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INTRODUCTION
A Schlenk line (SL) is a valuable device in synthetic organic and inorganic chemistry, particularly for oxygen and moisture sensitive reactions.1-3 Use of this system requires special hands-on training due to potential safety issues if not used appropriately. The Schlenk line, developed by Wilhelm Schlenk, is comprised of a twin manifold with a number of ports for using nitrogen/vacuum for multiple reactions/manipulations. One manifold is connected to a source of purified inert gas such as nitrogen or argon, while the other is connected to a high-vacuum pump. The inert gas line is vented through an oil bubbler, while solvent vapors and gaseous reaction products are prevented from contaminating the vacuum pump through a liquid nitrogen or dry ice/acetone cold trap. Stopcocks or Teflon taps allow for vacuum or inert gas to be selected without the need for placing the sample on a separate line. Schlenk lines are useful for safely and successfully manipulating air sensitive compounds (Fig 1& 2 and Table 1). The  vacuum is also often used to remove the last traces of solvent or water from a sample, for drying the intermediates for synthesis, and or evacuating the samples under inert atmosphere for further manipulations. Vacuum gas manifolds often have many ports, and with proper attention it is possible to run several reactions or operations concurrently. They are comprised of a gas manifold (for supplying either argon or nitrogen), a vacuum manifold (for evacuating/purging the reagents or reactions), and a vacuum pump (attached to the vacuum manifold). The inert gas is supplied either by a gas cylinder or in house nitrogen using an appropriate regulator, which then passes through an oxygen scrubber and moisture scrubber column, the gas manifold, and finally passes through an oil bubbler. 
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Fig. 1

Manipulations such as redox chemistry, air sensitive proteins,4,5 C-C bond formation using Pd[0], 6 pyrophoric liquid/solid handling,7 drying of reagent/product in the presence of nitrogen, radioactive manipulations, degassing of solvent and drying of reaction can be carried out using a Schlenk line using both inert gas and vacuum together. Some inorganic transformations are highly air sensitive and require either a glove box or Schlenk line and if there is any oxygen present, have a possibility for side product formation.  

Table 1. Air and Moisture Sensitive Compounds


	S. No.
	Chemicals
	Examples

	1
	Metal alkyls and aryls
	RMgX, RLi, RNa, R3Al, R2Zn.

	2
	Metal carbonyls
	Ni(CO)4, Fe(CO)5, Co2(CO)8

	3
	Alkali metals
	Na, K, Cs

	4
	Metal powders
	Al, Co, Fe, Mg, Pd, Pt, Zn

	5
	Metal hydrides
	NaH, KH, LiAlH4

	6
	Hydrides
	B2H6, PH3, AsH3

	7
	Boranes, phosphines, arsenes
	Et3B, R3P, R3As
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Fig. 2
A number of Schlenk lines are available commercially with different configurations and styles, and also can be fabricated by skilled glassblower contingent to fit specific needs. The double manifold provides for use of both vacuum and inert gas.

Primary Safety Concern
Explosions can occur due to excess inert gas pressure in the manifold and/or the condensation of liquid oxygen in the traps. Cryogenic hazards also can be associated with liquid nitrogen handling, which can cause severe burns upon eye or skin contact. Working alone should be avoided while using Schlenk lines, such as during manipulating hazardous chemicals such as pyrophoric and energetic materials.  The buddy system provides added protection in the event of an emergency. Maximum care should be taken if liquid nitrogen is used for the trap, to avoid the condensation of oxygen. Schlenk line systems including liquid nitrogen traps must not ever be opened to the atmosphere until the trap is detached from the coolant. Oxygen has a higher boiling point (-183oC) than nitrogen (-196oC), and will condense out of the atmosphere and collect in a liquid-nitrogen cooled container open to the air. Liquid oxygen forms very explosive mixtures with several organic substances. If you not sure that liquid oxygen has condensed in a cold trap, then shield the trap (with an explosion shield, closed hood window, etc.), post a sign indicating the danger, and allow the trap (vented to the atmosphere) to slowly warm to room temperature. Proper choice of Personal Protective Equipment (PPE) is imperative.  Always use safety goggles together with a face shield when handling Schlenk line for chemical manipulations. Safety glasses, even those with side shields, do not provide adequate eye protection. Also use appropriate gloves and lab coat.  

SCHLENK LINE SYSTEM
The schematic representation of a typical Schlenk line is shown in Fig. 3. One inlet of the manifold remains connected with a nitrogen source with a pressure release system. An inert gas supply is commonly connected with the manifold which passes through two different scrubbers, one used for trapping oxygen and other used to trap moisture. Some reactions are highly air sensitive, so they require ultrapure nitrogen or argon from the source. All Schlenk lines have the following component:  
1. Inert gas supply with dual-stage regulators
2. Oxygen and moisture scrubber
3. Glass manifolds with multiple outlets (4-6)
4. Vacuum gauge and vacuum pump (diffusion pump if required)
5. Solvent traps
6. Bubbler (oil)

Schlenk lines should be assembled based on space available in the lab. Fume hoods typically provide limited space for Schlenk lines. A lower bench with a strong lattice is best choice for setting up a Schlenk line with a suitable oxygen and moisture scrubber, and manipulations can be handled using safety shields if essential. If the line is assembled on a lower bench of the lab, the following sequence (Fig. 4) can be employed for set-up:  Hold the manifold using the vertical lattice and adjust clamps based on the length of the manifold. Use nickel-plated zinc alloy clamps which have great flexible strength and rust resistance. Sometime, light lubricating of the clamps provides resistance to corrosion and also safeguards from jamming. Excess use of oil may result in inability to hold the system. The diffusion pump can then be connected between vacuum pump and trap. The second outlet of the manifold should be connected with the nitrogen supply. Use a pressure equalizer between manifold and scrubber. 

Inert Gas Supply and Oxygen and Moisture Scrubber
Inert gas supply is regulated with a dual-stage regulator to avoid explosion in the glass line. The gas manifold can be connected with a pressure equalizer through a ball joint (Fig. 5) using a clamp, then the gas bubbled through the bubbler. The gas and vacuum manifold can be separated using a middle separation valve, and used to disconnect inert gas coming into vacuum line, if required during manipulations. 

The manifold requires a controlled nitrogen/argon pressure. If the line pressure is not controlled properly, the line may shatter causing serious damage and injury. 
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Fig.3. Double manifold Schlenk line equipped with an inert gas system and a bubbler
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Fig. 4. Schlenk line assemble sequence

It is highly recommended to check the pressure before passing the inert gas into the manifold. Setup of a Schlenk line is time consuming and requires perfect alignment of joints, since improper arrangement can cause leaks and also breakage of joints. Ball joints are useful for the manifold (Fig. 5) and they do not require straight alignment. 
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Fig. 5. Ball joint
A light layer of grease is usually adequate for holding the joints and vacuum. Before connecting the joints, they should be wiped, since dust free connections usually result in less leakage in the system. The strength of glass under vacuum is compromised by chips and scratches in its surface, as these form strain accumulation points, so bad quality glass and joints should be avoided if possible. Oxygen-free inert gas requires a catalyst column containing metal oxides, attached to the line to facilitate removal of oxygen. In addition to oxygen, the catalyst column also removes the hydrogen from the gas stream. The primary application of this catalyst is as an oxygen scavenger, removing trace quantities of oxygen in inert gases at room temperature.
[image: image6.jpg]



Fig. 6. Scrubber and nitrogen traps of Schlenk line set-up in a fume hood
Up to 90% of the oxygen present in such gases can be eliminated at room temperature by passage through a bed of catalyst. When saturated with oxygen, full activity can be restored by regeneration. The height and diameter of the column varies and generally is contingent upon nature of reaction/or manipulation. If the manipulations are not highly oxygen sensitive the line can be connected directly to nitrogen tank without having the scrubbers. Columns can also be fabricated to a smaller height to fit in fume hood (Fig. 6). Lab space and the supporting lattice are also determining factors for the height of the column and they can vary from 3-6 foot tall and 3-5 inch diameter. Some labs have a designated area (lower bench) for such instrumentation and those can be usually placed there with suitable stands and lattice. If the line is sitting in the lower bench, some manipulations which are explosive in nature require safety shields in addition to safety goggles during the manipulation. 
Vacuum manifold with multiple outlets

A vacuum manifold is an important part of the Schlenk line and provides vacuum with multiple ports. Such manifolds are easy to handle and can evacuate oxygen/solvent and other trapped gases in the system. The manifold can be clamped vertically while the horizontal clamps have the tendency of rotating around the bars and do not provide stability to the manifold. Do not use excess clamps as it clutters the ports and other valves. Before starting the nitrogen purge, both lines must be evacuated by opening the vacuum valve and shutting off the nitrogen from the manifold. The nitrogen line should be connected to a bubbler to release the pressure in the system. Schlenk line can tolerate pressures only slightly greater than one atmosphere. The manifold can connected to a vacuum gauge using a flexible adapter. Cajon adapters (Fig. 7) provide the flexibility of rubber tubing and are the ideal replacement for rubber, plastic or glass tubing in many critical vacuum applications. Cajon adapters are compressible by at least 20%, and are extendable by 50% of their nominal listed length. 

[image: image7.emf]
Fig. 7. Cajon Adapters/tubing (with permission from Chemglass)
Be sure whenever you work with gases. That you know what will happen anytime you open a valve. Know where the gas is going, and where the gas will go if the pressure gets too high.

Vacuum Pump and Traps

An efficient vacuum pump is required for an effective Schlenk line. The leak of vacuum from the manifold must be monitored using the vacuum gauge and other reliable methods. Make certain there is sufficient liquid nitrogen in the Dewar to fill the trap. Empty the trap into the waste solvent bottle if the vacuum traps have solvent in it. Air-dry the trap in a fume hood if there is no replacement for it and never use a hot trap in liquid nitrogen. Assemble the traps and ensure the stopcocks are closed. Once the trap is on, fill the Dewar with liquid nitrogen, wait a moment, and immediately start the vacuum pump. Cover the Dewar with a towel for insulation purpose. If you empty the Dewar, refill it while you wait for your vacuum pump to warm up. Always make sure air is not passing through the joints, and it will increase chances of condensing liquid nitrogen in traps. For exhausting the fumes of the oil pump, the outlet of the pump can be connected with the snorkel or exhausted to the fume hood with appropriate modifications. If the exhaust line of the pump is ducted to the fume hood, the exhaust line must be adjusted to the hood that in any case the usual operation should not have interference or be inhibited. Ultimate vacuum down to 10-3 mbar is recommended for the Schlenk line operation. 
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Fig. 8. Diffusion pump (with permission from Chemglass)
Oil mists escaping from rotary vane pumps should be captured. Therefore, ready-to-connect packages such as an exhaust filter shall be used. To hold high vacuum, the mechanical pump can be connected with a diffusion pump (Fig. 8) in between the manifold and pump. 

A vacuum pump used in conjunction with diffusion pump can bring the vacuum up to 10-4 torr. Effective vacuum pumps are available through a number of vendors and it is always better to get a quality pump. The pump is generally connected with the Schlenk line by a vacuum hose with the help of an adjustable clamp. If the hose is heavy, it requires multiple clamps to support the load. Good quality silicone oil could be used for the diffusion pump and mercury is not recommended for the pump because of the serious health hazards. Never heat the closed diffusion pump under any circumstances or it will explode. Low boiling solvents have a tendency to escape in to the pump, even using two subsequent traps in a sequence, and can end up mixing with the oil. Chemicals such as lachrymators must be handled properly and if there is any contamination in the pump, the oil must be changed after manipulation. Liquid nitrogen traps should be checked for blockage from condensation of excess solvent or reagent. Never clog the bypass tube of the trap otherwise the trap could explode due to pressure build-up in the system. To avoid condensing oxygen in traps, avoid transferring liquids through cannula because there is always possibility of air leaking through septa. If any liquid oxygen is trapped, instantly switch the liquid nitrogen to keep the trap cold. Only do this step for 1-2 minutes to get ready to vent the traps as described below. Alert others to the danger, and evacuate the area. Place a safety shield around the trap and remove any nearby organic materials. Remove the liquid nitrogen Dewar, quickly vent the system, and lower the hood sash. Immediately leave the vicinity of the lab and place “do not enter” sign on door. After the system has warmed to room temp consider the trap dangerous. Liquid oxygen will be present, and organic peroxides may have formed. Pour liquid into a clean beaker and flush assembled trap five times with water. Do this behind screen with sash lowered and check solvent for peroxides.

Subsequent steps must be used during “turn on process” (Fig. 9) of the vacuum line:

1. Grease all joints; use appropriate grease and do not apply in excess (Krytox, Dow corning vacuum grease etc.)
2. Place on liquid nitrogen traps using the clamps on the Schlenk line with suitable PPE
3. Close all release vents and turn on pump; if diffusion pump is aligned with the line open the valve before heating the pump oil (never heat closed diffusion pump or it will explode)
4. Turn on vacuum gauge
5. Check for any leak in the system by using vacuum gauge and other appropriate tools
6. Always leave the stopcock at neutral before you remove your content/reaction flask from the line. 
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Fig. 9. Flow chart for turn on and shut down process

Shut down operations must be carried out in the following sequence:
1. Disconnect the vacuum gauge. Turn off the gauge and shut down the vacuum pump.
2. Immediately remove liquid nitrogen Dewar’s and traps with full precaution, use cryogen gloves if there is any possibility of cryogen spill (do not leave traps open in liquid nitrogen).
3. Place the traps in a proper/designated place after transferring the liquid nitrogen in tank (do not use funnel for transfer, use proper PPE).
4. Open the air vent, remove excess grease from the joints and finally clean the traps. 
5. The fume hood with a Schlenk line must be kept uncluttered before and after manipulations.
HAZARDS 
There are three main hazards associated with the use of Schlenk lines. While dealing with pressure or vacuum, there is a possibility of glassware failing due to stress. Using the oil bubbler as an outlet for the over pressure of nitrogen greatly reduces the chance of explosion, but the risk of implosion is not as readily controllable. Even glassware that is in apparently good condition can fail under vacuum as small as that provided by a water aspirator. The chances of glassware failure increase somewhat on a vacuum manifold, especially when the apparatus is subjected to thermal shocks. Liquid nitrogen in an open Dewar presents no hazards beyond frost bite, however, liquid nitrogen condenses out air at liquid nitrogen temperature. Liquid oxygen is a deep blue color. If you ever see a deep blue color in a trap, seek assistance from experience laboratory staff or Environmental Health and Safety. If help is not available, keep the vacuum on the system to pump the trap, and slowly warm up the trap (e.g., leave the trap on but do not add more liquid nitrogen). Liquid oxygen in the presence of organic solvents may generate peroxides and may perhaps explode. If there is any blue color liquid (liquid oxygen) in traps, attentive other researcher in the lab about the danger and evacuate the area except one person for support. Cover the trap with a proper shield and remove all flammable material around the system in case there is any explosion. Quickly remove the liquid nitrogen Dewar from the trap, vent the system and lower the fume hood sash. Handle the trap material carefully and check the content for the peroxide using appropriate peroxide detection method. Excess nitrogen can also cause asphyxiation if sufficient liquid nitrogen is vaporized in a laboratory. Fast release can cause near-total displacement of normal air, leading to a local concentration of about 100% nitrogen.  Simple asphyxiants such as nitrogen do not have good warning properties.  
A researcher was working with the Schlenk line and after completion of experiment he was gone from lab and directed his colleague taking down the line before he leaves the lab. Lab mate followed the SOP for taking down the line and turned off the nitrogen line, vacuum pump and unfortunately forget to remove the nitrogen trap from the line. The next day when the researcher saw the line the traps were on and he tried to remove the trap. Trap exploded due to the condensation of liquid oxygen in the trap and the researcher was injured. 

TRAINING

Researchers should avoid using Schlenk lines until they fully understood safe operating procedures. However, reading procedures is not a substitute for hands-on training. New users of Schlenk lines may work under the close supervision of an experienced user/researcher. Key processes can be carried out easily using Schlenk line: 

 (A) Transferring Pyrophoric/Moisture sensitive Reagents using the Schlenk Line
Transfer of pyrophoric/moisture sensitive reagents via syringe is convenient, but should not be used for more than ten mL. The cannula method serves the purpose using the Schlenk line inert gas which allows the pressure control as well as a pressure relieving device. Pyrophoric chemicals can be easily transferred using Schlenk line nitrogen and a suitable cannula, and bubbler releases excess nitrogen pressure from the reagent bottle.8 Secure transfer of pyrophoric reagents requires following apparatus:
1. Dry glass-ware such as three necks round bottom flask, dropping funnel, septa, stainless steel/glass bath for cooling or heating purpose.
2. Cannula (double -tipped) either stainless steel or plastic.
3. Schlenk line equipped with an appropriate pressure gauge for controlling pressure.
4.  Anhydrous nitrogen/argon gas supply through Schlenk line.
5. Oil bubbler.
The set-up for the syringe transfer and glass assembly with a double tipped cannula is shown in figure 10. Flame-dried glassware which has been cooled under an inert atmosphere is a prerequisite for the reagent manipulations. The reagent is enclosed in a Sure-Seal bottle, while the septum can be penetrated by a clean and dry needle fitted to a Schlenk line which supplies the inert gas under controlled pressure. A slight positive pressure is required in the reagent container in order to draw the reagent into a syringe. Always check the nitrogen pressure of the line used for the manipulation such as for the reagent bottle and reaction assembly. Uncontrolled pressure lines must be avoided for tert-BuLi use. It is necessary to ensure excess pressure is released through the mineral oil bubbler that is attached to the gas line. Schlenk lines are equipped with pressure release systems, where the inert gas line is vented through an oil bubbler. Before pressurizing the reagent bottle, secure it with proper clamp and do not over tighten the bottle (use cotton or other compatible material for the extra safety of the reagent bottle).  Insert a fine needle from an inert gas source with a bubbler outlet into the bottle keeping the needle tip above the liquid level. Do not over pressurize the bottle containing pyrophoric chemical as it may explode. The purpose of this technique is to equalize the pressure in the reagent bottle. (A different technique is to use inert gas pressure to draw reagent into the syringe, but that has the danger of blowing the plunger out of the syringe body and spilling out pyrophoric reagent). Flush dry the syringe with inert gas, depress the plunger and insert the needle into the Sure/Seal bottle. Draw the reagent into syringe with great caution and always draw slightly excess reagent. Pull the plunger slowly in order to avoid the air bubbles and leaks.

Pulling too hard or too fast can cause air bubbles to enter between the plunger and syringe body. NOTES: Simple glass syringes are more prone to allowing gas bubbles. Disposable plastic syringes have a good seal on the plunger and work well. Glass syringes with Teflon-tipped plungers (gastight) syringes are best. Only fill 60-70% of syringe volume with tert-BuLi, and up to a maximum of 10 mL of liquid. 
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Fig. 10. Transfer of air and moisture sensitive reagent/ solvent using Schlenk line nitrogen

Use the cannula method if transferring more than 10 mL of tert-BuLi. Excess reagent and entrained bubbles are then forced back into the reagent bottle. It is best to draw a plug of inert gas from the headspace into the needle after excess reagent is forced back into the bottle and before withdrawing the needle. Transfer the desired volume of reagent from reagent bottle in the syringe quickly to the reaction apparatus by puncturing a rubber septum. 

The reagent can be added drop-wise to control the heat generation rate. After the excess reagent has been expelled, the needle can be washed with hydrocarbon solvent such as hexanes or pentane and then finally with water to prevent the clogging of needle.

(B) Transferring an air and moisture sensitive reagent from a sure seal bottle using a needle/cannula

Schlenk lines can be used for moisture and air sensitive reagents that have a sure seal using needle or a cannula. Sure seal stops reagent/chemical from exposure to air or moisture. A sure seal can be easily punctured using a needle which allows the transfer of reagent to reaction flask, dropping funnel or any other setup. This way the reagent does not make any further contact with the air or moisture.  The line pressure can be controlled from the Schlenk line which has a release valve. Attach a second needle to a syringe, and purge this needle three times using your reaction flask. Never purge the needle using the sure seal bottle. It will deface the seal and deteriorate the reagent. Remove the desired amount of reagent through the sure seal using the syringe. Avoid taking excess reagent into the syringe and never transfer unused reagent to the reagent bottle or it may spoil the remaining reagent. If you put too much into the syringe, you must take it and the excess reagent can be destroyed easily. Once the reagent is measured (try to get rid of air bubbles as much as possible without putting reagent back into the flask), draw a small amount of nitrogen into the tip of the needle. This will prevent quenching of the reagent upon transfer. Transfer the needle from the reagent bottle into the septum of your purged reaction flask as quickly and safely as possible. Remove the needle supplying inert gas to the reagent bottle and seal it using Teflon tape as quickly as possible.

(C) Degassing of Liquids/Buffers 

Organic solvents (mostly low boiling) can be degased using the Schlenk line. Place the solvent (or buffer) in a Schlenk flask. Grease the stopper and valve properly; do not over grease the joints when degasing nonpolar solvents. Make sure the stopcock is closed. Never fill the flask more than 60% of the total volume of the flask because overfilled flasks can shatter. Connect the Schlenk vacuum line to the flask using the arm of the flask. It remains connected to the line throughout the complete procedure. Freeze the liquid using liquid nitrogen (Fig. 11). 
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Fig. 11. Degassing set-up for solvents/buffers

Never start the manipulation before removing any oxygen, if the oxygen is condensed then it has the risk of exploding. Buffers can be easily degassed without freezing if the buffer has a high boiling point. When the solvent is frozen, open the stopcock to vacuum and pump off the atmosphere for 10-30 minutes and seal the flask. Thaw the solvent until it melts using a warm water bath (never use high heat). You will see gas bubbles evolve from the solution. The vessel can break if not warmed homogeneously, or if it is heated using high heat. Replace the water bath with the cooling bath and refreeze the solvent. Repeat steps until you no longer see the evolution of gas as the solution thaws. The solution should be put through a minimum of three cycles. Fill the flask with nitrogen gas and seal. The solvent/buffer can be used for suitable manipulations.

(C) Handling Radioactive and Toxic Chemicals:

Manipulation of radioactive material and toxic chemicals with Schlenk line requires special attention. Handling radioactive material requires radiation safety training and researchers must be aware of the nature of the radionuclides energy, decay rate and amount of the material used. All of the equipment used for handling radioactive materials should be labeled with caution radioactive sticker and proper PPE must be used during the experiment. If the radioactive material is more than 1 mCi of high energy beta or gamma emitting radionuclides, researcher must use a badge. The content in the flask has the tendency of bumping if not spun properly. Avoid bumping any radioactive material into rubber lines and glass manifolds, because, decontamination of rubber tube and manifold is time consuming and difficult. Use only a designated tube for these radioactive manipulations, with the caution sticker. The rubber tube used for the radioactive material must be removed after completion of the experiment and can be kept in a designated drawer. The non-radioactive reactions must be done with non-contaminated tubing and there are always chances of contamination to other chemicals in the lab. It is hard to decontaminate any radioactive material from the line and it is time consuming and also involves proper disposal of the contaminated waste. The solvent in the trap from the radioactive material should not be mixed with non-radioactive and must be disposed as a radioactive waste. Toxic chemical/lachrymators can end up going into vacuum pump and can destroy the pump and also require oil change after completion of the reaction/manipulations. The use of low boiling point toxic material requires efficient trap and if not trapped properly can mix with the pump oil and if the pump is sitting in the lab the smell will last for a while. The exhaust of pump must be vented to the snorkel or fume hood using compatible line with the reagent. Rubber tube does not work very well for this purpose and they trap the chemicals into surfaces.

CONCLUSIONS 

Schlenk lines are effective and common devices in research laboratory for manipulating sensitive, air and moisture sensitive chemicals/reagents. Proper training and supervision are essential for working with this set-up in addition to proper knowledge of chemicals involved. Extremely energetic and reactive chemicals must be avoided with the line, due to possibility of explosion. Special precaution such as proper pressure in the line and liquid oxygen condensation should be avoided while working with the assembly. Full PPE must be worn at all the times during the manipulation. Goggles, lab coat (Nomex is the best choice if handling pyrophoric and flammables, use safety shield if manipulating energetic material using Schlenk line), but a regular lab coat will also serve the purpose. Always maintain the hood sash down if the line is in fume hood and if the line is outside of fume hood use a safety shield for energetic/reactive chemicals. Complete understanding of nitrogen line is very critical and nitrogen line must be connected with a pressure release system such as oil bubbler. Continuously monitor the pressure you need to make sure the bottle has an inert atmosphere and that you're not over pressuring your container. Avoid storing any reagent and keep the glassware away from the manipulation. Work with a colleague (buddy system) and avoid any kind of distraction. 
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