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ABSTRACT: A one-dimensional photonic crystal is prepared from porous silicon (pSi) and Reflectance Readout
impregnated with a chemically specific colorimetric indicator dye to provide a self-referenced S
vapor sensor for the selective detection of hydrogen fluoride (HF), hydrogen cyanide (HCN),
and the chemical nerve agent diisopropyl fluorophosphate (DFP). The photonic crystal is
prepared with two stop bands: one that coincides with the optical absorbance of the relevant
activated indicator dye and the other in a spectrally “clear” region, to provide a reference. The
inner pore walls of the pSi sample are then modified with octadecylsilane to provide a
hydrophobic interior, and the indicator dye of interest is then loaded into the mesoporous
matrix. Remote analyte detection is achieved by measurement of the intensity ratio of the two
stop bands in the white light reflectance spectrum, which provides a means to reliably detect
colorimetric changes in the indicator dye. Indicator dyes were chosen for their specificity for
the relevant agents: rhodamine-imidazole (RDI) for HF and DFP, and monocyanocobinamide
(MCbi) for HCN. The ratiometric readout allows detection of HF and HCN at
concentrations (14 and S ppm, respectively) that are below their respective IDLH
(immediately dangerous to life and health) concentrations (30 ppm for HF; SO ppm for HCN); detection of DFP at a
concentration of 114 ppb is also demonstrated. The approach is insensitive to potential interferents such as ammonia, hydrogen
chloride, octane, and the 43-component mixture of VOCs known as EPA TO-14A, and to variations in relative humidity (20—80%
RH). Detection of HF and HCN spiked into the complex mixture EPA TO-14A is demonstrated. The approach provides a general
means to construct robust remote detection systems for chemical agents.
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here is a longstanding need for simple systems that can (VOCs), explosives, TICs, and CWAs."””™" An advantage of

remotely detect airborne toxic industrial chemicals colorimetric indicators is that multiple dyes can be
(TICs) and chemical warfare agents (CWAs)."” Technologies incorporated into spatially segregated arrays to allow detection
that meet the criteria of portability, real-time response, and low of multiple analytes simultaneously or to increase fidelity by
false positives or false negatives include gas chromatography— taking advantage of the cross-reactivity of the dyes to different
mass _spectroscopy (GC/MS),” ion mobility spectrometry agents.'*™'° Dyes can also show relatively low susceptibility to

(IMS)," and infrared and Raman spectroscopy.”~ When low
power consumption, small form factor, and low complexity are
taken into consideration, point sensor technologies involving
surface acoustic wave (SAW),” conducting polymers,'® or
metal oxide sensors'' can provide good sensitivity, but
typically provide lower selectivity, compromising false alarm/
false positive metrics. Colorimetric indicators, in which the
target analyte is detected by a specific molecular interaction

interference from environmental fluctuations in temperature
1 . . 17
and humidity—a particular challenge for many point sensors.
The increased availability of low-power, high-resolution digital
cameras in recent years has been an enabling feature of
colorimetric indicators, which has led to increased interest in
. . . 18-23 ;
their use in remote sensing schemes. In remote sensing,

with a dye that responds to the event with a change in its Special Issue: Commemorating NJ Tao
electronic structure and thus its color, offer a simple yet Received: September 15, 2020
powerful means to enhance specificity in point sensors. Many Accepted: November 13, 2020
colorimetric indicators have been synthesized that provide high Published: December 2, 2020
selectivity and sensitivity for the detection of a variety of

important environmental analytes: volatile organic compounds
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the sensor element is located a substantial distance from the
optical reader, which places limitations on the system related
to spatial resolution, extraneous “clutter” in the image field that
can obscure the colorimetric signal, and uncontrolled lighting
conditions.”> The problem is compounded by the fact that
most organic indicator dyes have broad absorbance bands that
are not particularly distinctive compared to the broad range of
pigments and dyes commonly present in the environment.

In prior work, we showed that the fidelity of remote
detection with an indicator dye can be substantially improved
by impregnating the dye in a porous silicon (pSi)-based 1-D
photonic crystal.”* Using a standard pH indicator dye,
bromothymol blue, a photonic crystal was prepared with two
reflectance (stop) bands: one that overlapped with the
absorbance band of the basic form of the dye (the “signal”
channel) and the other that appeared in a spectral region
where the dye showed minimal absorbance (the “reference”
channel). We found that the intensity ratio of the reflectance
bands accurately responded to a gas-phase ammonia challenge,
and this corrected for large changes in zero-point drift
associated with fluctuating probe light intensity. Prepared
using an electrochemical anodization process, the pSi system
provides a convenient means to fabricate mesoporous 1-D
photonic crystals for such applications, allowing the pro-
grammatic generation of complex spectral signatures that can
be measured from a remote distance by optical reflectance
spectroscopy or by hyperspectral imaging.”*~>" The spectral
reflectance features from this material are relatively insensitive
to fluctuations in temperature over the envisioned operating
range of a remote environmental sensor.””

While the earlier work demonstrated the remote detection
concept for the pSi system, the reliability of the approach for
use in “real-world” complex air samples and with changing
humidity was not evaluated. Furthermore, it used a simple pH
indicator dye, and the question of how generalizable the
approach might be to chemical agents other than simple acids
and bases was not addressed. Here, we evaluate the selective
detection of hydrogen fluoride (HF), diisopropyl fluoro-
phosphonate (DFP), and hydrogen cyanide (HCN) vapors
using indicator dyes for which specificity is well established: a
rhodamine—imidazole (RDI) complex for detection of HF and
DFP, and monocyanocobinamide (MCbi) for detection of
HCN. The sensors are tested for their sensitivity and selectivity
relative to common environmental interferents and to changes
in background relative humidity.

B RESULTS AND DISCUSSION

Preparation of pSi Photonic Crystal Sensors. The
sensor and detection concepts are outlined in Figure 1. The
pSi photonic crystals were prepared by electrochemical
anodization of single-crystal Si wafers in an aqueous ethanolic
hydrofluoric acid solution using a composite current density—
time waveform as previously described,”” and then chemically
modified to improve their performance in ambient environ-
ments. For preparation of the photonic crystals, the etching
waveform was composed of a sum of two sine waves, such that
the photonic crystal that resulted from the process would
display two stop bands in the reflection spectrum that could
act as “reference” and “sample” channels due to their differing
wavelengths (Figure 1). The time-dependent current density
waveforms, J(t), used in this work were created following the
relationship:
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Figure 1. Sensor and sensing approach used in this work. A
mesoporous Si photonic crystal is prepared with two stop bands: one
that coincides with the optical absorbance of the relevant activated
indicator dye (signal channel) and the other in a region of the
spectrum where neither activated nor inactivated forms of the dye
absorbs (reference channel). The inner pore walls are modified with
octadecylsilane to provide a hydrophobic interior, and the indicator
dye of interest is loaded into the mesoporous matrix. Analyte binding
to the dye is quantified as Ljgna/Leferencer Where Ligng and Iiegerence are
the intensities of light reflected at the signal and reference wavelength
bands, respectively.

]max + ]min . i . i
J(t) = [—4 ] s1n[Tl] + sm[Tz] +
(1)

where ] .. and ] represent the maximum and minimum
current density values applied during the etch, and T, and T,
are the periods of the two sine waves used, each of which
determined the wavelength of one of the two stop bands in the
resulting photonic crystal. These values were determined
empirically based on the wavelength of the absorbance
maximum for the particular indicator dye of interest. For the
HF and DFP sensors (which use the RDI indicator dye),
samples with stop bands centered at 520 and 730 + 10 nm
were designed, and for the HCN sensor (which uses the MCbi
indicator dye), stop bands centered at 605 and 730 + 10 nm
were prepared (Figure 2). For both sample types, the
wavelength of 720—740 nm was chosen for the “reference”
band because both of the indicator dyes showed minimal
absorbance in this region, either before or after exposure to
their intended analytes (Figure 2). The other stop band in each
sample was the “signal” band, whose wavelength was chosen to
optimally overlap with the absorbance of the colorimetric
indicator dye when it interacted with the analyte of interest
(Figure S1, Supporting Information).

Surface Modification and Loading of Indicator Dyes.
After anodization and prior to loading the indicator dye of
interest into the mesoporous matrix, the inner pore walls of the

]max + ]min
2
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Figure 2. Morphology of pSi photonic crystal sensors and their optical response to analyte vapor challenges. Representative plan-view (a) and
cross-sectional (b) scanning electron microscope (SEM) images of the octadecylsilane-modified porous Si photonic crystal, pSi-Si(Cyg). (c)
Representative visible absorbance spectrum of RDI dye in solution (top) and optical reflectance spectrum of RDI dye-impregnated pSi-Si(C,g)
photonic crystal (bottom), before and after exposure to HF analyte. Absorbance spectrum measured in a 1 cm path length cuvette using RDI dye
(2 mM) dissolved in 1:1 (v:v) acetonitrile:dichloromethane. Addition of HF performed by introduction of aqueous HF (48% by mass) sufficient to
achieve final [HF] = 17 mM. Optical reflectance spectrum of RDI-impregnated pSi-Si(C,g) photonic crystal was measured before and after
exposure to HF vapor as described in the text, resulting in the indicated decrease in intensity of the band at 520 nm. (d) Representative visible
absorbance spectrum of monocyanocobinamide, MCDbi, in solution (top) and optical reflectance spectrum of MCbi dye-impregnated pSi-Si(C,g)
photonic crystal (bottom), before and after exposure to hydrogen cyanide analyte (diluted in dry dinitrogen). Absorbance spectrum measured in a
microplate reader normalized to a 1 cm path length cuvette equivalent using MCbi dye (500 uM) dissolved in ethanol. Addition of cyanide
performed by introduction of concentrated aqueous KCN sufficient to achieve final [CN™] = 500 uM. Optical reflectance spectrum of MCbi-
impregnated pSi-Si(C,g) photonic crystal measured before and after exposure to HCN vapor as described in the text, resulting in the indicated
decrease in intensity of the band at 605 nm.

pSi samples were modified with octadecylsilane to provide a
hydrophobic interior, referred to in this work as pSi-Si(Csg).
The main motivation for this chemistry was to suppress the
response of the materials to humidity. In particular, the
wavelength maximum of the stop band in pSi photonic crystals
is known to shift in response to capillary condensation of water
vapor,””’" and the hydrophobic chemistry was deployed to
minimize spectral drift in the real-world sensing scenario,
where RH is uncontrolled.

420

We used a thermal dehydrocoupling chemistry to prepare
pSi-Si(C,g). As-anodized pSi samples contain a reactive surface
chemistry composed of Si—H species that readily undergo
dehydrocoupling with a wide range of organic species
containing terminal —SiH; groups.”” In the present case, the
as-etched samples were chemically modified by reaction with
octadecylsilane (H,Si(CH,),,CHj;), which has been shown to
impart a highly hydrophobic character.”> Water contact angle
increased from 89° to 128° upon conversion of pSi to pSi-
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Si(C,g) (Figure S2, Supporting Information). Attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectra
confirmed the presence of organic signatures assigned to the
surface-grafted octadecylsilane species in pSi-Si(C,g) (Figure
S2, Supporting Information): bands at 1470 and 2850—2930
cm™ are assigned to the scissor and stretching modes of CH,,
respectively. A band at 1080 cm™' is assigned to Si—O
stretching; the dehydrocoupling reaction generally produces
small quantities of adventitious silicon oxides.

Representative plan-view scanning electron microscope
(SEM) images of pSi-Si(Cy5) (Figure 2a) revealed that the
pSi photonic crystals retained their open porous nanostructure
after surface functionalization, with a mean pore diameter
(Image_] software, imagej.nih.gov) , of 12 + 3 nm. Furthermore,
the cross-sectional SEM images (Figure 2b) revealed the
periodic multilayered nanostructure characteristic of the
porosity gradient that is generated by the electrochemical
preparation and which is responsible for the photonic
properties of the material.”’ The porosity and thickness of
the octadecyl-modified porous photonic crystals were meas-
ured using the spectroscopic liquid infiltration method
(SLIM),” which indicated a net porosity of ~30% and an
overall thickness of ~7 ym for the pSi films.

Two colorimetric indicators were chosen based on their
known chemical specificity for the HF or HCN analytes of
interest in this work. Based on a rhodamine—imidazole
complex, RDI has been reported as a selective probe for
fluoride that displays a marked change in color due the ability
of fluoride to induce a spiro-ring-opening reaction on the
rhodamine moiety. RDI was synthesized as previously
reported.’>** Briefly, the procedure involved reaction of
rhodamine 6G with hydrazine to obtain rhodamine hydrazide,
and incorporation of the imidazole group to the rhodamine
6G—hydrazide backbone (Figures S3 and S4, Supporting
Information). Cobinamide (Cbi), a cobalt-containing Vitamin
B-12 analogue, has been used both as an antidote for cyanide
poisoning and for analytical applications due to its high affinity
for CN™ and its rapid binding kinetics.”> As-synthesized Cbi
contains OH and H,O ligands coordinated to the cobalt
center, and these are sequentially replaced upon encounter
with CN™ to generate a 1:2 Cbi:CN~ complex. The binding
interactions produce noticeable color changes in Cbi, from
orange (absorbance at ~510 nm) to violet (583 nm). The
replacement of OH™ with CN™ results in a strong trans-
labilizing effect, and addition of the second CN™ ligand has
been shown to provide a more rapid and more pronounced
spectral change in the complex.’® Thus, in order to enhance
the sensing response in this work, the as-synthesized
Cbi(OH)(H,0O) complex was titrated with CN~ in a 1:1
molar ratio to generate the monocyano species MCbi, or
Cbi(CN)(H,0), (Figures SS and S6a, Supporting Informa-
tion). Calibration curves showing optical absorbance of the
MCbi probe at 583 nm as a function of CN™ concentration in
water, ethanol, and a 1:1 mixture of water and ethanol are
presented in Figure S6b, Supporting Information. The probe
showed no detectable solvatochromism. The monocyano
complex was diluted with ethanol and loaded into the pSi-
Si(C,g) matrix to be used as the analyte-selective indicator.

In either case, the RDI or MCbi probes were embedded into
the pSi-Si(C,s) samples by drop-casting and characterized
using ATR-FTIR spectroscopy (Figure S2, Supporting
Information). The RDI-pSi-Si(C;g) samples showed addi-
tional weak bands at 1530 and 1640 cm™' assigned to C—N
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and amine groups of the RDI probe (Figure S7a, Supporting
Information). The MCbi—pSi-Si(C,s) samples displayed
spectral characteristics of the MCbi probe, with a band at
1670 cm™, assigned to a C=0 stretching mode, as the most
distinctive feature (Figure S7b, Supporting Information). The
quantity of indicator dye loaded onto the porous samples was
optimized to maximize speed and magnitude of response to
analyte. The indicator dye of interest was dissolved in solvent
and drop-cast onto the pSi-Si(C,g) sample, and the quantity of
indicator dye delivered to the sample was controlled by control
of concentration and drop volume. The mass loading of dye
was determined by assuming that all dye in the drop was
delivered without loss and that the carrier solvent had
completely evaporated. After optimization, the values of mass
loading, defined as (mass of dye)/(mass of dye-loaded porous
film) were 4.9 + 0.9% and 2.9 + 0.3%, for RDI and MCbi
samples, respectively. The sensors are referred to in this work
as “RDI—pSi-Si(Cy4)” or just “RDI—photonic crystal” (for the
HF or DFP sensor) and “MCbi—pSi-Si(Cy5)” or “MCbi—
photonic crystal” (for the HCN sensor).

Sensing of HF Using RDI—pSi-Si(C,g) Photonic Crystal
Sensors. The ability of the RDI—photonic crystal sensors to
detect HF in the vapor phase was assessed using a vapor dosing
setup fitted with a reflectance spectrometer (see Figure S8,
Supporting Information for a schematic and more detailed
description of the procedure). Prior to each dosing experiment,
the sensors were exposed for 30 min to a flowing gas stream at
a fixed value of %RH by premixing a ratio of dry compressed
air and air saturated with water vapor, using digital mass flow
controllers. The HF(, analyte was then introduced to the
flowing stream by bubbling laboratory air through an aqueous
HF solution and diluting it as appropriate using mass flow
controllers. The concentration of HF(,) was determined from
the dilution ratio and using published partitioning values for
HF () with HF(g at the relevant values of aqueous
concentration and temperature, and assuming that the air in
the bubbler reached equilibrium with the aqueous solution.
Thus, the concentration values for HF () given in this work are
likely underestimates of the actual values. Based on flow rate
and system volume, the time needed to reach steady-state
concentration in the sample chamber was ~8 min.

The response of the RDI—photonic crystal sensor to an HF
challenge, measured by optical reflectance spectroscopy, is
shown in Figure 3a. As expected, exposure to HF triggered an
irreversible increase in optical absorbance at ~521 nm from
the RDI probe molecule due to opening of the spirolactam ring
(Figure S9a, Supporting Information), as previously de-
scribed.””** This increase in absorbance resulted in a decrease
in intensity of reflectance from the “Signal” band of the
photonic crystal relative to the “Reference” reflectance band.
The HF sensing response was quantified with a Response
function defined in eq 2:

Response _ & _ ( Isignal ] /[ Isignal ]

RO Ireference ¢ Ireference 0 (2)
where R, is the ratio of intensities of the signal band (Isignal) to
the reference band (I,ufence) measured at time t, R, is the ratio
of intensities of the signal band (Isigml) to the reference band
(Leference) measured before exposure (time t = 0). The quantity
R, therefore provided a means to correct for instrumental

response at the different wavelengths measured; this is referred
to in the figure axes as Normalized Iga1/Lieference: A decrease in
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Figure 3. HF,) sensing performance of RDI—pSi-Si(C,3) photonic

crystal sensor. ?a) Overlaid time series of reflectance spectra obtained
from an RDI—pSi-Si(C,5) photonic crystal sensor exposed to 28 ppm
of HF, (50% RH) at the indicated time points. The decrease in the
signal peak (~520 nm) indicates detection of HF. (b) Temporal
response curves of RDI—pSi-Si(C,s) photonic crystal sensors upon
exposure to the indicated concentrations of HF,) (14—59 ppm) at
50% RH. Response metric is defined in eq 2. (c) Selectivity studies of
RDI-pSi-Si(C,3) photonic crystal sensors challenged with vapors of
the indicated potential interferents. Results of experiments performed
with carrier gas at 20%, 50%, and 80% RH are shown. Interferent
concentrations: NH;, 100 ppm; HCI, 100 ppm; octane, 600 ppm; and
TO-14A mixture of VOCs (0.5 ppm of each component). Bars
labeled “H,O” represent air blanks at the indicated values of RH. Data
were acquired 10 min after introduction of the indicated analyte or
interferent agents. (d) Temporal response curves for RDI—pSi-
Si(C,s) photonic crystal sensors upon exposure to 28 ppm of HF ),
measured under varying humidity conditions, as indicated. Error bars
shown are the standard deviation from triplicate trials.

the value of this response function corresponds to an increase
in absorbance of the indicator dye that correlated with analyte
exposure.

Figure 3b presents dose—response curves for the RDI-
photonic crystal sensor exposed to HF,) at concentrations of
14, 28, and 59 ppm, in an air carrier stream maintained at 50%
relative humidity (RH). The sensor exhibited a significant
decrease in the value of the response function, and the rate of
decrease in this value scaled with analyte concentration. For all
HF () concentrations tested, the responses reached the same
(saturation) value after a sufficient period of time had passed
(Figure S9b, Supporting Information). This behavior is
consistent with the irreversible chemistry of the indicator
dye; the saturation level corresponds to a point at which
essentially all of the indicator dye available had reacted with
HF analyte. Therefore, the response function, and thus the
limit of detection (LOD), was a function of both analyte
concentration and time of exposure. For example, to reach an
LOD (signal exceeding 3 standard deviations relative to the
blank) of 28 ppm of HFy required 3 min of exposure to the
flowing analyte stream, while an LOD of 14 ppm required a 6
min exposure. The time required for the sensor to reliably
detect the Immediately Dangerous to Life and Health (IDLH)

422

level of 30 ppm for HF, exposure' was therefore <3 min.
Because of the irreversible kinetics of the spirolactam ring
opening reaction of the indicator dye, the behavior of the
RDI—-photonic crystal system is perhaps more appropriately
described as a dosimeter than as a sensor.

We next evaluated the selectivity of the RDI—photonic
crystal sensor by comparing the sensor response to HF(y) to
the potential interferents ammonia (NH;), hydrochloric acid
(HCI), octane, and a complex air mixture containing 43
different volatile organic compounds defined in method TO-
14A by the US Environmental Protection Agency (EPA),”’
referred to in this work as “TO-14A mix.” The NH;, HCI,
octane, and TO-14A mix interferents were each diluted into a
humidified air stream to achieve 20%, 50%, and 80% RH. The
sensors were exposed to a flowing stream of the potential
interferents for 10 min, and the responses are presented and
compared with a 28 ppm of HF,) challenge in Figure 3c. The
sensors showed no significant response to the NH;, HCI, and
TO-14A mix interferents at all values of %RH tested. The
response to octane was also not significant, except for the
measurement at RH 20%, where the normalized response was
slightly, but significantly (two-way ANOVA, p < 0.01) larger
compared with the other interferents. The slight increase in the
response to octane is attributed to a spectral shift of the stop
bands upon infiltration of octane vapor into the mesoporous
matrix of the pSi sensor, which led to a slight (<3 nm) red shift
upon exposure to 600 ppm of octane (Figure S10, Supporting
Information). Because the spectrometer used in these studies
was not corrected for its spectral response, a shift in
wavelength of the stop band can influence the measured
intensity of the band somewhat. These intensity changes were
small relative to those seen for the target HF analyte (Figure
3c).

To assess the effect of different RH values on the temporal
response of the RDI—photonic crystal sensor, temporal dose—
response curves were acquired for a 28 ppm of HF ;) challenge
at 20%, S0%, and 80% RH (Figure 3d). The responses of the
sensor in 80% RH air were slightly, but consistently suppressed
by ~3% relative to the responses measured at 20% and 50%
RH. Overall, the sensors displayed a good ability to
discriminate HF from the interferents over a wide range of
relative humidity values.

Sensing of DFP Using RDI—pSi-Si(C;s) Photonic
Crystal Sensors. Because it responds to the presence of
HF, the RDI—photonic crystal sensor can potentially be used
for detection of fluoride-based organophosphonate nerve
agents such as sarin, soman, and diisopropyl fluorophospho-
nate (DFP), as all of these agents are subl'ect to P—F bond
hydrolysis, liberating HF as a byproduct.”® We tested this
hypothesis in the case of DFP, a nerve toxin that is
considerably less toxic than the organophosphorus nerve
agents sarin and soman.” The pilot experiments involved
generation of DFP vapor using a permeation tube generation
system with nitrogen carrier gas at 50 °C. Prior to the dosing
of DFP analyte, the sensors were exposed for 30 min to a
flowing gas stream at 50% RH by premixing a ratio of nitrogen
carrier gas and laboratory air saturated with water vapor. The
DFP analyte generated from the permeation tube system (228
ppb) was then introduced into humidified laboratory air to
provide the final concentration at 114 ppb DEP vapor at 50%
RH. No specific hydrolysis catalyst was used in these
experiments, so the generation of the HF analyte needed to
activate the RDI—pSi-Si(C,4) sensor resulted from the natural,
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slow rate of hydrolysis of DFP*’ in the mesoporous material,*'
which was not measured here. A ~3% change in the response
was observed after 3 h exposure to 114 ppb DFP vapor at 50%
RH (Figure S11, Supporting Information). The low level and
slow response of the sensor is consistent with the substantially
lower concentration of analyte used in these experiments, and
the slow kinetics for DFP hydrolysis that can be expected to be
present under the test conditions.

Sensing of HCN Using MCbi—pSi-Si(C,5) Photonic
Crystal Sensors. The MCbi—photonic crystal sensor
triggered on the colorimetric change that occurs when the
MCbi indicator dye undergoes a binding interaction with
cyanide. The response to an HCN vapor challenge is presented
in Figure 4. The experiments were performed in a manner
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Figure 4. Performance of MCbi—pSi-Si(C,5) photonic crystal sensor
for HCN detection. (a) Overlaid time series of reflectance spectra
obtained from a MCbi—photonic crystal sensor exposed to 20 ppm of
HCN(, (50% RH) at the indicated time points. The decrease in the
signal peak (~605 nm) indicates detection of HCN. (b) Temporal
response curves of MCbi—photonic crystal sensors upon exposure to
the indicated concentrations of HCN vapor under 50% RH. Response
metric is defined in eq 2. (c) Selectivity studies of MCbi—photonic
crystal sensors challenged with vapors of the indicated potential
interferents. Results of experiments performed with carrier gas at 20%,
50%, and 80% RH are shown. Interferent concentrations: NH;, 100
ppm; octane, 600 ppm; and TO-14A mixture of VOCs (0.5 ppm of
each component). Bars labeled “H,0” represent air blanks at the
indicated values of RH. Data were acquired 10 min after introduction
of the indicated analyte or interferent agents. (d) Temporal response
curves for MCbi—photonic crystal sensors upon exposure to S ppm of
HCN(,), measured under varying humidity conditions, as indicated.
Error bars shown are the standard deviation from triplicate trials.

similar to that involving the RDI—photonic crystal sensors for
DFP: the MCbi—photonic crystal sensors were first exposed
for 30 min to a humid atmosphere at the desired RH value,
and HCNy, from a calibrated, certified gas cylinder was then
introduced into the flow stream (Figure S12, Supporting
Information). Reaction of monocyanocobinamide with HCN
to form the dicyanocobinamide species generated a broad
absorbance band centered at 583 nm (Figure S1, Supporting
Information), which overlapped with the 605 nm stop band of
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the MCbi—photonic crystal sensor. As with the HF sensor, this
increase in absorbance resulted in a substantial decrease in the
intensity of the “Signal” reflectance peak upon exposure to 20
ppm of HCN(,), with no significant change in the “Reference”
reflectance peak of the sensor (Figure 4a). The HCN response
was quantified using the Response function defined in eq 2,
and the results for the HCN concentration range S—20 ppm
and under 50% RH are presented in Figure 4b. An LOD of §
ppm of HCN was achieved within 2 min of exposure, whereas
the LOD values of 10 and 20 ppm of HCN were achieved
within 1 min. Thus, the sensor could detect HCN(,) at the
IDLH level (50 ppm)' in <1 min.

Although both sensors measured optical absorbance from
the indicator dye, the response of the MCbi indicator to
HCNj, differed from the response of the RDI indicator to
HF(,) described above because the reaction of MCbi with
HCN is reversible. While the equilibrium constant for binding
of CN~ to monocyanocobinamide is quite large (~10%),%° it
was previously demonstrated that the back-reaction is observed
when HCN vapor is removed from the gas stream.*’
Consistent with its large binding constant, the rate of loss of
CN~ from the dicyano complex of cobinamide was markedly
slower than the rate of binding; thus, substantial time was
required for the sensor to recover to its original state (Figure
S13, Supporting Information).

The selectivity of the MCbi—photonic crystal sensor for
HCNy, relative to the potential interferents ammonia (NHj),
octane, and a mixture of VOCs (TO-14A mix) was quantified
at different humidity levels following procedures similar to
those described for the HF ;) sensor (ie., the RDI—photonic
crystal). Tests were performed in the absence of the HCN/y
analyte. The NH;, octane, and TO-14A mix interferents were
each diluted into a humidified air stream to achieve 20%, 50%,
and 80% RH. The sensors were exposed to a flowing stream of
the potential interferents for 10 min, and the responses are
presented and compared with a S ppm of HCN(y challenge in
Figure 4c. The MCbi—photonic crystal sensor showed no
significant response to the NHj, octane, and TO-14A mix
vapor interferents at all values of RH tested. As with the RDI—
photonic crystal sensor of Figure 3, the stop bands of the
MCbi—photonic crystal sensor displayed slight red shifts upon
exposure to 600 ppm of octane vapor (Figure S14, Supporting
Information), though in this case it exerted no significant
influence on the intensity response function, due to the longer
wavelength of the stop band of the “Signal” channel in this
sensor type. Similar to the RDI—photonic crystal sensor, the
“Signal” stop band of the MCbi—photonic crystal sensor
remained within the region of the spectrum where the MCbi
dye absorbs for all interferents tested.

The temporal response of the MCbi—photonic crystal
sensor to the target HCN analyte was moderately dependent
on RH. Temporal response curves acquired for a S ppm of
HCN, challenge at RH values of 20%, 50%, and 80% are
presented in Figure 4d. The rate of response of the sensor to
HCN, increased somewhat with increasing RH, and the
dependence of the temporal response on RH was substantial
compared to what was observed with the HFy) sensor (RDI—
photonic crystal, Figure 3d). The observed increase in the rate
of response to HCN with increasing humidity has been
observed previously for the MCbi probe.***" In that prior
study, MCbi was dispersed on cellulosic and glass fiber-based
paper supports, and it was concluded that the MCbi + HCN
reaction chemistry is dependent on the availability of water.
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That study also found that the sensitivity of the probe to HCN
increased with increasing RH. Both of these observations
(increase in sensitivity and increase in response rate) are
consistent with the present results. The role of water in this
reaction is presumably to hydrate and stabilize the dye and to
effect deprotonation of HCN into CN7, in order to form the
final cyano-complex with the MCbi probe. The fact that the
sensor response is somewhat dependent on humidity imposes
a practical limitation on the sensor. However, it should be
pointed out that over the entire humidity range studied (20—
80% RH), the sensor was able to detect S ppm of HCN within
10 min.

Sensing of HF and HCN in a Complex Air Mixture. To
simulate real-world environments, the photonic crystal sensors
were challenged with their target analytes in the presence of a
complex matrix containing multiple VOCs. The experiments
described above (Figures 3 and 4) established that the sensors
did not respond to the VOCs in the EPA TO-14A calibration
mixture (TO-14A mix); however, an additional set of
experiments was performed to determine if target analyte
detection was obscured in the presence of this more complex
sample matrix. The RDI — or MCbi—photonic crystal sensors
were exposed to three different conditions in a sequential
order: laboratory air (50% RH), air + TO-14A mix at 50% RH,
and finally the target analyte (HF or HCN) spiked into air +
TO-14A mix at 50% RH (Figure S). To reduce spectral noise
in the intensity measurement (eq 2), each reflectance stop
band was fit to a Gaussian function to more accurately
determine peak amplitude.

As expected, the ratiometric signal (eq 2) from the RDI—
and the MCbi—photonic crystal sensors showed no response
to either laboratory air at 50% RH or to 50% RH air containing
the TO-14A mix. The sensors then displayed a strong response
upon introduction of their target analytes (28 ppm of HF ) or
10 ppm of HCN(y)) into a flowing stream containing the
interferents. The response to analyte was slightly slower in the
presence of the interferents (Figure S) relative to what was
observed in the absence of the TO-14A mix (Figure 3b and
Figure 4b). While it is not surprising that the indicator dyes
showed such excellent performance in the complex sample
matrix, as they were chosen for this study because of their
previously established chemical specificities, these results
demonstrated that incorporation of the colorimetric indicators
into the mesoporous and hydrophobic environment of the
photonic crystal-based sensor did not impair their selectivity.

Remote Sensing Demonstration. The motivation of this
study was to improve the fidelity of colorimetric indicator dyes
by providing a more distinctive spectral signature that could be
discriminated at a distance and in an image field containing
substantial spectral or physical “clutter”. In the present work,
the RDI and MCbi indicator dyes had substantial spectral
overlap with each other (Figure 2c and d), such that it would
be difficult to distinguish them in a remote image—for
example, in a scenario where it was desired to monitor
sentinels for multiple threat agents simultaneously. The
photonic crystal host then provides an ability to distinguish
one sentinel from another, either spectrally or in a hyper-
spectral image, as the characteristic reflectance band being
monitored is artificially narrowed relative to the natural line
width of the dye. To evaluate the ability of the approach to be
used in a remote sensing scenario, a RDI—photonic crystal
sensor was configured in a dosing chamber fitted with an
optical window, and the reflectance spectrum was monitored
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Figure 5. Representative temporal response of (a) RDI-pSi-Si(Cg)
and (b) MCbi—pSi-Si(C,3) photonic crystal sensors to sequential
exposure of 50% RH air (time = 0—300 s); TO-14A analyte mixture
in 50% RH air (time = 300—600 s); 28 ppm of HF (a) or 10 ppm of
HCN (b) in a carrier stream containing TO-14A analyte mixture in
50% RH air (time = 600—1200 s). Each of the 43 VOC components
of the TO-14A mixture was present in the air matrix at a nominal
concentration of 0.5 ppm. The optical response (as defined in eq 2)
were acquired every 10 s.

by a source/detector system fitted to an optical telescope and
positioned at a distance 2 m from the sensor (Figure S15a,
Supporting Information). The overlaid time-resolved reflec-
tance spectra and temporal response to a 28 ppm of HF
challenge (50% RH, in air) were obtained from the RDI—
photonic crystal sensor (Figure S1Sb,c, Supporting Informa-
tion). Positive detection (95% confidence interval) was
confirmed within 3 min of exposure.

In summary, this work showed that a colorimetric dye
molecule can be embedded in a mesoporous photonic crystal
to provide selective analyte detection that provides a higher
degree of fidelity for remote detection by artificially narrowing
the spectral bandwidth of the dye. The synthesis of the
photonic crystal allowed the creation of specific spectral
reflectance signatures that could be engineered to match the
dye and to provide a separate reflectance feature that was used
as a reference channel in a ratiometric detection scheme. A
hydrophobic surface chemistry based on dehydrocoupling of
octadecylsilane provided a mesoporous nanostructure that
retained sufficient porosity to host the indicator dye and to
allow ingress of the gas-phase analytes, while suppressing zero-
point drift due to fluctuations in relative humidity, which was
established over the range 20—80% RH. The two types of

https://dx.doi.org/10.1021/acssensors.0c01931
ACS Sens. 2021, 6, 418—428


http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c01931/suppl_file/se0c01931_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c01931/suppl_file/se0c01931_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01931?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01931?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01931?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01931?fig=fig5&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c01931?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

sensors, RDI—pSi-Si(C,g) photonic crystal for HF and MCbi—
pSi-Si(C,5) photonic crystal for HCN, were able to detect their
analytes at levels below the NIOSH IDLH. Due to its similar
indicator chemistry, which triggered on the presence of HF,
the RDI—photonic crystal was also able to detect the
fluorophosphonate nerve agent DFP at a level of 114 ppb.
For irreversible indicator chemistries, such as the RDI dye used
in this work to detect HF, the sensor displayed behavior similar
to a dosimeter, where the rate of change in response scaled
with concentration, but reached a point of saturation at
exposure times sufficiently long to allow reaction of the dye
with the analyte to reach completion. Both types of sensors
were stable in ambient laboratory air and showed excellent
selectivity for their target analyte relative to interferents NH;,
HC], octane, or a complex mixture of VOCs (EPA TO-14A).

B EXPERIMENTAL SECTION

Materials. Single-crystal highly doped p-type (B-doped) silicon
wafers of resistivity 0.8—1 mQ-cm, polished on the (100) face, were
purchased from Siltronix Corp. All reagents were used as received.
Octadecylsilane (H,Si(CH,),,CH;) was purchased from Gelest, Inc.
Diisopropyl fluorophosphonate was purchased from Sigma-Aldrich,
catalogue #D0879, while the permeation tube was purchased from
Kin-Tek Analytical, catalogue #143409, calibrated at a concentration
of 0.228 ppm DFP (at a flow rate of S0 sccm). Premixed hydrogen
cyanide gas cylinders (10 and 20 ppm; balance gas nitrogen) were
purchased from Gasco Inc. EPA TO-14A Calibration mix was
purchased from Restek through Linde Spectra Environmental Gases,
catalogue #34432 and contained 1 ppm of each component. All other
chemical reagents were purchased from Sigma-Aldrich.

Instrumentation. Attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectra were recorded on a Thermo Scientific
Nicolet 6700 FTIR instrument fitted with a Smart iTR diamond ATR
fixture. Scanning electron microscope (SEM) images were obtained
with a Zeiss Sigma 500 in secondary electron imaging mode. Contact
angles were measured using a Rame-Hart DROPimage CA v2.5
instrument. Reflected light spectra were obtained in the visible-NIR
spectral range with an Ocean Optics USB-4000 CCD spectrometer
and a tungsten-halogen illumination source (Ocean Optics LS-1)
connected with a Y-branch 600-ym-diameter, bifurcated multimode
optical fiber. The common end of the bifurcated fiber was focused
with an objective lens to a ~1 mm? spot and positioned with the optic
axis normal to the sample surface. UV—vis absorbance spectra were
obtained using a Molecular Devices SpectraMax 340PC384 Micro-
plate Spectrophotometer with a 1 cm path length cuvette and 96-well
microplate with normalized absorbance values to an equivalent 1 cm
path length cuvette. 1H NMR analysis was performed on a Varian
spectrometer running at 500 MHz, or a 300 MHz Bruker AVA. Mass
spectrometry analysis was performed by the University of California
San Diego Chemistry and Biochemistry Mass Spectrometry Facility
(MMSF). The ESI-MS spectrum of Cbi was obtained using an
Otribtrap Exactive mass spectrometer (Thermo Fisher, San Jose, CA,
USA) with an ESI source at capillary temperature of 275 °C and spray
voltage of 3.5 kV in positive ion mode. The spectra were acquired for
m/z = 75—1500 using a maximum injection time of S0 ms and a
resolution of 100,000. Prior to this, all the Cbi samples were diluted
50-fold with methanol containing 0.25% by mass formic acid. Diluted
samples were directly infused into the mass spectrometer at a rate of 5
p#L/min.

Preparation of pSi Photonic Crystals. The single-crystal Si
wafers were diced into square chips of approximately 2 X 2 cm® and
mounted in a Teflon etching cell described elsewhere. The O-ring seal
of the cell exposed 1.2 cm? of the Si surface to electrolyte. The chip
was contacted on the backside with aluminum foil, and the counter-
electrode consisted of a platinum coil. The chip was anodized in an
electrolyte consisting of 3:1 (v:v) 48% aqueous hydrofluoric
acid:ethanol (CAUTION: HF is highly toxic and can cause severe
burns on contact with the skin or eyes). Prior to the preparation of
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the porous layers, the samples were cleaned using a “sacrificial etch”
which consisted of etching a thin pSi layer into the chip (400 mA
cm™ applied for 50 s) in the above electrolyte, removing the
electrolyte, rinsing the cell with ethanol, and then dissolving this layer
in strong base (2 M aqueous KOH). The cell was then rinsed with
water and ethanol, fresh aqueous HF:ethanol electrolyte was added,
and the cleaned sample was anodized to prepare the photonic crystal.
The anodization waveform for the photonic crystal was generated
using LabView (National Instruments, Inc.), and the electric current
was driven by a Keithley 2651A Sourcemeter power supply interfaced
to the LabView program. The time-dependent current density
waveforms, J(t), used in this work were created following the
relationship of eq 1, with [, = 4.167 mA/cm?, J,... = 60.0 mA/cm?
For the HF and DFP sensors (RDI—pSi-Si(C,5) photonic crystal),
values of T| = 6.6 s and T, = 9.8 s were used. For the HCN sensors
(MCbi—pSi-Si(C,5) photonic crystal), values of T, = 8 s and T, = 9.8
s were used. The etching waveform was applied for 300 s. The as-
etched samples were then chemically modified by subjecting them to
a dehydrocoupling reaction with n-octadecylsilane: 500 uL of n-
octadecylsilane, H;Si(CH,),;,CH;, was introduced via microliter
syringe to the pSi photonic crystal substrate in a 20 mL vial. The
vial was sealed and immersed in a silicone oil bath at 80 °C for 16 h.
The samples were then cooled, removed, and rinsed 3X with n-hexane
and then 3X with ethanol.

Synthesis of Rhodamine 6G Imidazole (RDI). Rhodamine 6G
hydrazide was synthesized following the procedure previously
described.*”** Rhodamine 6G (2.40 g, 5 mmol) was dissolved in
ethanol (60 mL). Hydrazine monohydride (8 mL, 160 mmol) was
added, and the reaction was maintained at reflux for 2 h, then allowed
to stir overnight at room temperature. The white precipitate was
filtered and washed with water and ethanol to yield the product,
rthodamine 6G hydrazide (1.68 g, 79%). The product was used for the
next step without further purification. To prepare rhodamine 6G
imidazole (RDI), rhodamine 6G hydrazide (0.5 g, 1.17 mmol) was
dissolved in methanol (10 mL). 2-Formylimidazole was then added,
and the reaction was maintained at reflux overnight. The precipitate
was filtered, washed with ethanol, and dried in vacuo (yield: 0.20 g,
35%).

Synthesis of Monocyanocobinamide (MCbi). Pure aquohy-
droxocobinamide [OH(H,0)Cbi], Co(III) was synthesized by base
hydrolysis of hydroxocobalamin as described previously.”> A stock
solution of monocyanocobinamide (CN(H,0)Cbi) was then
prepared by reacting a 1:1 equimolar amount of aquohydroxocobi-
namide with KCN dissolved in deionized water in 1 M aqueous
NaOH for 6 h under mild agitation at room temperature, resulting in
a dark red solution. Using a benchtop optical absorbance
spectrometer (Molecular Devices Spectramax 340Pc384 Microplate
Spectrophotometer), the distinct absorbance band at 475—520 nm
confirmed the synthesis of monocyanocobinamide.

Loading of Colorimetric indicators. For the RDI—photonic
crystal sensors (HF or DFP analytes), the rhodamine—imidazole
(RDI) complex was dissolved in a 1:1 (v:v) dichloromethane:acetoni-
trile mixture at a concentration of 1 mg/mL. A 100 yL aliquot of RDI
was then drop-cast onto the pSi-Si(C,5) photonic crystal substrate
and allowed to dry at room temperature. For HCN sensing, a
monocyanocobinamide (MCbi) stock solution was diluted in ethanol
until the concentration of the solution was 500 #M. A 100 uL aliquot
of MCbi solution was subsequently drop-cast onto pSi-Si(Cg)
photonic crystal substrates and allowed to dry in air at room
temperature for ~5 h or until the ethanol solvent appeared fully
evaporated. The majority of the finished sensors were stored in
ambient laboratory air for 1-3 days prior to testing; no apparent
degradation in the analyte responses due to such storage was
observed.

Vapor Dosing Experiments. Analyte vapor challenges were
prepared by dilution of analyte vapor streams of fixed concentration
with dry or humidified compressed air, laboratory air, or nitrogen gas
using digital mass flow controllers to obtain the desired concentration.
For hydrogen fluoride, hydrogen chloride, and ammonia, aqueous
solutions of these analytes were prepared at a given concentration,
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and the vapors were generated by bubbling the laboratory air through
them. Details are provided in Figure S8, Supporting Information.
Octane vapor was generated by bubbling the laboratory air though
neat octane. For hydrogen cyanide and EPA TO-14A mix, the gas
produced directly from the certified gas cylinder was mixed with
humidified laboratory air to the desired concentration. The
concentrations of analytes were calculated based on their partial
pressures at 25 °C over the aqueous solution (for HF, HC], and NH;)
or the neat liquid (for octane);**~* the partial pressures of analyte
vapors were then converted to concentration using eq 3:%

Vapor concentration(ppm)

Panalyte P;malyte

= 106 X ——
760 mmHg E nalyte + Fdilutionair

al

Q)

where P, is the partial pressure of the analyte vapor, in Torr,
Fayte is the flow rate of the analyte vapor stream in sccm, and
Fiilution air 1 the flow rate of the dilution air stream in sccm.

For the DFP experiments, the vapor was generated from a certified
permeation tube (Kin-Tek Analytical, catalogue #143409) that was
heated to 50 °C in a Metronics Inc. VICI Dynacalibrator Model 190
permeation oven, producing 228 ppb of DFP vapor in a nitrogen
carrier gas. This was then mixed 1:1 (v:v) with humid laboratory air
to achieve the desired humidity (50% RH) and analyte concentration
(114 ppb). The RH values reported were verified with a probe
hygrometer. The DFP sensing experiment was conducted with a net
flow rate of 100 sccm; all the other sensing experiments were
conducted with a net flow rate of 300 sccm.

Reflectance spectra from the sensors were collected with a CCD
spectrometer (Ocean Optics USB-4000) coupled to one branch of a
bifurcated fiber optic cable. Light from a tungsten filament source was
fed into the other branch of the fiber. The two branches were
combined to a single fiber, and a focusing or a collimating lens was
fitted to the distal end of this combined fiber and mounted 20 cm
above or 2 m in front of the samples in the test chamber.
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