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Introduction:  

Of all the organic compounds that you may have encountered, caffeine should be most familiar due to the industrial application of this compound as an additive to soft drinks and also its natural prevalence in tea leaves, cocoa beans and of course coffee beans.  The “boost” that some people claim to get from their morning cup of coffee results from caffeine that naturally occurs in coffee.  Caffeine is an organic compound that functions as a neurological stimulant when binding with receptors on tissues associated with the central nervous system.  Caffeine stimulates activity of cardiovascular tissue, resulting in increased blood flow through vasodilation and an apparent heightened mental sense.  Marketing of commercially available “alertness pills” such as Vivarin( claim that they can suppress the need for sleep and heighten mental awareness, and the primary component of these drugs is in fact caffeine.  However, too much caffeine can lead to certain side effects such as a feeling of mental anxiousness, headaches and a sensation of the "jitters" resulting from the artificial stimulation of the body’s metabolism. Other dangers of caffeine include its addictive effects, as a person who abruptly attempts to stop drinking coffee may experience withdrawal symptoms.

The objective of this experiment is to utilize the principles of extraction and the method of sublimation to isolate and separate the organic compound caffeine from a tea solution.  The method of isolation of the desired caffeine compound requires a multi-step extraction scheme that selectively removes other components of the tea solution that serves to contaminate the desired caffeine sample.  Further purification of the isolated caffeine product may be done through the process of sublimation, a process that utilizes the specific physical properties of a compound as the primary means of isolation.


In making a tea solution, caffeine only comprises about 2.5% of the mass of the tea solution.  The remaining tea solution contains many organic and inorganic compounds from which the caffeine must be removed.  The means by which the selective isolation of caffeine is made possible is through a series of extractions that removes caffeine into a non-polar phase, while all other components remain in the aqueous tea phase(the specifics of the means by which this is accomplished will be discussed in the following section). 
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One of the largest components of the tea solution will be cellulose, a biologically significant chemical compound due to its overwhelming presence in plant material.  Cellulose, as shown, is actually a polymeric chain of multiple sugar molecule building blocks called glucose.  Each glucose subunit, or monomer, is connected by a glycosidic linkage termed a B 1,4-linkage based on the orientation of the monomers and the specific numerical designations of the carbons involved in the bond.
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As discussed, caffeine is a biological stimulant when interacting with complex biological systems.  Caffeine, as determined by the numbers and types of chemical bonds, is by its very nature a base, exhibiting alkaloid properties.  The fact of which is used in out separtion of the compound from aqueous solution.  It is interesting to note that caffeine can also cause DNA mutations, due to the fact that it is structurally similar to the family of purine nucleotides.  As such, it can function as an analog, and result in structural distortion of the DNA double helix.
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Gallic acid, as the name implies, exhbits Bronsted acid-like quality in that it is a proton donor.  The source of the acidity is the fact that donation of proton from one of the hydroxyl groups results in a fairly stable negatively charged molecule.  The stabilization of this molecule results from the delocalization of electrons in the benzene ring.
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Catechin is another component of the tea solution that may contaminate the caffeine during isolation.  As evidenced by the fact that an OH (hydroxyl) group is attached to an aromatic ring, the characteristic reactivity of this molecule is as a phenol.
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The first task of the experiment is to extract organic products from the aqueous tea solution. Reaction of the tea solution components with CaCO3 serves two primary functions in the experiment.  One function of CaCO3 is the neutralization of acidic organic components in solution.   As represented in the reactions, CaCO3 deprotonates organic acids present in solution, transforming compounds such as Gallic acid and Tannin acids into water-soluble Calcium salts. The other crucial function of CaCO3 is the similar deprotonation of caffeine by this base.  It is important to remember that caffeine itself is a base, so that when present in aqueous solution, it exists in a protonated state.  The deprotonation of caffeine transforms this compound from a positively charged organic molecule to a neutral compound by removal of an H+ proton.  The deprotonated form of the caffeine molecule is no longer soluble to a great extent in the polar aqueous solution, but is now soluble, rather, in non-polar organic solvents.  As a result of this characteristic, the caffeine molecule can now be removed from the polar aqueous solution through treatment with the non-polar solvent methylene chloride, while the aforementioned acidic components remain in aqueous solution. In reactions with both organic acids and caffeine itself, CaCO3 serves as a Bronsted Base, accepting H+ protons and transforming the corresponding compounds into either water soluble or water insoluble products.

Acid/Base Reaction:  Gallic Acid reaction with CaCO3

By the Bronsted definition of an acid base reaction, Gallic acid donates a proton to the carbonate ion.  Gallic acid is a much stronger acid than is Tannin Acid due to the fact that Gallic acid is actually a carboxylic acid.  The resulting deprotonated form of the molecule is stabilized by resonance, due to the delocalization of electrons into the benzene ring that helps to stabilize the charge.  The negatively charged oxygen atom shown below then forms an ionic association with calcium atoms present in solution, forming the desired calcium salt.  The important characteristic about the formation of salts is that they are water soluble, and are no longer stable in non-polar media such as ether.
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Acid/Base Reaction:  Tannin Acid reaction with CaCO3

The acidic functional group of Tannin acid is the hydroxyl group bounded directly to the benzene ring.  The class of compounds to which Tannin acid belongs is the phenols, a species of sufficient acidity so as to be deprotonated by carbonate ion present in solution.  One of the products resulting from the deprotonation of the phenol is the formation of carbonic acid, a molecule in constant dissociation equilibrium with water and carbon dioxide.  The other product of deprotonation is the formation of a calcium salt with the Tannin acid.  

[image: image10.emf]N


N


N


N


O


CH


3


H


3


C


O


H


3


C


N


N


N


N


O


CH


3


H


3


C


O


H


3


C


H


N


N


N


N


O


CH


3


H


3


C


O


H


3


C


H


Pathway  #3




N

N

N

N

O

CH

3

H

3

C

O

H

3

C

N

N

N

N

O

CH

3

H

3

C

O

H

3

C

H

N

N

N

N

O

CH

3

H

3

C

O

H

3

C

H

Pathway  #3


Acid/Base Reaction:  Caffeine reaction w/ CaCO3
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Assuming the Bronsted definition of acids and bases, the protonated form of the caffeine compound functions as the acid proton donor.  The N-H bond at the positively charged nitrogen is cleaved preferentially due to the fact that the electron density around this particular hydrogen is extremely low.  As a result of the low e- density around this particular hydrogen, the negatively charged, electron rich carbonate anion expresses a greater affinity.  The cleavage of the N-H bond at this site also serves to return the nitrogen to a more stable, nuetral state, an energetically favorable reaction.

In returning the caffeine molecule to a neutral state, as shown below, this compound is no longer soluble to a great extent in the aqueous media of the tea solution.  The nuetral caffeine molecule is favorably more soluble in a non-polar media such as ether, thereby making an extraction an efficient means of isolating caffeine.  On the industrial scale,  isolation of caffeine from coffee beans is necessary in order to make, of course,  decaffeinated coffee.  Rather than employing ether as the non-polar solvent of choice, tetra chloro-methane is utilized
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The method of purifying the crude caffeine sample obtained through extraction of the aqueous tea solution with a non-polar solution is the technique of sublimation.  The sublimation method is to be utilized in the lab to separate the caffeine from the only other component of the tea solution capable of stable existence in a non-polar medium, the chlorophyll pigment.  The hydrophobic residues of the chlorophyll pigment allow for this molecule to be drawn into the non-polar methylene chloride medium.  Sublimation is actually a phase change in which heat is applied to a substance in the solid phase, causing it to pass directly into the gas phase without undergoing an intermediate liquid phase. The sublimation point is defined in the lab manual as the temperature at which the vapor pressure of the solid equals and eventually surpasses the atmospheric pressure of the vessel in which the “crude” substance is contained.  
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Accordingly, the process of sublimation involves first heating the solid to instigate sublimation and then allowing the sublimated compound to condense on a cold surface. During the sublimation process, the movement of the crystal precipitate from the solid deposit of crude crystal at the bottom of the test tube to a fine “white mist” was observed.  The “white mist” deposited slowly on the cold finger with uniform heating and the primary component at this point should be purified caffeine component.  The “cold surface” on which the crystal component collects for the experiment is the cold finger, from which the re-crystallized compound can be later scraped off and collected.  In order to facilitate sublimation, as some compounds do not sublime rapidly at atmospheric pressures, a partial vacuum is applied to the side-arm test tube containing the crude form of caffeine according to the diagram shown.


The reasoning behind the use of sublimation as the purification of choice lies in the fact that this process separates solid substances based on their intrinsic characteristics and properties. The principle upon which sublimation rests is that any given compound has a defined sublimation point.  As a result, impurities, such as chlorophyll in the experiment conducted, do not sublime appreciably with the sublimated caffeine because of their intrinsic characteristics. This simple property allows for separation of two components based on the fact that different compounds have different points of sublimation.  In the experiment conducted, it was expected that caffeine collected from the cold finger should be fairly pure in nature, more so than the crude component from which it came.  The assumption can be proven correct by a melting point determination of both the crude and sublimated forms of caffeine. 
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The crude caffeine extract should have a slightly tannish-yellow tint, forming a fairly clumped coating on the bottom of your side arm test tube.  The sublimated, purified caffeine crystals, in contrast, should lacked the yellowish tint of the crude extract, forming a fairly white compound.  The purified caffeine crystalline structure should seem almost as a flaky residue, lacking the clumped consistency of crude extract.  The absence of the yellow tint from the purified crystalline stems from the fact that contaminants, the most likely candidate being chlorophyll, were removed during the sublimation technique of caffeine.  The associated pigments of chlorophyll are likely to have caused the discoloration of the crude form of caffeine.  

Following protocols for Melting Point Determination given in Experiment #2, the presence of a contaminating agent can be confirmed with a melting point determination of both the crude and pure caffeine crystals.  The experimentally determined melting point ranges of both the crude and pure caffeine extracts should indicate the relative impurity of crude form relative to the pure form.  The principles of Melting Point Theory provide that samples of relatively high purity will exhibit a narrow melting range of approximately 1-2(C and also a fairly high melting point, closer to the actual melting point of pure caffeine.  Furthermore, the theory states that samples with relatively low purity exhibit two primary factors relative to the their pure counterparts—lower melting points and a larger melting point range.  The reasoning behind this assumption is that the crystal lattice of a pure substance exhibits a greater degree of order and uniformity, due to the lack of impurities within the crystal lattice structure that serve as a destabilizing factor.  Because the bond in a uniform, pure lattice structure are all relatively similar in strength, these bond will be broken at relatively the same temperature, hence producing a small melting point range.  The least stable structure is less uniformly ordered and is therefore easier to disturb or rearrange, as is reflected by the lower melting point.  The lack of a uniform structure, due again to impurities such as chlorophyll, accounts for the wider melting point range.  The melting point range of the crude caffeine crystal should be fairly broad, due to the fact that a crystal of fairly pure composition exhibits a range of about 2(C of separation.  The purified form of caffeine should, logically, be closer to the actual melting point of caffeine.  
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An amide bond is characterized by a nitrogen atom diretly bonded to a carbonyl functional group.  Compounds containing amide functional groups react characteristically due to properties attributed to the presence of this type of bond.  Nitrogen in an amide bond is not basic, according to the Bronsted definition of the word, due to the fact that its lone pair of electrons are delocalized into the C=O bond (carbonyl group) through resonance as shown.

Delocalization of electrons in the amide bond allows for the resonance structures as shown.  The stability associated with the shown electron delocalization accounts for the fact that protonation can not occur on an amide bond.

The means of caffeine separation in the experiment involves the protonation of caffiene with a Bronsted acid so as to transform the compound into a charged salt compound.  For the caffeine molecule, there are four possible sites at which protonation is possible.  However, only one pathway of protonation is most prevalent due to the favorable stability of the protonated final product.


One possible mechanism of protonation is direct transfer to the indicated Nitrogen atom.  This route of protonation is not favored due to instability of the resulting caffeine molecule.  The fact that the compound is unstable hints at the fact that it must require a high level of energy.  There is no delocalization of the positive charge by resonance in this molecule because nitrogen would exceed the octet rule.


The protonation of the carbonyl group (C=O) is not a favorable reaction due to the inherent instability that results.  The double bonded oxygen remains more structurally stable than the resulting enol group.  An enol is a hydroxyl group attached directly to an alkene.


The pathway drawn as indicated above would not be favored due to the fact that protonation of the amide bond is a highly unfavorable reaction.  The stability of the amide bond, and hence its lack of reactivity, are a direct consequence of favorable electron delocalization.


The shown mechanism of caffeine protonation is the "best" route due to the fact that the resulting ionized (protonated) molecule is much more stable due to charge stabilization.  The charge is in fact stabilized through resonance as the full positive nature is distributed over three atoms.  This results in an energetically favorable pathway for the protonation of caffeine.



Acetone is flammable, handle with care.  Methylene chloride is a potential carcinogen, avoid inhaling vapors.  If spilled, wash area immediately with copious amounts of water.


Several important steps and procedures were crucial to obtaining accurate results and served to maximize the percent yield of crystals.  An important step where serious error could have occurred if proper instructions were not followed correctly was in the application of the procedure of extraction. The efficiency of caffeine extraction with methylene chloride depends on the ability to perform fairly precise extractions.  An important precaution to the mixing of the bi-layer solution is to avoid shaking the test tube to promote interaction, but rather to agitate the layer by inversion.  Careful mixing of the components in the test tube is necessary so that the formation of emulsions may be avoided.  Similar to the extractions conducted in Experiment #4 proper venting of the mixed solution regularly is necessary to avoid pressure build up in the glass test tube.  Refer to the extraction scheme given at the end of the lab discussion.

A key step upon which the entire experiment literally depended on was the proper addition of CaCO3.  Improper mixing or neglected addition of the CaCO3 compound will throw off the results of the entire experiment.  The specific reactions of CaCO3 with the tea solution components were discussed earlier in this discussion.

An important component of the experiment was the proper assembly of the sublimation apparatus as correct assembly directly impacted the nature and amount of caffeine crystals obtained.  Equally as important was the proper execution of the sublimation procedure.  First and foremost, care was taken to ensure that the cold finger was completely dried before the sublimation was initiated.  A moist or wet cold finger could result in the fact that the sublimated caffeine crystal can not effectively adhere to the surface, and as a result, would simply fall back to the bottom of the test tube.  The other reason to avoid a moist surface on the cold finger is the threat of contamination of the crystal product by the incorporation of water into the caffeine crystals.  This could seriously impact the purity of the crystals, and accordingly, the melting point obtained.  It is also important to avoid as much movement of the cold finger as possible, as the smooth surface can cause the crystals that have formed on the finger to fall off relatively easily.  During the heating of the crystal, a fairly crucial step was to avoid completely melting the caffeine crystal as the purpose of a proper sublimation is to allow the caffeine crystals to sublime and not for them to be vaporized from the liquid form.  A further discussion of the process of sublimation is forthcoming.  

· In 100ml beaker, bring 50 ml deionized water to near boiling on a hot plate

· After heating the water, place a tea bag into the heated water, cover with a watch glass and allow to boil for about 25 minutes in order to obtain a sample of about 8-10 ml of solution

· NOTE:  Heat so that the solution is brought barely to a boil to avoid unnecessary splashing of hot liquid

· During boiling, it may be helpful to occasionally push down on the tea bag gently and periodically with the rounded bottom of a test tube so as to ensure proper mixing with water

· NOTE:  Take extreme caution not to rupture the teabag in this step.  If in the case the teabag is ruptured, a filtration will be necessary to remove all of the precipitate from solution, followed by re-heating.  Contact your TA if and when your teabag does rupture 

· After the solution has boiled down to a final volume of about 8-10 ml of concentrated tea solution, transfer the saturated tea solution to a conical screw cap tube using a disposable Pastuer pipette. Gently press on the tea bag to remove all liquid.  In all of these steps avoid the transfer of solids.

· Wash the remaining tea bag with 2 ml of heated deionized water by pouring directly onto the tea bag.  Add this solution to the conical tube with the pippette.  

· To the conical tube, add about 250 mg of CaCO3 powder to the tea solution and agitate with gently shaking so that the solid powder completely dissolves into aqueous solution.   Allow 10 minutes for the powder to react with solution component, after which the solution will have cooled to room temperature.  

· With the CaCO3/Tea Solution, the next task is to filter out the CaCO3 powder from the solution using a modified filtration apparatus comprised of a Pasteur pipette, glass wool and about 2 cm of Celite powder, as shown.







        Glass Wool Plug             Celite powder (2cm)


· Situate the filtration apparatus upright with a test tube holder, and then pipette the cooled tea solution into the apparatus shown above, slowly allowing the liquid to run through.  Collect the distillate into a clean test tube

· Extract the tea solution with about 3ml of methylene chloride. 

· NOTE:  In order to extract caffeine from the tea solution, methylene chloride was employed as the organic solvent to remove the deprotonated neutral caffeine dissolved in the aqueous solution

· Standard extraction procedures were employed as 3 ml aliquots of methylene chloride were added, with an immediate formation of 2 layers of solvents.  To promote interaction, the bilayer was agitated by inversion in a method so that the formation of emulsions were avoided.  

· NOTE:  If an emulsion forms, add a small amount of sodium chloride and invert gently.  Vent the solution while slowly inverting to avoid the build-up of pressure in the tube

· Remove the lower layer of the bilayer of solution and place in a test tube using a Pasteur pippette.  Remember to procedurally squeeze the bulb of the pippette while proceeding through the upper aqueous layer so as to prevent the removal of any aqueous material

· NOTE:  Due to the fact that methylene chloride is more dense than the aqueous tea solution, the lower portion of the bi-layer layer is the methylene chloride solvent that should contain dissolved caffeine

· Repeat the extraction procedure with another 3 ml aliquot of methylene chloride, and combine the organic layers into the same test tube

· NOTE:  Remove the organic layer from the test tube into another clean dry test tube in the case that solids or aqueous materials are transferred into the test tube

· After extracting caffeine from the tea solution, add about 20 mg of massed Na2SO4 into the organic solution.  Gently stir and then allow the powder to sit in solution for about 10 – 15 minutes.  

· NOTE:  This step is an important component of the lab procedure, not to be overlooked, as it allows for the complete “drying” of the methylene chloride layer.  Anhydrous sodium sulfate, serves to “dry” the solvent by removing any excess water that may exist in solution.  Removing water from the solution is done to ensure that the crystals obtained through crystallization are of the utmost purity.  Water tends to impart a clumped nature to the crystallized caffeine compound, as well as the fact that water lowers the melting point of crystals during the melting point determination

· After the allotted time period, remove the methylene chloride solution with a Pasteur pipette and place into a side arm test tube in preparation for sublimation. 


· Place the side arm test tube containing the methylene chloride solution on a gently heating water bath in order to completely evaporate the methylene chloride.  

· NOTE:  After complete vaporization of the solvent, you should observe the formation of crude caffeine with a slightly yellowish hue at the bottom of the side arm test tube.  Collect a small portion of these crystals and pack them into a melting point capillary tube for a latter determination of the melting point

· Assemble the sublimation apparatus according to TA instruction.  

· Ensure the aspirator is properly activated and begin gently heating the side arm test tube with a Bunsen burner.  

· NOTE:  If the sample begin to melt into the liquid phase, reduce the rate of heating the sample
· With uniform heating of the side arm test tube, the crude crystallized compound at the bottom of the test tube will seemingly vaporize, and produce a “white mist” that will begin to deposit on the surface of the glass cold finger  

· After sublimation is completed, terminate heating and allow the apparatus to cool to room temperature.  After allowing for proper cooling remove the cold finger cautiously from the apparatus

· NOTE:  When removing the inner cold-finger, hold the inner tube down with your thumb

· The caffeine crystals should have formed a white coating on the cold finger and  should be scraped off slowly and cautiously.  Be sure to mass the resulting crystals and determine the percentage yield using this data.  

· Reserve samples of the crystallized caffeine formation so that a melting point determination can be performed.  Note the coloration of the final product.

Data Analysis:


· Report the appearance, yeild and melting point of both the crude and purified caffeine samples

· Discuss possible reason for any difference in yield between crude extract and final purified product

· Discuss the chemistry involved with the extractions.  Be sure to address how exactly the caffeine was selectively removed from tea during the procedure. Also note how all of the “other” tea solution components were actually removed




Isolation of Caffeine from Tea 

Waste Containers 

#1:  Organic Waste 

#2:  Basic Aqueous Waste 

#3:  Solid waste

Please complete the Waste Container Contents sheet as you discard each liquid waste.  It is important to write down the estimated volume of each waste you contribute so that the TA’s can properly label the waste for disposal.

All Waste Containers must be closed when not in active use.

Part 1: Extraction

Step 3: 
Residual tea can be washed down the sink, the teabag can be discarded in the trash.

Step 4:
The filter paper with calcium carbonate should be disposed of in Waste Container #3.

Step 8: 
The aq. layer from the extraction should be placed in Waste Container #2. 

Step 9: 
The sodium sulfate should be disposed of in Waste Container #3. 

Unused methylene chloride should be poured into Waste Container #1.

Part 2: Sublimation

Step 8:  
The weighing  paper contaminated with caffeine should be disposed of in Waste Container #3.

Step 9:
Caffeine samples submitted to the TA should be disposed of in Waste Container #3.

Acetone used to clean out glassware should be placed in Waste Container #1.

	Caffeine Isolation





	Experiment 5:





Essential Reactions of Caffeine Extraction 





Part I.  Extraction of Caffeine





Note:  Density of H20 = 1.0 g/ml


           Density of CH2Cl2 = 1.3 g/ml





Part II.  Sublimation





CH2Cl2  Layer


caffeine


chlorophyll





Water Layer


chlorophyll, tannins, glucose, oxidation


products, calcium gallate, calcium


tannins, CaCO3





evaporate





 CH2Cl2  Layer


Methylene chloride layer components:


 water, trace amounts of chlorophyll, caffeine
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Caffeine


chlorophyll





sublime





Pure caffeine


mp 236°C





(1) Heat for 15 minutes


(2) Remove water soluble material


(3) 250 mg CaCO3 (10 mmol)


(4) cool extract with CH2Cl2


      2 x 3.0 mL


      if emulsion forms then add NaCl to 


      break up 





Tea contains approximately 2.5% caffeine


by mass, or approximately 60mg/tea bag.  


Solubility in water is 2g/100 mL





Tea Bag (2.3 g of dry tea mass)


50 mL of water





Flow Chart for the Purification of Caffeine
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Technique and Principles of Sublimation 





Pure vs. Crude Caffeine





Protonation of Caffeine





Experimental Pitfalls





 Safety Notes: 





 Procedure:
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