seen
in the bulk of PPX 30 and PPX-C 30 samples. Presence of small quantities of O on the
surface of PPX films has been observed in other works as well. Though, it has been
attributed to organic contaminants rather than oxidation of backbone chains.8’
Comparing these results with the aging behavior of PPX-A films gives further evidences to
the fact that amine-functionalized PPX films with no trapped radicals in their structure are

oxidized through their pendant amine functionalities.
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Figure 25. Decay of primary amines ([NH2]/[C]) versus oxygen uptake ([O]/[C]) in PPXA

films as a function of the storage time in laboratory ambient atmosphere.

Also, compared to the previous work on aminomethyl-PPX,%® we found that the

rates of oxygene take-up and amine’s decay are not necessarily equal over the entire

duration of aging. To study this we plotted the [-NH2]/[C] % versus [O]/[C] % against the

storage time in air (Figure 25). Our results, revealed that the decay of amines and take-up

of oxygen atoms in the PPX-A films occur with different slopes. These unequal rates further
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suggests that the mechanism of oxidation of these films is more complicated than a simple
amidation reaction as we clearly detected that oxygen atoms are involved not only in amide
groups but also in other chemical bonds such as at least O—C. The obtained experimental
amounts of [N]/[C], [-NH2]/[C], [O)/[C] and [N-C=0]/[C] are given in Table 6. Comparing
the increasing trends of [O]/[C] and [N-C=OJ/[C] in the aged films, shows that the
abundance of amide groups are first increased with O take-up. However, at the later stages
of aging its relative abundance is decreased indicating that either the amide groups are
transformed to other groups or their rate of production is significantly reduced compared

with other chemical bonds

Table 6. Relative abundance of amine and amide groups in comparison with [N] and [O]

amounts during the aging of PPX-A films

[NVIC] [NH2)/[C] [OJ[C] [N-C=OJ[C] A(OJIC]) A(IN-C=OJ/[C])

Aged samples (%) (%) (%) (%) (%) (%)
PPX-A 10.84 10.48 0.50 0
PPX-A1 9.28 7.73 2.54 0.29 2.04 0.29
PPX-A2 9.06 6.92 11.43 214 8.89 1.85
PPX-A3 8.53 6.6 14.74 1.89 3.31 -0.25
PPX-A 4 7.87 6.35 15.68 1.35 0.94 - 0.54
PPX-A1W 9.63 9.07 1.053 0.56
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Conclusion

CVD polymerization of [2.2]paracyclophanes, particularly when they bear
functional groups, provides a general and convenient way for the preparation of
functionalized thin films. In addition to simplicity, when compared to conventional solvent-
based methods, thin film coating through CVD polymerization provides excellent
compatibility with a wide variety of functional groups, superb adhesion to various
materials, and applicability to three-dimensional substrates. A practical method that
facilitates the incorporation of reactive groups without requiring post-treatment of the films
is in high demand for biomaterials development. The addition of reactivity on biomaterials
of interest enables the selective attachment of bio-active molecules via non-toxic aqueous
chemistry, which is free of hazardous solvents or other reagents. As a result, the interfacial
biocompatibility of such materials can be enhanced allowing them to be implanted or to be

used in complex biological environments.

Highly reactive groups such as amines and carboxylic acids enable immobilization
approaches for a wide range of biomolecules. They also influence the interfacial
interactions by controlling surface charge. However, despite the promise of great benefits
for biomedical applications, industrial use of vapour deposited functional films is limited
due to the lack of practical methods for production of the related functional precursors.
Synthesis of amine-functionalized PCP precursors through the direct nitration method has
been a challenge for many years. The current thesis, contributes to this milestone of

paracyclophane chemistry and represents a simple and reliable method for large-scale
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production of amino-PCP. The initial obstacle in the nitration reaction of PCP was resolved
by replacing the triflic acid with triflic anhydride, resulting in a higher yield of nitro-PCP.
This also facilitated the extraction and purification steps of the crude product, which is a
well-documented challenge. We were unable to detect any di-nitro PCP under any
conditions tested, instead a mixture of oligomers and polymers of nitrated PX were eluted

after nitro-PCP.

Furthermore, a very simple and efficient reduction reaction was successfully
conducted for the first time on nitro-PCP. The overall yield of the suggested synthetic route
was above 77%, which was successfully scaled-up to 5 g of starting material. Additionally,
the synthesis of carboxyl-functionalized precursors was attempted through Freidel-Crafts
acylation of PCP. Apart from the partial success in synthesizing the intermediate acetyl
derivatives, our research on the carboxylation of PCP is still in its early stages and further
experiments are currently being done to optimize the reaction conditions. Finally, various
characterization techniques were employed to verify the successful synthesis of
functionalized PCPs. Characterization of the thin films deposited from these functionalized
precursors demonstrated the compatibility of CVD polymerization with primary amine

functional groups.

Eventually, the more important issue of durability of amine groups was investigated
for the first time for both precursors and thin films of PPX-A. NMR studies of amino-PCP
showed a significant decrease in the amount of primary amines by a short treatment with
water or exposure to air. Broadening of the *H NMR chemical shifts toward downfield also

suggested a correlation between the decay of amines and the appearance of functional
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moieties that contain electron-withdrawing groups. Oxidation of amines with aging in air
or storing under mili-Q water was further observed on the surface of deposited films.
Within only 4 days of storage in air, the amount of amine groups compared to C ([NH2]/[C])
reduced from 10.48 to 6.35 which was accompanied by 15.68 % uptake of O ([O]/[C]).
Also for the first time, we showed that aging of PPX-A films changes the chemical
composition in their bulk as well as the surface. The XPS spectra obtained from freshly-
deposited films after etching with Ar more closely matched the predicted elemental
composition, with no O and an amount of N comparable to that expected from di-amino-
PPX. However, the amount of N in the bulk of aged films was substantially decreased after
48 h, suggesting the evolution of new chemical bonds during the oxidation that are not
resistant to Ar etch. This subsequently indicates the effectiveness of oxidation phenomena

in depth of the films once a considerable time of aging has elapsed.

The current study requires to be extended to longer periods of aging to further
investigate the long-term stability of amine groups. Nevertheless, it has been reported that
despite the rapid O uptake of amine-functionalized films in the early stages of aging, they
retain a significant fraction of amine groups over long aging periods. The overall amount
of long-term stable amine groups depends on their initial density in the film. This factor
may define the shelf-life and time-scale applicability of amine-functionalized coatings.
Similar to commercial providers of amine-functionalized materials such as aminosilane-
coated glass slides, we were able to prevent both amino-PCP and PPX-A films from aging
by storing them under argon. In addition, since the CVD process is conducted under high

vacuum the chances of oxidation are limited to the short times of transferring the materials

94



M.Sc. Thesis - S. Rahimi Razin; McMaster University - Chemistry

in between the processes. But, if one foresees to use PPX-A films, it is beneficial to
minimize the time of fabrication and exposure to active media. Especially, if they have to
be used a lengthy period after preparation, it is necessary to design a fabrication scheme

that results in the best shelf-life.
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Future outlook

As discussed, one of the major issues with amine-bearing surfaces is their poor
resistance to oxidation in air or aqueous solutions, where most biological interactions take
place. Hence, despite the successful incorporation of functional groups into PPX films,
maintaining them until the time of operation is challenging. From these facts, one can infer
that these amine-functionalized films are best to be prepared immediately before their final
use. Here in this thesis we presented a facile heterogeneous catalysis for reduction of nitro-
PCP; a reaction with mild conditions that can convert aromatic nitro compounds to
corresponding amino products. As nitro groups are in oxidized state compared to amino
groups they have sufficient durability in air or aqueous solutions. The nitro-PCP produced
in our lab remained intact for periods as long as a year under ambient laboratory atmosphere
and we predict that the nitro functionality resists the CVD conditions. Based on these
observations, we propose a scheme that can minimize the potential time of aging of PPX-
A films. To do this, we can coat the surface of substrates with nitro-PCP instead of amino-
PCP. The thin films of nitro-PPX can be stored at normal conditions in air without worrying
about further oxidation prior to use. Then the same reduction system that was used for nitro-
PCP can be employed here to treat the nitrated surfaces. This method relies strictly on the
high efficiency of the Raney Ni/NaBHs reduction system that can perform over mild
conditions at room temperature, atmosphere pressure and short reaction time, crucial to

prevention of the films from physical damages.

Recent advancements in immobilization of biomolecules provide a very powerful

and versatile means to engineer the surface properties which can be useful in many aspects
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of science such as molecular biology, analytical chemistry, medical diagnostics, tissue
engineering and biomedical implants.® 8 So far, various methods including physical
adsorption, self-assembly of monolayers, layer-by-layer deposition, CVD polymerization
and polymer grafting have been reported for immobilizing biomolecules onto the surface
of biomaterials.®® Covalent immobilization techniques offer a long-term availability of
biomolecules and does not require large amounts of modifiers, compared to non-covalent
methods. Nevertheless, presence of a reactive group on the substrate surface is required,
which is difficult for many materials such as polymers without functionalization. More
importantly, biomedical applications require a highly defined and predictive expression of
functional groups on the surface of biomaterials. In this regard, depositing organic thin
films containing reactive groups onto the surface of bulk material has attracted increased
attention. In particular, platforms of functionalized PPX films promise advantages for cell
culture, immunoassays and covalent binding of biomolecules such as proteins, 2 27 30, 90-92
Owing to their ability to pattern surfaces with micro- and nanometer-precision various
microarrays including DNA, peptide, tissue and cellular microarrays can be fabricated on

these functionalized PPX films.

Moreover, to mimic a more in vivo like environment or to obtain a synergistic
action in some advanced cases, co-immobilization of two or more biomolecules is required.
One application that has been successfully investigated using PPX-C films are Parylene
lift-off stencils.* ® Functionalized PPX films could be used in combination with
conventional PPX-C films to extend multilayer Parylene stencils.® 1% % Such platforms

could enable co- or multi-culture of different cell types through the successive patterning
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and lifting off steps of the layers, resulting in substrates that resemble multi-component
complex structure of extra cellular matrix. Functional layers of the so-called stencil can be
further modified with other molecules such as Poly(ethylene glychol) (PEG) to serve as an
interlayer between two Parylene layers, or to exploit the protein repellent properties of PEG

to selectively direct proteins of interest in the features of a micropatterned substrate.

In addition to multilayer stencil-based patterning, co-immobilization of
biomolecules can be achieved through a multifunctional surface. Due to their good
chemical reactivity, primary amine (-NH2) and carboxyl (-COOH) groups are widely used
as reaction sites to covalently immobilize biomolecules.®82 For instance, Yang et al.%

constructed a polyfunctional coating containing —NHz, ~COOH, and phenol/quinine groups

by a two-step procedure assisted with Gallic acid for co-immobilization of diverse
biomolecules onto the surface. Results of their work, showed that co-immobilization of
vascular endothelial growth factor (VEGF) with anti-CD34 antibody promoted bioactivity

of poly-functional surfaces compared with similar mono-functional substrates.

Furthermore, many applications including microfluidics and medical devices
require conformal and uniform coating over nonplanar or porous substrates. As mentioned
earlier, the CVD process is a suitable method to produce commercial, pinhole-free coatings
used, for instance, in micro electro mechanical systems* and microsensors such as neural
probes, % °" microvalves,® microchips and electrospray micronozzles for mass
spectrometry®: 1%, This technique has been used to functionalize the surface of a number
of microfluidic devices.®®*? However, bonding different (usually top and bottom) parts of

these devices to each other, which is conventionally performed by plasma activation of the
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surface, is yet a challenge in microfluidics fabricated from polymeric substrates. It is has
been recently reported that wafers containing Parylene coatings can be bonded to each other
through the thermal bonding of Parylene interlayers.1%21% So far, we have been able to
examine the thermal bonding of Parylene C/Parylene C films coated on standard
microscope glass slides (76 mm x 26 mm x 1 mm) at different experimental conditions
varying the time and temperature of the experiment. Although, we have not yet performed
a quantitative bond strength test, the primary laboratory observations including visual
inspection and razor blade test were conducted following the methods reported in the
literature to determine the quality of bondings.1%> 103 105 Good bonding results, were
obtained at temperatures above 150 °C and pressures of 2.5-3 MPa under vacuum, in a

good agreement with litereature.1%3

However, successful thermal bonding depends strictly on applying a pressure on
the two pieces and performing the experiment under vacuum, since Parylene undergoes
thermal oxidation if the heating process is carried out in air.1% These two conditions require
designing a particular setup to load pressure on the samples, which can be inserted in the
experiment medium such as a vacuum oven. In addition, applying even moderate pressure
on delicate microfluidic devices can distort the microchannels (e.g. in PDMS-made
devices). Hence, developing a relatively gentle process to bond the microfluidic devices is
of great importance. In a different approach, using two complementary PPX layers, poly
(4-aminomethyl-pxylylene-co-p-xylylene) and poly (4-formyl-p-xylylene-co-xylylene),
Chen and co-workers % have demonstrated the surface modification of two different PDMS

slides to form Schiff base cross-links for bonding of different pieces of microfluidic
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devices. They named their bonding technique as solventless adhesive bonding (SAB) for
which they utilize the chemical reaction of the surface functionalities and thus obtain a
stronger attachment. More recently, two complementary polymers, namely, poly (4-
aminostyrene) (PAS) and poly (glycidyl methacrylate) (PGMA), were used to modify a
number of substrates such as PDMS, Si wafers, and glass using the iCVD technique.®? In
both examples, amino groups were demonstrated to be available in the formed

microchannels after assembly and bonding process.

Inspiring from the previous work of Xu and Gleason,® we suggest an inexpensive,
facile and effortless method to carry out the solventless adhesive bonding of PPX films by
exploiting the amidation chemistry of pendant -NH> and -COOH groups on the films. To
do this, amine- and carboxyl-functionalized PCPs, can be CVD (co)polymerized® to coat
the surface of the proposed substrates with thin films bearing reactive NH, and COOH
groups. The bonding temperature of around 50-80 °C will be used which is much lower
than the T4 of polymer films. Also, no additional high-pressure load is required, and the
procedure is predicted to be successful in ambient atmosphere. Then adapting the two
above ideas of chemical adhesive bonding and poly-functional surfaces with our
framework, we propose to poly-functionalize the surface of a variety of materials as well
as PDMS to fabricate microfluidic devices. These functional groups are predicted to not
only serve as bonding facilitators, but also to provide the surface of assembled microfluidic
devices with two different functional groups, enabling co-immobilization of biomolecules

in the microchannels.
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