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SUMMARY:
This protocol describes the fabrication and validation of silver nanorod substrates by oblique angle deposition, followed by their integration with a gas-delivery system and in-situ Raman microscopy for time-resolved surface-enhanced Raman scattering monitoring of the toluene vapor adsorption process.

ABSTRACT: 
Gas-surface adsorption is inherently time dependent, yet many spectroscopic measurements capture only steady-state signals after exposure. In-situ surface-enhanced Raman spectroscopy (SERS) offers a direct approach for monitoring adsorption processes at plasmonic interfaces, where Raman signals are highly sensitive to molecular proximity and surface interactions. Here, we present a reproducible protocol for time-resolved in-situ SERS measurements using silver nanorod (AgNR) substrates fabricated by oblique angle deposition (OAD), integrated with a Raman spectrometer and a controlled vapor-delivery system. Using toluene vapor as a model analyte, nitrogen carrier gas is passed through a bubbler and directed across the AgNR substrate inside a gas cell while Raman spectra are collected sequentially at fixed time intervals. This configuration enables observation of spectral evolution during exposure, including gradual signal growth and delayed emergence of characteristic vibrational bands. The workflow includes AgNR substrate preparation by OAD, substrate validation using probe-molecule SERS measurements, operation of the in-situ gas-delivery system, sequential Raman acquisition, and post-measurement spectral processing using SpectraGuru. Emphasis is placed on maintaining stable experimental conditions and distinguishing persistent time-dependent spectral trends from transient features caused by instrumental artifacts or environmental fluctuations. This protocol provides a practical framework for studying dynamic gas-surface interactions on plasmonic substrates and for evaluating SERS-based platforms for time-resolved adsorption studies.

INTRODUCTION:
Gas-surface adsorption processes play a central role in heterogeneous catalysis, environmental monitoring, and gas-sensing technologies. The interaction of gas molecules with solid surfaces involves time-dependent processes such as diffusion, adsorption, molecular orientation changes, and surface coverage evolution. Direct spectroscopic observation of these processes is therefore important for understanding the mechanisms governing gas-surface interactions and for improving the reliability of surface-based sensing platforms. Raman spectroscopy provides molecularly specific information through vibrational fingerprints and has long been used for chemical identification and structural characterization. However, conventional Raman scattering is intrinsically weak, which limits its ability to detect low concentrations of molecules at interfaces1–3. Surface-enhanced Raman spectroscopy (SERS) overcomes this limitation by exploiting localized surface plasmon resonances (LSPR) in metallic nanostructures, which generate intense electromagnetic fields and significantly amplify Raman signals4–7. As a result, SERS enables highly sensitive, label-free detection and has been extensively applied in chemical sensing, environmental monitoring, and biological analysis8–11. 

Among various plasmonic materials, silver-based nanostructures exhibit particularly strong enhancement due to their favorable optical properties in the visible and near-infrared regions12–15. Silver nanorod (AgNR) arrays fabricated by oblique angle deposition (OAD) represent a well-established and reproducible SERS substrate platform16,17. The OAD technique produces aligned nanorod structures with high surface area, tunable geometry, and strong inter-rod electromagnetic coupling, resulting in robust and spatially uniform enhancement18–21. These characteristics make AgNR substrates particularly suitable for reproducible SERS measurements and quantitative analysis, addressing one of the key challenges in SERS-based sensing systems. 

While SERS has been widely applied to liquid-phase studies, investigations of gas–surface interactions remain comparatively limited22,23. Gas-phase measurements are challenging because analyte concentrations are typically low and adsorption onto metallic nanostructures can be weak or transient. Conventional gas sensing technologies, such as chemiresistive sensors or optical absorption systems, often provide indirect signals and limited molecular specificity24–27. Raman spectroscopy can provide direct molecular identification, but its application to gas-phase detection is often limited by weak scattering signals28,29. By enhancing Raman scattering at plasmonic interfaces, SERS provides a promising route for probing gas molecules interacting with nanostructured surfaces.

Another limitation in many existing SERS-based gas studies is that measurements are often performed under steady-state or endpoint conditions30–32. Such measurements capture only the final spectral response and cannot distinguish rapid adsorption from delayed or gradual signal development, whereas sequential in-situ acquisition can resolve band onset, signal-growth behavior, and progression toward a quasi-steady response. Time-resolved vapor-phase SERS has, for example, distinguished different toluene desorption profiles on bare and sorbent-coated Ag substrates33 . In practice, adsorption at plasmonic interfaces evolves dynamically and can depend on factors such as molecular diffusion, surface coverage, molecular orientation34, and local electromagnetic field distribution35. Time-resolved in-situ spectroscopic measurements are therefore valuable for observing these evolving processes and improving the interpretation of gas-interface SERS data.

Developing reliable in-situ Raman platforms for gas–surface studies remains experimentally challenging. A successful system must integrate reproducible plasmonic substrates, controlled gas delivery, stable optical alignment, and consistent spectral acquisition. Variations in substrate morphology, environmental conditions, or data-processing procedures can introduce artifacts that obscure genuine adsorption dynamics. Consequently, there is a need for reproducible experimental workflows that combine substrate fabrication, validation, controlled gas exposure, and consistent spectral analysis for time-resolved SERS measurements.

This protocol integrates OAD AgNR substrates with an in-situ Raman gas-delivery system for time-resolved SERS measurements of gas–surface interactions. Toluene was selected as a representative aromatic volatile organic compound (VOC) because its prominent ring-breathing band near 1001 cm⁻¹ provides a distinct marker for sequential SERS monitoring, its vapor is compatible with the bubbler-based delivery configuration, and direct vapor-phase detection has previously been demonstrated using unfunctionalized Ag-coated nanostructured SERS substrates36. Using toluene as the model analyte, the protocol demonstrates a workflow that includes AgNR substrate fabrication, substrate validation using probe-molecule SERS measurements, operation of a controlled vapor-delivery platform, sequential Raman spectral acquisition, and post-measurement spectral processing. This integrated approach enables direct observation of spectral evolution during gas exposure and facilitates identification of persistent time-dependent spectral trends associated with adsorption processes. By combining reproducible nanostructured substrates with controlled in-situ measurements, the method provides a practical framework for studying dynamic gas–surface interactions and evaluating SERS-based platforms for time-resolved adsorption studies.

PROTOCOL: 
The overall workflow of the protocol is summarized in Figure 1. The process begins with the preparation and cleaning of glass substrates, followed by the fabrication of AgNR arrays using oblique angle deposition (Figure 1A). The fabricated substrates are then validated using probe-molecule SERS measurements to ensure consistent enhancement performance. After validation, the substrates are integrated into a controlled gas-delivery system for in-situ Raman measurements (Figure 1B). Time-resolved spectra are collected during analyte exposure, and the resulting data are processed using a consistent spectral preprocessing workflow to extract time-dependent features associated with gas–surface interactions (Figure 1C–E).

1. Preparation of substrates and fabrication workspace 

1.1. [bookmark: _Hlk226543734]Prepare the substrate-cleaning workspace.

1.1.1. Clean all glassware, including beakers, Petri dishes, and graduated cylinders, with laboratory detergent. After detergent cleaning, rinse thoroughly with deionized (DI) water. 

1.1.2. Rinse each glass item three times with DI water using approximately 50–100 mL per rinse. Then rinse each item once with acetone (20–30 mL).

1.1.3. Rinse each item once with isopropanol using approximately 20–30 mL. Afterward, rinse each item three additional times with DI water using approximately 50–100 mL per rinse.

1.1.4. Dry the glassware with nitrogen gas at approximately 60 psi for 10–15 s per item, holding the nozzle approximately 5–10 cm from the surface.

1.1.5. Prepare the cleaning workspace in an active cleanroom or another low-contamination environment. Clean all working surfaces and cover them with aluminum foil.

1.2. Prepare the cleaning reagents and materials.

1.2.1. Prepare fresh DI water for all rinsing steps. Place separate labeled waste containers for acidic waste and solvent waste in the cleaning area.

1.2.2. Prepare approximately 100 mL of piranha solution by slowly adding hydrogen peroxide to sulfuric acid in a 1:4 volume ratio. Mix the solution only inside a certified chemical fume hood.

CAUTION: Piranha solution is highly corrosive and reacts exothermically during preparation. Wear chemical-resistant gloves, eye protection, and a lab coat. Never add sulfuric acid to hydrogen peroxide.

1.2.3. Gather acetone, isopropanol, a nitrogen gas line regulated to approximately 50–60 psi, and a substrate holder compatible with strong acid. Arrange all materials before beginning substrate cleaning.

1.3. Clean the glass substrates.

1.3.1. Load 120–125 glass substrates measuring 0.5 in × 0.5 in into a polytetrafluoroethylene substrate holder. Lower the holder into the freshly prepared piranha solution.

1.3.2. Heat the piranha solution to approximately 100 °C and maintain this temperature for 15–20 min. Remove the holder from the solution and allow the substrates to cool for approximately 30 min.

1.3.3. Rinse the substrates 6–8 times with DI water using approximately 50 mL per rinse. Transfer the rinsed substrates to a clean container filled with fresh DI water.

1.3.4. Sonicate the substrates in DI water for 10 min. Replace the water with fresh DI water and repeat the sonication until three total sonication cycles have been completed.

1.3.5. Transfer the cleaned substrates immediately to the cleanroom or a low-contamination workspace after sonication. Minimize exposure to laboratory air during transfer.

1.4. Dry and handle the cleaned substrates

1.4.1. Dry each substrate with nitrogen gas at approximately 60 psi for 10–15 s, holding the nozzle 5–10 cm from the substrate surface.

1.4.2. Handle each substrate only with clean tweezers. Avoid direct contact with the cleaned surface during all handling steps.

1.4.3. Place the dried substrates on a clean, foil-lined surface or in a clean, covered container. Minimize airborne exposure before deposition.

1.5. Store the substrates before deposition.

1.5.1. Cover the cleaned substrates immediately after drying with aluminum foil or place them in a clean container. Store the covered substrates in the cleanroom until deposition.

NOTE: Transfer the cleaned substrates directly to the deposition system when possible to minimize recontamination. Pause the protocol here if deposition will not be performed immediately. Resume the procedure by loading the covered substrates into the deposition system under clean handling conditions. Maintain cleanroom conditions throughout all steps. Use freshly prepared reagents and cleaned tools, and minimize exposure to ambient air.

2. [bookmark: _Hlk226543693]Deposition of AgNR substrate by oblique angle deposition (OAD)

2.1. Prepare the deposition system.

2.1.1. Clean the deposition chamber and viewing window according to the standard chamber-cleaning procedure before loading source materials. Confirm that the chamber interior is free of visible debris and residue.

2.1.2. Install a new quartz crystal microbalance (QCM) sensor for thickness monitoring. Verify that the sensor is properly seated and responding before pump-down.

2.1.3. Load silver source material for nanorod growth and titanium source material for the adhesion layer into the evaporation source. Use source materials of the required purity listed in the Table of Materials.

2.1.4. Verify continuous cooling-water flow through the deposition system before starting the vacuum pumps. Do not begin pump-down until stable water flow is confirmed.

2.1.5. Start the roughing pump and evacuate the chamber until the pressure falls below 3 × 10-1 Torr. Engage the turbomolecular pump and continue pumping until chamber pressure falls below 1 × 10-5 Torr.

2.1.6. Continue pumping until the chamber reaches a base pressure of approximately 3 × 10-6 Torr. Do not begin deposition until this pressure is stable.

2.2. Mount the substrates.

2.2.1. Mount each cleaned glass substrate individually onto the substrate holder using clean fixtures that prevent movement during deposition. Define the holder’s horizontal position as the 0° reference plane for subsequent angle adjustment.

2.2.2. Insert the loaded substrate holder into the deposition chamber and secure it in place. Confirm that each substrate faces the vapor source and remains mechanically stable.

2.3. Deposit the titanium adhesion layer and silver base layer.

2.3.1. Confirm that the chamber pressure remains below 3 × 10-6 Torr before initiating deposition. Monitor the deposition rate with the QCM throughout the full deposition sequence.

2.3.2. Set the titanium deposition rate to 2 Å/s and deposit a titanium adhesion layer to a thickness of approximately 20 nm. 

2.3.3. Set the silver deposition rate to 3 Å/s and deposit a silver base layer to a thickness of approximately 200 nm.

NOTE: Maintain stable vacuum conditions during the deposition process.

2.4. Deposit the AgNR by OAD.

2.4.1. Adjust the substrate holder to an oblique angle of approximately 86° relative to the horizontal reference plane defined in step 2.2.1. 

2.4.2. Deposit silver at 3 Å/s under the oblique-angle condition to initiate nanorod growth. Continue deposition until an additional thickness of approximately 2000 nm is reached on the QCM.

2.4.3. Stop the deposition after the target thickness has been achieved. Monitor and ensure the chamber pressure and deposition rate are stable.

NOTE: The total deposition time for the nanorod growth is approximately 2 h. 

2.5. Remove the AgNR substrates from the chamber.

2.5.1. Keep the substrates under vacuum for 6–7 h following deposition to allow thermal stabilization.

2.5.2. Vent the chamber gradually to atmospheric pressure. Remove the substrate holder only after the chamber has fully equilibrated.

CAUTION: Do not vent the chamber immediately after deposition. Maintain the substrates under vacuum for at least twice the total deposition time, then vent the chamber slowly to minimize mechanical stress and contamination.

2.5.3. Remove the substrate holder from the chamber using clean handling procedures. Detach each substrate carefully with a clean, thin-edged tool while avoiding contact with the deposited surface.

2.5.4. Record the fabrication conditions, including deposition rate, film thickness, chamber pressure, deposition duration, source material identity and purity, and deposition geometry for each deposition batch.

2.6. Store the AgNR substrates.

2.6.1. Mount each fabricated substrate onto a full-size glass slide using double-sided tape for handling and transport. Avoid covering the active AgNR region during mounting.

2.6.2. Package the mounted substrates in groups of 12 in a clean storage container or mailer. Seal the packaged substrates in a moisture-barrier bag under an inert atmosphere.

2.6.3. Store the packaged substrates in a clean, low-moisture environment until use. Set aside representative substrates from the center and corners of the holder for quality-control analysis.

NOTE: Pause the protocol here if validation or measurements will be performed later. Resume the procedure by retrieving stored substrates under clean handling conditions.

3. Quality control of the AgNR substrates

3.1. Retrieve and inspect the fabricated substrates.

3.1.1. Retrieve representative packaged AgNR substrates from storage using clean tweezers. Place the substrates in a clean, dust-free workspace before inspection.

3.1.2. Inspect each substrate under ambient light. Accept substrates that exhibit a uniform, matte silver-gray appearance across the coated surface.

3.1.3. Reject substrates that show visible peeling, cracking, patchy deposition, or non-uniform coloration. Separate the rejected substrates from the accepted batch before further processing.

3.1.4. Verify film adhesion during gentle handling with tweezers. Document all accepted and rejected substrates and record any visible defects for process tracking.

3.2. [bookmark: _Hlk226558496]Plasma clean the AgNR substrates.

3.2.1. Place the accepted AgNR substrates into the plasma-cleaning chamber. Handle the substrates only with clean tweezers and avoid contact with the active surface.

3.2.2. Set the plasma-cleaning conditions to argon gas, 60 W power, 6.0 × 10-1 Torr pressure, and 90 s treatment time. Confirm that the chamber pressure and gas flow are stable before initiating the plasma.

3.2.3. Start the plasma-cleaning cycle and remove the substrates immediately after treatment. Transfer the cleaned substrates directly to a clean workspace.

NOTE: Do not exceed the specified plasma-treatment time to avoid altering the nanorod morphology.

3.3. Minimize recontamination after plasma cleaning.

3.3.1. Keep the plasma-cleaned substrates in a clean, covered workspace after treatment. Minimize exposure to ambient air before analyte deposition.

3.3.2. Proceed immediately to substrate validation after plasma cleaning. Do not store the plasma-cleaned substrates for later use.

3.4. Prepare the validation analyte solution.

3.4.1. Prepare a 1.0 × 10-5 M solution of 1,2-bis(4-pyridyl)ethylene (BPE) in methanol. Mix the solution thoroughly until the analyte is completely dissolved. 

CAUTION: Methanol is flammable and toxic. Prepare and handle the validation solution in a chemical fume hood while wearing appropriate gloves, eye protection, and a lab coat.

3.5. Apply the validation analyte to the substrate.

3.5.1. Deposit 5 µL of the validation solution onto the active region of each plasma-cleaned substrate using a micropipette. Place the droplet on the AgNR surface without touching the substrate.

3.5.2. Allow the deposited droplet to dry under ambient conditions. Confirm complete solvent evaporation before spectral acquisition.

3.6. Acquire validation spectra from multiple locations.

3.6.1. Place the dried 1.27 cm × 1.27 cm substrate under the Raman microscope. Open the point-mapping function and use the microscope joystick to manually define nine discrete measurement coordinates in an approximately 3 × 3 pattern across the coated substrate. Use a nominal center-to-center spacing of approximately 6.35 mm between adjacent positions.

3.6.2. Enter the nine coordinates sequentially using an S-shaped, or serpentine, path across the three rows. Perform the measurement using a 785 nm laser and a 5× objective with a numerical aperture (NA) of 0.12, producing an elongated laser footprint of about 210 µm × 20 µm at the substrate. Set the laser power to 5%, corresponding to approximately 7.5 mW at the sample, and use a 10 s integration time. 

NOTE: Maintain identical acquisition conditions for all nine locations.

3.6.3. Start the point-mapping acquisition and allow the motorized stage to move automatically to each predefined coordinate. Acquire one Raman spectrum at each position. This procedure is a user-defined discrete point map and not a continuous raster or area map.

3.7. Compile the validation spectra for quality-control review.

3.7.1. Export the validation spectra into the analysis software and overlay the spectra from all measurement locations. Calculate an averaged spectrum for each substrate.

3.7.2. Extract the intensities of the characteristic BPE bands near 1015, 1204, 1344, 1615, and 1645 cm-1. Calculate the mean and standard deviation of each peak intensity across the nine measurement locations.

3.7.3. Plot the peak intensities and corresponding variation for comparison across the selected measurement locations. Use the same processing workflow for all substrates in the batch.

3.8. Evaluate substrate quality based on SERS performance.

3.8.1. Compare the validation spectra with previously established AgNR substrate performance data collected under identical acquisition conditions. Evaluate both signal intensity and spatial reproducibility across the nine measurement locations. Substrates are considered acceptable when the coefficient of variation (CV) of peak intensities across the five characteristic BPE bands is ≤10%, and are rejected when variability exceeds 25%.

3.8.2. Accept substrates that exhibit consistent characteristic spectral features and reproducible signal intensities across the measured positions. Exclude substrates that show inconsistent spectral response or unusually large variation between positions.

3.9. Perform follow-up inspection for substrates that fail validation.

3.9.1. Inspect any substrate that does not meet the validation criteria under an optical microscope. Examine the surface for dust, contamination, coating defects, or non-uniform regions.

3.9.2. Use the combined spectral and visual observations to determine whether the substrate is suitable for use or should be excluded from subsequent measurements.

NOTE: Proceed to in-situ gas-sensing measurements only with deposition batches that show consistent SERS response across the selected substrates and corresponding measurement locations. 

4. In-situ Raman gas system setup

4.1. Initialize the Raman and gas-delivery systems.

4.1.1. Power on the two mass flow controllers (MFCs) along with the Raman spectrometer equipped with both a 785 nm laser and a detector array. Allow the system to warm for 30 min before alignment or data collection.

CAUTION: Use appropriate 785 nm laser safety eyewear during all alignment and measurement steps. Keep reflective objects out of the beam path and maintain a controlled beam path throughout the experiment.

4.1.2. Set the nitrogen cylinder regulator to 30 psi. Confirm that the gas lines are connected to the sealed gas cell and that no sample is present in the gas cell during the initial purge.

NOTE: The regulator pressure should be set according to the operating requirements of the mass flow controllers.

4.1.3. Confirm gas flow by observing bubble formation at the outlet.

4.1.4. Fill the toluene bubbler until the inlet tube is submerged by approximately 3 cm. Keep the bubbler, gas cell, and tubing inside a functioning fume hood during operation.

CAUTION: Toluene is flammable and toxic. Handle it only in a functioning chemical fume hood while wearing appropriate gloves, safety glasses, and a lab coat. Keep the entire gas-sensing system inside the fume hood during operation to maintain adequate ventilation.

4.2. Purge the empty gas cell.

4.2.1. Start nitrogen flow through the system by setting mass flow controller A (MFC-A), which supplies the direct nitrogen purge stream, to 60.0 sccm, and set mass flow controller B (MFC-B), which supplies nitrogen through the toluene bubbler, to 0.0 sccm.

4.2.2. Purge the empty gas cell and lines with nitrogen for 15 min. Confirm continuous outlet bubbling during the purge.

NOTE: Re-determine the purge time whenever the gas-line volume, flow conditions, or previously used analyte changes. Raman measurements on a test substrate or outlet analysis by a residual gas analyzer can be used for this verification.

4.3. Prepare and load the AgNR substrate.

4.3.1. Remove one AgNR substrate from storage and immediately reseal the storage bag with argon according to the storage protocol. Record the substrate batch identification number.

4.3.2. Plasma clean the substrate according to Section 3.2. Place the cleaned substrate in a covered plastic Petri dish for transfer.

CAUTION: Do not touch the AgNR surface during handling, and minimize exposure of the cleaned substrate to laboratory air by loading the sample as quickly as possible.

4.3.3. Transfer the substrate to the gas cell within 3 min of plasma cleaning. Open the gas cell, place the substrate near the center of the cell, and orient the AgNR side toward the measurement window.

4.3.4. Position the substrate between the gas inlet and outlet so that the measurement region lies along the primary gas-flow path. Use a measurement location within a 1 cm circle around the substrate center for consistency between runs.

4.3.5. Seal the gas cell immediately after loading the substrate. Reset MFC-A to 60.0 sccm and MFC-B to 0.0 sccm, and purge the loaded gas cell for 15 min.

4.4. Align the Raman optics.

4.4.1. Use a Raman system equipped with a 785 nm laser and a 10× objective with an NA of 0.25 for the in-situ measurements. Align the objective through the gas-cell window and focus on the AgNR surface. The estimated diffraction-limited laser spot diameter is approximately 3.8 µm.

4.4.2. Place the gas cell on two scissor lifts to provide tubing clearance and to allow height and tilt adjustment. Level the gas-cell window with the optical axis of the Raman system.

4.4.3. Open the acquisition software and display the live detector image. Focus on the substrate by adjusting the gas-cell position with the two scissor lifts rather than moving the objective lens.

4.4.4. Adjust the gas-cell height and tilt until the substrate surface is sharply focused. Confirm that the optical mounts and gas cell remain mechanically stable before starting acquisition.

NOTE: If an external focusing aid is needed, place a cleaned silicon reference adjacent to the substrate, but outside the direct inlet-to-outlet flow path.

4.5. Verify baseline stability before analyte delivery.

4.5.1. Cover the fume-hood viewing area with opaque material to minimize ambient light during collection. Keep pure nitrogen flowing through the gas cell.

4.5.2. Set the in-situ acquisition parameters to a laser power of 16 mW ± 2 mW, a 10 s integration time, and six accumulations per spectrum. These settings produce an acquisition interval of approximately 1 min. Use the same fixed measurement location for the nitrogen baseline and the complete toluene-exposure period.

4.5.3. Collect at least three baseline spectra under pure nitrogen flow. Accept the baseline and proceed to analyte delivery only when no residual toluene features are observed and the spectral profile remains stable across the three measurements.

NOTE: Pause and repeat the purge if residual analyte features remain.

5. Time-resolved spectra of toluene vapor

5.1. Start the time-resolved spectral collection.

5.1.1. Open the continuous acquisition mode in the acquisition software. Confirm that the selected acquisition parameters produce an interval of approximately 1 min per spectrum.

5.1.2. Start continuous spectral collection while maintaining pure nitrogen flow through the gas cell. 

5.2. Introduce the toluene vapor.

5.2.1. Switch the gas flows at the start of continuous acquisition by setting MFC-A to 0.0 sccm and MFC-B to 100.0 sccm in order to deliver nitrogen through the toluene bubbler and introduce toluene vapor into the gas cell. 

NOTE: The gas-flow switch is not instantaneous and may require up to 2 min after continuous acquisition begins. Start continuous acquisition first, then change the MFC setpoints between spectral acquisitions, and record which spectrum corresponds to the flow-switch.

5.2.2. Maintain the toluene-vapor exposure for approximately 3.5 h. Do not change the laser power, integration settings, or measurement position during the run.

CAUTION: Keep the full gas-handling path inside the fume hood during analyte delivery. Confirm that the hood exhaust remains active for the entire exposure period.

5.3. End the experiment and remove the sample.

5.3.1. At the end of the exposure period, return the system to purge conditions by setting MFC-A to 60.0 sccm and MFC-B to 0.0 sccm. Purge the gas cell for 15 min before opening the chamber.

5.3.2. Move the Raman spectrometer and objective away from the gas-cell window to create clearance for sample removal. Open the gas cell and remove the substrate.

5.3.3. Store the exposed substrate in a covered plastic Petri dish with closed lid and label the dish with the batch number and measurement date.

5.3.4. Seal the gas cell and perform a final 15 min nitrogen purge. Close the nitrogen cylinder and then set both MFCs to 0.0 sccm while the outlet tubing remains submerged.

5.3.5. Turn off the Raman spectrometer after the purge is complete. Export the spectral data as a .txt file for later preprocessing and time-dependent analysis.

CAUTION: Do not open or disassemble any part of the gas-delivery system until the chamber and lines have been fully purged. Dispose of or safely store toluene-containing materials according to institutional chemical safety procedures.

6. Preprocessing and time-dependent analysis

6.1. Import the spectral files into SpectraGuru or any other spectral analysis software.

6.1.1. Open the spectral analysis software and import the raw spectral dataset. Confirm that the spectra are arranged as sequential columns corresponding to the acquisition order.

6.1.2.  Inspect the imported dataset for missing or invalid values before preprocessing. Remove or correct spectra containing excessive not-a-number (NaN) entries or negative values if these values prevent subsequent baseline correction or feature extraction.

NOTE: Excessive NaN entries or negative values may prevent convergence during baseline correction and may introduce processing errors.

6.2. Remove cosmic ray artifacts.

6.2.1. Open the processing menu and inspect each spectrum for cosmic ray artifacts. Identify cosmic rays as sharp, high-intensity spikes with narrow spectral width that appear in only a single acquisition frame.

6.2.2. Apply the despiking function using either the automated or manual mode to remove the identified artifacts. Use the same despiking approach throughout the full dataset.

6.2.3. Compare the spectra before and after despiking to confirm removal of the artifact without altering adjacent spectral features. Retain the corrected spectra for further preprocessing.

6.3. Apply baseline subtraction.

6.3.1. Open the baseline-removal function and select the adaptive iteratively reweighted penalized least squares (airPLS) algorithm for baseline correction. Apply the same baseline-correction settings to all spectra within the dataset.

6.3.2. Inspect the corrected spectra after baseline removal and confirm that broad spectral trends have not been artificially suppressed. Repeat the correction only if the baseline remains inconsistent across the dataset.

NOTE: Excessive baseline correction may remove real spectral features or distort time-dependent intensity trends. Report the exact airPLS settings used for the final dataset in the manuscript or supplementary files.

6.4. Normalize the spectra

6.4.1. Open the normalization function and select the peak-based normalization option. Normalize each spectrum to the same dominant reference peak across the full time series.

6.4.2. Apply the normalization using the same peak-selection rule for all spectra in the dataset. Confirm that the normalization preserves relative intensity changes over time.

6.4.3. Plot the processed spectra and inspect the overlaid traces to confirm that the preprocessing workflow has been applied consistently. Save the processed dataset before feature extraction.

6.5. Define the Raman bands for tracking.

6.5.1. Define fixed spectral windows for all bands selected for time-dependent analysis. Include the characteristic toluene bands near 785, 1001, and 1030 cm-1.

6.5.2. Define additional fixed spectral windows for any persistent background features, instrumental features, or transient bands selected for comparison. Use the same predefined windows for the full dataset and for all repeated runs.

6.6. Extract peak position, intensity, and linewidth.

6.6.1. Extract the peak intensity, peak position, and full-width-at-half-maximum (FWHM) from each selected spectral window after preprocessing. Use the same extraction method for all spectra in the dataset.

6.6.2. Perform peak identification only within the predefined spectral windows. Repeat the extraction for every sequential spectrum in the time series.

6.6.3. Compile the extracted peak parameters into a structured output table. Label each row or column with the corresponding acquisition order or time point.

6.7. Plot the selected spectral metrics versus time.

6.7.1. Export the extracted spectral parameters as a comma-separated values file. Import the file into the plotting software for time-dependent analysis.

6.7.2. Plot peak intensity versus time for each selected Raman band using the same plotting parameters across datasets. Plot peak position versus time and linewidth versus time when these values are relevant to the analysis.

6.7.3. Apply the same preprocessing, feature-extraction, and plotting procedures independently to each exposure experiment. When multiple independent experiments are available, compare their baseline-subtracted or normalized time-dependent trends using identical processing and plotting settings.

6.8. Flag transient or questionable features

6.8.1. Review the processed spectra and identify features that appear in only one or two consecutive spectra, are not reproducible across repeated measurements, or exhibit the characteristics of residual artifacts or noise.

6.8.2. Exclude flagged features from quantitative analysis. Retain these features in the record of the processed dataset for later interpretation.

NOTE: Proceed with quantitative analysis only for spectral features that persist across multiple consecutive time points. Assess run-to-run reproducibility separately when multiple independent exposure experiments are available.

[bookmark: _Hlk225851420]RESULTS:
Representative top-view and cross-sectional scanning electron microscopy (SEM) images confirmed the characteristic morphology of the OAD-fabricated AgNR substrates (Figure 2). The top-view image showed a dense nanorod distribution with visible inter-rod separation, while the cross-sectional image demonstrated the tilted, columnar growth of the AgNR layer. Previous work from our group on closely related AgNR arrays fabricated at an 86° vapor-incidence angle reported a tilt angle of 71° ± 4°, an average length of 868 nm ± 95 nm, an average diameter of 99 nm ± 29 nm, an inter-rod gap of approximately 177 nm, and a density of 13.1 ± 0.5 rods/µm2,21. Nanorod morphology and inter-rod separation influence local electromagnetic coupling, accessible surface area, and SERS reproducibility; therefore, SEM characterization was combined with BPE-based functional validation. 

SERS validation using a 1.0 × 10−5 M BPE solution in methanol was performed as a quality-control step before gas-phase measurements. Optical inspection distinguished substrates with visible defects or contamination from visually uniform substrates (Figure 3A,B). BPE spectra were collected from nine predefined locations on each substrate, and the averaged spectra showed weaker BPE features from the defective substrate and stronger, more clearly resolved peaks from the uniform substrate (Figure 3C,D). The spot-to-spot standard deviation shown at five characteristic BPE peaks near 1015, 1204, 1344, 1615, and 1645 cm-1 further indicated lower spatial variation for the uniform substrate. Across these peaks, the uniform substrate produced approximately 15–20× higher signal than the defective substrate. These results were used to identify acceptable AgNR substrates for subsequent in-situ gas-sensing measurements.

Before toluene exposure, Raman spectra were collected under continuous nitrogen purge to establish a stable baseline condition. Consecutive spectra acquired at 1 min intervals showed consistent spectral profiles with no reproducible growth of toluene-associated bands (Figure 4A). This indicates that residual vapor was effectively removed from the gas cell prior to analyte introduction. The absence of systematic peak development during this stage defines a successful pre-exposure condition, whereas any persistent growth of toluene-related features would indicate incomplete purging and require repetition of the baseline step.

Following toluene introduction, time-resolved in-situ SERS spectra exhibited clear spectral evolution over the exposure period (Figure 4B). The stacked spectra, spanning from the initial baseline measurement to 3.5 h of exposure, show gradual changes in spectral intensity and shape rather than an instantaneous response. In the expanded spectral region, the toluene-associated 1001 cm-1 band was initially weak or unresolved, became detectable during early exposure, and increased in intensity at later time points (Figure 4C). This delayed emergence and progressive growth of characteristic Raman features represent the expected response of the system under continuous vapor delivery.

To quantify this behavior, the intensity of the 1001 cm-1 band over the entire measurement window was extracted using baseline-corrected peak height with an in-house, open-source spectral analysis software and plotted as a function of time (Figure 5). The time-dependent response shown is from one continuous toluene-exposure experiment performed using a single AgNR substrate, and run-to-run or substrate-to-substrate reproducibility was not statistically established in the present study. A total of approximately 210 sequential spectra were acquired at approximately 1 min intervals over the 3.5 h exposure period, with each spectrum generated by averaging six 10 s integrations. The 1001 cm-1 band showed an overall increasing trend over the exposure period and served as the primary indicator of the time-dependent response. These results demonstrate that the protocol produces a measurable, time-dependent SERS signal that evolves during analyte exposure.

However, the observed time-dependent response deviated from a simple single-exponential behavior, indicating non-ideal adsorption dynamics37. Similar nonexponential relaxation behavior has been reported in gas-sensor response kinetics and has been described using the Kohlrausch-Williams-Watts stretched exponential function, where β reflects deviation from a single characteristic relaxation time38. Therefore, the intensity evolution was modeled using , where  is the initial intensity,  is the adsorption-induced intensity increase,  is a characteristic timescale, and  is a stretching exponent describing deviation from ideal kinetics. 

For the 1001 cm⁻¹ mode, the stretched exponential fit was applied to the time-dependent growth region from the start of exposure to  min using  sequential spectra. Spectra acquired after 177 min were retained in the displayed dataset but excluded from fitting because they exhibited an abrupt increase in intensity variance and additional transient spectral features. The fit yielded ​, ,  min, and , with good agreement over this fitting window (). The value of  indicates nonexponential relaxation behavior and suggests that the adsorption response is governed by a distribution of characteristic adsorption and transport rates rather than a single uniform process. The characteristic time constant (τ) represents an effective average relaxation timescale rather than a single physical adsorption rate, consistent with systems in which multiple interfacial processes contribute simultaneously to signal evolution38. Overall, the stretched exponential model captures the rapid initial signal increase followed by a slower progression toward partial saturation, supporting the interpretation that adsorption-driven signal development occurs under heterogeneous local SERS environments on the AgNR substrate.

FIGURE LEGENDS:

Figure 1: Workflow of time-resolved in-situ SERS gas sensing using AgNR substrates. 

Figure 2: Representative morphology of the OAD-fabricated AgNR substrate. (A) Top-view SEM image showing the dense distribution of AgNR and visible inter-rod separation. (B) Cross-sectional SEM image showing the characteristic tilted and columnar morphology of the AgNR array. Scale bars represent 1 µm.

Figure 3: Representative validation of AgNR substrates using 1.0 × 10−5 M BPE prepared in methanol. Optical images of AgNR substrates with (A) visible defects and (B) improved uniformity. Nine discrete measurement coordinates were manually selected using the Renishaw point-mapping function in an approximately 3 × 3 pattern across each 1.27 cm × 1.27 cm substrate, with a nominal separation of approximately 6.35 mm between adjacent positions. The coordinates were entered in an S-shaped sequence, after which the motorized stage automatically moved to each position and collected one spectrum. No continuous raster or area mapping was performed. Panels (C) and (D) show the mean BPE SERS spectra obtained from nine measurement locations (n = 9) on the defective and uniform substrates, respectively. Error bars at the five characteristic BPE Raman peaks represent the standard deviation calculated across the nine measurement locations (n = 9).

Figure 4: Baseline verification and time-resolved in-situ SERS monitoring during toluene vapor exposure. (A) Consecutive baseline Raman spectra collected under nitrogen purge before toluene introduction. (B) Representative stacked in-situ SERS spectra collected at selected time points during toluene vapor exposure. The highlighted region indicates the spectral window used for closer evaluation of toluene-associated Raman features. (C) Expanded view of the highlighted spectral region showing the delayed emergence and growth of the toluene-associated band during exposure, marked by the red dashed line. All spectra are vertically offset for clarity.

Figure 5: Time-dependent SERS intensity at 1001 cm⁻¹ during continuous exposure to toluene vapor. The data were obtained from a single continuous exposure experiment performed using one AgNR substrate and do not represent a replicate average. Experimental points show the 1001 cm⁻¹ peak intensity measured at approximately 1 min intervals, with each spectrum generated by averaging six 10 s integrations. The solid line represents a stretched-exponential fit applied from the start of exposure to 177 min using  sequential spectra, yielding . Data acquired after 177 min are displayed but were not included in the fit.

DISCUSSION:
The success of this method depends first on substrate quality and consistency. Reproducible SERS performance requires careful substrate cleaning, stable oblique-angle deposition conditions, and controlled post-fabrication handling, since contamination or shifts in deposition geometry can alter nanorod morphology and lead to inconsistent enhancement20,39. Plasma cleaning is useful for removing residual surface contaminants, but it must be applied carefully to avoid damaging the AgNR structure40. For this reason, morphology screening and BPE validation should be treated as integral parts of the workflow rather than optional quality checks. In practice, substrates that appear acceptable by visual inspection alone may still differ substantially in spatial reproducibility, so screening with BPE across multiple locations is essential before proceeding to in-situ gas-phase measurements20.

After substrate validation, reliable in-situ measurements depend on maintaining stable optical and experimental conditions throughout acquisition. Stable Raman alignment is critical because small changes in focus or probe position can introduce spectral differences unrelated to adsorption. Pre-exposure spectra collected under nitrogen purge are equally important because they verify that the gas cell has been adequately cleared and that the spectral background is stable before toluene introduction. Keeping laser power, integration time, number of accumulations, collection interval, and total run duration fixed helps ensure that spectral changes observed during the experiment arise from vapor exposure rather than measurement drift. Together, these controls allow the time-resolved spectra to be interpreted as changes in the gas-surface interaction rather than artifacts of unstable measurement conditions.

Different Raman configurations and acquisition conditions were used for substrate validation and in-situ measurements because the two measurements served different purposes. The Raman microscope used for BPE validation evaluated the signal intensity and spatial reproducibility of dried BPE across multiple substrate locations, whereas the Raman system used for in-situ measurements continuously monitored lower-intensity, toluene-associated signals through the gas-cell window. The in-situ configuration, therefore, used higher laser power and multiple accumulations to improve signal collection under the gas-cell geometry. Because the optical configurations and acquisition parameters differed, absolute Raman intensities obtained from the two measurements were not compared directly.

When the method performs poorly, the source of the problem is most often substrate quality, incomplete purging, unstable gas delivery, or inconsistent data processing. Weak or highly variable BPE response typically indicates contamination, localized defects, or nonuniform nanorod growth and should prompt repeated measurements across the substrate together with optical or morphological inspection. During in-situ measurements, pre-exposure spectra that already contain toluene-associated bands usually indicate incomplete purging and should be addressed by extending the nitrogen purge and recollecting the reference spectra. Variations in peak onset or growth behavior between runs should prompt rechecking of the gas path, bubbler operation, line integrity, and the timing of flow switching relative to spectral acquisition. Data processing can also introduce avoidable error: excessive baseline correction can distort real spectral features, and excessive smoothing can suppress gradual temporal variation. For this reason, the most reliable interpretation comes from using a fixed preprocessing workflow and emphasizing spectral features that persist across multiple time points rather than isolated spikes or single-frame events41.

This method also has important limitations. Its performance depends strongly on the reproducibility of the AgNR substrates, and even small differences in morphology can lead to batch-to-batch variation in enhancement and spectral intensity20. The method is also sensitive to local probing position because SERS enhancement is spatially heterogeneous, meaning that spectra may vary across the substrate even under otherwise identical conditions42. In addition, not every emerging spectral feature can be assigned unambiguously. Although the protocol captures clear time-dependent spectral development during toluene exposure, some changes may arise from a combination of adsorption, local hotspot effects, contamination, and instrumental artifacts rather than a single surface process. The method is therefore best suited for identifying persistent temporal trends within a single continuous toluene-vapor exposure experiment rather than assigning the origin of every spectral feature without additional controls or complementary analysis. The numerical validation, optical, and gas-exposure conditions reported here were established specifically for the OAD-fabricated AgNR substrates and experimental configuration used in this study. Accordingly, the BPE concentration and acceptance thresholds, Raman acquisition parameters, spatial sampling procedure, gas-flow rates, purge duration, and exposure period should not be transferred directly to other SERS substrates. Although the overall workflow can be adapted to other plasmonic materials and nanostructures, these parameters should be independently validated and optimized according to the substrate morphology, optical response, gas-cell geometry, and analyte–surface interactions. This consideration is particularly important when extending the protocol to other VOCs because differences in adsorption affinity toward the silver nanorod surface can alter molecular retention within SERS-active regions and thereby affect signal magnitude and temporal evolution. Vapor pressure, Raman scattering cross-section, and adsorption and desorption kinetics may further influence the observed response. Consequently, purge duration, exposure time, flow conditions, and acquisition interval should be independently optimized for each analyte–substrate system.

[bookmark: _Hlk235786564]The stretched exponential fit provides a useful description of the time-dependent SERS response under constant vapor exposure. Under fixed vapor-delivery and acquisition conditions, the time-dependent growth of the toluene-associated 1001 cm-1 band is consistent with adsorption-related accumulation or retention of toluene molecules within SERS-active near-field regions of the AgNR surface. However, SERS intensity is not interpreted as a direct linear measure of total surface coverage because it also depends on molecular orientation, local electromagnetic enhancement, and transient changes over the extended measurement window43. Thus, the fitted parameters should be interpreted as apparent response descriptors of the combined vapor-delivery, transport, adsorption, and SERS measurement process rather than as intrinsic adsorption or desorption rate constants. Determination of intrinsic kinetic constants would require calibrated analyte concentration at the substrate, an independently validated relationship between SERS intensity and molecular surface coverage, and controlled adsorption and desorption measurements.

In stretched exponential systems, the exponent  reflects a distribution of relaxation or adsorption times rather than a single uniform kinetic process. Previous studies have reported  for systems governed by distributed parallel relaxation pathways and  values ranging from approximately 0.35 to 0.95 in heterogeneous adsorption-based sensor films38,44. The experimentally obtained value here () falls well within this reported range and is consistent with a heterogeneous response involving multiple adsorption, transport, and local SERS-enhancement environments. Accordingly, the model is most useful as a comparative descriptor of overall signal evolution rather than a rigorous mechanistic adsorption model. 

Overall, the method offers an important advantage over endpoint-only or ex situ gas-sensing approaches because it directly monitors spectral evolution at the plasmonic surface during vapor exposure. Instead of recording only a final response after adsorption has occurred, it captures gradual signal growth, delayed band emergence, and other time-dependent changes as they develop. A further strength is that substrate fabrication, validation, controlled vapor delivery, sequential Raman acquisition, and consistent preprocessing are integrated into a single workflow. This makes the method useful not only for monitoring gas-phase spectral response, but also for comparing substrate performance, assessing within-run temporal behavior, and studying adsorption-related behavior under controlled conditions. With further optimization, the same approach could be extended to other vapors, other gas-phase analytes, and other nanostructured SERS substrates. A configuration with faster, independently characterized gas switching and controlled purge intervals could also support pulse-gas response and recovery measurements and repeated adsorption–desorption cycling. Together, these extensions would broaden the utility of the platform while preserving its primary strength as a method for long-duration, time-resolved monitoring of gas–surface interactions.
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