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SUMMARY OF PROJECT CONCLUSIONS

1) At pHs below the pKa value (red solutions), the maximum molar extinction coefficient occurs at 525 nm. pH values above the pKa (yellow solutions) have a maximum molar extinction coefficient at 429 nm. 

2) There exists a critical wavelength between 462 and 465 nm, at which molar extinction coefficient is no longer dependent upon pH.

3) The endpoint to a titration using methyl red as an indicator lies between pHs 4.823 and 5.862+0.001, which are the last values at which one sees a red or yellow color, respectively. 

OBJECTIVES

    
The primary objective of our experiment was to determine the relationship between the molar extinction coefficient of methyl red and pH for various wavelengths. Not only was this to be done qualitatively, but also quantitatively through the use of appropriate trendlines. Another, less critical, objective concerned the maximum wavelength absorbed for each pH tested. Our goal was to determine at what wavelengths each pH absorbed best, and if these wavelengths stayed constant for the range of pH’s below the pKa(red solution) and for range above the pKa(yellow solution). 

BACKGROUND INFORMATION

As stated in the objectives section, this study will attempt to manifest and describe a relationship between the extinction coefficient of methyl red and the pH of the solution. The study will also demonstrate how this relationship changes depending on the wavelength of the incident light. Therefore, both knowledge of absorption spectroscopy and an intimate understanding of methyl red characteristics serve as prerequisites to the completion of this study.

When a beam of light is passed through a specimen the given material may absorb some of this light while decreasing the intensity of the initial beam. The amount of attenuation of the incident beam depends on the range of wavelengths of radiation comprising the beam and the molecular composition of the material (Castellan, 1983). The functional relationship that will prove essential to this study relates absorbance, A, and concentration, C, and is defined as

A=CL​

, where L is the length of the path through the medium, and is the molar extinction coefficient at a given wavelength  (Castellan, 1983). This extinction coefficient serves as the proportionality constant between A and C and is unique to the absorbing species. The is also a function of the wavelength of incident light. It is usually the case that their exists one optimum wavelength at which a given material will absorb much more strongly. If this optimum wavelength lies in the visible spectrum of 350nm-650nm then the material or solution will display the complimentary color to the human eye (Wade, 1999). The dependency of the extinction coefficient on both the absorbing material and the incident wavelength demonstrates the fact that different materials absorb different wavelengths with varying strength. In the case of methyl red it is hypothesized that the extinction coefficient will also depend on the pH of the solution thus adding yet another variable.


Methyl red is an organic molecule used extensively as an acid base indicator due to its radical color change with a varying pH. Methyl red is also an acid with a structure displayed in figure 1. It has a pKa value of 5 (no uncertainties were given with this number) (CRC, 1998). Therefore, at pH values below 5 the molecule exists mostly in the deprotonated form and at pH values above 5 the protonated form is found in a greater concentration. When the pH equals the pKa value of 5 the protonated and deprotonated forms have equal concentrations. 

The unique characteristic of methyl red, which makes it useful as an indicator is its ability to change color with a varying pH. At acidic pH’s below 4.5 a solution will appear red while at basic pH’s above 6.2 a yellow color is observed (Sigma). The transition between these two colors takes place as the pH passes through the pKa value. This indicates that the deprotonated form displays the red color while the protonated acid is yellow. Accordingly at pH value of 4.5 the optimum wavelength of absorbance will be in the 523nm-526nm range resulting in a red color while at a pH value of 6.2 the optimum wavelength will exist in the 430nm-434nm range displaying a yellow color (Sigma). According to the Beer-Lambert law of proportionality these are the wavelengths at which one will observe the greatest extinction coefficients for the given pH.
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Figure 1

MATERIALS APPARATUS AND METHODS

A majority of the data for the experiment was obtained using the pH meter and Genesis 5 Spectrophotometer. The pH meter was calibrated using the three-point standardization protocol established in the lab manual. The spectrophotometer was calibrated with de-ionized water as the baseline. The test solutions for the experiment were made by mixing a 0.02% wt. stock solution of methyl red with a citric acid-sodium phosphate wide range buffer. The stock solution of methyl red was made by dissolving 10 mg of methyl red (FW=269.3g) in 50ml of ethanol. This concentration was experimental determined to be the maximum solubility of methyl red powder in ethanol. 

The citric acid-sodium phosphate wide range buffer solutions were made from 0.1 M citric acid and 0.2 M sodium phosphate, mixed in proportions according to the table given in Appendix IV of Buffers and Metal Ion Control (Dempsey, 1974). The citric acid and sodium phosphate solutions were made from powders mixed with de-ionized water in 1 L volumetric flasks. The buffer capacity is determined by Van Slyke’s Equation, which predicts that the citric acid-sodium phosphate buffer can resist a change in pH from the addition of a methyl red solution with a concentration up to 0.037 M.

The buffers covered the pH range between 2 to 8 in 0.5 increments. For the pH of 4.5 to 6, additional buffers at the increment of 0.25 were made. There were a total of 16 buffer solutions at 100 ml each. The pH meter was used to verify the accuracy of the pH of each buffer. The test solutions were made from 28 ml of buffer solutions and 2 ml of methyl red stock solution, attempting to achieve 1:15 dilution with the concentration of 7.724*10-4 M of methyl red. All of the test solutions were mixed thoroughly with magnetic stirrers and the pH was verified again and recorded. The 1:15 dilution was experimentally determined to achieve the absorbance unit nearest, but not exceeding 3 for the most opaque solution. 3 ml of each test solutions was placed in the cuvette and test in the spectrophotometer. The protocol of recording and analysis using the survey scan option of spectrophotometer was established in the lab manual. The only adjustment made for experiment was to set the scan wavelength range between 350 nm to 600 nm.

Values for the molar extinction coefficients were obtained using the absorbencies given by the spectrophotometer and the concentrations of the solutions. The Beer-Lambert Law was used for the calculation and analysis was done regarding the effects upon molar extinction coefficient as pH and wavelength were varied.

RESULTS
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Figure 2: Solutions of range of pHs showing color change

The spectrum of colors seen in Figure 2 is representative of solutions obtained in this experiment. The color change from red to yellow is indicative of the pH range created as indicated in Materials, Apparatus and Methods.

[image: image3.emf]Molar Extinction Coefficient vs. Wavelength for Various pH Values, 1:15 
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Figure 3

Figure 3 presents molar extinction coefficient versus time for 16 different pH values. Extinction coefficient was calculated using the Beer-Lambert Law based upon the absorbance values measured and the calculated concentration of methyl red in each solution. The shapes of the curves show that pH values below the pKa have a maximum extinction coefficient at 525 nm and pHs above the pKa have maximum extinction coefficients at 429 nm. The estimated uncertainties for the values of molar extinction coefficient are small, no greater than 2.78%. Most uncertainty in the values lies in the concentration of the solutions and can be attributed to human error. The other variable of the Beer-Lambert law with uncertainty is the value for absorbance, which had an uncertainty of 0.001 due to the accuracy of the spectrophotometer. 
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Table 1
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Molar extinction coefficient plotted versus pH for various wavelengths is shown in Figure 4. Uncertainty in these values for molar extinction coefficient is the same as in Figure 3. The uncertainty of the pH of each solution is +0.001. The trend of each curve (either increasing or decreasing in molar extinction coefficient) as pH rises is dependent upon the wavelength at which the solution was being scanned. Solutions scanned at lower wavelengths (429-456 nm) increase as pH rises. Wavelengths of 480 and 525 nm decrease as pH rises. There is no discernable increase or decrease in molar extinction coefficient for the wavelengths of 462 and 465 nm. Table 1 shows equations for third order polynomial trendlines fit to the wavelengths of 429, 525 and 465 nm. 
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In Figure 5, the wavelength at which each solution had maximum molar extinction coefficient is displayed with reference to its pH. pHs below the pKa value for methyl red all had maximum wavelengths at 525 nm and above the pKa at 429 nm. The region in which the max. wavelength changes in the zone in which the pKa value lies. Uncertainty in this graph is negligible, as wavelength was a value at which the spectrophotometer measured solutions and pH was another parameter that was not calculated. Instead, the pH of solutions was measured by the pH meter, which has an uncertainty of +0.001. 

DISCUSSION AND ANALYSIS


The relationship between the molar extinction coefficient for methyl red and pH is primarily what this experiment was built upon. As depicted in Figure 4, the extreme wavelengths of 429nm and 525nm possess molar extinction coefficients that vary greatly with pH. For the 429nm curve, it increases with increasing pH, while for the 525nm curve, the molar extinction coefficient decreases with increasing pH. For the intermediate wavelengths, however, the relationship between molar extinction coefficient and pH becomes less critical. The plots for the intermediate wavelengths become more and more linear, especially for the wavelengths between 462nm and 465nm. 


Because these intermediate wavelengths looked so linear, they were fitted with trendlines in order to determine the degree of linearity that they actually possessed. As shown in Figure 6, the wavelength of 465nm has a slope of –225.33 ( 827.07, while the wavelength of 462nm has a slope of 284.24 ( 824.75. This difference in sign implies that there is some wavelength in between 462nm and 465nm for which the slope of a trendline would equal zero. Thus, theoretically, there would be no dependence on pH for the molar extinction coefficient. The large 95% confidence intervals imply a large uncertainty in these slopes. This is believed to be due to a lack of uniformity in concentration across the pH’s tested which will be discussed later in the report. While this uncertainty demonstrates a lack of confidence in the assumption that there exists an isosbestic point between the wavelengths of 462nm and 465nm, it does not demonstrate a lack of confidence in the existence of an isosbestic point. This region of 462nm and 465nm was chosen only because the spectrophotometer limited us to these wavelengths, with no absorbencies recorded for any wavelength in between. By inspection, it is evident that the curves on the molar extinction coefficient versus pH graph become increasingly linear closer to wavelengths around 460nm. In addition, there is some wavelength where a change in slope occurs from positive to negative, or vice versa. At this wavelength, the molar extinction coefficient no longer depends on the pH of the methyl red solution.
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While fitting linear trendlines to the data around wavelengths of 460nm somewhat explained the relationship between molar extinction coefficient and pH, it did not work for the curves for the wavelengths around 429nm and 525nm. Here (Table 1), 3rd order polynomials were used to give some mathematical representation to these curves. For the 525nm curve, the trend was found to be y=845.69x3 – 12,132x2 + 41,688x+ 12,220, where y is the molar extinction coefficient and x is the pH. For the 429nm curve, the trend was y=-504.21x3 + 7519x2 – 30,393x + 41,140. These equations also had R2 values of .9711 and .9378, respectively. This implies that these equations would be very good predictors for molar extinction coefficient at varying pH’s. Applying these 3rd order polynomials to the intermediate wavelengths, however, proved to be less effective. For example, the curve for 465nm had an R2 value of only .3521. This value demonstrates a change in the shape of the curves for the intermediate wavelengths, perhaps to a more linear one. 


While applying trendlines to these curves are useful to predict the molar extinction coefficients at varying pH’s, this process is not built upon any underlying theory concerning extinction coefficient and pH. There are no literature values with which to compare our own results to determine the accuracy of the prediction curves. However, applying these polynomials may lead to the development of future theories concerning the dependence of pH on the molar extinction coefficient of methyl red. 


Two essential areas were identified for improvement in our experiment. The first concerns taking more pH samples between 4 and 6, where the pKa is supposed to occur. This would give a clearer representation of how absorbencies change with wavelength around the pKa (a color change from red to yellow). The second area of improvement is related to more accurate dilution schemes. There are very evident deviations from the exhibited trends in Figure 4. The pH’s of 2.070, 2.584, 3.035, 4.635, and 5.827 all seem to represent points where the molar extinction coefficient does not follow the prevailing pattern of the graph. This is usually displayed as a point where the slope of the graph suddenly changes, then reverts back to its previous pattern (a “notch”). When calculating these molar extinction coefficients, it was assumed that concentrations stayed constant across all pH’s. This is an unreasonable assumption because all of these solutions were subject to a significant degree of human error.  


To correct this lack of uniformity in concentration, one of the major theories in our report upon which we relied was used. Previously, it was mentioned that there is some critical wavelength at which molar extinction coefficient no longer varies with pH. If this is true, the concentration of methyl red can be calculated for each solution at this wavelength. To put this theory into practice, the absorbencies for the wavelengths of 462nm and 465nm were averaged for each pH because the critical wavelength lies somewhere in between these 2 wavelengths. Next, the y intercepts for the two trendlines in Figure 6 were found using regression analysis. In order to take the large degree of error into account for this process, the upper 95% confidence interval was taken for the negative sloped line and the lower 95% confidence interval was used for the positively sloped line. These 2 values were averaged together in order to calculate a number to represent the constant molar extinction coefficient for this wavelength. Finally, the absorbencies for each pH were divided by the molar extinction coefficient to find the actual concentrations that were scanned. Using these new concentrations, another graph of molar extinction coefficient versus pH was made. As demonstrated below, it displays much smoother curves for each wavelength, with the same prevailing trends that Figure 7 exhibits. While this method to recalculate our concentrations is an interesting approach, little faith can be put into its use. This method is based upon a theory of a critical wavelength (at which the molar extinction coefficient of methyl red solution does not vary with pH), which we do not even know to be true. Its entire existence is based upon the data from our experimentation, not some literature source. Therefore, this approach in evaluating the error in our concentrations is not something around which we can base our analysis, but it remains an interesting theory to present.    
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Figure 7, shown above with adjusted concentrations, displays curves lacking the “notches” present in Figure 4. This strongly suggests that the assumption that the concentrations of each solution are equal within the given uncertainty is not valid. A significant amount of human error may be present in the making of the solutions leading to varying concentrations outside of the apparatus uncertainty. The acidic pH values of 2.07, 2.584, and 3.035 represent the only remaining notch in the trend. This could be due to the existence of yet another species in solution resulting from the protonation of one of the amine groups of methyl red at extremely low pHs (Wade, 1999). 


The second core area of discussion and analysis for this study is a description of curves presented in Figure 3, “Molar Extinction Coefficient vs.Wavelength for various pHs”. For each pH solution made and scanned, a plot of molar extinction coefficient (() vs. Wavelength was made (Figure 3). Each plot is in the shape of a bell curve. The wavelength at which a curve had its peak (point of maximum () depended upon whether the pH of the solution was above or below the pKa value. Solutions below the pKa were red and thus had peaks at a wavelength of 525 nm, the point at which red is absorbed the most, while solutions above the pKa had their maximum absorbance peaks at wavelengths of 429 nm.


In solutions with pH values below the pKa, the peak (maximum () of the bell curves decreased as pH increased. This is a result of the existence of a high number of deprotonated ions in more acidic solutions, which are absorbing the light. The trend is also exhibited in solutions of pH above the pKa. As solutions rise in pH values, there are more protonated ions in the solutions, thus raising the maximum absorbance as they absorb light. However, all solutions lower than the pKa had peaks at wavelengths of 525 nm and all solutions above the pKa had peaks at 429 nm, regardless of the strength of the solution. 

At pHs of 5.033 and 5.397, the curves are very broad, having mild peaks that are flatter in nature. This is a result of the pKa value of methyl red. Solutions at the pKa have approximately equal concentrations of both protonated and deprotonated ions. Neither type of ions absorb much light, thus not creating a distinct peak. The plot of pH 5.033 in the region of higher wavelengths is slightly higher than the side in the lower wavelength range. The pH of 5.397 is higher on the side of lower wavelengths and decreases in values for molar extinction coefficient for the range of higher wavelengths. This is caused by the solution of pH 5.033 being lower than the pKa (having slightly more deprotonated ions than protonated) and the 5.397 solution existing beyond the pKa (where there are to some extent, more protonated than deprotonated ions).

Curves of pH 2.584, 3.600, 4.076, 4.635 and 5.826 do not fit the trends mentioned above. Their deviation from the pattern of the other solutions can be attributed to high uncertainty in the concentrations of the solutions and thus, subsequent errors in the molar extinction coefficients calculated.  After re-evaluating the data as mentioned before, a revised plot of molar extinction coefficient vs. wavelength was obtained for the solutions of 16 different pHs used. From Figure 8, it can be seen that a majority of the curves fit the trends found previously. The curves of pH 2.070, 2.584, and 3.035, however, do not seem to fit with the other curves. From what can be seen on the revised graph, these curves should continue to rise to higher maximum values for their peak extinction coefficient. As this does not happen, it can only be explained by excess protonation of an amine at these most extreme acidic pHs, resulting in a new species in the solution that causes a change in what is in the solution and distorting the absorbencies measured. As stated in the background, the deprotonated form of methyl red displays a red color while protonated forms display yellow. Changes in the types of species in the solutions, by further deprotonation of the ion, may change the absorbencies obtained, and resulting in molar extinction coefficients that do not accurately portray what is being measured.
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Figure 5 represents one final point of analysis. The graph demonstrates the max wavelength absorbed vs. the pH of the solution. First, it is important to note that this data is not affected by the theoretical correction of the concentration that takes place in figures 5 and 6. These corrections affect the magnitude of the molar extinction coefficient. The max wavelength absorbed says nothing about the strength of the absorbance. A given pH will have a distinctive max wavelength regardless of the concentration.

The human eye will see the color of the wavelength that is compliment to the max wavelength of absorbance. The color will appear yellow with wavelengths absorbed in the 400nm-450nm range while it will appear red in the 500nm-550nm range. Therefore this graph (Figure 4) provides information in regards to methyl red’s use as an indicator in acid base titration. As the pH increases from 2 or decreases from 8, progressing towards the pKa value, a broader range of wavelengths are absorbed (see Figure 3). However, the max wavelength absorbed changes very little with pH. 

At basic pH values between 5.826 and 8.08 the slope of the line is zero with a 95% confidence interval of zero. Therefore in this range there exists a constant max wavelength absorbed of 429nm displaying a yellow color. When the pH is decreased slightly to 5.561(.001 the max wavelength becomes 447 thus no longer displaying the same color as the more basic solutions.

The acidic pHs present a slightly more complicated analysis. When running a regression analysis on data in the pH range of 2.07 to 4.823 the slope of the line was 1.07 with a 95% confidence interval of approximately 91%. However, when excluding pH’s 2.07 and 2.584 from the analysis the slope becomes zero with a 95% confidence interval of zero. Clearly, the pH’s 2.07 and 2.584 should be excluded from this constant region. This is most likely due to the presence of protonated amine groups as mentioned earlier in this discussion. Thus in the pH range of 3.035 and 4.823 the max wavelength absorbed is a constant 525nm displaying a red color. Increasing the pH to 5.033 will also deviate from this constant max wavelength and can be confirmed upon inspection and by regression analysis. The max wavelength at 4.823 is 522nm, displaying a color differing from the red observed at more acidic pH values.

  Therefore, according to our study, the end point of a titration using methyl red as an indicator safely lies between the pH values of 4.823(.001 and 5.862(.001 (the uncertainty in pH comes from the pH meter and was stated in the results section). These are the last values at which the eye sees red and yellow respectively. This range of only 1.039(.002 is about .661 units less than a literature stated range of pH 4.5 to 6.2 (CRC, 1999). Our study could also display an even smaller range. When going from acidic to basic in a titration, the solution will begin to change color somewhere between 4.823(.001 and 5.033(.001. When going from a basic to acidic in a titration the solution changes color somewhere in the range 5.826(.001 and 5.561(.001. However, one must be an expert with titration and have remarkable vision for this range to be applicable.

CONCLUSION

1) At pHs below the pKa value (red solutions), the maximum molar extinction coefficient occurs at 525 nm. pH values above the pKa (yellow solutions) have a maximum molar extinction coefficient at 429 nm.

2)  There exists a critical wavelength between 462 and 465 nm, at which molar extinction coefficient is no longer dependent upon pH.

3) The endpoint to a titration using methyl red as an indicator lies between pHs 4.823 and 5.862+0.001, which are the last values at which one sees a red or yellow color, respectively.
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