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ABSTRACT

The modern world has expanded and evolved in many ways, however, exposure to chemicals has remained a constant
threat to personal health. The development of a highly sensitive and selective sensor which can be multiplexed to provide
rapid analysis capability in a cluttered sensing environment is desperately needed. We have investigated Zr-based metal-
organic frameworks (M0Fs) which demonstrate unique chemical properties in the presence of chemicals of interest. We
present the development of an optimized plasmonic transducer coupled with a Zr-based MOF Ui0-66 active layer. We
will discuss the integration and characterization of the MOF/plasmonic sensor and summarize our results which show that,
upon exposure to the COI, small changes in the optical characteristics of the MOF layer are effectively transduced by
observing shifts in plasmonic resonance. The resulting sensor serves as an important first step towards the rapid detection,
classification, and identification of chemical threats.
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1. INTRODUCTION

Traditional plasmonic based devices have been widely studied and have demonstrated success across multiple scientific
disciplines. Sensing [1-7], biosensors [8-11], surface-enhanced Raman spectroscopy [12-14], cancer diagnosis [15], and
enhanced photodetection [16, 17]. The unique ability to enhance light-matter interactions makes further study in
plasmonics appealing.

Exposure to chemicals in everyday life is now more prevalent than ever [18]. Air and water pollution can be delivery
mechanisms for toxins, carcinogens, and other chemicals of interest (COI). A compact, multiplexed, chemical sensor with
high responsivity and selectivity is desperately needed. In this paper, we demonstrate the integration of Zr-based metal
organic frameworks (M0Fs) with a plasmonic transducer to demonstrate a nanoscale optical sensor that is highly sensitive
to the presence of the COI. MOFs are porous coordination polymers where a central metal or metal-oxo cluster is
coordinated by organic ligand forming a lattice and resulting in an ordered structure with nano- to micro-porosity, high
surface area, and precise structural tunability. These properties make MOFs an ideal candidate for gaseous chemical
sensing, however, transduction of a signal which probes changes in MOF films has been difficult. Plasmonic sensors have
performed well in many sensing environments but have had limited success detecting gaseous chemical analytes at low
levels [19-21]. This is due, in part, to the volume of molecules required to interact with the functionalized surface and
produce a detectable shift in plasmonic resonance frequency. In this paper we demonstrate a qualitative demonstration of
dimethyl methylphosphonate (DMMP) detection by a MOF functionalized plasmonic sensor.

2. METHODOLOGY

The field of biosensing has readily embraced plasmonic devices taking advantage of enhanced light-matter interactions to
enhance refractive index sensitivity [1-7]. Traditionally a plasmonic surface is functionalized with a bio-transducer layer
specifically designed to interact with a chosen analyte. A popular design used to measure changes in the bio-layer is to
employ an artificially structured surface known as a nanohole array (NHA) as shown in Figure 1. The fabricated sensor is
comprised of a pattern of 2D periodic nanoholes functionalized with a solvothermally deposited MOF layer. Incoming
photons are converted to surface plasmon (SP) waves bound to the nanostructured surface. Excited SP waves experience
radiative decay into a forward propagating wave resulting in enhanced optical transmission. This process of excitation-
radiation can be spectrally monitored in the far-field as an extraordinary optical transmission (EOT) peak [22-26]. Surface
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plasmons, excited at the metal-dielectric interface, are extremely sensitive to phase matching conditions. Changes in the
refractive index of the dielectric layer result in shifts in plasmonic resonance which manifest as a change in the EOT peak.
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Figure 1. Schematic for EOT-based sensing. Incident photons are converted to SP waves at metal/dielectric interface.
Changes in surface conditions can be monitored by observing the far-field EOT spectral response. Inset — SEM image of
a fabricated NHA.

2.1 NHA design and fabrication

Due to the advances in lithographic techniques the spectral response of patterned nanostructures can be set through the
application of known design parameters [24-26]. The expected position of an EOT peak can be determined by solving the
excitation condition given by

)6' = sin(0) ±m LAIr 1)

where )8 is the wave vector of the SP wave, kin, is the wave vector of incident waves, 0 is the angle of incidence, m is an
integer, and is the period of the nanostructure array.

Fabrication of the array was performed as follows. First a microscope slide was diced and cleaned under a high power 02
plasma clean to remove any contaminants A negative tone photoresist, ma-N 2403, was drop cast on the glass substrate
and spun for 30 seconds at 5,000 RPM and then baked on a hot plate at 90 °C for 60 seconds. The resulting film thickness
was approximately 150 nm thick. A JEOL electron beam lithography tool was used to define the patterned array under
beam conditions of 100 kV acceleration voltage and 6 nA beam current with a base dose of 400 pC/cm2. Post exposure,
the sample was immersed for 60 seconds in MF-319 photodeveloper, rinsed in deionized (DI) water, and dried under an
N2 stream. Electron beam deposition was performed to deposit a layer of Ti/Au (5 nm/80 nm). The sample was then placed
in a heated Remover PG bath (70 °C) for one hour to assist in metal lift-off. The final structure was a 1 mm x 1 mm NHA
with hole size of 200 nm and periodicity of 400 nm.

2.2 Experimental setup

The experimental setup was designed to provide linear polarization control and a confocal imaging capability while
exciting SP waves on the nanopatterned surface and collecting the spectral response of the EOT. The final design is shown



in Figure 2. The Excitation portion employed a quartz-tungsten halogen lamp (Thorlabs) which was focused, and end-fire
coupled into a large core light pipe. This beam was then collimated, passed through a linear polarizer, and a 50:50 polka-
dot beamsplitter. One section of the split beam was projected onto the focal plane of a CCD camera (Thorlabs) to provide
front-side imaging and the other section was incident on the entrance aperture of an M Plan Apo NIR Mitutoyo 20x
objective (NA 0.40). The objective focused the broadband light source onto the sample to a spot size of approximately 300
µm. The sample was mounted on a vertical X-Y stage which allowed fine control over excitation/collection locations on
the fabricated NHA. A matching microscope objective was used to collect the transmitted spectrum and provide backside
imaging of the sample. The Collection side of the setup is nearly identical to the Excitation side, terminating with the
collection of the transmitted signal by a fiber-coupled Ocean Optics UV-VIS spectrometer.

Excitation Collection

Figure 2. Schematic for Excitation/Collection experimental setup. This setup provided fine control over excitation and
collection locations on the sensor and confocal imaging capability.

2.3 NHA device characterization

Characterization of the fabricated NHA was performed by introducing solutions of known refractive and plotting the
resulting spectrum. Wavelength interrogation was chosen for these measurements. The chemicals used were DI water and
the following laboratory grade chemicals: methanol, isopropanol, and ethylene glycol. The sample was rinsed thoroughly
with DI water and dried under a compressed air stream after each introduction of analyte. A comparison of refractive index
change to spectral shift provides an approximate measure of sensitivity of the fabricated sensor. The Zr-MOF Ui0-66 was
characterized with this method on a fabricated NHA sensor as well resulting in an estimated refractive of 1.437. However,
further characterization of future MOF films on NHA samples are required to develop confidence in the estimated
refractive index. Spectral results and a linear fit of the approximate sensitivity of the sensor are shown in Figure 3. Our
sensitivity calculation is well within expected values found in literature [9, 19, 23].
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Figure 3. Top - Normalized transmitted intensity spectrum of the fabricated NHA after introduction of known analytes.
The dotted lines indicate the curve minimum where the EOT peak was monitored. Bottom — Linear fit of experimental
data.

2.4 Solvothermal growth of Ui0-66

Many variations of the basic synthesis of Ui0-66 exist in literature [27-30]. For this work we have explored four published
synthetic methods. Each method varied important parameters such as: reagent concentration in solvent, use and
stoichiometry of monoacid capping agents, water concentration, and heating methods. After many iterations our most
successful process for solvothermal deposition of thin-film Ui0-66 is based on that reported by Taddei et al. [27].
Representative films from our process are shown in Figure 4 along with a summary of the important parameters for
deposition. Each Ui0-66 film was grown on a glass or Si substrate covered in an 80-100 nm Au film. To our knowledge,
this is the first demonstration of Ui0-66 film growth on a Au surface. Typical film growths showed a strong interconnective
behavior as film thicknesses reached 55-80 nm. X-ray diffraction (XRD) was performed to confirm the film was Ui0-66
and is shown in Figure 4 as well.

The films showed varying levels of larger crystalline overgrowth, much of which could be removed by sonication,
however, some large crystals remain, as can be seen in Figure 4. In a typical procedure zirconium (IV) chloride (290 mg,
1.24 mmol) was added gradually to 5 mL dimethylformamide (DMF) and sonicated to dissolve. Meanwhile 1,4-benzene
dicarboxylic acid (230 mg, 1.27 mmol) was added to a separate 5 mL portion of DMF and stirred until dissolved. The two
solutions were combined and acetic acid (2.1 mL) and water (135 µL) are added, in that order. The reaction mixture is
stirred for 2-3 minutes and then placed into microwave vials with a Au/Si or Au/glass substrate, Au side up. The reaction
is heated in the microwave reactor to 120 °C for 30 min. CAUTION: There is often pressure build-up during this reaction,
use appropriately designed and rated equipment to accommodate greater-than-ambient pressures. After the reaction the
substrate is removed from the reaction solution, rinsed thoroughly with DMF and placed in 2-3 mL fresh DMF overnight.
The DMF is then exchanged for methanol (MeOH) and the substrate is further incubated overnight. Finally, the substrate
is removed from MeOH, air dried, then placed in a vacuum oven at 90 °C overnight.



This process was repeated on fabricated NHA sensors as a transducer layer for functionalization to DMMP. Results of the
functionalization process are shown in Figure 5. Although the interconnected conformal growth evident on planar Au films
is not evident, close inspection of the NHA sensors shows obvious film growth and the presence of Ui0 -66 crystallite
overgrowth within the nanoholes. Further investigation into the behavioral change of film growth on planar versus a
periodic NHA surface is required.
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Figure 4. A) Cross-sectional view of the MOF film grown on a Si substrate covered in an 80 nm Au film. B) Top-down
view of the film demonstrating interconnected crystal growth. C) XRD measurement confirming Ui0 -66 MOF film. D)
Summary of important parameters/methods for MOF film solvothermal deposition.
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Figure 5. A) Fabricated NHA prior to MOF thin-film deposition. Inset — Far-field image of NHA sensor. B) NHA sensor
post MOF processing. Left Inset — Far-field image of MOF functionalized NHA sensor. Right Inset — High magnification
of NHA showing crystallite formation.



3. RESULTS

Ui0-66 MOFs have been widely studied in literature and have demonstrated many interesting properties. At its base, a
MOF is a crystalline coordination polymer with an extremely large surface area. With appropriate changes in chemistry
the MOF can be synthesized to alter porosity from the nano- to micro-scale. Ui0-66 has demonstrated sensitivity to DMMP
and has been used as a sorber/concentrator [31, 32] and recently as a decomposition method for phosphonate simulants
[34]. As noted earlier, a major shortfall of NHA sensors is their limited responsivity in a gas sensing environment. The
integration of a MOF gas 'sponge' with a plasmonic refractive index sensing architecture should create a hybrid gas sensor
with low-limit detection of DMMP. The following is a qualitative demonstration of this sensitivity and is an important
first step towards demonstrating the MOF functionalized NHA sensor.

3.1 MOF sensing of DMMP

In traditional plasmonic sensing platforms small changes of refractive index within the sensing volume are transduced into
a change in transmitted spectral response. Tracking this shift provides insight as to surface conditions of the plasmonic
surface. For example, a NHA sensor functionalized with antibodies raised against specific antigens will detect antibody-
antigen binding as an increase of refractive index as compared to a baseline. This methodology is also employed for MOF
functionalized NHA sensors. For our use the baseline is the transmitted spectrum post MOF film deposition. A simplified
schematic is shown in Figure 6. Here the area of the MOF within the plasmonic sensing volume is comprised of the
framework and open space characterized as an 'air region'. Changes within the framework, either from a collapse or
collection of DMMP molecules will result in alteration in the effective medium of these 'air regions'. Changes in effective
medium are transduced by the NHA sensing platform.

MOF Functionalized NHA

B) Framework Collapse

C) Sorber/Concentrator

Figure 6. A) S'mplified schematic representing the MOF functionalized NHA. The shaded red area represents the sensing
volume of the sensor. B) Exposure to DMMP has been shown to collapse the linking framework of Ui0 -66 resulting in a
refractive index increase within the sensing volume. C) Ui0-66 has also demonstrated sorber/concentrator behavior in the
presence of DMMP. This sensing method relies on trapping DMMP vapor molecules close to the sensing surface thereby
changing the refractive index within the sensing volume.

3.2 Results of DMMP exposure

Two NHA sensors were functionalized with a Ui0-66 MOF thin-film and characterized to determine baseline. A series of
exposures was performed on the functionalized sensors and is summarized in Figure 7. The first sensor was exposed to
liquid DMMP, the transmitted spectrum recorded, and then rinsed with DI water and dried under compressed air. We



observed a strong shift in the spectral response due to the change in refractive index caused by liquid DMMP in contact
with the sensor interface. After the sensor was rinsed and dried a permanent red-shift in the spectral response remained
This cycle was performed three times, however, the spectrum never returned to baseline indicating a permanent change in
the refractive index of the effective medium within the sensing volume. We believe this may be caused by some collapse
of the Ui0-66 framework [34]. The second sensor was exposed to DMMP vapor. As seen in Figure 7 we observe a small
but noticeable shift in the transmitted spectrum. The exposure process was also performed three times to ensure a similar
red-shift was observed. We believe this shift is due to absorption of DMMP vapor molecules by the Ui0-66 film within
the sensing volume.
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Figure 7. A) Normalized transmitted intensity of the functionalized NHA sensor after DMMP exposure. As indicated by
the dotted circle, a permanent change in the spectral response has occurred. B) Spectral response of the sensor after DMMP
vapor exposure. A small but noticeable shift in the transmitted spectrum confirming a qualitative demonstration of DMMP
sensitivity.

4. CONCLUSION

We have presented a plasmonic sensor functionalized with a Zr-MOF (Ui0-66). The NHA sensor was characterized and
functionalized with a MOF transduction layer. To our knowledge this is the first successful hybridization of a plasmonic
sensor with Ui0-66 resulting in detection of both liquid and vapor DMMP. This is an important first step towards low-
level detection of phosphonates in real-world scenarios.
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