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ABSTRACT
Chemical vapor sensing for defense, homeland security, environmental, and agricultural
application is a challenge, which due combined requirements of ppt sensitivity, high
selectivity, and rapid response, cannot be met using conventional analytical chemistry
techniques.

New sensing approaches and platforms are necessary in order to make

progress in this rapidly evolving field. Inspired by the functionalized nanopores on moth
sensilla hairs that contribute to the high selectivity and sensitivity of this biological system,
a chemical vapor sensor based on the micro to nanoscale pores in microstructured optical
fibers (MOFs) was designed. This MOF based chemical vapor sensor design utilizes MOF
pores functionalized with organic self‐assembled monolayers (SAMs) for selectivity and
separations and a gold plasmonic sensor for detection and discrimination.
Thin well‐controlled gold films in MOF pores are critical components for the fabrication
of structured plasmonic chemical vapor sensors. Thermal decomposition of dimethyl
Au(II) trifluoroacetylacetonate dissolved in near‐critical CO2 was used to deposit gold
island films within the MOF pores. Using a 3‐mercatopropyltrimethoxysilane adhesion
layer, continuous gold thin films as thin as 20‐30 nm were deposited within MOF pores as
small as 500 nm in diameter. The gold island films proved to be SERS active and were used
to detect 900 ppt 2,4 DNT vapor in high pressure nitrogen and 6 ppm benzaldehyde.
MOF based waveguide Raman (WGR), which can probe the air/silica interface between a
waveguiding core and surrounding pores, was developed to detect and characterize SAMs
and other thin films deposited in micro to nanoscale MOF pores. MOF based WGR was used
to characterize an octadecyltrichlorosilane (OTS) SAM deposited in 1.6 µm diameter pores

to demonstrate that the SAM was well‐formed, uniform along the pore length, and only a
single layer. MOF based WGR was used to detect a human serum albumin monolayer
deposited on the OTS SAM and monitor in‐situ the combustion of an OTS SAM in high
pressure oxygen.
Light scattering, an optical characterization technique that provides ellipsometric data
from micro to nanoscale cylinders, was developed in order to characterize highly smooth
wires and MOF pores. Clean, bare gold wires etched from MOF pore templates were found
to have angle dependent Ψ and Δ values that agree with numerically calculated and finite
element modeled values over the full 340o angular collection range. Light scattering was
shown to be sensitive to ellipticities in the cross‐section of silica, gold, and silicon wires
down to 1%.

Using alkanethiol SAMs deposited on gold wires, light scattering was

demonstrated to be able to detect films as thin as 1.5 nm, and able to distinguish between a
decanethiol (1.5 nm) and an octadecanethiol SAM (2.7 mn). The high sensitivity of light
scattering will allow it to characterize SAMs and thin films on the inner surfaces of MOF
pores.
WGR and light scattering provide the analytical tools that will allow for the further
development of organic SAMs and thin films within MOF pores for analyte selectivity and
chromatographic separations. This high selectivity combined with the sensitivity of a 3‐
dimensional nanostructured gold plasmonic sensor allows for the fabrication of a chemical
vapor sensor inspired by the field performance of moth sensilla hairs.
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Chapter 1

General Introduction
Humans have always used their sense of smell to detect and avoid danger from
predators, bacteria and mold in food, and environmental toxins. This biological chemical
vapor detection system is highly tuned for detecting the dangers encountered in the
natural world, but is no longer sufficient to protect against the modern dangers,
particularly man‐made dangers. The first chemical vapor sensors were biological. Animals
have proven highly adaptable and been trained to detect game, explosives, drugs, insects,
specific people, and even truffles. While effective, animals are expensive to train and
operate, have a limited usable life and work day, and lack the reproducibility and quality
control of technological analytical techniques. There is a need for an easy to use, reliable,
and field portable chemical vapor sensor for threat detection, environmental monitoring,
and basic research.

BIOINSPIRATION
Biological systems show remarkable capabilities for detecting and trapping chemical
species, as well as controlling chemical reactions. The oldest and most direct approach to
exploit these capabilities is to find a natural system that already performs the function of
interest and scale it up for laboratory or industrial use; e.g. the use of yeast in baking and
brewing, the use of Taq polymerase in PCR, or the classic canary in the coal mine. A
bioadaptive approach modifies a biological system to accomplish a specific goal; e.g.
growing drugs or vaccines in bacteria or other biological systems, genetically modified
crops, or the training of dogs to detect and recognize drugs or explosives. The most
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challenging approach, biomimetic, attempts to copy natural products or natural processes.
While the organic synthesis of natural products is a well established field, endeavors to
create artificial cells or design and synthesize custom enzymes are recent developments.
The approach taken here, bioinspired, does not try to use or recreate a biological system,
but rather determine the reasons a particular biological system is so successful and build a
laboratory system based on this knowledge of the biological system.
The biological system of choice in this work is the chemical vapor sensing ability of
moths. Moths are known to be able to detect pheromones at low concentrations (34 ppt)
and short time scales.1‐3 Moth antennae have also shown to be sensitive to a range of
complex organic molecules.4,5 Ongoing research into the mechanism of this sensitivity and
selectivity has revealed that the sensillar hair, the chemical vapor sensing organ on the
moth, has a complex surface morphology of nanoridges and nanopores.6 The specific
surface chemistry of the sensilla varies by species, suggesting that it is tailored to detect a
specific pheromone. It is thought that the surface chemistry and nanomorphology of the
sensilla surface aids in the capture and transport of specific chemical vapor molecules to
the nanopores where sensing occurs. A bioinspired chemical vapor sensing system based
on moth sensilla requires control of both pore size and morphology, as well as the surface
chemistry of the pore.

NANOPORES
The importance and versatility of nanoscale pores has encouraged research from a
variety of directions. Hou and Jiang define a nanopore as any pore with a diameter
between 1 and 100 nm and diameter longer than its depth.7 This distinguishes it from a
nanochannel which has the same diameter range, but a depth larger than the diameter.
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Nanopores are common in biological systems, particularly in cell membranes and lipid
bilayers. α‐hemolysin (α‐haemolysin) is a commonly studied nanopore protein with an
inner diameter of 1.4 nm, which is known to insert itself into lipid membranes.8,9 Single
stranded DNA has been shown to thread through this biological pore under an applied bias,
and α‐hemolysin is commonly used in experiments attempting to decode DNA sequences as
they pass through a nanoscale pore.9 Protein nanopores are limited experimentally by
difficulties in modifying the pore size and the requirement that they be inserted in a lipid
membrane. It has also been suggested that nanochannels, with their larger depth, may be
better able to prevent the passage of folded DNA, making them a better choice for DNA
sequencing experiments.10
Biological nanopores have a morphology and surface chemistry tuned for use in specific
biological systems.

Inorganic nanopores can overcome many of the mechanical and

experimental disadvantages of biological nanopores, but present very different
morphology and surface chemistry, which must be controlled or modified to function in
biological systems. Significant technological progress has been made in the fabrication of
inorganic nanopores and nanochannels using e‐beam lithography,11 ion beam fabrication,12
partial etching of sacrificial layers,13 ion track etching,14 and laser assisted mechanical
pulling15. None of these techniques can be generally applied to multiple materials and pore
diameters, and all are labor intensive. Experiments with the wetting and infiltration of
hydrophobic nanopores have shown a strong pore size dependence.16 Theoretical work
with inorganic nanopores has shown the importance of controlling the surface chemistry of
the pore on permeation17 and adsorption.18,19 Experimental functionalization of nanopores
has been limited to electrodeposition of gold in nanochannels20 and the functionalization of
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track etched SiN14 and PET.21

Microstructured optical fibers (MOFs) have been

demonstrated with nanoscale channels that extend the length of the fiber, and
microchannels in MOF have been functionalized with self assembled monolayers22 and
semiconductors.23,24
Microstructured Optical Fibers (MOFs)
Microstructured optical fibers (MOFs) are typically all silica optical fibers in which air‐
holes are introduced and extend in the axial direction of the fiber.25 MOFs also include
optical fibers with air‐holes in the core, with hollow cores, and single air‐hole cores. The
development of MOFs was made possible due to the techniques invented to fabricate
traditional silica optical fibers. Light guiding by dielectric waveguides has been known
since 1841, but it wasn’t until the 1960s and 1970s that theoretical and experimental
techniques were sufficiently developed to fabricate the low loss core‐cladding silica
waveguides that are now ubiquitous in modern communication. Low losses were achieved
by using very pure silica synthesized by CVD techniques. The core‐cladding structure that
confines the propagating light to the doped‐silica core of the optical fiber was achieved by
the highly controlled drawing down of a larger preform. Both highly pure fused silica and
well‐controlled fiber drawing techniques are critical prerequisites to the fabrication of
silica MOFs.
MOFs are fabricated in a top down approach from a larger diameter fused silica preform
that replicates the desired pattern pores and solid silica. The preforms are typically
fabricated by stacking high quality fused rods and capillaries inside a larger capillary to
create the desired structure. These rods and capillaries are then fused together to create a
preform that has the same pore pattern as the final MOF, but several orders of magnitude
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larger in diameter and shorter in length. Preforms can also be fabricated by drilling holes,
either mechanically or using ion techniques, in a large fused silica rod. To create the final
MOF the preform is drawn down to the desired diameter. This fabrication technique
provides considerable flexibility in the size and placement of the pores (Figure 1‐1);
allowing for micro or nanoscale pores in a top down process without the need for
nanoscale lithography. While the process for creating a preform is complex and labor
intensive, many meters to kilometers of identical MOF can be drawn from a single preform.
MOF based chemical sensing takes advantage of both the flexibility and the reproducibility
of MOF fabrication techniques.

Figure 1‐1. SEM images of example fused silica microstructured optical fibers (MOFs)
showing both single and multiple pores, with pore separation from microns to ~30 nm.
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The first MOFs were solid core photonic bandgap fibers fabricated by Birks et al. to guide
light using the 2‐D photonic bandgap crystal technology developed in the 1980s.26,27
Hollow‐core photonic bandgap fibers, where the light is propagating down an air filled
core, were developed in 199928 and are now commercially available. Index guiding solid
core MOFs, often referred to as holey‐fibers were also developed during this period. These
holey‐fibers use the difference in effective refractive index between the solid silica core and
the silica with air hole cladding to guide light. MOFs can currently be fabricated with a
wide range in the number, size, and spacing of the holes. Holes as small as 50 nm and hole‐
to‐hole wall thicknesses as small as 30 nm can currently be fabricated. These axial air‐
holes can be used as highly controllable nanochannels or if MOF lengths are short enough,
nanopores, for use in chemical vapor sensors.
Conventional optical fibers have a very limited wavelength range over which they are
single mode based on the difference in refractive index between the core and cladding, and
the diameter of the core. In a single mode fiber only the fundamental mode can propagate,
which is better at maintaining the fidelity of a light pulse. By carefully designing the
arrangement and size of the area holes, Birks, Knight, and Russell were able to create a
fiber that was single mode from 337 nm to 1550 nm.26 At the shorter wavelengths the light
is more confined to the core and avoids the hole, raising the effective cladding refractive
index at that wavelength. This enables the fiber to have different effective cladding indices
for different wavelengths and thus be single mode for most of the wavelengths for which
silica is transparent. The large refractive index difference between silica and air‐holes
allows for propagating light to be highly confined to very small diameter silica cores. This
tight confinement leads to very high field strengths within the silica core that can be used
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to compensate for silica’s small non‐linearity to create non‐linear fiber optic devices. The
best example of a non‐linear MOF device is the supercontinuum source, or white light laser.
The supercontinuum source works by putting short near‐IR laser pulses, typically pico‐ or
femtosecond pulses, down a several meter length section of MOF with a small silica core.
The high concentration of power in the core and the long interaction length combined with
the non‐linearity of the silica results in a broadening of pulse in the frequency domain.29
Commercial supercontinuum sources can generate broadband laser pulses from 400 nm to
2.0 µm. Pure fused silica remains the preferred material for MOFs, but they have been
fabricated from doped silica,30 chalcogenide glasses,31 and polymers.32
MOFs are a highly advantageous platform for chemical sensing and as a template for the
fabrication of micro and nanoscale structures and devices. Chemical sensing in MOFs
benefits from the high purity of the fused silica, the long interaction lengths and high
surface area to volume ratio, and the ability to easily access the evanescent field of the
propagating light. High purity fused silica is transparent to light from 180 nm to 3.5 µm33
with a very low background fluorescence, and fused silica waveguides can have losses as
low as 0.2 dB per km at 1550 nm.34 The high purity and surface quality of the fused silica in
MOFs gives them very high tensile strengths,35 allowing for the safe use of high pressures.
The fused silica surface in MOF pores, while highly dehydroxylated due to the fabrication
process, can easily be hydroxylated and functionalized using the same well developed
organosilane chemistry used to functionalize the native oxide of silicon wafers.

The

geometry of MOFs allows for very long interaction lengths with up to several meters being
practical for chemical sensing applications. The number, shape, and size of the air‐holes
(pores) in MOFs provides a high surface area to volume ratio. The unique design of MOFs
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allows for physical access to the pores at either end of the fiber and optical access from the
sides as well as the ends.
MOF Functionalization
Neither conventional chemical vapor deposition techniques nor traditional lithographic
techniques can be used to functionalize the pores of MOFs due to their small diameters and
high aspect ratios. Low pressure fluid deposition techniques have been employed by a
number of groups to functionalize short sections of large diameter MOF pores.

The

majority of the functionalization work has focused on the deposition of colloidal silver and
gold on pore walls for use in SERS applications. Grabar et al. deposited 12 nm colloidal
gold on (3‐aminopropyl)trimethoxysilane (APTMS) functionalized 50 µm pores using low
pressure He gas to push the aqueous colloidal solution through the pores.36 Silver colloid
deposition in 350 µm liquid core fiber37 and 5 µm hollow core photonic crystal fiber38 has
also been demonstrated using low‐pressure techniques.

Solution based deposition

techniques have also been used to deposit both silver and dielectrics in large diameter MOF
pores for use as hollow infrared waveguides.39

A similar technique has been

commercialized in pores as small as 300 µm. These low pressure fluid techniques cannot
be extended to smaller diameter pores, and cannot be used to achieve complete pore filling.
CVD or MOCVD deposition of low surface roughness films within micro‐ and nanoscale
MOF pores requires both high pressures and low carrier viscosities.
Complete filling can be achieved by using melt based techniques. Melt based techniques
are limited to materials that have melting or softening temperatures below that of fused
silica.

Originally the functional materials were incorporated in MOF fiber preforms,

replacing empty capillaries. Lengths of fiber incorporating tin, amorphous semiconductors,
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and polymers have been produced.40 More recent work has allowed for copper filled pores
down to 6 µm diameter by incorporating copper rods in the fiber preform.41 Metal wire
filled MOF pores as small as 550 nm have been reported over shorter lengths (4 cm) using
pressure cells to force molten silver or gold into pores.42 Gold filled pores were continuous,
but silver filled pores were cracked every ~100 µm. Selective filling of MOF pores with
gold using this pressurized melt technique has also been demonstrated.43 Both melt based
techniques are limited to materials with melting points less than that of fused silica (1500‐
1700 °C) and are limited to completely filled pores.
A more general approach to the filling of MOF pores using high‐pressure microfluidics
has been developed in collaboration between Penn State University and the
Optoelectronics Research Centre at the University of Southampton.24 In this high pressure
microfluidic approach, semiconductors or metals are deposited on the inner walls of the
MOF pores by the thermal or photochemical decomposition of inorganic or metallo‐organic
precursors in a carrier gas. This approach has been used to deposit silicon and germanium
from the hydride precursor in helium. Gold has been deposited both thermally and
photochemically from dimethyl Au(III) trifluoroacetylacetonate dissolved in near critical
carbon dioxide (ncCO2). Both thin films and complete pore filling have been demonstrated
for silicon and germanium. Amorphous and polycrystalline silicon can be deposited from
the same silane precursor depending on deposition temperature. Single crystal silicon has
been achieved by an in‐fiber fluid‐liquid‐solid approach using a photochemically deposited
gold plug and silane in high‐pressure helium.44
A similar high‐pressure fluid approach has been used to deposit silver nanoparticle films
within MOF pores for SERS applications.45,46 They use a metallo‐organic silver precursor
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dissolved in n‐heptane pressurized and delivered to the fiber pores with a high
performance liquid‐chromatography pump. This technique can be used to deposit both
thick (< 1 µm) and thin (~100 nm) granular films. Due to the delivery system and pore
surface chemistry, both complete pore filling and smooth films would be difficult with this
technique. At film thicknesses below ~100 nm the deposition results in discrete 40 nm
silver nanoparticles on the fused silica surface. Silver nanoparticles are commonly used for
SERS substrates due to the high enhancement factors that can be achieved, but silver is
more chemically reactive than gold and is easily oxidized. While 106 enhancement factors
have been reported for in‐fiber SERS using nanoparticle silver, the rough nature of the film
and the use of liquid solvents makes it unsuitable for use in structured in‐fiber plasmonic
devices. Considerable research has already been done on the functionalization of MOF
pores with organic, inorganic, and metal materials. Additional research is needed to adapt
these deposition techniques for the fabrication of MOF based chemical vapor sensors.

DETECTION
After analyte vapor capture and selection, the analyte molecule(s) still need to be
detected in a reliable fashion. Biological detection of vapor molecules involves the binding
of the analyte molecule to the receptor on the end of a polarized neuron.47 This binding
results in an electrical impulse that travels the length of the neuron to the appropriate part
of the brain. Most of these binding sites are thought to be non‐specific in nature, where
specificity in detection is achieved by the pattern of multiple non‐specific binding events.
This detection technique doesn’t currently translate well to technological systems. The
“FIDO” artificial nose tried to mimic this approach using an array of non‐specific
fluorescence polymer detectors with mixed results.48

Electrical detection of single
10

biomolecules as they travel through or bind to nanopores has been demonstrated in
buffered solution.49 Since analyte detection requires measuring the current as ions flow
through the pore under an applied bias, there is no simple way to transition this electrical
technique to vapor molecule detection.
Current chemical vapor detection technologies such as mass spectrometry or ion
mobility spectrometry are high vacuum systems that are ill suited for field work. Vapor
detectors that do not require a vacuum such as GC or FTIR require preconcentration
techniques, such as trap and purge, in order to reach acceptable limits of detection. A
number of analyte specific chemical reaction techniques have been developed for explosive
detection.50‐52 The chemical specificity that makes them highly sensitive also greatly limits
their application in more general systems. None of the conventional chemical vapor
detection techniques can achieve single molecule detection nor can they easily be coupled
to the selectivity offered by MOF nanopores.
There are a limited number of techniques currently available that can offer single
molecule detection. Fluorescence is the most common single molecule technique and a
wide variety of fluorescence techniques, such as fluorescence resonance energy transfer
(FRET), are commonly used for the single molecule detection of biological molecules.53,54
These techniques can be combined with photonic methods to increase sensitivity and
reduce noise.55 The major limitation with single molecule fluorescence techniques is the
requirement that the analyte be fluorescent or tagged with an organic or quantum dot
fluorophore. The analytes of interest for chemical vapor sensing are not sufficiently
fluorescent for detection, and current fluorophores are larger than the vapor molecules of
interest. Attaching a fluorophore to vapor molecules before detection is not a promising
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approach and is not consistent with a moth base bioinspired approach to detecting
chemical vapors. Nanowires56 and microcantilevers57 have shown considerable promise as
chemical vapor sensors.

When analyte molecules adsorb on nanowires and

microcantilevers, they change the mechanical, electrical, or optical properties of the
structure.

These changes in the structures’ resonant frequency or conductance, for

example, are easily measured to determine detection events. The high surface area to
volume ratio, low cost, and possibility of creating sensing arrays makes these micro and
nanostructures promising technology. It is not yet known if they will be sensitive enough
for single molecule detection.
Plasmonic Detection
The most promising next generation technology for detecting and characterizing single
molecules or small numbers of molecules is the broadly defined field of plasmonics.
Plasmonics is often a general term applied to the study of micro and nanophotonics,
especially the energy guiding mechanism via plasmons.58,59 One of the key advantages of
plasmonics is the ability to focus and manipulate electromagnetic radiation, typically
visible or near‐IR light, on a size scale smaller than the conventional diffraction limit. The
far field diffraction limit, which limits the resolution of optical microscopy, is the smallest
object resolvable at a given wavelength or the smallest spot possible for a given wavelength
of laser light. The diffraction limit is often approximated as λ/2 or half the wavelength of
the light of interest. More formally the diffraction limit is defined in Equation (1‐1); where
R is resolution, λ is the wavelength of light, n is the refractive index, θ is the collection
angle, and NA is the numerical aperture.60
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(1‐1)
For visible and near‐IR light the diffraction limit is on the order of hundreds of
nanometers.58,59 The sensitivity of plasmonic devices for chemical vapor detection is
directly related to the strength of the electric field experienced by the vapor molecule.
Plasmons
Plasmons are the collective oscillations of the electron gas of a conductor or
semiconductor.61 Plasmons have also been thought of as light waves trapped on a metal
surface due to the light’s interaction with the free electrons in the conductor.62 The
theoretical understanding of plasmons on thin metal films dates back to Ritchie in 1957.63
Plasmons are handled in quantum theory as quasiparticles resulting from the quantization
of plasma oscillations interacting with a photon.61 More typically plasmons are addressed
with classical electrodynamics, which provides a rigorous solution for the systems of
interest. Plasmons are separated into surface plasmons or surface plasmon polaritons,
which can propagate along metal‐dielectric interface, and localized surface plasmons,
which are non‐propagating.
Surface plasmons, SP, arise at a metal‐dielectric interface due to the coupling of an
electromagnetic field to the oscillations of the conductor electron plasma (electron sea).64
Solving Maxwell’s equations for a simple flat dielectric‐metal interface gives the surface
plasmon dispersion relation, Equation (1‐2).

(1‐2)
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Where Ksp is the frequency dependent SP wave vector, εd and εm are the frequency
dependent permittivity of the dielectric and the metal respectively, and ko=ω/c is the free
space wavevector.62 The result of the plasmon dispersion is the momentum mismatch
between an electromagnetic wave and a surface plasmon of the same frequency. This
additional momentum in the SP mode is associated with the binding of the SP to the metal
surface. Due to this momentum mismatch, light will not directly couple to a flat thin metal
films in free space. Prisms or diffraction gratings are often used to match the momentum of
the incident light and surface plasmon to allow coupling. The higher refractive index of the
prism slows down the incident light, resolving the momentum mismatch. While surface
plasmons can propagate along a surface for distances on the order of microns in noble
metals, they decay exponentially in the direction perpendicular to the surface. This results
in the power being trapped along the metal‐dielectric interface.
Localized surface plasmons, LSPs, are usually associated with metal nanoparticles or
metal shapes with at least one dimension smaller than the wavelength of the incident light.
These plasmons do not propagate, but due to the small size of the structures and the
curvature of the surface, these plasmons can establish a resonance, that leads to an
amplification of the electric field inside the structure and in an evanescent field radiating
perpendicular to the structure's surfaces. Maxwell’s equations can be used to solve for the
plasmon properties of structures of an arbitrary shape. Mie scattering is typically used to
solve for spherical particles, or particles with spherical symmetry. For particles much
smaller than the wavelength of incident light this solves to Equation (1‐3).64

(1‐3)
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Where α is polarizability or static polarizability, ε is the complex dielectric function of the
metal, εm is the dielectric constant of the medium, and a is radius of the sphere. The
polarizability is resonant when the denominator is minimized. This occurs when the real
part of the dielectric function is ‐2εm.61 It is this resonance of the polarizability that leads to
the strong extinction of light at the plasmon frequency.61 This solution is only valid when
the particle is smaller than the mean free path of the oscillating electron, about 10 nm.64
The location and shape of the plasmon resonance is strongly dependent on the size and
shape of the particle. A number of different particle shapes including but not limited to,
particles,65,66 nanorods,67,68 nanoprisms,69 cubes,70 stars,71 and core shell structures61 have
been synthesized and characterized.
Surface Plasmon Resonance
The largest application of plasmonic devices has been chemical sensing. Surface Plasmon
Resonance (SPR) uses surface plasmons to detect changes in the refractive index. In the
traditional Kretschmann configuration (Figure 1‐2), p‐polarized laser light is launched into
a high refractive index prism. The base of the prism is coated with a thin layer of gold (~50
nm).72 At the appropriate angle, surface plasmons are excited in the gold film, resulting in a
sharp dip in the intensity of the reflected beam. The position of this resonance angle
depends on the wavelength of incident light, the thickness of the gold film, and the
refractive index of the dielectric at the interface. By keeping the wavelength and gold film
thickness constant, changes in the refractive index of the dielectric can be measured. Since
the evanescent field of the surface plasmon decays exponentially perpendicular to the gold
film, only the refractive x close to the gold film is measured. Molecules adsorbed or bound
to the gold film (non‐prism side) will change the effective refractive index seen by surface
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plasmons on the gold film. Commercial SPR instruments can have a refractive index
resolution of 3*10‐7 RIU (refractive index units) and are often used to study biological
systems.72 Molecular specificity can be achieved by linker molecules that easily attach to
the gold surface using thiol chemistry. The binding of analyte molecules to these linker
molecules can then be detected by the change in the effective refractive index. Many
variations to this technique are possible, including different geometries, different metal
films, grating‐coupled plasmons, and different methods to measure the resonance dip.
Changes in refractive index can also be measured by fixing the incident angle and using a
broadband light source to excite the surface plasmons. The normalized reflected light
spectrum will show a dip at the wavelengths of light that are coupled to the surface
plasmons. This dip will shift with changes in refractive index.
Work to miniaturize and simplify SPR sensors has led to fiber‐optic based SPR sensors.
Conventional fiber optics guide light by total internal reflection, the same principle used for
SPR in the Kretschmann geometry. Using optical fibers, light can be coupled to surface
plasmons without the need for a prism (Figure 1‐2). The challenge with using conventional
fiber optics for SPR is the need to expose the fiber’s core, where the light is confined, in
order to access the evanescent field for plasmon coupling. A typical fiber‐optic based SPR
sensor is fabricated by etching away the cladding from a short section of fiber and then
coating the core with silver or gold.73 Light of the appropriate wavelength will couple to
the surface plasmons at the metal dielectric interface after being launched into the core at
one end. This light can then be measured at the other end of the fiber. Typically a
broadband excitation light source is used and the wavelength resonance dip measured at
the output end of the fiber is used to measure the refractive index at the metal dielectric
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interface. The mechanism of coupling between the light and surface plasmon depends on
the specific fiber geometry. Straight fibers will have different coupling properties from
tapered fibers, and single mode fibers will have different properties from multimode fibers.
There are many variations on materials and geometries for optical fiber based SPR sensors,
but they are all limited by the need to expose the fiber core to achieve coupling and sensing.
Designs for photonic bandgap fiber based SPR sensors have been proposed, but not yet
demonstrated.74

Figure 1‐2. Schematic of Kretschmann and optical fiber surface plasmon resonance
(SPR) sensors where SPW is the surface plasmon wave. Adapted from Sharma et al.73
SERS
Surface Enhanced Raman Spectroscopy (SERS) is one of the oldest applications of a
plasmonic device for chemical sensing, but its discovery was accidental.

17

Raman

spectroscopy is a non‐destructive vibrational spectroscopy technique that measures the
wavelength difference between the incident light and the inelastically Raman scattered
light. Since both the incident and Raman scattered light can be in the visible spectrum,
conventional glass optics and silicon detectors can be used. The Raman scattering cross‐
section is determined by the polarizability of the molecular bond, making unenhanced
Raman scattering a weak effect for most molecules. Conjugated bonds and phenyl rings
increase the polarizability of a molecule and increase its Raman scattering cross‐section. In
contrast to IR spectroscopy, Raman spectroscopy is generally more sensitive to the
backbone of a molecule and less sensitive to the functional groups. In addition to SERS
several other techniques are commonly used to increase the intensity of the Raman
scattered light including resonance Raman where energy of the incident photons is at or
close to an electronic transition in the molecule and waveguide Raman which increases the
pathlength of the Raman measurement.
According to Moskovits, enhanced Raman signal from a roughened silver surface was
observed in 1974 by Fleischman et al., by 1977 it was understood that the enhanced signal
was not due to an increase in surface area, and its plasmonic origin was proposed in
1978.75 SERS remains an active field of research due to its potential to be a very sensitive
and highly selective chemical sensor. SERS sensitivity down to single molecule detection
has been demonstrated, with enhancement factors as high as 1014‐15 proposed.76,77 SERS
still retains the high molecular specificity of unenhanced Raman, giving it significant
advantages over fluorescence or other single molecule detection techniques. The largest
obstacle remaining in SERS is the development of a consistent, reproducible surface with a
large enhancement factor.

Early SERS substrates were “rough” surfaces made by
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electrochemical roughening of thin noble metal films, aggregation of noble metal colloids,78
or vacuum deposition of noble metal islands on oxides.

While all these substrates

demonstrated a SERS effect, they were highly inconsistent, both from sample to sample and
from spot to spot within the same sample. It is now accepted that in these rough surfaces a
small number of “hot spots” are responsible for the majority of the observed enhancement.
These hot spots are small areas of high electric field strength due to the nanoscale
morphology of the surface. Closely spaced nanoparticles and nanoscale sharp points have
been shown to cause hot spots.77

More recent SERS work has focused on ordered

nanostructures that result in large numbers of reproducible hot spots.79‐82
The theoretical basis for SERS is still not fully understood, but it is generally agreed that
there are two components, the chemical effect and the local electric field enhancement.
The chemical effect is due to the electronic interaction between the surface and the
adsorbate and is thought to be responsible for a 102‐103 enhancement factor.83 The
remaining enhancement comes from the enhancement of the local electric field. The local
field enhances both the incident field and the Raman scattered field. For a simple single
particle system, where αR is the combination of components of the Raman tensor, the SERS
enhancement can be expressed in Equation (1‐4).75
(1‐4)
Where Esers is the amplitude of the SERS scattered field, g is field enhancement of the
incident light, g’ is the field enhancement of the Raman scattered light, Eo is the magnitude
of the incident field, Isers is the average SERS intensity, and I0 is the intensity of the incident
light. Note that for low frequency bands (bands close to the laser line) g’≈g and
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.

The SERS intensity will be increased by a factor proportional to the fourth power of the
local field. One of the primary ways to increase the SERS intensity is to increase the local
field with ordered nanostructures. Current state‐of‐the‐art ordered nanostructures for
SERS include arrays prepared by nanosphere lithography,79,84 gold core shell
nanoparticles,85 and nanowell arrays.86
Plasmon Waveguides
There are a number of possible plasmonic structures or devices that have not been used
as chemical sensors, but could be incorporated in MOF pores to assist in sensing or the
transmission of data.

Plasmon waveguides use the propagating property of surface

plasmons to guide electromagnetic energy from one location to another in a fashion similar
to optical waveguides. They have attracted interest as a way to transmit data within
computer chips due to the possibility of sub‐wavelength widths and µm to cm transmission
lengths.

For thin flat strips of metal the propagation length can be calculated from

Equation (1‐5).62
(1‐5)

Where δSP is the propagation length and εm=ε’m+ iε”m. Similar to optical waveguides, the
narrower the plasmon waveguide, the fewer guided modes that can exist. Narrower
waveguides have higher losses and shorter propagation lengths.

At the telecom

wavelength of 1550 nm long propagation lengths of 100 µm can be achieved with micron‐
wide waveguides.61

A number of different types of plasmon waveguides have been

fabricated and their plasmon propagation characterized. The simplest plasmon waveguide
is the insulator‐metal‐insulator (IMI) geometry, were a metal film or strip is sandwiched
20

between two insulating layers. Ditlbacher et al. showed plasmon propagation lengths of 10
µm for 515 nm light using a 70 nm silver film sandwiched between silica layers.87 Plasmon
propagation lengths of several µms have also been shown for 1550 nm light using discrete
plasmon waveguides 8 µm wide and 20 nm thick.88 More recent work by Berini et al. used
25 nm thick 5 µm strips of gold on ultrathin Si3N4 membranes to characterize plasmon
propagation in gas and liquid environments.89

IMI plasmon waveguides are usually

fabricated from the top down using lithographic techniques and present additional
challenges for light coupling to create a momentum match. Typically this momentum
match between the incident light frequency and the plasmon frequency is achieved using
either additional optical elements, such as prisms, or additional plasmonic elements, such
as nanoparticles or nanoscale roughness on the surface of the waveguide.
Nanoparticle chain waveguides present the opportunity for bottom up fabrication and
can couple to incident light without the need for additional optical components.
Nanoparticle waveguides can guide propagating plasmons even when the particles are not
touching due to the near‐field coupling of the plasmons on adjacent particles. Maier et al.
fabricated straight and bent nanoparticle plasmon waveguides by using an AFM to carefully
position 30 nm or 50 nm gold nanoparticles with 75 nm center to center spacing.58 A more
recent approach uses coated gold nanoparticles that self assembled into waveguides in the
right chemical environment.90 Additional functionality or improved properties could be
obtained by using non‐spherical nanoparticles, core‐shell structures, or non‐linear coatings
on metal nanoparticles.91 While much of the work on both nanoparticle and IMI plasmon
waveguides has focused on straight line propagation, curved waveguides,92 plasmonic
beam splitters, and other more complex structures have been fabricated.61
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Plasmon Focusing
Plasmon waveguides can also be designed to focus propagating plasmons to achieve
higher field strengths. It has been predicted that plasmon waveguides tapered in the
direction of the propagating plasmon will both slow the plasmon and cause it to focus
before it reaches the tip of the taper.93 This is consistent with observations that the
strongest field enhancements are achieved at the tips of metal nanostructures. Ropers et
al. have combined a tapered waveguide with a grating to couple and focus surface
plasmons to the tip of the cone.94 The surface plasmons are reradiated from just before the
tip of the cone blue shifted from the source excitation. Arrays of tapered metal waveguides
have also been modeled and show focusing of the propagating plasmons.95 Shvets et al.
also suggested that these tapered arrays could be used as a “TEM endoscope” to magnify or
conversely shrink and image with deep subwavelength resolution.95
Several non‐waveguide based plasmon focusing techniques have been proposed or
demonstrated. Yin et al. demonstrated that if carefully designed, an arc of holes in a silver
film could be used to focus field intensity and couple it to a waveguide.96 They used a
quarter circle of 200 nm holes in a 50 nm thick silver film with a 5 µm radius to focus
plasmons onto a 250 nm silver waveguide. Liu et al. used concentric circles milled in 27
nm silver films to focus plasmons to the center of the circles.97 In both cases the field
intensity was measured on the metal surface side of the sample using NSOM (Near‐Field
Scanning Optical Microscopy), while the sample was illuminated from below. While most
of these techniques focus propagating plasmons, techniques for focusing localized surface
plasmons have been proposed. Li et al. modeled the use of self‐similar metal nanospheres
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for the concentration of local fields to hot spots.98 The simplest structure is three closely
spaced metal nanospheres of decreasing size, where they showed a significant increase in
the local field around the smallest particle. Plasmon focusing has potential applications in
coupling to waveguides for data transfer, for highly parallel imaging below the traditional
diffraction limit, and in enhanced chemical sensing.

Three dimensional plasmonic

structures fabricated within MOFs can be used to focus plasmons and create high local
electric fields within the pores for chemical vapor sensing.
Through Hole Transmission
Another technology being developed to create large local fields and manipulate plasmons
is the periodic hole array. These arrays are made of thin, but optically opaque metal sheets
(~200 nm thickness), with a series of holes of a prescribed diameter and separation. It has
been shown that for certain wavelengths of light the transmitted fraction exceeds the open
fraction of the array.99 This phenomenon has been called “extraordinary transmission” or
“enhanced transmission” and has been attributed to surface plasmon resonances due to the
periodicity of the holes. These arrays can be formed either by milling each individual hole
using focused ion beam (FIB)99 or in parallel using lithographic techniques.100 It has been
shown that the surface plasmons can be controlled through the light excitation parameters,
periodicity of the array, and the dielectric properties of the interface.101 The size and shape
of the holes also significantly impact the transmitted spectrum.99 The strong enhancement
of the local field has been exploited for enhanced sensing.102,103

Surface Plasmon

Resonance (SPR), which measures small changes in refractive index at the metal dielectric
interface, has been demonstrated using transmission though these arrays.103

The

wavelength of peak transmission changes with changes in refractive index of the dielectric
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at the interface. Enhanced Raman scattering has been demonstrated for oxazine molecules
on both periodic hole arrays102 and random parallel scratches in gold films.104

RESEARCH OBJECTIVE
The research presented here is part of a larger research endeavor to develop a chemical
vapor sensor using the MOF platform that is bioinspired by the high sensitivity and
selectivity of moth sensilla to vapor phase analytes. Collaborating researchers are studying
the biology and chemistry of moth antennae as well as the nanomorphology and surface
chemistry of the moth sensilla.6 This research on moths will guide the future development
of MOF based chemical vapor sensors. This work focuses on the development of the
necessary in‐fiber deposition and characterization techniques necessary to develop a MOF
based chemical vapor sensor, as well as some preliminary results in the detection of vapor
analytes relevant to the detection of explosives and distressed plants.
The initial design of a MOF based chemical vapor sensor can be divided into three
sections: analyte delivery, separation or selection, and detection. An in‐fiber plasmonic
sensor, particularly a SERS or SPR sensor, offers high sensitivity and takes advantage of the
natural optical properties of the MOF.

Development of an in‐fiber plasmonic sensor

requires the deposition of highly controlled films of gold in micro and nanoscale MOF
pores. In‐fiber separation or selection requires the functionalization of the surface of the
fused silica pores with organic or inorganic thin films. Characterization of the thin films or
SAMs within the MOF pores requires the development of a new analytical technique.
Raman spectroscopy or other laser spectroscopies would be a good fit with the high purity
and waveguiding nature of the MOFs. The final research objective is to take advantage of
the highly smooth, highly round MOF pores to develop a light scattering technique for
24

characterizing pores and materials deposited within the pores.

Light scattering is a

promising technique for characterizing organic, inorganic, and metal thin films within MOF
pores for the development of a chemical vapor sensor. The objective of this research is to
develop the analytical techniques and gold deposition techniques necessary to the
fabrication of a MOF based chemical vapor sensor.
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Chapter 2

Gold Tube and Wire Deposition
INTRODUCTION
Gold has important applications in electronics, catalysis, sensing, and in the construction
of plasmonic devices. The deposition of gold within Microstructured Optical Fibers (MOFs)
was initially driven by the goal of developing an in‐fiber Surface Enhanced Raman
Spectroscopy (SERS) sensor. While silver generally has better plasmonic properties and
results in a higher enhancement factor in visible light SERS, gold is less chemically reactive
and does not have a stable oxide, allowing for the possibility of oxidative cleaning of the
SERS sensor. Previous work in the Badding group used laser‐deposited gold particles for
VLF growth of single crystal silicon wires.1 The deposition of silver within MOFs for SERS
has been demonstrated using silver organometallic precursor, Ag(hfacac)(1,5‐COD) in high
pressure heptane.2 Silver films have been deposited in large diameter (530 µm) silica
capillary fibers using conventional fluid‐based mirror plating techniques.3 Solid gold and
silver wires have been incorporated in MOFs by using high pressures to force molten gold
into the pores,4,5 and copper wires have been drawn inside MOFs using conventional
drawing techniques.6 In this work, three different gold morphologies within the MOF were
explored. Gold islands or “rough” gold deposition was explored as a SERS‐based sensor for
chemical vapor sensing. Smooth thin films or tubes were developed for use in in‐fiber
plasmonic devices and sensors. Solid gold wires or thick tubes were etched out of the fiber
for light scattering experiments and construction of plasmonic devices.
Due to their possible uses in plasmonic device SERS sensors, gold micro‐ and nanowires
are an active area of research with a wide variety of approaches. The most common
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approaches are template based techniques where the micro‐ to nanoscale pores of the
template control the diameter of the gold wires or tubes. Extensive work on the deposition
of many nanowires, including gold nanowires using anodized aluminum7 or polymeric
membranes,8,9 has been done by a number of groups.10‐12 Membrane based deposition
techniques can produce large quantities of nanowires, but the nanowires are limited in
length to the thickness of the membrane. It is not possible to characterize a single wire or
pair of nanowires within the pore. The nanowires are either used within the membrane or
etched out of the membrane, where they lose their preferred orientation. 11 µm gold
microwires and microtubes have been deposited in arrays of silica capillaries using
colloidal gold seeds and solution based deposition techniques.13 Silica nanowires and
tubes have been used as templates for the deposition of gold tubes on the surface of the
wires14 and gold caps within the tubes.15 Mats of gold microwires and tubes have been
fabricated using chemical16 and electrospinning17 techniques. None of the above gold
micro to nanowire deposition techniques can fabricate high aspect ratio, smooth‐walled,
well‐controlled gold microwires that are individually accessible.
While there is extensive scientific and industrial deposition of thin gold films on flat
surfaces, the sputtering and evaporative techniques commonly used are not applicable to
the MOF geometry. There are also a number of commonly used electrochemical and
chemical processes to deposit gold films. The small pore size, high aspect ratio, and lack of
electrodes make these techniques unsuitable for MOF deposition.

The technique for

deposition of gold within MOFs is based on the harder to control and higher temperature
chemical vapor deposition (CVD) and metallorganic chemical vapor deposition (MOCVD)
gold deposition techniques. The gold precursor for in‐fiber deposition, Dimethyl Au(III)
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trifluoroacetylacetonate (DMGtFacac), was chosen due to its solubility in supercritical and
near‐critical CO2 and its relative stability at room temperature. High pressure carrier gases
or fluids are necessary to achieve sufficient mass transport within the MOF pores for
deposition.

Supercritical CO2 has the additional benefit of being an environmentally

friendly solvent with no surface tension and a very low viscosity that is ideal for filling
small voids. Several groups have used the non‐fluorinated Dimethyl Au(III) acetylacetone
(DMG(acac)) for the deposition of gold. Baum in collaboration with Jones and Larson
deposited gold spots and lines on the native oxide of silicon using laser induced pyrolytic
decomposition of DMG(acac) vapor and report the purity of the deposited gold at greater
than 95%.18 Gold deposition by electron beam has also been demonstrated in vacuum.19
The Watkins group has demonstrated the deposition of gold films and nanostructures from
the hydrogen reduction of DMG(acac) in supercritical CO2.20,21 They report deposition on
silica and TiN at 125 °C, and selective deposition on nickel and palladium at 60 °C. They
report that XPS showed no ligand derived contamination and a gold crystal size of 40‐60
nm for gold deposited on nickel films at 60 °C.20 The incorporation of fluorine groups is
known to increase the vapor pressure and CO2 solubility of organic molecules. Baum and
Larson report that both the trifluoro and hexafluoro substitutions result in increased vapor
pressure and undergo pyrolytic decomposition to high‐purity gold.18
demonstrated

the

electron

beam

deposition

of

gold

using

Folch et al.

dimethyl

Au(III)

hexafluoroacetylacetonate with the presence of an Ar/O2 or H2O vapor environmental
gas.22

Gold

has

also

been

deposited

on

a

flat

surface

using

(triethylphosphine)gold(I) with low impurity levels.23
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methyl‐

EXPERIMENTAL
Gold Deposition
Dimethyl Au(III) trifluoroacetylacetonate [63470‐53‐1] was obtained from Strem and
stored refrigerated in an argon glove box. 3‐mercaptopropyl trimethoxysilane was
obtained from Sigma‐Aldrich and used as received. Either “bone dry” or “coleman” grade
CO2 was obtained from GTS and transferred to the custom built reservoirs using a Newport
Scientific two stage 206 MPa diaphragm pump. All liquids introduced into the fibers or
reservoirs were filtered using 0.2 µm PTFE syringe filters from VWR.
In‐fiber gold deposition was accomplished by flowing a gold precursor solution (20 mg
dimethyl Au(III) trifluoroacetylacetonate in 3 mL ncCO2 (6.9 m MPa, 25 °C)) through the
pores of the MOF while heating the fiber in a custom‐built tube furnace. (Figure 2‐1)
Deposition times ranged from 15 minutes to 48 hours, with temperatures from 190 °C to
700 °C, with most depositions at 225 °C for 4‐6 hours. Depositions with H2 added to the
ncCO2 were done at 95‐180 °C. To remove gold wires/wire mats from the MOF, the fused
silica was etched with 48% hydrofluoric acid (HF).

Figure 2‐1. Deposition of gold in MOFs from dimethyl Au(III) trifluoroacetylacetonate.
Custom built tube furnace consists of a 2 mm ID, 4 mm OD fused silica tube 10 cm in
length wrapped over the middle 7 cm with NiCr resistance heating wire. The resistance
heating wire is fixed and insulated by heater cement. The resistance of the NiCr wire is set
at 12 ohms to limit the furnace to 2 amps when using a 24 volt transformer.
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The

temperature of the furnace is controlled by a solid‐state relay wired between the
transformer and the furnace. The relay is computer controlled by the PID output of a
National Instruments card and custom LabVIEW software. The temperature of the furnace
is monitored by a K type thermocouple, with the junction located at the hottest position of
the furnace.
MCTMS Deposition
In‐fiber deposition of MCTMS (3‐mercaptopropyl trimethoxysilane) followed a similar
procedure as Danisman et al.24 The inner surfaces of the fiber pores were hydrated by
flowing either filtered(0.2 µm) distilled water pushed by 6.9MPa N2 or wet CO2 through the
pores for 24 to 48 hours. Wet CO2 is made by combining 100 µL water with 3 mL CO2 at 6.9
MPa and heating to 100 °C for 1 hour. Following either hydration step, the fiber is flushed
with N2 or CO2 at 7‐14 MPa for 24 to 48 hours to remove any liquid water from the surface.
The MCTMS was deposited on the surface by flowing a solution of either 10:1
ethanol:MCTMS solution or 100 µL MCTMS dissolved in 3 mL CO2 at 8.3 MPa through the
fiber for 2‐6 hours. Excess MCMTS was removed from the pores by flushing with filtered
(0.2 µm) ethanol for 24 hours followed by flushing with N2 or CO2 for 2‐24 hours.
Characterization
Scanning electron microscopy images were obtained using a FEI Philips XL‐20 with 15‐
20 kV, 2‐3 spot size, and a 5‐10 mm working distance. All SEM fiber samples were
mounted vertically on SEM posts, affixed with silver paint and sputtered with gold in an
argon atmosphere.
X‐ray diffraction patterns were obtained using a Rigaku RU200H Rotating Anode X‐ray
Generator with a Huber Guinier G670 Image Plate Camera in a helium atmosphere using a
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custom‐built helium enclosure surrounding the sample and camera. Fiber samples were
mounted vertically across the ring shaped powder sample holder. The position of the
sample holder was determined using a suspended copper wire. Diffraction patterns were
collected at 50 kV and 200 mA for 5‐30 minutes with up to 6 scans.
Optical microscopy images were obtained with an Olympus microscope system using a
BX62 frame with a fluorescence illuminator and attached to a Pixera Penguin 600CL
camera.
Transmission and reflection data were obtained using either a Renishaw inVia
microRaman spectrometer using a 1200 lines/mm NIR grating and a thermoelectrically
cooled Si CCD at ‐70 °C, or at the Optoelectronics Research Centre at the University of
Southampton with an Ocean Optics USB spectrometer fiber coupled to an Olympus
microscope. Samples were illuminated with a tungsten lamp and reflection data were
normalized to a silver mirror spectrum.

RESULTS
Thermal Decomposition of DMGtFacac on Bare Fused Silica
DMGtFacac is a light, heat, and air sensitive solid and reported to decompose between
185‐190 °C.25 Stored cold in an argon environment, the gold precursor is stable for at least
12 months, and when dissolved in ncCO2 in a 316 stainless steel reservoir, the solution is
stable at room temperature for at least 12 months. The addition of H2 to the reservoir
results in the reduction of the precursor over time at room temperature. The solubility of
DMGtFacac in scCO2 and ncCO2 has not been reported. It is known to be at least partially
soluble in CO2 and is sufficiently soluble to allow effective mass transport of the precursor.
It has been observed that some DMGtFacac remains in the reservoir after the CO2 has been
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released slowly during in‐fiber gold deposition. The reservoir can be refilled with ncCO2
without the addition of more precursor 2 to 3 times with little noticeable change in the gold
deposition characteristics.

Additional refills of CO2 after this result in reduced gold

deposition thicknesses. It should be noted that some gold precursor will always remain in
the reservoir due to the precursor precipitating out of solution during the reduction in CO2
pressure. Due to the high cost of DMGtFacac, detailed studies of its solubility in CO2 were
not undertaken.
The deposition of gold films from the thermal decomposition of DMGtFacac was
investigated at a series of temperatures.

Deposition temperature effects length and

position of deposition within the MOF as well as the morphology of the deposition. Lower
deposition temperatures, down to 185 °C result in increased gold deposition length. For
example using a ~1.6 µm diameter fiber with the same gold reservoir, 9 cm furnace and 4
hour deposition time, at 250 °C, 8 mm of gold deposition was measured, at 225 °C and 200
°C, 12‐12.5 mm of gold deposition was measured. Reducing the deposition temperature
also shifts the location of the gold deposition with respect to the furnace. As expected from
the temperature profile of the furnace, reducing the temperature from 250 °C to 200 °C
shifts the start of deposition from 10 mm to 17 mm from the start (reservoir end) of the
furnace. The length of the gold deposition is not affected by the length of furnace, but is
affected by the diameter of the fiber pore. Larger pore diameters will result in longer
deposition lengths at a given temperature. Deposition lengths in fibers with diameters 500
nm or less are typically less than 5 mm and deposition in 8‐9 µm diameter pores can be as
long as 4‐5 cm. While backfilling deposition has been shown for in‐fiber semiconductor
deposition using hydrates,26 gold deposition will stop when the fiber plugs at any point,
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limiting the deposition to films. In a typical gold deposition the middle of the deposition is
a continuous film/tube (Figure 2‐2) with separated gold islands on either end, decreasing
in size and increasing in separation with increasing distance from the center of the
deposition.
A

B

Figure 2‐2. SEM images of thick gold films/tubes deposited using a 30 hour ramp from RT
to 400 °C.
Larger diameter fibers have longer lengths of continuous film deposition.

The

morphology of the gold islands/thin film on bare fused silica is dependent on the
deposition and final annealing temperatures (Figure 2‐3). Lower temperatures result in
fewer initial nucleation sites and less migration of the gold on the silica surface. Even at the
minimum thermal decomposition temperature of DMGtFacac (185 °C), the resulting gold
deposition consists of separated gold islands. As the temperature of the deposition/anneal
increases, the gold islands increase in size (Figure 2‐3C) before coalescing to large
islands/porous films (Figure 2‐3D). Annealing the gold deposition above the melting point
of gold (1064 °C) results in the coalescence of the gold into gold balls that fully fill the
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diameter of the fiber, but are separated along its length (Figure 2‐3E).

Increased

deposition times result in thick, grainy gold films. Gold depositions between 200‐250 °C
yielded the best results for SERS substrates (Chapter 3) and thin gold films.
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B

D

E

Figure 2‐3. MOCVD deposition of gold on bare fused silica in single capillary MOFs. (A) 275
°C deposition (B) 300 °C deposition (C) Ramp from 225 to 500 °C (D) Ramp from 225 to
700 °C deposition (E) 1100 oC melt after deposition at 225 °C.
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Hydrogen Reduction
The thermal decomposition of DMGtFacac has two challenges for the deposition of either
smooth gold films or gold island SERS substrates. At the temperatures required for
thermal decomposition of DMGtFacac, the mobility and surface energy of gold on bare silica
prevents the deposition of thin continuous gold films.

Thermal decomposition of

DMGtFacac also results in carbon contamination of the deposited gold. The Watkins group
has demonstrated that by lowering the deposition temperature and introducing hydrogen
into the reaction chamber, the reaction can be shifted from thermal decomposition to
hydrogen reduction, which reduces the amount of carbon contamination.20 This reduction
in temperature should also reduce the mobility of the gold on the silica surface.
Based on the work of the Watkins group with the hydrogen reduction of DMGacac in
scCO2,20,21 the hydrogen reduction of DMGtFacac was explored. The addition of hydrogen
(14‐20 MPa) to the reservoir containing the gold precursor dissolved in ncCO2 reduced the
temperature needed for gold deposition on fused silica fiber pores to 125 °C. The decrease
in deposition temperature resulted in the formation of larger gold islands due a decrease in
the number of nucleation sites, which made it unsuitable for either gold island SERS or thin
gold films. The addition of hydrogen to the reservoir reduced its room temperature
stability from months to weeks or days. Attempts to use SERS to determine whether the
hydrogen reduction resulted in decreased amorphous carbon contamination were
inconclusive due to the changes in gold morphology that resulted from the reduction in
deposition temperature.
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Photochemical Decomposition
DMGacac and DMGtFacac have been used by a number of groups for the laser18,27,28 or
electron beam19,22 deposition of gold lines, spots, or patterns.

Previous work in the

Badding group has demonstrated the deposition of single gold plugs1 and patterned gold
plugs29 from DMGtFacac in CO2 using the focused output (1 µm spot size) of an argon ion
laser at 514 nm. This laser based deposition is probably from a combination of thermal
and photochemical decomposition of the gold precursor.

Pure photochemical

decomposition of DMGtFacac would allow for both low temperature deposition with
reduced gold mobility and the patterned deposition of gold along the length of the MOF
fiber pore or selective deposition of gold in individual pores of multipore MOFs.
Pure photochemical deposition of gold within single capillary MOFs was demonstrated
using the unfocused output of a mercury Fpen lamp.

The pure fused silica MOF is

transparent to UV output of the Hg lamp, which has strong emission lines at 254, 313, 365,
and 404 nm as well as a number of weaker UV lines. A MOF stripped of its polymer coating
was exposed along its length to the output of the Hg lamp for two hours while flowing
DMGtFacac in CO2. The resulting gold deposition formed a tube over the entire length of
the illuminated region (~5 cm), longer than is possible with thermal decomposition. The
rough/granular nature of the deposition suggests that under these conditions particle
growth dominates over particle nucleation. The formation of a tube without plugging is
consistent with photochemical decomposition that is limited in thickness by the gold layer.
Based on the SEM images, the deposition thickness is less than with furnace based thermal
deposition. The near uniform deposition along the diameter of the fiber, despite one side of
the fiber being blocked during deposition by a microscope slide is not surprising given the
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unfocused nature of the light and the lensing effect of the fiber itself. With the proper
optics and mask, patterned gold deposition along the length of the fiber should be possible.
The UV deposited gold was shown to have a SERS enhancement for a benzene thiol
monolayer coating. The specific SERS enhancement factor was not measured.
Traveling Furnace
The short lengths of gold deposition possible in using thermal decomposition with a
static furnace and the resulting gold profile limits further characterization, especially of
optical and plasmonic properties. In order to obtain more uniform gold deposition over
longer lengths, a traveling furnace technique previously developed in the Badding group30
was investigated. In this technique a furnace (225 °C) with a short heat length (~5 cm) is
moved continuously along the length of a stationary fiber (5 µm diameter) at a controlled
rate using a custom stage and stepper motor. In this experiment the furnace was moved
from the open end of the fiber toward the reservoir end at a rate of 0.8 mm/min. A total
gold deposition length of 18 cm was achieved with reasonably uniform thickness along 12
cm (Figure 2‐4). Note that fibers were cleaved in LN2 in order to produce a cleaner gold
cleave. The length of gold deposition possible with this technique is limited only by the
travel distance of the furnace, currently limited to 2 m. However, it is not possible to use
this traveling furnace technique to deposit fully filled gold wires.
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Figure 2‐4. SEM images of gold thin film deposition using the traveling furnace technique
showing uniform deposition over 12 cm.
Multipore MOF Capillary Arrays
While most of the gold deposition studies were carried out on single capillary pore MOFs,
gold deposition in multipore arrays is also possible. Several examples of gold deposition in
multipore arrays are shown in Figure 2‐5. For pores of the same diameter in the array, the
gold thickness is uniform across the fiber cross‐section (Figure 2‐5B,C). For thin gold films,
the deposition is conformal with the silica template (Figure 2‐5A,D). For thicker films, the
facets present in the silica template are lost, resulting in circular inner diameters (Figure 2‐
5F). The ability to deposit gold in multipore arrays allows for more complex plasmonic
structures and highly parallel sensing.
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B

C

D

F
E

Figure 2‐5. Gold deposition in multipore array MOFs. (A) Wagon wheel structure with gold
films in 2 of the 3 pores. (B) Gold films around the silica core of an index guiding fiber. (C,D)
Gold films in a honeycomb (large air fraction) fiber with sub 100 nm silica wall thickness
and hexagonal pores. (E) Gold thin films in large diameter pore (8‐9 µm) array. (F) Thick
gold deposition in a honeycomb fiber. Fiber fracture during cleaving reveals the gold tubes
running the length of the fiber.
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Inorganic Gold Adhesion Layers
It is well known that gold and silver adhere poorly to silica and other oxides, and even
smooth uniform layers will form islands and bare patches when exposed briefly to elevated
temperatures or with moderate temperatures for an extended period of time.31‐33 Thin
gold films deposited on bare silica have poor resistance to mechanical scratching and a low
resistance to delamination from exposure to solvents. The adhesion of gold films on flat
silica surfaces is often tested with the pass/fail “scotch tape” test, where adhesive tape is
applied to the gold film and then removed.34 If the gold film stays on the silica, it passes; if
the gold film is removed by the tape, it fails. The most common solution to the problem of
gold adhesion to silica is to use an adhesion layer between the silica and the gold.
A number of adhesion layers have been developed and are commonly used to improve
the adhesion and morphology of gold deposited on silica or other oxides. A thin adhesion
layer of chromium34 or titanium is commonly used when sputtering or evaporating gold
onto flat silica surfaces. Nickel and tungsten have also been used as gold adhesion layers
and diffusion barriers. Initially, the plan was to adapt these metal adhesion layers to the
MOFs by depositing a thin layer/tube using a similar MOCVD approach as is used for the
gold deposition. Deposition experiments using ncCO2 as the solvent/carrier gas with
Cr(III) (hexafluoroacetylacetonate)3 (Cr(hFacac)3) and TiCl4 precursors resulted in the
deposit of the metal oxides Cr2O3 and TiO2, respectively. The MOCVD deposition of Cr2O3
from Cr(hFacac)3, Cr(III)acetylacetonate, and Cr(CO)6 are well known.35,36 Even with the
addition of hydrogen to the reaction, the deposition of metal layers of chromium and
titanium was not achieved. The deposition of metal oxides in MOFs is explored further in
Chapter 6. The deposition of gold on Cr2O3 results in similar morphology as deposition on
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SiO2 (Figure 2‐6). It is questionable how successful the deposition of gold on Cr metal
would have been due to the migration of Cr into the gold layer at the gold deposition
temperatures.37,38
A

B

Figure 2‐6. SEM images of gold deposited on Cr2O3 layers showing the formation of gold
islands.
Organic Gold Adhesion Layer
An organic adhesion layer has several possible advantages over a metal adhesion layer
for use in MOFs. Organic adhesion layers can be applied to silica as self‐assembled
monolayers using well‐established organosilane chemistry. SAM adhesion layer deposition
occurs at room temperature, so the deposition length is not limited by furnace length. The
long SAM deposition lengths eliminate potential problems with alignment of the gold layer
with the adhesion layer, and the single monolayer film preserves the smoothness, shape
and optical clarity of the fused silica template. An organic adhesion layer won’t migrate
into the gold layer at elevated temperatures, but is only thermally stable to ~350 °C.39
There are several possible bi‐functional organosilanes that could be used as gold adhesion
layers, including those with thiol groups34,40‐42 and amine groups43,44. The most commonly
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used organosilane adhesion layer for gold is 3‐mercaptopropyl trimethoxysilane
(MCTMS).34,40,41
MCTMS SAM deposition on flat silica is typically done by immersing the cleaned and
hydroxylated substrate in a dilute (1:10, MCTMS:ethanol) solution for up to 24 hours.
MCTMS has been deposited from the vapor phase with the sample suspended over a
refluxing toluene/silane mixture,40 and using scCO2 as the solvent in a reactor at 150 °C.45
Cao et al. demonstrated the deposition of monochloro, dichloro, and trichloro silanes on the
native oxide of silicon wafer substrates at room temperature using scCO2 as the solvent.46
It has been shown that hydroxyl groups on silica that are normally inaccessible are
accessible in supercritical CO2.47 Several groups have functionalized the inside of silica
capillaries or tubes with organosilane SAMs, but the small size of the MOF pores presents
additional challenges.13,15,48
The inner surfaces of the MOF pores are clean and dry (low concentration of hydroxyl
groups on the surface) due to high purity of the fused silica starting material and the high
temperature of the fiber pulling process. Initial deposition trials based on the piranha
cleaning/hydroxylating procedure used for flat surfaces were largely unsuccessful. Hot
piranha attacks the high‐pressure stainless steel fittings used to apply pressure to fiber, so
only room temperature piranha (1:1:1, water: 30% H2O2:H2SO4) could be used.

The

piranha solution tended to clog the pores and the use of piranha, especially under high
pressures, required additional safety precautions.

Attempts to hydroxylate the pore

surface using steam or hot water roughened the inner pore surface and under some
conditions resulted in a significant expansion of the pore diameter. Steam is known to
dissolve silica.49 Work with Fatih on the deposition of octadecyltrichlorosilane (OTS),
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resulted in a room temperature water procedure for hydroxylating the silica surface. In
this procedure filtered liquid water is pushed through the MOF pore using a nitrogen back
pressure of 6.9 MPa psi for 12‐24 hours in order to hydroxylate the fused silica. Using this
hydration procedure OTS SAMs deposited in 50 µm diameter capillary MOFs were
demonstrated to be comparable in quality to those deposited using conventional
techniques on flat surfaces.24 The use of 0.2 µm PTFE filtration of all fluids injected into the
fibers greatly reduced the instances of fiber clogging.

In order to expand the OTS

deposition technique to small micro and nanoscale MOF pores where the use of liquids is
not practical, an all ncCO2 based OTS deposition technique was developed using a wet CO2
based hydroxylation procedure. It has been shown that supercritical CO2 can be used to
control the amount of adsorbed water and surface hydroxyl groups on silica surfaces.50
Wet CO2 was made by combining 100 µL filtered distilled water with 3 mL dry CO2 (8.2
MPa) and heating to 100 °C for 1 hour. Increasing the temperature, especially beyond the
critical point of CO2, is known to increase the mole fraction of water in CO2, with ~2*10‐3
mole fraction of water in CO2 expected at room temperature and 8 MPa.51 Once cooled, the
wet CO2 flowed through the fiber for 48 hours before being flushed with dry N2 or CO2. As
depicted in Figure 2‐7, after hydroxylation by either liquid water or wet CO2, an MCTMS
SAM was deposited using either 1:10 MCTMS in pure ethanol or 100 µL MCTMS dissolved
in 3 mL CO2 (8.2 MPa).

After deposition, the pores were flushed with either pure filtered

ethanol or CO2. When possible, flushing with pure ethanol for several hours after MCTMS
deposition reduced the instances of fiber clogging and reduced the amount of polymerized
MCTMS in the pores. After the pure ethanol was flushed from the MOF with N2 gas, gold
was deposited using the same thermal decomposition techniques described above.
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Figure 2‐7. Deposition of 3‐mercaptopropyl trimethoxysilane in MOFs
Successful deposition of MCTMS was primarily determined by the morphology of the
gold layer deposited on the MCTMS adhesion layer. SEM images of gold deposited on an
MCTMS adhesion layer show conformal thin films without the separated gold islands
typical of gold deposition on bare silica (Figure 2‐8). Gold films on MCTMS have been
demonstrated in MOF pores as small as 500 nm. While an organic adhesion layer such as
MCTMS won’t migrate into the film even at elevated temperatures, the adhesion layer will
decompose/combust at elevated temperatures, limiting gold deposition to temperatures
below 250 °C. It has been shown that MCTMS layers on the native oxide of silicon are
stable up to 350 °C in vacuum.39 More oxidizing conditions may result in the oxidation of
the thiol group at lower temperatures. No evidence of MCTMS layer degradation was
observed between 190 °C and 225 °C. Excessive MCTMS deposition times (>6 h) or
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insufficient post deposition flushing resulted in either fiber clogging or the deposition of
clumps of polymerized MCTMS in the fiber pores (Figure 2‐9).

A

C

B

D

Figure 2‐8. SEM images of single capillary gold thin films on an MCTMS adhesion layer with
different fiber diameters: (A) 5.5 µm, (B) 1.1 µm, (C) 1.6 µm, (D) 500 nm.
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40x

100x

Figure 2‐9. DIC microscopy image of polymerized MCTMS clumps left after deposition in an
array MOF.
Xray Diffraction
Characterizing materials deposited within the pores of MOFs presents unique challenges
due to the fiber geometry and the small amount of total material. Raman spectroscopy has
proven useful for the characterization of semiconductors deposited within the MOF pores.
Metallic gold is not Raman active due to the presence of an inversion center in its FCC
crystal structure. The large atomic mass of gold makes x‐ray diffraction a promising
characterization tool. The combination of a rotating anode x‐ray generator capable of
generating a high intensity well‐focused x‐ray beam with a Guinier image plate camera
capable of collecting the entire high resolution diffraction pattern at one time allows for the
collection of x‐ray diffraction on small amounts of in‐fiber deposition. A conventional x‐ray
generator with a scanning theta‐2theta detector would not have sufficient signal‐to‐noise
ratio for use in characterization of MOF deposition.
The x‐ray diffraction pattern for gold deposited on an MCTMS adhesion layer in an array
fiber with 8‐9 µm pores (Figure 2‐10A) agrees well with the reported gold pattern shown
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in blue. There is no evidence of crystalline contamination, and the slight background at low
angle is attributed to the fused silica of the MOFs themselves. The discrepancy in relative
intensities between the literature values and the measured pattern suggests a preferred
direction for the gold crystals in the wires. This is probably due to preferential grain
growth rather than preferential nucleation. Polycrystalline gold is known to grow in the
(111) direction during annealing at temperatures in the same range needed for MOCVD
deposition.52,53

The MCTMS adhesion layer does not effect the grain growth.

Gold

deposited in the same array MOF on bare silica without an adhesion layer shows the same
relative intensities. While it is possible to get a low noise diffraction pattern of a gold tube
array with an air background, the scattering of the x‐rays by the oxygen and nitrogen in the
air prevent the collection of x‐ray diffraction on single gold wires. Helium has a much
smaller x‐ray scattering cross‐section, and enclosing both the sample and the Guinier
camera in a helium environment reduces the background, increasing the signal‐to‐noise
ratio. The x‐ray diffraction pattern of a single 5.5 µm gold tube in a fused silica MOF
collected using a custom‐built helium enclosure is shown in Figure 2‐10B. The MOF
template allows for the deposition and placement of a single microscale gold wire/tube for
characterization by x‐ray diffraction.
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Figure 2‐10. X‐ray diffraction of gold wires. (A) Gold deposition at 275 °C in an array MOF
with 8‐9 µm MCTMS coated pores. 600 sec collection. (B) Gold deposition at 275 °C in a
single MCTMS coated 5.5 µm capillary pore. 1800 sec collection.
In powder x‐ray diffraction, the peak width is determined by the average crystal size of
the sample, with larger crystal sizes resulting in narrower diffraction peaks. The average
crystal size can be determined using the Scherrer equation,54,55

where D is the crystal size in Å, λ is the wavelength in Å (1.5418 Å for Cu), β is peak
broadening in radians, from the full width half max, θ is the peak position, and k is a
constant (0.8859 from D'Agostino used here).56 Peaks were fitted using a Voigt fit, and an
instrument broadening of .1186 degrees was subtracted from the FWHM to obtain the
peak broadening for six samples of gold deposition in a honeycomb MOF with ~2 µm pores
(Figure 2‐11). Three samples had an MCTMS adhesion layer (Figure2‐11A), and three were
bare fused silica (Figure2‐11C). Note that thin silica walls of the MOF required that the
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MCTMS be deposited using the all ncCO2 technique. As expected for both MCTMS coated
and bare, the peak broadening decreases with increased deposition temperature (Figure 2‐
11B,D). The grain size in gold microwires is known to increase with annealing.57 The peak
shift at higher gold deposition temperatures might be an indication of stress in the gold
crystals. The calculated average crystal size (Table 2‐1) shows a larger crystal size at the
same deposition temperature for the samples with the MCTMS adhesion layer. The small
pore size and the tubular nature of the gold deposition limits the accuracy of calculating an
average crystal size. X‐rays that pass through the edge of the tube will see a smaller crystal
size, limited by the size of the pore, than x‐rays that pass through the middle of the tube.
The relevant data is the trend in average crystal size for samples deposited in the same
MOF template. Additional research is needed to confirm and explain the observed increase
in crystal size when using an MCTMS adhesion layer.
Gold Deposition
Temperature
200 °C
225 °C
250 °C
300 °C

Average Crystal Size (111)Å
Bare Silica
MCTMS Adhesion Layer
553
607
606
665
875
706

Table 2‐1. Average crystal size for gold tubes deposited in honeycomb MOF (2 µm pore
size)
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Figure 2‐11. X‐ray diffraction patterns for gold tubes deposited in honeycomb fiber (~2 µm
pore size) (A, C) with ncCO2 deposited adhesion layer. (B, D) Bare silica.
Reflectivity
The MOF template provides an excellent platform for the construction of plasmonic
devices, due to the low optical loss of fused silica in the visible and near‐IR and the near
atomic smoothness of the silica walls. Having already demonstrated the deposition of
smooth gold films within the MOF pores, the next step is the demonstration of plasmon
coupling to the gold films within the pores. These initial reflectivity experiments were
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conducted at the Optoelectronics Research Centre at the University of Southampton as part
of the WUN program. Using a spectrometer coupled to an optical microscope, reflectivity
data was collected on a series of 1.6 µm single pore MOFs coated with a thin gold film
deposited at different temperatures on an MCTMS adhesion layer (Figure 2‐12). Both
brightfield and darkfield spectra were collected along the length of the fiber using the
microscope's tungsten white light source and normalized to a silver mirror.
Neither the brightfield nor darkfield spectra show significant changes with deposition
temperature.

There is also no evidence of strong plasmon coupling in the visible

wavelengths. Plasmon coupling would cause a dip in the reflectivity spectrum as the light
at that wavelength was coupled instead of reflected. There are two broad dips evident in
the brightfield reflectivity data. The dip between 400 and 500 nm is due to the intrinsic
reflectivity of bulk gold.

The dip between 500 and 600 nm is due to the plasmonic

coupling of the light to the gold islands at the ends of the continuous film deposition. The
breadth of this dip indicates a large dispersion in the size of the gold islands. These results
are supported by the darkfield spectra, which have been labeled by the observed reflected
brightfield color of the gold film at the spot the spectrum was collected. The bright gold
regions show a spectrum characteristic of bulk gold. As the gold film becomes thinner the
dip from bulk gold decreases, and when the film is discontinuous islands, which appear
pink in reflected light, the dip characteristic of gold nanoparticles is evident.
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Figure 2‐12. Reflectivity measurements of 1.6 µm diameter gold wires deposited within the
MCTMS coated pores of fused silica MOFs. Bright field spectra at 375 °C have been
smoothed for greater clarity.
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There are a number of possible reasons that plasmon coupling to the gold tube was not
observed in these experiments. In order to achieve plasmon coupling, the momentum or k‐
vector of incident light must be matched with the k‐vector of the plasmon modes. For flat
surfaces this is achieved using either a prism (Kretschmann geometry) or a diffraction
grating. Even with the large range of excitation angles provided by the high NA microscope
objective, there may still not have been an effective momentum match. The wavelength
range of the reflectivity measurements was limited by the available detector/spectrometer
and the 1.6 µm tubes would be more likely to couple in the near‐IR than in the visible
region measured. The thickness of the gold films along the length of the fiber is known to
vary from the SEM cross‐section data. Using a 100x oil immersion objective instead of the
50x dry objective that was available would have sampled a smaller region of the gold tube,
narrowing the breadth of any spectral features due to plasmon coupling. Additional
experiments, especially in the near‐IR, and modeling work would be necessary to gain a
better understanding of how to achieve side‐on plasmon coupling with these MOFs.
EndOn Transmission
The second plasmon excitation geometry of interest is end‐on transmission through the
pores of the fiber. Preliminary experiments to explore this geometry focused on gold
deposited in multipore arrays. 1‐2 mm sections of the MOF after gold deposition were
placed in a custom holder and the pores were filled with a fluid with a refractive index
greater than that of fused silica (n=1.46). Cargille fluid with an index of 1.62 was used for
the experiments in Figure 2‐13. After filling with fluid, a piece of cover slip was placed on
both ends of the fiber to allow light transmission while preventing loss of the high index
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fluid. White light from a tungsten lamp was coupled into one end of the fiber with a 20x
objective, and the output was collected with a 20x objective in a conventional microscope.
The results show that in different pores different wavelengths of light are transmitted
preferentially. Without the gold deposition, the pores transmit white light uniformly. The
gold films in these experiments were not deposited on an adhesion layer, and most of the
plasmon coupling observed is likely due to coupling to gold nanoparticles and islands
rather than to the film itself. The gold film is not of uniform thickness over the length of
fiber samples needed for this experiment. Recent techniques of in‐fiber UV epoxy curing
and fiber polishing developed in the Badding lab would allow for smaller lengths of fiber to
be analyzed without the need for coverslips on the fiber ends. The same momentum
matching challenge exists for plasmon coupling end‐on as it does for side‐on coupling.
Detailed modeling is needed to understand the best way to couple into the plasmon modes
of the gold thin film tubes, either the end or the side.
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Figure 2‐13. Microscopy images of white light transmitted through MOF with an array of 8‐
9 µm pores coated with gold and filled with high index fluid.
Gold Wire Mats
While for most applications it is desirable to keep the gold thin films or tubes within the
silica matrix of the MOF, the tubes can be easily removed from the silica using an HF etch to
create individual tubes or mats or aligned gold tubes (Figure 2‐14). The high aspect ratio
of the tubes keeps them aligned even after removed from the silica. Individual 8‐9 µm
wires were separated from fully etched mats for use in light scattering studies (Chapter 5).
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Figure 2‐14. Optical microscopy image of an array of 1.6 µm gold tubes removed from the
silica matrix.
Optical microscopy of the mat of 1.6 µm gold tubes revealed plasmon coupling between
closely separated gold tubes in the mat (Figure 2‐15). Polarized white light transmitted
through the closely spaced gaps in parallel gold tubes appears, depending on the tube
separation, as red or blue when the excitation light is polarized in the right direction.
Images of the right of Figure 2‐15 show the red transmitted light in narrow gaps between
the parallel tubes that are not evident in images of the same spots on the mat shown on the
left of Figure 2‐15, where the polarization of the transmitted light is rotated 90o. Since
these mats are etched free of the silica matrix and the surfaces of the tubes are smooth,
there are no gold islands or nanoparticles present. This is the best evidence to date that
gold tubes deposited within the MOF pores are capable of plasmon coupling. It also
underscores the importance of tube spacing and light polarization in observing plasmon
coupling with gold structures within the MOF.
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Figure 2‐15. Transmitted bright field optical microscopy of 1.6 µm gold wire mats etched
from MOFs in microscope immersion oil (n=1.515). Images on the right are the same spots
as on the left, but with the polarization of the light rotated 90o. All scale bars are 20 µm.
In order to obtain better quantitative measurements of the plasmon coupling, the visible
spectrum of the light being transmitted through the gaps was collected on a Renishaw
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InVia microRaman. The normalized transmission spectra show increased transmission of
the longer wavelengths, particularly for spots 2 and 4 (Figure 2‐16). Spot 5 shows a
complex transmission, perhaps from several different gaps within the collection area. Since
the spacing and length of the gaps are highly variable, it is expected that transmission
spectra will vary from spot to spot. Even with a 100x collection objective, it is not possible
to collect only the light transmitted through a single gap. Improved illuminating optics
using a high magnification objective would reduce the amount of the sample illuminated,
cutting down the background transmission. For the investigation of plasmon coupling, the
ideal case would be to obtain a single pair of tubes with a controlled separation. This level
of fabrication control and individual addressability can only be achieved with MOFs.

Spot 1

Spot 2

Spot 3

Spot 5

Figure 2‐16. Normalized transmission and optical microscopy images of 1.6 µm gold wire
mats in microscope immersion oil using polarized light.
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CONCLUSION and FUTURE WORK
The basic foundation has been laid for the deposition of gold films of varying thicknesses
for the fabrication of plasmonic devices within MOFs. The use of an MCTMS adhesion layer
proved critical for the deposition of thin continuous gold films on the fused silica surface of
the MOF pores. Long gold tubes of uniform thickness have been demonstrated through the
use of Neil Baril’s traveling furnace technique, and pure photochemical decomposition
using UV light allows for the use of lithographic techniques for the deposition of more
complex gold structures.

The effect of an adhesion layer and increased deposition

temperatures on the gold crystal size was investigated using x‐ray diffraction. Preliminary
optical characterization of the possibility of coupling visible light to the plasmon modes of
the gold tubes showed the importance of careful experimental design to match the k‐
vectors, but the observed coupling in gold tube mats etched from the MOFs demonstrated
that coupling is possible.
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Chapter 3

Infiber Surface Enhanced Raman Spectroscopy
INTRODUCTION
The detection and characterization of dilute chemical vapors is one of the most
challenging problems in analytical chemistry.

Chemical vapor sensing outside the

controlled laboratory setting presents additional challenges, including the small number of
total analyte molecules in a sample volume, the large number of interferants, and the
inhomogeneous nature of chemical vapor plumes. Despite having the same challenges,
chemical vapor sensing is highly prevalent in biological systems.

While there is

considerable individual variability, humans have been shown to have detection limits as
low as 2.5 ppb for butylbenzene,1 2.9 ppb for hexyl acetate,2 and 7.1 ppb for n‐amyl
acetate.3 Other biological systems have been shown to have even lower limits of detection
and the ability to distinguish a wider variety of chemical vapors.

Among the most

commonly studied are moths4‐6 and canines.7 The ability of moths to detect, distinguish,
and track dilute chemical vapors in real world environments makes them an ideal model
system for the fabrication of a non‐biological chemical vapor sensor. The chemical sensing
organ on a moth is the antenna, which is composed of tens to hundreds of thousands of
sensilla. Each sensillum is a hollow hair that contains several olfactory receptor neurons.
On the surface of these sensilla are nanoscale pores,4 and depending on the species, ridges
or other surface features. The surface of the sensillum also has specific coatings that are
thought to select and focus analyte molecules into the nanopores for detection. The
microstructured optical fiber (MOF) platform functions as an analog of the moth sensilla
with nanopores that can be tightly controlled, and the fused silica template is easily
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functionalized using standard silane chemistry to control the surface chemistry. A high
sensitivity, highly selective bio‐inspired MOF based chemical vapor sensor would have a
variety of civilian and government applications.
One of the most challenging yet urgent applications for a dilute chemical vapor sensor is
the detection of high explosives and improvised explosives.8,9

Detection of IEDs

(improvised explosive devices) in Iraq and Afghanistan and explosives in general for
homeland security purposes remains a technical challenge despite years of research. Most
explosive compounds, especially high explosives, have very low vapor pressures. Even in a
sealed container the concentration of the explosive vapor in the headspace above the
explosive is in the ppb to ppt range (Figure 3‐1). The concentration of vapor in an open
space or for an explosive intentionally hidden would be even lower. There are very few
reported techniques to detect nitrogen based explosive vapors directly due to their low
vapor pressure. TATP (triacetone triperoxide), a non‐nitrogen explosive has been detected
in the lab at the 10 ppb level using selected‐ion flow tube mass spectrometry, a high
vacuum technique.10 IR spectra of the vapor of the nitrogen based explosives TNT, RDX,
and PETN have been obtained from solid samples at elevated temperatures (120‐200 oC).11
TATP, TNT, PETN, HMX, and RDX have been detected from evaporated solutions using IMS
(ion mobility spectrometry)12 and FTIMS.13
A more common approach for chemical vapor detection of explosives is to detect a more
volatile component that is present along with the explosive of interest. 2,4‐dinitrotoluene
(2,4 DNT) is present in small amounts in commercially produced trinitrotoluene as a bi‐
product of the production process. 2,4 DNT has a vapor pressure (1.1*10‐4 Torr) ~2
orders of magnitude higher than TNT (8*10‐6 Torr) and may be one of the components that
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canines actually smell when sensing TNT. The limit of detection for 2,4 DNT vapor has
been reported using SERS techniques at 20 ppb 14 and 1 ppb,15 using TOFMS (time of flight
mass spectrometry) at 40 ppb,16 and using a fluorescence based artificial nose at 120 ppb.17
EGDN, ethyleneglycol dinitrate, a higher vapor pressure taggant in nitroglycerin based
dynamite has been detected by IMS with a 10 ppb limit of detection.18 While these
reported limits of detection are sufficient to detect the higher vapor pressure components
in the laboratory, they lack field portability, selectivity against common interferents, and
sensitivity to the lower vapor pressure components.

Figure 3‐1. Graph of vapor pressure concentrations of common explosives and higher
vapor pressure components vs. their molecular weights. From The National Research
Council.9
Chemical vapor sensing also has a number of non‐military applications such as
agriculture. While it may be possible to use chemical vapor sensing to detect rotting
produce or spoiled/contaminated meat, the most exciting agricultural application may be
in the detection and characterization of traumatized plants. Plants that are being or have
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been recently damaged release a complex mixture of volatile organic chemical
compounds.19 This release of volatile organics is what gives freshly cut grass its unique
smell. Plants under attack by insects also release a mixture of volatile organics.20‐22 With
the appropriate chemical vapor sensor and research, it may be possible for a farmer to
detect when a field is under attack by insects, using a remote sensor before the damage
becomes visible, reducing the need for preemptive use of pesticides. The same sensing
technology could be used at ports or other border checkpoints to determine if a shipment
contains insects that are feeding on the plants/produce without the need for a visual
inspection. Plants under duress emit a number of different volatile organic compounds, or
green leafy volatiles (GLVs), including a large number of different terpenes and trepinoids.
Compared to vapors from explosives, these compounds have a lower molecular weight and
much higher vapor pressures,23 resulting in concentrations in the 100s of ppm range. The
need for selectivity and specificity in detection is much higher than for explosive sensing.
For example, maize plants under attack by caterpillars release (Z)‐3‐hexenal, (E)‐2‐
hexenal, (Z)‐hexen‐1‐ol, and (Z)‐3‐hexen‐1‐yl acetate immediately upon being damaged.21
Methyl salicylate is also commonly released by plants under attack by herbivores or
viruses.24 Chemical vapor sensing of plant volatiles is a developing field, with the need for
a portable sensor to replace the laboratory GC and GCMS techniques currently used.
Raman Spectroscopy of Explosives
Raman spectroscopy and surface enhanced Raman spectroscopy (SERS), in particular,
are potentially promising techniques for chemical vapor sensing of explosives.25,26 Raman
spectroscopy is a nondestructive technique that can easily be miniaturized for field
deployment and does not require a vacuum pump. Organic compounds have unique
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Raman spectra allowing for high selectivity and easy discrimination between different
compounds in the same family. Bulk nitrogen based explosives can be detected by the
shared NO2 Raman stretching band at ~1320 cm‐1, yet each explosive has a unique Raman
spectrum, especially in the lower wavenumber “fingerprint” region (Figure 3‐2). Raman
spectroscopy can use a wide range of excitation wavelengths in order to maximize signal
and reduce noise. For explosive compounds, moving to longer excitation wavelengths
helps prevent problems with sample fluorescence. Excitation at 514 nm (Ag ion) results in
sample fluorescence for TNT, HMX, and C‐4, with the TNT fluorescence preventing
detection completely. All five explosives can be detected at 632.8 nm (HeNe), but the signal
to noise is still limited by the strong fluorescence background. Moving to the near‐IR (752
nm) greatly improves the signal‐to‐noise ratio for all five explosives tested (Figure 3‐2).
The major challenge with Raman spectroscopy for vapor detection is low sensitivity.
Organic compounds have very small Raman cross‐sections ~10‐29 to 10‐30;27 this, combined
with the short path length of conventional Raman or microRaman instruments, greatly
limits the use of unenhanced Raman spectroscopy for chemical vapor sensing.
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Figure 3‐2. Raman spectroscopy of solid explosive samples at 514 nm, 632.8 nm, and 752
nm.
SERS is one of the most promising directions for explosive sensing with Raman
spectroscopy.28

Using nanoscale coinage metal structures, electric field based SERS

enhancement factors up to ~108 have been reported.

By combining chemical

enhancement, electric field enhancement, and resonance enhancements, total enhancement
factors of 1014 to 1015,29‐31 which allow for single molecule detection, have been reported.
For chemical vapor sensing, only the electric field enhancement is important. The vapor
molecules of interest are not resonant at visible wavelengths and chemical enhancements
typically require strong interaction between the metal and the analyte molecule.32 This
strong interaction of the analyte molecules with the sensor prevents straightforward
cleaning and reuse. There has been considerable research in randomly ordered gold and
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silver SERS sensors, including colloidal nanoparticles,33‐35 electrochemically roughened
surfaces,36 sputtered island films,36 and nanoporous substrates.37 While all these SERS
substrates show SERS enhancement factors, they share problems of sample to sample
reproducibility and spot to spot variation within the same sample. It is thought that most
of the SERS signal observed with these types of substrates is due to a few random “hot
spots” with very high enhancement factors.

Some of the more recent ordered SERS

substrates have much higher sample reproducibility and a more uniform SERS
enhancement factor.38‐41 If a high reproducibility high enhancement SERS substrate can be
developed, SERS will be a promising choice for a chemical vapor sensor.
Proposed MOF Based SERS Chemical Vapor Sensor
The MOF platform offers a number of advantages for the development of a chemical
vapor sensor. The pores of MOFs can be used as channels for the confinement and
transportation of chemical vapors. The small diameter and potentially long lengths of the
pores are important for the development of chemical separations. The high purity fused
silica of the fiber is mechanically strong enough to handle high pressures, can be easily
functionalized using standard silane chemistry, and is transparent to visible light, allowing
for sensing and characterization by optical and visible laser spectroscopies. The proposed
MOF based chemical vapor sensor (Figure 3‐3) has a separation region where the pore has
been functionalized with an organic or inorganic thin film to provide selectivity and a
sensing region where the analyte of interest is detected, in this case using a SERS substrate.
Initially this SERS substrate will be fabricated using MOCVD deposited gold islands. Future
iterations will be fabricated using nanoporous gold or nanostructured gold to increase the
enhancement factor and improve reproducibility. All of these possible SERS substrates
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allow for the excitation light and Raman scattered light to travel through the substrate and
the walls of the MOF. A high pressure plug of analyte in air is pushed through the pore
using an inert gas flow. Compressing the analyte and air sample allows for rapid flow in
micro‐ to nanoscale MOF pores and increases the total number of analyte molecules in the
sensing region without changing the concentration. The small total volume of the MOF
pores reduces the necessary sample volume and allows for the safe use of high pressures in
the field.

Single pores might be highly sensitive to an individual analyte due to

functionalization of both the separation region and the surfaces of the sensing region.
MOFs are available with large numbers of parallel pores that can be individually
functionalized and addressed to allow for the concurrent sampling of a large number of
analytes. While considerable research and development is still needed, the MOF platform
shows great promise for use as a chemical vapor sensor.

Figure 3‐3. Schematic of the proposed MOF based chemical vapor sensor. Not to scale.
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EXPERIMENTAL
Dimethyl Au(III) trifluoroacetylacetonate [63470‐53‐1] was obtained from Strem and
stored refrigerated in an argon glove box. Either “bone dry” or “Coleman” grade CO2 was
obtained from GTS and transferred to the custom built reservoirs using a Newport
Scientific two‐stage 206 MPa diaphragm pump.

In‐fiber gold island deposition was

accomplished by flowing a gold precursor solution (20 mg dimethyl Au(III)
trifluoroacetylacetonate in 3 mL ncCO2 (6.9 m MPa, 25 °C)) through the pores of the MOF
while heating the fiber in a custom‐built tube furnace. Deposition times ranged from 15
min to 4 h at temperatures between 190 °C and 300 °C. Typical gold island depositions for
SERS experiments were done at 225 °C for 1‐4 hours. Deposition times longer than 4 hours
generally resulted in gold plugs, preventing analyte flow. Fiber samples were ~30 cm with
the gold deposition located 2‐5 cm from the non‐reservoir end of the fiber. Longer fibers or
more dilute gold reservoirs require longer deposition times.
Analyte delivery for PNBT, paranitrobenzenethiol, was obtained by cleaving the fiber in
the middle of the gold deposition region and placing the freshly cleaved ends on a
microscope slide with ~1 mg of PNBT located ~5 mm from the end of the fibers. For all
other compounds the analyte was loaded in a 3 mL high pressure reservoir, which was then
assembled and filled with dry N2 gas to the desired pressure. Liquid analytes were loaded
with a syringe and needle (~100 µL) and solid analytes were loaded using a funnel
fabricated from a glass Pasteur pipette. Benzenethiol and propanethiol reservoirs were
loaded and stored in the fumehood with a bleach cleanup.
Raman spectra were collected using Renishaw inVia microRaman systems in a
backscattering configuration perpendicular to length of the pore. Raman collection was
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typically done using a Leica 50x 0.7 NA microscope objective or a Leica 100x oil immersion
objective 1.2 NA with silica index matching oil from Cargille with 0.4‐0.6 mW of power to
the back of the objective. 632.8 nm excitation was provided by a JDS Uniphase HeNe laser,
and 752 nm excitation was provided by a Coherent CW Ti:Sapphire laser pumped with a
Coherent 161 argon ion laser. All Raman spectra collected on 500 nm diameter ID fiber
was collected using an oil immersion objective. Higher laser powers result in heating of the
SERS substrate causing analyte desorption and changes in the gold morphology.

RESULTS
Gold Island Deposition
The details of gold deposition and characterization were addressed in Chapter 2. It was
observed that gold films deposited within MOF pores by thermal decomposition of
(Au)DMtFacac dissolved in ncCO2 were discontinuous on both ends of the deposition. Due
to the temperature profile of the furnace and mass transport limitations within the fiber,
the ends of the deposited gold film consist of separated gold islands. On bare fused silica
the size and separation of the island is dependent on temperature and deposition time. By
optical microscopy, the ends of the gold deposition appear the same bulk gold color as the
remainder of the film in reflection and red to pink in transmission. This red color is due to
the plasmon coupling of the green light to the gold nanoislands, consistent with the results
reported for colloidal gold nanoparticles. SEM images of the cleaved cross‐sections of the
MOF pores at the ends of the deposited gold film (Figure 3‐4) confirm that the deposition
consists of separated gold islands, with the size of the gold islands depending on the
position, and thus temperature, along the fiber. While these initial studies used a 300 °C
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deposition temperature, a more consistent SERS substrate was obtained using a 225 °C
deposition temperature.

Figure 3‐4. SEM images of gold island films deposited in ~1.6 µm diameter MOF pores by
the thermal decomposition of (Au)DMtFacac at a furnace set point of 300 °C.
Paranitrobenzenethiol
For

initial

studies

looking

for

evidence

of

a

SERS

enhancement,

PNBT,

paranitrobenzenethiol, was chosen as the analyte. PNBT has both a thiol functional group
to bond to the gold substrate as well as a NO2 group, which has a strong distinct Raman
band. The presence of an aromatic ring in PNBT increases its Raman scattering cross‐
section, making it easier to detect. After gold deposition, the MOFs were cleaved in the
middle of the gold deposition region. Both cleaved ends were suspended above a drop of
PNBT dissolved in toluene. The PNBT was allowed to enter the pores by simple diffusion
while Raman spectra were collected from the gold region by focusing a 632.8 nm laser
using a 40x long working distance microscope objective and collecting the Raman scattered
light in a backscattering configuration. The vapor pressure of PNBT has not been reported
experimentally. It has been estimated at 5.93*10‐3 mm of Hg (~8 ppm) at Chemspider
based on MPBWIN v1.42. Initial results (Figure 3‐5) were promising, demonstrating both
SERS activity and diffusion of the analyte into the MOF pores. The peaks at 1080 and 1110
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cm‐1 are characteristic of SERS of PNBT42 and are not present in Raman of the bulk. There
is also no Raman evidence of the thiol peak at 2200 cm‐1 (not shown), indicating that all the
PNBT is bonded to the gold SERS substrate.

Since only molecular bonds oriented

perpendicular to the surface are strongly enhanced, the SERS spectrum is often different
from the bulk spectrum, especially for molecules that are preferentially oriented on the
surface. Diffusion times for these ~1.6 µm pores were several hours, far too long for a
chemical vapor sensor.

Figure 3‐5. SERS spectrum of PNBT in a ~1.6 µm MOF pore coated with a gold island film.
Benzenethiol
Most flat SERS substrates are tested using a self‐assembled monolayer formed by
immersing the substrate in a dilute thiol solution for 2‐24 hours. Subsequent rinsing and
drying of the substrate insures that only a bonded monolayer remains on the surface. Since
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the maximum packing of a thiol‐bonded monolayer of gold or silver is known, the total
number of molecules excited can be estimated from the estimated surface area. Using the
total number of molecules, the incident laser power, and the intensity of the Raman signal,
the SERS enhancement factor can be calculated. Benzenethiol is commonly used for this
purpose, due to its high cross‐section, and was selected due to its high vapor pressure, 1.9
Torr at 25 °C.43 Benzenethiol (~250 µL) was loaded in a high pressure reservoir and
diluted with 3 mL N2 at 6.9 MPa, resulting in a final concentration of ~37 ppm. Note that
benzenethiol should only be handled, stored, and loaded while in the fume hood. Due to
the very strong smell of thiol containing compounds, extra caution is required to prevent
accidental release of the dilute vapor from the reservoir.

The diluted benzenethiol

reservoir was attached to a ~35 cm single 1.6 µm capillary MOF with a deposited gold
island film located ~30 cm from the reservoir. SERS spectra were collected both before
and during benzenethiol deposition from dilute vapor flow (Figure 3‐6). Before deposition
the spectrum shows a background from amorphous carbon (~1600 cm‐1) and broad
photoluminescence. The intensity of the benzenethiol bands increases with time after
starting the vapor flow, consistent with increasing coverage of SERS substrate with
benzenethiol molecules. The benzenethiol bands evident at time zero are due to the length
of time required to scan though Raman spectrum (~2 min).

This time zero result

demonstrates the retention time of benzenethiol in the fiber at this pressure is less than 2
minutes and strongly suggests that benzenethiol can be detected at submonolayer
coverages.

At longer deposition times (not shown) the intensity of the SERS bands

plateaus, consistent with reaching full benzenethiol coverage.
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Figure 3‐6. Raman spectra from a MOF based gold island substrate during benzenethiol
deposition.
MOF pores can be drawn down to diameters of tens of nanometers, and small pores offer
many benefits for chemical vapor sensing. Smaller pores require smaller analyte volumes
and have longer retention times allowing for better selectivity and separations. They are
also closer to the nanoscale pores on moth sensilla and allow for more pores in the same
size MOF. As the pores get smaller the distance between gold islands on opposite sides of
the pore get closer together, which may allow for better control of the gold island spacing.
Reducing the MOF pore diameter reduces the length over which MOVCD gold deposition
occurs and increases the likelyhood of clogging the pore during deposition. Gold SERS
substrates have successfully been deposited in ~500 nm pores and tested with
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benzenethiol SAMs (Figure 3‐7). Gold has been deposited in pores with diameters as small
as 115 nm, but no SERS of benzenethiol was observed. The observed SERS background
spectra suggest that no benzenethiol reached the gold, due to plugging of the pore during
deposition. Successful deposition of gold SERS substrates in sub 250 nm diameter pores
will require better control of the gold morphology, by both controlling the surface chemisty
and the deposition conditions.

Figure 3‐7. SERS spectra of a benzenethiol SAM on a gold island substrate deposited in a
500 nm diameter capillary MOF. The spectrum from a comparable gold island SERS
substrate in a 1.6 µm diameter MOF pore is included for reference.
SERS and Extinction Mapping
A gold island SERS substrate deposited in a honeycomb, or large air fraction fiber, with
~2 µm diameter pores separated by 30‐40 nm silica walls was used to compare the optical
and plasmonic properties with the SERS intensity. The large number of closely spaced
pores allows for transmission spectra to be obtained through the fiber and provides a built‐
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in averaging of the gold deposition, reducing the importance of “hot spots”. After coating
the SERS substrate with a benzenethiol SAM, Raman spectra were collected perpendicular
to the length of the pores at 1 mm increments along the length of the gold deposition with
both 632.8 and 752 nm excitation (Figure 3‐8). The sample had two distinct locations with
peak SERS intensity, at 12 and 16 mm for both excitation wavelengths. For 752 nm
excitation, the intensity maximum at 11‐12 mm is broader and shifted towards 11 mm.
While the observed SERS intensity is greater at all locations for 632.8 nm excitation, it is
not normalized for laser power or instrument efficiency. The Raman cross‐section has a λ‐4
power dependence, a νo(νo‐νj)3 dependence for modern photon counting detector where νo
is the intensity of the excitation light in cm‐1 and νj is the vibrational frequency of the
Raman mode in cm‐1.27 For the same SERS enhancement factor, the normalized SERS
intensity using 752 nm excitation would be ~0.48 of the normalized intensity using 632.8
nm excitation.

Also of interest is the shift in relative intensities between 1075 and 1575

cm‐1 peaks. At 632.8 nm the 1575 cm‐1 peak is more intense, and at 752 nm the 1075 cm‐1
peak is more intense. It is unknown if this is an instrument effect or an effect of the
plasmonic properties of the SERS substrate. The intensity difference between the two
Raman bands changes with position along the sample at the same excitation wavelength.
This change in relative intensities at the same excitation wavelength on the same
instrument cannot be caused by instrument effects.

The lack of uniform SERS

enhancement is consistent with the SEM images and observed intensities in other samples.
The slight shift in location of maximum SERS enhancement with excitation wavelength is
less than expected.
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Figure 3‐8. Graph of SERS intensity vs. distance along the MOF for the region of gold
deposition at 632.8 and 752 nm excitation.
Measurements of the transmission spectrum along the length of the fiber were taken
using the microscope’s white light source focused into the center of the pore array and
collected with a 50x 0.7 NA microscope objective. The extinction spectrum at each location
along the fiber (Figure 3‐9) was calculated to determine whether a correlation between the
optical properties and SERS enhancement could be determined. Extinction (E)=log10 Io/I,
where I is the measured intensity and Io is the intensity of the input light, in this case the
intensity of the light without a sample.44 If there is no light absorption the extinction would
be a flat line, and peaks in the extinction spectra correspond to increased absorption.
Peaks in extinction spectra have been linked to spectral location of the peak in SERS
enhancement factor.40,45 For nanostructured samples with well defined extinction spectra,
the extinction peaked at a longer wavelength than the excitation wavelength of maximum

84

SERS enhancement.

Maximum SERS enhancement was achieved when the extinction

maximum was located between excitation wavelength and the Raman scattering
wavelength. This honeycomb MOF SERS substrate lacks distinct extinction peaks. At 12
cm, the location of maximum SERS intensity for 632.8 nm excitation, there is a peak in the
extinction spectra at ~630 nm. At 11 and 16 cm, the two observed SERS intensity peaks for
752 nm excitation, there is an extinction peak at ~740 nm. At other locations, high SERS
intensity does not appear to correspond to an extinction peak at the excitation wavelength.
For example, at 11 cm there is a minimum at the 632.8 nm excitation wavelength (solid red
line) with an increase at the corresponding Raman scattering wavelengths (dotted red
lines). No definitive conclusion about SERS intensity can be drawn from the extinction
data, due the complexity and variation in the spectra. The extinction spectra change
significantly along the length of the MOF, and the extinction peaks are very broad,
consistent with a poorly controlled gold island SERS substrate. In most of the fiber
locations there is an extinction peak at 580‐590 nm that has no observed correlation with
SERS intensity. This extinction peak may be due to the ~30 nm spacing between MOF
pores. The thin silica walls between pores lead to a consistent gold island spacing in one
dimension, which is inaccessible to analyte molecules. Collection of the extinction spectra
using polarized incident light may be able to isolate this effect.
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Figure 3‐9. Extinction spectra collected along the length of a honeycomb MOF based SERS
substrate using unpolarized transmitted light. (solid lines) 632.8 nm (red) and 752 nm
(black) excitation wavelengths, (dashed lines) 1075 cm‐1 and (dotted lines) 1575 cm‐1
Raman scattering wavelengths for (red) 632.8 nm and (black) 752 nm excitation.
Sensor Functionalization
The gold island surfaces of the SERS substrate can easily be functionalized using thiol
based SAMs. These coatings could be analyte specific, designed to bind specific analytes or
prevent the adsorption of specific analytes.

They could also be used as an internal

calibration source or constant background. The major challenge with functionalizing the
gold surface is keeping the coating thin enough to preserve the SERS enhancement. The
evanescent field responsible for the electromagnetic portion of the SERS enhancement
decays exponentially with distance from the gold surface. A propanethiol SAM, which has a
thickness of ~0.45 nm, was chosen as a model coating.

It has been shown that a

propanethiol SAM is short enough to have a minimal effect on SERS enhancement.46
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Alkanethiol SAMs have been shown to control the orientation and adsorption of aromatic
molecules on gold surfaces.46‐49 On bare gold it is generally most energetically favored for
the aromatic rings to adsorb flat on the surfaces for low adsorbate surface coverages.50‐52
For functionalized aromatic rings, such as TNT or 2,4 DNT, this results in the bonds of the
functional group also being oriented parallel to the surface.

Bonds parallel to the

evanescent field of a SERS substrate are not enhanced. It is difficult to use SERS to
distinguish between simple aromatic molecules with different functional groups at low
coverages. The gold island SERS substrate within a 500 nm single capillary MOF was
functionalized with a propanethiol SAM, and a mixture of 1,2 dichlorobenzene and
nitrobenzene vapor in 6.9 MPa nitrogen was introduced into a 50 cm fiber. SERS spectra
were collected every ~2 minutes to demonstrate the ability of a functionalized SERS
substrate to distinguish between aromatic molecules with different functional groups
(Figure 3‐10). After 20 minutes of flow, small CCl and NO2 peaks appear in the SERS
spectrum.

The results after 35 minutes confirm that both 1,2 dichlorobenzene and

nitrobenzene are present and can be distinguished in the SERS spectrum. No separation of
the two analytes was observed. The ability to functionalize both the bare silica of the pore
and the SERS substrate itself allows for flexibility in creating a high sensitivity, high
specificity chemical vapor sensor.
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Figure 3‐10. Detection of 1,2 dichlorobenzene and nitrobenzene vapor using a
propanethiol SAM functionalized 500 nm diameter MOF based gold island SERS substrate.
Reference spectra for 1,2 dichlorobenzene and nitrobenzene are for the neat liquid.
Propanethiol reference spectrum is for gold island SERS of a SAM.
Carbon Contamination
Contamination of gold and other noble metals by carbon and carbon containing
compounds during thermal decomposition of MOCVD precursors is widely reported (see
Chapter 2). The confined nature and small total quantities of material have prevented a
direct measurement of the carbon content of the gold deposited within the MOF pores. The
presence of both amorphous carbon and carbon containing compounds can be observed in
the SERS spectra of the bare gold substrate (Figure 3‐11). The strong broad Raman band at
1580 cm‐1 and the weaker band at 1320 cm‐1 are characteristic of amorphous carbon. The
bands between 2800 and 3000 cm‐1 are characteristic of CH2 and CH3 stretching. The broad
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background may be photoluminescence of the gold island film itself.53 It is not known if the
contamination is limited to the surface of the gold islands or uniform throughout the
deposition. Contaminants contained within the gold islands are not accessible by SERS or
Raman in general. SERS spectra of SAMs on the gold islands show no, or minimal, presence
of carbon contamination on the surface. Thiol SAMs on gold are known to remove surface
contamination from carbon and other sources.54 Reduction of the carbon contamination by
shifting from thermal decomposition to hydrogen reduction of the gold precursor for
deposition resulted in gold deposition with greatly reduced SERS enhancement (see
Chapter 2). Post deposition cleaning of the gold surfaces using ozone or UV/ozone, a
common gold cleaning technique,55 results in a reduction of the Raman bands from carbon
contamination. This UV/ozone cleaning also reduces the observed SERS activity of the
substrates, due to either a change in the gold morphology or a persistent layer of gold oxide
on the surface.56,57 The most promising post deposition cleaning techniques are extended
flushing of the fiber pore with scCO2 or ncCO2, or coating of the gold substrate with a thiol
SAM, such as propanethiol.
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Figure 3‐11. SERS spectra of two different spots along a MOF based bare gold island SERS
substrate using 632.8 nm excitation showing the residual contamination from amorphous
carbon and carbon containing compounds.
2,4 Dinitrotoluene
Initial chemical vapor sensing tests of 2,4 DNT were promising, with detection at the 900
ppt level after exposure of the gold island substrate to the vapor stream for 76 hours. Solid
2,4 DNT was loaded in a 3 ml reservoir and pressurized with 16 MPa nitrogen and attached
to an 800 nm capillary MOF with a gold island SERS substrate. SERS spectra collected
within the first several hours of starting the vapor flow showed no clear signs of the NO2
Raman band. Spectra collected after 76 hours had clear NO2 Raman bands at several spots
along the gold deposition (Figure 3‐12). The most likely explanation for the long time to
detection is that 2,4 DNT is accumulating on the surface of the sensor. Since these tests
were conducted using uncoated gold, it is possible that a minimum coverage of 2,4 DNT on
the gold surface is required to orient the analyte molecules vertically on the surface where
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their NO2 functional groups can be SERS enhanced. The flow rate in the pore can be
estimated using the following expression for compressible laminar flow where Q is the
volumetric flow rate (m3), D is the pore diameter, μ is viscosity of gas (~19.7*10‐6 Pa/sec
for N2), Po is the exit pressure, Pi is the reservoir pressure, and L is the length.

Based on the flow rate and the concentration of 2,4 DNT, it is estimated that 5.3*104
analyte molecules/second are flowing through the pore. If all the 2,4 DNT molecules stuck
to the one centimeter long gold sensor region during the 76 hours of flow, the estimated
coverage would be 6*1013 molecules/cm2 or ~4% of the estimated maximum coverage. It
is also possible that these long flow times are needed to deliver 2,4 DNT to the gold sensor.
While it is known from calculated velocities and observed detection times with other
analytes that the front of the high pressure pulse, under these conditions, reaches the
sensor in seconds, it is unknown how long it takes 2,4 DNT molecules to reach the sensor.
It is known that nitrotoluene will H‐bond to silica58 and TNT will H‐bond to dickite
(Al2Si2O5(OH)4).59 H‐bonding of 2,4 DNT to the fused silica walls could greatly increase the
amount of time needed to transport the analyte to the sensor. Functionalization of the
walls of the pore, such as with OTS, would prevent this possible problem.
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Figure 3‐12. SERS spectra showing the detection of 2,4 DNT, during continuous flow of 900
ppt 2,4 DNT in nitrogen.
The detection of 2,4 DNT from dilute vapor after extended flow times was consistent at
several analyte concentrations and at both 632.8 and 752 nm excitation.

Higher

concentrations of 2,4 DNT were achieved by decreasing the nitrogen pressure, and heating
the reservoir to increase the vapor pressure of 2,4 DNT resulted in higher quality SERS
spectra (Figure 3‐13), but didn’t reduce the time needed for detection. Additional research
is needed to determine whether this delay in detection is due to a required minimum
sensor coverage or a delay in the arrival of the analyte to sensor due to adhesion of the
analyte to pore walls.
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Figure 3‐13. SERS spectra of 2,4 DNT collected from gold island SERS sensor in a ~1.6 µm
MOF pore after 72 hours of analyte flow at a maximum concentration of 10 ppm.
Plant Volatiles
The detection of plant volatiles focused on several compounds that are known to be
released from plant leaves, the green leaf volatiles (GLV). The most promising compound
for SERS detection, due to the presence of an aromatic ring, is benzaldehyde, which has an
almond like odor and vapor pressure of 1.18 Torr at 297 K.60 Using the same techniques
used for 2,4 DNT detection, commercially purchased benzaldehyde vapor, diluted in high
pressure nitrogen to a concentration of 6 ppm, flowed though a gold island functionalized
MOF pore while SERS spectra were collected every ~2 minutes (Figure 3‐14).

The

benzaldehyde Raman band at 1000 cm‐1 first shows up weakly at the five minute mark.
Additional exposure time improves the SERS spectrum, consistent with increasing sensor
coverage. Even after 55 minutes of exposure, the aldehyde Raman band at 1700 cm‐1 is still
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not evident. This may be in part due to the orientation of the molecule on the gold island
surface. Unlike IR spectra, carbonyl functional groups have small Raman scattering cross‐
sections and generally weak Raman peaks. Note that the weak peaks observed at time zero
are due to the fluorescent laboratory lights.

Figure 3‐14. Detection of 6 ppm benzaldehyde vapor in a 1.6 µm gold island functionalized
MOF pore using 752 nm excitation.
The other GLV studied in this work, cis‐3‐hexenyl acetate, which has a fruity odor, proved
more difficult to detect, despite its relatively high vapor pressure (1.22 Torr). In order to
get a definitive SERS spectrum, the cleaved ends of a 1.6 µm gold island functionalized fiber
were suspended over a drop of the analyte and the vapor was allowed to diffuse into the
pore. The SERS spectrum of cis‐3‐hexenyl acetate shows two Raman bands at 1657 and
1740 cm‐1 that are distinct from the propanethiol SAM on the gold surface (Figure 3‐15).
The propanethiol coating was used to trap the analyte molecules on the gold surface. It is
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thought that the high vapor pressure and high nitrogen flow rate of the high pressure
detection tests prevented the adsorption of cis‐3‐hexenyl acetate to the gold surface long
enough to allow for detection. It is also known that the excitation laser can cause localized
heating of plasmonic nanostructures,61 particularly SERS substrates,62,63 which may be
volatilizing the analyte. Improved detection of high volatility GLVs may require nanoscale
pores to reduce the distinction between analyte molecules on the sensor surface and
molecules in the gas phase, gold functional coating specifically designed to trap the
analytes of interest, or cooled sensors to condense the analyte vapor.

Figure 3‐15. SERS detection of cis‐3‐hexenyl acetate vapor by diffusion of the vapor into a
1.6 µm gold island functionalized MOF pore.

FUTURE WORK
MOFs remain a promising platform for chemical vapor sensing, with the most difficult
challenge being the improvement of the SERS substrate. Short‐term improvements in the
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SERS substrate to increase the enhancement factor might include surface modification or
surface roughening of the fused silica pore walls to control the size and separation of the
gold islands. Further reduction of the pore diameter is also a promising near term route for
improving the SERS enhancement factor by reducing the separation of the gold islands on
opposite sides of the pore. Other types of randomly ordered SERS substrates, such as
nanoporous gold, or electrochemically roughened gold may be able to improve the
sensitivity and the reproducibility. Long term improvements of the SERS substrate will
require transitioning from gold islands or other randomly ordered structures to well
controlled nanostructures. Nanostructuring within the MOF can be done along the length
of the pore using lithographic or self‐assembly techniques to create repeating structures.
For example, evenly spaced gold rings or progressively smaller and more tightly spaced
rings to focus the electromagnetic field.

By changing the diameter and position

(separation) of the pores in the MOF array as well as the thickness of the gold coating
within the pores, the electromagnetic field can be controlled and focused to a specific pore
or pores. This may allow for sensing in nanoscale pores that have no metal coating at all,
greatly improving reliability and cleaning.
The groundwork for the development of MOF based chromatographic separations has
been laid, but actual separation results have been inconclusive. Reliable methods for
depositing and characterizing SAMs within the MOF pores have recently been developed
(see Chapter 4). These coatings need to be combined with longer fiber lengths (1‐5 m),
smaller pore diameters (>500 nm), and a pulse delivery system to demonstrate in‐fiber
separations. Modern GC and HPLC instruments employ a well‐defined pulse or injection of
analytes. This single pulse of multiple components is then separated by its retention time
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in the column into multiple pulses that each contain a single component.

In‐fiber

separations will also require a well‐defined pulse of analytes to be introduced into a stream
of high‐pressure carrier gas. While such pulse injection systems exist for larger volume
and lower pressure systems, careful engineering will be required to design a pulse injection
system for high‐pressure in‐fiber separations.
Transitioning a MOF based chemical vapor sensor from the laboratory to field testing will
require collecting a volume of air and compressing it so that it can be injected into the MOF.
This compression will increase the total number of analyte molecules within the sensing
region and generate the high pressures needed for rapid analyte transport. Ideally this
system would run continuously, generating small volumes of high pressure air containing
the analyte, without adding oil or other contaminants. For initial testing a system such as a
gas‐tight syringe could be used to collect and pressurize a single sample or pulse.
Achieving the full potential of a MOF based chemical vapor system will require integrating
a high pressure analyte compression pump with in‐fiber separations and a nanostructured
SERS sensor.

CONCLUSION
There is a strong need for a general chemical vapor sensor with both high sensitivity and
high selectivity, and the moth sensilla offer promising inspiration for an experimental
approach. The MOF platform allows for the integration of separation and detection into a
single robust system. The deposition of gold island substrates and the SERS of self‐
assembled monolayers confirmed that external excitation and collection is a viable sensing
approach. Functionalization of the gold sensor with propanethiol allowed for improved
discrimination between aromatic molecules. The detection of 900 ppt of 2,4DNT and 6
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ppm benzaldehyde demonstrated that necessary limits of detection for explosives or GLVs
are achievable with a MOF based SERS detector.

Further improvements such as

nanostructured SERS substrates and in‐fiber separations with SAM functionalized pore
surfaces will define the next generation of MOF based chemical vapor sensors.
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Chapter 4

MOF Based WGR
INTRODUCTION
Micro and Nanopores
Micro‐ and nanoscale pores present a unique environment for the study of molecular
confinement and have potential applications in chemical sensing and separations. The very
high surface area to pore volume ratio of nanoscale pores and the increased interaction
with pore walls due to confinement effects amplifies the effects of the surface chemistry of
the pore walls. Functionalization of the pore walls, particularly by the deposition of highly
controlled thin films and self‐assembled monolayers (SAMs) to control surface chemistry, is
of particular interest.

Such thin films would play a crucial role in front‐end

chromatographic separations for nanoscale sensors.
biological systems for sensing and regulation.

Nanoscale pores are common in

Fabricated nanopores with biologically

relevant coatings, such as proteins or lipid bilayers, would be useful both as models for
biological systems and for biologically inspired chemical systems. The challenge with
functionalizing nanopores is the lack of characterization methods for probing the pores'
surface chemistry. The confined nature of the pores prevents the use of traditional surface
chemistry techniques, and the small total number of molecules involved presents additional
challenges.
Planar Waveguide Raman
The strength of a Raman signal from a sample is determined by the absolute Raman cross‐
section, the intensity of the excitation light, the number of molecules sampled (path length),
and the collection efficiency. While the Raman cross‐section has λ‐4 dependence and the
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cross‐section for liquids is generally larger by a factor of 2 to 4 than that of the gas for the
same vibration,1 the absolute Raman cross‐section of a vibration is fixed for a given
molecule. The intensity of the excitation laser is easily and routinely changed, but the laser
intensity is limited by the photochemical and thermal stability of the sample. Elevated
sample temperatures can lead to Raman peak broadening, an increase in the anti‐Stokes
peak, and a decrease in the Stokes peak. Path length and collection efficiency are connected
in most experimental configurations with microRaman instruments, sacrificing path length
for improved collection efficiencies. Microscope objectives with high numerical apertures
(NA) collect a larger cone of the Raman scattered light, but have a smaller spot size, so they
sample fewer total molecules. Macroscopic techniques for increasing the path length of gas
and liquid samples have been demonstrated, but increasing the path length of solid samples
or thin films presents a special challenge.
Planar waveguide Raman (WGR) has been used to increase the path length of thin film
samples or bulk materials with low optical losses. The first waveguide Raman experiments
are generally attributed to Levy et al., who used a prism to couple laser light at the optimum
angle and polarization into a thin film of methyl‐methacrylate that acted as both the
waveguide and the sample of interest.2 Since the film is thin and has a higher refractive
index than the surrounding material (top and bottom layers), light will be guided within the
thin film by total internal reflection, which greatly increases the path length. The evanescent
electric field generated at the surface of the waveguide when light is guided down the
waveguide itself can be used to generate Raman scattering from molecules on the
waveguide surface. In typical planar WGR experiments, the Raman scattered light is
collected from above the waveguide surface, perpendicular to the direction of light
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propagation (Figure 4‐1). Waveguide Raman has been used to characterize both the
waveguide3 and thin polymer films deposited on the waveguide.4,5 Further increases in
Raman intensity have been achieved by combining waveguide Raman with resonance
Raman to characterize monolayers of dye molecules5,6 and sub‐monolayers of Cytochrome
C.7 Resonance Raman requires that analyte molecules have an electronic transition at or
near the same energy as the excitation light source. For visible laser sources, this mostly
limits the technique to dyes and other large, colored molecules.

Figure 4‐1. Planar waveguide Raman schematic. The pump laser beam is coupled into the
TE0 guided mode of the planar waveguide using the prism. Raman scattered light is
collected from the top of the waveguide using a collection lens. Adapted from Kanger et al.8
The Raman scattering signal‐to‐noise ratio can be improved for thin films on planar
waveguide Raman by reducing the dimensions of the waveguide. Thinner or narrower
waveguides both reduce the background signal, Raman and fluorescence, from the
waveguide and increase the strength of the evanescent field.

In order to maintain

waveguiding in these reduced dimensions, the refractive index of the waveguide must be
increased. Non‐resonant waveguide Raman of the CH stretching region of a monolayer of
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dimyristoylphosphatidylethanolamine (DMPE) has been reported using a 110 nm thick ZnO
waveguide, refractive index of 2.0.4 While this high index waveguide allowed for reduced
dimensions and improved signal‐to‐background, ZnO and other high refractive index
materials have limited application as a substrate for most thin films or self‐assembled
monolayers.
Microstructured Optical Fiber Based Sensors
Microstructured Optical Fibers (MOFs) are nearly ideal waveguides for thin film or
monolayer waveguided Raman spectroscopy. MOFs have been fabricated with a fused silica
waveguiding core (n=1.45) as small as 800 nm surrounded by an air cladding (n=1),
combining a high refractive index contrast with a small dimension waveguide to produce a
strong evanescent field, while maintaining a low loss guided mode. MOFs are fabricated in
meter to kilometer lengths, allowing for long path length and easy reproducibility.9 The
inner surface of the MOF is well defined and highly smooth, with nearly atomic smoothness
being reported.10 The high purity of the fused silica used in MOF fabrication eliminates
background fluorescence interference.11 In addition to materials advantages of MOFs for
waveguide Raman, the unique geometry provides several additional advantages.

The

geometry and high numerical aperture (NA) of a suspended core MOF (NA~1) allows for
the easy and efficient coupling of excitation light using a microscope objective or lens,
eliminating the need for a prism and controlled input angle. This same coupling advantage
allows for the collection of Raman scattered light back though the microscope objective,
reducing experimental complexity and allowing for much longer path lengths. Since the
waveguide in a MOF is surrounded by air, the entire waveguide can be coated and
contribute equally to the measured Raman signal. Planar waveguides are limited, at best, to
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coatings on three of their four sides. Materials and geometric advantages make suspended
core MOFs ideal for waveguide Raman and other evanescent field sensing applications.
Waveguided light in the silica core of MOFs has already been used by a number of groups
to create an evanescent field for sensing applications. Solid core MOFs have been used to
measure the near‐IR absorption spectrum of acetylene12 and methane13 and the visible
absorption spectra of rhodamine 6G
holes.

13

and porphyrin14 deposited on the walls of the air

Absorption spectra have also been reported using fibers with solid cores and

randomly distributed air holes15 and using tapered and palladium‐coated MOFs.16 Sensing
of fluorescence from dye molecules in solution has been demonstrated in solid17 and hollow
core18 MOFs by filling the air holes with solution and measuring the fluorescence with
either a backward or forward collection mode.19 SERS sensing using MOFs has been
demonstrated in hollow and solid core fibers functionalized with gold or silver
nanoparticles from solution,20‐22 in single capillary liquid core fiber,23 and in solid core
fibers with silver nanoparticle films deposited from high pressure chemical deposition.24
Modeling of existing solid and hollow core MOFs has shown that the fraction of the modal
power in the air holes can reach ~35% for small silica core fibers in the near‐IR25 and
96.7% for hollow core fibers.26 The concept of fibers with a small air hole in the core27 and
oblong holes radiating out from the core28 has been proposed and modeled.
Raman of SelfAssembled Monolayers (SAMs)
Self‐assembled monolayers are one of the most important advances in surface chemistry
with both basic science and practical applications.

There are two traditional SAM

chemistries. SAMs on coinage metal surfaces have thiol functional group on one or both
ends that form S‐metal bonds. SAMs on oxides have chloro, methoxy, or ethoxy groups that
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form O‐Si bonds. Chemical characterization of SAMs, especially on oxide surfaces, is limited
by the lack of available techniques.

Non‐chemical specific techniques such as

ellipsometry,29,30 contact angle,31 and AFM32 are highly sensitive to surface monolayers, but
provide only indirect chemical information. Direct chemical information about SAMs on flat
surfaces has come mostly from IR studies.33,34 IR transmission studies of SAMs on oxide
surfaces are limited by the transparency window of the oxide in the IR. The small number of
SAM molecules on the surface, 5 per nm2, further limits the use of Raman characterization.
Thompson et al. applied Surface Enhanced Raman Spectroscopy (SERS) to monolayers on
silica by depositing alkylsilane SAMs on thin silica films deposited on silver island
substrates.35 This multilayered sol‐gel approach results in a rough silica surface, and the
thickness of the silica layer limits the possible surface enhancement. High laser power
densities can be used to achieve adequate signals from heat stable SAMs, but cause local
sample heating and have the potential to damage the SAM. Unenhanced Raman of the CH2
stretching region of monolayers of TSDEA (2‐(22‐trichlorosilanyldocosoxy)ethyl acetate) on
the native oxide of silicon using confocal microRaman with power densities of 4*1010 Wm2
has been reported.36
One of the most successful strategies for increasing the number of molecules in the
sample volume is to increase the total surface area by using fumed silica nanoparticles or
reverse phase HPLC substrates instead of flat surfaces.37‐42 Raman spectroscopy of coated
silica nanoparticles has been used to study the effects of curvature,42 temperature,37,39 and
self‐associating solvents43 on the structure and packing of octadecylsilane SAMs. Coated
silica nanoparticles must be used in aggregate to obtain a sufficient Raman signal, and these
aggregates have different surface properties from a single highly smooth surface.
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Microstructured Optical Fiber Functionalization
One of the challenges of using MOFs as substrates for WGR is the deposition of thin
uniform layers within the pores of the MOF. The small diameter and long lengths of the
pores limits the available deposition or coating techniques. For planar surfaces, thin films
can be deposited using vacuum techniques such as chemical vapor deposition (CVD), non‐
vacuum techniques such as spin coating, and solution‐ based techniques. Due to the unique
geometry of MOFs, neither CVD nor spin coating is possible. The use of solution based
deposition techniques is limited by the size of the pores. Pores larger than ~50 µm have
been successfully coated with SAMs using solution based techniques.44 High pressure fluid
deposition techniques have been developed by the Badding group for the deposition of
semiconductors45 and gold.46 A similar technique has been used for the deposition of
silver.24 All the semiconductors deposited within MOF pores to date have refractive indices
higher than that of fused silica, preventing the use of WGR for their characterization.
Organic SAMs present an ideal test case for MOF SAMs. Organic SAMs can be deposited in
MOF pores using an all ncCO2 technique,47 they have a refractive index nearly identical to
that of fused silica, and when deposited have a known thickness and surface concentration.
Alkylsilane SAMs such as OTS also present a challenge for WGR, since they are not Raman
resonant with visible light and have a relatively small Raman cross‐section. OTS or other
alkylsilane SAMs have yet to be characterized with Raman spectroscopy on smooth well‐
controlled surfaces. Deposition of SAMs in MOFs and capillaries has been limited by an
inability to characterize capillaries smaller than 50 µm.47‐49
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MOF WGR Research Objective
MOF based WGR is a promising unenhanced vibrational spectroscopy technique for
detecting and characterizing SAMs and thin films deposited within MOF pores.

By

waveguiding the excitation and Raman scattered light, the otherwise inaccessible MOF pore
surfaces can be probed. This technique requires only a single microscope objective for
launch and collection. The high quality fused silica permits a high signal–to‐background
ratio and allows for the study of SAMs on silica. The unique MOF geometry allows the
waveguide to be coated on all sides, achieving a similar surface‐to‐volume ratio as much
thinner waveguiding slabs. These advantages allow for the characterization of an OTS
monolayer on a well‐defined smooth silica surface using Raman without needing SERS or
resonance enhancements. The experimental data is supported by finite element modeling of
the guided mode and Raman cross‐section calculations of the CH2 stretching region of the
OTS monolayer. Potential applications of MOF based WGR for the study of molecular
behavior in confined spaces and the study of biological systems are presented.

EXPERIMENTAL
MOF for WGR
The MOF structure used in the experiments, shown in the SEM image in Figure 4‐2, has an
outer diameter cladding of 125 µm with a 1.2 µm diameter central fused silica core and
hexagonal array of 1.6 µm diameter air holes separated by ~100 nm fused silica walls. This
structure results in a multimode step index fiber with a NA~1 and V number of 6 at 633 nm.
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Figure 4‐2. SEM image of solid core fused silica microstructured optical fiber. Light is
launched from a microscope objective into the central fiber core and also collected from
this core in a backscattering geometry.
OTS and HSA Monolayer Deposition
Monolayers were deposited according to Danisman et al.47 The MOFs were hydrated by
flowing near‐critical wet carbon dioxide through the fibers for 48 hours. Wet carbon
dioxide was prepared by mixing 100 µL distilled and filtered (0.2 µm filter) water with 3 mL
bone dry carbon dioxide (99.8% pure, GTS) at 6.9 MPa and heating at 100 °C for one hour
and allowed to cool to room temperature before use. After hydration, the fibers were
flushed with dry nitrogen or carbon dioxide for 48 hours (10.3 MPa). Monolayers were
deposited from a near‐critical carbon dioxide solution (ncCO2) (50 µL OTS
(octadecyltricholosilane) or phenyltrimethoxysilane in 3 mL CO2 at 8.6 MPa) for 2‐6 hours.
Longer deposition times resulted in the deposition of polymerized OTS granules within the
pores of the fiber. These granules result in greatly decreased fiber transmission and an
increase in the ratio of OTS to fused silica Raman signal. Following deposition, the fibers
were flushed with either ncCO2 or chloroform in ncCO2. Polymerized OTS granules within
the pores were removed by flushing with liquid chloroform backed by 6.9 MPa nitrogen. It
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has already been shown via atomic force microscopy and contact angle measurements that
this ncCO2 OTS deposition technique can produce OTS SAMs on the inner walls of larger
diameter MOF capillaries that exhibit a high degree of organization.47
Human Serum Albumin (HSA) protein was deposited on top of the OTS layer by flowing a
filtered 1 mg*mL‐1 HSA in phosphate buffered solution (PBS) backed by 6.9 MPa nitrogen
through the OTS coated fiber pores for 4 hours followed by an 8 hour flush with PBS and a 2
hour flush with nitrogen (6.9 MPa) to remove any remaining buffer.
OTS UV/Ozone and Thermal Oxidation
In‐fiber UV/ozone experiments were conducted using a Hg(Ar) penlight placed 1‐2 cm
from the fiber as a UV source. The penlight was positioned lengthwise parallel to the fiber
exposing ~10 cm of the fiber to UV light. Fiber heating was done with a custom‐built tube
furnace and an Athena PID temperature controller in five‐degree or two‐degree (160‐190
°C) increments with a five‐minute hold time at each temperature. Oxygen flow during
heating and UV/ozone experiments was maintained at a supply pressure of 6 MPa. All
experiments were conducted in‐situ, with one end of the fiber attached to the pressure
reservoir and the other end cleaved and focused under the microscope objective.
Raman Spectra Collection
Raman spectra were collected using Renishaw inVia microRaman systems in a
backscattering configuration. The freshly cleaved fiber sample was mounted vertically on
the microscope stage and the laser focused into the core using a microscope objective
(100x .90 NA objective) as shown in Figure 4‐3. The scattered light was collected by the
same objective and detected with a Peltier cooled Si CCD.

632.8 nm excitation was

provided by a JDS Uniphase HeNe laser, and 752 nm excitation was provided by a Coherent
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CW Ti:Sapphire laser pumped with a Coherent 161 argon ion laser. Most spectra were
collected with 632.8 nm excitation at a power of 150 μW (300 μW measured at the back of
the objective) and for collection times of 2‐5 min at 5‐10% power. Using higher excitation
power (6 mW measured at the back of the objective), collection times of ∼10‐30 s can be
used.

Figure 4‐3. Schematic of excitation and collection geometry showing a cross‐section of the
inner ring of air holes surrounding the fused silica core.

MODELING
Computer modeling of the modes in the MOF was undertaken in order to better
understand the structure and distribution of the excitation and Raman scattered light at
632.8 nm and 752 nm. The modeling was done using full vectorial finite element modeling
with the COMSOL RF package. Since the MOF is uniform along its length, a 2‐dimensional
model of the MOF cross‐section shown in Figure 4‐2 was constructed. At both wavelengths
the fiber is multimode with propagating modes possible in both the core and cladding.
Only the fundamental core‐guided mode is of interest due to the launch and collection
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conditions used experimentally. The excitation laser is launched only into the core with a
~1 µm spot size and Gaussian profile, and the backscattering collection arrangement
ensured that Raman scattered light was collected only from the core in an optically
confocal arrangement.

The presence of the deposited monolayer doesn’t change the

guiding properties of the fiber, since the refractive index of the monolayer at these
wavelengths is very similar to pure fused silica and the change in thickness from the
monolayer is minimal.
Modeling showed that, while the fundamental mode is highly confined to the core at
visible wavelengths, a small fraction of the electrical energy density extends into the first set
of air holes (Figure 4‐4A). The radial distribution of the electrical energy density is non‐
uniform around the center of the fiber core due to the high index contrast between the core
(1.46) and the cladding (~1). Note that there are two degenerate core guided modes. The
amount of power in the air holes, as calculated from a linear cross‐section of the normalized
power distribution, increases with increasing excitation wavelength (Figure 4‐4C) due to
the reduced confinement at longer wavelengths. Power at the air/silica interface increases
by ~41% when changing from 633 nm to 752 nm excitation. The decrease in Raman
scattering cross‐section with increasing wavelength (λ‐4) is greater than the gain in power
at the interface, resulting in a lower Raman intensity. This is consistent with experimental
observations of Raman intensity at 632.8 and 752 nm.

113

C

Figure 4-4. (A) A cross-section view of the electric field energy density (time-averaged) of the
fundamental guided mode at 632.8 nm within the fiber. The black lines represent the actual
boundaries (air/silica interfaces) of the pores around the central silica pore. The color-indexed
field intensity is a maximum in the core center (dark red color) and falls off ~1 order of
magnitude to the air interface. (B) Expanded view of electrical energy density at the air/silica
interface. The intensity of the zoomed region is scaled by a factor of 5 to show the presence of
the electric field at the air/silica boundary where the SAM is located. (C) Cross‐section of
normalized power distribution of the fundamental guided mode. Red is 632.8 nm light, and
blue is 752 nm light.
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RESULTS
OTS WGR Spectral Features
OTS monolayers deposited in the MOFs using the techniques of Danisman et al47 were
used as a test case for MOF based WGR. This ncCO2 technique has already been shown to
produce OTS monolayers inside large pore diameter MOFs with good packing and corrected
contact angles close to those achieved on flat surfaces. Since no Raman spectra of OTS
monolayers on smooth silica surfaces has been reported that can be used for reference,
comparison is made to the Raman spectra of OTS films on high surface area, silica
nanoparticle aggregates and layered crystals of polymerized n‐octadecylsiloxane (PODS).50
OTS on silica nanoparticle aggregates have been studied extensively by Raman
spectroscopy to examine the effects of curvature,42 temperature,37,39 and self‐associating
solvents43 on the structure and packing of OTS SAMs.37‐42 Due to the large differences in
surface morphology, it is unclear how closely the Raman data can be compared.
As expected from the modeling of the electrical energy distribution, the Raman signal is
dominated by the fused silica signal from the waveguide (Figure 4-5A). No modes below 1200
cm-1, including those in the C-C stretching region, are observed, due to overlap with strong silica
modes (Figure 4-5B). The bands in the C-H scissoring/twisting region (Figure 4-5C) have some
overlap with the silica phonon modes, but are still clearly discernable. Both the gauche and trans
conforms have overlapping CH2 twist modes at 1300 cm-1. The CH2 scissoring bands at 1440
and 1455 cm-1 are partially obstructed, but still clear. According to Wang et al. the shoulder
band at 1460 cm-1 indicates a trans conform.42 It arises in the all-trans conform from the Fermi
resonance interactions between the overtones of the CH2 wagging mode and the CH2 bending
mode.42 The symmetric CH2 band at 2850 cm-1 and antisymmetric CH2 band at 2883 cm-1 are
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unobstructed by the fused silica bands39 (Figure 4-5D). The absence of sharp trans and gauche
C-C bands, at 1060 and 1080 cm-1 respectively, may indicate that the fiber may not have had a
full monolayer of hydrogen-bonded water on the surface. It is more likely that these C-C bands
are obscured by the much more intense silica bands. Wang et al. showed that the Raman
spectrum of OTS attached to fully dehydrated fumed silica surfaces shows only a broad peak
between 1050 and 1100 cm-1 and a weak peak at 1130 cm-1 instead of the sharp peaks typical of
OTS attached to fully hydrated silica.41
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Figure 4‐5. (A) Raman spectrum of octadecyltrichlorosilane (OTS) monolayer on fused
silica waveguide within a MOF. (B) The fused silica band region. (C) The OTS CH2
twisting/scissoring region. (D) The OTS CH2 stretching region. (a) Empty fused silica fiber.
(b) Fiber with OTS SAM. (Red) Silica+OTS SAM (Black) Silica waveguide.
Several researchers have empirically determined the amount of conformational order in the
alkyl chains of OTS attached to silica using the peak intensity ratio of the antisymmetric to
symmetric CH2 peaks (Ras) in the Raman spectrum. According to Pemberton and Ho this Ras is
between approximately 0.6 and 0.9 for samples in the liquid state and between approximately 1.6
and 2.0 for crystalline solids.39-42,51 For room temperature samples of OTS on silica, this ratio is
generally reported to be close to 1.0. The observed ratio for in-fiber deposited OTS is ~1.1,
indicating a degree of alkyl chain order between liquid and solid crystalline OTS and close to the
values for OTS previously reported on fused silica. This amount of chain order is considerably
higher than the ~0.8 value observed by Wang et al. for OTS attached to dehydrated and
dehydroxylated fumed silica.41,42 According to Ducey et al. an antisymmetric-to-symmetric ratio
of 1.1 corresponds to a surface coverage of ~5 µmol OTS per meter2 (3 molecules/nm2).37 This
coverage is much lower than would be expected for a well-formed OTS layer approaching the
maximum possible coverage of ~5 molecules/nm2 on a smooth, planar, fully hydrated SiO2
surface,52 and suggests the 3 molecule/nm2 coverage estimate may not be accurate. The shift in
the positions of the symmetric (2850 cm-1) and antisymmetric (2883 cm -1) peaks also indicates
ordering of alkyl chains. In liquid OTS these modes are observed at 2856 and 2888 and shift
down with increasing order. Crystalline OTS shows both bands shifted down by 6-8 cm-1. The
WGR spectra are consistent with a well-organized OTS monolayer within the MOF pores.
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Uniformity of SAM Deposition
The uniformity of the OTS SAM deposition is important for potential applications such as
nanoscale chromatography and growth of non‐linear optical molecular films.

The

antisymmetric CH2 to symmetric CH2 ratio was also used to probe the uniformity of OTS
deposition along the length of the MOF. Due to the tight confinement of the fundamental
mode to the core, the only losses expected are those due to the fused silica itself, ~4
dB/km.24 All molecules along the length of the waveguide contribute equally to the
observed Raman spectrum. The OTS coating does not contribute significantly to the loss.
Since the laser excitation was launched and Raman scattered light collected from the same
end of the MOF, cut‐back spectra were obtained by shortening the fiber from the free end.
The normalized Raman peak intensity for the 2883 cm‐1 antisymmetric CH2 stretching peak
decreased linearly with decreasing fiber length as expected (Figure 4‐6A). Absolute peak
intensities in this configuration are very dependent on launch conditions, leading to
considerable variability. The general trend is consistent with sampling of the OTS layer
along the entire length of the fiber. Ras, which is not as susceptible to changes in launch
conditions, did not change during the cut back procedure (Figure 4‐6B). It remained at a
constant ~1.1, indicating a uniform OTS monolayer deposition along the length of the fiber
with good alkyl chain packing. Raman spectra were collected from fiber waveguides as
short as 5 cm.
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Figure 4‐6. (A) Plot of normalized peak intensity of antisymmetric CH2 stretching peak as a
function of MOF length. (B) Raman spectra of CH2 stretching region at different fiber
lengths. Spectra offset for clarity.
Demonstrations of WGR Chemical Diagnostics
Because of the robust physical properties of the silica fibers, MOF based WGR is well
suited to the monitoring of reactions occurring under extreme conditions that would limit
more traditional characterization. It has been shown that exposure to the UV light from a
Hg(Ar) pen light can be used to oxidize the OTS monolayer in large single capillary pores
under oxygen flow.47 Attempts to monitor this reaction with WGR were inconclusive. Even
extended UV exposure to the OTS‐coated MOF shown in Figure 4‐2 failed to completely
eliminate the CH2 Raman peaks (Figure 4‐7A). The presence of additional Raman peaks
after extended UV exposure suggests a complex reaction including the breaking of OTS
backbone without complete oxidation. WGR only probes the OTS molecules in the pores
closest to the core, requiring the UV light to pass through or around the other five rings of
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pores. The generation of ozone in the outer pores may be shielding the inner pores.
Hg(Ar) lights generate a number of longer UV wavelengths in addition to the 181 nm line
that generates ozone. These longer wavelengths, particularly the intense 254 nm line, may
be responsible for the generation of the additional peaks observed in the WGR. To avoid
shielding problems, an MOF with only three larger pores (5‐6 µm) surrounding the central
core, a wagon wheel fiber, was tried in the same UV/ozone experiment. The lack of
shielding from other pores and the larger pore size results in a more rapid decrease in the
two CH2 stretching peaks (Figure 4‐7B). The Raman results do not show conclusive
elimination of the OTS layer.

Figure 4‐7. WGR spectra of the CH2 stretching region of the OTS monolayer during
exposure to UV light while flowing pure O2 through the pores. (A) Normal WGR MOF and
(B) wagon wheel fiber.
In an alternate experiment to demonstrate MOF‐based WGRs' ability to monitor
reactions under extreme conditions, the combustion of the OTS SAM in 6.2 MPa oxygen at
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elevated temperatures was investigated (Figure 4‐8A). The small size of the MOF assures
that all the pores heat evenly. The OTS layer showed short‐term stability in a pure oxygen
environment at temperatures up to 170 °C (Figure 4‐8). Between 180 and 190 °C the OTS
layer was converted to carbon, resulting in a spectrum dominated by carbon fluorescence.
The OTS CH2 stretching region (Figure 4‐8B) decreased markedly in Raman intensity and
the fluorescence background increased at 182 °C. The remaining Raman signal at 250 °C is
due to the OTS coating in the beginning and end of the fiber that could not be heated due to
experimental limitations. The length of MOF over which the OTS SAM is removed can be
estimated from the intensity of the antisymmetric CH2 stretching peak. Using a 10 cm
furnace, ~9 cm and 11.5 cm of the OTS layer are removed at 182 °C and 250 °C
respectively.

Similar behavior was observed for the modes in the OTS CH2

twisting/scissoring region (Figure 4‐8C).
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Figure 4‐8. (A) Schematic of in‐situ WGR during the combustion of the OTS SAM. (B)
Raman spectra of CH2 stretching region. (C) Raman spectra of CH2 twisting/scissoring
region of the OTS SAM during heating in flowing oxygen. 182 °C, 250 °C, and 300 °C spectra
were scaled to correct for fluorescence‐limited collection times.
Deposition of Phenyltrimethoxysilane
MOF based WGR is not limited to SAMs, and the ncCO2 SAM deposition technique is not
limited

to

OTS

or

trichlorosilane

based

precursors.

As

a

demonstration,

phenyltrimethoxysilane was deposited within the MOF using the same ncCO2 technique.
The WGR spectra are similar to OTS, where the broad peaks at 798, 1057, 1187, and 1608
cm‐1 are characteristic of the fused silica substrate53 (Figure 4‐9c). The sharp peaks in the
raw spectrum at 1002 and 1597 cm‐1, shown in Figure 4‐9d, are characteristic of the phenyl
ring in phenyltrimethoxysilane54 (Figure 4‐9a). The difference spectrum (Figure 4‐9b)

122

reveals additional peaks below 1600 cm‐1 as well as a C‐H stretching peak at 2917 cm‐1.
The phenyl ring stretching peaks at 1597 and 1574 cm‐1 and the in‐plane deformation
peaks at 1035 and 1002 cm‐1 all appear strongly in the difference spectrum. The weak in‐
plane C‐H deformation peaks at 1195 and 1134 and ring‐breathing peak at 1162 cm‐1 also
appear in the difference spectrum. The siloxane bonds at 404 and 490 cm‐1 and Si‐C bond
at 735 cm‐1 are masked by the strong silica signal. The CH3 stretching peaks at 2844
(symmetric stretching) and 2946 cm‐1 (antisymmetric stretching) in the liquid precursor is
absent in the difference spectrum, as expected, due to the loss of CH3 groups during the
monolayer formation. The aromatic C‐H stretching at 3057 cm‐1 does not appear in the
difference spectrum.

The CH peak at 2917 cm‐1 is thought to be from residual

contamination.
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Figure 4‐9. Raman spectra of (a) spectrum of MOF coated with phenyl trimethoxysilane.
(b) difference spectrum between silica+phenyltrimethoxysilane and bare silica waveguide
(c) liquid phenyltrimethoxysilane spectrum. Spectra offset for clarity.
Deposition of HSA
The OTS‐functionalized OTS silica MOFs provide a platform for the WGR study of other
monolayer or thin film systems, such as proteins. The three dimensional structure of
biological molecules, such as proteins, can be strongly affected by their interaction with
surfaces. This structural change can change or completely disrupt the functionality of the
biological molecule. MOF based WGR could potentially be a powerful tool for studying the
interaction between biological molecules and surfaces. To demonstrate this capability, a
monolayer of Human Serum Albumin (HSA) was deposited on the inner walls of the MOF
on top of the previously deposited OTS SAM. It is known that under the deposition
conditions used, only a single monolayer of HSA will remain on the OTS surface after
flushing with buffer.55
The resulting WGR spectrum contains spectral features from the silica waveguide, the
OTS monolayer and the HSA protein. For comparison, the spectrum of the silica waveguide
with the OTS layer (black) and the spectrum of the waveguide with both OTS and HSA (red)
are shown for the two areas of interest in Figure 4‐10A&B.

For comparison and

subtraction, the intensities were scaled to the intrinsic SiO2 peak values at 1191 and 1598
cm‐1. This direct comparison clearly demonstrates the ability of MOF based WGR to detect
protein monolayers.

The subtraction of the waveguide with OTS spectrum from the

combined waveguide, OTS, and HSA spectrum provides additional clarity. The spectrum of
pure powdered HSA was used as a reference spectrum for comparison to HSA subtraction
spectrum (Figure 4‐10 C&D). Exact match between the powder reference sample and the
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subtraction spectrum is not expected. Protein Raman spectra are sensitive to the shape of
the protein, and folding of the protein may be quite different when it is dried vs. in solution
vs. adsorbed to a surface. The HSA reference spectrum in the low frequency region (Figure
4‐10C) shows three main features at ~1320, 1340 (doublet), 1450 and 1659 cm‐1 which are
assigned, respectively, to CH2 torsion and twisting, CH2 and CH3 bending and the Amide I
band, associated primarily with the α‐helix conformation.56 In the high frequency region
(Figure 4‐10D), strong aliphatic C‐H stretching mode features are observed at 2875 (sym)
and 2937 (asym) cm‐1, along with a low intensity aromatic C‐H stretching feature at 3063
cm‐1 (associated with the aromatic ring containing amino acids in the protein).
In the low spectrum region, the strong spectral feature from fused silica makes the spectral
subtraction below ~1200 cm‐1 of questionable reliability. There are known Raman bands
for HSA in this region, including the Amide III bands between 1227 cm‐1 and 1251 cm‐1, the
δ(CH) from Phe and Tyr at 1191 cm‐1, and the residual OTS CH2 twisting band at 1299 cm‐1,
which overlaps with the HSA Amide III α‐helix band reported at 1290 cm‐1. The extra
intensity features in the 1300‐1400 cm‐1 region are consistent with the intrinsic HSA CH2
and CH3 related modes, but the spectra are too noisy for detailed interpretation. Both the α‐
helix (1659 cm‐1) and β‐sheet (1672 cm‐1‐) Amide I bands are clearly distinguishable, and
not present in the OTS spectrum. In addition, the subtraction shows the δ(CH2) and δ(CH3)
bands at 1448 cm‐1. In the high frequency region, additional strong, characteristic HSA
aliphatic C‐H stretching features appear above the OTS spectrum, and the unique aromatic
CH stretching peak at 3063 cm‐1, associated with aromatic ring amino acids, is observed.
These observations definitively confirm the presence of an HSA layer on the fiber inner
surfaces.
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Figure 4‐10. (A) Raman spectra of the amide region (red) of HSA protein monolayer on
OTS‐coated fused silica waveguide (black) OTS‐coated fused silica waveguide. (B) Raman
spectra of the CH2 and CH3 stretching region (red) of HSA protein monolayer on OTS‐
coated fused silica waveguide (black) OTS‐coated fused silica waveguide. (C) Raman
spectra of the amide region of pure HSA protein and WGR of an HSA protein monolayer
after subtraction of OTS and fused silica Raman background. (D) Raman spectrum of the
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CH2 and CH3 stretching region of pure HSA protein and WGR of an HSA protein monolayer
after subtraction of OTS and fused silica Raman background.
Raman CrossSection Calculations
The Raman scattering cross‐section for a film on a surface can be obtained from the
measured Raman intensity according to PR=PDβsDs.,1 where PR is the Raman intensity in
photons cm−2⋅steradian−1⋅s‐1, PD is the laser power density at the surface in photons
cm−2⋅s−1, βs is the differential cross section of the surface species in cm2
molecule−1⋅steradian−1, and Ds is surface number density in molecules⋅cm−2. In principle it
is possible to determine from modeling the effective collection angle and depth along the
film of the fiber core to allow for direct determination of the differential cross section.
However, as is often done with more conventional Raman scattering geometries, it is more
straightforward to determine the cross section relative to a standard, so that the collection
efficiency need not be determined. The 2331 cm‐1 line from N2 (0.17*10−30
cm2⋅molecule−1⋅steradian‐1 at 632.8 nm)1 in the air was used as a standard, as there are no
obvious film standards available. Here it can be assumed that the collection efficiency of the
fiber core for both the monolayer and the nitrogen gas in the pore are the same. This
assumption appears reasonable, because modeling reveals that (as expected for a dielectric
fiber waveguide) the polarization of the evanescent field surrounding the fiber core is
radially symmetric and the scattering in both cases is in a similar, near field environment.
The differences in the total number of molecules scattering in the pore volume (N2) and on
the surface (OTS) were accounted for, as well as the differences in the total laser power in
the pore and at the surface, and the variation in system throughput and detector efficiency
with Raman shift. The calculated evanescent electric field should reach and be able to
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excite ~1/4 of the OTS molecules contained in the central ring of 1.6 µm pores surrounding
the solid core. For a 5 cm length of fiber and assuming ~5 OTS molecules⋅nm−2, the WGR
signal should correspond to excitation of ~3*1011 molecules or ~5*10−13 mol (~500 fmol).
Using the observed signal for the experimental excitation and collection conditions, the
relative cross‐section for the CH2 stretching region of the OTS layer was calculated to be of
2.3*10−29 cm2⋅molecule−1⋅steradian−1 at 632.8 nm.

For comparison, the relative cross

section of the CH2 stretching region of liquid OTS was determined to be 7.5*10−29
cm2⋅molecule−1⋅steradian−1 at 632.8 nm relative to the 992 cm‐1 line (11.7*10−30
cm2⋅molecule−1⋅steradian−1 at 632.8 nm) of liquid benzene. The measured Raman cross‐
section for the OTS SAM is consistent with expectation, being less than that of pure liquid
OTS and greater than has been reported for the CH2 stretching region of hexane gas,
5.5*10−30 cm2/molecule at 632.8 nm.57 It has been reported that the cross‐section for
liquids is generally larger by a factor of 2 to 4 than that of the gas for the same vibration.1
This cross‐section measurement is consistent with the conclusion from the previous AFM
measurements on fractured MOF fibers that only a monolayer or less of OTS is on the silica
surface.47

DISCUSSION
Comparison with Current State of the Art
While conventional planar waveguides may be easier to fabricate and coat, MOF based
WGR has several inherent advantages that increase its sensitivity and usability. The surface
area‐to‐volume ratio of the silica waveguide shown in this study is 8 μm‐1, which is already
comparable to the smallest ZnO waveguides used for WGR.4 This ratio determines the
number of SAM molecules excited relative to the volume of waveguide excited. There is no
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technology other than MOFs that can provide a waveguide that is effectively suspended on
all sides by air. MOF based WGR is able to achieve this ratio using a lower index material
while still maintaining a waveguide that can easily be coupled into with a microscope
objective. The ability to couple both the excitation and Raman scattered light via a single
microscope objective allows for path lengths that greatly exceed anything achievable using
the side‐on collection techniques of planar WGR. It is possible to use MOF waveguides with
lengths of many meters or more, allowing the Raman scattering of a large number of
molecules to be easily coupled into the slit of a Raman spectrometer.
Coupling of Raman Excitation
The collection of the Raman scattered light through the microscope objective rather than
side‐on requires that the scattered light be captured and coupled to the waveguide. OTS is a
special case, in that the SAM has nearly the same refractive index as the fused silica
waveguide. It is more appropriate to consider the OTS SAM as part of the waveguide itself.
The coupling of Raman scattered light does not require this matching of refractive indices,
as shown by the collection of Raman scattering from nitrogen (n=1) in the air holes. In
order to better understand how this collection works and estimate its efficiency, John
Badding modeled the coupling of a single dipole to a silica waveguide surrounded by air
(Figure 4‐11). Since Raman scattering is a rare (1:106) and non‐coherent event, it can be
modeled as an isolated dipole. Only a single direction was modeled, where the dipole axis is
parallel to the excitation in the y direction, where the laser excitation light propagates along
the waveguide in the x direction with its polarization vector along the y axis, transverse to
the direction of propagation, z.
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For a dipole in close proximity to the waveguide, the typical dipole toroidal emission
pattern is considerably changed. Light emitted from the dipole enters the silica waveguide
at the critical angle between air and silica (43°) and propagates in both forward and
backward directions. It was found that non‐guided light is lost after the first, and each
subsequent reflection until the radiative modes die out and only the bound modes remain
(~100 µm). It was estimated that 5% of the initially captured light from the dipole
remained guided. The coupling of Raman scattered light at the surface of a waveguide to
the guided modes of the waveguide is a complex problem that will require more
experimental and theoretical investigation.

Figure 4‐11. Cross‐sectional slice of the flow of power from a vertically‐oriented oscillating
dipole in a SAM on the surface of the silica waveguide surrounded by air cladding. The
waveguide axes are the direction of light propagation along the axial direction, x, and the
vertical and horizontal directions, y and z, transverse to the direction of light propagation.
The excitation‐induced dipole has its axis in the y direction. It is located in the SAM layer,
considered to be just below the surface of the 1.2 μm diameter core (x=0 μm, y=0.5998 μm,
z=0 μm). Background color regions represent the magnitude of power flow (arbitrarily
scaled) in the xy plane, while the small red arrows are vectorial representations of the
magnitude and direction of power flow. The white areas have high power density that
exceeds an arbitrary threshold to allow the power flow in the rest of the waveguide to be
plotted. The large pink arrows represent an approximation to the multiple internal
reflections at the air/silica boundary.

POTENTIAL FUTURE APPLICTIONS
MOF based WGR is a general technique for characterizing both SAMs on smooth, well‐
defined surfaces, as well as coating or other analytes within nanoscale pores. MOF based
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WGR is not limited to fibers with microscale pores. Since the electrical energy density of the
guided mode only extends part way into the pores of the MOF, it would be possible to
characterize the coatings of significantly smaller pores with little reduction in signal. It has
been shown that it is possible to fabricate MOFs with nanoscale pores (Figure 4‐12 A &B),
also called nanoscale optical fibers, or NOFs. NOF based WRG would allow for the study of
confinement and curvature effects on coatings within the nanoscale pores. NOF based WGR
could also be used for the study of analyte molecules confined within the nanoscale pore,
either adsorbed to the pore surfaces or traveling along the length of the pore. NOF based
WGR would allow for the characterization of the chemistry occurring within nanoscale
pores, which cannot be accomplished with current characterization techniques.
The strength of the WGR signal is in part dependent on the electrical energy density at the
air/silica interface, and there are several possible options for tailoring the electrical energy
density. Just as with planar WGR, reducing the dimensions of the waveguide orthogonal to
the propagation direction results in an increase in the electrical energy distribution in the
air and at the air/waveguide interface. One possible design for an MOF with a smaller core
is the wagon wheel structure shown in Figure 4‐12C. MOFs with cores as small as 800 nm
have already been demonstrated.25 Another possible design for increasing the electrical
energy density at the interface is to include a nanoscale air pore at the center of the
waveguide itself (Figure 4‐12D). This design results in a much higher electrical energy
density within the nanoscale pore that can be used to characterize molecules within the
pore or at the pore/waveguide interface. The nanoscale pore also lowers the effective
refractive index of the waveguide itself, resulting in an increase in the electrical energy
distribution in the pores surrounding the waveguide. The size, shape, and position of the
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pores within MOFs and NOFs can be controlled during the fabrication process to increase
the Raman signal from WGR and allow for the detection and characterization of sub‐
monolayer concentrations.

A

B

C

D

10 µm

1 µm

Figure 4‐12. (A‐B) SEM images of nanoscale pores in nanostructured optical fiber. (C) SEM
of wagon wheel type MOF. (D) Normalized power density for the MOF shown in Figure 2
with a nanoscale pore in the center of the silica waveguide.
The high tensile strength of pure fused silica MOFs makes them ideal high‐pressure
reaction vessels.45 The challenge in modifying a waveguiding MOF usable for WGR for use
as a high pressure and high temperature reaction vessel is the creation of a high‐pressure
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cap that still allows the coupling of light into the core. Attempts to plug the holes with
epoxy and then cleave or polish back to allow coupling were unsuccessful due to the high
refractive index of the epoxy. Most of the commonly available epoxies have a refractive
index greater than or equal to that of fused silica, which greatly increases the optical loss,
reduces the NA of the fiber, and increases the background Raman and fluorescence. The
best approach may be to fuse a small‐core conventional optical fiber to the end of the MOF
to act as a pressure cap while still allowing coupling (Figure 4‐13). The smaller NA of a
conventional optical fiber may decrease the coupling efficiency. Alignment of the cores of
the two fibers would be critical. While the fusion parameters would need to be modified for
the specific MOF, previous work on MOF micro‐ and nanoscale jets has already shown that
two MOFs fused together can handle pressures greater than 200 MPa. MOF based WGR
could be a simple and inexpensive technique to monitor reactions at high pressures and
temperatures, as well as study the effects of pressure on SAMs.

Figure 4‐13. Schematic of a waveguiding MOF (left) fused to a conventional optical fiber
(right) for use as a high pressure and temperature WGR reaction vessel.
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Chapter 5

Light Scattering
INTRODUCTION
Light scattering is a general term that can refer to a number of physical processes or
characterization techniques. The interaction of light with matter is a complex process that
can involve reflection, absorption, scattering, and possibly plasmon coupling, depending on
the size, shape, and make‐up of the matter. Scattered light is further divided into elastic
scattering and inelastic (Raman) scattering. Elastic light scattering of particles is generally
divided by size of the particle; Rayleigh scattering for particles much smaller than the
wavelength of incident light down to the scattering of molecules and atoms, and Mie
scattering for spherical particles of approximately the same size as the incident
wavelength. While the analytical solutions for Rayleigh and Mie scattering were worked
out by the early 1900s, work on single atoms1 and non‐spherical or inhomogeneous
particles2 continues to be an active area of investigation. A number of analytical light
scattering techniques have been developed including Rayleigh scattering spectroscopy,3
ellipsometric light scattering,4 dynamic light scattering,5 and darkfield microscopy based
techniques.6,7 These analytical light scattering techniques are used to investigate colloids,
aerosols, atmospheric particulate matter,8 and airborne fibers9 in fields as diverse as
environmental science,8,10 food science,5 and pharmaceuticals.11 This chapter focuses on
the light scattering of long cylindrical wires that have diameters larger than the wavelength
of incident light.
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Historical Perspective
The first reported experiments in light scattering off infinite cylinders were reported by
Matijevic, Ottewill, and Kerker in 1961, using the silk fiber from a theridiid, tangled web
spider.12

This preliminary result measured the intensity ratio of polarized light,

perpendicular and parallel to the fiber, scattered by the sample at a few different angles to
determine the silk fiber size. Systematic follow‐up work in the Kerker lab focused on the
hand‐drawn submicron fused silica and borosilicate fibers at both normal13 and oblique
incidence.14 They were able to collect scattered light over 140 to 180 degrees and, by
comparing the polarization ratio of the scattered light to numerically calculated results,
determine the size of the fiber to within 1%. Comparison of the fiber size by SEM and light
scattering showed a 13‐26% difference in size, with the SEM measurements being
consistently larger.13 The use of laser illumination and increased angular precision allowed
Lundberg to measure larger diameter (2‐50 µm) fibers including nylon, gold, and glass.15
Fiber/wire size was determined using the angular position of the first intensity peak. For
gold wires, reasonable match between calculated and measured intensity was obtained
over first 10°‐15° of low angle scattering, and scattering beyond 25° was not reported.
Meulena and Strackee were able to increase the accuracy of the fused silica fiber size
measurements in the 1‐10 µm range by collecting scattered light intensity over 120
degrees.16 The most complete treatment of light scattering off fused silica fibers was
undertaken by Bell and Bickel, who used 45° linearly polarized light and circularly
polarized light to experimentally determine the complete scattering matrix over a 5‐160°
angular range.17 More recently Nishiyama et al. came full circle and used a simple light
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scattering set‐up to determine the size and refractive index of the silk thread of the
Ananeus Cornutus spider.18
LIGHT SCATTERING TECHNIQUE
The development of light scattering off infinite cylinders as an analytical technique for
studying MOF pores is an ongoing process. New developments in instrumentation, data
processing, modeling, and sample preparation continue to improve the technique and
expand its possible applications. The simplest case for light scattering is that of single wire
or fiber suspended in air. If the fiber is solid or optically thick, there is only one interface,
the outside interface between the wire and the air medium. A single capillary MOF
suspended in air has two interfaces, the outer interface of the fused silica MOF surface and
the interface between the pore and the fused silica MOF matrix. Since the absolute
intensity of the scattered light increases with increasing diameter, the scattering from the
outer interface of the MOF dominates the scattering spectrum.

For instrument

development and alignment, single fibers/wires in the 2‐10 µm range, made from either
hand‐pulled fused silica or gold deposited in MOF pores and etched free, were used as
samples.
The first light scattering instrument used for this work was a simple rotating arm directly
attached to a microstepper motor with a photodiode and handmade slit at the end of the
arm. Simple measurements of intensity and polarization ratios were promising but lacking
in accuracy in both scattering angle and polarization ratio. By incorporating many of the
techniques and conventions of ellipsometry and taking advantage of improvements in
rotational encoder technology, a highly accurate and easy to use light scattering instrument
that represents a significant advance over previous designs was constructed.
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While

additional advances and improvements in the light scattering apparatus are expected, the
instrument presented here, shown schematically in Figure 5‐1, has been shown to
accurately measure gold wire size, refractive index, and SAM film thickness.

Figure 5‐1. 3D schematic of light scattering apparatus. (Red) incident and scattered light
(Yellow) sample (Blue) optical elements.
Instrumentation
The optical path is based on modern rotating compensator ellipsometry techniques,
which use elliptically polarized light to measure film thickness and refractive index of thin
films on flat substrates.19 The use of a rotating compensator eliminates the problem of
needing to accurately measure the absolute intensity of scattered light. The absolute
intensity of the scattered light measured at any given angle is highly dependent on the
alignment and surface roughness of the scattering sample. Slight deviations in the tilt of
the sample off normal cause the plane of scattering perpendicular to the sample to tilt and
change the absolute intensity measured at a given angle. A sample with surface roughness
on the same scale or greater than the wavelength of incident light will scatter light above
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and below the normal plane, presenting an additional challenge for the measurement of
absolute intensity.

The measurement of the polarization ratio of the scattered light

eliminates both of these problems in measuring absolute intensity. The use of a rotating
compensator allows for the accurate and quick measurement of the polarization ratio. By
creating elliptical and circularly polarized light, the rotating compensator also allows for
the measurement of the phase shift between the two polarizations. As explained further in
the data processing section, the use of a rotating compensator provides a lock‐in effect that
greatly improves the signal‐to‐noise ratio.
The optical path is a PCrSA (polarizer, rotating compensator, sample, analyzer) setup,
shown schematically in Figure 5‐2. The polarized light from the HeNe laser (27 mW) or
other laser source passes through a Glan‐Thompson calcite polarizer set at 45°, as seen
from the sample, to create plane polarized light. The rotation of the polarizer is controlled
by a belt coupled microstepper motor and measured by a rotation encoder with 10,000
counts per revolution.

The 45° plane polarized light passes through a λ/4 plate

compensator. Both a zero‐order 633 nm and a visible broadband λ/4 wave plate are used,
depending on the wavelength of the incident light. The compensator is rotated by a highly
stable brushless servo motor at 10 Hz. The angular position of the waveplate is measured
by a Renishaw optical angle encoder with 36,000 counts per revolution. Depending on the
rotation angle of the compensator, circular, elliptical, or plane polarized light exits the
compensator. After the compensator, the incident light scatters off the cylindrical sample in
a plane of light perpendicular to the sample. Note that the diameter of the laser beam (2‐3
mm) is much larger than the diameter of the sample. To analyze this plane of scattered
light, a biased silicon photodiode detector is rotated around the sample in the plane of
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scattered light. In front of the detector on the rotating arm are a 50 µm slit and an analyzer.
The analyzer is another Glan‐Thompson polarizer at 45° on a manually rotating mount.
The 50 µm slit is located 44.5 cm from the sample, providing an angular window of 6.4*10‐3
degrees. The detector arm is mounted to a rotating stage‐driven microstepper motor with
an attached 10:1 planetary gear mechanism.

The angular position on the rotating

stage/rotating arm is determined by a Renishaw optical angular encoder with 3.1488*107
counts per revolution and dual readheads. The sample is held in a custom made PTFE
mount attached to a Huber goniometer stage that allows the sample to be moved in x,y, and
z, as well as being tilted in x and y. The goniometer stage is centered within the rotating
stage, but spins freely to allow for sample alignment and keeps the sample stationary while
the stage rotates.

Figure 5‐2. Schematic of the optical path of the light scattering instrument.
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The rotating arm rests at each angular position for one complete rotation of the
compensator. The intensity of the scattered light at this angular position throughout the
rotation of the compensator is measured by a biased photodiode. The current generated by
the photodiode is amplified by a Keithley 428 current‐to‐voltage amplifier, and voltage is
read by a National Instruments PXI‐6289 card. By correlating the voltage output with the
angular position of the compensator, a voltage vs. angle plot is generated, from which the
four Fourier coefficients are determined and Ψ and Δ are calculated. Instrument control as
well as data collection and analysis are done with customized Igor software. This software
automatically scales the amplification factor of the Keithley 428 over six orders of
magnitude, allowing for a large dynamic intensity range.
Alignment
Alignment of optical components, rotating stage, and the sample are critical to obtaining
accurate light scattering data. During initial alignment the height (z) of the laser, detector,
and optical components was aligned to sample height. The laser beam needs to be level
with respect to the rotating arm and pass through the center of the compensator and
polarizer. A well‐aligned gold wire sample is used to insure that the laser passes through
the rotational center of the stage. Gold wire samples are mounted in a custom C–mount
assembly (Figure 5‐3) attached to the goniometer sample holder. This sample holder
rotates around the geometric center of the rotating stage. To align the gold wire, a
microscope (100x total magnification) is positioned horizontally (parallel to the laser path)
and focused on the middle of the suspended gold wire sample while the laser beam is
blocked. The tilt and xy position of the wire are adjusted until the wire is located in the
rotational center of the stage. When the goniometric stage is rotated, the wire should not
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move in the microscope field of view. The scattered light at 632.8 nm is visible in the
darkened enclosure. Any tilt of the wire off normal results in a tilt to the scattering plane.
The backscattered light off the sample, x, (180°) should be at the same height and intersect
with the incident laser light. The plane of scattered light should also be at the same height
as the detector at all angles. Using this well‐aligned gold wire sample, the angle of the
incident laser in the xy plane is adjusted so the absolute intensity of the forward scattered
light off the gold wire is maximized. For a well‐aligned highly symmetrical sample and
laser, the light scattering pattern observed visually should not change in height or in the
positions of minima and maxima as the goniometric stage is rotated.

Figure 5‐3. Schematic of C‐Mount wire/fiber sample holder.
While there is considerable literature on the alignment of optical elements in
ellipsometers, little has been published on alignment for light scattering applications. The
alignment of the compensator, analyzer and sample are interdependent.

For initial

alignment the polarizer is set to either the completely vertical or horizontal position, where
the encoder is zeroed, and the polarizer is subsequently moved to 45° using the encoder
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and stepper motor. With the rotating arm at zero degrees, and in the absence of a sample,
the incident laser beam passes directly through the analyzer and slit onto the detector. In
this straight through configuration, with the compensator removed, the analyzer is rotated
to maximize the intensity of the incident beam on the detector. It is easier to rotate the
analyzer to determine the minimum intensity and then rotate 90° to the desired 45° angle.
After the analyzer is roughly aligned using the above procedure, the compensator is
installed with the fast axis of the compensator positioned horizontally, while the angular
encoder ring is positioned at its index value. The compensator can then be aligned by
adjusting the calibration value in the software until the measured Ψ is 45° and Δ is close to
0°. This calibration value adjusts the orientation of the fast axis of the compensator with
respect to the angular encoder's index position. This initial alignment assumes that the
compensator behaves like a perfect λ/4 waveplate. For broad band compensators, or
compensators that don’t behave perfectly, the methods of Lee et al. can be used to
determine the compensator's phase retardance.20
After this preliminary alignment, the alignment of the analyzer and compensator need to
be aligned with the sample. Errors in this alignment show up as shifts in Ψ at high
scattering angles on gold wire samples. An iterative process can be used, where the
rotation angle of the analyzer is adjusted to bring the measured high angle Ψ values closer
to the calculated value (oscillating around 45°), followed by removal of the sample and
recalibration of the compensator using the procedure above. The encoder and stepper
motor controlling the rotation of the stage and arm are set by zeroing the motor control
software when the maximum intensity of the incident laser is passing through the slit.
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Small changes to zero position of the arm can be done during data processing. Note that
the motor and encoder positions of the rotating stage are determined independently.
Data Processing
There is no established standard for processing and presenting light scattering data on
infinite cylinders. The polarization ratio used by previous experimenters does not allow
for the presentation of phase information and the full scattering matrix is too complex for
routine use. The data presentation standard used here is based on the psi (Ψ) and delta (Δ)
terminology from ellipsometry. Where Ψ and Δ represent the amplitude ratio and phase
difference between p‐ and s‐polarizations respectively. For flat samples measured at the
Brewster angle, where the structure is simple, there is a direct correlation between the
complex refractive index (n,k) and Ψ and Δ. For scattered light there is no Brewster angle,
and there is generally a more complex relationship between the refractive index, sample
diameter, and psi and delta, but these values remain a convenient way to represent light
scattering data.
The p‐ and s‐polarization convention used in optics and ellipsometry requires a plane of
reference. Since there is no suitable plane of reference for light scattering, the TE and TM
convention is used instead. This convention still requires a point of reference, and there
are two different reference points and conventions in common use. In this work the
photonics convention is followed where the structure, in this case wire sample, is used as
the reference.

TE, transverse electric, has the electric field of the incident light

perpendicular to the sample and TM, transverse magnetic, has the electric field parallel to
the sample. Note that COMSOL follows the engineering convention where TE and TM are in
reference to the direction of propagation of the incident light, which for 2D scattering
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simulations is the opposite of the photonics convention followed here. Based on these
conventions, the basic ellipsometry equation for Ψ and Δ has been rewritten for light
scattering as equation 5‐1, where ρ is the complex scattering ratio, and sTM and sTE are the
amplitude coefficients for the scattered light of TM and TE polarization respectively.

(5‐1)

Using polar coordinates to represent the amplitude scattering coefficients and noting
that STM=|sTM|2 and STE=|sTE|2, the equation for Ψ can be written using the ratio of the
intensity of the TM and TM scattered light.

(5‐2)

In a similar manner the argument for Δ can be written; noting that for a complex number
C = a+ib = r(cosθ + isinθ) and that tanθ =

.

(5‐3)
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Where Im(ρ) is the imaginary part of ρ and Re(ρ) is the real part of ρ. Using these
equations for Ψ and Δ, the intensity vs. compensator data that is experimentally collected
can be converted to Ψ and Δ for each position of the rotating arm.
The intensity vs. compensator data contains two superimposed frequency components. By
taking the Fourier transform of this data, four Fourier coefficients (a2, b2, a4, b4) are
calculated for each angular position of the arm/detector. These are converted to Q, χb,
χa1,and χa2 where deltac=retardance of the compensator (π/2) and ap =π/4

(5‐4)

The sign of χb is corrected using χb=abs(χb)*sign(χa1)

From there Ψ and Δ are

(5‐5)
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Accounting for the quadrant correction from 5‐3:
(5‐6)
Ψ and Δ are then converted from radians to degrees and plotted against the rotation angle
of the stage.

MODELING AND CALCULATION
Two different approaches were used to generate theoretical scattering data for
comparison to experimentally collected data. The light scattering from a single perfect
infinite cylinder can be solved analytically using a number of different approaches. A
Fortran solution is widely available on the Web and was interfaced with the Igor collection
program to allow for simple and rapid calculations of Ψ and Δ of perfect cylinders. For
more complex cylinders including coated cylinders, cylinders with rough surfaces and
elliptical cylinders, a finite element modeling approach using COMSOL’s RF package was
used. For simple bare cylinders, both methods return the same results over a range of sizes
and wavelengths.
Light Scattering Theory
The theory for electromagnetic scattering off infinite cylinders was originally developed
by Lord Rayleigh, and solutions are prevalent in the light scattering literature.21 The
simplest approximation for light scattering is the Fraunhofer diffraction equation 5‐7;
where I is the intensity ratio or scattering ratio, d is the diameter of the wire, λ is the
wavelength of light in the medium surrounding the scatterer and θ is the scattering angle.15
(5‐7)
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From the work of Farone and Kerker, the intensity of the scattered light in the direction θ
is described by the equations 5‐8.13 I1 is the intensity of the electric vector perpendicular
to the scattering plane (parallel to the sample), and I2 is the electric vector parallel to the
scattering plane. Θ is measured from the forward direction, r is the distance from the
cylinder axis, and k=2π/λ where λ is the wavelength of the incident light in the medium.
The scattering coefficients an and bn are defined in equation 5‐9, where

..

(5‐8)

(5‐9)

Hn is a Hankel function of the second kind, and Jn is a Bessel function of the first kind, which
they solved using a Fortran program and a recurrence approach.
Fortran Calculations of Light Scattering Data
The Fortran software approach used in this work is based on a more recent work by Yousif
and Boutros which allows for the calculation of the elements in the Mueller scattering
matrix.22 Of particular importance here are the amplitudes of the scattered electric field in
far‐field; where T1 is the amplitude of the scattered light parallel to the scattered plane
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(perpendicular to sample), when the electric field of the incident light is in the plane
(perpendicular to the sample). Yousif and Boutros call this TM, but in this work it would be
TE.

Similarly T4 is the amplitude parallel to the sample with TE incident, T2 is

perpendicular to the sample with TM incident, and T3 is parallel to the sample with TM
incident.

(5‐10)

Where μ is the permeability of the sample, ω is the angular frequency of the incident
radiation, λ is the wavelength of the incident radiation, ko =2π/λ is the wavevector, m is the
index of the equation, θ is the angle of the incident light and ϕ is the scattering angle. Ψ is
the real part of ratio T2/T1 after converting to polar coordinates. Δ is the imaginary part of
this ratio T2/T1 after converting to polar coordinates.

Note that both Ψ and Δ are

expressed here in degrees rather than radians. The dependence of calculated Ψ and Δ data
on wavelength for a 4.17 µm radius gold sample are shown in Figure 5‐4 as an example.
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Figure 5‐4 Calculated light scattering data showing effect of incident wavelength on
scattering of 4.17 µm gold wire. (A) Ψ half calculated region (B) Δ half calculated region.
Finite Element Modeling of Light Scattering Data
Finite element calculation using the RF package in COMSOL Multiphysics allowed for the
calculation of scattered light off coated and irregularly shaped samples. A 2D model of the
cross‐section of the sample in scattering/incident light plane was used (shown
schematically in Figure 5‐5). The light propagates in the x direction using the scattered
hybrid wave mode (harmonic propagation) to solve for both the TE and TM scattered
waves simultaneously without displaying or solving for the incident light. The cylindrical
PML, perfectly matched layer, is used to prevent reflections of the scattered light off the
PEC, perfect electric conductor, which is the outer boundary of the model. The size,
complex refractive index (‐k is loss), and size of the medium, sample, and coating layer can
be changed depending on the experiment. Since the penetration depth of visible light in
gold is small, ~20nm, only the surface of the gold sample needs to be modeled. The
excluded region is not active in the domain, so is neither meshed nor modeled. The
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scattering is modeled in the near‐field, but actually measured in the far‐field, so a far‐field
boundary at the edge of the medium is included for calculating the far‐field electric field
from the modeled near‐field. Using the far‐field boundary, the scattered complex electric
field can be obtained for x, y, and z. The large difference in sizes between the thickness of
the coating, especially for multilayer coatings (nm to Å), and the rest of the features (µm)
makes adequate meshing of the elements challenging.

In general, for an adequate

scattering solution, a minimum of 2‐4 mesh elements are needed to cover the thickness of
each layer in the coating, 10 mesh elements are needed in the first wavelength of the gold
sample, and 2000 points are needed along the far‐field boundary.

Figure 5‐5. Schematic of generalized COMSOL finite element model used for light scattering
problems.
In order to convert from scattered electric field data to Ψ and Δ, the real and imaginary x,
y, and z far‐field data is exported to Igor as text files, where atan2(y,x) is the x component.
The six electric field amplitude waves are combined into three complex waves. Note that
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waves exported from COMSOL to Igor must be sorted with respect to the appropriate angle
(x) value wave in order for plotting in Igor. The ratio of the x and y fields to the z field is
taken and converted to polar coordinates (5‐11). Note that a scalar of 267 is used to
account for the difference in relative intensities of the TE and TM modes in COMSOL.

(5‐11)

Ψ can be determined by taking the tan‐1 of the real part of this ratio and converting from
radians to degrees.

The determination of Δ is complicated by the argument for the

quadrant correction (5‐3). The ratio of x and y to z is again taken, but not converted to
polar coordinates (5‐12), followed by taking the tan2‐1 of the imaginary and real parts of
this ratio.

(5‐12)

This does not include the quadrant correction, which is currently being done manually by
adding or subtracting 180° from the appropriate sections of the wave to make it
continuous. The procedure for finite element modeling the scattered light and converting it
to Ψ and Δ is longer and more demanding than the analytical solutions, but it allows for
modeling more complex shapes and conditions.
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RESULTS
Drawn Silica
The scattering of light off pulled fused silica and borosilicate wires is well understood and
is a logical starting place for understanding and calibrating a new light scattering
instrument. Commercial silica wires in the right size range are not readily available, so the
wires were drawn by hand from 3 mm fused silica tubes following the procedure of
Strong.23 Using an oxygen methane torch with a hot flame, a small ball of molten fused
silica is formed between the ends of two fused silica rods/tubes. The ball is removed from
the flame and the ends of the rods are quickly pulled apart before the silica cools. This
forms a fused silica fiber usually between 100‐300 µm in diameter. Using a cooler flame
(less oxygen), this initial fiber can be drawn down further to sub 10 µm diameters. For the
best results and smallest diameter fibers, the upward force of the flame is used to draw the
fibers down. This process results in fibers up to several meters long of varying diameter
along the length. The thin section of this fiber is suspended between two rods 15‐45 cm
apart using adhesive tape. From this suspended sample a 2‐3 cm section that appears to be
uniform and defect free is transferred to a C shaped holder similar to the one in Figure 5‐3.
The pulled wires are very fragile and easily contaminated. The section to be scattered off of
should not come in contact with other surfaces before or after mounting. In laboratory air
the silica wires will gradually become contaminated and should be used as soon as
possible.
A number of different fused silica wires were pulled, mounted, and aligned using the
procedure above. Wires that displayed a good visual scattering pattern were analyzed
more fully. Samples with visual scattering patterns that moved when the sample was
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rotated or that displayed significant scattering out of the plane were discarded.

Fused

silica wire samples that were symmetrical in Ψ and Δ around the laser line (0°) were
matched to the calculated patterns to determine wire size (Figures 5‐6&7). The refractive
index of fused silica at 632.8 nm is generally accepted to be 1.459, and this matches well
with the experimental data for these samples. For the fused silica wire sample in Figure 5‐
6, a good match between experimental and calculated data was obtained for a radius of
1.825 µm and a refractive index of 1.459. For the Δ data shown in Figure 5‐6A, there are
two areas where the experimental data deviate from the calculated data. The region at
‐120° scattered angle is due to the shadow of the C shaped mount, where the mount itself
blocks the scattered light. The region close to 0° scattered angle is due to the noise from
incident laser beam, which is more intense than the scattered light. The reason for the
discrepancy at 120° in the Ψ data (Figure 5‐6C) is unknown, but likely due to a defect in the
silica wire itself. A piece of dust or a small change in either refractive index or size at that
angle would result in a small discrepancy.
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Figure 56. Light scattering data for a hand‐pulled fused silica wire. (red) Calculated data
for cylinder of 1.825 µm and n=1.459 at 632.8 nm (black) Experimentally collected
scattering (A) Δ Full collected angle range (B) Δ half of collected range (C) Ψ half of
collected range.
Fused silica wires as small 1 µm could be successfully characterized with light scattering
(Figure 5‐7). The smaller the wire, the fewer features in Ψ and Δ, with more angular
distance between peaks, as previously reported for the polarization ratio.24 Smaller wires
have less absolute intensity of scattered light, which reduces the signal‐to‐noise ratio.
Based on the calculated light scattering data, slight differences in refractive index make a
small but noticeable difference in the calculated Ψ and Δ patterns. The experimentally
observed Ψ and Δ patterns for this sample are close to, but do not match perfectly with any
of the calculated refractive indices. This may be caused by a slight materials loss in the
sample from contamination during drawing.
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Figure 5‐7. Light scattering data from a ~1 µm fused silica wire. (A) Δ Full collection
range. (B) Δ Expanded view of a single feature. (C) Ψ Half collection range.
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Due to the nature of the fused silica drawing process, there is considerable sample to
sample variability in size and shape. There is also variability in sample diameter along the
length of the sample. Smaller diameter samples exhibited less ellipticity and were closer to
the expected refractive index than larger diameter wires. The effect of sample ellipticity on
the experimental light scattering data is shown in Figure 5‐8. The same fused silica wire
sample at the same position on the sample is rotated in 90° increments around the
sample’s axis. For a sample with perfectly circular cross‐section, the Ψ and Δ patterns will
be independent of the rotation angle of the sample. This sample shows three different
effective diameters from 3.65 µm to 3.82 µm, which suggests that the sample has a complex
cross‐section. A sample with a simple elliptical cross‐section, when properly aligned with
the long axis either perpendicular or parallel to the incident laser, will have only two
different effective sizes. This complex cross‐section may be due to a slight twisting of the
fiber as it is pulled. The effect of sample ellipticity has not been previously reported, and
since only half the scattering pattern is generally reported, it is not possible to determine
the symmetry of the previously reported light scattering data. Based on the reported light
scattering data of Meulen and Strackee, it should be possible to obtain a good match
between calculated and experimental results for fused silica wires with radii in the 3‐5 µm
range.16 The difficulty in obtaining a good match between calculated and experimental
light scattering data for larger fused silica wires is attributed to difficulties in pulling fused
silica wires with circular cross‐sections. This difficulty in obtaining ideal fused silica wires
was the first indication of the sensitivity of the instrument to small changes in wire shape
and refractive index. It also indicates the importance of collecting and matching the
scattering data over the full angular range of the rotating arm.
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Figure 5‐8. Light scattering data for fused silica wire with a complex cross‐section. (A) Ψ
Full collection range. (B) Ψ Full collection range 90o rotation of sample from A around
sample axis. (C) Ψ Full collection range 180o rotation of sample from A around sample axis.
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Bare Gold
In order to avoid some of the problems in sample uniformity and cross‐section shape
encountered with hand‐drawn fused silica wires, gold wires deposited in the pores of MOFs
and etched out were used for further light scattering experiments. Gold wires were
deposited using the technique presented in Chapter 2. In order to fabricate a large quantity
of gold wires, a MOF with an array of similar sized pores was used for the depositions. Due
to the large flow rate of the array fiber and the low volume of the gold reservoir, multiple
gold depositions at the same spot along the MOF were often needed to deposit sufficient
amounts of gold within the MOF. A polished cross‐section of a gold‐filled array MOF used
for all the gold wires presented here is shown in Figure 5‐9A. Note that the holes in the
gold tubes have been filled with epoxy to allow for polishing. As discussed in Chapter 2 it is
not possible to achieve complete gold filling of the MOF pore over any appreciable length.
The pore‐to‐pore filling is not uniform, with some pores having thicker gold films than
others at the same position along the fiber. All the pores have gold films that would be
optically thick at 633 nm. Thicker gold films result in more robust gold wires that are
easier to etch out and mount. After the gold deposition, the wires were etched out of the
MOF pores using 58% HF for several hours until the wires were clearly separated from the
MOF and each other. The wires were then triple rinsed in distilled water and soaked in HF
for an additional 30 minutes to insure that all the silica was removed from the surface of
the fiber. The gold wires were then cleaned by soaking in a 1:3 30% hydrogen peroxide:
ammonium hydroxide (base piranha) mixture for 30 minutes to remove any organic
contamination or surface carbon. Following a triple distilled water rinse, individual gold
wires were carefully mounted on the C shaped sample mount and secured to the copper
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wires using silver paint. The copper wires provide electrical connection to the suspended
gold wire for measuring resistance and DC heating. For ease of handling, the gold wires
were suspended in a small pool of distilled water. After cleaning, some sections of gold
wire are visibly clean when viewed in reflected microscopy (Figure5‐9B), and some are still
visibly dirty (Figure 5‐9C). The nature of this dirt is unknown, but it is likely amorphous
carbon or other carbonaceous material from the gold precursor that did not fully
decompose.
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A

B

C

Figure 5‐9. Optical microscopy images taken with reflected light of (A) polished cross‐
section of gold filled array MOF (20x dry) (B) clean region of gold wire etched out of MOF
array (100x oil immersion) (C) region of gold wire showing visible dirt clump (100x oil
immersion).
In addition to residual carbon or carbon containing compounds from the gold wire
deposition process, it is known that clean gold exposed to laboratory air will quickly
become contaminated with adventitious carbon.25‐27 This layer of adventitious carbon is
detectable by light scattering and needs to be removed in order to get a light scattering
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pattern for bare gold. While this adventitious carbon layer can be removed chemically
using either acid or base piranha solutions, it requires removing the wire sample from the
scattering apparatus. A simple method of heating the wire using DC current was developed
in order to heat the wire in a controlled and reproducible fashion. Using a Keithly 6221
current source and a Keithley 2182A nanovoltmeter, a DC current was applied to the wire
and the voltage recorded using LabVIEW software. It is known that the resistivity of gold is
temperature dependent, with the resistivity increasing with increasing temperature28
(Figure 5‐10A). This temperature dependence was used to estimate the temperature of the
gold wire based on the change in the resistance of the wire with current. A similar
technique for estimating gold wire temperature was used by Donga and Parviz.29 Using the
DC sweep feature of the software, a plot of current vs. resistance was measured and
converted to a plot of current vs. temperature (Figure 5‐10B) for each wire heated. Since
the thickness of the gold is not uniform along the length of the gold wire (the inner gold
diameter changes), the heating is unlikely to be uniform along the wire. When a gold wire
is over heated (too much current applied), the wire will break at a single point, sometimes
with evidence of charring or melting at that point. The small diameter of the gold wire
makes independent calibration of the temperature difficult. Neither metal thermocouples
nor IR thermometers will work, and the temperature is too low for a temperature
estimation based on black body radiation using the available Si detectors. When the gold
wires are being heated sufficiently to remove any adventitious carbon, they expand along
their length enough to bow several mm, pushing the wire out of the laser path. Alkanethiol
monolayers have been reported to thermally desorb between 160‐250 °C for short
exposure times30,31 and at temperatures as low as 100 °C for longer exposures.32
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Adventitious carbon would be expected to desorb at lower temperature than covalently
bonded alkanethiols; this is consistent with the 190‐250 °C temperatures required to clean
gold wire for light scattering.

DC heating is an important method for removing

adventitious carbon and organic layers from gold wires, since it can be done without
removing or disturbing the aligned gold wire in the light scattering instrument.

A

B

Figure 5‐10. (A) Graph of temperature vs. resistivity for bulk gold adapted from
Matula.28 (B) Graph of current vs. temperature for a representative gold wire sample.
Using a combination of wet chemical cleaning and DC resistance heating, bare gold wires
were obtained, where the light scattering data closely matched the scattering data
calculated based on the accepted refractive index of bulk gold at 632.8 nm (Figure 5‐11).
The refractive index of bulk gold is highly wavelength‐dependent and dependent on the
purity and preparation of the gold sample.33 The Handbook of Optical Constants of Solids
reports a value of (.166, ‐3.15) at 652.6 nm,34 and Johnson and Christy report (0.14, ‐3.697)
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at 659.5 nm.35 The values used in this work are based on the model by Hao and Nordlander
unless otherwise stated, which gives a value of (.167, ‐3.37) at 632.8 nm.36 Romanyuk et al.
report on change in the optical constant of thin gold films (40 nm) based on annealing
temperature, and give a value of n between 0.17 − 0.22, and k between ‐3.3 − ‐3.5 at 632.8
nm.37 In order to determine wire size, the low angle scattering data (Ψ and Δ) was
compared to the calculated data at various sizes using the Hao refractive index value for
gold at 632.8 nm. Larger diameter wires have more and more closely spaced features. The
low angle scattering is also less sensitive to sample ellipticity and sample alignment. After
determining the gold wire size, the calculated refractive index was varied to optimize the
fit. Changes in the refractive index will change the angular position and spacing of the
peaks in Ψ and Δ, changing the apparent size, but this is a small effect as shown in Figure 5‐
11B, where even at higher angles a decrease in n reduces the peak amplitude in Ψ, but does
not shift the peak positions. Using an average of the difference between calculated and
experimental light scattering data, the best refractive index value was determined to be
(0.14, ‐3.38), well within the range of reported values for both bulk gold and thin gold films.
The shape of the high angle Ψ data is highly sensitive to sample size, while overall shifts in
Ψ, along the y axis, are dependent on the alignment between the compensator, analyzer
and sample. In general Δ is less sensitive to alignment of the optical components, but more
sensitive to sample cleanliness, particularly at low angles (15°‐30°), Figure 5‐11D. For a
slightly larger gold wire sample (Figure 5‐12), a similar pattern is observed, with a
reasonable match being obtained using the Hao refractive index values. The shift in the
high angle Ψ data (Figure 5‐12B) is due to a small misalignment of the optical components.
The increase in peak amplitude for low angle Δ values is due to a slight increase in the gold
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loss (‐k), probably due to residual carbon contamination within the gold wires during
deposition. The light scattering data presented here for bare gold wires covers a wider
angle range with more angular accuracy and a better match to theory than ever presented
for any cylindrical sample and is significantly better than any previously reported data on
gold wires.

The ability to accurately collect and match high angle Ψ data offers

unprecedented sensitivity for an instrument of its type.
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Figure 5‐11. Comparison of light scattering data collected experimentally after heating to
250 °C (black) with calculated data using two different refractive indices (red and blue).
(A) Ψ full collection range (B) Ψ high angle range (C) Δ full collection range (D) Δ low angle
range.

Figure 5‐12. Comparison of light scattering data collected experimentally (black) with
calculated data using two different refractive indices (red). (A) Ψ half collection range (B)
Ψ high angle range (C) Δ half collection range (D) Δ low angle range.
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Ellipticity
Not all the pores in the MOF array (Figure 5‐9) have a circular cross‐section, so some of
the resulting wires have non‐circular cross‐sections. It is not possible to determine which
gold wire samples have circular cross‐section before mounting and light scattering. The
wires all look identical in the stereo microscope, and rotating the wires under the materials
microscope is not practical. As a first order approximation, deviations from circular can be
modeled as an ellipse. To understand the effect of a small degree of ellipticity on the light
scattering pattern, a gold wire with 0.9% ellipticity was modeled in three different
orientations with respect to the incident light (Figure 5‐13). The low angle scattering for
both Ψ (Figure 5‐13A) and Δ (not shown) shows very little deviation from circular and
little difference between the different orientations of the sample. At high angles the
differences in the Ψ data (Figure 5‐13B & C) become apparent. As expected for the sample
aligned at 0° or 90° the scattering pattern is symmetrical around the laser. When the
sample is oriented at 45° to the incident laser, the pattern is not symmetrical (green data in
Figure 5‐13B & C). Based on this modeling data, it should be possible to experimentally
measure sample ellipticities of less than 1%. If some of the experimental gold wires are
elliptical, it should be possible to rotate the wire until the scattering pattern is symmetrical
on both sides of the laser. This pattern can then be modeled to determine the wire's size
and degree of ellipticity.
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Figure 5‐13. Modeled light scattering data for an elliptical gold wire. (A) Ψ half collection
range. (B) Ψ positive high angle region. (C) Ψ negative high angle region. The degree of
ellipticity has been exaggerated in the diagrams for clarity.
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To empirically test this simple elliptical scattering model, a gold wire with a high quality
asymmetric experimentally determined light scattering pattern was evaluated at multiple
orientations by rotating the gold wire around its axis. It was observed that the Ψ and Δ
pattern becomes symmetric for two orientations of the wire ~90° apart. The experimental
scattering data at these two orientations was compared to modeled data for a simple
ellipse (Figure 5‐14).

While it was possible to fit the scattering data from the two

orientations separately to a simple ellipse model, the two different orientations fit to
ellipses of different sizes. This suggests that the sample chosen has a more complicated
cross‐section than a simple ellipse. It is also possible that two different observed sizes
result from inaccuracies in the x‐y position of the wire as it is rotated. There is currently no
way to accurately determine the rotation angle of the wire, so there may not have been a
complete 90° rotation between the two scattering patterns. The elliptical model provides a
considerably better fit to the experimental data for this wire than a circular cross‐section
model. Additional experimental data on other wires is necessary to determine whether the
sample or the alignment is the true cause of the discrepancy with the single ellipse model.
This experiment does show the sensitivity of the light scattering instrument to sample
ellipticities as small as 4%.
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Figure 5‐14. Experimental and modeled light scattering data for an elliptical gold wire. (A)
Δ half collection range (B) Δ half collection range for wire sample rotated 90o to A. Drawn
ellipses represent the orientation of the modeled sample to the incident light. The degree
of ellipticity is exaggerated for clarity.
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SAM Coated Gold Wire Samples
Ellipsometry has been used extensively to characterize thin films and multilayer film
stacks on various substrates including alkanethiol self‐assembled monolayers (SAMs) on
silver38 and gold.39‐41 Theoretical work and analytical calculations of thin film coated
cylinders have already been done,42‐45 but no experimental work on coated wires has been
reported.

Alkanethiol SAMs on gold are an excellent test case for the experimental

investigation of light scattering off coated wires, due to their well understood chemistry
and known ellipsometric thickness.

Traditionally alkanethiol SAMs are deposited by

soaking the gold/silver substrate in a solution of the alkanethiol in an organic solvent.41
Non‐solution based techniques including low pressure vapor deposition,46 and
atmospheric pressure vapor deposition40,47,48 have been reported. In order to eliminate
possible discrepancies in the light scattering pattern due to sample realignment, an in situ
SAM deposition technique was employed. This simple technique starts with a gold wire
mounted in the C‐shaped mount that is DC resistance cleaned and characterized using light
scattering to insure sample quality.

For simplicity these initial experiments were

conducted on wires with a highly circular cross‐section. For SAM deposition a small
amount (~500 mg) of bulk alkanethiol is placed below the mounted wire and both sample
and alkanethiol are covered with an inverted beaker. Deposition times varied from 1 hour
to 48 hours with and without annealing of the wire using DC heating during deposition.
Octadecanethiol was heated to just above its melting point (~32 °C) to increase the vapor
pressure. For propane and decanethiols, the beaker was sealed to the rotating stage to
contain the vapor. After deposition, the beaker and bulk alkanethiol were removed and the
sample was analyzed by light scattering.
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While it was observed early on in this study that this alkanethiol vapor deposition
resulted in significant changes in the light scattering patterns, especially the low angle Δ
scattering, the observed film thicknesses did not correspond well to the predicted film
thicknesses for single well‐formed monolayers. For non‐annealed samples immediately
following octadecanethiol deposition, the film was thicker than expected, as shown in
Figure 5‐15; where the solid black curve is the initial deposition, and the dotted yellow
curve is the modeled data for single octadecanethiol monolayer (2.7 nm), and the dotted
green curve is the modeled data for a two monolayer film (5.4 nm). This initial deposition
has an experimental thickness greater than two monolayers. As the gold wire sample is
heated, the observed thickness of the coating is reduced (Figure 5‐15).

For each

temperature curve, the sample is ramped from room temperature to the indicated
temperature over 100 seconds and held there for ~15 s before the current is stopped and
the sample rapidly cools to room temperature. The observed change in film thickness is
consistent with the removal of physisorbed octadecanethiol from the surface of the wire.
Heating of the wire to 96 °C results in an observed film thickness close to the expected
thickness for a single monolayer. Additional heating further reduces the observed film
thickness to sub‐monolayer levels with a bare gold wire being observed after heating to
167 °C. The lack of a temperature plateau where the film thickness remains at a single
monolayer and the relatively low temperatures for submonolayer thicknesses suggest that
this technique does not result in well‐formed monolayers.

175

Figure 5‐15. Low angle Δ light scattering data for octadecanethiol coated gold wire during
thermal desorption experiment. Solid curves are experimental data on the same wire and
thiol deposition after heating to indicated temperature. Dotted curves are modeled data
using a single layer of n=1.46 to represent the alkanethiol layer.
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The lack of a well‐formed alkanethiol monolayer on gold using vapor deposition under
these conditions is not surprising. The challenges of vapor based SAM deposition have
been previously reported.47,48 At sub‐monolayer coverages, alkanethiols rest horizontally
rather than vertically on the gold surface. If additional alkanethiol molecules are deposited
on the surface without allowing for rearrangement of the already deposited layer, the
subsequent layers will also be adsorbed with the chains positioned horizontal to the
surface via weak Van der Waals interactions. In traditional solution deposition, the solvent
allows for the rearrangement of alkyl chains that are initially horizontal on the surface and
the removal of alkanethiol molecules that are not covalently bonded to the gold surface.
The rinsing of the substrate post deposition removes any non‐bonded molecules from the
surface. To allow for rearrangement of the initially bonded chains and removal of non‐
bonded molecules, the gold wire was heated (~85 °C) during the 18 hour deposition. This
annealing during SAM deposition resulted in higher quality monolayers and eliminated any
physisorbed alkanethiol molecules. The long annealing times can result in increased
surface roughness of the gold wires due to the growth in gold crystal size. An example of
the light scattering data for a well‐formed octadecanethiol monolayer on a gold wire is
shown in Figure 5‐16. The presence of the monolayer reduces the amplitude of the feature
in both Ψ and Δ and causes a slight shift in the peaks toward 0° scattering angle, due to the
increase in sample size. The changes in peak amplitude are most pronounced at low
scattering angles. Light scattering opens up the study of SAMs to cylinders, which allows
for the study of how curvature and confinement affects the structure and packing of the
monolayer.
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Figure 5‐16. Experimental and modeled light scattering data for bare and octadecanethiol
coated gold wire (A) Ψ half collection range (inset) low scattering angle (B) Δ half
collection range (inset) low scattering angle.
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In order to better understand the relationship between film thickness and light
scattering data, shorter chain length alkanethiols were deposited and characterized.
Ideally the same gold wire in the same orientation would have been used for all the chain
length experiments; unfortunately this has not been achieved to date. Problems with wire
breakage could be reduced by improving the vapor deposition technique, and the difficulty
in achieving a second well‐formed SAM after the first has been thermally removed was
solved by exposing the wire sample to a mercury pen lamp UV/ozone source. The biggest
challenge in characterizing multiple different SAMs on the same wire is the increased
crystallization and surface roughness as the sample is heated, both during the SAM
deposition and to remove the SAM after characterization. Too many heating cycles or
extended annealing at lower temperatures makes the wire sample too rough to collect high
quality light scattering data.
The effect of alkanethiol chain length on the observed SAM film thickness can still be
observed using multiple samples (Figure 5‐17). For longer alkyl chains, the fit between
modeled and observed light scattering data is very good (Figure 5‐17A). For the feature
with a Δ minimum between ‐19 and ‐20 degrees of scattering angle, the observed Δ
difference between bare and SAM coated is 16° and 10° for octadecane and decanethiol
respectively; compared to 15° and 8° for the modeled data. For shorter chain lengths, there
is less agreement with modeled data (Figure 5‐17). This is most likely due to the increased
difficulty in depositing well‐formed monolayers as the chain length decreases. The reduced
interaction length between adjacent chains reduced the energetic favorability of a well‐
formed monolayer. These shorter chain length SAMs are also less thermally stable.41 The
modeled Δ difference in feature minimum between 19‐20° is 3.4° for a 4.5 Å film, within
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the current resolution of the light scattering instrument. Light scattering can be used to
characterize sub‐nanometer thick films on wires and tubes.

Figure 5‐17. Low angle experimental and modeled light scattering data (Δ) for bare gold
wires and gold wires coated with alkanethiol SAMs for different chain lengths.
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While the simple single layer SAM model used above works well for basic modeling of
coated cylinders, especially for longer chain lengths, it tends to overestimate the thickness
for a given alkyl chain length, due to the known tilt angle (27°)49 of alkanethiol SAMs on
gold. This simple model also assumes that the SAM has a uniform refractive index along its
depth. A more accurate SAM model used in ellipsometry involves 2 layers: a 1.2 Å layer for
the Au‐S bond and a layer for the alkyl chain with a refractive index of 1.5.39 The refractive
index of the Au‐S layer is wavelength dependent, and the thickness of the alkane layer
depends on the number of C atoms (0.121 nm/C atom). A comparison of the light
scattering data between the two models (Figure 5‐18) for an octadecanethiol SAM shows
general agreement with small differences for Ψ at high scattering angles and Δ at low
scattering angles. For the Δ minimum, around 21° scattering angle, there is ~2° difference
in Δ with the 2 layer model showing less change (thinner layer) from bare gold. As the SAM
deposition technique is refined, this small difference will become more important and
should be within the resolution of the light scattering instrument. The major difficulty with
routine finite element modeling of this 2 layer SAM is difficulty in adequately meshing the
thin Au‐S layer on the much larger gold cylinder. Ideally, an analytical solution for light
scattering off cylinders with multiple coatings will be implemented for calculating SAMs on
wires. Improvements in the correlation between modeled and experimental light
scattering data of coated wires requires both improved SAM deposition techniques and
improved models of the coated wires.
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Figure 5‐18. Modeled light scattering data for a gold wire coated with an octadecanethiol
SAM using two different size and refractive index models for the SAM. (A) Ψ half modeled
range (inset) high scattering angle range (B) Δ half modeled range (inset) low scattering
angle range.
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Effect of Wavelength
Since the refractive index of gold is highly wavelength dependent, there is considerable
value in characterizing the light scattering of gold wires at different wavelengths of
incident light. The eventual goal is to move to spectroscopic light scattering using a
broadband white light source, such as a super continuum laser, for incident source and a
spectrometer and CCD as the detector. Gold wires were characterized with 514 nm and
752 nm incident light. Changing the incident wavelength from 633 nm required replacing
the single wavelength λ/4 waveplate with a broadband (400‐800 nm) λ/4 waveplate. The
light scattering pattern for a typical gold wire at 514 nm (Figure 5‐19) looks visually
different from the pattern at 632.8 nm, but has some similar trends, including the decrease
in feature amplitude as the scattering angle moves away from the laser line (0°). At 514 nm
the amplitude of Ψ and Δ features is significantly less, with no observable features at large
scattering angles. Neither Ψ nor Δ matches well with the calculated pattern based on the
Hao refractive index values at 514 nm (0.7954, ‐2.085).36 For comparison, the refractive
index of gold is reported as (0.608,‐2.12) at 516 nm and (0.62,‐2.081) at 520 nm in The
Handbook of Optical Constants of Solids34 and Johnson and Christy35 respectively. The best
refractive index fit found for this gold wire sample, Figure 5‐19, was (0.6, ‐1.75). While the
n value is close to the other literature values, the loss is lower than expected. This decrease
in loss may be due to carbon contamination in the gold wires from the organometallic
precursor.
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Figure 5‐19. Experimental and calculated light scattering data for a gold wire using 514
nm incident light. (A) Δ half collection range (B) Ψ half collection range.
Based on the small difference between the observed refractive index and the accepted
literature values at 632.8 nm, there is very little residual on the surface of the gold. Light at
632.8 nm has a 1/e penetration depth of 13 nm using the normal equation for penetration
depth δ= λ/4πk,50 where λ is the wavelength of the light, and k is the loss component of the
complex refractive index. Light at 514 nm has a penetration depth of ~19 nm. This
increased penetration depth is better at characterizing the bulk material rather than the
surface layer. Carbon is insoluble in solid gold51 and carbon near the surface will migrate
to the surface, where it will be oxidized during the normal gold wire cleaning. Incident
light at 514 nm may be sensing carbon contamination deeper within the gold wire sample.
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Using the experimentally determined refractive index for these gold wire samples at 514
nm, gold wires coated with an octadecanethiol SAM were characterized with light
scattering (Figure 5‐20). While the experimental light scattering data for the coated
sample is a better fit to the data modeled with the experimental refractive index, it is not
yet possible to distinguish between coated and uncoated gold wires at this wavelength.
Additional investigation into the refractive index at 514 nm and sample purity are needed
to understand this discrepancy.

Figure 5‐20. Modeled and experimental light scattering data for an octadecanethiol coated
gold wire at 514 nm. (A) Ψ half collection range (B) Δ half collection range.
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Moving to a longer incident wavelength, 752 nm, has less significant changes on the light
scattering pattern (Figure 5‐21). The general shape remains the same, while the amplitude
of the Ψ and Δ features increases. The Hao refractive index (0.158, ‐4.54) at 752 nm
matches well with the observed refractive index, and the light scattering data for an
octadecanethiol coated gold wire matches well with experimental data at 752 nm (Figure
5‐21B&D). The penetration depth of 752 nm light into gold is 13.3 nm, approximately the
same as for 632.8 nm. This is consistent with the theory that carbon contamination on the
gold surface has been removed. The region of maximum sensitivity to a SAM coating is
shifted to larger angles for Δ from ~20° for 632.8 nm to ~40o for 752 nm. The maximum of
the Δ feature peak is more sensitive to a coating layer at 752 nm, rather than the minimum
observed at 632.8 nm. The location of maximum sensitivity shifts with wire size, and
importance of maxima vs. minima may also shift with wire size.
The use of multiple incident wavelengths to characterize the light scattering of coated
and uncoated wires does provide additional data, particularly concerning the uniformity of
the sample with depth. The rapid change in refractive index with wavelength and possible
non‐uniformity of the sample with depth will complicate the use of spectroscopic light
scattering for the characterization of gold wires.
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Figure 5‐21. Experimental and modeled light scattering data for an octadecanethiol coated
gold wire at 752 nm. (A) Ψ half collection range (B) Ψ low angle scattering (C) Δ half
collection range (D) Δ low‐mid angle scattering.
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Surface Roughness
It is known that the surface of the MOF pores can be nearly atomically smooth (~0.1 nm
RMS),52 although not all MOF pore surfaces are that smooth (7 nm).53 It has also been
shown that semiconductors deposited within MOFs are conformal to the pore walls and are
highly smooth.54 It should be possible to fabricate highly smooth gold wires within the
MOF pores. The traditional method for fabricating gold microwires involves drawing down
large gold wires through successively smaller dies to reduce the diameter.55‐57 This results
in highly stressed wires with average crystal sizes between 200 nm and 1 µm, depending
on the wire size and annealing conditions. While the relative wire surface roughness can
be observed in the out–of‐plane light scattering, differential interference contrast (DIC)
microscopy and atomic force microscopy (AFM) were used to characterize the surface
roughness of the gold wires. Of initial interest was the roughness of a bare gold wire that
had already been characterized by light scattering and was known to be clean. In order to
preserve the sample for further light scattering studies, the gold wire was imaged with DIC
microscopy (Figure 5‐22A). DIC is sensitive to changes in pathlength and is sensitive to
nanoscale surface roughness when using visible illumination. Note that the wires are
aligned with the DIC prism to eliminate the curvature of the wire and observe surface
roughness only along the fiber length. The observed surface roughness is uniform along
the observed length of the wire. In order to obtain a more quantitative measure of the
surface roughness, a gold wire from the same deposition batch was prepared in the same
fashion (base pirahana soak and DC resistance heating), but attached flat to a ceramic slide
instead of the typical C‐mount. Analysis of this sample by DIC microscopy (Figure 5‐22B)
confirms a similar degree of surface roughness to the sample used in the light scattering
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experiments.

The different colors of the background are due to sample mounting

conditions; suspended in air vs. flat on an opaque slide. Further DIC investigation of the
gold wires before they are etched out of the MOF template (Figure 5‐22C&D) shows no
visible surface roughness. The high degree of smoothness of the in‐MOF gold wires
suggests that the wires are being roughened during either the etching or the cleaning
process.

There are no reports of HF either etching or roughening gold surfaces.

Experimentally, the degree of gold roughening is not dependent on the HF etch time. Both
acid and base piranha solutions are routinely used to clean gold films, and no etching or
roughening has been reported. The most likely source of the surface roughening is the DC
resistance cleaning. It is known that annealing of gold causes selective crystal growth.58 A
number of attempts were made to fabricate smoother gold wires by annealing the gold
wires while they are still contained within the MOF matrix. Samples annealed at 600 °C
showed increased surface roughness with larger features, presumably from larger crystals,
than unannealed samples (Figure 5‐22E&F). Samples annealed at lower temperature 300‐
400 °C had less initial surface roughness than those annealed at 600 °C, but DC resistance
heating caused surface roughness more quickly than with unannealed samples. Fabrication
of clean gold wires with less surface roughness will require a cleaning procedure that does
not induce grain growth.
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Figure 522. DIC optical microscopy images of gold wires aligned to the angle of the prism.
(A) 100x dry gold wire 101509 analyzed by light scattering to determine cleanliness (B)
100x dry gold wire sample used for AFM characterization (C) 100x oil gold wires within
MOF template (D) 100x oil gold wires within MOF template with MCTMS adhesion layer (E)
20x dry gold wire annealed at 600 °C within MOF template and etched out (F) 100x oil gold
wire annealed at 600 °C within MOF template and etched out.
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For a quantitative characterization of the wire surface roughness, the sample in Figure 5‐
22B was analyzed in several different spots using tapping mode AFM (Figure 5‐23). Spots
A and B had a measured RMS surface roughness of 4.5 nm and 4.25 nm respectively.
Analysis of representative cross‐sections shows a height difference of 12‐15 nm between
peaks and valleys, with most of the features being between 100‐200 nm, smaller than the
wavelength of the incident light. These AFM measurements are consistent with the DIC
microscopy images and confirm that after etching, wet cleaning, and DC resistance
cleaning, the gold wires are not nearly as smooth as the MOF pore walls.

A

B

Figure 523. AFM images of the surface of a gold wire (A) 4.5 nm RMS surface roughness
(B) 4.25 nm RMS surface roughness.
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While understanding the cause of and reducing the surface roughness of the etched gold
wires is useful, it is more important in this work to understand the impact of surface
roughness on light scattering. There is no discussion of surface roughness in the infinite
cylinder light scattering literature. In ellipsometry, surface roughness is usually addressed
using an effective medium model, where the surface roughness is modeled as a smooth
layer with an effective index between the two materials, in this case gold and air.19
COMSOL finite element modeling of surface roughness using an effective medium model
predicts light scattering patterns similar to those caused by a coated or dirty gold wire
(Figure 5‐24). As expected, an increased thickness of the effective medium layer increases
roughness, and causes further decrease in the amplitude of the light scattering features.
The experimentally observed light scattering pattern for bare gold wires is not consisent
with even a few nm of surface roughness using an effective medium model. The effect of
surface roughness on the effective refractive index of bulk gold has been calculated and
measured by Sirtori et al. at 632.8 nm.59 They show that n increases and k decreases with
increased roughness. For 5 nm of RMS surface roughness the refractive index would be
~(0.2, ‐3.6), within the range of reported refractive indices for bulk gold. This is consistent
with the observed light scattering data for a gold wire with 4.5 nm RMS surface roughness.
The size of the gold features on the surface of the wire contributing to surface roughness
are less than the wavelenth of incident light at 632.8 nm. Large features will scatter light
out of the incident scattering plane, away from the detector. Small amounts of surface
roughness do not appear to impact the light scattering patterns at 632.8 or 752 nm.
Surface roughness may be responsible for, or contribute to the observed refractive index at
514 nm.
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Figure 5‐24. Light scattering data modeled for gold wires with surface roughness, using an
effective medium layer and experimental light scattering data for a gold wire with a known
RMS surface roughness of 4‐5 nm (black).
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Silicon
In order to further investigate the effect of surface roughness on light scattering and
expand the number of materials characterized, silicon wire samples supplied by Justin
Sparks were investigated. It has previously been shown that etched silicon wires can be
very smooth, with a surface roughness approaching that of the MOF pores themselves.60
The deeper penetration depth of 632.8 nm light in polycrystalline silicon, 2.9 µm, allows for
sampling of the entire wire cross‐section. Unlike gold wires, where holes in the middle of
the wire can be ignored in both experiment and modeling, any holes in silicon wires affect
both the experimental and modeled data. For simplicity, only fully filled silicon wires were
examined. The surface of silicon quickly oxidizes when exposed to the oxygen in the
atmosphere. This oxide layer on the surface of the silicon wires will slightly change the
observed refractive index of the silicon wires as determined by light scattering. In these
preliminary experiments, the oxide layer has been ignored. For these experiments, two
sets of silicon wires deposited under the same conditions were annealed using either a
short high temperature approach, or at a lower temperature for a longer time. Both
approaches result in polycrystalline silicon wires. Amorphous hydrogenated silicon wires
were also tested (results not shown), but could not be matched to calculated data in any
meaningful way. The refractive index of amorphous hydrogenated silicon changes with
hydrogen concentration, and silicon wires deposited under the same conditions have been
shown to have highly varying hydrogen concentration along the length of the
wires.(unpublished data) This change in refractive index over the sampled portion of the
wire is the most likely cause of observed light scattering patterns.
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The experimental light scattering patterns for polycrystalline silicon wires lacked the
symmetry observed with gold wires (Figures 5‐25 and 5‐26). The wires annealed at low
temperatures had, in general, light scattering patterns more consistent with the calculated
patterns (Figure 5‐25). An estimate of the wire size and refractive index (3.82, ‐0.02) could
still be made, despite the incomplete match. This is the first time the optical constants for
silicon deposited within MOF pores have been measured. The refractive index and loss are
consistent with the literature values (3.87, ‐.016) interpolated for 632.8 nm.34 The slight
increase in loss at 632.8 nm is consistent with the losses for MOF based polycrystalline
silicon waveguides determined by cutback61 or other optical methods62 at 1550 nm. The
observed light scattering patterns for polycrystalline silicon wires annealed at high
temperatures were less consistent with the expected patterns than the silicon samples
annealed at the lower temperature (Figure 5‐26). The best estimate for a loss value from
the light scattering data is also higher (‐0.023) than for the low temperature anneal. No
distinction between the low and high temperature annealing can be reached, due to small
sample set and poor match between experimental and calculated light scattering data.
While light scattering appears to be a promising technique for characterization of loss and
refractive index in silicon samples, additional experiments are needed to understand the
observed light scattering patterns.

It is possible that they are caused by large or

preferential crystallization or by artifacts on the surface due to the etching/cleaning
process. Silicon wires cannot be effectively heated using DC current for cleaning.
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A

B

Figure 5‐25. Experimental and calculated light scattering data for a polycrystalline silicon
wire annealed at 600 °C for a week. (A) Ψ full collection range (B) Δ full collection range.
Note lines connecting experimental data have been removed for clarity.
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B

Figure 5‐26. Experimental and calculated light scattering data for a polycrystalline silicon
wire annealed at 1300 °C for 10 min. (A) Ψ full collection range (B) Ψ mid‐high angle range
used for size and refractive index comparison.
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In order to better understand the cause of the light scattering discrepancies observed
with the polycrystalline silicon wires, COMSOL finite element modeling was done on
elliptical and “dirty” silicon wires. The modeling of elliptical silicon wires followed the
same techniques as for elliptical gold wires as described above. In contrast to the results
for gold, it is the low angle scattering that is most sensitive to wire ellipticity (Figure 5‐
27A).

Even the 0.5% ellipticity modeled here causes significant changes to the low

scattering angle data. For samples where either the long or short elliptical axis is oriented
with the incident light, the scattering pattern is symmetric about 0°. This low scattering
angle sensitivity to sample ellipticity helps explain the results observed for silicon wires
annealed at low temperatures, where most of the discrepancy is at low scattering angles. It
does not explain the observed spikes in Ψ feature amplitude.
The simplest case of a single round particle on the surface was used to model “dirty”
silicon wires. This would be the case is if a particle of dust stuck to the surface or a patch of
the silica MOF template wasn’t completely removed during the etching process. Both 250
nm and 500 nm particles result in large variations at low scattering angles and spikes in the
Ψ amplitude features (Figure 5‐27B). The changes to the scattering pattern are not
extreme enough to fully explain the high temperature annealed silicon wires. This simple
model does show that a single surface anomaly can have effects over a large range of
scattering angles. In order to properly characterize silicon wires etched out of the MOF
template, the surface of the wires must be free of anomalies, including dust and residual
silica from the template.
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A

B

Figure 5‐27. Modeled light scattering data (Ψ) from (A) elliptical and circular silicon wires
at 900 and 45o (B) bare silicon wires and silicon wires with a single round particle (n=1.45)
on the surface of the wire.
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FUTURE WORK
While there are several future experiments that follow up on the results presented here,
there are two instrument upgrades planned that will add significant functionality and
expand the range of usable samples. The move to spectroscopic light scattering, where the
sample is illuminated with a white light super continuum laser (Fianium) with the
polarization controlled by either a rotating broadband compensator or a rotating polarizer,
and the scattering light is focused into a multimode fiber coupled to a spectrometer and
CCD detector, would allow for the collection of light scattering data across the spectral
range and across the full range of scattering angles. Analysis of this large amount of data
presents its own challenges. For chemical vapor sensing or characterization of reactions in
real time, small changes in the scattering spectrum at a single angle could be measured
much more quickly than measuring a large angular range at a single wavelength. There are
no experimental reports of spectroscopic light scattering off infinite cylinders. Single
wavelength light scattering would be an important tool to characterize and select wire
samples for initial spectroscopic light scattering experiments to reduce the number of
variables.
The other important upgrade to the light scattering instrument would allow for the
characterization of MOF pores or materials deposited within the pores without etching
away the silica template. The ability to characterize thin films or even chemical vapors
within the MOF pores would represent a significant improvement. The ability to analyze
material within the MOFs would also allow light scattering to move from experimental
technique to a routine characterization tool for metals, semiconductors and organics within
the fiber. The challenge with in‐fiber characterization is eliminating or minimizing the
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scattering from the fused silica fibers themselves. Due to the large size difference between
the diameter of the MOF (125 µm) and the pore (<10 µm), the scattering from the MOF
would dominate the observed scattering pattern of the MOF in air.

The most

straightforward way to eliminate the scattering off the MOF is to enclose the fiber in a
medium of the same refractive index. As long as this enclosure is much larger than the
laser beam (~3 mm), there will be minimal scattering off the interfaces where the incident
light enters and leaves the enclosure. One possible design, shown in Figure 5‐28A, has a
thin cylinder (black) with the fiber and pore centered in the middle and the space in
between filled with index matching fluid. This design could have a flat (as shown) or
curved interface for the incident light. The challenges are the design and material of the
outer shell and the positioning of the fiber at the center of the cylinder and rotation axis of
the instrument. A sample of a thin (30 µm) and flexible glass has been tested optically to
determine its suitability as a cylindrical shell material. No birefringence was detected for
either the flat or bent sample. Special care will be needed to bend this glass to the right
shape and protect it from failure. The other possible option would be to use a square or
rectangular fused silica cuvette, where the sides are polished and unstressed (Figure 5‐
28B). A preliminary experiment with a cuvette, where only the front and back were
polished and a 5.6 µm gold wire deposited within a single capillary MOF, showed good
agreement with wire size, but not with feature amplitude (Figure 5‐28C). Note that the
calculated scattering pattern was corrected for refraction at the front interface. It is
unknown if the difference between calculated and observed scattering data is due to the
quality of the gold deposition or an artifact of the scattering setup. Either of these index
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matching designs could be combined with spectroscopic light scattering for additional
flexibility and sensitivity.

A

B

C

Figure 5‐28. Fused silica index matched light scattering (A&B) schematics of in‐fiber light
scattering designs where black is the glass or fused silica walls, light blue is index matching
fluid, green is the outer MOF interface and yellow is the pore or deposited gold wire. The
red circle in B denotes the interface of a larger fused silica capillary used to center the MOF.
(C) Δ Light scattering pattern for 5.6 µm gold wire within a single capillary MOF collected
using design B.

202

CONCLUSION
While considerable work has been done on the theoretical aspects of light scattering off
infinite cylinders, very little recent experimental work has been done.

Advances in

instrumentation, computation, and surface chemistry have greatly increased the accuracy,
ease of use, and potential of light scattering as a characterization tool for surface chemistry
and material science. Of particular interest is the potential ability of light scattering for
characterizing micro‐ and nanoscale pores that are inaccessible to most surface or bulk
characterization techniques. It has been shown here that light scattering is sensitive to
sub‐nanometer thick SAMs and sample ellipticities of less than 1%.
High accuracy light scattering patterns require highly accurate measurements of the
scattering angle, polarization ratio, and phase difference, and precise positioning of the
cylinder sample in the center of rotation. The use of high accuracy angle encoders to
determine both the scattering angle and the angle of the compensator provide angular
resolution well beyond anything previously reported.

The combination of a rotating

compensator and data analysis techniques adapted from ellipsometry allows for high
accuracy measurements of Ψ and Δ. The use of a rotating goniometric sample holder
allows for precise positioning and alignment of the sample.

These advancements in

instrumentation allow for measurements of the light scattering off fused silica that are
more accurate and cover a larger scattering angle than previously reported.
The significant advances in computing power and finite element modeling allow for the
straightforward modeling of non‐circular samples. It seems likely that many of the results
previously reported were actually from elliptical samples, but without precise sample
positioning, the ability to rotate the sample, and data from modeled samples with elliptical
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cross‐section, there was no way to characterize this ellipticity. Elliptical gold, fused silica,
and silicon samples have all been characterized, and ellipticities of less than 1% can be
determined and matched and the sample orientation determined.
Considerable work has been done on the surface chemistry of flat gold films and the self‐
assembly of alkanethiol monolayer on bare gold surfaces. Understanding the surface
chemistry of gold and its tendency for adsorption of adventitious carbon in laboratory air
allowed for the development of a DC resistance cleaning technique that produced gold
wires with a refractive index very close to that of bulk gold. Alkanethiol SAM chemistry
provides the means to coat gold wires with a layer of known thickness and refractive index.
Light scattering has been used to characterize single well‐formed alkanethiol SAMs on gold
wires with thicknesses between 1.5 and 2.7 nm and detect sub‐nanometer thick films.
Experimental light scattering of coated cylinders has not previously been reported.
While the basic concepts and techniques involved in experimental light scattering off
infinite cylinders have been known since the 1960s, only with modern instrumentation and
modeling techniques has it become possible to use light scattering as an analytical tool for
the investigation of metal wires, thin films, non‐round samples, and micro‐ to nanoscale
pores.
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Chapter 6

Deposition of Metal Oxides in MOFs
INTRODUCTION
While in‐fiber deposition of metal oxides was an unintended result of research into the
deposition of metal adhesion layers for gold film deposition, metal oxides have a number of
potential applications within MOFs. Most relevant to the work presented in the previous
chapters is the use of thin metal oxide films to functionalize either the fused silica MOF
pore walls or the gold islands/thin films. Thin Al2O3 layers can be used to change the
surface chemistry of the MOF pore from acidic, due to the fused silica, to basic. Al2O3 is
transparent in the visible region and can be further functionalized with SAMs.1,2 Al2O3 is a
popular coating for SERS3,4 substrates and other plasmonic structures.5 The thin film
protects the noble metal from oxidation and contamination, yet is thin enough to cause
only a minimal reduction in SERS enhancement.
Crystalline metal oxide layers, particularly sapphire (Al2O3), could be used for epitaxial
growth of crystalline semiconductors. Metal oxide nanowires can be used to further
increase the surface area‐to‐volume ratio within the MOF pore to improve in‐fiber
chromatographic separations, or as a substrate for the deposition of noble metals for
SERS.6 There are also reports of a SERS type enhancement for TiO2 substrates without the
presence of metals.7 Many metal oxides are insulators or dielectrics and have potential in‐
fiber applications in the construction of in‐fiber optoelectronic devices and linear and non‐
linear optical devices. Possible optical applications include use as a dielectric coating on
smooth silver or gold films for transmission of IR light.8 The electrical insulating properties
of metal oxide thin films could be combined with the high surface to area ratio of the MOF
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pore for the fabrication of high performance in‐fiber capacitors. Metal oxide thin films may
be able to improve the abrasion resistance and wear properties of MOF pores, expanding
MOFs into high pressure fluid flow or the fabrication of nanoscale jets. Metal oxides, such
as TiO2, can be used as catalysts or substrates for the deposition of catalysts.9‐11 The optical
clarity and high surface area to volume ratio of MOFs, combined with their ability to handle
high pressures safely, makes MOFs a promising platform for high pressure catalysis. The
most high profile potential application of metal oxides in MOFs is in the fabrication of in‐
fiber lasers. Crystalline Al2O3 doped with either Cr (ruby) or Ti (Ti:sapphire) is currently
used as an optically pumped lasing medium. The ruby laser was the first demonstrated
laser, and Ti:sapphire lasers are commonly used to provide CW or pulsed tunable red to
near‐IR light.12,13 Fiber lasers are more robust, more compact, and have better power
handling properties than conventional lasers. Lasers using Ti:sapphire fibers as small as
350 µm in diameter have been reported.14 Metal oxides have many and varied potential
applications in many possible forms in MOFs.

EXPERIMENTAL
Deposition
Cr2O3 was deposited from 20 mg Cr(III) (hexafluoroacetylacetonate)3 (STREM) dissolved
in 3 mL ncCO2 at 8.3 MPa. The solid Cr(hFacac)3 was added to the reservoir, and fibers
were attached to the reservoir in an argon glove box.
Al2O3 was deposited from 20 mg Al(III) (hexafluoroacetylacetonate)3 (STREM) dissolved
in 3 mL ncCO2 at 8.3 MPa. The solid Al(hFacac)3 was added to the reservoir, and fibers
were attached to the reservoir in an argon glove box. For Cr doped Al2O3, a trace amount,
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less than 1 mg, of Cr(hFacac)3 was added to the Al(hFacac)3 before it was added to the
reservoir.
TiO2 was deposited from 20 mg TiI4 (STREM) dissolved in 3 mL ncCO2 at 8.3 MPa and 14
MPa H2. The solid TiI4 or liquid TiCl4 (Aldrich) was added to the reservoir, and fibers were
attached to the reservoir in an argon glove box. H2 was added to the reservoir before the
CO2 to more accurately determine the CO2/H2 ratio. Note that TiCl4 is highly corrosive and
reactive to water.
Characterization
Raman spectra were collected using Renishaw inVia microRaman systems in a
backscattering configuration. Raman collection was typically done using a Leica 50x 0.7 NA
microscope objective with 4‐6 mW of power to the back of the objective. 632.8 nm
excitation was provided by a JDS Uniphase HeNe laser, and 752 nm excitation was provided
by a Coherent CW Ti:Sapphire laser pumped with a Coherent 161 argon ion laser.
Fluorescence measurements with 514 nm excitation were done in a backscattering
configuration using an inVia microRaman system, 1800 lines/mm visible grating.
Fluorescence measurements at 244 nm excitation were done, at a 45° angle, where the 244
nm laser is directed at the sample at a 45° angle to the microscope objective used to image
the fluorescence and collect the spectrum. This 45° allows for the use of visible light
microscopy objectives for collection of the spectrum and independent focusing of the
excitation and collection optics. The spectra were collected on an inVia microRaman
system using visible optics and a 1200 lines/mm NIR grating.
Scanning electron microscopy images were obtained using a FEI Philips XL‐20 with 15‐
20 kV, 2‐3 spot size, and a 5‐10 mm working distance. All SEM fiber samples were
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mounted vertically on SEM posts, affixed with silver paint and sputtered with gold in an
argon atmosphere.
Optical microscopy was done using a USB camera on a Leica DMLB microscope attached
to an inVia microRaman and an Olympus microscope at the University of Southampton.

RESULTS AND DISCUSSION
Chromium Oxide
Recently several groups have demonstrated the deposition of metal oxides thin films
from metal organic precursors dissolved in CO2 on flat surfaces15 and confined trenches.16
Cr(III) hexafluoroacetylacetonate (Cr(hFacac)3), from STREM Chemicals, was chosen as a
possible precursor for the in‐fiber deposition of chromium metal based on the successful
in‐fiber deposition of gold from a similar precursor. Cr(hFacac)3 has a low decomposition
temperature, and due to the fluoride groups, a high solubility in ncCO2.

Thermal

decomposition of Cr(hFacac)3 at a furnace set point of 450‐500 °C results in a smooth
continuous film over most of the heated zone of the furnace (~10 cm). The resulting thin
film deposition can be etched free from the silica MOF matrix using HF. SEM of the etched
tubes confirms that both the inner and outer surfaces of the resulting tube are highly
smooth (Figure 6‐1).

The deposited tubes are physically robust and cleave cleanly.

Deposition follows the results observed for other material in a static furnace where the
deposition ranged from a thick film in the middle or hottest region of the furnace to a thin
film at the ends of the heated region where the temperature is cooler.
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Figure 6‐1. SEM images of chromium oxide tubes deposited from the thermal
decomposition of Cr(hFacac)3 at 500 °C etched free of the fused silica MOF matrix.
Without X‐ray diffraction, determining the exact nature of the deposited material proved
challenging. EDS, energy dispersive spectroscopy, confirmed the presence of Cr, but it
cannot distinguish between chromium metal and chromium oxide, due to the presence of
oxygen in the silica matrix. Both Cr and thick chromium oxide films are opaque when
viewed in transmission optical microscopy. Thin Cr2O3 films have limited transmittance.17
No Raman peaks were observed for the as‐deposited material. Cr metal has a body‐
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centered crystal structure, which is not Raman active, and amorphous chromium oxide has
no Raman bands or very broad and weak Raman bands. The small total amounts and
limited number of available analytical characterization techniques makes it difficult to
distinguish between in‐fiber chromium metal and amorphous chromium oxide.
Cr metal is commonly used as an adhesion layer when depositing gold onto silica;
experiments depositing gold on thin films deposited from Cr(hFacac)3 suggested that it was
not metallic Cr. Gold deposited on the surface of this chromium containing layer formed
separated gold islands similar to gold deposited on silica or other oxides, rather than the
uniform thin films typically observed on Cr metal. The Watkins group has shown that gold
from DMGtFacac in CO2 can be preferentially deposited on metal seed layers by lowering
the deposition temperature.18,19 No preferential deposition of gold was observed on the
thin film deposited from Cr(hFacac)3. In order to distinguish between Cr and chromium
oxide deposition within the MOF pores using Raman spectroscopy, two film samples were
annealed at 1000 °C. One sample was annealed in flowing oxygen to oxidize any potential
chromium metal, and one sample was sealed on both ends to prevent oxidation from
external oxygen. The Raman spectra show the presence of Cr2O3 in both samples (Figure 6‐
2). The five observed Raman bands are consistent with polycrystalline Cr2O3 even though
only 4 bands are observed in the powdered control sample.20 There is no Raman evidence
of CrO2,21 Cr3O8,22 or Cr2O5.22 X‐ray diffraction later confirmed the absence of Cr metal in
the deposited films. The CVD of chromium oxide from Cr(acac)323 and Cr(CO)624 have been
reported.

While Cr2O3 has limited optical applications suitable for MOFs,25 CrO2 has

received more interest. CrO2 is ferromagnetic and has been suggested as a material for
spintronics and magnetoresistive devices,26‐28 and has been deposited from Cr(CO)6 in an
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oxygen environment. It may be possible to deposit CrO2 in MOF pores by adding oxygen or
another oxidizer to the reaction.

Figure 6‐2. Raman spectra of chromium oxide deposited from the thermal decomposition
of Cr(III)hFacac in scCO2 and annealed at 1000 °C.
An interesting optical effect was observed after annealing gold layers deposited on
amorphous Cr2O3 layers.

Gold was deposited using the DMGtFacac precursor on an

amorphous Cr2O3 layer at 200‐225 °C and subsequently annealed at 400 °C for 12‐18
hours. The resulting layer, when viewed in reflection, exhibits a rainbow of different colors
depending on the location along the fiber (Figure 6‐3A‐E). The gold layer is required, as no
colors are observed in the absence of an initial gold layer. It is not an interference effect
between the deposited layer and the pore walls, as the film retains its original color pattern
after being etched from the MOF pore (Figure 6‐3F&G). Post annealing SEM images of the
colored region show only one layer. Raman spectra of the colored regions show only weak
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bands for Cr2O3 and amorphous carbon. A similar color pattern was observed after
annealing gold on a Si layer. The annealing temperature was above the Au:Si eutectic
temperature (363 °C), and it is likely that gold migrated through the Si layer during the
annealing of the eutectic and formed Au nanoparticles when the two phases separated after
being removed from the furnace.29 It is possible that a similar process occurs during the
annealing of the Cr2O3:Au layers, despite there being no known eutectic. Migration of gold
through Cr metal has been reported,30‐32 but the Au:Cr2O3 system is not well studied. X‐ray
diffraction studies of samples before and after annealing may be able to characterize
changes in gold crystal size during the annealing process. Further study of the Au:Cr2O3
system on flat surfaces would be needed to accurately determine the cause of the observed
rainbow color pattern.
A
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Figure 6‐3. Optical microscopy images of annealed gold on Cr2O3 deposition. (A‐B) 20x
reflected light images of deposition within the MOF. (C‐E) 100x reflected light images of
deposition within the MOF. (F) 100x reflected light image of deposition etched free of the
MOF. (G) 20x reflected light image of the deposition etched free of the MOF.
Titanium Oxide
Titanium metal is another commonly used gold adhesion layer, and several oxygen free
Ti precursors with high vapor pressures are readily available. TiI4,33 TiCl4,34,35 and TiBr436
have previously been used for the CVD deposition of Ti. Attempts to deposit Ti metal in
MOF pores from either TiCl4 or TiI4 in inert carrier gases or hydrogen gas were
unsuccessful with no observed deposition. The deposition of titanium oxide from Ti
halides in CO2 and hydrogen gas has been reported.37,38 Deposition of titanium oxide in
MOF pores from TiI4 in CO2 and H2 at a furnace temperature of 900‐950 °C resulted in TiO2
deposition with two distinct morphologies, depending on the location within the fiber
(Figure 6‐4). At lower temperatures, near the ends of the furnace, the deposition consists
of nanofibers growing from the pore wall inward towards the center of the pore (Figure 6‐
4A, B, D, & E). Most are single fibers between 30 nm and 50 nm in diameter, but branching
is also observed. At higher temperatures, near the center of the furnace, the deposition
results in a thin, smooth, and continuous film (Figure 6‐4 C & F). The cracking observed
may be due to the difference in the coefficient of thermal expansion between TiO2 (9*10‐6K‐
1)

and SiO2 (0.54*10‐6K‐1), but since the cracks appear to only be at the cleaved interfaces,

mechanical damage during MOF cleaving is more probable. The proposed deposition
mechanism starts with the water‐gas shift reaction, CO2 + H2  H2O + CO, which favors the
products at high temperatures (<~700 °C). The water then reacts with the Ti halide to
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form titanium oxide, TiI4 + 2H2O  TiO2 + 4HI. TiO2 nanotubes are reported to have a very
slight catalytic effect on the low temperature (<300 °C) conversion of H2O and CO to H2 and
CO2.10

At higher temperatures TiO2 may catalyze the reverse reaction, resulting in

preferential growth from a small number of initial nucleation sites and the growth of
nanowires. As the temperature increases, the reaction rate is high enough to result in a
large number of nucleation sites and eliminate the catalytic generation of H2O, causing thin
film deposition. At higher temperatures, the reaction may also shift from a surface reaction
to a gas phase reaction.
A

C
B

D

E

F

Figure 6‐4. TiO2 deposition in MOF pores from TiI4 in CO2 and H2 at a furnace set point of
900 °C. (A‐B) Fiber sample 1 [270S3] 3.5 cm.(C) Fiber sample 1 [270S4] 2.5 cm. (D) Fiber
sample 2 (283SB) 2 cm. (E) Fiber sample 2 (283SB) 1.5 cm. (F) Fiber sample 2 [283SB] 3
cm.
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Raman spectroscopy was used to confirm the deposition of TiO2 and determine the
crystal structure. Both rutile and anatase forms of TiO2 were observed in the same sample
deposited at a furnace temperature of 950 °C (Figure 6‐5). The nanowires, deposited at
lower temperatures, were anatase, and thin films, deposited at higher temperatures, were
rutile. The anatase phase is known to be stable to 915‐1000 °C, where it converts to the
more common rutile phase.39,40 The broad Raman peaks for both phases are due to the
small TiO2 crystal size. By controlling the temperature, either phase of TiO2 can be
deposited. Careful control of the CO2 to H2 ratio may allow for the deposition of TiO and
Ti2O3.37
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A

B

Figure 6‐5. Raman spectra from TiO2 deposited from TiI4 in CO2 and H2 at a furnace
temperature of 950 °C.
Increasing the TiO2 deposition temperature shifts the reaction to all film growth. Both
thick and thin rutile TiO2 films were deposited from TiI4 in CO2 and H2 at 1100 °C (Figure 6‐
6). Complete filling of MOF pores with TiO2 using this reaction is unlikely, due to the
presence of decomposition products, HI and CO, that are too large to diffuse though the
fused silica walls. The cleave planes of the thick TiO2 suggest that large (>500 nm) crystals

219

are possible, but X‐ray diffraction or TEM studies would be needed to accurately determine
crystal size.

Figure 6‐6. TiO2 films deposited from TiI4 in CO2 and H2 at a furnace temperature of 1100
°C.
TiCl4 is more volatile than TiI4 and has been shown to deposit crystalline TiO2 films in the
presence of CO2 and H2 at temperatures less than 500 °C.38 Attempts to deposit Ti metal
from TiCl4 using H2 or He carrier gases were unsuccessful despite the higher vapor
pressure of TiCl4. In‐fiber deposition of TiO2 using TiCl4 in CO2 and H2 carrier gases at 500
°C resulted in large, widely separated TiO2 crystals along the length of the fiber (Figure 6‐
7). These larger crystals suggest a different reaction mechanism from TiI4 at higher
temperatures. Kuo and Shueh suggest a fairly complicated gas‐phase reaction pathway for
the formation of TiO2 at reduced pressures (~1 torr).38 Presented in a condensed form, it
involves the formation of an activated HO‐TiCl3* complex that can further react to form Ti‐
O‐Ti bonds.
TiCl4(g) + H2(g) +CO2(g)  HO‐TiCl3*+CO(g) + HCl(g)
HO‐TiCl3* + HO‐TiCl3*  HO‐ Cl2Ti‐O‐TiCl3* + HCl(g)
HO‐TiCl3* + HO‐TiCl3*  Cl3Ti‐O‐TiCl3* + H2O(g)
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They found that at low CO2/H2 ratios large crystals formed, and at high CO2/H2 ratios,
smaller nanoscale crystals were favored.

It may be possible to deposit smoother

nanocrystalline films from TiCl4 by careful control of the CO2/H2 ratio.

Figure 6‐7. TiO2 crystals deposited from TiCl4 in CO2 and H2 at a furnace temperature of
500 °C.
From X‐ray diffraction Kuo and Shueh report anatase TiO2 deposition at 350 °C, and a
mix of anatase and rutile at temperatures above 400 °C from reaction of TiCl4 with CO2 and
H2.38

Based on the Raman spectra, only anatase TiO2 is observed at deposition

temperatures up to 500 °C (Figure 6‐8). The anatase Raman peaks are considerably
sharper for the TiCl4 deposited material than the anatase nanowires deposited from TiI4,
indicating a larger average crystal size. This larger crystal size would be consistent with
crystal size observed by SEM. These large TiO2 crystals and the nanofiber TiO2 have
potential applications as supports for catalysts or dye sensitized solar cells. Thin films of
TiO2 have potential applications as insulating layers in optoelectronics or supercapacitors,
or as dielectric layers in optical devices.
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Figure 6‐8 Raman spectra of TiO2 deposited from TiCl4 at 500 °C and TiI4 at 1000 °C.
Aluminum Oxide
Aluminum oxide has been deposited on planar surface using CVD from a wide variety of
precursors including dimethylaluminum isopropoxide,41 aluminum tri‐isopropoxide,42 and
aluminum acetylacetonate.43 Based on the successful deposition of Cr2O3 from Cr(hFacac)3,
the deposition of Al2O3 from Al(hFacac)3 was attempted under similar conditions.
Al(hFacac)3 decomposes at a lower temperature than Cr(hFacac)3 and can be deposited as
low as 175 °C.44 The collection of definitive Raman spectra from crystalline Al2O3 is
complicated by a complex fluorescence background caused by trace amounts of impurities
(Fe, Cr, and Ti).45‐47 In order to confirm the deposition of Al2O3 within the fiber, Cr doped
Al2O3, ruby, was deposited for characterization by fluorescence. Ruby has a distinct red
fluorescence pattern, with the R1 peak 694.3 nm and the R2 peak at 692.7 nm.48 These
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fluorescence peaks shift with applied pressure and are commonly used to measure the
pressure in diamond anvil cells.49 To deposit Cr doped Al2O3, a trace amount of Cr(hFacac)3
was added to Al(hFacac)3 in the reservoir. CVD deposition of chromium doped aluminum
oxide using the non‐fluorinated precursors, Cr(acac)3 and Al(acac)3, has been previously
demonstrated.50 In order to decompose the Cr precursor, deposition was done at a furnace
set point of 550 °C, followed by a 1000 °C anneal to crystallize the Al2O3. SEM images of the
resulting deposition (Figure 6‐9) show nanowire deposition that fills most of the pore
volume. The nanowires are larger in diameter than the TiO2 nanowires observed from
deposition with TiI4 and do not appear to grow preferentially from the pore walls. From
the SEM images, the nanowires appear single crystals and probably formed during the
annealing stage, rather than the deposition stage.
A

B

C

Figure 6‐9. SEM images of Cr doped Al2O3, ruby, deposited from Al(hFacac)3 and
Cr(hFacac)3 in ncCO2 at 550 °C and annealed at 1000 °C. (A&B) ~6 µm pore (C) ~2 µm
pore.
Fluorescence characterization on ruby deposited within MOF pores was done at two
different excitation wavelengths. Visual imaging of the fluorescence was done with UV
(244 nm) laser illumination at 45° to the microscope collection angle. In this configuration,
only fluorescence from the ruby in the MOF pore is observed. The microscopy images show
that there is no fluorescence from the fused silica fiber matrix and that only the section of
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the pore where the laser is focused shows ruby fluorescence (Figure 6‐10 A&B). The
observed fluorescence intensity profile along the length of the fiber is due to the intensity
profile of the incident light. The fluorescence spectrum for in‐fiber ruby deposition was
collected using a microRaman instrument in a backscattering configuration with 514 nm
excitation. In 6 µm diameter MOF pores, the fluorescence spectrum closely resembles the
spectrum from neat ruby powder in both peak positions and relative intensities (Figure 6‐
10C). In smaller pores (~2 µm) the observed fluorescence peaks are broader, perhaps due
to smaller crystal sizes (Figure 6‐10D).
A

B
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Figure 6‐10. Fluorescence of Cr doped Al2O3 deposited from Cr(hFacac)3 and Al(hFacac)3
in MOF pores. (A&B) Optical microscopy images using incident 244 nm laser at 45°. (C&D)
Fluorescence spectra collected in a backscattering configuration with 514 nm incident
light.
The other important dopant for crystalline Al2O3 is Ti3+ for making Ti:sapphire crystals,
which are commonly used as a tunable optically pumped lasing medium. TiI4 was added to
Al(hFacac)3 and deposited in MOF pores at 175 °C from CO2 carrier gas. The SEM images of
the deposition without any annealing show amorphous film growth (Figure 6‐11). For
thicker films, cracks along the length of the pore are observed, probably due the difference
in thermal expansion between Al2O3 (5.4*10‐6 K‐1)51 and SiO2 (0.54*10‐6 K‐1). For thin films,
there is no evidence of cracking.

Figure 6‐11. SEM images of Ti doped amorphous Al2O3 deposition in ~5.6 µm MOF pore.
Fluorescence spectra of crystalline Ti doped Al2O3 deposited at 550 °C and annealed at
1200 °C show evidence of both Ti and Cr doping (Figure 6‐12). The sharp fluorescence
peaks at 694 nm indicate the presence of Cr, and the broad peak between 650 and 900 nm
is consistent with Ti doping.52 It is known that the concentration of Ti3+ ions is important
for determining lasing efficiency with an upper limit of 0.1 wt% Ti2O3.53 No attempt to
measure the Ti3+ concentration was made during these initial experiments. It is not known
if Cr contamination is from impurities in the starting material, transfer from the stainless
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steel reservoir, or laboratory contamination during the loading of the reservoir. Only a
very trace amount of Cr is needed to produce ruby fluorescence, and many commercially
produced high purity sapphire samples show ruby fluorescence.54 Careful control of the
starting material and deposition conditions should be able to minimize the amount of Cr
contamination and ruby fluorescence.

Figure 6‐12. Fluorescence spectra from Ti doped Al2O3 showing evidence of both Ti and Cr
doping.
The biggest obstacle in fabricating in‐fiber devices from doped or undoped Al2O3 is the
absence of smooth crystalline films. While amorphous films can be used as insulating
layers and substrates for SAM growth, smooth crystalline films are required for epitaxial
growth and for in‐fiber ruby or Ti:sapphire lasers. Two undoped Al2O3 samples from the
thermal decomposition of Al(hFacac)3 in CO2 at 250 °C, one annealed at 1100 °C and the
other unannealed, were characterized by SEM to determine deposition morphology (Figure
6‐13). The unannealed sample (Figure 6‐13 A‐C) shows smooth thin film deposition. It is
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not as smooth as the lower temperature Ti doped Al2O3 deposition, probably due to the
difference in deposition temperature rather than an effect of the dopant. For the annealed
sample (Figure 6‐13 D‐F) even the thin film is rough, and the thicker films are highly
discontinuous. It is not possible to determine from the SEM images whether the annealed
films are crystalline, or if the observed roughness is due to the crystallization process.
A

D

B

C

E

F

Figure 6‐13. SEM images of undoped Al2O3 deposited at 250 °C from Al(hFacac)3 dissolved
in ncCO2. (A‐C) Unannealed ~5.6 µm MOF pore (D‐F) ~5.6 µm pore annealed at 1100 °C.

FUTURE WORK
Considerable work remains to be done in the understanding of oxide deposition and
crystallization with MOF pores.

The availability of x‐ray diffraction for in‐fiber

characterization of metal oxides will be invaluable for future research. The future of
research on in‐fiber metal oxide deposition will be determined by the desired application.
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The application will dictate both the choice of metal oxide and the desired morphology,
which in turn, will determine the appropriate research direction. For surface modification
of the pore walls, which requires only several atomic layers at most, atomic layer
deposition (ALD)55 would be more promising. For application in catalysis or separations,
where the maximum surface area is desired, nanowires, particularly nanowires grown
from the pore's walls are highly desirable. Seeded growth or VLS growth from the pore
walls may be preferable to control size and distribution. For an insulator or dielectric
layer, smooth amorphous layers, such as those shown for Cr2O3 or Al2O3 are most desirable.
The best approach for stacked layers may be to modify the previously deposited metal or
semiconductor layer. For example, converting Si to SiO2 or Ag to AgI. For applications
requiring thick crystalline layers or fully filled crystalline deposition, the challenge will be
maintaining a smooth surface during crystallization or depositing an already crystalline
material. While the current approach using fluorinated metallorganic or metal halide
precursors dissolved ncCO2 appears to be the most promising approach for thick films, the
high temperatures required for crystallization will be a challenge. VLS type growth of Cr
doped Al2O is also a possibility.56 Considerable work will need to be done to understand
and optimize a crystallization process that preserves the smooth morphology of the
amorphous film.

CONCLUSION
In‐fiber deposition and characterization of metal oxides is a promising, but not yet well
studied field of research. Polycrystalline Cr2O3, TiO2, and Al2O3 and amorphous Cr2O3 and
Al2O3 have been deposited within MOF pores with deposition morphologies that depend on
the precursor, temperature, and degree of crystallinity.

Two different deposition
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approaches have been explored that could be applied to a variety of different oxides. The
hexafluoroacetylacetonate metal complexes have proven to be soluble in ncCO2 and
decompose to smooth thin films of amorphous metal oxides at low to moderate
temperatures. There are a number of commercially available hexafluoroaceytlacetonate
metal complexes available. The reaction of metal halides with water, generated from CO2
and H2 using the water‐gas shift reaction, to form metal oxides is also a very general
reaction. Unfortunately for in‐fiber deposition, most metal halides do not have sufficient
vapor pressure at room temperature for practical deposition rates. While there are a
number of promising potential applications for metal oxides in MOF pores, considerable
further application‐oriented research is needed to control the deposition and
crystallization processes to achieve the desired morphologies.
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Chapter 7

Summary and Conclusions
The ability to detect and characterize dilute chemical vapors has the potential to
significantly impact the fields of defense, homeland security, environmental and
agricultural threat detection. A number of analytical chemistry approaches have been
pursued for chemical vapor sensing that lack either the sensitivity or field deployability for
eventual success. The innovative chemical vapor sensing approach undertaken here uses a
biological system with proven field sensitivity, the moth sensilla, as the inspiration for the
sensor design. This bioinspired approach combines the lessons learned about sensitivity,
selectivity, and real world deployability of biological systems with the reproducibility,
quality control, and automation of modern technological systems. Moth sensilla are a
natural choice for inspiration due to their known ability to detect and discriminate
chemical vapors and to respond to changes in vapor concentration quickly. The important
lesson learned from moth sensilla was the importance of nanostructure, particularly
chemically functionalized nanopores, for selecting, capturing, and releasing chemical vapor
molecules.

The MOF (microstructured optical fiber) was chosen as the bioinspired

technological sensor platform for its well‐controlled micro and nanoscale pores that can be
functionalized using well‐studied silane chemistry and its high transparency at visible
wavelengths, which allows for laser based spectroscopy of the captured chemical vapor
analytes.

The results presented in this work lay the foundation for the continuing

development of MOF based chemical vapor sensors.
The design for a MOF based chemical vapor sensor was divided into a separation and
selection region and a region for detection and characterization. While the detector was
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initially envisioned as a SERS sensor, other plasmonic sensors, such as a refractive index
sensor using either SPR or LSRP, are also promising. Both types of plasmonic sensor
require the controlled deposition of gold within the MOF pores. The deposition of gold
within the MOF pores from DMGtFacac dissolved in ncCO2 was explored over a range of
temperatures and pore diameters. Consistent with reports of gold deposited on flat silica
surfaces, it was observed that for low film thicknesses the gold deposits as separated
islands on the pore walls due to the temperatures needed for thermal decomposition of the
organometallic precursor (~190 °C). Photochemical decomposition of the precursor was
demonstrated using UV light, which allows for the possibility of photolithographic
structuring of the gold within the MOF pores. Traveling furnace deposition techniques
were applied to the gold film deposition to extend the length of deposition along the fiber
to tens of centimeters.

Gold islands and thick gold films were explored further for

applications in SERS and light scattering respectively.
Many plasmonic sensor applications, including SPR and structured SERS sensors, require
thin continuous smooth gold films. Several strategies were explored for depositing an
adhesion layer that will allow for the fabrication of smooth gold films within the MOF
pores. While on flat surfaces metal adhesion layers of chromium or titanium are standard,
for in‐fiber gold adhesion layers, organic self‐assembled monolayers proved more
successful due to difficulties in depositing the easily oxidized transition metals via CVD or
MOCVD. Deposition of MCTMS (3‐mercaptopropyltrimethoxysilane) SAMs within the MOF
pores was demonstrated using both solution based surface hydroxylation and SAM
deposition, and ncCO2 based hydroxylation and deposition. This MCTMS adhesion layer
allowed for the control of the morphology of the gold deposited within the MOF pores.
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Thin uniform gold films with thicknesses as small as 20 nm were demonstrated within MOF
pores as small as 500 nm in diameter.

This ability to deposit gold structures with

controlled morphology and thickness is a critical requirement for the fabrication of three‐
dimensional plasmonic sensors within MOFs.
Gold island films within MOF pores were investigated as a SERS substrate for a plasmonic
sensor

in

chemical

vapor

sensing.

Initial

experiments

with

diffusion

of

paranitrobenzenethiol into the gold island functionalized MOF pores were able to
conclusively demonstrate a surface enhancement effect. In order to reduce the diffusion
time and insure the formation of a complete SAM on the gold islands, benzenethiol vapor in
high pressure nitrogen was pushed through the MOF pores. Benzenethiol SERS spectra
were obtained from gold island functionalized capillaries as small as 500 nm in diameter.
Comparison between optical properties and relative SERS enhancement was obtained
using a large air fraction (honeycomb) MOF with an array of closely spaced ~1 µm pores
functionalized with gold islands and coated with a benzenethiol SAM. Comparison between
the SERS intensity at two different excitation wavelengths and the optical extinction was
made along the length of the fiber to better understand the observed peaks in SERS
intensity at specific locations along the fiber.

Based on the results obtained for

benzenethiol, non‐thiol analytes diluted in high pressure nitrogen were tested to determine
limits of detection. 6 ppm benzaldehyde and 900 ppt 2,4 dinitrotoluene were detected
using this MOF based gold island SERS sensor. Functionalization of the gold islands within
the MOF pores with propanethiol improved the sensors’ ability to distinguish between 1,2
dichlorobenzene and nitrobenzene by controlling the analyte orientation on the gold island
surface. Gold island films within MOF pores were shown to be viable SERS sensors for
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diluted chemical vapors with enhancements in the expected range for randomly structured
SERS substrates. Moving from gold islands to nanostructured SERS or other plasmonic
sensors will improve both the reproducibility and the enhancement factor and will be a
critical next phase in the design of a MOF based chemical vapor sensor.
The biggest challenge in the future development of selectivity and chromatography
within a MOF based chemical vapor sensor is the lack of techniques capable of detecting
and characterizing the SAMs and thin films used to functionalize the MOF pores. The small
amount of material prevents the use of traditional bulk characterization techniques, and
the high curvature of the pore limits the applicability of analytical surface chemistry
techniques. A MOF based waveguide Raman technique was developed to detect and
characterize SAMs and thin films deposited within micro‐ and nanoscale MOF pores. This
technique uses the evanescent field created by the guided light in the fiber core to probe
molecules at the air/silica interface. A portion of the near‐field Raman scattered light is
captured by the core and guided back to the detector.

As a demonstration of this

waveguide Raman technique, unenhanced Raman of an OTS (octadecyltrichlorosilane) SAM
deposited within the pores of an index guiding solid core MOF was obtained using 633 nm
excitation on fiber samples from 5 to 30 cm in length. Analysis of the Raman spectrum,
including the antisymmetric/symmetric CH2 stretching ratio, confirmed that the monolayer
was well‐formed and uniform along the length of the fiber. Calculation of the Raman
scattering cross‐section of the CH2 stretching region of the OTS film demonstrated that only
a monolayer of OTS or sub‐monolayer was deposited on the pore walls. By flowing pure
oxygen through the OTS functionalized pores while heating the fiber, the combustion of the
OTS SAM could be monitored in real time using waveguide Raman.

As a final
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demonstration, a monolayer of HSA (human serum albumin) deposited on top of the OTS
SAM on the pore walls was detected and characterized using waveguide Raman. MOF
based waveguide Raman is a promising technique for characterizing SAMs and thin films
deposited within microscale and nanoscale pores and channels, which is necessary for the
development of selectivity and chromatographic separations within MOF pores.
In addition to the chemical information provided by WGR, characterization of film
thickness and optical properties is necessary for the development of SAM and thin film
functionalized pores for chemical vapor sensing.

An experimental light scattering

instrument was designed and built in order to investigate and characterize the diameter,
bulk optical constants, and surface chemistry of cylindrical wires and MOF pores.
Incorporation of modern electronics and angular encoders greatly improves the accuracy
and angular range beyond previous state‐of‐the‐art light scattering instruments.

By

adapting the rotating compensator technique and the Ψ and Δ terminology from
ellipsometry to light scattering of infinite cylinders, the collection, analysis, and
presentation of the data is greatly simplified. Computing power has improved significantly
since light scattering was first explored. This improvement in computing power allowed
for both direct calculation of the light scattering pattern off uncoated cylinders and finite
element modeling of coated cylinders and cylinders with elliptical cross‐sections.
Improvements in the instrumentation, analysis, and modeling of light scattering were
combined to characterize the surface chemistry of gold microwires, a calibration system for
the characterization of the surface chemistry of MOF pores.
Based on prior light scattering work, hand‐pulled fused silica wires with diameters as
small as 1 µm were characterized and the refractive index was found to be consistent with
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that of bulk fused silica. Difficulties in producing fused silica wires with highly round cross‐
sections led to the investigation of light scattering of wires fabricated using the pores of
MOFs as templates. MOF pores are highly smooth, can have highly circular cross‐sections,
and have consistent dimensions along the length of the pore. Based on the gold deposition
work undertaken for the fabrication of in‐fiber plasmonic devices, gold was deposited
within and subsequently etched out of the pores of MOFs. Light scattering off the resulting
gold wires/tubes revealed the importance of surface chemistry, cross‐section ellipticity,
and sample alignment to obtaining agreement between calculated and experimental data.
Bare gold is known to become rapidly coated with a layer of adventitious carbon when
exposed to laboratory air, and this adventitious carbon layer was observed in the light
scattering data of gold wires as a decrease in the amplitude of the features in both Ψ and Δ.
DC resistance heating of gold wires to 200‐250 °C just prior to data collection removed this
layer from the surface and resulted in a significantly improved match between
experimental and calculated data. The light scattering off bare gold wires not only exceeds
the accuracy and angular range of previous attempts to characterize the light scattered off
gold wires, but provides a standard that can be used for further alignment of the
instrument and to measure the sensitivity of light scattering to surface layers.
Not all MOF pores have circular cross‐sections, and gold wires fabricated in non‐circular
pore templates have non‐circular cross‐sections that could often be modeled as simple
ellipses. Wire ellipticities as small as 4% could be measured in ~8 µm diameter gold wires
using light scattering. The importance of sample alignment was a known challenge for light
scattering, especially for matching experimental and calculated data at larger scattering
angles. An innovative design to rotate the mounted wire allowed for alignment of the wire
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sample independent of the light scattering pattern. Surface cleanliness, sample ellipticity,
and independent alignment were necessary to obtaining a high quality match between the
calculated and experimental light scattering data.
In order to further explore the sensitivity of light scattering to SAMs and thin films, gold
wires were vapor coated with alkanethiol SAMs, with light scattering data collected before
and after coating. Alkanethiol SAMs on gold have a well known refractive index and a
thickness that changes with the number of carbon atoms in the chain. The experimental
light scattering data for decanethiol and octadecanethiol SAM coated gold wires agreed
well with data from finite element modeled coated wires based on the known refractive
index and thickness of the SAM.

Light scattering was shown to have submonolayer

sensitivity and could easily distinguish differences in film thickness of ~1 nm. Additional
work will be needed to establish a true limit of detection. With the current experimental
set‐up sub‐nm films should be detectable. It was observed with DIC microscopy and AFM
that while DC heating increased the surface roughness of a gold wire sample to ~4.5 nm
RMS, it does not impact the observed light scattering pattern. Additional experiments with
polycrystalline silicon wires deposited in and etched from MOF pore templates
demonstrated light scattering’s ability to characterize optical loss in semiconductors.
While working to deposit metal adhesion layers on fused silica for gold thin film
deposition, it was observed that even in the absence of oxygen gas or water vapor, the
organometallic precursors dissolved in ncCO2 deposited metal oxides rather than metals.
Smooth films of amorphous Cr2O3 and Al2O3 were deposited from the metal
hexafluoroacetylacetonate complex dissolved in ncCO2. Al2O3 was successfully doped with
Cr and annealed to produce ruby crystals within the MOF pores, which were characterized
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using fluorescence. While the further development of in‐fiber ruby for lasers or other
applications is still promising, the crystallization of Al2O3 within the MOF pores while
maintaining a smooth film presents a significant challenge. Both anatase and rutile TiO2
were deposited within the MOF pores from TiI4 or TiCl4 carried in ncCO2 and H2. Smooth
films, rough films with large crystals, and crystalline nanowires were all obtained
depending on temperature and precursor. In‐fiber TiO2 has potential applications for in‐
fiber catalysis and solar cells. In‐fiber metal oxides have limited application to chemical
vapor sensing, but with additional research could have significant applications in optics,
electronics, or catalysis.
The development of a broadly applicable high sensitivity, high selectivity chemical vapor
sensor requires both an innovative design and fundamental tools to develop and
characterize that design.

The work presented here proposes an innovative

microstructured optical fiber chemical vapor sensor inspired by moth sensilla hairs. The
functionalized nanopores on moth sensilla that capture and detect chemical vapor
molecules inspired the functionalization of MOF pores for chemical vapor sensing. In
addition to research into controlling the morphology of gold deposited within MOF pores
for fabricating plasmonic sensors and preliminary chemical vapor sensing results using in‐
fiber gold island SERS, two techniques to characterize functionalized MOF pores were
developed. MOF based waveguide Raman was developed to use vibrational spectroscopy
to characterize SAMs and thin films deposited within micro‐ to nanoscale MOF pores. A
light scattering instrument, which uses elliptically polarized light to characterize micro‐ to
nanoscale cylindrical objects including MOF pores was developed. Both WGR and light
scattering will be important tools for researching surface chemistry in confined spaces as
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well as characterizing functionalized MOF pores for the development of MOF based
chemical vapor sensors. The work presented here represents the groundwork of the
complex task of the systematic development of MOF based chemical vapor sensors.
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