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Abstract 








The absorption spectrum was determined for a mixture of chlorophyll a and b from spinach and romaine lettuce using a Milton-Roy Spectronic 20D Spectrophotometer.  Also, an extraction method was found that was suitable for the experiment and that considered the availability of materials.  Chloroplasts were extracted separately for spinach and lettuce using a modified version of Whatley and Arnon.  Then 80% acetone was added creating the chlorophyll solution in which the absorbance was measured at wavelength intervals of five nm.  Two trials of three samples each were measured for each vegetable.   Absorbances vs. Wavelengths were plotted, and the chlorophyll content and chlorophyll a/b ratio were calculated.  The molar absorption coefficients were also calculated to plot of Molar absorption coefficient vs. Wavelength.  The absorption spectra of the spinach and lettuce were then compared to each other and to the literature spectra of chlorophyll a and b.  Literature values, respectively for the two peaks of chlorophyll a and b are 420 nm and 435 nm for the first peak, and 663 nm and 645 nm for the second peak.  Experimentally, the first absorption peak for spinach occurred at 431 nm and 430 nm for trial1 and trial 2 respectively. The second peak occurred at 665 nm for both trials 1 and 2. The molar absorption coefficient at the first peak was 1.261E+05 M-1*cm-1 and 1.884E+05 M-1*cm-1 for trial 1 and trial 2 respectively. At the second peak, the molar absorption coefficient was 4.400E+04 M-1*cm-1 for trial 1 and 7.230E+04 M-1*cm-1 for trial 2.  For Romaine lettuce, the first peak occurred at 430 nm both trials. The second peak occurred at 665 nm for both trials as well. For trial1, the molar absorption coefficient at 430 nm was 9.764E+05 M-1*cm-1 and 4.422E+04 M-1*cm-1 for 665 nm. For trial 2, the molar absorption coefficient was 1.406E+05 M-1*cm-1 at 430 nm and 4.720E+04 M-1*cm-1 for a wavelength of 665 nm.  After analyzing the experimental data, we ultimately came to two conclusions:  1.  The absorption spectrum for a mixture of chlorophyll a and b is not just the simple addition of the individual chlorophyll a and chlorophyll b spectra.  Rather, the resultant spectrum demonstrates intermediate characteristics, depending on the particular peak under consideration (the blue maximum or the red maximum).  2.  The chlorophyll a to b ratio is essentially constant for higher order plants.  








Hypotheses








Before experimentation even began, certain hypotheses were established.  First, it was hypothesized that the absorption spectrum for a mixture of chlorophyll would approximate the addition of the chlorophyll a spectrum to the chlorophyll b spectrum.    The resultant spectrum would demonstrate local maxima at both chlorophyll a peaks and both chlorophyll b peaks, while the regions in between would resemble “valleys”.  Second, it was hypothesized that the chlorophyll a to b ratio for spinach would be higher than the chlorophyll a to b ratio for romaine lettuce.








Background








Photosynthesis and Chlorophyll





Photosynthesis, the conversion of light energy to chemical energy through the synthesis of organic compounds is one of the oldest and most fundamental life processes.  Photosynthesis consists of two reactions, the light reactions that convert light energy to chemical energy and the dark reactions, which use the chemical energy products from the light reactions to create simple sugars from carbon dioxide.  The light reactions consist of an antenna system, a group of hundreds of pigments, that captures and focuses photon energy.  The energy is then transferred to specialized chlorophyll in photosystems I and II.  Once enough energy is transferred, the specialized chlorophylls release an electron, creating a proton gradient that phosphorylates ADP, resulting in ATP.  The electrons also reduce NADP to form NADPH.  The ATP and NADPH then provide energy and electrons for the dark reaction.  The dark reactions include six revolutions of the Calvin cycle, forming glucose and reconstituting the carbon dioxide acceptor, RuBP.�  The reaction of photosynthesis is:





 	6 CO2  +  12 H2O  (  C6H12O6  +  6 H2O  +  6 O2


           atmospheric          water                  sugar                water         oxygen gas from the


         carbon dioxide                                                                             vapor original water molecules





The photosynthetic apparatus are located in organelles called chloroplasts, that contain pigments, electron carrying chemicals, and enzymes. Chlorophyll is the pigment that captures light quanta and is found in virtually all photosynthetic organisms, including green plants, cyanophytes (blue-green algae), and certain protists and bacteria. Chlorophyll a is bluish-green and chlorophyll b is yellowish-green.  Chlorophylls are insoluble in water and soluble in organic solvents.  The chlorophyll molecule has a water soluble porphyrin head and a lipid soluble phytol tail.  The porphyrin head consists of a magnesium atom surrounded by a nitrogen containing structure called a porphyrin ring.  A long carbon-hydrogen side chain called the phytol chain is attached to the porphyrin ring.  Chlorophyll is sandwiched between the protein and lipid layers of the lamellae with the porphyrin attached to the protein and the phytol attached to the lipid layer.  The molecular formulas for chlorophyll a and chlorophyll b are C55H72N4O5Mg and C55H70N4O6Mg, respectively.


Chlorophyll absorbs visible radiation, which excites electrons of the magnesium atom which are then channeled through the carbon bond system. These high energy electrons are used to convert carbon dioxide to carbohydrates. Chlorophyll is found in the chloroplasts where it is embedded in the lamellar membranes, which are composed of lipids, proteins, quinones, and ions. Chlorophylls are attached to proteins which promote efficient energy transfer from an excited molecule to an adjacent unexcited molecule and which provide an environment that alters the wavelength of maximum absorption, so that the pigments cover a large range in the spectrum. �


	White light can be divided into a spectrum, with the visible spectrum ranging from 380 nm to 750 nm.  Chlorophyll a and chlorophyll b peak at 420 nm and 435 nm, respectively, and additionally in acetone, chlorophyll a peaks at 663 nm and chlorophyll b peaks at 645 nm. In the red region the absorbance maxima are solvent dependent, ranging from 660 to 668 nm, the higher values being found in solutions of greater dielectric constant.�  The absorption of light leads to a photochemical electron transfer reaction forming an oxidized  and a reduced product.  The reactions from the products transfer protons from one side of the membrane to the other, setting up a pH gradient and membrane potential needed for ATP synthesis.  When light is absorbed by an atom in its ground state (least energy state), the energy of the quantum is added to it causing the electrons to rise to an energy rich state.  The transition from the ground state to the excited state by the absorption of a single quantum of energy can be followed by a sharp line in its absorption spectrum at the wavelength , (, given by (E=hc/(, where (E is energy, h is Planck’s constant, and c is the speed of light. In general, the shorter the wavelength of the light absorbed, the greater the energy of the corresponding excited state and its reactivity.�  In the visible spectrum, blue light has a shorter wavelength than red light and has a more energetic photon.  The most effective light for photosynthesis are the colors that are the most strongly absorbed by chlorophyll.  Chlorophyll absorbs in two narrow ranges in the violet and red areas of the visible spectrum.  At those areas, high rates of photons are captured making it more efficient than a broad spectrum that absorbs at all ranges but at a lower rate.  Chlorophyll b also aids in increasing captured energy.  Chlorophyll b is an accessory pigment that has a spectrum that is shifted toward the green compared to that of chlorophyll a, allowing it to absorb the photons that chlorophyll cannot.  Thus, it increases the proportion of photons that a plant can harvest from the sun.�  With this background in mind, we ultimately hypothesized that spinach, because of its darker blue-green color, would have a higher chlorophyll a content as compared to the lighter romaine lettuce.    





Absorption Spectroscopy





	Fundamentally, a spectrophotometer such as the Milton-Roy Spec 20 used in this lab operates on the basic principle that a portion of light radiation may be absorbed if it continuously passed through a transparent material.  Once absorbed, any residual radiation, when passed through a prism, produces a spectrum with gaps in it:  an absorption spectrum.  During absorption, atoms or molecules go from a state of low energy, the initial or ground state, to a state of higher energy, the excited state, in a quantized step.  The transitions from a low energy level to a higher energy level occur between electronic energy levels; in most molecules, the energy difference between each level ranges from 30-150 kcal/mole.�  The extent of absorption depends on the number of molecules that are present in the sample that are capable of absorbing light and their absoption effectiveness.�  With these ideas in mind, the following fundamental relation known as the Beer-Lambert law can be derived:  log (Io/I)=( c l, where Io represents the intensity of the incident light, I represents the intensity of the light leaving the sample cell, c represents the molar concentration of solute, l represents the length of the sample cell in cm, and ( represents the molar absorptivity.� The first term, log (Io/I), is known as the optical density or absorbance.  The molar absorptivity, also known as the molar extinction coefficient, is a property of the molecule undergoing an electronic transition and is not a function of the variable parameters involved in preparing a solution.  While single species follow this law very closely, the law may not be valid when different form of the absorbing molecule are in equilibrium.  


	With this background in mind, consider the different types of absorption spectra.  With respect to atoms, sharp lines of absorption are the major characteristic of their spectra.  With respect to molecules, however, absorption over a wide range of wavelengths is the major characteristic of their spectra.  In these molecules, there are many different excited modes of vibration (e.g. stretching and bending) and rotation at room temperature.�  These different states are spaced closely together, and as a result, the rotational and vibrational transitions are superimposed on the electronic levels.  Since each transition is so closely spaced together, the spectrophotometer cannot resolve them, and as a result, the instrument simply traces an “envelope” over the entire pattern.�    


	When performing the actual spectroscopy, it is important that solvents that meet certain criterion need be chosen.  First, the solvent should not absorb radiation in the same region as the substance whose spectrum is being determined; solvents that do not have conjugated systems are ideal.  Second, the solvent should not adversely affect the fine structure of an absorption band.  Finally, one must consider the effect that a solvent has upon the wavelength of light that will be absorbed.  For example, in some electronic transitions, the excited states may form stronger hydrogen bonds than the corresponding ground states; in such cases, polar solvents would shift absorption to longer wavelengths, since the energy of the electronic transition would be decreased.  Generally, such solvent shifts come about as a result of the relative capabilities of solvents to solvate the ground state of a molecule as compared with their ability to solvate the excited state of the same molecule.  In some transitions, the ground state of  the substance is basically non-polar while the excited state is basically polar.  As a result, a polar solvent will interact more strongly with the excited state as compared to the ground state, and thus the transition is that of a longer wavelength.  In other transitions, the reverse situation is true.  As a result, hydrogen bonding solvents will interact more strongly with unshared electron pairs in the ground state as compared to the excited state, and thus the transition is that of a shorter wavelength.�  With respect to chlorophyll, the former situation arises.  Polar solvents create a situation in which chlorophylls a and b exist mainly in a monomeric form, as a result of the fact that the coordination unsaturation of magnesium is completed and satisfied by the solvent.  The absorption spectrum may thus be shifted to a longer wavelength, (a bathochromic shift).  Therefore, the characteristic absorption spectra of chlorophyll in polar solvents will differ from those in non-polar solvents.�  














Chlorophyll Extraction





When isolating chlorophyll, detachment from the chlorophyll-binding proteins is required.  Polar solvents such as 80% acetone are typically used because of their ability to penetrate cell membranes, removing the need for mechanical disruption of the plant cells to be complete.�  








Materials








Materials 





Triple Washed Premium Spinach


Romaine lettuce


deionized water





II. Apparatus





Milton Roy®  Absorbance Spectrophotometer


International Equipment Company PR 7000 Centrifuge


Fisherbrand®  magnetic mixer


thermometer


filter ( lab coat pocket)


Fisherbrand ® 50 mL test tubes


various sized beakers


Denville®  mechanical pipette


Fisherbrand®  Redi- Tip 1000 (L


Mettler Toledo balance


Parafilm


mortar and pestle





Chemicals





Sodium Chloride,  NaCl


Grinding medium of 0.35 M NaCl  and 0.04 M tris/HCl 


Hydrochloric Acid,  HCl


Acetone



































Procedure








Based on method of Whatley and Arnon�


First, bagged spinach was obtained at the local supermarket.


25g of spinach was grind using a mortar and pestle while grinding medium was prepared.  


The grinding medium of 0.35 M NaCl  and 0.04 M tris/HCl buffer was prepared with 10.227 grams NaCl and 2.425 grams tris in 500 ml deionized water.  The pH of the grinding medium was 10.016, so 12.1 ml of HCl needed to be added for a final pH of 8.002.  


The spinach and 50 ml of grinding medium were mixed and grinded together, then filtered through cloth from a lab coat, which replaced the proposed 4 layers of cheesecloth.  The mixture was filtered into centrifuge tubes and the solid material was discarded.  (In the first trial of spinach extraction, the mixture was first centrifuged instead of filtering with the initial thought that centrifuging the mixture would divide the fibrous material from the spinach.  But the centrifugation may also cause the lose of chloroplasts in the pellet.  So, the pellet was resuspended in the supernatant and filtered as initially planned.)


The liquid was then centrifuged at 2000g for 7 minutes.  The supernatant was discarded.


The pellet was then suspended in 2 ml of 0.35 M NaCl .  The 0.35 M NaCl solution was made with 0.205 g NaCl in 10 ml deionized water.  The suspended pellet solution created the stock suspension.


To measure the chlorophyll content, a/b ratio, and absorption spectrum, 50 ul of the stock suspension was added to 80% acetone for a final volume of 10 ml.  The mixture was then incubated for 5 minutes in the dark.  (The tube was wrapped in aluminum foil).  After incubation, the mixture was centrifuged at 1400 RPM for 7 minutes.  (A maximum of 1576 RPM was reached.)


The mixture was then divided into three glass cuvettes.  The absorption spectrum was then taken from wavelengths of 400 to 750 with an interval of 5.  (Wavelengths over 700 were over the range of the spectrophotometer.) 


An extra reading at a wavelength of 663 was taken for the calculation of chlorophyll content, mentioned below.


The stock suspension was stored in a refrigerator in the dark.


The second trial of spinach used the same stock suspension as the first trial, and the above procedure was repeated using romaine lettuce.


Chlorophyll content was calculated using


ug/ml = ((A, 645)*20.2)+((A,663)*8.02)   where A is the absorbance,               


graphs were plotted of absorbance vs. wavelength, and the chlorophyll a/b ratio was                 calculated using    


[(1.27 * (A 663))-(0.269 * (A 645))] / [(2.29 * (A 645))-(0.468 * (A 663))]








Results





Determination of Sample Concentration and Chlorophyll A: B Ratio








The chlorophyll samples derived from the extracts are actually mixtures of chlorophyll a and b. Because these pigments have different molecular weights and absorption spectra, it is important to know the amount of each type of chlorophyll in the mixture. 





The overall concentration of chlorophyll in the sample was computed using the following formula





� EMBED Equation.2  ����                           (3)





	where C is the concentration of the mixture in mg/ml, A645 is the absorbance of the sample at a wavelength of 645 nm, A663 is the absorbance of the sample at a wavelength of 663 nm, and D is the dilution factor of the sample if any.


	The ratio of chlorophyll a to b in the sample was determined with this formula





� EMBED Equation.2  ����                           (4)





	where Ratio is the ratio of chlorophyll a to b, A663 is the absorbance of the sample at a wavelength of 663 nm, and A645 is the absorbance of the sample at a wavelength of 645 nm.


	Using equation (4), it is possible to determine the molecular weight of the sample by making a weighted average of the molecular weights of chlorophyll. This concept is expressed in the following relation





� EMBED Equation.2  ���                            (5)





	where MWsample is the molecular weight of the sample, MWa is the molecular weight of chlorophyll a, and MWb is the molecular weight of chlorophyll b. After computing the average molecular weight of the sample, this value and equation 3 can be used to determine the molarity of the sample through the following formula





� EMBED Equation.2  ���                            (6)





	where C is the value computed using equation (3) in g/L giving the molarity of the sample in mol/L.





Computation of Molar Extinction Coefficient





	As has been mentioned in the description of the experimental procedure, absorption spectrums were initially measured in terms of absorbance (Figure 1). 





� EMBED Excel.Chart.5 \s ���


Figure � SEQ Figure \* ARABIC �1� Above is a sample of the raw data gathered in this experiment. Plotted are the absorption spectrums of two chlorophyll samples from the same romaine lettuce derived chlorophyll extract. The red triangles represent peaks in the spectrum and the numbers in bold are the wavelengths at which these peaks occur. As can be seen, these spectra have the same shape and behavior, but have different amplitudes because of the difference in chlorophyll concentration.


	As can be seen from Figure 1, samples containing different concentrations of chlorophyll will give absorption spectrums with different amplitudes. While this plot is still informative, it has its limitations. Because of the variation in amplitude between data sets, it is impossible to create an absorption spectrum which can act as a standard against which all chlorophyll testing can be compared without limiting the experimental options of the researcher (i.e. forcing him to use the same concentration of chlorophyll and light path length for his experiments as that used in the literature value).


Because absorbance is dependent upon the concentration of chlorophyll in the sample and on the path length of the emitted light, the measured absorbance values must be normalized in order to produce an absorption spectrum that is useful in a variety of experimental settings. This can be done by computing the molar extinction coefficient for each absorbance reading. The following equation shows the relationship between absorbance and the molar extinction coefficient





� EMBED Equation.2  ���                            (7)





where A is defined as the absorbance of the sample, el is the molar extinction coefficient, C is the molar concentration of the sample (from equation (6)), b is the length of the light path in the medium.


	We now rearrange the terms in this equation, getting the following:





� EMBED Equation.2  ���                            (8)


which is the relation that will be used to convert the measured absorption data to extinction coefficient values.


	To illustrate the value of normalizing absorbance values, we will now apply equation (8) to the data in Figure 1 and plot these converted values versus wavelength (Figure 2).





� EMBED Excel.Chart.5 \s ���Figure � SEQ Figure \* ARABIC �2� Above is a representation of the data in Figure 1 after it has been normalized with equation (2). Note that the graphs are now more closely aligned with each other and have an amplitude that is more similar to each other. Because of its independence from concentration of the species and the length of the light path, this type of absorption spectrum can be used in a much wider range of experimental applications.





As shown in Figure 2, the normalization process has produced two plots that are much more similar to each other than the original absorbance based spectra. We can see than that normalizing the measured absorption spectra produces data that is easier to analyze both qualitatively and quantitatively. The value of this concept will become more apparent later in this paper.





Chart Computations





Presented below is a sample absorption spectrum of chlorophyll derived from spinach after normalization (Figures 3). 





� EMBED Excel.Chart.5 \s ���


Figure � SEQ Figure \* ARABIC �3� Above are three chlorophyll absorption spectra measured from samples derived from spinach extract Day 1 of experimentation. The red triangles indicate the wavelengths at which absorption peaks occur, and the numbers in bold represent the wavelength at which the respective peak occurs.


	Figure 3 is a representative graph of the type that was made after each day of experimentation. The data sets plotted on each of these graphs were averaged together (i.e. averaged the absorbance values for all sets at a given wavelength to form one data set) and then graphed to form a chart (Figure 4).


� EMBED Excel.Chart.5 \s ���Figure � SEQ Figure \* ARABIC �4� This is a plot of the average of the data sets graphed in Figure 3. The wavelengths at which peaks occur are numerically noted in bold. The error bars represent the standard error at a given point.


 	Figure 4 is an example of the kind of plot that will be used in this experiment as the main source for all data and conclusions. It is an average and a summary of the data measured during a given day of experimentation.





Spinach Data





	Presented below are the average absorbance spectra for both spinach experimentation days (Figures 5 & 6). 


� EMBED Excel.Chart.5 \s ��� Figure � SEQ Figure \* ARABIC �5� Above is the average absorption spectrum for spinach derived chlorophyll on Day 1 of experimentation. The wavelengths at which peaks in the spectrum occur are noted in bold on the chart. The error bars indicate the magnitude of the standard error for the given data point. 





� EMBED Excel.Chart.5 \s ���Figure � SEQ Figure \* ARABIC �6� Above is the average absorption spectrum for spinach derived chlorophyll on Day 2 of experimentation. The wavelengths at which peaks in the spectrum occur are noted in bold on the chart. The error bars indicate the magnitude of the standard error for the given data point.








The following table (Table 1) reports the important data that can be gathered from Figures 5 & 6.





� EMBED Excel.Sheet.5  ���


Table � SEQ Table \* ARABIC �1� A tabular representation of important data and statistics from Figures 5 & 6. 


 As can be seen from Table 1, the first absorption peak occurred at 431 nm and 430 nm for Day 1 and Day 2 respectively. The second peak occurred at 665 nm for both Day 1 and Day 2. The molar extinction coefficient at the first peak was 1.261E+05 M-1*cm-1 and 1.884E+05 M-1*cm-1 for Day 1 and Day 2 respectively. At the second peak, the molar extinction coefficient was 4.400E+04 M-1*cm-1 for Day 1 and 7.230E+04 M-1*cm-1 for Day 2.  





Romaine Lettuce Data








	The average absorption spectra below (Figures 6 & 7) are for chlorophyll samples derived from Romaine lettuce. Like the spinach samples earlier, these plots are grouped according to the day they were created.


� EMBED Excel.Chart.5 \s ���


Figure � SEQ Figure \* ARABIC �7� Above is the average absorption spectrum for lettuce derived chlorophyll on Day 2 of experimentation. The wavelengths at which peaks in the spectrum occur are noted in bold on the chart. The error bars indicate the magnitude of the standard error for the given data point.





� EMBED Excel.Chart.5 \s ���Figure � SEQ Figure \* ARABIC �8� Above is the average absorption spectrum for lettuce derived chlorophyll on Day 2 of experimentation. The wavelengths at which peaks in the spectrum occur are noted in bold on the chart. The error bars indicate the magnitude of the standard error for the given data point.





	Below is a compilation of the relevant data from Figures 7 & 8 (Table 2).


� EMBED Excel.Sheet.5  ���


Table � SEQ Table \* ARABIC �2� A tabular representation of important data and statistics from Figures 7 & 8.





	Much like the earlier spinach trials, the first peak for the Romaine lettuce days both occurred at 430 nm. The second peak occurred at 665 nm for both days as well. For Day 1, the molar extinction coefficient at 430 nm was 9.764E+05 M-1*cm-1 and 4.422E+04 M-1*cm-1 for 665 nm. For Day 2, the molar extinction coefficient was 1.406E+05 M-1*cm-1 at 430 nm and 4.720E+04 M-1*cm-1 for a wavelength of 665 nm.       
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Discussion








Discussion of Results/Completion of Objectives





	The following discussion will attempt to assess whether or not the hypotheses established earlier have been confirmed.  The first hypothesis proposed that the absorption spectrum for a chlorophyll mixture would approximate the simple addition of the chlorophyll a spectrum to the chlorophyll b spectrum.  There would be local maxima at both chlorophyll a peaks and both chlorophyll b peaks, while the regions in between would resemble “valleys”.  The actual height of the peaks would be dependent on the  chlorophyll a to b ratio.  The following sketch illustrates our original expectations:
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The data that was ultimately obtained, however, did not fit accordingly.  Referring to the results, one can see that the resultant absorption spectrum for a chlorophyll mixture with the chlorophyll a to b ratio as indicated has maxima at wavelengths of 430 nm and 665 nm.  On either side of the maxima, the graph simply curves down.  Initially, we had hypothesized that the two different types of chlorophyll acted independently.  Chlorophyll a would absorb light at wavelengths of 420 nm and 663 nm, while the accessory pigment chlorophyll b would augment the ability of chlorophyll a by absorbing lights at wavelengths of 435 nm and 645 nm.  However, the data seems to indicate that this is not the case.  Rather than acting independently, the two different types of chlorophyll form a dynamic mixture which has an expanded range of high energy absorption.  In other words, the chlorophyll mixture does not just have peaks of absorbance at the corresponding peaks for chlorophyll a and b.  Rather, it has an increased range of absorbance that peaks at some wavelength between the two chlorophyll a and b peaks.  The resulting spectrum maintains high levels of absorbance in the immediate area surrounding this peak.  

















The following sketch illustrates :
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The data obtained seems to reflect the role that accessory pigments play in photosynthesis and light absorption.  As stated before, each type of pigment has certain wavelengths at which maximum absorbance occurs.  Most higher order plants contain a variety of these pigments in order to absorb the broadest possible range of wavelengths.  If plants contained only chlorophyll a,  they would only be able to absorb the energy necessary to carry out the light reactions at wavelengths of 420 nm and 663 nm.  With the assistance of accessory pigments such as chlorophyll b, plants are able to absorb the necessary energy over an expanded range of wavelengths, as demonstrated by the results obtained experimentally.  With this reasoning in mind, a more detailed analysis of the experimental data will occur later in the error analysis section in order to explain the resultant peaks.  


	The second hypothesis proposed that the chlorophyll a content in spinach would be significantly higher than the chlorophyll a content in romaine lettuce.  As outlined in the background, chlorophyll a absorbs light in the blue-violet and red portions of the visible spectrum.  At the same time, it reflects  blue-green light.  Chlorophyll b, on the other hand, reflects yellow-green light.  Therefore, it seems reasonable to conclude that spinach, as a result of its dark green color, has a high amount of chlorophyll a. It also seems reasonable to conclude that romaine lettuce, as a result of its light green color, has a smaller amount of chlorophyll a and a higher amount of chlorophyll b.  The experimental data, however, seem to indicate otherwise.  For spinach, the average chlorophyll a to b ratio was 54.1% A, 45.9% B; for lettuce, the average chlorophyll a to b ratio was 52.8% A, 47.2% B.  These two ratios are insignificantly different.  Initially, we had hypothesized that the spinach had a higher chlorophyll a content as compared to romaine lettuce.    With respect to the chlorophyll a/b ratio, we felt that as a result of the supposed higher chlorophyll a content, the chlorophyll a/b ratio would be higher as well.  However, the data indicate that this is not the case.  Our initial hypothesis operated under the principle that the chlorophyll a content was independent of the chlorophyll b content.     We hypothesized that a higher amount of chlorophyll a would result in a smaller amount of chlorophyll b. 


As indicated by the similar ratios, both spinach and lettuce have statistically identical ratios.  As was the case with the first hypothesis, the data again seems to reflect the role of accessory pigments.  The initial assumption of pigment independence was flawed as a result of the interdependent relationship of the main pigment with the accessory pigments.  As the chlorophyll a content increases, so must the chlorophyll b content.  In other words, in higher plants, there is a requisite amount of chlorophyll b that must be present for every unit of chlorophyll a that is present.  Even if plants had a very high amount of chlorophyll a, a certain amount of chlorophyll b would still be necessary in order to augment the range of absorption.  Such a relationship can be better illustrated by an analogy:  For every dollar of any purchase, one must pay a certain percentage sales tax.  As the purchase amount fluctuates, the sales tax accordingly fluctuates.  In the same way, as the amount of chlorophyll a fluctuates, the amount of chlorophyll b accordingly fluctuates.  In retrospect, this empirical relationship of dependence makes more sense than our original hypothesized independence.  Spinach may indeed have a higher chlorophyll a content, as probably indicated by its darker color.  However, one cannot experimentally support this statement using the chlorophyll ratios alone.               





Data and Error Analysis





	While the preceding section provided a qualitative analysis of the data obtained, the following section attempts to fortify the conclusions made (particularly with respect to the first hypothesis) with quantitative analysis.  First, consider the precision of the data obtained.  With respect to spinach, the data that was obtained for both the blue maximum and the red maximum demonstrated high degrees of precision, as demonstrated by the low standard deviation:  430.5 nm ( 0.127% for the first peak, and 665 nm ( 0% for the second peak.  The chlorophyll a/b ratio also demonstrated a high degree of precision:  1.179 ( 3.65%.  The data obtained for the molecular extinction coefficients (MECs), however, was not as precise.  For the blue maximum, the MEC had a higher % standard deviation as compared to the peak wavelengths:  1.57*105 cm-1*M-1 ( 21.74%.  For the red maximum, the deviation obtained was:  1.59*104 cm-1*M-1 ( 27.21%.  


	A similar pattern was obtained with respect to romaine lettuce.  The data that was obtained for both the blue maximum and the red maximum demonstrated high degrees of precision, as demonstrated by the low standard deviations:  430 nm ( 0% for the first peak, and 665 nm ( 0% for the second peak.  The chlorophyll a/b ratio demonstrated some precision, but not as much as the spinach data:  1.133 ( 7.239%.  As was the case with the spinach data, the MEC obtained for the first peak was not as precise.  For the blue maximum, the standard deviation was:  1.15*105 cm-1*M-1 ( 20.14%.  However, unlike the spinach data, the red maximum demonstrated some precision.  The standard deviation for the red maximum was:  4.45*104 cm-1*M-1 ( 3.603%.  


	While these % standard deviations enable one to determine the precision of the data obtained, they also enable one to assess the efficacy of the chlorophyll extraction method that was ultimately utilized.  First, consider the results for spinach.  At first glance, it would appear that even though the spinach results demonstrate high precision with respect to the peak wavelengths and the chlorophyll a/b ratio, there is considerable imprecision with respect to the MECs.   However, this imprecision may be due to the fact that there was apparently some degradation of the solution between each day of experimentation.  If one computes the standard deviation of the first MEC using only the data obtained during the first week, the % deviation declines to ( 1.14%, while the % deviation for the second MEC declines to ( 2%.  In addition, the data obtained in the second week showed precision with the data obtained in that particular week.  The deviations explode only when the first week of data is combined with the second week of data.  The results for lettuce follow a similar pattern in which the data obtained is precise for each particular day of experimentation.  


	These discrepancies between each week were presumably caused by solution degradation, which may have been caused by a number of factors.  The stock solution may have evaporated over the one-week period that separated each day of testing.  Such an event would have changed the concentration of the sample during testing.  In addition,  a possible light scattering effect caused by cellular matter from within the chloroplast  may have ultimately led to the increased level of absorption indicated by both spinach and lettuce.  In retrospect, then, it seems that the chosen method of extraction is a precise, practical one, capable of producing consistent results.  However, in order to maintain this consistency, one must extract the stock solution before each day of experimentation.  Refrigeration does not represent an adequate defense against degradation.  Some other methods that may have produced even more consistency are outlined later in the “ways to improve” section.  


	With the precision of the data determined, the quantitative analysis now shifts to the issue of accuracy.  In order to assess the accuracy of the data, weighted averages of the literature values were computed for both peak wavelength and molar extinction coefficient.  Given the known literature values for chlorophyll a and chlorophyll b, an expected value for a chlorophyll mixture was computed based on the average chlorophyll a/b ratio.  These expected values were then compared with the experimental values in order to obtain a % difference.  The data obtained is listed graphically in table 3 of appendix III.  First, consider spinach.  Table 4 in appendix III contains the necessary figures.  With respect to the results for the blue maxima, the reasoning outlined earlier in the first part of the discussion seems to be confirmed.  The resultant peak wavelength of 430 nm, with a 95% confidence interval of ( .438, that we obtained experimentally lies very close to the expected weighted average of 427 nm.  The peak wavelength for the mixture occurred at some intermediate value between the peaks for chlorophyll a and b, reflecting the interdependent nature of chlorophyll a and its accessory pigments as opposed to the independent nature that was originally hypothesized.  The peak may very well have occurred around 427 nm.  However, readings for that particular wavelength were not taken because it did not fall within our five nm interval (425, 430, 435, etc.).  So even though the confidence interval does not suggest that 427 nm falls within the data interval, it is not an indication that the data is inaccurate.  With respect to the MEC for the blue maxima, the peak occurred at a MEC value of 1.57*10^5, with a 95% confidence interval of  ( 2.74*10^4.  Statistical analysis has revealed that this value is not significantly different from the expected value that was computed in table 3 of appendix III.  So again, it seems that the reasoning outlined earlier concerning the dependent relationship of chlorophyll and its accessory pigments was scientifically sound.  


Next, consider the accuracy of the values obtained for the red maximum.  The resultant wavelength for the red maximum was 665 nm exactly.  Obviously, this is different from the expected literature value in table 3, appendix III.  The predicted value based on a weighted average was 655 nm.  It appears that our rationalization does not hold true in this particular instance. This discrepancy will be explained shortly.  With respect to the MEC for the red maxima, the peak occurred at a MEC value of 5.86*10^4, with a 95% confidence interval of ( 1.28*10^4.  Statistical analysis revealed that this value is not significantly different from the expected value that was computed.  So, with respect to spinach, the reasons that were provided in order to account for the discrepancies in our hypothesis have, for the most part, been confirmed.  Chlorophyll mixtures act as dynamic solutions that have an expanded range of high energy absorption that peaks at some value between the peak for chlorophyll a and the peak for chlorophyll b.  


Next, consider romaine lettuce.  Table 5 in appendix III contains the necessary figures.  The same reasoning that was applied toward spinach applies towards the lettuce data.  Both the wavelength and the MEC for the blue maxima agreed with predicted values.  As was the case with spinach, the wavelength for the red maxima did not occur at the expected intermediate value.  With respect to the MEC value for the red maximum,  the value obtained indicated a discrepancy that did not show up in the spinach data.  Statistical analysis revealed that the value obtained was indeed significantly different from the expected literature value.  Given the large difference between the t critical (39.2)and t inverse (2.78) values, it is not reasonable to assume that systematic errors could account for the difference.  Given the large degree of precision (( 3.6%), it is also not reasonable to assume that illegitimate errors could account for the difference.  As a result, it seems that the rationalization concerning the spectrum for chlorophyll mixtures does not hold true for this red maxima.  In the attempt to explain this discrepancy, one must again analyze the hypothesized spectrum for the chlorophyll mixture.  For the blue maxima, both spinach and lettuce data conform to our revised hypothesis.  The resulting peaks and MECs correspond to intermediate values that lie between the values for chlorophyll a and b.  For the second maxima, the data does not conform to this revised hypothesis.  At this second maxima, the literature MEC value for chlorophyll b is much smaller than the literature MEC value for chlorophyll a.  As a result, it was hypothesized that given the diminished presence of chlorophyll b at the red maxima, the weighted average approach does not apply.  As for the data for spinach, the high % standard deviation helps to explain why statistical analysis indicated that the experimental value for the MEC value was not significantly different from the expected value.  The large range of deviations increased the possibility that the expected value could fall within that range.  However, the analysis concerning the more precise lettuce data seems to be more fundamentally sound.  At the first peak of the spectrum, chlorophyll b has a very high MEC value, even higher than the chlorophyll a value.  As a result, the weighted average approach does indeed hold true at this lower wavelength.       


	 While the preceding data and error analysis takes into account the deviations due to random error, systematic error is not even considered.  The only source of systematic error in this experiment comes from the Spec 20.  Even though volumetric devices were used in preparation of the various solution samples, the introduced error does not play a role as a result of the fact that all of the calculations were made based on the obtained absorbance readings.  Concentrations and ratios were all computed using the data obtained from the spec 20.  As the name suggests, the spectrophotometer has an effective range of 20 nm.  For each given absorbance reading, the actual wavelength could be ( 10 nm.  In addition, there is also the systematic error in the absorbance reading.  After zeroing the machine and then re-reading that same sample, an error of ( 0.0106  was determined, as computed in table 6 of appendix III. 





Ways to Improve





	In the error analysis section, the efficacy of the extraction method was analyzed.  The following paragraph will now focus upon other methods that may have increased the accuracy of the results as well as the amount of chlorophyll extracted.   The method that was ultimately utilized was chosen simply because all of the necessary materials were available in the lab, which was not the case for some of the other methods considered.


One method examined by Linskens involved the use of a material known as Percoll, which is a unique density gradient medium specially designed to separate cells, subcellular particles and larger viruses.  Such a medium is particularly useful because of its low viscosity, which allows cell separations on pre-formed gradients to be completed in a few minutes using low centrifugal forces, thus maintaining the structural integrity of the molecule under study.�    


	According to W. Rudiger and S. Schoch, the most ideal purification process involves precipitation from the acetone with dioxane.  Further purification can be obtained by column chromatography on powdered sugar on Sepharose CL-6B, or DEAE-Sepharose.�  Cellulose powder can also be used in lieu of the powdered sugar; such columns have greater carrying capacity and quicker and better separations.  As opposed to sugar, another method utilizes polyethylene columns, which have the advantage that crude acetone extracts of plant tissue can be chromatographed directly.�  


In addition to column chromatography, other proposed methods utilize paper chromatography or thin-layer chromatography or even electrophoresis.  With respect to paper chromatography, separation is obtained by utilizing the solvent obtained by saturating a commercial mixture of 2,4-dimethyl-and 2,5-dimethylpyridine with water is used in the presence of ammonia vapor.  With respect to thin-layer chromatography, separation of chloroplast pigments is achieved on thin layers of sucrose.  Finally with respect to electrophoresis, separation is achieved by ionophoresis in M/15 phosphate buffer, pH 8.0, using agar gel as the supporting medium.�  

















Topics to Explore





Comparison of the Structure and Function of Hemoglobin and Chlorophyll





	Chlorophylls are part of a group of molecules known as metallo-tetrapyrroles.�  Tetrapyrroles are simply the elementary structural unit of the porphyrins mentioned in the background section.�  They are large molecules with a common structure of four pyrroles linked by methine bridges, forming the characteristic cyclic tetra-pyrrole structure.  Modification of the central metal ion in these metallo-tetrapyrroles changes the base molecule’s electronic and redox properties.  As a result, a number of different metal-containing enzymes and cofactors exist that are simply the same four-pyrrole ringed molecule with different central metal ions.�  Such a relationship exists between the prosthetic group of the red blood pigment hemoglobin, protoheme, and chlorophyll a.  This relationship was first revealed when the absorption spectrum of chlorophyll that had endured alkaline degradation was compared with the absorption spectrum of protoheme minus the iron.  Analysis of the structure of these molecules reveals that protoheme is a derivative of porphin, while chlorophyll is a derivative of chlorin, which only differs from porphin as a result of the addition of two hydrogen atoms. Further tests and analysis ultimately revealed that a molecule known as protoporphyrin IX represented the common precursor from which both protoheme and chlorophyll were derived.�


	Now that an analysis of the relationship of the structure of hemoglobin with the structure of chlorophyll has been provided, an attempt will be made to analyze the relationship of the function of hemoglobin with the function of chlorophyll.  As stated in the background, the function of chlorophyll is to absorb the radiant energy of the sun so that it can be channeled into the chemical energy of organic compounds in the cell, a process that is accomplished through the transfer of electrons.  The function of hemoglobin, on the other hand, is to carry oxygen, forming oxyhemoglobin, from the lungs through the arteries, arterioles and capillaries to the tissues.�


Since chlorophyll and heme are both tetrapyrroles sharing many of the same initial reactions in their biosynthesis, research into the structure of one can lead to breakthroughs in the knowledge of the other.  Also, knowledge of the biosynthetic pathway can be used in a variety of medical applications such as molecular diagnosis and gene therapy.�  While research is still being conducted, chlorophyll is being used in alternative medicine and is thought to aid in the treatment of vascular diseases, muscular dystrophy, lead poisoning, and pregnacy.  Chlorophyll pills are now sold with the claim that they increase hemoglobin; accelerate healing by stimulation of the formation of granulation tissue in abrasions, ulcers, and burns; reduce body odor; and may reduce the growth of bacteria.�  Chlorophyll used during pregnancy is believed to increase low hemoglobin and promote clotting factor.� 


Perhaps the study of chlorophyll will add a more scientific approach to chelation therapy, which appears to be able to reverse atherosclerotic vascular disease and give good results for chronic illnesses.  The basis for chelation therapy is the porphyrin ring that is found in both chlorophyll and hemoglobin.  The four porphyrin molecules in chlorophyll chelates onto magnesium, and in hemoglobin they chelate iron.  From this idea, it was discovered that ethylene diamine tetraacetic acid (EDTA), a synthetic amino acid, could chelate onto heavy metals and carry them out of the body through the kidneys.  This method was then used in treating lead and heavy metal poisoning.�  One theory relates heavy metals like mercury, lead, and aluminum as the agents that might replace normal molecules in the myelin sheaths, leading to an onslaught of free radical damage which destroys the myelin sheaths, resulting in multiple sclerosis. The immune system then sees this tissue as foreign, because of the replacement of heavy metals, and produces antibodies which attack the myelin, leading to further damage.� Though clelation therapy is used by practicing physicians, it is not widely accepted by the medical establishment.  





Pigments in the eye





The eye uses a pigment for the absorption of a light photon.  This pigment is called cis-retinal, a cleavage product of carotene, and is a photosynthetic pigment in plants.  The cis-retinal pigment is coupled to a transmembrane protein, opsin, to form rhodopsin.   Visual pigments in the eye are found in rod and cone cells.  Rod cells are used for black and white vision, and cone cells allow color vision.  The basic mechanism of rod and cone cells begin with sodium channels.  Sodium flows into the outer portions of the cell and then diffuses into the inner portions of the cell.  Sodium ions are then pumped out of the inner portion through active sodium pumps to maintain a negative charge inside the cell.  With the absorption of a photon, the outer sodium channels close while the inner sodium pumps continue to pump out ions.  This causes hyperpolarization, causing an alteration of impulse frequencies in sensory neurons.  In rod cells, the absorption of a photon changes the shape of the rhodopsin pigment/protein complex transforming it into an enzyme that activates a protein called transducin.  Transducin then activates another enzyme called phosphodiesterase that catalyzes the creation of guanine monophosphate (GMP).  This cascade of reactions is used to enhance the original sensory stimulus. Similar reactions occur in the cone cells.  One difference is that cones cells have three kinds of cells, each with an opsin molecule containing different amino acid sequences.  The three different amino acid sequences shift the absorption  spectrum of cis-retinal from the 500nm characteristic of rod cells.  The spectrum is shifted to 455nm (blue), 530 nm (green), and 625 nm (red).  Using the three shifted spectra, other colors can be recognized in the brain.�





Larger Perspective





	In the lab conducted, the absorbance spectrum of chlorophyll was determined.


In retrospect, two different issues will be explored.  First, consider the meaning of the absorption peaks in relation to the photosynthetic process.  As the absorption spectrum begins to rise towards the eventual peak, energy from the antenna system of pigments    


is being transferred from this system to the specialized chlorophyll in photosystems I and II.  Once the absorption spectrum reaches a peak, enough energy has been transferred, and the specialized chlorophylls release an electron.  As the electron is released, a proton gradient is created that phosphorylateds ADP, resulting in ATP.  The electrons also reduce NADP to form NADPH.  


The second issues that will be explored deals with the information that can be obtained from the absorption spectrum of a compound.  Experimentally, we were able to determine the two different peaks at which chlorophyll pigment absorbs light and undergoes a transfer in energy levels from the ground state to the excited state.  Now, in addition to this data, some other information could have been extrapolated from the graphs.  Suppose that the structure of chlorophyll was not known; one can still make certain conclusions based on the absorption spectra.  For example, it was shown in the lab experiments that chlorophyll has absorption peaks within the longer wavelengths of the visible spectrum.  Such peaks tend to indicate the presence of highly extended conjugated systems of electrons, conjugation which shifts the electronic spectra to the longer wavelengths.�   So, the example of chlorophyll demonstrates how colored compounds, which accordingly have absorption spectrums within the longer visible region, tend to have highly conjugated systems.  


In order to determine more specifics about the actual structure of chlorophyll, however, more information and knowledge must be drawn upon.  In the study of spectroscopy, it was learned that the absorption of radiation was brought about by the excitation of electrons from the ground state to some excited state.  However, the fact that the nuclei which the electrons hold together in bonds also play an important role in absorption was neglected.  Since the nuclei determine the strength with which the electrons are bound, they influence the energy difference between the ground state and excited state.  This group of atoms that plays a role in the actual absorption is called a chromophore.  Any structural changes in the chromophore, such as attachment of substituent groups, in turn produce changes in the energy and intensity of the particular absorption.  With this phenomenon in mind, consider how ultraviolet spectroscopy can be utilized in order to determine the structure of an unknown molecule.�


	As would be expected, the ultraviolet spectra of different members of one class of compounds are similar.  Yet unless one possesses an intimate knowledge of the spectroscopic properties of each different member, it is quite difficult to specify the actual substituent groups of each member that account for the differences.  It is possible, however, to use ultraviolet spectra to determine the chromophore of an unknown substance.  One must first compare the uv spectrum of that unknown substance with that of a similar yet less highly substituted compound.  One can then determine if the same chromophore is present in the two compounds.  Once the chromophore is determined, infrared or nuclear magnetic resonance spectroscopy can then be used to determine a more detailed structure.�



































Appendix








Appendix 1: Raw Data





	Below are plots of the raw data, absorbance values, plotted versus wavelength of light emitted. These graphs serve as the starting point for all computations. (Figures 1a, 2a, 3a, & 4a)





� EMBED Excel.Chart.5 \s ���


Figure � SEQ Figure \* ARABIC �9�a The above chart shows the raw data for all three trials for Day 1 of experimentation for spinach derived chlorophyll. The location of each peak is marked in red and the wavelength at each peak is in bold.


� EMBED Excel.Chart.5 \s ���


Figure � SEQ Figure \* ARABIC �10�a The above chart shows the raw data for all three trials for Day 2 of experimentation for spinach derived chlorophyll. The location of each peak is marked in red and the wavelength at each peak is in bold.


� EMBED Excel.Chart.5 \s ���Figure � SEQ Figure \* ARABIC �11�a The above chart shows the raw data for all three trials for Day 2 of experimentation for lettuce derived chlorophyll. The location of each peak is marked in red and the wavelength at each peak is in bold.
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Figure � SEQ Figure \* ARABIC �12� The above chart shows the raw data for all three trials for Day 3 of experimentation for lettuce derived chlorophyll. The location of each peak is marked in red and the wavelength at each peak is in bold.





	Below is the data that was recorded in order to compute the concentration of each sample using equations (3) and (4) from (Table 1a).
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Table � SEQ Table \* ARABIC �3�a Above is the raw data that was used to compute the concentration of each sample using equations (3) and (4).





Appendix 2: Computation





	Using equations (3), (4), (5), and (6), the molar concentration of each of the samples was computed (Table 2a).
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Table � SEQ Table \* ARABIC �4�a The above values were computed from the data in Table 1a using equations (3), (4), (5), and (6).


	The molar extinction coefficient vs. wavelength for each sample were created using equation (8) and the data presented in Figures 1a, 2a, 3a, and 4a. The results of these calculations are presented below (Figures 5a, 6a, 7a, & 8a).
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Figure � SEQ Figure \* ARABIC �13�a Above is the molar extinction coefficient plot for the data presented in Figure 1a. Peaks in the spectra are marked in red and the value for the wavelength at each peak is presented in bold.
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Figure � SEQ Figure \* ARABIC �14�a Above is the molar extinction coefficient plot for the data presented in Figure 2a. Peaks in the spectra are marked in red and the value for the wavelength at each peak is presented in bold.
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Figure � SEQ Figure \* ARABIC �15�a Above is the molar extinction coefficient plot for the data presented in Figure 3a. Peaks in the spectra are marked in red and the value for the wavelength at each peak is presented in bold.
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Figure � SEQ Figure \* ARABIC �16�a Above is the molar extinction coefficient plot for the data presented in Figure 4a. Peaks in the spectra are marked in red and the value for the wavelength at each peak is presented in bold.


	Figures 5a, 6a, 7a, and 8a are the final results of this experiment. 




















Part III:  Data and Error Analysis
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Table � SEQ Table \* ARABIC �5�:  Contains various literature values for both chlorophyll a and chlorophyll b.
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Table � SEQ Table \* ARABIC �6�:  Contains the average experimental value for various quantities for both spinach and lettuce.
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Table � SEQ Table \* ARABIC �7�:  Contains the computed “literature” values for a mixture of chlorophyll a and b.  Weighted averages were computed taking into account the experimentally determined a/b ratio.  The % difference refers to the % difference between the experimental values and the expected values.
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Table � SEQ Table \* ARABIC �8�:  Contains a plethora of data that helps assess the accuracy and precision of the spinach data. The 95% confidence interval was computed for three different sets of data.  The first set includes all 6 trials.  The second and third sets correspond to the first three trials and the last three trials, respectively.   T inverse was computed using a 95% level of confidence and 5 degrees of freedom. 
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Table � SEQ Table \* ARABIC �9�:  Contains a plethora of data that helps assess the accuracy and precision of the lettuce data.  The 95% confidence interval was again computed for three different sets of data.  The first set includes all 5 trials.  The second and third sets correspond to the first three trials and the last two trials, respectively.  The data obtained for the fourth trial was lost due to an accidental spill.  T inverse was computed using a 95% level of confidence and 4 degrees of freedom. 
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Table � SEQ Table \* ARABIC �10�:  In order to compute the systematic error in the Milton-Roy Spec 20, the absorbance of water was  measured five different times.  For the first trial, the spec was adjusted and calibrated to read 0 absorbance.  For the remaining trials, the absorbance was recorded, and the average was computed.  This average was taken to be the systematic error in the spectrophotometer.  
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