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ABSTRACT

Miniaturizing the separation column of a GC instrument is arguably the biggest
challenge to developing a portable, or micro-GC instrument.
Microelectromechanical systems (MEMS) technology has contributed to the
development of microcapillaries etched within silicon microchips. Traditional
stationary phases cause uneven coatings inside the channels, which lead to
inadequate separation efficiencies. A new class of stationary phases composed
of self-assembled monolayers has been proposed to improve the performance of
MEMS microcolumns. Generally, vapor deposition and electroplating techniques
are used to coat continuous gold films inside the microchip before a Pyrex plate
anodically seals the channels. These techniques are expensive and require
specialized equipment. Utilizing electroless deposition after the chips have
already been anodically sealed is a new method that has not been reported and
is the focus of this study. One-meter lengths of 0.18 mmi.d. and 0.10 mm i.d.
GC capillary tubing were used to simulate the restricted dimensions of a
microcolumn. Hydroxylamine and hydrogen peroxide were explored as reducing
agents for the deposition process. Hydrogen peroxide was observed to produce
better gold films compared to hydroxylamine. Self-assembled monolayers were
formed from a solution of 1-Octadecanethiol. GC analysis was performed under
various conditions using two alkane test mixtures. The 0.10 mm i.d. columns
performed better separations, although both columns suffered from band
broadening due to uneven stationary phases. The methodology was adapted to
three MEMS microcolumns, one square-spiral, and two semi-packed serpentines.
Usable results were only obtained for the square-spiral and the 4-pillar, semi-
packed serpentine microcolumn. Plating a uniform, continuous gold film inside a
capillary column or MEMS microcolumns was the most difficult task of this study
and continues to be a challenge.
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CHAPTER 1: INTRODUCTION

Gas chromatography (GC) is a powerful and widely utilized analytical technique
to separate and identify compounds of complex mixtures with applications in many areas
of science. Advancements in technology have mainstreamed the development of portable
micro-GC instruments (LGC) in recent years for real-time needs. Miniaturizing the
capillary column for the separations, arguably the “heart” of the GC, onto a silicon
microchip has presented the greatest challenge in designing and manufacturing pGC
instruments for the commercial market. Recent research has been devoted to developing
new techniques to overcome inadequate separation efficiencies due to the reduced
column length and poor stationary phase coatings. Using microelectromechanical
systems (MEMS) technology coupled to self-assembling monolayers (SAMs), a new
stationary phase consisting of an organothiol chemisorbed to a gold surface has been
proposed. Previous studies have been successful using gold electroplating deposition
prior to anodically sealing a Pyrex plate on top of the silicon microchip. However, no
reports have been found using the method presented, in which gold electroless deposition
is used after the microchip has already been sealed.

Originally conceptualized by Martin and Synge in 1941, gas chromatography has
remained an important analytical method in the arsenal of scientists since its
commercialization in the 1950s" % A popular technique due to its versatility, GC has
applications in environmental monitoring, pharmaceuticals, medical diagnosis, food
processing, forensic sciences, and other broad areas. A sample is injected into the GC
where it is vaporized into the gas phase, which limits separations to volatile and semi-

volatile mixtures. An inert gas such as helium or nitrogen is used as the mobile phase,



which carries the gaseous sample mixture through the capillary column housed in an
oven. A polymeric stationary phase coated on the inside walls of the capillary separates
the mixture into individual compounds through numerous mass-transfers with the mobile
phase. The compounds that strongly interact with the stationary phase are more highly
retained and elute slower though the column. Analytes that are weakly held by the
stationary phase remain in the mobile phase and travel at a faster rate, resulting in
differences in migration times. Differences in boiling points also affect the gas phase
separations. The only function of the mobile phase is to facilitate the transport of
compounds through the capillary column, as it does not chemically interact with the
analytes. As the compounds exit the column, they are detected and the signal recorded as
peaks in a chromatogram, which provides qualitative and quantitative information about
the analytes of interest. The retention time of a peak can assist in identifying the analyte
associated with it, while the peak area is related to the compound’s mass or concentration
in the sample’.

Generally, most GC instruments are coupled to any one of a number of detectors,
the most common being flame ionization detectors (FID) or mass spectrometers (MS). In
the case of FID, analytes are directed into an air/hydrogen flame as they elute from the
column. A collector attracts the ions and the resulting current can be measured using a
picoammeter'. Some advantages of FID include its sensitivity (~10"%g/s) and low noise
in the chromatograms'. Since minute quantities of analytes can be detected and
quantified using an FID detector, the injection volume of the sample can also be
restricted to microliter amounts. This is highly beneficial for applications such as

environmental monitoring and toxicology, where only a limited amount of sample may



be available or is present at parts-per-billion (ppb) quantities. The biggest disadvantages
of using FID are the sample is destroyed and a large supply of combustion gas is required.
GC has the ability to provide accurate analysis of complex mixtures, but other
overshadowing features limit its true potential. A conventional GC instrument is bulky,
power-hungry, and has relatively slow analysis times compared to what may be required
for on-site analysis®*. When the gas supplies for GC are also considered, it is
understandable why GC is somewhat restricted as a tabletop analytical method and
unsuitable for in-field analysis. On-site (near) real-time analysis techniques that offer
fast and reliable responses are highly desirable due to an increased interest in applications
such as environmental monitoring or toxic/explosive detection®. Adverse or incomplete
results during data analysis may occur because of sample decomposition, loss, and/or
contamination during transport to the laboratory”. Such shortcomings demonstrate the
need to develop portable, micro-gas chromatography (LGC) instruments. According to
Alfeeli et al., a nGC should ultimately be able to provide short, in-field quantitative
analyses, while only using small amounts of consumables®. This can lead to an
improvement in appropriate and efficient response measures if and when a hazardous
chemical or situation is encountered. However, since the data analysis must occur on-site,
a uGC instrument must be able to operate regardless of environmental conditions and
with limited resources on hand. The production of the separation column and finding an
efficient stationary phase has somewhat delayed this progress because of these challenges.
The potential for manufacturing a pGC column was not considered until several
decades ago. In the late 1970s, Terry et al. introduced the first miniaturized gas

chromatographic analyzer*”. An injection valve was connected to a 1.5-meter long,



spiral column fabricated on a silicon wafer and anodically sealed with a Pyrex plate® .
The microchip was connected to a second wafer, which housed a thermal conductivity
detector™’. While capable of a simple separation within seconds, this accomplishment
went largely unnoticed by the scientific community. Reyes et al. believe the scientific
community at the time did not have the technological experience to recognize the
significance of such an achievement®. At the time, it was recognized that miniaturizing a
concept or technique would be beneficial both fiscally and through conservation of
reagents. However, the idea of miniaturizing with the goal of developing a portable
instrument was far from thought. Rather, scientists were more interested in optimizing
the current GC technology at the time to improve selectivity and sensitivity®. As a result,
research into manufacturing a portable-GC was largely absent for the past several
decades.

Coupled with the emergence of current MEMS technology, recent research has
been predominately devoted to developing and optimizing the separation column required
for a pGC. Both Ali’s and Reyes’s groups believe that the design of the column dictates
its function and consider it the most important aspect of the entire pGC system3’ ® Ttis
inconceivable to believe that a microcolumn would be able to achieve the same
separation efficiency as a conventional capillary column. For instance, traditional GC
instruments require long separation columns (10-50 m), which are coiled around cages
~20 cm in diameter-®. Coiling the columns allows them to fit inside the GC oven and to
reduce band broadening from the “race track effect”. The “race track effect” occurs
when molecules travel different path lengths resulting from traveling on the inside or

outside bend of the coiled column. On the other hand, a pGC separation column (1-5m in
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less commonly encountered design is the multicapillary microcolumns (MCCs).
Developed by Zareian-Jahromi et al., the flow is split at the entrance into a number of
narrow-width, parallel capillariesz’ 39 Each channel performs its own separation and
then rejoines back into one capillary at the exit>*°. Radadia ef al. were the first group to
study the effects of microcolumn geometry with respect to separation performance®.
Since the flow pathway is different for each respective configuration, it is important to
establish the effectiveness of each design with respect to column efficiency.
The efficiency of a column is usually based on theoretical plates and plate height.
A theoretical plate is a hypothetical zone between the mobile and stationary phase, in
which the analyte of interest is transferred from one phase to the other®* %1% The
number of theoretical plates, N, for a given column is calculated by:
’ 2
N=5‘54[——’LJ (1.1)
h
where tg is the retention time of a particular analyte, and Wy, is the respective width at
half of the maximum peak height®'?. The larger the number of theoretical plates, the
more efficient a column is at separating mixtures and achieving higher resolution
between peaks. The number of theoretical plates is related to the plate height, H, also
known as the height equivalent to a theoretical plate (HETP), where the two are related
by the equation,

L
N=- (1.2)
where L is the length of the column®* % '°. Smaller plate heights per unit column length

lead to a larger number of theoretical plates, and consequently, a more efficient

separation column.



In a study by Radadia et al., each respective design, except a multicapillary
column, was used to fabricate 3 m-long microcolumns with 100 pm wide channels®. The
column walls were coated with an OV-5 polymer (5% diphenyl, 95%
dimethylpolysiloxane) stationary phase. An alkane mixture of n-Cs through n-C;3 was
used to evaluate their performance®. Iso-octane was used to calculate the number of
theoretical plates within the columns at various inlet pressures. At 15 psi the serpentine
design was reported to have the highest number of theoretical plates (~18,700 plates/m),
followed by the circular-spiral (~11,000 plates/m), and the square-spiral configurations
(~10,500 plates/m)®. Based on the calculations and observations, the serpentine column
provided the best separation due to the high number of theoretical plates.

Radadia et al. determined the serpentine column had two major advantages over
the other designs®. First, they believed the configuration of the serpentine column lead to
a more hydrodynamically favorable flow within the column itself®. This can be
rationalized when the serpentine layout is compared to the square-spiral column. The
serpentine column was fabricated with 114, 180° turns, while the square-spiral column
was composed of 269, 90° corners®. The larger number of turns within the square-spiral
configuration leads to a broader travel path for the molecules as they elute down the
column, decreasing the effectiveness of the column’s performancexg [n other words,
encountering a larger number of corners enhances the “race track effect” and causes band
broadening, which adversely affects the efficiency of separation. The design of the
column also affects the coating of the stationary phase, which can be very significant®.
The numerous, long, straight segments of the serpentine column allows for a more

uniform and thinner coating of the stationary phase. However, as the centers are



approached in the circular- and square-spirals, the amount of turn increases per unit
length. This causes a higher centrifugal force that can induce uneven, thicker stationary
phase coatings®. The identical central regions of the circular- and square-spiral
configurations explain their similar performance results. Based on their study, Radadia et
al’s. group strongly recommended the use of serpentine microcolumns and successfully
demonstrated how a column’s geometry can affect separation performance®.

MEMS technology has made great strides in fabricating an effective microcolumn,
but they still do not perform at the level of traditional columns. Their reduced length and
small channel diameter limits their sample capacity. Preconcentrators are also in
development with MEMS technology for analytes present at very dilute trace levels, but
an increase in sample capacity may be needed in conjunction with the preconcentration
step™ ', By having an increase in sample capacity, a column would be able to separate
larger amounts of compounds without the need of “in-lab” dilutions. Generally,
increasing the sample capacity of a column is considered a trade-off with separation
efficiency. By increasing the amount of sample that can be loaded onto the column, it
reduces the availability of mass-transfer sites and reduces separation efficiencies. This
tends to result in a decrease in resolution between analytes or peaks with excessive tailing.

A new class of microcolumns, referred to as semi-packed columns, has been
recently developed to overcome these obstacles. The previously discussed columns are
typically referred to as open tubular because only the column’s walls support the
stationary phase. A typical packed column utilizes small adsorbent particles coated with

the stationary phase that are packed into the column. Packed columns have the advantage

of having a higher sample capacity due to the increase in available surface area to
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drop can lead to unsymmetrical peak shapes and band broadening from eddy diffusion.
To overcome this downfall, the configuration of the posts within in the channels can be
manipulated during the fabrication process in order to minimize this effect’. In open
tubular columns, the flow of the mobile phase is laminar, which causes a parabolic
velocity proﬁle3 +410 " As a result, the velocity of the mobile phase is at its greatest in the
center of the column. By fabricating evenly spaced microposts into the microcolumns,
there is less variation in the velocity of the mobile phase as it progresses down the
column®*. It was also determined that the spacing of the microposts helped to reduce the
mass-transfer distance, thereby increasing the separation performance as well as the
sample capacity3 *4. The increase in separation proficiency helps overcome the effects of
the pressure drops.

According to Alfeeli et al., semi-packed serpentine microcolumns also have
higher plate numbers than those associated with other single and multicapillary
microcolumns®. In their study, serpentine microcolumns with internal diameters (i.d.) of
90 pm and 120 um were compared to semi-packed serpentine microcolumns with 3 or 4
microposts fabricated within the channels. The semi-packed microcolumns exhibited
lower HETPs and a higher number of theoretical plates than the single capillary
microcolumn counterparts, supporting the results obtained by Ali er al.*. When the
separation efficiency of a serpentine microcolumn is combined with the improved sample
capacity using the microposts, MEMS columns are starting to perform comparably with
traditional GC columns. While there still is room for improvement, the introduction of
microposts has opened another avenue of research to produce efficient MEMS

microcolumns.
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Once a channel pattern is chosen, the column is etched into a silicon wafer using
high-aspect ratio techniques such as deep-reactive-ion etching (DRIE)*™ ®®. In this
method, a photoresist polymer is first applied to the silicon wafer. A stencil is then used
to outline the desired architecture onto the photoresist'>. Light is used to irradiate the
exposed areas, causing a chemical change in polymer that provides an outline of the
pattern to be etched away using DRIE".

DRIE is capable of manufacturing deep, straight channels, while at the same time,
minimizing the surface roughness on the capillary’s walls. DRIE is predominately
performed using the Bosch process, which was patented by the German company Robert
Bosch GmbH"?. The Bosch process alternates between using etching and passivation
steps. During etching cycles, an inductively coupled plasma (ICP) etcher is used to
engrave into the silicon wafer'® . The sidewalls are then protected during the
passivation cycles with octafluorocyclobutane (C4Fg)'* 1. This process is repeatedly
performed until the desired depth is reached.

Dynamic and static coating techniques are the most popular methods of coating
stationary phases onto MEMS columns for gas chromatography. In order to dynamically
coat a separation column, the stationary phase is first dissolved into a suitable solvent'* °.
The stationary phase is then either pulled or pushed through the column by a vacuum or

1413 The technique is repeated until the

pressure respectively from an unreactive gas
desired thickness is achieved and the excess solvent is evaporated to complete the
deposition. When Terry ef al. introduced the first uGC separation column, they

dynamically coated their column with poly(dimethylsiloxane) (PDMS)’. However, they

observed that the resolution of their column was unacceptable because of the poor

11



distribution of the stationary phase’. Without an evenly distributed stationary phase,
achieving high resolution between analytes and performing efficient separations is
extremely difficult and unlikely due to irregular mass-transfers and eddy diffusion as the
samples are eluted down the column’s length. Non-Gaussian peaks will be observed by
the presence of tailing or leading edges. Tailing is when the end of a peak broadens as
the compound exits the column, while leading is when the front edge of the peak leads
into the signal. The latter is typically observed if the sample capacity of the column is
overloaded'.

Usually, static coating techniques are preferred over dynamic and are the most
common way to apply stationary phases. The stationary phase is first dissolved into a
solvent and the entire column is filled with the stationary phase'*'®. One end is sealed,
usually with a septum, and a vacuum is applied to the open end'*'®. The solvent is
evaporated, depositing the stationary phase on the column’s walls'* 13, According to
Reidy ef al., the static method is preferred over dynamic for two reasons®. First, if it is
assumed that all of the stationary phase is deposited onto the column’s walls during the
evaporation, and the surface area of the column is taken into account, then the thickness
of the stationary phase can be predicted based on the concentration and density of the
stationary phase in solution'.

During dynamic methods, controlling the thickness of the stationary phase is more
difficult because the velocity of the coating solution must be considered as well. For
example, faster plugs move along the column at a faster rate during the deposition,
providing less uniform coverings'®. Static coatings have an absence of axial motion

versus dynamic methods and as a result, the stationary phase is deposited more

12



uniformly'”. A uniform stationary phase is key to achieving efficient separations.
Without a uniform stationary phase, band broadening and tailing will occur due to uneven
mass transfers between the mobile and stationary phase. This will cause an overall
decrease in resolution, non-Gaussian peak shapes, and lower efficiencies.

Taking these factors into account, a majority of research using microcolumns has
been preformed with static coated stationary phases. Most columns are pretreated with a
deactivating agent such as hexamethyldisilazane (HMDS) prior to addition of the
stationary phase to cover any residual silanols that may be present on the walls®** .
Silanols may create “surface activity” that causes polar compounds such as alcohols and
ketones to be retained more strongly in the stationary phase’. This leads to peak tailing
and lowered resolution. PDMS is traditionally used in microcolumn research and has
shown promising results. The PDMS is generally crossed-linked using azo-tert-butane
(ATB) or dicumyl peroxide to provide additional thermal stability to the stationary phase
and decrease the effect of column bleed® * 7. Column bleed is the deterioration of the
stationary phase over time due to injections and temperature ramp cycles. This is
particularly prevalent at high temperatures. However, SEM images of PDMS coated
microcolumns have shown that pooling of the stationary phase occurs in the corners and
results in thicker coated areas™* % '°. This contributes to uneven stationary phases in
microcolumns. Consequently, coating the microcolumn is a significant challenge to
overcome.

Since an efficient separation must occur within confined restraints, new stationary
phases and methods of coatings for microcolumns are currently being developed.

Recently, self-assembled monolayers (SAMs), consisting of organothiols semi-covalently
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bonded to gold surfaces have been reported as a stationary phase for uGC columns. Self-
assembled monolayers are molecules that can arrange themselves in an orderly fashion
without outside influence'” '®. An example of a naturally occurring SAM is the
formation of the phospholipid bilayer in a cell membrane'” '®. The hydrophobic tails face
on the inside of the bilayer, while the hydrophilic heads face the outside. In the 1980’s,
Nuzzo and Allara discovered that alkanethiols would also spontaneously form a layer on
the surface of metals such as gold or silver'” °. In the case of gold, there are two
predominate driving forces that facilitate the formation of alkanethiol SAMs on the
surface. First is the affinity of the sulfur compound for the gold surface, which produces
a semi-covalent bond when sulfur is chemisorbed onto the gold (45kcal/mol bonding
energy)'”'?. The second driving force is the hydrophobic, van der Waals interactions
that take place between the methylene carbons of the alkyl chains'"*. This allows chains
to interdigitate between neighboring chains and increase the stability and order of the
overall structure, which makes SAMs highly desired as protecting agents”'zz .

There are three distinct sections that make up a SAM molecule. The first is the
sulfur-linking group that is used for attaching the molecule to the gold surface. The
second segment is the spacer chain, (CHy),, which is in the trans-conformation'”®, The
last part of the SAM is the functional group at the end of the alkyl chain, which gives the
SAM functionality and allows one to “custom design” for desired interactions'’. Figure 3
shows the structure of a typical SAM. These properties of SAMs make them of interest
in various applications such as nanotechnology development, material surface protections,

) . 17,19
and for use in sensors or biosensors .
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which shows the release of the mercaptan hydrogen in conjunction with the thiolate bond

18.21 " The rates of the two reactions are extremely fast and difficult to study

formation
with microscopic techniques such as scanning electron microscopy (SEM), atomic force
microscopy (AFM) or X-ray diffraction (XRD) due to their mobilites. In fact, only the
final chemisorption step of the organothiol has been detected and reported with such
techniques.

Hasan et al. demonstrated that if there is no easy pathway for hydrogen removal,
then the loss of hydrogen could potentially be prevented®. In their study, the thioether
dodecyl sulfide was used to create a SAM over gold clusters 2-5 nm in diameter. Then, a
solution of dodecanethiol was added to the clusters in order to perform a ligand exchange
reaction. 'H nuclear magnetic resonance (NMR) spectroscopy was used to determine if
the mercaptan hydrogen was present within the system. In the '"H NMR spectrum of the
thioether, resonance peaks were observed for both the a~ and f- CH; methylene
hydrogens relative to the sulfur atom®’. However, two more peaks were reported in the
spectrum when the dodecanethiol solution was introduced to the clusters”. This was not
expected, as it was believed the dodecyl sulfide would dissociate from the surface with
the dodecanethiol addition. The authors concluded that the thioether did not
spontaneously dissociate from the gold surface and that the two peaks had to be from the
a-methylene proton and the thiol proton of the newly adsorbed thiol””. The only downfall
was that the authors decided it was too difficult to determine if the mercaptan hydrogen
remained bonded to the sulfur or if had been adsorbed onto the gold surface itself*’.

Understanding how SAM formation takes place and the kinetics of the process is

important since it must be able to take place in a confined, 3D space such as a MEMS
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microcolumn versus a bulk solution. A fast, reliable, and easy-to-use method to build the
stationary phase is also imperative so that it can be mass-produced in the future.

Another factor that affects SAM formation is the length of adsorption time in
order to achieve a well-order system. The adsorption rate can be measured using a quartz
crystal microbalance (QCM) technique that is extremely sensitive to mass changes and
has the ability to measure nanogram quantities”. A thin piezoelectric quartz crystal is
held between two gold electrodes and an electric field is applied®. The electric field
causes the crystal to vibrate and produce its own alternating electric field at a resonance
frequencyzz. In Dong Kim et al’s. study, a 1.0 Hz frequency change of the crystal’s
resonance frequency was equivalent to 1.0 ng of mass being loaded onto a gold
electrode’s surface when immersed into the SAM plating solution®. U sing this method,
they were able to determine the kinetic effects of the alkanethiol concentration and
various solvents of choice on SAM formation. They were able to conclude that as the
concentration of the alkanethiol increased, so did the rate of absorption. For instance, it
took approximately 800 seconds for a SAM to form over the gold electrode in a 0.1 mM
solution??. On the other hand, it took the same SAM 120 seconds to form in a 10 mM
solution. In addition, how soluble the organothiol is in solution is also a factor. If the
organothiol is highly soluble in a solvent such as hexane, then the SAM is harder is
form?. The organothiol is better solvated by the solvent, which overcomes the affinity of
the sulfur for the gold surface and causes the thiol to remain in solution. This is why
most alkanethiol solutions are made with absolute ethanol as the solvent, which helps

promote faster forming SAMs'" %22,
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Generally, any information obtained about SAM formation is after the
chemisorption of the alkanethiol. As mention earlier, the physisorption of the organothiol
is almost instantaneous and too fast for current methods to detect. Once the second phase
is achieved, microscopic techniques can be used to characterize the thin film. For
instance, SEM images generated by Dong Kim et al. show that when the alkanethiols are
first adsorbed by the gold surface, the chains are in a horizontal position (“laying down”)
and referred to as the stripe phase'”?2. A schematic of SAM formation is shown in
Figure 4. As the adsorption time increases, more alkanethiol chains saturate the surface.
The introduction of more chains causes the previously nucleated chains to “stand up”
through an unknown intermediate reaction's. This initial monolayer formation exhibits
numerous gauche defects within the chains and is not well ordered as a result. Over time,
typically several hours to a day, the chains become more ordered as the surface is packed
frém the adsorption process‘s. Minimizing any possibility of contamination within the
SAMS is also important as this could lead to disordered or incomplete systems'’.
According to Kleinfeld and Ferguson, if there are any defect sites, or sites that failed to
react at any point during the assembly process, the resulting deficiencies are propagated
into the following layer’®. Since it is well documented that silanols cause adverse effects
with traditional stationary phases, it is reasonable to believe they could also cause
problems when using SAMs. Thus, it is important to clean the surface of any
contaminants to ensure complete and ordered formations.

While the terminal end group provides the functionality of the SAM, it's the alkyl
chain that stabilizes the SAM itself. Researchers have established that alkyl chains

longer than ten carbons provide the most stable and ordered SAMs in a decreased amount
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As a result, the alkyl chain structure can be described with respect to three
difference angles. One of the angles, the angle of precession (y), is generally not reported
in literature. This angle gives the direction of the chain tilt and is derived from the
inclination plane (the substrate normal and the main axis of the chain)'®. The other two
angles, the tilt and twist angle, are most reported because of their importance. The tilt
angle () is located between the molecular backbone and the surface normal direction'®.
The average tilt angle of a long-chain alkanethiol is approximately 30°1%. The twist
angle (B) describes the rotation of the alkyl chain with respect to the molecular axis. A
rotation of 52° is typically observed'’®. A pictorial representation of the angles can be
seen in Figure 5.

FIGURE 5: Three angles of the alkyl chain in a SAM, where a is the tilt angle, B is the
twist angle, and  is the angle of precession'’.
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Shorter chain SAMs have a tendency to have greater defects within their chains

because they are unable to overcome the molecule’s rotational degrees of freedom with

respect to the hydrophobic interactions taking place between neighboring chains'®. In
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other words, shorter chains have higher mobilites associated with them because they are
unable to interdigitate with one another in order to maximize van der Waals interactions.
This leads to higher disorder in the system and requires longer adsorption times in order
for complete SAM formation to occur.

If long-chain alkanethiols are subjected to extended adsorption times, the
formation of multilayered SAMS is possible. Yeon-Taik Kim ef al. reported that
immersing the gold substrate into a 1.0 mM Octadecanethiol solution for 3-7 days
generated multilayered SAMs®'. Using STM, they were able to capture images to
support their theory that multilayered SAMs could be produced. At least two layers of
Octadecanethiol could be distinguished on gold substrates. They theorized that
multilayer formation was possible due to thiols being oxidized to disulfides in the
presence of oxygen>'. Since disulfides are less soluble in ethanol than organothiols, the
SAMS were generated faster. Their results were supported by Dong Kim ez al. when
they used QCM to quantitate the amount of mass adsorption and also observed multilayer
formation®. As a result, adsorption times should be kept at a minimum to ensure
complete and ordered SAM formation, while decreasing the possibility of multilayer
formation as well. At the present time, there are no reports detailing the structure or
order of multilayered SAMs.

The terminal group at the end of the alkyl chain determines not only its chemistry,
but also the order of the SAM. Octadecanethiol and 16-hydroxyhexadecanethiol
(HOC4H3,SH) were both found to be arranged in ordered, crystalline packing structures

1‘18

from 'H and ">C NMR spectroscopy in a study by Baida et al.'®. When the temperature

was raised above 55 °C, the chains were observed to become more disordered and mobile
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in both systems. However, hydrogen bonding between the hydroxyl groups provided an
increase in thermal stability for 16-hydroxyhexadecanethiol as well as a higher
conformational order versus Octadecanethiol'®. Since gas chromatography constantly
operates at elevated temperatures, it is important to have a stationary phase that is
thermally stable so as to prevent column bleed. Surprisingly, when the temperature was
decreased, Baida et al. found that the thermal disordering reversed back into the original
all-trans, ordered state'®. Their study demonstrates that understanding the thermal
properties of SAMs helps to determine if they can be utilized as stationary phases under
chromatographic conditions where elevated temperatures may be required.

There are instances where removing the organothiol while leaving the gold
surface intact is desired, but this is difficult to achieve. If the gold surface could be
“reused”, then it could lead to developing experimental controls and cost-savings for
removal and substitutions of difference SAMs*. Current techniques include thermal and
laser-induced desorption, but both have mixed results. For instance, in thermal
desorption, the temperature must be held above 200 °C in order to remove the thiol**.
This can affect the gold surface, the substrate itself, or both. Laser-induced desorption
can only remove small portions of the thiols at a time and thus can be time consuming to
ensure all of the thiol has been removed®. Fluid-based methods are gaining attention
because the entire surface, including complex structures can be treated simultaneously.
Traditionally, the substrate is submerged into a solution and a negatively charged
electrical potential is applied throughout the system in order to desorb the organothiols®.
[t has been reported that when the potential is removed from the system, some thiol

molecules are reabsorbed back onto the gold surface®®. Fluid methods show some
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promise, but they are not necessarily reliable due to some retention. Having the ability to
exchange thiol functionalities is extremely desirable because it prevents having to
purchase new substrate materials and rebuild the SAM. For GC applications, building
and testing for the most optimal SAM-based stationary phase could be preformed
efficiently and methodically.

A new fluid-based technique developed by Dae Kim et al. has shown some
potential in overall effectiveness. They formulated a solution composed of aqueous
ammonia (NH4OH), hydrogen peroxide (H,0,) and water’>. They theorized that in the
presence of metals, hydrogen peroxide would decompose into water and oxygen. The
resulting oxygen will oxidize the organothiol to a sulfonate, which would then react with
the ammonium to form sulfonamides (RSOZN'Hz)3 2. The hydroxide radical would then
react with the gold surface and return it to its metallic Au(0) state, while also being
converted to H,O, in the process>>. Using a silicon wafer treated with an unnamed
organothiol, the authors tested a variety of molar ratios and the effects of temperature and
reaction times. In their studies, they found a molar ratio of 2:1:66 (NHsOH:H,0,:H,0)
had the greatest efficiency for removing the thiol because the removal efﬁciencyng
Furthermore, using attenuated total reflectance infrared spectroscopy (ATR-IR), they
were able to monitor the status of the thiol removal to determine the optimal temperature
range and reaction time. Conveniently, room temperature treatment for 30 minutes
provided the best conditions to remove the thiol, while leaving the gold surface intact®>.
If the temperature was increased or the solution allowed to react longer, the gold surface
was partially removed with the thiol*. This was confirmed with AFM images of the gold

surface after being treated with the removal solution under various conditions. This study
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provided an efficient and effective fluid method to remove thiols, while leaving the gold
substrate unaffected in the process, which could lead to a convenient, cost-saving
technique for substituting SAMs functionality and could help develop experimental
controls as well.

The crossover of using SAMs as stationary phases in GC has been reported in
recent years. Attempting to use gold nanoparticles as the gold source for the stationary
phase is a new development. Nanoparticle technology has been utilized in some
commercially available products such as sunscreen, computer circuit boards, and
aerospace applications®. A number of methods to prepare gold colloids are available,
such as chemical reduction, photolysis, and radiolysis, although chemical reduction
remains the most popular®®. In the chemical reduction method, a gold salt is reduced to
the neutral metal, usually with sodium citrate or sodium borohydride, and a stabilizer or
protecting agent is added to the colloids to prevent aggregation®. The citrate helps the
solution remain stable over an extended period of time. Furthermore, protecting agents
such as thiols or surfactants can also be used to prevent aggregation, control the size of
the nanoparticles, or even introduce functionality’*. While gold nanoparticles are
traditionally introduced in thiol solutions in order to form SAMs, the stability that thiols
offer gold nanoparticles is usually understated and overlooked.

Once the colloidal solution has been prepared, it is generally characterized with
ultraviolet-visible spectroscopy (UV-Vis). UV-Vis spectroscopy is the most utilized
technique to characterize colloidal gold because of the amount of information that can be
obtained from the spectrum based on its optical properties. From the spectrum, the

concentration of the gold nanoparticles, their size, and dispersity can be obtained>*.
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For instance, from the position of their surface plasmon resonance, Amay, the size of the
nanoparticles can be estimated. According to Hrapovic ef al., if the Amay of a colloidal
solution is located approximately at 520 nm, then the average size of the nanoparticles is
around 3 nm or larger’. Nanoparticles that have aggregated usually have an observed
Amax between 600-800 nm depending of the extent of aggregation®**. As mentioned
previously, nanoparticles aggregate if their charges are not balanced by use of a stabilizer
or surfactant. In addition, the presence of contaminants may also cause nanoparticles to
aggregate. Therefore, UV-Vis spectroscopy provides a quick and inexpensive method to
not only determine the size of the generated nanoparticles, but the degree of stabilizaﬁon.
This can help develop new methods of colloidal production or stabilizing agents.

The size of the nanoparticles can be estimated based on Menon’s and Martin’s
observations. They found that smaller particles such as 10 nm in diameter made pink
solutions, while 30 nm diameter particles formed purple solutions, and aggregated
particles exhibited blue solutions®’. Using their guide, the size of the nanoparticles could
be visually estimated, but not the extent of their dispersity. The dispersity reflects the
extent of distribution of the size and shape of the nanoparticles. For instance,
monodispersity means that a particle’s size and shape is predominately the same
throughout the solution, while polydispersity reflects numerous shapes and sizes. The
shape of the surface plasmon resonance also reflects the dispersity of the nanoparticles.
If the Amax is symmetric and narrow in appearance, then the particles are generally
accepted to be monodispersed in their particle size and shape distribution®®. On the other
hand, if the peak intensity is broadened and asymmetric, then the particles are

polydispersed in their size distribution, which means that various sized particles are
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present in the colloidal solution®*. The absorbance intensity at Ayay 1s also related to the
concentration of the colloidal solution®® *. Higher absorbances reflect more
concentrated solutions and the reverse for more diluted solutions.

A new cationic, polyelectrolyte solution, poly(diallyldimethylammonium
chloride), PDDA, which has been used in industrial applications, is gaining attention for
use in nanoparticle technology™. In one study performed by Chen et al., PDDA was used
not only as a protecting agent, but as a reducing agent as well>*. PDDA is comprised of
an [N"(CHs),], chain (Figure 6), which can stabilize colloidal gold through electrostatic
interactions, making it an excellent stabilizer’>**. However, when PDDA is mixed with
water, sodium hydroxide and chloroauric acid (HAuCly) and the solution is heated, the
gold salt can be reduced to its neutral state>*. In order to ensure that PDDA could be
considered a reducing agent, the same procedure was perform again, but without the
addition of PDDA to the mixture. As a result, the authors failed to synthesize gold
nanoparticles and tﬁey concluded PDDA was indeed acting as a reducing agent.
Furthermore, they examined the pH dependence of the reaction. If sodium hydroxide
was not added to the solution in order to achieve an alkaline environment, gold
nanoparticles were not produced*. No explanation was give why pH of the solution
affects the PDDA-protected gold nanoparticles, but it could be reasoned that it increases
the electrostatic attraction between the colloids and the cationic PDDA. While sodium
citrate has traditionally been used to reduce and stabilize gold colloids, the Chen et al.

method is another route that can be utilized and may soon become as popular.
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The pH of the colloidal solution must also be taken into account according to Park
eral®. They examined how the pH of the solution affects the nanoparticles and
dispersity. When the pH was low (2-3), they were able to achieve monodispersed gold
nanoparticles with a diameter of 2-4 nm*®. As they increased the pH of the solution, the

nanoparticles began to agglomerate, shifting the Amax to a longer wavelength.

FIGURE 6: The chemical structures of PDDA and APTMS.
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When silica cores coated with 3-aminopropyl trimethoxysilane (APTMS) were
introduced to the system, Park ef al. monitored how much of the gold nanoparticles were
electrostatically adsorbed onto the polymer®. Similar to PDDA, APTMS is one of the
most commonly used polymers with gold nanoparticles because it predominately exists
as [R-NH;'] in low pH solutions (Figure 6)*. The quaternary amine groups can stabilize
the negatively charged citrate stabilizer and prevent electrostatic repulsive forces. Thus,
the gold nanoparticles should readily adsorb onto the APTMS of the silica cores. In low
pH solutions, the gold nanoparticles adsorbed onto the APTMS-silica cores at the highest
density®®. However, when the pH was increased to 10.3, there was a significant decrease
in adsorption®”. They believe that when the pH is high, not only are the gold

nanoparticles naturally repelling one another, but the increase in negative charges in
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solution negates the charge on the gold colloids itself*’. This causes them to aggregate
and prevents them from effectively adsorbing onto the APTMS due to their size.

Once the colloidal gold solution has been produced, it can then be plated into a
thin continuous gold film, which can be utilized for SAM formation. There are a wide
variety of methods to plate gold films onto surfaces including electroplating, vapor
deposition, and electroless deposition. In all these methods, the main goal is that the gold
film can be produced on complex and internal structures, such as the MEMS
microcolumns utilized in pGC instruments® * 24 %8 4142 However, in order for a
uniform continuous gold film to be produced, it is imperative that the surface be
thoroughly cleaned of any contaminants or oxides®”****3_ This is usually performed by
using a variety of cleaning steps, such as aqua regia (3 parts HCI:1 part HNOs), a nitric
acid and water 50/50 mixture, and/or a piranha solution (70% H;S04:30% H,0,).

One of the most utilized methods of gold film growth is through the use of
electroplating. In electroplating, an electrically conductive surface is coated in a thin film
with the metal of choice when a potential is applied to the plating bath>. For example, in
order to produce a thin layer of gold on an electrode (which acts as the cathode), it is
introduced into a plating bath composed of a gold salt and a high concentration of a
complexed ligand ion. The complexed ligand ions carry the flow of the applied electrical
potential from the anode through the solution. As a result, the gold ion is reduced and
plated onto the cathode. By varying the charge density (the amount of electrical charge
per unit area) and the potential applied, the thickness of the film and its morphology can
be controlled** **. For example, Elias et al. found when the potential was held at -1.1 V

it provided the most uniform gold film on a prepared glass surface**. When the reduction
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potential was programmed to -0.7 V, the film was comprised of gold crystals in various
sizes and shapes, which resulted in a rougher surface®.

Electroplating has some limitations. The main disadvantage is that the surface to
be plated must be electrically active. In the case of MEMS microcolumns, which are
comprised of silicon (a semi-conductor), the surfaces cannot be coated using
electroplating unless pre-treated with a conductive surface®. There is low adhesion
between gold and silicon and pre-treating the silicon increases production costs on an
already expensive technique43 +#_ To overcome this challenge, Fuijita ef al. developed a
two-step process to improve the adhesion between the plated gold and silicon surface®.
In their study, n-doped silicon was immersed in a gold plating bath and an electrical
potential applied through a platinized Ti-electrode™. After an initial plating time, the
silicon substrate was then thermally annealed at 200-300 °C for 30 minutes. Thermal
annealing of a gold film increases the adhesion to the substrate’s surface™ *>***. The
silicon was then resubmerged into the plating bath and electroplated again until the
desired thickness was achieved”. While the procedure works reasonably well, it is time
consuming due to the intermediate annealing step and generally not utilized.

The greatest challenge for MEMS microcolumns is plating a uniform, continuous
gold film inside the microcolumn. As stated earlier, evenly coated stationary phases
provide the most efficient separations and as a result, it’s imperative to plate uniform
gold films that cover the entire surface. In order to overcome this, Zareian-Jahromi and
Agah have reported using pulsed electroplating prior to the Pyrex plate being anodically
bonded to the MEMS substrate®. First, the MEMS column was doped with phosphorus in

order to render its surface conductive and serve as the cathode”. Then, a platinized Ti
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electrode acted as the anode and a potential was applied in a commercially available
plating solution’. The resulting film was then covered with a Pyrex plate that had been
coated in gold using physical vapor deposition techniques. Physical vapor deposition is
where a gold source is vaporized and deposited at a reduced pressure via a plasma onto a
substrate®. However, physical vapor deposition is an expensive technique to utilize,
regardless of its popularity. In addition, applying vapor deposition also requires costly
specialized equipment. Therefore, both of these techniques are not favorable options to
coat MEMS microcolumns in continuous gold films.

A new technique for plating gold, electroless deposition, has been reported in
recent years. Originally conceptualized by Menon and Martin in 1995, electroless
deposition is the deposition of a metal through the process of redox reactions between the
metal ion and a reducing agent without the need of an electrical potential* 3> 3" 40, 41,46
A key requirement for electroless deposition is to ensure that the electron transfer kinetics

35384041 "In order to establish this

is slow between the reducing agent and the metal ion
slow exchange, a catalyst is applied to the substrate surface in order to accelerate the rate
of metal reduction through an autocatalytic reaction™ 3> 3% 40 42.46.47 "1f this factor is not
taken into account, then the metal will be reduced directly in bulk solution instead of on
the desired substrate. A huge advantage to using electroless deposition is that the surface
to be coated does not need to be conductive, because an electrical potential is no longer
. 135,37,4042 . . .

required . Such surfaces are usually chemically treated with a polymer, which

allows them to adsorb gold nanoparticles from colloidal solutions. The concentration of

the polymer dictates how strongly the nanoparticles are electrostatically adsorbed to it>3,
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The immobilized gold nanoparticles can then act as a catalytic site for electroless
deposition to take place.

In Menon’s and Martin’s method, the surface was activated for deposition using a
sensitizer (Sn>*) that was adsorbed onto the desired surface from a solution of stannous
chloride (SnCl,) and trifluoroacetic acid® 3> 4% The substrate was then immersed
into a solution of ammoniacal silver nitrate (AgNO3), which caused a redox reaction to
occur. The Sn*" was oxidized to Sn*', followed by the concurrent reduction of Ag (I) to
metallic Ag(0)**? 5-40.41 " This resulted in a silver nanoparticle-coated substrate surface.
In the final step, the surface was treated with a gold plating solution comprised of sodium
gold sulfite (NazAu(S0Os),), sodium sulfite (Na,SOs), and formaldehyde. Gold
galvanically displaced the silver nanoparticles which provided catalytic sites for the

oxidation of formaldehyde and the concurrent reduction of Au(l) to Au(0)** 3384041,

The last step can be summarized by the redox reaction®>*':

2Au(I) + HCHO + 30H - HCOO™ + H,O + 2Au(0) (1.5)
The biggest downfalls of Menon’s and Martin’s procedure are that it is time consuming
and requires numerous plating baths. This causes an increase in sample handling and
solution making, which increases the possibility of contamination. Contamination at any
step in SAM formation is usually propagated in the following steps and leads to
disordered chains as stated previously. In order for a continuous gold film to be
generated, electroless deposition took up to 24 hours to perform®. While there were cost

savings relative to electroplating and vapor deposition, the time requirements of

sensitizing the surface and electroless deposition decreased the potential popularity.
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Additional methods for accelerating the process of electroless deposition have
been explored. For example, Horiuchi and Nako reported the use of platinum as a
catalyst”. A polymer film was treated with a solution of stearyl trimethyl ammonium
chloride in order to render a positively charged surface. This was then treated with a
colloidal platinum solution, which was electrostatically attracted to the surface due its
overall negative charge42. In the last step, an electroless plating bath comprised of
chloroauric acid and hydrogen peroxide was used in order to coat the surface with a

continuous gold film. The overall reaction can be represented by:

2HAUCl4 + 3H,0, = 2Au + 30, + 8 HCI (1.6)
where it is believed that platinum activates the electron transfer between the gold salt and
hydrogen peroxide42. The authors were able to achieve a continuous gold film in a matter
of minutes compared to hours with the Menon and Martin method*?. Thus, utilizing other
metals as catalysts can be an effective way to decrease electroless plating times as
previously discussed.

Another study preformed by Hrapovic et al. explored techniques to decrease
plating times during electroless deposition. They used PDDA to coat a glass slide and to
electrostatically adsorb colloidal gold nanoparticles onto the surface®. They then
compared two different plating solutions to determine which provided the best film
quality in the least amount of time. The first plating solution was a mixture of
formaldehyde and sodium gold sulfite and the second solution was comprised of
chloroauric acid and hydroxylamine hydrochloride (HONH,*HCI). They noted that the
formaldehyde solution required long plating times (16 hours) and still the glass surface

did not have a complete, continuous gold film®>. However, if the solution was agitated
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with a stir bar, the reaction was complete within 2 hours and the film had an improved
uniform appearance based on AFM images. They concluded that not only did agitation
accelerate the reaction, but also controlled the morphology and thickness of the plated
film. When the same reaction was preformed with the hydroxylamine solution with
agitation, the reaction was significantly quicker and a continuous gold film was achieved
within 12 minutes. In order for the gold film to be plated, hydroxylamine is first oxidized

to nitrous acid as shown>>:

NH,OH + H,0 = HNO; + 4e” + 4H" (1.7)
The nitrous acid is immediately oxidized to nitrate (NO3") which results in the concurrent
reduction of Au(I) to Au(0). While no explanation was reported by Hrapovic et al. about
why the hydroxylamine deposition was faster, it could be that the electron transfer
kinetics is much faster than in the formaldehyde solution, while still being slow enough
to prevent bulk reduction in the solution itself.

AFM images also provided additional information, such as the mechanism for
film growth. It was determined that no new nucleation occurred on the polymer layer
itself. Instead, all of the metal gold nanoparticles on the polymer surface were the sites of
coalescence from the gold ions being reduced in solution®”. This process created larger
Au(0) particles on the polymer surface and contributed to the growth of the film. This
requires that the polymer layer have an even and dense distribution of nanoparticles prior
to electroless deposition. If the substrate is not densely filled with nanoparticles, then

longer plating times are necessary in order to build the film and achieve the desired

thickness.
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Hu et al. reported using ATPMS as their polymer and hydrogen peroxide as the
reducing agent’’. Hydrogen peroxide was proposed as a reducing agent because it was

considered environmentally friendly and has a favorable net potential (E°) as shown:

Half-cell Reduction: 2AuCly” + 6¢” 2> 2Au + 8CI', where E°= 1.002V (1.8)
Half-cell Oxidation: 3H,0, = 30, + 6H" + 6¢”, where E°=-0.695V (1.9)
Overall: 2AuCly + 3H,0, > 2Au + 30, + 8Cl"+ 6H" (2.0)

This generates an E°.;= 0.307V, which provides a favorable galvanic process3 7. When
electroless deposition was performed, Hu e? al. reported that a color change on a glass
slide surface was observed within 1-2 minutes of the reaction®’. The entire reaction was
completed within 8-10 minutes, which was faster than that reported by Hrapovic er al.*’.

It should be noted that as opposed to using formaldehyde or hydroxylamine as the
reducing agent, oxygen gas was produced as a hydrogen peroxide oxidation by-producted.
In a bulk solution oxygen gas does not affect the quality of the thin film being plated, but
it does need to be considered in a closed environment such as a capillary or MEMS
microchannel.

Huang ef al. developed an even more rapid procedure, where they demonstrated
how a microwave could be utilized to accelerate the overall procedure3 ¥ In their method,
the APTMS polymer was adhered onto a glass slide using a microwave reactor. In some
procedures, preparing the substrate for the adsorption of nanoparticles may take several
hours® 2433340 However, Huang ef al. were able to complete the process in a minute
when using the microwave reactor’®. They also utilized the microwave reactor to adsorb

the nanoparticles onto the polymer layer, which was accomplished within a matter of

. . . . . y 35,37, 4 .
minutes versus the extensive seeding times in other methods®> 2*3% 3740 Once the slides
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had been coated and seeded, Huang ef al. proceeded with electroless deposition in order
to form a continuous gold layer. The entire procedure could be completed within a half
hour compared to some procedures that may take up to two days to be completed.

It is apparent that there are numerous benefits when using electroless deposition
to generate continuous gold films. One of the major advantages is that the methods are
cost effective compared to other methods of deposition®™*"?* 2. A limited amount of
reagents is necessary in order to complete the reaction, much less than what is needed for
vapor deposition. Furthermore, the procedure does not require any specialized equipment
and can be performed in any wet-chemistry laboratory™> 37.41.42 Again, this reduces the
cost requirement in order to perform deposition of thin films. The procedure also does
not require the use of environmentally toxic reagents such as cyanide.

Even though the reaction is entirely solution based, it also leads to other probIemS.
When electroless deposition is performed, the solution contains a variety of chemical
species instead of relatively pure gold sources as used in vapor deposition. As a result,
post-plating treatments such as thermal annealing and cleaning procedures must be
performed prior to thiols being chemisorbed to the surface. If these procedures are not
performed, then according to Hou et al., close-packed monolayers of thiols cannot be
formed on gold films plated by electroless deposition®*. Generally, post-treatments are
performed regardless of the deposition utilized, but must still be taken into consideration
if the plated film is to be used for SAM formation. A significant point to be made is that
all of these studies were based on plating films under open vessel conditions (e.g. glass

slides in beakers) as opposed to confined systems such as the interior of capillary tubing.
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Due to the challenges of coating MEMS microcolumns with traditional stationary
phases, exploring new coating techniques is imperative. As mentioned previously,
traditional stationary phases suffer from pooling effects and uneven thicknesses when
applied to microcolumns. The reproducibility of the coating itself is significantly
decreased and the resulting separation efficiencies do not match those of commercial GC
columns. Furthermore, it is hoped that uGC instruments will operate with ambient air as
the carrier gas in order to be truly portablezg This implies that the stationary phase being
used must be chemically inert when in contact with ambient air. Otherwise, it would
simply deteriorate and no longer be useful in pGC applications®. Most traditional
stationary phases for GC are not stable under such conditions and are subject to
decomposition®. Therefore, it is of extreme interest to develop a new class of stationary
phases that can meet the demands of pGC applications.

The use of SAMs as stationary phases in chromatography has only been explored
and reported in recent years. SAMs are gaining attention in the area of chromatography
due to the stabilization of the gold nanoparticles when thiols are chemisorbed to the
surface*®*°. For instance, it is well known that SAMs formed on gold surfaces are
considered the most stable because in the presence of oxides or ambient air they do not
decompose'®. This could increase the lifetime of the stationary phase, while at the same
time introducing the desired functionality. For instance, thiols with polar end groups can
be used to separate mixtures of polar compounds, while the reverse is true for nonpolar
end groups. Since a wide variety of thiols are commercially available, researchers have
sufficient flexibility in selecting a thiol for appropriate applications. The use of gold

nanoparticles as a pseudostationary phase for capillary electrophoresis (CE) was the first
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report detailing this development48'50. Several years later, SAMs gained wide spread
attention again when Ortiz et al. presented work using SAMs in high-performance liquid
chromatography (HPLC)*. Since then, SAMs have been frequently used as stationary
phases in HPLC and CE, however their crossover to GC has taken longer.

In 2003, Gross et al. were the first to report the utilization of thiol-stabilized gold
nanoparticles as a stationary phase in a conventional GC capillaryz’ 478 Using the

Brust method, dodecanethiol was used to form a SAM on gold nanoparticles as shown

below:
HAUCl,*3H,0 + RSH (e NBT o 4y R @2.1)
NaBH4
where a mole of thiol is required for every mole of gold™*’. When nanoparticles are

utilized instead of thin films, the curvature of the nanoparticles prevents ordered,
crystalline packing from occurring” ***. As aresult, a larger population of thiols was
chemisorbed onto the surface, causing defects, which was desired according to Gross et
al> "% The noncrystalline structure of the SAM is believed to facilitate fast mass
transfers when used as a stationary phase in chromatographic applications™*"*®, This
justified their crossover into GC and their use has been documented only over the past
few years.

Once the thiol-immobilized nanoparticles were synthesized, Gross et al. deposited
them into a 2 m-long, 530 pm i.d. deactivated silica GC column™*’. In order to form the
stationary phase, a plug of nanoparticles was introduced into the column via capillary
action and allowed to travel the length of the column by gravity*”**. As the plug moved
down the column, the nanoparticles were deposited by evaporation and the procedure

repeated until a uniform brown color was achieved throughout the column*”*®, Prior to
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any separations, SEM images of segments of the column were taken in order to ensure
the column was uniformly coated with the thiol-protected nanoparticles. From the
images, it was determined that the column was fairly even in distribution (~97% covered)
with an average thickness of 60.7 nm”*’. The column’s performance was compared to a
blank and a commercially available column coated with PDMS and with similar
dimensions as the test column. The coating of PDMS was 100 nm thick, but the authors
believed it would not affect their comparison.

Mixtures of compound classes (alkanes, alcohols, aromatics, and ketones) were
prepared and analyzed with each column. None of the compounds were retained on the
bare column, confirming it did not contribute to retention times*’. It should also be noted
that the analytes were not separated according to their boiling points™ *”-**. Instead,
separations based on boiling points were achieved only in a homologous series of
compounds of a particular class™*’ *® This was observed when the retention behaviors of
the compounds were compared to the commercial PDMS column. Two of the
compounds, benzene and 1-butanol, not only had different retention orders and times
between the two columns, but the peak resolution was also different'’. In the commercial
column, the two compounds could not be individually resolved when they were eluted
from the column, but they could be in the SAM coated column. Therefore, it was
demonstrated that stationary phases based on SAMs were feasible. They also reported
that the separation efficiency of the SAM coated column performed similarly to the
commercial column. Using octane as their standard, the number of theoretical plates, N,
was calculated to be 6200 for the commercial column and 5700 for the SAM-coated

column, respectively®’. Although an improvement in separation efficiency was not
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necessarily observed in the SAM-coated column, the fact that SAMs could act as a
stationary phase in GC applications was a major breakthrough.

Based on their results, Gross et al. decided to expand their study in 2004 to a
square-based capillary column. The goal was to simulate the corners that are encountered
in MEMS square-spiral microcolumns’. In the past, coating the corners uniformly had
been a challenge for traditional stationary phases. Since they were able to achieve a
reasonably uniform stationary phase in the previous study, they were hoping to reproduce
the same results in this experiment. In addition, since the nanoparticles coat the capillary
on a nanoscopic level versus microscopic as in conventional columns, the significantly
reduced thickness may lead to improved separation efficiencies in microcolumns.

They prepared and coated the square capillary using the previously established
method. From SEM images they were able to determine that they had similar results as
seen in previous studies, in that even in the corners, the coating was thicker. However, in
the thickest parts of the corners, the coating was found to be at most 430 nm, which is
still significantly thinner compared to commercial coatings’. The coating on the walls of
the column was found to be only 15+4 nm’. Using their same test mixture, they were
able to generate reasonable separations and resolutions. However, its was observed that
the column had a tendency to produce non-Gaussian shaped peaks, likely due to the
irregular thickness.

Ultimately the procedure used by Gross et al. has not gained wide spread use.
The Brust method is a tedious way to produced nanoparticles due to multiple washes,
purifications, and centrifuging steps. The time consumption of the Brust method does not

justify its use when the stationary phase is not even and poorly coated. As a result, it was
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seen that over time the retention times of the column became irreproducible because the
nanoparticles desorbed from the column’s walls* > *’. While it known that SAMs can
withstand a maximum temperature of ~175°C before they begin to deteriorate, this
prevents the column from being thermally annealed at elevated temperatures to ensure
that the gold nanoparticles can properly adhere to the column’s walls™ *4,

While advances were made by Gross’s ef al. group, there are still challenges that
lie ahead in order to improve the separation efficiencies of microcolumns. As a result of
failed attempts to produce uniform coatings inside a MEMS microcolumn, Zareian-
Jahromi and Agah decided to take a more radical approach to tackle the problem. As
discussed previously, their study utilized electroplating deposition prior to the Pyrex plate
being anodically sealed to the microcolumn. Their reasoning was that a uniform,
continuous gold film will already be present inside the microcolumn itself’. As a result,
only a thiol solution is needed to be introduced into the column and complete the self-
assembly process. If a uniform gold layer is already present within the column, then a
uniform stationary phase comprised of a SAM should be possible.

Two microcolumns with internal diameters of 100 um and 25 pm, and a 4-
channel multicapillary microcolumn were fabricated and were electroplated with gold to
obtain a uniform deposition. After the chips were anodically sealed with a Pyrex plate,
an Octadecanethiol solution was used to functionalize the gold films. Using dodecane as
their standard, they were able to achieve theoretical plates of 3000, 20000, and 7700,
respectivelyz. The plate number increased as the column diameter decreased. The

authors then used a 125 cm-long, 250 um i.d. column coated with PDMS to compare to

the performance of the 25 cm-long, 25 pm i.d. microcolumn. The 125 cm-long column
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was used because its calculated number of theoretical plates was similar to that of the
microcolumn. Using an alkane mixture of Co, Cy9, Cj2, Ci4 and Cys, similar separations
within the same retention time frame were achieved. Thus the microcolumn performed
competitively with the commercial column. When the same conditions were applied to
the 4-channel multicapillary microcolumn, a faster separation was observed, but the
resolution between the compounds decreased®. In fact, the single capillary column
actually performed better than the multicapillary column. This demonstrates that
although multicapillary microcolumns may have higher sample capacities, the separation
efficiencies still suffer. Furthermore, it shows that while performance improvements
have been made with respect to commercial columns, further advancement is still needed.

This paper presents a new method that has not been reported in the literature to
the best of our knowledge. While advancements in obtaining a uniform gold layer have
been achieved through techniques such as pulsed electroplating, the separation
efficiencies of these MEMS columns are still not competitive relative to those of
traditional GC stationary phases. Instead, this study utilizes electroless deposition of gold
within the MEMS microcolumn after the Pyrex plate has already been anodically sealed.
Electroless deposition has the advantage in that it can be performed inside complex
structures while being cost-efficient and without the need of specialized equipment. In
addition, there have been no reported results in which electroless deposition of gold has
been performed within an extended and confined capillary environment.

Using the polymers PDDA and APTMS, MEMS microcolumns were rendered
chemically active by adsorbing colloidal gold nanoparticles, which provided catalytic

sites for nucleation during the deposition process. Electroless deposition was performed
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using two plating solutions comprised of hydroxylamine hydrochloride and chloroauric
acid or hydrogen peroxide and chloroauric acid, respectively. An organothiol solution (1-
Octadecanethiol) was introduced into the microcolumn to complete the self-assembly
process after a continuous gold film was plated.

The electroless gold plating procedure was first simulated on glass slides to
explore and optimize various experimental conditions, such as polymer and colloidal gold
adsorption times and the concentrations of the plating bath. Once a set of conditions was
optimized, the process was adapted to blank capillaries with the same dimensions as a
microcolumn to replicate the restricted length. After self-assembly was complete, the
column’s performance was evaluated with a conventional GC instrument. If promising
results were obtained, then the method was applied to MEMS microcolumns to evaluate
their performance with the hypothesis that a more uniform gold coating throughout the
MEMS capillary interior would enhance SAM formation and chromatographic

performance.
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CHAPTER 2: EXPERIMENTAL PROCEDURES AND

INSTRUMENTATION

2.1 Reagents and chemicals

Poly(diallyldimethylammonium chloride) (PDDA, average molecular weight=
200,000-350,000), (3-aminopropyl)trimethoxysilane (APTMS), HAuBr4*XH,0,
HAuCly*3H,0, NH,OH*HCI, nonane, decane, undecane, dodecane, 1-Octanethiol, 1-
Dodecanethiol, and 1-Octadecanethiol were purchased from Sigma Aldrich (St. Louis,
MO, USA). MeOH, H,0,, HCI, H,SO4, K,Cr,07, NaOH, NaCl, CH,Cl,, HNOs,
trisodium citrate, glycerol, benzene, toluene, o-xylene, bromobenzene, pentane, hexane,
heptane, and octane were obtained from Fisher Scientific (Fair Lawn, NJ, USA). NaBH,
was purchased from Acros Organics (Fair Lawn, NJ, USA) and absolute ethanol was
obtained from Pharmco-AAPER (Brookfield, CT, USA). Industrial grade hydrogen,
nitrogen, and helium gases were obtained from Airgas (Radnor, PA, USA). All
chemicals were of analytical reagent grade and used as received without further
purification.

Glass microscope slides (27 mm x 46 mm) were obtained from Buehler (Lake
Bluff, IL, USA). Undeactivated (0.10 mm i.d. and 0.18 mm i.d.) fused silica capillary
columns were obtained from Agilent Technologies (Santa Clara, CA, USA). MEMS
microcolumns: a single channel microcolumn and two semi-packed columns with 3- and
4-pillar arrays respectively were supplied by Virginia Polytechnic Institute and State
University (Masoud Agah, Associate Professor, Department of Electrical and Computer

Engineering, Blacksburg, VA, USA).
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2.2 Preparation of colloidal gold nanoparticles

All glassware used in the following procedure was cleaned in a solution of freshly
prepared aqua regia (3 parts HCI and 1 part HNOs) and thoroughly rinsed with deionized
(DI) water prior to use. The procedure was adapted from Huang et al., in which colloidal
gold nanoparticles were prepared by reduction of HAuCl, with NaBHjy as the reducing
agent*'. Gold nanoparticles were prepared by adding 1 mL of 1% aqueous
HAuCl423H,0 into 100 mL of DI water with vigorous stirring using a magnetic stirrer.
One minute later, 1 mL of 1% aqueous trisodium citrate was added and mixed into
solution for another minute. The reaction was then initiated by the addition of 1 mL
0.075% NaBHyj4 (in 1% trisodium citrate) to the mixture and allowed to react for 5
minutes with vigorous stirring. The solution was stored at 4 °C for further use.
Ultraviolet-visible (UV-Vis) spectroscopy was preformed with a Perkin-Elmer Lambda
35 UV-Vis spectrophotometer to characterize the size and dispersity of the gold
nanoparticles by scanning from 300 to 800 nm.
2.3 Pretreatment of glass microscope slides

Continuous gold films were produced and evaluated for a variety of reaction
conditions on glass microscope slides prior to adapting procedures to capillary tubing.
Slides were cleaned of contaminants in order to improve the adhesion of the polymer
layer to the glass surface. The slides were immersed in a freshly prepared piranha
solution (70% concentrated HSO4: 30% H,0,) for 30 minutes and then extensively
washed with deionized water to remove any residues (Safety: Piranha solution reacts
violently with organic compounds and should be handled with extreme caution). The

cleaned glass slides were dried in a Fisher Scientific Isotemp Oven at 50 °C. The slides
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were then immersed in a 1% aqueous PDDA solution for 2 hours and thoroughly rinsed
and dried. The polymer-coated slides were immersed into the prepared colloidal gold
solution with treatment times ranging from 30 minutes up to 18 hours. The slides were
rinsed and immediately used for electroless deposition. When it was learned that
APTMS was reported to have a higher adhesion to glass surfaces than PDDA, ATPMS
replaced PDDA in all studies®. The slides were treated with 10% APTMS (in methanol)
for 2 hours, followed by a methanol and deionized water rinse. The APTMS slides were
dried and treated in an identical fashion afterwards.
2.4 Electroless gold deposition

Hydroxylamine hydrochloride-mediated deposition: This method was adapted
from the technique presented by Hrapovic et al®. Glass slides with gold nanoparticles
adsorbed onto their surfaces were immersed into a plating bath comprised of 0.4 mM
NH,OH*HCl and 0.19 mM HAuBry or 0.25 mM HAuCls. HAuBrg was originally used
as a cost-saving measure, however, it was replaced with HAuCly in order to use the same
chemical species as was required to prepare the colloidal gold solution. The reaction was
allowed to continue with vigorous stirring until a uniform gold film was achieved.

Hydrogen peroxide-mediated deposition: H,O,-mediated deposition was also
explored using solutions consisting of 10 mM HAuCly and 20 mM H,0,;. The initial
reaction was performed with continuous stirring in order to compare film quality with
respect to hydroxylamine-mediated deposition. Various concentrations were then tested
for achievement of a high-quality film in the absence of agitation. A final plating bath
concentration of 0.25 M HAuCl, and 0.38 M H,0, was determined to be the most

efficient and was used for future experiments.
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hour at the respective pressures based on internal diameters. The columns were rinsed
for 30 minutes and dried in the oven at 50 °C under a nitrogen gas flow.

The columns were originally treated with 1% PDDA before converting to 10%
APTMS after PDDA was observed to exhibit poorer adhesion properties. The columns
were treated for 2 hours with a continuous flow of polymer solution at pressures based on
their respective internal diameters. Columns treated with PDDA were DI water rinsed 30
minutes and then oven dried as stated previously. APTMS-treated columns were rinsed
with MeOH for 15 minutes, followed by a DI wash for 15 minutes. They were also dried
in the oven.

The previously prepared colloidal gold was flowed through the columns at their
respective pressures for various treatment times. During extensive treatments (3 hours or
longer), the colloidal gold solution was maintained in an ice bath to prevent
agglomeration of the nanoparticles. At the end of the desired treatment time, the columns
were washed for 30 minutes and used immediately for electroless deposition.

2.6 MEMS microcolumn preparation

All three MEMS microcolumns were pretreated under the following conditions,
using DI water for the wash steps. It should be noted that all MEMS columns had been
previously treated with a coating of poly(dimethylsiloxane). Freshly prepared aqua regia
solution was continuously flowed through the columns at 20 psi for 1 hour and then, the
columns were rinsed for 30 minutes. Afterwards, a freshly prepared piranha solution was
continuously supplied for 1 hour at the same pressure while the columns were submerged

in a warm water bath (~60 °C). The columns were washed for 30 minutes and then dried
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at 50 °C. PDDA-polymer solution was pumped into the dried columns for 2 hours at 20
psi. The columns were rinsed for 30 minutes and then dried at 50 °C.

Colloidal gold was flowed through the columns at 20 psi for various treatment
times (up to 6 hours). During treatments longer than 3 hours, an ice bath was used to
prevent agglomeration of nanoparticles. At the end of the desired treatment time, the
columns were washed for 30 minutes and used immediately for electroless deposition.
2.7 Electroless deposition of GC capillary columns

Electroless deposition was attempted using each of the plating solutions under a
variety of conditions. Equal portions of the plating solutions were freshly mixed prior to
deposition and the solution was kept on ice throughout the process. Some attempts
included continuous high pressure flow rates, filling the column and then capping it with
a GC septum to react statically, and sonicating the columns with and without continuous
pressure flows to decrease gas formation (Fisher Scientific 30H Ultrasonic Sonicator).
Maintaining high flow rates during the deposition process has provided the best films to
date. At times, the column’s ends were reversed so as to obtain an even, uniform
deposition. After deposition, the column was rinsed with DI water for 30 minutes to
remove any byproducts and oven dried at 50 °C. The quality of the deposition was
determined using a Nikon microscope (Tokyo, Japan). If a reasonable, continuous gold
film was achieved within the column, it was thermally annealed at 250 °C for 2 hours
under a nitrogen gas flow.

2.8 Electroless deposition of MEMS microcolumns
Electroless deposition of the MEMS microcolumns was only performed using the

hydrogen peroxide-mediated deposition solution. 100 pL of each solution was mixed and
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kept on ice during the deposition process. The resulting solution was pumped into the
columns at a continuous high pressure of 40 psi until the flow rate changed, or until the
entire amount of solution passed through the column. The column’s direction was
reversed and a fresh mixture was pumped through under the same conditions. After
deposition, the columns were washed with deionized water for 30 minutes and dried at
50 °C and 10 psi. Again, the quality of the film was determined using a Nikon
microscope. When decent films were observed, the columns were thermally annealed at
200 °C for 2 hours and 10 psi.
2.9 SAM formation inside capillary and MEMS columns

Solutions of 1-Octadecanethiol at concentrations of 20 mM, 10 mM, and 0.2 mM
in absolute ethanol were prepared to determine the optimal conditions needed for SAM
formation to occur. Self-assembled monolayers were formed inside the columns by
filling them with solutions of the thiol and allowing static interaction with the column
surface during various treatments times (1 hour up to 24 hours in a single treatment).
After the desired treatment times, the columns were rinsed with absolute ethanol and
thermally conditioned at 160 °C for 20 minutes at 10 psi. The various conditions used to
prepare columns in this experiment are summarized in Table 3.
3.0 GC evaluation of SAMs as a stationary phase

The first alkane mixture was prepared using 0.4 mL heptane, 1.0 mL octane, and
2.0 mL nonane. After efficient separations were achieved, a more complex solution was
tested comprised of 0.5 mL each of heptane, octane, nonane, decane, undecane, and
dodecane. All injections were performed by drawing vapor samples from the headspace

of the sample mixture contained in a septum-sealed vial using either a 10 pL or 25 pL gas

50



tight syringe (Hamiliton, Reno, NV). An Agilent 6890 GC coupled to an FID detector
was used to test the columns. The inlet and detector temperature was held at 250 °C.

The detector had a hydrogen flow of 40 mL/min, air-flow of 450 mL/min, and a nitrogen
gas flow of 30 mL/min. All runs were typically run isothermally at 30 °C and at various
pressure settings in order to obtain optimal separation conditions. If ramping was utilized,
the ramps cycles were conducted at 20 °C/min, 40 °C/min, and 70 °C/min, unless

otherwise noted.
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TABLE 3: Conditions utilized to prepare columns for GC analysis

Column i.d. Polymer Colloidal Total SAM 1-Octadecanethiol
(mm) Exposure Time | Gold Time (h) | Formation Time Concentration
(h) (h) (mM)
0.18 Blank NA NA NA
0.18 PDDA-2 6 152 20
0.18 APTMS-4 6 4 10
0.18 APTMS-4 6 8 10
0.10 Blank NA NA NA
0.10 PDDA-2 6 68 20
0.10 PDDA-2 6 20 0.2
0.10 APTMS-4 6 4 10
0.10 APTMS-4 6 8 10
0.10 DB-5 NA NA NA
MEMS 1* Blank NA NA NA
MEMS 1 PDDA-4 6 72 10
MEMS 1 PDDA-4 6 87 10
MEMS 3* Blank NA NA NA
MEMS 4* Blank NA NA NA
MEMS 4 PDDA-4 6 16 10
MEMS 4 PDDA-4 6 33 10

*MEMS 1 represent the square-spiral microcolumn and MEMS 3 and MEMS 4 are the 3-
pillar and 4-pillar semi-packed microcolumns, respectively.
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CHAPTER 3: RESULTS AND DISCUSSION

The prepared colloidal gold suspension was adapted from the Huang et al. study,
where trisodium citrate acted as the stabilizer and sodium borohydride was the reducing
agent’®, In their study, UV-Vis spectroscopy was utilized to approximate the diameter of
the gold nanoparticles produced. It was reported that their nanoparticles were ~2.5 nm in
diameter because of an observed Amax at 508 nm>%, As previously stated, the position of
the plasmon resonance correlates to the size of the nanoparticle diameter. The colloidal
gold solution prepared in this experiment exhibited a characteristic red color that is
generally associated with nanoparticles that absorb light between 500-520 nm during
UV-Vis excitation®’. As a result, it was predicted that the gold nanoparticles had similar
diameters to what was reported in the Huang et al. study.

The average nanoparticle diameter was determined using a method developed by
Haiss et al. In their experiment, multiple colloidal gold nanoparticle solutions with
varying diameters were prepared. In order to calculate the diameter of the nanoparticles,
they correlated the ratio of the absorbance at the observed Apax relative to the absorbance
ata A= 450 nm>®. All of their correlations were compared to transmission electron
microscopy (TEM) images of the colloidal solutions, as TEM is often used to confirm
nanoparticle diameters and size distributions. From their results, they were able to
approximate their nanoparticle sizes within an 11% error as long as the solutions were
predominately monodispersed®. It is important to note that polydispersed nanoparticle
solutions, which consist of nanoparticles with varying diameters, were not examined or

suitable for their method.
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A UV-Vis spectrum of the colloidal gold solution used in these experiments is
shown in Figure 9. The UV-Vis spectrum of the prepared colloidal gold suspension was
scanned between 300-800 nm and the solution was observed to have a Amax at 519 nm. A
wide scan range was required in order to ensure no agglomeration was present and all of
the HAuCl, was reacted and stabilized. If residual HAuCl, were present, an excitation
plasmon resonance would be present at shorter wavelengths than typical gold
nanoparticles, while agglomerated gold nanoparticles typically are observed to have a
Amax between 600-800 nm>®, Only one excitation peak was observed, leading to the
conclusion that all of the HAuCly was reduced to neutral gold nanoparticles and were
stabilized by the presence of citrate.

FIGURE 9: The UV-Vis spectrum of the colloidal gold solution prepared for this study.
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Using the Haiss et al. method, the calculated average gold nanoparticle diameter
was determined to be approximately 5 nm. When the colloidal gold solution was prepared,

it was essential to vigorously stir the solution as each reagent was added. Due to their
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neutral metal state, nanoparticles are very vulnerable to agglomeration®®. Vigorously
stirring the solution prevented the gold colloids from coalescing together and ensured that
the particles remained monodispersed®®. The term vigorous is highly subjective to
interpretation. This is a reasonable explanation as to why Huang et.al. obtained ~2.5 nm
diameter nanoparticles, while the solution prepared in this experiment had ~5 nm
diameter nanoparticles even though the same procedure was followed>®. If specific sized
nanoparticles were required or desired for some applications, purchasing commercially
available nanoparticles should be contemplated. Unfortunately, commercial
nanoparticles tend to be expensive and serious consideration must be taken to determine
if the added expense is necessary.

Hrapovic et al. examined the effects of nanoparticle diameter size on the growth
of continuous gold films*. They used gold nanoparticles with diameters of 5 nm, 10 nm,
and 20 nm. According to their study, the diameter of the nanoparticle only affected the
roughness of the surface during the deposition process and not its quality>. Larger
nanoparticles, such as those 20 nm in diameter, resulted in rougher surfaces from
electroless deposition, while smaller particles (5 nm) produced smoother surfaces. The
quality of the film was related to the particle distribution throughout the polymer® 8
Films that grew more uniformly were from evenly distributed nanoparticles. Uneven
distributions caused some areas of the film to be nucleated more than others.

The shape of the surface plasmon resonance provided insight into the dispersity of
the nanoparticle size. If the Ana excitation peak was relatively symmetric and narrow in
shape, then the nanoparticles are generally characterized as monodispersed37., The

colloidal gold excitation wavelength is based on the nanoparticle’s diameter and when
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multiple diameters are present, each diameter has its own respective resonance.
Polydispersed nanoparticles cause the Anay to broaden and results in an asymmetric
shape®’. From the UV-Vis spectrum of the colloidal gold solution used in this
experiment, it was observed that the surface plasmon resonance was fairly symmetric and
narrow in appearance. Therefore, the diameters of the nanoparticles were assumed to be
fairly monodispersed. However, TEM would be required to confirm the size, the shape,
and dispersity of prepared colloidal solutions, which was not performed in this study.

Once the colloidal gold was characterized, a glass slide was coated with the
PDDA polymer and the nanoparticles were adsorbed onto the surface. The quaternary
nitrogens of the polymer chain are thought to electrostatically attract the gold
nanoparticles to the surface because of the negative charge associated with citrate used to
stabilized the colloidal gold particles. Electroless deposition was originally attempted
using additional HAuCly as the gold source for the film and hydroxylamine as the
reducing agent. The gold nanoparticles adsorbed onto the PDDA polymer served as
catalytic sites for the oxidization of hydroxylamine with the concurrent reduction of the
gold salt to its neutral state. Neutral metal gold was then deposited on top of the
nanoparticles already adsorbed onto the PDDA surface. The deposited gold coalesced
with the colloid gold and developed the film over time. Nucleation only occurred when
colloidal gold was already present on the glass slide. Stirring the reaction accelerated the
film’s growth and prevented uneven nucleation by ensuring a constant supply of reagents
was available at the glass surface.

The duration of the deposition was visually monitored by the color change

occurring on the slide surface. As mention previously, when nanoparticles coalesce, the
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color changes. Since continuous gold films are grown from coalescing atoms, it provided
a simple method to monitor the progress of the film. For example, a glass slide was
prepared by immersion into a PDDA solution for 2 hours, followed by colloidal gold
adsorption for 18 hours. When the nanoparticles were first adsorbed onto the glass slide
prior to deposition, a red tint was associated with the surface. The slide was then placed
into a stirred plating bath comprised of 0.4 mM NH,OH*HCl and 0.25 mM HAuCl,.
Approximately 15 seconds into the deposition, the glass surface quickly transitioned to a
purple color, followed by blue. After 2 minutes into the deposition, the surface was a
transparent tan color and within 5 minutes the film was no longer transparent. When
nucleation was complete, a continuous metallic, gold film was produced.

The films were then thermally annealed at 250 °C for 2 hours because it had been
established that thermally annealing improves the film adhesion to its substrate. A study
conducted by Nan ef al. used STM imaging to observe what occurs during the annealing
process’. A STM image taken prior to annealing showed a surface with large gold
clusters covering the entire surface of the substrate®’. The temperature was slowly raised
and STM images were obtained periodically throughout the process. The authors coined
the term, thermal activation, which they believed was the minimum temperature needed
to initiate surface morphological changes in a gold film®'. No observable changes were
recorded in the STM image taken below 100 °C, but the first noticeable changes were
observed at approximately 110 °C. The clusters that covered the surface slowly changed
in morphology by reducing in size. Originally, the clusters were ~4.0 nm in height, but
once 110 °C was reached, the clusters started to “fuse” into plateaus and create a

smoother surface®’. The temperature was continuously raised and the next significant
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morphological change was reported at 160 °C when all of the clusters had transitioned
into the plateau stage with heights of ~1.0-2.0 nm’'. The plateau’s morphological
features provide the characteristic smoothness and increased adhesion achieved through
thermal annealing’’. While the films were additionally annealed until the temperature
reached 300 °C, no further morphological changes were observed. Elevated temperatures
above 180 °C were recommended to accelerate the rate of the process and ensured that all
of the clusters transitioned into the plateau stage®’. Other studies have reported thermal
annealing temperatures of 200 °C or higher for at least 2 or more hours.

If the glass slides were not thermally annealed, then the gold film could easily be
removed from the surface with the use of a Kimwipe®. Thermal annealing is imperative
for GC and MEMS microcolumns in order to ensure that the stationary phase is strongly
adhered to the column’s walls. Over time, columns can suffer from column bleed, which
decreases their separation efficiency and lifetime. The lifetime of the column must be
appreciable relative to the expense of the manufacturing process. If the columns are not
thermally annealed, then it significantly increases the possibility of losing the stationary
phase and forces the reevaluation of whether a gold-based stationary phase is worth the
expense.

Once thermal annealing was complete, the quality of the films was evaluated.

The key features that were taken into consideration were the film’s reflectivity,
uniformity of the film, and thickness. Traditionally, continuous metal films are described
as having the reflectivity of a “mirror” and should exhibit 100% reflectance. A uniform
film should not have blemishes or under-nucleated patches present. Figure 10 shows a

continuous gold film plated on glass slides using hydroxylamine-mediated deposition.
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blemishes, longer deposition times, and transparent films, which were unable to conduct
a voltage across the surface.

Adapting the process to the inside of a GC capillary column would prove to be
much more challenging. One of the main concerns was how to simulate agitation within
a closed system such as a capillary column to ensure a complete and uniform film was
plated on the column walls. One method proposed was the use of an ultrasonic bath.
Sonicators use sound waves that travel through a water bath in order to induce agitation
in a sample. Sound waves should be able to penetrate through the walls of a column
immersed in a sonicator water bath.

A 0.18 mm i.d. column was pretreated with PDDA for 2 hours and colloidal gold
for 18 hours. The column was then filled with a freshly prepared plating solution
consisting of 0.4 mM NH,OH*HCI and 0.25 mM HAuCly and sealed on both ends using
a GC septum to prevent the solution from leaking out. The column was immersed into
the ultrasonic bath for 15 minutes, then emptied of the plating solution, and evaluated
with a microscope. Significant deposition would be evident from a darkened appearance
on the inner capillary surface (Figure 11). Surprisingly, there was no observed nucleation
on the column walls. Instead, it appeared identical to a blank column of the same
dimensions that was used in a side-by-side comparison. A bare column was observed to
be completely transparent throughout its length and with only a yellow color associated
with the inner surface due the microscope light reflecting on the outside polymer layer.
A different method was attempted in which the column was submerged into the
sonicating bath again, except this time the solution was allowed to flow freely throughout

the deposition process. When the column was reevaluated, only the first several
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column. In several instances, the 0.10 mm i.d. column became so thickly nucleated in the
beginning of the column that it would completely seal off the inlet and prevent the
introduction of more plating solution. In other words, deposition occurred as the plating
solution encountered adsorbed catalytic gold nanoparticles. Reagents from the plating
solution were depleted by nucleation at the beginning of the column only.

Additional problems were encountered with the 0.18 mm i.d. column. Instead of
completely sealing the inlet, some heavily nucleated areas within the column would
completely detach from the walls and travel down the column. Nucleated sections after
the detachment were also stripped off the walls as the gold was pushed through the
column by the pressure used to force the solution through the column. The gold mass
would grow in length and eventually wedge itself farther down the column, causing the
flow to stop. The colloidal gold solution was first believed to be causing the problems.
Generally, the solution was stored at 4 °C to prevent agglomeration over time*’.
However, these solutions typically have a shelf life of only 1 month before the gold
nanoparticles begin to coalesce together as indicated by changes in the solution color*!.
If the solution was maintained at room temperature for an extended period of time, the
same result would occur. Thus, it is possible that the gold nanoparticles coalesced
together during the time required for adsorption to occur onto the PDDA polymer. The
colloidal gold solution was stored in an ice bath for adsorption times over 3 hours to
prevent agglomeration from occurring. Larger nanoparticles have relatively less surface
area available to both anchor to the polymer layer, and to anchor the deposited gold
during the deposition process. If the nanoparticles were insufficiently adsorbed onto the

polymer layer, it was understandable why the gold could detach from the surface.
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Inducing nucleation evenly across the length of the column was especially
challenging to achieve. Excessive nucleation at the beginning of the column was
probably due to large amounts of catalytic gold nanoparticles adsorbed onto the polymer
surface. Originally, the columns were treated with the colloidal gold suspension for 18
hours to ensure the polymer surface was saturated with adsorbed nanoparticles to serve as
catalytic sites for the deposition process. The plating solution flow rate into the column
may have been too slow compared to the rate of catalytic deposition occurring inside the
interior. To slow the reaction down, the solutions were placed in an ice bath and the
colloidal gold treatment times were significantly reduced, eventually to 30 minutes. With
each decrease in colloidal gold treatment time, the length of column that was nucleated
increased. However, even with 30-minute colloidal gold treatments, the deposition
remained severely uneven and did not reach half of the column length. Thus, achieving a
uniform continuous gold film on the interior walls was more difficult than previously
anticipated.

Once it was discovered that a 30-minute colloidal gold treatment time was
sufficient to producing continuous gold films, all additional columns were treated with
the reduced time. Furthermore, the effects of polymer coating times were also evaluated
for the same reasons and in order to decrease the overall preparation time. The coating
time was eventually reduced to 30 minutes as well when it was observed to have no effect
on the nucleation process. Thereafter, all columns were polymer treated for 30 minutes
unless otherwise noted.

The last effort with hydroxylamine involved pumping the solution into the

column until it was completely filled for static interactions. The previous concentrations
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of NH,OH*HCl and HAuCl, were retained at 0.4 mM and 0.25 mM, respectively. The
column was sealed at both ends with a GC septum and the solution allowed to statically
interact with the column walls where the gold nanoparticles were adsorbed. Hrapovic et
al. reported that this technique was extremely slow (over 16 hours), so the column was
left to react over a weekend®>. When the column was evaluated with the microscope, the
column walls were again completely blank, and no apparent nucleation was observed.

The main fundamental difference between the glass slides and the capillaries was
the available surface area for the deposition process. The glass slide was calculated to
have a much lower surface area to volume of reagents ratio (29.5 cm*/mL), when using 5
mL of reagents in a 25 mL beaker, compared to the inside of a capillary column (0.18
mm i.d.: 226 cm*mL, 0.10 mm i.d.: 392.5 cm?mL). Therefore, a capillary column has
much more surface area for deposition relative to available reagents. In other words, the
capillary column can only hold a severely restricted amount of solution (microliters) that
is distributed over the entire length compared to a glass slide immersed in a bulk solution.
Hence, it can be assumed that initially all of the plating reagents were consumed at or
near the beginning of the column, effectively creating a gradient within the interior. In
the case of the glass slide, the reverse was true. There were sufficient reagents within the
plating solution relative to available active sites on the polymer’s surface.

Increasing the concentrations of the plating solutions was investigated as a way to
overcome this major drawback. Originally, only the reducing agent, hydroxylamine, was
increased in concentration. This had no observable affect on the deposition process.
Then, only the concentration of HAuCls was increased in order to have more Au(IIl) ions

available for reduction and nucleation, but the same results were obtained. Finally, both
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concentrations were simultaneously increased by a factor of 5, which was only successful
in clogging the column quicker from the greater amount of deposited gold. Changing the
concentration relationship between hydroxylamine and HAuCly did not improve or have
any affect on how the deposition occurred inside the capillary. As a result, it was
concluded that the rate of electron transfer occurring between hydroxylamine and
HAuCl, was too rapid for the purpose of this study. A new reducing agent, hydrogen
peroxide, was then explored as an alternative.

Hydrogen peroxide is a well-known, inexpensive, environmental friendly
reducing agent. Combined with the favorable reduction potential of HAuCly, hydrogen
peroxide should be an attractive substitute for hydroxylamine. To assess its potential
performance, a glass slide was prepared using the 30-minute pretreatment times each for
the polymer and colloidal gold. The glass slide was nucleated using a plating bath
comprised of 20 mM H,0, and 10 mM HAuCly. The first initial difference between the
two reagents was the rates of the overall reactions. During the hydroxylamine-mediated
deposition, a color change was observed within 15 seconds once the slide was introduced
into the plating solution. As discussed earlier, this color change indicated that the surface
of the polymer was being nucleated with reduced gold from the plating bath onto gold
nanoparticles that were previously adsorbed from the colloidal gold solution. When the
prepared glass slide was introduced into the hydrogen peroxide plating bath, a color
change from red to blue was not observed until approximately 2 minutes into the
deposition, implying that the rate of the hydrogen peroxide-mediated deposition was
slower. Five minutes into the deposition, the glass slide finally achieved a metallic gold

color, but took 10 minutes for the film to appear reflective. Since, the rate of the
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deposition was slower than with hydroxylamine, the glass slide was allowed to remain in
the plating bath for 15 minutes to ensure a complete continuous gold film had been
generated.

Once the film was washed and thermally annealed, several other differences were
also apparent compared to the films produced from hydroxylamine. One significant
difference was the overall vibrancy of the film itself. The hydroxylamine films had a
metallic-tan, highly reflective film associated with them. The films produced from
hydrogen peroxide were a brighter, metallic-yellow gold. While the films were vibrant,
they did not generate the mirror-like reflectivity often associated with continuous metal
films. Instead, some areas of the films were not as heavily plated as others, giving the
film a blemished appearance. However, a reasonable explanation on the presence of the
blemishes could be offered. Once the reduced pretreatment times were established, the
glass slides in this experiment were prepared with the 30-minute polymer and colloidal
gold times respectively. Therefore, the blemished areas were most likely the result of an
insufficient amount of nanoparticles adsorbed onto the polymer layer.

Since the rates of the hydrogen peroxide-mediated deposition were observed to be
slower than hydroxylamine, it was considered a promising candidate to adapt to capillary
tubing. However, one more experiment was conducted where the concentrations of the
plating bath were increased based on the stoichiometric relationship found in Equation
2.0 (Page 34) in order to eliminate the need for agitation to produce a continuous gold
film. A final plating solution concentration of 0.25 M HAuCl4 and 0.38 M H,0, was
prepared and used for all future experiments. When a glass slide treated with the 30-

minute polymer and colloidal gold times was immersed into the plating bath, a
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with a GC septum and allowed to statically react for 15 minutes. The solution was
drained and the resulting film was assessed with a microscope.

The gold film produced inside the capillary tubing was more promising than those
generated from hydroxylamine. For example, while a gradient was still generated at the
beginning of the column, it was not as severe as with hydroxylamine. Furthermore, with
hydroxylamine only a third of the column was heavily nucleated until it suffered from
either clogging or gold detaching from the polymer’s surface. On the other hand,
nucleation with hydrogen peroxide occurred over a majority of the column’s inner
surface, but remained fairly uneven. The beginning of the column was much more
nucleated from continuously flowing the plating solution and was almost blacked out.
Then, as the length of the column was examined, the gradient decreased, which was
represented by a dark green color decreasing in intensity as light was able to pass through
the interior. Finally, at the end of the column, only a faint green coloration could be
observed to show that slight nucleation had occurred. Thus, while the column coating
was highly uneven, at least a majority of the length had been nucleated.

There were two other major disadvantages when using hydrogen peroxide as the
reducing agent. Since the concentration of the plating bath was greatly increased for
static nucleation, the same diffusion affect observed on the slide’s surface was also
exhibited on the column walls. As a result, the column seemed to be marbled in
appearance and thereby made the film more uneven when taking the gradient into
consideration. The biggest disadvantage associated with hydrogen peroxide was the
oxygen gas byproduct of the reaction. The gas produced within the column could prevent

the plating solution from making contact with the walls wherever the gas collected. As
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more gas was produced within the column, less of the plating bath was in contact with
nanoparticle sites, which reduced the overall film quality. In fact, the presence of oxygen
gas left the impression of “holes” on the column’s wall, outlining where each oxygen
bubble was located. When some of the gas coalesced into larger bubbles, a band that
appeared completely bare was created. As the reaction progressed, the gas produced
additional pressure on the interior of the column. Only electrostatic interactions are
holding the entire self-assembly together. Thus, the pressure of the oxygen gas may
displace some of the gold nanoparticles off of the polymer, or worse the polymer itself
from the capillary walls. Consequently, when the solution was forced out of the column,
the force of the oxygen gas against the walls caused the newly plated gold to detach from
the polymer and travel down the length of the column, growing as it moved forward. As
mentioned earlier, this led to stripping of wall surfaces and eventually clogging of the
column due to the build up of stripped metallic gold.

In order to monitor when gas production was first observed, a 0.18 mm i.d.
column was filled, sealed, and the reaction observed through a microscope. Oxygen gas
formation was observed approximately 5 minutes into the reaction. The plating solution
was maintained in an ice bath prior to being pumped into the column in order to slow the
kinetics of the reaction and to minimize gas production. A method of introducing
solution every 5 minutes was attempted while simultaneously reversing the end of the
column where the reagents were introduced. Unfortunately, the technique was very
tedious and the ends of the column became highly nucleated, while the middle remained

largely under-nucleated.
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The previous technique of continuously pumping the plating the solution into the
column with high pressures was revisited. While the column may have one end more
heavily nucleated than the other, at least the film will not be degenerated by the presence
of blemishes and swirls as it was with static reactions. A 0.18 mm i.d. column was
continuously supplied with the plating solution at 50 psi and for the first time, the entire
length of a column was nucleated. While a gradient was still present, making the film
thickness uneven, it was still a major achievement. The film quality itself was very high
because any gas products were continuously moved down the capillary, limiting their
ability to coalesce. Consequently, it was concluded that high-pressure flow rates
provided the best results when attempting to simultaneously nucleate the entire length of
a column. By constantly supplying the plating solution, reagent depletion was less
significant throughout the column and the high flow rates ensured that deposition
occurred over the entire surface as much as possible.

After continuous gold films were prepared inside the capillary tubing, the surface
was thermally annealed at 250 °C for 2 hours under a stream of nitrogen. Preparation of
the self-assembled monolayer was initially attempted with a 20 mM 1-octadecanethiol
solution. The columns were filled with the solution and the SAM was allowed to
statically form within a designated time. Generally, SAM formation times were between
18-24 hours and each treatment was evaluated for its separation efficiency with an alkane
test solution.

Blank (untreated) columns were examined to determine if they had any influence
on the separation efficiency of mixtures. The 0.18 mm i.d. column was evaluated first

and as expected, had little ability to separate the alkanes of a simple test solution
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comprised of heptane, octane, and nonane. A vapor sample from the headspace of the
solution was injected into the GC and chromatograms obtained isothermally at 30 °C at
pressures of 0.8 psi, 1.0 psi, 1.25 psi, 1.5 psi, and 3.0 psi (Figure 13). It should be noted
that in this and all subsequent chromatograms shown that the signals were modified to
offset the baseline signals for clarity of the overlays. Resolution between the heptane and
octane peaks could not be achieved in any of the chromatograms. Instead, octane eluted
from the column before all of the heptane had been detected. Co-elution of the two
compounds worsened as the pressure was increased until finally only one peak was
observed at 3.0 psi. Additionally, some tailing was observed for both octane and nonane
as they eluted from the column. Nonane was observed to tail at all pressures, even
though it slightly improved as the pressure was increased. As the retention times were all
less than 10 seconds long (at 0.8 psi), it was assumed that tailing would improve with the
presence of a stationary phase, and that the blank column had little ability to effectively
retain and separate the compounds. Differences in mobility were likely due to
differences in boiling points.

This assumption was supported when a blank 0.10 mm i.d. column was also
evaluated with the alkane test mixture. Since the internal diameter of the column was
significantly smaller, it was predicted that the compounds would take longer to elute from
the column, as the flow rates were also restricted from the smaller opening. The
chromatograms obtained from the blank 0.10 mm i.d. column are shown in Figure 14.
The slowest retention time observed was over 30 seconds (0.8 psi) with an increase in
tailing as the compounds eluted from the column. The tailing observed for octane and

nonane was noticeably broader compared to the 0.18 mm i.d. column. The column was
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FIGURE 13: Chromatograms obtained for the 0.18 mm i.d. blank column at, (a) 0.8-1.25
psi and (b) 1.5-3.0 psi using a C7-Cy alkane test mixture.
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FIGURE 14: Chromatograms obtained for the 0.10 mm i.d. blank column at, (a) 0.8-1.25
psi and (b) 1.5-3.0 psi using a C5-Cy alkane test mixture.
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able to achieve complete separation and resolution between all three eluted peaks. Slight
co-elution of heptane and octane started when the pressure exceeded 1.25 psi. Unlike the
0.18 mm 1.d. column, when the pressure reached 3.0 psi, heptane and octane still did not
elute as a single peak. It was concluded that any separation in the columns was most
likely only the result of differences in boiling points.

At this point, problems with the perceived flow rates through the columns,
measured by the electronic flow sensors of the GC system, were identified. It was
suspected that higher flow rates were reported by the GC operating system than what
were truly passing through the columns. In order to ensure that the correct flow rates
were being recorded, the columns were calibrated with a bubble flow meter, which
measured how long it took to displace a fixed volume over a fixed time. Using this
method, it was confirmed that the flow rates displayed on the GC operating system were
faster than what was actually traveling through the column itself. As a result, all results
obtained
prior to the calibration were no longer reliable. Once the system was calibrated for the
flow rate discrepancies, the columns could then be confidently evaluated and compared.

Due to the flow rate error, the first truly “calibrated” column with a SAM-based
stationary phase was a 0.18 mm i.d. column. The column was prepared by continuously
pumping the plating solution at a pressure of 40 psi and appeared to have a fairly well
developed continuous gold film even though a slight gradient was present within the
column. The assumption was made that as long as there was at least a monolayer of gold
over the entire surface, SAMs coatings could still be produced with a deposition gradient

present. The column had a combined self-assembly treatment time of 152 hours. This
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column provided the first foundation for the quality and efficiency of a self-assembled
monolayer-based stationary phase.

The 0.18 mm i.d. column was evaluated using a vapor sample from the headspace
of the simple alkane mixture. The headspace sample was injected into the GC instrument
and chromatograms obtained isothermally at 30 °C and at pressures of 0.8 psi, 1.0 psi,
1.25 psi, 1.5 psi, and 3.0 psi (Figure 15). One of the first apparent observations was the
fast elution times of alkanes. For instance, at the lowest pressure of 0.8 psi, all of the
alkanes were eluted within 10 second after injection, while at 3.0 psi the peaks eluted
almost immediately. Furthermore, at 0.8 psi complete separation between octane and
nonane was accomplished with high resolution between the two compounds. While the
resolution slowly decreased with the increase in pressure, fairly symmetric peaks were
eluted for each pressure setting. This is significant because it demonstrates that
gold/SAM surfaces could reduce interactions associated with bare columns that tend to
result in peak tailing.

Octane was observed to elute from the column before all of the heptane had been
detected, even at the lower pressures. The two compounds co-eluted more as the pressure
was increased, until finally at 3.0 psi only one peak was observed. It should be noted that
at 1.5 psi and 2.0 psi, the heptane peak could barely be observed in the presence of octane.
Achieving Gaussian peaks and high resolution between compounds as they elute from the
column are the two main desirable features when creating a new stationary phase.
Generally, only uniformly coated stationary phases are able to produce these desirable
effects. This particular column was successful in generating fairly symmetrical peaks,

but the need to improve the peak widths and hence resolution was still very evident.
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FIGURE 15: Chromatograms for 152-hour, 20 mM 1-Octadecanethiol treated 0.18 mm

i.d. column at, (a) 0.8-1.25 psi and (b) 1.5-3.0 psi using a C7-Cy alkane test
mixture.
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One possibility at the time was to continually increase the SAM formation
treatment times. However, this was likely to reduce the integrity of the stationary phase.
Even though the column was thermally annealed to improve adhesion to the interior wall,
some of the gold film was stripped off the column surface after every self-assembly
treatment. Consequently, a variation of column bleed was transpiring and there was no
way to prevent the deterioration from occurring. Based on the column’s condition, it was
decided to refrain from repetitive SAM treatments in order to preserve the stationary
phase already present on the column.

A different approach to improving the stationary phase performance involves
temperature-programmed ramping cycles within the GC. In other words, the GC oven
temperature is increased at a fixed rate within a desired time frame. Temperature
ramping decreases the retention times of compounds with higher boiling points or those
that are difficult to elute off of the column. A more complex mixture was utilized for this
process, which was composed of heptane, octane, nonane, decane, undecane, and
dodecane. Under isothermal conditions, undecane and dodecane suffered from extended
tailing in the chromatogram. The peak shape of these compounds immensely improved
when ramping was utilized combined with high pressures. Unfortunately, ramping the
column did not improve the resolution between heptane and octane. Instead, the opposite
occurred where the two compounds began to co-elute more as the pressure and ramp
cycles (40 °C/min) were increased. It was determined that using this particular column to
achieve a high-resolution separation between heptane and octane was not feasible.

The first 0.10 mm i.d. column with a SAM-based stationary phase also had to be

calibrated due to slower flow rates than what the electronic flow system was indicating.
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Continuously flowing the plating solution and reversing the ends half way through the
deposition process was performed in order to achieve an evenly plated gold film in the
column. If the ends of the column were not reversed during the deposition, the column
would become clogged and no longer function. When observed through a microscope,
the ends were heavily nucleated and appeared black in color, while the middle of the
column retained a lighter green color. Films that appear black in color prevented the
passage of light through the interior of the column and were considered to be effectively
plated. Since the solution drop rate was maintained throughout the deposition process
and no blemishes were present on the film, it was considered a viable column and was
thermally annealed. Afterwards, the column had a combined SAM treatment time of 68
hours from the 20 mM 1-Octadecanethiol solution.

The same conditions utilized to evaluate the 0.18 mm i.d. column were
maintained and the resulting chromatograms compared. The performance of the column
is shown in Figure 16. It was observed that the 0.10 mm i.d. column performed better
than the 0.18 mm i.d. column. The 0.18 mm i.d. column was unable to resolve heptane
from octane under the condition used even though it had a longer self-assembly treatment
time. Remarkably, the 0.10 mm i.d. column provided baseline resolution of the two
compounds at 1.5 psi and 2.0 psi. Recall for the same pressures with the 0.18 mm i.d.
column that the heptane peak was barely visible in the presence of octane. Complete
separation between all the alkanes was observed in all of the chromatograms, even at 3.0
psi for the 0.10 mm i.d. column. The column was able to achieve resolution between the
analytes while also producing fairly sharp and symmetric peaks, instead of the broad

peaks observed with the 0.18 mm i.d. column.
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FIGURE 16: Chromatograms for 68-hour, 20 mM 1-Octadecanethiol treated 0.10 mm i.d.
column at, (a) 0.8-1.25 psi and (b) 1.5-3.0 psi using a C7-Cy alkane test
mixture.
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It should be noted that slight tailing was observed in the nonane peak as it eluted
from the column, but to a less extent then in the 0.18 mm i.d. column. It is possible that
the smaller internal diameter of the column forces the analytes to interact with the
stationary phase more than in the larger bore capillaries. This could lead to more
efficient mass-transfer in the 0.10 mm i.d. column. In addition, the compounds could be
more affected by an uneven stationary phase in the 0.10 mm i.d. due to the closer
proximity compared to the 0.18 mm i.d. column. Nonane, being the largest alkane, may
be interacting with the SAM more than the other two compounds and tailing more as it
elutes from the column because of the presence of an uneven stationary phase.

As expected, longer retention times were observed for the 0.10 mm i.d. column
because the internal diameter of the column was significantly smaller, which also
restricted the flow rates. At 0.8 psi, almost 50 seconds was needed for all three alkanes to
elute from the column, which is still a major achievement considering the restricted
parameters of the separation column. A much more efficient separation occurred in less
than 15 seconds at 3.0 psi compared to the results obtained with 0.18 mm i.d. column at
0.8 psi within 10 seconds (Figure 15). An increase in the retention times, with near
symmetric peaks was a huge accomplishment, as generally longer retention times are
associated with tailing. Therefore, the 68-hour SAM 0.10 mm i.d. column was
considered a significant improvement relative to the 152-hour SAM 0.18 mm i.d. column.

Another 0.10 mm i.d. test column was prepared in the same manner as the
previous example, except the column was statically treated with a 0.2 mM 1-
Octadecanethiol solution for 20 hours to complete the SAM formation. As discussed

previously, tailing in chromatography is generally attributed to uneven mass-transfers
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between the stationary phase and the mobile phase. By having a high concentration of
alkanethiol solution to produce the SAM, it could be possible that the column walls
became too saturated and caused disordering in the monolayer or multilayer formation as
previously discussed by Yeon-Taik Kim er al.*'. Decreasing the concentration of 1-
Octadecanethiol would hopefully prevent the monolayer from becoming disordered and
promote more efficient packing of the alkyl chains on the gold surface and decrease
tailing.

Using the same conditions, the chromatograms obtained were compared to those
of the 68-hour column. No improvement in the tailing of nonane was observed with this
method of SAM production, but remained comparable with that of the 68-hour column
(Figure 17). Surprisingly, longer retention times and better resolution was achieved with
the 20-hour column. Since the column was treated for a shorter length of time, self-
assembly formation was performed in one continuous application versus the repetitive
application on the 68-hour column. This may have improved the surface integrity, while
the 68-hour column exhibited deterioration similar to that of the 152-hour, 0.18 mm i.d.
column. The challenge now became how to maintain efficient separations within the
time frame that is desirable for microcolumns, while also eliminating the presence of
tailing in higher molecular weight compounds.

Additional chromatograms were obtained from a 1m-long segment of a
commercially available 0.10 mm i.d. GC separation column coated with a 0.25 pm thick
DB-5 stationary phase (5% phenyl: 95% methylpolysiloxane). This was conducted to
evaluate the separation efficiency of a commercial column at the same restricted

dimensions as those of the previous columns. The column was evaluated with the same
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FIGURE 17:

Chromatograms for 20-hour, 0.2 mM 1-Octadecanethiol treated 0.10 mm
i.d. column at, (a) 0.8-1.25 psi and (b) 1.5-3.0 psi using a C7-Cy alkane test
mixture.
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alkane mixture and experimental parameters (Figure 18). The DB-5 column successfully
separated all the compounds at each pressure not only with baseline resolution, but also
with highly symmetric peaks. These chromatograms provide examples of the
performance expectations microcolumns must be able to achieve to make manufacturing
a portable u-GC instrument a reality. While long retention times were observed for the
commercial column, results within minutes are desired for microcolumn performance.
For the purposes of this experiment, achieving highly resolved, Gaussian peaks within a
reduced overall retention time was the main objective. Keeping this goal in mind, the
thiol-based column was able to produce reasonably separated compounds in a short
amount of time. While improvement was needed to increased resolution and peak shape,
a solid foundation had been set to build on.

Using this philosophy, the technique was applied to the MEMS microcolumns
supplied by Virginia Polytechnic Institute and State University. Before the columns
could be coated with the new stationary phase, the original PDMS polymer that had been
applied to the chips had to be removed. Originally, a K,Cr,07/H,SO4 solution was
continuously pumped through the microcolumns while they were immersed in a warm
water bath. However, it was observed that the epoxy used to keep the capillary leaders
attached to the microchip deteriorated due to the chromate solution. As a result, the chips
were then repeatedly cleaned with aqua regia and piranha etching solutions. As the old
polymer was removed, the microcolumns would become clogged during the process.
Increasing the pressure to 50 psi or reversing the column flow to push the solution out of

the original entrance was the only way to unclog the columns. It took repeated attempts
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FIGURE 18: Chromatograms for the 0.10 mm i.d. DB-5 column at, (a) 0.8-1.25 psi and
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to unclog and clean the columns before they could be used for the purposes of this
experiment.

The semi-packed columns were the hardest to clean due to the pillar arrays within
the channels. Since gas production was a byproduct of both the aqua regia and piranha
solutions, gas pockets were produced between the pillars, which escalated the difficulty
in cleaning the channels. In addition, since the pillar arrays increased the overall surface
area within the column, loﬁger and multiple cleaning steps were required in order to
obtain usable columns. Some areas in the channels could not be cleaned entirely. For
these difficult spots, dichloromethane was rinsed through the channels in order to remove
any byproducts, but it did not seem to improve the overall chip quality. Therefore, once
the aqua regia and piranha solutions were able to move freely throughout the microchips
without the need of high pressures, they were considered “cleaned” and ready for the new
stationary phase.

In order to overcome the presence of any residual PDMS present within the
microcolumn channels, the microchips were polymer treated with PDDA for 4 hours
instead of the original 2 hours. Hopefully, PDDA would cover any PDMS residues and
minimize any negative effects on the quality of the gold films. After all of the
microcolumns were colloidal gold-treated for 6 hours, hydrogen peroxide-mediated
deposition was used to plate continuous gold films throughout the channels by constantly
pumping a plating solution of 0.38 M H,0, and 0.25 M HAuCly in at 40 psi. Once 0.5
mL of the plating solution was passed through the column, the leaders were reversed and
another 0.5 mL added. This was done in order to achieve as uniform of a gold film as

possible.
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The columns were evaluated with a microscope in order to determine plating
quality. The single channel, square-spiral microcolumn had a fairly uniform gold film
after the deposition process. The leaders were both nucleated evenly and the interior
channels appeared to be uniform as well. It was previously mentioned that the middle of
capillaries were the most difficult area to coat with the stationary phase, but no such
issues were encountered in this experiment. As the number of turns increased towards
the middle of the microchip, it did not appear that the walls or the corners were plated
thicker versus the outer channels. In fact, the corners of the microchip were observed to
not have any affect on the deposition process. This makes electroless deposition a highly
coveted technique in that an entire area could be potentially nucleated simultaneously.

Unfortunately, less uniform continuous gold films were achieved in the serpentine
semi-packed microcolumns. While the same method was applied to these microcolumns
as with the square-spiral, the pillar array within the channels changed the dynamics of the
deposition process. Air pockets within the channels due to the pillar arrays prevented
some surfaces from being in contact with the plating solution inside the column. The
microcolumns and plating solution were both maintained in an ice bath in order to slow
the gas production throughout the process, but the gas remained present and increased the
potential interference for plating in the channels. In other words, the produced oxygen
gas caused some of the pillar arrays to have a significantly thinner gold film. Other
arrays were heavily coated in gold films, which almost sealed the areas in-between the
pillars themselves. 1n addition, more of the old stationary phase remained present on the
semi-packed microcolumns than in the square-spiral microcolumn. As a consequence,

there were some areas that might not have nucleated because PDDA adherence was
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compromised by the presence of the old polymer. An aspiration for future experiments
would be to use microcolumns that had never been pretreated or used previously.
Without the interference of the PDMS polymer, uniform gold films may be easier to
achieve in the semi-packed microcolumns and provide more reliable results.

Other problems that were associated with the microcolumns were similar to those
encountered with the traditional capillary tubing. For instance, some areas that were
heavily plated with gold would detach from the column surface and travel the remaining
length until it became clogged or reached the end. As a result, stripping of the gold film
and polymer layer was observed at times. If the stripping took place in the microchannels
themselves versus the leaders, the entire process had to be repeated, as the column was no
longer considered useable. However, if the detachment occurred in the ends of the
leaders and not in the microcolumn, then the length affected was removed in order to
preserve the quality of the film throughout the entire system. When large affected arecas
in the leaders occurred, the entire process was repeated in order to achieve a film without
breaks or blemishes. If a film without breaks or blemishes was produced, it was
thermally annealed at 200 °C instead of 250 °C because of the seals and epoxy used on
the microcolumn.

As with the previous columns, a blank comparison was required in order to
determine if separation characteristics were present. The square-spiral microcolumn was
the first MEMS microchip to be examined using a headspace vapor injection of the
simple three-alkane mixture comprised of heptane, octane, and nonane. Chromatograms
were obtained isothermally at 30 °C and at the pressure settings used previously (Figure

19). Symmetric peaks were observed as the compounds eluted from the column. Slight
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FIGURE 19: Chromatograms for the blank, square-spiral MEMS microcolumn at, (a)

(@)

(b)

0.8-1.25 psi and (b) 1.5-3.0 psi using a C7-Cg alkane test mixture.

Blank Square-Spiral MEMS microcolumn, 0.8-1.25 psi

25
20
15
kd
2 —0.8 psi
8 5
2 A e 1.0 i
= |
10 § 5 s 25 psi
A
3: %
i
§ |
5 H (¥ 21
A U "K
% F
jg T st I
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (min)
Blank Square-Spiral MEMS microcolumn, 1.5-3.0 psi
80
70
60
50 E %
-— E
g R
20 11 BN —15psi
2 L
g é | i §§ w2 0 psi
= F o e .
A———— s o 3.0 psi
30
20
10
(0]
0 0.2 0.4 0.6 0.8 1 1.2 14
Time (min)

88



tailing was present in nonane as it eluted from the column, but was largely absent in
octane. As the pressure increased with each chromatogram, the resulting peaks became
more symmetric and sharper. Resolution was achieved between octane and nonane, but
not between octane and heptane as previously observed. At the lowest pressure of 0.8 psi,
the column required approximately 1.4 minutes to completely elute the compounds.
When the pressure was held at 3.0 psi, the overall elution time was greatly decreased to
under 0.35 minutes, while still maintaining partial separation between heptane and octane.
Considering the blank 1-m long, 0.10 mm i.d. traditional GC capillary tubing exhibited
higher separation ability than the square-spiral MEMS microcolumn, it was determined
that the previous stationary phase was adequately removed.

Once the MEMS square-spiral microcolumn achieved a continuous gold film and
was thermally annealed, it was statically treated for 72 hours with a 10 mM solution of 1-
Octadecanethiol in order for SAM formation to occur. The more complex alkane
solution (C7-Cy) was used to examine the column’s separation efficiency using the same
conditions (Figure 20). However, it was immediately observed that low-pressure flow
rates would not suffice in achieving separations within a reasonable amount of time. At
low pressures (0.8-3.0 psi), the compounds were highly retained on the column and
resulted in long tailing peaks in the chromatograms. Higher column pressures of 4.0 psi,
5.0 psi, 8.0 psi, and 10 psi were required, as well as a temperature program starting at
30 °C and ramped at 20 °C/min. The faster flow rates and temperature ramping cycles
reduced the tailing observed as the compounds eluted from the column and provided
reasonable retention times. The longest elution time was recorded under 2 minutes, with

the shortest being just above a minute. During the elution, only heptane and octane were
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FIGURE 20: Chromatograms for the 72-hour, 10 mM 1-Octadecanethiol square-spiral
MEMS microcolumn at, (a) 4.0 psi and (b) 5.0-10 psi with ramp cycles of
20 °C/min and using a C5-C); alkane test mixture.
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unresolved from one another, while all of the other compounds were able to achieve
baseline resolution.

The MEMS square-spiral microcolumn was treated for an additional 15 hours
with the same alkanethiol solution for a total SAM formation time of 87 hours. The same
pressures and temperature ramp cycles were originally utilized, but were found to be
insufficient due to long retention times and tailing. As a result, not only were the
pressures increased again to 5.0 psi, 8.0 psi, 10 psi and 12 psi, but the ramp was also
increased to 50 °C/min (Figure 21). Shorter retention times were observed compared to
the 72-hour SAM treatment time, but were attributed to the higher pressures and ramping
cycle used to improve the column’s efficiency. No improvement in resolution between
heptane and octane was observed as their co-elution remained consistent with the
previous chromatograms obtained. The other alkanes were observed to have an increase
in tailing associated with them, regardless of the higher flow-rates. This may be
attributed to either multiple SAM layers causing uneven mass transfers, or degradation of
the gold surface from additional SAM applications, or both.

After examining the square-spiral microcolumn, the semi-packed serpentine
microcolumns were evaluated next. Removing the previous PDMS polymer layer was
much more difficult than for the square-spiral microcolumn due to their micropost arrays.
However, the 3-pillar, semi-packed microcolumn was the most difficult to treat because
the cleaning solutions would repeatedly clog the column. Blank chromatograms were
obtained to ensure the entire PDMs polymer had been removed. The 3-pillar, semi-
packed serpentine column was evaluated first at 1.0 psi, 1.25 psi, 1.5 psi, 2.0 psi, and 3.0

psi isothermally at 30 °C using a new alkane mixture of pentane, hexane, heptane, octane,
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FIGURE 21: Chromatograms for the 87-hour, 10 mM 1-Octadecanethiol square-spiral
MEMS microcolumn at 5.0-12 psi with ramp cycles of 50 °C/min and
using a C5-C); alkane test mixture.
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and nonane (Figure 22). This alkane mixture was not used with other the microcolumns
because of the lack of resolution between pentane, hexane, and heptane even at low
pressures.

Keeping this in mind, the elution times obtained from the 3-pillar, semi-packed
microcolumn were the longest observed for all of the columns examined for this study.
For instance, approximately 11 minutes were required in order to completely elute all of
the compounds at 3.0 psi, while almost 25 minutes were needed at 1.0 psi. A
chromatogram at 0.8 psi was not recorded due to the long elution times. Partial

separation between hexane and heptane was obtained at 1.0 psi, which had not been
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FIGURE 22: Chromatograms for the blank, 3-pillar semi-packed serpentine MEMS

(a)

(b)

microcolumn at, (a) 1.0-1.5 psi and (b) 2.0-3.0 psi using a Cs-Cg alkane
test mixture.

Response (pA)

10

Blank 3-Pillar Semi-packed Serpentine MEMS Column, 1.0-1.5 psi

weme 1.0 psi
w———1.25 psi

mnis 1 5 psi

o

5 10 15 20 25 30
Time (min)

Response (pA}

-

5.4

49

w
IS

Ing
o

1.9

14

0.9

Blank 3-Pillar Semi-packed Serpentine MEMS Column, 2.0-3.0 psi

e 2.0 psi
w3 0 psi

0.4

o

Time {min})

93




accomplished in the past. Both octane and nonane exhibited reasonably symmetric peaks
when they eluted from the column. As a result, it was concluded that the PDMS polymer
layer was unsuccesstully removed from the microcolumn and it was no longer considered
a viable candidate for the purpose of this study.

The 4-pillar, semi-packed microcolumn was easier to clean than the 3-pillar and
more promising results were expected. Knowing that the old stationary phase was
difficult to remove, a blank chromatogram was obtained at a pressure of 8.0 psi with
a starting temperature of 30 °C and a temperature ramp of 20 °C/min (Figure 23). The
alkane mixture of C7-C, was used to evaluate the column in order to determine how
much of the old stationary phase had been removed. A total elution time of
approximately 6 minutes was obtained from highly tailed compounds. Baseline
resolution between the compounds was not obtained even though some of the old
stationary phase remained present within the microcolumn. As the solution moved more
freely through the 4-pillar compared to the 3-pillar semi-packed microcolumn, achieving
a continuous gold film was attempted in order to gain experience in working with the
semi-packed, serpentine columns for future work.

The 4-pillar, semi-packed microcolumn was nucleated in the same manner as the
square-spiral MEMS microcolumn. During the deposition process, the column was
continuously filled with the plating solution, but its leaders could not be reversed, as one
of them was too short to reach the solution. A slight gradient was observed within the
column, but this was ignored considering both the 0.18 mm i.d. and 0.10 mm i.d. columns
were also observed to have gradients. The MEMS microcolumn was treated for 16 hours

with the 10 mM 1-Octadecanethiol solution and evaluated at 12 psi, 15 psi, and 20 psi
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FIGURE 23: Chromatogram of the blank, 4-pillar semi-packed serpentine MEMS
microcolumn at 8.0 psi and with a ramp cycle of 20 °C/min using a C7-Cy,
alkane test mixture.
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using the C4-C, alkane mixture (Figure 24). An increase in the starting temperature to
50 °C and temperature ramp cycle of 40 °C/min was required in order to

obtain reasonable separations. As the alkanes eluted from the column, they exhibited
semi-symmetric peaks and some tailing was present in all of the compounds. The
presence of microposts increases the surface area inside the column and facilitated more
mass-transfers as the compounds elute. Combined with the gold gradient and possible
presence of PDMS, tailing was anticipated considering the stationary phase was highly

uneven.

95



FIGURE 24: Chromatograms for 16-hour, 10 mM 1-Octadecanethiol 4-pillar, semi-
packed serpentine MEMS microcolumn at 12-20 psi and ramp cycles of
40 °C/min using a C7-C;; alkane test mixture.
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The column was treated an additional 17 hours for a total SAM treatment time of
33 hours. Chromatograms were obtained at pressures of 20 psi and 28 psi, with a start
temperature of 60 °C, and a temperature ramp of 40 °C/min. While the retention times
were faster as expected, the performance of the column remained consistent with the
previous results. Tailing was not observed to improve and it was believed the extended
self-assembly treatment times could have caused the previous monolayer to become
saturated and disordered from addition alkanethiol adsorption. The thickly coated pillars
and disordered SAMs would simply increase the eddy diffusion of the alkanes through

the column, leading to band broadening.
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One of the biggest disadvantages associated with this methodology was how the
stationary phase deteriorated over time from multiple injections and repeated thiol
treatment times. It was determined that PDDA was not a suitable polymer for this study
because of the apparent inability to retain the gold adhered to the surface. The most
notable example of this was during the deposition process when the gold would detach
from the column surface, travel down the column, and cause the removal of the stationary
phase, rendering it useless. When the column did survive past the thermal annealing
stage, it was vulnerable to detachment either when it was filled with the alkanethiol
solution or rinsing after SAM formation. Columns that were subjected to multiple self-
assembly treatments and test injections had their stationary phases slowly removed after
each cycle. The lack of adherence between PDDA and the plated gold film was
undeniably a major downfall. Achieving an evenly coated continuous gold film only to
have it degraded during the self-assembly treatment or GC analysis has to be corrected
for the SAM-based stationary phases to be considered a viable alternative to
commercially available polymers.

APTMS was explored as an alternative to PDDA, and all columns henceforth
were prepared using APTMS instead of PDDA. According to Hu et al. and Pham et al.,
ATPMS had two modes of colloidal gold attachment depending on the pH of the
solution®” %, If a low pH solution was used, then the terminal amine was largely present
as a quaternary amine, which could electrostatically attract the negatively charged, .
citrate-stabilized gold nanoparticles to its active sites’>. On the other hand, in high pH
solutions, the amino group retains its lone pairs. The lone pairs can then coordinate to the

colloidal gold nanoparticles because amino groups have some affinity to gold*?. Hence,
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A 0.18 mm i.d. column was initially used to compare the performance of APTMS
to PDDA using the hydrogen peroxide-mediated deposition. The column underwent the
same pretreatments as the previous columns and a continuous gold film was produced.
Earlier in the study, multiple columns were prepared in advance as a precaution for the
deposition process in case a column clogged or the stationary phase detached. The first
column used did not suffer from any of these affects during the deposition process and
was considered a huge success compared to earlier results. No blemishes or breaks
within the stationary phase were apparent when evaluating the column with the
microscope after it had been thermally annealed. In addition, during the alkanethiol
treatments, no noticeable change in the column’s appearance was observed.

The 0.18 mm i.d. column was filled with a 10 mM solution of 1-Octadecanethiol
and SAM formation was allowed to occur statically for 4 hours. Then, the column was
examined with the C7-Cj, component mixture isothermally at 30 °C and at pressure
settings of 0.5 psi, 1.0 psi, 1.5 psi, and 3.0 psi (Figure 26). The chromatograms recorded
were compared to those obtained for the 152-hour, 20 mM 1-Octadecanethiol treated
column from the same test mixture (Figure 27). At pressure settings such as 0.5 psi and
1.0 psi, the chromatograms were fairly similar in retention times to the 152-hour column.
This was interesting considering a significantly shorter self-assembly formation period
would be predicted to result in faster retention times. However, as stated previously, the
152-hour SAM column was exposed to multiple thiol treatments and injections over a
period of time. Given that PDDA does not seem to have the same adherence properties

as those associated with APTMS, it was possible that the stationary phase was more
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FIGURE 26: Chromatograms for the 0.18 mm i.d. APTMS Column, 4-hour, 10 mM 1-
Octadecanethiol at, (a) 0.5-1.0 psi and (b) 1.5-3.0 psi using a C7-C;
alkane test mixture.
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FIGURE 27: Chromatograms for the 0.18 mm i.d. PDDA Column, 152-hour, 20 mM 1-
Octadecanethiol at, (a) 0.5-1.0 psi and (b) 1.5-3.0 psi using a C4-Ci2
alkane test mixture.
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deteriorated than originally thought. As a result of its deterioration, the column was not
able to retain the analytes as well compared to when it was initially tested.

A 0.10 mm i.d. column was also prepared with APTMS using the same conditions
and a 4-hour treatment of 10 mM 1-Octadecanethiol. The column was evaluated with the
same alkane solution and chromatograms were obtained at 1.5 psi and 3.0 psi with
temperature ramps of 40 °C/min and 50 °C/min, respectively (Figure 28).
Chromatograms were obtained at higher pressures, but were not used in comparison to
the 20-hour, 0.2 mM 1-Octadecanethiol column (Figure 15, Page 76) because they were
higher than those used previously. The 20-hour column was used for comparison
because the same alkane mixture was used for both experiments.

From the chromatograms, it can be immediately observed that the APTMS
column did not achieve nearly the same resolution as the preceding column. For instance,
heptane, octane, and nonane could not be resolved from one another with the APTMS
column. Within 20 seconds, all three compounds had eluted from the column at 1.5 psi.
However, in the same time period and pressure, only heptane and octane had eluted from
the 20-hour column and with baseline resolution between the two peaks. While one
might be tempted to conclude that this was the result of a combined effect between low
SAM formation times and temperature ramping cycles, but this was not the case. When
chromatograms were isothermally collected with the APTMS-column, severe tailing was
observed as the compounds eluted. As a result, ramping was utilized in order to decrease
the amount of tailing, but it was observed to still be present. Similar results were

obtained at 3.0 psi.
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