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Anodically bonded etched silicon microfluidic devices that allow infrared spectroscopic measurement of solutions are
reported. These extend spatially well-resolved in situ infrared measurement to higher temperatures and pressures than
previously reported, making them useful for effectively time-resolved measurement of realistic catalytic processes. A data
processing technique necessary for the mitigation of interference fringes caused by multiple reflections of the probe beam is

also described.

I. INTRODUCTION:

Catalytic reactions are industrially and financially important, with the value of goods and products dependent upon them
estimated in 2009 as fifteen trillion (US) dollars, which is equivalent to approximately one third of the global GDP.'
Improvement of catalytic processes are therefore key in increasing the sustainability of modern industry. To understand the
nature of catalysis, measurement of reactions under conditions that do not perturb the reaction being studied, and as close as
possible to relevant industrial conditions, are needed. This philosophy has come to be known as the 'operando’ method and
has been growing in interest over the last decade.” One of the most illuminating tools for determining which species are

present is infrared (IR) spectroscopy,” which has been applied to in situ catalytic studies since the 1950s.*”
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However, the apparatus used to study such systems often deviates from well-defined reaction conditions due to it being

optimized for the spectroscopic demands of an instrument, rather than the requirements of the reaction.

Another trend in reaction development is the application of microfluidics, which allows superior control over heat and
mass transfer, and more efficient use of time and reagents.” A wide range of materials have been used to manufacture devices
in this growing field, including polydimethylsiloxane (PDMS),® glass,” encapsulated wax,'’ CaF,,'" and even paper.'> Of
these materials, silicon is possibly the most enduring. Techniques developed from the manufacture of integrated circuits have
led to exquisite control over the physical morphology of devices on the micro- and nano-scale. Anodic bonding of glass to
silicon allows the production of reactors that have been used at elevated pressures and temperatures (150 bar, 673 K)'* whilst

presenting a chemically inert surface that will not affect the reaction of interest.

Combining infrared spectroscopy to monitor reactions in situ using silicon microfluidic reactors therefore allows an
unprecedented amount of control over reaction parameters whilst decreasing compromises made in spectroscopic cell design.
The high reflectivity of silicon in the infrared and opacity to visible light have so far limited its use for microfluidic devices
in infrared studies. Measurement without spatial resolution has been reported by Floyd et al. in a fusion bonded reactor,'* and
the high refractive index of silicon has been exploited in patterning reactors that incorporate an internal reflectance element to

allow attenuated total reflectance (ATR) measurement. '

Spatially resolved investigation with IR to date has generally focussed on biological samples and flows of aqueous or
relatively benign solvents that are compatible with other materials that allow visible light transmission. The two fundamental
problems in developing IR-compatible microfluidic devices are patterning channels, and sealing them with a material that is
at least reasonably IR-transparent. Sampling through a thin PDMS (polydimethylsiloxane) device has been demonstrated,'®
but this material has interfering IR absorbances and limits the temperatures that can be used. CaF, devices have been
manufactured by chemical etching and sealing with photoresist, which again imposes a relatively low temperature limit, and
also prevents spectroscopy below 1000 cm™."" Paraffin wax channels have been printed directly onto optical elements and
imaged using focal plane array (FPA) detectors.'™'” Microfluidic channels open to the atmosphere have also been used.'®
None of these approaches can achieve the temperatures, pressures and chemical resistance needed to study many catalytic
reactions, and alternative sealing methods are of interest. The gold standard in this scenario is fusion bonding, where
atomically flat Si surfaces are contacted and then annealed at 1000°C. This approach has been demonstrated by Tan et al. to
achieve limited spatial resolution, by using a focal plane array (FPA) detector in transmission geometry to study of CO

oxidation over a Pt/SiO, catalyst.' This bonding process is, however, highly demanding, and a more forgiving process that



allows easier manufacture may increase adoption of the technique. Anodically bonded glass-silicon devices may therefore
represent the best opportunity for robust, spectroscopically-relevant reactors as the process forms a reliable, hermetic seal

providing simple and rapid reactor manufacture whilst maintaining integrity at elevated temperature and pressure.

To obtain the most meaningful spectra from such reactors, high spatial resolution when acquiring spectra is needed to
distinguish composition changes along the reactor length. Using reactors of known dimensions and specifying flow rates,
position in the reaction channel with flow rate can also be used to obtain kinetic information. Higher spatial resolution
therefore equates to higher time resolution when working in this regime. Diffraction limited spatial resolution (a few pm)
may be achieved with infrared spectroscopy by using an infrared microscope system and a synchrotron light source. Using a
computer controlled translation stage, it is possible to map a sample, obtaining spectra from an arbitrary number of separate
points and combine them into a 'chemical image' that represents composition as a function of position. This approach has
been demonstrated with a simple reactor in a recent publication by Gross et al.** and is well developed in Raman
microspectroscopy. This approach is more flexible than that offered by ATR, which can offer high spatial resolution,”" but
only across the limited area of the ATR crystal (2 mm? for typical imaging ATR). ATR is further complicated by the fact that

the penetration depth of light into the sample is small, and both wavelength and material dependent.

This work reports the manufacture and application of silicon microfluidic devices that provide IR transparency, good
heat transfer properties and non-turbulent flow to investigate a model catalytic reaction using microimaging FTIR with a

SyHChI'OtI‘OIl source.



Il. Experimental

A. Device manufacture

Channels were patterned onto double-polished 4" diameter (1 0 0) silicon wafers of 525 um thickness (Pi-Kem Itd). A
thick layer of photoresist (Rohm and Haas SPR-220-7) was applied by spin coating, baked, and exposed with a Quintel
Q4000-6 mask aligner. This was etched to 30 um with deep reactive ion etching (STS ICP DRIE) and the wafers cut using an
automated saw (Disco DAD 3230). Etch depth was checked using a DektakXT surface profiler. The remaining photoresist
was removed using acetone, before immersion in hot piranha solution (290 K, 20 min), rinsing in deionized water and drying
in a nitrogen stream. Corning 7740 glass pieces of matching dimension that had been drilled for liquid connection and
polished were obtained from Newcastle Optical Engineering. Au was sputter coated onto these through a shadow mask hand-
cut from acetate sheet to provide reflective bands that crossed the flow channels. The silicon and glass pieces were
hermetically sealed by anodic bonding at ~ 700 K and 800 V using a modified hotplate and high voltage power supply.
Annotated photographs of the reactor are shown in Figure 1. The cells were mounted in a custom made heated microscope
stage manufactured by Linkam as previously described elsewhere.” Sealing was achieved by compressing the device against
o-rings contained in the mount. Fluid supply to the channels was via 1/16" OD tubing of PTFE (polytetrafluoroethane),
stainless steel and PEEK (Polyether ether ketone) and controlled using two syringe pumps (World Precision Instruments

Aladdin).



Figure 1: Microfluidic device in (top) outline (centre) photograph and (bottom) detail. The area magnified is indicated in the
photograph by the rectangular outline. Locations indicated on the device are a) inlets, b) outlet, ¢) mixing point, d) serpentine
reaction path e) filter/frit. To guide the eye in the magnified image, indicating areas align with the vertical reaction channels,
and horizontal gold reflector pathways. The spectra in Figure 4 were collected at every point where the line on the
photograph crosses the flow channel, with point 1 nearest the inlet (on the left) as shown.

B. Infrared spectroscopy

Infrared data were recorded using the Multimode InfraRed Imaging And Microscopy (MIRIAM) beamline at B22 at the
Diamond Light Source. The spectrometer was a Bruker Vertex 80 V using a Hyperion 3000 microscope with computerized
Xy stage. Spectra were collected in transflection mode with a 36x objective, and a single channel broadband MCT detector.
Ex situ measurements were performed using a Nicolet IS10 with Smart ITR accessory using a toluene background. This had a

diamond ATR crystal, Globar source and DTGS detector. All spectra are presented in units of absorbance.



C. Materials and synthesis

The reaction studied was the catalytic isomerisation of allylic alcohols to ketones, which is synthetically useful and atom
economical.”® The catalyst in this case was a cationic ruthenium complex (1)** which has been shown to catalyse the
isomerisation reaction at low (<1 mol%) loadings;* the reaction is entirely homogeneous and does not require any additional
reagents, which makes the reaction operationally simple and reduces the risk of blocking the small channels in the device.
For this study, readily-available 1,3-diphenylprop-2-ene-1-ol (2) was used as the substrate (Scheme 1).The disappearance of
the key OH stretch and growth of the CO stretch in the product (1,3-diphenylpropan-1-one, 3) allow this reaction to be

monitored.

Scheme 1: Model reaction used for the study

The catalyst complex was prepared according to the published procedure,** and its purity was confirmed by elemental
analysis. The substrate (2) was purchased from Sigma-Aldrich and used as supplied. While the catalyst is stable to air and
atmospheric moisture in the solid state, it is much more air-sensitive when in solution; solutions of the catalyst and the
substrate were therefore prepared in anhydrous, degassed toluene and loaded into syringes immediately before the

experiment, using standard Schlenk techniques.

lll. RESULTS

Measurements using the microscope optics with the internal Globar of the spectrometer were attempted before use of
synchrotron light. It was found that reasonable spectra could not be achieved due to the high reflectivity of the silicon, and
the required deep focus of the light. To obtain reasonable light flux, a large aperture was needed, which prevented a tight
beam focus. With this arrangement reflections from the top surface of the microchannel device were not rejected and this
stray light dominated the obtained spectra and prevented optimisation of the focus at the channel depth. The high brightness
and tighter focus of synchrotron IR allows a smaller confocal aperture to be used which restricts the depth of field. Rejection
of light from the top surface allowed spectra to be collected from within the device. With the 30 um channel depth used, it

was not possible to restrict the aperture sufficiently to focus solely on the bottom face of the channel and interference patterns
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were observed between reflected light from the top and bottom of the channel, i.e. the internal silicon and gold/glass faces
respectively. The frequency of these fringes was used to confirm the channel depth and their magnitude provided a strong
contrast between the void of the channel and the presence of silicon. This allowed easy location of the channels for
subsequent measurement. Figure 2 displays a map of the mixing point (c in Figure 1) obtained at 8 cm™ resolution with 128
scans co-added at each point. Measurement points were spaced by approximately 50 pm and intensity is displayed as the

integrated absorbance across the entire spectral range.

Integrated Absorbance

Figure 2: IR absorbance map of mixing zone on chip (point c figure 1)

When the channels were filled with solvent the contrast between channel and silicon became less apparent, which was
attributed to high solvent absorbance and decreased reflection caused by the closer refractive index of toluene to silicon.

Optimisation was carried out by focussing the optics to give maximum solvent absorbance relative to total signal intensity.

To demonstrate reaction monitoring, data were acquired at points along the serpentine path, as shown in Figure 1. This
was necessary to account for spatial variations in the reflectivity of the cell. For each measurement, a background was
collected with 40 pl/hr total flow solvent, before collecting the sample scan with 20 pl/hr alcohol and 20 pl/hr catalyst
solutions, which provided a residence time of approximately 2 minutes and data were collected after thorough purging. All
background scans were recorded before changing the flow conditions. Reproducible positioning of the sample stage was

therefore key to the measurement. Collection parameters were 4 cm™ resolution, 1024 scans, 30 um aperture and 40 °C.



An overview of the data treatment is shown in Figure 3. The oscillations in the single beam spectra, due to interference
of the IR reflections from top and bottom of the channel, (Figure 3c) manifest in the interferogram (Figure 3a) as secondary
bursts in intensity, also known as "ghost centrebursts”, either side of the centre burst at zero path difference. There are
numerous methods reported in the literature to ameliorate this effect.***® A semi-automated correction procedure was written
using Microsoft Excel, which identified the maxima of the secondary bursts and generated an apodisation function with two
Gaussian curves centred at these positions. An example calculation and data set is provided as electronic supplementary
information.”” After apodisation the modified interferogram (Figure 3b) was Fourier transformed to give the single beam
spectra (Figure 3d) which was then treated conventionally. The apodisation process was carried out independently for
background and sample spectra. The spectra obtained after data processing are presented in Figure 4, with reference spectra
of component solutions and batch reaction recorded using ex situ ATR after 2 min. The data in the enumerated channels show
weak oscillations in the baseline due to an artefact which remains after data correction, but overall the spectra appear to be of
reasonable quality. It should be remembered that solvent absorbances dominate and features in the ranges 1635—1370 and
1115—1015 cm™ may be masked due to high toluene absorption. Spectra 5-8 in Figure 4 show noise around 1500 cm™ (b)
that illustrates the miscancellation of the solvent signal. Measuring the spectrum of the alcohol in solution proved difficult
due to this effect as its bands overlapped with solvent bands. The most diagnostic band for the alcohol, as demonstrated in the
ATR spectra, was at 965 cm™, assigned to the unsaturated CH bending mode (f). As the ketone product shows a band at
974 cm™, and both appear broad there is some overlap between the spectra of these species. The strongest band in the ketone
spectrum is the C=0 stretch at 1688 cm™'(a), and is clearly diagnostic of the product. The ATR of the reaction solution shows
that the dominant features in the reaction solution belong to the catalyst, with the bands highlighted at 1354, 1278 and
1128 cm™ (c—e) appearing strong. There is also a weak ketone band at 1688 cm™ (a) that illustrates only moderate reaction
has occurred. This is in contrast to previous and subsequent measurement of the reaction, which has high conversion and
selectivity, suggesting the catalyst batch used here was somehow defective. Due to competition for access to synchrotron

beamtime, it was unfortunately not possible to repeat the experiment with another batch of catalyst.
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Figure 3: Overview of data treatment showing interferograms before (a) and after (b) apodisation; single beam spectra
obtained by Fourier transform of raw (c) and apodized (d) interferograms.
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Figure 4: Infrared absorbance spectra collected at increasing distance along the reaction channel (channel 1 nearest inlet),
with ATR reference spectra of the reaction mix (ATR), ketone (Ket), catalyst (Cat) and Alcohol (Alc). Spectrum of the
toluene solvent (Tol) recorded using air background. Grey bands highlight major features referred to in text and cover ranges
a) 1705—1670, b) 1515—1480, ¢) 1370—1335, d) 1295—1260, e) 1145—1110 f) 985—950 cm".

In the data collected with the microfluidic device there is little evidence for the alcohol reactant or the ketone product,
which may be due to incomplete mixing and low conversion. However, the bands corresponding to the catalyst are present
and display variation with position, indicating that some reaction is occurring. With increasing distance along the reaction
channel, the band at 1278 cm’ (d) decreases in intensity, and the 1354 band (c) increases. The 1128 band (e) becomes less
defined, with features appearing to either side at 1182, 1166 and 1078 cm'. This reflects the changes seen in the ATR

measurement after two minutes reaction and demonstrates the ability to collect spatially-resolved, diagnostic spectra of



chemicals undergoing rapid change when dissolved in highly absorbing solvents. Although the desired reaction was not

observed, the IR data from the two measurements is consistent and demonstrates the utility of the microfluidic devices.

V. DISCUSSION

Mapping of microfluidic devices that expand possible reaction conditions has been demonstrated with good spatial and
spectroscopic resolution. The ex situ ATR spectroscopy shows low conversion of the alcohol after 2 minutes reaction, which
is in contrast to previous measurements and suggests that there may have been issues with the integrity of the catalyst,
possibly due to reaction with dissolved oxygen. Alternatively, there may be poor mixing or an initiation period at the start of
the reaction, which would not have been observed during the synthetic experiments previously carried out due to their longer
timeframe. The flow pattern chosen has not been optimized for the reaction studied, and there is the possibility that laminar
flow is occurring after the mixing point of the two flows. However, the observable changes along the flow path relate to those
seen with ATR, providing evidence of reaction progress. Reaction will occur at the interface in laminar flow, and since the IR
beam sampled the reactor with an approximate cross section of 30 x 30 um, the measurement will represent an average over a
portion of the channel width. As data collection took a few minutes at each point, it will also be time-averaged to some
degree and small fluctuations removed. The rate of mixing is key to understanding of chemical reactions and whilst not
investigated here, controlling this parameter through reactor design is of great interest. Use of infrared spectroscopy in this
mode to quantify the changes in comparable reactors should be able to provide insight in future chip design. The
spectroscopy has shown that it is possible to observe catalyst in solution, and with a more robust chemical system it should be
possible to fully observe catalytic reactions. Although substantial data processing is needed to eliminate interference, and
may introduce minor artefacts, the spectra appear consistent and this could be automated more fully in the future. Adaptation
of the design to improve these problems may be possible, using anti-reflection coatings, non-parallel surfaces or decreasing

depth of field.

V. CONCLUSIONS

The application of glass-silicon reactors expands the reaction environment to allow operation at more relevant process
conditions and there are encouraging opportunities for further development of this technique. The rapid and flexible
manufacturing process allows the production of reactors tailored to the chemistry and spectroscopic characteristics of the
system of interest. Previous compromises in reactor design can be eliminated to provide future optimized operando
measurement. Infrared spectroscopy is an ideal probe for many chemical systems, and through careful reactor design it may

be coupled to a very broad range of reacting chemical and biological systems with high temporal and spatial resolution.
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