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1. General Considerations/Overview of Equipment
Please read this manual carefully before using the Liquid-Solid RAIRS system and keep it in a suitable place for future reference. Always follow the instruction described in this manual to ensure safety and to avoid damage. Improper use or failure to do safety instructions can result in serious injuries and/or property damage. Especially ensure that the CO alarm on the ceiling is ON when you use CO gas. If it doesn’t work, replace the battery inside or have another one prior to work.

Liquid-Solid RAIRS system is placed on a table in Chemical Science building room 135, and consists of five parts: Fourier-transform infrared (FTIR) spectrometer (Tensor 27, Bruker), gas manifold with vacuum, liquid-solid cell (homemade), purge box for external IR beam line (homemade), and computer (OPUS program version 7). 

Provided below are a couple of pictures of the original optical setup and the design was reported in a literature published in Langmuir 2003, vol. 19, pages 3371-3376.
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This liquid/solid RAIRS cell is designed for reflection-absorption infrared spectroscopy (RAIRS) characterization of molecules adsorbed on metal (e.g., Pt) surfaces under liquid phases. The cell is equipped with a counter electrode (Pt wire) for electrochemical cleaning of the sample (typically a polycrystalline Pt disk) surface. Liquid can be flowed in and out of the cell, and gas can be bubbled in for purging or reactions. The design of this cell is based on cells used for studies on electrode surfaces (except for the absence of a reference electrode).  The cell can be used as a transmission IR cell for powders in liquid, by suspending or trapping the powder in between the prism and the back surface, which is made out of an inert material (Cu or Au) to act as a mirror. OPUS (ver. 7) program is installed in Windows 7 (service pack 1) computer. A mechanical pump pumps the gas manifold. FTIR manual should be stored in the manual cabinet, right next to Stan’s desk in the room 139, so please return them after you read.  
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Figure 1. illustration of p-polarized and s- polarized light reflected at liquid/solid interfaces. S-polarized component always undergoes a phase shift of nearly 180 degrees regardless of incident angel(top), which leads to the conclusion that there’s no absorption of s-polarized light from the thin layer on liquid/metal interfaces.
Figure 1 above illustrates the selection rule that makes RAIRS surface sensitive when properly configured. As a result, thin film at solid/liquid interface only absorb p polarized component of the IR while s-polarized will not bear any information of the thin film.  
2. General Laboratory Safety

Before starting any experimental work in the laboratory, all users must learn The Laboratory Safety Manual and pass all exams.  Users must also get familiar with the Injury and Prevention Program (IIPP) and Chemical Hygiene Plans (CHP), and wear PPE according to the Laboratory Hazard Assessment (LHAT, ehs.ucop.edu/lhat/) or Hazard Assessments in Lab Safety Manual.

All users must be familiar with the location of the fire extinguishers, safety showers, and other safety equipment before starting any experimental work.  In Room CS 135:

1. Fire Extinguishers:  Located next to front door of CS 135.  

2. Safety Showers and Eyewash Station: Located next to the front door of CS 135. 

3. Fire Exit: two doors in CS 135.

4. First Aid Kits: Located next to front door of CS 135.  

3. FT-IR Instrument and General Operation
a.
Spectrometer General Description
The FTIR instrument used for this system is a Bruker Tensor 27 in Chemical Science building room 135. More details about this instrument can be found in its manual (7th updated edition, September 2011). General FTIR principles are well described in several books. See, for instance: Peter R. Griffiths and James A. de Haseth, "Fourier Transform Infrared Spectrometry", John Wiley & Sons, New York, 1986, and Brian C. Smith, “Fundamentals of Fourier Transform Infrared Spectroscopy (2nd edition), CRC press, Taylor & Francis Group.
The Liquid-Solid IR cell is placed on the outside optical setup of the FTIR spectrometer and use external IR beam line.
b.
FTIR Performance Characterization
The FTIR spectrometer should be setup for optimal performance by choosing the appropriate parameters and aligning the sample and optics.

i.
Measuring Spectral Signal-to-Noise
Signal-to-noise (S/N) ratio: This is a critical value dependent on the other parameters that should be minimized before performing experiments. It is checked by acquiring back-to-back spectra under identical conditions and ratioing those. S/N ratios can be calculated by the OPUS software (one of “Evaluate” menus), and should be done for two frequency regions, typically 2000–2200 cm-1 (the region with the least noise), and a second in a region of interest, around 3000 cm-1, for example.
ii.
Maximizing Absorbance Signal
This is done by choosing a particular IR absorption peak in the spectra in the sample and following that by taking spectra as parameters are optimized.
c.
Main FTIR Parameters
1. Total intensity (Amplitude): This is measured by the peak-to-peak voltage value on the centerburst of the interferogram, which can be display in the computer screen as other parameters are optimized and sample alignment is performed (see the section 4c). It should be as high as possible.
2. Iris opening (Aperture Setting): the iris opening is available with pre-selected sizes from 0.25 to 6 mm. It should be optimized to obtain maximum throughput while minimizing the beam size, to minimize the beam divergence.  The original IR beam is approximately 1" in diameter. Based on this value and the focal length of the focusing mirrors, a divergence range at the sample could be calculated.  Total light throughput should also be kept at values low enough so the signal is proportional to light intensity (there is a saturation of the detector at high light fluences).
3. Scanning rate (Scanner Velocity): the most interesting values available are 10 or 20 kHz for DLaTGS detecter and 80 or 100 kHz for MCT detectors.  Faster scanning rates lead to faster data acquisition, but very fast scanning rates may lead to increases in S/N. The maximum scanning rate should be chosen where noise levels are not increased (this can be evaluated by taking S/N measurements for the different scan rates using the same conditions).
4. Number of scans (or Scan Times in minutes): to signal average. S/N ratios should be increased as the square root of the number of scans, but too long data acquisition times lead to drifts in IR background and in changes in the nature of the sample (adsorption, etc.).
5. Resolution: High resolutions are needed to separate different IR peaks, but require longer acquisition times (require further travel of the interferometer mirror), introduce noise (from the wings of the interferogram), and may reduce total peak signal intensity.  Typical value is 4 cm-1, sufficient for surface adsorbates, but sometimes 2 cm-1 is required.
6. Amplification (Signal Gain): there are preamplifier gains (Automatic, (1, (2, (4, (8, or (16), to be set to optimize signal without saturating the centerburst. The gain at the centerburst may be set separately (at a lower value) than for the rest (wings) of the interferogram.
d.
Detector

i.
Types
There are three different types of IR detectors: thermal, pyroelectric, and photoconducting detectors. Thermal detector such as thermocouple or bolometer is used over a wide range of wavelengths at room temperature, but not preferred due to slower response time and lower sensitivity than other types of detectors. Pyroelectric detector has a much faster response time as it depends on the rate of temperature change. The most common material is “deuterium L-alanine doped triglycene sulphate (DLaTGS). Photoconducting detector relies on the interaction between photons and a semiconductor such as mercury cadmium telluride (MCT) or indium antimonide (InSb), so response time is much faster and sensitivity is also much higher. Usually it has to be cooled first prior to use for thermal noise. Tensor 27 for DRIFT uses DLaTGS detector on the internal beam line. 

	Detector
	Range (cm-1)
	Sensitivity

(cm Hz1/2 W-1)
	Cooling

	DLaTGS
	12,000–350 
	>4 x 108 
	Room Temperature

	MCT Wide Band
	12,000–420 
	>5 x 109 
	LN2 cooling

	MCT Medium Band
	12,000–600 
	>2 x 1010 
	LN2 cooling

	MCT Narrow Band
	12,000–850 
	>4 x 1010 
	LN2 cooling

	InSb
	12,800–1850 
	>1.5 x 1011 
	LN2 cooling
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Figure 2. Detector compartment of Tensor 27 FTIR spectrometer.

ii.
Substitution
1. 
Loosen the fixing screw of the detector compartment cover by using 6 mm Allen wrench.

2. Open the detector compartment. 

3. Loosen the fixing screw of the detector with 6 mm Allen screw wrench (see Figure 1).

4. Pull the detector straight upward out of the dovetail guide.

5. Insert the detector you want into the dovetail guide and press it right down.

6. Fasten the Allen screw.

7. Close the detector compartment.

8. Check the signal intensity using the OPUS program.

iii.
Preparation
MCT or InSb detector has to be cooled down to liquid nitrogen temperature prior to use. Always wear blue Cryo-gloves (Tempshield) when you handle liquid nitrogen, LN2 (please refer SOP of cryogenic materials in the “Lab Safety Manual” folder or download “SOPs Process” (http://research.chem.ucr.edu/groups/zaera/images/documents/4_sop_processes_2013-07.pdf) from our group homepage. Cool the detector with LN2 using the funnel fill tube. Keep filling the funnel in cone increments. Repeat until reservoir is full (spill over). Cool down time is about 5 to 10 minutes. The detector is at working temperature once the rapid boil off venting has stopped. Place the plug (cap) in the fill port
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iv.
Maintenance
No daily maintenance is required for the detector. The LN2 dewar may require a vacuum refreshing. If the vacuum level of LN2 dewar will be decreased below acceptable, then the surface of that vacuum jacket is very cold. Sometimes it is covered with ice because of the condensation of moister form the air, so water peaks appear on the spectra.
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Figure 3. Adapter with flexible metal hose and Swagelok connection.

1. Remove the MCT detector from the spectrometer.

2. Connect the adapter (Figure 2) to one of vacuum valves. 

3. Switch on the vacuum pump and open the valve.

4. Inspect the O-ring inside the adapter (B in Figure 2) for signs of wear.

5. Remove the cap from the connection nozzle of the detector.

6. Pull the adapter knob (D in Figure 2).

7. Loosen the coupling nut (B in Figure 2).

8. Push the adapter carefully over the connection nozzle of detector dewar.

9. Fasten the coupling nut hand-tight while holding the adapter and detector.

10. Push the adapter knob in the closed position until the threaded rod of the adapter is in contact with the sealing plug of the dewar evacuation valve.

11. Evacuate the detector dewar.

12. Close the vacuum valve.

13. Screw the threaded rod of the adapter in the connection thread of dewar evacuation valve by turning the adapter knob clockwise.

14. Pull the knob to the open position in order to open the dewar evacuation valve.

15. Evacuate the detector by opening the vacuum valve to pressure less than 10-6 Torr.

16. Close the dewar evacuation valve by pushing the adapter knob (D in Figure 2).

17. Press adapter knob firmly to the stop position,

18. Screw the threaded rod of the adapter out of the connection thread of the dewar evacuation valve by rotating the adapter knob.

19. Vent the section between vacuum pump and adapter.

20. Pull the knob to the open position.

21. Loosen the coupling nut and remove the adapter from the connection nozzle of the detector dewar.

22. Reinstall the MCT detector in the spectrometer. 

e.
Optical Alignment

Tensor 27 is equipped with a high stability interferometer with ROCKSOLID permanent alignment. Also detector substitution is possible with Tensor 27. DLaTGS detector is default, and optional MCT detectors are available in our lab. After substituting the detectors, re-alignment is not necessary due to the dovetail detector mounting. However, it has to be done properly whenever any accessory like DRIFTS or ATR system is installed or uninstalled in the sample compartment. Adjustment knobs for the alignment are shown in Figure 1.

1. Remove all the accessory and samples from the IR beam path. Make sure that there is nothing in the sample compartment. 

2. MCT detector has to be cooled first prior to measurement.

3. Run OPUS program.

4. Select the “Measurement” menu.

5. Click the “Check Signal” tab.

6. Select the “Interferogram” radio button.

7. The amplitude value indicates the signal intensity that is currently detected.

8. Loosen the fixing screw of the detector compartment cover by using 6 mm Allen wrench.

9. Open the detector compartment.

10. Adjust two knobs (2 and 3 in Figure 1) of the mirror to get the highest value while watching the amplitude on the monitor. If you lost IR beam, use IR card to find it.

11. Once you get a good alignment, close the cover.

12. Wait for 6 hrs at least to be purged completely.

f. 
Transmittance spectra

i.
Choice of Background Spectra
The background spectrum includes spectral contributions from the instrument and the environment. Majority of the environment absorbance is due to water vapor and CO2. And contribution of the instrument to the spectrum is called the instrument response function including absorbance from the source, beam splitter, mirrors, and detector. A good background is of great significance to the sample measurement. As a result, the absorbance peak of each ‘species’ is supposed to maintain the same otherwise it will lead to bad reproducibility.
Depending on how to prepare your sample, it is strongly recommended to perform the background measurement with a proper material. The purpose of the background measurement is to detect the influence of the ambient conditions (e.g. humidity or temperature) and the auxiliary materials (e.g. solvents) that are required for preparing the sample. The subsequent sample measurement results in the sample spectrum from which the influence is eliminated. So, do both background and sample measurements with the same parameter settings in OPUS program. Ensure that the ambient conditions are identical or at least nearly identical.

g.
OPUS Software

OPUS is a suite of software packages for the measurement, processing and evaluation of IR/Raman spectra. The main OPUS window is shown below with Key icons and areas labeled.
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i.
Spectra Acquisition
1. Start the OPUS program:

a. Click the short-cut icon of the OPUS program on the desktop. 

b. The OPUS login window will appear on the screen. 

c. Type "OPUS" in the password line (for default operator).

2. Select "Measure" and then "Measurement". After a few seconds, the measurement set-up windows will appear on the screen. Check the experimental parameters under "Advanced", "Optics", "Acquisition", "FT", and "Display". 
3. Set the sample temperature as needed.

4. When the sample reaches the desired temperature, take a background spectrum by selecting "Measurement", "Basic", and "Collect Background". The program will display a message in the bottom line high-lighted by a green color indicating that the data are being taken.

5. When the message disappears, the measurement is done.  From this point on, you can proceed with the experiments (e.g. heating of the sample, adsorption of gases etc.). 

6. During the data acquisition, the interferogram cannot be seen on the check signal menu. After the background scans are finished, the "Measurement" window remains on the screen. 

7. Go to “Background” and Click “Save Background” to save the spectrum. The Filename (####.0) is saved automatically on the hard drive and displayed on the left (Window List) of the screen. 

8. The file can be saved as other formats on the hard drive. Select "Save File As", then check the file name and path to be saved. If you want an ASCII file, in the "Mode" option on the Save Spectrum window, select "Data Point Table" before clicking the "Save" button. 

9. Fill the chamber with the desired pressure of the reactant gases, at the same temperature used for the acquisition of the background spectrum.

10. Take the sample spectra by selecting "Collect Sample", and wait until the highlighted message disappears.

11. To take the spectra with different backgrounds saved previously, select “load background” and click any background spectrum. 

12. Type the sample name and explanation in the lines for sample name and sample form. (e.g. Sample Name: 1% Pt/SiO2; Sample Form: after CO dosing of 10 Torr for 5 min at -150oC)
13. Take the sample data by selecting "Collect Sample" and wait until the highlighted message disappears.

14. Select “load background” again, and click another background spectrum for the next experiment.
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Figure 4. “Manipulate” and “Evaluate” menus in OPUS program.

ii.
Data Processing
Very useful processing tools are available in OPUS program. For example, Base Line Correction and Spectrum Calculator are in “Manipulate” menu, while Curve Fit and Integration are in “Evaluate” menu.  Use helpful menu to learn how to do them.

h. 
Maintenance

i.
IR Source
Tensor 27 uses only one mid IR source (MIR) in an U-shaped silicon carbide piece, which is pre-aligned, so realignment is not required after replacement. During the spectrometer operation, it becomes very hot and has risk of skin burn. Please avoid any skin contact and wait until the source cools down enough before you remove it.

[image: image23.jpg]a(%n
OPTIK

IR - Sensor Card

19530




1. Beam Detection

If you like to check the IR beam visually, you can use an IR sensor card (see the right image) supplied from Bruker when the spectrometer was installed. You may confuse the red light on your sample with the IR beam, but actually it is He-Ne laser light (632.8 nm) that travels along the IR beam path.
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Figure 5. OPUS dialog window for “Measurement”.

2. Intensity Measurement

IR beam signal can be checked on the OPUS program.

1. 
Remove all the accessory and samples from the IR beam path. Make sure that there is nothing in the sample compartment. 

2. 
Run OPUS program.

3. 
Select the “Measurement” menu

4. 
Click the “Check Signal” tab

5. 
Select the “Interferogram” radio button

6. 
The amplitude value indicates the signal intensity that is currently detected.

3. Cooling

Tensor 27 uses air-cooled MIR source, so additional cooling system isn’t required for normal operation. However, please do not block the ventilation slot of the source/laser compartment at the spectrometer top-side. During the spectrometer operation, the IR source generates heat, which is dissipated by the slots. Failure to do so can lead to spectrometer component damage.

4. Replacement
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Figure 6. Source/Laser compartment.

1. Switch off the spectrometer.

2. Wait until the source cools down sufficiently.

3. Open the source/laser compartment.

4. Loosen the Knurled thumb screw of the clamping bar (approximately one turn).

5. Press the source downward while rotating the clamping bar aside. 

6. Take the source out of the holder.

7. Insert a new source in the operating position holder.

8. While pressing the source downward, rotate the clamping bar over the source.

9. Tighten the knurled thumb screw of the clamping bar about one turn.

10. Close the source/laser compartment.

11. Switch on the spectrometer.

12. Check the signal intensity using OPUS program.

13. Select “Optics Diagnostics” in Measure menu.

14. Click the source icon on the “Instrument Status” window.

15. Click on “Service Info” button.

16. Click on the “Reset” button (Figure 6).
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Figure 7. Source diagnostics page.

ii.
HeNe Laser
FTIR spectrometer is equipped with a He-Ne laser (632.8 nm), which controls the position of the moving mirror in interferometer for IR beam scanning. If you have a problem with the laser, a red STATUS indicator or a failed performance qualification test (PQ). 
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Figure 8. Source/Laser compartment.

1. Measuring and Adjusting Signal Intensity

If you have laser problem, you need to check the laser amplitude. For this test you nee an oscilloscope. There are two test points (LA2 and LB2) on IFM board (G in Figure 7) You should see minimum of 2 V p-p sign wave on these points. 

There are parameters that can and should be checked with respect to the HeNe laser intensity.

1. HeNe laser output intensity – this value can be checked under measurement. Go “Optics Setup and Service Option”. Select “Service” tab, if the log window is blank. Select “Repeat Diagnostics Test” button, when the results appear take note of the current and initial laser intensity values as well as the number of laser dropout value.

2. HeNe laser modulation intensity – this value can be obtained via the measurement. Go “Direct Command Entry Option”. In there type; VEL=6 <Enter>, SCM=3 <Enter>, LAA <Enter>. Do this three times and record the approximate average value given (the value is the peak to peak modulation amplitude in millivolts). LAB <Enter>. Do this three times and record the approximate average value given (the value is the peak to peak modulation amplitude in milllivolts).

2. Replacement

In case of defective laser you have to replace the complete laser module (C in Figure 7), which consists of the laser tube and the laser power supply. 

1. Switch off the spectrometer.

2. Unplug the main power cable.

3. Open the source/laser compartment.

4. Loosen the Allen screw (A in Figure 7)

5. Rotate the holding plate (B in Figure 7)

6. Take the laser module out of the holder. Be aware of the fact that the laser module is still connected to the laser supply cable (D in Figure 7).

7. Loosen the two slotted screws (E in Figure 7) and unplug the supply cable (D in Figure 7).

8. Connect the supply cable to the replacement laser module.

9. Fasten the two slotted screws.

10. Open the front shutter of the laser tube if it is closed.

11. Insert the laser module in the holder. Make sure that the laser rests on the holder bottom in a plane manner to ensure the correct orientation of the laser beam.

12. Rotate the holding plate (B in Figure 7) in place.

13. Fasten the Allen screw (A in Figure 7).

14. Close the source/laser compartment.

15. Plug the main power cord

16. Switch on the spectrometer.

17. Check the laser indicator on the spectrometer topside lights yellow after a few seconds. Otherwise, solve this issue.

18. Wait until the STATUS indicator lights green. If the indicator remains red, the laser module is not installed correctly. Correct the laser installation.

19. Check whether the IR signal is detected using the OPUS program.

20. Run the “Optics Diagnostics” in OPUS

21. Open “Instrument Status” window.

22. Click “HeNe laser” icon.

23. Click “Service Infor” button.

24. Click “Reset” button in the laser diagnostics page (Figure 8).

25. Perform an OQ Test using OVP (OPUS Validation Program).
[image: image15.png]Tensor 27 SN_T27.0649.04 HeNe Laser Diagnostics Page

Bock | Rafesh

Messages

Timestamp Code [Level| Sender/Answer |Command Message

‘m 10 fageoly  [L2serie tmesince 5 E;‘gn‘;',j:ﬁ'hi": T
| be required

HeNe Laser

(Current state [ON

Desired state (On LSR-1 READY

Totalun - 8years, 40 days, 22hours, 16 since Wed, 04 Feb 2004 p—

time mn 17315

Page generated on Fri, 24 May 2013 01:11:41

Click here to reset
laser operating
hour meter




Figure 9. Laser diagnostics page.
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iii.
Gas Purging
At least, the optical bench has to be purged with dry air or nitrogen gas as the beam splitter is made of KBr, which is a hygroscopic material. Also, purging the FTIR spectrometer reduces the content of undesired atmospheric interference from moisture and carbon dioxide, which absorb IR light in both detector and sample compartments as well as the optical bench. 

Right now the Transmission IR system is purged with dry air. The flow rate is controlled by two rotameters (right image): one is for the optical bench and the detector compartment; the other is for sample compartment. 

3.
Gas Handling System
Gas manifold of Liquid-Solid IR system includes Ar, H2, O2, and reactant gas lines. The pressure is monitored by two sets of Baratron (10 and 11 in Figure 9) and Pirani Penning  (13 and 14 in Figure 9) gauges. One set (10 and 13) is for the IR cell, and the other set (11 and 13) is for gas manifold.

a. 
Design
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Figure 10. Gas manifold for the transmission IR system.

1. valve to pump the transmission IR cell

2. valve to supply gas

3. main valve to pump gas manifold

4. auxiliary valve to pump gas manifold

5. valve to Liquid/Solid IR cell

6. Ar gas valve

7. H2 gas valve

8. O2 gas valve

9. CO gas valve

10. Baratron gauge 1 to monitor the transmission IR cell

11. Baratron gauge 2 to monitor the gas manifold

12. Baratron gauge reader

13. Pirani Penning gauge 1 to monitor the transmission IR cell

14. Pirani Penning gauge 2 to monitor the gas manifold

15. Pirani Penning gauge reader

16. CO gas lecture bottle

17. Tube for gas reservoir

18. Valve to H-D gas manifold (Please don’t open to use!) 

19. Low-Flow Metering Valve

b. 
General Operation Procedure

For Gas Supply

1. Check valves #1, #2, #5, #6, #7, #8, #9, and #18 are closed.

2. Open valves #3 and #4.

3. Wait for lowest vacuum

4. Close valve #4.

5. Fill the tube (17 in Figure 9) with a gas you want.

6. Open valve #5 a little bit.

7. Supply the gas to the IR cell by opening valve #19 properly.

c. 
Gas and Liquid Sample Handling

i.
Gases
1. Do not stop pumping even after experiment in that the pressure will increase slowly (the gas line is not built for UHV system).

2. Pumping to lowest pressure before switch to a different gas that prevent gases from mixing together.

3. Gas exhaust is supposed to be connected to the low vacuum (Figure ??).

ii.
Liquids
1. Liquid injection is done with hydrodermic syringe.

2. Check SOPs for the liquids used in the experiments.

3. If there is a leaking from the tube or the cell, stop injection immediately.

d. 
Maintenance

Please purge the liquid tube with Ar gas after each experiment. Liquid residue may as well corrode the plastic tube and valve. Gas exhaust bottle will be filled with liquid from the cell and tube after several tests. Also, spill out the liquid mixture properly.

All systems in Chemical Science building room 135 including Transmission Catalysis and Victor are sharing the three gas cylinders (O2, Ar, and H2). When you need to use any gas, please check first if someone is already using the gas line. If so, you need to let them know you’re going to open the gas valve and a sudden pressure drop may be seen. 

e. 
Valves

Bellow-sealed BK series (e.g. SS-4BK) from Swagelok are preferred for the valves in the manifold system. The valves can be disassembled for cleaning inside, and the PCTFE stem tip is also replaceable. 

f. 
Pressure Gauges
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Two different types of pressure gauges are used in the gas manifold. One is Baratron gauge with digital readout for the range from 0 to 1000 Torr to control the amount of reactant gases quantitatively. Channel 1 (CH 1) is to the transmission IR cell side, and channel 2 (CH 2) is to the gas manifold side. The other is thermocouple gauge to monitor vacuum status in the gas manifold and the reaction chamber.
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The other is Pirani Penning gauge with digital readout for the range from 10-3 to 1 Torr to control to control the amount of reactant gases quantitatively and to monitor the vacuum status. Channel 1 (CH 1) is to the transmission IR cell side, and channel 2 (CH 2) is to the gas manifold side. 

g. 
Mechanical Pumps

The mechanical pump requires regular oil changes, approximately once every half year or when large quantities of corroding or contaminants gases are used in the experiments. The oil can be occasionally degassed by leaking air in the inlet for a short period of time, but once the oil becomes dark, changes consistency, or has solid particulate, it is best to change the oil. The process for handling vacuum oil is available in the SOP of  “Pump Oil”. Refer it in our “Lab Safety Manual” or download “SOPs Process” (http://research.chem.ucr.edu/groups/zaera/ \images/documents/4_sop_processes_2013-07.pdf)

4.
Optical Path, Purge Box 
a.
General Description

Purging box is purged with dry air all the time and the optical bench is set on a base plate inside the box. Following is a brief figure about optical components in the purging box
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Figure 11. Schematic illustration of the optical compartment of Reflection-Absorption IR Spectroscopy setup (left) and an actual photo taken above the compartment (right, CaF2 prism dissembled from RAIRS cell). As shown in the photo: 1-MCT detector; 2,3,5-concave mirror; 4-Teflon® RAIRS cell; 6-polarizer actuated by a motor;
b.
Setup
There two upper lids on the top of purging gas and usually one of them can be opened for maintenance of the optical parts or minor adjustment to the optical path.

c.
Opening and Closing of Purge Box
One of the two upper lids can be opened as mentioned above. And on the left side there is a window for mounting the liquid-solid cell and connecting tube to the cell. The purge box should be sealed except the purging gas outlet.
d.
Polarizer
The polarizer is designed to generate a linear polarized light. And polarization orientation can be changed as the polarizer is rotated by 90o. Literally, we can obtain polarized IR beam of which the orientation is parallel or perpendicular to the reflection surface.

e.
Maintenance
1. All the optical surfaces have to be cleaned and free from contamination. No direct touch is recommended.

2. Purge the box properly. Higher purging rate can suppress the water peaks, but will render CO2 peak stronger. 

3. It is not necessary for frequent alignment once all the optics are set in the right position and well mounted.

5.
Transmission IR Cell 
a.
General Description

This liquid/solid RAIRS cell is designed for RAIRS characterization of molecules adsorbed on metal (e.g., Pt) surfaces immersed in liquid phases. The cell is equipped with a counter electrode (Pt wire) for electrochemical surface cleaning (2 electrodes method). Liquid can be set to flow through the cell, and gas can be bubbled in for purging or to induce adsorption or reactions. This cell is equivalent to those used for studies on electrode surfaces, except for the absence of the reference electrode
A diagram of the RAIRS liquid/solid cell is provided below:
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b.
Potentiostat (Further Update Pending)
Potentiostat is used for cleaning the platinum disk via electrochemical method. For inert surface like Cu and gold, this step is not always necessary
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c.
Initial Setup
1. Rebuild the cell after cleaning:

a. Insert the sample rod into the Teflon cell until both O-rings are inside and you reach a position below the upper part of the cell, where the CaF2 is placed.  

b. Keep a clearance of several mm between the sample and prism faces.
c. Mount the CaF2 into the IR cell.
d. The flat part of the bolts should be facing the CaF2 crystal, as shown in the Figure below.
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e. Lightly tighten the nuts to the bolts.  Don’t use too much strength.
f. Make sure CaF2 window can completely cover the big O-ring to avoid any leaking. Also, when mounting the CaF2, window, be careful not to bump it against the nuts or bolts, which will damage the CaF2! 

g. If there is any damage on the CaF2, rotate the CaF2 square to place the dent in the top position. This should prevent the liquid in the cell from leaking out. 

h. Finish rebuilding the cell up. 
2. Mount the cell onto the rotation-linear positioning stage in the FTIR compartment (outside the FTIR instrument, in the purged Plexiglas box). 

3. There are two Swagelok connectors in the IR cell. These connectors may be unintentionally rotated, so please check and make sure the side of that square is exactly parallel to the aluminum cell holder. That way, the cell can be put exactly in the right place.  

4. Connect the cables from electrochemical instrument to the lead wires of sample and reference electrodes. No electrical power should be supplied to the electrodes at this time; the power switch should be turned off.

5. Connect the tubes of cell to the manifold. The lower tube should be connected to gas-inlet (from gas cylinders) and the upper tube is for exhaust. 

6. Fill the gas wash bottles in the gas manifold with the same solvent (usually water) that you use in the cell.
d.
Back Surface (Sample) Pretreatment
Metal surfaces are typically pretreated by cleaning them using an electrochemical procedure:

1. Introduce the pretreatment solution into the cell through the inlet tube using a syringe. 0.1 to 1.0 mol/dm3 KClO4 or HClO4 are typical used for the pretreatment of Pt samples. Use a Micro-mate interchangeable hypodermic syringe (see Materials sections for further detail).

2. Flow purging gas into the cell. Ar or He is usually used, but H2 may also be needed to reduce and activate the surface. A flow rate of 1-10 cm3/min is usually sufficient. The flow rate can be monitored with gas exhaust monitoring bottle. By counting the bubbling speed, flow rate can be estimated with the tube diameter known. And there are two valves for adjusting flow rate one of which for fine adjustment and the other for rough. Usually a rate of 0.85 cm3/min, that is, one bubble per second is good, but note that may depend on the inner diameter of the tubes used. 

3. Flow rates may be measured by connecting a soap film flowmeter or syringe to the exhaust tube, or estimated by measuring the number of bubbles detected after a set number of minutes. The bubbling rate is not critical during the purging process, and does not have to be precisely controlled. A flow rate of about 1 bubble/second is reasonable.

4. Check that the output current dial of the power supply for the electrochemical cell is zero and that the output switch is off. 

5. The output monitor terminal should be connected to an oscilloscope or meter. 

6. Turn the power switch on

7. Turn the output switch on.   

8. Increase the current to the desired value by turning the dial. The current, I, is expressed as I(mA) = 10 E(V), where E is the voltage at the output monitor terminal. Typically, 10-20 mA is recommended for a 10 mm diameter sample. 

9. Check the frequency of the oxidation–reduction cycling (ORC) in the oscilloscope. It should be about 0.1-1 Hz, and the wave should be sinusoidal.

10. Maintain the current through the cell until the sample is clean. 30-60 min may be enough to have clean and active surface

11. Probe the cleanliness of the surface by performing CO removal and re-adsorption experiments. An example of what is expected on Pt surfaces is illustrated in the Figure below.

12. Decrease the current to zero by turning the dial down.

13. Turn the output switch off to open the electrical circuit.

14. Stop the flow of the purging gas.
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c.
Beam Alignment
Literally, IR card is used to help make the beam visible by human eyes and we can make adjustment to the optical bench if the optical path is detectable. However, for the solid-liquid IR setup it is not feasible due to the weak intensity of IR beam compared to the ambient light. Minor alignments can be achieved by maximizing the IR intensity detected by the detector.
If the cell is always mounted on the just position within the FTIR compartment, you typically will not need to align the optics. However, if the cell is misaligned, perform the following steps. In additions, the position of the surface within the cell also needs to be optimized
1. Press the sample to the prism until you cannot travel further within the micrometer. This step requires some practice: if pressed too tightly, the CaF2 window may break, but if pressed too loosely the quality of spectra will be compromised.  

a. The peak-to-peak value in the centerbusrt of the interferogram needs to be optimized.

b. Possible interferences from the liquid solution trapped in between Pt and CaF2 needs to be minimized.

2. Note the position of sample by recording the value in the micrometer.  This position should be used for all measurements within a set of experiments.  

3. For trapped powder catalysts, the position of sample cannot be changed, adjustment can be achieved by move the cell back and forth along the axis of micrometer but DO NOT rotate the cell.

4. Be careful to avoid pushing the CaF2 window forward during the adjustment of the sample position, in which case the cell and sample position may need to be readjusted.

5. Fill in the MCT detector of the FTIR with liquid nitrogen. 

6. Turn the MCT preamplifier on. 

7. Set the FTIR parameters for RAIRS measurement.

choose ‘Measurement’(‘Advanced Measurement’ from the menu;

In the popup window, choose basic tab and set the file name for your spectra and choose the directory for file saving. 

Set the following parameters under Optic tab:

Source setting: MIR; Beam splitter: KBr; Optical filter setting: Open;

Aperture Setting: 6mm; Measurement channel: Right Exit;

Detector Setting: LN-MCT Narrow [External]; sample&background gain: Auto:

Set the following parameters in Advanced tab:

Sample scan time; Background scan time; Save data from __to__;

Result spectrum: transmittance; resolution: 4cm-1
8. Display the centerburst of the interferogram on the CRT monitor of the computer or in the oscilloscope connected to the preamplifier of the MCT detector.

9. Tune the position of the mirrors gently until reaching maximum centerburst peak-to-peak intensity. Adjust the mirrors in the order which IR beam travels through them. That is, the pre-sample mirror first and then the next two mirrors. If one mirrors has changed its position, all the mirrors behind have to be adjusted. Literally there will not be adjustment for the sample cell. Skip this step if the peak-to-peak intensity is already reasonable.
10. If alignment is off, more severe alignment may be required.  In that case:

a. Place a thermally-sensitive film at the position of the surface, and optimize its position by observing and maximizing the color change (and minimizing the spot size).  Note that these films are usually not sensitive enough to detect the collimated IR beam, only the spot at the focal point.

b. Alternatively, turn off the lights in the room and use a piece of soft Kimwipes to show the path of laser beam. 

11. Check interferograms for both p and s polarizations.

d.
Collecting Spectra

i.
Background Spectra
For temperature-dependent sequences, reference spectra can be obtained during the cooling after pretreatment. These spectra are used as background spectra at the corresponding temperatures. 

1. Cool down or heat up the sample to the desired or lowest temperature.

2. When the sample reaches the desired temperature, take a background spectrum by selecting "Measurement", "Basic", and "Collect Background". The program will display a message in the bottom line high-lighted by a green color indicating that the data are being taken.

3. When the message disappears, the measurement is done.  From this point on, you can proceed with the experiments (e.g. heating of the sample, adsorption of gases etc.). 

4. During the data acquisition, the interferogram cannot be seen on the check signal menu. After the background scans are finished, the "Measurement" window remains on the screen. 

5. Go to “Background” and Click “Save Background” to save the spectrum. The Filename (####.0) is saved automatically on the hard drive and displayed on the left (Window List) of the screen. 

6. The file can be saved as other formats on the hard drive. Select "Save File As", then check the file name and path to be saved. If you want an ASCII file, in the "Mode" option on the Save Spectrum window, select "Data Point Table" before clicking the "Save" button. 
7. In temperature-dependent sequences, take and save background spectra during the cooling of the catalyst with about a proper interval (10 to 50 oC). 
ii.
Sample Spectra

Once the temperature reaches the lowest temperature, introduce the desired pressure of the reactant gases into the IR cell and keep it for 5 min.

1. Pump the gases out from the IR cell.

2. Remove the liquid N2 reservoir or heat the IR cell.

3. Select “load background” and click the corresponding background spectrum at the same temperature. 

4. Type the sample name and explanation in the lines for sample name and sample form. (e.g. Sample Name: 1% Pt/SiO2; Sample Form: after CO dosing of 10 Torr for 5 min at -150 oC)
5. Take the sample data by selecting "Collect Sample" and wait until the highlighted message disappears.

6. Select “load background” again, and click another background spectrum for the next experiment or temperature.

NOTE 1: Make sure that the sample position in the sample scan is exactly the same as in the background scan: Do not try to optimize the sample position between a background and sample scan, even if the signal intensity is lower than it was in the background scan!  Also, make sure that the temperature at which the sample is taken is the same as that at which the background was taken, so that the contraction of the manipulator is the same in both cases. Do not change any parameter between the background and sample scans. 
NOTE 2: Keep accurate records of the data type in the files. Know exactly which files contain the sample ASCII data.

NOTE 3: Keep backups of the OPUS files only.  These files contain the actual data from which all other data can be easily derived.

d.
Cell Cleaning

The cell should be cleaned after daily use. Perform the following procedure:
1. Disassemble the CaF2 prism, Teflon main body, and sample holder (or you can say “sample rod”). First, screw out the two nuts and dissemble prism from the cell. And then the micrometer as well as sample rod can be extracted from the PTFE cell. And to assemble them is just the other way around. Put them on a table (which should be covered by soft paper). 
2. Rinse all pieces with water (DI or Millipore-Q) or other solvents. Use of soap or similar compounds is not recommended for daily cleaning because of residues that would remain on the inner wall. Acidic detergents such as Liqui-NOX, available in the Chemistry Stockroom, should also be avoided, as they corrode the Al material, making the metal become gray, and produces numerous small wholes on the metal (in particular when you use Liqui-NOX dissolved in hot water). 

3. The Viton O-rings can also be corroded by acetone. 

4. To clean the main body:

a. Put into a big glass beaker.  

b. Pour some water in the beaker, and ultrasonicate the piece in the water bath for 1-2 h to clean the cell. 

c. Rinse out the residual liquid in the cell with DI water.

d. Immerse the cell into the beaker containing water. 

e. Ultrasonicate for ten minutes

f. Dispose of the “dirty water”

g. Add new water

h. Ultrasonic again. 

i. Several ultrasonication treatments may be needed for thorough cleaning.

5. To clean the CaF2 windows:

a. Before wiping the CaF2 with tissue, one need to dry one’s hands by using soft paper, then use tissue to wipe the CaF2.

b. Wipe and dry the faces of CaF2 prism with soft papers (Kim-wipe or lens cleaning papers) and dry-air, respectively. 

c. Don't use a hair drier or a hot air gun to dry. 

d. The prism is easily broken by thermal shock. 

e. When done with the experiments, safely store the prism in a sealed container filled with dry air. Don’t leave it outside on the work bench. 

f. Note: before putting the window in IR the machine, make sure it is dry, otherwise water vapor will reach the IR machine and will interfer with the spectra.

g. Acidic solutions may damage the CaF2 surfaces and make them very foggy, and therefore should be avoided.  Also, don’t use any hot water to clean the CaF2 window! That will damage them as well.  

h. Treat the CaF2 windows carefully, avoid scratching them.  Eventually, they may need to be polished. The prism is polished by technician and it will lead to worse scratch if not polished appropriately. 

6. The rest of the equipment can be left drying on the workbench or inside the hood overnight.

e.
Long Term Maintenance
The surface of the CaF2 prism becomes cloudy after long time usage. When that is the case:

1. Carefully wipe the surface of the prism using a Kim-wipe or a lens cleaning paper and a small amount of diamond paste.  However, this should be avoided when at all possible. 

2. If the corrosion of the surface is extensive, the prism should be re-polished by sending it to the manufacturer, or replaced for a new one. 

3. Note that if the experiments are carried out properly and carefully, the CaF2 should remain in fine condition even after one year of daily use.

The surface of the metal used for the experiments may also require re-polishing if it looses its mirror shin:

1. Light polishing with a diamond paste can be used to remove scratches.

2. If the surface is heavy damaged, polish it by following a conventional mirror polishing method: 

a. First polish the Pt surface with a diamond paste with slightly bigger diamond size (e.g., 1 micrometer, 0.5 micrometer).  Make sure that you use o flat surface and keep the Pt disk pressed evenly against the polishing surface to avoid bowing the surface.

b. Finish by polishing it with the smallest diamond powder size available (e.g., 0.25 micrometer, concentration = medium).

c. Remove the majority of the residual diamond paste on the metal surface by gently wiping it with an acetone-soaked tissue.
d. Remove the two O-rings on the sample rod (to avoid their corrosion).

e. Immerse the Pt sample rod in pure ethanol for approximately one hour.

f. Thoroughly clean the Pt sample by using a water ultrasonic treatment several times. 
g. Clean the Pt surface by using acetone (ultrasonic treatment) for approximately half an hour.

h. Replace the O-rings on the rod.

i. You may need to remove the sample from the PTFE holder if severe polishing is required. 
6.
Typical Experiment Sequence
Below a description is provided of the procedure to generate a transmission IR spectrum of a pellet sample.  Both background spectra, which are taken with the clean sample, and sample spectra, which are taken after adsorption (and sometimes reaction) of the molecules on the pellet are needed for final spectra, but they are taken separately. The transmission IR data are collected on the PC using the Bruker OPUS software. 

a.
Initial Steps
1. Sign-in the logbook
2. Reinstate vacuum environment 
3. Start up the OPUS program
a. Click the short-cut icon of the OPUS program on the desktop. 

b. The OPUS login window will appear on the screen. 

c. Type “OPUS” in the password line for the default operator

d. Select “Measure” and then “Measurement”

e. After a few seconds, the measurement set-up window will appear on the screen.

f. Check the experimental parameters under “Advanced”, “Optics”, “Acquisition”, “FT”, and “Display”

b.
Sample Loading

i.
RAIRS of Species adsorbed on Back Surfaces
1. Clean the surface using the electrochemical cycling described above.
2. Pull the sample back and flush with the pure solvent.
3. Optimize the IR Cell position by aligning the cell and beam if needed.
4. Test gas purging within the box by acquiring IR spectra. Take consecutive spectra and ratio them, until no (or minimal) changes in the water vapor and CO2 IR peaks are seen.
5. Acquire background spectra with both s- and p- polarized light.
ii.
 Transmission IR of suspended Powders

6. Place powder in IR cell as described :Screw the micrometer out that and transfer the sample in the copper disk; put the prism on top of the O-ring and fix the prism; No physical touch between the sample and prism at this time; screw the micrometer in until powder sample is trapped in between;
7. DO NOT pull the sample back and flush with the pure solvent. Introduce inert gas like Argon to push the solvent out of the cell and then flush sample with fresh solvent or the expected solution.
8. Optimize the IR Cell position by aligning the cell and beam if needed.
9. Test gas purging within the box by acquiring IR spectra. Take consecutive spectra and ratio them, until no (or minimal) changes in the water vapor and CO2 IR peaks are seen.
10. Acquire background spectra with both s- and p- polarized light.  
11. It is advisable to take several (~3) background spectra, to later pick the one that yields the flatter and less noisy spectra. Spectra should take at different sample positions around the value in the micrometer to be used for the experiments to assure having the right background during data processing.
c.
Exposure to Adsorbate and Sample Spectrum Acquistion
1. For single crystal sample and platinum disk, pull out sample several mm away from prism. Loose the micrometer and pull the sample rod by hand. For powder catalysts, introduce inert gas into the cell so that previous solvent can be pushed out of the cell. Flush the sample with new solvent or certain solution for several times.

2. Introduce the sample liquid by using a syringe (volume of the cell designed by Alex is 2ml and 10ml for the older one). The previous liquid will be flushed out.  

3. Disconnect the exhaust tube and collect the flushed liquid in a bottle for waste chemicals.

4. Bubble the purging gas if needed, an inert gas (Ar, N2), or H2, as indicated before.

5. If characterizing the adsorption of dissolved gases, bubble that gas in the solution.

6. Wait a fixed time, typically 30 min for trapped powder catalyst, then turn off the gas bubbling (the flow of the purging gas should be stopped during the spectral measurement).

7. Press the sample against the prism, placing it at the same distance used in the initial setup, the same used to acquire the background spectra.

8. Acquire s- and p- polarized spectra.

9. Pull the sample out again away from the prism and prepare for the next experiment.

d.
Final Steps
1. Log out of the OPUS software.
2. Flush the cell.
3. Check that the flow of all gasses in the manifold is stopped. 
4. Close the regulator valves in the gas cylinders if necessary.
5. Clean and disassemble the cell.
6. Wash and store the parts.
7. Wash the gas flushing bottles in the manifold. 
8. Also clean the syringe and all other glassware. 
9. The CaF2 prism should be cleaned and dried before storage. Store it in a dry box (desiccator). 
10. The main body and sample holder of the cell should be kept in a dry and clean place after washing. 
11. Sign out in the logbook.
e.
Data Processing
Since it is NOT possible to obtain pure p or s polarized spectrum. Literally, the best solution is using P/S ratio with sample in the cell over P/S background spectra without sample. The sample here is not the powder catalyst but the adsorbate. Or you can do (P(with adsorbate)/P(without adsorbate)) / (S(with adsorbate)/S(without adsorbate)) and you should get same spectra because these two methods are the same mathematically
6.
Suggested Training for Beginner
For beginners to learn how to obtain consistent and reliable data, the following training is strongly recommended.  The data obtained from the suggested experiments should be contrasted with previous results for the same system, and checked by an experienced operator.

a.
Pt supported catalyst
1. 1 wt% Pt/SiO2 catalyst (or commercial catalyst) is recommended for the standard sample.

2. Prepare a pellet by using 10 mg of the catalyst.

3. Obtain transmission IR spectra after each step of the sample cleaning procedure, during the activation under vacuum.

4. Measure background spectra during the cooling from 200 to -150 oC with 25 oC or a smaller interval.

5. Fill the IR cell with 10 Torr of CO gas for 5 min at below -150 oC

6. Measure sample spectra up to 200 oC with the same interval.

7. Plot the CO peak area in the spectra as a function of time.

b.
Pt polished disk
You may try the same experiments in the literature published in Langmuir 2003, vol. 19, 3371–3376. It is the paper that includes the cell design and basic experiments for chiral modifiers in solvents. 

c. 
Comparison of experiments with Pt disk and Pt catalyst
Though powder samples such as Pt nanoparticles supported by oxide can be studied with RAIRS cell. The result is not necessarily reflection-absorption spectrum.
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Figure 12. Illustration of the thin layer of liquid trapped between CaF2 prism and solid disk. Left: Cu is used as backplate serving as a mirror only, Pt powder catalyst is pressed by the prism and Cu disk along with modifier solution. Right: Pt polycrystalline disk works as a mirror and adsorption interface the same time.
As shown in the figure above, powder catalyst can be used with a different metal backplate (cu instead of Pt disk). In principle, such setup is no different form IR operated in transmission mode. 
7.
Reference Materials & Contacts
a.
Reference Materials

Tensor User Manual, 7th updated edition, September 2011

b. 
General Elements
1. CaF2 Windows (Prisms).


CaF2 60 degrees Trapezoid Prism (30x30x12 mm)


Part # 07-7040


CAS # 7789-75-5


Reflex Analytical Corp.


www.reflexusa.com


TEL (201) 444-8958, FAX (201) 670-6737

2. Micrometer.

SM Series Vernier Micrometer (13 mm moving)


MODEL # SM-13LH


Newport Research Corp.


www.newport.com


Fountain Valley, CA

TEL (800) 222-6440 

3. Viton O-rings

Viton O-rings, AS568A, Dash N0. 012

       CAT # 9464K17


McMaster-Carr
       www.mcmaster.com


TEL (562) 692-5911

c. 
Electrochemical System
1. RE-6 Reference Electrode.


Part # MF-2078 (on box) MW2030 (on each case), Assembly 04/05/02


Bioanalytical System.


www.bioanalytical.com


2701 Kent Ave.


West Lafayette, IN, 47906


TEL (765) 463-4527, FAX (765) 497-1102.

2. Ag/AgCl Electrode.


Ag/AgCl electrode (Saturated KCl)


Part # 11-2058, RE-1C 55x6 mm


Bas Inc.


www.basj.com


TEL 81-3-3624-0367, FAX 81-3-3624-0940

3. Potentiostat


Home made by Dr. Jun Kubota. See Figure at the end of this section.

4. Magnetic Tape


High-Energy Flexible Magnetic Strip Adhesive Back, 1/8" Thick, 1/2" Width


CAT # 5769K62


McMaster-Carr 

       www.mcmaster.com


TEL (562) 692-5911

d. 
Liquid Handling
1. PTFE tubing

       PTFE 1/32” industrial Tubing Natural 

CAT # U-06407-41

LOT # 0436167-1

       Cole-Parmer Instrument Company


www.coleparmer.com


Vernon Hills, IL 60061


TEL (847) 549-7600, (800) 323-4340

2. Syringe used to inject liquid

Micro-mate Interchangeable Hypodermic syringe.


DESC 20 cc, Glass Tip


REF 5039


LOT # B/502338-404-5


Popper & Sons Inc


New Hyde Park, NY 11040


TEL (516) 248-0300, FAX (516) 747-1188

3. Tube Fittings
Miniature fluid flow fitting for use in fluid flow tubing system equipped with patterned Elast-O-Fluor Seal

Mini-Male Pipe Adapter, 1/16-1/8 NPT, D1072007

Part # 06391-85

Lot # 101104

B # CW02837

L242-GBS

Part # 06391-85

Lot # 111302

B # CW02111

L242-GBS

Part # 06391-80

Lot # 040302

B # CW01866

L72-GBS

4. Metering Valves

CAT # 142513, B-SS4


Swagelock


www.swagelock.com


TEL (858) 320-4000

e. 
Liquid Handling
1. Polishing cloth

       7/8 Trident PSA: 20 pieces per package 

CAT# 40-7502 

       Buehler LTD


41 Waukegen Rd.


Lake Bluff, IL 60044

2. Diamond Pastes

Diamond Compounds (in OH).

Carler Diamond Corp.

TEL (800) 628-8665, (440) 946-7800

3. Replacement Tubing for Peristaltic pump
Fisherbrand™ Replacement Tubing Set for Peristaltic Tubing Pumps
Fisher Scientific 

https://www.fishersci.com/shop/products/fisher-scientific-replacement-tubing-set-peristaltic-tubing-pumps-3/15079604#?keyword=Silicone+tubing
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