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ABSTRACT: A new odorant detection scheme, based on
infrared absorption of volatile organics inside an optofluidic
channel array, is discussed in terms of its selectivity. The
sensor unit of the array is a hollow core Bragg fiber that
selectively (spectrally) guides an incident continuum radiation.
The presence of infrared absorbing molecules in the channel
results in the quenching of the otherwise transmitted signal.
Each fiber unit in the array is designed and fabricated so that it
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is sensitive to specific chemical bonds and the bond environment, but at the same time, each fiber is also broadly sensitive to a
large number of chemicals due to their infrared absorbance spectra. The cumulative array response data, using an appropriate
threshold, enable selective binary sampling of the infrared fingerprint of hundreds of molecules. The selectivity of the system is
quantitatively investigated with computer simulations and found to be exponentially increasing with the number of fibers in the
array. Relatively simple data analysis using binary logic combined with the high selectivity of the novel scheme paves the way for
ubiquitous application of electronic noses in toxic gas detection, food quality control, environmental monitoring, and breath

analysis for disease diagnostics.

Artiﬁcial nose research involves mimicking vertebrate
olfaction, where airborne analytes are sensed by an array
of sensory receptors, followed by the processing of the
cumulative response in the olfactory bulb in order to
distinguish tens of thousands of odorants with exceptional
sensitivity and selectivity.”> Numerous transducing mecha-
nisms have been employed to make an electronic nose,
includin§ metal oxide semiconductors and FETs,>* chemir-
esistors,”® and polymer coated micro- and nanocantilever
arrays.”® Optical transducing schemes are also gaining ground,
such as fluorescent dye coated fiber optic microarrays,” "
organic dye arrays,">~** and mesoporous Bragg layers."

The recent advent of photonic technologies, such as the
availability of high power tunable lasers, infrared sources and
detectors, and photonic band-gap waveguide channels, and the
convergence of microfluidics and photonics are driving new
optical detection schemes in chemosensing and optofluidics."®
Molecular infrared absorption'” is one such technique that
became ever more pertinent18 in sensing organic molecules
based on their spectral absorption fingerprint. One immediate
advantage of IR absorption spectroscopy over chemiresistance
or adsorption based transducing is that the gas cell can be reset
anytime by flushing and can be used with little or no aging
effect.

Conventional Fourier transform infrared (FTIR) spectros-
copy has sensitivities in the sub parts per million (ppm) analyte
concentration.'” This limit can be improved by, for example,
plasmonic enhancement by antenna arrays to detect, in some
cases, single molecules."” Optofluidic channels bring together
molecular selectivity and sensitivity of infrared absorption
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spectroscopy, with enhanced electromagnetic interactions
possible in planar or fiber waveguides. Using optofluidic
channels, sensitivity can be dramatically increased, minimal
volume analyte sampling can be exploited, and response time
can be brought down to real time. Already, hollow core metallic
and dielectric waveguides and fibers were used as a capillary gas
flow channel that serves both as the gas cell and as a waveguide
for an incident beam.** Although very high sensitivity can be
achieved using a laser beam, the selectivity of these schemes is
limited to single species, constrained by the line spectra of laser
sources and the narrow tunability of the sensors.

Recently, we demonstrated that high selectivity chemical
sensing in hollow core photonic band-gap (PBG) fibers can be
performed with a continuum blackbody source rather than a
narrow band high power laser.”" Such design enables detection
of any infrared absorbing chemical based on the detection of its
infrared absorption pattern by spanning the whole spectrum
with the sensing fiber array. The specialty PBG fibers are
produced, by controlling fiber drawing parameters, to guide a
specified spectral band from the whole infrared spectrum
relevant to organic molecules.”" In this scheme, therefore, fibers
are used not only as a waveguide or absorption cell but also as a
filter for the incoming infrared radiation by virtue of their
wavelength-scalable photonic band structure. The PBG fiber
transmits a specific infrared band determined by the Bragg layer
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Scheme 1. Schematic Drawings of the Digital Optoelectronic Nose”
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“(a) The sensor consists of an infrared (IR) source, an array of hollow core IR transmitting photonic band-gap fibers, and an IR detector array. Each
fiber in the array selectively guides a narrow spectral band by filtering the incoming continuum source. The transmitting radiation interacts with
odorants in the hollow core of the fiber. The quenching of the transmitted signal, due to molecular absorption, is recorded and, by comparison with a
threshold value, registered as a binary code. (b) Cross section of the infrared transmitting fiber. The dielectric mirror lining the hollow core of the
fiber is composed of alternating high and low index materials. The spectral filtering is tuned by the thickness of these layers during fiber production.
(c) Enhanced electromagnetic interaction between the guided light and analytes present in the core of fibers (waveguides/gas cell/optofluidics

channel) is achieved through the extended optical path.

parameters of the inner core structure of the fiber. Hundreds of
hollow core Bragg fibers® that span the full infrared absorption
range (500—4500 cm ') can be produced from a single preform
by thermal drawing.**** By coupling to a blackbody source,
such as a SiC rod with a peak intensity around $ ym, an array of
these fibers can be used to filter specific bands from the infrared
continuum radiation. If the difference in the transmitted light is
detected with and without the presence of volatile organic
molecules in the fiber gas cell, quantitative information can be
obtained about the infrared absorption of the analyte using its
specific molecular absorption lines (Scheme 1).

By multiplexing wavelength selective fibers, an array of cross-
responsive sensors is obtained that can be used as an artificial
nose. The array can be considered cross-responsive, as is
required in artificial olfaction research,” because each fiber
sensor is sensitive to a large number of molecules that have
corresponding absorption peaks in the fiber transmission range,
and at the same time, various analytes will result in slightly
different absorption patterns depending on the exact infrared
absorption characteristics and the chemical bond environment.
In this paper, we show that the selectivity of this fiber array can
be used to identify and distinguish a large number of volatile
organic chemicals. First, the working principle of the electronic
nose is demonstrated using methanol, isopropyl alcohol (IPA),
and acetone analytes. By studying the in-fiber infrared
absorption parameters of these analytes, we deduced simulation
parameters to generalize sensor behavior as an artificial nose.
The experimental results are then extrapolated with computer
simulations to a data set containing 100 volatile organic
chemicals. Also, the array response was used to differentiate all
possible mixtures of five different chemicals. On the basis of the
simulations, the correlation between the sensor array
parameters and the selectivity of the fiber nose is investigated.
The sensitivity, rapid response time, electric signal output, and
reusability, together with high selectivity, render the fiber array
suitable for electronic nose applications such as toxic gas
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detection, food quality control, environmental monitoring,
breath analysis for disease diagnostics, health monitoring, and
pharmacokinetics.*®

B MATERIALS AND EXPERIMENTAL METHODS

Photonic Band-Gap Fiber Fabrication. Hollow core
polymer fibers that incorporate dielectric mirrors (Scheme 1b)
for infrared beam guiding are fabricated by thermal drawing
using a recently developed composite preform preparation
technique.””*® The fibers in the array are produced from
exactly the same tyge of preform using thermal drawing, as
described elsewhere.”! Unlike metal-coated hollow core fibers,
dielectric mirror polymers selectively guide an infrared
wavelength of choice, which is determined by the size reduction
factor during thermal drawing. The guided wavelength is
determined by the thickness and refractive indices of the
multilayers using the quarter wave stack equation (4 = 4ngd,
where 4 is the wavelength of guided radiation and n; and d, are
the refractive index and thickness of alternating layers). In this
way, hollow core polymer fibers can be used to filter and guide
continuum light from a blackbody continuum into relatively
narrow wavelength bands. The fibers typically have a 100—500
pum inner core diameter and a 0.8—2.0 mm external diameter;
they can be obtained arbitrarily long and are flexible.

In-Fiber Infrared Absorption Measurements. We used
the SiC filament and collimator optics of an FTIR system
(Bruker Tensor) and a ZnSe convex lens to couple the infrared
beam to the hollow core of the fibers, one at a time. An Hg—
Ca—Te (MCT) infrared detector is used to record the total
infrared energy transmitted through the fiber. The gaseous
analytes were delivered into the fiber gas cell (Scheme 1, also
see Supporting Information, Figure S1) using nitrogen carrier
gas from a flask saturated with the vapor pressure of the analyte
gas. The flow rate of the carrier gas was controlled to be 1000 =+
10 sscm with a mass flow controller. Carrier gas was exhausted
from the other end of the ~30 cm fiber.
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